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Abstract

In this paper, we introduce generalized Hardy-Rogers type cyclic (w)-
contraction mappings which generalizes the cyclic, Kannan, Chatterjea
and Reich contraction mappings. We establish the existence and unique-
ness of coupled best proximity points of such mappings in the framework
of b-metric space. Some examples are presented to support the results
proved herein. Our results generalize and extend various comparable re-
sults in the existing literature. An application of our result to establish
the existence of a solution of a differential equation is presented.

1 Introduction

Fixed point theory provides useful techniques for solving a variety of applied
problems in many branches of mathematics such as computer science, engineer-
ing, chemistry, biology, economics and statistics (see[11,25]).

The Banach contraction principle [7] is an elegant and powerful result which
initiated a new area of research known as metric fixed point theory. Extensions
of Banach contraction principle have been obtained either by generalizing the
distance properties of underlying domain or by modifying the contractive con-
dition on the mappings. Bakhtin [6] first introduced the concept of a b-metric
space as a generalisation of metric space and then proved Banach Contraction
Principle in the setup of such spaces. This served as a motivation for many
reseachers to obtain results on the variational principle for single valued and
multi-valued operators in b-metric spaces (see [5,8,9,12,13]).

Geraghty [15] introduced the class of mappings:

n—oo

S = {1/) :[0,00) = [0,1) : lim ¢, = 0 whenever nl;n;o P(ty) = 1}
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and obtained an interesting extension of Banach Contraction Principle as fol-
lows.

Theorem 1.1 Let X be a complete metric space and f : X — X. If there
exists ¥ € S such that

d(fz, fy) < ¢(d(x,y))d(z, y)

holds for all x,y € X. Then f has a unique fized point z* € X and for each
x € X, the sequence {f"(x)} ( called Picard sequence ) converges to x*.

Another generalisation of the Banach Contraction Principle is due to Bhaskar

and Lakshmikanthan [16]. They introduced the concept of the mixed monotone
property and obtained some coupled fixed point results satisfying certain con-
tractive conditions. They applied their results to establish the existence and
uniqueness of a solution of a periodic boundary value problem. Afterwards,
several authors studied and extended coupled fixed point results in [16] to dif-
ferent directions (see, e.g. [1,2,23,24,26,31]).
Let A and B be nonempty subsets of a metric space X and T : A — B. A point
x* in A such that d(z*,Tx*) = 0 holds is called a fixed point of T. A point
x* in A such that d(z*,Tz*) = inf{d(a, Tz*) : a € A}, that is, 2* € A is the
closest point to T'z* € B is called an approximate fixed point of T'. The study
of conditions that ensure existence and uniqueness of approximate fixed point
of a mapping T is an important area of research.

Suppose that Aap = d(4, B) = inf{d(a,b) : a € A,b € B}. A point z* is
called a best proximity point of T if d(x*,Tz*) = Aap. If AN B = ¢, fixed
point problem defined by a pair (A4, B) and a mapping T has no solution. If
we take A = B, then a best proximity point problem reduces to fixed point
problem. From this perspective, best proximity point problem can be viewed as
a natural generalization of fixed point problem. since d(z, fz) > A,p for all x
in A, then the global minimum of the mapping x — d(x, fz) is attained at the
best proximity point (see [14,27]). Best proximity results deal with sufficient
conditions such that the non-linear programming (or minimization) problem

mind(z, fz) has at least one solution.
z€A

The theory of best proximity point has proved to be durable and useful in solving
real world problems in nonlinear analysis, optimization, economics, game theory,
and so forth.

Best proximity point theory of a cyclic contraction map has been studied
by many authors. For results regarding cyclic contractive conditions when the
intersection of the sets is nonempty, (see [19,25,28]). In [14], Eldred and Veera-
mani extended the cyclic contractive condition above to the case when AN B is
empty and proved the existence of best proximity point. For further results in
this area see [3,20,22].

Sintunavarat and Kumam [32] introduced the concept of a coupled best prox-
imity point and proved the existence and uniqueness of coupled best proximity
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point in metric and uniformly convex Banach spaces.
Recently, Amini-Harandi et al.[4] recently introduced a new class of cyclic gen-
eralised contraction maps. They gave an existence result for a best proximity
point of such mappings in uniformly convex Banach spaces.

Motivated by the work in [4] and [32], we introduce a generalised Hardy-
Rogers type cyclic (w)-contraction map in b-metric spaces and establish the
existence and uniqueness of coupled best proximity point for such maps.

2  Preliminaries

The following definitions and results will be needed in the sequel.

A normed space (X, || - ||) is said to be:

1 Strictly convex if for all z,y € X with ||z|| = |ly|| = 1 and  # y, we have
1520 < 1
2

2 Uniformly convex if for any e with 0 < € < 2, there exists § > 0 such that for
all 2,y € X with |[z]| = ||| < 1and |Jz—y| > ¢, we have ||zT+y|| <1-4.

Note that a uniformly convex space X is strictly convex but the converse
does not hold in general.

Let A and B be nonempty subsets of a metric space (X, d),
Definition 2.1 ([32]). An ordered pair (A, B) is said to have the property
UC if the following condition holds:
For any sequences {z,} and {z,} in A and a sequence {y,} in B satisfying
d(xpn,yn) — d(A, B) and d(zn, yn) — d(A, B), we have d(zy, z,) — 0.

The following are some examples of pairs of nonempty subsets (4, B) satis-
fying the the property UC"
Example 2.2 ([32]).

