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BEST PROXIMITY POINT THEOREMS FOR MAIA-TYPE

CONTRACTION MAPPINGS

V. SANKAR RAJ, K. ANISHA

Abstract. The Maia fixed point theorem is one of the interesting general-

izations of the well-known Banach contraction principle. In this manuscript,

we introduce two notions called mixed UC−property and mixed P−property
of a pair (A,B) of nonempty subsets of a set X endowed with two metrics.

We present two best proximity point theorems which generalize the Maia fixed
point theorem.

1. Introduction and preliminaries

Let (X, d) be a metric space and A be a nonempty subset of X. A mapping
T : A → X is a contraction mapping if there is a constant k ∈ [0, 1) such that
d(Tζ, Tη) ≤ k d(ζ, η), for all ζ, η ∈ A. A point ζ ∈ A is a fixed point of T if
Tζ = ζ. The well-known Banach contraction principle states that if T : A → A is a
contraction self-mapping and A is a complete subset of X, then T has a unique fixed
point in A and for any ζ0 ∈ A, the iterated sequence {ζn}, where ζn = Tζn−1, for all
n ∈ N, converges to the unique fixed point. Due to its elementary proof technique
and numerous applications in various fields of Mathematics, Banach contraction
principle attracts many researchers to obtain various generalizations and extensions
of it. For more interesting and important generalizations of Banach contraction
principle, one may refer [9, 15].

Maia [10] fixed point theorem is one of the interesting generalizations of Banach
contraction principle. It states that

Theorem 1.1 (Maia Fixed Point Theorem). [10] Let X be a nonempty set together
with two metrics d and δ and T : X → X be a mapping which satisfies the following:

(1) d(x, y) ≤ δ(x, y), for all x, y ∈ X,
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(2) X is complete with respect to d,
(3) T is continuous with respect to d,
(4) There is a k ∈ [0, 1) such that δ(T (x), T (y)) ≤ k δ(x, y), for all x, y ∈ X.

Then T has a unique fixed point in X.

It is worth mentioning that the fourth condition in Maia’s fixed point theorem can
be replaced by Kannan contraction or Meir-Keeler contraction condition. If δ = d
in Theorem 1.1, then Maia’s fixed point theorem reduces to Banach contraction
principle. More interesting generalizations and applications of Maia’s fixed point
theorem can be found in [1, 2, 3, 4, 6, 7, 8, 11, 12, 13]

On the other hand, let us consider two nonempty subsets A, B of a metric space
X and a mapping T : A → B. If A ∩ B = ∅, then there is no ζ ∈ A such that
Tζ = ζ. In such case, we try to find ζ ∈ A such that the error d(ζ, T ζ) is minimum
in some sense. Let D(A,B) := inf{d(a, b) : a ∈ A, b ∈ B}. A point ζ ∈ A satisfying
d(ζ, T ζ) = D(A,B) is known as best proximity point of T in A. If A = B, then
the best proximity points are nothing but the fixed points of T in A. In this sense,
best proximity points are considered as a generalized fixed points of a mapping T .

In this manuscript, we establish two generalizations of Maia fixed point theorem
in best proximity point setting. In section 3, we consider two nonempty subsets A
and B of a uniformly convex Banach space and a cyclic mapping T : A∪B → A∪B.
We introduce a notion called mixed UC-Property and establish sufficient conditions
for the existence of a best proximity point of T , if T satisfy cyclic contraction
conditions with respect to ∥ · ∥ and δ. It is worth mentioning that if A = B, then
Maia’s fixed point theorem is obtained as a corollary to our main theorem (Theorem
3.2).

Next, we consider a nonempty set X with two metrics d, δ and a mapping T :
A → B. Note that the iterated sequence of T is not well-defined since T is not a
self mapping. In section 4, we introduce a notion called mixed P−property and
discuss sufficient conditions to ensure the existence of a best proximity point of a
contraction nonself mapping T . Again, if we take A = B, then Theorem 4.3 reduces
to the Maia fixed point theorem.

