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Abstract:

The aim of this project is to establish the best proximity point theorems for generalized
contractions mappings; there by producing optimal approximate solutions of certain fixed
point equations. In addition to exploring the existence of the best proximity point for
generalized contractions, an iterative algorithm is also presented to determine such an
optimal approximate solution. Moreover, we also extend and generalize the notion of
proximal contractions of self-contractions and establish the best proximity point theorems
for these non-self mappings and also give examples to validate our main results.

Firstly, in this project focuses on the best proximity point theorems for proximal
contractions of generalized contraction mappings which serve as non-self mapping
analogues of generalized contraction self-mappings. Also, necessary and sufficient
conditions are established for non-self contraction mappings to have the best proximity
point, a common best proximity point and a couple best proximity point for pairs of
contractive non-self mappings and for pairs of contraction non-self mappings, yielding
common optimal approximate solutions of certain fixed point equations. Besides
establishing the existence of common best proximity points, iterative algorithms are also
furnished to determine such optimal approximate solutions. Secondly, in this project we
also establish the best proximity point theorems for generalized contractive non-self for

multi-valued mappings, yielding global optimal approximate solutions of certain fixed point



equations. As a consequence, it ascertains the existence of an optimal approximate
solution to some equations for which it is plausible that there is no solution. An algorithm
is exhibited to determine such an optimal approximate solution designated as the best
proximity point. It is interesting to observe that the preceding best proximity point theorem

includes the famous Banach contraction principle.

Keywords : best proximity points, fixed points, proximal contractions, contraction

mappings, common best proximity points
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2. Executive Summary

1. Introduction to the research problem and its significance

Best proximity point theorems provide sufficient conditions that ensure the existence of
approximate solutions, which are optimal as well. In fact, if there is no solution to the fixed point
equation Tx = x for a non-self-mapping T: A — B, then it is desirable to determine an approximate
solution x such that the error d(x,Tx) is minimum. In light of the fact that d(x,Tx) = d(A,B), an
absolute optimal approximate solution is an element x for which the error d(x,Tx) assumes the least
possible value d(A,B). As a result, the best proximity pair theorem furnishes sufficient conditions for
the existence of an optimal approximate solution x, known as the best proximity point of the mapping
T, satisfying the condition that d(x,Tx) = d(A,B). Interestingly, the best proximity theorems also serve
as a natural generalization of fixed point theorems. Indeed, the best proximity point becomes a fixed
point if the mapping under consideration is a self-mapping. On the other hand, though the best
approximation theorems ensure the existence of approximate solutions, such results need not yield
optimal solutions. But, best proximity point theorems furnish sufficient conditions that assure the
existence of approximate solutions which are optimal as well.

The classical and well-known Banach’s contraction principle states that every contraction on
a complete metric space has a unique fixed point that is realizable as the limit of Picard iterates.
Numerous interesting extensions and variants of the aforesaid result exist in the literature. However,
the mappings involved in all these results are self-mappings. So, it is contemplated in this project to
derive some best proximity point theorems which furnish non-self-mapping analogues of the
aforesaid Banach’s contraction principle. A point x in A is said to be the best proximity point for T
provided that the distance of x to T x equals the distance of A to B. Indeed, theorems on the best
proximity point are connected to optimal approximate solutions of some equations. Consequently, the
results established in this project guarantee the existence of optimal approximate solutions for certain
fixed point equations when there is no solution. Despite the fact that the best approximation
theorems render approximate solutions to the equation T x = x when there is no solution, such
results do not necessarily produce approximate solutions that are optimal in the sense that the
incurred error d(x, T x) is minimum. On the other hand, in the case of non-existence of a solution to
the equation T x = x, the best proximity point theorems yield optimal approximate solutions. In other
words, given a non-self-mapping T : A — B, the best proximity point theorem presents sufficient
conditions that ascertain the existence of an element x in A that minimizes the real valued function x
— d(x, T x). On account of the fact that, for any element x in A, d(x, T x) is at least d(A, B), the
best proximity point theorem assures the global minimum, and therefore an absolute minimum, of the
error d(x, T x) by dint of restricting an approximate solution of T x = x to meet the requirement that
dix, T x) = d(A, B). Essentially, the best proximity point theorem seeks an optimal approximate
solution x, called the best proximity point of the mapping T , satisfying the condition that d(x, T x) =
d(A, B).
Fixed point theory is an indispensable tool for solving the equation Tx = x for a mapping T defined on
a subset of a metric space, a normed linear space or a topological vector space. As a non-self-
mapping T : A — B does not necessarily have a fixed point, one often tries to determine an element
x which is in some sense closest to Tx. The best approximation theorems and the best proximity
point theorems are pertinent in this perspective. An interesting best approximation theorem, due to

Fan, asserts that if A is a non-empty compact convex subset of a Hausdorff locally convex



topological vector space X with a semi-norm p and T : A —X is a continuous mapping, then there
is an element x in A satisfying the condition that dp(x,Tx) = dp(Tx,A). On the other hand, despite the
fact that best approximation theorems assure the existence of approximate solutions, such results
need not produce optimal solutions.

First, in this project we focus on the best proximity point theorems for proximal contractions
of generalized contraction mappings which serve as non-self-mapping analogues of generalized
contraction self-mappings. Also, necessary and sufficient conditions are established for a non-self-
contraction mapping to have a best proximity point, a common best proximity point and a couple best
proximity point for pairs of contractive non-self-mappings and for pairs of contraction non-self-
mappings, yielding common optimal approximate solutions of certain fixed point equations. Besides
establishing the existence of common best proximity points, iterative algorithms are also furnished to
determine such optimal approximate solutions.

Second, in this project we establish the best proximity point theorems for generalized
contractive non-self for multi-valued mappings, yielding global optimal approximate solutions of
certain fixed point equations. Besides establishing the existence of best proximity points, iterative
algorithms are also furnished to determine such optimal approximate solutions. Moreover, an
algorithm is exhibited to determine such an optimal approximate solution designated as the best
proximity point. It is interesting to observe that the preceding best proximity point theorem includes
the famous Banach contraction principle. The main objective of this article is to resolve an
optimization problem in the setting of a metric space that is endowed with a partial order. Under
appropriate conditions, we also study the existence of solutions for the minimization problem min_x€a
|Ix —T x||. In addition to exploring the existence of a best proximity point for generalized contractions,

an iterative algorithm is also presented to determine such an optimal approximate solution.

2. Objectives of Project

2.1) To investigate the significance of some geometric properties. For examples, the existence of the
best proximity points for extending and generalizing the class of proximal contraction under
some conditions related to some geometric properties.

2.2) To establish new algorithm for approximating global solution to the best proximity points of
mappings which related to the convex minimization problems and optimization problems.

2.3) To obtain couple (common) best proximity point theorems without some conditions in some
metric spaces and for set-valued non-self maps.

2.4) To establish the existence of common best proximity points; iterative algorithms are also
furnished to determine such optimal approximate solutions.

2.5) To resolve an optimization problem in the setting of a metric space that is endowed with a partial
order.

2.6) Study the existence of solutions for the minimization problem min_x€a ||x —T x|

3. Methodology
3.1) Studying and investigating on the best proximity point theorems for proximal contraction
mappings.
3.2) Studying and investigating best proximity point, a common best proximity point and a couple

best proximity points.



3.3) We find necessary and sufficient conditions which are established for a non-self-contraction
mapping to have the best proximity point, a common best proximity point and a couple best
proximity points for pairs of contractive non-self-mappings and for pairs of contraction non-self-
mappings, yielding common optimal approximate solutions of certain fixed point equations.

3.4) Establishing the existence of common best proximity points; iterative algorithms are also
furnished to determine such optimal approximate solutions. In addition to exploring the existence
of the best proximity point for generalized contractions, an iterative algorithm is also presented
to determine such an optimal approximate solution.

3.5) Writing and submitting papers.

4. Schedule for the entire project and expected outputs

First year (2012)

Schedule for the entire project 2012 (6 months)
1 2 3 4 5 6
1. Find data and papers. I
2. Study and prove theory of best proximity. ]
4. Writing and submitting papers. ;
Procedures 2012 (12 months)
7 8 9 10 11 12
1. Find data and more relevant papers. ||
2. Innovation and research to find new knowledge
|
continuously (and also from mentor).
3. 4. Writing and submitting papers.
[
4. Progress report 1 year.
|

Expected outputs (2 papers):
1. Coupled best proximity point theorem in metric spaces, Fixed Point Theory and

Applications (2011 Impact Factor =1.63)

2. Best proximity point Theorems for generalized cyclic contractions in ordered metric

Spaces, Journal of Optimization Theory and Applications (2011 Impact Factor= 1.062)

Second year (2013)

Schedule for the entire project 2513 ( 6 months)




1. Find data, more relevant papers and to meet H

mentor.
2.Joint and presentation conference to find new I
knowledge.
3. Writing papers and its applications. I
4. Progress report 1 year. .
Procedures 2013 ( 12 months)

7 8 9 10 11 12

1. Writing papers.

2.Submitting papers. [

3. Full report. [

Expected outputs (2 papers):

(2011 Impact Factor= 0.952)

Impact Factor= 1.196)

1. Some common best proximity points for proximity commuting mappings, Optimization Letter,

2. Best proximity points and optimal approximate solutions, Journal Global Optimization (2011

6. Budget details
Total budget can not exceed 480,000 baht for 2 years.

Month year 1 year 2 Total
Honorarium (principal investigator)
Dr. Poom Kumam 10,000 120,000 120,000 240,000
Materials
1 Copy all papers and Journals 20,000 20,000 40,000
2 Books 5,000 5,000 10,000
3 Page charge (reprints) 20,000 20,000 40,000
4 Office material, A4 10,000 10,000 20,000
5 Toner print, Color tonner print, 10,000 10,000 20,000
computers material data, Flash drive, ect.
Other expenses
1 Analysis Data 15,000 15,000 30,000
2 Joint Conference 20,000 20,000 40,000
3 To find a Mentor (travels, hotel, ect.) 20,000 20,000 40,000
Total 240,000 240,000 480,000




3. Objective

3.1) To investigate the significance of some geometric properties. For examples, the
existence of the best proximity points for extending and generalizing the class of
proximal contraction under some conditions related to some geometric
properties.

3.2) To establish new algorithm for approximating global solution to the best
proximity points of mappings which related to the convex minimization problems
and optimization problems.

3.3) To obtain couple (common or triple) best proximity point theorems without
some conditions in some metric spaces and for set-valued non-self maps.

3.4) To establish the existence of common best proximity points; iterative algorithms
are also furnished to determine such optimal approximate solutions.

3.5) To resolve an optimization problem in the setting of a metric space that is
endowed with a partial order.

3.6) Study the existence of solutions for the minimization problem min{||x -T x||; x€A}.

4. Research methodology

4.1) Studying and investigating on the best proximity point theorems for proximal
contraction mappings.

4.2) Studying and investigating best proximity point, a common best proximity point and
a couple best proximity points.

4.3) We find necessary and sufficient conditions which are established for a non-self-
contraction mapping to have the best proximity point, a common best proximity
point and a couple best proximity points for pairs of contractive non-self-mappings
and for pairs of contraction non-self-mappings, yielding common optimal
approximate solutions of certain fixed point equations.

4.4) Establishing the existence of common best proximity points; iterative algorithms
are also furnished to determine such optimal approximate solutions. In addition to
exploring the existence of the best proximity point for generalized contractions, an
iterative algorithm is also presented to determine such an optimal approximate
solution.

4.5) Writing and submitting papers.



5.1 BEST PROXIMITY POINT

5.1.1 Best proximity points for asymptotic proximal pointwise weaker

Meir-Keeler-type ¢-contraction mappings

Definition 5.1.1.1. Let (A,B) be a nonempty pair in Banach space X, and let v :
R, — R, be a weaker Meir-Keeler-type function. A mapping 7 : AUB — AUB is
said to be an asymptotic proximal pointwise weaker Meir-Keeler-type 1)-contraction,

if for each n € N and (z,y) € A x B,

|7%" 2 — T*"y|| < max{y)"(||z]|)[|= - yl|, dist(A, B)} for all y € B,
172" — T*"y|| < max{¢"(|ly|)[|lz — yl|, dist(A, B)} for all z € A.

Theorem 5.1.1.2. Let (A,B) be a nonempty bounded closed convexr pair in a uni-
formly convexr Banach space X andT : AU B — AU B be an asymptotic proximal
pointwise weaker Meir-Keeler-type 1-contraction. If T is a relatively nonexpansive

mapping, then there exists a unique pair (ug,vg) € A X B such that
|uo — Tupl| = ||vo — Twol|| = dist(A, B).

Moreover, if o € A and x,41 = Tx,, then {xa,} converges in norm to u and

{xan11} converges in norm to v.

Proof. Fix an zy € A and define a function f : B — [0,00) by

f(u) = limsupl||T?"(zq) — ul| for u € B.

n—o0

Since X is uniformly convex and B is bounded closed and convex, it follow that f

has unique minimizer over B; that is, we have a unique point uy € B satisfying

f(up) = inf f(u).

ueB



Indeed, for all m > 1 and u € B, we have

f(T*(u)) = limsup||T?*(x) — T ul|

n—oo

= limsup|/ 7% (x) — T?™ul|
n—oo

— i supl| T2 (T2 (x0)) — T (5.1.1)
n—oo

< lim sup max{y)™(||u|)||T%"(xo) — ul|, dist(A, B)}

n—oo

= max{¢"([|u]]) f(u), dist(A, B)}.

Since ug € B is the minimum of f, for all m > 1, we have

fuo) < F(T*"ug) < max{y™ (||uo|) f (uo), dist(A, B)}. (5.1.2)

We now claim that f(ug) = dist(A, B). Since for each v € B, {""(||u||)} is non-
increasing, it must converges to some 77 > 0. Suppose that n > 0, by definition of
weaker Meir-Keeler-type function, there exists > n such that for v € B with n <
|lu|]| < 0, there exists ng € N such that ¥ (||ul|) < . Since lim,, o V™ (|lul|) =7
there exists my € N such that n < ™ (||lu||) < 4, for all m > my. Thus we conclude

that ™00 (||lul|) < n, thus we get the contradiction. So

Tim 4 (Ju]) = 0 (5.1.3
Taking m — oo in the inequality (5.1.2),we get

f(up) = dist(A, B).

On the other hand, by the relatively nonexpansive of T', we have

f(T?ug) = limsup|[(T?"(x0)) — T?uo|| < limsup||(T*" (o)) — uoll = f(uo),

n—oo n—oo

which implies that T?uy = ug, by the uniqueness of minimum of f, then v is a fixed

point of T2 in B. Hence,

im sup (77 (20) = T o]} = Jim ||(T*" (o)) — ]| = f(o) = dist(4. B).

m—>oon2m

By the property UC of (A,B), it follows from Lemma 4.0.0.4 that {7%"(xq)} is
a Cauchy sequence, so there exists 2/ € A such that T?"zy — 2/ as n — oo.
By the similar argument as above, if yo € B and g : A — [0,00) is given by
g(v) = limsup||T%"(yo) — v|| for v € B, we get vy is a fixed point of T2, where vy is

n—oo
a minimum in exactly one point in A, and also T%"y, — 3 € B. Hence, we obtain



uy = T uy — 2’ and vy = Ty — 7.
This show that (ug,ve) = (2/,%/), and T*"x¢ — ug, T*"yo — vo. Moreover,

[uo —voll = (17" (uo) — T*"vo|

< max{y"([Juol])[luo = vol|, dist(A, B)}.

(5.1.4)

Taking n — oo in the inequality (5.1.4), by (5.1.3) and definition of dist(A, B), we
get
||lug — wvo|| = dist(A, B).

Since T is relatively nonexpansive mapping, we have
dist(A, B) < ||Tug — Tvol| < |lup — vo|| = dist(A, B),
Therefore Tug = vg and Tvg = ug. This implies that

”TUO — U()H = ||U0 — TU()H = dlSt(A, B)

Example 1. Consider X = R? with Euclidean metric and let
A={(1,a) :a>0} and B={(—1,b) : b > 0},

then A and B be a nonempty closed and convex subset of X and d(A,B) = 2.
Define T: AUB — AU B, by

T(1,a) = (—1,%) and T(—1,b) = (1, 2) for all a,b > 0.
Then T is a cyclic mapping and for each (1,a) € A and (—1,b) € B, we have
T%(1,a) = (1, 5%) and T*"(—1,b) = (-1, 2%).

Next, we will show that T' is an asymptotic proximal pointwise weaker Meir-Keeler-
type 1-contraction with weaker Meir-Keeler-type function ¢ : Ry — R, defined

by
0, when 0<t<1

Y(t) =< 2t, when 1<t <2

1, when t > 2.



Since,

d(T*(1,a), T*(—1,b)) = d((1, %ﬂ), (—1, 2%))

— 4+ (az;lb)Z
<ViA+(a-0)p?

< max{y"(d((0,0), (1, a))d((1, a), (—1,b)), dist(A, B)}.

Similarly, we can conclude that

d(T*"(1,a), T*"(—1,b)) < max{y"(d((0,0), (=1,0))d((1,a), (—1,b)), dist(A, B)},
and hence T is an asymptotic proximal pointwise weaker Meir-Keeler-type
W-contraction. Moreover

((1,0),(—1,0)) € A x B is a pair of best proximity point of T', because
d((1,0),7(1,0)) = d((—1,0),T(-1,0)) =2 =d(A, B).

5.1.2 Generalized proximal i)—contraction mappings for Best proximity

points

Definition 5.1.2.1. A mapping S : A — B is said to be a generalized proximal

1—contraction of the first kind, if for all u,v,z,y € A satisfies
d(u, Sx) = d(v, Sy) = d(A, B) = d(u,v) < ¢(d(z,y)),

where 1 : [0,00) — [0,00) is an upper semicontinuous function from the right such

that ¢(t) <t for all £ > 0.

Definition 5.1.2.2. A mapping S : A — B is said to be a generalized prozimal

1—contraction of the second kind if for all u,v,x,y € A satisfies
d(u, Sz) = d(v, Sy) = d(A, B) = d(Su, Sv) < ¥(d(Sz, Sy)),

where ¢ : [0,00) — [0,00) is an upper semicontinuous from the right such that

Y(t) <t for all t > 0.

It is easy to see that, if we take ¢(t) = at, where o € [0,1), then a generalized
proximal {)—contraction of the first kind and generalized proximal ©)—contraction of

the second kind reduces to a proximal contraction of the first kind and a proximal
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contraction of the second kind, respectively. Moreover, it is easy to see that a self-
mapping generalized proximal 1)—contraction of the first kind and the second kind

reduces to the condition of Boy and Wong’ s fixed point theorem[15].

Theorem 5.1.2.3. Let (X,d) be a complete metric space and A and B be non-
empty, closed subsets of X such that Ay and By are non-empty. Let S : A — B,
T:B— Aandg: AUB — AU B satisfy the following conditions:

(a) S and T are generalized proximal ¥— contraction of the first kind;

(b) g is an isometry;

(¢) The pair (S,T) is a proximal cyclic contraction;

(d) S(Ao) € By, T(Bo) C Ao;

(e) Ay C g(Ag) and By C g(By).
Then, there exists a unique point x € A and there exists a unique point y € B such
that

d(gz, Sz) = d(gy, Ty) = d(z,y) = d(A, B).

Moreover, for any fized xo € Ay, the sequence {x,}, defined by
A(g i1, Swa) = d(A, B),

converges to the element x. For any fized yy € By, the sequence {y,}, defined by
d(gyn+1, Tyn) = d(A, B),

converges to the element y.
On the other hand, a sequence {u,} in A converges to x if there is a sequence of

positive numbers {e,} such that

lime, =0 and d(upi1, 2ni1) < €n,
n—0o0

where z,11 € A satisfies the condition that d(z,.1, Su,) = d(A, B).

Proof. Let zg a fixed element in Ag. In view of the fact that S(Ay) C By and

Ap C g(Ap), it is ascertained that there exists an element x; € Ay such that
d(gzy, Szo) = d(A, B). (5.1.5)
Again, since S(Ag) € By and Ay C g(Ap), there exists an element x5 € Aj such that

d(gza, Sz1) = d(A, B). (5.1.6)
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By similar fashion, we can find z,, in Ay. Having chosen x,,, one can determine an

element x,,.1 € Ag such that
d(gxn41, Sz,) = d(A, B). (5.1.7)

Because of the facts that S(Ag) € By and Ag C g(Ap), by a generalized proximal
1—contraction of the first kind of S, g is an isometry and property of 1, for each
n € N, we have

d(@ni1,20) = d(gTns1, gTn)
W(d(xy, Xn_1)) (5.1.8)
< d(wp, Tn1),

IN

this mean that the sequence {d(z,+1,z,)} is non-increasing and bounded bolow.

Hence there exists » > 0 such that

lim d(z,41,2,) =7 (5.1.9)
n—oo
If » > 0, then
ro= lim d(zps,20)
< lim Y(d(zp, Tp-1))
n—oo
= (r)
< T

which is a contradiction unless » = 0. Therefore,

o, = lim d(z,41,2,) = 0. (5.1.10)

n—o0

We claim that {z,} is a Cauchy sequence. Suppose that {z,} is not a Cauchy
sequence. Then there exists € > 0 and subsequence {z,, }, {z,, } of {z,} such that

ng > my > k with
Tk = d(Tpy,, Tn,) > € and d(Tp,, Tn,—1) < € (5.1.11)
for k € {1,2,3,...}. Thus

e<rr < d(@Tmy,Tnp-1) +d(Tp,—1,Tn,)
< € + ank—17

(5.1.12)
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it follows from (5.1.10), implies that

lim ry = e. (5.1.13)

k—o0

Notice also that

esrp < d(xmk’ xmk"!‘l) + d(xnk'i‘l’ xnk) + d(xmk-i-lv xnk+1)
- amk + ank + d(xmk—I—h xnk—i-l)

(5.1.14)

Taking £ — oo in above inequality, by (5.1.10), (5.1.13) and property of 1, we
get € < 9(e). Therefore, ¢ = 0, which is a contradiction. So we obtain the claim
and hence converge to some element x € A. Similarly, in view of the fact that
T(By) C Ag and Ay C g(Ap), we can conclude that there is a sequence {y,} such
that converge to some element y € B. Since the pair (5,7 is a proximal cyclic

contraction and ¢ is an isometry, we have

d($n+1, yn-i-l) = d(gxn-i-la gyn-‘rl) < O./d(l‘m yn) + (1 - a)d(A7 B) (5115)
We take limit in (5.1.15) as n — oo, it follows that
d(z,y) = d(A, B), (5.1.16)

so, we concluded that x € Ay and y € By. Since S(Ag) C By and T(By) C Ay that

there is u € A and v € B such that
d(u,Sz) = d(A, B) (5.1.17)

and

d(v, Ty) = d(A, B). (5.1.18)

From (5.1.7), (5.1.17) and the notion of generalized proximal 1)—contraction of first
kind of S, we get
d(u, gTni1) < Y(d(x,x,)) (5.1.19)

Letting n — oo, we get d(u, gr) < 1(0) = 0 and thus u = gx. Therefore

d(gx,Sz) = d(A, B). (5.1.20)
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Similarly, we can show that v = gy and then
d(gy, Ty) = d(A, B). (5.1.21)
From (5.1.16), (5.1.20) and (5.1.21), we get
d(z,y) = d(gz, Sx) = d(gy, Ty) = d(A, B).

Next, to prove the uniqueness, let us suppose that there exist z* € A and y* € B

with © # 2%,y # y* such that

d(gz*, Sz*) = d(A, B)
and

d(gy”, Ty") = d(A, B).

Since g is an isometry, S and T" are generalized proximal ¢)—contractions of the first

kind and the property of v, it follows that
d(z,z*) = d(gz, gz™) < Y(d(z,2")) < d(z,z")
and
d(y,y") = d(gy, 9y") < ¥(d(y,y")) < d(y,y"),
which is a contradiction, so we have z = z* and y = y*. On the other hand, let

{u,} be a sequence in A and {e,} a sequence of positive real numbers such that

lime, =0 and d(upi1, 2ni1) < €n,
n—ro0

where 2,1 € A satisfies the condition that d(z,41, Su,) = d(A, B). Since S is a

generalized proximal 1)—contraction of first kind, we have

d(ni1, 2ne1) < U(d(xp,uy)). (5.1.22)

Given € > 0, we choose a positive integer N such that ¢, < € for all n > N, we

obtain that

IN

d(anrla ZnJrl) + d<zn+1> unJrl)

W(d(xy, uy)) + €n.

d(Tng1, Uns1)

IN

Therefore, we get

IN

d(un-i-la xn-{—l) + d(xn+1a l’)

Y(d(Tn, Un)) + €n + d(Tni1, T). (5.1.23)

d(un-i-l’ fL‘)

IN
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We claim that d(u,,z) — 0 as n — oo, suppose the contrary, by a inequality (5.1.23)
and property of ¢, we get

Tim d(uni,7) <l (d(ungr, Zng) + d(Tnga, 7))

lim (¢(d(zn, up)) + €n + d(Tn41, 7))

${(im (d(z,.2) + d(z, 1))

< limd(x,u,)

n—0o0

IN

IA

which is a contradiction, so we have {u,} is convergent and it converges to x. This

completes the proof of the theorem. O

Corollary 5.1.2.4. Let (X,d) be a complete metric space and A and B be non-
empty, closed subsets of X. Further, suppose that Ay and By are non-empty. Let
S:A— B, T:B—Aandg: AUB — AU B satisfy the following conditions:

(a) S and T are generalized proximal 1)— contraction of the first kind;

(b) S(Aog) € By, T(Bo) € Ay ;

(¢) The pair (S,T) is a prozimal cyclic contraction.
Then, there exists a unique point x € A and there exists a unique point y € B such
that

d(gz, Sz) = d(gy, Ty) = d(z,y) = d(A, B).

If take 9 (t) = at, where 0 < a < 1, we obtain following corollary;

Corollary 5.1.2.5. Let (X,d) be a complete metric space and A and B be non-
empty, closed subsets of X. Further, suppose that Ay and By are non-empty. Let
S:A— B, T:B—Aandg: AUB — AU B satisfy the following conditions:

(a) S and T are proximal contractions of first kind;

(b) S(Ao) C By, T(Bo) C Ao,

(¢) The pair (S,T) is a prozimal cyclic contraction.
Then, there exists a unique point x € A and there exists a unique point y € B such
that

d(gz, Sz) = d(gy, Ty) = d(z,y) = d(A, B).

For a self-mapping, includes the Boy and Wong’ s fixed point theorem [15] as

followings:
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Corollary 5.1.2.6. Let (X,d) be a complete metric space and T : X — X a
mapping that satisfies d(Tx, Ty) < ¥(d(x,y)) for all x,y € X, where ¢ : [0,00) —
[0, 00) is an upper semicontinuous function from the right such that (t) <t for all
t > 0. Then T has a unique fized point v € X. More over, for each v € X, {T"x}

converges to v.

Example 2. Consider the complete metric space R? with metric defined by

d((z1,91), (22,52)) = |21 — 22| + [t1 — v},
for all (z1,y1), (T2, y2) € R?. Let
A={(0y): -1<y <1}, B={(Ly):-1<y<l1}.
Then d(A, B) = 1. Define the mappings S : A — B as follows:

(1,0) o 1<y <0,
S((0.4)) = o

Ly—g),;OSySL

First, we show that .S is generalized proximal ¥)—contraction of the first kind with

the function v : [0,00) — [0, 00) defined by

t2
t—— C0<t<l1,
o(t) = 2
t—1, ; t>1.

Let (0, 1), (0,22),(0,a1) and (0, as) be elements in A satisfying
d((0,21),5(0,a1)) =d(A,B) =1, d((0,22),5(0,a2)) = d(A, B) = 1.

It follow that

;=0 when —1<a; <0, for i=1,2

and

2
a;

J:i:ai—? when 0 < a; <1, for i =1,2.

2 2
. as aj
Clearly, in case 1 = x5 = 0 and 27 = 0, 13 = ay — ?(or Ty =ar = o By = 0).
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2

a;
Assume that z; = a; — — for i = 1,2 with a; — as > 0, then we have
ai a3
d((07I1>7 (07ZL'2)) = d((oual - ?)a (0,@2 - E))
2 2
ay a3
= |a1—§)— a2—§)
ai a3
= (mmm)mlg ey
1

< (a1 —ag) — 5(611 — as)?

= w(d((ov al)v (Oa aQ))

Thus S is a generalized proximal ¢)—contraction of the first kind.
Next, we prove that S is not a proximal contraction. Suppose S is proximal con-

traction, then for each (0, z), (0,y), (0,a), (0,b) € A satisfying
d((0,2),5(0,a)) =d(A,B) =1 and d((0,y),S(0,b)) =d(A,B) =1, (5.1.24)
there exists k € [0, 1) such that
d((0, ), (0,y)) < kd((0, ), (0,0)).
From (5.1.80), we get
r=0 when —1<a<0, y=0 when —1<b<0

and
a® b?
x:a—§ when 0 <a <1, yzb—i when 0 < b < 1.

a? b?
Suppose that * = a — > and y = b — > then we have

a? b?
[(a==) = (b=5)| = d((0,2),(0,9))
< kd((0,a), (0,0))

= kla —b|.



Letting b = 0 with a # 0, we get

1:hmﬂ—g)§k<L

a—0t

which is a contradiction. Therefore S is not a proximal contraction.
Example 3. Consider the complete metric space R? with metric defined by

d((z1,72), (y1,92)) = |21 — 22| + |1 — Y2,

for all (x1,22), (y1,792) € R:. Let A={(0,y): —1 <y <1}and B={(1,2): -1 <

x < 1}. Define two mappings S : A — B, T : B — Aand g: AUB — AUB as
follows: g((xay)) = (*1'7 _y)a

(1,0) ; —1<y <0,
S((0,y)) = (17%(1_%)), L 0<y<1

and (0,0) . —1<x<0,
T((1,2)) = (0%(1_%))’ L 0<z<1

Then it is easy to see that d(A, B) =1, Ay = A, By = B and the mapping g is
an isometry.

Next, we claim that S and T are generalized proximal y)—contractions of the

first kind with the function % : [0,00) — [0, 00) defined by

t 2
- - — o 0<t<l,
Pty =42 4
t—1, ; t>1

If (0,31), (0,y2) € A such that

d((0,a), S(0,11)) = d(A, B) = 1 and d((0,b), S(0,4,)) = d(A, B) = 1

for all (0,a), (0,b) € A, then we have

0 y _1§y1<07
a =

4! Y1

=1 - = 0<y; <1

2( 2)7 Y _y1_7

17
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and
0 ;o —1 <y <0,
b=
Y2 Y2
=(1—- = S 0<y, <1
2( 2)7 ) _y2_ )

Clearly, in case a = b=0and a = 0,0 = £(1 = £)(ora = 4(1-%),b=0).

Suppose a = 4-(1 — %) and b= 2 (1 — %) with y; —y, =t > 0, we have

(231 y% Y2 yg

d((ova)v (Ov b)) = ‘(__ _) - (__ _)‘

2 4 2 4
(yl —yz) 1
= 20 S )
Y1 — Yo 1
< ‘ 5 (1—5(?/1—92)”

= ¢(d((07 y1)7 (Oa y2>>>

Hence S is a generalized proximal v)—contraction of the first kind. In the same way,
we can prove that T is a generalized proximal 1)—contraction of the first kind. More-
over, we can see that the pair (S,7T) forms a proximal cyclic contraction. Further,

it is see that the unique element (0,0) € A and (1,0) € B such that

d(g(0,0), S(O’O» = d(g(l,O),T(l,O)) = d((0,0), (170)) = d(Aa B)

Theorem 5.1.2.7. Let (X,d) be a complete metric space and A and B be non-
empty, closed subsets of X. Further, suppose that Ay and By are non-empty. Let
S:A— B andg:A— A satisfy the following conditions:

(a) S is a generalized proximal 1)— contractions of first and second kinds;

(b) g is an isometry;

(c) S preserves isometric distance with respect to g;

(d) S(Ao) C Bo;

(e) Ay C g(Ap).

Then, there exists a unique point x € A such that
d(gz, Sx) = d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by

d(gxny1, Sz,) = d(A, B),
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converges to the element x.
On the other hand, a sequence {u,} in A converges to x if there is a sequence of

positive numbers {e,} such that

lime, =0 and d(upi1, 2ni1) < €n,
n—oo

where z,11 € A satisfies the condition that d(z,.1, Su,) = d(A, B).

Proof. Since S(Ag) C By and Ay C g(Ay), similarly in the proof, we can construct

the sequence {z,} of element in A, such that
d(gxns1, Szy) = d(A, B) (5.1.25)

for all non-negative number n. It follows from g is an isometry and the virtue of a

generalized proximal 1)—contraction of the first kind of S, we see that

d([L‘n, xn-H) - d(gmna gxn+1) < @/}(d(l‘n, xn—l))

for all n € N. Similarly to the proof, we can conclude that the sequence {z,} is a
Cauchy sequence and converges to some x € A. Since S is a generalized proximal
1—contraction of the second kind and preserves isometric distance with respect to
g that

d(Sxpn, Stny1) = d(Sgrn, SgTni1)
Y(d(Sxp_1,Sxy,))
< d(Sx,_1,Szy,)

IN

this mean that the sequence {d(Sx,11, Sz,)} is non-increasing and bounded below.

Hence, there exists r > 0 such that

T d(Sz,1, Sr) = 7 (5.1.26)
If » > 0, then
ro= lim, oo d(STpi1, STy)
< limy, oo 0(d(Sxy_1, STy))
= Y(r)
<o

which is a contradiction, unless r = 0. Therefore

B = lim d(Szp11,Sz,) = 0. (5.1.27)

n—oo
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We claim that {Sz,} is a Cauchy sequence. Suppose that {Sz,} is not a Cauchy
sequence. Then there exists ¢ > 0 and subsequence {Szy,, },{Sx,, } of {Sx,} such

that ng > my > k with
1 = d(STy,, Stp,) > ¢ and d(STm,,, Stp,—1) <€ (5.1.28)
for k € {1,2,3,...}. Thus
e<ry < d(Sxm,,STn,—1)+ d(STp,—1,5%s,)

< e+ ﬁnk—la
(5.1.29)

it follows from (5.1.27), implies that

lim ry = e. (5.1.30)

k—o0

Notice also that
e < d(‘smmm S$mk+1) + d(SInk-l-la Sl‘nk) + d(Sxmk—i—h Swnk—i—l)

< By, + By +U(d(SThm,,, ST0y))-
(5.1.31)

Taking k — oo in above inequality, by (5.1.27), (5.1.30) and property of 1, we get
e < (e). Hence, ¢ = 0, which is a contradiction. So we obtain the claim and then

it converges to some y € B. Therefore, we can conclude that
d(gz,y) = lim d(gx,11, Szy,) = d(A, B) (5.1.32)
n—oo

that is gz € Ag. Since Ay C g(Ap), we have gr = gz for some z € Ay and then
d(gx,gz) = 0. By the fact that g is an isometry, we have d(zx, z) = d(gz, gz) = 0.

Hence = = z and so x becomes to a point in Ag. As S(Ag) C By that
d(u,Sx) = d(A, B) (5.1.33)

for some u € A. It follows from (5.1.25), (5.1.33) and S is a generalized proximal
1—contraction of the first kind that

d(u, gxni1) < U(d(z,z,)) (5.1.34)
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for all n € N. Taking limit as n — oo, we get the sequence {gz,} converge to a

point u. By the fact that ¢ is continuous, we have
gr, — gr as n — oo.

By the uniqueness of limit of the sequence, we conclude that u = gx. Therefore, it
results that d(gz, Sz) = d(u, Sx) = d(A, B). The uniqueness and the remaining part

of the proof follows as in Theorem. This completes the proof of the theorem. n

If g is assumed to be the identity mapping, then the Theorem 5.3.1.3, we obtain

the following corollary:

Corollary 5.1.2.8. Let (X,d) be a complete metric space and A and B be non-
empty, closed subsets of X. Further, suppose that Ay and By are non-empty. Let
S : A — B satisfy the following conditions:

(a) S is a generalized proximal 1— contractions of first and second kinds;
(b) S(Ao) C By.
Then, there exists a unique point x € A such that
d(xz,Sx) = d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by
d(xpi1,Sx,) = d(A, B),
converges to the best proximity point x of S.

Corollary 5.1.2.9. Let (X,d) be a complete metric space and A and B be non-
empty, closed subsets of X. Further, suppose that Ay and By are non-empty. Let
S : A — B satisfy the following conditions:

(a) S is a proximal contractions of first and second kinds;
(b) S(Ag) C By -

Then, there exists a unique point x € A such that
d(z,Sz) = d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by
d(zpy1,Sz,) = d(A, B),

converges to the best proximity point x of S.
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5.1.3 Best proximity points for generalized proximal

C-contraction mappings in metric spaces with partial orders

Definition 5.1.3.1. A mapping 7' : A — B is said to be a generalized prorimal

C'-contraction if, for all u,v,z,y € A, satisfies
r=y
d(u,Tz) = d(A, B) = d(u,v) <
d(v,Ty) = d(A, B)

(d(z,v) + d(y,u)) = P(d(z,v), d(y, u)).

N | —

(5.1.35)
where v : [0,00)*> — [0,00) is continuous and nondecreasing function such that

Y(z,y) =0 if and only if z =y = 0.

Theorem 5.1.3.2. Let X be a nonempty set such that (X, <) is a partially ordered
set and (X, d) be a complete metric space. Let A and B be nonempty closed subsets
of X such that Ag and By are nonempty. Let T : A — B satisfy the following
conditions:

(a) T is a continuous, proximally order-preserving and generalized proximal C-
contraction such that T'(Ag) C Bo;

(b) there exist element xoy and x; in Ay such that xo < x1 and
d(x1,Tx) = d(A, B).
Then there exists a point x € A and such that
d(xz,Tz) = d(A, B).
Moreover, for any fixved xq € Ay, the sequence {x,} defined by
d(xpy1, Tz,) = d(A, B)

converges to the point x.

Proof. By the hypothesis (b), there exist xg, 21 € Ap such that zo < x; and
d(l’l, Tl'o) = d(A, B)
Since T'(Ag) C By, there exists a point x5 € A such that

d(JIg? Txl) = d(A, B)
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By the proximally order-preserving of T, we get xy; < x9. Continuing this process,

we can find a sequence {z,} in Ay such that z,,_; < x, and
d(zp, Tr,—1) = d(A, B).

Having found the point x,, one can choose a point z,,; € Ag such that z, < x,.1

and

d(xps1, Tz,) = d(A, B). (5.1.36)

Since T' is a generalized proximal C-contraction, for each n € N, we have

1
d(x'm xn—l—l) S i(d(xn—la xn—l—l) + d(l‘n, xn)) - 1/J(d(flfn_1, xn—&—l); d(x'm xn))

1

= id(xn—lv xn—i—l) - ¢(d('rn—17 xn+1)7 0)
1

< §d(9€n717 Tpi1)
1

< _(d(mnfla xn) + d(xna xﬂ+1))

2
(5.1.37)

and so it follow that d(z,,x,11) < d(x,_1,x,), that is, the sequence {d(x,41,2,)}

is non-increasing and bounded bolow. Then there exists r» > 0 such that

lim d(z,41,2,) =7 (5.1.38)

n—0o0

Taking n — oo in (5.1.37), we have

1 1
r < lim —d(zp_1,Tps1) < =(r+7r)=r
n—oo 2 2
and so
lim d(x,_1, Tpy1) = 2r. (5.1.39)
n—oo

Again, taking n — oo in (5.1.37) and using (5.1.38), (5.1.39) and the continuity of

Y, we get

1
r < 5(27’) =r—¢(2r,0)<r

and hence ¥ (2r,0) = 0. So, by the property of ¢, we have r = 0, which implies that

lim d(z,41,2,) = 0. (5.1.40)

n—o0
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Next, we prove that {z,} is a Cauchy sequence. Suppose that {z,} is not a
Cauchy sequence. Then there exists ¢ > 0 and subsequence {z,,, }, {x,,} of {z,}

such that n, > my > k with
1k = ATy, Tny) > €, ATy, Tnp—1) < € (5.1.41)
for each k € {1,2,3,---}. For each n > 1, let v, := d(2y41,x,). So, we have
e<ry < d(@my,Tn-1) + d(Tp,—1,Tn,)
< e+ Qg 1,

it follows from (5.1.40) that
lim r = €. (5.1.42)

k—o0

Notice also that

IN

Ty = d(xnkv xmk) d(xnk’ xmk-i-l) + d(xmk+17 xmk)

IN

d(xnku xmk) + d(xmk7 xmk+1> + Oémk

Tk + Q. + Q-

Taking k — oo in (5.1.43), by (5.1.40) and (5.1.42), we conclude that

lim d(zp,, Tmy1) = €. (5.1.44)

k—o0

Similarly, we can show that

lim d(@pm,,, Tn,11) = €. (5.1.45)

k—o0
On the other hand, by the construction of {z,}, we may assume that x,, < z,,
such that
d(zp 41, Txn,) = d(A, B) (5.1.46)

and

d(zpmy 41, Txm,) = d(A, B). (5.1.47)

By the triangle inequality, (5.1.46), (5.1.47) and the generalized proximal C-contraction

of T', we have

IN

€< d(xmk7 $mk+1) + d(xnk'i‘l’ xnk) + d(xmk+17 :Bnk-‘rl)

= amk + Oénk + d<xmk+17 xnk+1)
1
Oy, + Qi + §[d(xnkﬂxmk+l) + d(xmk’ xnk+1)]

_w(d<xnk7 xkarl)v d(xmkﬂ xnk+1>)

IA
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Taking £ — oo in the above inequality, by (5.1.40), (5.1.44), (5.1.45) and the conti-

nuity of ¢, we get

1
e < §(s+5)—¢(5,5) <e

Therefore, ¥(e,) = 0. By the property of ¢, we have that ¢ = 0, which is a
contradiction. Thus {z,} is a Cauchy sequence. Since A is a closed subset of the

complete metric space X, there exist x € A such that

lim z, = x. (5.1.48)

n—o0

Letting n — oo in (5.1.36) , by (5.1.48) and the continuity of 7, it follows that
d(z,Tz) = d(A, B).
[l

Corollary 5.1.3.3. Let X be a nonempty set such that (X, <) is a partially ordered
set and (X, d) be a complete metric space. Let A and B be nonempty closed subsets
of X such that Ay and By are nonempty. Let T : A — B satisfy the following
conditions:

(a) T is a continuous, increasing such that T(Ag) C By and

z =Xy
d(u,Tx) = d(A, B) = d(u,v) < ald(z,v) + d(y,u)), (5.1.49)
d(v,Ty) = d(A, B)

where o € (0, 3);

(b) there exist xg,x1 € Ag such that xo =< x1 and
d(x1,Tx) = d(A, B).
Then there exists a point x € A and such that
d(z,Tx) = d(A, B).
Moreover, for any fived xo € Ay, the sequence {x,} defined by
d(xpy1, Tz,) = d(A, B)

converges to the point x.
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Proof. Let a € (0, %) and the function ¢ in Theorem 5.1.3.2 be defined by

¥(a,b) = (; —a)a+).

Obviously, it follows that ¢(a,b) = 0 if and only if a = b = 0 and (5.1.35) become
to (5.1.49). Hence we obtain the Corollary 5.1.3.3. O

Now, we give an example to illustrate Theorem 5.1.3.2

Example 4. Consider the complete metric space R? with Euclidean metric. Let
A={(z,0):zeR}, B={(0y):yeR, y>1}.

Then d(A,B) =1, Ay = {(0,0)} and By = {(0,1)}. Define a mapping 7' : A — B
as follows:

T((z,0)) = (0,1 + |z)

for all (z,0) € A. Clearly, T is continuous and T'(Ag) C By. If 1 < x5 and
d(uy, Tzy) =d(A,B) =1, d(ug,Txy) =d(A,B) =1
for some uy, us, 1,9 € A, then we have
up =uy; = (0,0), x5 =z =(0,0).

Therefore, T is a generalized proximal C-contraction with ¢ : [0,00)* — [0, 00)

defined by
1
¥(a,b) = J(a+b).

Further, observe that (0,0) € A such that
d((0,0),7(0,0)) = d(A,B) = 1.

Theorem 5.1.3.4. Let X be a nonempty set such that (X, =) is a partially ordered
set and (X, d) be a complete metric space. Let A and B be nonempty closed subsets
of X such that Ag and By are nonempty. Let T : A — B satisfy the following
conditions:

(a) T' is an proximally order-preserving and generalized proximal C-contraction
such that T'(Ag) C Boy;

(b) there exist element xg, 1 € Ay such that xo < x1 and
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d(z1,Txo) = d(A, B);

(¢) if {x,} is an increasing sequence in A converges to x, then x, = x for all

n € N.

Then there exists a point x € A and such that

d(z,Tz) = d(A, B).

Proof. As in the proof of Theorem 5.1.3.2, we have
d(xps1, Txy,) = d(A, B) (5.1.50)

for all n > 0 . Moreover, {z,} is a Cauchy sequence and converges to some point

x € A. Observe that, for each n € N,

d(Aa B) = d(xn-‘rl? T:Bn)

IN

d(xpi1, ) +d(z, Txy,)
d(z,xpr) +d(, Tpy1) + d(Xnsr, Tay)
d(l’, xn—i—l) + d(l‘, xn—i—l) + d(Aa B)

IN

IN

Taking n — oo in the above inequality, we obtain lim,, ., d(x, Tx,) = d(A, B) and

hence x € Ay. Since T'(Ag) C By, there exists v € A such that
d(v,Tx) = d(A, B). (5.1.51)

Next, we prove that = v. By the condition (¢), we have z,, < x for all n € N.
Using (5.1.50), (5.1.49) and the generalized proximal C-contraction of 7', we have
1 (5.1.52)
d(xn-&-l? U) < §[d(xnv U) + d($’ xn-H)] - ¢(d(xn7 'U)v d(ZE, zn-l—l))' o

Letting n — oo in (5.1.52), we get

d(x,v) —¢(d(x,v),0),

[N

d(xz,v) <

which implies that d(x,v) = 0, that is, x = v. If we replace v by z in (5.1.49), we
have

d(z,Tz) = d(A, B).
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Corollary 5.1.3.5. Let X be a nonempty set such that (X, <) is a partially ordered
set and let (X,d) be a complete metric space. Let A and B be nonempty closed
subsets of X such that Ay and By are nonempty. Let T : A — B satisfy the

following conditions:

(a) T is an increasing mapping such that T'(Ag) C By and

r=y
d(u, Tz) = d(A, B) = d(u,v) < a(d(z,v) +d(y,u)), (5.1.53)
d(v,Ty) = d(A, B)

where o € (0, 3);

(b) there exist xg, 1 € Ag such that xog =< x1 and
d(l‘l, TI()) = d(A, B),

(c) if {xn} is an increasing sequence in A converges to a point x € X, then

Tn 2 x for alln € N.

Then there exists a point x € A and such that

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

For z,y € X there exists z € X which is comparable to = and y. (5.1.54)

Theorem 5.1.3.6. Let X be a nonempty set such that (X, <) is a partially ordered
set and (X, d) be a complete metric space. Let A and B be nonempty closed subsets
of X and Ay and By are nonempty such that Ay satisfying condition (5.1.54). Let
T : A — B satisfy the following conditions:

(a) T is a continuous, proximally order-preserving and generalized proximal C'-

contraction such that T'(Ao) C By;

(b) there exist element xoy and x1 in Ay such that xo < x1 and
d(l‘l, T[L’()) = d(A, B)
Then there exists a unique point x € A and such that

d(z,Tz) = d(A, B).
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Proof. We shall only proof the part of uniqueness part. Suppose that there exist x

and z* in A which are best proximity point, that is

d(xz,Tx) =d(A,B) and d(z*,Tz*)=d(A,B).

Case I =z is comparable to x*, that is x < z* (or * =< x ), by the generalized

proximal C-contraction of T', we have

[d(x,z*) + d(z*, )] — (d(x,z*),d(z*, x)) < d(z*, x),

[NR

d(z,z*) <

which implies that ¢(d(z,z*),d(z*,z)) = 0. Using the property of 1, we get
d(xz*,z) = 0 and hence z = z*.

Case I =z is not comparable to z*. Since A, satisfying condition (5.1.54), then
there exist z € Aj such that z comparable to x and z*, that is x < z (or z X x )
and z* < z (or z X z* ). Suppose that < z and z* < z. Since T'(Ay) C By, there

exists a point vy € Ag such that
d(vy, Tz) = d(A, B).

By proximally order-preserving, we get x < vg and x* =< vg. Since T'(Ay) C By, there

exists a point v; € Ay such that
d(’Ul, T?)o) = d(A, B)

Again, by proximally order-preserving, we get x < v; and z* < v1. One can proceed

further in a similar fashion to find v, in Ay with v, € Ay such that
d(vpy1, Tv,) = d(A, B).

Hence x < v,, and x* < v, for all n € N. By the generalized proximal C-contraction

of T', we have

1
d(Vpi1,7) < §[d(vn, z) + d(x,v,11)] — V(d(vn, ), d(2,0011)), (5.1.55)

1
d<vn+1,l’*) < §[d(vn,x*) + d(I*,Un+1)] _ ¢(d(vn,x*),d(x*,vn+1)), (5.1.56)

it follow from (5.1.55), (5.1.56) and property of ¢, we get

v, —x and v, —zx" as n — oo.



30

By the uniqueness of limit, we conclude that z = x*. Other cases can we proved

similarly and this completes the proof. O]

Theorem 5.1.3.7. Let X be a nonempty set such that (X, =) is a partially ordered
set and (X, d) be a complete metric space. Let A and B be nonempty closed subsets
of X and Ay and By are nonempty such that Ay satisfying condition (5.1.54). Let
T : A — B satisfy the following conditions:

(a) T is an proxzimally order-preserving and generalized prozimal C-contraction
such that T'(Ag) C Boy;

(b) there exist element xy, x1 € Ag such that xog = x1 and
d(%l, TI()) = d(A, B),

(c) if {x,} is an increasing sequence in A converges to x, then x, =< x for all

n € N.

Then there exists a unique point x € A and such that

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

Proof. For the proof, combine the proofs of Theorem 5.1.3.4 and Theorem 5.1.3.7.
]

5.1.4 Best proximity point theorems for rational proximal contractions

Definition 5.1.4.1. Let (X, d) be a metric space and A and B be two non-empty
subsets of X'. Then, T : A — B is said to be a rational proximal contraction of the
first kind if there exist non-negative real numbers «, 3,~, d with a4+ S +2y+20 < 1,

such that the conditions
d(uy, Txy) = d(A, B) and d(us, Txs) = d(A, B)

imply that

B[l + d(l’l, Uﬂ]d(IQ, Ug)
1+ d(xq,x9)
+5[d(331, UQ) + d(ﬁg, u1)] (5.1.57)

d(ur,ug) < ad(zy,z2) + + yld(z1,u1) + d(x2, us)]

for all uy, ug, 21,29 € A.
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Definition 5.1.4.2. Let (X, d) be a metric space and A and B be two non-empty
subsets of X'. Then, T : A — B is said to be a rational proximal contraction of the
second kind if there exist non-negative real numbers «, 3,7, d with a+8+2v+2§ < 1
such that the conditions
d(ul, Tl’l) = d(A, B) and d(UQ, TZL’Q) = d(A, B)
imply that
5[1 + d(TZL‘l, TU1)]d(T§L’2, TUQ)
d < ad
(Tuy, Tuy) < ad(Txy, Tae) + T+ d(To. 7o)
FA[d(T ey, Tuy) + d(Txg, Tusg)]

for all uy, ug, 21,29 € A.

Theorem 5.1.4.3. Let (X,d) be a complete metric space and A and B be two non-
empty, closed subsets of X such that B is approximatively compact with respect to
A. Assume that Ay and By are non-empty and T : A — B is a non-self-mapping
such that:

(a) T is a rational proximal contraction of the first kind;

(b) T(Ao) C Bo.

Then, there exists © € A such that Bes:(T) = {x}. Further, for any fized xy € Ay,
the sequence {x,}, defined by d(zp41, Tx,) = d(A, B), converges to .

Proof. Let zg € A (such a point there exists since Ag # (). Since T (Ag) C By, then
by the definition of By, there exists x1 € Ag such that d(z1, Txo) = d(A, B). Again,
since Tz € By, it follows that there is xo € Ag such that d(xq, Tz1) = d(A, B).

Continuing this process, we can construct a sequence {z,} in Ay, such that
d(anrl) Ta:n) = d(Aa B)a

for every non-negative integer n. Using the fact that 7 is a rational proximal

contraction of the first kind, we have

B[]- + d(xn—la C(]n)]d(.l’n, xn-l—l)
1+ d(z,_1,2,)

_'_FY[d(:Unfla xn) + d(l'na xn+1)] + 5d(l'n717 $n+1)

d(l’n, anrl) S ad(a:n,l, xn) +

S ad(xn—la mn) + 5d(xn; zn—i—l) + ’V[d<xn—1a xn) + d(x’m $n+1)]

+5[d(xn—17 xn) + d((L’n, xn—l—l)]-
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It follows that
d(mrw xn+1) S kd(xnfla xn)

a+y+0
1-—~—6

complete and A is closed, the sequence {x,} converges to some = € A.

where k£ =

< 1. Therefore, {x,} is a Cauchy sequence and, since (X,d) is

Moreover, we have

d(x,B) < d(z,Tw,)
< d(z, Tpg) + d(xpir, Tn)
= d(x,2n1) + d(A,B)
< d(z, Tpy) + d(z, B).

Taking the limit as n — +o0, we get d(z, Tz,) — d(z,B). Since B is approxi-
matively compact with respect to A, then the sequence {7 z,} has a subsequence

{Tz,,} that converges to some y € B. Therefore

d(z,y) = lim d(xn,41,Txn,) =d(A,B),

k—>4o00

and hence x must be in Ajy. Since T (Ag) C By, then d(u, Tz) = d(A, B) for some
u € A. Again, using the fact that 7 is a rational proximal contraction of the first

kind, we get

ﬁ[l + d(ﬂf, u)]d(xm $n+1)
1+ d(z,x,)
+ld(z, u) + d(zn, nia)] + 01d(x, Tnia) + d(@n, u)].

du,zp1) < ad(z,z,)+

Taking the limit as n — +o00, we have
d(u,x) < (v +6)d(u, x),
which implies z = u, since v+ § < 1. Thus, it follows that
d(xz,Tz) =d(u,Tz) =d(A,B),

that is, © € Beg(T). Now, to prove the uniqueness of the best proximity point (i.e.,

Best(T) is singleton), assume that z is another best proximity point of 7 so that

d(z,T2) = d(A,B).
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Since T is a rational proximal contraction of the first kind, we have

Bl + d(z, x)]d(z, 2)
1+ d(z, 2)

d(z,z) < ad(z,z) + +ld(x,x) + d(z, 2)] + 6[d(x, 2) + d(z, z)]

which implies

d(z,z) < (v +20)d(z, 2).

It follows immediately that = = z, since @ + 26 < 1. Hence, 7 has a unique best

proximity point. [
As consequences of the Theorem 5.1.4.3, we state the following corollaries.

Corollary 5.1.4.4. Let (X,d) be a complete metric space and A and B be two non-
empty, closed subsets of X such that B is approximatively compact with respect to
A. Assume that Ay and By are non-empty and T : A — B is a non-self-mapping
such that:

(a) T is a generalized prozimal contraction of the first kind, with o+ 2y 42§ < 1;
(b) T(Ao) C Bo.

Then, there exists x € A such that Beg,(T) = {x}. Further, for any fized xo € Ao,
the sequence {x,}, defined by d(zp41, Txn) = d(A, B), converges to the best prozimity

point x.

Corollary 5.1.4.5. Let (X, d) be a complete metric space and A and B be two non-
empty, closed subsets of X such that B is approximatively compact with respect to
A. Assume that Ay and By are non-empty and T : A — B is a non-self-mapping
such that:

(a) There exists a non-negative real number o < 1 such that, for all uy,us, z1,xs
in A, the conditions d(uy, Tx1) = d(A,B) and d(ua, Txs) = d(A,B) imply

that d(uy, us) < ad(zy,x9);
(b) T(Ao) C Bo.

Then, there exists © € A such that Besi(T) = {x}. Further, for any fized zo € Ao,
the sequence {x,}, defined by d(zp41, Txn) = d(A, B), converges to the best prozimity

point x.
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The following fixed point result can be considered as a special case of the Theorem

5.1.4.3, when T is a self-mapping.

Corollary 5.1.4.6. Let (X,d) be a complete metric space and T be a self-mapping
on X. Assume that there exist non-negative real numbers o, 3,7, 6 with o+ B+ 2+
20 < 1 such that

ﬁ[l -+ d(:Cl, 7—$2)]d(1‘2, Tl’g)
1+ d(zq,x2)
+’Y[d({L‘1, Tl’l) + d(l‘g, T(L’Q)] + 5[d(l’1, TZL‘Q) + d(l’g, Tl’l)]

ATz, Tre) < ad(xy,xg)+

for all x1,x9 € X. Then the mapping T has a unique fixed point.

Remark 5.1.4.7. Note that the Corollary 5.1.4.6 is a proper extension of the con-
traction mapping principle [34] because the continuity of the mapping 7 is not

required. It is well known that a contraction mapping must be continuous.

Theorem 5.1.4.8. Let (X, d) be a complete metric space and A and B be two non-
empty, closed subsets of X such that A is approximatively compact with respect to
B. Assume that Ay and By are non-empty and T : A — B is a non-self-mapping
such that:

(a) T is a continuous rational proximal contraction of the second kind;

(b) T(Ay) C By,
Then, there exists © € Bey(T) and for any fized xoy € Ay, the sequence {x,}, defined
by d(xpi1, Tx,) = d(A, B), converges to x, and Tax =Tz for all x,z € Begi(T).

Proof. Following the same lines of the proof of the Theorem 5.1.4.3, it is possible to

construct a sequence {z,} in Ay such that
d(xn-i—l? T:En) = d(A’ B)’

for every non-negative integer n. Using the fact that 7 is a rational proximal con-
traction of the second kind, we have

B+ d(Txp1, Ten)|d(T Ty, Tni1)
d(Txny Tanrl) S Oéd(TSEnfl, Txn) + 1+ d(Txn_l, Txn>

Y[ AT -1, Tan) + AT, Tapi1)] + 0d(Txp—1, T Tpi1)
S ad(Txn—la Txn) + ﬁd(Tl'n, Tmn—‘rl) + fy[d(TIn—la Txn) +
d(Txp, Tans1)] + 0[d(Txn—1, Txn) + d(Txpn, Txni1)]-
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It follows that
A(Txn, Topy1) < kd(Txp—1,Txy)

a+y+0
1-f—~—4

is complete, then the sequence {7 x,} converges to some y € .

where k = < 1. Therefore, {Tx,} is a Cauchy sequence and, since (X, d)

Moreover, we have

d(y, A) < d(y,zni1)
< d(y, Tan) + d(Tm, ts)
— dly, T,) + d(A B)
< dly, Tr,) + d(y, A).

Taking the limit as n — 400, we get d(y,x,) — d(y,.A). Since A is approxima-
tively compact with respect to B, then the sequence {z,} has a subsequence {z,, }

converging to some z € A. Now, using the continuity of 7, we obtain that

d(z,Tx)= lm d(zn41,T ) =d(A,B),

k—>+400

that is, € B.u(7). Finally, to prove the last assertion of the present theorem,

assume that z is another best proximity point of 7 so that
d(z,Tz)=d(A,B).

Since 7T is a rational proximal contraction of the second kind, we have

Bl +d(Tx, Tx)|d(Tz,T=z)
ATz, Tz) < ad(Tz,Tz)+ L+ d(T2.72)

d(TzTz)|+0[d(Tz, Tz)+d(Tz,Tx)]

+y[d(Tx, Tx) +

which implies

d(Tz, Tz) < (a+20)d(Tz,Tz).

It follows immediately that 7x = Tz, since o + 20 < 1. O
As consequences of the Theorem 5.1.4.8, we state the following corollaries.

Corollary 5.1.4.9. Let (X,d) be a complete metric space and A and B be two non-
empty, closed subsets of X such that A is approxzimatively compact with respect to
B. Assume that Ay and By are non-empty and T : A — B is a non-self-mapping
such that:
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(a) T is a continuous generalized proximal contraction of the second kind, with

a+2y+20 <1;
(b) T(Ao) € Bo.

Then, there exists x € Bey(T) and for any fived xy € Ay, the sequence {x,}, defined
by d(xp11, Txn) = d(A, B), converges to x. Further, Tx =Tz for all z,z € Beg(T).

Corollary 5.1.4.10. Let (X,d) be a complete metric space and A and B be two
non-empty, closed subsets of X such that A is approzimatively compact with respect
to B. Assume that Ay and By are non-empty and T : A — B is a non-self-mapping
such that:

(a) There exists a non-negative real number o < 1 such that, for all uq,us, z1,xs
in A, the conditions d(uy, Tx1) = d(A,B) and d(ug, Txs) = d(A,B) imply
that d(Tuy, Tug) < ad(Txy, Ta);

(b) T is continuous;
(C) T(A()) g Bo.

Then, there exists x € Begy(T) and for any fived xy € Ay, the sequence {x,}, defined
by d(zpy1, Txn) = d(A, B), converges to x. Further, Tx =Tz for all x,z € Beg(T).

Remark 5.1.4.11. Note that in the Theorem 5.1.4.3 is not required the continuity
of the mapping 7. On the contrary, the continuity of 7 is an hypothesis of the
Theorem 5.1.4.8.

Our next theorem concerns a non-self-mapping that is a rational proximal con-
traction of the first kind as well as a rational proximal contraction of the second
kind. In this theorem we consider only a completeness hypothesis without assuming

the continuity of the non-self-mapping.

Theorem 5.1.4.12. Let (X, d) be a complete metric space and A and B be two non-
empty, closed subsets of X. Assume that Ay and By are non-empty and T : A — B

1 a non-self-mapping such that:

(a) T is a rational proximal contraction of the first and second kinds;
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(b) T(A,) < Bo.

Then, there exists a unique © € Beg(T). Further, for any fized o € Ay, the sequence
{z,}, defined by d(xy41, Tx,) = d(A, B), converges to x.

Proof. Following the same lines of the proof of the Theorem 5.1.4.3, it is possible to

construct a sequence {z,} in Ay such that
d(zps1, Txy) = d(A, B),

for every non-negative integer n. Also using the same arguments in the proof of the
Theorem 5.1.4.3, we deduce that the sequence {x,} is a Cauchy sequence and hence
converges to some x € A. Moreover, on the lines of the proof of the Theorem 5.1.4.8,
we obtain that the sequence {7 x,} is a Cauchy sequence and hence converges to

some y € B. Therefore, we have

d(z,y) = lim d(zpe1, Tx,) =d(A,B),

n—-—+oo

and hence z must be in Ay. Since T (Ag) C By, then d(u, Tz) = d(A, B) for some
u € A. Using the fact that T is a rational proximal contraction of the first kind, we

get

6[1 + d(xv u)]d(xm In—&-l)
1+ d(z,x,)
+yld(z, ) + d(@n, Tni1)] + 0[d(2, Tni1) + d(2n, u)].

d(ua xn-i—l) S Oéd(l’, xn) +

Taking the limit as n — +o00, we have
d(u,z) < (v +6)d(u, x),
which implies that z = u, since v+ ¢ < 1. Thus, it follows that
d(z,Tx) =d(u,Tz) =d(A,B),

that is, © € B (T). Again, following the same lines of the proof of the Theorem
5.1.4.3, we prove the uniqueness of the best proximity point of the mapping 7. To

avoid repetitions we omit the details. O
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Example 5. Let X = R endowed with the usual metric d(z,y) = |z — y|, for
all z,y € X. Define A = [-1,1] and B = [-3,—-2] U [2,3]. Then, d(A,B) = 1,
Ao = {—1,1} and By = {—2,2}. Also define T : A — B by

2 if x is rational

Tr=

3 otherwise.

It is easy to show that 7 is a rational proximal contraction of the first and second
kinds and 7 (Ag) C By. Then, all the hypotheses of the Theorem 5.1.4.12 are
satisfied and d(1,7 (1)) = d(A, B). Clearly, the Theorem 5.1.4.8 is not applicable in

this case.

5.1.5 Best proximity points for Geraghty’s proximal contraction map-

pings

Definition 5.1.5.1. A mapping 7" : A — B is called a Geraghty’s proximal con-
traction of the first kind if, for all u,v,x,y € A, there exist § € S such that

= d(u,v) < B(d(z,y))d(z,y).

Definition 5.1.5.2. A mapping 7" : A — B is called a Geraghty’s proximal con-
traction of the second kind if, for all u,v,z,y € A, there exist § € S such that

d(u,Tz) = d(A, B))
d(v,Ty) = d(A, B)

—  d(Tu,Tv) < B(d(Tz, Ty))d(Tx,Ty).

It is easy to see that, if we take 5(t) = k, where k € [0,1), then a Geraghty’s
proximal contraction of the first kind and Geraghty’s proximal contraction of the
second kind reduce to a proximal contraction of the first kind and a proximal con-
traction of the second kind, respectively.

Next, we extend the result of Sadiq Basha [14] and Banach’s fixed point theorem

to the case of nonself-mappings satisfying Geraghty’s proximal contraction condition.

Theorem 5.1.5.3. Let (X, d) be a complete metric space and A, B be nonempty
closed subsets of X such that Ay and By are nonempty. Let S: A— B, T: B — A
and g : AU B — AU B satisfy the following conditions:

(a) S and T are Geraghty’s prozimal contraction of the first kind;
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(b) g is an isometry;
(c) the pair (S,T) is a proximal cyclic contraction;
(d) S(Ag) C By, T(By) C Ayp;
(e) Ag C g(Ap) and By C g(By).
Then there exists a unique point x € A and there exists a unique point y € B such
that
d(gx, Sx) = d(gy, Ty) = d(z,y) = d(A, B).

Moreover, for any fixved xo € Ay, the sequence {x,} defined by
d(grps1, Sz,) = d(A, B)
converges to the element x. For any fized yo € By, the sequence {y,} defined by
d(gYn+1, Tyn) = d(A, B)

converges to the element y.
On the other hand, a sequence {u,} in A converges to x if there exists a sequence

of positive numbers {e,} such that
lim €n = 0, d(un+1> Zn—i—l) < €,

n—o0

where z,11 € A satisfies the condition that d(gz,41, Su,) = d(A, B).

Proof. Let zy be a fixed element in Ay. In view of the fact that S(Ay) C By and

Ap C g(Ap), it follows that there exists an element x; € Ay such that
d(gx1,Sxo) = d(A, B).
Again, since S(Ap) C By and Ay C g(Ayp), there exists an element x5 € Ay such that
d(gxs, Sx1) = d(A, B).
By the same method, we can find z,, in Ay such that
d(gzy, Sx,—1) = d(A, B).
So, inductively, one can determine an element x,; € Ay such that

d(gxni1, Szy) = d(A, B). (5.1.59)
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Since S(Ag) C By and Ay C g(Ap), S is a Geraghty’s proximal contraction of the

first kind, ¢ is an isometry and the property of 3, it follows that, for each n > 1,

d(anrl? xn) = d(gl‘n+1, gl‘n)
B(d(x’m xn—l))d(xna In—l)

d(xn7 xn—l)?

IN

IN

which implies that the sequence {d(x,1,%,)} is non-increasing and bounded below.
Hence there exists r > 0 such that lim, . d(x,11,%,) = r. Suppose that r > 0.

Observe that
d(xn+17 xn)
d(l‘na xn—l)

< Bld(wn, tna)),

which implies that lim,, ., 5(d(x,, z,—1)) = 1, Since § € S, we have r = 0 and so

lim d(z,—1,z,) = 0. (5.1.60)

n—o0

Now, we claim that {z,} is a Cauchy sequence. Suppose that {z,} is not a
Cauchy sequence. Then there exists ¢ > 0 and subsequences {x,, },{zn,} of {z,}

such that, for any ng > m; > k,
Tk = ATy, Ty ) > €, ATy, Tny—1) < €
for any k € {1,2,3,---}. For each n > 1, let a,, :== d(2,_1, ). Then we have

e<rr < dxm,,Tn-1)+ d(Xn,—1,Tn,)
< 4 ap,1

(5.1.61)
and so it follows from (5.2.2) and (5.2.3) that

lim r, =e. (5.1.62)

k—o00

Notice also that

g S T
< d<xmk7 xkarl) + d(xnkﬂv ‘rnk) + d(xkarl? xnk+1)
= amk + ank + d(xmk-‘rl? xnk—kl)

S amk + ank + ﬂ(d(fﬁmk, ZL‘nk))d(l’mk,l’nk)
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and so

Ty — amk - O{nk

d(mmka x”k)

< 6(d(xmk> xnk))

Taking & — oo in the above inequality, by (5.2.2), (5.2.4) and 8 € S, we get ¢ = 0,
which is a contradiction. So we know that the sequence {z,} is a Cauchy sequence.
Hence {x,} converges to some element x € A.

Similarly, in view of the fact that T'(By) C A and Ay C g(Ap), we can conclude
that there exists a sequence {y,} such that converge to some element y € B. Since

the pair (S,7) is a proximal cyclic contraction and g is an isometry, we have
ATns1s gnsr) = A(GTns1, gnss) < k() + (1 — V(A B).  (5.1.63)
Taking n — oo in (5.2.5), it follows that
d(xz,y) = d(A, B) (5.1.64)

and so ¢ € Ag and y € By. Since S(Ay) C By and T(By) C Ay, there exist u € A
and v € B such that

d(u,Sz) =d(A,B), d(v,Ty)=d(A,B). (5.1.65)

From (5.2.1) and (5.2.7), since S is a Geraghty’s proximal contraction of first kind
of S, we get
d(u, grpyr) < fd(z, x,))d(x, x,). (5.1.66)

Letting n — oo in the above inequality, we get d(u, gx) < 0 and so u = gx. Therefore,

we have

d(gx, Sz) = d(A, B). (5.1.67)
Similarly, we can show that v = gy and so
d(gy, Ty) = d(A, B). (5.1.68)
From (5.2.6), (5.2.9) and (5.2.10), we get
d(z,y) = d(gz, Sz) = d(gy, Ty) = d(A, B).

Next, to prove the uniqueness, suppose that there exist x* € A and y* € B with
x # x* and y # y* such that

d(gz*, Sz*) = d(A,B), d(gy*,Ty") =d(A,B).
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Since g is an isometry and S is a Geraghty’s proximal contraction of the first kind,
it follows that
d(xz,z*) = d(gx, gz*) < p(d(x,z"))d(x, z")

and hence

_d(z,x") .
1= o) < Bd(z,z")) <1,

which is a contradiction. Thus we have z = x*. Similarly, we can prove that y = y*.

On the other hand, let {u,} be a sequence in A and {¢,} be a sequence of positive

real numbers such that

lime, =0, d(upi1,2ns1) < €n, (5.1.69)

n—oo

where z,,1 € A satisfies the condition that
d(gzns1, Su,) = d(A, B). (5.1.70)

By (5.2.1) and (5.2.11), since S is a Geraghty’s proximal contraction of first kind

and g is an isometry, we have

A(Tnt1, 2nt1) = A(9Tnt1, GZnt1) < B(d(xn, uy))d(Tr, Up).

For any € > 0, choose a positive integer N such that ¢, < e for all n > N. Observe

that

IN

d(xn—l-la Zn—l—l) + d(zn—i-h un—l—l)
Bd(@n, un))d(Tn, un) + €,
< d(p,up) + €

d(xn+17 un—i—l)

IN

Since € > 0 is arbitrary, it can conclude that, for all n > N, the sequence {d(z,, u,)}
is non-increasing and bounded below and hence converges to some nonnegative real

number . Since the sequence {z,} converges to x, we get

lim d(u,,z) = lim d(u,,x,) =1 (5.1.71)

n—oo n—oo

Suppose that 7’ > 0. Since

IA

d(tnt1, ) d(Unt1, Tny1) + d(Tpy1, )

IA

Bld(xp, un))d(xy, upn) + €, + d(Tpi1, x)
B(d(zn, un))d(zp, uy) + €, + d(xpy1, T), (5.1.72)

IN
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it follow from the inequality (5.1.69), (5.1.71) and (5.2.12) that

d(tps1, ) — €y — d(Tpy, )
d(xy,, uy)

< Bld(wn,un)) <1, (5.1.73)
which implies that B(d(z,,u,)) — 1 and so d(u,,z,) — 0, that is,
lim,, oo d(ty, ) = limy, 00 d(Uy, ,) = 0,

which is a contradiction. Thus 7" = 0 and hence {u,} is convergent to the point x.

This completes the proof. O
If g is the identity mapping in Theorem 5.1.5.3, then we obtain the following:

Corollary 5.1.5.4. Let (X,d) be a complete metric space and A, B be nonempty
closed subsets of X. Further, suppose that Ay and By are nonempty. Let S : A — B,
T:B— Aandg: AUB — AUB be the mappings satisfying the following conditions:

(a) S and T are Geraghty’s prozimal contractions of the first kind;

(b) S(Ag) C By, T(By) C Ayp;

(¢) the pair (S,T) is a proximal cyclic contraction.
Then there exists a unique point x € A and there exists a unique point y € B such
that

d(gzr, Sz) = d(gy, Ty) = d(z,y) = d(A, B).

If take 5(t) = k, where 0 < k < 1, we obtain following:

Corollary 5.1.5.5. Let (X, d) be a complete metric space and A, B be nonempty
closed subsets of X . Further, suppose that Ay and By are nonempty. Let S : A — B,
T:B— Aandg: AUB — AUB be the mappings satisfying the following conditions:

(a) S and T are proximal contractions of first kind;

(b) S(Ao) C By, T(By) € Ao;

(¢) the pair (S,T) is a proximal cyclic contraction.
Then there exists a unique point x € A and there exists a unique point y € B such
that

d(gz, Sz) = d(gy, Ty) = d(z,y) = d(A, B).
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Theorem 5.1.5.6. Let (X,d) be a complete metric space and A, B be nonempty
closed subsets of X. Further, suppose that Ay and By are nonempty. Let S : A — B
and g : A — A be the mappings satisfying the following conditions:

(a) S is a Geraghty’s proximal contraction of first and second kinds;

(b) g is an isometry;

(c) S preserves isometric distance with respect to g;

(d) S(A0) € Bo;

(e) Ao C g(Ay).

Then there exists a unique point x € A such that
d(gx,Sz) = d(A, B).
Moreover, for any fixed xo € Ay, the sequence {x,} defined by
d(gxny1, S,) = d(A, B)

converges to the element x.
On the other hand, a sequence {u,} in A converges to x if there exists a sequence

{en} of positive numbers such that
lim €, = Oa d(un+l> Zn—i—l) < €,

n—oo

where z,11 € A satisfies the condition that d(gz,41, Su,) = d(A, B).

Proof. Since S(Ag) C By and Ag C g(Ap), as in the proof of Theorem 5.3.1.5, we

can construct the sequence {x,} in Ay such that
d(gxpi1, Szy) = d(A, B) (5.1.74)

for each n > 1. Since g is an isometry and S is a Geraghty’s proximal contraction

of the first kind, we see that
(T, Tpy1) = d(gTn, 9Tns1) < B(d(Tn, Tpo1))d(Tp, Tp—1)

for all n > 1. Again, similarly, we can show that the sequence {z,} is a Cauchy

sequence and so it converges to some z € A. Since S is a Geraghty’s proximal
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contraction of the second kind and preserves the isometric distance with respect to

g, we have
d(Swpn, Stpi1) = d(SgTn, SgTni1)
< B(d(Sxy_1,S2,))d(Sz,_1, Sx,)
< d(Szp_1,ST,),
which means that the sequence {d(Sx,+1,Sx,)} is non-increasing and bounded be-

low. Hence there exists » > 0 such that

lim d(Sx,41,Sz,) =1

n—o0

Suppose that » > 0. Observe that

d(Sxp, Stpyi1)
d(Sx,_1,ST,)
Taking k — oo in the above inequality, we get 5(d(Sx,_1,Sx,)) — 1 and so, since

< B(d(STp-1, S1n)).

G €S8, we have r = 0. Thus we have

lim d(Sz,41,Sz,) = 0. (5.1.75)

n—o0

Now, we claim that {Sz,} is a Cauchy sequence. Suppose that {Sz,} is not
a Cauchy sequence. Then there exists ¢ > 0 and subsequences {Sz,,, }, {Sz,,} of

{Sz,} such that, for any n; > my > k,
T = d(STp,, Stp,) >, d(STm,, STp,—1) <€
for any k € {1,2,3,---}. For each n > 1, let v, := d(Sx,_1, Sz,). Then we have
e<ry < d(Sxm,,Stn, 1)+ d(STp,—1,5%n,)
< €+ Vny-1
(5.1.76)

and so it follows from (5.1.75) and (5.2.18) that

lim r, = e.
k—00

Notice also that

€<y
< d(Szp,,, STmy+1) + d(SThyt1, ST, ) + A(STpmy41, SThyt1)
= ’7mk + 'Vnk + d(Sl‘mk-ﬁ-l’ ank-i-l)
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So, it follow that

. T — ’Ymk - ’Vnk .
= <
T (G, 5w, S RS S )) <

and so limy_, B(d(Sxpm,, Sxy,,)) = 1. Since 8 € S, we have limy_, oo d(STp,, STy, ) =
0, that is, ¢ = 0, which is a contradiction. So, we obtain the claim and then it

converges to some y € B. Therefore, we can conclude that
d(gz,y) = lim d(gzs+1, Sw,) = d(A, B),
n—oo

which implies that gz € Ay. Since Ay C g(Ap), we have gz = gz for some z € Ay and
then d(gx, gz) = 0. By the fact that g is an isometry, we have d(z, z) = d(gzx, gz) =

0. Hence x = z and so x € Ay. Since S(Ag) C By, there exists u € A that
d(u, Sz) = d(A, B). (5.1.77)

Since S is a Geraghty’s proximal contraction of the first kind, it follows from (5.2.16)
and (5.2.19) that

d(u, grny1) < Bld(z, xy))d(z, z,) (5.1.78)

for all n > 1. Taking n — oo in (5.2.20), it follows that the sequence {gz,}
converge to a point u. Since g is continuous and lim,,_,, =, = =, we have gz, — gz
as n — oo. By the uniqueness of the limit, we conclude that u = gx. Therefore, it
follows that d(gx, Sz) = d(u, Sx) = d(A, B).