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

b Every pair (A4, B) of nonempty subsets of uniformly convex Banach space X
when A is convex.

¢ Every pair (A, B) of nonempty subsets of strictly convex Banach space when
A is convex and relatively compact and the closure of B is weakly compact.

Definition 2.3 ([32]). An ordered pair (A, B) is said to have the property
UC™ if (A, B) has property UC and the following holds:
For any sequences {z,} and {z,} in A and a sequence {y,} in B, we have

d(2n,Yn) — d(A’ B)
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For every € > 0 there exists ng € N such that d(zp,, yn) = d(A, B) +e¢ for all
m > n > ng implies that there exists n; € N such that d(z,, z,) = d(A, B) +¢
for all m > n > n;.

Definition 2.4 ([14]). Let A and B be nonempty subsets of a metric space
(X,d) and T : A — B a mapping. A point x € A is said to be a best proximity
point of T' if d(z, Tz) = d(A, B).

Eldred and Veeramani [14] extended Banach contraction principle to the case
of non-self mappings and proved the existence of a best proximity point.
Definition 2.5([14]) Let A and B be nonempty subsets of a metric space (X, d),
amap T : AUB — AUB such that T(A) C B and T'(B) C A is a cyclic contrac-
tionif d(T(z),T(y)) < k(d(z,y)) + (1 —k)d(A,B),k €[0,1).

Bhaskar and Lakshmikanthan [16] gave the following definition and proved an
interesting generalization of Banach contraction principle.

Definition 2.6 ([16]). Let A be a nonempty subsets of a metric space X and
F:AxA— A A point (z,2') € A x A is called a coupled fixed point of F' if
x = F(z,2') and 2’ = F(2/, x).

Sintunavarat and Kumam [32] introduced the coupled best proximity point as
follows:

Definition 2.7 (|32]). Let A and B be nonempty subset of a metric space X
and F: Ax A— B. A point (z,2') € A x A is called a coupled best proximity
point of F if d(x, F(xz,z")) = d(«', F(2',z)) = d(A, B).

To extend the coupled fixed point results to the case of nonself mappings, Sin-
tunavarat and Kumam [32] modified the concept of cyclic contraction maps as
follows :

Definition 2.8 ([32]). Let A and B be nonempty subset of a metric space X,
F:AxA— Band G: Bx B — A. An ordered pair (F,G) is said to be a
cyclic contraction if there exists « € [0, %) such that

d(F(z,2'),G(y,y")) < ald(z,y) +d(z",y")] + (1 — 2a)d(4, B)
holds for any (z,z') € A x A and (y,y’) € B x B.
Geraghty [15] extended the concept of contraction mappings by replacing the
contractive constant with a function and proved the following fixed point theo-
rem:

Theorem 2.9 ([15]). Let (X,d) be a complete metric space and T : X — X
a map. If for any z,y € X, we have

d(Tz, Ty) < a(d(z,y))d(z,y),

where « : [0,00) — [0,1) is any mapping which satisfies lim+ sup a(s) < 1 for
s—t
each t € (0,00). Then T has a fixed point.
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Recently, Amini-Harandi et al., ([4]) introduced the concept of a generalised
cyclic contraction for a pair of non self mappings as follows:
Definition 2.10 ([4]). Let A and B be nonempty subsets of a metric space
(X,d). A mapping T : AUB — AU B is a generalised cyclic contraction if
T(A) C B, T(B) C A and for any z € A and y € B, we have

where a : [d(4, B),00) — [0,1) is any mapping which satisfies

lim supa(s) <1
s—tt
for each ¢ € [d(A, B), ).
If in above definition, for each t € [d(A, B),00), we set a(t) = k, where
k €]0,1), then T is called a cyclic contraction.

Karapinar and Erhan [19] obtained best proximity point results employing
the concept of cyclic contraction analogues to Kannan [18|, Chatterjea [10] and
Reich [30] contraction mappings.

We extend the above definition in the following way:

Definition 2.11. Let A and B be nonempty subset of a metric space X,
F:AxA— Band G: Bx B — A. An ordered pair (F,G) is said to be a
cyclic generalised contraction map if for each (z,2') € Ax A and (y,3’) € Bx B,
we have

d(F(z,2"),G(y,y")) < o(d(z,y), d(2’,y"))[(d(z, y) + d(2’, y"))]
+(1 = 2¢(d(z,y),d(z",y"))d(A, B) (2.1)
where ¢ : [d(A, B),00) x [d(A, B),00) — [0, ) is any mapping which satisfies
lim  sup@(s,s’) < 3 for each (t,¢') € [d(4, B),00) x [d(A, B), o).
(s,8" )= (t,t")
If ¢(t, ') = k for each (t,t') € [d(A, B),00) x [d(A, B), 00) where k € [0, 1), then
(F,G) is a cyclic contraction.

Olaleru and Olisama [26] recently defined and proved results on coupled best
proximity points of Kannan type, Chatterjea type, Reich type and Hardy-Rogers
type as an extension of the results in [19].