2. Definitions and Notations

In this section, we state some known definitions and results which we use in
subsequent sections.

Let X be a nonempty set together with two metrics d and δ. Consider two
nonempty subsets A and B of X. We fix the following notations.

D(A,B) := inf{d(a, b) : a ∈ A, b ∈ B}
∆(A,B) := inf{δ(a, b) : a ∈ A, b ∈ B}

Ad
0 := {ζ ∈ A : d(ζ, η) = D(A,B) for some η ∈ B}

Bd
0 := {η ∈ B : d(ζ, η) = D(A,B) for some ζ ∈ A}

The pair (Ad
0, B

d
0 ) is said to be the proximinal pair associated with the pair (A,B)

with respect to the metric d. In [5], Eldred and Veeramani introduced the following
notion called cyclic contraction mapping.
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Definition 2.1. [5] Let A, B be nonempty subsets of a metric space X. A mapping
T : A ∪ B → A ∪ B is said to be cyclic contraction if there is a constant k ∈ [0, 1)
such that

(1) T (A) ⊆ B and T (B) ⊆ A;
(2) d(Tx, Ty) ≤ kd(x, y) + (1− k)D(A,B), for all x ∈ A and y ∈ B.

It is worth mentioning that a cyclic contraction mapping need not be continuous.
In [5], Eldred and Veeramani established the following two lemmas and used to
obtain best proximity points for cyclic contraction mappings in uniformly convex
Banach space setting.

Lemma 2.1. [5] Let A,B be nonempty closed convex subsets of a uniformly convex
Banach space and D(A,B) = inf{∥a − b∥ : a ∈ A, b ∈ B}. Let {xn} and {yn} be
sequences in A and {zn} be a sequence in B such that

(1) ∥xn − zn∥ → D(A,B),
(2) For every ε > 0, there is an N0 ∈ N such that, for all m > n ≥ N0,

∥ym − zn∥ ≤ D(A,B) + ε.

Then, for every ε > 0, there is an N1 ∈ N such that ∥xn − ym∥ ≤ ε, for all
m > n ≥ N1.

Lemma 2.2. [5] Let A,B be nonempty closed convex subsets of a uniformly convex
Banach space and D(A,B) = inf{∥a − b∥ : a ∈ A, b ∈ B}. Let {xn} and {yn} be
sequences in A and {zn} be a sequence in B such that

(1) ∥xn − zn∥ → D(A,B),
(2) ∥yn − zn∥ → D(A,B).

Then, ∥xn − yn∥ → 0.

Later, in [16], the above lemma is coined as a new definition called UC−property
which is given below.

Definition 2.2. (UC-Property)[16] Let A and B be nonempty subsets of a metric
space (X, d). Then (A,B) is said to have UC−property if whenever {xn} and {yn}
are sequences in A and {zn} is a sequence in B such that ∥xn − zn∥ → D(A,B)
and ∥yn − zn∥ → D(A,B), then ∥xn − yn∥ → 0

In this paper, we introduce a notion called mixed UC−Property to establish a
best proximity point theorem for Maia-Type cyclic contraction mapping.

In recent years, the following geometric notion called P−property plays a vital
role in proving the existence of best proximity points of non-self mappings.

Definition 2.3. [14] A pair (A,B) of nonempty subsets of a metric space (X, d) is
said to have P−property if and only if d(x1, x2) = d(y1, y2) for any x1, x2 ∈ A and
y1, y2 ∈ B with d(x1, y1) = D(A,B) and d(x2, y2) = D(A,B).

In this article, we introduce a new notion called mixed P−property (Definition
4.6), which generalizes the idea of P−property. We use mixed P−property to
obtain unique best proximity point for a nonself contraction mapping involving two
metrics.

