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Abstract

In this study, by using the Meir-Keeler mapping, cyclic Kannan contraction and cyclic Chatterjee contraction,
we establish the notions of cyclic Meir-Keeler-Kannan-Chatterjea contraction T': AUB — AU B and cyclic
Meir-Keeler-Kannan-Chatterjea contractive pair (7',.S) of mappings T': A — B and S : B — A, and then
we prove some best proximity point theorems for these various types of cyclic contractions. Our results
generalize or improve many recent best proximity point theorems in the literature.
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1. Introduction and preliminaries

Throughout this article, by R™, we denote the set of all non-negative numbers, while N is the set of
all natural numbers. Let us consider two nonempty subsets A, B of a metric space (X,d) and a mapping
T : A— B. Note that if AN B = ¢, the equation Tz = x might have no solution. So, we find a point
x € A such that mind(z,Tz) is minimum. If d(z,Tz) = d(A, B) := inf{d(a,b) : a € A,b € B}, then
d(x,Tz) is the global minimum value d(A, B), and z is an approximate solution of the equation Tz = =
with the possible error. A point z € A is said to be the best proximity point of T if d(z, Tx) = d(A, B) :=
inf{d(a,b) : a € A,b € B}. The existence and approximation of best proximity points is an interesting topic
in optimization theory. In [7], Eldred and Veeramani investigated the existence of best proximity points for
a class of mappings called cyclic contraction.

Definition 1.1. [7/ Let A, B be nonempty subsets of a metric space (X,d). A mappingT : AUB — AUB
is said to be a cyclic contraction if there exists k € [0,1) such that
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(1) T is a cyclic mapping, that is, T(A) C B and T(B) C A.
(2) d(Tx,Ty) < kd(x,y) + (1 — k)d(A, B), for allz € A and y € B.

Theorem 1.2. [7] Let A, B be nonempty closed and convex subsets of a complete metric space (X,d) and
let T: AUB — AU B be a cyclic contraction. For x,41 = x, for each n € NU{0}. Then there exists a
unique x € A such that xo, — x and d(x,Tx) = d(A, B). Here x is called the best proximity point of T.

In the recent years, many authors are studying the best proximity point problems for various types of
cyclic contractions.(see, eg.[I]-[4],[5],[8],[10], [11],[14]).

We also recalled the following Meir-Keeler mapping (see, [9]). A function ¢ : RT™ — R™ is said to be a
Meir-Keeler mapping, if ¢ satisfies the following condition:

V>0 36>0 VteRY (n<t<n+d=¢(t) <n).
Remark 1.3. [t is clear that if ¢ is a Meir-Keeler mapping, then we have
o(t) <t for all t € RT.

In this study, by using the Meir-Keeler mapping, cyclic Kannan contraction and cyclic Chatterjee con-
traction, we establish the notions of cyclic Meir-Keeler-Kannan-Chatterjea contraction T: AUB — AU B
and cyclic Meir-Keeler-Kannan-Chatterjea contractive pair (7',.5) of mappings T': A — B and S: B — A,
and then we prove some best proximity point theorems for these various types of cyclic contractions. Our
results generalize or improve many recent best proximity point theorems in the literature.

2. Main Results (I)

In this section, we first recalled the following notions of cyclic Kannan contractions and Chatterjee
contractions for the cyclic mapping T': AUB — AU B.

Definition 2.1. Let A and B be two nonempty subsets of a metric space (X,d), and letT: AUB — AUB
be a cyclic mapping. Then

(1) T is said to be a cyclic Kannan contraction if
d(Tx,Ty) < k(d(z,Tz) + d(y,Ty)) + (1 — 2k)d(A, B),
for allz € A and y € B, where k € (0, 3).
(2) T is said to be a cyclic Chatterjee contraction if
d(Txz, Ty) < k(d(z, Ty) + d(y, Tx)) + (1 — 2k)d(A, B),
for allz € A and y € B, where k € (0, 3).

By using the Meir-Keeler mapping, cyclic Kannan contraction and Chatterjee contraction, we establish
the new notion of cyclic Meir-Keeler-Kannan-Chatterjea contraction, as follows:

Definition 2.2. Let A and B be nonempty subsets of a metric space (X, d), and let ¢ : RT — R be a Meir-
Keeler mapping. Then the mapping T : AUB — AU B is said to be a cyclic Meir-Keeler-Kannan-Chatterjea
contraction, if the following conditions hold:

(1) T: AUB — AU B is a cyclic mapping,
(2) for allz € A and y € B,

d(z,Tz) +d(y, Ty) + d(z, Ty) + d(y, Tr)
4

d(Tx, Ty) — d(A, B) < o( — d(A, B)).
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Lemma 2.3. Let A and B be nonempty closed subsets of a metric space (X,d), and let ¢ : Rt — RT be
an increasing Meir-Keeler mapping. Let T : AU B — AU B be a cyclic Meir-Keeler-Kannan-Chatterjea
contraction. For xog € AU B, define xp41 = Tz, for each n € NU{0}. Then

d(xp, Tpt1) = d(A, B), as n — oo.