Definition 2.12. Let A and B be nonempty subset of a metric space (X, d),
F:AxA— Band G: Bx B— A. An ordered pair (F,G) is said to be:

(K) Kannan type cyclic contraction if there exists o € [0, 1) such that

d(F(x,2), G(y,y")) < ald(z, F(z,2")) + d(y, G(y,y")] + (1 - 2a)d(A, B)

holds for all (z,z') € A x A and (y,y') € B x B.
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(C) Chatterjea type cyclic contraction if there exists a € [0, %) such that

d(F(z,2"),G(y,y") < ald(y, F(z,2")) + d(z,G(y,y)] + (1 — 2a)d(A, B)

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

(R) Reich type cyclic contraction if there exists o € [0, ) such that

d(F(z,2"),G(y,y") < ald(z,y) +d(x, F(z,2") +d(y, Gy, y'))]
+(1 - 3a)d(A, B)

holds for all (z,2') € A x A and (y,y’) € B X B.

(HR) Hardy- Rogers type cyclic contraction if there exists o € [0, §) and

d(F(x,2"),G(y,y) < ald(@,y)+d(=",y) +d(z, F(z,2")) + d(y, Gy, y"))

+d(z,G(y,y')) + d(y, F(z,2"))]

+(1 - 6a)d(A, B) (2.2)

holds for all (z,z') € A x A and (y,y') € B x B.
Suppose,

1

=)

Q = {w:[d(4,B),) x [d(4, B),c0) — [0, 5

1
li ' -
(5,5 (0,17 supw(s, &) < 6

for each (t,t') € [d(A,B),o) x [d(A, B),c0) }

To extend Definition 2.12(HR) and to unify the comparable results in
([4,11,19, 22, 31]), we introduce a generalised Hardy-Rogers cyclic (w)-
contraction as follows:

Definition 2.13. Let A and B be nonempty subsets of a metric space
X,F:AxA— Band G: Bx B — A. A pair (F,G) is said to be
a generalised Hardy- Rogers cyclic (w)-contraction if there exists w € Q
such that

d(F(z,2'),G(y,y) < wld(z,y),d(=’,y)d(x,y) +d(",y’) + d(z, F(z,2"))

+d(y, G(y,y")) + d(z, G(y,y")) + d(y, F(z,2"))]
+[1 = 6w(d(z,y),d(z",y"))]d(A, B)

holds for any (z,z') € A x A and (y,y') € BXx B



INTERNATIONAL JOURNAL OF MATHEMATICAL ANALYSIS AND
1ITMAO OPTIMIZATION: THEORY AND APPLICATIONS
VoL.1, pp. 33-54

If w(d,d") = a, then (F,G) is a Hardy-Rogers type cyclic contraction as
in Definition 2.12(HR).

The following example shows that the cyclic Hardy-Rogers type contrac-
tion map (HR) may have a best proximity point but the same is not true
for the generalised Hardy-Rogers type cyclic (w)-contraction map.

Example 2.14. Let X = [1,00) equipped with a usual metric, A = [0, 2]
and B = [1,—2]. Obviously, d(A4, B) = 1. Define mappings F: Ax A — B
and G: Bx B — Aby F(z,2') =y and G(y,y') = z, respectively. Let

w : [d(A, B),00) x [d(A, B),00) — [0, §) be defined by wt,t') = e I
we take d(z,y) = d(2/,y") and w(d(x,y), d(z',y’)) = = in (2.3), we obtain
that

dwy) < %[4d<x,y>1+$d(A,B>

- éd(A, B) < d(A,B),

a contradiction and hence (F,G) has no best proximity point.
Now a natural question arises that under what conditions on (F,G) or
w, the existence of best proximity point of a pair (F,G) is guaranteed.
Before we give answer to this question, we present the definition of a b-
metric space as follows.
Definition 2.15(]6]). Let X be a non empty set and s > 1 be a given
real number. A map d : X x X — R is said to be a b-metric if for any
x,y,z € X, the following conditions are satisfied:
(i) d(z,y) > 0 with = # y and d(z,y) = 0 if and only if x = y.
(i) d(z,y) = d(y, z).
(iil) d(z,y) < s[d(z,2) + d(z,y)]-

The pair (X, d) is called a b-metric space.

If we take s = 1, then we have a definition of a metric space.

The following example shows that a b-metric is a generalisation of a metric.
Example 2.16. Consider X = R2. Define a mapping d : R2 x R?> = R by
d(z,y) = | z1 —y1| 2 where z = (z1,21), y = (y1,¥1). Then (X,d) is a b-metric
space but not a metric space. Indeed, for z,y, z € R?. Set
a=z—2, b=z—ysox—y=a+b. Using the inequality
(u+v)? < (2max{u,v})? < 22(u? + v?),
we have,
lz—yl?=la+b]*<(lal +|0])?=4(lz—2*+][z—-y|?)
for any a,b > 0. That is,

d(x,y) < sld(z,z) + d(z,y)]
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with s > 1. On the other hand, by inequality, (u+v)? > u?+v? for all a,b > 0,
we get that

lz—y|? = |a+b?=(a+b)?>a®+0b
(=2 +(z-y)?=lo—z?+|z—yl?

for all x > z > y. Therefore (iii) in (2.4) is not satisfied when s = 1, and
hence (X, d) is not a metric space.

Now we state and prove the following lemma to justify the main result.
Lemma 2.17. Let A and B be nonempty subsets of a metric space (X, d) and
(F, G) generalised Hardy- Rogers cyclic (w)-contraction. If for (zg,y0) € A X A,
we define

{ Tont1 = F(Zan, Yon) and

Yan+1 = F(y2n7x2n)

Tont2 = G(Tant1,Y2n+1)
Yont2 = G(Y2n+1, Tant1)

where n € NU{0}, then d(z2p, 2n+1) = d(A, B) and d(y2n, Yon+1) — d(A, B).