The uniqueness and the remaining part of the proof follow from the proof of

Theorem 5.1.5.3. This completes the proof. O
If g is the identity mapping in Theorem 5.1.5.6, then we obtain the following:

Corollary 5.1.5.7. Let (X,d) be a complete metric space and A, B be nonempty
closed subsets of X . Further, suppose that Ay and By are nonempty. Let S : A — B
be the mappings satisfying the following conditions:

(a) S is a Geraghty’s proximal contraction of first and second kinds;

(b) S(Ao) C By.

Then there exists a unique point x € A such that

d(xz,Sx) =d(A, B).
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Moreover, for any fized xo € Ao, the sequence {x,} defined by
d(zpy1,Szy) = d(A, B)
converges to the best proximity point x of S.

Corollary 5.1.5.8. Let (X,d) be a complete metric space and A, B be nonempty
closed subsets of X. Further, suppose that Ay and By are nonempty. Let S: A — B
be a mapping satisfying the following conditions:

(a) S is a proximal contractions of first and second kinds;

(b) S(Ao) C By .

Then there exists a unique point x € A such that
d(z,Sz) = d(A, B).

Moreover, for any fived xo € Ay, the sequence {x,} defined by

d(xp41,Sx,) = d(A, B)
converges to the best proximity point x of S.
Proposition 5.1.5.9. Let f : [0,00) — [0,00) be a function defined by f(t) =
In(1 +t). Then we have the following inequality:

fla) = f(b) < f(la—b]) (5.1.79)
for all a,b € [0, 00).

Proof. If x =y, we have done. Suppose that x > y. Then since we have

1+ 1+4+z+y— T —
= J y:1+—y<1+\x—y\,
I+y 1+y I+y

it follow that In(1 4+ z) —In(1 +y) < In(1 + |z — y|). In case x < y, by the similar

argument, we can prove that the inequality (5.2.14) holds. O

Proposition 5.1.5.10. For each z,y € R, we have the following inequality:

1 1
<
(T4 [z +1yl) = 1+ |z -y

holds.
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Proof. Since
L+ —y| <1+ x|+ |y
< 1+ [ + [yl + |2lly]
= (1+ [z +[y]),

so that
1 1

A DA+ ) T+ —y]

[
Example 6. Consider the complete metric space R? with Euclidean metric. Let
A={(0,z):z e R}, B={(2,y):yeR}
Then d(A, B) = 2. Define the mappings S : A — B as follows:
S((0,x)) = (2,ln(1 + \x!))

First, we show that S is Geraghty’s proximal contractions the first kind with g € §

defined by
1, t=0,
B =9 ma+1)
P
Let (0,21), (0,22),(0,a1) and (0,a;) be elements in A satisfying

t > 0.

d((0,a1),5(0,21)) = d(A, B) =2, d((0,az), S(0,2s)) = d(A, B) = 2.

Then we have a; = In(1 + |x;|) for i = 1,2. If 1 = x9, we have done. Assume that
x1 # 5. Then, by Proposition 5.1.5.9 and the fact that the function f(z) = In(1+t¢)

is increasing, we have

d((0,a1),(0,a2)) = d((0,In(1 + [z1])), (0, In(1 + |22])))
= |In(1+ |z1]) — In(1 + |xo|)]
< Il + [l2a] = |22 ])]
< |In(1+ |2y — 22f)]

[In(1 + |z — 22])|
= Z1 —$2|
|21 — 22

= ﬁ(d«ov xl)? (07 xQ))d((Q 171), (07 ZE2>.
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Thus S is a Geraghty’s proximal contraction of the first kind.
Next, we prove that S is not a proximal contraction. Suppose S is proximal con-

traction, then for each (0, z%), (0,y%), (0,a*), (0,0*) € A satistying
4((0,4°), 5(0,0%)) = d(A, B) = 2 and d((0, "), 5(0,t%)) = d(A, B) =2, (5.1.80)
there exists k € [0,1) such that
d((0,z7), (0,4%)) < kd((0,a"), (0,67)).
From (5.1.80), we get 2* = In(1 + |a*|) and y* = In(1 + |b*|) and so
[ (1 + Ja*[) — In(1 + 5 ])| = d((0,2°), (0,5°)
< kd((0,a"),(0,0%))
= kl|a* = b"|.

Letting b* = 0, we get
| In(1 + |a*)]
lim —=

la*|—0+ |a*|

1= <k<l,
which is a contradiction. Thus S is not a proximal contraction.
Example 7. Consider the complete metric space R? with metric defined by
d((w1, 22), (Y1, 92)) = |21 — 22| + |1 — v2l,
for all (z1,x2), (y1,y2) € R?. Let
A={(0,z):x € R}, B={(2,y):yeR}.
Define two mappings S: A — B, T: B — Aand g: AUB — AU B as follows:

1 1
7m)a T((2,y)) = (0, m% 9((z,y)) = (z, —y).

Then d(A, B) = 2, Ag = A, By = B and the mapping g is an isometry.

S((0,2)) = (2

Next, we show that S and T" are Geraghty’s proximal contractions the first kind
with 8 € § defined by

1
Let (0,x1),(0,22),(0,a1) and (0,a;) be elements in A satisfying

d((0,a1),S(0,21)) = d(A,B) =2, d((0,as),5(0,25)) = d(A, B) = 2.

Then we have
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1

a; fori=1,2.

Ifxy = x4, we have done. Assume that x; # x5, Then, by Proposition 5.1.5.10, we

have
1 1

) ) 07

a((0, 1), (0,a2)) = d((0

1 1
2+|.CE1‘ B 2~|—|x2]

|z1] — ||

(2 + |21 ])(2 + [a2])

Ty — T2

(14 [ )(1 + [2])

IN

1

|t — @
1+ |21 — o ! ?

= Bd((0,21), (0,22))d((0, 1), (0, z2)).
Thus S is a Geraghty’s proximal contraction of the first kind. Similarly, we can
see that T is a Geraghty’s proximal contraction of the first kind. Next, we show
that the pair (S,7) is a proximal cyclic contraction. Let (0,u),(0,z) € A and
(2,v),(2,y) € B be such that

d((0,u), S(0,2)) = d(A, B) =2, d((2,0),T(2,y)) = d(A, B) = 2.

Then we get
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In case x = y, clear. Suppose that x # y, then we have

d((0,u), (2,v)) = |lu—v|+2

1 1

=l gl 2

| el
ICEaTICEaT)

_ |z —y|
~ 2+ =)+ yl)

! 2
1T —ul+

+2

IN

IN

k(lo —y| +2) + (1 - k)2
kd((0, ), (2,9)) + (1 = k)d(A, B),

where k = [}1, 1). Hence the pair (S,7) is a proximal cyclic contraction. Therefore,
all the hypothesis of Theorem 5.1.5.3 are satisfied. Further, it is easy to see that

(0,0) € A and (2,0) € B are the unique element such that

d(g(07 0)7 S<07 O)) - d(g(27 0),T(2, 0)) = d((07 0)7 (2’ 0)) = d(Av B)



5.2 COMMON BEST PROXIMITY POINT

5.2.1 Common best proximity point

Theorem 5.2.1.1. Let A and B be nonempty closed subsets of a complete metric
space X such that A is approximatively compact with respect to B. Also, assume
that Ag and By are nonempty. Let the non-self mapping S : A — B, T : A — B
satisfy the following conditions:

(a) For each x and y are elements in A,
d(Sz,Sy) < d(T,Ty) — p(d(Tz, Ty)),

where, ¢ : [0,00) — [0,00) is a continuous and nondecreasing function such that
o(t) =0 if and only if t = 0.

(b) T is continuous.

(c) S and T commute proximally.

(d) S and T can be swapped proximally.

(e) S(Ao) C By and S(Ap) CT(Ap) .

Then, there exists an element x € A such that

d(z,Tz) = d(A, B) and d(z, Sz) = d(A, B).

Moreover, if x* is another common best proximity point of the mappings S and T,

then it is necessary that
d(z,z*) < 2d(A, B).

Proof. Let zy a fixed element in Ay. In view of the fact that S(Ay) C T'(Ap) it is
ascertained that there exists an element x; € Ay such that Sxg = Tx;. Again, since
S(Ao) € T(Ap), there exists an element xo € Ay such that Szy = T'zy. By similar

fashion we can find x, in A such that

Stp_1=Tx,, (5.2.1)
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for all n € N. It follows that

d(Sxy,, STpi1)

IN

d(Txy, Txp) — p(d(Txy, Tapg))
d(anfh an) - @(d(sxnfla Smn)) (522>
< d(Sx,_1,STy,)

IN

this mean that the sequence {d(Sz,_1, Sx,)} is non-increasing and bounded below.

Hence there exists » > 0 such that

li_>m d(Szy—1,Sx,) =1 (5.2.3)
If r > 0, then
d(Szy, Sxpi1) < d(Swp_1,Sz,) — (d(Sxp_1, S1y)). (5.2.4)

Taking n — 00, in inequality (5.2.4), by the continuities of ¢, we get r < r—p(r) <r,

which is a contradiction unless r = 0. Therefore

lim d(Sz,_1,Sz,) = 0. (5.2.5)

n—o0

Next, we will prove that {Sxz,} is a Cauchy sequence. We distinguish two cases.

Case I Suppose there exits n € N such that Sz, = Sz,,1, we observe that

d(an+17 S$n+2)

IN

d(Txps1, Tont2) — @(d(T2p41, TTn2))
< d(S%pn, Stpi1) — @(d(Szp, STHtt))

= 0’
which implies that Sz,.1 = Sx,2. So, for every m > n, we conclude that Sz, =
Sz,. Hence {Sxz,} is a Cauchy sequence in B.
Case II The successive terms of {Sx,} are different. Suppose that {Sz,} is not
a Cauchy sequence. Then there exists ¢ > 0 and subsequence {Sx,,, }, {Sx,,} of

{Sz,} with ny > my, > k such that
d(Szy,, Sty ) > ¢ and d(Szy,,, Stn,—1) < €. (5.2.6)

By using (5.2.6) and triangular inequality, we get

™
(VAN

d(Sxm,, Stp,)
d(STpm,,, Stn,—1) + d(STp,—1,STn,) (5.2.7)
e+ d(Szy,—1,5Ty,).

IN

IA
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Using (5.2.7) and (5.2.5), we have
d(Szp,,Sxp,) =€ as k — oo. (5.2.8)
Again, by the triangular inequality, we get
d(STpm,,, Sxn,,) < d(STpmy, STmy+1) + A(STmy+1, SThy+1) + d(STpy 41, ST0,) (5.2.9)
and
d(STmy41, STny41) < A(STyy 11, STy, ) +d(STiny, Sy ) +d(Sp,, Sy 41). (5.2.10)
From, (5.2.5), (5.2.8), (5.2.9) and (5.2.10), we obtain that
d(Sxpm, 41, S%n,+1) = € as k — o0. (5.2.11)

In view of the fact that

d(Sxmk-i-l’ Sl‘nk-i-l)

IN

d(T 41, TTny 1) — (AT T 11, TTy11))
< d(STmy, Sn,) — p(d(STimy, STny))-

(5.2.12)

Letting, k — oo, in inequality (5.2.12), we obtain
€ S € — 90<€)7

which is a contradiction, by a property of ¢. Then, we deduce that {Sz,} is a
Cauchy sequence in B. Since B is closed subset a complete metric space X, then
there exists y € B such that Sz, — y as n — oo. Consequently, we have that
the sequence {T'z,} also converges to y. From S(Ag) C By, there exists an element
u, € A such that

d(Szp,u,) =d(A, B), (5.2.13)

for all n € N. So, it follows from (5.2.1) and (5.2.13) that
d(Txp, up—1) = d(STp_1,u,—1) = d(A, B), (5.2.14)

for all n € N. By (5.2.13), (5.2.14) and the fact that the mappings S and T are

commuting proximally, we obtain

Tu, = Su,_1 (5.2.15)
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for all n € N. Moreover, we have

d(y, A) < d(y, un)
< dly, Sz) + d(San, un) (5.2.16)
= d(y,Sz,)+ d(A, B)
< d(y,Sz,) +d(y, A).

Therefore d(y,u,) — d(y,A) as n — oo. Since A is approximatively compact
with respect to B, then there exists subsequence {u,, } of sequence {u,} such that
converging to some element u € A. Further, since d(y, un,—1) — d(y, A) and A is
approximatively compact with respect to B, then there exists subsequence {unkj,l}
of sequence {u,, 1} such that converging to some element v € A. By the continuity

of the mappings S and 7', we have

Tu = lim Tuy, = lim Sup, 1 = Sv (5.2.17)
Jj—00 k—oo J
and
d(y,u) = limd(Sz,,,u,,)=d(A,B),
R (5.2.18)
d(y,v) = lim d(Ta:nk ) Uny,, 1) =d(A, B).
j—o0

Because S and T can be swapped proximally, we get
Tv = Su. (5.2.19)

Next, we will prove that Su = Sv, suppose the contrary, by (5.2.17), (5.2.18) (5.2.19)

and property of ¢ , we have

d(Su, Sv) < d(Tu,Tv) — o(d(Tu,Tv))
< d(Sv, Su) — p(d(Sv, Su))
< d(Sv, Su)

which is a contradiction. Thus Su = Sv and also T'u = Su. Since S(Ay) is contained

in By, there exists an element z in A such that
d(x,Tu) = d(A, B) and d(z, Su) = d(A, B).
By the commuting proximally of S and 7', Sx = T'z. Consequently, we have

d(Su,Sz) < d(Tu,Tzx)— p(d(Tu,Tz))
< d(Su,Sz) — p(d(Su, Sx)).

(5.2.20)
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In inequality (5.2.20), if Su # Sz, then d(Su,Sz) < d(Su,Sz) — ¢(d(Su, Sx)) <
d(Su, Sx), it is impossible, So, we have Su = Sz and hence Tu = Tz. It follows
that

d(xz,Tz) =d(z,Tu) =d(A,B)
and
d(xz,Sx) =d(z,Su) =d(A,B).

Therefore, z is a common best proximity point of S and 7. Suppose that z* is

another common best proximity point of the mappings S and T, so that
d(z*,Tz*) = d(A,B)

and
d(z*,Sz*) = d(A,B).

By the commuting proximally of S and T, we get Sx = Tx and Sz* = Tx*.

Consequently, we have

d(Sz*,Sz) < d(Txz*,Tx)— o(d(Tx*,Tx))
< d(Sz*,Sx) — p(d(Sz*, Sx)).

(5.2.21)

In inequality (5.2.21) , if Sz* # Sz, then
d(Sz*, Sx) < d(Sz*, Sz) — o(d(Sx*, Sx)) < d(Sz*, Sz),

it is impossible. So, we have Sx = Sx*. Moreover, it can be concluded that

d(z,z*) < d(x,Sz)+ d(Sz,Sxz*) + d(Sz*, z*)
= d(A,B)+d(A,B)
= 2d(A,B)

and the proof is completes. O

If we take o(t) = (1 — a)t, where 0 < a < 1 in Theorem 5.2.1.1, we obtain

following corollary:

Corollary 5.2.1.2. Let A and B be nonempty closed subsets of a complete metric
space X such that A is approximatively compact with respect to B. Also, assume
that Ag and By are nonempty. Let the non-self mapping S : A — B, T : A — B

satisfy the following conditions.
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(a) There is a non-negative real number o < 1 such that
d(Sxy, Szy) < ad(Txy, Txs)

for all 1,25 € A.

(b) T is continuous.

(¢c) S and T commute prozimally.

(d) S and T can be swapped proximally.

(e) S(Ag) € By and S(Ag) € T(Ag) . Then, there exists an element x € A such
that

d(z,Tx) = d(A, B) and d(z, Sz) = d(A, B).

Further, if x* is another common best prozimity point of the mappings S and T,

then it is necessary that
d(xz,z*) < 2d(A, B).
Example 8. Consider the complete metric space R? with Euclidean metric. Let
A={(z,1) : 0< 2 <1}
and
B={(z,-1):0<z<1}.

Define two mappings S : A — B, T : A — B as follows:
S,1) = (z — =, —1)

and
T((z,1)) = (z,-1).
It is easy to see that d(A,B) = 2, Ay = A and By = B. Further, S and T are

continuous and A is approximatively compact with respect to B.

First, we will show that S and T are satisfy the condition (a) of of Theorem 5.2.1.1
tQ
with ¢ : [0,00) — [0, 00) defined by ¢(t) = 7 for all ¢ € [0, c0).
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Let (z,1),(y,1) € A, without loss generality we can take that x > y, then, we have

A1), 541) = |- )~ - 3)
1
= (e—y) =5 =v)
1
= (#-y) = 5(e -y (@ +y))
1
< (v—y) —5le—y)

Next, we will show that S and T' commute proximally. Let (u, 1), (v, 1), (z,1) € A

are satisfying
d((u,1),S(z,1)) =d(A,B) =2 and d((v,1),T(z,1)) = d(A, B) = 2.

It follows that

.’ﬂQ

u=x— —andv==zu
2 )

and hence

2 2

v x
S(v,1) = (v — o —1) = (:p 5 —1) = (u,—1) =T(u,1).
Finally, we will show that S and T swapped proximally. If it is true that
d((u, 1), (y, 1)) = d((v, 1), (y, =1)) = d(A, B) = 2 and S(u, 1) = T(v, 1),
for some (u, 1), (v,1) € A and (y, —1) € B, then we get u = v = 0 and thus
S(v,1) =T(u,1).

Therefore, all hypothesis of Theorem 5.2.1.1 are satisfied.

Furthermore, (0,1) € A is a common best proximity point of S and T', because
d((0,1),5(0,1)) = d((0,1), (0, —1)) = d((0,1),7((0,1)) = d(A, B).
On the other hand, suppose that there exists k € [0,1) such that

d(S(x,1),5(y,1)) < kd(T(x,1),T(y, 1)),
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that is

2 y2

(2= )~ (y— )| <kl — ]

Putting y = 0, it follow that
x
1= 1i 1—-9)<k<1
Jm |G-l k<1,
which is a contradiction. Therefore, the results of Sadiq Basha in [14] can not be
applied to this example and our main result Theorem 5.2.1.1.

5.2.2 Tripled best proximity point

Theorem 5.2.2.1. Let A, B be nonempty closed subsets of a metric space X and
F:A®> - B,G: B> — A be two mappings such that the ordered pair (F,G) is a
cyclic contraction. For any (xo, Yo, 20) € A%, we define the sequence {x,}, {yn}, {zn}
m X by

Tont1 = F(Tan, Yon, 22n);  Tonvz2 = G(Tang1, Yont1, 22n11),

Yont1 = F(Yon, Tons Y2n),  Yont2 = G(Y2nt1: T2nt1, Yont1),

Zon+1 = F(ZQm Yon, szn), Zon+2 = G(ZQn+17 Yon+1, 332n+1)

for alln € NU{0}. If d(A,B) = 0, then F has a tripled fived point (p,q,r) € A3
and G has a tripled fized point (p',q',r") € B3. Moreover, we have

/ ! !
Ton — D, Yo —q, 22n =T, Topt1 D, Yopt+1 — 4G, Ropt1 — 7.

Furthermore, if ¢ =1 and ¢ = r', then F' and G have a common tripled fized point

in (AN B)?.

Proof. Since d(A, B) = 0, it follows that the pairs (A, B) and (B, A) satisfy the
property UC*. Therefore, we claim that F' has a tripled best proximity point
(p,q,7) € A3, that is,

d(p, F(p,q,7)) = d(q, F(q,p,q)) = d(r, F(r,q,p)) = d(A, B) (5.2.22)

and G has a tripled best proximity point (p/,q¢’,r’") € B3, that is,

dip', G, q,r") =d(d,G(d,p.q)) =d(r',G(r',¢,p)) = d(A, B).  (5.2.23)
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From (5.2.22) and d(A, B) = 0, we conclude that

p=F(p,qr), q=F(q¢,pq), r=F(rqnp),

that is, (p, q, ) is a tripled fixed point of F'. It follows from (5.2.23) and d(A, B) =0
that

p=GW.d.""), ¢=G(.p.q¢), =G0 D),
that is, (p/, ¢, ') is a tripled fixed point of G.

Next, we assume that ¢ = r and ¢’ = ' and then we show that F' and G have a

unique common tripled fixed point in (A N B)3. From Theorem, we get
d(p,p') +d(q,q") + d(r,7") = 3d(A, B). (5.2.24)
Since d(A, B) = 0, we get
d(p,p') +d(¢,q) +d(r,1") =0

which implies that p = p/, ¢ = ¢ and r = r’. Therefore, we conclude that (p,q,r) €
(AN B)3 is common tripled fixed point of F' and G. This completes the proof. [J

Example 9. Consider a space X = R with the usual metric and let A = [—2,0]
and B = [0,2]. Define two mappings F': A> — B and G : B> — A by

_rrytz
6 )

u+v+w

F —
(z,y, 2) 5

G(z,y,2) =

for all (z,y,2) € A% and (u,v,w) € B3, respectively. Then d(A, B) = 0 and the
ordered pair (F,G) is a cyclic contraction with o = 3. Indeed, for any (z,y, z) € A3

and (u,v,w) € B3, we have

d(F($ay,Z),G(u,v7w)) _x+y+2+u+v+w

6 6
< Slle—ul+ly—v]+]z-w)
< %[d(w,u) +d(y,v) + d(z,w)] + (1 — @)d(A, B).

Therefore, all the hypothesis of Theorem 5.2.2.1 hold. Therefore, F' and G have a
common tripled fixed point and this point is (0,0,0) € (AN B)3.

Corollary 5.2.2.2. Let A be a nonempty closed subset of a complete metric space

X and F: A3 — A G : A3 — A be two mappings such that the ordered pair (F,G)
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be a cyclic contraction. For any (xg,%0,20) € A3, we define the sequences {x,},

{Yn}, {zn} in X by
Ton4+1 = F(l'zn, Yon, ZQn); Ton4+2 = G($2n+1,y2n+17 Z2n+1)7

Yon+1 = F(yzm Ton, an), Yon+2 = G(y2n+1, Ton+1, y2n+1),

2n+1 = F(Z2n7 Yon, $2n), 2on+2 = G(Z2n+1’ Yon+1, 1‘2n+1)

for alln € NU{0}. Then F has a tripled fized point (p,q,7) € A3 and G has a
tripled fized point (p',q',r") € A3. Moreover, we have

/ / /
Ton — Dy, Yo —q, Z2n =T, Topt1 —7 D, Yopt1 —7 4, Zopt1 — 7.

Furthermore, if g =r and ¢ =1r', then F and G have a common tripled fized point

in A3.
5.2.3 Coupled best proximity point

Definition 5.2.3.1. Let A and B be nonempty subsets of a metric space X and
F:AxA— B. Apoint (z,2") € A x Ais called a coupled best prozimity point of
Fif

d(z, F(x,2")) = d(2', F(2',2)) = d(A, B).

It is easy to see that if A = B in definition 5.2.3.1, 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 5.2.3.2. Let A and B be nonempty subsets of a metric space X, F :
AXx A — Band G: Bx 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

d(F(z,2),G(y.y)) < Sld(x,y) + d(=',y)] + (1 — a)d(A, B)

RS

for all (z,2") € A x A and (y,y') € B x B.

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

The following lemma plays an important role in our main results.
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Lemma 5.2.3.3. Let A and B be nonempty subsets of a metric space X, F :
AXA— B,G:BxB— A and (F,G) be a cyclic contraction. If (xq,xp) € Ax A

and we define

and

Lop+1 = F(:L‘Qn; mén)vxén-kl = F(xéna w?n)

/ / /
Tont2 = G(Tony1, x2n+1>7 Lopyo = G(x2n+17 Tont1)

for all n € N U {0}, then d(xa,, xons1) — d(A, B), d(zani1,Tonsa) — d(A, B),
d(x,, T4, 1) — d(A, B) and d(1y,, |, Ty,,) — d(A, B).

Proof. For each n € NU {0}, we have

d($2n, $2n+1)

IN

d(l‘Qm F(xQna xIQn))

d(G(x9n-1,79, 1), F(G(xon-1, 25, 1), G(Th, 1, Ton-1)))
« / / /

E[d(%mu G(@2n-1,To_1)) + d(@2_1, G(T2_1, T2n—1))]

(1 — a)d(A, B)

5 |:d(F(l‘2n—27 C("/271—2)7 G(F(xQn—Qa :L‘/Qn—2)v F(x/Qn—Qv x2n—2)))

+d(F(I,2n—2’ 932”_2), G(F(ién—% xQn—Q)v F(l‘zn_z, xén—Q)))
+(1 — a)d(A, B)

a |
5 |5 00 P )+ Al Pl 02)

+(1 — a)d(A, B)]

—~

+ [d<x/2n—27 F(‘/L‘/Qn—Q? an_?)) + d("L‘Qn—Qa F(xQTL—Qv xIZn—Q)) +

| e

(1 - a)d(4, B)] + (1 - a)d(A, B)

2
(6]
T[d(l‘Qn—% F($2n—27 :LJQn—2)) + d(x/2n—27 F(xl2n—27 z?n—2))]

+(1 - a?)d(A, B).

By induction, we see that

2n
d(Ton, Tons1) < %[d(mo, F(xg,xp)) + d(xy, F(zgh,20))] + (1 — o) d(A, B).

Taking n — oo, we obtain

d(iL‘Qn, $2n+1) — d(A, B) (5225)
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For each n € NU {0}, we have

d(152n+17 332n+2) = d(asan, G($2n+17 37/2n+1))
= d(F(xanx/Qn)vG(F(J;Qn?xén)aF(x;n’w%l)))
« / / /
< Gld(@en, Fz2n, 23,)) + (25, Fw,, 220))] + (1 =~ a)d(A, B)
(8%

- ¢ [d<G<x2n_1,xgn1>,F<G<xzn_1,x;n1>,G<xgn1,x2n_1>>>

+d(G('r,2n—1’ xQn—l)a F(G(‘rén—h xQn—1)7 G<x2n—17 xén—l)))
+(1 — a)d(A, B)

ol / / /

Py |:_[d<x2nl> G(22n-1,Top_1)) + d(9_1, G(T5_1, T2n-1))

212
+(1 — a)d(A, B)]

IN

(8%
+§[d(x/2n—17 G(I/Qn—lv x2n—1)) + d(xQn—la G(x2n—1’ x/Qn—l))

+(1 — a)d(A, B)] + (1 —a)d(A, B)

2
[0
- 7[d(‘r2n—17 G(IQn—la x/2n—2)) + d(l‘/2n—17 G(x/Qn—lﬁ IQn_l))]

+(1 - a?)d(A, B).
By induction, we see that
d(@2n41, Tans2) < %%[d(l’h G(w1,2)) +d(2), Gz, 1)) + (1 — a*")d(A, B).
Setting n — 0o, we obtain
d(Zons1, Tonio) — d(A, B). (5.2.26)

By similar argument, we also have d(z5,, 25, ;) — d(A, B) and d(25,,, |, %5,,5) —

d(A, B) for all n € NU {0}. O

Lemma 5.2.3.4. Let A and B be nonempty subsets of a metric space X such that
(A, B) and (B, A) have a property UC, F : Ax A — B, G: Bx B — A and let the
ordered pair (F,G) is a cyclic contraction. If (xg,x,) € A x A and define

Topt1 = F(l‘Qm CCl2n)7x,2n+1 - F(xIan IQ”)

and

/ / /
Lon+2 = G(x2n+la332n+1)>$2n+2 = G<$2n+1»$2n+1)
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for all n € NU {0}, then for e > 0, there exists a positive integer Ny such that for

all m > n > Ny,
1
§[d(x'2m, Top 1) + A(Tom, Tony1)] < d(A, B) + €. (5.2.27)

Proof. By Lemma 5.2.3.3, we have d(za,, T2,11) — d(A, B) and d(z2,41, Tont2) —
d(A, B). Since (A, B) has a property UC, we get d(z2,,Toni2) — 0. A similar
argument shows that d(z5,, z5,,,) — 0. As (B, A) has a property UC, we also have
d(Ton+1, Tants) — 0 and d(ah, 1, 25,,3) — 0. Suppose that (5.2.27) does not hold.

Then there exists ¢ > 0 such that for all £ € N, there is my, > ny > k satisfying

1
§[d('r,2mk’ x/an—i-l) + d(x2mk7 I2nk+1)] > d(A7 B) + ¢

and

1
E[d(xémk—% xIan—f—l) + d(x2mk—27 xan-l-l)] < d(A> B) + €.

Therefore, we get

1
d(A,B)+€ < Q[d(xlzmk7$'2nk+1)+d(x2mk7$2nk+1)]
1

§[d(xl2mk7 'I,ka—Q) + d(xIka—% x/2nk+1) + d($2mk’ mek—2)

+d(x2mk—27 xQn;ﬁ—l)]

1
< 51T, Pom,—2) + Aoy Tzmy—2)] + d(A, B) + €

IN

Letting k — oco, we obtain to see that

1
S0 Toy 1) + Ao 2o, 1)) = (A, B) + €. (5.2.28)

By using the triangle inequality we get
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3[d( @, o 1) + d(@2m,, Tan41)]

<

IN

IN
| = 4

1

+d(Tam, , Tamy+2) + A Tomy+2, Tong+3) + A(Ton,+3, Tong,+1)]

1
§[d<x/2mk7 x,2mk+2) + d(G(xIka+l, $2mk+1)7 F(ménk-i-Q? x2nk+2)) + d(xlgnk+3, x/2nk+1)

+d($2mk7 x2mk+2) + d(G(mek+1> mIka-i-l)’ F(I2nk+27 xénk+2)) + d($2nk+37 $2nk+1>]
1 «
é[d($,2mk’ ZL‘/ka+2) + §[d(x/2mk+17 xl2nk+2) + d(mek-f—lv x2nk+2)]
+(1 - a)d(A, B) + d<x/2nk+3a x/an+1>

(6%
+d<x2mk7 $2mk+2) + E[d(’x2mk+1’ x2nk+2) + d(x,ka—i-l? x/2nk+2)]

+(1 — a)d(A, B) + d(Ton,+3, Tang+1)]

—

d(JZ,ka, xl2mk+2) + d(xénk—l—?;’ x/2nk+1) + d([L’ka, ‘erIH—Q) + d([L‘an_H),, xan+1)]

|9

[A(@amyt1; Tongr2) + ATy g15 Tony42)] + (1= a)d(A, B)

&

(xIkav xIka—i-Q) + d($,2nk+3a xIan-i-l) + d(mek’ mek-i-?) + d(x2nk+3’ x2nk+1)]

+ NoI= 4+ N

|9

[d(F<x2mk) xémk)v G(x2nk+17 x/an—i-l)) + d(F<xl2mk7 mek)v G(ZE;”H_D xan-i-l))]

—a)d(A, B)

—_

(

[d<x/2mk7 $,2mk+2) + d(ménk-l—?)? 'x,2nk+1) + d(l'ka, mek+2) + d($2nk+3, $2nk+1)]

|«
+3 §[d(l’2mka$2nk+1) + d(2,, s T 1) + (1 — @)d(A, B)]

o
5 (AT, Py 1) + ATy Poyei1) + (1= @)d(A, B)]

+(1— a)d(A, B)

1

§[d(x/2mk7 x/2mk+2) + d(ménk—i-?)’ xIan—l—l) + d(l’gmk, "L‘ka'f'Q) + d(f]fgnk+3, {L'an+1)]

2

+?[d(x2mk7 ank‘f—l) + d(x/kaax/an—s—l)] + (]' - 042)d<A, B)

Taking k — oo, we get

d(A,B) + € < a®[d(A, B) + €]+ (1 — o®)d(A, B) = d(A, B) + ¢

which contradicts. Therefore, we can conclude that (5.2.27) holds. ]

Lemma 5.2.3.5. Let A and B be nonempty subsets of a metric space X, (A, B)
and (B, A) satisfy the property UC*. Let F: Ax A — B, G: Bx B — A and
(F,G) be a cyclic contraction. If (xg,xy) € A X A and define

Ton1 = F(22n, $,2n)7x,2n+1 = F(x’%, Ton)
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and

/ / /
Tont2 = G(Tony1, $2n+1)a Lopto = G($2n+1» Tont1)

for alln € NU{0}, then {z2,}, {25, }, {®ant1} and {2}, } are Cauchy sequences.

Proof. By Lemma 5.2.3.3, we have d(xo,, Toni1) — d(A, B) and d(za,41, Tonia) —
d(A, B). Since (A, B) has a property UC*, we get d(xa,, Tan12) — 0. As (B, A) has
a property UC*, we also have d(z2,41, T2n43) — 0.

We now show that for every e > 0 there exists N such that
d(.fl?gm, $2n+1) S d(A, B) + € (5229)

forall m >n > N.
Suppose (5.2.29) not, then there exists € > 0 such that for all £ € N there exists

my, > ny > k such that
d(l‘gmk, $2nk+1) > d(A, B) + €. (5230)
Now we have

d(A, B) +e < d(l‘gmk, mgnk+1)

IN

d(Tamy s Ton,—1) + A(Ton,—1, Tong+1)

< d(A, B) + e+ d(Tan—1, Tan41)

Taking k — 0o, we have d(zaonm, , Ton,+1) = d(A, B) + €.
By Lemma 5.2.3.4, there exists N € N such that

1
é[d(xgmk, T 1) + A(Zomy, Tong1)] < d(A, B) + €. (5.2.31)

for all m > n > N. By using the triangle inequality we get
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d(xQTnk) x?nk—&—l)

IN

d(Tomy,, Tomp+2) + A(Tom, 42, Tong+3) + d(Ton,+3, Tong+1)
= d(Tamy; Tamy12) + AG(T2my 11, Ty 1) F(T2ny 2, T 10)) + d(T2ny 43, T2ny11)

(6%
d(l’zmk, $2mk+2) + §{d($2mk+17 l’gnk+2) + d(‘rl2mk+17 I/anJrQ)] + (1 - Oé)d(A, B)

+d(%on, 13, Tong+1)
o

= §[d(F(x2mk7 $l2mk)’ G($2nk+17 x/an-i-l)) + d(F(ZL‘Ika, QOk)’ G(J:,an-i-l? xznk‘f‘l))]

+(1 — a)d(A, B) + d(@am,, Tamy+2) + d(Ton,+3, Ton,+1)

IN

a |
S ames T 1) + A1) + (1 = )d(A, B)]

IN

o)
5 [A(@om, s T 1) + T2y Tonge1) + (1= @)d(A4, B)]

+(1 — @)d(A, B) + d(x2my, Tamy+2) + A2, +3, T2ang11)
= 0?5, Tanr) + Aoy, Ty 1)+ (1~ 02)d(A, B)
+d(T2m, s Tompt2) + A(T2n43, Tang+1)
< *(d(A,B) +¢€) + (1 — a*)d(A, B) + d(Tam, , Tam, +2) + d(Tan, +3, Ton, 1)

= d(A,B)+ o’e + d(Tam, s Tomy+2) + A(Ton, +3, Tan+1)

Taking k — oo, we get
d(A, B) 4+ ¢ < d(A, B) + o’e

which contradicts. Therefore, condition (5.2.29) holds. Since (5.2.29) holds and
d(xon, Tont1) — d(A, B), by using property UC* of (A, B), we have d(za,, am) — 0.
Therefore {3,} is a Cauchy sequence. In similar way, we can prove that {x5},},

{@on41} and {2}, } are Cauchy sequences. O

Here we state the main results of this paper on the existence and convergence of
coupled best proximity points for cyclic contraction pairs on nonempty subsets of

metric spaces satisfying the property UC*.

Theorem 5.2.3.6. 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 :Bx B — A and (F,G) be a cyclic contraction. Let (xg, x)) € A x A and define

Topt1 — F(me I,2n>7x/2n+1 - F(‘r/an l’gn)
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and

Ton+2 = G(Tont1, $/2n+1): $/2n+2 = G(mén-i-l? Tont1)
for alln € NU{0}. Then F has a coupled best prozimity 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 xq, — p, &5, — ¢, Topt1 — P’ and x5, — ¢'.

Proof. By Lemma 5.2.3.3, we get d(xop, Ton+1) — d(A, B). Using Lemma 5.2.3.5,
we have {z3,} and {2}, } are Cauchy sequences. Thus, there exists p,q € A such

that xq, — p and x5, — ¢. We obtain that

d(A, B) S d(p, $2n_1) < d(p, ZL’Qn) + d(!L’zn, l’gn_l). (5232)

Letting n — oo in (5.2.32), we have d(p, x2,—1) — d(A, B). By a similar argument
we also have d(q, x}, ;) — d(A, B). It follows that

d(zon, F(p,q)) = d(G(2z2n-1,%5, 1), F(p,q))

S %[d(xanlap) =+ d('xén—h Q>] + (1 - Oé)d(A, B)

Taking n — oo, we get d(p, F(p,q)) = d(A, B). Similarly, we can prove that
d(q, F(q,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,,7 — p’ and
xh, 1 — ¢'. Moreover, we also have d(p/,G(p',q')) = d(A, B) and d(¢',G(¢,p")) =
d(A, B) and so (p/,q’) is a coupled best proximity point of G.

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

d(l’gn, x2n+1) = d(G(Q?anl, $I2n71)7 F(x2n7 :C/2n>)

o / /
< Gld(@2n-1, 220) + d(23, 1, 2,)] + (1 = @)d(4, B).

Letting n — oo, we have

d(p,p") < 5 [d(p,p") +d(q,¢)] + (1 — a)d(A, B). (5.2.33)

| e

For n € NU {0}, we have

d(l‘én, Il2n+1) - d<G(‘r/2n—17 I2n—1)7 F(Iéna 1:271))

«

—[d( /2n717 xén) + d(.’]ﬂ'Qn,l, Ign)] + (1 — Oé)d(A, B)

IA
)
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Letting n — oo, we have

d(q,q') <

| e

[d(q,q') + d(p,p")] + (1 — @)d(A, B). (5.2.34)
It follows from (5.2.33) and (5.2.34) that
d(p,p') +d(q,q) < ald(p,p') +d(q,¢)] + 2(1 — a)d(4A, B),

which implies that
d(p,p') +d(q,q') < 2d(A, B). (5.2.35)

Since d(A, B) < d(p,p’) and d(A, B) < d(q,q’), we have

2d(A, B) < d(p,p') +d(q,q). (5.2.36)
From (5.2.35) and (5.2.36), 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 following corollary.

Corollary 5.2.3.7. Let A and B be nonempty closed convex subsets of a uniformly
convex Banach space X, F : AXx A— B, G: Bx B — A and (F,G) be a cyclic
contraction. Let (xo,x() € A x A and define
Ton+1 = F(xQTw :BIQn)? 'I,2n+1 = F(xén’ l‘gn)
and
Ton+2 = G(Tans1, Topir)s Topyn = G(Thyy, Tans1)

for alln € NU{0}. Then F has a coupled best prozimity 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 x9, — p, x5, — q, Topy1 — p' and x5, — ¢
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Example 10. 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: Ax A— B
and G: B x B — Aby

—x—x =2
F N _~—* =
(x’x) 4
and
/
-2 +2
G(x,x’):%.

For arbitrary (z,2') € A x A and (y,y') € B x B and fixed o = 3, we get

/ ! _aj_x/_Q _y_y/+2

4 4
< e —yl+ 1yl
4
« o

2

Since A and B are
convex, we have (A, B) and (B, A) satisfy the property UC*. Therefore, all hypoth-

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

esis of Corollary 5.2.3.7 hold. So F' has a coupled best proximity point and G has
a coupled best proximity 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 coupled best

proximity point of G. Furthermore, we get
d(l,—-1)+d(1,—-1) =4 = 2d(A, B).

Theorem 5.2.3.8. Let A and B be nonempty compact subsets of a metric space
X,F:AxA— B,G:BxB — A and (F,G) be a cyclic contraction pair. If
(xo,25) € A X A and define

Ton4+1 = F(xQna mén)axén-kl = F(xéna xZn)
and
Ton+2 = G(Tont1, $/2n+1)a JU/2n+2 = G(méml’ Ton+1)

for alln € NU{0}, then F has a coupled best proximity point (p,q) € Ax A and G
has a coupled best prozimity point (p',q') € B X B such that

d(p,p’) +d(q,q') = 2d(A, B).
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Proof. Since zg, z(, € A and

Ton1 = F(22n, x,2n)7x,2n+1 = F(x’%, Ton)

and
Tonte = G(Tony1, 'r,2n+1)7 x,2n+2 = G(xén+1’ Tont1)
for all n € NU{0}, we have xa,, 25, € A and xa,41, 2h, ., € B for alln € NU{0}. As

A is compact, the sequence {xs,} and {z},} have convergent subsequences {xs,, }

and {5, }, respectively, such that
Ton, = p € Aand xy, — g€ A
Now, we have
d(A, B) < d(p,zon,—1) < d(p, xon, ) + d(Ton,, Ton, 1) (5.2.37)

By Lemma 5.2.3.3, we have d(zay, , Ton,—1) — d(A, B). Taking k — oo in (5.3.1), we
get d(p, xon,—1) — d(A, B). By a similar argument we observe that d(q, xe,,—1) —
d(A, B). Note that

d(A,B) < d(xm,, F(p.q))
= d(G(x20,-1:Thy, 1), F(p.q))

< Gld@an ) + dlahy, 1.0)] + (1~ a)d(A,B).

Taking £ — oo, we get d(p, F(p,q)) = d(A, B). Similarly, we can prove that
d(q, F(q,p)) = d(A,B). Thus F has a coupled best proximity (p,q) € 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. For d(p,p’) + d(q,q') = 2d(A, B) similar to the
final step of the proof of Theorem 5.2.3.6. This complete the proof. O]

Theorem 5.2.3.9. Let A and B be nonempty closed subsets of a complete metric
space X, F: AXx A— B, G: Bx B — A and (F,G) be a cyclic contraction. Let
(xo,2() € A X A and define

Topt1 = F(I2m x,2n)7x,2n+1 - F(IIQW l’gn)

and

/ / /
Tonte = G(Tony1, x2n+1)7 Topto = G(x2n+17 Ton41)
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for alln € NU{0}. Ifd(A, B) =0, then F' and G have a unique common coupled
fized point (p,q) € AN B x AN B. Moreover, we have xo, — p, Th, — q, Topt1 — P

and x4, ; — q.

Proof. Since d(A, B) =0, we get (A, B) and (B, A) have the property UC*. There-
fore, by Theorem 5.2.3.6 claim that F' has a coupled best proximity point (p,q) €
A x A that is

d(p, F(p, q)) = d(A, B) and d(q, F'(¢,p)) = d(A, B) (5.2.38)
and G has a coupled best proximity point (p’,q¢’) € B x B that is
dip',G(p',q)) = d(A, B) and d(¢',G(¢,p")) = d(A, B). (5.2.39)
Moreover, we have
d(p,p") +d(q,q') = 2d(A, B). (5.2.40)

From (5.2.38) and d(A, B) = 0, we conclude that

p=F(p,q) and ¢ = F(q,p)

that is (p, q) is a coupled fixed point of F'. It follows from (5.2.39) and d(A, B) = 0,

we get
P =G, q) and ¢ = G(d,p)

that is (p/, ¢') is a coupled fixed point of G. Using (5.2.40) and the fact that d(A, B) =

0, we have
d(p,p’) +d(q,q) =0

which implies that p = p’ and ¢ = ¢’. Therefore, we conclude that (p,q) € AN B x
AN 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,q) be another common coupled fixed point of F' and G. So p = G(p, §) and
¢ = G(q,p). Now, we obtain that

d(p,p) = d(F(p,q),G(p,q)) < =[d(p,p) + d(q,q)] (5.2.41)

|

and also

d(q,q) = d(F(q,p),G(4,p)) < 5[d(q,q) + d(p, p)]. (5.2.42)

RS
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It follows from (5.3.6) and (5.3.7) that
d(p,p) +d(q,q) < ald(p, p) + d(q, )],

which implies that d(p, p) +d(q,¢) = 0 and so d(p, p) = 0 and d(q, §) = 0. Therefore,
(p, q) is the unique common coupled fixed point in AN B x AN B. ]

Example 11. Consider X = R with the usual metric, A = [-1,0] and B = [0, 1].

r+y T+y
Define F': Ax A — Bby F(z,y) = — and G(x,y) = 5 Then d(A, B) =

0 and (F, @) is a cyclic contraction with a = 1. Indeed,

d(F(Iv ZL‘/), G(y, y/)) =

x+x/ +/
B LYty
4 8

/ /
< _x+:c+2y+2y
- 4 8

1
= Yol +1e ~ v
= Sld(z.y) +d(@y)] + (1 - a)d(4, B)
for all (z,2') € A x A and (y,y') € B x B. Therefore, all hypothesis of Theorem

5.2.3.9 hold. So F' and G have a unique common coupled fixed point and this point
is (0,0) e ANB x AN B.

If we take A = B in Theorem 5.2.3.9, then we get the following results.

Corollary 5.2.3.10. Let A be nonempty closed subsets of a complete metric space
X, F:AxA— Aand G: Ax A — A and let the order pair (F,G) is a cyclic

contraction. Let (xg, xy) € A X A and define

Topt1 = F(x2na x/2n>7x/2n+1 = F(x/an x2n)
and
Top42 = G<w2n+1a 37/2n+1), I,2n+2 = G(mén-i-l’ x2n+1)

for alln € NU{0}. Then F and G have a unique common coupled fized point

(p,q) € A x A. Moreover, we have To, — p, Th, — ¢, Topt1 — p and Th, 1 —> ¢

We take F' = G in Corollary 5.2.3.10, then we get the following results.
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Corollary 5.2.3.11. Let A be nonempty closed subsets of a complete metric space
X, F:AxA— A and

d(F(z,2'), F(y,y)) < Sd(z,y) + d(«',1/)] (5.2.43)

| Q

forall (x,2"), (y,y') € AXA. Then F has a unique coupled fixed point (p,q) € Ax A.

Example 12. Consider X = R with the usual metric and A = [0,3]. Define
F:AxA— Aby

2?2 — o2
x>

F(:U7y): 4 =Y

0 s r <.

We show that F satisfies (5.2.43) with a = 1. Let (z,2), (y,v/) € A x A.

Case 1: If x < 2’ and y < ¢/, then

o=yl +1a' = y/l) = Sld(w,y) + d(a', )],

o |

d<F(wi/)’F(yay/)) =0<

Case 2: If x < 2’ and y > ¢/, then

y? — g
) Flf) = o= T
1 ! /
< ﬂw—yHy+yH
< -y
< qly—v
1
< ﬂu—$W+W—yﬂ
0]

Case 3: If x > 2/ and y < ¢/. In this case we can prove by a similar argument as
in case 2.

Case 4: If x > 2/ and y > ¢/, then

22 _ o2 y2 . y/2
d(F(I,l‘/>’ F<y7 y/)) = 4 - 4
1
< glle=2llz+ 2 +1y =ylly + '
1
< jw—wW+w—MH
(6%

Thus condition (5.2.43) holds with & = 3. Therefore, by Corollary 5.2.3.11 F has
the unique coupled fixed point in A that is a point (0, 0).



5.3 OPTIMAL APPROXIMATE SOLUTION

5.3.1 The existence theorems of an optimal approximate solution for gen-

eralized proximal contraction mappings

Definition 5.3.1.1. Let A, B be nonempty subset of metric space (X,d), T : A — B
and K : A — [0,1). A mapping T is said to be a generalized proximal contraction

of the first kind with respect to I if

for all a,b,z,y € A.

Example 13. Consider the metric space R? with Euclidean metric. Let A = {(0,y) :
-1 <y<1l}and B = {(1,y) : =1 <y < 1}. Define a mapping 7' : A — B as

roa = (1)

It easy to check that there is no o € [0, 1) satisfies

follows:

for all (0,y) € A.

d(a,Tx) =d(b,Ty) = d(A, B) = d(a,b) < ad(z,y)

for all a,b,z,y € A. Therefore, T' is not a proximal contractions of the first kind.

Consider a function K : A — [0, 1) defined by

+1
K00 -

Next, we claim that T is a generalized proximal contractions of the first kind with
respect to K.
If (0,31), (0,y2) € A such that

d(a,T(0,4)) = d(A, B) = 1 and d(b, T(0,y)) = d(A, B) = 1
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for all a,b € A, then we have

Therefore, it follows that

1o - 405 (5)

R
2 2
B |y1 +y2| | |
= 5 Y1 — Y2
[y1| + |yl | |
< 5 Y — Y2
- ] +1
< ( 5 )‘yl - y2|
= K((anl))d((ovyl)a (O7y2))

This implies that T is a generalized proximal contraction of the first kind with

respect to K.

Definition 5.3.1.2. Let A, B be nonempty subset of metric space (X,d), T : A — B
and K : A — [0,1). A mapping T is said to be a generalized proximal contraction
of the second kind with respect to K if
d(a,Tx) = d(A, B),
= d(a,b) < K(z)d(Tx,Ty)
d(b, Ty) = d(A, B)

for all a,b,z,y € A.

Theorem 5.3.1.3. Let (X, d) be a complete metric space and A, B be nonempty
closed subsets of X such that Ay and By are nonempty. Suppose that T : A — B,
g:A— A K:A—[0,1) are mappings satisfying the following conditions:

(a) T is a continuous generalized prozimal contraction of first kind with respect
to IC;

(b) T(Ap) € By and Ay C g(Ap);

(c) g is an isometry;

(d) K(z) < K(y), whenever d(gx,Ty) = d(A, B).

Then there ezists a unique point © € A such that d(gz,Tx) = d(A, B).
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Proof. Let zy be a fixed element in Ay. From T'(Ag) C By and Ay C g(Ayp), it follows

that there exists a point x; € Ag such that
d(gxy, Txg) = d(A, B). (5.3.1)

Again, since Tz € T(Ag) C By and Ay C g(Ay), there exists a point xs € Ay such
that
d(gxe, Tx1) = d(A, B). (5.3.2)

Continuing this process, we can construct the sequence {x,} in Ay such that
d(gxn, Txn—q) = d(A, B) (5.3.3)

for all n € N. Since T is a generalized proximal contraction of the first kind with

respect to K, it follows that
d(gTni1, 97n) < K(zp)d(Tn, Th-1) (5.3.4)
for all n € N. Also, since ¢ is an isometry, we have
d(xpi1, ) < K(zp)d(x,, Tp1) (5.3.5)

for all n € N. By using (5.3.3) and (d), we have

IN

K(zp)d(zn, Tp_1)

d(xn+17 In)

IN

K(zp_1)d(xp, x,-1)
K(zp_o)d(xp, xp—1)

IN

IN

K(zo)d(zp, Tp_1) (5.3.6)
for all n € N. By repeating (5.3.6), we get
d(xpi1, Tn) < (K(z0))"d(x1, 20) (5.3.7)

for all n € N. Now, we let k := K(x¢) € [0,1). For positive integers m and n with
n > m, it follows from (5.3.7) that

d(xn) xm) S d([L’n, xn—l) + d(l‘n—lv xn—2) + -+ d(l‘m-l—la xm)
S ]{Jnild(l’l, .730) + k‘ni2d<l’1, JIQ) + -+ kmd(.Il, xo)
km
< (m) d(z1, To)- (5.3.8)
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km

Since k € [0,1), we have (ﬁ) d(z1, o) — 0 as m — oo, which implies that {x,}

is a Cauchy sequence in X. Since X is complete, it follows that the sequence {z,}

converges to point x € X. Since T and g are continuous, we get
d(gx,Tx) = Jlrgod(gxnﬂ, Tx,) = d(A,B). (5.3.9)
Next, we suppose that x* is another point in X such that
d(gx™,Tz") = d(A, B). (5.3.10)

Since T' is a generalized proximal contraction of the first kind with respect to IC, by

using (5.3.9) and (5.3.10), we get
d(gz, gz*) < K(x)d(x,z"). (5.3.11)
Since g is an isometry, it follows that
d(z,z*) < K(z)d(z, z"), (5.3.12)
which implies that x = z*. This completes the proof. O

Example 14. Consider the complete metric space R? with Euclidean metric. Let
A={0,y): =1 <y <1} and B = {(1,y) : =1 <y < 1}. Define two mappings
T:A— Bandg:A— A as follows:

2

70, = (1) a0 = 0.

for all (0,y) € A. Then it is easy to see that d(A, B) =1, Ay = A, By = B and the
mapping ¢ is an isometry.

Consider a function K : A — [0,1) defined by

+1
K0 =

Next, we claim that T is a generalized proximal contractions of the first kind

with respect to IC. If (0,91), (0,y2) € A such that

d(a,T(0,4)) = d(A, B) = 1 and d(b, T(0,y)) = d(A, B) = 1
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for all a,b € A, then we have

Therefore, it follows that

ton - (6 69)

vy

4 4

B ly1 + o | |

= 4 Y1 — Y2
|y1| + |32

< [y — ol
’yl‘ +1

< [y — ya

= ’C 0 yl)) ((07y1)7(07y2))

This implies that the non-self-mapping 7T is a generalized proximal contraction of the
first kind with respect to K. It easy to see that K(x) < K(y) whenever d(gz, Ty) =
d(A, B). Moreover, since T' is continuous and g is an isometry, all the conditions of

Theorem 5.3.1.3 are satisfied and so 7" has an unique element (0,0) € A such that
d(9(0,0),T(0,0)) = d(A, B).

Corollary 5.3.1.4. Let (X,d) be a complete metric space and A, B be nonempty
closed subsets of X such that Ay and By are nonempty. Suppose that T : A — B
and K : A — [0,1) are mappings satisfying the following conditions:

(a) T is a continuous generalized prozimal contraction of first kind with respect
to IC;

(b) T(Ao) € Bo;

(c) K(z) < K(y), whenever d(x,Ty) = d(A, B).

Then T has a unique best prozimity point in A.

Theorem 5.3.1.5. Let (X,d) be a complete metric space and A, B be nonempty
closed subsets of X such that A is approrimatively compact with respect to B. Sup-
pose that Ay and By are nonempty and T : A — B, g: A— A, K: A—[0,1) are

mappings satisfying the following conditions:
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(a) T is a continuous generalized proximal contraction of the second kind with

respect to IC;
(b) T(A0> g B() CLTLd AO Q g(Ao),

c) g is an isometry;

(
(d) T preserves isometric distance with respect to g;
(€)

K(z) < K(y), whenever d(gx, Ty) = d(A, B).
Then there exists a point x € A such that d(gx, Tx) = d(A, B). Moreover, if x* is
another point in A for which d(gx*,Txz*) = d(A, B), then Tx = Tz*.

Proof. Asin the proof of Theorem 5.3.1.3, for fixed zy € Ay, we can define a sequence
{z,} in Ay such that
d(gxn, Tx,—q) = d(A, B) (5.3.13)

for all n € N. Since T is a generalized proximal contraction of the second kind with

respect to IC, it follows that
d(Tgzni1, Tgry,) < K(zp)d(Txn, Ta,_1). (5.3.14)
Since T' preserves isometric distance with respect to g, we have
d(Txpi1, Txy) < K(xy)d(Tx,, Tx, 1) (5.3.15)
for all n € N. By using (5.3.13) and (e), we have

d(Txpy1, Txy,)

IA

K(zn)d(Txp, T, 1)

IN

K(zp_1)d(Tx,, Txp—1)

IN

K(xy_2)d(Txy, Tx, 1)

IN

K(zo)d(Txy, Txy 1) (5.3.16)
for all n € N. By repeating (5.3.16), we get
d(Txpi1, Txy,) < (K(zo))"d(Tx1, Txg) (5.3.17)

for all n € N. Now, we let k := K(z) € [0,1). For positive integers m and n with
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n > m, it follows from (5.3.17) that

d(Txy, Try) < d(Tx,,Tr, 1)+ d(Tx, 1, Tx, 2)+ -+ d(Txmi1, Tam)
< K" 'd(Txy, Txo) + k" 2d(Txy, Tag) + - - - + k™d(Txy, Txo)
k.m

k,m
Since k € [0, 1), we have (n) d(Txy,Txg) — 0 as m — oo, which is implies that
{Tx,} is a Cauchy sequence in B. By completeness of B C X, there exists a point
y € B such that Tx,, — y as n — oo. By (5.3.13) and the triangle inequality, we

have

d(y, A)

IN

d(y, gxn)

IN

d(y, Txy_1) + d(Txp_ 1, 92,)

(
(

d(y, Tr,—1) + d(A, B)
(

IA

d(y, Txn—1) +d(y, A). (5.3.19)

Letting n — oo in (3.19), we get d(y, gx,) — d(y, A). Since A is approximatively
compact with respect to B, it follows that {gz,} has a convergence subsequence

{924, }, say gx,, — z € A as k — oco. Thus we have

d(z,y) = lim d(gzy,, T2n, 1) = d(A, B), (5.3.20)

k—o0

which implies that z € Ay. Since Ay C g(Ay), we have z = gz for some z € Ay.
Therefore, gz, — gr as k — oo. Since ¢ is an isometry, we get z,,, — x as k — oo.
By the continuity of 7', we have T'z,, — Tx as k — oo and then y = Tz. From

(5.3.20), we can conclude that
d(gz, Tz) = d(A, B). (5.3.21)
Next, we suppose that x* is another point in X such that
d(gz*,Tx*) = d(A, B). (5.3.22)

Since T is a generalized proximal contraction of the second kind with respect to IC,

by the virtue of (5.3.21) and (5.3.22), we get

d(Tgx,Tgx"*) < K(x)d(Txz, Tx"). (5.3.23)
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Since T' preserve isometric distance with respect to g, it follows that
d(Tz,Tz") < K(x)d(Tz,Tx"), (5.3.24)
which implies that T'x = T'x*. This completes the proof. O]

Corollary 5.3.1.6. Let (X, d) be a complete metric space and A, B be nonempty
closed subsets of X such that A is approrimatively compact with respect to B. Sup-
pose that Ay and By are nonempty and T : A — B and K : A — [0,1) are mappings
satisfying the following conditions:

(a) T is a continuous generalized proximal contraction of the second kind with
respect to IC;

(b) T'(Ao) € Bo;

(c) K(z) < K(y), whenever d(xz,Ty) = d(A, B).
Then T has a best proximity point. Moreover, if x* is another best prozimity point

of T, then Tx = Tx*.

Theorem 5.3.1.7. Let (X,d) be a complete metric space, A and B be nonempty
closed subsets of X and K : AU B — [0,1). Suppose that S : A — B is a mapping
satisfying

d(Sz,Sy) < K(x)d(z,y) (5.3.25)

for all x,y € A. Then the following holds:

(A) There exists a nonexpansive mapping T : B — A such that (S,T) satisfies the

min-max condition whenever S has a best proximity point.

(B) If there exists a nonexpansive mapping T : B — A such that (S,T) satisfies
the min-maz condition and KC(Sx) < K(z) and K(Tx) < K(z) for all x € A,
then S has a best proximity point.

(C) For two any best prozimity points z and z* of S, we have

2

d(z,z%) < (1——/C(z))

d(A, B).
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Proof. (A): Let S has a best proximity point a € A. We define a mapping 7' : B —
A by Ty = a for all y € B. Clearly, T' is a nonexpansive mapping. It follows from
the definition of T" that

d(Ty,STy) = d(a, Sa) = d(A, B) (5.3.26)

for all y € B. Thus we can conclude that min(Sz, Ty) = d(A, B) for all z € A and
y € B.

Next, we show that (S, 7T) satisfies the min-max condition. Suppose that z € A
and y € B such that d(A, B) < d(z,y). Then we have

min(Sz, Ty) = d(A, B) < d(z,y) < max(Sz,Ty), (5.3.27)

which implies that the pair (S,T') satisfies the min-max condition. Therefore, we
can find a nonexpansive mapping 7 : B — A such that (S, T) satisfies the min-max
condition.

(B): Fix 25 € A and define a sequence {x,} in AU B by
Ton—1 = STan—2, Ton = TT2p1
for all n € N. Since T is nonexpansive, it follows from (5.3.25) that

d(zon—2,%2n) = d(Txep_3,Txe,_1)

IN
N

I
Y

(

(T2n-3, Tan—1)
(STon—a, STop_o)
< K(xon_4)d(Ton—a, Top_2)
= K

Tx9y—5)d(Ton—1, Ton—2)

= K

(
(

< K(20-5)d(Ton-1, T2n—2)
(S20—6)d(2n—1, T20—2)
(

< K

Lop— 6) <I2n 4, Lon— 2)

S K(io)d(ﬂ?gn_zl, Qfgn_g) (5328)
for all n € N. By repeating the above argument, we have

d(xgn_g,l'gn) S (}C(I()))n_ld(xo,xg) (5329)
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for all n € N, which implies that the sequence {xs,} is a Cauchy sequence in X.
A similar argument asserts that the sequence {xs, 1} is a Cauchy sequence in X.
By the completeness of X, we conclude that {xs,} converges to a point a € A and
{zon_1} converges to a point b € B. Since S is continuous, {Sx,} converges to Sa,
which implies that {x9,_1} converges to Sa. Thus Sa = b.

Similarly, it easy to check that Tb = a. Therefore, we have

TSa=Tb=a, STb= Sa=0>. (5.3.30)
Now, we can conclude that
min(Sa,Tb) = d(a,b) = max(Sa, Th). (5.3.31)

By the virtue of the min-max condition of (S,7), we get d(a,b) < d(A, B). Since
d(A, B) < d(a,b), we have d(a,b) = d(A, B). Therefore, we have

d(a, Sa) = d(a,b) = d(A, B), (5.3.32)

which implies that S has a best proximity point in A.
(C): let z and z* are best proximity points of S. Then d(z, Sz) = d(A, B) and
d(z*,Sz*) = d(A, B). Using the triangle inequality and (5.3.25), we have

d(z,z*) < d(z,5z)+d(Sz,8z") +d(Sz", ")

< K(2)d(z,z%) 4+ 2d(A, B). (5.3.33)
This implies that d(z, z*) < (1_,%(2))61(14, B). This completes the proof. ]

5.3.2 Some fixed point results for weakly isotone mappings in ordered
Banach spaces

Let E be a nonempty set and h : F — E be a given mapping. For every z € F,
we denote by h~!(x) the subset of E defined by:

h Y (z) :={u € E|hu=z}.

Definition 5.3.2.1. Let E be an ordered Banach space and f,g,h : E — FE be
given mappings such that f(F) C h(E) and g(E) C h(F). We say that f and g are

weakly isotone increasing with respect to h if and only if for all x € E, we have:

f(x) 2 g(y), Yy e h™'(f(x)) (5.3.34)
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and
g(x) = f(y), Yy € h ' (g(x)). (5.3.35)

Similarly f and g are said to be weakly isotone decreasing with respect to h if

flx) = gly), Vy e h™'(f(x)) (5.3.36)
and
g(x) = f(y), Yy € h™(g(x)). (5.3.37)

for all x € E. If f and g are either weakly isotone increasing with respect to h or
weakly isotone decreasing with respect to h, then it is said that f and g are weakly

1sotone with respect to h.

Remark 5.3.2.2. If h : E — E is the identity mapping (h(z) = z for all z € E,
shortly h = Ig), then the fact that f and g are weakly isotone increasing with

respect to h implies that f and g are weakly isotone increasing mappings.

Example 15. Consider £ = R, endowed with the usual norm and
P={zeR|z>0}.
Let f,g,h: E — E by

z if z €[0,5]
flx)y=5forallz e B, g(z)=
5 ifx>5H
and

h(z) =z forall x € E.

Then, we obtain that h~!(f(z)) = {5} and h™'(g(z)) = {g(x)|x € E}. Since
f(E),g(E) C h(F) and conditions (5.3.34) and (5.3.35) hold, we have f and g are

weakly isotone increasing with respect to h.
Example 16. Consider E = [0, 2] endowed with the usual norm and
P={zeR|z>0}.

Let f,g,h: E — E by
Vo ifzel0,1)
0 ifzell,2,

fz) =
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z ifze€]0,1)
g(z) =
0 ifzel(l?2
and
z? ifz€[0,1)
h(z) =

0 ifzel(l,2].
Now we show that the condition (5.3.34) holds. We discuss this in two cases.
Case 1: (z = 0 or z > 1) In this case, we get f(x) = 0. It is easy to see that
(5.3.34) holds.
Case 2: (z € (0,1)) In this case, we get f(r) = +/z. Let y € h~'(f(z)) and then
h(y) = f(x) = y/x. By definition of mapping h, we have y = {/z. Thus

f@) = Va2 Vr=g(Vr) =g(y).

Next, we will show that the condition (5.3.35) holds. We discuss this in two
cases.

Case 1: (z =0 or x > 1) In this case, we get g(z) = 0. It obvious that (5.3.35)
holds.

Case 2: (x € (0,1)) In this case, we get g(z) = z. Let y € h™'(g(z)) and then
h(y) = g(z) = . By definition of mapping h, we have y = \/x. Thus

g(x) =z 2 Va=f(Vz) = f(y).

Moreover, we obtain that f(E) = g(E) C h(E). Therefore, f and g are weakly

isotone increasing with respect to h.

Definition 5.3.2.3. Let X be subset of an ordered Banach space F and f,g,h :
X — X. Two mappings f,g: X — X are said to satisfy the weak-condition Dx
with respect to h if for any monotone sequence {h(x,)} and for any fixed a € X

the condition

{h(x1), h(x2), h(x3),...} C{a} U f({x1,z2,23,...}) Ug({z1, 29, 23, ...})

implies {x,} is convergent.

Remark 5.3.2.4. If h : E — FE is the identity mapping, then the f and g are

weak-condition Dx with respect to h implies that f and g are weak-condition Dy.
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Let X be a closed subset of an ordered Banach space F and f,g,h : X — X
be three mappings such that f and g are weakly isotone with respect to h. Given

xo € X we define a sequence {h(z,)} in X as follows:

h(w2n-1) = f(T2n-2), I(x2n) = g(T20-1)

for all n € N. We say that {h(x,)} is an (f, g, h)—sequence with initial point . If
h is an identity mapping on X, then we write (f, g)—sequence with initial point z.
Later on, we denote by C(f, g, h) the set of coincidence points of f, g and h, that is,
C(f,9.h) ={z € E:h(z) = f(z) = g(x)}.

Next, we give the coincidence point theorems for weakly isotone mappings under

the certain conditions.

Theorem 5.3.2.5. Let X be a closed subset of an ordered Banach space E and
fyg,h: X — X be three continuous mappings. If f and g are weakly isotone with
respect to h and if f and g satisfy weak-condition Dx with respect to h, then f,g

and h have a coincidence point. Moreover, for every xy € X, we have lim h(x,) €
n—oo

C(f,g,h) for every (f, g, h)—sequence {h(z,)} with initial point x.

Proof. Assume that f and g are weakly isotone increasing with respect to h.
By Definition 5.3.2.1, it follows that f(X) C h(X) and g(X) C h(X). Let zg
be an arbitrary point in X. Since f(X) C h(X), there exists 1 € X such that
h(z1) = f(zo). Since g(X) C h(X), there exists x5 € X such that h(zy) = g(z1).

Continuing this process, we can construct a sequence {h(z,)} in X defined by

h(zon—1) = f(xon—2), h(xe,) = g(xen_1), VneN. (5.3.38)

By the construction, we have z; € h™'(f(z)) and zo € h™'(g(z1)), then using the

fact that f and g are weakly isotone increasing with respect to h, we get that
h(z1) = f(zo) = g(z1) = h(z2) = f(22) = h(s).
We continue this process to get

for all n € N Now, we have

{h(x1), h(x2), h(x3),...} = {h(x1)} U{h(x3),h(x5),...} U{h(x2), h(24),...}
{h(x1)} U f({zx1, 22, 3, ...}) U g({x1, X2, 73, ... }).

N
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From the hypothesis that is f and g are weak-condition Dx with respect to h, we
have the sequence {x,} converge to some x € X. Since f, g, h are continuous, we
get

h(z) = lim A(wop) = lim f(wen-o) = f(2)

n—o0

and

h(z) = lim h(zs,) = lim g(22n-1) = g()
It follows that f(z) = g(x) = h(x) and so x is a coincidence point of f, g and h. For
the case when f and g are weakly isotone decreasing with respect to h is similar.

Next theorem, we propose the weaken assumption of continuous of f and g in

Theorem 5.3.2.5 by monotone-continuous condition.

Theorem 5.3.2.6. Let X be a closed subset of an ordered Banach space E and let
f,g9: X — X be two monotone-continuous mappings. If f and g are weakly isotone
and if f and g satisfy weak-condition Dx, then f and g have a common fixed point.
Moreover, for every xq € X, we have nh_}rgoxn € F(f,qg) for every (f,g)—sequence

{z,} with initial point xy, where F(f,g) is set of common fized point of f and g.

Proof. With the same argument of Theorem 5.3.2.5 we can prove this theorem
if a mapping h is an identity mapping on X.
Since the condition Dy implies the weak-condition Dy, we get the following

result.

Theorem 5.3.2.7. Let X be a closed subset of an ordered Banach space E and let
f,g9: X — X be two monotone-continuous mappings. If f and g are weakly isotone
and if f and g satisfy condition Dx, then f and g have a common fixed point.
Moreover, for every xq € X, we have nll_g)loxn € F(f,q) for every (f,g)—sequence

{z,} with initial point xo, where F(f,qg) is set of common fized point of f and g.

Since the continuous mapping implies the monotone-continuous mapping, we get

the Dhage et al.’s results in [30].

Corollary 5.3.2.8. [30, Theorem 2.1] Let X be a closed subset of an ordered Banach
space E and let f,g : X — X be two continuous mappings. If f and g are weakly
isotone and if f and g satisfy condition Dy, then f and g have a common fized

point.



89

Corollary 5.3.2.9. [30, Corollary 2.1] Let X be a closed subset of an ordered Ba-
nach space E and let f,g : X — X be two continuous mappings. If f and g are
weakly isotone and if f and g are countably condensing, then f and g have a common

fixed point.

In this section, we give the coincidence and common fixed point results for single
valued and multivalued mapping. Let E be an ordered Banach space, P be a cone
in F and < is a partial ordering with respect to P. For X,Y € 2F, we will write
X R Y mean that + < y for all z € X and y € Y. Moreover, X T Y mean that
Y 3 X.

Example 17. Consider £ = Ri endowed with the usual norm and
P={(z,2) eR2 |z >0}
Let
X ={(z,x) € E:|(z,2)| <1}

and
={(y,9) € £:9 < ||[(y,y)|| < 16}.

Y
Then, we have X T Y. Let E be a nonempty set and h : E — E be a given
-

mapping. For every A C F, we denote by h~'(A) the subset of E defined by:

h™'(A) ;= {x € E|h(z) € A}.

Definition 5.3.2.10. Let E be an ordered Banach space, F,G : E — 2¥ and
h : E — E be given mappings such that F(E) C h(E) and G(F) C h(E). We say
that F' and G are weakly isotone increasing with respect to h if and only if for all

x € E, we have:

F(x) 3 G(y), Yy € h1(F(z)) (5.3.40)

and

G(r) 3 F(y), Yy € b HG(x)). (5.3.41)

Similarly F' and G are said to be weakly isotone decreasing with respect to h if

F(z) 5 G(y), Yy € b (F(x)) (5.3.42)
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and

G(x) 5 F(y), Yy € k1 (G(z)) (5.3.43)

for all x € . We say that F' and G are weakly isotone with respect to h if F and
G are weakly isotone increasing with respect to h or weakly isotone decreasing with

respect to h.

Remark 5.3.2.11. For h = I, we obtain that F' and G are weakly isotone with

respect to h implies that F' and G are weakly isotone.

Definition 5.3.2.12. Let £ be an ordered Banach space. A mapping F' : E — 2F

is said to be closed if for each sequence {z,} in E with lim x,, = x, for some xy € F,
n—oo

and for each sequence {y,} in F with y, € F(z,) and lim y,, = yo for some y, € F,
n—oo

we have yo € F(zy).

Definition 5.3.2.13. Let £ be an ordered Banach space. A mapping F : & — 2F
is said to be monotone-closed if for each increasing or decreasing sequence {z,} in F

with lim z,, = z for some z, € E, and for each sequence {y,} in F with y,, € F(x,)
n—oo

and lim y,, = yo for some yy € E, we have yy € F(xo).
n—oo

Definition 5.3.2.14. Let F be an ordered Banach space and X C E. Two mul-
tivalued mappings F, G : X — 2% are said to satisfy the condition Dy if for any

countable set A of X and for any fixed a € X the condition
AC{a}UF(A)UG(A)
implies A is compact.

Definition 5.3.2.15. Let F be an ordered Banach space, X C F. Two multivalued
mappings F, G : X — 2% are said to satisfy the weak-condition Dx if for any

monotone sequence {z,} and for any fixed a € X the condition

{1,290, 23,...} CT{a}UF{x1, 29, 23,...}) UG({x1, 22,3, ...})
implies {x,} is convergent.

Remark 5.3.2.16. We obtain that condition Dy implies weak-condition Dx in

case of multivalued mappings.
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Definition 5.3.2.17. Let F be an ordered Banach space, X C F and h: X — X.
Two multivalued mappings F, G : X — 2% are said to satisfy the weak-condition
Dx with respect to h if for any monotone sequence {h(z,)} and for any fixed

a € X the condition

{h(z1), h(z2), h(z3), ...} C {a} U F{x1, 20, 25,...}) UG{x1, z2, 23, ...})
implies {x,} is convergent.

Remark 5.3.2.18. If we take h = I, then F' and G are weak-condition Dy with

respect to h implies that F' and G are weak-condition Dy.

Let X be a closed subset of an ordered Banach space £ and h : X — X. Given
F,G : X — 2% be two multivalued mappings such that F and G are weakly isotone

with respect to h and given zy € X we define a sequence {h(z,)} in X as follows:
h(r2n-1) € F(z9n-2), h(22,) € G(T90-1)

for all n € N. We say that {h(z,)} is a (F, G, h)—sequence with initial point z.
If h is an identity mapping on X, then we write (F, G)—sequence with initial point

xo. Later on, we denote
CO(F,G,h) :={x € E|h(x) € F(z) and h(z) € G(z)}
and denote F(F,G) is set of all common fixed point of F' and G, that is,
F(F.G):={x € F|x € F(x) and z € G(x)}.

Now, we establish the coincidence point theorems for weakly isotone increasing

for single valued and multivalued mappings under certain conditions.

Theorem 5.3.2.19. Let X be a closed subset of an ordered Banach space E and let
F,.G: X — 2% be two closed mappings and h : X — X be a continuous mapping.
If F and G are weakly isotone with respect to h and satisfy weak-condition Dx with
respect to h, then there is a point z € X such that z € CO(F,G,h). Moreover,
for every o € X, we have Jgr{}oh(xn) € CO(F,G,h) for every (F,G,h)—sequence
{h(x,)} with initial point xy.
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Proof. Assume that F' and G are weakly isotone increasing with respect to h.
By Definition 5.3.2.10, we have F(X) C h(X) and G(X) C h(X). Let zo be an
arbitrary point in X. Since F/(X) C h(X), we get F(x¢) C h(X) and so there exists
x1 € X such that h(zy) € F(x). It follows from G(X) C h(X) that G(z1) C h(X)
and then there exists xo € X such that h(xs) € G(x1). Continuing this process, we

can construct a sequence {h(z,)} in X defined by
h(l’gnfl) S F(J?Qn,Q), h(l’gn) S G(Ignfl), VnéeN. (5344)

By construction, we have r; € h™'(F(z)) and zo € h~'(G(x1)), then using the
hypothesis that F' and G are weakly isotone increasing with respect to h, we have

F(x9) Z G(z1) and G(z1) S F(x2). We continue this process to get
Flao) S G11) 3 -+ 3 Fwan—2) 3 Glran-1) 3 -+ (5.3.45)
for all n € N. From (5.3.44) and the definition of 3, we get

for all n € N. Now, we have

{h(lj), ]’L([EQ), h([L’3), } = {h(l'l)} U {h(l’g), h((L’{)), } U {h(l‘g), h(fL’4), }
C A{h(x)}UF({xy, 20, 23,...}) UG({x1, 22, 23, ... }).

From the hypothesis that is I and G are weak-condition Dy with respect to h, we
get the sequence {x,} converge to some 2 € X. Since F, G are closed mappings and
h is continuous mapping, we get

h(z) = lim h(z9,—1) € lim F(x9,_2) = F(x)
n—oo

n—oo

and

h(z) = lim h(z2,) € lim G(x9,-1) = G(x).

n—oo n—oo
Therefore, z € CO(F,G,h). For the case when F' and G are weakly isotone de-
creasing with respect to h is similar. If we take the mapping A in Theorem 5.3.2.19
as the identity mapping on X, we get the following result for two monotone-closed

mappings.
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Theorem 5.3.2.20. Let X be a closed subset of an ordered Banach space E and let
F.G: X — 2% be two monotone-closed mappings. If F and G are weakly isotone
and satisfy weak-condition Dx, then F' and G have a common fixed point. Moreover,
for every o € X, we have Jirgomn € F(F,G) for every (F,G)—sequence with initial

point xg.