Proof. Since T : AUB — AU B is a cyclic Meir-Keeler-Kannan-Chatterjea contraction, we obtain that for
each n € NU {0},

d(xn—i-% xn—&-l) - d(Aa B)
—d(Tpy1,Tn) — d(A, B)
d($n+1u Txn—i—l) + d([L‘n, Txn) + d(xn—i-la Tl‘n) + d(l'na Txn—i—l)

<o : —d(A,B))
:¢(d(xn+1, Tpt2) + d(Tn, Tni1) Id($n+17 Zn+1) + d(@n, Tniz) d(A, B)).
Since ¢ is a Meir-Keeler mapping, we have that
d(Tpt2, Tnt1) — d(A, B)
§¢(d(xn+1, Tni2) + d(@n, Tni1) Zd(a:n+1, Tni1) + d(@n, Tny2) d(A, B))
- d(Znt1, Tni2) + d(ZTn, Tny1) + 2 +d(@n, Tnt1) + A(Tnr1, Tota) d(A, B)
:d(xn+1a Tnt2) + d(@n, Tny1) d(A, B).

2
Thus, we can conclude that for each n € NU {0},

d(xpy2,Tnt1) —d(A, B) < d(zpy1,zn) — d(A, B),
that is, {d(xn+t1,2n) — d(A, B)} is decreasing and is bounded below, so there exists 7 > 0 such that
d(xp, Tpt1) —d(A,B) — v, as n — oo.

Notice that
v =inf{d(xn, rpt1) —d(A,B): ne NU{0}}

We claim that v = 0. Suppose, on the the contrary, that v > 0. Since ¢ is a Meir-Keeler mapping,
corresponding to 7y , there exist a 17 and a natural number kg such that

v <d(xg,xkr1) —d(A, B) <y +mn, foralln> k.

Since T : AUB — AU B is a cyclic Meir-Keeler-Kannan-Chatterjea contraction and ¢ is an increasing
Meir-Keeler mapping, we have that:

d($k+2, xk—‘rl) - d(Av B)
=d(Tzky1, Tz) — d(A, B)
<d)(d(1‘k+1, Txpqr) + dxg, Tay) + d(wgpgr, Tog) + d(2g, Toggq)
- 4
d(Ts1, Thyo) + d(xg, Thr1) + d(@pr1, Tpt1) + d(Tk, Tro)

4

—d(A, B)

<o(
<¢(d(zg, vrt1) — d(A, B)) <,

—d(A,B))

which implies a contradiction. Thus, we get v = 0, and we have
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d(xp, Tpt1) —d(A,B) -0, as n — oo,

that is,
d(zp, xnt1) — d(A, B), as n — oc.

O

We now establish the following best proximity point theorem of the cyclic Meir-Keeler-Kannan-Chatterjea
contraction T: AUB — AU B.

Theorem 2.4. Let A and B be nonempty closed subsets of a complete metric space (X,d), let ¢ : RT — RT
be an increasing Meir-Keeler mapping, and let T : AUB — AUB be a cyclic Meir-Keeler-Kannan-Chatterjea
contraction. For xy € AU B, define x, 1 = Txy, for each n € NU{0}. Then we have

(1) If xzg € A and {z2,} has a subsequence {x2y,, } converges to pu € A, then p is a best prozimity point of
T.

(2) If zo € B and {xan—1} has a subsequence {xoy, 1} converges to v € B, then v is a best prozimity point
of T.

Proof. Assume that zg € A. Since T is cyclic, z9, € A and x9,41 € B for all n € NU {0}. Now, if {x9,}
has a subsequence {x2,, } converges to p € A with d(u, ) =0, then

nh—{go d($2n7 ,u) = d(:ua M) =0.