Proof. For each n € N, we have

L

($2m$€2n+1)

(F(r2n,y2n), G(T2n—1,Y2n-1)

(d(w2n, Tan—1), d(Y2n, Yan—1))[d(T2n, T2n—1)

+d(Y2n, Yan—1)) + d(T2n, F (220, Y2n))

+d(r2n—1,G(T2n-1,Y2n-1)) + d(@2n, G(T2n-1,Y2n-1))

+d(z2n-1, F (220, y20))] + [1 — 6w(d(@2n, T20-1), d(Y2n, Y2n-1))]d(A, B).

d

IN
S

and

Yon, 22n), G(Y2n—1, 22n—1))

Yons Yan— 1) d(ZQn;Z2n—1))[d(92n792n—1)

+d(22n, 22n-1)) + d(Y2n, F (Y2n, 22n))

+d(Y2n-1,G(Y2n—1, 22n-1)) + d(Y2n, G(Y2n—1, 22n-1))

+d(y2n—1, F(y2n, 220))] + [1 — 6w(d(y2n; Y2n—1), d(220, 22n-1))]d(4, B).

d(ana y2n+l) = d(F
w(d

—~

IN

—~

If we put doy, = d(z2n, Tan+1) + d(Y2n, Yon+1), w(d(T2n, Tan—1), d(Yon, Yon-1)) =
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W(x2n, Y2rn) and w(zn, Yn) + W(Yn, 2n) = Mn, then taking the sum of above in-
equalities above, we obtain that

donn < (W(Z2nsYon) + W(Y2n, 22n)) [d2n—1 + don—1 + don + don—1
+[2 - 6(w(m2n7 an) + w(yZ’m Z2n))]d(A7 B)
= 3772nd2n—1 + 772nd2n + 2(1 - 3772n>d(A7 B)

and

don—1 < (W(Zon, Y2n) + wW(Y2n, 22n)) [don—2 + don—2 + dan—1 + dan—2]
+[2 - 6(W(1‘2n7 y2n) + W(y2n7 Z2n))]d(Aa B)
= 3nendan—2 + M2ndan—1 + 2(1 — 3n2,)d(A4, B)

3
= ndon— 1 —3n9,)d(A, B).
1777271772 2 2+17772n( M2n ) d( )
Now
d2n é 3772n( 1 nan2n72 + (]— - 3772n)d(A7 B)) + n2nd2’ﬂ
— M2n 1- 2n
+2(1 - 3772n)d(Aa B)
3 2
< n(————=n2,don— —— (1 - n)d(A, B
>~ 3772 ((1 — 772n)2 12 2 2 + (1 — ,'72”)2( 3772 ) ( ))
1-3 d(A, B
(1= 3m)d(4. B)
< 3menmendan—2 + 2(1 — 312, )d(A, B) + 6(1 — 312, )d(A, B)]
< 302, dan_o + 6(1 — 3n9,)(1 4 312,,)d(A, B)
< ngnd2n—2 + 2(1 - ngn)d(Av B)
That is,

don < M3 dan—2 +2(1 — 13,)d(A, B).
As {n,} is a sequence in [0, 1),
Lo Lo
dop < (g) dan—2 +2(1 — (g) )d(A, B).
Continuing this way, we have

dan < (3)"do + 21-(5)")d(A, B).

Note that, d(A, B) < d(x2n,2nt+1) and d(A, B) < d(y2n,Yn+1) Vn. Indeed,
Ton, Yon € A and Taony1,Y2nt+1 € B. Thus, we have 2d(A, B) < da,, and hence

(%)”do + 2(1—(%)n)d(A,B) > do > 2d(A, B).
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On taking limit as n — oo, we obtain that lim ds, = 2d(A, B), that is,
n—oo
lim [d(22n, T2nt1) + d(Y2n, Y2nt1)] = 2d(A, B).

n—oo

Since, d(A, B) < d(zan, Tan+1) and d(4, B) < d(Y2n, Y2n+1)) and hence

d(xon, Tant1) = d(A, B) and d(yon, yant+1) — d(A, B).

3 Coupled Best Proximity Point Results

We start with the following result.

Theorem 3.1. Let A and B be nonempty closed subsets of a complete b-metric
space X, (F, G) a generalized Hardy-Rogers type cyclic w-contraction pair. Sup-
pose that (A, B) and (B, A) satisfy the property UC. If for (zg,x[) € A X A,
we define

Ton+1 = F(xZnaxén) ) x/2n+1 = F(.’l?lzn,.an),

/ / /
Tont2 = G(T2n41,25,41) and @9, 9 = G(25, 11, T2nt1)

for all n € N U {0}. Then zo, — z, b, — @', 22p—1 — y and =}, ; — ¢/
as n — oo. Moreover, (z,2') € A x A and (y,y’) € B x B are coupled best
proximity points of F' and G, respectively.