3. Maia-Type Cyclic Contraction

Now, we define a new class of mapping called generalized cyclic contraction with
respect to two metrics.
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Definition 3.4. Let X be a nonempty set together with two metrics d, δ such that
d(ζ, η) ≤ δ(ζ, η), for all ζ, η ∈ X. Let A,B be nonempty subsets of X and let
D(A,B) := inf{d(ζ, η) : ζ ∈ A, η ∈ B}. A mapping T : A ∪ B → A ∪ B is a
generalized cyclic contraction mapping with respect to d and δ if there is a constant
k ∈ [0, 1) such that

(1) T (A) ⊆ B, T (B) ⊆ A
(2) δ(Tζ, Tη) ≤ kδ(ζ, η) + (1− k)D(A,B), for all ζ ∈ A, η ∈ B.

When d = δ, then the above definition reduces to Eldred’s cyclic contraction
mapping given in Definition 2.1. When A = B, then the above definition reduces
to the usual δ−contraction. Now, we introduce a notion called mixed UC-Property
as follows:

Definition 3.5. Let X be a nonempty set together with two metrics d, δ such that
d(ζ, η) ≤ δ(ζ, η), for all ζ, η ∈ X. Let A,B be nonempty subsets of X and let
D(A,B) := inf{d(ζ, η) : ζ ∈ A, η ∈ B}. We say that the pair (A,B) has mixed
UC-Property with respect to d and δ if for every sequence {ζn}, {ηn} in A and {zn}
in B with δ(ζn, zn) → D(A,B) and δ(ηn, zn) → D(A,B), then δ(ζn, ηn) → 0.

If d = δ, then the above definition reduces to the usual UC−Property given in
Definition 2.2. Now, let us prove the main result of this section.

Theorem 3.2. Let A and B be nonempty closed convex subsets of a uniformly
convex Banach space X and T : A∪B → A∪B be a cyclic mapping. Suppose there
is a metric function δ : X ×X → R satisfying the following conditions :

(1) ∥ζ − η∥ ≤ δ(ζ, η), for all ζ, η ∈ X,
(2) T is a generalized cyclic contraction with respect to ∥ · ∥ and δ,
(3) T is continuous with respect to ∥ · ∥,
(4) the pair (A,B) satisfies mixed UC-property with respect to ∥ · ∥ and δ.

Then T has a best proximity point in A with respect to ∥ · ∥.

Proof. Let ζ0 ∈ A and put ζn = Tζn−1, for all n ∈ N. Since T is a generalized
cyclic contraction with respect to ∥ · ∥ and δ, there is a k ∈ [0, 1) satisfying

δ(ζn, ζn+1) ≤ knδ(ζ0, ζ1) + (1− kn)D(A,B), for all n ∈ N.
From the inequality D(A,B) ≤ ∥ζn − ζn+1∥ ≤ δ(ζn, ζn+1), we have δ(ζn, ζn+1) →
D(A,B) and hence ∥ζn − ζn+1∥ → D(A,B). Particularly, δ(ζ2n, T ζ2n) → D(A,B)
and δ(T 2ζ2n, T ζ2n) → D(A,B). By mixed UC-Property, we conclude δ(ζ2n, T

2ζ2n) →
0. In similar manner, we have δ(ζ2n+1, T

2ζ2n+1) → 0.
Now, we claim that {ζ2n} is a Cauchy sequence in A. In view of Lemma 2.1, it is

sufficient to show that for each ε > 0, there is an N ∈ N such that ∥ζ2m−Tζ2n∥ <
D(A,B) + ε, for all n,m ≥ N .

If not, then there is an ε > 0 and for all k ∈ N, there are mk > nk ≥ k satisfying

δ(ζ2mk
, T ζ2nk

) ≥ ∥ζ2mk
− Tζ2nk

∥ ≥ D(A,B) + ε. (1)

The mk can be chosen such that it is the least integer greater than nk satisfying
(1). Then,

D(A,B) + ε ≤ ∥ζ2mk
− Tζ2nk

∥ ≤ δ(ζ2mk
, T ζ2nk

)

≤ δ(ζ2mk
, ζ2(mk−1)) + δ(ζ2(mk−1), T ζ2nk

)

≤ δ(ζ2mk
, ζ2(mk−1)) +D(A,B) + ε.
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Since δ(ζ2mk
, ζ2(mk−1)) → 0, we have δ(ζ2mk