Since T is cyclic Meir-Keeler-Kannan-Chatterjea contraction and ¢ is an increasing Meir-Keeler mapping,
we have

< d(t 720,) + A3 Th) — d(A, B)
< d(p, 2an,) + d(Tx2n, -1, Tp) — d(A, B)
ng—15 L2, — T -1, 7' s Twon, —
Sd(u,xznk)Jrqb(d(m i1, T%an,—1) + d(p M)Zd(@ p—1, Tw) + d(p, Tgn,—1) —d(A,B))
d ne—1y N +d )T d n—7T +d 9 N
Sd(ﬂ7x2nk)+¢( (.’1:2 k1 L2 k) (H IU’)Z ($2 k—1 ,LL) (lu L2 k) —d(A,B))
2 (2, 1, Tam, ) + 2d(p, Tp) + 2d(p,
< d(p, ) + o2t Ten) + 200000 2000 Ton) g0 )
Np—1 n 7T 9 n
Letting k — 0o, by Lemma [2.3] we obtain
d(A,B) +d(p,T d(pu, Tp) —d(A, B
d(p, Tp) — d(A, B) < (4, )J; (1, Tp) (AL B) = (1, M)Q (4,B)
Thus, we can conclude that d(u, Tu) = d(A, B), that is, p is a best proximity point of 7.
The proof of (2) is similar to (1), we omit it. O O

Apply Theorem we are easy to obtain the following corollaries. We introduce the following notions
of cyclic Meir-Keeler-Kannan contractions and cyclic Meir-Keeler-Chatterjea contractions.

Definition 2.5. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : RT — RT be a
Meir-Keeler mapping. Then the mapping T : AU B — AU B is said to be a cyclic Meir-Keeler-Kannan
contraction, if the following conditions hold:
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(1) T: AUB — AU B is a cyclic mapping.
(2) for allz € A and y € B,

d(x, Tx) +d(y, Ty)
2

d(T.’L‘,Ty) - d(A, B) < ¢( - d(A7 B))

Definition 2.6. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : RT — RT be a
Meir-Keeler mapping. Then the mapping T : AU B — AU B is said to be a cyclic Meir-Keeler-Chatterjea
contraction, if the following conditions hold:

(1) T: AUB — AU B is a cyclic mapping.
(2) for allz € A and y € B,

d(z, Ty) + d(y, Tx)

d(Tz,Ty) — d(A, B) < ¢( 5

— d(A, B)).

Corollary 2.7. Let A and B be nonempty closed subsets of a complete metric space (X,d), and let ¢ :
RT — RT be an increasing Meir-Keeler mapping. Let T : AUB — AU B be a cyclic Meir-Keeler-Kannan
contraction. For xog € AU B, define xp41 = Ty, for each n € NU{0}. Then we have

(1) If xzo € A and {z2,} has a subsequence {x2,, } converges to pu € A, then p is a best proximity point of
T.

(2) If zo € B and {x2p—1} has a subsequence {xo,, 1} converges to v € B, then v is a best prozimity point
of T.

Corollary 2.8. Let A and B be nonempty closed subsets of a complete metric space (X,d), and let ¢ :
R* — RT be an increasing Meir-Keeler mapping. Let T : AUB — AU B be a cyclic Meir-Keeler-Chatterjea
contraction. For xy € AU B, define x, 1 = Txy, for each n € NU{0}. Then we have

(1) If o € A and {x2,} has a subsequence {xay, } converges to p € A, then p is a best prozimity point of
T.

(2) If zo € B and {xan—1} has a subsequence {xoy,, 1} converges to v € B, then v is a best prozimity point
of T.

3. Main Results (II)

On the other hand, the best proximity point theorems for various types of contractions have been
obtained in [3| 5, [7, 8, [13]. Particularly, in [I2] the authors prove some best proximity point theorems for the
pair (T',S) of cyclic Kannan mappings and cyclic Chatterjea mappings in the frameworks of metric spaces.

Definition 3.1. [12] Let A and B be nonempty subsets of a metric space (X,d). A pair (T,S) of mappings
T:A— Band S : B — A is said to form a cyclic Kannan mapping between A and B if there exists a
nonnegative real number k < % such that

d(TX,Sy) < kld(z, Tx) + d(y, Sy)| + (1 — 2k)d(A, B),
forallx € A and y € B.

Definition 3.2. [12] Let A and B be nonempty subsets of a metric space (X,d). A pair (T,S) of mappings
T:A— BandS: B — A is said to form a cyclic Chatterjea mapping between A and B if there exists a
nonnegative real number k < % such that

d(TX, Sy) < kld(y, Tz) + d(z, Sy)] + (1 - 2k)d(A, B),
forallx € A and y € B.
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By the Meir-Keeler mapping, Defintion and Defintion [3.2] we introduce the new notion of cyclic
Meir-Keeler-Kannan-Chatterjea contractive pair (77, 5), as follows:

Definition 3.3. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : RT — RT be a
Meir-Keeler mapping. A pair (T,S) of mappings T : A — B and S : B — A is said to form a cyclic
Meir-Keeler-Kannan-Chatterjea contractive pair between A and B if

d(z,Tx) + d(y, Sy) + d(y, Tz) + d(z, Sy)

d(Tz, Sy) — d(A, B) < ¢( 1

—d(A, B)),
forallz € A andy € B.

