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ABSTRACT. In this paper we define a multivalued Kannan type coupling between two subsets of a metric
space and use it to obtain the distance between the two subsets through the determination of two pairs of
points simultaneously. The problem is a multivalued coupled proximity point problem which falls under the
general category of global optimization and is approached from the standpoint of fixed point theory. We
use UC-property which is a geometric property that holds automatically for appropriate pairs of subsets of
uniformly convex Banach spaces and is adapted to metric spaces by certain postulations. The main results
are illustrated with examples. Corresponding results are obtained in Banach spaces. The work is in the

domain of setvalued analysis.

1. INTRODUCTION

The purpose of the present work is to find algorithmically the distance between two sets through the
determination of two pairs of points simultaneously for which we use a multivalued coupling between the
two sets. We define the coupling here. We assume that the multivalued coupling satisfies a Kannan-type
inequality in which dé-distance is used. It is a new approach to the global optimization problem known
as best proximity point problem which seeks to determine the distance between two sets with the help of
mappings defined between them. The problem is treated as that of finding an optimal approximate solution
of a fixed point equation. It was introduced in the work of Eldered [15] and has been considered by several
researchers subsequently. Singlevalued mappings were originally used in these problems. Later multivalued
functions were also utilized. Some instances of works on best proximity point problems using single valued
mappings are [1,6-8,11,13, 20, 25, 26] while use of multivalued functions in these problems appear in works
like [2,12,18,24]. Here we have a different approach to the problem mentioned above in which we use a
coupled mapping between two sets. Essentially we find an optimal approximate solution to coupled fixed
point equations which allows us to determine simultaneously the required distance through two different
pairs of points. Moreover we use multivalued coupling. The coupling is assumed to satisfy an inequality
which is of Kannan type. Kannan type inequalities are different from Banach’s contraction inequality and
has very different properties including the possibility that the mappings satisfying these inequalities may be
discontinuous. These inequalities first appeared in the work of Kannan [21,22] and has been discussed in a

large number of subsequent works [10,14, 16, 19, 23].

2. MATHEMATICAL PRELIMINARIES

Throughout this paper (X, d) stands for a general metric space. Let A and B be two subsets of X. A
pair of points (a,b) with a € A and b € B is said to be a best proximity pair if d(a, b) = d(A, B) where
d(A, B) =inf{d(z, y) : x € A and y € B}. If T: A — B is a non-self mapping for which there exists

z € A such that d(z, Tz) = d(A, B), that is, where (z, Tz) is a best proximity pair, we say that z is a
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best proximity point of 7" and the problem of finding such a point is known as the best proximity point
problem. It is a global optimization problem in that it seeks to find a point z € A which minimizes the value
of d(z, Tz) over z € A subject to the condition that the minimum is d(A, B). On the other hand it is an
extension of the fixed point problem and reduces to that problem in the special case where AN B # ¢.

The following are the concepts from setvalued analysis which we shall use in this paper. Let (X, d) be
a metric space. Let N(X) := the collection of all non-empty subsets of X; B(X) := the collection of all
non-empty bounded subsets of X and C'B(X) := the collection of all non-empty closed and bounded subsets
of X. Now for A, B € B(X), the functions D and ¢ are defined as follows.

D(A, B) = inf {d(a, B:iacd be B} and 6(A, B) = sup {d(a, b):acA be B}.

D(A, B) is sometimes denoted as d(A, B) or dist(A, B). If A = {a}, then we write D(A, B) = D(a, B)
and §(A, B) = d(a, B). Also in addition, if B = {b}, then D(A, B) = d(a, b) and §(4, B) = d(a, b). For
A, B, C € B(X), the definition of §(A, B) yields the following:

0(A, B)=46(B, A); §(A, B)<di(A, C)+4(C, B);

0(A, B)=0iff A=B ={a}; 6(A, A) = diam A [17].

The §-distance has all the properties of a metric except one. It has been used in works like [4,5,9]. We
use this concept in our theorem.

Let A and B be two non-empty subsets of a metric space (X, d) and T : A — CB(B) a multivalued
mapping. A point z* € A is called a best proximity point of T if D(z*, Tz*) = d(A, B) [2]. This is a
natural generalization of its singlevalued counterpart described in the above. A fixed point z of a multivalued
mapping T is given by the following inclusion relation x € Tx. Now there need not be a fixed point of the
multivalued mapping in general. Here the task in the best proximity point problem is to find a global minima
of the function @ — D(z, Tx) by constraining an approximate solution of the inclusion relation z € Tx to
satisfy D(z, Tx) = d(A, B).

Here we take another approach to the above problem. For that purpose we define singlevalued and

multivalued coupling functions.

Definition 2.1. Let A and B be two non-empty subsets of a metric space (X, d). A mapping F': X x X —
X is said to be a coupling with respect to A and B if F(z, y) € B for (z, y) € A x B and F(z, y) € A for
(xz, y) € B x A.