Proof. If d(A, B) = 0, then we obtain the coupled fixed points of F' and
G in the same way as in [2] and the result follows. Assume that d(4, B) > 0.
Now by (2.3), we have

d(T2n41,72,) = d(F(z2n, J’JZTL)’ G(72n-1, xén—l))

w(d(2n, T2n-1), A(Thy, Top—1))[d(T20, T20—1)

+d(x/2m xl2n71) + d(x2n» F(‘rQTH x;n))

+d(x2n-1, G(T20-1, T, _1))

+d(@20, G(T2n-1,9y—1)) + d(T2n—1, F (220, 75,))]

+[1 — 6w(d(wan, T2n—1), (x5, 5, 1))]d(A,B)  (3.1)

IN

for each n € N. Since (A, B) has property UC, d(Z2n, T2n4+2) — 0 and d(xh,,, 25,,5) —
0. Also, (B, A) satisfies property UC, d(x2n—1, Z2n41) — 0 and d(x5,, _1, x5, 1) —
0. Note that

1
W(d(m2n7x2n*1)vd(ménvxénfl)) < 67 d(w2n7x2n71) > d(AvB)a

10
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and
w(d(zan, Tan—1), d(xh,, T, 1))[d(T2n, Tan—1) + d(@y,, T, ;)
+d(x2n7 F(Iva xén)) + d(fEQn—la G(xQn—lv :El2n—1)) =+ d(x2na G(IQH—lv xén—l))
+d(xon—1, F(x2n,25,))] + [1 — 6w(d(x2n, Ton—1), d(2h,, x5, _1))]d(A, B)
1
< =[2d(z2n, 220-1) + d(@o, Thy_1) + A(T20, T2n11)]- (3:2)

6

From (3.1) and (3.2), we have
1
d(Tant1,Ton) < E[Zd(@m Ton—1) + d(T,, 2o, _1) + d(T2n, Tont1)]-
Thus,

1
d(T2n41,T20) < g[Qd(l@mxzn—l)+d(93/zm1?'2n_1)]

< d($2nax2n—1) +d(x/2nax/2n—1) (33)

for each n € N. We conclude that

d(Tpg1,2n) < d(xnfhmn) + d(x%fl,x;)

for each n € N. Thus {d(zp+1,%,)} Is a non increasing sequence of posi-
tive real numbers. Consequently, there exist some real number ¢y, > d(A, B)
such that {d(x,y1,2,)} converges to tg. Now we claim that ¢ = d(A, B).
On the contrary that to > d(A, B). Since limsup( ¢y 4.0 w(s,5") < % and
w(to, ty) < &, there exists ¢ € (0,) and € > 0 such that w(s,s’) < t for all
(s,8") € [to,to+€] X [th,th+€]. If Ng € N is such that tg < d(zn, xny1) <to+e
for all n > Ny. Then, we have w(d(xy,, Tni1), d(2),, 2, 1)) <t forn > Ny. From
(3.1), we get that

d(xant1, Ton)

w(d(T2n, Tan—1), d(Thy,, Ty, —1))[2d(T2n, T2n—1) + A(Thyy, Ty 1)

+d(wopn, Tany1)] + d(A, B) — 6w(d(z2n, Tan—1), (T, Th,_1))d(A, B)
t2d(zon, Tan—1) + d(xhy, Ty 1) + d(Tan, T2n+1) — 6d(A, B)] + d(A, B).

IN

IA

Thus,

t 1—6t
s ) + e )]+ (4, )

t
gd(xgmxgn,l) +d(xh,, x5, 1)+ (1 —t)d(A, B)

IN

d(Ton+1, Tan)

IN

11
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for each n > Ny. Thus

d(Tp,Tn—1) +d(z), 2, 1)+ (1 —t)d(A, B), n>2N,. (3.4)

d($n7 xn—&-l) §

N |+

On taking limit as n — oo on both sides of (3.4), we have
to = le d(Tp, Tnt1) < d(A, B),
a contradiction. Then it follows that

lim d(zp,zn+1) = d(A, B).

n— oo

That is, lim d(zn, F(xn,2))) = d(A, B). Similarly, lim d(yn, G(yn,y),)) =
n— oo n—oo

n

d(A, B). We now show that for every € > 0, there exists N such that
d(T2m, Tont1) < €+ d(A,B) for allm >n > N. (3.5)

Assume on contrary that there exists e; > 0 such that for all kK € N, there exists
my > nyg > k such that

d(zamk, Tonk+1) > €1 + d(A, B) (3.6)

and
d(Z2(mk—1)> Tankt+1) < €1+ d(A, B). (3.7)

Tt follows from (3.6) and (3.7) that
d(A,B) + e d(T2mk; T2nk+1)

sld(z2mk; Ta(mr—1)) + A(T2(mr—1)> T2nk+1)]
sld(w2mp, To(mr—1)) + d(A, B) + e1].

A AN

On taking limit as k& — oo, we have

lim d(zomk, Tonk+1) = s(er + d(A, B)),s > 1. (3.8)

k—o0
Let ro = d(A, B) + 1. As Bmsup(, gy, (ry,r) w(8, 8') < & and w(ro,r}) < 3,
there exists ¢’ € (0, %) and € > 0 such that w(s,s’) <t/
for all (s,s") € [ro,r0 + €] x [ry, 7, + €]. Taking Ny € N such that ro <
d(Tomk, Tonk+1) < 1o + € for all &k > K. Thus

W(d(@2mh, Tank+1)s A(Tpnp, Toppy1)) <t

12
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for k > K. From (3.1) we get that

A(@2mr+1, Tankt2) < E(d(@2mps Tankt1) + A(@hp Toppy1) + (1 —t)d(A, (B), )
3.9

k> K.
By (3.3) and (3.9), we have

d(T2mk, Tank+1) < S[A(Tomk, Tamit2) + A(T2mir2, T2nk+3) + A(Tonk+3: Tonk41)]
< sld(z2mis Tami+2) + A(@T2mi+1, Tonk+2) + A(T2nk+3, T2nk+1)]

< s[d(xomk, Tomk+2) + A(Zonk+3, Tankt1) + ' (d(T2mk, Tonk+1)

(s Tonp 1) + (L= t1)d(A, B)], (3.10)
for all k > Kj. It follows from (3.8) and (3.10) that
s(d(A,B)+€) < s*t'(d(A, B)+€1)+sd(A, B) — s*t'd(A, B) = s(d(A, B)+t'e1),

a contradiction. So (3.5) holds.

