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On simple normal structure and best proximity points in
reflexive Banach space

BELKASSEM SEDDOUG, KARIM CHAIRA AND JANUSZ MATKOWSKI

ABSTRACT. We introduce the concept of simple normal structure (see Definition 2.3) for a pair of subsets
in a normed space that is not proximal. Using this concept, we show that if € is a reflexive Banach space,
A and B are two nonempty, convex, bounded and closed subsets of € having a simple normal structure, and
T:AUB — AU Bis a cyclic relatively nonexpansive map, then 72 admits a fixed point in A. Moreover, if T
satisfies a min-max condition, then this fixed point of T2 is also a best proximity point for 7.

Using this concept, we obtain the same result for the best proximity point of a cyclic contraction map. We also
provide an example of a reflexive Banach space that is strictly convex but not uniformly convex.

1. INTRODUCTION AND PRELIMINARY

Let (&,].]]) be a normed linear space. Consider two nonempty subsets A and B of
€. Recall that a mapping 7 : AUB — A U B is said to be relatively nonexpansive if,
|T(x)—T(y)|| < ||Jx—yl for every pair (z, y) of A x B. Notice that a relatively nonexpansive
mapping need not be continuous in general.

A self-mapping T : AUB — AUB is called cyclicif T(A) C B and T(B) C A. Forsuch a
mapping, a best proximity point is an element p of A that solves the minimization problem :

lp — T(p)|| = dist(A, B),

where dist(A, B) := inf{||jz — y|| : (z,y) € A x B}. Note that in this case, if T is relatively
nonexpansive, then ¢ = T(p) € B is also a proximity point of T, since

dist(A, B) < llg = T(g)|| < llp — T(p)[| = dist(A, B).

The importance of the best proximity points stems in their ability to offer optimal solu-
tions to the problem of the best approximation between two sets. Relevant references on
best proximity points can be found in [9, 10, 16, 2, 3, 4, 19]. In [10], Eldred and Veeramani
proved a theorem establishing the existence of a best proximity point for cyclic contrac-
tions within the setting of uniformly convex Banach spaces. In [19], Suzuki, Kikkawa, and
Vetro introduced the concept of the property UC and extended Eldred and Veeramani’s
result to metric spaces with the UC property. Subsequent contributions by Espinola and
Ferndndez-Leén [11], as well as Sintunavarat and Kumam [18], have continued to explore
the existence of best proximity points for cyclic maps under various domain-related con-
ditions. These works reflect the growing interest in this area in recent years.

For the reader’s convenience, we provide some vocabulary and results. The pair (A, B)
is said to be proximal, if for each (z,y) € A x B there exists (a,b) € A x B such that
|z — bl = ||y — a]| = dist(A, B). It is said to have proximal normal structure (see [9]), if for
any nonempty closed bounded convex proximal pair (H,X) in (A, B) with §(FH,K) >
dist(3, X) and dist(H,XK) = dist(A, B), the inequality max{d,(K),d,(H)} < (3, XK)
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holds for some (p,q) € (H,X). Here §(3H,K) = sup{|jz —y| : = € H,y € K} and
0.(K) = sup{|lz — y|| : y € K}, for any = € H.

Recall that a Banach space (&, ||.||) is said to be uniformly convex [6], if there exists a
strictly increasing function ¢ : (0, 2] — (0, 1] (the modulus of uniform convexity) such that
the following implication holds for all z,y,p € £, R > 0and r € [0,2R] :

lo-pl <R ,
ly=pl <R = 1552 =0l < (1= IR
o=yl > v

It is said to be strictly convex if the following implication holds for all z,y,p € £ and
R>0:

|z —pll <R, iy
ly—p| <R, =| 5 —pll <R
TFY

In the entire paper, we will say that (A, B) satisfies a specific property if both the sets
A and B satisfy that property.