Definition 2.2. Let A and B be two non-empty subsets of a metric space (X, d). A multivalued mapping
F: X xX — N(X) is said to be a multivalued coupling with respect to A and B if F(x, y) C B for
(z, y) € Ax B and F(z, y) C A for (z, y) € B x A.
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Definition 2.3 (Property UC [26]). Let A and B be two non-empty subsets of a metric space (X, d). Then
the pair (A, B) is said to satisfy the property UC if for sequences {z,} and {z,} in A and {y,} in B,

lim d(zn, y,) =d(A, B) and lim d(a, y,) =d(A, B)= lim d(z,, z})=0.
n—oo

n—-oQ n—00

Lemma 2.1 ( [26]). Let A and B be two non-empty subsets of a metric space (X, d). Assume that the pair
(A, B) has the property UC. Let {x,} and {yn} be sequences in A and B respectively such that either of the
following holds:

lim sup d(zm,, yn) =d(A, B) or lim sup d(z.,, y,) = d(A, B).

Then {xy} is a Cauchy sequence.

Our purpose here is to realize the minimum distance between two sets A and B through a coupled best

proximity point for singlevalued and multivalued coupling which we define below.

Definition 2.4. Let A and B be two non-empty subsets of a metric space (X, d) and F: X x X — X be
a coupling with respect to A and B. An element (z, y) € A x B is called a coupled best proximity point of
Fifd(xz, F(z, y)) =d(A, B) and d(y, F(y, z)) =d(4, B).

Definition 2.5. Let A and B be two non-empty subsets of a metric space (X, d) and F': X x X — N(X)
be a multivalued coupling with respect to A and B. An element (z, y) € A x B is called a coupled best
proximity point of F if D(z, F(z, y)) = d(4, B) and D(y, F(y, z)) = d(A, B).

It is noted that proximity points for coupled mapping have been defined in [20]. Our definition is for
both singlevalued and multivalued couplings which is different from the above mentioned concept. Also the
present work is in a different course from that of [20].

Here the problem of finding coupled best proximity points for multivalued couplings is viewed as that of
finding simultaneous optimal approximate solutions of the coupled fixed point inclusions « € F(x, y) and
y € F(y, x) for a multivalued coupling F' in the set A x B such that the solution satisfies D(z, F(z, y)) =
D(y, F(y, x)) = d(A, B). In general, the exact solutions may not exist. This is surely the case where
d(A, B) # 0 which is of interest here. From another viewpoint, it is the problem of simultaneous minimization
of D(z, F(x, y)) and D(y, F(y, x)) forx € A, y € B such that the minimum values at the point of optimality
are the global minimum d(A, B). It is to be noted that the pairs (z, F(z, y)) and (y, F(y, x)) are in general
different. Thus the distance between the two sets is obtained through two different pairs of points, that is, in
the process we obtain two best proximity pairs. Also the coupled best proximity point may not be unique.

We discuss an application of our main result in uniformly convex Banach spaces.
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Definition 2.6 ( [3]). A Banach space X is said to be uniformly convex if for every e satisfying 0 < € < 2
there corresponds a d(e) > 0 such that the conditions hold for all z, y € X,
z+y
lell =1lyll =1 and [lz —yl| 2 e = [[=5=[] < 1 = 5(e).

We use the following results in our application.

Lemma 2.2 ( [15]). Let A be a non-empty closed and convex subset and B be a non-empty closed subset
of a uniformly convex Banach space. Let {x,} and {z,} be sequences in A and {y,} be a sequence in B
such that (i) ||zn — yn|l — d(A, B) as n — oo and (ii) for every € > 0 there exists Ny such that for all
m >n > No, ||xm —yn|| < d(A, B)+e. Then for every e > 0 there exists Ny such that for all m >n > Ny,

[z — zall < €.

Lemma 2.3 ( [15]). Let A be a non-empty closed and conver subset and B be a non-empty closed subset of a
uniformly convex Banach space. Let {x,} and {z,} be sequences in A and {y,} be a sequence in B such that
(i) ||xn — ynl| — d(A, B) as n — oo and (ii) ||zn — yn|| — d(A4, B) as n — co. Then ||z, — z,|| — 0

as n —r Q.

Here in our theorem we have established the existence of a coupled proximity points of a multivalued
coupling in a metric space (X, d) which satisfies certain coupled inequality. The theorems are illustrated

with examples.

3. MAIN RESULTS

Theorem 3.1. Let A and B be two non-empty closed subsets of a complete metric space (X, d) and
F: X x X — B(X) be a coupling with respect to A and B. Suppose there exists k € [0, %) such that for

x, v € A andy, u € B, the following inequality holds
5(F(z, y), Flu, v)) <k[D(w, F(z, y))+ D(u, F(u, v))] +(1-2k) d(A, B) (3.1)

Then there exist two sequences {x,} and {y,} in A and B respectively such that lm d(x,, yn+1) =
n—>o0

d(A, B) and h_I)n d(Yn, Tn+1) =d(A, B). Further, if {x,,} and {yn} are Cauchy sequences, then F has

a coupled best proximity point.