Now we show that {zon }, {25, }, {Z2n+1} and {25, } are Cauchy sequences.
To prove {za,} is a Cauchy sequence; Assume on contrary that there exists
€2 > 0, such that for each k > 1, there exists ji > [ > k such that

d(w2)k, T21k) > €. (3.11)
Using Lemma (2.17) and (3.9), we have

d(172mk7 xan—i—l) < S[d(fEkaa xan) + d(x2nk7 x2nk+1)] and
s(d(A,B)+¢€) < sd(A,B),

a contradiction. Hence {x2,} is a Cauchy sequence. Similarly, {z4, }, {z2n+1}
and {5, ,,} are Cauchy sequences.

Since (X, d) is a complete b-metric space, there exists € X such that zq,, — x.
Similarly, there exists @’ € X such that z}, — 2/ and y,3’ € X such that
Tony1 — y and x5, 1 — y' respectively.

Now we show that the coupled best proximity point (z,z’) € A x A is unique.
If there is another fixed point a € A, then G(a,a’) = a such that z # a.

d(z,a) = d(F(z,2"),G(a,ad))
< w(d(x,a),d(z’,a"))[d(z,a) + d(z',a)
+d(z, F(z,2")) + d(a, G(a,a’))
+d(z,G(a,a")) + d(a, F(z,2'))
+[1 — 6w(d(x,a),d(z',a"))]d(A, B)
< w(d(z,a),d(x',a"))[d(z,a) + d(z’,a") + d(z,a) + d(a, )
+[1 — 6w(d(z,a),d(z',a"))]d(A, B).

13
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Since w(d(z,a),d(z’,a’)) <t < %, take = 2’ and a = @’ to obtain that

d(z,a) < t(4d(x,a))+ (1 —6t)d(A, B) and
d(z,0) < %d(A,B) < d(A, B).

Hence, x = a. Similarly, 2’ = o’ and (x,2’) € A x A is a unique coupled best
proximity point of F. Similarly, (y,y’) € B x B is a unique coupled best prox-
imity point of G.

The following example shows that in the statement of Theorem 3.1, the condi-
tion lim sup (s, o) (10w (s, 8") < % is necessary.

Example 3.2. Let F : AXA —- Band G : B x B — A be defined
by F(x,2') = ?’””T“‘J and G(y,y') = 3y§y' for each = € (0,00), where w :

[d(A, B),0) x [d(A, B),00) — [0, %) satisfies lim( s)up(tt)w(s,s’) < & for
s,8")—=(t,t/
each (t,t') € [d(A, B),00) x [d(A, B), ). Note that

3x+2  (By+y
AF(@,2),Glyy) = | 2T By,
- |

r+rtr+a’ —y—y—y-—vy
8

]‘ ! /
gle—yl Hle—yl +lo—yl +]a"—y].

IN

Taking z = G(y,y’) and y = F(z,z'), we have

3x+z' (By+y)
d(F(SC,I,),G(y,y/)) = | ] - ] |
t+rtat+ar’ —y—y—y—y

8 |
1 ! / /
glx—y\ +lo—yl +]2 =y |+ |z - F(x,2)|
+y =Gy, )| +12—-Gy,y)l

Hly = Fla ) + (1 - S(9)d(4,B)

IN

Ifl <w(d(z,y),d,y)) < %, then
d(F(z,2"),G(y,y) < w(d(z,y),d@"y)[l v -yl +[2" =

+ = F(z,2")] +]y—Gy,y)| +1z-Gy,y)
+ oy — F(z,2")| |+ [1 - 6w(d(z,y),d(z’,y"))]d(A, B)

shows that (F,G) is a generalised Hardy-Rogers type cyclic w-contraction. If

14
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the condition lim  sup  w(s,s’) < % is missing, then
(s,8") = (t,t")

1
d(F(z,2"),Gy.y)) < gllz—yl +12" =y +]z—F(z,2)|

+y—-Gwy) +|z—-Gy,y)
+ly — F(z,2")] ]

shows that (F,G) is not a generalised Hardy-Rogers type cyclic
w-contraction. Also, (F,G) has no coupled best proximity point.

We now give the definition of cyclic Ciric type quasi contraction mapping.
Definition 3.3. Let A and B be nonempty subset of a metric space (X, d),
F:AxA — Band G: Bx B — A. An ordered pair (F,G) is said to
be a cyclic Ciric type quasi contraction pair if there exists a mapping w :
[d(A, B),00) x [d(A, B),00) — [0,1) with lim(, g)_,¢)supw(s,s’) < 1 such
that

d(F(.’L‘,J?/),G(y,y/))
< w(d(z,y),d@’,y)(M(z,y)) + (1 — w(d(z,y),d(z",y)))d(4, B)

holds for all (z,2") € A x A and (y,y’) € B x B, where

M(z,y) = max{d(z,y),d(',y"),d(z, F(z,2")),d(y,G(y,y")),
d(yv F(.%‘, x/))7 d(.%‘, G(y7 y/))}

Theorem 3.4. Let A and B be nonempty closed subsets of a complete
b—metric space X, (F,G) a generalized Ciric quasi cyclic w-contraction pair.
Suppose that (A, B) and (B, A) satisfy the property UC'. If for (zg,x() € AX A,
we define

Ton+1 = F(x2na$/2n) ) xl2n+1 = F(l‘én,l‘gn),

/ / /
Tontz = G(2n41,25,41) and @9, 9 = G(h, 11, T2nt1)

for all n € N U{0}. Then x5, — =, 5, — a',29,—1 — y and x5, 1 — ¥/
as n — oo. Moreover, (z,2') € A x A and (y,y’) € B x B are coupled best
proximity points of F' and G, respectively.