The study of the existence of a best proximity pair was initially introduced and ex-
plored in [9]. Specifically, the following key result was established :

Theorem 1.1 (Corollary 2.1 in [9]). If (A, B) is a nonempty closed bounded convex pair of a
uniformly convex Banach space €, then every cyclic relatively nonexpansive mapping defined on
A U B has a best proximity pair.

The concepts of reflexivity and strict convexity are closely linked to the existence of
projection onto a closed convex set.

Definition 1.1. (see Definition 5.1.17 in [15]) Let (&, ||.||) be a normed linear space and A be a
nonempty subset of €.
— A is a set of uniqueness if, for every x of €, there is no more than one element y of A such
that ||z — y|| = dist(z, A), where dist(z, A) = inf{||x — a| : a € A}.
— A s a set of existence or proximinal if, for every x of €, there is at least one element y of A
such that |z — y|| = dist(z,.A).
— A is a Chebyshev set if, for every x of &, there is exactly one element y of A such that
|l — y|| = dist(x,.A); that is, if A is both a set of uniqueness and a set of existence.

Theorem 1.2 (Corollary 2.12 in [12]). Let (&, ||.||) be a Banach space. The following are equiva-
lent:

& is reflexive;

every nonempty weakly closed subset of € is proximinal;
every nonempty closed convex subset of € is proximinal;
— every closed subspace of € is proximinal.

Remark 1.1. It is shown (see Theorem 5.1.18, Corollary 5.1.19, and the accompanying comments
in [15]) that a normed space € is reflexive and strictly convex if and only if every nonempty convex
and closed subset of € is a Chebyshev set. Therefore, in this setting, the projection mapping P 4 on
a nonempty closed convex subset A is well-defined and single-valued.

In the following proposition, we establish the relationship between best proximity
point and fixed point.

Proposition 1.1. Let T : AU B — A U B be a cyclic relatively nonexpansive, where (A, B) is
a pair of nonempty subsets of a normed space €. Suppose that A is a set of uniqueness and that T
admits a best proximity point x € A. Then x is also a fixed point for T2,
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Proof. Since T admits a best proximity point « € A, i.e. ||z — T(z)|| = dist(A, B), we have
|z — T(z)|| = dist(T(z), A). As A is a set of uniqueness, = is the projection of T(z) onto A,
we also have

dist(A, B) < [T(z) — T(T(@))]| < [l - T(a) | = dist(4, B),

50 ||T(T(x)) — T(x)|| = dist(A, B) and T(T(z)) is also the projection of T(z) onto A. Thus
T%(2) = =. O

Remark 1.2. The result of Proposition 1.1 holds true when the set A is nonempty, closed, and
convex, and when & is reflexive and strictly convex. In particular, under the hypothesis of Theorem
1.1, T admits a best proximity point which is also a fixed point of T>.

The notion of a cyclic contraction map was introduced in [10].

Definition 1.2. Let A and B be nonempty subsets of a normed space. A cyclic mapping T :
AUB — AUB is termed a cyclic contraction if there is k € (0, 1) such that, for all (x,y) € Ax B,

[7(z) = T(W)Il < &llz = yll + (1 — w)dist(A, B).

Theorem 1.3 (Theorem 3.10. in [10]). Let A and B be nonempty closed and convex subsets of a
uniformly convex Banach space. Suppose T : AUB — AU B is a cyclic contraction. Then, there
exists a unique best proximity point x € A. Further, for every zo € A the sequence (T*"(2¢))nen
converges to x.

Theorem 1.4 (Theorem 11. in [1]). Let A and B be nonempty closed and convex subsets of a
reflexive and strictly convex Banach space. Suppose T : AUB — AUB is a cyclic contraction and
assume that (A — A) N (B — B) = {0}. Then, there exists a unique x € A such that T*(z) = x
and ||z — T(z)|| = dist(A, B).