Proof. Starting with o € A and yo € B, we construct two sequences {x, } and {y,} respectively in A and

B as follows

Tni1 € F(yn> xn) and Ynt1 € F(‘rvw yn) for all n > 0. (32)
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By (3.1) and (3.2), we have

d(w1, y2) < O6(F(yo, wo), F(z1, y1)) = (F (w1, y1), F(vo, Zo))
< k[D(1, Fler, 91) + Do, Flyo, 20))] + (1 —2k) d(4, B)

< k@, g2) + d(yo, w1)] + (1= 2k) d(A, B),

which implies that

k 1—-2k
d(z1, y2) < 7 dlyo, 1) +

A, B).
7 T U4 B)

k
Put t = % Then 0 <t < 1 and the above inequality becomes

d(x1, y2) <t d(yo, x1) + (1 —1) d(A, B). (3.3)
Again, using (3.1) and (3.2), we have

d(y1, z2) < O(F(xo, yo), F(y1, 1))
< k|:D($0u F(zo, yo)) + D(y1, F(y1, 21))| + (1 —2k) d(A, B)

< k{d(xo, y1) +d(y1, xz)} + (1 —2k) d(A, B),

which implies that

— 2k

d(y1, x2) < 157 d(xo, y1) + 11 s d(A, B)
— t d(xo, 1)+ (1— 1) d(A, B). (3.4)

Using (3.1) and (3.2), we have

d(w2, y3) < O6(F(y1, z1), F(z2, y2)) = 6(F (22, y2), F(y1, 1))

IA

k[D(:EQ, F(zo, y2)) + D(y1, Flyi, z1))] + (1 — 2k) d(A, B)

AN

k{d(i’?% ys) +d(y1, 552)} + (1 —2k) d(A, B),

that is,

d(za, y3) < & d(y1, x2) + (1 - %) d(A, B)
— td(y, @2)+ (1) d(A, B)
< t[t d(zo, 1) + (1 — 1) d(A, B)] +(1—1t) d(A, B) [by (3.4)}

= t* d(zo, y1) + (1 —t?) d(A, B). (3.5)
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Using (3.1) and (3.2), we have

that is,

d(yz, x3) <

IN

IN

d(yz, ©3) <

Again, using (3.1) and (3.2),

that is,

And

d(fl?g, y4) <

d(zs, ya) <
<
d(y?n 1’4) S
<
<

6(F(z1, y1), Fly2, 22))
K[D(@1, (a1, y1) + Dlya, Flya, @2)] + (1 - 2k) d(4, B)

Bld@r, vo) + d(ya, @5)] + (1 - 2k) d(4, B),

k k
1% d(z1, y2) + (1 - ﬂ) d(A, B)

td(z1, y2)+ (1 —1t) d(A, B)

t[t dlyo, 1) + (1 —t) d(A, B)] +(1—1)d(A, B) [by (3.3)}

t2 d(yo, x1) + (1 — %) d(A, B). (3.6)
we have
S(F(y2, w2), F(x3, y3)) = 0(F(z3, y3), F(y2, x2))

K[ D(es, Fes, 93) + Dlwa. Flya, @2))| + (1= 2k) d(A, B)

Kd(zs, ya) + dlva, w5)] + (1= 20) d(4, B),

% d(y2, w3) + (1 - &) d(A, B)
t d(ys, x3) + (1 — 1) d(A, B)
t¢2 d(yo, 1) + (1 — £2) d(A, B)} +(1—1t) d(A, B) [by (3.6)}

t3 d(yo, 1) + (1 —t%) d(A, B). (3.7)

5(F('r27 y2)7 F(y3a .133))
k|D(z2, F(x2, y2)) + D(ys, F(ys, x3))| + (1 —2k) d(A, B)

kld(z2, ys) + d(ys, z4)] + (1 —2k) d(4, B),
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that is,

Ao, 72) < o d(es, y)+ (1= o) dA, B)
= td(xs, y3)+ (1 —1t) d(A, B)
< |2 d(wo, y1) + (1 —12) d(A, B)} +(1—1t) d(A, B) [by (3.5)}
= t3d(zo, y1) + (1 — %) d(A, B). (3.8)
Let m be any positive integer.

Assume that if n is odd and n < m, then

AT, Yns1) <t d(yo, 1)+ (1 —t") d(A, B) (3.9)

and

d(Yn, Tnt1) <t" d(zo, y1)+ (1 —1t") d(A, B). (3.10)
Assume that if n is is even and n < m, then

A Xpy Ynt1) <t d(xo, y1) + (1 —t") d(A, B) (3.11)

and

A(Yn, Tny1) <t" d(yo, 1) + (1 —1t") d(A, B). (3.12)

Let m be even. Then

d(mm+17ym+2) S 5(F(ym7 mm); F(xm—i-la ym-i-l)) = 6(F(xm+l7 ym+l)7 F(yma xm))

< b[D@mirs F@mit Yms1) + Dyms Fm, om)))] + (1= 26) d(A, B)
< k[d(merla ym+2) + d(yma merl)} + (1 - 2k) d(A7 B)7
that is,
k k
A(@mt1, Ymy2) < 1-% AW, Tms1) + (1 - m)d(A’ B)
< t[tmd(yo, 1)+ (1 —t™) d(A, B)] +(1—1t) d(A, B) (by (3.12))
< "y, 1) + (1 =t d(A, B).
And