, T ζ2nk
) → D(A,B) + ε. Then,

δ(ζ2mk
, T ζ2nk

) ≤ δ(ζ2mk
, ζ2(mk+1)) + δ(ζ2(mk+1), T ζ2(nk+1))

+ δ(Tζ2(nk+1), T ζ2nk
)

≤ δ(ζ2mk
, T 2ζ2mk

) + k2δ(ζ2mk
, T ζ2nk

) + (1− k2)D(A,B)

+ δ(T 2ζ2nk+1, ζ2nk+1)

By taking limits on both sides, we arrived the inequality

D(A,B) + ε ≤ k2ε+D(A,B),

which leads to a contradiction to the fact k < 1.
Hence, for each ε > 0, there exist N ∈ N such that ∥ζ2m−Tζ2n∥ < D(A,B)+ ε,

for all n,m ≥ N . By Lemma 2.1, {ζ2n} is a Cauchy sequence with respect to ∥ · ∥.
Since A is complete, there exists ζ∗ ∈ A such that ζ2n → ζ∗. Also, the continuity
of T with respect to ∥ · ∥, we have Tζ2n → Tζ∗. Now,

D(A,B) ≤ ∥ζ∗ − Tζ∗∥
≤ ∥ζ∗ − ζ2n∥+ ∥ζ2n − Tζ2n∥+ ∥Tζ2n − Tζ∗∥ → D(A,B).

Hence, ∥ζ∗ − Tζ∗∥ = D(A,B). That is, T has a best proximity point in A with
respect to the norm. □

We could not show the uniqueness of best proximity point in above result. Note
that if A = B, then the above theorem reduces to Maia fixed point theorem in
uniformly convex Banach space setting.

4. Maia-Type Nonself Contraction Mapping

In this section, we introduce a notion called mixed P−property and provide
sufficient conditions for the existence of best proximity points for a Maia-Type
nonself contraction mapping.

Definition 4.6 (mixed P−property). Let X be a nonempty set together with two
metrics d and δ. Let A, B be two nonempty subsets of X and D(A,B) is the
distance between A and B with respect to d. Then the pair (A,B) is said to have
mixed P−property with respect to d and δ if and only if δ(ζ1, ζ2) = δ(η1, η2), for any
ζ1, ζ2 ∈ A and η1, η2 ∈ B satisfying d(ζ1, η1) = D(A,B) and d(ζ2, η2) = D(A,B).

If we take d = δ in Definition 4.6, then it reduces to the usual
P−property given in Definition 2.3.

Definition 4.7. [17] Consider R2 with a function δ : R2 × R2 → R defined as
follows:

δ ((x, y), (u, v)) :=

{
|y − v|, if x = u

|x− u|+ |y|+ |v|, otherwise.

Then δ is a metric on R2, known as river metric.

Now, we give an example of two metrics d and δ in R2 and a pair (A,B) of subsets
of R2 which satisfies P−property with d but fails to have mixed P−property.
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Example 4.1. Let A = {(x, 2) : 1 ≤ x ≤ 3} and B = {(x, 1) : 1 ≤ x ≤ 3} be two
nonempty subsets of R2. Let d ((x, y), (u, v)) = |x− u|+ |y − v|, and δ is the river
metric on R2. Then d ((x, y), (u, v)) ≤ δ ((x, y), (u, v)), for all (x, y), (u, v) ∈ R2.
Then, it is easy to see that the pair (A,B) has P−property with respect to d but
fails to have mixed P−property with respect to d and δ.

Now, we use the mixed P−property to establish the following best proximity
point theorem.

Theorem 4.3. Let X be a nonempty set together with two metrics d and δ such
that d(ζ, η) ≤ δ(ζ, η), for all ζ, η ∈ X. Let A, B be two nonempty subsets of X
such that Ad

0 is nonempty and the pair (A,B) satisfies mixed P−property. Let
T : A → B be a mapping satisfying T (Ad

0) ⊆ Bd
0 . Suppose that

(1) A is complete with respect to d,
(2) T is continuous with respect to d,
(3) there exist k ∈ [0, 1) such that δ(Tζ, Tη) ≤ k δ(ζ, η), for all ζ, η ∈ A.