Lemma 3.4. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : RT — RT be an
incresing Meir-Keeler mapping. Suppose that the pair (T,S) of mappings T : A — B and S : B — A form a
cyclic Meir-Keeler-Kannan-Chatterjea contractive pair between A and B. Then there exists a sequence {x,}
in X such that

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

n—oo
Proof. Let g € A be given, and let xo,41 = Txo, and xopio = Sxo,y1 for each n € N U {0}. Since the
pair (T, S) forms a cyclic Meir-Keeler-Kannan-Chatterjea contractive pair between A and B, we have that

for n € NU {0},

d(T2n41, Tant2) — d(A, B) = d(T'x2y, Stony1) — d(A, B)
d(xon, Txop) + d(xont1, STont1) + d(zont+1, Txan) + d(xon, STont1)

< ¢( 4 44 B)
. ¢(d(x2n, Toni1) + d(T2ns1, Toni2) Id($2n+1, Tont1) + d(Ton, Tont2) —d(A, B)).
Since ¢ is a Meir-Keeler mapping, we obtain that for each n € NU {0},
(w2041, T2nv2) — d(A, B) = d(Tw2n, Stant1) — d(A, B)
- d(z2n, Tant1) + d(T2n41, T2nt2) I d(@oni1, T2n41) + d(Ton, Lony2) d(A, B)
_ d(T2n, Tant1) + d(Tant1, Tony2) d(A, B).

2
Thus, we conclude that d(xon+1, Tont2) < d(xon, Tant1) for all n € NU {0}, that is, for all n € NU {0},
d(xon+1,Ton+2) — d(A, B) < d(xap, xon+1) — d(A, B).
Similarly, we can conclude that d(zay, on+1) < d(z2n—1, 2,) for alln € NU{0}, that is, for all n € NU{0},
d(zon, ont1) — d(A, B) < d(xop—1,x2,) — d(A, B).

By the above argument, we conclude that {d(wn,Tn+1) — d(A, B) }nenufoy 18 decreasing and bounded
below, so there exists v > 0 such that

d(xpn, Tpt1) —d(A,B) — v, as n — oo.

Notice that
v =inf{d(xn, tnt1) —d(A,B): ne NU{0}}

We now claim that v = 0. Suppose, on the the contrary, that v > 0. Since ¢ is a Meir-Keeler mapping,
corresponding to 7y , there exist a 17 and a natural number kg such that

v < d(zk,Trt1) — d(A,B) <~y +mn, foralln > k.
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Since the pair (7', .5) forms a cyclic Meir-Keeler-Kannan-Chatterjea contractive pair between A and B and
¢ is increasing, we have

d($k+1, $k+2) - d(A7 B)
=d(Tzy, Tzpy1) — d(A, B)
<¢(d($k, Txy) + d(@pt1, Toprr) + d(@gsr, Tag) + d(@g, Trg)
- 4
<¢(d($k, Tpt1) + d(Tpt1, Thyo) + Ad(Tpg1, Tpg1) + d(2g, Tppo)
- 4
§¢(d($ka $k+1) - d(A’ B)) < v,

which implies a contradiction. Thus, we get v = 0, and we have

—d(A, B)

—d(A, B))

d(xp, xny1) —d(A,B) — 0, as n — oo,
that is,
d(zp, xnt+1) — d(A, B), as n — oc.
O

Lemma 3.5. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : RT — RT be an
incresing Meir-Keeler mapping. Suppose that the pair (T,S) of mappings T : A — B and S : B — A form
a cyclic Meir-Keeler-Kannan-Chatterjea contractive pair between A and B. For a fized point zo € A, let
Ton+1 = Txon and xonio = Swant1. Then the sequence xy, is bounded.