AdYm+1,Tmr2) < 0(F(m, Ym)s F(Yma1, Tma1))

IN

k{D(l‘ma F(xmv ym)) +D(ym+17 F(ym+17 merl))} + (1 - 2k> d(A7 B)

IN

K[ d(@m, Y1) + d@ass, @s2)| + (1= 20) d(4, B),
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that is,

k k
1% A(Tm, Ym+1) + (1= m) d(A, B)

tltmd(zo, 1) + (1 — t™) d(A, B)} +(1—1) d(A, B) (by (3.11))

IA

d(merl 9 xm+2)

IN

IN

£ d(ao, 1) + (L— 11 d(4, B).

Let m be odd. Then

IA

d(l‘m+1, ym+2) 6(F(ym7 l‘m)a F(xm-l—l) ym—i-l)) = 5(F(l‘m+1, ym+1)7 F(yma xm))

IN

k{D(Im-‘rl, F(zm+1, Ym+1)) + DYm, F(Ym, xm»} + (1 —2k) d(A, B)

IA

B[d@m i1, gms2) + dlyms 2msn)] + (1= 2K) d(4, B),

that is,

k k
1—% A(Yms Tm1) + (1= ﬂ) d(A, B)

t [t d(wo, 1) + (1 —t™) d(A, B)]+ (1—1t) d(A, B) (by (3.10))

IN

d(xm—Ha ym+2)

IN

IN

thrld(Io, yl) + (1 — thrl) d(A, B)

And

IN

d(merla xm+2) 6<F(Z‘m, ym)a F(ym+17 xm+1>)

IA

B[ D@ F@as ) + Dymrss Flymrr, @rn))] + (1= 26) d(4, B)

IN

B|d@m, Y1) + d@ms1, Tms2)| + (1= 2k) d(A, B),

that is,

W ts2) < o A, G + (- 7o) d(A, B)
< o, wx) (- 67) d(A, B)|+(1—0) d(A, B) (by(3.9)

< " d(yo, @)+ (1) d(A, B).
Thus (3.9)-(3.12) are valid for m + 1. By induction method, (3.9) and (3.10) are valid for all odd integers n

and (3.11) and (3.12) are valid for all even integers n. Therefore, we conclude that for all integers n > 0, we

have

d(Tant1, Yoni2) < " d(yo, 21) + (1 — 2" d(A, B) (3.13)

and

d(T2n, Yani1) < 2" d(zo, y1) + (1 —t*") d(A, B). (3.14)
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Also, for all integer n > 0, we conclude that
d(Yan+1, Tani2) <" d(zo, y1) + (1— ") d(A, B) (3.15)

and
d(Yan, Tant1) < 2" d(yo, x1) + (1 — ") d(A, B). (3.16)

Since {z,} and {y,} sequences respectively in A and B and 0 < ¢t < 1, taking n — oo in (3.13), (3.14),
(3.15) and (3.16), we have

im d(w2n, yont1) = lim d(zont1, Yant2) = d(4, B) (3.17)
and
nli_l)nood(yzn, Toni1) = nh_1>nood(y2n+l7 Tont2) = d(A, B). (3.18)

Now, (3.17) and (3.18) respectively implies that

lim d(zy, Yynt1) =d(A, B) and lim d(yn, znt+1) = d(A, B). (3.19)

n—oQ n—oQ

Further, suppose that {z,} and {y,} are Cauchy sequences. Here X is complete and A and B are closed

subsets of X. Since {x,} and {y,} are sequences respectively in A and B, there exist 2 € A and y € B such

that
T, — z and y, —y as n — oo. (3.20)
By (3.19) and (3.20), we have
hl? d(l’n, yn+1) = d(xv y) = d(Aa B) (321)
and
m d(yn, Tn+1) =d(y, =) =d(z, y) =d(4, B). (3:22)

n—r00

Since F' is coupling with respect to A and B, and = € A, y € B, we have F(z, y) C B. Then we have
d(A, B) < D(x, F(z, y). (3.23)
Using (3.1) and (3.2), we obtain

D(;C, F(.%‘, y)) < 5($7 F(xv y)) Sd(mv xn+1)+6(xn+17 F(xa y))

IN
.

—
8

xn+1)+5(F(yn7 mn)7 F(J?, y))

= d(x, xn+1)+(5(F(SU, y)7 F(yn’ ICn))

IN
.