Then T has a unique best proximity point in A with respect to d.

Proof. Let ζ0 ∈ Ad
0. Since Tζ0 ∈ Bd

0 , there is ζ1 ∈ Ad
0 such that d(ζ1, T ζ0) =

D(A,B). Since Tζ1 ∈ Bd
0 , there is ζ2 ∈ Ad

0 such that d(ζ2, T ζ1) = D(A,B). By
repeating the process, we obtain a sequence {ζn} in Ad

0 satisfying the equality
d(ζn, T ζn−1) = D(A,B), for all n ∈ N. Seeing that d(ζn, T ζn−1) = D(A,B) and
d(ζn+1, T ζn) = D(A,B), by mixed P−property, we have δ(ζn, ζn+1) = δ(Tζn−1, T ζn).

Thus, δ(ζn, ζn+1) = δ(Tζn−1, T ζn) ≤ k δ(ζn−1, ζn), for all n ∈ N. Now, it is easy
to see that δ(ζn, ζn+1) ≤ knδ(ζ0, ζ1) and hence, for any n ≤ m,

d(ζn, ζm) ≤ δ(ζn, ζm) ≤
m−1∑
j=n

δ(ζj , ζj+1) ≤
kn

1− k
δ(ζ0, ζ1) → 0, as n → ∞

Hence {ζn} is Cauchy with respect to d. Since A is complete, there is ζ∗ ∈ A such
that ζn → ζ∗. Since T is continuous with respect to d, d(Tζn, T ζ

∗) → 0. Then

D(A,B) ≤ d(ζ∗, T ζ∗) ≤ d(ζ∗, ζn) + d(ζn, T ζn−1) + d(Tζn−1, T ζ
∗) → D(A,B).

Hence d(ζ∗, T ζ∗) = D(A,B).
Suppose that there is η∗ ∈ A such that ζ∗ ̸= η∗ and d(η∗, Tη∗) = D(A,B). Then

by mixed P−property, δ(ζ∗, η∗) = δ(Tζ∗, Tη∗) < δ(ζ∗, η∗), a contradiction. Hence
the best proximity point is unique. □

When A = B, the above theorem reduces to the Maia’s fixed point theorem
(Theorem 1.1). The following example shows the condition that X is complete
with respect to d can not be relaxed.

Example 4.2. Let X = C[0, 1] be the set of all continuous real-valued functions
defined on [0, 1]. Consider the following subsets of X.

A :=

{
f ∈ C[0, 1] : f(t) = t, if t ∈

[
0,

1

2

]
and

1

2
≤ f(t) ≤ t, if t ∈

[
1

2
, 1

]}
B :=

{
g ∈ C[0, 1] : g(t) = 1

2
, if t ∈

[
0,

1

2

]
and

1

2
≤ g(t) ≤ t, if t ∈

[
1

2
, 1

]}
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Consider the two metrics,

d(f, g) =

∫ 1

0

|f(t)− g(t)|dt,

δ(f, g) = sup{|f(t)− g(t)| : t ∈ [0, 1]}.

Clearly, d(f, g) ≤ δ(f, g), for all f, g ∈ X and X is not complete with respect to
d. It is easy to see that Ad

0, Bd
0 are nonempty subsets of A,B respectively and

D(A,B) = 1
8 , the area of triangle whose vertices are (0, 0), (0, 1

2 ) and ( 12 ,
1
2 ).

Let T : A → B be a mapping defined by

T (f)(t) =

{
1
2 , if t ∈

[
0, 1

2

]
tf(t)
2 + 3

8 , if t ∈
[
1
2 , 1

]
.

It is easy to see that T is continuous with respect to d and it satisfies δ(Tf1, Tf2) ≤
1
2δ(f1, f2), for all f1, f2 ∈ A. But there is no f ∈ A such that d(f, Tf) = 1

8 =
D(A,B). That is, T has no best proximity points in A with respect to d.
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