Since the condition Dx implies the weak-condition Dy, we can omit the proof

of the following result.

Theorem 5.3.2.21. Let X be a closed subset of an ordered Banach space E and let
F.G: X — 2% be two monotone-closed mappings. If F and G are weakly isotone
and satisfy condition Dx, then F' and G have a common fixed point. Moreover, for
every xo € X, we have Jggloxn € F(F,G) for every (F,G)—sequence with initial

point xg.

From the fact that every closed mapping is a monotone-closed mapping, we get

the following results of Dhage et al. [30].

Corollary 5.3.2.22. [30, Theorem 3.1] Let X be a closed subset of an ordered
Banach space E and F,G : X — C(X). If F and G are closed and weakly isotone

mappings satisfy condition Dy, then F' and G have a common fized point.

Corollary 5.3.2.23. [30, Corollary 3.1] Let X be a closed subset of an ordered
Banach space E and F,G : X — C(X). If F and G are closed, weakly isotone and

countably condensing mappings, then F and G have a common fized point.

5.3.3 Coupled coincidence point and common coupled fixed point theo-

rems with lacking the mixed monotone property

Theorem 5.3.3.1. Let (X, d, <) be an ordered cone metric space over a solid cone P

and let g: X — X and F : X x X — X. Suppose that the following hold:
(i) F(X x X) C g(X) and g(X) is a complete subspace of X ;
(i) g and F satisfy property;

(7ii) there exist xg,yo € X such that gro < F(xo,y0) and gyo < F(yo, To);
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(iv) there exists a; > 0, for i = 1,2,...,6 and 2?21 a; < 1 such that for all
r,y,u,v € X satisfying gr < gu and gy =< gv,
d(F(z,y), F(u,v)) <p ad(gz,gu) + axd(F(z,y), gz) + asd(gy, gv)
—|—a4d(F(U, U)7 gU) + a,5d<F({E, y)a gU) + a’Gd(F(u7 'U)v g:E),
(5.3.47)

holds;

(v) if x,, — x when n — oo in X, then x, < x for n sufficiently large.

Then there exist x,y € X such that

F(z,y) =gz and F(y,z) = gy,
that is, F' and g have a coupled coincidence point (z,y) € X x X.
Proof. Starting from xg, yo (condition (iii)) and using the fact that F'(X x X) C g(X)
(condition (i)), we can construct sequences {gz,} and {gy,} in X such that
9Tn = F(Tpn1,yn1) and  gyn = F(Yn-1,Tn1) (5.3.48)
for all n € N. By (iii), we get gzo < F(x,40) = gx1 and by condition (ii) implies
that
gz1 = F(z0,y0) =< F(x1,41) = go.
Proceeding by induction we get that gx,_ 1 < gz, and, similarly, gy,_1 < gy, for all
n € N. Therefore, we can apply condition (5.3.47) to obtain
d(gTn, gnt1) = d(F(Tn-1,Yn-1), F (20, Yn))
<p a1d(gTn_1,97,) + a2d(F(Tpn—1,Yn-1), 9Tn-1)
+ az3d(gyn—1, gYn) + aad(F (Tp, Yn), 9Tn)
+ asd(F(Tn-1,Yn-1), 92n) + a6d(F (Tn, Yn), §Tn—1)
= a1d(gn-1, 9Tn) + a2d(gTn, 9Tn-1) + asd(gyn-1, GYn)
+ ayd(gxni1, gn) + asd(gxn, gx,) + asd(9Tni1, GTn_1)
<p a1d(gTn-1,9%s) + a2d(9Tn, gTp—1) + a3d(gYn—1, gYn)
+ asd(gxni1, gxn) + agld(gzn_1, gxn) + d(g2n, gTni1)]
<p (a1 + az + ag)d(gTn-1, 97n) + azd(gYn—1, gYn)

+ (as + as)d(92n, gTni1)
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which implies that

(1—as—ag)d(gn, gTny1) <p (a1+az+ae)d(grn—1, gTn) +azd(gyn—1, gyn)- (5.3.49)
Similarly, starting with d(gyn, 9Yn+1) = d(F(Yn, Tn), F(Yn-1,2n—1)) and using that
gr,_1 = gr, and gy, 1 < gy, for all n € N, we get

(1= as—ae)d(gyn, gyn+1) <p (a1+a2+a6)d(gyn-1, 9yn) + azd(gzn-1, 9n). (5.3.50)
Combine (5.3.49) and (5.3.50) we obtain that

(1 = as — a6)[d(97n, gTn11) + d(gYns GYn+1)] (5.3.51)
<p (a1 + a2 + as + ag) [d(g2n-1, 97n) + d(gYn-1, gyn)].
Now, starting from d(gx, 11, gz,) = d(F (2, yn), F(Xn_1,Yn_1) and using that gz, =<
gz, and gy,_1 < gy, for all n € N, we get that
(1 —ag — as)d(gn, 97n11) <p (a1 + ag + a5)d(gzn—1, gTn) + asd(gyn—1, gYn)-
Similarly, starting from d(gyn+1,9yn) = d(F (Yn, Tn), F'(Yn—1,7n—1)) and using that
gTn_1 =< g, and gy,_1 =< gy, for all n € N, we get that
(1 — a2 — as)d(gyn, gyn+1) <p (a1 + as + as5)d(gyn—1, 9yn) + a3d(gTn-1, 92n).
Again adding up, we obtain that
(1 — a2 — a5)[d(g:£n, gxn+1> + d<gyn7 gyn+1)] (5352>
<p (a1 + az + as + a5)[d(gTn1, 97n) + d(gYn—1, gYn)]-

Finally, adding up (5.3.51) and (5.3.52), it follows that

Ad(gn, 9Tp11) + A(9Yn, GYnt1) <p Ad(gZn-1, 922) + A(GYn-1, 9Yn)], (5.3.53)

with

2 2
(P e e el e A ) (5.3.54)

2-@2-@4-&5-@6

since . a; < 1.

From the relation (5.3.53), we have

d(97n, gTni1) + A(GYn, GYn+1) <p A[d(9Tn_1, 920n) + d(gYn-1, GYn)]

SP )\2 [d(gxn—Za gxn—l) + d(gyn—2a gyn—l)]

<p N"[d(gxo, 971) + d(gy0, gy1)]-
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If d(gzo, gzr1) + d(gyo,9y1) = Op then (zg,yo) is a coupled coincidence point of F'
and g. So let 0p <p d(gzo, g71) + d(gYo, g1)-

For any m > n > 1, repeated use of triangle inequality gives

d(92n, 9Tm) + d(9Yn, 9Ym)
<p d(9Tn; gTp+1) + d(9Tni1, 9Tni2) + -+ + d(gTm—1, 9T1m)
+ d(9Yns GYnt1) + A(GYnt1, GYnt2) + -+ + A(GYm—1, GYm)
<p [N+ N X[ g0, g21) + d(gy0, 9y1)]

n

1—

<P T [d(gz0, gz1) + d(gy0, 9y1)]-

Since 1’\_—73\ — 0 as n — oo, we get 1’\_—n>\[d(g$0,gx1) + d(gy0,9y1)] — O as n — oo.
From (p4), we have for 0 < ¢ and large n:

)\’I’L
1—-A

[d(g0, g71) + d(gyo, g11)] < ¢

By (p3), we get
d(9zn, 92m) + d(gYn, gym) < c.

Since

d(92n, 92m) <p d(gTn, gTm) + d(9Yn, 9Ym)

and

d(9Yns 9Ym) <p d(9Zn, 9Tm) + A(GYn, GYm)

then by (ps), we get d(gxn,gx,) < ¢ and d(gyn, gym) < c for n large enough.
Therefore, we get {gx,} and {gy,} are Cauchy sequences in g(X). By completeness
of g(X), there exists gx,gy € ¢(X) such that gz, — gz and gy, — gy as
n — oo.

By (v), we have gz, < gx and gy =< gy, for all n > 0. Now we prove that

F(z,y) = gv and F(y,x) = gy.
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If gz, = gz and gy, = gy for some n > 0. From (5.3.47), we have

d(F(z,y), gz) <p d(F(z,y), gTns1) + d(gTns1, 92)

= d(F(z,y), F'(2n, Yn)) + d(g2p+1, g)

<p amd(gz, gz,) + axd(F(z,y), 9z) + asd(gy, gy»)
+ asd(F(2n, yn), 920) + asd(F (z,y), gz,)
+ asd(F (20, Yn), 97) + d(9Tn+1, g2)

<p ad(gz, gz,) + axd(F(z,y), 9z) + asd(gy, gy»)
+ a4d(grpi1, gx) + asd(gx, gr,) + asd(F(z,y), gx) + asd(gzx, gx,,)
+ agd(9n+1, 97) + d(g2p41, g2)

= a2d(F(z,y), gz) + a1d(g2p+1, 92) + asd(F (2, y), gz)

+ agd(gTni1, 92) + d(gTni1, 9),

which further implies that

1+a4+ag

<
d(F(z,y). 92) <p 7 Gy — as

d(g'rN-f-h gl’)

Since gx,, — gx then for 0p < c there exists N € N such that

(1 —ay —as)c

d(grni1, < )
(9Tns1,97) 1
for all n > N. Therefore, ,

d(F(z,y),g97) < c.

Now, according to (pq) it follows that d(F(z,y), gz) = 0g, and F(z,y) = gz. Simi-
larly, we can prove that F'(y,z) = gy. Hence (x,y) is coupled coincidence point of

mappings F' and g.
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So we suppose that (gz,, gy,) # (9, gy) for all n > 0. Using (5.3.47), we get

d(F(z,y), gz) <p d(F(z,y), gTns1) + d(gTns1, 92)
= d(F(z,y), F'(2n, Yn)) + d(g2p+1, g)
<p ard(9z, gzy) + a2d(F(z,y), gz) + asd(gy, gyn)
+ a4d(F (20, yn), 9n) + asd(F (2, y), gan)
+ asd(F (20, Yn), 97) + d(9Tn+1, g2)
<p a1d(9z, gz,) + a2d(F(z,y), gz) + asd(gy, gyn)
+ a4d(grpi1, gx) + asd(gx, gr,) + asd(F(z,y), gx) + asd(gzx, gx,,)

+ CLﬁd<gxn+17 gx) + d(g$n+1> gl'>,

which further implies that

d(F(z,y), 9z)

1—ay— as

1+ay+ ag as

d(9Tp41, 9z) + d(gy, gyn).

1—ay—as 1—ay —as

Since gr, — gx and gy, —> gy then for Og < ¢ there exists N € N such that
d(gn, gr) < 3= d(gn, gr) < ST and d(gyn, gy) < U2 for
all n > N. Thus,

C Cc C
d(F St +-=c

Now, according to (ps) it follows that d(F(z,y),g9z) = O, and F(z,y) = gz. Sim-
ilarly, F(y,x) = gy. Hence (z,y) is coupled coincidence point of mappings F' and
g ]

Remark 5.3.3.2. In Theorem 5.3.3.1, condition (ii) is a substitution for the mixed
g-monotone property that was used in most of the coupled coincidence point theo-
rems so far. Therefore, Theorem improve results of Nashine et al. [22]. Moreover,

it is an ordered version extension of the results of Abbas et al. [21].

Corollary 5.3.3.3. Let (X, d, <) be an ordered cone metric space over a solid cone P

and let g: X — X and F : X x X — X. Suppose that the following hold:
(i) F(X x X) C g(X) and g(X) is a complete subspace of X ;

(ii) g and F satisfy property;
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(iii) there exist xo,yo € X such that gro < F(xo,y0) and gyo < F(yo, xo);

(iv) there exists a, 3,7 > 0 and o + f + v < 1 such that for all z,y,u,v € X

satisfying gr =< gu and gy = gv,
d(F(z,y), F(u,v)) <p ad(gz, gu) + Bd(gy, gv) +vd(F(z,y), gu), (5.3.55)
holds;
(v) if x,, — x when n — oo in X, then x, < x for n sufficiently large.
Then there exist x,y € X such that
F(z,y) =gz and F(y,z) = gy,
that is, F' and g have a coupled coincidence point (z,y) € X x X.

Putting ¢ = Iy, where Ix is the identity mapping from X into X in Theorem

5.3.3.1 we get the following corollary.

Corollary 5.3.3.4. Let (X, d, =) be an ordered cone metric space over a solid cone P

and let F': X x X — X. Suppose that the following hold:
(i) X is a complete;
(i) g and F satisfy property;
(7ii) there exist xg,yo € X such that xo < F(xo,y0) and yo < F(yo,x0);

(iv) there exists a; > 0, for i = 1,2,...,6 and Zle a; < 1 such that for all

x,y,u,v € X satisfying x <X u and y < v,

d(F(z,y), F(u,v)) <p ad(z,u)+ ad(F(z,y),x) + asd(y,v)
+asd(F(u,v),u) + asd(F(x,y),u) + agd(F(u,v), x),
(5.3.56)

holds;

(v) if x,, — x when n — oo in X, then x, < x for n sufficiently large.
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Then there exist x,y € X such that
F(z,y) =2z and F(y,z)=vy,
that is, F' has a coupled fized point (x,y) € X x X.

Our second main result is the following

Theorem 5.3.3.5. Let (X,d, =) be an ordered cone metric space over a solid
cone P. Let F: X x X — X and g : X — X be mappings. Suppose that
the following hold:

(i) F(X x X) C g(X) and g(X) is a complete subspace of X ;
(ii) g and F satisfy property;
(#) there exist xo,yo € X such that gro < F(xo,y0) and gyo < F(yo, o),

(iv) there is some h € [0,1/2) such that for all z,y,u,v € X satisfying gr < gu

and gy < gv, there exists
Ouyuw € {d(gz, gu), d(gy, gv), d(F(z,y), gu)}

such that
d(F(x,y),F(U,U)) SP hG%?JvuaU'

(v) if x,, — x when n — oo in X, then x, < x for n sufficiently large.
Then there exist x,y € X such that
F(z,y) =gz and F(y,z)= gy,
that is, F and g have a coupled coincidence point (x,y) € X x X.

Proof. Since F(X xX) C ¢g(X) (condition (i)), we can starting from zy, yo (condition

(iii)) and construct sequences {gz,} and {gy,} in X such that
9Ty = F(xp_1,yn—1) and gy, = F(Yn—1,Tn_1) (5.3.57)

for all n € N. From (iii), we get gxo < F(zo,¥0) = g1 and by condition (ii) implies
that
gr1 = F(z0,y0) =< F(x1,y1) = go.
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By repeating this process, we have gx,_; =< gx,. Similarly, we can prove that
9Yn_1 = gy, for all n € N.
Since gx,_1 < gx, and gy, 1 < gy, for all n € N, from (iv), we have that there

exists h € [0,1/2) and
@1 S {d(gxn—lv gxn)7 d(.gyn—h gyn)7 d(F(xn—lv yn—1)7 !ﬂn)}
= {d<gxn—17 gxn>) d(gyn—h gyn>7 OE}

such that
d(gxnagxn+1) = d(F(In—la yn—l)a F($n7yn)) SP h@1

Similarly, one can show that there exists
O € {d(9n-1,92n), A(gYn-1, 9Yn), 0E) }

such that
A(GYns 9Yn+1) = AF (Yn—1, Tn-1), F(Yn, Tn)) <p hOa.
Now, denote 6, = d(g9,, grni1) + d(9Yn, gyns1). Since the cases ©; = 0 and

O, = Og are trivial, we have to consider the following four possibilities.

Case 1. d(g9zn, gTn1) <p hd(gzn-1,gz,) and d(gyn, gYn+1) <p hd(gYn-1, gyn)-
Adding up, we get that

5n SP h(sn—l SP 2h6n—1-

Case 2. d(g$n7g$n+1) SP hd(gxn—lagxn) and d(Qynagyn-‘rl) SP hd(gxn—lagxn)'
Then

571 SP 2hd(gxn,1, g$n) SP th(gxnfla gxn) + zhd(gynfh gyn) = 2h(5n71'

Case 3. d(gzn, gTns1) <p hd(gyn-1,9Yys) and d(gyn, gyn+1) <p hd(gx,—1,9zy).

This case is treated analogously to Case 1.

Case 4. d(gzn, 9Tni1) <p hd(gyn—1,9y,) and d(gyn, 9yn+1) <p hd(gYn—1, 9Yn)-

This case is treated analogously to Case 2.

Thus, in all case, we get 0, <p 2hd,_; for all n € N, where 0 < 2h < 1.
Therefore,

6 <p 2h0,1 <p (2R)*5,_o <p -+ <p (2h)"&,
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and by the same argument as in Theorem it is proved that {gz,} and {gy,} are
Cauchy sequences in g(X). By the completeness of g(X), there exists gz, gy € g(X)
such that gz, — gz and gy, — gy.

From (v), we get gz, < gx and gy =< gy, for all n > 0. Now we prove that
F(z,y) = gz and F(y, ) = gy.

If gz, = gz and gy, = gy for some n > 0. From (iv), we have
d(F(.ﬁU, y)» g.ﬁU) SP d(F(ZL', y)7 gxn-f—l) + d(g$n+17 giL’)
= d(F(z,y), F(2n, yn)) + d(gTns1, g7)
<p hOuy .y + A(gTny1, 97),
where 0,4, 4, € {d(97,920),d(9y, gyn), d(F(2,y), gz,)}. Let ¢ € int (P) be fixed.
If Opyny, =d(gzr,g2,) = 0g or Opy 0 = d(9y, gyn) = Op, then for n sufficiently
large we have that
d(F(x,y),g97) < c.
By property (p2), it follows that F(z,y) = gz. If O,y 4.4, = d(F(2z,y), gx,), then
we get that
d(F(x,y), gx) <p hd(F(x,y), gxn) + d(gTni1, 97)

= hd(F(z,y), gz) + d(9Tni1, g).

Now it follows that for n sufficiently large,

1
d(F('Tﬂ y)7 gﬂf) <p md<g$n+1, gq:)
1
< — (1 —
Sp 1= h< h)c
= C.

Therefore, again by property (ps), we get that F'(z,y) = gx. Similarly, we can prove
that F'(y,z) = gy. Hence (z,y) is a coupled point of coincidence of F' and g.
Then, we suppose that (gz,, gy,) # (gz, gy) for all n > 0. For this, consider

d(F(.I, y)7 ga:) SP d(F(,CI?, y)> gxn-l—l) + d<g$n+1> g.iE)
= d(F(z,y), (20, yn)) + d(9Tn i1, 97)

SP h@x,y,xn,yn + d(g‘rn-‘-l? gZE),
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where Oy 4, 4. € {d(92, gx,,),d(gy, gyn), d(F(x,y), gx,)}. Let ¢ € int (P) be fixed.
If Oywnyn = A9z, 9xy) O Opy a0 = d(gy, gyn), then for n sufficiently large we
have that

Cc C

By property (p2), it follows that F(z,y) = gz. If O, 4. = d(F(z,y), gz,), then
we get that

d(F(z,y), gz) <p hd(F(z,y), gzn) + d(9Zn+1, 9)

<p hd(F(z,y), gz) + hd(gz, gr,) + d(9Tni1, g).

Now it follows that for n sufficiently large,

1
1 hd(9$79$n) + 1-1 (92n+1, 92)
h 1—-h ¢ 1 c
<t w ettt

d(F('T’ y)7 gl:) <p

= C.

Thus, again by property (ps), we get that F(x,y) = gx.
Similarly, F'(y, ) = gy is obtained. Hence (z,y) is a coupled point of coincidence

of the mappings F' and g. O]

Remark 5.3.3.6. It would be interesting to relate our Theorem 5.3.3.5 with The-
orem 2.1 of Long et al. [23].

Putting ¢ = Iy, where Ix is the identity mapping from X into X in Theorem
5.3.3.5 we get the following corollary.

Corollary 5.3.3.7. Let (X,d, <) be an ordered cone metric space over a solid

cone P. Let F': X x X — X be mappings. Suppose that the following hold:
(i) X is complete;

(i) F satisfy property;

(7ii) there exist xg,yo € X such that xo < F(xo,v0) and yo < F(yo,x0);

(iv) there is some h € [0,1/2) such that for all x,y,u,v € X satisfying v < u and

y < v, there exists

61,%“,1} S {d(xv u)? d<y7 U)) d(F(l’, y)v u)}
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such that
d(F(z,y), F(u,v)) <p hO4yuv-

(v) if v, — x when n — oo in X, then x, < x for n sufficiently large.
Then there exist x,y € X such that
F(z,y) =2z and F(y,z)=vy,
that is, F' has a coupled fized point (x,y) € X x X.

For the given partial order < on the set X, we shall denote also by < the order

on X x X given by
(z1,1) 2 (22,12) <= o1 22y and y1 = yo. (5.3.58)

Theorem 5.3.3.8. In addition to the hypotheses of Theorem 5.3.3.1, suppose that
for every (x,y), (z*,y*) € X x X there exists (u,v) € X x X such that

(F(u,v), F(v,u)) < (F(z,y), F(y, z))
and
(F(u,v), F(v,u)) < (F(z",y"), F(y", 2")).

If F' and g are w*-compatible, then F' and g have a unique common coupled fixed

point, that is, there exists a unique (u,v) € X x X such that
u=gu=F(u,v) and v=gv=F(,u).

Proof. From Theorem 5.3.3.1, the set of coupled coincidence points of F' and g is
nonempty. Suppose (z,y) and (z*,y*) are coupled coincidence points of F', that is,
gr = F(z,y), gy = F(y,z), gz* = F(z*,y*) and gy* = F(y*,z*). We will prove
that

gr =gr* and gy = gy*. (5.3.59)

By assumption, there exists (u,v) € X x X such that
(F'(u,v), F(v,u)) < (F(z,y), F(y, r))

and

(F(u, ), Fv,u)) =< (F(2*,y7), F(y", z7))
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Put wy = u, vg = v, and choose uj,v; € X so that gu; = F(ug,v) and gv; =
F(vg,up). Then, similarly as in the proof of Theorem, we can inductively define

sequences {gu,}, {gv,} with
U1 = F(up,v,) and  gu,iq = F(vp, uy)

for all n. Further, set o =z, yo = y, x{ = 2%, y; = y* and, in a similar way, define

the sequences {gz,}, {gy.} and {gx’}, {gy;}. Then it is easy to show that

9z, — F(z,y), gyn — F(y, )

and

gry, — F(z*,y"), gy, — F(y",z")

as n — o0.

Since

(g7, 9y) = (g1, 991) = (F(2,9), F(y,2)) < (F(u,v), F(v,u)) = (gu1, gv1),

we have gr < gu; and gy =< gv;. It is easy to show that, similarly,

(g2, gy) =< (gun, gvn),

for all n > 1, that is, gx < gu,, and gy =< gv, for all n > 1. Thus from (5.3.47), we

have

d(gun1, g) = d(F (un, vn), F(2,y))
<p a1d(gun, gz) + azd(F(un, vp), gun) + azd(gon, gy)
+ agd(F(z,y), gx) + asd(F (un, vy), gz) + agd(F(x,y), gu,)
= a1d(guy, gz) + asd(guni1, guy) + azd(gon, gy)
+ agd(gz, gr) + asd(gun i1, 9) + agd(gz, gun)
<p ard(gun, g) + azld(gun 41, g7) + d(gz, gun)| + asd(gon, gy)

+ a5d(gun+1: gl’) + aﬁd(gx> gun)a

that is,

(1 — Q2 — a5)d(gun+1, 990) <p (Cll +as + a6)d(gum gm) + agd(gvn, gy).
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In the same way, starting from d(gv,.1,gy), we can show that

(1 —ay — a5)d(guns1, 9y) <p (a1 + az + ag)d(gun, gy) + asd(gun, gx).

Thus

(1—az—as)[d(gunt1, 97) +d(gVnt1, 9y)] <p (a1+a2+az+ag)[d(guy,, gx)+d(gun, gy)]
(5.3.60)

In a similar way, starting from d(gz, gu, 1), resp. d(gy, gv,+1), and adding up the

obtained inequalities, one gets that

(1=as—ag)[d(g2, guni1)+d(gy, guni1)] <p (a1 +az+astas)|d(gz, gun)+d(gy, gua)l.
(5.3.61)
Finally, adding up (5.3.60) and (5.3.61), we obtain that

d(Gguni1, 97) + d(gunit, gy) <p Nd(gun, gz) + d(gvn, gy)], (5.3.62)

where A is determined as in (5.3.54), and hence 0 < X < 1.

By inequality (5.3.62) n time, we have

d(gun, gz) + d(gvn, gy) <p Nd(gun—1,92) + d(gva_1, 9y)]

<p N[d(gun—s, gz) + d(gun—2, gy)]

<p A"[d(guo, gx) + d(gvo, gy)]
It follows from A\"[d(gug, gx) + d(gvo, gy)] — O as n — oo that
d(guTm gl’) + d(gUn, gy) << c

for all ¢ € int (P) and large n. Since

0r <p d(gun, 9x) <p d(gun, gx) + d(gv., gy),

it follows by (p3) that d(gu,, gr) < c for large n and so gu,, —> gxr when n — 0.
Similarly, gv, — gy when n — o0. By the same procedure one can show that
gu, — gx* and gv, — gy* as n — oo. By the uniqueness of the limit, we get
gr = gx* and gy = gy*, i.e., (5.3.59) is proved. Therefore, (gz,gy) is the unique

coupled point of coincidence of F' and g.
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Note that if (g, gy) is a coupled point of coincidence of F' and g, then (gy, gz)
is also a coupled points of coincidence of F' and g¢g. Then gxr = gy and therefore
(g, gzx) is the unique coupled point of coincidence of F' and g.

Next, we show that F' and g have a common coupled fixed point. Let u := gx.

Then we have u = gz = F(x,z). Sine I’ and g are w*-compatible, we have
gu = ggr = gF (v, x) = F(gz, gr) = F(u, u).

Thus (gu, gu) is a coupled point of coincidence of F' and g. By the uniqueness of a
coupled point of coincidence of F' and g, we get gu = gx. Therefore u = gu = F(u, u)
that is (@, ) is a common coupled fixed point of F' and g.

Finally, we show that the uniqueness of a common coupled fixed point of F' and

g. Let (u,u) € X x X is a another common coupled fixed point of F' and g. So

u=gu= F(u,u).

Then (gu, gu) and (gu, gu) are two common coupled points of coincidence of F' and
g and, as was previously proved, it must be gu = gu, and so © = gu = gu = u. This

complete the prove. O

Example 18. Let X = R be ordered by the following relation
Ty = T2y
Let E = Cj[0,1] with || f]| = | fllec + ||/']|cc for all f € E and
P={fekFE:f(t)>0fortel01]}.

It is well known that the cone P is not normal. Let

d(r,y) = |z —yly

for all z,y € X, for a fixed ¢ € P (e.g., p(t) = €' for t € [0,1]). Then (X,d) is a
complete ordered cone metric space over a nonnormal solid cone.

Let g: X — X and F : X x X — X be defined by

2 2 | 2
gac:% and F(x,y):x ;—y.

Consider y; = 2 and y, = 1, we have for x = 3, we get y; =2 <1 =y but

13 10
F(z,y1) = 3 = 3= F(z,y,).
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So the mapping F' does not satisfy the mixed g-monotone property. Therefore,
Theorem of Nashine et al.cannot be used to reach this conclusion.

Now, we show that Theorem can be used for this case.

Take a; = a3 = }l and ay = a4y = a5 = ag = 0. We will check that condition

(5.3.47) in Theorem is holds.
For z,y,u,v € X satisfying gu < gx and gv < gy, we have

ZL‘2+y2 U2+1)2

d(F(z,y), F(u,v)) =

8 8
< 1]a?  u? +1 Y v?
=P 412 T 12 " 2|¥
1
= —d(gaz gu) + ~d(gy, gv)

* 1
= ad(gx, gu) + azd(gy, gv).

Next, we show that F' and g are w*-compatible. We note that if gx = F(x, )

then we get only one case is z = 0 and hence
gF (z,2) = gF(0,0) = g0 = 0 = F(0,0) = F(g0,90) = F(gz, gx).

Therefore, F' and ¢ are w*-compatible.
Moreover, others condition in Theorem 5.3.3.8 are also satisfied. Now, we can
apply Theorems 5.3.3.8 to conclude that the existence of unique common coupled

fixed point of F' and ¢ that is a point (0,0).

Theorem 5.3.3.9. In addition to the hypotheses of Theorem 5.3.3.8, suppose that
for every (x,y), (z*,y*) € X x X there exists (u,v) € X x X such that

(F(u,v), Fv,u)) = (F(z,y), F(y, z))

and
(F(u,v), F(v,u)) < (F(z",y"), F(y", 2")).

If F and g are w*-compatible, then F' and g have a unique coupled common fized

point, that is, there exists a unique (u,v) € X X X such that
u=gu=F(u,0) and ©v=gv=F(v,u).

5.3.4 On P-contractions in ordered metric space
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Theorem 5.3.4.1. Let (X,C,d) be a complete partially ordered metric space and
f: X — X be a continuous and nondecreasing P-contraction of type (A) w.r.t. C.
If there exists xo € X with xo T fxo, then {f "z}t converges to a fived point of
fin X.

Proof For the existence of the fixed point, we choose xy € X such that xqg C fx,.
If fxg = xg, then the proof is finished. Suppose that fzy # xo. We define a sequence
{z,}2] such that x,, = f"xy. Since o C fry and f is nondecreasing w.r.t. C, we
obtain

ZEOE.Z'lEJ}QI:---EZL‘

L Lx, Loeee

If there exists ng € N such that o(x,,, Tny+1) = d(Tpgy, Tnet1), then by the notion
of P-contractivity, the proof is finished. Therefore, we assume that o(z,,zn11) <
d(xy, xneq) for all n € N. Also, assume that o(z,, z,41) # 0 for all n € N, otherwise
we can find nyg € N with z,,, = ©,,41, that is z,,, = fz,, and the proof is finished.
Hence, we consider only in the case of which 0 < o(zp, Zpi1) < d(xp, Tnqq) for all
n € N.

Since z,, C x,,1 for all n € N, we have

d(xn; xn—i—l) = d(fxn—17 fxn)

d(xn—la xn) - Q(xn—lv xn)

IN

S d(xnfla xn)

for all n € N. Therefore, we have {d(x,,, z,+1)}.1>] nonincreasing. Since {d(z,,, Tn41)},3
is bounded, there exists [ > 0 such that lim,,_, ., d(z,, z,+1) = l. Thus, there exists
q > 0 such that lim,,_, o o(zp, Tni1) = q.

Assume that [ > 0. Then, by the P-contractivity of f, we have

[ <l—q.
Hence ¢ = 0, which implies that [ = 0, a contradiction. Therefore, we have

lim d(x,,2,1) =0. (5.3.63)

n—-+o0o

Now we show that {z,}!>] is a Cauchy sequence in X. Assume the contrary.

Then, there exists ¢y > 0 for which we can define subsequences {z,, }/°; and
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{@p, 129 of {,}12] such that ny is minimal in the sense that ny > my > k and

d(zp,,, Tn,) > €. Therefore, d(x,,, , Tn,—1) < €. Observe that

e < d(Tm,,Tn,)
S d(l’mk ’ znk—l) + d(xnk—la xnk)
< €+ d(xp,_1,Tn,).

Letting k — +o00, we obtain €y < limy_ oo d(Tm, , Tn, ) < €0 and so that

lim d(zpm,,Zn,) = €. (5.3.64)

k—+oco

By the two following inequalities:
d(xmk7 [Enk) S d(xmk7 Imk_1> + d<$mk—17 xnk—l) + d(xnk—h xnk)

and

d(xmk—la Ink—l) S d(xmk—la CEmk) + d(flfmk, :L‘nk) + d(xnka wnk—l)a

we can apply (5.3.63) and (5.3.64) to obtain

lim d(ﬂfmkfl,ﬂfnkfl) = €p- (5365)

k—+4o00

Furthermore, we deduce that the limit limy oo 0(%pm; —1,Zn,—1) also exists. Now,

by the P-contractivity, we have

d(‘rmku Ink) S d(xmk—la Ink—1> - Q(xmk—l7xnk—1)~

From (5.3.64) and (5.3.65), we may find that

0 S - hm Q(xmk—Iank—1)7
k—+o0

which further implies that limy_, o 0(Zm,—1, Tn,—1) = 0. Notice that z,,,, 1 C ,, 1

at each k € N. Consequently, we obtain that limy_, ;o d(2m,—1,Zn,—1) = 0, which

—+00

is a contradiction. So, {x,}

is a Cauchy sequence. Since X is complete, there
exists x* such that x,, = f"xy — 2* as n — 4o00. Finally the continuity of f and
ffrag = f* oy — 2* imply that fo* = a*. Therefore, z* is a fixed point of f. [

Next, we drop the continuity of f in the Theorem 5.3.4.1, and find out that we

can still guarantee a fixed point if we strengthen the condition of a partially ordered

set to a sequentially ordered set.
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Theorem 5.3.4.2. Let (X,C,d) be a complete sequentially ordered metric space
and f : X — X be a nondecreasing P-contraction of type (A) w.r.t. T. If there

exists xg € X with xo C fxo, then {1} 2 converges to a fived point of f in X.

Proof If we take z,, = f"z( in the proof of Theorem 5.3.4.1, then we conclude
that {z,}> converges to a point z* in X.

Next, we prove that x* is a fixed point of f in X. Indeed, suppose that z* is not
a fixed point of f, i.e., d(z*, fx*) # 0. Since x* is comparable with x,, for all n € N|

we have

d(z*, fx*)

IN

d(z”, fr) + d(fz", fa,)

d(z*, fr,) +d(a*, 2,) — o(z*, z,)
(
(

IN

IA

d(z*, fa,) + d(z*, z,)

= d(z", zpy1) +d(x", xy)

for all n € N. By the definition of a convergent sequence, we have for any € > 0,
there exists N € N such that d(z,,2*) < § for all n € N with n > N. Therefore, we

have

d(z*, fo*) < <4

€
2

N

< €.

As easily seen, d(x*, fr*) is less than any nonnegative real number, so d(z*, fx*) = 0,

which is a contradiction. Hence, z* is a fixed point of f. n

Corollary 5.3.4.3. Let (X,C,d) be a complete totally ordered metric space and
f X — X be a nondecreasing P-contraction of type (A) w.r.t. C. If there exists

xo € X with xg C fxg, then {f"xo}12 converges to a unique fived point of f in X.

Proof Take z, = f"x( as in the proof of Theorem 5.3.4.1. Since the total ordering

implies the partial ordering, we conclude that {z,}>] converges to a fixed point.
Next, we show that the fixed point of f is unique. Assume that v and v are two

distinct fixed points of f, i.e., d(u,v) # 0. Since X is totally ordered, u and v are

comparable. Thus, we have

d(u,v) = d(fu, fv)
< d(u,v) — o(u,v), (5.3.66)
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which is a contradiction. Therefore, u = v and the fixed point of f is unique. O
We can still guarantee the uniqueness of a fixed point by weaken the total or-

dering condition as stated and proved in the next theorem.

Theorem 5.3.4.4. Let (X,C,d) be a complete partially ordered metric space and
f: X — X be a continuous and nondecreasing P-contraction of type (A) w.r.t. C.
Suppose that for each x,y € X, there exists w € X which is comparable to both x
and y. If there exists xo € X with xg T fxg, then {f"xo},> converges to a unique

fized point of f in X.

Proof If we take z,, = f"z( in the proof of Theorem 5.3.4.1, then we conclude
that x,, converges to a fixed point of f in X.

Next, we show that the fixed point of f is unique. Assume that u and v be
two distinct fixed points of f, i.e., d(u,v) # 0. We will prove this part by showing
that the sequence {w,}'> given by w, = f™w converges to both u and v. Since
u,v € X, there exists w € X such that w is comparable to both v and v. Therefore,

we have

du, frw) < d(u, £ w) = ofu, 7 w)

< d(u, f"'w). (5.3.67)

If we define a sequence y,, = d(u, f"w) and z, = o(u, f"w), we may obtain from
(5.3.67) that {y,}.t> is nonincreasing and there exists [, ¢ > 0 such that lim,, ,, o ¥, =
[ and lim,,_, o 2, = q.

Assume that [ > 0. Then by the P-contractivity of f, we have
l S l— q,

which is a contradiction. Hence, lim, , .y, = 0. In the same way, we can also
show that lim, .. d(v, f"w) = 0. That is, {w,}>] converges to both u and v.
Since the limit of a convergent sequence in a metric space is unique, we conclude

that u = v. Hence, this yields the uniqueness of the fixed point. O

Theorem 5.3.4.5. Let (X,C,d) be a complete sequentially ordered metric space
and f : X — X be a nondecreasing P-contraction of type (A) w.r.t. . Suppose
that for each x,y € X, there exists w € X which is comparable to both x and y. If
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there exists xg € X with 2y C fxg, then {f"xo} > converges to a unique fized point

n=1
of finX.

Proof If we take z, = f"xy in the proof of Theorem 5.3.4.1, then we conclude
that x,, converges to a fixed point of f in X. The rest of the proof is similar to the
proof of Theorem 5.3.4.4. O

In this section, we drop the monotonicity conditions of f and finds out that we

still can apply our results to confirm the existence and uniqueness of fixed point of
f.

Theorem 5.3.4.6. Let (X,C,d) be a complete partially ordered metric space and
f X — X be a continuous P-contraction of type (A) w.r.t. T such that the
comparability of x,y € X implies the comparability of fx, fy € fX. If there exists
zg € X such that xo and fzy are comparable, then { "z}t converges to a fized

point of f in X.

Proof For the existence of the fixed point, we choose zy € X such that z¢ and fz
are comparable. If fzy = x¢, then the proof is finished. Suppose that fxg # xo. We
define a sequence {z,},> such that z, = f"zy. Since zy and fzy are comparable,
we have x,, and x,,; comparable for all n € N.

If there exists ng € N such that o(x,,, Tny+1) = d(Zngy, Tng+1), then by the notion
of P-contractivity, the proof is finished. Therefore, we assume that o(z,,Tp1) <
d(xp, xpeq) for all n € N. Also, assume that o(z,, z,41) # 0 for all n € N, otherwise
we can find ny € N with z,,, = z,,41, that is z,,, = fx,, and the proof is finished.
Hence, we consider only in the case of which 0 < o(z,, Tni1) < d(xy,, Tpe1) for all

n € N.

Since x,, and x,,1 are comparable for all n € N, we have

d(l’n, l’n+1) = d(f$n—17 fl'n)

d(l'n—la xn) - Q(:En—la xn)

IN

S d(xn—la In)

for all n € N. Therefore, we have {d(z,,, ,,11) };12] nonincreasing. Since {d(x,, xn1)}25
is bounded, there exists [ > 0 such that lim,,_, o d(x,, ,+1) = [. Thus, there exists

q > 0 such that lim, , o(Tn, Tni1) = q.
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Assume that [ > 0. Then, by the P-contractivity of f, we have
[ <l—q.

Hence ¢ = 0, which implies that = 0, a contradiction. Hence, lim,, o d(x,, Tys1) =

0.

Now we show that {z,}1>] is a Cauchy sequence in X. Assume the contrary.
Then, there exists ¢y > 0 for which we can define subsequences {z,, }/°; and
{@n, 129 of {z,}/2] such that ny is minimal in the sense that ny > my > k and

d(zpm,,, Tn,) > €. Therefore, d(x,,, , Tn, 1) < €. Observe that

€0 S d<$mk7~rnk)
S d<xmk ) xnkfl) + d(xnkflv xnk)
< €+ d(.%nk,l, $nk)

Letting k — +o00, we obtain €y < limy_, oo d(Tm, , Tn, ) < € and so that

lim d(zp,,Zn,) = €o. (5.3.68)

k—+o0

By the two following inequalities:
d(xmm ‘r”k) < d(xmm xmk—l) + d<xmk_17 ‘Tnk—l) + d(xnk_17 xnk)

and

d(zmk—la znk—l) S d(xmk—la CUmk) + d(flfmk, :L‘nk) + d(wnka xnk—l)a

we can apply the fact that lim,, ., d(z,, z,+1) = 0 and (5.3.68) to obtain

lim d(zpm,—1, Tn,—1) = €0 (5.3.69)

k—+4o00

Furthermore, we deduce that the limit limy oo 0(%pm, —1,%n,—1) also exists. Now,

by the P-contractivity, we have
d(l‘mka :L‘nk) S d(l‘mk—la xnk—l) - Q(xmk—bxnk—l)-
From (5.3.68) and (5.3.69), we may find that

0<— kgrfoo O(Trmp—1, Trp—1),
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which further implies that limy_, o 0(Zym,—1, Zn,—1) = 0. Notice that z,,, 1 T z,,, 4
at each k € N. Consequently, we obtain that limy_, ;o d(Zm,—1,Zn,—1) = 0, which
is a contradiction. So, {x,} is a Cauchy sequence. Since X is complete, there
exists x* such that x,, = f"xqg — x* as n — +oo. Finally the continuity of f and
ffrag = f"ag — 2* imply that fo* = a*. Therefore, z* is a fixed point of f. O

Further results can be proved using the same plots of the earlier theorems in this

paper, so we are omitting them.

Theorem 5.3.4.7. Let (X,C,d) be a complete sequentially ordered metric space
and f: X — X be a P-contraction of type (A) w.r.t. T such that the comparability
of x,y € X implies the comparability of fx, fy € fX. If there exists g € X such
that xo and fxo are comparable, then {f"xo} 2] converges to a fized point of f in

X.

Corollary 5.3.4.8. Let (X,C,d) be a complete totally ordered metric space with
and f: X — X be a P-contraction of type (A) w.r.t. T such that the comparability

of x,y € X implies the comparability of fx, fy € fX. If there exists o € X such

“+oo

that o and fxo are comparable, then {f"xo}, 2

fin X.

converges to a unique fized point of

Theorem 5.3.4.9. Let (X,C,d) be a complete partially ordered metric space and
f X — X be a continuous P-contraction of type (A) w.r.t. T such that the
comparability of x,y € X implies the comparability of fx, fy € fX. Suppose that
each x,y € X, there exists w € X which is comparable to both x and y. If there
exists Tg € X such that xo and fxo are comparable, then {f"zo}:> converges to a

unique fized point of f in X.

Theorem 5.3.4.10. Let (X,C,d) be a complete sequentially ordered metric space
and f: X — X be a P-contraction of type (A) w.r.t. T such that the comparability
of x,y € X implies the comparability of fx, fy € fX. Suppose that each x,y € X,
there ezists w € X which is comparable to both x and y. If there exists vy € X such

that zo and fxo are comparable, then { frxo},:> converges to a unique fized point of

fin X.

We give an example to ensure the applicability of our theorems.
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Example 19. Let X = [0,1] x [0,1] and suppose that we write z = (x1,22) and

y = (y1,y2) for x,y € X.
Define d,p: X x X — R by

0 ifx =y,
d(z,y) = .
2max{z; + y1,x2 + y2} otherwise
and
0 ifx =y,
o(z,y) =

max{x1, T2 + Y2} otherwise .
Let C be an ordering in X such that for x,y € X, x C y if and only if z; = y; and
29 < yo. Then, (X,C,d) is a partially ordered metric space with ¢ as a P-function
of type (A) w.r.t. Cin X.

Now, let f be a self mapping on X defined by fx = f((x1,22)) = (0, %§> for all
x € X. It is obvious that f is continuous and nondecreasing w.r.t. C.

Let z,y € X be comparable w.r.t C. If x = y, then they clearly satisfy the
inequality. On another hand, if z # y, we have

d(fz, fy) = d(f((z1,22)), f((y1,32)))

N
= d((()? ?)7 (07 E))

22yl
= 2 0.2 422
max{,2+2}

= 23+

IN

T2 + Y2

IN

max{2z1, 2 + Y2}

2max{2xy, Ty + Yo} — max{2xy, o + Yo}

IN

2max{2ry, Ty + Yo} — max{zy, 2 + yo}
= d(z,y) — o(z,y).

Therefore, the inequality is satisfied for every comparable z,y € X. So, f is a
continuous and nondecreasing P-contraction of type (A) w.r.t. . Let zy = (0,0),
so we have zyp C fxy. Now, applying Theorem 5.3.4.1, we conclude that f has a
fixed point in X which is the point (0, 0).

5.3.5 Existence and uniqueness of best proximity points for generalized

almost contractions
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In this section, we introduce the new class of the generalized Banach contraction
for non-self mappings so called generalized almost (¢, #), contraction and we also
sutdy the best proximity theorems for this classes. First, we recall the notion of

(p,0) contraction defined by Samet [33] as follow:

Definition 5.3.5.1. ([31]) Let A and B be nonempty subsets of metric space X.
A mapping T : A — B is said to be a almost (¢, 0) contraction if and only if there
exist ¢ € U and 0 € © such that, for all z,y € A,

d(Tz, Ty) < o(d(z,y)) +0(d(y, Tz) — d(A, B),d(z, Ty) — d(A, B),

(5.3.70)
d(x,Tz) —d(A, B),d(y, Ty) — d(A, B)),

The existence

Definition 5.3.5.2. Let A and B be nonempty subsets of metric space X. A
mapping 7 : A — B is said to be a generalized almost (p,0), contraction if and

only if

alx,y)d(Tz, Ty) < go(M(a:, y)) +0(d(y, Tz) — d(A, B),d(z, Ty) — d(A, B),

d(x,Tz) — d(A, B),d(y, Ty) — d(A, B)),
(5.3.71)

for all z,y € A, where «: A x A — [0,00), p € ¥ 0 € O and

M(z,y) = max{d(z,y),d(x,Tz)—d(A, B),d(y, Ty) — d(A, B),
Yd(w, Ty) + d(y, Tw)] — d(A, B)}.

Clearly, if we take a(z,y) = 1 for all z,y € A and M(z,y) = d(z,y), the

generalized almost (i, 6), contraction reduce to almost (p, ) contraction.

Theorem 5.3.5.3. Let A and B be nonempty closed subsets of a complete metric
space X such that Ay is nonempty and the pair (A, B) has the P— property. Let
T : A — B satisfy the following conditions:

(a) T are a-proximal admissible and generalized almost (¢, 6),— contraction;

(b) T is continuous;

(c) there ezist element xo and xy in Ay such that d(xy,Txz¢) = d(A, B) and
alxg,z1) > 1;

(d) T(Ao) € By.
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Then there exists an element x € A such that
d(xz,Tx) =d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by
d(xpi1, Txy,) = d(A, B),
converges to the element x.
Proof. By the hypothesis (c), there exist xy and x; in Ap such that
d(x1,Tzo) =d(A,B) and «a(xg,z1) > 1. (5.3.72)
From the fact that T'(Ag) C By, there exists an element x5 € Ay such that
d(zq, Tx1) = d(A, B). (5.3.73)
By (5.3.72), (5.3.73) and the a-proximal admissible, we get
axy, z9) > 1.
Since T'(Ag) C By, we can find an element x3 € Ag such that
d(xs,Txy) = d(A, B). (5.3.74)
Again, by (5.3.73), (5.3.74) and the a-proximal admissible, we have
a(xg,x3) >1

By similar fashion, we can find x, in Ay. Having chosen x,,, one can determine

an element x, .1 € Ag such that
d(zpi1, Tx,) = d(A,B) and oz, Tpi1) > 1. (5.3.75)

In view the facts that, the pair (A, B) has P— property and generalized almost
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(¢, 0)o—contraction of 7', we have

d(l’l,l’2> d(TI(),TZE'I)
a(xg, x1)d(Txo, T'xq)
(M (20, 21))
+0(d(z1, Txo) — d(A, B),d(zo, Tx1) — d(A, B),
d(on, TZL‘()) — d(A, B), d(l’l, TZEl) — d(A, B))
= @(M(zo,71))
+0(0, d(xo, Tx1) — d(A, B),d(xo, Txg) — d(A, B),d(x1,Tz1) — d(A, B))

= p(M(zo, 1))

IA

IN

(5.3.76)

Since

M (zg, 1) = max{d(zg,x1),d(xo, Txo) — d(A, B),d(z1,Tx1) — d(A, B),
tld(zo, Tx1) + d(z1, Txo)] — d(A, B)}

max{d(xg, z1),d(xo, x1) + d(z1, Txo) — d(A, B),d(z1, x2)
+d(x2, Tx1) — d(A, B), 3[d(wo, 1) + d(x1, 22) + d(x2, T1)
+d(A, B)] — d(A, B)}

IN

sld(zo, x1) + d(21, 22)
+d(A, B) + d(A, B)] - d(A, B)}
Ld(wo, 21) + d(w1, 22)]}

= max{d(xg,z1),d(x1,x2),

= max{d(xo, z1),d(x1,x2),

= max{d(xo,z1),d(x1,22)}.
(5.3.77)

By (5.3.76) and (5.3.77), we get
d(xq1,29) < p(max{d(zg,x1),d(x1,22)}). (5.3.78)

If there exist ng € NU {0} such that z,,41 = z,,, by (5.3.75) we obtain the best
proximity point. Suppose that z, 1 # z, for all n € NU {0}, then d(z,, z,1) > 0
for all n € NU{0}. If max{d(zo, z1), d(z1,22)} = d(z1, z2), by the property ¢(t) < t

for all t > 0, we get
d(x1,22) < @(max{d(zg,z1),d(x1,22)}) < d(x1,x2)
which is a contradiction and hence max{d(zo, 1), d(z1,x2)} = d(zo,x1). That is

d(z1, ) < p(d(xo, 1)). (5.3.79)
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Again, since the pair (A, B) has P— property, a-proximal admissible and generalized

almost (¢, #),—contraction of 7', we have

d(w2, 3)

and since
M(iﬁ, 952) =
<

IN

IN

d(Txy, Txy)
alxy, x9)d(Txy, Txs)
p(M(z1,72))
+0(d(xe, Tx1) — d(A, B),d(z1,Txy) — d(A, B),
d(zy,Txy) — d(A, B),d(ze, Tzs) — d(A, B)) (5.3.80)

O(M (21, 22))
+60(0,d(x1, Txs) — d(A, B),d(xy,Txq) — d(A, B),
d(l’z, TI‘Q) — d(A, B))

‘P(M(xl?-Tz))

max{d(zy,xs),d(x1, Tx1) — d(A, B),d(xe, Txs) — d(A, B),
sld(z1, Txs) + d(zs, T1)) — d(A, B)}
max{d(z1,z2),d(x1,x2) + d(x2, Tx1) — d(A, B),
d(xo,x3) + d(x3, Txs) — d(A, B), %[d(zl, x9) + d(xe, x3) + d(z3, T'xo)
+d(A, B)] —d(A, B)}
max{d(xy,z3), d(xq, x3), %[d(xl, x9) + d(x9,x3) + d(A, B) + d(A, B)]
—d(A, B)}
max{d(z1,z3), d(xs, x3), %[d(xl, x) + d(x9,x3)]}
max{d(xy, ), d(xs, x3)}.

(5.3.81)

By (5.3.76) and (5.3.77), we get

d(xg,x3) < p(max{d(z,x3),d(x2,23)}). (5.3.82)

By similar argument as above, we can conclude that, max{d(xy, z3),d(xe,x3)} =

d(x1,x9) and thus

d(xe,x3) < o(d(z1,29)). (5.3.83)

Using (5.3.79) and (5.3.83) and the nondecreasing of ¢, we get

d(xq, 23) < ©*(d(x0,21)).
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Continuing this process, by induction we have that
(T, Tps1) < @"(d(x0, 1)) (5.3.84)

for all n € NU{0}. Fix ¢ > 0 and let h = h(e) be a positive integer such that

Z ©"(d(xo, 1)) < €. (5.3.85)

n>h

Let m > n > h, using the triangular inequality, (5.3.84) and (5.3.85), we obtain

m

—1 m—
d($n>$m) < d Zl?k7$k+1 E ﬂio,fﬂl < E 80 3507551 <E.
k=n k=n n>h

This show that {z,} is a Cauchy sequence. Since A is a closed subset of complete
metric spaces X, then there exists z € A such that

lim d(z,,z) =0. (5.3.86)

n—o0

By (5.3.75), (5.3.86) and the continuity of T', we get

d(z,Tx) = lim d(xy41,T2,) = d(A, B)

n—oo

and the proof is completes.

Next, we remove condition 7" is continuous in Theorem 5.3.5.3, by assuming the
following condition which was defined by Jleli et al. [32] for proving the new best
proximity point theorem.

(H) : If {x,} is a sequence in A such that a(z,,x,.1) > 1 for all n and z,, — =
for some z € A as n — oo, then there exists a subsequence {xz,, } of {x,} such that

a(xy,,z) > 1 for all k

Theorem 5.3.5.4. Let A and B be nonempty closed subsets of a complete metric
space X such that Ay is nonempty and the pair (A, B) has the P— property. Let
T : A — B satisfy the following conditions:

(a) T are a-proximal admissible and generalized almost (p, 0),— contraction

(b) A satisfies condition (H)

(c) there exist element xy and x1 in Ay such that d(xi,Txg) = d(A, B) and

af(wo, 21)) 2 1;
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(d) T(Ap) C By.
Then there exists an element x € A such that
d(z,Tz) = d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by
d(xpi1, Tx,) = d(A, B),
converges to the element x.

Proof. As in the proof of Theorem 5.3.5.3, we have
d(xps1, Txy,) = d(A, B)

for all n > 0 . Moreover, {z,} is a Cauchy sequence and converges to some point

xr € A. By the P— property and (5.3.84), we have
d(Txp—1,Tx,) = d(zp, Tpi1) < @"(d(z0, 1)) (5.3.87)

for all n € NU {0}. That is lim,, o d(Tz,_1,Tx,) = 0 and by the same argument
as proof of Theorem 5.3.5.3, we obtain that {T'z,} is a Cauchy sequence. Since B
is a closed subset of the complete metric space (X, d), there exists x, € B such that

Tz, converges to x,. Therefore
d(z,z,) = lim d(x,41,Tx,) = d(A, B) (5.3.88)
n—oo

On the other hand, from the condition (H) of T, then there exists a subsequence
{zy, } of {z,} such that a(z,,,z) > 1 for all k. the pair (A, B) has P— property

and property of mapping T, we get

d(zp,41,2) = d(Tx,,,Tx)

a(xn,, z)d(Tz,, , Tx)

o(M(xp,,x)) (5.3.89)
+0(d(zy,, Tx) — d(A, B),d(x, Tx,,) — d(A, B),
d(z,Tx) —d(A, B),d(xy,, Tx,, ) — d(A, B))

IN

VAN
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Indeed,

Mz, ,x) = max{d(z,,,x),dx,,, Tz, )—d(A,B),d(z,Tx) — d(A, B),
Hd(zp,, Tx) + d(z, Tx,,)] — d(A, B)}
max{d(z,,,x), d(n,, Tn,+1) + Ad(Tn, 11, TTn, ) — d(A, B),d(x, Tx)
—d(A, B), 3[d(xn,, x) + d(z, Tx) + d(@, 2ny41) + d(Tpys1, T20,)]
—d(A, B)}
max{d(z,,,x), d(n,, Tn,+1),d(z, Tx) — d(A, B),
td(zp,, x) + d(z, Tx) 4+ d(z, T4 11) + d(A, B)) — d(A, B)}

IN

IN

= M(xp,, ).
(5.3.90)
From the definition of M(x,, ,x), we get
limy 0o M(2p,,x) =d(z,Tz) — d(A, B). (5.3.91)

Since
d(z,Tx) < d(x,zn+1)+ d(@p,41,Txn,) + d(T2,,,TT)

< d(z,zp,+1) + d(A,B) + d(Tz,,, Tx)
it follows that

d(z,Tx) —d(x,xp,+1) — d(A, B)

IA

d(Txy,,Tx)

a(xn,, x)d(Tz,,, Tx)

(M (zn,,, x))
+0(d(zy,, Tx) — d(A, B),d(x, Txy,) — d(A, B),
d(z,Tx) —d(A, B),d(x,,, Tx,,) — d(A, B))

< p(M(zn,, 2))

+0(d(zy,, Tx) — d(A, B),d(x, Txy, ) — d(A, B),

d(z,Tx) —d(A, B),d(x,,, Tx,,) — d(A, B))
(5.3.92)

IN

IA

Suppose that,
d(z,Tx) —d(A, B) > 0,

then for k large enough, we have M(x,,,x) > 0. Using the property ¢(t) < t for all
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t>0, we get

d(z,Tz) — d(x,xp, 1) —d(A, B) < Mz, x)
+0(d(zp,, Tx) —d(A, B),d(x, Tz, ) — d(A, B),

d(z,Tx) —d(A, B),d(x,,, Tx,,) — d(A, B))
(5.3.93)

Combining (5.3.88), (5.3.91) with (5.3.93) and the proprety of 6, we obtain that

d(z,Tx) —d(A,B) = limgyeod(z,Tz) —d(z,2n,+1) — d(A, B)
< limgyoo M(2p, , )
+limy o O(d(zp,, Tx) — d(A, B),d(x, Tx,,) —d(A, B),
d(z,Tx) —d(A, B),d(x,,, Tx,,) — d(A, B))
= limy_yoo M(2y,, )

= d(z,Tz) — d(A, B)

which is a contradiction and thus d(z, T'z) —d(A, B) = 0. Hence, d(z, T'z) = d(A, B)
and the proof is complete. O]

The uniqueness Next, we present an example where it can be appreciated that
hypotheses in Theorems 5.3.5.3 and 5.3.5.4 do not guarantee uniqueness of the best

proximity point.
Example 20. Let X = R? with the Euclidean metric. Consider A := {(2,0), (0,2)}

and B := {(—2,0), (0, —2) }. Obviously, (A,B) satisfies the P-property and d(A, B) =
2v/2, furthermore Ay = A and By = B. Define T': A — B by T(x,y) = (£, =£) for

272
all z,y € A, clearly T is continuous. Let ov: A x A — [0, 00) define by
2 T =y,
alz,y) = ) (5.3.94)
5 T #y

We can show that T" are a-proximal admissible and generalized almost (¢, #),—contraction

with p(t) =t/2 for all t > 0 and for all §# € ©. Furthermore,
d((2,0),T(2,0)) = d((2,0), (0, —2)) = d((0,2), (—=2,0)) = d((0,2),T(0,2)) = d(A, B) = 2V/2.

Therefore, (2,0) and (0,2) are a best proximity point of mapping 7,

Now, we need a sufficient condition for give uniqueness of the best proximity

point as follows :
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Definition 5.3.5.5. ([32]) Let T': A — B be a non-self mapping and o : A x A —
[0,00). We say that T is (a,d)—regular if for all (z,y) € a~'([0,1)), there exists
z € Ap such that

a((z,z)) >1 and a(y,z) > 1.

Theorem 5.3.5.6. Adding condition («, d)—reqular of T to the hypotheses of The-

orem 5.3.5.3, then we obtain the uniqueness of the best proximity point of T'.

Proof. We shall only proof the part of uniqueness. Suppose that there exist x and

x* in A which are distinct best proximity points, that is
d(x,Tz) =d(A,B) and d(z*,Tx*)=d(A,B).
Using the pair (A, B) has P— property, we have
d(xz,z*) =d(Tx,Tx"). (5.3.95)

Case I If a(z,2*) > 1. By (5.3.95) and generalized almost (¢, §),—contraction of

T, we have
d(z,2*) = d(Tz,Tz*)
< a(z,2)d(Tz, Tz*)
< p(M(z,27))
10(d(z*, Tx) — d(A, B), d(z, Ta*) — d(A, B), (5.3.90
d(z,Tz) — d(A, B),d(a*, Ta*) — d(A, B))
= @(M(z,z"))
+0(d(2*, Ta) — d(A, B), d(z, Tz*) — d(A, B),0,0)
= p(M(z,z"))
and since

M(z,z*) = max{d(z,z*),d(x,Tx) —d(A, B),d(z*,Tx*) — d(A, B),
tld(z, Ta*) 4+ d(z*,Tx)] — d(A, B)}

0,0, 3[d(z, Tz*) + d(z*, Tz)] — d(A, B)}

[d(z,z*) + d(z*, Tx*) + d(z*,z) + d(z, Tx)] — d(A, B)}

[d(z, %) + d(z*, z)[}

= max{d(z,z"),
< max{d(z,z*), 5
= max{d(z,z"), }
= d(z,2).
(5.3.97)



126

Combining (5.3.96) with (5.3.97) and using the property ¢(t) < t for all t > 0, we
get
d(w,2%) < p(M(x,27)) = p(d(z,2%)) < d(z,27)

which is a contradiction and hence x = z*.

Case II If a(x,z*) < 1. By the (a, d)—regular of T, there exists z € Ay such that
al(z,z))>1 and a(z*,z) > 1.
Since T'(Ag) C By, there exists a point vy € Ay such that
d(vg, Tz) = d(A, B).

From «a((z,2)) > 1, d(z,Tx) = d(A, B) and d(vy,Tz) = d(A, B) and by the a-
proximal admissible, we have

alz,vg) > 1.

Since T'(Ag) C By, there exists a point v; € Ay such that
d(l}l, T’Uo) = d(A, B)

By similar argument as above, we can conclude that a(z,v;) > 1. One can proceed

further in a similar fashion to find v, in Ay with v, 1 € Ay such that
d(vps1, Tv,) =d(A,B) and a(z,v,) > 1. (5.3.98)

for all n € N. By (5.3.98), the pair (A, B) has P— property and property of mapping
T, we get
d(z,vp41) = d(Tx, Tvy,). (5.3.99)

Using the property of mapping T, we get

d(Tz, Tvy,)
alz,v,)d(Tz, Tvy,)
(M (z,vn))
+0(d(v,, Tx) — d(A, B),d(z, Tv,) — d(A, B),
d(xz,Tz) — d(A, B),d(v,, Tv,) — d(A, B))
= p(M(z,vn))
+6(d(vn, Tx) — d(A, B),d(x, Tv,) — d(A, B),
0,d(v,, Tv,) — d(A, B))
= p(M(z,vn))

d($, anrl)

IN

IN
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and since

M(z,v,) = max{d(z,v,),d(z,Tx)—d(A, B),d(v,,Tv,) — d(A, B),
sld(z, Tv,) + d(v,, Tz)] — d(A, B)}
max{d(z, v,),0,0, :[d(z, Tv,) + d(v,, Tx)] — d(A, B)}
(@, vn), 5[d(x, Vny1) + d(Vns1, T0n) + d(vn, 2) + d(z, T7)] — d(A, B)}
max{d(z, vy), 5[d(2, vyi1) + d(v,, )]}
(x,vn),d

IN

max{d

I
=
o
"
—~—
Q

Thus
d(x, vnt1) < @(M(x,0,)) < p(max{d(z, v,), d(x, vns1)})-

If vy =z, for some N € N. By (5.3.99), we get
d(z,vns1) = d(Tz, Toy) =0

which implies that vy.1 = x. Moreover, we obtain v, = x for all n > N and thus
v, — x as n — 0o. Suppose that v, # x for all n € N, then d(v,,z) > 0 for all n.
If max{d(z,v,),d(x,vn+1)} = d(z,vn41), by the property p(t) <t for allt > 0 , we
get

A, vs) < $(M(2,0,)) = 9(d(z, vasr)) < A, v 11)

which is a contradiction and hence max{d(z,v,), d(x,v,41)} = d(z,v,). That is
d(z,vp11) < o(M(z,v,)) = @(d(z,v,)) (5.3.100)
for all n > N. By induction of (5.3.100), we have
d(z, vnt1) < @"(d(z,01)).

Taking n — oo, we obtain that v,, — x as n — c0. So, in all cases, we have v,, — x
as n — oo. Similarly, we can prove that v, — z* as n — oo. By the uniqueness of

limit, we conclude that x = x* and this completes the proof. O

beginthm Adding condition (a, d)—regular of T' to the hypotheses of Theorem
5.3.5.4, then we obtain the uniqueness of the best proximity point of T'.

Proof. Combine the proofs of Theorem 5.3.5.6 and Theorem 5.3.5.4. O
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Best proximity points Theorems If we take p(t) = kt, where 0 < k < 1 and
O(t1,t9,t3,t4) = Lmin{ty,ts,t3,t4}, then Theorem 5.3.72 and Theorem 5.3.75, we

get the following.

Theorem 5.3.5.7. Let A and B be nonempty closed subsets of a complete metric
space X such that Ag is nonempty and the pair (A, B) has the P— property. Let
T : A — B satisfy the following conditions:

(a) T is a-prozimal admissible and
alz,y)d(Tx, Ty) < kM(z,y)+ Lmin{d(x,Ty) — d(A, B),d(y,Tx) — d(A, B)
d(z,Tx) —d(A, B),d(y, Ty) — d(A, B)}

for all x,y € A.

(b) T is continuous (or A satisfies condition (H) );

(c) there exist element xo and xy in Ay such that d(xy,Tx¢) = d(A, B) and
al(xe,z1)) > 1;

(d) T(Ao) C Bo.

Then there exists an element x € A such that
d(z,Tz) = d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by
d(xpi1, Tx,) = d(A, B),
converges to the element x.

If we add the condition that 7" is (a, d)—regular in Theorem 5.3.5.7, therefore

we can obtain the uniqueness of the best proximity point.

If we take a(z,y) = 1, for all z,y € A in Theorem 5.3.5.3 and Theorem 5.3.5.4,

we get the following Theorems.

Theorem 5.3.5.8. Let A and B be nonempty closed subsets of a complete metric
space X such that Ay is nonempty and the pair (A, B)has the P— property. Let
T : A — B satisfy the following conditions:

(a)
d(T.Z‘, Ty) < SO(M($7 y)) + 9(61(1‘, Ty) T d(Av B)? d(ya Tx) o d(A> B)
d(xz,Tz) —d(A, B),d(y, Ty) — d(A, B))



129

for all x,y € A.
(b) T is continuous (or A satisfies condition (H) );
(C) T(Ao) Q Bo.

Then there exists an element x € A such that
d(z,Tx) =d(A, B).
Moreover, for any fived xo € Ao, the sequence {x,}, defined by
d(xps1, Tz,) = d(A, B),

converges to the element x.
If M(z,y) =d(x,y), then Theorem 5.3.5.8, include the following.

Theorem 5.3.5.9. Let A and B be nonempty closed subsets of a complete metric
space X such that Ay is nonempty and the pair (A, B)has the P— property. Let
T : A — B satisfy the following conditions:

(a)

d(Tz,Ty) < @(d(z,y))+6(d(x, Ty) —d(A, B),d(y,Tx) — d(A, B)
d(xz,Tz) —d(A, B),d(y, Ty) — d(A, B))

for all z,y € A.
(b) T is continuous (or A satisfies condition (H) );
(C) T(A()) Q Bo.

Then there exists an element x € A such that
d(z,Tx) =d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by
d(xpy1, Tz,) = d(A, B),
converges to the element x.

If we take @(t) = kt and 0(t1,to,t3,t4) = Lmin{ty,t9, 3,14}, for all z,y € A in

Theorem 5.3.5.9, we obtain the following theorem.
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Theorem 5.3.5.10. Let A and B be nonempty closed subsets of a complete metric
space X such that Ay is nonempty and the pair (A, B)has the P— property. Let
T : A — B satisfy the following conditions:

(a)
d(Tz,Ty) < kM(z,y)+ Lmin{d(z,Ty) — d(A, B),d(y,Tx) — d(A, B)
d(x,Tz) —d(A, B),d(y, Ty) —d(A, B)}
for all x,y € A.

(b) T is continuous (or A satisfies condition (H) );
(C) T(Ao) Q BQ.

Then there exists an element x € A such that
d(z,Tz) = d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by
d(xpi1, Txy,) = d(A, B),
converges to the element x.

If M(xz,y) = d(z,y) and putting L = 0 in Theorem 5.3.5.10, we obtain the

following.

Theorem 5.3.5.11. Let A and B be nonempty closed subsets of a complete metric
space X such that Ag is nonempty and the pair (A, B)has the P— property. Let
T : A — B satisfy the following conditions:
(a)
d(Tz,Ty) < kd(z,y)

for all x,y € A.
(b) T is continuous (or A satisfies condition (H) );
(c) there exist element xo and x1 in Ay such that d(xy, Txg) = d(A, B);
(d) T(Ap) C By.

Then there exists an element x € A such that

d(z,Tx) =d(A, B).
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Moreover, for any fized xq € Ay, the sequence {x,}, defined by
d(xpy1, Tz,) = d(A, B),

converges to the element x.

k
If M(z,y) = §[d($,Ty) + d(y,Tz)] — d(A, B) and putting L = 0 in Theorem
5.3.5.10, we obtain the following theorem:

Theorem 5.3.5.12. Let A and B be nonempty closed subsets of a complete metric
space X such that Ay is nonempty and the pair (A, B)has the P— property. Let
T : A — B satisfy the following conditions:

(a)
k
d(Txz,Ty) < E[d(aj, Ty)+d(y, Tx)] — d(A, B)
for all x,y € A.
(b) T is continuous(or A satisfies condition (H) );
(c) there exist element xy and z1 in Ay such that d(xy,Txo) = d(A, B);

(d) T(Ao) € Bo.
Then there exists an element x € A such that
d(xz,Tz) = d(A, B).
Moreover, for any fized xo € Ay, the sequence {x,}, defined by
d(zp41, Txn) = d(A, B),
converges to the element x.

Fixed points Theorem It is easy to observe that for self-mappings, our results

includes the following:

Theorem 5.3.5.13. Let A be nonempty closed subsets of a complete metric space

X and T : A —= A such that

d(Tz,Ty) < o(M(z,y))+0{d(x,Ty),d(y,Tz),d(x, Tx),d(y, Ty)}),

for all x,y € A, where p € U 0 € ©. Then T has a unique fized point x € A.
Moreover, for any fized xo € A, the sequence {x,}, defined by x, 1 = Tx, converges

to the element x.
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Theorem 5.3.5.14. Let A be nonempty closed subsets of a complete metric space

X andT : A— A such that
d(Tz,Ty) < kM(z,y)+ Lmin{d(z,Ty),d(y,Tz),d(z, Tz),d(y, Ty)}.

Then T has a unique fized point x € A. Moreover, for any fixed xo € A, the sequence

{z,}, defined by x,,1 = Tx, converges to the element x.

Theorem 5.3.5.15. Let A be nonempty closed subsets of a complete metric space

X and T : A — A such that

d(Tx,Ty) < kd(x,y)+ Lmin{d(z,Ty),d(y, Tx),d(z,Tx),d(y,Ty)}

for all x,y € A. Then T has a unique fized point x € A. Moreover, for any fized

xo € A, the sequence {x,}, defined by x, 1 = Tz, converges to the element x.

We recall some preliminaries from (see, [33] also) as follows:

Let (X, d) be a metric space and R be a binary relation over X. Denote
S=RUR™'
this is the symmetric relation attached to R. Clearly,
x,y € X, 28y <= xRy or yRux.

Definition 5.3.5.16. (/32/) A mapping T': A — B is said to be prozimal compar-

ative if and only if

.%18.1'2
d(uy, Txy) = d(A, B) = wSus.
d(UQ, T[EQ) = d(A, B)

Corollary 5.3.5.17. Let (X,d) be a complete metric space, R be a binary relation
over X, and A and B be two non-empty, closed subsets of X such that Ay are non-
empty and the pair (A, B) has the P— property. Let T : A — B such that the
following conditions holds:

(a) T is a continuous proximal comparative mapping;
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(b) there ezist element xo and xy in Ay such that d(xy,Tx¢) = d(A, B) and
33'08]71;

(c) there exist ¢ € ¥ and 0 € © such that z,y € A, xSy implies that
d(Tz,Ty) < @(M(z,y)) +0(dly, Tx) — d(A, B), d(x, Ty)
(d) T(Ao) C Bo.
Then there exists an element x € A such that
d(z,Tz) = d(A, B).
Proof. Define the mapping o : A x A — [0, 00) by

L xSy,
a(z,y) = oy (5.3.101)

0 ; otherwise.

Since T' is proximal comparative, we have

xSy
d(u,Tx) = d(A, B) ¢ = uSv,
d(v, Ty) = d(A, B)

for all u,v,z,y € A. Using the definition of a, we get

a(z,y) > 1,
d(u, Te) = d(A, B), { = alu,0) 2 1,
d(v, Ty) = d(A, B)
for all u,v,z,y € A and hence T is a-proximal admissible. By the condition (b)

implies that d(xy,Tz¢) = d(A, B) and a(zg,x;) > 1. By the condition (c¢), we get

oz, y)d(Tz, Ty) < @(M(z,y))+0(d(y, Tz) — d(A, B),d(z, Ty) — d(A, B)
yd(z,Tx) — d(A, B),d(y, Ty) — d(A, B)),

that is, 7" is, generalized almost (¢, 0),—contraction. Therefore, all hypothesisses of

Theorem 5.3.72 are satisfied, and the desired result follows immediately. O

Next, below we give an example to illustrate the main result Theorem 5.3.72.
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Example 21. Consider X = R* with the metric defined by

d((z1, 22, 3, 4), (Y1, Y2, Y3, Y1) = |21 — 1| + |22 — yo| + |23 — y3| + |24 — v4]

for all (z1, 9, 23, 24), (Y1, Y2, Y3, y1) € R*. Let A, B C X defined by

A { (o,o, % %1) } U{(0,0,0,0)},

B { (1, 1, % %1) } U{(1,~1,0,0)}.

Then A and B are nonempty closed subsets of X and d(A, B) = 2. Moreover Ay = A
and By = B. Suppose

d((07 07 L1, x2>7 (17 _17 Y1, y2)) = d(A7 B) =2
and

d((ov 0, xlla x/2)> (17 -1, yia y;)) = d(Av B) =2,
then we get x1 = y1, 22 = yo and 2} = y}, 2}, = y,. Hence, the pair (A, B) has the
P-property. Let T': A — B be a mapping defined as

_ Ty
T(()?vaay) - (07 07 27 2)

for all (0, 0, x, y) € A. We define the mapping a: A x A — [0, 00) by
alz,y) =1 forallx,y € A.

We can see that 7' is generalized almost (¢, 6),—contraction with ¢ € U is given
by ¢(t) = t/2 for all t > 0 and for all § € ©. Furthermore, (0,0,0,0) € A is a best
proximity point of mapping 7.
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6. Conclusions and Discussions

We find necessary and sufficient conditions which are established for a non-self-
contraction mapping to have the best proximity point, a common best proximity point and
a couple best proximity points for pairs of contractive non-self-mappings and for pairs of
contraction non-self-mappings, yielding common optimal approximate solutions of certain
fixed point equations. We introduced a new type of a contractive condition defined
on an ordered space, namely a P -contraction, which generalizes the weak contraction.
We also proved some fixed-point theorems for such a condition in ordered metric
spaces. We establishing the existence of common best proximity points; iterative
algorithms are also furnished to determine such optimal approximate solutions. In
addition to exploring the existence of the best proximity point for generalized
contractions, an iterative algorithm is also presented to determine such an optimal
approximate solution. We study the new class of an asymptotic proximal pointwise
weaker Meir—Keeler-type w-contraction and prove the existence of solutions for the
minimization problem in a uniformly convex Banach space. We generalized the notion of
proximal contractions of the first and the second kinds and established the best
proximity point theorems for these classes. We extend the notion of weakly C-
contraction mappings to the case of non-self mappings and establish the best proximity
point theorems for this class. We provide sufficient conditions, which warrant the
existence and uniqueness of thebest proximity point for two new types of contractions in
the setting of metric spaces. The presented results extend, generalize and improve
some known results from bestproximity point theory and fixed-point theory. We also give
some examples to illustrate and validate our definitions and results. We show that the
mixed g-monotone property in common coupled fixed point theorems in ordered cone
metric spaces can be replaced by another property. We also extend the notion of weakly
isotone mappings in an orderedBanach space in the case of single valued and

multivalued mappings and obtain the coincidence and common fixed-point
theorems in an ordered Banach space. Moreover, we also obtain the existence theorem

for a common solution of two integral equations.
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1 Introduction

Best proximity point theorems provide sufficient conditions that ensure the existence
of approximate solutions which are optimal as well. In fact, if there is no solution
to the fixed point equation Tx = x for a non-self mapping T : A — B, then it
is desirable to determine an approximate solution x such that the error d(x, Tx) is
minimum. A classical best approximation theorem was introduced by Fan [8], that is,
if Aisanon-empty compact convex subset of a Hausdorff locally convex topological
vector space Band T : A — B is a continuous mapping, then there exists an ele-
ment X € A such that d(x, Tx) = d(Tx, A). Afterward, several authors, including
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1826 C. Mongkolkeha, P. Kumam

Prolla [14], Reich [15], Sehgal and Singh [23,24], have derived extensions of Fan’s
theorem in many directions. Other works of of the existence of a best proximity point
for contractions can be seen in [1,4,7,10]. In 2005, Anthony Eldred et al. [5] have
obtained best proximity point theorems for relatively non-expansive mappings. Best
proximity point theorems for several types of contractions have been established in
[2,3,11-13,17-19,25-29].

Recently, Sadiq Basha in [20] gave necessary and sufficient to claimed that the
existence of best proximity point for proximal contraction of first kind and the sec-
ond kind which are non-self mapping analogues of contraction self-mappings and
also established some best proximity and convergence theorems and very recently, he
gave common best proximity point theorems for proximity commuting mapping of
multi-objective function as follows.

Theorem 1.1 [21, Theorem 3.1] Let A and B be non-empty closed subsets of a com-
plete metric space X such that A is approximatively compact with respect to B. Also,
assume that Ag and By are non-empty. Let the non-self mapping S: A — B, T :
A — B satisfy the following conditions.

(a) Thereisa non-negative real number o < 1 such that
d(Sx1, Sx2) < ad(T Xy, TX2)
for all X1, X2 € A.
(b) T iscontinuous.