The rest of the paper is organized as follows :

The following section contains the main results of the paper. In Subsection 2.1, we in-
troduce a new concept called “simple normal structure,” which is a natural generalization
of the notion of “normal structure” introduced in [5] and studied by W. A. Kirk in [14], and
distinct from the concept of “proximal normal structure” introduced in [10]. Remark 2.3
justifies that every pair of nonempty convex subsets of & having simple normal struc-
ture also has proximal normal structure. Theorem 2.5 shows that if (A, B) is a nonempty
bounded convex closed pair having simple normal structure in a reflexive Banach space,
then for all cyclic, relatively nonexpansive mappings 7 : AU B — A U B, the map T*
admits a fixed point in A. Moreover, if T satisfies the min-max condition, then this fixed
point of 77 is also a best proximity point for 7.

In Subsection 2.2, we deal with the case of cyclic contraction mappings. Theorem 2.6
justifies that if (A, B) is a nonempty, bounded, and closed convex pair having simple nor-
mal structure in a reflexive and strictly convex Banach space, then any cyclic contraction
T : AUB — AUB admits a unique best proximity point in A. We thus obtain the existence
of a best proximity point for a cyclic contraction in a reflexive and strictly convex Banach
space, which provides a positive answer to Eldred and Veeramani’s question (see [10]).
We end the article with an example of a cyclic contraction in a reflexive Banach space that
is strictly convex but not uniformly convex.
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2. MAIN RESULT

2.1. Simple normal structure and best proximity points of a cyclic relatively nonexpan-
sive map. Let (&, ||.]|) be a reflexive Banach space. For any nonempty closed convex and
bounded subsets A and B of &, we set

62(B) = sup{||z — y|| : y € B},
54(B) = inf{6,(B) : z € A} and

Ap={x € A:6,(B)=04(B)}.
We define in the same manner 6, (A), for every y € B, 65(A) and B 4. We denote also

6(A, B) == sup{[lz — y|| : (2,y) € A x B}.

Definition 2.3. Let A, B be nonempty subsets of £. We say that (A, B) has a simple normal
structure, if for every nonempty closed bounded and convex pair (X,)Y) of € such that X C A
and Y C B, the following implications hold true :

(i) if X contains more than one point then there is some point x € X such that : 6,(Y) <
8(X,Y);

(ii) if Y contains more than one point then there is some point y € Y such that : §,(X) <
5(X, ).

Remark 2.3. In Definition 2.3, the pair (X,Y) is not necessarily proximal; therefore, a pair
(A, B) can have proximal normal structure but not a simple normal structure. But the reciprocal
is always true : if (A, B) is a convex pair, in a Banach space €, having a simple normal structure,
then (A, B) has a proximal normal structure.

Indeed, suppose that (A, B) has a simple normal structure and let (3, X) be a nonempty
closed bounded convex proximal pair in (A, B) with §(F, K) > dist(I(, K). It suffices to
show that H and X are not singletons. Suppose H = {h¢} for some hy € &. Since (K, K)
is proximal then, for all k¥ € X, ||k — ho|| = dist(H,XK), whence §(H,K) = 6,,,(K) =
dist(7, X), which contradicts the hypothesis. Thus H is not a singleton. Similarly we
show that X is not a singleton.

Example 2.1. Let & = R? be equipped with the norm ||.||w, defined for every (x,y) € R? by
l(z,y)|loo = max(|z|,|y|). Consider a = (0,0), a’ = (1,0), b = (2,0), b’ = (3,0), and let A be
the line segment [a,a’] and B = [b,V']. It is not difficult to show that (A, B) has a simple normal
structure. Note that in this case, if T is a relatively nonexpansive cyclic mapping on A U B, then
necessarily T(a') = band T(b) = a’. Hence, T*(a’) = a’ and T*(b) = b. Therefore, T* admits
fixed points in A and B, which are also proximity points.