—
8

$n+1) —i—k‘{D(l‘, F($7 y)) +D(ym F(ym xn))} + (1 - 2k) d(A> B)

IN
.
~
8

Tpt1) + k[D(x, F(x, y)) + d(yn, J:,H_l)} + (1 —2k) d(A, B),
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which implies that

1 k k
< o - .
D, Flx, y)) < = (@, vun) + 1= A, 2ae) + (1= 777 ) d(A, B)
Taking n — oo in the above inequality, using (3.20) and (3.22), we have
k k

Combining (3.23) and (3.24), we have
d(A, B) < D(z, F(z, y)) < d(A, B),

which implies D(z, F(x, y)) = d(A, B).
Similarly, we can prove that D(y, F(y, z)) = d(A, B). Hence we have D(z, F(x, y)) = d(4, B) and
D(y, F(y, x)) =d(A, B), that is, (z, y) is a coupled best proximity point of F'. a

Example 3.1. Let X = C[0, 7] with Chebyshev metric or sup metric. Let A ={f, € X:0<r <1} and

B={g, € X:0<r <1}, where f,(x) =1—rsinz and g.(x) = rsinz — 1, for € [0, 7]. Let

{1}, fueAandveB
F:XXX—)B(X), F(u7 1)): {fl}, fueB andve A

{u+v}, otherwise.

Let k € [0, 1) be arbitrary. It is verified that all the conditions of the theorem 3.1 are satisfied and (f1, g1)

is a coupled best proximity point of F'.

In the next theorem we show that in case when the pair (4, B) satisfies the property UC, the sequences
{z,} and {y,} constructed in Theorem 3.1 actually converge to the coupled best proximity point of the

Kannan type coupling.

Theorem 3.2. Let (X, d) be a complete metric space and (A, B) be a pair of non-empty closed subsets
of X satisfying the property UC. Let F: X x X — B(X) be a coupling with respect to A and B such
that (5.1) is satisfied. Then there exist two sequences {x,} and {y,} in A and B respectively such that
nli_r)nood(xn, Ynt+1) = d(A, B) and nli_r)nmoi(yn7 Tnt1) = d(A, B). Also, F has a coupled best proximity

point.

Proof. We take the same sequences {x, } and {y, } as in Theorem 3.1. Then, lim d(z,, yn+1) = d(4, B) and lim d(y,, Zn.
n—oo n—oo
d(A, B) follows from Theorem 3.1. So we have

lim d(z2n, Y2ny1) = d(A, B) and 1imood(y2n+1, Tant2) = d(Tant2, Yont1) = d(A, B).

n—oo n—-
Using the property UC, we have
lim d(z2n7 1‘27L+2) = 0, (325)

n—ro0
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Again,

lim d(yon, T2nt1) = d(A, B) and  lim d(zoni1, Yani2) = d(Y2nt2, T2n41) = d(A, B).

n

Using the property UC, we have

lim d(yan, Yans2) = 0. (3.26)
From (3.25) and (3.26), we have that
nhl)ﬂwd($2n, Topt2) = n@md(yzm Yant2) = 0. (3.27)

Next we prove that {zs,} and {y2,} are Cauchy sequences.

We first establish that given € > 0 we can find a positive integer N such that for all m, n > N,

max{d(:cgm, yon)s d(Yam, mgn)} <d(A, B)+e (3.28)

If (3.28) is not valid, then there exists an € > 0 for which we can find two sequences of positive integers

{2m(p)} and {2n(p)} such that for all positive integers p,

2n(p) > 2m(p) > p,

max {d(xQ'm(p)? y2n(p))7 d(me(p)v xQn(p))} > d(Aa B) +€
and
max {d<x2m(p)7 y2n(p)72)7 d(me(p)7 x2n(p)72)} < d(Aa B) +e.

Then

d(A, B)+e < maX{d($2m(p), Yan(p))s AY2m(p), xzn(p))}
< maX{d(me(p)a Yon(p)—2) T A(Y2n(p)—2> Yon(p))
AWam(p): Tan()—2) + d@20p)-2: Tanir) )
< maX{d(@m(py Yon(p)—2)s AY2m(p) ffzn(p)—z)}
o max {d(Yantp)-20 Youi)s dA@an-2: T2ui) |

< d(Aa B) + € + max {d(an(p)—Qa y2n(p))a d(:ch(p)—Qv x2n(p))}

Taking p — oo and using (3.27), we obtain

lim max{d(xgm(p), y2n(p))a d(me(p), m2n(p))} = d(A7 B) + €. (329)

p—r0
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Again,

maX{d(wzm(mv Yon(p))s d(Y2m(p), wzn(pﬂ}
< maX{fS(F(ym(p)fh Tom(p)—1)s F(Zanp)—15 Yonp)-1));
S(F(Tom@p)—1, Yomp)-1)s FWanp)-1, 'r2n(p)—1))}
= max {§(F(~T2n(p)—1, Yon(p)-1)s F(Y2mp)—15 Tamp)—1))s
S(F(Z2m(p)—1> Yom(p)—1)s F'(Y2np)-1, x?n(p)fl))}
< max {k[D(xQn(p)—lv F(Zon(p)—1)Y2n(p)—1)) + D(y2m(p)—1,F(y2m(p)—1,Igm(p)—l))]
+ (1 —2k) d(A, B),
k [D(szm(p)q, F(Z2m(p)—1, Y2m(p)—1)) + D(Y2np)—1, F (Y2np) -1, xzn(p)q))}
+(1—2k) d(A, B)}
< max {k[d(mgn(p),l, Yon(p)) T AY2mp)—1, $2m(p)):| + (1 —2k) d(A, B),
k[d(z2m(p)—1’ Yam(p) T AY2n(p) -1, 17271(17))} + (1 —2k) d(A, B)}
Taking p — oo, using (3.19) and (3.29), we get d(A, B) + e < d(A, B), which is a contradiction. Therefore,

(3.28) holds.