Proof. If d(A, B) =0, then we obtain the coupled fixed points of F and G in
the same way as in [21]. Assume that d(4, B) > 0. Now

d(x2n+1, 1'2%) = d(F(xQH’ 1'/2n)7 G(IQn—h :E/Zn—l))

< w(d(xQW«’anfl)’d(x/er$/2n—1))[d(x2nvx2n*1)v d(wénvxén—l)v

d(.f(:gn, F(.%‘gn, $I2n)), d(x2n*17 G(‘(EQH*D CC/2nfl))7

15
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d(‘r?nﬂ G(xanlv xénfl)% d(érQ"*l? F(xQna xén))}

+(1 = w(d(22n, 22n-1), (25, 75, 1)))d(A, B)) (3.12)

for each n € N. Since (A4, B) has a property UC, d(zay, Tont2) — 0 and
d(xh,,, 5, 4) — 0. Also, (B, A) has a property UC, we have d(z2n—1,T2n+1) —
0 and d(z%,_1,25,,1) — 0. Using w(d(x2,, xan—1),d(2h,, 15, 1)) < 1, and
d(x2n, Tan—1) > d(A, B), we have

w(d(@2n, Tan-1), d(Tyy,, 5, 1)) max[d(zan, Ton—1), d(@hy,, Top 1),

d(w2n, F(22n, 75,)), d(v2n—1, G(T2n—1, 73, 1)), d(T2n, G(T2n—1, T, 1)),
(‘r2n 1, (xanan))] + (]‘ - w(d(x%“w x2n71)a d(‘rl2na {E/anl)))d(A, B)

< ax[d(@on, Ton—1), d(hy,, 5, 1) < d(T2n, Ton—1) (3.13)

@\»—l

for each n € N. From (3.12) and (3.13), we have

d(zan41,T2n) < d(T2n, Tan—1)

for each n € N. Also, we conclude that d(z,+1,2,) < d(xn—1,2,) for each
n € N. Thus {d(z,+1,%y)} is a non increasing sequence of positive real num-
bers. Consequently, there exist some real number ¢ty > d(A4, B) such that
{d(zp41,2n)} converges to top . On the contrary that ¢, > d(A,B). Since
Hmsup s o) (¢,44) W(s, 8') < L and w(to, ty) < 1, there exists ¢ € (0,1) and e >0
such that w(s, s’) < tforall (s,s’) € [to, to+€] X [tg, t,+€']. If Ny € N is such that
to < d(xp, Tpy1) < to + € for all n > No. Then w(d(zp, ni1), d(z),,27,,1)) <t
for n > Ny. Thus

d(ont1,2n) < w(d(T2n, Ton—1), d(Th,,, 25, 1)) max[d(zon, Tan—1), d(Ty,, 5, 1))
+( ( (m2n7x2n71)7d(xénaxénfl))d(AaB)
[d(on, xon—1) — d(A, B)] + d(A, B)

IN

On taking limit as n — oo on both sides of above inequality, we have t, =
lim d(z,,z,41) < d(A, B), a contradiction. Then it follows that
n—oo

lim d(zp,z,+1) = d(A, B).

n— oo

That is, lim d(zy, F(zn,2})) = d(A, B). Similarly, lim d(yn, G(yn,y,,))
n— oo n—oo

n
d(A, B). Following arguments similar to those in the proof of Theorem (3.1), we
obtain that {zay}, {25, }, {®2n+1} and {zh,,,} are Cauchy sequences.
Since (X, d) is a complete b-metric space, there exists € X such that zq,, — x.
Similarly, there exists 2’ € X such that z}, — 2’ and y,3’ € X such that
Tony1 — ¥y and x5, 1 — y' respectively.
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Now we show that the coupled best proximity point (z,2’) € A X A is unique.
If there is another fixed point a € A, then G(a,a’) = a such that x # a. Now
d(z,a) = d(F(z, ) G(a,d))
< w(d(z,a),d(z',a"))) max[d(x,a),d(z’,a’),d(z, F(z,2")),d(a,G(a,a’)),
d(x, ( a’)) +d(a, F(z,2")) + [1 - 6w(d(z,a), d(2', a"))]d(A, B)
w(d(z,a),d(’,a)))[d(z,a) + d(z',d') + [1 = 6w(d(z, a),d(2’,a))|d(A, B).

Since w(d(z,a),d(z’,a’)) <t < %, take = 2’ and a = @’ to obtain that

IN

\_/,.\

d(z,a) < t(d(x a))+ (1 —6t)d(A, B) and

1 _Gt d(A, B) < d(A, B).

Hence, 2 = a and 2’ = o/. Therefore (z,2') € A x A is a unique coupled best
proximity point of F'. Similarly, (y,3’) € B x B is a unique coupled best prox-
imity point of G.