Example 2.2. Let (], = ({y,].||n), n € N\ {0}, where the Banach space ¢,, is of the zero real
sequences starting from the index n + 1, endowed with the norm ||.||,, defined by

1

v z(n) = (@(n)(i))k1 € bn, ()]0 = <Z|x ) :

Let £2 = {x = (x(n))p>1 : (Vn € N\ {0}, z(n) € £) and Z |z(n)||? < 4o00}. The set L£>

“+oo
endowed with the norms ||.|| defined by ||z| = (Z Hx(n)”i)%, is a Banach space. Since the (],
i=1
n € N\ {0}, are finite-dimensional vector spaces endowed with the norms ||.||,,, they are reflexive
and strictly convex. Thus, by [17] and Theorem 2 of [7], the space (L2, ||.]|) is a strictly convex
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reflexive Banach space which is not uniformly convex.

o Let n € N\ {0}. We consider the four elements U,, = (x(k))k>1,Van = (v(k))k>1, and
Vani1 = (w(k))>1 of £L? defined by:

1
f1<i<n, .
o)) = 4 TESES™ o u(k) = 0 k %,

0ifi>n
1 . .
—ifl<i<n,

(2n)2n

v(2n)(i) = —11 ifn+1<i<on, - andv(k)=0ifk#2n,
(2n)2n
0ifi >n

1 . .
— f1<i<n+1],
(2n + 1) 7o

w(2n +1)() = —1 ifnt2<i<ont1, dw(k)=0ifk#2m+1.
(2n+ 1)+
0ifi>2n+1

It is clear that |U,|| = ||[Un+1ll = [[Vanll = ||Vant1ll = 1, for all n € N\ {0}. Therefore the
subsets A = co(Uy, Vap,) and B = co(Up41, Vant1) are closed convex of B2([0,1]). We have
A={AU,+ 1 =N)Vo, : A€ [0,1]} and B = {p.Upy1 + (1 — 1) Vany1 : p € [0,1]}.

o (A, B) have a simple normal structure. Indeed, let (X,)) be a nonempty closed convex pair
contained in (A, B). Then, there exist a,b,a’,b’ € [0, 1] such that

X={AU,+ 1=\ Vo €A:\E[a,b]}

Y ={pUns1+ (1= p).Voni1 € B:p € [a, 0]},

witha < banda' < V.
Suppose the set Y is not a singleton, so a’ < b'. We put p(t) = t* + (1 — t)?, forall t € [0,1].

1
,s0 p(b') < p(a). We have

Case 1: ¢/, b’ € [0, 5]

6b’-Un+1+(1*b’)-V2n+1 (X) = ASl[lpb] [(AUn + (1= X).Vap) — (b/-Un+1 +(1— b/)-V2n+1)H
€la,

= sup VA2 4+ (1—A)2+02+(1-0)2
A€Ela,b]

Vmax{p(a), p(b)} + b + (1 — V)2
< vmax{p(a), p(b)} + max{p(a’), p(v/)},

< s N (AP (1 p)?
(A, p)€Ela,b] x[a’,b]

=4(X,)).

N
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1
Case 2: ', b’ €]=,1],s0 p(a’) < p(b"). We have

2
JQI-U71+1+(1_U‘/)'V27L+1(X) = /\Sl[lpb} [AUn + (1 = X).Vay,) — (a/~Un+1 + (1 — a/)-v2n+1)||
€la,
= sup VA2+(1-N2+a2+ (1—a)?
A€Ela,b]
< Vmax{p(a), pB)} + max{p@), s},
<O(X,)).

Case3:0<a < = <V < 1. Wehave

DN | =

1
6%.(Un+1+V2n+1)(X) = Ail[lapb] H()‘-U’n + (1 - )‘)VZn) - 5'(Un+1 + V2n+1)||

1
= sup \/)x2+(1—)\)2+
AE[a,b] 2

< v/max{p(a), p(b)} + max{p(a’), p(v')}, becausea’ <V,
<X, D).
Similarly, since a < b, if the set X is not a singleton, then there exists Ao € [0, 1] such that
Ong.Un+(1=20).Van) (V) < (X, D).