(c) Sand T commute proximally.
(d) Sand T can be swapped proximally.

() S(Ao) < Bo and S(Ag) < T(Ao).

Then, there exists an element x € A such that
dx, Tx) =d(A, B) andd(x, Sx) =d(A, B).

Further, if x* isanother common best proximity point of the mappings Sand T, then
it is necessary that

d(x, x*) < 2d(A, B).
The aim of this paper is to generalizes the condition of Theorem 1.1 above for obtain
the existence of a best proximity theorem and we also give an illustrative example for

support our main result. The result of this paper are extension and generalization of
the result of Sadigq Basha in [21] and some results in the literature.

2 Preliminaries

Let A and B be non-empty subsets of a metric space (X, d), we recall the following
notations and notions that will be used in what follows.

@ Springer
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d(A, B) :=inf{d(x,y) : x € Aand y € B},
Ag = {xe A:d(x,y) =d(A, B) forsome y € B},
By :={y € B:d(x,y) =d(A, B) forsome x € A}.

If AN B # @, then Ag and By are non-empty. Further, it is interesting to notice
that Ap and By are contained in the boundaries of A and B respectively, provided A
and B are closed subsets of a normed linear space such that d(A, B) > 0 (see [18]).

Definition 2.1 Amapping T : X — X is said to be contraction, if for each x, y € X,
there exists a constant k € [0, 1) such that

d(Tx, Ty) < k(dx, y). )

Definition 2.2 A mapping T : X — X is said to be weak contraction, if for each
X,y € X,

d(Tx, Ty) <d(x,y) — (X, y)), 2

where ¢ : [0, 00) — [0, co) is a continuous and nondecreasing function such that
pt) =0ifandonly ift = 0.

In fact, if we take ¢(t) = (1 — k)t forall t > 0, where 0 < k < 1 then we have (2)
become (1).

Definition 2.3 A point x € A is said to be a best proximity point of the mapping
S: A — B ifit satisfies the following condition

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

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

Definition 24 Let S: A— Band T : A — B. Anelement x* € Aissaid to be a
common best proximity point if it satisfies the following condition:

d(x*, Sx*) = d(x*, Tx*) = d(A, B).
Observed that a common best proximity point is an element at which the multi-
objective functions x — d(x, Sx) and x — d(x, Tx) attain common global mini-

mum, since d(x, Sx) > d(A, B) and d(x, Tx) > d(A, B) for all x.

Definition 2.5 [21, Definition 2.3] A mapping S: A— Band T : A— B issaidto
be a commute proximally if they satisfy the following condition:

[d(u, SX) = d(v, TX) = d(A, B)] = Sv = Tu

forallu, v, x, € A.
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It is easy to see that proximal commutativity of self-mappings become commuta-
tivity of the mappings.

Definition 2.6 [21, Definition 2.4] A mapping S: A— Band T : A— Bissaidto
be a swapped proximally if they satisfy the following condition

[d(y,u) =d(y,v) =d(A,B) andSu=Tv] = Sv=Tu

forallu,v, e Aandy € B.

Definition 2.7 A is said to be approximatively compact with respect to B if every
sequence {Xn} in A satisfies the condition that d(y, xn) — d(y, A) for somey € B
has a convergent subsequence.

We observe that every set is approximatively compact with respect to itself. Also,
every compact set is approximatively compact with respect to any set. Moreover, Ag
and By are non-empty set if A is compact and B is approximatively compact with
respect to A.

3 Main result

Theorem 3.1 Let A and B be non-empty closed subsets of a complete metric space
X such that A is approximatively compact with respect to B. Also, assume that A
and By are non-empty. Let the non-self mapping S: A — B, T : A — B satisfy the
following conditions:

(a) For each x and y are elementsin A,
where, ¢ : [0, 00) — [0, c0) is a continuous and nondecreasing function such
that p(t) = 0ifand onlyift = 0.

(b) T iscontinuous.

(c) Sand T commute proximally.

(d) Sand T can be swapped proximally.
(e) S(Ag) S By and S(Ag) < T(Ag).

Then, there exists an element x € A such that
d(x, Tx) =d(A, B) andd(x, Sx) = d(A, B).

Moreover, if x* isanother common best proximity point of the mappings Sand T, then
it is necessary that

d(x, x*) < 2d(A, B).
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Proof Let Xg a fixed element in Ag. In view of the fact that S(Ag) € T(Ag) it is
ascertained that there exists an element x; € Ag such that Sxg = Tx;. Again, since
S(Ag) € T(Ap), there exists an element xp € Ag such that Sx; = Txp. By similar
fashion we can find x,, in Ag such that

SXn—1 = TXn, (3)
for all n € N. It follows that

d(SXn, SXn+1) < d(TXn, TXnt1) — @(A(TXn, TXns1))
< d(SXn-1, Sxn) — ¢(d(Sxn-1, SXn))
< d(SXn-1, SXn) 4)

this mean that the sequence {d(Sxn_1, SXn)} is non-increasing and bounded below.
Hence there exists r > 0 such that

||m d(SXn_l, SXn) =1. (5)
n—o0
Ifr > 0, then
d(Sxn, SXnt1) < d(SXn-1, SXn) — @(d(SXn—1, SXn)). (6)

Taking n — oo, in inequality (6), by the continuities of ¢, we getr <r —¢(r) <,
which is a contradiction unless r = 0. Therefore

lim d(Sxn_1, Sxn) = 0. (7
nN—o00

Next, we will prove that {Sx,} is a Cauchy sequence. We distinguish two cases.

Case | Suppose there exits n € N such that Sx, = Sxp41, We observe that

d(SXn+1, SXng2) < (T Xnt1, TXng2) — @(A(T Xny1, TXng2))
< d(SXn, SXn+1) — @(d(Sxn, SXn+1))
=0,

which impliesthat Sxp+1 = SXp42. So, foreverym > n, we conclude that Sxy, = Sxp.
Hence {Sxn} is a Cauchy sequence in B.

Casell The successive terms of {Sx,} are different. Suppose that { Sx,} is not a Cau-
chy sequence. Then there exists ¢ > 0 and subsequence {Sxm, }, {Sxn, } Of {Sxn} with
nk > Mk > k such that

d(Ska, ank) >¢ and d(Ska, ank—l) < €. (8)
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By using (8) and triangular inequality, we get

€= d(S(mk, ank)
= d(Skaa ank—l) + d(SXnk—L ank)
< &+ d(Sxn—1, SXny)- 9)

Using (9) and (7), we have
d(SXm,, Sxn,) — & as k — oo. (10)
Again, by the triangular inequality, we get
d(SXmy» SXn) < d(SXmy, SXmy+1) + A(SXmy41, SKXn+1) + d(SXn41, SXn)  (11)
and
d(SXm+1, SXn+1) < d(SXmy+1, SXmy) + d(SXmy.» SXn) + d(SXny, SXn+1). (12)
From, (7), (10), (11) and (12), we obtain that
d(SXmy+1, Xn+1) > € as k — oo. (13)
In view of the fact that

d(sxmk+l, ank—l-l) = d(Tka+1, TXnk+1) - (P(d(Tka+lv TXnk+l)) (14)
S d(sxmk, ank) - (ﬂ(d(sxmk, ank))'

Letting, kK — oo, in inequality (14), we obtain
e <e—p),
which is a contradiction, by a property of . Then, we deduce that {Sx,} is a Cauchy
sequence in B. Since B is closed subset a complete metric space X, then there exists
y € Bsuch that Sx; — yasn — oo. Consequently, we have that the sequence {T X}
also converges to y. From S(Ag) € By, there exists an element u, € A such that
d(SXna un) = d(Av B)a (15)

for all n € N. So, it follows from (3) and (15) that

d(TXn, Up—1) = d(SXn_1, Un—1) = d(A, B), (16)

for all n € N. By (15), (16) and the fact that the mappings Sand T are commuting
proximally, we obtain

Tun = Sup—1 (17)
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for all n € N. Moreover, we have

< d(y, Sxn) + d(Sxn, Un)

=d(y, Sxn) + d(A, B)

< d(y, Sxn) +d(y, A). (18)
Therefore d(y, un) — d(y, A) as n — oo. Since A is approximatively compact
with respect to B, then there exists subsequence {un,} of sequence {un} such that
converging to some element u € A. Further, since d(y, Un,—1) — d(y, A) and A'is
approximatively compact with respect to B, then there exists subsequence {unkj —1}

of sequence {un,—1} such that converging to some element v € A. By the continuity
of the mappings Sand T, we have

Tu= lim Tup, = lim Stp, -1 = Sv (19)
j—>o00 ] k— o0 J

and

dy,u) = k[rgod(ank, Un) = d(A, B),

d(y.v) = Jim d(Txy, . Un, 1) = d(A. B). (20)
j—o00
Because Sand T can be swapped proximally, we get
Tv = Su. (21)

Next, we will prove that Su = Swv, suppose the contrary, by (19), (20), (21) and
property of ¢, we have

d(Su, Sv) < d(Tu, Tv) — e(d(Tu, Tv))
< d(Sv, Su) — p(d(Sv, Su))
< d(Sv, Su)

which is a contradiction. Thus Su = Sv and also Tu = Su. Since S(Ag) is contained
in By, there exists an element x in A such that

d(x, Tu)y =d(A, B) and d(x, Su) =d(A, B).
By the commuting proximally of Sand T, Sx = Tx. Consequently, we have

d(Su, Sx) < d(Tu, TX) — (d(Tu, Tx))
In inequality (22), if Su # Sx, then d(Su, Sx) < d(Su, Sx) — ¢(d(Su, Sx)) <

d(Su, Sx), it is impossible, So, we have Su = Sx and hence Tu = Tx. It follows
that
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d(x, Tx) =d(x, Tu) =d(A, B)
and
d(x, Sx) = d(x, Su) = d(A, B).

Therefore, X is a common best proximity point of Sand T. Suppose that x* is
another common best proximity point of the mappings Sand T, so that

d(x*, Tx*) = d(A, B)
and
d(x*, Sx*) = d(A, B).

By the commuting proximally of Sand T, we get Sx = Tx and Sx* = Tx*.
Consequently, we have

d(Sx*, Sx) < d(Tx*, TX) — @(d(Tx*, TX))

< d(S¢", 50 — p(d(SK*, $9)). @3)
In inequality (23) , if Sx* # Sx, then
d(Sx*, Sx) < d(Sx*, Sx) — p(d(Sx*, Sx)) < d(Sx*, Sx),
it is impossible. So, we have Sx = Sx*. Moreover, it can be concluded that
d(x, x*) < d(x, Sx) + d(Sx, Sx*) + d(Sx*, X*)

=d(A, B) +d(A, B)

= 2d(A, B)
and the proof is completes. O

If we take ¢(t) = (1 — a)t, where 0 < @ < 1in Theorem 3.1, we obtain following
corollary.

Corollary 3.1 [21, Theorem 3.1] Let A and B be non-empty closed subsets of a com-
plete metric space X such that A isapproximatively compact with respect to B. Also,
assume that Ap and By are non-empty. Let the non-self mapping S: A — B, T :
A — B satisfy the following conditions.

(a) Thereisa non-negative real number « < 1 such that
d(Sx1, Sx2) < ad(Txy, Tx2)

for all X1, X € A.
(b) T iscontinuous.
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(c) Sand T commute proximally.
(d) Sand T can be swapped proximally.
(e) S(Ag) € Bpand S(Ag) € T(Ap). Then, there exists an element x € A such that

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

Further, if x* isanother common best proximity point of the mappings Sand T, then
it is necessary that

d(x, x*) < 2d(A, B).

4 An example

Now, below we give an example to illustrate Theorem 3.1.

Example 4.1 Consider the complete metric space R? with Euclidean metric. Let
A={(x1) :0<x<1}

and
B={(x,-1):0<x<1}.

Define two mappings S: A— B, T : A— B as follows:

x2
S(x,1) = (x -5 —1)

and
T((x,1) = (X, =1).

It is easy to see that d(A, B) = 2, Ag = Aand By = B. Further, Sand T are contin-
uous and A is approximatively compact with respect to B.

First, we will show that Sand T are satisfy the condition (a) of of Theorem 3.1 with
2

t
¢ : [0, 00) — [0, 0c0) defined by ¢(t) = > forallt € [0, 0c0).
Let (x, 1), (y, 1) € A, without loss generality we can take that x > vy, then, we have

(969

1
=(X—-y) — z(x2 )

d(S(x, 1), S(y, 1)) =

1
=KX=y = S (x=y)x+Yy))
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1 2
==y - 5x=y)
=d(Tx, 1), T, D) —e@(TXx,1), Ty, ).

Next, we will show that Sand T commute proximally. Let (u, 1), (v, 1), (X,1) € A
are satisfying

d((u,1),S(x,1) =d(A,B)=2 and d((v,1),T(x,1)) =d(A, B) =2.
It follows that
X2

U=X—— and v =X,
2

and hence

2 2
Sw,1) = (v - % —1) = (x — X? —1) =U-1)=Tw,1.

Finally, we will show that Sand T swapped proximally. If it is true that
d((u, 1), (y,=1)) =d((v, 1), (y, =1)) =d(A,B) =2 and S(u, 1) = T(v, 1),
for some (u, 1), (v, 1) € Aand (y, —1) € B, then we get u = v = 0 and thus
S(v,1) = T(u, 1).

Therefore, all hypothesis of Theorem 3.1 are satisfied.
Furthermore, (0, 1) € Aisa common best proximity point of Sand T, because

d((0,1), S(0, 1)) = d((0, 1), (0, =1)) = d((0, 1), T((0, 1)) = d(A, B).
On the other hand, suppose that there exists k € [0, 1) such that

d(S(x, 1), S(y, 1)) = kd(T(x, 1), T(y, 1)),

that is
X2 y2
(- 2)- (-2
Putting y = 0 and x > 0, it follows that
. X
1= lim (1——)§k<1,
x—0t 2
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which isa contradiction. Therefore, the results of Sadiq Basha in [21] cannot be applied
to this example and our main result Theorem 3.1.

5 Conclusions and remarks

Our main result, Theorem 3.1, extended and improved the condition (a) of Theo-
rem 1.1 by using the concept of weak contraction and k-contraction maps which are
more weaker than contractive maps with the function ¢(t) = (1 — k)t. In fact, the
class of weakly contractive maps lies between the classes of contraction mappings
and contractive mappings. (d(Tx, Ty) < d(x, y) for all x, y € X with x # y, when
T is self-mapping on X). Mostly, the generalization and the extension of Banach’s
contraction principle focus on weakening the contractive condition of the operator or
weakening the completeness of the metric space; see for examples [6,9,16,22,30] and
references therein.
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Abstract

In this article the concept of coupled best proximity point and cyclic contraction pair
are introduced and then we study the existence and convergence of these points in
metric spaces. We also establish new results on the existence and convergence in a
uniformly convex Banach spaces. Furthermore, we give new results of coupled fixed
points in metric spaces and give some illustrative examples. An open problems are
also given at the end for further investigation.

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 7.
Whenever a non-self-mapping 7" has no fixed point, a best proximity point represent
an optimal approximate solution to the equation 7x = 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
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.
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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= Hg” <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 < Ll < 1and =yl ze= | <1-8

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,, y,) — 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 ¢ > 0 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 & <1 such that

Page 3 of 16
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d(F(x, x), G(y, V) = %[d(xf y) +d(x, ¥)]+ (1 —a)d(A, B)

for all (x, x) € A x Aand (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

s 3y = XA
and

—x—x 44

G(x, x/)=%.

For arbitrary (x, x') € A x A and (y, ') € B x B and fixed o = 1, we get

, , —x—x -4 —y—y+4
d(F, ¥), Gly, ) = | ———= - L

B R A
4
o / /
= E[d(x, y)+d(x, ¥)] + (1 —a)d(A, B).

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

Example 3.6. Let X = R* with the metric d((x, ), (%, ¥)) = 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

F((x 0), (¥, 0)) = (“zx,' 1)

and

x+x
2 I’

G((x 1), (¢, 1)) =( 0).

We obtain that
A(E(@ 0), (¢, 0), Gl 1), 7, D) =d((25, 1), (2F, o)) =1

Also for all a > 0, we get

%[d((x: 0), (v, 1)) +d((x', 0), (v D))]+ (1 —«a)d(A, B)
= %[maxﬂx =yl 1} +max{|x' —y|, 1}]+ (1 — a)d(A, B)
NI (1-—w)

2
=1.

Page 4 of 16
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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 xA —> B, G
:B x B— A and (F, G) be a cyclic contraction. If (xo, xy) € 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+l) - d(A/ B) ﬂnd d(x/2n+1’ x/2n+2) - d(A' B)
Proof. For each n € N U {0}, we have

d(x2nr x2n+1) = d(xlnr F(x2nr xl2n))
= d(G(x2n-1, X 21-1), F(G(X2n-1, X 2n-1), G(¥'2n-1, X2n-1)))

< %[d(xzﬂfll G(x2n-1,%20-1)) + d(x'2n-1, G(&'2n-1, X2n-1))] + (1 — @)d(A, B)

= % [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)

= S [SldCean-2, Floan-2,%'20-2)) + d(¥ 202, F¥ 202, %20-2)) + (1 = @)d(A, B)]
#2202, P 202 ¥20-2)) + A2 Fan2,¥202)) + (1 = )d(A, B)|

+(1 —a)d(A, B)
2

= % [d(xZn,z, F(XQH,Q, xlznfz)) + d(x/znfz, F(x/znfz, xanz))] + (1 — O[z)d(A, B)

By induction, we see that

azn / ! ! n
d(x2n, X2n41) < T[d(xo, F(xo, x3)) +d(xp, F(xg, x0))] + (1 — o? )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+1rx2n+2) = d(x2n+1r G(x2n+1rx/2n+1))
= d(F(x2n, X 2n), G(F(x2n, ' 20), F(X' 20, X21)))

= S, F(xan,¥'20)) + (¥ 20, F(¥ 20, 620)] + (1 = @)d(4, B)

= 5 [d(G (a1, ¥ 201 ), F(G (3201, ¥ 201), G¥ 21, 320-1))
+d(G(X 2n-1, %21-1), F(G(X 201, X2n-1), G(X2n—1, ¥ 20-1))) ] + (1 — @)d(A, B)

< 3 [FMsanm1, Gloeanr, ¥201)) + A 21, G 2rmt 3201)) + (1 = @)d(A, B)]
[ 20-1, G 2n-1,820-1)) + A1, G-t ¥ 20-1)) + (1 = )d(A, B)]
+(1—a)d(A, B)

2
= %[d(xzn—ll G(xan-1,% 21-2)) + d(¥'2n—1, G(¥' 2n-1, X2n-1))] + (1 — &?)d(A, B).
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By induction, we see that

2n

d(x2ns1, Xane2) < %[d(xl, G(x1, %)) +d(x,, G(x}, x1))] + (1 —a*™)d(A, B).

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
(X 1s 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(Xon, X5,) a1 = F(¥o, X2n)
and
Xons2 = G(X2n41) Xopy1 ) Xopya = G(X 1, X2ni1)

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

m >n = N,
1
E[d(x/szx/zml) +d(x2m, Xons1)] < d(A, B) +¢. (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(x5,,, x5,,,) = 0. As (B, A) has a property UC, we also have d(xy,.1, X2,.3) = 0
and d(x5,,1,%5,.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., ,
514X Xom1) + A(x2mys Xoms1)] 2 d(A, B) + &
and

1
S 1A, -2 Xonar) + AC2m -2, Xam1)] < d(A, B) + €.

Therefore, we get

—

d(A,B) +¢' < —[d(x/Zm,ﬂX/ann) +d(%2m,, X2m+1)]

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

—= N =N

< E[d(x’mk, x/zm)(,z) + d(xzm, Xth,Q)] + d(A, B) +é.

Letting k — o, we obtain to see that

1
A0 Fo 1) + A 2 1)] = (A, B) + ' (3.4)
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By using the triangle inequality we get
%[d(x,2mkr x/an+1) + d(XZm,(r x2nh+1 )]
1
< E[d(x/2mhrx,2mh+2) + d(xlzmwz, x/an+3) + d(x/2nk+3!x,2nk+l)
+d(x2mk—2r meh+2) + d(mek+2r xznk+3) + d(xan+3r xzn,,+1)]
1
= E [d(x,Zrn,(r x/2m;(+2) + d(c(x/zm’¢+ll x2mk+1): F(X/anﬂ/ x2nk+2)) + d(x,ZnHSr x/anJrl)
+ d(%2mys Xam2) + A(G(X2ms1s Xame1)s F(2ms2, X 2mpa2) + d(X2m43, X2mr1) |
1 o
< E[d(x,karx/2mk+2) + E[d(x/zmku,x/znkn) + d(mek+l/x2n,,+2)]
+ (1 — O{)d(A, B) + d(x/znk+3,x’2n,¢+1)
o
+ d(xzmrz, x2m1(+2) + E[d(xzm,,u,xznkn) + d(x/zm,,u, x’zn“z)]
+(1 — O{)d(A, B) + d(Xan+3,Xan+1)]
1
= E [d(xllmk/ xIka+2) + d(x,2nyf+3r x,2nk+1) + d(x2m;,/ x2mk+2) + d(x2nk+3/ x2nk+1)]
o
+ E[d(xzm,ﬁl, Xamer2) + A(X 2mpa1, K 2me2)] + (1 — a)d(A, B)
1
= 5 [d(x/th/ xlzmk+2) + d(x/zn,,+3, x/2nk+1) + d(xzm,,, xzm,,+2) + d(x2nk+3/ Xomy+1 )]
o
+ 5 [d(F(Xka/ x/ka)r G(xlnhﬂr x,Zm,Jrl )) + d(F(x,kar X2my, )/ G(x,ZnHl 1 X2mp+1 ))]
+ (1 —a)d(A, B)
1
= E[d(x/zmk,x/zmka) + d(x/zn,ﬁa, x/zn“l) + d(x2m;,/x2m;,+2) + d(x2nk+3rx2n;,+l)]
o
+ =
2
o
# 1A 2 X 1) + A Xae) + (1= @)d(4, B)]]

+ (1 —a)d(A, B)

I:% [d(mekr xlnk+1) + d(x,kaHr x,an+l) + (1 - O()d(A, B)]

1
= E [d(x,kar x/2mk+2) + d(x/an+3/ x,2nk+1) + d(Xka/ sz“z) + d(xznkﬁ/ Xony+1 )]

2
o ’ /
+ ?[d(meh,Xan”) + d(x 2myr X 2";;*-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/2n'x2n)
and
Xon+2 = G(x2n+1/ xf”_n+l )/ va_n+2 = G(xlzn+1/ x2n+1)

Sfor all n e N U {0}, then {x,,}, {x5,}, %0,.1} and {x),,,} are Cauchy sequences.

Proof. By Lemma 3.7, we have d(xy,, ¥2,,1) = d(A, B) and d(x2,,,1, X2,,12) = d(A, B).
Since (A, B) has a property UC*, we get d(x3,, X3,,2) = 0. As (B, A) has a property
UC*, we also have d(x4,,,1, ¥2,..3) — O.
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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(xzmk,xznk_l) + d(xZn;,—lzxanH)
< d(A,B) + & + d(X2m,—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
s ¥or) + A 21| < dA,B) + e (37)

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

A(x2m, s X2m41)
< d(Xomys Xomy+2) + A(X2my 42, X2m,43) + (%2043, X2m41)
= d(xamy, Xamys2) + A(G(X2myr1, Xy, + 1), F(Xanea, Xy + 2)) + (X243, X2me1)
o
< d(xam, Xams2) + 5 [A(x2mga1, Xom2) + A%y, + 1, X5, +2)] + (1 — @)d(A, B)
+ d(x2nk+3r x2n;,+1)
o
= E[d(F(xzmhrx'zmh)r G(Xam+1, Xy, + 1)) + d(F(Xoy, X2m, ), (¥, + 1, X2m41))]
+ (1 — a)d(A, B) + d(X2my, Xomy+2) + A(X2m43 X2m41)
ara
< E I:E [d(me;uxZn;,H) + d(xlzmk'x&nk + 1) + (1 - O[)d(A, B)]
o
8 ¥, + 1) + G5 3200) + (1 — (A, B)] ]
+ (1 — a)d(A, B) + d(X2my, Xomy+2) + A(X2m43 X2m41)
1
= @[ 1) + Ay i+ D]+ (1= @2)(A, B)
+ d(mek/ x2mk+2) + d(x2nk+3/ x2nk+1)
< az(d(A, B) + 8) + (1 — az)d(A, B) + d(JC2mk,X2mh+2) + d(XQn,(+3,Xan+1)

= d(A, B) + & + d(xam,, Xam+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 (A4, B), we have {x,,} is a Cauchy sequence. In
similar way, we can prove that {x},}, {x,,.1} and {x},,,} are Cauchy sequences. 0O

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*.
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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 x,,—> 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, x2n—1) < d(p, x2n) + d(x2n, X2n-1). (3.8)
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, F(p, q) = d(G(x2n—1,X2n-1), F(p, 9))
o
< —[d(x2n-1,p) +d(¥'2n-1,q)] + (1 — @)d(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(g, ') = 2d(A, B). For n € N U {0}, we have

d(x2n, X2n41) = d(G(X2n—1, X 2n-1), F(x20, %' 2n))

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

d(x,}m x,2n+1 ) = d(G(x/Zn—l/ Xon—1 )/ F(xlz‘m x2n))

o /
< E[d(x 2n,1,x’2n) + d(xanl,DQH)] + (1 — Ol)d(A, B)

Letting n — o, we have

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

Xane1 = F(%2n, %9,) X1 = F(X X2n)
and
Xons2 = G(x2n+1/ x/2n+1 )/ x/2n+2 = G(x/2n+l’ x2n+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 x5, 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
Flx,x)= —— =
(64) = ——
and
—x—x+2
Glx,x)= ——— =
(x,x) 1
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) = 1 - n

— /_
=yl =yl
- 4

= %[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,), X901 = F(X3 X2n)
and
Xon2 = G(Xane1, Xy 1) Xopeg = G(X, 1, X2n41)

for all € N U {0}, we have x,,, x5, € A and x,,,,1, X5,,; € 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, XQmﬁl) < d(p, xan) + d(Xan,XQmﬁl). (3.13)

By Lemma 3.7, we have d(x2p,, 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(x2m,-1, X 2m—1), F(p, 9))
< S{d(xan 1) + (X 2n1,4)] + (1 — @)d(A, B).
Taking k — oo, we get d(p, F (p, q)) = d(A, B). Similarly, we can prove that d(q, F(q, 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— A and (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
Xone2 = 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, = q, X341 —> 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, ) = Sd(p.p) +d(3, )] (4.4
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and also
d(q,q) = d(F(q,p), G(q,p)) < %[d(q, 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,9)].

which implies that d(p, §) + d(q, 4) = 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) = —% and G(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

d(F(x, x'), G(y.Y) = +

x+x y+y/'

4 4
x+x 2y+2y
— +
- 4 8

1 /
= g(x =yl =)

%[d(xf y) +d(x,y)]+ (1 — a)d(A B).

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
(x0,x5) € A X A and define

Xon+1 = F(xZ”’ x/Zn)’ x/2n+1 = F(xén’xZ”)
and
Xon+2 = G(x2n+1 ’ x,2n+1 )/ x,2n+2 = G(x/ZnJrl 1 X2n+1 )

for all n e 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)) < %[d(x, y) +d(x,y)] (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
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X2 — 2

F(xy) = 4
0; x <.

Xy

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(eX), F ) = 0 = 1l =1+ 1 = Y1l = S [d(op) + A, y))

Case 2: If x < ¥’ and y 2 y, then

yz_y/z
dwmfwwyn=k——z—
< Yy=vivern
“lly— +
=3 y—VYIiiy+y
<Ly—y
_4}’ y
1 /
=Z(V—Y)

<7l =7)+ (' —x)]

— R =

= gllx=vl+ ¥ =Vl

- Sld(y) + de )]

IS

Case 3: If x > 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
Z_x/Z _y2_y/2
4 4

X

d(F(x, %), F(y,¥))

A

4

<1[I T+ly =Vl
—[lx—=xT+1y—

=7 Y=y

Sl y) + A,y

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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We generalized the notion of proximal contractions of the first and the second kinds and
established the best proximity point theorems for these classes. Our results improve and extend
recent result of Sadiq Basha (2011) and some authors.

1. Introduction

The significance of fixed point theory stems from the fact that it furnishes a unified treatment
and is a vital tool for solving equations of form Tx = x where T is a self-mapping defined on
a subset of a metric space, a normed linear space, topological vector space or some suitable
space. Some applications of fixed point theory can be found in [1-12]. However, almost all
such results dilate upon the existence of a fixed point for self-mappings. Nevertheless, if
T is a non-self-mapping, then it is probable that the equation Tx = x has no solution, in
which case best approximation theorems explore the existence of an approximate solution
whereas best proximity point theorems analyze the existence of an approximate solution that
is optimal. A classical best approximation theorem was introduced by Fan [13]; that is, if A
is a nonempty compact convex subset of a Hausdorff locally convex topological vector space
Band T : A — B is a continuous mapping, then there exists an element x € A such that
d(x,Tx) = d(Tx, A). Afterward, several authors, including Prolla [14], Reich [15], Sehgal,
and Singh [16, 17], have derived extensions of Fan’s theorem in many directions. Other works
of the existence of a best proximity point for contractions can be seen in [18-21]. In 2005,
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Eldred et al. [22] have obtained best proximity point theorems for relatively nonexpansive
mappings. Best proximity point theorems for several types of contractions have been
established in [23-36].

Recently, Sadiq Basha in [37] gave necessary and sufficient to claimed that the
existence of best proximity point for proximal contraction of first kind and the second kind
which are non-self mapping analogues of contraction self-mappings and also established
some best proximity and convergence theorem as follow.

Theorem 1.1 (see [37, Theorem 3.1]). Let (X, d) be a complete metric space and let A and B be
nonempty, closed subsets of X. Further, suppose that Ay and By are nonempty. Let S : A — B,
T:B — Aand g: AUB — AU B satisfy the following conditions.

(a) Sand T are proximal contractions of first kind.
(b) g is an isometry.

(c) The pair (S, T) is a proximal cyclic contraction.
(d) S(Ao) € By, T(Bp) C Ao.

(e) Ao € g(Ao) and By C g(Bo).

Then, there exists a unique point x € A and there exists a unique point y € B such that
d(gx,Sx) =d(gy,Ty) =d(x,y) = d(A,B). (1.1)
Moreover, for any fixed xo € Ay, the sequence {x,}, defined by
d(g%1, Sx,) = d(A, B), (12)
converges to the element x. For any fixed yo € By, the sequence {y,}, defined by
d(gYn+1, Tyn) = d(A, B), (1.3)

converges to the element y.
On the other hand, a sequence {u,} in A converges to x if there is a sequence of positive
numbers {€,} such that

lim €p = 0/ d(un+1/ Zn+1) < épn, (14)

n—oo

where z,41 € A satisfies the condition that d(z,.1, Su,) = d(A, B).

Theorem 1.2 (see [37, Theorem 3.4]). Let (X, d) be a complete metric space and let A and B be
nonempty, closed subsets of X. Further, suppose that Ay and By are nonempty. Let S : A — B and
g A — Asatisfy the following conditions.

(a) S is proximal contractions of first and second kinds.

(b) g is an isometry.

(c) S preserves isometric distance with respect to g.
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(d) S(Ao) € Bo.
(€) Ao € g(Ao)-

Then, there exists a unique point x € A such that
d(gx,Sx) =d(A,B). (1.5)
Moreover, for any fixed xo € Ao, the sequence {x,}, defined by

d(gxn,Sx,) = d(A,B), (1.6)

converges to the element x.
On the other hand, a sequence {u,} in A converges to x if there is a sequence of positive
numbers {€,} such that

lim €, =0, d(un+1/ Zn+l) < én, (17)

n—=ao

where z,.1 € A satisfies the condition that d(zy41, Su,) = d(A, B).

The aim of this paper is to introduce the new classes of proximal contractions which
are more general than class of proximal contraction of first and second kinds, by giving
the necessary condition to have best proximity points and we also give some illustrative
examples of our main results. The results of this paper are extension and generalizations
of main result of Sadiq Basha in [37] and some results in the literature.

2. Preliminaries

Given nonvoid subsets A and B of a metric space (X, d), we recall the following notations
and notions that will be used in what follows:

d(A,B) :=inf{d(x,y) :x€ A, y€ B},
Ap:={x€eA:d(x,y) =d(A,B) for some y € B}, (2.1)
By:={y €B:d(x,y) = d(A,B) for some x € A}.
If AnB#0, then Ay and By are nonempty. Further, it is interesting to notice that Ay

and By are contained in the boundaries of A and B, respectively, provided A and B are closed
subsets of a normed linear space such that d(A, B) > 0 (see [31]).

Definition 2.1 ([37, Definition 2.2]). A mapping S : A — B is said to be a proximal contraction
of the first kind if there exists a € [0,1) such that

d(u,Sx) =d(v,Sy) =d(A,B) = d(u,v) < ad(x,y) (2.2)

forallu,v,x,y € A.
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It is easy to see that a self-mapping that is a proximal contraction of the first kind
is precisely a contraction. However, a non-self-proximal contraction is not necessarily a
contraction.

Definition 2.2 (see [37, Definition 2.3]). A mapping S : A — B is said to be a proximal
contraction of the second kind if there exists a € [0, 1) such that

d(u,Sx) = d(v,Sy) = d(A, B) = d(Su, Sv) < ad(Sx, Sy) (2.3)

forall u,v,x,y € A.

Definition 2.3. Let S: A — Band T : B — A. The pair (S,T) is said to be a proximal cyclic
contraction pair if there exists a nonnegative number a < 1 such that

d(a,Sx) =d(b,Ty) =d(A,B) = d(a,b) < ad(x,y) + (1 - a)d(A,B) (2.4)

foralla,x € Aand b,y € B.

Definition 2.4. Leting S : A — B and an isometry ¢ : A — A, the mapping S is said to
preserve isometric distance with respect to g if

d(Sgx,Sgy) = d(Sx,Sy) (2.5)

forall x,y € A.

Definition 2.5. A point x € A is said to be a best proximity point of the mapping S: A — Bifit
satisfies the condition that

d(x, Sx) = d(A, B). (2.6)

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

Definition 2.6. A is said to be approximatively compact with respect to B if every sequence {x,}
in A satisfies the condition that d(y,x,) — d(y,A) for some y € B has a convergent
subsequence.

We observe that every set is approximatively compact with respect to itself and that
every compact set is approximatively compact. Moreover, Ay and By are nonempty set if A is
compact and B is approximatively compact with respect to A.

3. Main Results

Definition 3.1. A mapping S : A — B is said to be a generalized proximal g-contraction of the
first kind, if for all u, v, x, y € A satisfies

d(u,Sx) = d(v,Sy) = d(A,B) = d(u,v) < ¢(d(x,v)), (3.1)
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where ¢ : [0,00) — [0,00) is an upper semicontinuous function from the right such that
@(t) <tforallt>0.

Definition 3.2. A mapping S : A — B is said to be a generalized proximal g-contraction of the
second kind, if for all u, v, x, y € A satisfies

d(u,Sx) = d(v,Sy) = d(A,B) = d(Su, Sv) < ¢(d(Sx,Sy)), (3.2)

where ¢ : [0,00) — [0, o0) is a upper semicontinuous from the right such that ¢(t) < t for all
t>0.

It is easy to see that if we take ¢s(t) = at, where a € [0, 1), then a generalized proximal
g-contraction of the first kind and generalized proximal ¢-contraction of the second kind
reduce to a proximal contraction of the first kind Definition 2.1 and a proximal contraction of
the second kind Definition 2.2, respectively. Moreover, it is easy to see that a self-mapping
generalized proximal -contraction of the first kind and the second kind reduces to the
condition of Boy and Wong'’ s fixed point theorem [3].

Next, we extend the result of Sadiq Basha [37] and the Banach’s contraction principle
to the case of non-self-mappings which satisfy generalized proximal ¢-contraction condition.

Theorem 3.3. Let (X, d) be a complete metric space and let A and B be nonempty, closed subsets of
X such that Ag and By are nonempty. Let S: A — B,T:B — A, and g: AUB — AU B satisfy
the following conditions:

(a) Sand T are generalized proximal g-contraction of the first kind;

(b) g is an isometry;

(c) The pair (S,T) is a proximal cyclic contraction;
(d) S(Ao) C By, T(By) C Ao,

(e) Ao C g(Ap) and By C g(By).

Then, there exists a unique point x € A and there exists a unique point y € B such that

d(gx,Sx) =d(gy,Ty) =d(x,y) = d(A,B). (3.3)

Moreover, for any fixed xo € Ao, the sequence {x,}, defined by
d(gxn1,Sx,) = d(A,B), (3.4)

converges to the element x. For any fixed vy € By, the sequence {y,}, defined by
d(gyn+1,Tyn) = d(A, B), (3.5)
converges to the element y.

On the other hand, a sequence {u,} in A converges to x if there is a sequence of positive
numbers {e,} such that

lim €y = 0, d(un+1/ Zn+1) < én, (36)

n— oo

where z,.1 € A satisfies the condition that d(gzu+1, Su,) = d(A, B).
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Proof. Let x( be a fixed element in Ay. In view of the fact that S(Ag) € By and Ay C g(Ay), itis
ascertained that there exists an element x; € Ay such that

d(gx1,Sxp) = d(A,B). (3.7)
Again, since S(Ap) C By and Ay C g(Ay), there exists an element x, € A such that

d(gx»,Sx1) = d(A,B). (3.8)

By similar fashion, we can find x, in Ap. Having chosen x,, one can determine an element
Xn+1 € Ap such that

d(gxn+1,Sx,) = d(A, B). (3.9)

Because of the facts that S(Ag) C By and Ag C g(Ao), by a generalized proximal g-contraction
of the first kind of S, g is an isometry and property of ¢, for each n € N, we have

d(xn+1/xn) = d(gxn+1/ gxn)
< ¢(d(xn, Xn-1)) (3.10)

< d(xp, Xp-1)-

This means that the sequence {d(x,.1,x,)} is nonincreasing and bounded. Hence there exists
r > 0 such that

lim d(xy41,x,) =1 (3.11)

n—oo

If » > 0, then
r = lim d(xp41, x5)

< lim ¢ (d(xp, Xn-1))

(3.12)
= ¢(r)
<r,
which is a contradiction unless r = 0. Therefore,
= Hm d(xpe, %) = 0. (3.13)

We claim that {x,} is a Cauchy sequence. Suppose that {x,} is not a Cauchy sequence. Then
there exists € > 0 and subsequence {x,,, }, {xn, } of {x,} such that nx > my > k with

1 = d(Xm, Xn,) 2 €, A(Xpy, Xp-1) < € (3.14)
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fork € {1,2,3,...}. Thus

e< Tk < d(xmkl xnk—l) + d(xﬂk—ll xnk)

(3.15)
<E+Up1.
It follows from (3.13) that
klif;o Tk = €. (3.16)
On the other hand, by constructing the sequence {x,}, we have
A(gxme1, Sxm, ) = d(A, B), d(gxn1,Sxy, ) = d(A, B). (3.17)

Sine S is a generalized proximal ¢-contraction of the first kind and g is an isometry, we have
d(xmk+1/ xnk+1) = d(gxmk+1/ gxnk+1) S (P'(d(xmk/ xnk )) (318)

Notice also that
€ <1k < d(Xmy, Xmps1) + A (Xnr1, X)) + A (X1, Xngs1)
= Ay + Ay + A(Xmr1, Xnger1) (3.19)

< Uy + Ay + (A (X, Xy ))-

Taking k — oo in above inequality, by (3.13), (3.16), and property of ¢, we get ¢ < ¢(e).
Therefore, € = 0, which is a contradiction. So we obtain the claim and hence converge to some
element x € A. Similarly, in view of the fact that T(By) C A and Ay C g(Ap), we can conclude
that there is a sequence {y,} such that d(gy,+1, Sy») = d(A, B) and converge to some element
y € B. Since the pair (5, T) is a proximal cyclic contraction and g is an isometry, we have

A(Xns1, Yne1) = A(8%ns1, §Yns1) < ad (X, yu) + (1 - a)d(A, B). (3.20)
We take limit in (3.20) as n — oo; it follows that

d(x,y) =d(A,B), (3.21)

so, we concluded that x € Ay and y € By. Since S(Ag) C By and T(By) C A, thereisu € A
and v € B such that

d(u, Sx) = d(A, B) (3.22)

d(v,Ty) = d(A, B). (3.23)



8 Abstract and Applied Analysis

From (3.9), (3.22), and the notion of generalized proximal ¢-contraction of first kind of S, we
get

d(u, gxni1) < g(d(x, xn)). (3.24)
Letting n — oo, we get d(u, gx) < ¢(0) = 0 and thus u = gx. Therefore
d(gx,Sx) = d(A,B). (3.25)
Similarly, we can show that v = gy and then
d(gy,Ty) = d(A,B). (3.26)
From (3.21), (3.25), and (3.26), we get
d(x,y) =d(gx,Sx) =d(gy,Ty) = d(A, B). (3.27)

Next, to prove the uniqueness, let us suppose that there exist x* € A and y* € B with
x#x*,y #y* such that

d(gx*,Sx*) =d(A,B),
d(gy", Ty*) = d(A,B).

(3.28)
Since g is an isometry, S and T are generalized proximal ¢-contractions of the first kind and
the property of g; it follows that
d(x,x*) = d(gx, gx*) < ¢(d(x,x*)) <d(x,x*),
(3.29)
d(y,y") =d(gy.gy") <¢(d(y,y")) <d(v,v"),

which is a contradiction, so we have x = x* and y = y*. On the other hand, let {u,} be a
sequence in A and let {€,} be a sequence of positive real numbers such that

nli—r>r<}o€n =0, d(un+1/ Zn+1) < éy, (330)

where z,,; € A satisfies the condition that d(gz,,,, Su,) = d(A, B). Since S is a generalized
proximal ¢-contraction of first kind and g is an isometry, we have

d(xpi1, Zns1) < ¢(d(xn, uy)). (3.31)
Given € > 0, we choose a positive integer N such that €, < € for all n > N; we obtain that

A(xp41, Una1) < d(Xpa1, Zna1) + A(Zpe1, Uns1)
(3.32)

< ¢(d(xn, Up)) + €.
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Therefore, we get

d(upi1, x) < d(Uns1, Xns1) + d(Xpi1, X)
(3.33)
< @ (d(xn, Un)) + €n + d(xXpe1, X).

We claim that d(u,,x) — 0asn — oo; supposing the contrary, by inequality (3.33) and
property of ¢, we get

lim d(uye1,x) < Hm (d(tpe1, Xne1) + d(X041, X))
1n— oo n— oo

< lim (‘P(d(xnr Up)) + €n + d(Xns1, x))

o(Jim e, ) ) -

N

lim d(x,, uy,)
n—oo

IN

Jim (d(x, ) + ()

= lim d(x, u,),

which is a contradiction, so we have {u,} is convergent and it converges to x. This completes
the proof of the theorem. O

If g is assumed to be the identity mapping, then by Theorem 3.3, we obtain the
following corollary.

Corollary 3.4. Let (X, d) be a complete metric space and let A and B be nonempty, closed subsets of
X. Further, suppose that Ay and By are nonempty. LetS: A — B,T:B — Aandg: AUB — AUB
satisfy the following conditions:

(a) Sand T are generalized proximal g-contraction of the first kind;
(b) S(Ao) € Bo, T(Bo) C Ao;

(c) the pair (S, T) is a proximal cyclic contraction.

Then, there exists a unique point x € A and there exists a unique point y € B such that
d(gx,Sx) =d(gy,Ty) =d(x,y) = d(A,B). (3.35)

If we take ¢(t) = at, where 0 < a < 1, we obtain following corollary.

Corollary 3.5 (see [37, Theorem 3.1]). Let (X,d) be a complete metric space and A and B be
non-empty, closed subsets of X. Further, suppose that A and By are non-empty. Let S : A — B,
T:B — Aand g: AUB — AU B satisfy the following conditions:

(a) S and T are proximal contractions of first kind;

(b) g is an isometry;
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(c) the pair (S, T) is a proximal cyclic contraction;
(d) S(Ao) € By, T(By) C Ay,
(e) Ao € g(Ao) and By C g(Bo).

Then, there exists a unique point x € A and there exists a unique point y € B such that
d(gx,Sx) =d(gy,Ty) =d(x,y) = d(A, B). (3.36)
Moreover, for any fixed xo € Ay, the sequence {x,}, defined by

d(gxn+1,Sx,) =d(A,B), (3.37)

converges to the element x. For any fixed vy € By, the sequence {y,}, defined by
A(gyni1, Tyn) = d(A, B), (3.38)

converges to the element y.

If g is assumed to be the identity mapping in Corollary 3.5, we obtain the following
corollary.

Corollary 3.6. Let (X, d) be a complete metric space and let A and B be nonempty, closed subsets of X.
Further, suppose that Ag and By are nonempty. Let S: A — B,T:B — A,and g: AUB — AUB
satisfy the following conditions:

(a) Sand T are proximal contractions of first kind;
(b) S(Ao) € Bo, T(By) C Ao;
(c) the pair (S, T) is a proximal cyclic contraction.

Then, there exists a unique point x € A and there exists a unique point y € B such that
d(gx,Sx) =d(gy,Ty) =d(x,y) = d(A,B). (3.39)

For a self-mapping, Theorem 3.3 includes the Boy and Wong’ s fixed point theorem [3]
as follows.

Corollary 3.7. Let (X, d) be a complete metric space and let T : X — X be a mapping that satisfies
d(Tx,Ty) < ¢(d(x,y)) forall x,y € X, where ¢ : [0,00) — [0, 00) is an upper semicontinuous
function from the right such that ¢(t) < t for all t > 0. Then T has a unique fixed point v € X.
Moreover, for each x € X, {T"x} converges to v.

Next, we give an example to show that Definition 3.1 is different form Definition 2.1;
moreover we give an example which supports Theorem 3.3.

Example 3.8. Consider the complete metric space R? with metric defined by

, (3.40)

d((x1,y1), (x2,42)) = |x1 — 22| + |y1 — ¥2
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for all (x1,y1), (x2,v2) € R% Let
A={(0,y):0<y<1}, B={(1,y):0<y<1}. (3.41)

Then d(A, B) = 1. Define the mappings S : A — B as follows:

s = (1v-%) 642

First, we show that S is generalized proximal ¢-contraction of the first kind with the function
¢ : [0,00) — [0, 0) defined by

2
t_t_/ OSi’Sl/
g(t) = 2 (3.43)
t—1, t>1.

Let (0, x1), (0,x2), (0, a1) and (0, a2) be elements in A satisfying

d((0,x1),5(0,a1)) =d(A,B) =1, d((0,x2),5(0,az)) =d(A,B) =1. (3.44)
It follows that
a2
X = a; - 71 fori=1,2. (3.45)

Without loss of generality, we may assume that a; — a, > 0, so we have

a% a%
d((0,x1),(0,x2)) = d 0,a1—3 , 0,[12_7

a% a% (3.46)
= (a1 - a2) - 22

1
<(a1-a) - (a1 - a)®
2

= ¢(d((0,a1), (0, a2)))-

Thus S is a generalized proximal g-contraction of the first kind.
Next, we prove that S is not a proximal contraction. Suppose S is proximal contraction
then for each (0, x), (0, y), (0, a), (0,b) € A satisfying

d((0,x),5(0,a)) =d(A,B) =1, d((0,y),5(0,b)) =d(A,B) =1, (3.47)
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there exists k € [0, 1) such that

d((0,x), (0,y)) < kd((0, a), (0, b)). (3.48)
From (3.47), we get
2 bZ
xX=a-—, y:b—E, (3.49)

and thus

<a . “;> - <b - ”;>‘ = d((0,%), (0,))

(3.50)
< kd((0,a),(0,b))
= kla -]
Letting b = 0 with a #0, we get
. a
1= ,}E%(l - §> <k<1, (3.51)

which is a contradiction. Therefore S is not a proximal contraction and Definition 3.1 is
different form Definition 2.1.

Example 3.9. Consider the complete metric space R? with Euclidean metric. Let

A={(0y):yeRY,

(3.52)
B={(Ly):yeR}.
Define two mappings S: A — B,T: B — Aand g: AUB — AU B as follows:
Y ¥
Sy =(15) T(Wy)=(03) &)= (x-y). (3.53)

Then it is easy to see that d(A, B) =1, Ag = A, By = B and the mapping g is an isometry.

Next, we claim that S and T are generalized proximal ¢-contractions of the first kind.
Consider a function ¢ : [0,00) — [0, 00) defined by ¢s(t) =¢/2 forall t > 0. If (0, 1), (0, y2) €
A such that

d(a,S(0,11)) =d(A,B)=1,  d(b,5(0,y2)) =d(A,B) =1 (3.54)

forall a,b € A, then we have

a= (o,ﬂ), b= (0,2) (3.55)
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Because,

dtaty=a((02),(0.2))
|

4 4

1
1 |y1 - y2|
(3.56)

IN

1 —
§|3/1 y2|
1
= 5d((0,11), (0,12))

= ¢(d((0,11),(0.12)))-

Hence S is a generalized proximal ¢-contraction of the first kind. If (1,11), (1,2) € B such
that

d(a,T(1,y1)) =d(A,B) =1,  d(b,T(1,y,)) =d(A,B) =1 (3.57)

for all a,b € B, then we get
a=(1, ﬂ), b=(1, 2) (3.58)

In the same way, we can see that T is a generalized proximal ¢-contraction of the first
kind. Moreover, the pair (S, T) forms a proximal cyclic contraction and other hypotheses of
Theorem 3.3 are also satisfied. Further, it is easy to see that the unique element (0,0) € A and
(1,0) € B such that

d(g(0,0),5(0,0)) = d(g(1,0),T(1,0)) = d((0,0),(1,0)) = d(A,B). (359)

Next, we establish a best proximity point theorem for non-self-mappings which are
generalized proximal ¢-contractions of the first kind and the second kind.

Theorem 3.10. Let (X, d) be a complete metric space and let A and B be non-empty, closed subsets
of X. Further, suppose that Ay and By are non-empty. Let S : A — Band g: A — A satisfy the
following conditions:

(a) S is a generalized proximal g-contraction of first and second kinds;

(b) g is an isometry;

(d) 5(Ao) € By,

)
)
(c) S preserves isometric distance with respect to g;
)
(e) Ao € g(Ao).
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Then, there exists a unique point x € A such that

d(gx,Sx) =d(A,B). (3.60)

Moreover, for any fixed xo € Ao, the sequence {x,}, defined by

d(gxn+1,Sx,) =d(A,B), (3.61)

converges to the element x.
On the other hand, a sequence {u,} in A converges to x if there is a sequence of positive
numbers {€,} such that

lim €n = 0/ d(un+1/ Zn+1) < €n, (362)

n—oo

where z,.1 € A satisfies the condition that d(gzu+1, Su,) = d(A, B).

Proof. Since S(Ap) € By and Ay C g(Ap), similarly in the proof of Theorem 3.3, we can
construct the sequence {x,} of element in Aj such that

d(gxns1, Sx,) = d(A, B) (3.63)

for nonnegative number 7. It follows from g that is an isometry and the virtue of a generalized
proximal ¢-contraction of the first kind of S; we see that

A(xn, Xns1) = d(gxn, §%ne1) < ¢(d(xn, X4-1)) (3.64)

for all n € N. Similarly to the proof of Theorem 3.3, we can conclude that the sequence {x,}
is a Cauchy sequence and converges to some x € A. Since S is a generalized proximal ¢-
contraction of the second kind and preserves isometric distance with respect to g that

d(Sxn, Sxns1) = d(SgXn, S§Xns1)
< ¢(d(Sxn-1,Sxn)) (3.65)
S d(sxn—ll an)/

this means that the sequence {d(Sx,+1,Sx;,)} is nonincreasing and bounded below. Hence,
there exists > 0 such that

lim d(Sxy,41, Sx,) =71. (3.66)
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If r > 0, then
r = lim d(Sx,11, Sxy,)

< lim ¢ (d(Sxp-1, Sxu))

(3.67)
= ¢(r)
<7,
which is a contradiction, unless r = 0. Therefore
,Bn = de(sxn+1/ Sxy) = 0. (3.68)

We claim that {Sx,} is a Cauchy sequence. Suppose that {Sx,} is not a Cauchy sequence.
Then there exists € > 0 and subsequence {Sx,, }, { Sx,, } of {Sx,} such that ny > my > k with

1k = d(Sxm, Sxn) 2 €, d(SXmy, Sxpe1) <€ (3.69)

fork € {1,2,3,...}. Thus

€ <1 < d(Sxpy, Sxn-1) + d(Sxp -1, Sxny)

(3.70)
<€+ Pu,
it follows from (3.68) that
li = €.
Jm 7 =€ (3.71)

Notice also that

3 S Tk S d(sxmkr Sxmk+1) + d(ank+1/ ank) + d(Sxmk+1/ ank+l)
= Py + P + A(SXmyr1, Sxni1) (3.72)
< ﬁmk + :Bnk + (P(d(sxmw ank))’

Taking k — oo in previous inequality, by (3.68), (3.71), and property of ¢, we get ¢ < ¢ (e).
Hence, € = 0, which is a contradiction. So we obtain the claim and then it converges to some
y € B. Therefore, we can conclude that

d(gx,y) = lim d(gxu1,Sxu) = d(A, B). (3.73)
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That is gx € Ag. Since Ag C g(Ap), we have gx = gz for some z € Ag and then d(gx, gz) = 0.
By the fact that g is an isometry, we have d(x,z) = d(gx,gz) = 0. Hence x = z and so x
becomes to a point in Ag. As S(Ag) C By that

d(u, Sx) = d(A, B) (3.74)

for some u € A. It follows from (3.63) and (3.74) that S is a generalized proximal ¢-
contraction of the first kind that

d(u, gxni1) < gp(d(x, xn)) (3.75)

for all n € N. Taking limit as n — oo, we get the sequence {gx,} converging to a point u. By
the fact that g is continuous, we have

gXx, — gX as n — oo. (3.76)

By the uniqueness of limit of the sequence, we conclude that u = gx. Therefore, it results that
d(gx,Sx) = d(u,Sx) = d(A, B). The uniqueness and the remaining part of the proof follow
as in Theorem 3.3. This completes the proof of the theorem. O

If g is assumed to be the identity mapping, then by Theorem 3.10, we obtain the
following corollary.

Corollary 3.11. Let (X, d) be a complete metric space and let A and B be nonempty, closed subsets of
X. Further, suppose that Ay and By are nonempty. Let S : A — B satisfy the following conditions:

(a) S is a generalized proximal g-contraction of first and second kinds;
(b) 5(Ao) C Bo.

Then, there exists a unique point x € A such that
d(x,Sx) =d(A,B). (3.77)
Moreover, for any fixed xo € Ao, the sequence {x,}, defined by

d(xns1,Sxu) = d(A, B), (3.78)

converges to the best proximity point x of S.
If we take ¢ (t) = at, where 0 < a < 1 in Theorem 3.10, we obtain following corollary.

Corollary 3.12 (see [37, Theorem 3.4]). Let (X, d) be a complete metric space and let A and B be
non-empty, closed subsets of X. Further, suppose that Ay and By are non-empty. Let S : A — B and
g A — Asatisfy the following conditions:

(a) S is a proximal contraction of first and second kinds;

(b) g is an isometry;
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(c) S preserves isometric distance with respect to g;
(d) S(Ao) € By;
(e) Ao € g(Ao).

Then, there exists a unique point x € A such that
d(gx,Sx) = d(A,B). (3.79)
Moreover, for any fixed xo € Ao, the sequence {x,}, defined by
d(gxn+1,Sx,) =d(A,B), (3.80)

converges to the element x.

If g is assumed to be the identity mapping in Corollary 3.12, we obtain the following
corollary.

Corollary 3.13. Let (X, d) be a complete metric space and let A and B be non-empty, closed subsets
of X. Further, suppose that Ay and By are non-empty. Let S : A — B satisfy the following conditions:

(a) S is a proximal contraction of first and second kinds;
(b) S(Ao) € Bo.

Then, there exists a unique point x € A such that
d(x,Sx) =d(A, B). (3.81)
Moreover, for any fixed xo € Ay, the sequence {x,}, defined by
d(xn1,Sxn) = d(A, B), (3.82)

converges to the best proximity point x of S.
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Abstract

In this paper, we introduced a new type of a contractive condition defined on an
ordered space, namely a P-contraction, which generalizes the weak contraction. We
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1 Introduction and preliminaries
It is well known that the Banach contraction principle has been improved in different
directions in different spaces by mathematicians over the years. Even in the contemporary
research, it remains a heavily investigated branch. Thus, several authors have generalized
the principle in various ways (see, for example, [1-14]).

In 1997, Alber and Guerre-Delabriere [15] have introduced the concept of weak con-
traction in Hilbert spaces. Later, Rhoades [16] showed, in 2001, that these results are also
valid in complete metric spaces. We state the result of Rhoades in the following.

A mapping f : X — X, where (X, d) is a metric space, is said to be weakly contractive if

d(fx.fy) < d(x,y) - ¢(d(x,)) (11)

forall x,y € X and ¢ : [0, +00) — [0, +00) is a function satisfying:
(i) @ is continuous and nondecreasing;
(i) ¢(¢) =0ifand onlyift=0;
(iil) limy_s 400 @(£) = +00.
Note that (1.1) reduces to an ordinary contraction when ¢(¢) := k¢, where 0 < k < 1.

Theorem 1.1 ([16]) Let (X,d) be a complete metric space and f be a weakly contractive
mapping. Then [ has a unique fixed point x* in X.

An interesting way to generalize this theorem is to consider it in case a partial ordering
is defined on the space. Recall that a relation C is a partial ordering on a set X if it is
reflexive, antisymmetric and transitive. By this meaning, we write » J a instead of a C b
to emphasize some particular cases. Any a,b € X are said to be comparable if a 3 b or
a C b.If aset X has a partial ordering C defined on it, we say that it is a partially ordered set
(w.r.t. C) and denote it by (X, E). (X, C) is said to be a totally ordered set if any two elements
in X are comparable. Moreover, it is said to be a sequentially ordered set if each element
© 2012 Chaipunya et al, licensee Springer. This is an Open Access article distributed under the terms of the Creative 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.
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of a convergent sequence in X is comparable with its limit. Yet, if (X, d) is a metric space
and (X, E) is a partially ordered (totally ordered, sequentially ordered) set, we say that X
is a partially ordered (totally ordered, sequentially ordered, respectively) metric space, and
it will be denoted by (X, C, d).

In 2009, Harjani and Sadarangani [17] carried the work of Rhoades [16] into partially
ordered metric spaces. We now state the result proved in [17] as follows.

Theorem 1.2 ([17]) Let (X, 5, d) be a complete partially ordered metric space and let f
X — X be a continuous and nondecreasing mapping such that

d(fx,fy) < d(x,y) — ¢(d(x,))

for x T y, where ¢ : [0, +00) — [0, +00) is a function satisfying:
(i) @ is continuous and nondecreasing;
(i) @(¢) =0 ifand only ift = 0;
(iil) 1im,_ 00 @(£) = +00.
If there exists xo € X such that xo C fxo, then f has a fixed point.

Harjini and Sadarangani [17] also proved fixed point theorems for noncontinuous map-
pings, nonincreasing mappings and even for non-monotonic mappings.
The aim of this paper is to introduce a weak condition which resulted in the concept

called a P-contraction.

2 P-functions

In this section, we introduce our concept of a P-function and some of its fundamental
properties. Not to be ambiguous, we assume that R represents the set of all real numbers
while N represents the set of all positive integers.

Definition 2.1 Let (X, T, d) be a partially ordered metric space. A function g : X x X - R
is called a P-function w.rt. C in X if it satisfies the following conditions:
(i) o(x,y) > 0 for every comparable x,y € X;
(ii) for any sequences {x,}:%, {¥»}5] in X such that x,, and y, are comparable at each
neN,iflim, x, =xand lim,_ .o ¥, =y, then lim,_, . 0(x,, ¥) = 0(x,%);
(iii) for any sequences {x,}:%, {y.},3 in X such that x,, and y,, are comparable at each
neN, iflim, 00 0(xy,y4) = 0, then lim,_, ;oo d(x,,, y,) = 0.

If, in addition, the following condition is also satisfied:

+

(A) for any sequences {x,}

% {yn )i in X such that x,, and y,, are comparable at each
n € N, if the limit lim,_, , o d(x,,, y,,) exists, then the limit lim,_, .o 0(x,, y,) also
exists,

then o is said to be a P-function of type (A) w.r.t. C in X.

Example 2.2 Let (X,C,d) be a partially ordered metric space. Suppose that the function
¢ :[0,+00) — [0, +00) is defined as in Theorem 1.2. Then ¢ o d is a P-function of type (A)
w.rt. C in X.

Proposition 2.3 Let (X,C,d) be a partially ordered metric space and o : X x X — R bea
P-function w.rt. C in X. If x,y € X are comparable and o(x,y) =0, then x = y.
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Proof Letx,y € X be comparable and o(x,y) = 0. Define {x,};% and {y,};% to be two con-
stant sequences in X such that x,, = x and y,, = y for all n € N. It follows from the definition
of a P-function, since x and y are comparable, that d(x,y) = 0. That is, x = y. O

Corollary 2.4 Let (X,C,d) be a totally ordered metric space and 0 : X x X — R be a
P-function w.rt. Cin X. Ifx,y € X and o(x,y) = 0, then x = y.

Proof Since X is totally ordered, any x,y € X are comparable. The rest of the proof is
straightforward. O

Example 2.5 Let X = R. Define d,0: X x X — R with d(x,y) = |x — y| and o(x,y) =1 +
|z —y]. If X is endowed with a usual ordering <, then (X, <,d) is a totally ordered metric
space with o as a P-function of type (A) w.r.t. < in X. Note that o(x,y) # 0 for all x,y € X,
even when x = y.

This example shows that the converse of Proposition 2.3 and that of Corollary 2.4 are
not generally true.

Definition 2.6 Let (X, T, d) be a partially ordered metric space, a mapping f : X — X is
called a P-contraction w.r.t. C if there exists a P-function ¢ : X x X — Rw.r.t. C in X such
that

d(fx,fy) < d(x,y) - o(x,y) (2.1)

for any comparable x,y € X. Naturally, if there exists a P-function of type (A) w.r.t. C in
X such that the inequality (2.1) holds for any comparable x,y € X, then f is said to be a
‘P-contraction of type (A) w.rt. C.

Remark 2.7 From Example 2.2, it follows that in partially ordered metric spaces, a weak
contraction is also a P-contraction.

3 Fixed point results

3.1 Fixed point theorems for monotonic mappings

Theorem 3.1 Let (X,C,d) be a complete partially ordered metric space and f : X — X be
a continuous and nondecreasing P-contraction of type (A) w.r.t. C. If there exists xy € X
with xo E fxo, then {f"x0},,5] converges to a fixed point of f in X.

Proof For the existence of the fixed point, we choose xy € X such that xy C fx,. If fxo = xo,
then the proof is finished. Suppose that fx, # xo. We define a sequence {x,}% such that
%, =f"x0. Since % C fxo and f is nondecreasing w.r.t. C, we obtain

xExExE---Cx,Exnl---.

If there exists ny € N such that o(xy,,%n+1) = d(Xy,%ny+1), then by the notion of
‘P-contractivity, the proof is finished. Therefore, we assume that o(x, %,41) < (%4, X41)
for all n € N. Also, assume that o(x,,x,.1) # 0 for all #n € N. Otherwise, we can find ny € N
with &, = %41, that is, x,,, = fx,,, and the proof is finished. Hence, we consider only the
case where 0 < 0(x,, X,11) < d(x,%,41) for all m € N,
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Since x,, C x,,,1 for all # € N, we have

d(xnrxnﬂ) = d(fxn—lrfxn)
5 d(xn—hxn) - Q(xn—hxn)
< d(%p-1,%n)
for all n € N. Therefore, we have {d(x,,x,.1)};>] nonincreasing. Since {d(x,,x,.1)},5 is

bounded, there exists [ > 0 such that lim,_, ;o d(x,,x,:1) = [. Thus, there exists g > 0 such

that lim,_, .o 04, %041) = .
Assume that / > 0. Then, by the P-contractivity of f, we have

I<l-gq.
Hence, g = 0, which implies that [ = 0, a contradiction. Therefore, we have

lim d(x,,x4.1) = 0. (3.1)

n—+00

+00

Now we show that {x,}!% is a Cauchy sequence in X. Assume the contrary. Then

there exists €y > 0 for which we can define subsequences {x,,, };°] and {x,, };% of {x,};2}
such that 7 is minimal in the sense that n; > my > k and d(x,,,,%,,) > €o. Therefore,
AKXy s Xny—1) < €0. Observe that

€ = d(xmk:xnk)
= d(xmk:xnk—l) + d(xnk—bxnk)
< €0+ d(Xpy_1,%n,)-
Letting kK — +00, we obtain €y < limy_, .o d(X,;, %4, ) < €o and so
lim d(x,,%,,) = €. (3.2)
k—+00
By the two following inequalities:
d(xmk)xnk) = d(xmk’xmk—l) + d(xmk—lxxnk—l) + d(xnk—l’ xnk)
and
d(xmkfhxnkfl) =< d(xmkfl) xmk) + d(xmernk) + d(xnk)xnkfl)’
we can apply (3.1) and (3.2) to obtain
lim d(xmk_l,x,,k_l) =€p. (3.3)
k—+00

Furthermore, we deduce that the limit limy_, .o 0(%;—1,%,,-1) also exists. Now, by the
‘P-contractivity, we have

d(xmk:xnk) = d(xmk—l: xnk—l) - Q(xmk—hxnk—l)'

Page 4 of 10
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From (3.2) and (3.3), we may find that

0= —kﬂfpoo (K1, X 1),
which further implies that limy_, .oc 0%, —1,%4,-1) = 0. Notice that x,,, 1 C x,,_1 at each
k € N. Consequently, we obtain that lim_, ,o0 d(% 1, %4, 1) = 0, which is a contradiction.
So, {x,}+% is a Cauchy sequence. Since X is complete, there exists x* such that x,, = f"x, —
x* as n — +oo. Finally, the continuity of f and ff"xy = f**xy — x* imply that fx* = x*.
Therefore, x* is a fixed point of f. O

Remark 3.2 In the setting of Remark 2.7, Theorem 3.1 reduces to Theorem 1.2 of [17].

Next, we drop the continuity of f in the Theorem 3.1, and find out that we can still guar-
antee a fixed point if we strengthen the condition of a partially ordered set to a sequentially
ordered set.

Theorem 3.3 Let (X,C,d) be a complete sequentially ordered metric space and f : X — X
be a nondecreasing ‘P-contraction of type (A) w.r.t. C. If there exists xo € X with xo C fxo,
then {f"x0}:% converges to a fixed point of f in X.

Proof If we take x, = f"x; in the proof of Theorem 3.1, then we conclude that {x,};%
converges to a point x* in X.
Next, we prove that x* is a fixed point of f in X. Indeed, suppose that x* is not a fixed

point of f, i.e., d(x*, fx*) # 0. Since x* is comparable with x,, for all #n € N, we have

A7) = o ) + ()
< d(x*, fxn) + d(x",x0) — (%", )
<d(x*,fxn) +d(x*,x,)
= d(x*, %41) + d (%", %)

for all n € N. By the definition of a convergent sequence, we have, for any € > 0, there exists
N € N such that d(x,,x*) < 5 for all n € N with n > N. Therefore, we have

d(x*,fx*) <

<

+

N oo
ORI

As easily seen, d(x*, fx*) is less than any nonnegative real number, so d(x*, fx*) = 0, which
is a contradiction. Hence, x* is a fixed point of f. O

Corollary 3.4 Let (X,C,d) be a complete totally ordered metric space and f : X — X be a
nondecreasing P-contraction of type (A) w.r.t. E. If there exists xo € X with xo T fxo, then
{f"x0}13 converges to a unique fixed point of f in X.

Proof Take x, =f"x, as in the proof of Theorem 3.1. Since the total ordering implies the
partial ordering, we conclude that {x,}°] converges to a fixed point.
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Next, we show that the fixed point of f is unique. Assume that # and v are two distinct
fixed points of f, i.e., d(u,v) # 0. Since X is totally ordered, u and v are comparable. Thus,

we have

d(u,v) = d(fu,fv)
5 d(u, V) - Q(M’ V)’ (34)

which is a contradiction. Therefore, u# = v and the fixed point of f is unique. d

We can still guarantee the uniqueness of a fixed point by weakening the total ordering
condition as stated and proved in the next theorem.

Theorem 3.5 Let (X,C,d) be a complete partially ordered metric space and f : X — X be
a continuous and nondecreasing P-contraction of type (A) w.r.t. C. Suppose that for each
x,y € X, there exists w € X which is comparable to both x and y. If there exists xy € X with
x0 C fo, then {f"xo};% converges to a unique fixed point of f in X.

Proof 1f we take x,, = f"x, in the proof of Theorem 3.1, then we conclude that x,, converges
to a fixed point of f in X.

Next, we show that the fixed point of f is unique. Assume that # and v are two distinct
fixed points of f, i.e., d(u,v) # 0. Since u, v € X, there exists w € X such that w is comparable
to both u and v. We will prove this part by showing that the sequence {w,};%] given by
w, = f"w converges to both u and v. Therefore, we have

d(u,f"w) < d(u,f”_lw) - Q(u,f"_lw)
<d(uwf"'w). (3.5)

If we define a sequence y, = d(u,f"w) and z, = o(u,f"w), we may obtain from (3.5)
that {y,},% is nonincreasing and there exist /,g > 0 such that lim,_, ..y, = [ and
M, 0020 = q.

Assume that / > 0. Then, by the P-contractivity of f, we have
l S l_ (I:

which is a contradiction. Hence, lim,_, ;o ¥, = 0. In the same way, we can also show that
lim,,— ;o0 d(v,f"w) = 0. That is, {w,};2} converges to both x and v. Since the limit of a con-
vergent sequence in a metric space is unique, we conclude that u = v. Hence, this yields
the uniqueness of the fixed point. d

Theorem 3.6 Let (X,C,d) be a complete sequentially ordered metric space and f : X — X
be a nondecreasing P-contraction of type (A) w.r.t. T. Suppose that for each x,y € X, there
exists w € X which is comparable to both x and y. If there exists xy € X with xy C fxo, then
{f"x0}13 converges to a unique fixed point of f in X.

Proof If we take x,, = f"x in the proof of Theorem 3.1, then we conclude that x,, converges
to a fixed point of f in X. The rest of the proof is similar to the proof of Theorem 3.5. [


http://www.fixedpointtheoryandapplications.com/content/2012/1/219

Chaipunya et al. Fixed Point Theory and Applications 2012,2012:219 Page 7 of 10
http://www.fixedpointtheoryandapplications.com/content/2012/1/219

Remark 3.7 In parallel with the study of Theorems 3.1, 3.3, 3.5 and 3.6, we can also prove
in the same way that if the mapping f is nonincreasing, the above theorems still hold.

However, we will omit the result for nonincreasing mappings.

3.2 Fixed point theorems for mappings with the lack of monotonicity
In this section, we drop the monotonicity conditions of f and find out that we can still

apply our results to confirm the existence and uniqueness of a fixed point of f.

Theorem 3.8 Let (X,C,d) be a complete partially ordered metric spaceandf : X — X bea
continuous P-contraction of type (A) w.r.t. C such that the comparability of x,y € X implies
the comparability of fx,fy € fX. If there exists xo € X such that xo and fx, are comparable,
then {f"x0}: converges to a fixed point of f in X.

Proof For the existence of the fixed point, we choose xy € X such that x and fx, are com-
parable. If fxy = x¢, then the proof'is finished. Suppose that fxo # x. We define a sequence
{x, 1% such that x,, = f"x,. Since x( and fx, are comparable, we have x,, and x,,,; compa-
rable for all n € N.

If there exists ny € N such that o(xy,%n+1) = d(Xy,%ny+1), then by the notion of
‘P-contractivity, the proof is finished. Therefore, we assume that o(x,, %,41) < (%4, X141)
for all # € N. Also, assume that o(x,, x,,1) # 0 for all n € N. Otherwise, we can find ny € N
with &, = %41, that is, x,,, = fx,,, and the proof is finished. Hence, we consider only the
case where 0 < 0(x,, X,11) < d(x,%,41) for all m € N,

Since x,, and x,,,; are comparable for all #n € N, we have

A(xp, %p11) = d(fxn—l;fxn)
< d(Xp-1,%4) — Q(xn—lrxn)

= d(xn—lr xn)

for all # € N. Therefore, we have {d(x,,%,.1)};5] is nonincreasing. Since {d(x,, x,.:1)},5 is
bounded, there exists [ > 0 such that lim,,_, , o d(x,,, x,:1) = [. Thus, there exists g > 0 such
that lim,,_, .o (%, Xui1) = q.

Assume that / > 0. Then, by the P-contractivity of f, we have

I<l-gq.

Hence, g = 0, which implies that / = 0, a contradiction. Hence, lim,_, , o d(x,,, %,:1) = 0.

+00

+% is a Cauchy sequence in X. Assume the contrary. Then

Now we show that {x,}
there exists €y > 0 for which we can define subsequences {x,,, };5 and {x,, }/ of {x,};%
such that #; is minimal in the sense that n > my > k and d(x,,,%,,) > €o. Therefore,

AKXy Xny1) < €0. Observe that

€0 < d(Xpy %)
=< d(xmk:xnk—l) + d(xnk—bxnk)

< €0+ dXup-1,%n;).
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Letting k — +00, we obtain €y < limy_, .o d(Xy;, %4, ) < €¢ and so

lim d(x,,%,,) = €o. (3.6)

k—+00

By the two following inequalities:
AKXy %) < AXs Xnp—1) + AKpy 15 Xy —1) + A X1, %)
and
AXmy-1%n1) < AXpp—1,%my) + AKXy X)) + A Ky Xy 1),
we can apply the fact that lim,_, ;o d(x,,, %,:1) = 0 and (3.6) to obtain

lim d(xmk_l,x,,k_l) = €p. (37)
k—+00
Furthermore, we deduce that the limit limy_, .o 0(%,—1,%,,-1) also exists. Now, by the
‘P-contractivity, we have

d(xmk;xnk) < d(xmkfl’xnkfl) - Q(xmkflfxnkfl)‘

From (3.6) and (3.7), we may find that
0 =- lim Q(xmk—l:xnk—l)r
k—+00

which further implies that limy_, .o 0, —1,%4,-1) = 0. Notice that x,,, 1 C x,,_1 at each
k € N. Consequently, we obtain that limy_, .o d(%, 1, %4,-1) = 0, which is a contradiction.
So, {x,},5 is a Cauchy sequence. Since X is complete, there exists x* such that x, = f"xo —
x* as n — +o0. Finally, the continuity of f and ff"xy = f**xy — x* imply that fx* = x*.
Therefore, x* is a fixed point of f. d

Further results can be proved using the same plots as those of the earlier theorems in
this paper, so we omit them.

Theorem 3.9 Let (X, C,d) be a complete sequentially ordered metric space and f : X — X
be a P-contraction of type (A) w.r.t. T such that the comparability of x,y € X implies the
comparability of fx, fy € fX. If there exists xy € X such that xo and fx, are comparable, then
{f"x0} 1% converges to a fixed point of f in X.

Corollary 3.10 Let (X, C,d) be a complete totally ordered metric space withand f : X — X
be a P-contraction of type (A) w.r.t. T such that the comparability of x,y € X implies the
comparability of fx, fy € fX. If there exists xo € X such that x, and fx, are comparable, then
{f"x0}13 converges to a unique fixed point of f in X.

Theorem 3.11 Let (X,T,d) be a complete partially ordered metric space and f : X — X
be a continuous P-contraction of type (A) w.r.t. T such that the comparability of x,y € X
implies the comparability of fx,fy € fX. Suppose that for each x,y € X, there exists w €
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X which is comparable to both x and y. If there exists xo € X such that xy and fx, are
comparable, then {f"x0}'% converges to a unique fixed point of f in X.

Theorem 3.12 Let (X,C,d) be a complete sequentially ordered metric space and f : X —
X be a P-contraction of type (A) w.rt. T such that the comparability of x,y € X implies
the comparability of fx,fy € fX. Suppose that for each x,y € X, there exists w € X which is
comparable to both x and y. If there exists xy € X such that x, and fx, are comparable, then
{f"x0}1S converges to a unique fixed point of f in X.

4 Example
We give an example to ensure the applicability of our theorems.

Example 4.1 Let X = [0,1] x [0,1] and suppose that we write x = (x1,x,) and y = (y1,%2)
for x,y € X.
Defined,0: X x X - Rby

0 ifx=y,
d(x,y) =
2max{x; + y1,%2 +y,} otherwise
and
0 ifx=y,
Q(x, y) =

max{xi,x; + y2} otherwise.

Let C be an ordering in X such that for x,y € X, x C y if and only if x; = y; and %, < y5.
Then (X, C, d) is a partially ordered metric space with ¢ as a P-function of type (A) w.r.t.
Cin X.

Now, let f be a self mapping on X defined by fx = f((x1,%3)) = (0, x—%) forallx € X. It is
obvious that f is continuous and nondecreasing w.r.t. C.