Proof. It follows from Lemma that the sequence {d(x2,—1,T2y)} is convergent and hence it is bounded.
Since the pair (7, 5) forms a cyclic Meir-Keeler-Kannan-Chatterjea contractive pair between A and B such
that for g € A and z9,_1 € B, we have

d(fbgn, T.’L’o) — d(A, B)

d(S.TQn,l, Tﬂ?o) — d(A, B)

d(Tzo, Sxon—1) — d(A, B)

(d(fco, T'xo) + d(w2n—1, Swon—1) + d(x2n—1, Tw0) + d(20, ST21-1)

< ¢(d(330,Tl‘o) + d(@2n—1,T2n) Zd($2nlanEO) + d(zo, m2n) d(A, B))
< d(zo, Txo) + d(xon—1, T2n) Id(wzn—l,Tﬂﬁo) + d(zo, Ton) d(A, B)
< d(zo, Txo) + d(z2n-1, T2n) + d(x2n, Txo)

; —d(A,B).

Thus, we conclude that
d(xon, Txo) < d(xo, Txo) + d(T2n-1, T2n)-

Therefore, the sequence {za,} is bounded. Similarly, it can be shown that {x9,+1} is also bounded. So we
complete the proof. O

Apply Lemma [3.4] and Lemma [3.5] we prove the best proximity points theorem of cyclic Meir-Keeler-
Kannan-Chatterjea contractive pair (7', 5).

Theorem 3.6. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : Rt — RT be an
incresing Meir-Keeler mapping. Suppose that the pair (T,S) of mappings T : A — B and S : B — A form
a cyclic Meir-Keeler-Kannan-Chatterjea contractive pair between A and B. For a fized point xg € A, let

ZTont+1 = Txon and xopyo = Sxont1. Suppose that the sequence {xa,} has a subsequence converging to some
element x in A. Then, x is a best prozimity point of T.
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Proof. Suppose that a subsequence {xay, } converges to x in A. It follows from Lemmathat {d(xon,—1,T2n,)}
converges to d(A, B). Since the pair (T, S) forms a cyclic Meir-Keeler-Kannan-Chatterjea contractive pair
between A and B, we have that for each 2n; € N,

d(xop,,Tx) —d(A, B)
(

=d(Tx,xay,) — d(A, B)
= d(Tx, Sx9n,—1) — d(A, B)
< qb(al(:zt, Tx) + d(x2n,—1, ST2m,-1) 1‘ d(22n, -1, T2) + d(2, STan,-1) _ d(A, B))
< (@ Ta) + dlazmy—1,00,) Z don—1, T2) + @, 2on) oy
- d(z,Tx) + d(z2n,—1, T2n, ) I d(w2n,—1, Tx) + d(x, 22n,) d(A, B)
- d(z, Tx) 4 2d(x9m, 1, xani‘{' d(@any, Tx) + d(x, T2m,) d(A, B).
Letting £ — oco. Then we conclude that
d(z,Tx) < d(z, Tz) +d(4, B), that is, d(z,Tz) < d(A, B).
So we can conclude that d(z,Tx) = d(A, B), so = is a best proximity point of 7. -

We next introduce the notions of cyclic Meir-Keeler-Kannan contractive pair and cyclic Meir-Keeler-
Chatterjea contractive pair.

Definition 3.7. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : RT — RT be a
Meir-Keeler mapping. A pair (T,S) of mappings T : A — B and S : B — A is said to form a cyclic
Meir-Keeler-Kannan contractive pair between A and B if

x,Tx) +d(y, Sy)
2

d(Tz,Sy) —d(A, B) < d)(d( —d(A,B)),

forallx € A and y € B.

Definition 3.8. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : RT — RT be a
Meir-Keeler mapping. A pair (T,S) of mappings T : A — B and S : B — A is said to form a cyclic
Meir-Keeler-Chatterjea contractive pair between A and B if

d(y,Tzx) + d(z, Sy)

d(Tz,Sy) —d(A, B) < ¢( 5

—d(A, B)),
forallx € A and y € B.

Apply Theorem [3.6] we are easy to get the following corollaries.

Corollary 3.9. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : RT — RT be an
incresing Meir-Keeler mapping. Suppose that the pair (T, S) of mappings T : A — B and S : B — A form
a cyclic Meir-Keeler-Kannan contractive pair between A and B. For a fized point xg € A, let xop11 = Txop
and Topyo = STont1. Suppose that the sequence {xa,} has a subsequence converging to some element x in
A. Then, x is a best proximity point of T.

Corollary 3.10. Let A and B be nonempty subsets of a metric space (X,d), and let ¢ : Rt — R be an
incresing Meir-Keeler mapping. Suppose that the pair (T,S) of mappings T : A — B and S : B — A form a
cyclic Meir-Keeler-Chatterjea contractive pair between A and B. For a fized point xg € A, let xop11 = Txop
and Topto = STopy1. Suppose that the sequence {xan} has a subsequence converging to some element x in
A. Then, x is a best proximity point of T
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