In the following example, we give a compact convex pair (A, B) which has proximal
normal structure but does not have a simple normal structure.

Example 2.3. As in Example 2.1, we consider & = R? equipped with the norm ||.||o. Let a =
(0,0), ' = (0,1), b = (2,0),b" = (2,1), A = [a,d] and B = [b,b']. On the one hand, since for
every (z,y) € A X B, ||z — yl|loo = 2, then (A, B) does not have a simple normal structure. On
the other hand, as (A, B) is compact convex pair of a Banach space, according to Proposition 2.2.
of [9], (A, B) has proximal normal structure.

Following almost the same steps of the proof of Proposition 2.1 in [9], without using
the notion of proximal pair, we obtain the following result.

Proposition 2.2. If (A, B) is a nonempty convex pair in a uniformly convex Banach space &, then
(A, B) has a simple normal structure.

Proof. Let (X,Y) be a nonempty closed bounded and convex pair in € such that X C A
(resp. Y C B). Suppose that X is not a singleton. Then there exists (x1, r2) € X2 such that
x1 # x9. Fory € ), by the definition of (X, V), we have

ey =yl <6(X,Y)and |22 —yl| < O(X,)).

Putn=1-¢ W (for the function ¢, see the definition of a uniformly convex space).

By the convexity of X, " = Dt

€ X and by the uniform convexity of £, one has

2" =yl <nd(Xx, ).

Hence, 6.+ () < n6(X,Y) < §(X,Y). Similarly, if ) is not a singleton there exists y* € Y
such that d,- (X) < 6(X,Y). Thatis (A, B) has a simple normal structure. O

Example 2.3 shows that a compact convex pair in a Banach space does not necessarily
have a simple normal structure. But it is the case in a strictly convex Banach space.
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Proposition 2.3. Let (A, B) be a nonempty compact convex pair in a Banach space €. If € is
strictly convex, then (A, B) has a simple normal structure.

Proof. Let (X,)) be any nonempty bounded closed and convex pair contained in (A, B).
Suppose that X is not a singleton and let z; # z2 be elements of X'. By the convexity of

X, g = o1t oo € X. On the one hand, since Y is compact, there is yy € Y such that
llzo — yol|| = 9z, (Y). On the other hand, ||z; — yo|| < 6(X,Y) for ¢ = 1, 2. Therefore, by the
strict convexity of €, 05, (Y) = ||zo — yol| < (X, D). O

Proposition 2.4. Let (A, B) be a nonempty weakly compact convex pair in a Banach space €.
Suppose 6(X,Y) > max{6(X),0()} + dist(X,Y) for every nonempty bounded closed and
convex pair (X,)) such that X or Y is not a singleton, and X C Aand Y C B. Then, (A, B) has
a simple normal structure.

Proof. Let (X,)) be any nonempty bounded closed and convex pair contained in (A, B).
Suppose Y is not a singleton. If we assume that 6, (X)) = 6(X, ), for each y € ), then there
exists a sequence ((Z,,Yn))n>0 of X x Y such that EIE lzn — ynll = dist(X,Y). Since

(X,)) is a closed convex pair, it is therefore weakly closed, and by hypothesis (A, )
is weakly compact. Thus there exists a subsequence ((Z(n); Yp(n)))nz0 Of ((Tn,¥Yn))nz0
which weakly converges to (h, k) € X x Y, and we have

I =Kl < Tim g — s0n ]| = dist(X, ).