Since {z,} and {y,} are sequences in A and B respectively, we have
d(A, B) S d(mea an) and d(Aa B) S d(y2m7 xQn) for all m, n,

and hence

d(A, B) < max{d(wgm, Yon), d(Y2m, xzn)} for all m, n.
Then from (3.28), we can write that given any € > 0 there exists an integer N such that for all m, n > N
d(A, B)—e<d(A, B) < max{d(xgm, Y2n), d(Y2m., mgn)} <d(A, B)+e,
which implies that for all m, n > N
d(A, B) —e< d(A, B) <d(zom, yan) < d(4, B) +¢,

and
d(A, B) —e < d(A, B) <d(yam, Tan) < d(A4, B) +e.
Therefore,

lim  d(zam, yon) =d(A, B) and lm  d(yom, T2n) = d(A, B).

m,n—> 00 m,n—> o0
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From the above double limits we conclude that

lim sup d(zam, yan) =d(A, B) or lim sup d(zam, yan) = d(A, B)

n—00;>n m—00,>m,
and

lim sup d(yam, Tan) =d(A, B) or lim sup d(yam, T2n) = d(A, B).

Thus, by lemma 2.1 it follows that {z2,} and {ya,} are a Cauchy sequences in A and B respectively. As A

and B are closed subsets of the complete metric space X, there exist u € A and v € B such that
Top, — u and Y9, —> v as n — oo. (3.30)
Since F is coupling with respect to A and B, and u € A, v € B, we have F(u, v) C B. Then we have
d(A, B) < D(u, F(u, v)). (3.31)
Now

D(u, F(u, v)) < 6(u, F(u, v)) <d(u, zap) + 0(x2n, F(u, v))

IN
=3
£

Ton) + 6(F(Yan—1, Ton—1), F(u, v))

- d(“? :L'Qn) +5(F(ua ’U), F(y2n—1a xZn—l))

IN
=
S

on) +k{D(u7 F(u, v)) + D(yan—1, Fysm_1, xQn,l))] +(1—2k) d(A, B)

IN
&
S

Zan) +k[D(u, F(u, v)) + d(yan_1, x%)} +(1—2k) d(A, B),

which implies that

1 k k
e —— = - ,
D(u, F(u, v)) € 7= d(u, @20) + 7= dyan-1, 720) + (1 — k) d(A, B)

Taking n — oo in the above inequality, using (3.30) and the first part of the theorem, we have

D(u, F(u, v)) < % d(A, B)+ (1 - %) d(A, B) = d(A, B). (3.32)

Combining (3.31) and (3.32), we have
d(A, B) < D(u, F(u, v)) <d(A, B),

which implies D(u, F(u, v)) = d(A, B). Similarly, we can prove that D(v, F(v, u)) = d(A, B). Hence we
have D(u, F(u, v)) = d(4, B) and D(v, F(v, u)) = d(4, B), that is, (u, v) is a coupled best proximity
point of F. O
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Example 3.2. Let X = R? with the metric defined as d((z, y), (u, v)) = |z —u|+|y—v] for (z, y), (u, v) €
X. Let A={0} x [0, 1] and B ={1} x [0, 1]. Let F: X x X — B(X) be defined as
{1, 1)}, ifx=(0,0) € Aandy = (1,5) € B
F(z, y) =14 {(0, 1}, ifzr=(1,8)€B andy= (0,a) € A
{(u, v):|u|<2®+y? and |v|<2?+9y?%}, otherwise.
Let k € [0, 3) be arbitrary. Then all the conditions of Theorem 3.2 are satisfied and ((O, 1), (1, 1)) is a

coupled best proximity point of F.

4. APPLICATION TO UNIFORMLY CONVEX BANACH SPACES

We now discuss the implications of our result in previous section in uniformly convex Banach spaces for
the case of single valued couplings. In this section D(A, B) = inf {||a —bl|: a€ A be B} and the
notation D(A, B) is also denoted as d(A, B) or dist(A, B).

Theorem 4.1. Let A and B be two non-empty closed subsets of a Banach space X. Let F: X x X — X

be a coupling with respect to A and B satisfying the following inequality:
|F(z, y) = F(u, o)l < k|llz = F(z, y)l| +|[u— F(u, v)[[| + (1 —2k) d(4, B) (4.1)
where z, v € A, y, w€ B and k € [0,3). Then for arbitrary (zo, yo) € A x B, the sequences {x,} and {y,}

constructed as

Tnt1 = F(yn, ) and ypi1 = F(xn, yn) for all n >0, (4.2)
satisfy
i [l — gl = d(A, B) and lim_|ly, — 2| = d(A, B). (4.3)

Further, if {x,} and {y,} are Cauchy sequences, then F has a coupled best proximity point.