Corollary 3.5([32]). Let A and B be nonempty closed subsets of a com-
plete metric space (X,d). If mappings F : AX A — B,and G: Bx B — A
satisfy

e

d(F(z,2'),G(y,y)) < 5ld(w,y) +d(2’,y")] + (1 - k)d(A, B)

for all (z,2') € AxAand (y,y') € BxB. Then (p,q) € AxAand (p',q') € BxB
are unique coupled best proximity points of F' and G, respectively.
Proof. Take, F = G, w(d(z,y),d(z,y’)) = k where

d(z, F(z,2")) = d(y,G(y,y")) and F(z,2") = G(y,¥').

Since b-metric space is the generalisation of a metric space. The result follows
from Theorem 3.1.

Corollary 3.6(]29]). Let A and B be nonempty closed subsets of a complete
metric space (X,d), and T : AUB — AU B. If T is any one of the following
types:

(1) Kannan type cyclic contraction

(2) Chatterjea type cyclic contraction

(3) Reich type cyclic contraction and

(4) Ciric type cyclic contraction, then T has a unique best proximity point.

Corollary 3.7. Let (X,d) be a complete metric space and T : X — X. If
for any z,y € X, we have

d(Tz, Ty) < a(d(z,y))d(z,y)
where « : [0,00) — [0,1) satisfies limsup,_,,+ a(s) < 1 for each ¢ € (0, 00).
Then T has a fixed point.
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Corollary 3.8([4]). Let A and B be nonempty closed subsets of a complete
metric space (X,d), and T : AUB — AU B a generalised contraction map, that
is, for any z,y € X, we have

d(Tz, Ty) < a(d(z,y))d(z,y) + (1 — a)d(A, B).

Then T has a best proximity point.
Proof. The proof follows from Theorem 3.1 if we take

d(}é’,y’) =d(x, F(z,2")) = d(y,G(y,y")) = d(z,G(y,y")) = d(y, F'(x, "))

Corollary 3.9([34]). Let (X,d) be a complete metric space and T:X— X. If
for any z,y € X, with x # y, we have

(T, Ty) < max[d(z, y), d(z, T (x)) ;d(%T(y)), d(ﬂ??T(y),Qd(y,T(x))].

Then T has a unique fixed point.

4  Application
We give the following application of the main result:

Let A, B be nonempty subsets of X, X = Ly ([0,1]), a space of integrable
functions, where

IfIF = [/ f2(t)dt)?, and d(f,g) = |If - g]
for f,g € X. Let

A={feX :—2<f(t)< -1}, and B={ge X :2<g(t) <3}

Clearly, d(A, B) = infreagenlfy (f — ¢)2(t)dt]? = 3. Let /3 < s < 12\/3 + 1
and w(t,t') = 52 where (,t') € (d(A, B),00) x ( (A, B),0). Define F :
AxA— Band G: Bx B — Aby

F(f,u) = 18[ 2sf(t) + f(t) — su(t)] + 1 and (4.1)
Glow) = 5l-g(t) = su(t) = sGlo,0) + Glg0)] =1 (42)

18
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Note that

(0, 6la0)) = P = Gl
= g5 [-287(0) + £(0) — su(®)] — g5 l-s9(0) — s0(0)
—80(97 )+ G(g,v)] + 2]
= gl f(8) = sg(t) + su(t) — su(t)
Fsf(t) — 5Glg,v) + F(t) — Glg,0)] + 2

< 2 ltlslf = gl + slhu — ol + sl — G, )l + sllF — F(, )
+s|F(f,u) — g|| + sllg — G(g,v)||] +2
< gl =gl + = vl + 1f = Gla. o) + I = F(Fw)]

+HIE(f,u) = gl + llg — G(g, v)|I] + 2.

Thus,
A(F(f,u).Clg.0) < 5ld(f,9) +d(uv) +d(.Clg.v))
d(f, F(f,u) + d(F(f,u), ) + d(g, Glg, o))l / (t2dt)¥] +

Also, w(d(f,g),d(u,v) = 15, where ||t| = \/3 and s = /3, we have

d(F(f, ), G(g,u)) w(d(f, g), d(u,v))[d(f, 9) + d(u,v) + d(f, G(g,v)) + d(f, F(f, u)
+d(F(fau)7 )+d(gaG( 9, ))]+(1_6w( (f7 )7d(u7v)))d(A7B)

IN

Hence, (F,G) is a Hardy-Rogers type cyclic w-contraction.

d
Now, we show that an initial value problem: ditJ = L[-2sy+y—s2)]+1,y(0) =0

has a unique solution valid for all z € [0, 1]. That is, there is one and only func-
tion f : [0,1] — R with the property that f/(t) = {&[—2sf(t) + f(t) — su(t))] +1
for all ¢ € [0,1] and f(0) = 0. Define F : L, x L, — R by F(f,u) = 2, for
s =643+ %, f=-1land u = —11in (4.1). Clearly, F has a unique coupled best
proximity point (—1,—1). So d(f, F(f,u)) = d(u, F(u, f)) = d(A, B) solve the
initial value problem under consideration if and only if (—1, —1) is the coupled
best proximity pair of F. Similarly, (—1, —1) is the coupled best proximity pair
of G. Since, (F,G) is a Hardy-Rogers cyclic w-contraction, (F, G) has only one
coupled best proximity point which is (—1, —1).
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Open Question.

Some authors have shown that results on coupled fixed point results can be
retrieved from known results on fixed point and vice-versa (see[31]). Can we
deduce results on coupled best proximity point from known results on best prox-
imity points and vice-versa?
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