Hence, ||h — k|| = dist(X, D).
Let m € N. There exists a sequence (z, ), >0 of X such that

lim |[lz, — Yo (m) | = 6Z/¢(m) (X).

n—s—4oo
For each n € N, we have
120 = Yyl < lzn — g | + 12g0m) — Yoem)ll < 6(X) + [Zg(m) — Yoomll-
Taking the limit as n — 400 in the previous inequality, we obtain
(2.1) 0(X,Y)=9¢ (X) <6(X) + |Tg(m) — Yg(m)ll, forallm € N.
Letting m — 400 in the inequality (2.1), we get
(X,Y) <6(X) 4+ dist(X,Y) < max{§(X),5(Y)} + dist(X, V),

which contradicts hypothesis of the Proposition 2.4. Thus there exists ky € Y such that
0o (X) < O(X, D).
Similarly, if X is a singleton, there exists hy € X such that d,(Y) < (X, D). O

Yep(m)

In order to establish our first result (Theorem 2.5 below), we need to prove two techni-
cal lemmas.

Lemma 2.1. If A and B are nonempty closed bounded and convex subsets of a reflexive Banach
space €, then Ay and B 4 are nonempty closed bounded and convex.

Proof. For every ¢ > 0 and for every y € B, we set

(2.2) C(y,e) = {1‘ €A |z —y|| <64(B)+ i} and; C. = () C(y,2).

yeB

Let ¢ > 0. According to the characterization of the lower bound, for this ¢, there exists
x € A such that 6,(B) < d4(B) + ¢, whence, for every y € B,

[l = yll < 02(B) < 6a(B) +¢,
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which shows that z € €.. Thus C, # 0.

Ag = ﬂ C.. Indeed, if x € Ag, then forall y € B,
e>0

1
|z —y|| < 6.(B)=084(B) <da(B)+ = foralle > 0.
Sox € ﬂ C(y,e), foralle > 0,i.e. x € ﬂ C..
yeB e>0
Conversely, if x € ﬂ C., thenforalle >0and y € B, ||z — y|| < d4(B) + é Therefore,
e>0

1
54(B) < 6,(B) < a(B) + _, foralle > 0.

By letting ¢ tend to +o0 in the inequality, we obtain 64 (B) = J,(B), which shows that
T € Ag.

For each e > 0 and y € B, the set C(y, ¢) is closed and convex, so C. and Ag are too. As
A is bounded, so is Ag.

The family {C. : ¢ > 0} is made up of decreasing (in the sense of inclusion), nonempty
bounded closed and convex parts and as € is a reflexive Banach space, then

A’B:mes#@-

e>0
which was to be shown. O

Lemma 2.2. If (A, B) is nonempty closed bounded and convex subset of a reflexive Banach space
& having a simple normal structure. Then, for every pair (X,)) of nonempty closed bounded and
convex pair in (A, B) we have the following implication :

(X and Y contains more than on point) = max{d(Vx, X),6(Xy,V)} < (X, ).

Proof. By the assumed simple normal structure, there is some z € X such that 0,()) <
§(X,Y). For every (a,y) € Xy x ),

la = yll < 0a(Y) = 0x().
Therefore,
6(Xy, V) <ox(Y) < 6:(Y) < (X, ).
Similarly we show that 6(Yx, X) < §(X,Y). O

Definition 2.4. Givenamap T : AUB — AU B, we say that T satisfies the min-max condition
if, for all (z,y) € A x B, we have

dist(A, B) < d(z,y) = max(Tx,Ty) # min(Tz, Ty),
where min(Txz, Ty) and max(Tz, Ty) are defined as
min(Tx, Ty) = min{d(z,y), d(x, Tx), d(y, Ty), d(Tz, Ty), d(x, T*y),
d(y, T%z), d(Tz, T°z), d(Ty, T?y), d(T?z, T?y)}

max(Tz, Ty) = min{d(z,y), d(z, Tz),d(y, Ty), d(Tz, Ty), d(z, T*y),
d(y, T?x), d(Tz, T2x), d(Ty, T?y), d(T?z, T?y)}.