Proof. {z} € B(X) for every x € X. Define amapping T: X xX — B(X) asT(z, y) = {F(Jc, y)}, forz, y €
X. Then all the conditions of the theorem reduce to the conditions of Theorem 3.1 and hence by application

of Theorem 3.1, F' has a coupled best proximity point. O

Lemma 4.1. Let F': X x X — X, where X is a normed linear space, be a coupling with respect to two
subsets A and B of X. Suppose there exists k € [0, 1) such that (4.1) is satisfied for all z, v € A and
y, u € B. Then for arbitrary (zo, yo) € A x B, the sequences {x,} and {y,} constructed following (4.2)

satisfy lim ||z, — yn|| = d(A, B).
n—r-o0
Proof. By Theorem 4.1, it can be proved that the sequences {z,} and {y,} satisfy (4.3), that is,

dim [ — gl = d(A, B) and lim |y, — 204l = d(A, B).
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By (4.1) and (4.2), we have for n > 1,

lzn —wnll = [Fn-1, Tn-1) = F(@n-1, yn-1)ll = [[F(@n-1, yn-1) = F(yn-1, Tn-1)ll

<l = F@n1, g0l + lga-1 = Flyn-1, za-0)ll] + (1= 26) d(4, B)

Blllen-1 = yall + llyn1 = 2all| + (1= 26) d(4, B). (4.4)
Since {z,} and {y,} are sequences in A and B respectively, we have
d(A, B) <||zy —yu|| forall n>1. (4.5)
It follows from (4.4) and (4.5) that
d(A, B) < Il = yall < k[[lpas = @all + lla-s = yall] + (1 = 20) d(4, B).
Taking n — oo in the above inequality using (4.3), we have nh*I>noonn —yn|| = d(A, B). O

Remark 4.1. The above lemma is also generally valid in metric spaces. It is not necessary to assume X to
be a normed linear space. We use this result only in the theorem for uniformly convex Banach spaces. For

this reason we assume X to be a normed linear space in particular.

Theorem 4.2. Let A and B be two non-empty closed and convex subsets of a uniformly convex Banach

space X. Let F: X x X — X be a coupling with respect to A and B. Suppose there exists k € [0, %) such

that (4.1) is satisfied for all x, v € A andy, u € B. Then F has a coupled best proximity point.

Proof. Let zg € A and yo € B. We construct two sequences {x,} and {y,} respectively in A and B which
satisfy (4.2), that is,

Tnt1 = Fyn, ) and yp+1 = F(xn, y,) forall n>0.
By Theorem 4.1, we have (4.3). Now by (4.3), we have

lim ||y — yosrl| = d(A, B) and Tm [[yas — Zasoll = [Zns2 — gl = d(4, B).

n—-

By application of Lemma 2.3, we have

nh_r)noo”xn — Tng2|[ =0, (4.6)
Again, by (4.3), we have
m |y, — @pial|l = d(A, B) and  lIm |[|zni1 — yni2ll = [[yn+2 — Tnia| = d(A, B).
n—>o00 n—>o0

By application of Lemma 2.3, we have

im f[yn = ynol[ = 0. (4.7)
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Next we prove that {zan}, {y2n}, {Z2n+1} and {y2n41} are Cauchy sequences. In the following we consider
the case of the sequences {x2,} and {ya,}.

From (4.6) and (4.7), we have that

im [[zon = Tongol| = Hm [[y2n = yoniol| = 0. (4.8)

We first establish that given ¢ > 0 we can find a positive integer N such that for all m, n > N,

max{\lxam —Yanlls [[y2m — mznl\} <d(A, B)+e. (4.9)
By Lemma 4.1, we have
nh_r)noongn — yon|| = d(4, B) (4.10)

If (4.9) is not valid, then there exists an ¢ > 0 for which we can find two sequences of positive integers

{2m(p)} and {2n(p)} such that for all positive integers p,

2n(p) > 2m(p) > p,

mac { |2~ Yzn ||+ W2me) — 2201} 2 d(A, B) 4
and
masc{[[22m(p) ~ anp)2lls [W2me) — Tanir)2ll | < d(A, B)+e.

Then

d(A, B)+e < maX{Hszm(p) — 2|l [1Y2mep) — 332n(p)||}
< max{Hme(p) — Yan(p)—2l| T [Y2n(p)—2 — Yanm)ll:
[Y2m@p) — Tongp)—2l| + [T2np)—2 — IZn(p)H}
< max{H:l:zm(p) — Yan(p)—2lls [Y2mp) — I2n(p)—2||}
o+ max {[[2n (-2 = Yanpls 1220002 = T2}

< d(A, B) + e+ max {||y2n(p)f2 - y2n(p)||7 Hx2n(p)72 - x2n(p)||}-

Taking p — oo and using (4.8), we obtain

m maX{wam = Yon(p)||: [1Y2mp) = xzmmll} =d(A, B)+e (4.11)
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Again, for all p,

maX{HiEzm(p)m = Yan(p)+2lls [Y2mp)+2 — Izn(p)+2|\}
< max {[[ezm(p) 12 = T2l + [22m0) = Yul| 4 (82000 = Y2021
[y2m@)+2 = Y2m) | + | V2mp) = T2nm)|l + [|T2n() — xzn(p)ﬁ”}
< max {||172m(p) = Yan(p) s [|Z2n(p) = yzm(mll} +
mesc {||eampy+2 = Tamol + 112000 = Ynio-2