Let x,y € X be comparable w.r.t. C. If x = y, then they clearly satisfy the inequality (2.1).
On the other hand, if x # y, we have

d(fx.fy) = d(f((xb )) (()’1,3’2 ))

~((03)(3))

2 yZ
=o2max{0, 2+ 22
2 2

=X+

=X+

< max{2x1,%; + y2}

= 2max{2x;,x9 + y2} — Max{2xy,x2 + y2}
< 2maX{2x;, x5 + y2} — max{xy, xy + y2}

=d(x,y) - olx,y).
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Therefore, the inequality (2.1) is satisfied for every comparable x,y € X. So, f is a con-
tinuous and nondecreasing P-contraction of type (A) w.r.t. C. Let x¢ = (0,0), so we have
%0 E fxo. Now, applying Theorem 3.1, we conclude that f has a fixed point in X which is
the point (0, 0).

5 Conclusion

It is undeniable that Rhoades’s weak contraction is one of the earliest and the most impor-
tant extensions of the contraction principle. The results in this paper give a new direction
to expanding the framework of contractive type mappings in metric spaces. Still, there is
a question to be raised from this paper onwards.

Question Are our results still true for any P-contractions (not necessarily of type (A))?
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1. Introduction and preliminaries

The best proximity theorem furnishes sufficient conditions for
the existence of an optimal approximate solution x, known as
the best proximity point of the non-self mapping 7, satisfying
the condition that d(x, Tx) = dist(A4, B). Interestingly, the best
proximity theorems also serve as a natural generalization of
fixed point theorems. Indeed, the best proximity point becomes
a fixed point if the mapping under consideration is a self-map-
ping. On the other hand, though the best proximity theorems
ensure the existence of approximate solutions, such results

* Corresponding author. Tel.: +66 24708998.

E-mail addresses: cm.mongkol@hotmail.com (C. Mongkolkeha),
poom.kum@kmutt.ac.th (P. Kumam).

Peer review under responsibility of Egyptian Mathematical Society.

FLSEVIER Production and hosting by Elsevier

need not yield optimal solutions. But, best proximity point the-
orems furnish sufficient conditions that assure the existence of
approximate solutions which are optimal as well.

The classical and well-known Banach’s contraction princi-
ple states that if a self-mapping 7" of a complete metric space
X is a contraction mapping (i.e., d(Tx,Ty) < ad(x,y) for all
x,y € X, where a € [0, 1)), then 7 has a unique fixed point. This
principle has been extended in several ways such as [1-6]. In
2003, Kirk, Srinivasan, and Veeramani [7] extended the Ba-
nach’s contraction principle to case of cyclic mappings. Let
(X,d) be a metric space and let 4, B, be a non-empty subset
of X. A mapping T: AU B— AU B is called a cyclic mapping
if T(4) c Band T(B) c A. A point x € A is called a best prox-
imity point of T in A if d(x, Tx) = dist(4, B), where dist(4, -
B) = inf{d(x,y): xe€A,yeB}. A cyclic mapping T:
AUB— AU B is said to be a relatively non-expansive if
|Tx — Ty|| < |Ix — y|| for all x € 4 and y € B (notice that a rela-
tively non-expansive mapping need not be a continuous in gen-
eral). In 2005, Eldred, Kirk and Veeramani [8] proved the
existence of a best proximity point for relatively non-expansive

1110-256X © 2012 Egyptian Mathematical Society. Production and hosting by Elsevier B.V. All rights reserved.
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mappings by using the notion of proximal normal structure. In
2006, Eldred and Veeramani [9] introduced the notion called
cyclic contraction and gave sufficient condition for the existence
of a best proximity point for a cyclic contraction mapping 7 on
a uniformly convex Banach space. In 2009, Suzuki et al. [10]
introduced the notion of the property UC as follow :

Definition 1.1 10. Let A and B be non-empty subsets of a
metric space (X,d). Then (4,B) is said to be satisfy the
property UC, if the following holds: If {x,} and {X,} are
sequences in A and {y,} is a sequence in B such that
limd(x,,y,) = dist(4, B) and limd(X,,y,) = dist(4, B),

n—o0
then lim,_...d(x,,X,) = 0.

Also, they extended the result in [9] to metric spaces with
the property UC. The following lemma plays an important role
in next sections;

Lemma 1.2 10. Let A and B be subsets of a metric space (X,d).
Assume that (A, B) has the property UC. Let {x,} and {y,} be
sequences in A and B, respectively, such that either of the
following holds:

lim sup, .., d(x,y,) =dist(A, B) or lim,_,..sup,,~ ,d(x,,,y,) = dist(A, B).

Then {x,} is Cauchy.

On the other hand, in 2003, Kirk [11], introduced the no-
tion of an asymptotic contraction mapping as follows:

Definition 1.3 11. Let (X, d) be a metric space. A mapping T
X — X is said to be an asymptotic contraction if

d(T"(x), T"(y)) < du(d(x,y))
where ¢,;: [0,00) = [0,00) and ¢,, = ¢ uniformly on the range
of d in which ¢: [0,00) — [0, 00) is continuous and ¢(s) < s for
all s > 0.

for all x,y € X,

In 2007, Kirk [12], introduced the notion of an asymptotic
pointwise contraction mapping as follows:

Definition 1.4 12. Let (X,d) be a metric space. A mapping T:
X — Xis said to be an asymptotic pointwise contraction if
there exists a sequence of functions «, : X — R* such that
o, — o pointwise on X and for each integer n > 1,

d(T"(x), T"(y)) < o (x)(d(x, 7))

In 2008, Kirk and Xu [13], introduced the notion of a point-
wise asymptotically non-expansive mapping as follows:

for all x,y € X.

Definition 1.5 13. Let K be a non-empty subset of Banach
space X. A mapping 70 K— K is said to be a pointwise
asymptotically non-expansive, if for each integer n > 1,

[7"(x) = T < o (¥)[1x = ¥

where o, — 1 pointwise on K.

for all x,y € K,

In 2009, Anuradha and Veeramani in [14] introduced a new
class of mappings; they called each mapping of this class a
proximal pointwise contraction:

Definition 1.6 14. Let A and B be non-empty subsets of a
metric space (X,d). Let T: A U B— A U B be a cyclic mapping.
The mapping T is said to be a proximal pointwise contraction
if for each (x,y) € A x Bthereexist 0 < o(x) < 1,0 < a(y) < 1
such that

ax{a(x)d(x,y),dist(4,B)} for all y € B,
ax{a(y)d(x,y),dist(A,B)} for all x € 4.

Recently, Abkar and Gabeleh [15] introduced a new notion
of an asymptotic proximal pointwise contraction mapping as
follows:

Definition 1.7 15. Let (4, B) be a non-empty pair in a Banach
space X. A mapping 7: AUB—> AUB is said to be an
asymptotic proximal pointwise contraction if 7 is cyclic and
there exists a function a: A U B —[0,1) such that for any
integer n > 1 and (x,y) € A X B,

H T2nx _ T2ny|
H T2nx _ T2ny|

< max{a,(x)||x — ||, dist(4,B)} for all y € B,
< max{a,(y)||x — y||,dist(4,B)} forall x € 4,

|
|
where o,, — o pointwise on 4 U B.

Just recently, Chen [16] defined the following new notion of
the weaker Meir—Keeler-type function and an asymptotic
pointwise weaker Meir—Keeler-type contraction, R, denoted
the set of all non-negative numbers.

Definition 1.8 16. The function y: R, — R, is called a
weaker Meir—Keeler-type function, if for each n > 0, there
exists 0 > 5 such that for 1 € R, with n <t < 9, there exists
ny € N such that Y™ (1) < 7.

Definition 1.9 16. Let X be a Banach space, and  : R, — R,
be a weaker Meir—Keeler-type function. A mapping 7: X - X
is said to be an asymptotic pointwise weaker Meir—Keeler-type
y-contraction, if for each n € N,
[7"x = Tyl < ¢"(IxIDllx =yl forall x,y e X.

For example of a weaker Meir—Keeler-type mapping and a
weaker Meir—Keeler-type mapping which is not a Meir—Kee-
ler-type mapping, we can see in [17]. Best proximity point the-

orems for several types of contractions, for examples see in
[18-23].

In this paper, we give the notion of new class of an asymp-
totic proximal pointwise weaker Meir—Keeler-type y/-contrac-
tion and prove the existence of a best proximity point
theorem for this mapping. Also, we give some an example
for support our main Theorem.

2. Asymptotic proximal pointwise weaker Meir—Keeler-type /-
contraction

In this section, we prove the existence of a best proximity point
for an asymptotic proximal pointwise weaker Meir—Keeler-
type y-contraction in a uniformly convex Banach space. First,
we introduce below notion of an asymptotic proximal point-
wise weaker Meir—Keeler-type i/-contraction mapping.
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Definition 2.1. Let (4, B) be a non-empty pair in Banach space
X, and let y : R. — R be a weaker Meir—Keeler-type func-
tion. A mapping 7: A U B — A U Bis said to be an asymptotic
proximal pointwise weaker Meir—Keeler-type -contraction, if
for each n € N and (x,y) € 4 X B,

17" = T y|| < max{y"(||x]))l|lx — yl|, dist(4, B)}
for all y € B,

172" — Ty || < max{y"(|ly])|lx — yl|, dist(4, B)}
for all x € A.

Before stating the main result, we recall definition and fact
of asymptotic centers. Let X be a Banach space, C subset of X
and {x,} is a bounded sequence in X. The asymptotic centers
of {x,} relative to C denoted by A4(x,) is the set of minimizers
in 4 (if any) of the function f given by

() = limsup, .|, — x].
That is,
AC(xn) = {X € C f(X) =in uECf(u)}7

and we can see that, if X is uniformly convex and C is closed
and convex, then 4c(x,) consists of exactly one point.

Theorem 2.2. Let (A, B) be a non-empty bounded closed convex
pair in a uniformly convex Banach space X and T:
AUB— AUB be an asymptotic proximal pointwise weaker
Meir—Keeler-type -contraction. If T is a relatively non-
expansive mapping, then there exists a unique pair
(vo,up) € AX B such that

[ — Tuol| = ||vo — Tvo|| = dist(A, B).

Moreover, if xg € A and x,+; = Tx,, then {x,,} converges in
norm to vy and {x,+ ;} converges in norm to uy.

Proof. Fix an xy € A4 and define a function f; B — [0,00) by

Sfu) = limsup,__ || T*"(xo) — ul| for u € B.

Since X is uniformly convex and B is bounded closed and con-
vex, it follow that f has unique minimizer over B; that is, we
have a unique point i, € B satisfying

Slup) = infuepf(u).
Indeed, for all m > 1 and u € B, we have
ST () = limsup, .| 7" (xo) — T*"ul|
= limsup,_ || 7" (x) — T*"u||
= limsup, || 7*"(T%"(x0)) — T*"u||
< limsup, ., max{y" (|| )[| 7" (xo)
— ul|,dist(4, B)}

= max{y" (||u])f(u),dist(4, B)}. 2.1)
Since ug € B is the minimum of f, for all m > 1, we have
Suo) < ST ug) < max{y" (|[uo||)/(uo), dist(4, B)}. (2.2)

We now claim that f{u,) = dist(4, B). Since for each u € B,
{y"(|lul)} is non-increasing, it must converges to some 5 = 0.

Suppose that > 0, by definition of weaker Meir—Keeler-type
function, there exists J > n such that for ue€ B with
n < |lull < 9, there exists ny € N such that " (||u||) < 5. Since
lim,, ot/ (lul) = n there exists my €N such that
n<Y"(lul) <6, for all m = my. Thus we conclude that
Y™ (|lul]) < n, thus we get the contradiction. So

Tim " ([ul}) = 0.

(2.3)

Taking m — oo in the inequality (2.2),we get

fluy) = dist(4, B).

On the other hand, by the relatively non-expansive of 7, we
have

f(TPug) = limsup,, . [|(T*(x0)) — Tus|

< limsup, o [[(T"7(x0)) — wol| = flwo),

which implies that T%uy = uy, by the uniqueness of minimum
of f; then uy is a fixed point of 72 in B. Hence,

lim sup, ., [(77(x0)) — T | = lim [[(7"(x0)) ~ o]
= flup) = dist(4, B).

By the property UC of (4, B), it follows from Lemma 1.2 that
{T?"(x,)} is a Cauchy sequence, so there exists x' € 4 such that
T*"xo — X’ as n — co. By the similar argument as above, if
yp€B and g A—[0,00) is given by g(v) = lim-
SUPy—ool| T*"(v0) — V|| for v € 4, we get vy is a fixed point of
T2, where v is a minimum in exactly one point in 4, and also
Ty, — ' € B. Hence, we obtain

uy = T"uy — ' and vy = T"vy — X'

This show that (vo,u) = (x',)"), and T*"xq — vy, T>"vo — ug.
Moreover,
g — voll = | T (o) — T*"o|

< max{y/" (||uo|l)[|uo — vol|, dist(4, B)}. (24)

Taking n — oo in the inequality (2.4), by (2.3) and definition of
dist(4, B), we get

||tto — vo|| = dist(4, B).

Since T is relatively non-expansive mapping, we have
dist(4, B) < || Tup — Two|| < |Juo — vol| = dist(4, B).
Therefore Tug = vy and Tvg = uy. This implies that
| Tuy — uol| = ||vo — Two|| = dist(4,B). O

Now, we shall give a validate example of Theorem 2.2.

Example 2.3. Consider X=R?> with the metric
d((x1.1), (x2,02) = max{lx; —xl, [y —pol}  for all
(x17y1)7(x27y2) €R;. Let

A={(1,a):a >0} and B={(—1,b) : b = 0},

then 4 and B be a non-empty closed and convex subset of X
and dist(A,B) = 2. Define T:A U B— A U B, by

T(1,a) = (A,%) and T(—1,b) = (1,9 for all a,b > 0.

Then T is a cyclic mapping, relatively non-expansive and for
each (1,a) € A and (—1,b) € B, we have
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7%(1,a) = (;,ﬁ) —1,55). Next, we
will show that T is an asymptotic proximal pointwise weaker
Meir-Keeler-type W-contraction with weaker Meir—Keeler-

type function ¥ : R, — R, defined by

and Tz”(fl,b):< 1,2

(1) :é for all 7> 0.

Since,
2n 2n a b
d(T (lva)aT (717b)):d((13ﬁ)5(717ﬁ))
a—>b
= max{2,| 571}
<max(2, 42

< max{2,y"(d((0,0), (1,a))la - b[}
< max{y"(d((0,0), (1,a))d((1,a),(—1,b)), dist(A4,B)}.

Similarly, we can conclude that

d(T*"(1,a), T""(—1, b)) < max{y"(d((0,0),
(_17 b))d((l’ LZ), (_17 b)))? diSZ(A7 B)}v

and hence 7 is an asymptotic proximal pointwise
weaker Meir-Keeler-type Y-contraction. Moreover
((1,0),(—=1,0)) € A x B is a pair of best proximity point of T,
because

d((1,0), T(1,0)) = d((—1,0), T(~1,0)) = 2 = dist(A, B).
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Abstract

In this paper we extend the notion of weakly C-contraction mappings to the case of
non-self mappings and establish the best proximity point theorems for this class. Our
results generalize the result due to Harjani et al. (Comput. Math. Appl. 61:790-796,
2011) and some other authors.

1 Introduction and preliminaries
In 1922, Banach proved that every contractive mapping in a complete metric space has a
unique fixed point, which is called Banach’s fixed point theorem or Banach’s contraction
principle. Since Banach’s fixed point theorem, many authors have extended, improved and
generalized this theorem in several ways and, further, some applications of Banach’s fixed
point theorem can be found in [1-6] and many others.

In 1972, Chatterjea [7] introduced the following definition.

Definition1.1 Let (X, d) be a metric space. A mapping T : X — X is called a C-contraction
if there exists « € (0, %) such that, for all x,y € X,

d(Tx, Ty) < a(d(x, Ty) + d(y, Tx)).

In 2009, Choudhury [8] introduced a generalization of C-contraction given by the fol-

lowing definition.

Definition 1.2 Let (X,d) be a metric space. A mapping T : X — X is called a weakly
C-contraction if, for all x,y € X,
1
d(Tx, Ty) < 5 [d(x, Ty) + d(y, Tx)] - 1//(d(x, Ty),d(y, Tx)), (1.1)

where ¥ : [0,00)?
¥(x,y)=0ifand onlyifx =y =0.

— [0,00) is a continuous and nondecreasing function such that

In 2011, Harjani et al. [9] presented some fixed point results for weakly C-contraction
mappings in a complete metric space endowed with a partial order as follows.
© 2013 Mongkolkeha et al,; licensee Springer. This is an Open Access article distributed under the terms of the Creative 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.
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Theorem 1.3 Let (X, <) be a partially ordered set and suppose that there exists a metric
d in X such that (X,d) is a complete metric space. Let T : X — X be a continuous and

nondecreasing mapping such that
1
d(Tx, Ty) < E[d(x, Ty) +d(y, Tx)| - v (d(x, Ty), d(y, Tx))

for x < y, where ¥ : [0,00)% — [0,00) is a continuous and nondecreasing function such
that ¥ (x,y) = 0 if and only if x = y = 0. If there exists xo € X with xg < Txo, then T has a
fixed point.

On the other hand, most of the results on Banach’s fixed point theorem dilate upon the
existence of a fixed point for self-mappings. Nevertheless, if T is a non-self mapping, then
it is probable that the equation Tx = x has no solution, in which case best approximation
theorems explore the existence of an approximate solution, whereas best proximity point
theorems analyze the existence of an approximate solution that is optimal.

A classical best approximation theorem was introduced by Fan [10], that is, if A is a
nonempty compact convex subset of a Hausdorff locally convex topological vector space
Band T : A — B is a continuous mapping, then there exists an element x € A such that
d(x, Tx) = d(Tx, A). Afterward, several authors including Prolla [11], Reich [12], Sehgal and
Singh [13, 14] have derived the extensions of Fan’s theorem in many directions. Other
works on the existence of a best proximity point for some contractions can be seen in [15—
19]. In 2005, Eldred, Kirk and Veeramani [20] obtained best proximity point theorems for
relatively nonexpansive mappings, and some authors have proved best proximity point
theorems for several types of contractions (see, for example, [21-26]).

Let X be a nonempty set such that (X, <) is a partially ordered set and let (X, d) be a
complete metric space. Let A and B be nonempty subsets of a metric space (X, d). Now,

we recall the following notions:

d(A,B):= inf{d(x,y) :x€Aandy eB},
Ap = {x € A:d(x,y) = d(A,B) for some y € B},

By :={y € B:d(x,y) = d(A,B) for some x € A}.

If ANB # 0, then Ay and By are nonempty. Further, it is interesting to notice that Ay and
By are contained in the boundaries of A and B, respectively, provided A and B are closed

subsets of a normed linear space such that d(4, B) > 0 (see [27]).

Definition 1.4 A mapping 7 : A — B is said to be increasing if
x=<y = Sx=x8

for all x,y € A.
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Definition 1.5 [28] A mapping T : A — B is said to be proximally order-preserving if and

only if it satisfies the condition that

x=<y
d(u, Tx) = d(A, B) = u=xv (1.2)
d(v, Ty) =d(A,B)

forall u,v,x,y € A.

It is easy to observe that for a self-mapping, the notion of a proximally order-preserving
mapping reduces to that of an increasing mapping.

Definition 1.6 A point x € A is called a best proximity point of the mapping T : A — B if
d(x, Tx) = d(A, B).

In view of the fact that d(x, Tx) > d(A, B) for all x in A, it can be observed that the global
minimum of the mapping x — d(x, Tx) is attained from a best proximity point. Moreover,
it is easy to see that the best proximity point reduces to a fixed point if the underlying
mapping 7 is a self-mapping.

In this paper, we introduce a new class of proximal contractions, which extends the class
of weakly C-contractive mappings to the class of non-self mappings, and also give some
examples to illustrate our main results. Our results extend and generalize the correspond-
ing results given by Harjani et al. [9] and some authors in the literature.

2 Main results
In this section, we first introduce the notion of a generalized proximal C-contraction map-

ping and establish the best proximity point theorems.

Definition 2.1 A mapping T : A — B is said to be a generalized proximal C-contraction

if, for all u, v,x,y € A, it satisfies

du,Tx)=dA,B)} = duv)< %(d(x, v) +d(y,w) - ¥ (dx,v),dly,u),  (2.1)
d(v, Ty) = d(A, B)

where ¥ : [0,00)> — [0,00) is a continuous and nondecreasing function such that
¥ (x,y)=0ifand onlyifx =y =0.

For a self-mapping, it is easy to see that equation (2.1) reduces to (1.1).

Theorem 2.2 Let X be a nonempty set such that (X, <) is a partially ordered set and let
(X, d) be a complete metric space. Let A and B be nonempty closed subsets of X such that
Ag and By are nonempty. Let T : A — B satisfy the following conditions:
(@) T is a continuous, proximally order-preserving and generalized proximal
C-contraction such that T(Ag) C Bo;
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(b) there exist elements xy and x1 in Ag such that xy < x, and
d(x1, Txg) = d(A, B).
Then there exists a point x € A such that
d(x, Tx) = d(A, B).
Moreover, for any fixed xo € Ao, the sequence {x,} defined by
d(x41, Txy) = d(A, B)

converges to the point x.

Proof By the hypothesis (b), there exist xg,x; € Ag such that xy < x; and
d(x1, Txg) = d(A, B).

Since T'(A) € By, there exists a point x, € A¢ such that
d(xo, Tx1) = d(A, B).

By the proximally order-preserving property of T, we get x; < x,. Continuing this process,

we can find a sequence {x,} in Ay such that x,,_; <x, and
d(x,, Tx,_1) = d(A, B).

Having found the point x,,, one can choose a point x,,,; € A¢ such that x,, < x,,,; and
A1, Txn) = d(A, B). (2:2)

Since T is a generalized proximal C-contraction, for each # € N, we have

1
d(xnrxwrl) = 5 (d(xn—lrxwrl) + d(xmxn)) - 1;[f(('i(xn—lrx;44r1)> d(xn,xn))

1

= Ed(xn—hxnﬂ) - Ip(d(xn—lr xn+1): O)
1

=< Ed(xn—l:xrwl)
1

= ) (d(xn—ly xn) + d(xy, xn+1)) (2.3)

and so it follows that d(x,,x,.1) < d(x,_1,%,), that is, the sequence {d(x,.1,%,)} is non-

increasing and bounded below. Then there exists r > 0 such that

lim d(x,.1,%,) = 7. (2.4)

n—00
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Taking n — oo in (2.3), we have
1 1
r<lim —d(,_1,%01) < (r+r)=r
n—o00 2 2
and so
lim d(x,-1,%,41) = 2r. (2.5)
n—00
Again, taking n — oo in (2.3) and using (2.4), (2.5) and the continuity of v, we get
1
r< 5(2;’) =r—¢¥Q@2r,0)<r
and hence ¥ (2r,0) = 0. So, by the property of ¥, we have r = 0, which implies that
lim d(x,.1,%,) = 0. (2.6)
n—00
Next, we prove that {x,} is a Cauchy sequence. Suppose that {x,} is not a Cauchy se-
quence. Then there exist &£ > 0 and subsequences {x,,, }, {%, } of {x,,} such that n; > m; > k
with
Ik = d(xmkyxnk) > &, d(xmk’xnk—l) <¢€ (2'7)
for each k € {1,2,3,...}. For each n > 1, let «,, := d(x,,,1,%,). S0, we have

E=STK = d(xmk)xnk—l) + d(xnk—lrxnk)

< &+ Q.
It follows from (2.6) that

kli%n;o Tk = €. (2.8)
Notice also that

Ty = d(xnk:xmk) = d(xnk:xmkﬂ) + d(xmkﬂ,xmk)
= d(xnk,xmk+1) + Oy
= d(xnk;xmk) + d(xmktxmk+1) + Oy,

= Tk + Oy + Qg (2.9)
Taking k — oo in (2.9), by (2.6) and (2.8), we conclude that
ler‘go AXpys Xy 1) = €. (2.10)
Similarly, we can show that

lim d(x,; % 1) = 6. (2.11)

k—o00
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On the other hand, by the construction of {x,}, we may assume that x,,, < x,, such that
AWK +1, Txy, ) = d(A, B) (2.12)

and
AKXy +1, T, ) = d(A, B). (2.13)

By the triangle inequality, (2.12), (2.13) and the generalized proximal C-contraction of 7T,
we have
&1k =< d(xmk’xmkﬂ) + d(xnk+1;xnk) + d(xmk+1rxnk+1)
= Oy + 0y + d(xmk+lrxnk+1)
1
=< Oy + ank + E [d(xnermk+l) + d(xmk:xnk+l)]

-y (d(xnk» xmkﬂ): d(xmernkﬂ)) .

Taking k — oo in the above inequality, by (2.6), (2.10), (2.11) and the continuity of ¥, we
get

e < %(8+8)—1ﬁ(8,8) <e.

Therefore, ¥ (¢, ¢) = 0. By the property of ¥, we have that ¢ = 0, which is a contradiction.
Thus {x,} is a Cauchy sequence. Since A is a closed subset of the complete metric space
X, there exists x € A such that

lim x, = «. (2.14)

n—00

Letting n — 00 in (2.2), by (2.14) and the continuity of T, it follows that
d(x, Tx) = d(A, B). a

Corollary 2.3 Let X be a nonempty set such that (X, <) is a partially ordered set and let
(X, d) be a complete metric space. Let A and B be nonempty closed subsets of X such that
Ao and By are nonempty. Let T : A — B satisfy the following conditions:

(a) T is continuous, increasing such that T(Ag) C By and

x=<y
d(u, Tx) = d(A, B) =  du,v) < a(d(x, v) +d(y, u)), (2.15)
d(v,Ty) = d(A,B)

where a € (0, %);

(b) there exist xo,x1 € Ag such that xq < x1 and

d(xl, TQC()) = d(A,B)
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Then there exists a point x € A such that
d(x, Tx) = d(A, B).

Moreover, for any fixed xo € Ao, the sequence {x,} defined by
d(x%us1, Txn) = d(A, B)

converges to the point x.

Proof Leta € (0, %) and the function v in Theorem 2.2 be defined by

Y(a,b) = (% —a)(a +Db).

Obviously, it follows that ¥ (a,b) = 0 if and only if a = b = 0 and (2.1) become (2.15).
Hence we obtain Corollary 2.3. O

For a self-mapping, the condition (b) implies that xy < Tx; and so Theorem 2.2 includes
the results of Harjani et al. [9] as follows.

Corollary 2.4 [9] Let X be a nonempty set such that (X, <) is a partially ordered set and

let (X,d) be a complete metric space. Let T : X — X be a continuous and nondecreasing
mapping such that, for all x,y € X,

d(Tx, Ty) < %[d(x, Ty) +d(y, Tx)| = ¥ (d(x, T), d(y, Tx))

for x <y, where ¥ : [0,00)* — [0,00) is a continuous and nondecreasing function such
that ¥ (x,y) = 0 if and only if x = y = 0. If there exists xo € X with xo < Txo, then T has a
fixed point.

Now, we give an example to illustrate Theorem 2.2.

Example 2.5 Consider the complete metric space R? with an Euclidean metric. Let
A:{(x,()):xeR}, B:{(O,y):yeR,yzl}.

Then d(A,B) =1, Ap = {(0,0)} and By = {(0,1)}. Define a mapping T : A — B as follows:
T((%,0)) = (0,1 + |x])

for all (x,0) € A. Clearly, T is continuous and T'(Ag) € By. If x; < %, and
d(u1, Txy) =d(A,B) =1, d(uy, Txy) =d(A,B) =1

for some uy, uy,x1,% € A, then we have

u = u; =(0,0), x1 =% =(0,0).
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Therefore, T is a generalized proximal C-contraction with v : [0, 00)? = [0, 00) defined
by

1
Y(a,b) = —(a+Db).
4
Further, observe that (0,0) € A such that
d((0,0),7(0,0)) =d(A,B) = 1.

In Theorem 2.6, we do not need the condition that 7 is continuous. Now, we improve
the condition in Theorem 2.2 to prove the new best proximity point theorem as follows.

Theorem 2.6 Let X be a nonempty set such that (X, <) is a partially ordered set and let
(X, d) be a complete metric space. Let A and B be nonempty closed subsets of X such that
Ag and By are nonempty. Let T : A — B satisfy the following conditions:
(@) T is a proximally order-preserving and generalized proximal C-contraction such that
T(Ao) C Bo;
(b) there exist elements xy,x1 € Ay such that xq < x1 and

d(xl! TxO) = d(ArB)y

(c) if (x4} is an increasing sequence in A converging to x, then x, < x for all n € N.
Then there exists a point x € A such that

d(x, Tx) = d(A, B).
Proof As in the proof of Theorem 2.2, we have
d(xnﬂr Txn) = d(A,B) (216)

for all » > 0. Moreover, {x,} is a Cauchy sequence and converges to some point x € A.
Observe that for each n € N,

d(A,B) = d(xp1, Tx,) < d(Xpi1, %) + d(x, Tx),)
=< d(x; xn+1) + d(xr xn+1) + d(xm—l’ Txn)

<d®x,%y41) + d(%,%,,1) + d(A, B).

Taking n — 00 in the above inequality, we obtain lim,_, ~ d(x, Tx,) = d(A, B) and hence
x € Ay. Since T(Ag) C By, there exists v € A such that

d(v, Tx) = d(A, B). (2.17)

Next, we prove that x = v. By the condition (c), we have x,, < x for all n € N. Using (2.16),
(2.17) and the generalized proximal C-contraction of 7, we have

d(xn+lr V) = % [d(xm V) + d(x¢ xn+1)] - 1/f (d(xm V): d(x: xn+1))' (218)
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Letting n — oo in (2.18), we get
1
d(x,v) < Ed(x, v) - ¥ (d(x,v),0),
which implies that d(x,v) = 0, that is, x = v. If we replace v by x in (2.17), we have

d(x, Tx) = d(A, B). 0

Corollary 2.7 Let X be a nonempty set such that (X, <) is a partially ordered set and let
(X, d) be a complete metric space. Let A and B be nonempty closed subsets of X such that
Ao and By are nonempty. Let T : A — B satisfy the following conditions:

(@) T is an increasing mapping such that T(Ao) € By and

X=Xy
d(u, Tx) = d(A,B) = du,v) < a(d(x, v) +d(y, u)), (2.19)
d(v,Ty) = d(A,B)

where o € (0, %);
(b) there exist xo,x1 € Ag such that xq < x1 and

d(xlj TxO) = d(A!B);

(¢) if{x,} is an increasing sequence in A converging to a point x € X, then x, < x for all
neN.
Then there exists a point x € A such that

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

Corollary 2.8 [9] Let X be a nonempty set such that (X, <) is a partially ordered set and
let (X, d) be a complete metric space. Assume that if {x,} C X is a nondecreasing sequence
suchthatx, — xin X, thenx, <xforalln e N.Let T : X — X be a nondecreasing mapping
such that

d(Tx, Ty) < %[d(x, Ty) + d(y, Tx)] -y (d(x, Ty),d(y, Tx))

for x <y, where V¥ : [0,00)% — [0,00) is a continuous and nondecreasing function such
that ¥ (x,y) = 0 if and only if x = y = 0. If there exists xo € X with xg < Txo, then T has a
fixed point.

Now, we recall the condition defined by Nieto and Rodriguez-Lépez [3] for the unique-
ness of the best proximity point in Theorems 2.2 and 2.6.

For x,y € X, there exists z € X which is comparable to x and y. (2.20)

Theorem 2.9 Let X be a nonempty set such that (X, <) is a partially ordered set and let
(X, d) be a complete metric space. Let A and B be nonempty closed subsets of X and let Ag
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and By be nonempty such that A satisfies the condition (2.20). Let T : A — B satisfy the
following conditions:
(a) T is a continuous, proximally order-preserving and generalized proximal
C-contraction such that T(Ag) C Bo;
(b) there exist elements xo and x1 in Ag such that xy < x, and

d(x1, Txo) = d(A, B).
Then there exists a unique point x € A such that
d(x, Tx) = d(A, B).

Proof We will only prove the uniqueness of the point x € A such that d(x, Tx) = d(A, B).
Suppose that there exist x and x” in A which are best proximity points, that is,

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

Case I: x is comparable to x, that is, x < x* (or x < x). By the generalized proximal

C-contraction of T', we have

d(x,x) < =[d(xx) +d(x,%)] -y (d(xx),d(x,x)) <d(x,%),

N =

which implies that ¥ (d(x, "), d(x", x)) = 0. Using the property of ¥, we get d(x",x) = 0 and
hence x = x".

Case II: w is not comparable to x”. Since A satisfies the condition (2.20), then there exists
z € Ay such that z is comparable to x and &, that is, x < z (or z <x) and x” <z (orz < x).
Suppose that x < zand ™ < z. Since T(A() C By, there exists a point vy € Ay such that

d(vy, Tz) = d(A, B).

By the proximally order-preserving property of T, we get x < vy andx~ < vg. Since T(4g)
By, there exists a point v; € Ag such that

d(Vl, TVQ) = d(A,B)

Again, by the proximally order-preserving property of T, we get x < v; and x* < 1. One
can proceed further in a similar fashion to find v, in Ay with v,;; € Ag such that

d(VnH; TVn) = d(A:B)

Hence x < v, and x” < v, for all n € N. By the generalized proximal C-contraction of T,

we have

A(Vpi1,%) <

—

% Ay, x) +d(x, Vn+1)] - I//(d(vm x),d(x, Vn+1))r (2.21)

d(v,,ﬂ,x*) < [d(vn,x*) + d(x*, v,,+1)] - w(d(v,,,x*),d(x*, v,m)). (2.22)

N =
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It follows from (2.21), (2.22) and the property of ¥ that
v,—x and v,—>x asu— 0.

By the uniqueness of limit, we conclude that x = x". Other cases can we proved similarly
and this completes the proof. O

Theorem 2.10 Let X be a nonempty set such that (X, <X) is a partially ordered set and let
(X, d) be a complete metric space. Let A and B be nonempty closed subsets of X and let Ag
and By be nonempty such that Ay satisfies the condition (2.20). Let T : A — B satisfy the
following conditions:
(@) T is a proximally order-preserving and generalized proximal C-contraction such that
T(Ao) S Bo;
(b) there exist elements xq,%, € Ag such that xo < x, and

d(xl, TxO) = d(ArB),

(c) if{x,} is an increasing sequence in A converging to x, then x,, < x for all n € N.

Then there exists a unique point x € A such that
d(x, Tx) = d(A, B).

Proof For the proof, combine the proofs of Theorems 2.6 and 2.9. |
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Abstract

We provide sufficient conditions which warrant the existence and uniqueness of the
best proximity point for two new types of contractions in the setting of metric spaces.
The presented results extend, generalize and improve some known results from best
proximity point theory and fixed-point theory. We also give some examples to
illustrate and validate our definitions and results.
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1 Introduction

Let (X,d) be a metric space and 7 be a self-mapping defined on a subset of X. In this
setting, the fixed-point theory is an important tool for solving equations of the kind 7x =
x, whose solutions are the fixed points of the mapping 7. On the other hand, if 7 is not a
self-mapping, say 7 : A — 5 where A and B3 are nonempty subsets of X, then 7 does not
necessarily have a fixed point. Consequently, the equation 7 x = x could have no solutions,
and in this case, it is of a certain interest to determine an element x that is in some sense
closest to 7 x. Thus, we can say that the aim of the best proximity point theorems is to
provide sufficient conditions to solve a minimization problem. In view of the fact that
d(x, Tx) is at least d(A, B) := inf{d(x,y) : x € A and y € B}, a best proximity point theorem
concerns the global minimum of the real valued function x — d(x, T x), that is, an indicator
of the error involved for an approximate solution of the equation 7x = x, by complying the
condition d(x, 7 x) = d(A, B). The notation of best proximity point is introduced in [1] but
one of the most interesting results in this direction is due to Fan [2] and can be stated as
follows.

Theorem 1.1 Let K be a nonempty, compact and convex subset of a normed space E. Then
Sfor any continuous mapping T : KC — &£, there exists x € K with ||x—Tx| = inf,exc | Tx—yll.

Some generalizations and extensions of this theorem appeared in the literature by Pro-
lla [3], Reich [4], Sehgal and Singh [5, 6], Vetrivel et al. [7] and others. It turns out that
many of the contractive conditions which are investigated for fixed points ensure the ex-
istence of best proximity points. Some results of this kind are obtained in [1, 5-40]. Note
that the authors often, in proving these results, assume restrictive compactness hypothe-
ses on the domain and codomain of the involved nonself-mapping. Inspired by [29], we
© 2013 Nashine et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative 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.
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consider these hypotheses too restrictive in dealing with proximal contractions and so
we prove that the compactness hypotheses can be successfully replaced by standard com-
pleteness hypotheses. Following this idea, we propose a new type of condition to study the
existence and uniqueness of the best proximity point of a nonself-mapping by assuming
both compactness hypotheses and standard completeness hypotheses. Precisely, we intro-
duce the notions of rational proximal contractions of the first and second kinds, then we
establish some corresponding best proximity point theorems for such contractions. Our
definitions include some earlier definitions as special cases. In particular, the presented

theorems contain the results given in [29].

2 Preliminaries

In this section, we give some basic notations and definitions that will be used in the sequel.
Let (X, d) be a metric space, .A and 3 be two nonempty subsets of X and 7 : A — B be

a nonself-mapping. We denote by B (7) the set of all best proximity points of 7, that s,

Bes(T) i= {x € A such that d(x, Tx) = d(A, B)}.
Also, let

Ag = {x € A:d(x,y) = d(A, B) for some y € B}
and

Bo:={y € B:d(xy) = d(A B) for some x € A}.

Sufficient conditions to ensure that .4y and By are nonempty are given in [41]. Also, ob-
serve that if A and B are closed subsets of a normed linear space such that d(A, B) > 0,
then Ay and By are contained in the boundaries of A and B, respectively; see [27].

Now, we give sequentially two definitions that are essential to state and prove our main
results.

Definition 2.1 Let (X, d) be a metric space and .4 and B be two nonempty subsets of X
Then 7 : A — Bis said to be a rational proximal contraction of the first kind if there exist
nonnegative real numbers o, 8, y, § with a + 8 + 2y + 28 < 1, such that the conditions

d(u, Tx1) =d(A,B) and d(uy, Tx,) = d(A,B)

imply that

BIL + d(x1, u1)]d(x2, us)
1+ d(x1,%x0)

+ S[d(xl, I/lz) + d(xz, Ml)] (1)

d(u1, u) < ad(x,x2) + + V[d(xl, uy) +d(x2, Mz)]
for all u;, ug,x1,%, € A.

Note that, if 8 = 0, then from (1) we get the definition of the generalized proximal con-
traction of the first kind with o + 2y + 28 < 1; see [29].
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Moreover, if T is a self-mapping on A, then the requirement in Definition 2.1 reduces
to the following generalized contractive condition of rational type useful in establishing a

fixed-point theorem:

B+ d(x1, Tx)d(x2, Tx2)

1+ d(xl,?@)
+8[d(x1, Txa) + d(x2, Txr)].

A(Tx1, Txy) < ad(x,x2) + +y[dxy, Tar) + d(xs, Txa)|

Definition 2.2 Let (X, d) be a metric space and .A and B be two nonempty subsets of X'
Then 7 : A — B is said to be a rational proximal contraction of the second kind if there

exist nonnegative real numbers «, 8, y, § with @ + B + 2y + 28 < 1 such that the conditions
d(u, Txr) =d(A,B) and  d(uz, Tx2) = d(A, B)
imply that

d(Tu, Tus)
B +d(Txr, Tu)d(Txz, Tus)
1+d(Tx,Txa)

+y[d(Txy, Tw) + d(Txa, Tuz) | + 8[d(Txr, Tuz) + d(Tx, Tuan) | )

< ad(Txl, ’Txg) +

for all Ui, U, X1, X € .A

Note that, if 8 = 0, then from (2) we get the definition of the generalized proximal con-
traction of the second kind with « + 2y + 28 < 1, see [29].

The following example illustrates that a rational proximal contraction of the second kind
is not necessarily a rational proximal contraction of the first kind. Therefore, both Defini-
tions 2.1 and 2.2 are consistent.

Example 2.1 Let X =R x R endowed with the usual metric

d((x1,%2), 1, 92)) = v/ (1 = y1)% + (%2 — 32)2,

for all (x1,x7), (71,72) € R x R. Define A := {(x,1) : x € R} and B := {(x,-1) : x € R}. Also
define 7 : A — B by

(-1,-1) ifxis rational,
T ((x,1)) =

(1,-1)  otherwise.

Then d(A,B) = 2 and T is a rational proximal contraction of the second kind but not
a rational proximal contraction of the first kind. Indeed, using Definition 2.2 and after
routine calculations, one can show that the left-hand side of inequality (2) is equal to 0.
On the other hand, using Definition 2.1 and after routine calculations, one can show that
the left-hand side of inequality (1) is equal to 2 and so inequality (1) is not satisfied for all

nonnegative real numbers o, 8, ¥, § witha + 8 +2y +28 < 1.
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It is well known that the notion of approximative compactness plays an important role in
the theory of approximation [12]. In particular, the notion of an approximatively compact
set was introduced by Efimov and Stechkin [16] and the properties of approximatively
compact sets have been largely studied. The boundendly compact sets that are the sets
whose intersection with any closed ball is compact are useful examples of approximatively
compact sets. It is shown in [14] that in every infinite-dimensional separable Banach space
there exists a bounded approximatively compact set, which is not compact.

Remark 2.1 Since (X, d) is a metric space, the bounded compactness of a set is equivalent
to its closure and the possibility of selecting from any bounded sequence contained in it a
converging subsequence.

Here, for our further use, we give the following definition.

Definition 2.3 Let (X, d) be a metric space and .A and B be two nonempty subsets of X
Then B is said to be approximatively compact with respect to A if every sequence {y,} of 5,
satisfying the condition d(x,y,) — d(x, B) for some x in .4, has a convergent subsequence.

Obviously, any set is approximatively compact with respect to itself.

3 Rational proximal contractions
Our first main result is the following best proximity point theorem for a rational proximal
contraction of the first kind.

Theorem 3.1 Let (X,d) be a complete metric space and A and BB be two nonempty, closed
subsets of X such that B is approximatively compact with respect to A. Assume that A
and By are nonempty and T : A — B is a nonself-mapping such that:

(@) T is a rational proximal contraction of the first kind,;

(b) T(Ap) S Bo.
Then there exists x € A such that Best(T) = {x}. Further, for any fixed xy € Ay, the sequence
{x,}, defined by d(x,.,1, T x,) = d(A, B), converges to x.

Proof Let x € Ay (such a point there exists since Ay # ¥). Since T (Ag) € By, then by the
definition of By, there exists x; € A such that d(x;, Txo) = d(A, B). Again, since 7 x; € By,
it follows that there is x; € Ay such that d(x,, T 1) = d(A, B). Continuing this process, we
can construct a sequence {x,} in Ay, such that

d(xn+lr Txn) = d(Ay B):

for every nonnegative integer xn. Using the fact that 7 is a rational proximal contraction
of the first kind, we have

BIL+ d(x—1,%,)1d (%1, %p141)
1+d(x,_1,%,)

d(xmxrul) S O561(95;1—1’3@1) + + V[d(xn—lrxn) + d(xnrxn+1)]
+ ‘Sd(xn—l;xnﬂ)

E ad(xn—l:xn) + ﬂd(xm xVH—l) t+y [d(xn—lx xn) + d(xm xVH—l)]

+ 8[d(xn—lrxn) + d(xmxn+1)]~
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It follows that

d(xnr xn+1) = kd(xn—l; xn);

where k = % < 1. Therefore, {x,} is a Cauchy sequence and, since (X, d) is complete

and A is closed, the sequence {x,} converges to some x € A.
Moreover, we have

d(x,B) < d(x, Tx,)
=< d(x; xn+l) + d(erl: Txn)
= d(x,%,1) + d(A, B)
< d(x,x,41) + d(x, B).
Taking the limit as n — +00, we get d(x, T x,) — d(x, B). Since B is approximatively com-

pact with respect to \A, then the sequence {7 x,} has a subsequence {7 x,, } that converges
to some y € B. Therefore,

dx,y) = 1im d@y, ., Try) = d(A B),

k—+00

and hence x must be in Ag. Since T (Ag) C By, then d(u, Tx) = d(A, B) for some u € A.
Again, using the fact that 7 is a rational proximal contraction of the first kind, we get

:3[1 + d(x; u)]d(xmxwrl)
1+d(x,x,)
+ 5[d(x,x,,+1) +d(x,, u)].

A(u, xp41) < ad(x,x,) +

+Yy [d(x! I/l) + d(xn’ xn+l)]

Taking the limit as # — +00, we have
d(u,x) < (y +8)d(u, %),

which implies x = u, since y + § < 1. Thus, it follows that
d(x, Tx) =d(u, Tx) =d(A,B),

that is, & € Best(7). Now, to prove the uniqueness of the best proximity point (i.e., Best(7)
is singleton), assume that z is another best proximity point of 7 so that

d(z,Tz) =d(A,B).

Since 7T is a rational proximal contraction of the first kind, we have

d(w,2) < ad(z,2) + P2 Zi(’;’ (fc)’]j(z’ D s y[dwex) + diz,2)] + 8[d(x,2) + d(z )]

which implies

dx,z) < (o +28)d(x,z).
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It follows immediately that x = z, since « + 28 < 1. Hence, 7 has a unique best proximity
point. g

As consequences of the Theorem 3.1, we state the following corollaries.

Corollary 3.1 Let (X,d) be a complete metric space and A and B be two nonempty, closed
subsets of X such that B is approximatively compact with respect to A. Assume that Ay
and By are nonempty and T : A — B is a nonself-mapping such that:

(@) T is a generalized proximal contraction of the first kind, with a + 2y +28 <1;

(b) T(Ap) S Bo.
Then, there exists x € A such that Best(T) = {x}. Further, for any fixed xo € Ay, the sequence
{x,}, defined by d(x,41, T x,) = d(A, B), converges to the best proximity point x.

Corollary 3.2 Let (X, d) be a complete metric space and A and B be two nonempty, closed
subsets of X such that B is approximatively compact with respect to A. Assume that Ay
and By are nonempty and T : A — B is a nonself-mapping such that:
(@) There exists a nonnegative real number a <1 such that, for all w1, uy, x1, %2 in A, the
conditions d(uy, Tx1) = d(A, B) and d(uy, T x3) = d(A, B) imply that
d(u, uz) < ad(x,%2);
(b) T(Ao) < Bo.
Then there exists x € A such that Best(T) = {x}. Further, for any fixed xo € Ay, the sequence
{x,}, defined by d(x,.1, T x,) = d(A, B), converges to the best proximity point x.

The following fixed-point result can be considered as a special case of the Theorem 3.1,
when 7 is a self-mapping.

Corollary 3.3 Let (X,d) be a complete metric space and T be a self-mapping on X. As-
sume that there exist nonnegative real numbers o, B, y, § with a + B + 2y + 25 <1 such
that

B+ d(x1, Txo)ld (e, Txa)
1+ d(xl,xz)

+ S[d(xl, Tx2) + d(xo, Txl)]

d(Tx1, Txy) < ad(x1,%2) +

+y [d(x, Tx) +d(xa, To) |

forall x1,x, € X. Then the mapping T has a unique fixed point.

Remark 3.1 Note that the Corollary 3.3 is a proper extension of the contraction mapping
principle [13] because the continuity of the mapping 7T is not required. It is well known
that a contraction mapping must be continuous.

Now, we state and prove a best proximity point theorem for a rational proximal contrac-
tion of the second kind.

Theorem 3.2 Let (X, d) be a complete metric space and A and B be two nonempty, closed
subsets of X such that A is approximatively compact with respect to 3. Assume that Ay
and By are nonempty and T : A — B is a nonself-mapping such that:

(@) T is a continuous rational proximal contraction of the second kind;

(b) T(Ao) € Bo.
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Then there exists x € Best(T) and for any fixed xo € Ay, the sequence {x,}, defined by
d(x1, Txy) = d(A, B), converges to x, and Tx = T z for all x,z € Begt(T).

Proof Following the same lines of the proof of the Theorem 3.1, it is possible to construct

a sequence {x,} in Ay such that
d(anrlr Txn) = d(Ar B);

for every nonnegative integer xn. Using the fact that 7 is a rational proximal contraction

of the second kind, we have

AT %, T%ui1)
:3 [1 + d(Txn—l: Txn)]d(Txm 7-xn+1)
1+ d(Txn—b Txn)

+ V4 [d(Txn—l, Txn) + d(Txm Txn+1)] + Sd(Txn—b Txn+1)
= ad(Txn—lt Txn) + IBd(Txn: Txm—l) + y[d(Txn—lr Txn) + d(Txm Txn+l)]
+8[d(Txn-1, Totn) + AT %, T 1)

= ad(Txn—l: Txn) +

It follows that

d(Txm Tx}’l+1) =< kd(Txnfh Txn)r

a+y+0
1-B—y-5
then the sequence {7 x,} converges to some y € 3.

< 1. Therefore, {7 x,} is a Cauchy sequence and, since (&X', d) is complete,

where k =
Moreover, we have

d()’; -A) =< d()’)xnﬂ) =< d()/v Txn) + d(Txn;an)
=d(y, Tx,) +d(A,B) <d(y, Tx,) +d(y, A).

Taking the limit as # — +00, we getd(y,x,,) — d(y, A). Since A is approximatively compact
with respect to B3, then the sequence {x,} has a subsequence {x,,} converging to some
x € A. Now, using the continuity of 7, we obtain that

dx, Tx) = klim AKpys1, Tny) = d(A, B),

that is, x € Best(T). Finally, to prove the last assertion of the present theorem, assume that

z is another best proximity point of 7 so that
d(z, Tz)=d(A,B).

Since 7T is a rational proximal contraction of the second kind, we have

Bl +d(Tx,Tx)d(TzTz)
1+d(Tx,Tz)

+8[d(Tx,Tz) +d(Tz Tx)]

A(Tx,Tz) < ad(Tx,Tz)+ +y[d(Tx,Tx) +d(Tz T2)]
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which implies
d(Tx,Tz) <(a+28)d(Tx,Tz).
It follows immediately that 7x = Tz, since o + 28 < 1. O
As consequences of the Theorem 3.2, we state the following corollaries.

Corollary 3.4 Let (X, d) be a complete metric space and A and B be two nonempty, closed
subsets of X such that A is approximatively compact with respect to B. Assume that A
and By are nonempty and T : A — B is a nonself-mapping such that:

(@) T is a continuous generalized proximal contraction of the second kind, with

a+2y +26<1;

(b) T(Ao) < Bo.
Then, there exists x € Bet(T) and for any fixed xo € Ay, the sequence {x,}, defined by
d(xpi1, Txn) = d(A, B), converges to x. Further, Tx = Tz for all x,z € Best(T).

Corollary 3.5 Let (X,d) be a complete metric space and A and B be two nonempty, closed
subsets of X such that A is approximatively compact with respect to 3. Assume that Ay
and By are nonempty and T : A — B is a nonself-mapping such that:
(@) There exists a nonnegative real number a <1 such that, for all w1, uy, x1, %2 in A, the
conditions d(u, Tx1) = d(A, B) and d(uy, T x;) = d(A, B) imply that
d(Tuy, Tu) < ad(Tx1, Txo);
(b) T is continuous;
(c) T(Ao) € By.
Then there exists x € Best(T) and for any fixed xo € Ay, the sequence {x,}, defined by
d(x.1, Txn) = d(A, B), converges to x. Further, Tx = T z for all x,z € Best(T).

Remark 3.2 Note that in the Theorem 3.1 is not required the continuity of the mapping 7.
On the contrary, the continuity of 7 is an hypothesis of the Theorem 3.2.

Our next theorem concerns a nonself-mapping that is a rational proximal contraction
of the first kind as well as a rational proximal contraction of the second kind. In this theo-
rem, we consider only a completeness hypothesis without assuming the continuity of the
nonself-mapping.

Theorem 3.3 Let (X,d) be a complete metric space and A and B be two nonempty, closed
subsets of X. Assume that Ay and By are nonempty and T : A — B is a nonself-mapping
such that:

(@) T is a rational proximal contraction of the first and second kinds;

(b) T(Ap) < Bo.
Then there exists a unique x € Best(T). Further, for any fixed xo € Ag, the sequence {x,},
defined by d(x,41, T x,) = d(A, B), converges to x.

Proof Following the same lines of the proof of the Theorem 3.1, it is possible to construct
a sequence {x,} in Ay such that

d(xn+lr Txn) = d(A) 8)1
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for every nonnegative integer n. Also, using the same arguments in the proof of the The-
orem 3.1, we deduce that the sequence {x,} is a Cauchy sequence, and hence converges to
some x € A. Moreover, on the lines of the proof of the Theorem 3.2, we obtain that the
sequence {7 x,} is a Cauchy sequence and hence converges to some y € 3. Therefore, we

have
dix,y) = lim d(x,.1,Tx,) =d(A,B),

and hence x must be in Ay. Since 7 (Ag) C By, then d(u, Tx) = d(A, B) for some u € A.
Using the fact that 7 is a rational proximal contraction of the first kind, we get

:3[1 + d(x¢ M)]d(xmxrﬁl)
1+d(x,x,)

+y[dx,u) + (X, Xpi1) | + 8], Xpi1) + A, 1) ).

d(u, %y11) < ad(x,x,) +

Taking the limit as » — +00, we have
d(u,x) < (y +8)d(u, %),

which implies that x = #, since y + § < 1. Thus, it follows that
d(x, Tx) = d(u, Tx) = d(A, B),

that is, x € Best(T). Again, following the same lines of the proof of the Theorem 3.1, we
prove the uniqueness of the best proximity point of the mapping 7. To avoid repetitions,
we omit the details. 0

Example 3.1 Let X = R endowed with the usual metric d(x,y) = |x — y|, for all x,y € X.
Define A = [-1,1]and B = [-3,-2]U[2,3]. Then, d(A, B) =1, Ay = {-1,1} and By = {-2,2}.
Also define 7 : A — B by

2 if x is rational,
Tx=

3 otherwise.

It is easy to show that 7 is a rational proximal contraction of the first and second kinds
and 7 (Ao) C By. Then all the hypotheses of the Theorem 3.3 are satisfied and d(1, 7 (1)) =
d(A, B). Clearly, the Theorem 3.2 is not applicable in this case.
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Abstract

In this paper, we prove the coupled coincidence point theorems for a w*-compatible
mapping in partially ordered cone metric spaces over a solid cone without the mixed
g-monotone property. In the case of a totally ordered space, these results are
automatically obvious under the assumption given. Therefore, these results can be
applied in a much wider class of problems. We also prove the uniqueness of a
common coupled fixed point in this setup and give some example which is not
applied to the existence of a common coupled fixed point by using the mixed
g-monotone property but can be applied to our results.

MSC: 47H10; 54H25

Keywords: cone metric spaces; common coupled fixed point; coupled coincidence
point; w*-compatible mappings; mixed g-monotone property

1 Introduction

The famous Banach contraction principle states that if (X, d) is a complete metric space
and T : 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 « < 1), then T has a unique fixed point. This principle
is one of the cornerstones in the development of nonlinear analysis. Fixed point theorems
have applications not only in the various branches of mathematics, but also in economics,
chemistry, biology, computer science, engineering, and others. Due to the importance,
generalizations of Banach’s contraction principle have been investigated heavily by several
authors.

Following this trend, the problem of existence and uniqueness of fixed points in par-
tially ordered sets has been studied thoroughly because of its interesting nature. In 1986,
Turinici [1] presented the first result in this direction. Afterward, Ran and Reurings [2]
gave some applications of Turinici’s theorem to matrix equations. The results of Ran and
Reurings were further extended to ordered cone metric spaces in [3—5]. In 2005, Nieto
and Rodriguez-Lépez [6] extended Ran and Reurings’s theorems for nondecreasing map-
pings and obtained a unique solution for a first-order ordinary differential equation with
periodic boundary conditions.

The notion of coupled fixed points was introduced by Guo and Lakshmikantham [7].
Since then, the concept has been of interest to many researchers in metrical fixed point
theory. In 2006, Bhaskar and Lakshmikantham [8] introduced the concept of a mixed
© 2013 Agarwal et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative 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.
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monotone property (see further Definition 2.4). They proved classical coupled fixed point
theorems for mappings satisfying the mixed monotone property and also discussed an
application of their result by investigating the existence and uniqueness of a solution of
the periodic boundary value problem. Following this result, Harjani et al. [9] (see also [10,
11]) studied the existence and uniqueness of solutions of a nonlinear integral equation as
an application of coupled fixed points. Very recently, motivated by the work of Caballero et
al. [12], Jleli and Samet [13] discussed the existence and uniqueness of a positive solution

for the singular nonlinear fractional differential equation boundary value problem

D{vu(t) :f(t, u(t), u(t)), 0<t<l, 1)
1.1
u(a) =u'(b)=0, a,be{0,1},

where o € R such that 3 < o < 4, D, is the Riemann-Liouville fractional derivative and
f:(0,1] x [0,00) x [0,00) = [0,00) is continuous, lim;—o+ f(£,+,-) = +00 (f is singular at
t=0) for all £ € (0,1], f(¢,,-) is nondecreasing with respect to the first component and
decreasing with respect to its second and third components.

Since their important role in the study of the existence and uniqueness of a solution of
the periodic boundary value problem, a nonlinear integral equation, and the existence and
uniqueness of a positive solution for the singular nonlinear fractional differential equation
boundary value problem, a wide discussion on coupled fixed point theorems aimed the
interest of many scientists.

In 2009, Lakshmikantham and Ciri¢ [14] extended the concept of a mixed monotone
property to a mixed g-monotone mapping and proved coupled coincidence point and
common coupled fixed point theorems which are more general than the result of Bhaskar
and Lakshmikantham in [8]. A number of articles on coupled fixed point, coupled co-
incidence point, and common coupled fixed point theorems have been dedicated to the
improvement; see [15—30] and the references therein.

On the other hand, in 2007, Huang and Zhang [31] have re-introduced the concept of a
cone metric space which is replacing the set of real numbers by an ordered Banach space E.
They went further and defined the convergence via interior points of the cone by which
the order in E is defined. This approach allows the investigation of cone spaces in the case
when the cone is not necessarily normal. They also continued with results concerned with
the normal cones only. One of the main results from [31] is the Banach contraction princi-
ple in the setting of normal cone spaces. Afterward, many authors generalized their fixed
point theorems in cone spaces with normal cones. In other words, the fixed point problem
in the setting of cone metric spaces is appropriate only in the case when the underlying
cone is non-normal but just has interior that is nonempty. In this case only, proper gen-
eralizations of results from the ordinary metric spaces can be obtained. In 2011, Jankovi¢
et al. [32] gave some examples showing that theorems from ordinary metric spaces cannot
be applied in the setting of cone metric spaces, when the cone is non-normal.

Recently, Nashine et al. [33] established common coupled fixed point theorems for
mixed g-monotone and w*-compatible mappings satisfying more general contractive con-
ditions in ordered cone metric spaces over a cone that is only solid (i.e., has a nonempty
interior) which improve works of Karapinar [34] and Shatanawi [35]. This result is an or-

dered version extension of the results of Abbas et al. [36].
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In this work, we show that the mixed g-monotone property in common coupled fixed
point theorems in ordered cone metric spaces can be replaced by another property due
to Dori¢ et al. [37]. This property is automatically satisfied in the case of a totally ordered
space. Therefore, these results can be applied in a much wider class of problems. Our
results generalize and extend many well-known comparable results in the literature. An
illustrative example is presented in this work when our results can be used in proving the

existence of a common coupled fixed point, while the results of Nashine et al. [33] cannot.

2 Preliminaries

In this section, we give some notations and a property that are useful for our main results.
Let E be a real Banach space with respect to a given norm || - ||z and let O be a zero vector
of E. A nonempty subset P of E is called a cone if the following conditions hold:

1. Pisclosed and P # {Og};

2. a,beR,a,b>0,x,ye P = ax+byeP;

3. x€eP,-xeP = x=0f.

Givena cone P C E, a partial ordering <p with respect to P is naturally defined by x <p y
if and only if y — x € P for x,y € E. We will write x <p y to indicate that x <p y but x # y,
while x < y will stand for y — x € int(P), where int(P) denotes the interior of P.

The cone P is said to be normal if there exists a real number K > 0 such that for all
x,y €E,

O <px=<py = Ixlle =Kyl

The least positive number K satisfying the above statement is called a normal constant
of P. In 2008, Rezapour and Hamlbarani [38] showed that there are no normal cones with
a normal constant K < 1.

In what follows, we always suppose that E is a real Banach space with cone P satisfying
int(P) # @ (such cones are called solid).

Definition 2.1 ([31]) Let X be a nonempty set and d: X x X — E satisfy
1. Og <pd(x,y) for all ¥,y € X and d(x,y) = Of if and only if x = y;
2. d(x,y) =d(y,x) for all x,y € X;
3. dx,y) <pd(x,z) + d(z,y) forall x,y,z € X.
Then d is called a cone metric on X and (X, d) is called a cone metric space.

Definition 2.2 ([31]) Let (X, d) be a cone metric space, {x,} be asequencein X,and x € X.
1. If for every c € E with O <p ¢, there is N € N such that d(x,,x) <p cforalln > N,
then {x,} is said to converge to x. This limit is denoted by lim,,_, « %, = x or x, — x as
n— 0o.
2. If for every ¢ € E with O <p ¢, there is N € N such that d(x,,x,,) <p ¢ for all
n,m > N, then {x,} is called a Cauchy sequence in X.
3. If every Cauchy sequence in X is convergent in X, then (X, d) is called a complete

cone metric space.

Let (X, d) be a cone metric space. Then the following properties are often used (partic-
ularly when dealing with cone metric spaces in which the cone need not be normal):
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(p1) if a <p ka, where a € P and k € [0,1), then a = Og;

(p2) if O <pu < c for each O < ¢, then u = Of;

(p3) ifu,vywe E,u <pvandv < w, thenu < w;

(ps) if c €int(P), O <p a, € E and a,, — Of, then there exists k € N such that for all n > k,
we have a,, < c.

Definition 2.3 Let X be a nonempty set. Then (X, d, <) is called an ordered cone metric
space if

(i) (X,d) isa cone metric space,

(ii) (X, =) is a partially ordered set.

Let (X, <) be a partially ordered set. By x > y, we mean y < x for x,y € X. Elements x,y €
X are called comparable if x < y or y < x holds. A mapping f is said to be g-nondecreasing

(resp., g-nonincreasing) if, for all %,y € X, gx < gy implies f(x) < f(y) (resp., f(y) < f(x)). If
g is the identity mapping, then f is said to be nondecreasing (resp., nonincreasing).

Definition 2.4 ([8, 14]) Let (X, <) be a partially ordered set and let F: X x X — X and
g : X — X. The mapping F is said to have a mixed g-monotone property if F is mono-
tone g-nondecreasing in its first argument and monotone g-nonincreasing in its second

argument, that is, for any x,y € X,
xx0€ X, go1Xgrys = F(x,y) < Flx,y) 2.1
and

ywy2€X, gn=gn = Fxy)>=Fx7y) (2.2)

hold. If in the previous relations g is the identity mapping, then it is said that F has a mixed
monotone property.

Definition 2.5 ([8, 14]) Let X be a nonempty setand F: X x X - X, g: X — X. An
element (x,7) € X x X is called

(C1) acoupled fixed point of F if x = F(x,y) and y = F(y, x);
(Cy) acoupled coincidence point of mappings g and F if

gx=F(x,y) and gy=F(y,x),

and in this case (gw, gy) is called a coupled point of coincidence;
(C3) acommon coupled fixed point of mappings g and F if

x=gx=F(xy) and y=gy=F(@,x).
Definition 2.6 ([36]) Let X be a nonempty set. Mappings F: X x X - X and g: X - X
are called

(Wh) w-compatible if gF(x,y) = F(gx, gy) whenever gx = F(x,y) and gy = F(y, x);
(Wa) w*-compatible if gF (x,x) = F(gx, gx) whenever gx = F(x,x).
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It is easy to see that w-compatible implies w*-compatible. The following example shows

that the converse of the above argument is not true.

Example 2.7 Let X = [0,00) and F: X x X — X and g: X — X be defined by

,

w, (x,9) =(0,1), 5
Fy) =12, (xy)=010), g= 8’
8, otherwise, 5,

x=0,
x=1,
x€{4,6,8,...},

otherwise.

It is easy to see that g0 = 7 = F(0,1) and g1 = 2 = F(1,0), but gF(0,1) =5 # 8 = F(g0,g1).

Hence, F and g are not w-compatible.

However, F(x,x) = gx is possible only if x € {4, 6,8, ...} and for all points in this case, we

get gF(x,x) = 8 = F(gx, gx). Therefore, F and g are w*-compatible.

For elements x, y of a partially ordered set (X, <), we will write x < y whenever x and y

are comparable (i.e., x < y or y < x holds).

Next, we give a new property due to Pori¢ et al. [37].
Let X be a nonempty set and let g: X — X and F: X x X — X. We will consider the

following condition:

if x,y,u,v € X are such that gx < F(x,y) = gu, then F(x,y) < F(u,v).

In particular, when g = Iy, it reduces to

for all x,y,v, if x < F(x,y), then F(x,y) < F(F(x,y), V).

(2.3)

(2.4)

Remark 2.8 We obtain that the conditions (2.3) and (2.4) are trivially satisfied if (X, <) is

the totally ordered.

The following examples show that the condition (2.3) ((2.4), resp.) may be satisfied when

F does not have the mixed g-monotone property (monotone property, resp.).

Example 2.9 Let X = {a, b,c,d}, <= {(a,a), (b,b),(c,c), (d,d), (a,b),(c,d))},

g:(ﬂ b ¢ d), F:<(a,y) (b,y)
c d ¢ d b a

(y) (dy)
c d

for all y € X. Since ga = ¢ < d = gb but F(a,y) = F(b,y) for all y € X, the mapping F does

not have the mixed g-monotone property. But it has property (2.3) since

(1) For eachy € X, we get gc < F(c,y) = gc and F(c,y) < F(c,v) for all v € X.
(2) Foreachye X, wegetgd < F(d,y) =gd and F(d,y) < F(d,v) for all v € X.

Example 2.10 Let X = {a,b,¢,d}, <= {(a,a), (b, ), (c,c),(d,d), (a, b), (c,d)},

(@ b)) (6y) (dy)
‘\ b a c d
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for all y € X. Since a < b but F(a,y) =b > a = F(b,y) for all y € X, the mapping F does not
have the mixed monotone property. But it has property (2.4) since

(1) Foreachye X, wegeta = F(a,y)and F(a,y) =b < a=F(F(a,y),v) forallve X.

(2) Foreachye X, wegetb < F(b,y) and F(b,y) =a < b=F(F(b,y),v) forallve X.

(3) The other two cases are trivial.

3 Coupled coincidence point theorems lacking the mixed g-monotone

property
In this section, we give the existence of coupled coincidence point theorems in ordered

cone metric spaces lacking the mixed g-monotone property. Our first main result is the

following theorem.

Theorem 3.1 Let (X,d, <) be an ordered cone metric space over a solid cone P and let
g:X—> Xand F: X x X — X. Suppose that the following hold:
(i) F(X x X) C g(X) and g(X) is a complete subspace of X;
(ii) g and F satisfy property (2.3);
(ili) there exist xg,y0 € X such that gxo =< F(xo,y0) and gyo < F(yo,%0);
(iv) there exists a; >0 fori=1,2,...,6 and Z?:I a; <1 such that for all x,y,u,ve X
satisfying gx < gu and gy < gv,
d(F(x,9), F(u,v))
<p ard(gx,gu) + ad(F(x,y),gx) + asd(gy,gv)
+ asd(F(u,v),gu) + asd(F(x,y),gu) + acd(F(u,v),gx) (3.1)
holds;

(v) ifx, — x when n — oo in X, then x,, < x for n sufficiently large.
Then there exist x,y € X such that

F(x,y)=gx and F(y,x) =gy,
that is, F and g have a coupled coincidence point (x,y) € X x X.

Proof Starting from xy, ¥o (condition (iii)) and using the fact that F(X x X) C g(X) (con-
dition (i)), we can construct sequences {gx,} and {gy,} in X such that

8Xn = F(xn—lryn—l) and &Yn = F()/n—l: xn—l) (32)
for all » € N. By (iii), we get gwo < F(x0,y0) = gx1, and the condition (ii) implies that
gx1 = F(x0,50) =< F(x1,1) = gxa.

Proceeding by induction, we get that gx,,_; < gx, and, similarly, gy,_; =< gy, for all n € N.
Therefore, we can apply the condition (3.1) to obtain

d(gxmgxnﬂ) = d(F(xn—lyyn—l))F(xmyn))

<p a1d(gxn-1,8%n) + A2 d(F(Xn_1,Yn-1), §5n-1)
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+ a3(gYn-1,8n) + Aad(F (%, Y1), %n)
+ asd(F(%n-1,Yn-1),8%n) + a6d(F(n, Yn)> &¥n-1)
= md(gxn-1,8%n) + a2d(gxn, gxn1) + a3d(gVn-1,8Vn)
+ aad(gxni1, %) + asd(gxn, §%n) + A6 A (X115 &%n-1)
<p ad(gx,_1,8%,) + ard(gx,, g%y-1) + asd(gVu-1,€Vn)
+ aad(@hni1, 8%n) + a6 [ d(gXn1,8%n) + A(QX, GXn11)]
<p (a1 +ay + ae)d(gx,_1,8%n) + a3d(gVn-1,8Vn)

+(as + ﬂﬁ)d(gxmgxml),
which implies that
(1 - as — ae)d(gxn, gxne1) <p (@1 + as + a6)d(@Xn_1,8%n) + a3d(gVn-1,8Yn). (3.3)

Similarly, starting with d(gy,, gyn+1) = A(F (Y, %u), F(Yu-1,%,-1)) and using gx,1 < gx,, and
gVn1 < gy, for all m € N, we get

(1 —ay — ae)d(gyn, gyn+1) <p (a1 + as + as)d(gVn-1,8Yn) + azd(gxy_1,8%n). (3.4)
Combining (3.3) and (3.4), we obtain that

(1 - as — ae)[d(@xn gxne1) + AV gYn1) ]
<p (a1 +ay + az + ae)[d(gxn-1,8%n) + An-1,8Yn) |- (3.5)

Now, starting from d(gx,1,gx,) = d(F(xy, yu), F(*4-1,¥,-1)) and using gx, ; =< gx, and
V-1 < gy for all m € N, we get that

(1 - ay — as)d(gx,, gx%n) <p (a1 + as + as5)d(gx,_1,8%,) + a3d(@Vn-1,2Vn)-

Similarly, starting from d(gy,+1,8Vn) = A(F(Wn, %), F(¥-1,%4-1)) and using gx,_; =< gx, and
gYn-1 < gy for all n € N, we get that

(1 - az — as)d(gyn gyn+1) <p (a1 + as + a5)d(gVn-1,8Vn) + a3d(gxn-1,8%n).
Again adding up, we obtain that

(1 - ay — as)[d(gxn, ghne1) + AQns ns1)]
<p (a1 +as + as + as)[d(gxn-1,8%n) + A@n-1,8Yn) - (3.6)

Finally, adding up (3.5) and (3.6), it follows that

d(gxrngx;ﬁl) + d(gymgyn+l) =<p )»[d(gxn—ngn) + d(g_yn—lrg_yn)] (37)
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with

201 +ay +2as +ag +as + a
_ st ay 3 +ds +ds 6<1, (3.8)

2—612—614—615—616

since Y0 a; < 1.
From the relation (3.7), we have

A(gxn @n1) + A@Vn &Yn1) <p A[A(g%n-1,8%n) + AVn-1,8)n)]
<p 2 [d(@hn-2,8%n-1) + A@n-2,gYn-1) ]

<p M'[d(gxo,gx1) + d(gyo,gy1) -

If d(gxo,gx1) + d(gyo,gy1) = O, then (x9, o) is a coupled coincidence point of F and g. So,

let Of <p d(gxo,gx1) + d(gY0,g)1).
For any m > n > 1, repeated use of the triangle inequality gives

A(gXn, gXm) + ALY &Ym)
<p d(gx, §xns1) + A(GXns1, 8Xni2) + - - - + A1, )
+ d(@Vn> @ne1) + AQYni1, @ne2) + -+ - + AV m1,8Ym)
<p [V + A"+ A [dgxo, gx) + d(gyo.gn)]

n
<p

T [4(ex0,g) + d(gyo,gn)]-

Since % — 0 as n— 0o, we get %[d(gxo,gxl) +d(gy0,gy1)] = O as n — oo.

From (p4), we have for Or < ¢ and large n,

n

Y [d(gxo,gxl) + d(gyo,gyl)] L ec.
By (p3), we get
A(gxn gxm) + d(gyn &Ym) < c.
Since
d(gxn, g%m) <p d(@%n, %m) + (&Y &Ym)
and
(@Y &Ym) <p A(gxn Xm) + ALY, &Y,
then by (p3), we get d(gx,, gx,,) < ¢ and d(gy,, gym) <K ¢ for n large enough. Therefore,

we get {gx, } and {gy,} are Cauchy sequences in g(X). By completeness of g(X), there exist
gx, gy € g(X) such that gx, — gx and gy, — gy as n — oo.
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By (v), we have gx, =< gx and gy < gy, for all n > 0. Now, we prove that F(x,y) = gx and
F(y,x) = gy.

If gx,, = gx and gy,, = gy for some n > 0, from (3.1) we have
d(F(x,y),gx) <p d(F(%,y)g%ns1) + d(@¥ns1, %)
= d(F(x,), F(Xuyn)) + d(@hn11,8%)
<p ad(gx, gx,) + ard(F(x,y),gx) + asd(gy, gyn)
+ agd(F (%, Yn), %n) + asd(F(x, ), gxn)
+ ad(F (%, yn), g%) + d(gxns1, gX)
<p ard(gx, gxy) + ard(F(x,y),gx) + asd(gy, gyn)
+ agd(gxy,.1,g%x) + asd(gx, gx,) + a5d(F(x,y),gx) + asd(gx, gx,)
+ aed(gxns1,8%) + d(gxi1, 8%)
= agd(F(x,y),gx) + agd(gxy,.1,8%) + agd(F(x,y),gx)
+ aed(gxni1,gx) + d(gx,.1, %),

which further implies that

1+a4+a6

d(F(x,7),gx) < (g, %),
5

P 1- a) —
Since gx, — gx, then for O < ¢, there exists N € N such that

1-ay—as)c
d(gxn+1;gx) < u
1+ay+ag

for all n > N. Therefore,
d(F(x,7),gx) < c.

Now, according to (p3), it follows that d(F(x,y),gx) = Or and F(x,y) = gx. Similarly, we can
prove that F(y,x) = gy. Hence, (x, y) is a coupled coincidence point of the mappings F and g.
So, we suppose that (gx,,gy,) # (gx,gy) for all n > 0. Using (3.1), we get

d(F(x,9),gx5) <p d(F(x,), §%ns1) + A(gns1,8%)
= d(F(x,9), F(%n,yn)) + d(gXn1, %)

<p ad(gx, gxn) + ard(F(x,y), gx) + asd(gy, gyn)
+ md(F(x,,,y,,),gx,,) + a5d(F(x,y),gx,,)
+ ad(F (% Yn), g%) + d(gxn1, gX)

<p ard(gx, gx,) + azd(F(x,y), gx) + asd(gy, gyn)
+ aad(gxni1,g%) + asd(gx, gx,) + asd(F(x,),gx) + asd(gx, gx,)
+ asd(gxns1, g%) + d(gxni1, g%),
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which further implies that

d (F (0, %), gx)

1
G a5 g ey LIS e — B o)
1—6l2—615 1_ﬂ2_615

=P 1- ay) — ds
Since gx, — gx and gy, — gy, then for O0r < ¢, there exists N € N such that d(gx,, gx) <
(1’“27’“5)0), d(gxns1,9%) K (1(7“27“5)”) ,and d(gy,, gy) < @ for all # > N. Thus,

3(ay +as+as 3(1+as+ag 3a

c c
d(F(x,y), —+-+=

( (xy)gx)<<3+3+3
Now, according to (p,), it follows that d(F(x, y),gx) = O and F(x, y) = gx. Similarly, F(y,x) =
gy. Hence, (x,y) is a coupled coincidence point of the mappings F and g. d

Remark 3.2 In Theorem 3.1, the condition (ii) is a substitution for the mixed g-monotone
property that has been used in most of the coupled coincidence point theorems so far.
Therefore, Theorem 3.1 improves the results of Nashine et al. [33]. Moreover, it is an or-

dered version extension of the results of Abbas et al. [36].

Corollary 3.3 Let (X,d, X) be an ordered cone metric space over a solid cone P and let
g: X — Xand F: X x X — X. Suppose that the following hold.:
(i) F(X x X) C g(X) and g(X) is a complete subspace of X;
(i) g and F satisfy property (2.3);
(ili) there exist xg,y0 € X such that gxo =< F(xo,y0) and gyo =< F(yo,%0);
(iv) thereexistw,B,y > 0and o + B +y <1 such that for all x,y,u,v € X satisfying
gx < gu and gy < gv,

d(F(x,), F(u,v)) <p ad(gx,gu) + Bd(gy,gv) + yd(F(x,),gu) (3.9)

holds;
(v) ifx, — x when n — oo in X, then x,, < x for n sufficiently large.
Then there exist x,y € X such that

F(x,y)=gx and F(y,x)=gy,
that is, F and g have a coupled coincidence point (x,y) € X x X.

Putting g = Ix, where Ix is the identity mapping from X into X in Theorem 3.1, we get
the following corollary.