Here, for all u,v € &, d(u,v) denotes the real ||u — v||.
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Theorem 2.5. Let € be a reflexive Banach space, and let A, B be two nonempty, convex, bounded,
and closed subsets of € having a simple normal structure. Let T : AUB — AU B a cyclic
relatively nonexpansive. Then, there exists (z*,y*) € A x B such that
(2.3) To* =y* and Ty* = =~

and so T?z* = «* and T?y* = y*.
If furthermore, T satisfies the min-max condition, then
(2.4) dist(z*, Ta™) = dist(A, B) = dist(y*, Ty*).

Proof. Let F denote the collection of all the pairs (X, Y’) such that X and Y are nonempty
bounded closed and convex subsets of € verifying X C A, Y C B,T7(X) CYand J(Y) C
X. Obviously, F is nonempty since (A, B) € F. The set F is equipped with the order
relation <’ defined by for all (X,Y), (X", Y’) € F,

(X,Y)<(XY) <= (XX YCY').
Let (X4, Y, )aer be a decreasing chain in F. Define (£, K) by

L=[)Xeand K =[] Y.
ael’ a€el

Itis clear that (£, X) # 0, since forall « € T', X,, and Y,, are nonempty bounded closed and
convex subsets of reflexive space £. Moreover, 7(£) C X, T(X) C £ and (£,X) C (A, B).
Thus (£,X) € F. Hence, Zorn’s lemma implies that 7 has a minimal element, which we
denote by (U, V).
Letx € Uy. Forally € V, |Tz — Ty|| < ||z — y|| < §u(V). Then
TV)cUnB(Txz,ou(V)),

Similarly, lety' € Vi, forallz’ € U, ||T2" — Ty'|| < ||2" — /|| < 0y (U). Then
where B(Tz, 0y (V) (resp. B(Ty', 6y (U))) is the closed ball with radius §y (V') centered at
Tz (resp. radius dy (U) centered at Ty'). We have U N B(Tx, 6y(V)) and V N B(Ty', 5y (U))
are nonempty bounded closed and convex subsets of A and B resp., and

T(V A BTy, v (U))) € U N BT, 00(V)

TUNBTz,0u(V))) CcVNB(TY,dv(U)).
By minimality of (U, V'), we have

U=UNnBTz,0u(V))and V =V N BTy, oy (V))).

So

U C B(Tz, (V) and V C B(Ty', v-(U))).
Hence, 65,(U) < 0y(V) and dg (V) < 6y (U). Therefore 6y (U) < dy(V) and 6y (V) <
Oy (U). This give 6y (V) = dy(U), which implies that, for all z € U, ||Tz — z|| < op(V) =
dv (U), whence 65,(V) = 6y (U) and Tz € V. Therefore TUy C Vy. Similarly one has
TVy C Uy.
By Lemma 2.1, (Uy, Vi) € F and since Uy C U, Vy C V and F has a minimal element
(U,V), then (Uy, Viy) = (U, V). Consequently 6(Uy, V) = 6(U, V), so

max{5(Uy,V),d6(Vy,U)} = 6(U, V).

Hence by Lemma 2.2, U or V is a singleton. If for example U is a singleton, there exists
r* € A such that U = {z*}. The following inclusions T(V) C U give us T?z* = z*. Setting
y* = Tx*, we obtain Ty* = z* and T?y* = y*. Similarly, if we consider V a singleton.
As a result, max(Tz*, Ty*) = d(z*, y*) = min(Tz*, Ty*).