W2mp1+2 = 2m ||+ 122n) = T20 211}

and

max { 22 = Yan(e |+ [[7200) = V2o 1}
< max {||:z:2m(p) = Tomp)+2!| T 1T2mp)+2 — Yanw)+2ll + [V2nm)+2 — Y2nm)ll;
lZ2n(p) = T2n)+2ll + [T2nm)+2 = Y2m)+2ll + 1Y2mp)+2 — Y2mm) ||}
< max {||$2m(p)+2 = Yan(p)+2lls [ T2np)+2 — y2m(p)+2||} +
max {[[22m(p) = T2mpy 21l + Y2012 = 2000l

[22n0) = T2n (o421l + 182y +2 = Yo 1 -

Taking p — oo in the above two inequalities, and using (4.8) and (4.11), we conclude that

pgnw maX{Hme(p)—‘rQ = Yan(p)+2lls [Y2mp)+2 — xzn(p)+2||} =d(4A, B) t+e (4.12)

Again

max { [12m(p) 2 — Yan2lls [omipy+2 — 7204211}
= max{HF(ygm(p)H7 Tom(p)+1) = F(@2np) 115 Yanpy+)ll;
||F($2m(p)+1, y2m(p)+1) - F(y2n(p)+1a 'r2n(p)+1)”}
= max {||F(~T2n(p)+1v Yan(p)+1) — FY2m@p)+1, Tamp)+1)l];
F(Zamp)+1> Yomp)+1) = F(Y2n(p)+1, x2n(p)+1)”}
< max {k[|[22nt01 = B!l + gampy 1 — Zamysall] + (1= 26) d(4, B),
Kll22my+1 = vomp2ll + anr41 = Tanysall] + (1 - 26) d(4, B)}.

Taking p — oo, using (4.3) and (4.12), we get d(A, B) + € < d(A, B), which is a contradiction. Therefore
(4.9) holds.
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Since {z,} and {y,} are sequences in A and B respectively, we have
d(A, B) < ||x2m — yan|| and d(A4, B) < ||yam — x24,|| for all m, n,

and hence

d(A, B) < max{||x2m = Y2nll, [|y2m — x2n||} for all m, n.

Then from (4.9), we can write that given any e > 0 there exists an integer N such that for all m, n > N
d(A, B) — ¢ < d(A, B) < max{|[zzm — yanll, ly2m — 20l } < d(A, B) +e,
which implies that for all m, n > N

d(A, B) —e <d(A, B) <||zam — y2n|| < d(A, B)+e,

and
d(A, B) —e < d(A, B) <|lyam — zan|| < d(A, B) +e.
Therefore,
m’ii£m||x2m —yonl|| = d(A, B) and Wl}gmllyzm — x9,|| = d(A, B). (4.13)

By (4.10), (4.13) and Lemma 2.3, we have
lim  ||x2m, — 22,/ =0 and lim  ||yam — y2u|| =0, (4.14)
m,n— 00 m,n—>00
which implies that {z2,} and {y2,} are a Cauchy sequences in A and B respectively. The sets A and B

being closed, there exist u € A and v € B such that
ZTop —> u and Yo, —> ¥ asn —» oo. (4.15)
Since F' is coupling with respect to A and B, and u € A, v € B, we have F(u, v) € B. Then we have
d(A, B) < |lu— F(u, v)]- (4.16)
Now

lu=F(u, o)l < [lu—zon|| +[[22n — F(u, )|l

<l = zon|| + [|F(y2n-1, T2n—1) — F(u, v)||

= = @2l + 1P, v) = F(gon-1, 220-1)]

< lu = @anl |+ k[l = Fu, 0)ll +lyzn-1 = Flyza-1, 220-0)ll] + (1= 2K) d(A, B)
<l wanll + k[l = P, 0)ll + [lgan—1 — 2all] + (1 - 26) d(4, B),

which implies that

1 k k
- < — |ju— o, — - - .
llu— F(u, v)|| < T—% |[u — 25| + - l|y2n—1 — zanl| + (1 1—k) d(A, B)
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Taking n — oo in the above inequality, using (4.3) and (4.15), we have

= F(u, v)]| < 1% a4, B)+ (1- 1%) d(A, B) = d(4, B). (4.17)

Combining (4.16) and (4.17), we have
d(A, B) < lu— F(u, v)|| <d(A, B),

which implies ||u — F(u, v)|| = d(A, B). Similarly, we can prove that ||v — F(v, u)|| = d(A, B). Hence

u, v) is a coupled best proximity point of F'. O
(u, v) P p y P

Conclusion. Coupled fixed point results are known for their applications. Here we have presented an
instance of an application where the concept of coupled fixed points has been utilized in the solution of
a minimization problem. The approaches adapted here is new to the category of problems considered. It
appears that the present method can be further applied to similar problems through other types of couplings

satisfying different inequalities. This can be treated as an open problem.
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