Corollary 3.4 Let (X,d, <X) be an ordered cone metric space over a solid cone P and let
F:X x X — X. Suppose that the following hold:
(i) X is complete;
(ii) g and F satisfy property (2.4);
(ili) there exist xg,y0 € X such that xo < F(xq,yo) and yo < F(yo,%0);
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(iv) there exists a; >0 fori=1,2,...,6 and Z?:1 a; <1 such that for all x,y,u,v e X
satisfying x < u and y < v,

d(F(x,y), F(u,v))
<pard(x,u) + an(F(x,y),x) +asd(y,v)
+ asd(F(u,v), u) + asd(F(x,), u) + acd(F(u,v),x) (3.10)

holds;
(v) ifxy, — x when n — oo in X, then x,, < x for n sufficiently large.

Then there exist x,y € X such that
F(x,y)=x and F(y,x)=y,
that is, F has a coupled fixed point (x,y) € X x X.

Our second main result is the following.

Theorem 3.5 Let (X,d, <) be an ordered cone metric space over a solid cone P. Let F :
X x X — X and g: X — X be mappings. Suppose that the following hold.:
(i) F(X x X) Cg(X) and g(X) is a complete subspace of X;
(ii) g and F satisfy property (2.3);
(ili) there exist xg,y0 € X such that gxo < F(xo,y0) and gyo < F(yo,%0);
(iv) there is some h € [0,1/2) such that for all x,y,u,v € X satisfying gx < gu and
gy < gv, there exists

Ouyuy € {d(gx,gu),d(gy,gv), d(F(x,y),gu)}
such that
d(F@,9), F,v)) <p hOyyuv;

(V) if Xy — x when n — oo in X, then x, < x for n sufficiently large.
Then there exist x,y € X such that

F(x,y)=gx and F(y,x)=gy,
that is, F and g have a coupled coincidence point (x,y) € X x X.

Proof Since F(X x X) C g(X) (condition (i)), we can start from xy, yo (condition (iii)) and

construct sequences {gx,} and {gy,} in X such that
8%n = F(%y-1,¥0—1) and gy, = F(¥u_1,%u-1) (3.11)
for all » € N. From (iii), we get gxo =< F(xo,y0) = gx1 and the condition (ii) implies that

gx1 = F(xo,50) =< F(x1,91) = g%a.

Page 11 of 20
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By repeating this process, we have gx,,_; < gx,. Similarly, we can prove that gy, ; < gy, for
allmeN.

Since gx,_1 < gx, and gy,_1 < gy, for all n € N, from (iv), we have that there exist s €
[0,1/2) and

®1 € {d(gxnfl’gxﬂ)’d(gyﬂflrgyn% d(F(xn—lryn—l)ygxn)}
= {d(gxn—l,gxn),d(gyn—hgyn)r OE}

such that
d(gxmgan) = d(F(xn—ljyn—l)rF(xnryn)) SP h®1

Similarly, one can show that there exists

®2 € {d(gxn—ngn)x d(gyn—l;gyn); OE)}

such that

d(gyn;gyrHl) = d(F(yn—lixn—l);F(yn;xn)) EP h®2

Now, denote §, = d(gx,,gx,.1) + d(€Vy, gVns1)- Since the cases ©; = 0 and O, = O are
trivial, we have to consider the following four possibilities.

Case 1. d(gxy, gxni1) <p hd(gx,_1,gx,) and d(gyy, gVnn1) <p hd(gyu-1,2Y4). Adding up, we
get that

5;1 =p han—l =p 21’18;4—1'
Case 2. d(gxy, gxns1) <p hd(gxy-1,g%x) and d(gyn, gVn+1) <p hd(gx,-1,g%x). Then
5}1 =p 2hd(gxn—1rgxn) =p Zhd(gxn—ngn) + Zhd(gyn—bgyn) = 2h8n—1'

Case 3. d(gxy,gxni1) <p hd(gy,—1,gy.) and d(gyu,gynn) <p hd(gx,_1,gx,). This case is
treated analogously to Case 1.

Case 4. d(gx,,gxy11) <p hd(gy,_1,g2y,) and d(gy,,gVu+1) <p hd(gy,-1,gy,). This case is
treated analogously to Case 2.

Thus, in all cases, we get §,, <p 2/h8,_; for all n € N, where 0 < 2/ < 1. Therefore,
8n <p 2h8, 1 <p (2h)*8,2 <p -+ <p (2h)"So,

and by the same argument as in Theorem 3.1, it is proved that {gx,,} and {gy,} are Cauchy
sequences in g(X). By the completeness of g(X), there exist gx, gy € g(X) such that gx,, — gx
and gy, — gy.

From (v), we get gx,, < gx and gy =< gy, for all n > 0. Now, we prove that F(x,y) = gx and

F(y,x) = gy.
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If gx,, = gx and gy, = gy for some n > 0, from (iv) we have

d(F(x,y)rgx) SP d(F(xry):ganrl) + d(gxwrl;gx)
= d(F(x)y):F(xmyn)) +d(gxn11,8%)

EP h®x,y,xn,y,, + d(gxwrl:gx)y

where Oy, ., € {d(gx,gx,), d(gy, gyn), d(F(x,¥),gx,)}. Let ¢ € int(P) be fixed. If O, =
d(gx,gx,) = Op or O,y . = d(gy,gyn) = Ok, then for n sufficiently large, we have that

d(F(x,y),gx) < c.
By property (p>), it follows that F(x,y) = gx. If ©,, 4, . = d(F(x,7),gx,), then we get that

d(F(x,y),gx) <p hd(F(x,y),g%) + d(gns1, %)
<p hd(F(x,y),gx) + hd(gx, gx,) + d(gxn1, %)
= hd(F(x,y),gx) + d(gxns1, 8X).

Now, it follows that for # sufficiently large,

1

d(F(x,y),gx) <p -

d(gxnﬂ,gx)

1
=p m(l —-h)c

= C

Therefore, again by property (p;), we get that F(x,y) = gx. Similarly, we can prove that
F(y,x) = gy. Hence, (,y) is a coupled point of coincidence of F and g.
Then, we suppose that (gx,, gy,) # (gx, gy) for all n > 0. For this, consider

d(F(x,9),g%) <p d(F(%,¥),g%ns1) + d(g¥ni1,8%)
= d(F(xyy);F(xmyn)) + d(gxrﬁhgx)
EP h®x,y,xn,yn + d(gxnﬂ;gx)y

where Oy, ., € {d(gx,gx,), d(gy, gyn), d(F(x,¥),g%,)}. Let ¢ € int(P) be fixed. If O, =
d(gx, gx,) or Oy . = d(gy,gyn), then for n sufficiently large, we have that

c ¢
—+=-=c

d(F(x,y),gx) < h - TR

By property (p»), it follows that F(x,y) = gx. If O, ,, = d(F(x,7),gx,), then we get that

d(F(x,y),gx) <p hd(F(x,y),g%,) + d(gxns1,8%)
<p hd(F(x,),gx) + hd(gx, gx,) + d(gx,.1,g%).
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Now, it follows that for # sufficiently large,

h
1-h
h 1-h ¢

1 c
1o Th o2t hgee

1
d(F(x,y),gx) <p (g, gxn) + 1=, @1, 8%)

Thus, again by property (p,), we get that F(x,y) = gx.
Similarly, F(y,x) = gy is obtained. Hence, (x,y) is a coupled point of coincidence of the
mappings F and g. d

Remark 3.6 It would be interesting to relate our Theorem 3.5 with Theorem 2.1 of Long
etal. [39].

Putting g = Iy, where I is the identity mapping from X into X in Theorem 3.5, we get

the following corollary.

Corollary 3.7 Let (X,d, X) be an ordered cone metric space over a solid cone P. Let F :
X x X — X be mappings. Suppose that the following hold:
(i) X is complete;
(i) F satisfies property (2.4);
(ili) there exist xg,y0 € X such that xy < F(xo,y0) and yo =< F(yo,%0);
(iv) there is some h € [0,1/2) such that for all x,y,u,v € X satisfying x < u and y < v,
there exists

Oy € {d(x, 1), d(y,v), d(F(x,y), u) }
such that
d(F(x,9), F(,v)) <p hOyyu.

(v) if Xy — x when n — oo in X, then x,, < x for n sufficiently large.
Then there exist x,y € X such that

F(x,y)=x and F(y,x)=y,
that is, F has a coupled fixed point (x,y) € X x X.

4 Common coupled fixed point theorems lacking the mixed monotone
property
Some questions arise naturally from Theorems 3.1 and 3.5. For example, one may ask if
there are necessary conditions for the existence and uniqueness of a common coupled
fixed point of F and g?
The next theorem provides a positive answer to this question with additional hypotheses
to Theorems 3.1 and 3.5.
For the given partial order < on the set X, we will denote also by < the order on X x X

given by

(x1Ly1) X (x2,y2) <= x=<x, and y > y. (4.1)
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Theorem 4.1 In addition to the hypotheses of Theorem 3.1, suppose that for every (x,),
(x*,9*) € X x X, there exists (u,v) € X x X such that

(F(u,v), F(v,u)) < (F(x,9), F (5, %))
and
(F(u, v), F(v, u)) = (F(x*,y*),F(y*,x*)).

If F and g are w*-compatible, then F and g have a unique common coupled fixed point,
that is, there exists a unique (it,V) € X x X such that

u=giu=F@,V) and V=gv=F@, ).
Proof From Theorem 3.1, the set of coupled coincidence points of F and g is nonempty.
Suppose (x,y) and (x*,y*) are coupled coincidence points of F, that is, gx = F(x,), gy =
F(y,x), gx* = F(x*,y*) and gy* = F(y*,x*). We will prove that

gx=gx* and gy=gy*. (4.2)
By assumption, there exists (#,v) € X x X such that

(F(u,v), F(v,u)) < (F(x,), F(y,%))
and

(F(u,v), F(v,u)) < (F(x*, "), F(y*,%")).
Put uo = u, vo = v and choose u;,v; € X so that guy = F(uo, vo) and gvi = F(vo, up). Then,
similarly as in the proof of Theorem 3.1, we can inductively define sequences {gu,}, {gv,}
with

gUp1 = F(unr Vn) and Vi1 = F(Vn’ un)

for all n. Further, set xo = x, yo =y, x = x*, y§ = ¥* and, in a similar way, define the se-
quences {gx,}, {gy,} and {gx}}, {gy;}. Then it is easy to show that

gx, — F(x,y), gy, — F(y,x)
and
gx, — F(x%,5%), o — F(y*,x%)

as 1 — o0.
Since

(g%.gy) = (gxgn) = (F(x,9), F(y,%)) < (F(u,v), F(v,u)) = (gu1,gv)s
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we have gx < gy and gy < gv;. It is easy to show that, similarly,

(g%,8y) < (gttn, gVn)

for all n > 1, that is, gx < gu, and gy < gv,, for all n > 1. Thus, from (3.1), we have

A(guni1,g%) = d(F(tn,vn), F(%,))
<p a1d(gun, gx) + ard(F(ttn, V), Quin) + azd(gvy, gy)
+ asd(F(x,9),gx) + asd(F(u, vi), gx) + acd(F(x,y), guin)
= ad(gu,, gx) + axd(guy.1,gu,) + asd(gv,, gy)
+ aad(gx, gx) + asd(gu,.1, gx) + asd(gx, gu,)
<p a1d(guy,, gx) + as [d(gu,,+1,gx) + d(gx,gu,,)] +asd(gvy, gy)
+ asd(gun, gx) + acd(gx, gu,),

that is,

(1-ay — as)d(gu,.1,8x) <p (a1 + ay + ae)d(gu,, gx) + asd(gv,, gy).
In the same way, starting from d(gv,.1,gy), we can show that

(1-ay —as)d(gvu.1,8y) <p (a1 + az + a¢)d(gv,, gy) + azd(gu,, gx).

Thus,

(1 - az — as)[d(guna, g%) + d(gVni1,gY)]
<p (a1 +as + az + ae)[d(gu, gx) + d(gva.gy)]- (4.3)

In a similar way, starting from d(gx, gu,..1), resp. d(gy,gv,q.1), and adding up the obtained
inequalities, one gets that

(1 - ag — ag)[d(gx, gun1) + A€y, gVni1) |

<p (a1 +as + as + as)[d(gx, gu,) + d(gy,gvn) ). (4.4)
Finally, adding up (4.3) and (4.4), we obtain that
d(gurﬁlrgx) + d@Vn+17gy) =p )"[d(gunlgx) + d(gvmg)’)]; (4'5)

where A is determined as in (3.8), and hence 0 < A < 1.

By inequality (4.5) n time, we have

d(guy,,gx) + d(gv,, gy)
<p M[d(gun_1,g%) + d(gvu1,89)]
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<p )\.2 [d(gun—ng) + d(g"n—ngy)]

<p 2" [d(guo, gx) + d(gv0,2y))

It follows from A" [d(gu, gx) + d(gvo,gy)] = O as n — oo that

d(guy,,gx) + d(gv,,gy) < ¢

for all ¢ € int(P) and large . Since

O <p d(gu,,gx) <p d(gu, gx) + d(gVvn, gy),

it follows by (p3) that d(gu,, gx) < c for large n, and so gu,, — gx when n — oco. Similarly,
gv, — gy when n — oo. By the same procedure, one can show that gu,, — gx* and gv, —
gy* as n — oo. By the uniqueness of the limit, we get gx = gx* and gy = gy*, i.e,, (4.2) is
proved. Therefore, (gx, gy) is the unique coupled point of coincidence of F and g.

Note that if (gx,gy) is a coupled point of coincidence of F and g, then (gy, gx) is also a
coupled point of coincidence of F and g. Then gx = gy and therefore (gx, gx) is the unique
coupled point of coincidence of F and g.

Next, we show that F and g have a common coupled fixed point. Let # := gx. Then we
have 7t = gx = F(x,x). Since F and g are w*-compatible, we have

gt = ggx = gF(x,x) = F(gx, gx) = F(it, in).

Thus, (g1, git) is a coupled point of coincidence of F and g. By the uniqueness of a coupled
point of coincidence of F and g, we get git = gx. Therefore, it = git = F(i1, it), that is, (&, )
is a common coupled fixed point of F and g.

Finally, we show the uniqueness of a common coupled fixed point of F and g. Let (&, &) €
X x X be another common coupled fixed point of F and g. So,

=gu = F(u, ).

N

Then (git, git) and (git, gir) are two common coupled points of coincidence of F and g and,
as was previously proved, it must be g&t = git, and so it = git = git = 1. This completes the
proof. d

Next, we give some illustrative example which supports Theorem 4.1, while the results
of Nashine et al. [33] do not.

Example 4.2 Let X = R be ordered by the following relation:
XYy < X=).
Let E = C§[0,1] with ||[f]| = [|fllso + I[f'llsc for all f € E and

P=|{fe€E:f(t)>0forte[0,1]}.
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It is well known (see, e.g., [40]) that the cone P is not normal. Let

d(x,y) = lx - ylo

for all x,y € X, for a fixed ¢ € P (e.g, ¢(t) = € for t € [0,1]). Then (X,d) is a complete
ordered cone metric space over a non-normal solid cone.
Letg:X — X and F: X x X — X be defined by

2 2 2

gx:% and F(x,y):x ;y.

Consider y; =2 and y, =1, we have for x = 3, we get y; =2 <1 =y,, but

13 10
F(x,91) = ry = ry = F(x,92).

So, the mapping F does not satisfy the mixed g-monotone property. Therefore, Theo-
rems 3.1 and 3.2 of Nashine et al. [33] cannot be used to reach this conclusion.

Now, we show that Theorem 4.1 can be used for this case.

Take a1 = a3 = % and ay = ay4 = as = ag = 0. We will check that the condition (3.1) in
Theorem 3.1 holds.

For x,y,u,v € X satisfying gu < gx and gv < gy, we have

2 2 2 2
X~ + u- +v
d(F(x,y),F(u,v)) = Sy -5l
1 x* u? 1]y* v
=Pyl T2 T2

1 1
Zd(gx,gu) + Ed(gy,gv)

ayd(gx, gu) + asd(gy, gv).

Next, we show that F and g are w*-compatible. We note that if gx = F(x, x), then we get

only one case, that is, x = 0, and hence
F(%,x) = gF(0,0) = g0 = 0 = F(0,0) = F(g0,g0) = F(gx, gx).

Therefore, F and g are w*-compatible.
Moreover, other conditions in Theorem 4.1 are also satisfied. Now, we can apply Theo-

rem 4.1 to conclude the existence of a unique common coupled fixed point of F and g that

is a point (0, 0).

The following uniqueness result corresponding to Theorem 3.5 can be proved in the

same way as Theorem 4.1.

Theorem 4.3 [n addition to the hypotheses of Theorem 3.5, suppose that for every (x,),
(x*,9*) € X x X, there exists (u,v) € X x X such that

(F(u,v), F(v,u)) < (F(x,9), F (5, %))
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and
(F(u, v), F(v, u)) = (F(x*,y*),F(y*,x*)).

If F and g are w*-compatible, then F and g have a unique coupled common fixed point,
that is, there exists a unique (it,V) € X x X such that

u=gu=F(,v) and V=gv=F® ).
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Keywords: In this paper, we introduce the new notion which is more general than the previous works

An ordered Banach space on the weakly isotone mappings in the case of single valued mappings and multivalued

Weakly Isotone mapping ) mappings in an ordered Banach space. We also extend some common fixed point theorems

(éonﬂt;;lsmg weakly isotone mapping of Dhage et al. [4] and give some applications of the main results. Furthermore, at the end
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of this paper, we give an open problem for further investigation.
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1. Introduction

Let X be an arbitrary nonempty set and f : X — X. A fixed point for a mapping fis a point x € X such that fx = x. Fixed point
theorem plays the most important role in many fields, so the discussions and studies on its concept provide wide applica-
tions in various areas not only in mathematics but also in other branches. For example, in mathematics, fixed point theorems
are vital for the existence of a solution to boundary valued problems, integral equations (see e.g.[12,15]). In economics, fixed
point results are incredibly useful when it comes to prove the existence of a solution for various types of Nash equilibria (see
e.g. [2]). Moreover, there are some applications in chemistry, biology, computer science, and engineering (see e.g. [3,5,8]).
The classical contraction mapping principle of Banach is one of the most powerful theorems in fixed point theory. A number
of articles in the fixed point theory have been dedicated to the improvement and generalization see in [1,6,7,10,11] and ref-
erences therein.

In 2003, Dhage et al. [4] introduced the class of weak isotone mappings and the class of countably condensing mappings
in an ordered Banach space and they proved some common fixed point theorems for weakly isotone mappings in the case of
single valued and multivalued.

Theorem 1 [4, Theorem 2.1]. Let X be a closed subset of an ordered Banach space E and let f,g : X — X be two continuous
mappings. If f and g are weakly isotone mappings that satisfy condition Dy, then f and g have a common fixed point.

Theorem 2 [4, Corollary 2.1]. Let X be a closed subset of an ordered Banach space E and let f,g : X — X be two continuous map-
pings. If f and g are weakly isotone and countably condensing mappings, then f and g have a common fixed point.

Theorem 3 [4, Theorem 3.1]. Let X be a closed subset of an ordered Banach space E and F, G : X — C(X), where C(X) is class of a
nonempty closed subset of X. If F and G are closed and weakly isotone mappings that satisfy condition Dy, then F and G have a
common fixed point.
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kmutt.ac.th (P. Kumam).

0096-3003/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.amc.2013.09.004



W. Sintunavarat, P. Kumam /Applied Mathematics and Computation 224 (2013) 826-834 827

Theorem 4 [4, Corollary 3.1]. Let X be a closed subset of an ordered Banach space E and F,G : X — C(X), where C(X) is class of
nonempty closed subset of X. If F and G are closed, weakly isotone and countably condensing mappings, then F and G have a
common fixed point.

Inspired by results of Dhage et al. [4], some authors extend these theorems and apply their results to the common
solutions for a pair of integral inclusions (see in [13,14]).

Motivated by the interesting works of Dhage et al. [4], we extend the notion of weakly isotone mappings in an ordered
Banach space in the case of single valued and multivalued mappings and obtain the coincidence and common fixed point
theorems in an ordered Banach space. Moreover, we also obtain the existence theorem for a common solution of two integral
equations by using our result. At the end of this paper, we give an open problem for further investigation.

2. Preliminaries

In this section, we shall recall some definitions and mathematical preliminaries. In the sequel, R, R, and N denote the set
of real numbers, the set of nonnegative real numbers and the set of positive integers respectively.

Definition 5. A binary relation < on a nonempty set X is said to be an order relation (and X equipped with =< is called a
partially ordered set) if it satisfies the following three properties:

(1) reflexivity: x < x for all x € X,

(2) antisymmetry: x <y and y < x imply x =y,

(3) transitivity: x <y and y < zimply x < z.

Let (X, %) be a partially ordered set and x,y € X. By x = y holds, we mean that y < x holds and by x < y holds, we mean that
x <y holds but x # y.

Let (E,| - ||z) be a Banach space, O be a zero element in E and P be a subset of E. Then the subset P is called a cone if the
following conditions are satisfied:

(C1) P is nonempty closed and P # {Og};
(Cy) if a, b are nonnegative real numbers and x,y € P, then ax + by € P;
(C3) PN (=P) = {0Og}.

For a cone P, define the partial ordering < with respect to P by x < y if and only if y — x € P. We write x < y to indicate that
y — x € int(P), where int(P) stands for the interior of P.
The cone P is called normal if there is a number K > 0 such that for all x,y € E,

O =x =y = [Ix][g < K[[yllg-

The least positive number satisfying the above is called the normal constant of P. In 2008, Rezapour and Hamlbarani [9]
showed that there are no normal cones with normal constant K < 1.

The cone P is said to be regular if every increasing sequence which is bounded from the above is convergent, that is, if {x,}
is a sequence in E such that

X1 X% =22y

for some y € E, then there is x € E such that lim,_..||x, — X||; = 0. Equivalently, the cone P is said to be regular if every
decreasing sequence which is bounded from below is convergent. It is well known that a regular cone is a normal cone
(see also [9]).

In what follows we always suppose that E is a real Banach space with cone P satisfying int (P) # () (such cones are called
solid) and = is a partial ordering with respect to P.

Definition 6. Let E be an ordered Banach space and let f, g : E — E be two mappings. It is said that f and g are weakly isotone
increasing if f(x) < g(f(x)) and g(x) < f(g(x)) for all x € E. Similarly f and g are said to be weakly isotone decreasing if
fx) = g(f(x)) and g(x) = f(g(x)) for all x € E. If fand g are either weakly isotone increasing or weakly isotone decreasing, then
it is said that f and g are weakly isotone.

Definition 7. Let E be an ordered Banach space and let x € E. A mapping f : E — E is said to be continuous in x if f(x,) — f(x) as
n — oo for each sequence {x,} that converges to x.

Definition 8. Let E be an ordered Banach space and let x € E. A mapping f : E — E is said to be monotone-continuous in x if
f(xn) — f(x) as n — oo for each increasing or decreasing sequence {x,} that converges to x.

Definition 9. Let E be an ordered Banach space and X C E. Two mappings f, g : X — X are said to satisfy the condition Dy if for
any countable set A of X and for any fixed a € X the condition
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Ac{a;uf(A)ugA),

implies A is compact, where A denotes the closure of A.

Definition 10. Let E be an ordered Banach space and X C E. Two mappings f,g : X — X are said to satisfy the weak-condition
Dy if for any monotone sequence {x,} and for any fixed a € X the condition
{x1,%2, %3, .} C{a} UF({X1, %2, %3, . .}) U({X1, X2, X3, .. .}),

implies {x,} is convergent.
We note that if f and g satisfy the condition Dy, then they satisfy the weak-condition Dy. In the next example, we show
that the converse of the previous sentence is not true.

Example 1. Let E = R? with the usual norm and P = {(z,z) € R? |z > 0}. Let
X={xecE||x| <2}u{(u,0)|ueR, u>2}
and f,g : X — X be defined by

L) if x| <2,
f@%‘{wﬁ)ifmu>z

and g(x) = x for all x € X. Then mappings f and g satisfy the weak-condition Dy, but do not verify the condition Dy.
For any subset A of E, diam(A) denotes the diameter of A, that is

diam(A) :=sup{d(x,y) |x,y € A}

and o denotes the composition of mappings. The Kuratowski measure of noncompactness for a bounded subset A of E is
defined by

o(A) == inf{r > 0|ACU,A; and diam(A) <r fori=1,2,3,...,n}.

Definition 11. Let E be an ordered Banach space and let X C E. A mapping f : X — E is said to be countably condensing if f (X) is
bounded and for every countably bounded set A C X with a(A) > 0 we have o(f(A)) < a(A).

Definition 12. Let E be an ordered Banach space and let X C E. Two mappings f,g : X — E are said to be a monotone-condens-
ing if f(X) and (g o f)(X) are bounded and for every bounded monotone sequence {x,} with

o({x1,X2,X3,...}) > 0 and o(f({x1,%2,X3,...})) > 0,

we have

a((gof)({X],Xz,X:;, .. })) < O(({X],X27X37 e })

Remark 13. Let E be an ordered Banach space and let X C Eand f, g : X — E. If fand g are countably condensing, then they are
a monotone-condensing.

For a nonempty set A, we let 2* stands for the family of all nonempty subsets of A and C(A) stands for the class of closed
subset of A. For a multivalued mapping F : A — 2, we use the notation F(A) := UscaF(X).

Definition 14. Let E be an ordered Banach space and let X C E. A mapping F : X — 2F is said to be countably condensing if F(X)
is bounded and for every countably bounded set A C X with a(A) > 0 we have o(F(A)) < a(A).

Definition 15. Let X be a closed subset of an ordered Banach space E. Two mappings F, G : X — 2F are said to be a monotone-
condensing if F(X) and (G o F)(X) are bounded and for every bounded monotone sequence {x,} with

o({x1,%2,X3,...}) > 0 and a(F({x1,x2,X3,...})) >0,

we have

x((GoF)({X1,x2,x3,...})) < a({x1,X2,X3,...}).

3. Coincidence and common fixed point theorems for single valued mappings

We begin this section by introducing the notion of weakly isotone and weak-condition Dy for tree single mappings. In the
following, we always assume that E is an ordered Banach space, P is a cone in E and < is a partial ordering with respect to P.
Let E be a nonempty set and h : E — E be a given mapping. For every x € E, we denote by h™"' (x) the subset of E defined by:

h'(x):={uecE|lhu=x}.
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Definition 16. Let E be an ordered Banach space and f,g,h : E — E be given mappings such that f(E) C h(E) and g(E) C h(E).
We say that f and g are weakly isotone increasing with respect to h if and only if for all x € E, we have:

fx)=<gl), Yyeh (f(x) (1)
and

gX) < f), Vyeh ' (gx). (2)
Similarly f and g are said to be weakly isotone decreasing with respect to h if

fx) = gW), Vyeh (fx) (3)
and

gx) =fy), Yyeh'(gx) (4)

for all x € E. If f and g are either weakly isotone increasing with respect to h or weakly isotone decreasing with respect to h,
then it is said that f and g are weakly isotone with respect to h.

Remark 17. If h: E — E is the identity mapping (h(x) = x for all x € E, shortly h = I¢), then the fact that f and g are weakly
isotone increasing with respect to h implies that f and g are weakly isotone increasing mappings.

Example 2. Consider E = R, endowed with the usual norm and
P={zeR|z>0}.
Let f,g,h:E—E by
f(x)=5 forallx €E, ﬂ”:{ﬁ gziga
and
h(x) =x forall x € E.

Then, we obtain that h™' (f(x)) = {5} and h™'(g(x)) = {g(x)|x € E}. Since f(E), g(E) C h(E) and conditions (1) and (2) hold, we
have f and g are weakly isotone increasing with respect to h.

Example 3. Consider E = [0,2] endowed with the usual norm and
P={zeR|z = 0}.
Let f,g,h: E — E by

VR ifxe0,),
f(x)_{o if x € [1,2],

_[x ifxe€l0,1),
g(x)’{o if x e [1,2]

and

hix) = {x2 if xe[0,1),

0 ifxell,2].
Now we show that the condition (1) holds. We discuss this in two cases.
Case 1: (x=0orx > 1) In this case, we get f(x) = 0. It is easy to see that (1) holds.

Case 2: (x € (0,1)) In this case, we get f(x) = v/x. Let y € h~ ' (f(x)) and then h(y) = f(x) = v/x. By definition of mapping h,
we have y = ¥/x. Thus

f) = VX2 Vx=g(Vx) =g©).
Next, we will show that the condition (2) holds. We discuss this in two cases.
Case 1: (x=0orx > 1) In this case, we get g(x) = 0. It obvious that (2) holds.

Case 2: (x € (0,1)) In this case, we get g(x) =x. Lety € h! (g(x)) and then h(y) = g(x) = x. By definition of mapping h, we
have y = /x. Thus
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gX)=x=Vx=f(Vx)=f(y).

Moreover, we obtain that f(E) = g(E) C h(E). Therefore, f and g are weakly isotone increasing with respect to h.

Definition 18. Let X be subset of an ordered Banach space E and f,g,h : X — X. Two mappings f,g : X — X are said to satisfy
the weak-condition Dx with respect to h if for any monotone sequence {h(x,)} and for any fixed a € X the condition

{h(x1), h(x2),h(x3),...} C{a} Uf({X1, Xz, X3,...}) UG({X1, X2, X3, .. .})

implies {x,} is convergent.

Remark 19. If h : E — E is the identity mapping, then the fand g are weak-condition Dy with respect to h implies that fand g
are weak-condition Dy.

Let X be a closed subset of an ordered Banach space E and f,g,h : X — X be three mappings such that f and g are weakly
isotone with respect to h. Given xo € X we define a sequence {h(x,)} in X as follows:

h(Xan-1) = f(Xan-2), h(X2n) = &(Xan-1)

for all n € N. We say that {h(x,)} is an (f, g, h)—sequence with initial point xo. If h is an identity mapping on X, then we write
(f,g)-sequence with initial point x,. Later on, we denote by C(f,g,h) the set of coincidence points of f,g and h, that is,

C(f.g.h) ={x € E:h(x) =f(x) =g(x)}.
Next, we give the coincidence point theorems for weakly isotone mappings under certain conditions.

Theorem 20. Let X be a closed subset of an ordered Banach space E and f, g, h : X — X be three continuous mappings. If f and g are
weakly isotone with respect to h and if f and g satisfy weak-condition Dx with respect to h, then f,g and h have a coincidence point.
Moreover, for every xo € X, we have lim,_..h(x,) € C(f,g,h) for every (f,g, h)-sequence {h(x,)} with initial point x.

Proof. Assume that f and g are weakly isotone increasing with respect to h. By Definition 16, it follows that f(X) C h(X) and
g(X) Ch(X). Let xo be an arbitrary point in X. Since f(X) C h(X), there exists x; € X such that h(x;) = f(xo). Since g(X) C h(X),
there exists x, € X such that h(xy) = g(x1).

Continuing this process, we can construct a sequence {h(x,)} in X defined by

h(xon-1) = f(Xan-2), h(Xan) = g(X2n-1), VneN. (5)

By the construction, we have x; € h™' (f(x)) and x, € h™' (g(x;)), then using the fact that fand g are weakly isotone increasing
with respect to h, we get that

h(x1) = f(xo0) = g(x1) = h(x2) 2 f(X2) = h(x3).
We continue this process to get

h(x1) < h(x2) <--- < h(xan-1) < h(x2n) < --- (6)
for all n € N Now, we have

{h(x1),h(x2),h(X3),...} ={h(x1)}U{h(x3),h(x5),...} U{h(x2),h(Xa),...} C{h(%1)} Uf ({x1,X2,X3,...}) Ug({X1,X2,X3,...}).

From the hypothesis that is f and g are weak-conditions Dx with respect to h, we have the sequence {x,} converge to some
x € X. Since f, g, h are continuous, we get

h(x) = limy_o h(X2n-1) = limp_f (X2n—2) = f(X)
and
h(X) = limnﬂooh(XZn) = limnﬂcg(xmf]) = g(x)

It follows that f(x) = g(x) = h(x) and so x is a coincidence point of f,g and h. For the case when f and g are weakly isotone
decreasing with respect to h is similar. O

Next theorem, we propose the weakening assumption of continuous of f and g in Theorem 20 by monotone-continuous
condition.

Theorem 21. Let X be a closed subset of an ordered Banach space E and let f,g : X — X be two monotone-continuous mappings. If f
and g are weakly isotone and if f and g satisfy weak-condition Dy, then f and g have a common fixed point. Moreover, for every xq € X,
we have lim,_...x, € F(f,g) for every (f,g)-sequence {x,} with initial point xo, where F(f, g) is set of common fixed points of fand g.

Proof. With the same argument of Theorem 20 we can prove this theorem if a mapping h is an identity mapping on X. O
Since the condition Dy implies the weak-condition Dy, we get the following results.
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Theorem 22. Let X be a closed subset of an ordered Banach space E and let f, g : X — X be two monotone-continuous mappings. If
fand g are weakly isotone and if f and g satisfy condition Dy, then f and g have a common fixed point. Moreover, for every xq € X,
we have lim,_..x, € F(f,g) for every (f,g)-sequence {x,} with initial point xo, where F(f,g) is set of common fixed point of f and g.

Since the continuous mapping implies the monotone-continuous mapping, we get Dhage et al.’s results in [4].

Corollary 23 [4, Theorem 2.1]. Let X be a closed subset of an ordered Banach space E and let f,g : X — X be two continuous
mappings. If f and g are weakly isotone and if f and g satisfy condition Dy, then f and g have a common fixed point.

Corollary 24 [4, Corollary 2.1]. Let X be a closed subset of an ordered Banach space E and let f, g : X — X be two continuous map-
pings. If f and g are weakly isotone and if f and g are countably condensing, then f and g have a common fixed point.

4. Coincidence and common fixed point theorems for single valued and multivalued mappings

In this section, we give the coincidence and common fixed point results for single valued and multivalued mapping. Let E
be an ordered Banach space, P be a cone in E and < is a partial ordering with respect to P. For X, Y € 2f, we will write XY
mean that x <y for all x € X and y € Y. Moreover, XJY mean that YZX.

Example 4. Consider E = R? endowed with the usual norm and

P={(z,2) e R*|z > 0}.
Let

X={(xx) eE:|xx)] <1}
and

Yi={(y,y) €E:9<|(y.y) <16}

Then, we have XZY.
Let E be a nonempty set and h : E — E be a given mapping. For every A C E, we denote by h™' (A) the subset of E defined by:

h™'(A) := {x € E|h(x) € A}.

Definition 25. Let E be an ordered Banach space, F,G : E — 2F and h : E — E be given mappings such that F(E) C h(E) and
G(E) C h(E). We say that F and G are weakly isotone increasing with respect to h if and only if for all x € E, we have:

FRZG), Vyeh '(Fx) (7)
and

GZFW), Vyeh(GX). (8)
Similarly F and G are said to be weakly isotone decreasing with respect to h if

FRZGy), Vyeh '(F(x) 9)
and

GZF(y), Vyeh '(Gw) (10)

for all x € E. We say that F and G are weakly isotone with respect to h if F and G are weakly isotone increasing with respect to h
or weakly isotone decreasing with respect to h.

Remark 26. For h = I, we obtain that F and G are weakly isotone with respect to h implies that F and G are weakly isotone.

Definition 27. Let E be an ordered Banach space. A mapping F : E — 2 is said to be closed if for each sequence {x,} in E with
lim,_.X, = Xo for some x, € E, and for each sequence {y,} in E with y, € F(x,) and lim,_..y, = ¥, for some y, € E, we have
Yo € F(xo).
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Definition 28. Let E be an ordered Banach space. A mapping F : E — 2F is said to be monotone-closed if for each increasing or
decreasing sequence {x,} in E with lim,_..X, = X, for some x, € E, and for each sequence {y,} in E with y, € F(x,) and
lim, ..y, =Y, for some y, € E, we have y, € F(Xp).

Definition 29. Let E be an ordered Banach space and X C E. Two multivalued mappings F, G : X — 2% are said to satisfy the
condition Dy if for any countable set A of X and for any fixed a € X the condition

AC {a} UF(A) UG(A)

implies A is compact.

Definition 30. Let E be an ordered Banach space, X C E. Two multivalued mappings F, G : X — 2 are said to satisfy the weak-
condition Dy if for any monotone sequence {x,} and for any fixed a € X the condition

{X1,X%2,X3,...} C{a} UF({x1,X2,X3,...}) UG({X1,X2,X3,...})

implies {x,} is convergent.
Remark 31. We obtain that condition Dy implies a weak-condition Dy in the case of multivalued mappings.

Definition 32. Let E be an ordered Banach space, X CE and h : X — X. Two multivalued mappings F,G : X — 2* are said to
satisfy the weak-condition Dx with respect to h if for any monotone sequence {h(x,)} and for any fixed a € X the condition

{h(x1),h(x2), h(x3),...} C{a} UF({X1,X2,X3,...}) UG({X1,X2,X3,...})

implies {x,} is convergent.

Remark 33. If we take h = I, then F and G are weak-condition Dy with respect to h implies that F and G are weak-conditions
Dx.

Let X be a closed subset of an ordered Banach space E and h : X — X. Given F, G : X — 2* be two multivalued mappings
such that F and G are weakly isotone with respect to h and given x, € X we define a sequence {h(x,)} in X as follows:

h(xan-1) € F(xan_2), h(x2n) € G(X2n-1)
for all n € N. We say that {h(x,)} is a (F, G, h)—sequence with initial point x,. If h is an identity mapping on X, then we write
(F,G)—sequence with initial point x,. Later on, we denote

CO(F,G,h) := {x € E|h(x) € F(x) and h(x) € G(x)}
and denote F(F,G) is the set of all common fixed points of F and G, that is,

F(F,G):={xcE|x e F(x) and x € G(x)}.

Now, we establish the coincidence point theorems for weakly isotone increasing for single valued and multivalued mappings
under certain conditions.

Theorem 34. Let X be a closed subset of an ordered Banach space E and let F, G : X — 2% be two closed mappings and h : X — X be
a continuous mapping. If F and G are weakly isotone with respect to h and satisfy weak-condition Dx with respect to h, then there is
a point z € X such that z € CO(F, G, h). Moreover, for every xo € X, we have lim,,_.h(x,) € CO(F, G, h) for every (F, G, h)—sequence
{h(x,)} with initial point xo.

Proof. Assume that F and G are weakly isotone increasing with respect to h. By Definition 25, we have F(X) C h(X) and
G(X) C h(X). Let xo be an arbitrary point in X. Since F(X) C h(X), we get F(xo) C h(X) and so there exists x; € X such that
h(x1) € F(xo). It follows from G(X) C h(X) that G(x;) C h(X) and then there exists x, € X such that h(x;) € G(x;). Continuing
this process, we can construct a sequence {h(x,)} in X defined by

h(in_1) S F(in_z), h(in) S G(in_1), VneN. (11)

By construction, we have x; € h™' (F(x0)) and x, € h™'(G(x;)), then using the hypothesis that F and G are weakly isotone
increasing with respect to h, we have F(x;)<G(x1) and G(x;)ZF(x2). We continue this process to get

F(x0)3G(X1)Z -+ 3 F(X2n2) 3 G(Xon-1)3 - (12)
for all n € N. From (11) and the definition of 3, we get
h(x1) < h(xz) < --- < h(Xan_1) = h(X2p) < -+ (13)
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for all n € N. Now, we have
{h(x1),h(x2),h(X3),...} = {h(x1)} U{h(xs), h(xs),...} U{h(x2), h(Xa), ...} C {h(x1)} UF({%1,X2,Xs,.. ) ) UG({X1 ,%2,X3,....}).

From the hypothesis that is F and G are weak-conditions Dy with respect to h, we get the sequence {x,} converge to some
x € X. Since F, G are closed mappings and h is a continuous mapping, we get

h(x) = lim,_. h(x2y_1) € limy_ F(x2n_2) = F(X)
and
h(x) = lim,_ h(x2,) € lim, . G(X2n_1) = G(X).

Therefore, x € CO(F, G, h). For the case when F and G are weakly isotone decreasing with respect to h is similar.
If we take the mapping h in Theorem 34 as the identity mapping on X, we get the following results for two monotone-
closed mappings. O

Theorem 35. Let X be a closed subset of an ordered Banach space E and let F,G : X — 2* be two monotone-closed mappings. If F
and G are weakly isotone and satisfy weak-condition D, then F and G have a common fixed point. Moreover, for every xo € X, we
have lim,_...x, € F(F,G) for every (F,G)-sequence with initial point x.

Since the condition Dy implies the weak-condition Dx, we can omit the proof of the following result.
Theorem 36. Let X be a closed subset of an ordered Banach space E and let F,G : X — 2% be two monotone-closed mappings. If F
and G are weakly isotone and satisfy the condition Dy, then F and G have a common fixed point. Moreover, for every xq € X, we
have limy_..oxn € F(F,G) for every (F,G)—sequence with initial point x.

From the fact that every closed mapping is a monotone-closed mapping, we get the following results of Dhage et al. [4].

Corollary 37 [4,Theorem 3.1]. Let X be a closed subset of an ordered Banach space E and F,G : X — C(X). If F and G are closed and
weakly isotone mappings that satisfy condition Dy, then F and G have a common fixed point.

Corollary 38 [4,Corollary 3.1]. Let X be a closed subset of an ordered Banach space E and F,G : X — C(X). If F and G are closed,
weakly isotone and countably condensing mappings, then F and G have a common fixed point.
5. Some applications

Let R be the real line, E be a Banach space with norm || - || and let C(E) denote the class of all nonempty closed subsets of

E. Given a closed and bounded interval J = [0, 1] in R.
In this section, we consider the integral inclusions

x(t) e q(t) + /Oa(t) k(t,s)F(s,x(s))ds (14)

x(t) € q(t) + /Om) k(t,s)G(s,x(s))ds (15)

forteJ,wherec:]J —],q:] — Ek:] xJ]— R are continuous and F,G : ] x E — C(E).
By a common solution for the integral inclusions (14) and (15), we mean a continuous function x : | — E such that

o(t)
x(t) =q(t) +/0 k(t,s)vi(s)ds

and

a(t)
x(t) =q(t) + /0 k(t,s)vy(s)ds

for some v4, v, € B(J,E) satisfying v;(t) € F(t,x(t)) and v,(t) € G(t,x(t)), for all ¢t € J, where B(J, E) is the space of all E-valued
Bochner integrable functions on J.

In 2007 Turkoglu and Altun [13] proved an existence theorem of common solutions for the integral inclusions (14)
and (15) via a common fixed point theorem of Dhage et al. [4]. We can obtain a similar result as a consequence of
Theorem 4.2.
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6. Open problems:

¢ Can the notion of monotone-condensing for two single valued mappings (see Definition 12) be extended to the case of
three single valued mappings?

¢ Can the notion of monotone-condensing for two multivalued mappings (see Definition 15) be extended to cases of single
valued and multivalued mappings?

e Can the idea in this paper be applied to the condition R for single valued and multivalued mappings (see in the work of
Dhage et al. [4])?

e Can main theorems in this paper be applied to other integral inclusions (14) and (15)?

Acknowledgements

The second author would like to thank the Commission on Higher Education, the Thailand Research Fund and the King
Mongkut's University of Technology Thonburi (KMUTT) under Grant No. MRG5580213 for financial support during the prep-
aration of this manuscript. Moreover, the authors thank the editors and referees for their insightful comments.

References

[1] H. Aydi, C. Vetro, W. Sintunavarat, P. Kumam, Coincidence and fixed points for contractions and cyclical contractions in partial metric spaces, Fixed
Point Theory Appl. 2012 (2012) 124.
[2] K.C. Border, Fixed Point Theorems with Applications to Economics and Game Theory, Cambridge University Press, New York, 1985.
[3] A. Cataldo, E.A. Lee, X. Liu, E.D. Matsikoudis, H. Zheng, A constructive Fixed point theorem and the feedback semantics of timed systems, Tech. Report
UCB/EECS-2006-4, EECS Dept., University of California, Berkeley, 2006.
[4] B.C. Dhage, D. O'Regan, R.P. Agarwal, Common fixed point theorems for a pair of countably condensing mappings in ordered Banach spaces, J. Appl.
Math. Stochastic Anal. 16 (2003) 243-248.
[5] A. Hyvdrinen, Fast and robust fixed-point algorithms for independent component analysis, IEEE Trans. Neural Netw. 10 (3) (1999) 626-634.
[6] A. Kaewkhao, W. Sintunavarat, P. Kumam, Common fixed point theorems of c-distance on cone metric spaces, J. Nonlinear Anal. Appl. 2012 (2012). 11
Pages (Article ID jnaa-00137).
[7] C. Mongkolkeha, W. Sintunavarat, P. Kumam, Fixed point theorems for contraction mappings in modular metric spaces, Fixed Point Theory Appl. 2011
(2011) 93.
[8] A. Noumsi, S. Derrien, P. Quinton, Acceleration of a content based image retrieval application on the RDISK cluster, in: IEEE International Parallel and
Distributed Processing Symposium, April 2006.
[9] Sh. Rezapour, R. Hamlbarani, Some notes on paper cone metric spaces and fixed point theorems of contractive mappings, J. Math. Anal. Appl. 345
(2008) 719-724.
[10] W. Sintunavarat, Y.J. Cho, P. Kumam, Common fixed point theorems for c-distance in ordered cone metric spaces, Comput. Math. Appl. 62 (2011) 1969~
1978.
[11] W. Sintunavarat, P. Kumam, Common fixed point theorem for cyclic generalized multivalued contraction mappings, Appl. Math. Lett. 25 (2012) 1849-
1855.
[12] W. Sintunavarat, P. Kumam, Generalized common fixed point theorems in complex valued metric spaces and applications, ]. Inequalities Appl. 2012
(2012) 84.
[13] D. Turkoglu, I. Altun, A fixed point theorem for multivalued mappings and its applications to integral inclusions, Appl. Math. Lett. 20 (2007) 563-570.
[14] C. Vetro, Common fixed points in ordered Banach spaces, Le Mathematiche, vol. LXIII (2008) - Fasc. II, pp. 93-100.
[15] A. Yantir, S. Gulsan Topal, Positive solutions of nonlinear m-point BVP on time scales, Int. ]. Difference Equ. 3 (1) (2008) 179-194.



Mongkolkeha et al. Fixed Point Theory and Applications 2013, 2013:180
http://www.fixedpointtheoryandapplications.com/content/2013/1/180

® Fixed Point Theory and Applications

a SpringerOpen Journal

RESEARCH Open Access

Best proximity points for Geraghty’s proximal
contraction mappings

Chirasak Mongkolkeha'?, Yeol Je Cho?” and Poom Kumam'

“Correspondence: yjcho@gnu.ackr;
poom.kum@kmutt.ac.th
'Department of Mathematics,
Faculty of Science, King Mongkut's
University of Technology Thonburi
(KMUTT), Bang Mod, Bangkok,
10140, Thailand

?Department of Mathematics
Education and the RINS,
Gyeongsang National University,
Chinju, 660-701, Korea

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

@ Springer

Abstract
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1 Introduction

Several problems can be modeled as equations of the form Tx = x, where T is a given
self-mapping defined on a subset of a metric space, a normed linear space, a topologi-
cal vector space or some suitable space. However, if T is a nonself-mapping from A to
B, then the aforementioned equation does not necessarily admit a solution. In this case,
it is contemplated to find an approximate solution x in A such that the error d(x, Tx) is
minimum, where d is the distance function. In view of the fact that d(x, Tx) is at least
d(A, B), a best proximity point theorem guarantees the global minimization of d(x, Tx) by
the requirement that an approximate solution x satisfies the condition d(x, Tx) = d(A, B).
Such optimal approximate solutions are called best proximity points of the mapping T
Interestingly, best proximity theorems also serve as a natural generalization of fixed point
theorems, for a best proximity point becomes a fixed point if the mapping under consid-
eration is a self-mapping.

A classical best approximation theorem was introduced by Fan [1], that is, if A is a non-
empty compact convex subset of a Hausdorff locally convex topological 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, several authors, including Prolla [2], Reich [3], Sehgal and
Singh [4, 5], derived the extensions of Fan’s theorem in many directions. Other works on
the existence of a best proximity point for contractions can be seen in [6-14].

In 1922, Banach proved that every contractive mapping in a complete metric spaces has
a unique fixed point, which is called Banach’s fixed point theorem or Banach’s contraction
principle. Since Banach’s fixed point theorem, many authors have extended, improved and
generalized this theorem in several ways. Some applications of Banach’s fixed point theo-
rem can be found in [15-18]. One of such generalizations is due to Geraghty [19] as follows.
© 2013 Mongkolkeha et al,; licensee Springer. This is an Open Access article distributed under the terms of the Creative 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.
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Theorem 1.1 [19] Let (X,d) be a complete metric space and let f be a self-mapping on X
such that for each x,y € X satisfying

d(fx, fy) < a(d(x,9))d(x, ), (11)
where o € S, S is the family of functions from [0, 00) into [0,1) which satisfies the condition
alty)—>1 = t,—0.
Then the sequence {f,} converges to the unique fixed point of f in X.

In 2005, Eldred et al. [20] obtained best proximity point theorems for relatively nonex-
pansive mappings. Best proximity point theorems for several types of contractions were
established in [21-25].

Recently, Sadiq Basha in [26] gave necessary and sufficient conditions to claim the exis-
tence of a best proximity point for proximal contractions of the first kind and the second
kind, which are non-self mapping analogues of contraction self-mappings, and also estab-
lished some best proximity and convergence theorems.

The aim of this paper is to introduce the new classes of proximal contractions, which are
more general than a class of proximal contractions of the first and second kinds, by giving
the necessary condition to have best proximity points, and we also give some illustrative
example of our main results. The results of this paper are extension and generalizations
of the main result of Sadiq Basha in [26] and some results in the literature.

2 Preliminaries
Given nonempty subsets A and B of a metric space (X, d), we recall the following notations
and notions that will be used in what follows.

d(A,B) := inf{d(x,y) :x€Aandye B},
Ap = {x € A:d(x,y) =d(A,B) for some y € B},
By := {y € B:d(x,y) = d(A, B) for some x € A}.
If ANB # 0, then Ay and By are nonempty. Further, it is interesting to notice that Ay and

By are contained in the boundaries of A and B, respectively, provided A and B are closed
subsets of a normed linear space such that d(A, B) > 0 (see [27]).

Definition 2.1 [26] A mapping T : A — B s called a proximal contraction of the first kind
if there exists k € [0,1) such that

d(u, Tx) = d(A, B)

d(v, Ty) = d(A, B) d(u,v) < kd(x,y)

for all u,v,x,y € A.

It is easy to see that a self-mapping that is a proximal contraction of the first kind is
precisely a contraction. However, a nonself-proximal contraction is not necessarily a con-
traction.
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Definition 2.2 [26] A mapping T : A — B is called a proximal contraction of the second
kind if there exists k € [0,1) such that

dw, Tx) = d(4, B) } d(Tu, Tv) < kd(Tx, Ty)

d(v, Ty) = d(A,B)
foralla,b,x,y € A.

Definition 2.3 Let S: A — B and T : B — A be mappings. The pair (S, T) is called a
proximal cyclic contraction pair if there exists k € [0,1) such that

d(a,Sx) = d(A,B)

d(a,b) < kd(x, 1-k)d(A,B
d(b,Ty):d(A’B)} = d(a,b) < kd(x,y) + (1 - k)d(A, B)
foralla,x € Aand b,y € B.

Definition 2.4 Let S: A — Band g: A — A be an isometry. The mapping S is said to
preserve the isometric distance with respect to g if

d(Sgx, Sgy) = d(Sx, Sy)
forall x,y € A.

Definition 2.5 A point x € A is called a best proximity point of the mapping S : A — B if
it satisfies the condition that

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

It can be observed that a best proximity reduces to a fixed point if the underlying map-
ping is a self-mapping.

3 Main results
In this section, we introduce a new class of proximal contractions, the so-called Geraghty’s
proximal contraction mappings, and prove best proximity theorems for this class.

Definition 3.1 A mapping T : A — B is called Geraghty’s proximal contraction of the first
kind if, there exists 8 € S such that

A, Ty) = d(A, B) d(u,v) < B(d(x,9))d(x,y)

d(u, Tx) = d(A, B) }
forall u,v,x,y € A.

Definition 3.2 A mapping T : A — B is called Geraghty’s proximal contraction of the sec-
ond kind if, there exists 8 € S such that

d(u, Tx) = d(A,B)

d(, Ty):d(A,B)] = d(Tu, Tv) < B(d(Tx, Ty))d(Tx, Ty)

forall u,v,x,y € A.
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It is easy to see that if we take B(£) = k, where k € [0,1), then Geraghty’s proximal con-
traction of the first kind and Geraghty’s proximal contraction of the second kind reduce
to a proximal contraction of the first kind (Definition 2.1) and a proximal contraction of
the second kind (Definition 2.2), respectively.

Next, we extend the result of Sadiq Basha [26] and Banach’s fixed point theorem to the
case of nonself-mappings satisfying Geraghty’s proximal contraction condition.

Theorem 3.3 Let (X, d) be a complete metric space and let A, B be nonempty closed subsets
of X such that Aoy and By are nonempty. Let S:A — B, T:B—Aandg: AUB— AUB
satisfy the following conditions:

(a) Sand T are Geraghty's proximal contractions of the first kind,

(b) g is an isometry;

(c) the pair (S, T) is a proximal cyclic contraction;

(d) S(Ao) € Bo, T(Bo) S Ao;

(e) Ao S g(Ao) and By < g(Bo).
Then there exists a unique point x € A and there exists a unique point'y € B such that

d(gx, Sx) = d(gy, Ty) = d(x,y) = d(A, B).
Moreover, for any fixed xo € Ao, the sequence {x,} defined by
A(gxns1,S%,) = d(A, B)
converges to the element x. For any fixed yy € By, the sequence {y,} defined by
A(gyn+1, Tyn) = d(A, B)
converges to the element y.
On the other hand, a sequence {u,} in A converges to x if there exists a sequence of positive
numbers {€,} such that
nango €, =0, A(Ups1,Zne1) < €,

where z,,1 € A satisfies the condition that d(gz,..1, Su,) = d(A, B).

Proof Let x( be a fixed element in Ag. In view of the fact that S(Ag) € By and Ay C g(Ay),
it follows that there exists an element x; € Ag such that

d(gxy, Sxo) = d(A, B).
Again, since S(Ao) C Bp and Ag C g(Ay), there exists an element x; € A¢ such that
d(gxy, Sx1) = d(A, B).
By the same method, we can find x, in Ay such that

(g, Sx_1) = d(A, B).

Page 4 of 17
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So, inductively, one can determine an element x,,; € Ag such that
d(gxns, Sx,) = d(A, B). (3.1)

Since S(A¢) € Bp and Ag C g(Ay), S is Geraghty’s proximal contraction of the first kind, g
is an isometry and the property of B, it follows that for each n > 1
AXp1,%0) = d(gxwrl:gxn)
E /3 (d(xn: xn—l))d(‘xm xn—l)

= d(xrn xn—l);

which implies that the sequence {d(x,,,1,%,)} is non-increasing and bounded below. Hence
there exists r > 0 such that lim,_, o, d(x,,41,%,) = r. Suppose that r > 0. Observe that

d(anrlr xn)

d(xn,xn_l) S ;B(d(xn’ xn—l)):

which implies that lim,,_, o, B(d(x,,,%,_1)) = 1. Since 8 € S, we have r = 0 which is a contra-
diction and hence

lim d(x,_1,%,) = 0. (3.2)

n—00

Now, we claim that {x,} is a Cauchy sequence. Suppose that {x,} is not a Cauchy se-
quence. Then there exists ¢ > 0 and subsequences {x,, }, {%,,} of {x,} such that for any
ne >myg >k

1 i= AKXy, Xy ) > €, AWKy Xny1) < €
for any k € {1,2,3,...}. For each n > 1, let «,, := d(x,,11,%,). Then we have

e =< d(xmk,xnk_l) + d(xl’lk—lyxnk)

< E+ 0y (3.3)
and so it follows from (3.2) and (3.3) that

lim r; = ¢. (3.4)

k—o00

Notice also that

& <rk
= d(xmk,xmkﬂ) + d(xnkﬂ:xnk) + d(xmkﬂ:xnkﬂ)
= Oy + 0y + d(xmk+1rxnk+1)

S amk + ank + /S(d(xmk’xnk))d(xmk¢xnk)

Page 5 of 17


http://www.fixedpointtheoryandapplications.com/content/2013/1/180

Mongkolkeha et al. Fixed Point Theory and Applications 2013, 2013:180
http://www.fixedpointtheoryandapplications.com/content/2013/1/180

and so

Tk = Q. — Oy

d(xmk ) xnk)

< B(dGtmgr %))

Taking k — oo in the above inequality, by (3.2), (3.4) and 8 € S, we get ¢ = 0, which is
a contradiction. So we know that the sequence {x,} is a Cauchy sequence. Hence {x,}
converges to some element x € A.

Similarly, in view of the fact that T'(By) € A¢ and Ag € g(Ao), we can conclude that there
exists a sequence {y,} such that it converges to some element y € B. Since the pair (S, T)

is a proximal cyclic contraction and g is an isometry, we have

AXn1,Yn1) = A(@ni1,QYns1) < kd(%,yu) + (1 = K)d(4, B). 3.5)
Taking n — oo in (3.5), it follows that

d(x,y) =d(A,B) (3.6)

and so x € Ag and y € By. Since S(Ag) € By and T(By) € Ay, there exist u € A and v € B
such that

d(u,Sx) = d(A, B), d(v,Ty) = d(A, B). (3.7)

From (3.1) and (3.7), since S is Geraghty’s proximal contraction of the first kind of S, we

get
A1, gxns1) < B(d(x,%,))d(x, ). (3.8)

Letting n — oo in the above inequality, we get d(u,gx) < 0 and so u = gx. Therefore, we

have
d(gx, Sx) = d(A, B). (3.9)
Similarly, we can show that v = gy and so
d(gy, Ty) = d(A, B). (3.10)
From (3.6), (3.9) and (3.10), we get
d(x,y) = d(gx,Sx) = d(gy, Ty) = d(A, B).

Next, to prove the uniqueness, suppose that there exist x* € A and y* € B with x # x*
and y # y* such that

d(gx*,Sx*) = d(A, B), d(gy*, Ty*) = d(A, B).

Page 6 of 17
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Since g is an isometry and S is Geraghty’s proximal contraction of the first kind, it follows
that

d(x,x%) = d(gx, gx"*) < B(d(x,x*))d(x,5*)

and hence
_d(x,x") .
1= d(x,x%) =pldsa)) <1,

which is a contradiction. Thus we have x = x*. Similarly, we can prove that y = y*.
On the other hand, let {u,} be a sequence in A and {¢,} be a sequence of positive real

numbers such that

lim €, =0, d(um—l: Zn+1) <€ (311)

n—00

where z,,,1 € A satisfies the condition that
d(gz,41,Su,) = d(A, B). (3.12)

By (3.1) and (3.12), since S is Geraghty’s proximal contraction of the first kind and g is an

isometry, we have

AXpi1,Zn41) = d(gxml»gznﬂ) < ,B(d(xm un))d(xnx Up).

For any € > 0, choose a positive integer N such that ¢, < € for all # > N. Observe that

d(xnﬂr Mn+1) = d(x;ﬂl’ Zn+1) + d(zn+1: un+1)
=< ﬂ(d(xn; un))d(xm un) t €y

<d®xy,uy) + €.
Since € > 0 is arbitrary, we can conclude that for all # > N the sequence {d(x,, u,)} is non-
increasing and bounded below and hence converges to some nonnegative real number 7.
Since the sequence {x,} converges to x, we get
lim d(u,,x) = lim d(u,,x,) =r. (3.13)
n—00 n—o0

Suppose that ' > 0. Since

Api1,%) < A1 %011) + dXpi1, %)
< ,B(d(xn: un))d(xm Mn) + €, + d(anrlr x)r (314)
it follows from inequalities (3.11), (3.13) and (3.14) that

d(unﬂr x) — €y — d(xrul’x)
A%, 1)

< B(d@n un)) <1, (3.15)
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which implies that 8(d(x,, u#,)) — 1 and so d(u,,x,) — 0, that is,
lim d(u,,x) = lim d(u,,x,) =0,
n— o0 n— o0

which is a contradiction. Thus r = 0 and hence {u,} is convergent to the point x. This
completes the proof. d

If g is the identity mapping in Theorem 3.3, then we obtain the following.

Corollary 3.4 Let (X,d) be a complete metric space and let A, B be nonempty closed subsets
of X. Further, suppose that Ay and By are nonempty. Let S: A — B, T:B — A and g :
A UB — AU B be the mappings satisfying the following conditions:

(a) Sand T are Geraghty's proximal contractions of the first kind,

(b) S(Ao) S Bo, T(Bo) < Ao;

(c) the pair (S, T) is a proximal cyclic contraction.
Then there exists a unique point x € A and there exists a unique point y € B such that

d(x,Sx) =d(y, Ty) = d(x,y) = d(A, B).
If we take B(£) = k, where 0 < k < 1, we obtain the following corollary.

Corollary 3.5 [26] Let (X,d) be a complete metric space and let A, B be nonempty closed
subsets of X. Further, suppose that Ay and By are nonempty. Let S: A — B, T :B— A and
g:AUB — AU B be the mappings satisfying the following conditions:

(a) Sand T are proximal contractions of the first kind;

(b) g is an isometry;

(c) the pair (S, T) is a proximal cyclic contraction;

(d) S(Ag) S By, T(By) S Ao;

(e) Ao S g(Ao) and By < g(By).
Then there exists a unique point x € A and there exists a unique point y € B such that

d(gx, Sx) = d(gy, Ty) = d(x,y) = d(A, B).
Moreover, for any fixed xo € Ao, the sequence {x,} defined by
d(gys1, Sx,) = d(A, B)
converges to the element x. For any fixed yo € By, the sequence {y,} defined by
Ad(@yni1, Tyn) = d(A, B)
converges to the element y.
If g is the identity mapping in Corollary 3.5, we obtain the following corollary.

Corollary 3.6 Let (X, d) bea complete metric space and let A, B be nonempty closed subsets
of X. Further, suppose that Ay and By are nonempty. Let S:A — B, T:B— A and g:
AU B — AU B be the mappings satisfying the following conditions:
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(a) Sand T are proximal contractions of the first kind;
(b) S(Ao) S Bo, T(Bo) < Ao;
(c) the pair (S, T) is a proximal cyclic contraction.
Then there exists a unique point x € A and there exists a unique point y € B such that

d(x,Sx) =d(y, Ty) = d(x,y) = d(A, B).

Next, we establish a best proximity point theorem for nonself-mappings which are
Geraghty’s proximal contractions of the first kind and the second kind.

Theorem 3.7 Let (X, d) be a complete metric space and let A, B be nonempty closed subsets
of X. Further, suppose that Ao and By are nonempty. Let S: A — B and g: A — A be the
mappings satisfying the following conditions:

(a) S is Geraghty’s proximal contraction of the first and second kinds;

(b) g is an isometry;

(c) S preserves isometric distance with respect to g;

(d) S(Ao) S Bo;

(e) Ao S g(Ao).
Then there exists a unique point x € A such that

d(gx, Sx) = d(A, B).
Moreover, for any fixed xo € Ao, the sequence {x,} defined by
d(ngH-ll an) = d(Ar B)

converges to the element x.
Omn the other hand, a sequence {u,} in A converges to x if there exists a sequence {€,} of

positive numbers such that

lim €, =0, d(un+1r Zn+1) =é€n
n—>00

where z,,,1 € A satisfies the condition that d(gz,.1,Su,) = d(A, B).

Proof Since S(Ag) € By and Ay C g(Ay), as in the proof of Theorem 3.3, we can construct

the sequence {x,} in Ay such that
d(gx,.1,Sx,) = d(A, B) (3.16)

for each n > 1. Since g is an isometry and S is Geraghty’s proximal contraction of the first

kind, we see that
d(xm xn+1) = d(gxmgx;ﬁl) < ,B(d(xm xn—l))d(xmxn—l)

for all # > 1. Again, similarly, we can show that the sequence {x,} is a Cauchy sequence and

so it converges to some x € A. Since S is Geraghty’s proximal contraction of the second
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kind and preserves the isometric distance with respect to g, we have

d(an, an+1) = d(ngm ngn+1)
= /3 (d(an—l; an))d(sxn—l; an)
f d(an—lx an);

which means that the sequence {d(Sx,,1,Sx,)} is non-increasing and bounded below.
Hence there exists » > 0 such that

lim d(Sx,.1,8%,) =r.

n—00

Suppose that r > 0. Observe that

d(an, Sxm—l)
———— < B(d(Sx,_1,Sx,)).
A(Sxp-1,5%,) _'3( (S, S5 ))

Taking k — oo in the above inequality, we get 8(d(Sx,-1,5x,)) — 1. Since B € S, we have
r = 0 which is a contradiction and thus

lim d(Sx,41,Sx,) = 0. (3.17)

n—00

Now, we claim that {Sx,} is a Cauchy sequence. Suppose that {Sx,} is not a Cauchy
sequence. Then there exists ¢ > 0 and subsequences {Sx,,, }, {Sx,, } of {Sx,} such that, for
any ng > myi >k,

1 i= d(SXpmy, SXy) > €, A(SXpy, Sk 1) < €
for any k € {1,2,3,...}. For each n > 1, let y,, := d(Sx,41, Sx,,). Then we have

ESTK = d(Sxmk’ ankfl) + d(ankflysxnk)

< E+ Y1 (3.18)
and so it follows from (3.17) and (3.18) that

lim rk = €.

k—o00

Notice also that

& =<rk
=< d(Sxmk;SxmkH) + d(sxnk+1;5xnk) + d(Sxkarbsxnkﬂ)
= Vo Vg d(SxmkH: ank+1)

< Vi + Vi + B(d(Spn Sx ) A(SHny » Sk

So, it follows that

e
1= lim = Ym = Y

< lim B(d(Sx,,,,Sx, 1
k*wd(Sxmk,ank) _k_mo’B( (Sx 0 OX k)) <
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and so limy_, oo B(d(S%,, Sx,)) = 1. Since B € S, we have limy_, o0 d(Sxn,, Sx,) = 0, that
is, & = 0, which is a contradiction. So, we obtain the claim and then it converges to some
y € B. Therefore, we can conclude that

d(gx,y) = lim d(gr,a,Sx,) = d(A, B),

which implies that gx € Ay. Since Ay C g(Ay), we have gx = gz for some z € Ay and then
d(gx,gz) = 0. By the fact that g is an isometry, we have d(x,z) = d(gx,gz) =0. Hence x = z
and so x € Ay. Since S(Ag) C By, there exists u € A such that

d(u, Sx) = d(A, B). (3.19)

Since S is Geraghty’s proximal contraction of the first kind, it follows from (3.16) and (3.19)
that

d(u, gxn1) < B(d(x, %)) (%, x,) (3.20)

for all #n > 1. Taking n — oo in (3.20), it follows that the sequence {gx,} converges to a
point u. Since g is continuous and lim,_, « %, = %, we have gx, — gx as n — co. By the
uniqueness of the limit, we conclude that u = gx. Therefore, it follows that d(gx, Sx) =
d(u,Sx) = d(A, B).

The uniqueness and the remaining part of the proof follow from the proof of Theo-
rem 3.3. This completes the proof. d

If g is the identity mapping in Theorem 3.7, then we obtain the following.

Corollary 3.8 Let (X,d) be a complete metric space and let A, B be nonempty closed sub-
sets of X. Further, suppose that Aoy and By are nonempty. Let S : A — B be the mappings
satisfying the following conditions:

(a) S is Geraghty’s proximal contraction of the first and second kinds;

(b) S(Ao) S Bo.
Then there exists a unique point x € A such that

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

Moreover, for any fixed xo € Ao, the sequence {x,} defined by
A(xn11,Sx4) = d(A, B)

converges to the best proximity point x of S.

If we take B(t) = k in Theorem 3.7, where 0 < k < 1, we obtain the following.

Corollary 3.9 [26] Let (X, d) be a complete metric space and let A, B be nonempty closed
subsets of X. Further, suppose that Ay and By are nonempty. Let S: A — Band g: A — A
be the mappings satisfying the following conditions:

(a) S isa proximal contraction of the first and second kinds;
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(b) g is an isometry;
(c) S preserves isometric distance with respect to g;
(d) S(Ao) S Bo;
(&) Ao Cg(Ao).
Then there exists a unique point x € A such that

d(gx, Sx) = d(A, B).

Moreover, for any fixed xo € Ay, the sequence {x,} defined by
d(gys1, Sx,) = d(A, B)

converges to the element x.

If g is the identity mapping in Corollary 3.9, then we obtain the following.

Corollary 3.10 Let (X,d) be a complete metric space and let A, B be nonempty closed
subsets of X. Further, suppose that Ay and By are nonempty. Let S : A — B be a mapping
satisfying the following conditions:

(a) S is a proximal contraction of the first and second kinds;

(b) S(Ag) € Bo.

Then there exists a unique point x € A such that
d(x,Sx) = d(A, B).

Moreover, for any fixed xo € Ao, the sequence {x,} defined by
A(%n11, Sxn) = d(A, B)

converges to the best proximity point x of S.

4 Examples

Next, we give an example to show that Definition 3.1 is different from Definition 2.1; more-
over, we give an example which supports Theorem 3.3. First, we give some proposition for
our example as follows.

Proposition 4.1 Let f : [0,00) — [0,00) be a function defined by f(t) = In(1 + t). Then we
have the following inequality:

fl@)—f(b) <f(la-bl) (4.1)
foralla,b € [0,00).

Proof 1f x = y, we have done. Suppose that x > y. Then since we have

-y

1+x 1+x+y-— X
= J y:1+ <l+x-yl,
1+y 1+y
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it follows that In(1 + x) — In(1 + y) < In(1 + |x — y|). In the case x < y, by a similar argument,
we can prove that inequality (4.1) holds. d

Proposition 4.2 For each x,y € R, we have that the following inequality holds:

1 1
< .
@+ [xD@+y]) ~ 1+ |x -yl

Proof Since

T+ x—yl <1+ x+ |yl
<1+ x|+ 1yl + |xllyl

= (1 + |x|)(1 + Iyl),

so that

1 1
< .
L+ xNA+1y]) ~ 1+ |x—yl

Example 4.3 Consider the complete metric space R? with Euclidean metric. Let
={(0,x):x e R}, B={(2,y):y€R}.
Then d(A, B) = 2. Define the mappings S: A — B as follows:

$((0,x)) = (2,In(1 + |x])).

First, we show that S is Geraghty’s proximal contractions of the first kind with 8 € S de-
fined by

1, t=0,

B() =
In(1+£)
) g0,

Let (0,x1), (0,x2), (0,a;) and (0, a3) be elements in A satisfying
d((o,al)) S(O:xl)) = d(A)B) =2, d((oy aZ)ys(O;xZ)) = d(ArB) =2.
Then we have a; = In(1 + |x;]) for i = 1,2. If x; = x5, we have done. Assume that x; # x;.

Then, by Proposition 4.1 and the fact that the function f(x) = In(1 + £) is increasing, we
have

d((0,a1),(0,a2)) = d((0,In(1 + [x1])), (0,In(1 + |x21)))

N1+ lxil) = IN(1 + [x2]) |

IA

In(
[In(L+ [l = )|
= [In(

N(L+ [y —x2]) |
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[IN(L + |1 — x2])]
= ——————|¥1 — %y
e — |

ﬂ(d((orxl)r (0,962)))61((0,961), (O’xZ))

Thus S is Geraghty’s proximal contraction of the first kind.
Next, we prove that S is not a proximal contraction of the first kind. Suppose S is a prox-
imal contraction of the first kind, then for each (0,x*), (0, y*), (0,a*), (0, b*) € A satisfying
d((0,x%),5(0,a*)) =d(A,B)=2 and d((0,5%),5(0,b%)) =d(A,B) =2, (4.2)
there exists k € [0,1) such that

d((0,2"), (0.5")) = kd((0,a"),(0,5%)).

From (4.2), we get x* = In(1 + |a*|) and y* = In(1 + |b*|) and so

[In1+ |a*[) = In(+ [*[)] = d((0,%), (0,5"))
< kd((0,a"),(0,6%))

:k|a*—b*|.
Letting b* = 0, we get
. In(1 + |a*
1= Ilim M§k<l,
|a*|—0+ |ﬂ*|

which is a contradiction. Thus S is not a proximal contraction of the first kind.

Example 4.4 Consider the complete metric space R? with metric defined by
d((x1,%2), 71,72)) = %1 = 31| + %2 — ¥

for all (x1,%,), (y1,72) € R2. Let
A:{(O,x):xeR}, B:{(2,y):yeR}.

Define two mappings S:A — B, T:B— Aand g: AUB — AU B as follows:

i 1 i bl o
S((O’x))‘<2’2a+|x|)>’ T((Z'y))_(0’2(l+|yl)>’ 8() = G 9)

Then d(A,B) =2, Ap = A, Bo = B and the mapping g is an isometry.
Next, we show that S and T are Geraghty’s proximal contractions of the first kind with
B € S defined by

1
B(t) = Y forall £ > 0.

Page 14 of 17
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Let (0,x1), (0,x3), (0,a;) and (0, a3) be elements in A satisfying
d((o,ﬂl)) S(O:xl)) = d(A)B) =2, d((oy d2)15(0;x2)) = d(ArB) =2.

Then we have

Joc; |

=——— fori=1,2.
2(1 + |xsl)

i
If x1 = x5, we have done. Assume that x; # x,, then, by Proposition 4.2, we have

B 1] |2 |
d((0,a1),(0,a2)) = d(<0’ 21+ |x1|)>’ (0’ 201+ Ile)))

bl ol
20+ x1l) 21+ [x2])

PARE>]
2(1+ e (A + |2])

- X1 — X9 ‘

T+ e DA+ |xa])
—_— | —x

_1+|x1—x2|| 1— %2

ﬁ(d((or xl)r (O’xZ)))d((or xl)r (O’xZ))

Thus S is Geraghty’s proximal contraction of the first kind. Similarly, we can see that T is
Geraghty’s proximal contraction of the first kind. Next, we show that the pair (S, T) is a
proximal cyclic contraction. Let (0, %), (0,x) € A and (2,v), (2,y) € B be such that

d((0,u),8(0,x)) = d(A,B) =2, d((2,v), T(2,9)) = d(A,B) = 2.

Then we get

|| Il
U= —-—r, V= ————.
2(1+ |x)) 2(1+|yD)

In the case x = y, clear. Suppose that x # y, then we have

d((O,u),(Z,v)) =|lu-v|+2

|| |yl ‘
= - +2
‘ 20+ %) 2@+ 1y
_ ‘ 121 - by
2(1+ &)L + Iy1)
< lx -yl
2(1+ ¢ + [yl)
< 1| 2
=3 x—y|+
§k(|x—y| +2) +(1-k)2

kd((0,%),(2,9)) + (1 - k)d(A, B),
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where k = [%, 1). Hence the pair (S, T) is a proximal cyclic contraction. Therefore, all the
hypotheses of Theorem 3.3 are satisfied. Further, it is easy to see that (0,0) € A and (2,0) €
B are the unique elements such that

d(g(0,0),5(0,0)) = d(g(2,0), T(2,0)) = d((0,0),(2,0)) = d(A,B).

5 Conclusions

This article has investigated the existence of an optimal approximate solution, the so-
called best proximity point, for the generalized notion of proximal contractions of the
first and second kinds, which were defined by Sadiq Basha in [26]. Furthermore, an algo-
rithm for computing such an optimal approximate solution and example which supports

our main results have been presented.
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Recently, Basha (2011) established the best proximity point theorems for proximal contractions of the first and second kinds which
are extension of Banach’s contraction principle in the case of non-self-mappings. The aim of this paper is to extend and generalize the
notions of proximal contractions of the first and second kinds which are more general than the notion of self-contractions, establish
the existence of an optimal approximate solution theorems for these non-self-mappings, and also give examples to validate our main

results.

1. Introduction

Since Banach’s contraction principle [1] first appeared, several
authors have generalized this principle in different directions.
However, they have shown the existence of a fixed point for
self-mappings. One of the most interesting results on Banach’s
contraction principle is the case of non-self-mappings. In
fact, for any nonempty closed subsets A and B of a complete
metric space (X, d), a contractive non-self-mapping T : A —
B does not necessarily have a fixed point Tx = x. In this
case, a best proximity point, that is, a point x € A for which
d(x,Tx) = d(A,B) := inf{d(x, ) : x € A y € B} represents
an optimal approximate solution to the equation Tx = x.
It is well known that a best proximity point reduces to a
fixed point if the underlying mapping is assumed to be a self-
mapping. Consequently, best proximity point theorems are
improvement of Banach’s contraction principle in case of
non-self-mappings.

A classical best approximation theorem was introduced
by Fan [2]. Afterward, several authors including Prolla [3],
Reich [4], and Sehgal and Singh [5, 6] have derived exten-
sions of Fan’s Theorem in many directions. Other works of

the existence of a best proximity point for contractive map-
pings can be found in [7-13]. On the other hand, many best
proximity point theorems for set-valued mappings have been
established in [14-19]. In particular, Eldred et al. [20] have
obtained best proximity point theorems for relatively nonex-
pansive mappings.

Recently, Basha [21] gave necessary and sufficient condi-
tions to claim the existence of best proximity point for proxi-
mal contraction of first and second kinds which are non-self-
mapping analogues of contraction self-mappings, and they
also established some best proximity theorems. Afterward,
several mathematicians extended and improved these results
in many ways (see in [22-25]).

The purpose of this paper is to extend and generalize the
class of proximal contraction of first and second kinds which
are different from another type in the literature. For such
mappings, we seek the necessary condition for these classes
to have best proximity points and also give some examples to
illustrate our main results. The results of this paper are gener-
alizations of results of Basha in [21] and some results of the
fundamental metrical fixed point and best proximity point
theorems in the literature.



2. Preliminaries

Throughout this paper, suppose that A and B are nonempty
subsets of a metric space (X, d). We use the following nota-
tions:

d(A,B) :=inf{d(x,y):x € Aand y € B},
Ay:={x€eA:d(x,y)=d(A,B) for some y € B}, (1)
By:={yeB:d(x,y)=d (A B) for some x € A}.

Remark 1. Itiseasy to see that A and B, are nonempty when-
ever AN B # 0. Further, if A and B are closed subsets of a nor-
med linear space such that d(A, B) > 0, then A, € Bdr(A)
and B, € Bdr(B), where Bdr(A) is a boundary of A.

Definition 2 (see [21]). A mapping T : A — Bis called a
proximal contraction of the first kind if there exists & € [0, 1)
such that, for alla, b, x, y € A,

d(a,Tx) =d(A,B),

d(bTy) =d(ap — d@bs<ad(ny). @

Remark 3. If T is self-mapping, then T is a proximal contrac-
tion of the first kind deduced to T which is a contraction map-
ping. But a non-self-proximal contraction is not necessarily a
contraction.

Definition 4 (see [21]). A mapping T : A — B is said to
be a proximal contraction of the second kind if there exists
a € [0,1) such that, foralla, b, x, y € A,

d(a,Tx)=d (A, B),

d(b,Ty) = d (A, B) = d(Ta, Tb) < ad (Tx,Ty). (3)

The necessary condition for a self-mapping T to be a
proximal contraction of the second kind is that

d(TTx,TTy) < ad (Tx, Ty) (4)

for all x, y in the domain of T. Therefore, every contraction
self-mapping is a proximal contraction of the second kind,
but the converse is not true (see Example 5).

Example 5. Consider R endowed with the Euclidean metric.
Let the self-mapping T : [0, 1] — [0, 1] be defined as follows:

0 if x is rational,

T (x) = { (5)

1 otherwise.

It is easy to prove that T is a proximal contraction of the sec-
ond kind. However, T is not a contraction mapping.

The above example also exhibits that a self-mapping, that
is, a proximal contraction of the second kind, is not necessa-
rily continuous.

Definition 6. Let S: A — Band T : B — A be mappings.
The pair (S, T) is said to be

(1) a cyclic contractive pair if d(A,B) < d(x,y) =
d(Sx,Ty) <d(x,y) forall x € Aand y € B;
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(2) a cyclic expansive pair if d(A,B) < d(x,y) =
d(Sx,Ty) > d(x, y) forallx € Aand y € B;

(3) a cyclic inequality pair if d(A,B) < d(x,y) =
d(Sx,Ty)+d(x, y) forallx € Aand y € B.

Definition 7. LetS: A — Band T : B — A be mappings.
The pair (S, T') is said to satisfy min-max condition if, for all
x € Aand y € B,

d (A, B) < d(x,y) = min (Sx,Ty) + max(Sx,Ty), (6)
where min(Sx, T'y) and max(Sx, T'y) are defined by

min (Sx, Ty) = min{d (x, y),d (x,Sx),d (y,Ty),
d(Sx,Ty),d (x,STy),
d(y,TSx),d (Sx,TSx),
d(Ty,STy),d (TSx,STy)},

max (Sx, Ty) = max {d (x, y),d (x,5x),d (y,Ty),
d(x,Ty),d(y,Sx),d (Sx,Ty),
d(x,TSx),d (y,STy),d (x,STy),
d(y,TSx),d (Sx, TSx),

d(Ty,STy),d (TSx,STy)}.
@)

We observe that the cyclic contractive pairs, cyclic expan-
sive pairs, and cyclic inequality pairs satisfy the min-max con-
dition.

Definition 8. LetT : A — Bamappingandg: A — Abe
an isometry. The mapping T is said to preserve isometric dis-
tance with respect to g if

d(Tgx,Tgy) = d (Tx, Ty) (8)
forall x, y € A.
Definition 9. A point x € A is said to be a best proximity

point of a mapping T' : A — B if it satisfies the condition
that

d(x,Tx) =d(A,B). 9)

Observe that a best proximity reduces to a fixed point if
the underlying mapping is a self-mapping.

Definition 10. A is said to be approximatively compact with
respect to B if every sequence {x,,} in A satisfies the condition
that d(y,x,) — d(y,A) for some y € B has a convergent
subsequence.

Remark 11. Any nonempty subset of metric space (X,d) is
approximatively compact with respect to itself.



Abstract and Applied Analysis

3. Main Results

In this section, we introduce the notions of generalized proxi-
mal contraction mappings of the first and second kinds which
are different from another type in the literature. We also give
the existence theorems of an optimal approximate solution
for these mappings.

Definition 12. Let A, B be nonempty subset of metric space
(X,d), T:A - Band # : A — [0,1). A mapping T is said
to be a generalized proximal contraction of the first kind with
respect to F if

d(a,Tx) =d (A, B),

d(b,Ty)=d(A,B) = d(a,b) < F(x)d(x,y) (10)

foralla,b,x,y € A.

Remark 13. If we take #(x) = « for all x € A, where
a € [0, 1), then a generalized proximal contraction of the first
kind with respect to # reduces to a proximal contraction of
the first kind (Definition 2). In case of a self-mapping, it is
apparent that the class of contraction mapping is contained in
the class of generalized proximal contraction of the first kind
with respect to % mapping.

Now, we give an example to claim that the class of proxi-
mal contraction mapping of the first kind is a proper subclass
of the class of generalized proximal contractions of the first
kind with respect to % mapping.

Example 14. Consider the metric space R* with Euclidean
metric. Let A = {(0,y) : -1 < y < 1} and B = {(1,y) :
-1 < y < 1}. Define a mapping T : A — B as follows:

2

rem-(1%) n

2

for all (0, y) € A.
It is easy to check that there is no « € [0, 1) satisfing

d(a,Tx)=d(b,Ty) =d(A,B) = d(a,b) < ad (x, y)
(12)

for all a,b, x, y € A. Therefore, T is not a proximal contrac-
tion of the first kind.
Consider a function # : A — [0, 1) defined by

[+t (13)
2

Z((0,5)) =

Next, we claim that T'is a generalized proximal contraction of
the first kind with respect to .
If (0, y,), (0, y,) € A such that

d(a.T((0.2,))) = d(AB) = 1,
d(6.T((0.,)) = d(A.B) = 1,

(14)

foralla,b € A, then we have

2 2
a=<o,&), b:(o,&) (15)
2 2

3
Therefore, it follows that
2 2
)
2 2
_|t y%
2
|)’1 P2 )
-y
< | (16)

|y1|+|y2 ~
)’zl
+1
s(%)wl—m

=% ((0,))d((0,),(0, 3,)).

This implies that T' is a generalized proximal contraction of
the first kind with respect to %

Definition 15. Let A, B be nonempty subset of metric space
(X,d), T:A - Band ¥ : A — [0,1). A mapping T is said
to be a generalized proximal contraction of the second kind
with respect to % if

d(a,Tx)=d (A, B),

d(b,Ty) =d (4B — @b sFH(d(TxTy) 17)

foralla,b,x,y € A.

Clearly, a proximal contraction of the second kind
(Definition 4) is a generalized proximal contraction of the
second kind.

Next, we extend the results of Basha [21] and many results
in the literature.

Theorem 16. Let (X, d) a complete metric space and A, B be
nonempty closed subsets of X such that A, and B, are non-
empty. Suppose thatT: A — B,g: A — A,and X : A —
[0, 1) are mappings satisfying the following conditions:

(a) T is a continuous generalized proximal contraction of
first kind with respect to K ;
(b) T(Ay) S Byand A, < g(Ay);
(c) g is an isometry;
(d) F(x) < H(y), whenever d(gx,Ty) = d(A, B).
Then there exists a unique point x € A such that d(gx, Tx) =
d(A, B).

Proof. Let x,, be a fixed element in A,. From T'(A,) < B, and
Ay € g(Ay), it follows that there exists a point x, € A such
that

d (gx,,Tx,) = d (A, B). (18)

Again, since Tx; € T(A,) € Byand A,
a point x, € A such that

d (9x2>Tx1)

< g(A,), there exists

= d(A,B). (19)



Continuing this process, we can construct the sequence {x,}
in A, such that

d(gx,,Tx,_,) = d(A,B) (20)

for all n € N. Since T is a generalized proximal contraction of
the first kind with respect to %, it follows that

v (xn) d (xn’ xn—l) (21)

for all n € N. Also, since g is an isometry, we have

d (gxm—l’ gxn) <

d (xn+1’ xn) < ‘%f (xn) d (xn’ xn—l) (22)
for all n € N. By using (20) and (d), we have
d (X015 %,) < H (x,) d (%, %)
< % (xn—l) d (‘xn’ xn—l)

<K (xn_z) d (xw xn—l) (23)

< '% (xO) d (xn’ xn—l)
for all n € N. By repeating (23), we get
d (xn+1’ xn) <

for all n € N. Now, we let k := F(x,) € [0,1). For positive
integers m and n with n > m, it follows from (24) that

d (%, %)

<d (xn’xn—l) +d (xn—hxn—z) +

(H(x))"d (%1, x0) (24)

+d (xm+1’ xm)

<K' (3, x0) + K"72d (50, x0) + -+ -
km
< <Tk>d(x1,xo).

1

+k"d (xy, %)

(25)

Since k € [0, 1), we have (K" /(1 — k))d(x,,x,) — Oasm —
00, which implies that {x,} is a Cauchy sequence in X. Since
X is complete, it follows that the sequence {x,} converges to
point x € X. Since T and g are continuous, we get

d(gx,Tx) = lim d (gx,,1,Tx,) = d (A, B). (26)
Next, we suppose that x* is another point in X such that

d(gx*,Tx") =d(A,B). (27)

Since T is a generalized proximal contraction of the first kind
with respect to J, by using (26) and (27), we get

d(gx,gx") < F (x)d(x,x"). (28)
Since g is an isometry, it follows that
d(x,x") < F(x)d(x,x"), (29)

which implies that x = x*. This completes the proof. O
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Now, we give an example to illustrate Theorem 16.

Example 17. Consider the complete metric space R* with
Euclidean metric. Let A = {(0,y) : -1 < y < 1} and B =
{(1,y) : =1 < y < 1}. Define two mappings T : A — Band
g:A — Aasfollows:

r(o=(1%).

. g((0,3)=(0,-y)  (30)

for all (0, y) € A. Then it is easy to see that d(A,B) =
A, = A, By = B, and the mapping g is an isometry.
Consider a function % : A — [0, 1) defined by

) = b+ 31)

F((0,y 1

Next, we claim that T is a generalized proximal contrac-
tion of the first kind with respect to #. If (0, y,), (0, ¥,) € A
such that

d(aT((0.1)) =d(AB) = 1,
d(b,T((0, 7)) =d(AB) =1,

for all a,b € A, then we have

2
a—(O yl), b:(o,&) (33)
4 4

Therefore, it follows that

2 2
d(a,b) B d<<o,&)’<o,&)>
4 4

_n _yf
4

<|yl+y2) _ |
V2 (34)
<| |+|J}2)|)’1‘)’2|
|y1|+1
71 =

((0 1)) d ((0:31), (0, 3,)).-

This implies that the non-self-mapping T is a generalized
proximal contraction of the first kind with respect to F. It is
easy to see that #(x) < #(y) whenever d(gx, Ty) = d(A, B).
Moreover, since T is continuous and g is an isometry, all the
conditions of Theorem 16 are satisfied, and so T has a unique
element (0,0) € A such that

d(g((0,0)),T ((0,0)))

Corollary 18 (see [21, Theorem 3.3]). Let (X, d) be a complete
metric space and A, B nonempty closed subsets of X such that
A, and B, are nonempty. Suppose thatT : A — Band g :
A — A are mappings satisfying the following conditions:

(32)

=d(A,B). (35)

(a) T is a continuous proximal contraction of the first kind;
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(b) T(Ay) € Byand A, < g(Ay);

(c) g is an isometry.

Then there exists a unique element x € A suchthatd(gx, Tx) =
d(A, B).

Proof. Since a proximal contraction of the first kind is a spe-
cial case of a generalized proximal contraction of the first
kind, we can prove this result by applying Theorem 16.  [J

In Theorem 16, if g is the identity mapping, then it yields
the following best proximity point theorem.

Corollary 19. Let (X, d) a complete metric space and A, B be
nonempty closed subsets of X such that A, and B, are non-
empty. Suppose that T : A — Band X : A — [0,1) are
mappings satisfying the following conditions:

(a) T is a continuous generalized proximal contraction of
first kind with respect to K ;

(b) T(Ao) < By

(c) F(x) < H(y), whenever d(x,Ty) = d(A, B).

Then T has a unique best proximity point in A.

Corollary 20 (see [21, Corollary 3.4]). Let (X,d) be a com-
plete metric space and A, B nonempty closed subsets of X such
that A, and B, are nonempty. Let T : A — B be a mapping
satisfying the following conditions:

(a) T is a continuous proximal contraction of the first kind;
(b) T(A,) € B,.

Then T has a unique best proximity point in A.

Proof. Since a proximal contraction of the first kind is a spe-
cial case of a generalized proximal contraction of the first kind
with respect to %, we can prove this result by applying
Corollary 19. O

Next, we prove the second main result for generalized
proximal contraction of the second kind with respect to #

mapping.

Theorem 21. Let (X,d) a complete metric space and A, B be
nonempty closed subsets of X such that A is approximatively
compact with respect to B. Suppose that A, and B, are non-
emptyandT: A — B,g: A - A,and K : A — [0,1) are
mappings satisfying the following conditions:

(a) T is a continuous generalized proximal contraction of
the second kind with respect to K;
(b) T(Ay) € Byand A, < g(Ay);
(c) g is an isometry;
(d) T preserves isometric distance with respect to g;
(e) H(x) < H(y), whenever d(gx,Ty) = d(A, B).
Then there exists a point x € A such that d(gx, Tx) = d(A, B).

Moreover, if x* is another point in A for which d(gx”,Tx") =
d(A, B), then Tx = Tx".

Proof. As in the proof of Theorem 16, for fixed x, € A, we
can define a sequence {x,,} in A such that

d(gxn’Txn—l) = d(A7 B) (36)

foralln € N. Since T is a generalized proximal contraction of
the second kind with respect to %, it follows that

d (Tgxnﬂ’ Tgxn) < ‘% (xn) d (Txn’ Txn—l) . (37)

Since T preserves isometric distance with respect to g, we
have

d(Tx,.;,Tx,) < # (x,)d (Tx,, Tx,_,) (38)
for all n € N. By using (36) and (e), we have
d(Tx,,,,Tx,) < F (x,)d (Tx,, Tx,_;)
< H(x,.,)d(Tx,, Tx,_,)
< H(x,.,)d(Tx,, Tx,_,) (39)

< ‘%f (xo) d (Txn’ Txnfl)
for all n € N. By repeating (39), we get
d(Tx,,1,Tx,) < (H(xy))"d (Tx;, Tx,) (40)

for all n € N. Now, we let k := H#(x,) € [0,1). For positive
integers m and n with n > m, it follows from (40) that

d(Tx,,Tx,,) < d(Tx,, Tx,_,)
+d(Tx, 1, Tx,_,) + - +d (Tx,,1,Tx,,)
< K"'d (Tx), Txy) + K*°d (Tx,, Tx,)
+--+ k"d (Txy, Tx,)
< <£) d (Tx;, Tx,) -

1-k
(41)

Since k € [0,1), we have (K"/(1 — k))d(Tx,,Tx,) — 0 as
m — oo, which implies that {T'x,,} is a Cauchy sequence in B.
By completeness of B € X, there exists a point y € Bsuch that
Tx, — yasn — 00.By (36) and the triangle inequality, we
have

d(y,A) <d(y,gx,)
< d (y’ T'xn—l) + d (Txn—l’ gxn)
(42)
=d(y,Tx,_,) +d (A B)
<d(y.Te,) +d (3, A).

Lettingn — oo in (42), we get d(y, gx,,) — d(y,A). Since
A is approximatively compact with respect to B, it follows that



{gx,} hasa convergence subsequence {gx,, };saygx, — z¢€
Aask — co. Thus we have

d(z,y) = lim d(gx,,Tx, ) =d(A.B),  (43)
which impliesthatz € A.Since A, € g(A,), wehavez = gx
for some x € A Therefore, gx,, — gxask — oo.Since g
is an isometry, we get x, — xask — oo. By the continuity
of T, we have Txnk — Txask — coandthen y = Tx. From
(43), we can conclude that

d(gx,Tx) =d (A, B). (44)

Next, we suppose that x* is another point in X such that

d(gx",Tx") =d(A,B). (45)

Since T is a generalized proximal contraction of the second
kind with respect to %, by the virtue of (44) and (45), we get

d(Tgx,Tgx") < H (x)d (Tx,Tx"). (46)
Since T preserves isometric distance with respect to g, it fol-
lows that

d(Tx,Tx") < F (x)d (Tx, Tx"), (47)

which implies that Tx = Tx". This completes the proof. [

Corollary 22 (see [21, Theorem 3.1]). Let (X, d) be a complete
metric space and A, B nonempty closed subsets of X such that A
is approximatively compact with respect to B. Suppose that A,
and B, are nonempty andT : A — Bandg: A — Aare
mappings satisfying the following conditions:

(a) T is a continuous proximal contraction of the second
kind;

(b) T(Ay) € Byand A, < g(A,);
(c) g is an isometry;

(d) T preserves isometric distance with respect to g.

Then there exists a point x € A such that d(gx, Tx) = d(A, B).
Moreover, if x* is another point in A for which d(gx”,Tx") =
d(A, B), then Tx = Tx".

Proof. Since a proximal contraction of the second kind is a
special case of a generalized proximal contraction of the sec-
ond kind with respect to %, we can prove this result by apply-
ing Theorem 21. O

Corollary 23. Let (X, d) be a complete metric space and A, B
nonempty closed subsets of X such that A is approximatively
compact with respect to B. Suppose that A, and B, are non-
emptyandT : A — Band K : A — [0,1) are mappings
satisfying the following conditions:

(a) T is a continuous generalized proximal contraction of
the second kind with respect to K ;

(b) T(Ag) € By;

(c) H(x) < H(y), whenever d(x,Ty) = d(A, B).
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Then T has a best proximity point. Moreover, if x* is another
best proximity point of T, then Tx = Tx".

Proof. We can prove this result by applying Theorem 21 with
g = I1,, where I is an identity mapping on A. O

Corollary 24 (see [21, Corollary 3.2]). Let (X, d) be a com-
plete metric space and A, B nonempty closed subsets of X such
that A is approximatively compact with respect to B. Suppose
that A, and B, are nonempty andT : A — Bis mapping satis-
fying the following conditions:

(a) T is a continuous generalized proximal contraction of
the second kind;

(b) T(Ao) < By.

Then T has a best proximity point. Moreover, if x* is another
best proximity point of T, then Tx = Tx".

Proof. Since a proximal contraction of the second kind is a
special case of a generalized proximal contraction of the sec-
ond kind, we can prove this result by applying Corollary 23.

O

Here, we give the last result in this work.

Theorem 25. Let (X, d) be a complete metric space, A and B
nonempty closed subsets of X, and & : AUB — [0, 1). Sup-
pose that S : A — B is a mapping satisfying

d(Sx,Sy) < F (x)d (x, y) (48)

forall x, y € A. Then the following holds.

(A) There exists a nonexpansive mappingT : B — A such
that (S, T) satisfies the min-max condition whenever S
has a best proximity point.

(B) If there exists a nonexpansive mappingT : B — A
such that (S, T) satisfies the min-max condition and
F(Sx) < K (x) and K (Tx) < HK(x) forall x € A,
then S has a best proximity point.

(C) For two any best proximity points z and z* of S, we
have

N 2
d(Z,Z )S<1——(%/(Z)>d(A’B) (49)

Proof. (A) Let S has a best proximity point a € A. We define
amappingT : B — AbyTy = aforall y € B. Clearly, T is
a nonexpansive mapping. It follows from the definition of T
that

d(Ty,STy) = d (a,Sa) = d (A, B) (50)

for all y € B. Thus we can conclude that min(Sx,Ty) =
d(A,B) forallx € Aand y € B.

Next, we show that (S, T') satisfies the min-max condition.
Suppose that x € A and y € B such that d(A, B) < d(x, y).
Then we have

min (Sx,Ty) = d (A, B) < d(x, y) < max(Sx,Ty), (51)
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which implies that the pair (S, T') satisfies the min-max condi-
tion. Therefore, we can find a nonexpansive mapping T : B —
A such that (S, T') satisfies the min-max condition.

(B) Fix x, € A and define a sequence {x,} in A U B by
Xop-1 = SXopoas Xon = TXppy (52)

for all n € N. Since T is nonexpansive, it follows from (48)
that

d (xZn—Z’xZn) = Tx2n—3’Tx2n—1)

IN

d(
d (x2n—3’ x2n—1)
d(

SXop-s> SxZn—Z)

IA

x2n—4) d (xZn—4’ x2n,2)
TxZn—S) d (xZn—4’ x2n—2)

Z (
Z (
H (%2-5) d (X2-4 X3n-2)
Z (
7 (

(53)

IN

SxZn—G) d (x2n—4’ x2n—2)

IA

x2n—6) d ('x2n—4’ x2n—2)

< H (x9) d (Xo-40 X3n2)
for all n € N. By repeating the above argument, we have

d (Xp95 %) < (%(xo))nild (%0, X5) (54)

for all n € N, which implies that the sequence {x,,} is a
Cauchy sequence in X. A similar argument asserts that the
sequence {x,,_;} isa Cauchy sequence in X. By the complete-
ness of X, we conclude that {x,,} converges to a pointa € A
and {x,,_;} converges to a point b € B. Since S is continuous,
{Sx,,} converges to Sa, which implies that {x,,_,} converges
to Sa. Thus Sa = b.

Similarly, it is easy to check that Tb = a. Therefore, we
have

TSa =Tb = a, STb = Sa = b. (55)
Now, we can conclude that
min (Sa, Tb) = d (a,b) = max (Sa, Tb) . (56)

By the virtue of the min-max condition of (S,T), we get
d(a,b) < d(A, B). Since d(A, B) < d(a,b), we have d(a,b) =
d(A, B). Therefore, we have

d(a,Sa) =d(a,b) =d(A,B), (57)

which implies that S has a best proximity point in A.

(C) Let z and z* be best proximity points of S. Then
d(z,8z) = d(A, B) and d(z",Sz*) = d(A, B). Using the trian-
gle inequality and (48), we have

d(z,z") <d(z,52) +d (Sz,8z") +d (Sz",z")
(58)
< H(2)d(z,z")+2d (A B).

This implies that d(z, z*) < (2/(1- % (z)))d(A, B). This com-
pletes the proof. O

Corollary 26 (see [21, Theorem 3.6]). Let (X, d) be a complete
metric space and A and B nonempty closed subsets of X.
SupposethatS : A — Bisa contraction mapping. Then S has a
best proximity point if and only if there exists a nonexpansive
mapping T : B — A such that (S,T) satisfies the min-max
condition.

Moreover, d(z,z") < (2/(1-«))d(A, B) for some € [0, 1)
and any two best proximity points z and z* of S.

Proof. Since S is a contraction mapping, we have d(Sx, Sy) <
ad(x, y) for some o € [0,1) and all x, y € A. Now, we can
prove this result by applying Theorem 25 with a function % :
AUB — [0,1) defined by #(x) =aforallx e AUB. [
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Abstract. The purpose of thisarticleisto first introduce the notion of tripled best proximity point
and cyclic contraction pair. We also establish the existence and convergence theorems of tripled
best proximity points in metric spaces. Moreover, we apply our results to setting of uniformly
convex Banach space. Finally, we obtain some results on the existence and convergence of tripled
fixed point in metric spaces and give illustrative examples of our theorems.

1. Introduction and preliminaries

In the two last decades, the theory of fixed points has appeared as a crucial tech-
nigue in the study of nonlinear functional analysis. In particular, the techniques and
tools in fixed point theory have application in many branches of applied mathematics
and also in many research fields such as physics, chemistry, biology, economics, com-
puter sciences, and many branches of engineering. The most significant result in fixed
point theory, known as the Banach Contraction Mapping Principle (BCMP) is given
by Banach in [4]. BCMP states that every contraction (self-mapping) T : X — X ona
complete metric space (X,d) hasauniquefixed point, that is, Tx = x. Dueto itswide
application potential, this celebrated principle has been generalized in many ways over
theyears[2, 10, 11, 23, 33].

On the other hand, the study of the existence of fixed point for non-self mapping
on various abstract spaces is also very interesting. More precisely, for a given non-
empty closed subsets A and B of a complete metric space (X,d), a contraction non-
self mapping T : A— B does not necessarily yields afixed point, that is, d(Tx,x) # 0.
In this case, it is quite natural to investigate an element x € X such that d(x,Tx) is
minimum, that is, the points x and Tx are close proximity to each other.

Let A and B be closed subsets of a metric space (X,d) and T : A— B beanon-
self mapping. A point x in A for which d(x, Tx) = d(A,B) is called a best proximity
point of T. If ANB # 0 then the best proximity point becomes a fixed point of T.
In other words, 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 BCMP. In this direction, thefirst result was given by Fan [13] in
1969. In these pioneering work, the author introduced and established a classical best
approximation theorem:
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THEOREM 1. ([13]) If A is a nonempty compact convex subset of a Hausdorff
locally convex topological vector space B and T : A — B is continuous mapping, then
there exists an element x € A suchthat d(x, Tx) =d(Tx,A).

Following thisinitial paper, anumber of authors have derived extensions of Fan's
Theorem and best approximation theorem in many directions such as Prolla [27], Se-
hgal and Singh [28, 29], Wlodarczyk and Plebaniak [36, 37, 38, 39], Vetrivel et al.
[35], Eldred and Veramani [12], Mongkolkehaand Kumam [24, 25, 26] and Bashaand
Veeramani [5, 6, 7, 8] (seedso[3, 16, 17, 18, 19, 20, 21, 22] and reference therein).

Oneinteresting and crucial notion is the one of coupled fixed point, introduced by
Guo and Lakshmikantham [15] in 1987. Bhaskar and Laksmikantham [14] introduced
the notion of mixed monotone mapping and proved some coupled fixed point theorems
for mappings satisfying the mixed monotone property. In [14], the authors observed
that their theorems can be used to investigate a large class of problems and discuss the
existence and uniqueness of solution for a periodic boundary value problem. Several
improvements and generalizations of [14] have recently appeared in the literature (see
[1, 30, 31] and references therein).

Very recently, Berinde and Borcut [9] introduced the notions of tripled fixed point.
They proved existence and uniquenessresults of tripled fixed pointin apartially ordered
complete metric space. On the other hand, the concept of coupled best proximity point
and property UC* are first introduced by Sintunavarat and Kumam [32]. They also
give existence and convergence theorems of coupled best proximity point for cyclic
contraction pairs.

Motivated by the interesting works [9] and [32], we first introduce the notions of
tripled best proximity point and later establish the existence and convergence theorems
of tripled best proximity point in metric spaces. Moreover, we apply these results in
uniformly convex Banach space. We also study some results on the existence and con-
vergence of tripled fixed point in metric spaces and give illustrative examples of our
theorems.

We recall some basic definitions and examples that are 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 set

d(A,B) =inf{d(x,y) : xe A, ye B} (@)

stands for the distance between A and B.
A Banach spaces X issaid to be:
(1) strictly convex if the following implication holds: for al x,y € X,
X+y
I = iyl =1 and x £y = | =2 < 1.

(2) uniformly convex if, for any € with 0 < &€ < 2, there exists 6 > 0 such that
the following implication holds: for al x,y € X,

IX| <1, [ly| <1and [jx—y|| > s:»H Y <1-6.
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It is easily to see that a uniformly convex Banach space X is strictly convex but
the convergeis not true.

DEFINITION 1. ([34]) Let A and B be nonempty subsets of ametric space (X,d).
We say that the ordered pair (A,B) satisfies the property UC if the following holds:

If {xn} and {z,} are sequencesin A and {yn} is a sequence in B such that
d(xn,Yn) — d(A,B) and d(z,yn) — d(A,B), then d(x,,z,) — O.

ExAamMPLE 1. Let A and B be nonempty subsets of a metric space (X,d). The
following statements are examples of pairs of nonempty subsets (A, B) satisfying the
property UC.

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

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

(3) A pair (A,B) of nonempty subsets A, B of astrictly convex Banach space such
that A is convex and relatively compact and the closure of B isweakly compact.

DEFINITION 2. ([32]) Let A and B be nonempty subsetsof ametric space (X, d).
We say that the ordered pair (A,B) satisfies the property UC* if (A,B) has property
UC and the following condition holds:

If {Xn}, {zn} aretwo sequencesin A and {y,} isasequencein B satisfying the
following conditions:

(1) d(zn,yn) — d(A,B),

(2) for any € > 0, there exists N € N such that d(Xm,yn) < d(A,B) + ¢ for al
m>nz2= N,

then exists Ny € N such that d(Xm,z,) < d(A,B) +¢ foral m>n> N;j.

ExaMPLE 2. ([32]) Let A and B be nonempty subsets of a metric space (X,d).
The following statements are examples of a pair of nonempty subsets (A, B) satisfying
the property UC*.

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

(2) A pair (A,B) of nonempty closed subsets A, B of auniformly convex Banach
space X suchthat A isconvex.

DEFINITION 3. Let A and B be nonempty subsets of a metric space (X,d) and
T : A— B beamapping. A point x € A is called a best proximity point of T if the
following condition holds:

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

It can be observed that a best proximity point reducesto afixed point if the under-
lying mapping is a self-mapping.
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DEFINITION 4. ([9]) Let A be a nonempty subset of a metric space (X,d) and
F : A> — A be amapping. A point (x,y,z) € A3 is called atripled fixed point of F if
the following conditions hold:

x=F(xy.2), y=F(y.xy), z=F(zy.X).
2. Tripled best proximity point theorems

In this section we study the existence and convergence of tripled best proximity
points for cyclic contraction pairs in metric spaces.

DEFINITION 5. Let A, B be nonempty subsets of a metric space (X,d) and F :
A3 — B be mapping. An ordered tripled (x,y,z) € A3 iscalled atripled best proximity
point of F if,

d(X, F(X7y7 Z)) = d(yv F(yv va)) = d(Z, F(Z,y,X)) = d(Av B)

Itiseasy to see that, if A= B in Definition 5, then atripled best proximity point
reducesto atripled fixed point.
Next, we introduce the notions of a cyclic contractions for a pair of mappings.

DEFINITION 6. Let A, B be nonempty subsets of a metric space (X,d and F :
A3 — B, G:B% — A be two mappings. The ordered pair (F,G) is called a cyclic
contraction if there exists a non-negative number o < 1 such that

d(F(x,y,2),G(u,v,w)) < %[d(x, u) +d(y,v) +d(zw)] + (1— o)d(A,B)

foral (x,y,z) € A% and (u,v,w) € B3,
Note that, if (F,G) is a cyclic contraction, then the pair (G,F) is aso a cyclic

contraction.

ExAMPLE 3. Let X =R with the usual metric d(x,y) = |x—y| andlet A=[2,6]
and B = [—6,—2]. It easy to see that d(A,B) = 4. Define two mappings F : A3 — B
and G:B® — A by

—X—y—2z—-6 —U—-V—-w+6
- = - G - " @ -
6 ) (u7V7W) 6

foral (x,y,2) € A% and (u,v,w) € B3, respectively. For any (x,y,2) € A%, (u,v,w) € B3
andfixed o = 3, we get

F(xy,2) =

—X—y—-z-6 —U-Vv-w+6

d(F(x,y,2),F(u,v,w)) =

6 6
_Ix—ulely-vitiz-w
6
= Z1dx.u) +d(y,v) + d(zw)] + (1 o)d(A B).

3
Thisimpliesthat the pair (F,G) isacyclic contraction with o = %
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EXAMPLE 4. Let X = R® with the metric
d((xy,2),(u,v,w)) = max{[ x—u|,|y—v]|,[z—w]}
for (x,Y,2),(u,v,w) € X and let
A={(x,0,00e X:0<x<1}, B={(x,1,1)eX:0<x<1}.

It easy to provethat d(A,B) = 1. Definetwo mappings F : A3 — B and G: B3 — A by

F((x,0,0),(,0,0),(2,0,0)) = (X+;'+Z,1,1> ,

G((u,1,1),(%1,1),(w1,1) = (W,o,o) ,

respectively. Then we obtain

d(F((x,0,0),(%,0,0),(z0,0)),G((u,1,1),(v1,1), (w, 1,1)))

g <<x+:)3/+27171) 7 <u+\;+w7070)>

=1

Also, if (x,0,0),(y,0,0),(z0,0) € Aand (u,1,1),(v1,1),(w,1,1) € B, then we have

21A((%,0,0),(6,1,2)) +d((%:0,0), (%1,2)) +d((2.0,0), (.1, 1)] + (1~ )d(A B)
= Zlmax{|x—u|. 1,1} +max{| y—v|.1, 1} + max{| z—w],1,1}] + (1 @)d(A B)
— 2 x3+(1-a)
=1

for any non-negativereal number o < 1. Therefore, letting

(X,Y,2) = ((x,0,0),(y,0,0),(z0,0)) € A3,
(U,v,W) = ((u,1,1),(v,1,1),(w,1,1)) € B®,

we get
d(F (x,v,2),6(0,v,W)) < S[d(x,U) +d(Y,V) +d(z,w)] + (1~ @)d(A B)

for any non-negative real number oo < 1. Thisimplies that the pair (F,G) isacyclic
contraction.

The following lemmas play an important role in our main results.
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LEMMA 1. Let A, B be nonempty subsets of a metric space (X,d) and F : A3 —
B, G: B® — A be two mappings such that the ordered pair (F,G) isa cyclic contrac-
tion. If (xo,Yo,20) € A3 and we define the sequence {x},{yn}, {2z} in X by

Xony1 = F(Xon,¥Yon,22n),  Xont2 = G(Xon+1,Y2n+1, Z2n+1)
Yont1 = F(Yon,Xon,Y2n),  Yoni2 = G(Yont1,Xon+1, Yon+1)
Zonr1 = F(Zon,Yon, Xon),  Zont2 = G(Zont1, Yont1, Xont1)

for all ne€ NU{0}, then we have

d(Xen,Xont1) — d(A,B), d(Xeni1,Xens2) — d(A,B),
d(YZn,YZn+1) - d(A7 B)7 d(y2n+1aYZn+2) - d(A7 B)a
d(zon,Zon+1) — d(A,B), d(Zoni1,Zn12) — d(A,B).

Proof. For all ne€ N, we have

d(X2n, X2n+1)
d (XZn, F (X2n7y2n7 ZZn))
= d(G(Xen-1,Y2n-1,2Zn-1),
F(G(X2n-1,Y2n-1,Z2n-1), G(Y2n—1.X2n—1,Y2n-1), G(Z2n—1.Y2n-1,X2n-1)))

[d(Xon—1,G(Xon—1,Y2n—1,Zon—1)) + d(Yon—1, G(Yon—1,Xon—1,Y2n-1))

G(F (Xon-2,Y2n-2,Zn-2), F (Yon-2,%2n-2,Y2n-2),F (Zon—2,Y2n-2,Xn-2)))
+d(F(Y2n-—2,Xon-2,Y2n-2),
G(F (Yan—2,%2n-2,Y2n2),F (Xen-2,Y2n-2,Zn2), F (Yn-2,Xon-2,Y2n-2)))
+d(F (Z2n-2,Y2n-2,X2n-2),
G(F(z2n-2,Y2n—2,X%en-2), F (Yan—2,Xen-2,Y2n2), F (Xen-2,Y2n-2, 22n72)))]
+(1-)d(A,B)
< % [% [d(Xon-2, F (Xan—2,Y2n-2, Z2n-2)) + d(Yzn-2, F (Y2n-2, Xon-2, Y2n-2))
+d(Zn—2,F (Zon-2,Y2n2,%n-2))] + (1 — a)d(A,B)
+%[d(Y2n—2, F(Y2n-2,Xen-2,Y2n-2)) + d(Zan—2, F (Zon-2,Y2n2,%2n2))
+d(Xan—2,F (Xan—2,Y2n-2,Z2n-2))] + (1 — 0)d(A, B)

o
+ 3 [d(zon—2,F (Zon—2,Y2n—2,Xon—2)) + d(Xan—2, F (Xon—2,Y2n—2, Zon-2))

+d(y2n—2,F (Y2n-2,Xon-2.Y2n-2))] + (1 — &)d (A, B)
+(1— a)d(A B)



TRIPLED BEST PROXIMITY POINT THEOREM IN METRIC SPACES

o?

1203

= —-[d(zn-2,F (Zon—2,Yon—2,%2n—2)) + d(Xon—2, F (Xon—2,Y2n—2,Zon-2))

3
+d(yon—2, F (Yon—2,X2n—2,Yon-2))]

By induction, we see that

F(Xo,Yo,20

d(Xen, Xan1) < %[d(
+(1—a®d(A,B)

foral ne N. Taking n — <, we obtain

+(1—a?)d(A B).

2)) +d(yo, F (Yo, %0, Y0)) + d(20, F (20, Yo, %0) )]

d(Xan, Xen+1) — d(A,B). 2

For all ne N, we have

d(Xont1,X2n12)
d(Xon+1, G(Xont1, Yon+1, Zont1))
d(F

(X2n7y2n722n) G(F (X2n7y2n722n)»
5 [d(XZn, F (X2n, Y2n, Z2n)) + d(Yan, F (Yzn, X2n, Y2n) )
(1— a)d(A,B)

o

N

3
+d(zn,F (ZZn;YZn;XZn)] +

a
3 [d(G(Xan—1,Y2n-1,Z2n-1),

F(G(*2n-1,Y2n-1,22n-1),
+d(G(y2n—1,%2n—1,Y2n-1),

F (G(Yon—1,%on—1,Yon—1), G(Xon—1, Yon—1, Zon—1),

+d(G(Zn-1,Y2n-1,Xen-1),
F(G(zon-1,Y2n-1,%2n-1),

+(1- a)d(AB)

aro

3 [§

+d(zon-1,G(z2n-1,Y2n-1,%2n-1))]

N

F (Yon, Xon, Y2n), F

(22n7y2n7X2n)))

G(Yon-1,%2n-1,Y2n-1), G(Zon—1,Y2n-1,Xon-1)))

G(Yon-1,%2n-1,Y2n-1)))

G(Yan-1,X2n-1,Y2n-1), G(Xon-1,Y2n-1,Z2n-1)))]

[d(Xon—1,G(Xon—1,Y2n—1,Zon—1)) + d(Yon—1, G(Yon—1,X2n—1,Y2n-1))
+(1—a)d(A,B)

o
+—=[d(y2n—1,G(Yon-1,%2n—1,Yon-1)) + d(Zon-1,G(Zon—1,Y2n—1,Xon-1))

3

+d(Xon—1,G(X2n-1,Y2n-1,22n-1))]

+(1-o)d(A,B)

o
+§ [d(z2n-1,G(Zon-1,Y2n—1,X2n-1)) +d(Xon—1, G(Xon—1, Y2n—1, Zon—1))

+d(Yon—1,G(Yon—1,%2n-1,Y2n-1))] +

+(1— a)d(A,B)

O(Z

(1— a)d(A,B)

= —[d(zn-1,G(Zon-1,Y2n-1,X2n-1)) + d(Xon—1, G(Xon—1, Y2n—1, Zon—1))

3

+d(yon—1,G(Yan—1,X2n—1,Y2n-1))]

+(1—a?)d(A,B).
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By induction, we see that

a2n
d(Xons1,Xon+2) < ——[d(X1,G(X1,Y1,21)) + d(y1, G(Y1,X1,¥1)) + d(z1, G(Z1, Y1, %1))]

+3E1 —o®")d(A,B)
for al ne N. Therefore, letting n — <, we obtain
d(Xent1,Xent2) — d(A,B). 3
By the similar argument, we also have

d(YZn7y2n+l) i d(A7 B)7 d(y2n+l7y2n+2) i d(A7 B)7
d(Zn+1,Z2n+2) — d(A,B),  d(Zn,Zn+1) — d(AB).

This completesthe proof. [

LEMMA 2. Let A, B be nonempty subsets of a metric space (X,d) such that
the pairs (A,B) and (B,A) havethe property UC and F : A3 — B, G: B2 — A betwo
mappingssuch that the ordered pair (F,G) isacyclic contraction. For any (Xo,Yo,2) €
A3, we define the sequence {Xn}, {yn}, {2z} in X by

Xony1 = F(Xon,¥Yon,22n),  Xont2 = G(Xon+1,Y2n+1, Z2n+1)
Yont1 = F(Yon,Xon,Y2n),  Yoni2 = G(Yont1,Xon+1, Yon+1)
Zoni1 = F(Zon,Yon, Xon),  Zong2 = G(Zons1, Yons1, Xon+1)

for all ne NU{0}. Then, for any € > 0, there exists a positive integer Ny such that,
forall m>n> Np,

1
3 [d(Xom, Xont-1) + d(Yom, Yont1) + d(Zom, Zony1)] < d(A,B) +&. 4)

Proof. By Lemma 1, we have

d(Xon, Xony1) — d(A,B),  d(Xont1,Xont2) — d(A,B),

d(Yon,Yont1) — d(A,B),  d(Yant1,Yont2) — d(A,B),
d(zon,2Zn1) — d(A,B), d(zni1,22n12) — d(AB).

Since (A,B) has the property UC, we get
d(Xan, Xen+2) — 0.
The similar argument shows that
d(Yzn,Yzn+2) — 0and d(zzn, Z2ni2) — 0.
Since (B,A) hasthe property UC, we also have

d(Xont1,%on43) — 0, d(Yont1,Y2n3) — 0,  d(Zony1,Z2ns3) — 0.
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Suppose that (4) does not hold. Then there exists €’ > 0 such that, for al k € N, there
exists my > ng > k satisfying

1
3 [d(%2m,, Xen+1) + d(Yamy, Yane+1) + d(Zom,s Zon+1)] = d(A,B) + €.

Further, corresponding to ny, we can choose my in such a way that it is the smallest
integer with my > ny and satisfying aboverelation. Then

1
3ld(em—2.Xen+1) + d(Vom—2, Yone+1) +d(Zom—2. Zenc+1)] < d(A.B) + g

Therefore, we get
d(AB)+¢

1
< 3 [d (X2m<;x2nk+1) + d(YZrm;YZma—l) + d(22m<7 Zan+1)]

1
< §[d(X2n1<,X2sz) + d(Xom—2, X2n+1)
+d(Yom,, Yom—2) + d(Yom—2, Yon+1) + A(Zom Zom—2) + d(Zom—2, Zony +1)]

1
< 3ld0em:Xom—2) + d(Yam,, Yom—2) + d(Zam,, Zom—2)] + d(A,B) + €.

Letting k — <o, we obtain

1
3 [d(Xom, Xony+1) + A (Yomes Yone+1) + d(Zomy, Zon+1)] — d(A,B) + €.

By using the triangle inequality, we get

1
3 [d(Xomy s Xen+1) + d(Yom,, Yone+1) + d(Zom,, Zony +1)]

N

1
3 [d(X2m, ; Xom+2) 4 d(Xomy+ 2, Xon, +3) + d(Xen, 13, Xon 1 1)
+d(y2w7y2w+2) + d(y2w+2»y2nk+3) + d(y2nk+3»y2nk+1)
+d(Zom,, Zomt-2) + d(Zom+2, Zon+-3) + d(Zon 13, Zony +1)]
1
=3 [d(Xom, , Xom,+2)
+d(G(Xomy+1, Yomy+1, Z2me+1) s F (Xon+2, Yon+2, Z2n+2) ) + d(Xon 43, Xony 1)
+d(Yom, Yome+2)
+d(G(Yomet-1: Xome+1, Yome+1) s F (Yonet2, Xon+2, Yo +2) ) + A (Yo 43, Yo +1)
+d(Z2m,, Zom+2)
+d(G(Zome+-1, Yome+ 1. Xom+1), F (Zone4-2, Yon+-2, Xony +2) ) + A(Zon, +3, Z2n 1)
1 o
<3 [d(XZrm,szﬂ) + 3 (d0eme1,Xenc+2) +d(Yame1, Yon+2)
+d(Zm+1,Zn+2)) + (L= o)d(A, B) + d(Xen,+3, Xon,+1)
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+d(Yam,, Yome+2) + %(d(YZw+17Yan+2) + d(X2m+ 1, Xeny +2)

+d(Yam+1: Yonet+2)) + (1 — 0)d(A, B) +d(Yan+3, Yan+1)

+d(Zm, Zom+2) + %(d(ZZrm-s-l; Zon+2) +d(Yome+ 1, Yon2)

+M&wﬂmmﬁn+u—mmA&+d@W%bwﬂﬂ
= }[d(XZmUXZrmH) +d(X2n+3, Xon+1) + d(Yom, Yomer2)

3
+d(Yan+3; Yon+1) + d(Zom Zomet-2) + d(Zon +3; Z2n,+1)]

a
+3 (d(Xomy+1, X2n,+2) + d(Yomer 1. Yo +2) + d(Zom 11, Z2n4-2))

+(1— a)d(AB)

1
= 3ld(xem, Xom+-2) +dxen 3. Xonc+1) + d(Vom: Yomer2)
+d(Yon 13, Yon+1) + d(Zomg, Zome2) +d(Zny 3, Zony 1))

a
+3 [d(F (Xemy» Yome Z2my ), G(Xany 1, Yon+15 Zon 1))

+d(F (Yam,, Xom,> Yome ) » G(Yany +1, X2 1, Yn+1))
+d(F (22n1<7Yer1<;X2rT1<)a G(Zan+1aYan+1aX2nk+1))}
+(1— a)d(AB)
1
3 [d(Xom,, Xomet-2) + d(Xan+3, Xy +1) + d(Yomy, Yom+2)
+d(Yan 13, Yon+1) + d(Zom Zome2) + d(Zon 43, Z2n, + 1))
2

o
+ ? [d (XanvXanJrl) + d(y2n1<7 y2nk+l) + d(ZZmU Zan+1)}
+(1—a?)d(A,B).

Taking k — oo, we get
d(AB)+¢ < a?[d(AB)+¢&]+ (1— a?)d(A,B) = d(A B) + a’¢/,

which isacontradiction. Therefore, we can concludethat (4) holds. Thiscompletesthe
proof. O

N

LEMMA 3. Let A, B be nonempty subsets of a metric space (X,d) such that
the pairs (A,B), (B,A) satisfy the property UC*. Let F : A3 — B, G: B® — A betwo
mappingssuch that the ordered pair (F,G) isacyclic contraction. For (Xo, Yo, ) € A3,
we define the sequence {X}, {¥n},{zn} in X by

Xont1 = F(Xon,Y2n,22n),  Xeny2 = G(Xan+1,Y2n11,Z2n+1),
Yani1=F(Y2n,X2n,¥2n), Yani2 = G(Yan+1,Xen+1,Y2n11),
Zni1=F(Zn,Y2n:Xen);  Zni2 = G(Zn+1,Y2n+1,Xen11)

for all n€ NU{0}. Then the sequences {Xon}, {Yon}, {Zon}, {Xon+1}, {Yon+1} and
{zon11} are Cauchy sequences.
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Proof. By Lemmal, we have
d(Xan, Xen+1) — d(A,B),  d(Xent1,Xant2) — d(A,B).

Sincethepair (A, B) satisfiesthe property UC, we get d(Xon,Xont2) — 0. Similarly, we
also have d(Xon+1,Xon13) — O sincethe pair (B,A) satisfies the property UC.
Now, we show that, for any € > 0, thereexists N € N such that

d(XZm, X2n+1) d(A B) +é& 5)

foral m>n> N. Suppose that (5) does not hold. Then there exists € > 0 such that,
foral k € N, there exists mg > ng > k such that

d(Xom, Xon+1) > d(A,B) + €. (6)

Further, corresponding to nx, we can choose my in such a way that it is the smallest
integer with my > ny and satisfying aboverelation. Now, we have
d(A7 B) +e< d(XZTTkaXZHK-‘rl)
< d(Xerk’XZm(—Z) + d(x2m<—2ax2nk+1)
< d(Xom; Xom—2) +d(A,B) +&.

Taking k — oo, we have d(Xom ,Xon,+1) — d(A,B) +&. By Lemma 2, there exists
N € N such that

1
§ [d(XZrn(aXan-s-l) + d(YZrm;Yanl) + d(ZZrn(a Zan+1)} < d(A7 B) + &€ (7)

for al m> n> N. By using the triangle inequality, we get
d(A,B)+¢
< d(Xom,; Xon+1)
< d(Xomy; Xemye+2) + d(Xemy+2, Xon +3) + d(Xon, 13, Xon+1)
= d(X2m,, Xom+2)
+d(G(Xem+1, Yomer 15 Z2me 1), F (Xan-2, Yan 12, Zon+2)) + d(Xon, 4.3, Xon 1)

o
< d(Xomy, Xemy+2) + 3 [d(Xomet+1, Xon+2) + d(Yom+1, Yon+2) + A(Zome+-15 Zon, +2)]
+(1 - O()d(A7 B) + d(Xan+3»X2nk+l)
o
= §[d(F (Xemy> Yomye: Z2my ), G(Xeny+1, Yon 11, Zony +1))
+d(F (Yam,, Xomy> Yomy)s G(Yan, +1, Xeny 1, Yan+1))
+d(F (22n1<7Yer1<aX2n1<)a G(Zan+1aYan+1aX2nk+1))}
+(1— a)d(A,B) + d(Xom,, Xom+2) + d(Xon, 43, Xon, +1)

oo
< 3|3 [d(XZmUXanJrl) + d(YZrm;YanH) + d(ZZmU 22nk+1)} +(1-o)d(A,B)
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Lo
t3 [d(Yomys Yo +1) + d(Xom,, Xon+1) + A(Yamy: Yon+1)] + (1 — a)d(A, B)
Lo
+t3 [d(zom,; Zon,+1) + d(Yom: Yone+1) + d(Xomy, Xon+1)] + (1 — a)d(A, B)
+(1— a)d(A,B) + d(Xom, Xom+2) + d(Xan+ 3, Xen 1)
2
a
3 [d(Xomy, Xon +1) + d(Yomy, Yonet 1) + d(Zomy; Zon+1)]
+(1— 0?)d(A, B) + d(Xam, Xome+2) + d(Xon -3, Xony +1)
az(d(A7 B) + 8) + (l - az)d(A7 B) + d(x2m<7x2m<+2) + d(Xan+3;X2nk+1)
= e +d(A, B) + d(Xam, Xem+2) + d(Xon,+3, Xon+1)-
Taking k — oo, we get
d(A B) + ¢ < d(A B) + o,

which is a contradiction. Therefore, the condition (5) holds. Since (5) holds and
d(X2n, X2n+1) — d(A,B), by using the property UC* of (A,B), we deducethat {xzn} is
aCauchy sequence. Inasimilar way, we can provethat {yon}, {zon}, {Xen+1}, {Yoni1}
and {zn1} are Cauchy sequences. This completesthe proof. [

Here, we state the main result of this article on the existence and convergence of
tripled best proximity pointsfor cyclic contraction pairs on nonempty subsets of metric
spaces satisfying the property UC* .

THEOREM 2. Let A, B benonempty closed subsets of a metric space (X,d) such
that the pairs (A,B) and (B,A) have the property UC* and F : A3 — B, G:B® — A
be two mappings such that the ordered pair (F,G) is a cyclic contraction. For any
(X0,Y0,20) € A3, we define the sequence {xn}, {yn}, {2z} in X by

Xon+1 = F(Xon,Y2n:Z2n),  Xont2 = G(Xont1,Yon+1, Z2n+1),
Yon+1 = F(Yon,Xon,Y2n),  Yont2 = G(Yon+1,Xon+1, Yon+1),
Zont1 = F(Zon,Yon, Xon)s  Zont2 = G(Zont1, Yont1, Xon1)

for all ne NU{0}. Then F hasatripled best proximity point (p,q,r) € A and G has
atripled best proximity point (p',d,r’) € B®. Moreover, we have

/ /! !/
Xon—P, Yon— 0, Z2n— 1, Xony1 — P, Yonr1 — (), Znp1 — 1
Furthermore, if g=r and g =r’, then

d(p,p)+d(qg,q)+d(r,r") = 3d(A,B).

Proof. By Lemma 1, we get d(Xon,Xon1) — d(A,B). Using Lemma 3, we see
that {xon}, {y2n} and {zn} are Cauchy sequences. Thus there exist p,q,r € A such
that Xon — P, Yon — g and z, — r. Now, we obtain

d(A,B) < d(p,Xon—1) < d(p,X2n) + d(X2n,Xon—1)- 8
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Letting n — < in (8), we have d(p,%zn_1) — d(A,B). By the similar argument, we
also have d(q,y2n—1) — d(A,B) and d(r,zn—1) — d(A,B). It follows that
d(xen,F(p,q,r)) = d(G(Xen-1,Y2n-1,2n-1),F (P, q,1))

< %[d()@nfl» p)+d(y2n-1,9) +d(zn-1,7)] + (1— a)d(A,B).

Taking n — o, weget d(p,F(p,q,r)) = d(A,B). Similarly, we can prove that
d(a,F(a,p,q)) =d(A,B), d(r,F(r,q,p)) =d(AB).

Therefore, (p,q,r) isatripled best proximity point of F.
By the similar way, we can provethat thereexist p’,d,r’ € B suchthat xoni 1 — p’,
Yonr1 — o and zn.1 — . Moreover, we have

d(p/7 G(p/»q/7 I'/)) = d(A7 B)? d(q/» F(q/» p/7q/)) = d(A7 B)

and
d(r',F(r',q,p')) =d(A,B)

andso (p',d/,r’) isatripled best proximity point of G.
Finally, we assumethat q=r and ¢ = r’ and then we show that

d(p, p') +d(a,q) +d(r,r') = 3d(A,B).
For all n e N, we obtain

d(Xon,Xon+1) = d(G(Xan—1,Y2n—1,2Z2n-1); F (X, Y2n, Zon))

o
< §[d(X2n—1,X2n) +d(Yan-1,Y2n) +d(Zon-1,22n)] + (1 — a)d(A,B).

Letting n — oo, we have
d(p.p) < S1A(p.p) +0(G,0) + ()] + (1 a)d(AB). ©
For all ne N, we have
d(yzn,Yznt1) = d(G(Yan-1,Xen-1,Y2n-1), F (Y2n, X2n, Y2n))

a
S3 [d(Y2n-1,Y2n) + d(Xon—1,%2n) + d(Yan—1,Y2n)] + (1 — ct)d(A, B).

Letting n — oo, we have

d(q.q) < 51d(a.d)+d(p.p) +d(q.d)] + (1 - )d(AB)
= Zld@.d)+d(p.p)+drr) + (1-w)dAB). (10
Similarly, we have,
d(r,r') < Z1d(p.p) +d(6,¢) +d(r.r)] + (1 - ) d(A B). (1)
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It follows from (9), (10) and (11) that
d(p,p) +d(a,d) +d(r.r') < efd(p, p') +d(a.q) +d(r,r")] + 3(1— e)d(A, B)

which implies that

d(p.p) +d(6,d) +d(r.r") < 3d(AB). (12)
Since d(A,B) < d(p,p’), d(A,B) < d(q,q') and d(A,B) < d(r,r’), we have

d(p,p') +d(a.q) +d(r,r) > 3d(AB). (13)
From (12) and (13), we get

d(p,p’)+d(a,q) +d(r,r') = 3d(A,B). (14)
This completes the proof. [

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

COROLLARY 1. Let A and B be nonempty closed convex subsets of a uniformly
convex Banach space X and F : A> — B,G: B® — A be two mappings such that the
ordered pair (F,G) is a cyclic contraction. For any (xo,Yo,2) € A3, we define the
sequence {Xa},{Yn},{zn} in X by

Xont1 = F(Xon,Y2n,22n), Xont2 = G(Xon+1,Y2n+1, Z2n+1),
Yon+1 = F(Yon,Xon,Y2n),  Yont2 = G(Yonst1,Xon+1, Yon+1),
Zny1 = F(Zon,Yon, Xon),  Zons2 = G(Zont1, Yon+1, Xon+1)

for all n€ NU{0}. Then F hasatripled best proximity point (p,q,r) € A> and G has
atripled best proximity point (p',d,r’) € B®. Moreover, we have

Xon— Py Yon— 0, Zn—T, Xons1— P, Yoni1 — O, Zong1 — 1.
Furthermore, if g=r and g =r’, then
d(p,p’)+d(q,q)+d(r,r') = 3d(A,B).

Next, we give an exampleto illustrate Corollary 1.

EXAMPLE 5. Consider a uniformly convex Banach space X = R with the usual
norm and let A= [1,3] and B =[-3,—1]. Thus d(A,B) = 2. Define two mappings
F:A*—-Band G:B®— Aby

—X—y—2z-3 —u—-v—w+3

F(vavz) = f7 G(U7V7W) = 6
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foral (x,y,2) € A3 and (u,v,w) € B3, respectively. For any (x,y,2) € A% and (u,v,w) €
B2 and fixed o = 1, we get

d(F(x,y,2),G(u,v,w)) = —X—-y-2z-3 —u-v-w+3

6 6
DUyt z-w
6
= Z1d(x,u) +d(y,v) + d(zw)] + (1— a)d(A, B)

3

Thisimpliesthat (F,G) isacyclic contraction with o = % Since A and B are closed
convex, the pairs (A,B) and (B,A) satisfy the property UC*. Therefore, al the hy-
pothesisof Corollary 1 hold. Therefore, F hasatripled best proximity point and G has
atripled best proximity point. We notethat apoint (1,1,1) € A% isauniquetripled best
proximity point of F and apoint (—1,—1, —1) € B isaunique tripled best proximity
point of G. Furthermore, we get

d(1,-1)+d(1,-1)+d(1,—1)=6=3d(A B).
Next, we give the tripled best proximity point result in compact subsets of metric
spaces.

THEOREM 3. Let A, B be nonempty compact subsets of a metric space (X,d)
and F : A3 — B, G: B3 — A be two mappings such that the ordered pair (F,G) isa
cyclic contraction. For any (Xo,Yo,2) € A3 we define the sequence {Xn}, {yn},{z} in
X by

Xont1 = F(Xan,Y2n, 22n),  Xeni2 = G(Xen+1,Yan+1, Z2n+1),
Yont1 = F(Y2n,Xon,Y2n);  Yant2 = G(Yani1,Xent1,Yont1),
Zni1=F(Zn,Y2n:Xen);  Zni2 = G(Zn+1,Y2n+1,Xen11)
for all ne NU{0}. Then F hasatripled best proximity point (p,q,r) € A and G has
atripled best proximity point (p',d,r’) € B®. Moreover, we have
Xon— P Yon =0 Zn— T, Xonp1 — P, Yenra =, Znpr — 1
Furthermore, if g=r and  =r’, then

d(p,p’)+d(q,q)+d(r,r') = 3d(A,B).

Proof. Since Xp,Yo,2 € A and

Xont1 = F(Xon,Y2n,Z2n),  Xont2 = G(Xont1,Yon+1,Z2n+1)
Yont1 = F(Yon,Xon,Yon),  Yont2 = G(Yon+1,Xon+1,Yon+1)
Zoni1 = F(Zon,Yon, Xon),  Zong2 = G(Zon+1, Yons1, Xon+1)

foral ne NU{0}, wehave Xon, Yon, Zon € A @d Xoni1,Y2n+1, Z2nt1 € Aforal ne NU
{0}. Since A is compact, the sequences {Xon}, {y2n} and {zp,} have the convergent
subsequences {Xan, }, {Y2n,} and {zn, }, respectively, such that
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Xon, — PEA, Yon, ~qEA, Zon, —TEA
Now, we have
d(A,B) < d(p,Xon,—1) < d(p,X2n,) +d(Xon,, Xon,—1)- (15)
By Lemma 1, we have d(Xzn,,X2n,—1) — d(A,B). Taking k — oo in (15), we get
d(p,%en-1) — d(A,B).
By the similar argument, we observe that

d(anZHk—l) - d(A7 B)) d(ra X2nk—1) - d(A7 B)

Note that
d(Aa B) < d(Xan F (p7 q, r)) = d(G(Xan,Lyan,L Zan*1)7 F (p7 a, r))
o
< §[d(X2nkfl7 p) + d(Yan—LQ) + d(Zan—l» r)] + (1 - a)d(A7 B)

Taking k — o, we get d(p,F(p,q,r)) = d(A,B). Similarly, we can prove that

d(qu(qv p,Q)):d(A,B), d(r,F(r,q, p)) :d(A’B)

Thus F hasatripled best proximity (p,q,r) € A3. Inasimilar way, since B is compact,
we can aso provethat G has atripled best proximity point (p/,q/,r’) € B3. To prove

d(p, p') +d(a,q) +d(r,r') = 3d(A,B),
we follows the step of the proof of Theorem 2. This completesthe proof. [

3. Tripled fixed point theorems

In this section, we give a new tripled fixed point theorem for a cyclic contraction
pair and give one exampleto illustrate the result.

THEOREM 4. Let A, B be nonempty closed subsets of a metric space (X,d) and
F:A3 - B, G:B®— A betwo mappings such that the ordered pair (F,G) isa cyclic
contraction. For any (Xo,Yo,20) € A3, we define the sequence {Xn}, {yn},{z.} in X by

Xont1 = F(Xon,Y2n,22n),  Xoni2 = G(Xen+1,Y2nt1,Z2n+1),
Yont1 = F(Yan,Xon,Y2n);  Yani2 = G(Yani1,Xent1,Yont1),
Zni1=F(Zn,Y2n:Xen);  Zni2 = G(Zn+1,Y2n+1,Xen11)

for all ne NU{0}. If d(A,B) =0, then F hasatripled fixed point (p,q,r) € A*> and
G hasatripled fixed point (p/,q/,r’) € B3. Moreover, we have

/ / /
Xon— P, Yon—0Q, Zon— 1, Xonp1 — P, Yoni1 — (, Znp1 — I

Furthermore, if q=r and ¢ =r’, then F and G have a common tripled fixed pointin
(ANB)3.
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Proof. Since d(A,B) = 0, it follows that the pairs (A,B) and (B,A) satisfy the
property UC*. Therefore, by Theorem 2, we claim that F has a tripled best proximity
point (p,q,r) € A3, that is,

d(p,F(p,q.r)) =d(q,F(q,p,q)) = d(r,F(r,q,p)) = d(A,B) (16)
and G hasatripled best proximity point (p/,q/,r’) € B3, that is,
d(p’.G(p'.d,r") =d(d,G(d, p,q) =d(r,G(r',d’, p')) =d(AB).  (17)
From (16) and d(A,B) = 0, we conclude that
p=F(p,qr), q=F(a,p,q), r=F(rq,p),
that is, (p,q,r) isatripled fixed point of F. It followsfrom (17) and d(A,B) = O that
pP=G(p.d.r), d=06(d.p.d), r'=6(.d,p),

thatis, (p/,d,r’) isatripled fixed point of G.
Next, we assume that g =r and = r’ and then we show that F and G have a
unique common tripled fixed point in (AN B)3. From Theorem 2, we get

d(p,p’)+d(a,q) +d(r,r') = 3d(A,B). (18)
Since d(A,B) = 0, we get
d(p,p’)+d(a,q)+d(r,r') =0

which impliesthat p=p’, g=d and r =r’. Therefore, we conclude that (p,q,r) €
(ANB)3 iscommon tripled fixed point of F and G. This completesthe proof. [

Next, we give one example to illustrate Theorem 4.

ExAMPLE 6. Consider aspace X = R with the usual metric and let A= [—2,0]
and B = [0,2]. Define two mappings F : A — B and G: B® — A by
_Xt+y+z _Utv4w

6 6
for al (x,y,2) € A% and (u,v,w) € B®, respectively. Then d(A,B) = 0 and the or-
dered pair (F,G) isacyclic contraction with o = % Indeed, for any (x,y,z) € A and
(u,v,w) € B, we have

F(xy,2) = G(x.y,2) =

x+y+z+u+v+w

d(F(x,Y,2),G(u,v,w)) = 6 6

SgIx=ul+ly=v|+[z=w]|)

ol =

< =[d(x,u) +d(y,v) +d(zw)] + (1— a)d(A,B).

w|R

Therefore, al the hypothesis of Theorem 4 hold. Therefore, F and G have acommon
tripled fixed point and this point is (0,0,0) € (ANB)3.
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If wetake A = B in Theorem 4, then we get the following results.

COROLLARY 2. Let A be a nonempty closed subset of a complete metric space
(X,d) and F : A> - A, G: A® — A be two mappings such that the ordered pair (F,G)
be a cyclic contraction. For any (X, Yo, 2) € A, we define the sequences {Xn}, {yn},
{zn} in X by

Xon+1 = F(Xon,Y2n:Z2n),  Xont2 = G(Xont1,Yon+1, Z2n+1),
Yon+1 = F(Yon,Xon,Y2n),  Yont2 = G(Yons1,Xon41, Yon+1),
Zont1 = F(Zon,Yon, %on);  Zont2 = G(Zont1, Yont1, Xon+1)

for all n€ NU{0}. Then F hasa tripled fixed point (p,q,r) € A% and G hasatripled
fixed point (p',q,r’) € A3. Moreover, we have

/ / /
Xon— P, Yon—0Q, Zon— 1, Xonp1— P, Yont1 —(, Znp1 — T

Furthermore, if g=r and  =r’, then F and G have a common tripled fixed point in
A3

If wetake F = G in Corollary 2, then we get the following resullts.

COROLLARY 3. Let A be nonempty closed subsets of a complete metric space
(X,d) and F : A3 — A be a mapping satisfying

d(F(x,Y,2), F (U,v,W)) < %[d(x,u) +d(y,v) +d(zw)]

for all (x,y,2), (u,v,w) € A3. Then F hasatripled fixed point (p,q,r) € A3.
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The purpose of this paper is to elicit some interesting extensions of generalized almost contraction mappings to the case of non-
self-mappings with a-proximal admissible and prove best proximity point theorems for this classes. Moreover, we also give some

examples and applications to support our main results.

1. Introduction

Many problems can be formulated as equations of the form
Tx = x, where T is a self-mapping with some suitable
domains. From the fact that fixed point theory plays an
important role in furnishing a uniform treatment to solve
various equations of the form Tx = x However, in the case
that T' is non-self-mapping, the aforementioned equation
does not necessarily have a fixed point. In such case, it is
worthy to determine an approximate solution x such that
the error d(x,Tx) is minimum. This is the idea behind
best approximation theory. A classical best approximation
theorem was introduced by Fan [1]; that is, if A is a nonempty
compact convex subset of a Hausdorfflocally convex topolog-
ical vector space Band T': A — B is a continuous mapping,
then there exists an element x € A such that d(x,Tx) =
d(Tx, A). Afterward, several authors, including Prolla [2],
Reich [3], and Sehgal and Singh [4, 5], have derived exten-
sions of Fan’s Theorem in many directions. Moreover, for a
detailed account of global optimization and the existence of a
best proximity point, one can refer to [5-15]. In 2013, Samet
[16] studied the existence and uniqueness of best proximity
points for almost (¢, 0)-contractive mappings in complete
metric spaces. Recently, Jleli et al. [17] introduced a new class

of non-self-contractive mappings with generalization of «-
proximal admissible defined by Samet et al. [18] which is
called o — y-proximal contractive type mappings and proved
existence and uniqueness of best proximity points.
Motivated from the above results, we will study the
best proximity point theorem for new classes as generalized
almost contraction in metric spaces by using the a-proximal
admissible of Jleli et al. [17]. Also, we give some illustrative
examples and applications to support our main results.

2. Preliminaries

Let A and B be nonempty subsets of a metric space (X, d); we
recall the following notations and notions that will be used in
what follows:

d(A,B) :=inf{d(x,y):x € Aand y € B},
Ay:={xeA:d(x,y)=d (A B) for some y € B}, (1)
By:={y € B:d(x,y)=d (A, B) for some x € A}.

If An B+0, then A, and B, are nonempty. Further, it
is interesting to notice that A and B, are contained in the
boundaries of A and B, respectively, provided A and B are
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closed subsets of a normed linear space such that d(A, B) > 0
(see [19]).

Definition 1. A point x € A is said to be a best proximity
point of the mapping S : A — B if it satisfies the following
condition:

d(x,8x) = d (A, B). @)

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

Definition 2 (see [13]). Let (A, B) be a pair of nonempty
subsets of X with A # 0. Then the pair (A, B) is said to have
the P-propertyif and only if

d(x;,y,)=d(AB
{ dgj;ﬁ% = dEA,Bg =d(xpx)=(ny), )

where x;,x, € Ajand y,, y, € B,.
It is easy to see that, for any nonempty subset A of X, the
pair (A, A) has the P-property.

Example 3 (see [13]). Let A,B be two nonempty closed
convex subsets of a Hilbert space X. Then (A, B) satisfies the
P-property.

Example 4 (see [20]). Let A, B be two nonempty, bounded,
closed, and convex subsets of a uniformly convex Banach
space X. Then (A, B) has the P-property.

Example 5 (see [20]). Let X = R? with the metric defined by

d((x1, 1) (% 32)) = max{|x1 _yll’le —J’2|}- (4)

Let A:={(x,0): -1 <x<1}and B:={(0,y): -1 < y < 1}.
Then (A, B) satisfies the P-property.

Definition 6 (see [18]). A self-mapping T : X — X is said to
be a-admissible, where e : X x X — [0, 00), if
xyeX, a(xy)2l=a(Tx,Ty)=1. (5)

Definition 7 (see [17]). LetT : A - Banda : Ax A —
[0, c0). One says that T is «-proximal admissible, if

a(x,x,) > 1
d(u;,Tx;) =d(AB) = a(u,u,) =1 (6)
d (uy, Tx,) = d (A, B)
for all xy, x,,uy,u, € A.
Clearly, for self-mapping, T being a-proximal admissible
implies that T' is a-admissible.

Definition 8. One says the function ¢ : [0,00) — [0,00)
is a (c)-comparison function if and only if the following
conditions hold:
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(®,) ¢ is a nondecreasing function,

(®,) foranyt > 0, ZEZI ¢"(t) is a convergent series.

One denotes the set of (c)-comparison function by V.
It is easily proved that if ¢ is a (c)-comparison function,
then ¢(t) < t forall t > 0.

Definition 9 (see [16]). Let 0 : [0, 00)* = [0,00) satisty the
following conditions:

(1) 8 is continuous,

(2) 6(a,b,c,d) = 0 if and only if the product abcd = 0.
One denotes the class of function 6 by ©.
Example 10 (see [16]). The following functions belong to ®:

) O(t,, tyot5,t,) = TMin{t), by, t5,t,}, T > 0;
) 0(t,, by b5, ty) = TIn(1 + £ yt58,), T > 0
(3) Ot tyotsoty) = Tt tytsty, T > 0.

3. The Existence and Uniqueness
of Best Proximity Points

In this section, we introduce the new class of the gener-
alized Banach contraction for non-self-mappings so-called
generalized almost (¢, 0), contraction and we also study the
best proximity theorems for these classes. First, we recall the
notion of (¢, ) contraction defined by Samet [16] as follows.

Definition 11 (see [16]). Let A and B be nonempty subsets of
metric space X. A mapping T : A — Bissaid to be an almost
(¢, 0) contraction if and only if there existp € WY and 0 € ©
such that, forall x, y € A,

d(Tx,Ty) < ¢(d(x,))
+0(d(y,Tx)
-d(A,B),d(x,Ty) - d(A,B),d (x,Tx)
“d(A,B),d (5, Ty) - d (A B)).
(7)
3.1. The Existence

Definition 12. Let A and B be nonempty subsets of metric
space X. A mapping T : A — B is said to be a generalized
almost (¢, 0),, contraction if and only if

a(x,y)d(Tx,Ty)
<9 (M(x,y))
+0(d(y,Tx) - d (A B),d (x,Ty) 8)
—d(A,B),d(x,Tx) - d (A,B),d (y,Ty)
-d (A, B)),
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forall x,y € A, wherea : AxA — [0,00), ¢ € VYO €
®, and

M (x, y)

= max {d (x,),d (x,Tx) - d (A, B),d (y,Ty)

—d (A, B) ,% [d(x,Ty) +d(y,Tx)] - d(A,B)} :
€

Clearly, if we take a(x,y) = 1 for all x,y € A and
M(x, y) = d(x, y), the generalized almost (¢, 8),, contraction
reduces to almost (¢, 8) contraction.

Theorem 13. Let A and B be nonempty closed subsets of a
complete metric space X such that A, is nonempty and the
pair (A, B) has the P-property. Let T : A — B satisfy the
following conditions:

(a) T are a-proximal admissible and generalized almost
(¢, 0),-contraction;

(b) T is continuous;

(c) there exist elements x, and x, in A, such that
d(x;,Tx,) = d(A, B) and a(xy, x;) > 1;

(d) T(A,) € B,.
Then there exists an element x € A such that
d(x,Tx) =d(A,B). (10)
Moreover, for any fixed x, € A, the sequence {x,}, defined by
d(x,,1,Tx,) = d (A, B), an
converges to the element x.

Proof. By the hypothesis (¢), there exist x, and x, in A such
that
d(x,,Tx,) =d(A,B), oa(xyx;) =1 (12)

From the fact that T(A,) C By, there exists an element x, €
A, such that

d(x,,Tx,) =d (A, B). (13)

By (12), (13), and the a-proximal admissible, we get
a(x,x,) > 1. (14)
Since T(A,) < B,, we can find an element x5 € A such that
d(x;,Tx,) =d (A, B). (15)
Again, by (13), (15), and the a-proximal admissible, we have
o (x5,x3) > 1. (16)

By similar fashion, we can find x,, in A,. Having chosen
x,, one can determine an element x,,,; € A such that

d(x,1,Tx,) =d(A,B), a(x,x,,,) =1 (17)

In view of the fact that the pair (4, B) has P- property and
generalized almost (¢, 0),-contraction of T, we have

d(xl’xz)
=d (Tx,, Tx,)
< a(xg,x1) d (Txg, Txy)
< ¢ (M (x0, x7))
+60(d(x,Txy) —d (A, B),d (x, Tx,)—d (A, B),
d (x¢ Txy) —d (A, B),d (x,,Tx,)-d (A, B))
- (M (xp5,)
+0(0,d (xq, Tx;) — d (A, B) ,d (x0, Tx)
-d (A, B),d(x,,Tx,) —d (A, B))

= ¢ (M (x0, x1)).-
(18)

Since

M (xO’xl)

= max {d (x> x1),d (0, Tx,) — d (A, B),d (x, Tx;)
-d(A,B), % [d (x0, Txy) +d (x1, Tx,)]
~d (4,

< max {d (x0%1) »d (00 %,) + d (31, Txo)
—d(A,B),d(x,,x,) +d(x,, Tx;)
—d(A,B),% [d (0, %,) +d (1, %,)
+d (x,,Tx,) + d (A, B)]

d (A,B)}
= max {d (xo,xl) ,d (xl,xz) >

21 (o) + d (1, ,) + 4 (A, B) + d (4, )]

_d(A, B) }

- max {d (g, x1) d (310%,) 3 4 Gro ) + (1%, |

= max {d (xg, ), d (x1,%,)} .
(19)
By (18) and (19), we get

d (x1,x;) < @ (max {d (x. x,) . d (x1,%,)}) - (20)



If there exists n, € N U {0} such that x,, ,; = x, , by (17), we
obtain the best proximity point. Suppose that x,, # x,, for
all n € N U {0}; then d(x,,, x,,;) > 0 foralln € N U {0}. If
max{d(xy, x,),d(x;, x,)} = d(x,, x,), by the property ¢(t) <
t forall £ > 0, we get

d (x1,%,) < ¢ (max {d (xo, x,),d (x1, x,)}) < d(xl’ngé )
1

which is a contradiction and hence max{d(x,, x,), d(x,, x,)}
=d(xy, x;). That is,

d(x1,%,) < @ (d(xp,%,)) . (22)

Again, since the pair (A, B) has P-property, is a-proximal
admissible, and generalized almost (¢, 8),,-contraction of T,
we have

d (x5, x3)
=d (Tx,,Tx,)
< a(x),x,)d (Txy, Tx,)

< (M (x1,x,))
+0(d(x,,Tx,) —d(A,B),d(x;,Tx,) —d (A, B),
d(x,,Tx;) - d (A, B),d (x,,Tx,) — d (A, B))

= ¢ (M (x,x,))
+60(0,d(x,,Tx,) —d (A, B),d(x,,Tx;) —d (A, B),
d (x,,Tx,) — d (A, B))

= ¢ (M (x1,x,))
(23)

and since
M (x,,x,)
= max {d (x1,%,),d (x;,Tx;) = d (A, B),d (x,, Tx,)
-d(AB), % [d (x1,Tx,) +d (x5, Tx;)]
~d (4,5

< max {d (x1,%,),d (x1,x,) +d (x5, Tx;) — d (A, B),

d (x5, x3) +d (x5, Tx,) —d (A, B),
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1
5 [d (x1, %) +d (x5, x3)
+d (x5, Tx,) +d (A, B)]

_d(A,B) }

~ max «[d (x1,%,) 2 d (x,0%5)
% [d (x0,x,) +d (x5, %3) + d (A, B) + d (4, B)]
_d(A,B) }

- max {d (x0%2) 2 d (30 %3).

[ (1 %,) + (0 )] |

= max {d (x},x,),d (x5, x3)} .

N | =

(24)
By (23) and (24), we get
d (x3,%3) < @ (max{d (x,, x,),d (x,, x3)}) - (25)

By similar argument as above, we can conclude that
max{d(x,,x,),d(x,, x3)} = d(x,, x,) and thus

d(x%3) < @ (d(x1,x,)). (26)

Using (22) and (26) and the nondecreasing of ¢, we get

d (x3%3) < 9* (d (%0, x1)) (27)
Continuing this process, by induction we have that
d (% %11) < 9" (d (0, %,)) (28)

forallm € N U {0}. Fix ¢ > 0 and let h = h(e) be a positive
integer such that

Z‘Pn (d (x,x1)) <& (29)

n=h

Let m > n > h; using the triangular inequality, (28) and (29),
we obtain

<Y ¢ (@d(xox) < Yo (d (xppm)) < e

k=n n=h

(30)

This shows that {x,,} is a Cauchy sequence. Since A is a closed
subset of complete metric spaces X, then there exists x € A
such that

Jim d (x,, x) = 0. (31)
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By (17), (31), and the continuity of T, we get

d(x,Tx) = lim d (%11, Tx,) = d (A, B) (32)
and the proof is complete. O

Next, we remove condition T 1is continuous in
Theorem 13, by assuming the following condition which was
defined by Jleli et al. [17] for proving the new best proximity
point theorem.

(H) If {x,} is a sequence in A such that a(x,,x,,;) = 1
for all n and x, — x for some x € Aasn — oo,
then there exists a subsequence {x,, } of {x,} such that
a(x,,x) > 1 for all k.

Theorem 14. Let A and B be nonempty closed subsets of a
complete metric space X such that A is nonempty and the pair
(A, B) has the P-property. LetT : A — Bsatisfy the following
conditions:

(a) T are a-proximal admissible and generalized almost
(¢, 0),-contraction;

(b) A satisfies condition (H);

(c) there exist elements x, and x, in A, such that
d(x;,Tx,) = d(A, B) and a((xy, x,)) = 1;

Then there exists an element x € A such that
d(x,Tx)=d(A,B). (33)
Moreover, for any fixed x, € A, the sequence {x,}, defined by
d(x,.1,Tx,) =d(A,B), (34)
converges to the element x.

Proof. As in the proof of Theorem 13, we have
d (x,,1,Tx,) = d (A, B) (35)

for all n > 0. Moreover, {x,} is a Cauchy sequence and
converges to some point x € A. By the P-property and (28),
we have

d(Txn—l’Txn) = d(xn’xn+1) = gofl (d (XO’xl)) (36)

for all n € N U {0}. That is, lim, _, . d(Tx,_;,Tx,) = 0 and,
by the same argument as proof of Theorem 13, we obtain that
{T'x,} is a Cauchy sequence. Since B is a closed subset of the
complete metric space (X, d), there exists x, € B such that
Tx,, converges to x,. Therefore

d(x,x,)= Jim d (%11, Tx,) = d (A, B). (37)

On the other hand, from the condition (H) of T, then there
exists a subsequence {xﬂk} of {x,} such that oc(xnk,x) > 1

for all k. The pair (A, B) has P-property and property of
mapping T; we get

d (%, 1, %)
=d(Tx, ,Tx)
< a(x,,,x)d(Tx, ,Tx)
< (M (x,,%))
+6(d(x,,,Tx)-d(A,B),d(x,Tx, ) - d(A,B),

d(x,Tx) - d(A,B),d(x,,Tx, ) - d(A,B)).
(38)

Indeed,
M (x,,,x)
= max {d (x,>x),d (x,,Tx, ) —d(A,B),d (x,Tx)
~d(4,B), 5 [d(x,,Tx) +d (0 Tx,, )]
—d (A, B) }
< max {d (20%) (5 Xn,01) + (000 T, )
—d(A,B),d(x,Tx)-d (A, B),

[d (xnk,x) +d(x,Tx)+d (x, xnkH)

N | =

+d (xnkH, Txnk)] -d (A, B) ]»
< max {d (xnk,x) ,d (xnk, xnkﬂ) ,d(x,Tx)-d (A, B),
% [d (xnk, x)+d (x, Tx)+d (x, xnk+1)+d (A, B)]
~d (A, B) } = M (x,,x).

(39)

From the definition of ./ (xnk, x), we get

lim (xnk,x) =d(x,Tx)—d(A,B). (40)

k— oo
Since
d(x,Tx)<d (x, xnkﬂ) +d (xnkH, Txnk) +d (Txnk, Tx)

<d(x,x,.)+d(AB) +d(Tx,,Tx)
(41)



it follows that
d (x,Tx) - d (x,x, 1) — d (A, B)
<d(Tx,,Tx)
< oa(x,.x)d(Tx, Tx)
< (M (x,.%))
+0(d(x,.Tx)-d(A,B),d(x Tx, ) - d(A,B),
d(x,Tx) - d (A, B),d(x,.Tx, ) - d (A, B))
< (4 (%, %))
+0(d(x,.Tx)-d(A,B),d(x Tx, ) - d(A,B),

d(x,Tx) - d (A, B),d(x,.Tx, ) - d(A,B)).
(42)

Suppose that
d(x,Tx) —d(A,B) > 0. (43)

Then for k large enough, we have .#(x, ,x) > 0. Using the
property ¢(t) < t for all t > 0, we get

d(x,Tx)—d (x, Xnk+1) —d(A,B)
< ./%(xnk,x)
+0(d(x,.Tx)-d(A,B),d(x Tx, ) - d(A,B),

d(x,Tx) - d (A, B),d(x,.Tx, ) - d (A B)).
(44)

Combining (37) and (40) with (44) and the property of 0, we
obtain that

d(x,Tx) —d (A, B)

= kli_}rr;()d (x,Tx)—d (x, xnkH) -d(A,B)

< lim A/« (xnk,x)

— 00

+ lim 6(d (x,,, Tx)-d (A, B),d (x,Tx,, )-d (A, B),

d (x,Tx)-d (A, B),d (x,,,Tx, )-d (A, B))

= lim / (xnk,x)

k— o0

=d(x,Tx) - d (A, B)
(45)

which is a contradiction and thus d(x,Tx) — d(A,B) = 0.
Hence, d(x, Tx) = d(A, B) and the proof is complete. O
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3.2. The Uniqueness. Next, we present an example where it
can be appreciated that hypotheses in Theorems 13 and 14 do
not guarantee uniqueness of the best proximity point.

Example 15. Let X = R* with the Euclidean metric.
Consider A := {(2,0),(0,2)} and B := {(-2,0),(0,-2)}.
Obviously, (A, B) satisfies the P- property and d(A, B) = 2 \2;
furthermore A, = Aand By = B. DefineT : A — B
by T(x,y) = (-y/2,—-x/2) for all x,y € A; clearly T is
continuous. Let : A x A — [0, 00) be defined by

2 x=y,
a(xy) = ‘ll. x# (46
2’ Y

We can show that T are a-proximal admissible and general-
ized almost (¢, 0),-contraction with ¢(t) = t/2 forallt > 0
and for all @ € ®. Furthermore,

d ((2’ 0) T (2’ 0)) =d ((2’ 0) > (O’ _2)) =d ((0’ 2) > (_2) 0))

=d((0,2),T(0,2)) =d(A,B) = 2V2.
(47)

Therefore, (2,0) and (0,2) are a best proximity point of
mapping T.

Now, we need a sufficient condition to give uniqueness of
the best proximity point as follows.

Definition 16 (see [17]). Let T : A — B be a non-self-
mapping and &« : A X A — [0,00). One says that T is
(a, d)-regular if, for all (x,y) € a'([0,1)), there exists z €
A, such that

a(x,z) =21, a(y,z) > 1. (48)

Theorem 17. Adding condition («,d)-regular of T to the
hypotheses of Theorem 13, then one obtains the uniqueness of
the best proximity point of T.

Proof. We will only prove the part of uniqueness. Suppose
that there exist x and x* in A which are distinct best
proximity points; that is,

d(x,Tx) =d(A,B), d(x",Tx")=d(A,B). (49)

Using the pair (A, B) that has P- property, we have

d(x,x")=d(Tx, Tx"). (50)
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Case 1 (if a(x,x*) = 1). By (50) and generalized almost
(¢, 0),-contraction of T, we have

d (x,x")
= d(Tx, Tx")
< a(x,x")d (Tx, Tx")
<9 (M (xx"))
+6(d(x*,Tx) - d (A, B),d (x,Tx") - d (A, B),
d(x,Tx)-d(A,B),d(x",Tx") —d (A, B))

= (M (x,x7))
+0(d(x",Tx)-d (A, B),d(x,Tx") —d (A, B),0,0)
= (M(x,x7))
(51)
since
M (x,x")

= max {d(x,x*),d(x,Tx) “d(AB),d(x",Tx")
_d(A,B), % [d(x,Tx") +d (x",Tx)] - d(A,B)}
= max {d (x.x").0, 0,% [d(x, Tx") +d (x", )]
—d(A,B)}

< max {d (x,x"), [d (x,x")+d (x", Tx") +d (x", x)

| =

+d (x, Tx)] - d(A,B)}

= max {d (x,x*),% [d (x,x*) +d(x*,x)]}
=d(x,x").
(52)

Combining (51) with (52) and using the property ¢(t) < t for
allt > 0, we get

d(xx")<o(M(x,x")) =¢(d(x,x")) <d(x,x") (53)

which is a contradiction and hence x = x*.

Case 2 (if a(x,x") < 1). By the (a,d)-regular of T, there
exists z € A such that

a((x,z)) =1, a(x",z) > 1. (54)
Since T'(A,) € B, there exists a point v, € A such that

d(vy,Tz) =d (A, B). (55)

From a(x,z) > 1, d(x,Tx) = d(A,B), and d(v,,Tz) =
d(A, B) and by the a-proximal admissible, we have

a(x,vy) > 1. (56)
Since T(A) < By, there exists a point v, € A such that
d (v, Tvy) =d (A, B). (57)

By similar argument as above, we can conclude that a(x, v;) >
1. One can proceed further in a similar fashion to find v, in
Ay withv,,, € A, such that

d (Vﬂ+1’ Tvn) =d (A) B) >

for all n € N. By (58), the pair (A, B) has P-property and
property of mapping T'; we get

a(x,v,) =21,  (58)

d(x,v,,) =d(Tx,Tv,). (59)
Using the property of mapping T, we get
d (%, V1)
=d(Tx,Tv,)

<a(x,v,)d(Tx,Tv,)

<o (M(x,v,))
+0(d(v,, Tx)-d(A,B),d(x,Tv,) —d (A, B),
d(x,Tx)-d(A,B),d(v,,Tv,) —d (A, B))

=@ (M(x,v,))
+0(d(v,, Tx)-d(A,B),d(x,Tv,) —d(A,B),
0,d (v, Tv,) —d(A,B))

=¢(M(xv,))
(60)

since
M (x,v,)

= max {d (x,v,),d (x,Tx)-d (A, B),d (v,, Tv,)
-d(AB), % [d(x,Tv,) +d (v,,Tx)] — d (A, B)}
= max [d (x,7,).0, 0,% [d (x.Tv,) +d (v, Tx)]
~d(aB)}
< max{d (9,), 3 4 (6 4y) 4 (10, T,)
+d (v, x) +d (x,Tx)] —d (A, B) }

= max fd (x,1,), 5 [d (%, v,00) + (v, )]}

< max{d (x,v,),d (%, v,.1)} -
(61)
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Thus
d (%, V1) < 9 (M (x,v,))
(62)
< ¢ (max{d (x,v,),d (%, v,1)}) -
If vy = x, for some N € N. By (59), we get
d(x,vys) =d(Tx, Tvy) =0 (63)

which implies that vy;,; = x. Moreover, we obtain v, = x
forallm > N and thus v, — xasn — o00. Suppose
that v, #x for all n € N; then d(v,,x) > 0 for all n. If
max{d(x,v,),d(x,v,, )} = d(x,v,,,), by the property ¢(t) <
t forallt > 0, we get

d (X, Vn+1) < ¢ (M (x’ vn))

=9 (d (x’ Vn+1)) <d (x> Vn+1)

which is a contradiction and hence max{d(x, v,), d(x, v,,1)}
=d(x,v,). That is,

d (V1) <@ (M(x,7,) =9 (d(xv,))  (65)

for all n > N. By induction of (65), we have

d (% V1) < 9" (d (x,71)) -

Taking n — 00, we obtain that v, — xasn — o0. So,
in all cases, we have v, — xasn — o0o. Similarly, we can
prove that v, — x" asn — 0. By the uniqueness of limit,
we conclude that x = x™ and this completes the proof. O

(64)

(66)

Theorem 18. Adding condition («,d)—regular of T to the
hypotheses of Theorem 14, then we obtain the uniqueness of the
best proximity point of T.

Proof. Combine the proofs of Theorems 17 and 14. O

4. Consequences

4.1. Best Proximity Points Theorems. If we take ¢(t) = kt,
where 0 < k < 1 and 0(t;,t,,t5,t,) = Lmin{t,,t,,t5, 1,4}
then Theorem 13 and Theorem 14, we get the following.

Theorem 19. Let A and B be nonempty closed subsets of a
complete metric space X such that A, is nonempty and the pair
(A, B) has the P-property. LetT : A — Bsatisfy the following
conditions:

(a) T is a-proximal admissible and
a(x,y)d (Tx,Ty)
<kM (x,y)
+ Lmin{d(x,Ty) —-d(A,B),d(y,Tx) —d (A, B)

,d (x,Tx) - d (A, B),d(y,Ty) - d (A, B)}
(67)

forallx,y € A;
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(b) T is continuous (or A satisfies condition (H));

(c) there exist elements x, and x; in A, such that
d(xy, Txy) = d(A, B) and a(x, x,)) = 1;

(d) T(A,) € B,.
Then there exists an element x € A such that

d(x,Tx) =d(A,B). (68)

Moreover, for any fixed x, € A, the sequence {x,}, defined by

d(x,.1,Tx,) =d(A,B), (69)

converges to the element x.

If we add the condition that T is («,d)-regular in
Theorem 19, therefore we can obtain the uniqueness of the
best proximity point.

If we take a(x, y) = 1, forall x, y € A in Theorems 13 and
14, we get the following Theorems.

Theorem 20. Let A and B be nonempty closed subsets of a
complete metric space X such that A is nonempty and the pair
(A, B) has the P-property. LetT : A — Bsatisfy the following
conditions:

(a)
d(Tx,Ty)
<¢(M(x,y))+6(d(x,Ty) -d (A, B),d (y, Tx)
~d(A,B)d (x,Tx)
-d (A,B),d (y,Ty) - d (A, B))

(70)
forallx,y € A;
(b) T is continuous (or A satisfies condition (H));
(c) T(Ay) < B,.
Then there exists an element x € A such that
d(x,Tx) =d(A,B). (71)

Moreover, for any fixed x, € A, the sequence {x,}, defined by
d(x,.,,,Tx,) =d (A, B), (72)
converges to the element x.

If M(x,y) =
following.

d(x, y), then Theorem 20 includes the

Theorem 21. Let A and B be nonempty closed subsets of a
complete metric space X such that A, is nonempty and the
pair (A, B) has the P-property. Let T : A — B satisfy the
following conditions:
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(a)
d(Tx, Ty)
<¢(d(x,y))+0(d(x,Ty) -d(A B),d(y, Tx)
—d(A,B)d (x,Tx)
-d (A, B),d(y,Ty) - d (A, B))

(73)
forallx,y € A;
(b) T is continuous (or A satisfies condition (H));
(c) T(A,) < B,.
Then there exists an element x € A such that
d(x,Tx) =d(A,B). (74)

Moreover, for any fixed x, € A, the sequence {x,}, defined by
d (%41, Tx,) = d (A, B), (75)

converges to the element x.
If we take @(t) = kt and O(t,,t,,t5,t,) = Lmin
{t,,ty,t5,t,}, for all x,y € A in Theorem 21, we obtain

the following theorem.

Theorem 22. Let A and B be nonempty closed subsets of a
complete metric space X such that A is nonempty and the pair
(A, B) has the P-property. Let T : A — Bsatisfy the following
conditions:

()
d (Tx, Ty)
< kM (x,y)
+Lmin{d (x,Ty) - d (A,B),d(y,Tx) - d (A, B)
,d (x,Tx) ~d (A, B),d (y,Ty) - d (A, B)}

(76)
forallx,y € A;
(b) T is continuous (or A satisfies condition (H));
(c) T(Ay) < B,.
Then there exists an element x € A such that
d(x,Tx) =d(A,B). (77)

Moreover, for any fixed x, € A, the sequence {x,}, defined by
d (xn+1’ Txn) =d(A,B), (78)
converges to the element x.

If M(x, y) = d(x, y) and putting L = 0 in Theorem 22, we
obtain the following.

Theorem 23. Let A and B be nonempty closed subsets of a
complete metric space X such that A, is nonempty and the
pair (A, B) has the P-property. Let T : A — B satisfy the
following conditions:

(a)

d(Tx,Ty) < kd (x, y) (79)

forall x,y € A;
(b) T is continuous (or A satisfies condition (H));

(c) there exist elements x, and x, in A, such that
d(x,, Tx,) = d(A, B);

(d) T(A,) <€ B,.
Then there exists an element x € A such that
d(x,Tx) =d(A,B). (80)
Moreover, for any fixed x, € A, the sequence {x,}, defined by
d (x,41,Tx,) = d (A, B), (81)

converges to the element x.

If M(x,y) = (k/2)[d(x,Ty) + d(y,Tx)] — d(A, B) and
putting L = 0 in Theorem 22, we obtain the following
theorem.

Theorem 24. Let A and B be nonempty closed subsets of a
complete metric space X such that A is nonempty and the pair
(A, B) has the P-property. LetT : A — Bsatisfy the following
conditions:

(a)

d(Tx,Ty) < = [d(x,Ty) +d(y,Tx)] -d (A,B)  (82)

N | X

forallx,y € A;
(b) T is continuous (or A satisfies condition (H));

(c) there exist elements x, and x; in A, such that
d(xy, Txy) = d(A, B);

(d) T(A,) <€ B,.
Then there exists an element x € A such that
d(x,Tx) =d(A,B). (83)
Moreover, for any fixed x, € A, the sequence {x,}, defined by
d(x,.1,Tx,) =d(A,B), (84)

converges to the element x.
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4.2. Fixed Points Theorem. It is easy to observe that, for self-
mappings, our results include the following.

Theorem 25. Let A be nonempty closed subsets of a complete
metric space X and T : A — A such that

d(Tx,Ty)

<¢(M(x )

+6({d (x, Ty),d (3, Tx),d (x, Tx),d (5, Ty)}) »
(85)

forallx,y € A, wherep € ¥ 0 € ©. Then T has a unique fixed
point x € A. Moreover, for any fixed x,, € A, the sequence {x,},
defined by x,,,, = Tx,, converges to the element x.

Theorem 26. Let A be nonempty closed subsets of a complete
metric space X and T : A — A such that

d(Tx,Ty)
<kM (x,y)

+Lmin{d (x,Ty),d(y,Tx),d (x,Tx),d (y, Ty)}.
(86)

Then T has a unique fixed point x € A. Moreover, for any fixed
X, € A, the sequence {x,}, defined by x,,,, = Tx,, converges to
the element x.

Theorem 27. Let A be nonempty closed subsets of a complete
metric space X and T : A — A such that

d(Tx,Ty)
< kd(x,y)

+Lmin{d(x,Ty),d(y,Tx),d (x,Tx),d (y,Ty)}
(87)

forall x,y € A. Then T has a unique fixed point x € A.
Moreover, for any fixed x, € A, the sequence {x,}, defined by
X1 = I'x,, converges to the element x.

5. Some Applications and an Example

We recall some preliminaries from (see, [6, 17] also) as
follows.

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

S=RUR (88)
this is the symmetric relation attached to %. Clearly,
xy€X,

xSy &= xRy or yRx. (89)

Definition 28 (see [17]). A mapping T : A — Bis said to be
proximal comparative if and only if

X, 8%,
d(u;,Tx;) =d(A,B) = u,Su,. (90)
d (uy, Tx,) = d (A, B)

Abstract and Applied Analysis

Corollary 29. Let (X,d) be a complete metric space, R a
binary relation over X, and A and B two nonempty, closed
subsets of X such that A, are nonempty and the pair (A, B)
has the P-property. Let T : A — B such that the following
conditions hold:

(a) T is a continuous proximal comparative mapping;

(b) there exist elements x, and x, in A, such that
d(x,,Tx,) = d(A, B) and x,8x1;

(c) there exist @ € ¥ and 0 € O such that x,y € A, xSy
implies that

d(Tx,Ty)

<@ (M(x, 7))
+60(d(y,Tx)-d(A,B),d(x,Ty)—d (A B),

(o1

d(x,Tx)—d(A,B),d(y,Ty) - d (A, B))
(d) T(A,) <€ B,.
Then there exists an element x € A such that
d(x,Tx) =d(A,B). (92)
Proof. Define the mappinga: Ax A — [0, 00) by

1, x8y,
,Y) = 93
oc(x Y ) {O; otherwise. (93)

Since T is proximal comparative, we have

X, 8x,
d(u,,Tx,) =d(A,B) = u,Su,. (94)
d (uy, Tx,) = d (A, B)

forall u, v, x, y € A. Using the definition of «, we get

a(x,y) =1,
du,Tx)=d(A,B) ,= a(u,v)>1, (95)
d(v,Ty)=d(A,B),

for all u,v,x,y € A and hence T is a-proximal admissi-
ble. Condition (b) implies that d(x,,Tx,) = d(A,B) and
a(xy, x,) = 1. By condition (c), we get

a(x,y)d(Tx,Ty)
<o (M(x,y))
(96)
+0(d(y,Tx)-d(A,B),d(x,Ty)—d(A,B),
d(x>Tx) —d(A>B))d(J’»T)’) _d(AaB))>

that is, T'is generalized almost (¢, 0) ,-contraction. Therefore,
all hypotheses of Theorem 13 are satisfied, and the desired
result follows immediately. O

Next, below we give an example to illustrate the main
result of Theorem 13.
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Example 30. Consider X = R* with the metric defined by

d ((xp X2» x3,x4) > (J’1))’2>J’3’ J’4))
(97)

= Joey = |+ [oer = 32|+ [oes = p3] + [oes =y

for all (x;, %y, X3, %), (V1> ¥2» 3, ¥4) € R*. Let A,B ¢ X
defined by

a={(00, % ‘71)} U{(0,0,0,0)},
(98)

B= {(1,—1, %%)} U{(1,-1,0,0)}.

Then A and Bare nonempty closed subsets of X and d(A, B) =
2. Moreover A, = A and B, = B. Suppose

d((0,0,x5,x,), (1, -1, 31, 3,)) = d (A, B) = 2,

(99)
d((0,0,x},x3),(1,-1,5,9)) =d(A,B) =2
then we get x; = y;,x, = y, and x| = y|,x}, = y}. Hence, the
pair (A, B) has the P-property. LetT : A — Bbea mapping
defined as

T(0,0,x,y) = (o, 0, g %) (100)

for all (0,0, x, y) € A. We define the mapping« : Ax A —
[0, 00) by

a(x,y)=1 Vx,ye€A. (101)
We can see that T is generalized almost (¢, 0),,-contraction
with ¢ € ¥ given by ¢(t) = t/2 forallt > 0 and for all 6 €
©. Furthermore, (0,0,0,0) € A is a best proximity point of
mapping T

6. Conclusions

We introduce the new class of generalized almost (¢,0),
contraction and presented sufficient conditions for proving
the existence and uniqueness of the best proximity point.
Moreover, we also gave some applications and examples to
support our results.
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Abstract

In this paper, we introduce a multi-valued cyclic generalized contraction by
extending the Mizoguchi and Takahashi's contraction for non-self mappings. We also
establish a best proximity point for such type contraction mappings in the context of
metric spaces. Later, we characterize this result to investigate the existence of best
proximity point theorems in uniformly convex Banach spaces. We state some
illustrative examples to support our main theorems. Our results extend, improve and
enrich some celebrated results in the literature, such as Nadler’s fixed point theorem,
Mizoguchi and Takahashi’s fixed point theorem.

MSC: 41A65;46B20; 47H09; 47H10

Keywords: best proximity points; multi-valued contraction; cyclic contraction;
MT -function (or R-function)

1 Introduction

It is evident that the fixed point theory is one of the fundamental tools in nonlinear
functional analysis. The celebrated Banach contraction mapping principle [1] is the most
known and crucial result in fixed point theory. It says that each contraction in a complete
metric space has a unique fixed point. This theorem not only guarantees the existence and
uniqueness of the fixed point but also shows how to evaluate this point. By virtue of this
fact, the Banach contraction mapping principle has been generalized in many ways over
the years (see e.g., [2-5]).

Investigation of the existence and uniqueness of a fixed point of non-self mappings is one
of the interesting subjects in fixed point theory. 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 yield a fixed point Tx = x. In this case, it is very natural to investigate
whether there is an element x such that d(x, Tx) is minimum. A notion of best proximity
point appears at this point. A point x is called best proximity point of 7: A — B if

d(x, Tx) = d(A,B) = inf{d(x,y) :x€Aandye B},

where (X, d) is a metric space, and A, B are subsets of X. A best proximity point represents
an optimal approximate solution to the equation Tx = x whenever a non-self-mapping T
has no fixed point. It is clear that a fixed point coincides with a best proximity point if
d(A, B) = 0. Since a best proximity point reduces to a fixed point if the underlying mapping
©2013 Kumam et al, licensee Springer. This is an Open Access article distributed under the terms of the Creative 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.
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is assumed to be self-mappings, the best proximity point theorems are natural generaliza-
tions of the Banach’s contraction principle.

In 1969, Fan [6] introduced the notion of a best proximity and established a classical best
approximation theorem. More precisely, if T : A — B is a continuous mapping, then there
exists an element x € A such that d(x, Tx) = d(Tx, A), where A is a nonempty compact con-
vex subset of a Hausdorff locally convex topological vector space B. Subsequently, many
researchers have studied the best proximity point results in many ways (see in [7-14] and
the references therein).

In the same year, Nadler [15] gave a useful lemma about Hausdorff metric. In paper [15],
the author also characterized the celebrated Banach fixed point theorem in the context of

multi-valued mappings.

Lemma 1.1 (Nadler [15]) IfA,B € CB(X) and a € A, then for each € > 0, there exists b € B
such that d(a,b) < H(A,B) + €.

Theorem 1.2 (Nadler [15]) Let (X,d) be a complete metric space and T : X — CB(X). If
there exists r € [0,1) such that

H(Tx, Ty) <rd(x,y), (1.1)

for all x,y € X, then T has at least one fixed point, that is, there exists z € X such that
ze Tz

The theory of multi-valued mappings has applications in many areas such as in opti-
mization problem, control theory, differential equations, economics and many branches
in analysis. Due to this fact, a number of authors have focused on the topic and have pub-
lished some interesting fixed point theorems in this frame (see [16—19] and references
therein). Following this trend, in 1989, Mizoguchi and Takahashi [17] proved a generaliza-
tion (Theorem 1.3 below) of Theorem 1.2; see Theorem 2 in Alesina et al. [20]. Theorem 2

is a partial answer of Problem 9 in Reich [21]. See also [22-24].

Theorem 1.3 (Mizoguchi and Takahashi [17]) Let (X, d) be a complete metric space and
T : X — CB(X). Assume that

H(Tx, Ty) < a(d(x,y))d(x,y), 1.2)
forall x,y € X, where o : [0,00) — [0,1) is MT -function (or R-function), i.e.,

limsupa(x) <1

x—tt

forallt € [0,00). Then T has at least one fixed point, that is, there exists z € X such that
ze 1z

Remark 1.4 In original statement of Mizoguchi and Takahashi [17], the domain « is

(0, 00). However both are equivalent, because d(x,y) = 0 implies that H(Tx, Ty) = 0.
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Remark 1.5 We obtain that if « : [0, 00) — [0,1) is a nondecreasing function or a nonin-
creasing function, then « is a M7 -function. Therefore, the class of MT -functions is a

rich class, and so this class has been investigated heavily by many authors.

In 2007, Eldred et al. [25] claimed that Theorem 1.3 is equivalent to Theorem 1.2 in the
following sense:

If amapping T : X — CB(X) satisfies (1.2), then there exists a nonempty complete subset
M of X satistying the following:

(i) M is T-invariant, that is, 7x C M for all x € M,

(i) T satisfies (1.1) for all x,y € M.

Very recently, Suzuki [26] gave an example which says that Mizoguchi-Takahashi’s fixed
point theorem for multi-valued mappings is a real generalization of Nadler’s result. In his
remarkable paper, Suzuki also gave a very simple proof of Mizoguchi-Takahashi’s theorem.

On the other hand, Kirk-Srinavasan-Veeramani [27] introduced the concept of a cyclic
contraction.

Let A and B be two nonempty subsets of a metric space (X,d),andlet T:AUB — AUB
be a mapping. Then T is called a cyclic map if T(A) C B and T(B) C A. In addition, if T is
a contraction, then T is called cyclic contraction.

The authors [27] give a characterization of Banach contraction mapping principle in
complete metric spaces. After this initial paper, a number of papers has appeared on the
topic in literature (see, e.g., [27-39]).

In this paper, we introduce the notion of a generalized multi-valued cyclic contraction
pair, which is an extension of Mizoguchi-Takahashi’s contraction mappings for non-self
version and establish a best proximity point of such mappings in metric spaces via prop-
erty UC* due to Sintunavarat and Kumam [40]. Further, by applying the main results, we
investigate best proximity point theorems in a uniformly convex Banach space. We also
give some illustrative examples, which support our main results. Our results generalize,

improve and enrich some well-known results in literature.

2 Preliminaries

In this section, we recall some basic definitions and elementary results in literature.
Throughout this paper, we denote by N the set of all positive integers, by R the set of
all real numbers and by R, the set of all nonnegative real numbers. We denote by CB(X)
the class of all nonempty closed bounded subsets of a metric space (X, d). The Hausdorff
metric induced by d on CB(X) is given by

H(A,B) = max{mpd(a,s),?pd(b,m},
acA €B

for every A, B € CB(X), where d(a, B) = inf{d(a, b) : b € B} is the distance from a to B C X.

Remark 2.1 The following properties of the Hausdorff metric induced by d are well
known:
(i) H is a metric on CB(X).
(ii) IfA,B e CB(X) and g > 1 is given, then for every a € A, there exists b € B such that
d(a,b) < qH(A,B).
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Definition 2.2 Let A and B be nonempty subsets of a metric space (X,d) andlet T: A —
2B be a multi-valued mapping. A point x € A is said to be a best proximity point of a multi-
valued mapping T if it satisfies the condition that

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

We notice that a best proximity point reduces to a fixed point for a multi-valued mapping
if the underlying mapping is a self-mapping.
A Banach space X is said to be
(i) strictly convex if the following implication holds for all x,y € X:

t)y

X
Il =lyl=1 and x7#y = HT <

(ii) uniformly convex if for each € with 0 < € < 2, there exists § > 0 such that the
following implication holds for all x,y € X:

X +
llxll <1, Ilyl<1 and [x-yll>e = HTde—é.

It is easy to see that a uniformly convex Banach space X is strictly convex, but the con-

verse is not true.

Definition 2.3 [41] Let A and B be nonempty subsets of a metric space (X, d). The ordered
pair (A, B) is said to satisfy 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,,y,) — d(A, B), then d(x,,z,) — 0.

Example 2.4 [41] The following are examples of a pair of nonempty subsets (A, B) satis-
fying the property UC.
(i) Every pair of nonempty subsets A, B of a metric space (X, d) such that d(4, B) = 0.
(i) Every pair of nonempty subsets A, B of a uniformly convex Banach space X such
that A is convex.
(iii) Every pair of nonempty subsets A, B of a strictly convex Banach space, where A is
convex and relatively compact and the closure of B is weakly compact.

Definition 2.5 [40] Let A and B be nonempty subsets of a metric space (X,d). The or-
dered pair (A, B) satisfies the property UC* if (A, B) has property UC, and the following
condition holds:

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

() d(zn3,) — d(A,B).

(ii) For every € > 0, there exists N € N such that

d(xm:_yn) < d(A:B) t€

forallm>n> N,
then d(x,,z,) — 0.
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Example 2.6 The following are examples of a pair of nonempty subsets (4, B) satisfying
the property UC*.
(i) Every pair of nonempty subsets A, B of a metric space (X, d) such that d(A4,B) = 0.
(ii) Every pair of nonempty closed subsets A, B of uniformly convex Banach space X
such that A is convex (see Lemma 3.7 in [42]).

3 Best proximity point for multi-valued mapping theorems

In this section, we investigate the existence and convergence of best proximity points for
generalized multi-valued cyclic contraction pairs and obtain some new results on fixed
point theorems for such mappings. We begin by introducing the notion of multi-valued

cyclic contraction.

Definition 3.1 Let A and B be nonempty subsets of a metric space X, T: A — 28 and S:
B — 2%, The ordered pair (7, S) is said to be a generalized multi-valued cyclic contraction
if there exists a function « : [d(A, B), 00) — [0,1) with

limsupa(x) <1

x—tt

for each t € [d(A, B), o0) such that
H(Tx, Sy) < a(d(x,9))d(x,y) + (1 - a(d(x.)))d(A, B) (3.1)
forallx € A and y € B.

Note that if (T, S) is a generalized multi-valued cyclic contraction, then (S, T) is also a
generalized multi-valued cyclic contraction. Here, we state the main results of this paper
on the existence of best proximity points for a generalized multi-valued cyclic contraction
pair, which satisfies the property UC* in metric spaces.

Theorem 3.2 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 T : A — CB(B) and S: B — CB(A). If
(T,S) is a generalized multi-valued cyclic contraction pair, then T has a best proximity
pointin A, or S has a best proximity point in B.

Proof We consider two cases separately.
Case 1. Suppose that d(A, B) = 0. Define the function § : [d(A, B), c0) — [0,1) by

a(t) +1

p&)=—

for t € [d(A, B),00) = [0,00). Then we obtain that

limsupB(s) <1
s—>tt
for all £ € [0, 00).
Now, we will construct the sequence {x,} in X. Let xy € A be an arbitrary point. Since
Txo € CB(B), we can choose x; € Txg. If x; = xy, we have xy € Txq, and then xq is a best
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proximity point of 7. Also, it follows from (3.1) with x = xg and y = x; that Txy = Sx;. This
implies that x; € Sx;. Therefore, x; is a best proximity point of S, and we finish the proof.
Otherwise, if xy # %1, by Lemma 1.1, there exists x;, € Sx; such that

d(x1,%2) < H(Txg,Sx1) +

[M}d(mxl)

< a(d(x0,%1))d(xo,x1) + (1 — a(d(x0,%1)))d(A, B)

|:1 — a(d(xo,%1))
+ | ¥ 4o X))

5 j|d(xo,x1)

[1+a (x0,%1) ]d(xo,xl)
ﬂ(d(xOrxl))d(xO:xl)

If x, = x1, we have x; € Sx;, and then x; is a best proximity point of S. Also, it follows
from (3.1) with x = x, and y = x; that Ty = Sx;. This implies that x, € Tx,. Therefore, x; is
a best proximity point of 7, and we finish the proof. Otherwise, if x; # x;, by Lemma 1.1,
there exists x3 € Tx, such that

A2, x) < H(Sx, Ty) + [M}d(m;xz)
= H(Txy,Sx1) + [M}d(n,xl)

< a(d(x,x1))d(x2,%1) + (1 — o (d(x2,%1)) )d(A, B)

[1 - a(d(x2,%1))
+ _—
2

|:1 +a d(xz,xl))i|

]d(xZ,xl)

d(x2,%1)

,B(d(xzrxl))d(xzrxl)
,3( (xl;xz))d(xl;xz)-

By repeating this process, we can find x,, such that
d(xn+1» xn+2) = ,3 (d(xn: xn+l))d(xm xn+1) < d(xnx xn+1)

forallm e N.
Thus, for fixed xy € A, we can define a sequence {x,} in X satisfying

Xon € Sx2p-1 €A and X9, € Ty 2 CB
such that
A(Xpi1, Xni2) < ,B(d(xmxnﬂ))d(xmxml) < d(%p, %11)

for n € N. Therefore, {d(x,,x,.1)} is a strictly decreasing sequence in R,. So {d(x,,x,:1)}
converges to some nonnegative real number p. Since limsup,_, .. B(s) <1 and B(p) <1,
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there exist » € [0,1) and n > 0 such that B(s) < r for all s € [p, p + n]. We can take v € N
such that

p = dEnXn1) Sp+1)
for all n € N with n > v. Then since

A1, %nr2) < B(AGn %ni1) ) A Xni1) < 1 (X K1)

for n € N with n > v, we have

D A xn1) < Y A %01) + Y A i) < 00,
n=1 n=1 n=v

that is, {x,} is a Cauchy sequence. Since X is complete, {x,} converges to some point z € X.
Clearly, the subsequences {x,,} and {x;,_1} converge to the same point z. Since A and B
are closed, we derive that z € A N B. We consider that

d(Tz,z) = lim d(Tz,x,,)

IA

lim H(TZ, Sx2n—1)
n—>00

IA

nILTo B(d(z, %21-1))d(2, %21-1)

lim d(z, %2,-1)
n—00

A

=0

=d(A,B).

Hence we get d(z, Tz) = d(A, B). Analogously, we also obtain d(z, Sz) = d(A, B).

Case 2. We will show that T or S have best proximity points in A and B, respectively,
under the assumption of d(A, B) > 0. Suppose, to the contrary, that for all a € A, d(a, Ta) >
d(A,B) and for all ¥’ € B, d(Sb',b') > d(A, B).

Next, we define a function 8 : [d(4, B), 00) — [0,1) by

a(t) +1
2

B(t) =
for all ¢ € [d(A,B),00). So we derive limsup,_,,+ B(x) <1 and «a(?) < B(¢) for all ¢ €
[d(A, B), c0).

For each a € A and b € Ta, we have

d(A,B) <d(a, Ta) < d(a,b).

Therefore,

[8(d(a, b)) - a(d(a,b))|d(A, B) < [B(d(a, b)) - a(d(a, b)) |d(a,b),
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and then we get

a(d(a, b))d(zz, b) + (1 - a(d(a, b)))d(A,B)
< ﬂ(d(a, b))d(a, b) + (1 - ﬁ(d(a, b)))d(A,B). (3.2)

Since (T, S) is a generalized multi-valued cyclic contraction pair, by (3.2), we conclude

H(Ta,Sbh) < oz(d(a, b))d(a, b) + (1 - a(d(a, b)))d(A,B)
< ,B(d(a, b))d(a, b) + (1 - ﬂ(d(a, b)))d(A,B) (3.3)

foralla e Aand b € Ta.
Similarly, we obtain that for each »’ € B and a’ € Sb’, we have

H(Td,Sb') < B(d(a’,b))d(a',b') + (1- B(d(a’,b)))d(A,B). (3.4)

Next, we will construct the sequence {x,} in A U B. Let x( be an arbitrary point in A and
x1 € Txy C B. From (3.3), there exists x, € Sx; C A such that

d(x1, %) < B(d(xo, %1))d(x0,%1) + (1 - B(d(x0,%1)))d(A, B). (3.5)
Since x; € B and x5 € Sx1, from (3.4), we can find x3 € Tx, such that

d(x, %) < B(d1,22))d(x1,%2) + (1~ B(dlx1, %)) )d(A, B). (3.6)
Analogously, we can define the sequence {x,} in A U B such that

Xon-1 € Txop-2, Xon € SXop
and

A%, %ni1) < B(Ad(@1,%0)) (0 1,%) + (1= B(d (X1, %)) )d(A, B) 3.7)
for all » € N. Since B(d(x,_1,%,)) <1 and d(A, B) < d(x,_1,%,) for all n € N, we get

d(xnr xn+1) < ﬂ(d(xn—l’xn))d(xn—lx xrz) + (1 - ,B(d(xn—bxn)))d(xn—lr xn)

= d(xn—l’ xn) (38)

for all n € N. Therefore, {d(x,-1,%,)} is a strictly decreasing sequence in R, and bounded
below. So the sequence {d(x,-1,%,)} converges to some nonnegative real number d. Since
limsup,_, ;+ B(x) <1 and B(d) < 1, there exist dp € [0,1) and € > 0 such that 8(s) < d, for
all s € [d,d + €]. Now, we can take N € N such that

d<dxp_1,%,) <d+€
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for all # > Ny. From (3.7), we have

A %n11) < dod(xn-1,%,) + (1 - do)d(A, B) (3.9)
for all n > Nj. By the same consideration, we obtain

d(A, B) < d(xy, %1) < dy 0 d (g, xngs1) + (1= 0)d(A, B) (3.10)
for all n > Nj. Since d, € [0,1), we get

nILTO d(xy, %441) = d(A, B). (3.11)
From (3.11), we conclude that

im d(xzm%2011) = d(A, B), (3.12)
and

nll_[L\O A(X2142,%2041) = d(A, B). (3.13)

Since {x,} and {x;,,,} are two sequences in A, and {x,,1} is sequence in B with (4, B)
satisfies the property UC*, we derive that

lim d(x,,, %2,.2) = 0. (3.14)
Since (B, A) satisfies the property UC*, and by (3.11), we find that

lim d(x2,-1,%2441) = 0. (3.15)
n—00

Next, we show that for each € > 0, there exists N € N such that for all m >n > N, we
have

d(x2mr x2n+1) = d(ArB) + €. (316)

Suppose, to the contrary, that there exists €y > 0 such that for each k > 1, there is m >
ni > k such that

AKXy X2m 1) > A(A, B) + €. (3.17)

Further, corresponding to ., we can choose m in such a way that it is the smallest integer
with my > n > k satisfying (3.17). Then we have

A(Xomyr Xom11) > d(A, B) + €0 (3.18)
and

A(X2(mp-1)s X2m+1) < d(A, B) + €o. (3.19)
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From (3.18), (3.19) and the triangle inequality, we have

d(A)B) +€p < d(mek,xZ}'lkJrl)
< d®amgs X2(mp-1)) + AX2 -1 X2mg +1)

< d®omy» Xom-1)) + d(A, B) + €. (3.20)
Using the fact that lim_, oo d(X2,; %20 —1)) = 0. Letting k — oo in (3.20), we have
kILrDO AKXy Xom 1) = d(A, B) + €. (3.21)
From (3.8), (3.9) and (7, S) is a generalized multi-valued cyclic contraction pair, we get

AX2mp s X2mp 1) < A X2 Xamps2) + A X242, X2y +3) + AKXy 43, X2 41)
< d(xzmk,xmk)rz) + d(mek+1’x2nk+2) + d(x2nk+3’x2nk+l)
= d(xzmk,xzmku) + d(xan+3,x2nk+1) + a(d(mek:x2nk+l))d(x2mk:x2nk+l)
+ (1= ot (d(Xomy> X2 41)) ) d(A, B)
< d@omyes Xomy2) + A X2 %o 1) + B(A @2y X 1)) A Xy Ko 1)
+ (1= B(d(2my %2m41)) )d(A, B)
< Aoy Xomgr2) + AKX 12, Xang41) + dod (Xomy s Xang+1)

+ (1 -dy)d(A, B). (3.22)
Letting k — oo in (3.22) and using (3.14), (3.15) and (3.21), we have
d(A,B) + €y <d (d(A,B) + eo) + (1 —dy)d(A, B) =d(A, B) + dyey,
which is a contradiction. Therefore, (3.16) holds.

Since (3.12) and (3.16) hold, by using property UC* of (A, B), we have d(xy,, x2,,) — 0.
Therefore, {x,,} is a Cauchy sequence. By the completeness of X and since A is closed, we
get

lim x,, =p (3.23)
n—00

for some p € A = A. But

d(A,B) < d(lﬂ, Xon-1)

< d(p, %) + d(X2, %20-1)
for all n € N. From (3.11) and (3.23),

lim d(p,x3,-1) = d(A, B). (3.24)

n—00

Page 10 of 15


http://www.fixedpointtheoryandapplications.com/content/2013/1/242

Kumam et al. Fixed Point Theory and Applications 2013, 2013:242 Page 11 of 15
http://www.fixedpointtheoryandapplications.com/content/2013/1/242

Since

d(A,B) < d(xan, Tp)
< H(Sx2,-1, Tp)
= H(1p, Sxan-1)
< a(d(p,%21-1))d(p, %20-1) + (1 = d(p, %24-1))d(A, B)
< d(p, %21 (3.25)
for all n € N. By (3.23) and (3.24), we get

d(p, Tp) = d(A, B). (3.26)

In a similar mode, we can conclude that the sequence {x,,_1} is a Cauchy sequence in B.
Since X is complete, and since B is closed, we have

lim Xon-1=¢ (3.27)
n— 00

for some ¢ € B = B. Since

d(A,B) < d(xan, q)

< d(%2u, X20-1) + d(X24-1,9)
for all n € N. It follows from (3.11) and (3.27) that

lim d(x2,,q) = d(A, B). (3.28)

n—00

Since

d(A,B) < d(Sq,%2.11)
< H(Sq, Tx2n)
= H(Tx2,,59)
< a(d(xan, q))d(x20,q) + (1 - d(x21,q))d(A, B)
< d(x2u,q) (3:29)

for all n € N, then by (3.27) and (3.28), we have
d(q,Sq) = d(A, B). (3.30)

From (3.26) and (3.30), we have a contradiction. Therefore, T has a best proximity point
in A or S has a best proximity point in B. This completes the proof. 0

Remark 3.3 If d(A,B) = 0, then Theorem 3.2 yields existence of a fixed point in A N B
of two multi-valued non-self mappings S and T. Moreover, if A = B=X and T = S, then
Theorem 3.2 reduces to Mizoguchi-Takahashi’s fixed point theorem [17].
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Note that every pair of nonempty closed subsets A, B of a uniformly convex Banach
space such that A is convex satisfies the property UC*. Therefore, we obtain the following

corollary.

Corollary 3.4 Let A and B be nonempty closed convex subsets of a uniformly convex Ba-
nach space X, T : A — CB(B) and S : B— CB(A). If (T,S) is a generalized multi-valued
cyclic contraction pair, then T has a best proximity point in A or S has a best proximity
point in B.

Next, we give some illustrative examples of Corollary 3.4.

Example 3.5 Consider the uniformly convex Banach space X = R with Euclidean norm.
Let A =[1,2] and B = [-2,-1]. Then A and B are nonempty closed and convex subsets of
X and d(A, B) = 2. Since A and B are convex, we have (4, B) and (B, A) satisfy the property
ucC*.

Let T:A — CB(B) and S: B— CB(A) be defined as

s
Tx = ,—1
2

for all x € A and
-y+1
Sy=11,
g [ 2 ]

forall y € B.

Let o : [d(A, B),00) — [0,1) be defined by «(t) = % forall ¢t € [d(A, B), o0) = [2,00). Next,
we show that (T, S) is a generalized multi-valued cyclic contraction pair with o(¢) = % for
all £ € [2,00).

For each x € A and y € B, we have

H(Tx,$y) = H([_xz_l"l]’ [1’ ) 1D
=[(=)-(=7)

—-x+y—-2
- |2 ’
< l|x—y|+1
2

1 1
= a(d(x,9))d(x,y) + (1 - a(d(x,7)))d(A, B).
Therefore, all assumptions of Corollary 3.4 are satisfied, and then T has a best proximity

point in A, that is, a point x = 1. Moreover, S also has a best proximity point in B, that is,

apointy=-1.
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Example 3.6 Consider the uniformly convex Banach space X = R? with Euclidean norm.
Let

A= {(O,x) Tx > 0}
and
B={(2,9:y>0}.
Then A and B are nonempty closed and convex subsets of X and d(A, B) = 2. Since A and

B are convex, we have (4, B) and (B, A) satisfy the property UC*.
Let T:A — CB(B) and S: B— CB(A) be defined as

T(0,x) = {2} x [o,ﬂ
and

S(2,9) = {0} x [o, ﬂ

forall x,y > 0.
Let « : [d(A, B),0) — [0,1) define by «(t) = % for all £ € [d(A, B), ) = [2,00). Next,

)
we show that (7, S) is a generalized multi-valued cyclic contraction pair with mapping
at) = % forall ¢ € [2, 00).
For each (0,x) € A and (2,y) € B, we have

H(T(0,%),5(2,%)) = H({Z} x [o,’z—c],{O} x [0%])

2
2
< %(,/4+ I —y12) +1

1
%d((o, x), (2,y)) + id(A' B)

= a(d((0,%),(2,2)))d((0,%),(2,9) + (1 - a(d((0,x),(2,))))d(A, B).

Therefore, all assumptions of Corollary 3.4 are satisfied, and then T has a best proximity
point in A that is a point (0, 0). Furthermore, S also has a best proximity point in B that is
a point (2,0).

Open problems
+ In Theorem 3.2, can we replace the property UC* by a more general property?
+ In Theorem 3.2, can we drop the property UC*?
+ Can we extend the result in this paper to another spaces?
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1 Introduction

A wide variety of problems arising in different areas of pure and applied mathematics, such
as difference and differential equations, discrete and continuous dynamic systems, and
variational analysis, can be modeled as fixed point equations of the form x = Tx. There-
fore, fixed point theory plays a crucial role for solving equations of above kind, whose
solutions are the fixed points of the mapping T : X — X, where X is a nonempty set. Ar-
eas of potential applications of this theory include physics, economics, and engineering in
dealing with the study of equilibrium points (which are fixed points of certain mappings).
On the other hand, if T is a nonself-mapping, the above fixed point equation could have
no solutions and, in this case, it is of a certain interest to determine an approximate solu-
tion x that is optimal in the sense that the distance between x and Tx is minimum. In this
context, best proximity point theory is an useful tool in studying such kind of element. We

recall the following concept.

Definition 1.1 Let A, B be two nonempty subsets of a metric space (X,d) and T: A — B
be a nonself-mapping. An element x € A such that d(x, Tx) = d(A, B) is a best proximity
point of the nonself-mapping 7.

Clearly, if T is a self-mapping, a best proximity point is a fixed point, that is, x = Tx.

From the beginning, best proximity point theory of nonself-mappings has been studied
by many authors; see the pioneering papers of Fan [1] and Kirk ez al. [2]. The investigation
of several variants of conditions for the existence of a best proximity point can be found in
[3-12]. In particular, some significant best proximity point results for multivalued map-

pings are presented in [13]; see also the references therein.
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Inspired and motivated by the above facts, in this paper, we introduce new concepts
of contraction mappings. Then we establish certain best proximity point theorems for
such kind of mappings in metric spaces. As consequences of these results, we deduce best
proximity point theorems in metric spaces endowed with a graph and in partially ordered
metric spaces. Moreover, we present an example and some fixed point results to illustrate

the usability of the obtained theorems.

2 Preliminaries
In this section, we collect some useful definitions and results from fixed point theory.

Samet et al. [14] defined the notion of @-admissible mapping as follows.

Definition 2.1 ([14]) Let «: X x X — [0, +00) be a function. We say that a self-mapping
T:X — X is a-admissible if

xyeX, axy)>1 = oTx,Ty)>1
By using this concept, they proved some fixed point results.

Theorem 2.1 ([14]) Let (X,d) be a complete metric space and T : X — X be an o-
admissible mapping. Assume that the following conditions hold:
(i) forall x,y € X we have

a(xy)d(Tx, T) < ¥ (d(x,5), M

where ¥ : [0, +00) — [0, +00) is a nondecreasing function such that
Sl y(t) < +oo for each £ > 0,
(ii) there exists xg € X such that a(xg, Txg) > 1,
(ili) either T is continuous or for any sequence {x,} in X with a(x,,x,.1) > 1 for all
n e NU{0} and x, - x as n — +o0, then a(x,,x) > 1 for all n € NU {0}.
Then T has a fixed point.

Later on, working on these ideas a wide variety of papers appeared in the literature; see
for instance [15-17]. Finally, we recall that Karapinar et al. [18] introduced the notion of

triangular «-admissible mapping as follows.

Definition 2.2 ([18]) Letwo : X x X — (—00, +00) be a function. We say that a self-mapping

T : X — X is triangular o-admissible if

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

alx,z) >1,
(i) xy,z€X, () = axy >1
alzy) =1

For more details and applications of this line of research, we refer the reader to some

related papers of the authors and others [19-25].
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3 Main results in metric spaces
Let A, B be two nonempty subsets of a metric space (X, d). Following the usual notation,

we put

Ag:={x€A:d(x,y) = d(A,B), for some y € B},
By :={y € B:d(x,y) = d(A,B), for some x € A}.

If AN B #y, then Ay and By, are nonempty. Further, it is interesting to notice that A,
and B, are contained in the boundaries of A and B, respectively, provided A and B are
closed subsets of a normed linear space such that d(A, B) > 0 (see [26]). Also, we will use
the following definition; see [27] for more details.

Definition 3.1 Let A, B be two nonempty subsets of a metric space (X, d). The pair (4, B)
is said to have the V-property if, for every sequence {y,} of B that satisfies the condition
d(x,y,) — d(x, B) for some x € A, there is y € B such that d(x, y) = d(x, B).

From now on, denote with W the family of all continuous and nondecreasing functions
¥ : [0, +00) x [0, +00) — [0, +00) such that ¥ (x,y) = 0 ifand only if x =y = 0.

Definition 3.2 Let A, B be two nonempty subsets of a metric space (X,d) and o : A X A —
[0, +00) be a function. We say that a nonself-mapping 7': A — B is triangular «-proximal
admissible if, for all x, y,z, %1, %5, u1, up € A,

a(x,%) > 1,
(T1) 3d(uy, Tx)) =d(A,B), = alu,ur)>1,
d(l/lz, sz) = d(AyB)

alx,z) > 1,
(T2) =  alxy) >1
a(z,y) >1

Definition 3.3 Let A, B be two nonempty subsets of a metric space (X,d) and o : A x A —
[0, +00) be a function. We say that a nonself-mapping 7 : A — B is
(i) a modified «-proximal C-contraction if, for all u,v,x,y € A,

alx,y) =1,
d(u, Tx) = d(A, B),
d(v, Ty) =d(A,B)

1
= duv)< i(d(x, v) +d(y, u)) — ¥ (d(x,v),d(y, u)), ()
(i) an a-proximal C-contraction of type (1) if, for all u,v,x,y € A,

d(u, Tx) = d(A, B),
d(v, Ty) =d(A,B)

= a@x)du,v) < =(dxv) +dy,u) -y (dxv),dy,u),

N =

where 0 < a(x,y) <1lforallx,y €A,
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(iii) an «-proximal C-contraction of type (II) if, for all &, v,x,y € A,

d(u, Tx) = d(A, B),
d(v, Ty) =d(A,B)

— (a(x,y) + E)d(%") < (E + 1)%(d(x,v)+d(y,u))—1//(d(x,v),d(y,u))’
where ¢ > 0.

Remark 3.1 Every o-proximal C-contraction of type (I) and «-proximal C-contraction of
type (II) mappings are modified «-proximal C-contraction mappings.

Now we give our main result.
Theorem 3.1 Let A, B be two nonempty subsets of a metric space (X,d) such that A is
complete and Ay is nonempty. Assume that T : A — B is a continuous modified a-proximal
C-contraction such that the following conditions hold:
(i) T isa triangular a-proximal admissible mapping and T(Ao) C By,
(ii) there exist xg,x1 € Ag such that

d(x1, Txo) =d(A,B) and a(xg,x1) > 1.

Then T has a best proximity point. Further, the best proximity point is unique if, for every
x,y € A such that d(x, Tx) = d(A, B) = d(y, Ty), we have a(x,y) > 1.

Proof By (ii) there exist x¢,x; € Ag such that
d(x1, Txg) =d(A,B) and «a(xg,x1) > 1.
On the other hand, T(Ag) C By, then there exists x, € Ay such that
d(xq, Tx1) = d(A, B).
Now, since T is triangular a-proximal admissible, we have «(x,%3) > 1. Thus
d(xy, Tx1) =d(A,B) and «(xy,x2) > 1.
Since T'(Ag) C By, there exists x3 € A such that
d(x3, Tx,) = d(A, B).
Then we have
d(xy, Tx1) = d(A, B), d(x3, Tx,) = d(A, B), a(xg, %) > 1.
Again, since T is triangular a-proximal admissible, we obtain «(x;,x3) > 1 and hence

d(.X3, sz) = d(AxB)) 0[(962,963) >1
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By continuing this process, we construct a sequence {x,} such that

a(xn—lxxn) Z 1,
d(x%u, Txy1) = d(A, B), 3)
d(xn+lr Txn) = d(A) B))

for all n € N. Now, from (2) with u = x,,, v = %41, ¥ = x,-1 and y = x,,, we get

1
A(Xp Xni1) < 2 (d(xn—bxwrl) + d(xn’xn)) - w(d(xn—lyxnﬂ)» d(xmxn))

1

= Ed(xn—l;xrﬁl) - w(d(xn—lr xn+1): O)
1

= Ed(xn—l:xrwl)
1

= ) (d(xn—b xn) + d(xy, xn+1))r (4)

which implies d(x,,x,,1) < d(x,-1,%,). It follows that the sequence {d,}, where d, :=
d(xy,%441), is decreasing and so there exists d > 0 such that d,, — d as n — +00. Then,

taking the limit as # — +00 in (4), we obtain

1 . 1
d == lim d(xn—hxnﬂ) = §(d+d) = d,
H—+0Q
that is,
lim d(xn_l,x,m) =2d. (5)
n—+00
Again taking the limit as # — +00 in (4), by (5) and the continuity of v, we get
d=d-y(2d,0),
and so ¥(2d,0) = 0. Therefore, by the property of ¥, we get d = 0, that is,
lim d(x,.1,%,) = 0. (6)
n—+00
Now, we prove that {x,} is a Cauchy sequence. Suppose, to the contrary, that {x,} is not
a Cauchy sequence. Then there are ¢ > 0 and sequences {m(k)} and {n(k)} such that for all
positive integers k
n(k) >m(k) >k, dxn@), Xm@) = &, AKX ()1, X)) < €.

This implies that, for all k € N, we have

& < dXEn()r Xm)) < AWn)r Xny-1) + AXn()-1 Xm(k))

< dX (k) Xn(k)-1) + €.
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Taking the limit as k — +00 in the above inequality and using (6), we get

lim d(x,,(k),xm(k)) =€.

k—+00

Again, from

AKXk Xmk)) < AXm)s Xm()+1) + AXm(E)+15 Fniy1) + AXn(k)+15 Xn(i))

and

d(xn(k)+1) xm(k)+1) = d(xm(k):xm(k)ﬂ) + d(xm(k)r xn(k)) + d(xn(k)+17 xn(k)):

taking the limit as k — +00, by (6) and (7) we deduce
M dxuw)e1, Xmey 1) = €
k—+00
Similarly, we deduce
kﬂrpoo AXn(), Xmik)+1) = €
and
lim d(xk), Xn@)41) = €.
k—+00
We shall show that
Xy, Xnk)) =1,  where n(k) > m(k) > k.

Since T is a triangular «-proximal admissible mapping and

O Xy Xy +1) = 1,

O5(~’¢m(k)+11 xm(k)+2) >1,

by (T2) of Definition 3.2, we have

Xk Xmi+2) = 1.

Again, since T is a triangular a-proximal admissible mapping and

o (Xt Xy +2) = 1,

o (Xmk)+25 Fmip)+3) = 1,
by (T2) of Definition 3.2 we have
A Xm(k)s Xm(t)+3) = 1.

Thus, by continuing this process, we get (11).

Page 6 of 16

(8)

)

(10)

(11)
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On the other hand, we know that

AKXy 1, Tamy) = d(A, B),
d(xn(k)+l: Txn(k)) = d(ArB)

Therefore, from (2) we have

1
AXmk)+1 Xn(k)+1) < 3 (AdGEmik)» Xn)11) + AXn(i)s Xmi+1))

- I/f (d(xm(k): xn(k)+1): d(xn(k)r xm(k)+l))'

Taking the limit as kK — +00 in the above inequality and using (8), (9), (10) and the conti-
nuity of ¥, we get

e < %(8+8)—1ﬂ(8,8)

and hence ¥ (¢, ¢) = 0, which leads to the contradiction ¢ = 0. Thus, {x,} is a Cauchy se-
quence. Since A is complete, then there is z € A such that x,, — z. Now, from

d(x,.1, Tx,) =d(A,B), foralln e NU {0},

taking the limit as n — +00, we deduce d(z, Tz) = d(A, B), because of the continuity of 7.

Finally we prove the uniqueness of the point x € A such that d(x, Tx) = d(A, B). In-
deed, suppose that there exist x,y € A which are best proximity points, that is, d(x, Tx) =
d(A,B) = d(y, Ty). Since a(x,y) > 1, we have

d(w9) = 5 (ds9) + d0r0) ~ (), 1)

= d(x,y) - ¥ (d(x,y), dx,)),
which implies d(x,y) = 0, that is, x = y. |

Corollary 3.1 Let A, B be two nonempty subsets of a metric space (X,d) such that A is
complete and Ay is nonempty. Assume that T : A — B is a continuous o-proximal C-
contraction mapping of type (I) or a continuous a-proximal C-contraction mapping of type
(I1) such that the following conditions hold:

(i) T isa triangular a-proximal admissible mapping and T(Ao) C By,

(ii) there exist xg,x1 € Ag such that

d(x1, Txo) =d(A,B) and a(xg,x1) > 1.

Then T has a best proximity point. Further, the best proximity point is unique if, for every
x,y € A such that d(x, Tx) = d(A, B) = d(y, Ty), we have a(x,y) > 1.

In analogy to the main result but omitting the continuity hypothesis of T, we can state
the following theorem.


http://www.fixedpointtheoryandapplications.com/content/2014/1/99

Kumam et al. Fixed Point Theory and Applications 2014, 2014:99 Page 8 of 16
http://www.fixedpointtheoryandapplications.com/content/2014/1/99

Theorem 3.2 Let A, B be two nonempty subsets of a metric space (X,d) such that A is
complete, the pair (A, B) has the V-property and Ay is nonempty. Assume that T : A — B
is a modified o-proximal C-contraction such that the following conditions hold:

(i) T is a triangular a-proximal admissible mapping and T(Ao) C B,

(ii) there exist xqy,x1 € Ag such that
d(x1, Txo) =d(A,B) and  a(xe,x1) > 1,
(ili) if {x,} is a sequence in A such that a(x,, x,41) > 1 and x, — x € A as n — +00, then
a(xy,x) > 1 for all n e NU {0}.
Then T has a best proximity point. Further, the best proximity point is unique if, for every
x,y € A such that d(x, Tx) = d(A, B) = d(y, Ty), we have a(x,y) > 1.
Proof Following the proof of Theorem 3.1, there exist a Cauchy sequence {x,} € A and

z € A such that (3) holds and x,, — z as # — +00. On the other hand, for all 7 € N, we can

write

d(z,B) < d(z, Tx,)
< d(z,%441) + dXps1, Ty)

= d(z,%441) + d(A, B).
Taking the limit as # — +00 in the above inequality, we get
lim d(z, Tx,) = d(z,B) = d(A, B). (12)
n—+00

Since the pair (4,B) has the V-property, then there exists w € B such that d(z,w) =
d(A, B) and hence z € Ay. Moreover, since T(Ag) C By, then there exists v € A such that

d(v, Tz) = d(A, B).

Now, by (iii) and (3), we have «(x,, z) > 1 and d(x,,1, Tx,,) = d(A, B) for all n e NU{0}. Also,

since T is a modified «-proximal C-contraction, we get
1
Ad®pi1,v) < E (d(xn: V) +d(z, xn+l)) -V (d(x,,, v),d(z, xn+l))o
Taking the limit as # — +00 in the above inequality, we have
1
d(z,v) < id(z, v) - ¥ (d(z,v),0)

which implies, d(z,v) = 0, that is, v = z. Hence z is a best proximity point of 7. The unique-

ness of the best proximity point follows easily proceeding as in Theorem 3.1. O

Next, we use an example to illustrate the efficiency of the new theorem.
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Example 3.1 Let X = R be endowed with the usual metric d(x,y) = |x — y|, for all x,y € X.
Consider A = (—00,-1], B =[1,+00) and define T : A — B by

—-x+1, if x € (—o00,-14),
X% +1, if x € [-14,-12),
4x* + 5, if x € [-12,-10),
-~ %% +2, if x € [-10,-8),
10, if x € [-8,-6),
In(jx| + 1), ifx € [-6,-4),
—x+ |x + 3||x + 4le™, ifxe[-4,-2),
1, ifx e [-2,-1].

Also, define @ : X x X — [0, +00) by

4, ifx,ye[-2,-1],
a®y) =1, ’
2, otherwise,

and ¥ : [0, +00) x [0, +00) — [0, +00) by
1
v(s,t) = E(s +t), foralls,teX.
Clearly, the pair (A4, B) has the V-property and d(4, B) = 2. Now, we have

Ay = {x €A:d(x,y)=d(A,B)=2, forsomey e B} ={-1},

By = {y € B:d(x,y) =d(A,B) =2, for some x EA} ={1}.

It is immediate to see that T'(Ay) C By, d(-1,T(-1)) = d(A,B) = 2 and «(-1,-1) > 1.
Now, let a(x,y) > 1 and a(y,z) > 1. Therefore, x,y,z € [-2,-1], that is, «(x,z) > 1. Also

suppose

alx,y) > 1,
d(u, Tx) = d(A,B) = 2,
d(v, Ty) = d(A,B) = 2,

then
x;y € [_2, _1]1
d(u, Tx) = 2,
d, Ty) = 2.

Hence, u = v = -1, that is, a(u, v) > 1. Further,

d(u,v) =0 < = (d(x,v) + d(y,u)) — ¥ (d(x,v),d(y, n)),

N | =
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that is, T is a triangular «-proximal admissible and modified a-proximal C-contraction
mapping. Moreover, if {x,} is a sequence such that «(x,,x,,1) > 1 for all n € NU {0} and
X, — xasn — +00, then {x,} C [-2,-1] and hence x € [-2, -1]. Consequently, a(x,, x) > 1
for all n € NU {0}. Therefore all the conditions of Theorem 3.2 hold for this example and
T has a best proximity point. Here z = —1 is the best proximity point of 7.

We conclude this section with another corollary.

Corollary 3.2 Let A, B be two nonempty subsets of a metric space (X,d) such that A is
complete, the pair (A, B) has the V-property and Ay is nonempty. Assume that T : A — B
is a continuous a-proximal C-contraction mapping of type (I) or a continuous a-proximal
C-contraction mapping of type (II) such that the following conditions hold:

(i) T isa triangular o-proximal admissible mapping and T(Ay) € By,

(ii) there exist elements xo,%, € Ao such that

d(xy, Txo) =d(A,B)  and  a(xg,x1) > 1,

(iii) if {xn} is a sequence in A such that a(xy, xXy.1) > 1 and x, — x € A as n — +00, then
a(x,,x) > 1 foralln e NU {0}.
Then T has a best proximity point. Further, the best proximity point is unique if, for every
x,y € A such that d(x, Tx) = d(A, B) = d(y, Ty), we have a(x,y) > 1.

4 Some results in metric spaces endowed with a graph
Consistent with Jachymski [28], let (X, d) be a metric space and A denotes the diagonal
of the Cartesian product X x X. Consider a directed graph G such that the set V(G) of its
vertices coincides with X, and the set E£(G) of its edges contains all loops, that is, E(G) 2 A.
We assume that G has no parallel edges, so we can identify G with the pair (V(G), E(G)).
Moreover, we may treat G as a weighted graph (see [29], p.309) by assigning to each edge
the distance between its vertices. If x and y are vertices in a graph G, then a path in G from
x to y of length N (N € N) is a sequence {x,-}f\io of N + 1 vertices such that xo = x, xy =y
and (x;_1,%;) € E(G) fori=1,...,N. A graph G is connected if there is a path between any
two vertices. G is weakly connected if G is connected (see for details [28, 30]).

Recently, some results have appeared providing sufficient conditions for a mapping to
be a Picard operator if (X, d) is endowed with a graph. The first result in this direction was
given by Jachymski [28].

Definition 4.1 ([28]) Let (X,d) be a metric space endowed with a graph G. We say that

a self-mapping T : X — X is a Banach G-contraction or simply a G-contraction if 7" pre-
serves the edges of G, that is,

forallx,ye X, (xy)€E(G) = (Tx,Ty) € E(G)
and T decreases weights of the edges of G in the following way:

Ja €(0,1), forallx,ye X,(x,y) € E(G) = d(Ix, Ty) <ad(x,y).
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Definition 4.2 Let A, B be two nonempty closed subsets of a metric space (X, d) endowed
with a graph G. We say that a nonself-mapping 7': A — B is a G-proximal C-contraction
if, for all u, v,x,y € A,

(x,y) € E(G),
d(u, Tx) = d(A, B),
d(v,Ty) = d(A,B)

(dx,v) + d(y,u)) — ¥ (d(x,v), d(y, u))

N =

=  d(uv)<
and

(x,y) € E(G),
du,Tx) =d(A,B), = (u,v)€E(G).
d(v,Ty) = d(A,B)

Theorem 4.1 Let A, B be two nonempty closed subsets of a metric space (X,d) endowed
with a graph G. Assume that A is complete, A is nonempty and T : A — B is a continuous
G-proximal C-contraction mapping such that the following conditions hold:

(i) T(Ao) < Bo,

(ii) there exist elements xo,x, € Ao such that

d(xl, TxO) = d(A1B) and (x0> xl) € E(G)’
(iti) for all (x,y) € E(G) and (y,z) € E(G), we have (x,z) € E(G).
Then T has a best proximity point. Further, the best proximity point is unique if, for every

x,y € A such that d(x, Tx) = d(A, B) = d(y, Ty), we have (x,y) € E(G).

Proof Define o : X x X — [0, +00) by

1, if(x,y) € E(G),

alx,y) =
0, otherwise.

Firstly we prove that T is a triangular «-proximal admissible mapping. To this aim, assume

alx,y) > 1,
d(u, Tx) = d(A, B),
d(v, Ty) = d(A, B).

Therefore, we have

(x,y) € E(G),
d(u, Tx) = d(A, B),
d(v, Ty) = d(A, B).
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Since T is a G-proximal C-contraction mapping, we get (i, v) € E(G), that is, a(u,v) > 1
and

d(u,v) < %(d(x, V) +d(y,u)) - ¥ (dx,v),d(y,u)).

Also, let ¢(x,2z) > 1 and (z,y) > 1, then (x,z) € E(G) and (z,y) € E(G). Consequently, from
(iil), we deduce that (x,7) € E(G), that is, a(x,y) > 1. Thus T is a triangular «-proximal
admissible mapping with 7'(Ay) € By. Moreover, T is a continuous modified «-proximal
C-contraction. From (ii) there exist xg,x; € Ag such that d(x1, Tx) = d(A, B) and (xg, 1) €
E(G), thatis, d(x1, Txg) = d(A, B) and «(xo,x;) > 1. Hence, all the conditions of Theorem 3.1
are satisfied and T has a unique fixed point. d

Similarly, by using Theorem 3.2, we can prove the following theorem.

Theorem 4.2 Let A, B be two nonempty closed subsets of a metric space (X,d) endowed
with a graph G. Assume that A is complete, the pair (A, B) has the V-property and Ay is
nonempty. Also suppose that T : A — B is a G-proximal C-contraction mapping such that
the following conditions hold:

(i) T(Ao) < Bo,

(ii) there exist elements xo,x, € Ao such that

d(x1, Txg) =d(A,B) and (x9,%1) € E(G),

(iii) for all (x,y) € E(G) and (y,z) € E(G), we have (x,z) € E(G),
(iv) if {4} is a sequence in X such that (x4, %,41) € E(G) for all n € NU {0} and x,, — x
as n — +0oo, then (x,,x) € E(G) for alln e NU {0}.
Then T has a best proximity point. Further, the best proximity point is unique if, for every
x,y € A such that d(x, Tx) = d(A, B) = d(y, Ty), we have (x,y) € E(G).

5 Some results in partially ordered metric spaces

In recent years, Ran and Reurings [31] initiated the study of weaker contraction condi-
tions by considering self-mappings in partially ordered metric space. Further these results
were generalized by many authors; see for instance [32, 33]. Here we consider some recent
results of Mongkolkeha et al. [34] and Sadiq Basha et al. [35].

Definition 5.1 ([35]) Let (X,d, <) be a partially ordered metric space. We say that
a nonself-mapping T : A — B is proximally ordered-preserving if and only if, for all
X1,X2, U1, U GA,

x1 X X2,
d(ulr Txl) = d(AJB)I == Uy X .
d(u2: TxZ) = d(A)B)

Theorem 5.1 (Theorem 2.2 of [34]) Let A, B be two nonempty closed subsets of a partially
ordered complete metric space (X,d, <) such that A, is nonempty. Assume that T : A — B
satisfies the following conditions:

(i) T is continuous and proximally ordered-preserving such that T(Ao) C By,
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(ii) there exist elements xq,x1 € Ag such that
d(xy, Txo) =d(A,B) and xo < x1,
(iii) for all x,y,u,v € A,

X=Xy
du,Tx) =d(A,B), = du,v)<
d(y’ TJ’) = d(A’B)

(d(x,v) + d(y,u)) — ¥ (d(x,v), d(y, ).

N =

Then T has a best proximity point.

Proof Define «: A x A — [0,+00) by

1, ifx=xy,
Ol(x:y) =
0, otherwise.

Firstly we prove that T is a triangular «-proximal admissible mapping. To this aim, assume

alx,y) >1,
d(u, Tx) = d(A, B),
d(v, Ty) = d(A, B).

Therefore, we have

x=Y
d(u, Tx) = d(A, B),
d(v, Ty) = d(A, B).

Now, since T is proximally ordered-preserving, then u« < v, that is, «(u,v) > 1. Conse-
quently, condition (T1) of Definition 3.2 holds. Also, assume

alx,z) > 1,

alz,y) > 1,

so that {xiz’ and consequently x < y, that is, a(x, y) > 1. Hence, condition (T2) of Defi-

zXYy,

nition 3.2 holds. Further, by (ii) we have
d(x1, Txg) =d(A,B) and «a(xg,x1) > 1.
Moreover, from (iii) we get

a(x,y) =1,
d(u, Tx) =d(A,B), = du,v)=< %(d(x, v) +d(y, u)) — ¥ (d(x,v),d(y, u)).
d(y’ TJ’) = d(A’B)

Thus all the conditions of Theorem 3.1 hold and T has a best proximity point. |
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Similarly, omitting the continuity hypothesis of T, we can give the following result.

Theorem 5.2 (see Theorem 2.6 of [34]) Let A, B be two nonempty closed subsets of a
partially ordered complete metric space (X,d, <) such that Ay is nonempty and the pair
(A, B) has the V-property. Assume that T : A — B satisfies the following conditions:

(i) T is proximally ordered-preserving such that T(Ao) € By,

(ii) there exist elements xo,%, € Ao such that

d(x1, Txo) =d(A,B)  and  xo < x1,
(iii) forallx,y,u,v €A,

X=Xy
du,Tx) =d(A,B), = du,v)<
d()/, TJ’) = d(A’B)

(d(x,v) + d(y,u)) — ¥ (d(x,v),d(y, u)),

N =

(iv) if {xn} is an increasing sequence in A converging to x € A, then x, < x for all n € N.

Then T has a best proximity point.

6 Application to fixed point theorems
In this section we briefly collect some fixed point results which are consequences of the
results presented in the main section. Stated precisely, from Theorem 3.1, we obtain the

following theorems.

Theorem 6.1 Let (X,d) be a complete metric space. Assume that T : X — X is a continuous
self-mapping satisfying the following conditions:
(i) T is triangular o-admissible,
(ii) there exists xo in X such that a(xg, Txo) > 1,
(ili) forallx,y € X,

1
a(x,y)d(Tx, Ty) < 5 (d(x, Ty) + d(y, Tx)) - 1/f(d(x, Ty),d(y, Tx)).
Then T has a fixed point.

Theorem 6.2 Let (X, d) be a complete metric space. Assume that T : X — X is a continu-
ous self-mapping satisfying the following conditions:
(i) T is triangular a-admissible,
(ii) there exists xo in X such that a(xg, Txo) > 1,
(iii) for allx,y € X,

((x(x,y) + K)d(Tx,T)’) < (E + 1)%(d(x,Ty)+d(y,Tx))—¢(d(x,Ty),d(y,Tx)),

where € > 0.
Then T has a fixed point.

Analogously, from Theorem 3.2, we obtain the following theorems, which do not require

the continuity of T

Page 14 of 16
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Theorem 6.3 Let (X,d) be a complete metric space. Assume that T : X — X is a self-
mapping satisfying the following conditions:
(i) T is triangular o-admissible,
(ii) there exists xo in X such that a(xg, Txo) > 1,
(iti) forallx,y € X,

e (T, Ty) = 5 (d(x, ) + dly, T) ~ ¥ (do, ), dly, ),

(iv) if {x4} is a sequence in X such that «(x,, x441) > 1 and x, — x as n — +00, then
a(xy,x) > 1 forallneN.
Then T has a fixed point.

Theorem 6.4 Let (X,d) be a complete metric space. Assume that T : X — X is a self-
mapping satisfying the following conditions:
(i) T is triangular a-admissible,
(ii) there exists xo in X such that a(xg, Txo) > 1,
(iii) forallx,y € X,

(@, p) + 1) D) < 93 @)+l Ty (@l DA T,

(iv) if {4} is a sequence in A such that o(x,,%,41) > 1 and x, — x € A as n — +00, then
a(xy,x) > 1 foralln e N.
Then T has a fixed point.
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