512 B. Seddoug, K. Chaira and J. Matkowski
Since, T satisfies the min-max condition, we obtain that d(z*, y*) = dist(A, B). It fol-
lows that
d(z*, Tx*) = dist(A, B) = d(y*, Ty*),
which completes the proof. O
Example 2.4. Consider the real space R™, m > 2, endowed with the norm ||.||1 defined by

m

Vo = (21, am) €R™, |lz]ly =) |akl.
k=1

Let
A={r= (21, ,2m) ER™: 1<
B={y=(y1, - ,ym) ER™: 2<yy < —landys = - =y, = —1}.
The space R™ equipped with the norm ||.||1, is reflexive and not strictly convex. Then the sets A

and B are convex, nonempty, closed and the pair (A, B) has a simple normal structure. Moreover,
dist(A, B) = 2m. Consider the mapping T : A x B — A x B defined by

for x = (z1,1,---,1) € A, T(z) = (—y/x1,—1,--- ,—1)
for y=(y1,—1,--,-1) € B, T(y):<\/_7yla1a"' ;1)

We have T%(x) = (x%,l,m 1) and T*(y) = (—(—y1)%,—1,---,—1). Moreover, for all
(x,y) € A X B,

[T(x) =T = [(=vz1, =1,-- ,=1) = (V=y1, L,--- , DllL = [V/&r +vV=y1| +2(m — 1)
< (1 —wy1) +2(m—1)
= |z =yl

Furthermore, the mapping T satisfies the min-max condition. By Theorem 2.5, there exists
(«*,y™) € A x B such that «* and y* are best proximity points, and

T2 = o* and T*y* = y*,
withx* = (1,1,--- ,1), y* = (-1, -1,--- ,—1).

1 <2and xg = -+ =z, = 1};

The notion of “simple normal structure” is a natural extension of the concept of “nor-
mal structure” introduced by Milman and Brodskii [5] and studied by W. A. Kirk in [14].
Using Theorem 2.5, we can prove (Corollary 2.1 below) the well-known Kirk’s fixed point
theorem [14].

Corollary 2.1. Let € be a reflexive Banach space, and let A be a nonempty, convex, bounded, and
closed subset of € such that (A, A) has a simple normal structure. If a mapping R : A — Ais
such that

(2.5) V(z,y) € Ax A:[|[Rz — Ryl < |lz -yl
then there exists a € A such that Ra = a.

1
Proof. Taking A = B and T = §(R + Id4) in Theorem 2.5, one can deduce that there is
a € A such that 7%a = a. To prove the result, note that

1
TJa—a=TRa—Ta= i(Rafa).
Since a = T2a, we hence get

Ra —a=TRa—T?a=Ra— %(R‘J’a +TJa) = %(Ra —RTa) + %(Ra —Ja)
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and, consequently,
IRa —all < 5lla - Ta|| + 7| Ra - al| = 5 |Ra—al
2 4 2 ’
which implies Ra = a. O

2.2. Simple normal structure and best proximity points of a cyclic contraction map. In
the following we present some results on cyclic contractions.

Lemma 2.3. Let (A, B) be a pair of nonempty subset of a normed space €. If T : AUB — AUB
is a cyclic contraction and x € A is a fixed point of T, then for every xo € A, the sequence
(172" (20) — T()]),, o converges to dist(A, B).

Proof. Let k € (0,1). Suppose
V(z,y) € Ax B, [|T(z) = T < sllz —yll + (1 — &) dist(A, B).
By induction we can show that, for every n € N,
dist(A, B) < [|T?"(z0) — T(2)|| < &**||lzo — T(z)| + (1 — £2") dist(A, B).
The result follows by tending n to infinity. O

Theorem 2.6. Let € be a reflexive Banach space, and let (A, B) be a pair of nonempty, convex,
bounded, and closed subsets of € with a simple normal structure. Let T : AUB — AU DB bea
cyclic contraction mapping. Then T admits at least one fixed point * € A, which is also a best
proximity point for T in A.
If moreover € is strictly convex space, then

(i) x* is the unique best proximity point of J;

(i) for every zy € A, the sequence (T*™(x¢))nen converges weakly to z*.

Proof. As T is a cyclic contraction, 7 is cyclic relatively nonexpansive. T satisfies the con-
dition min-max. Indeed, let (z,y) € A x B such that dist(A, B) < ||z — y||. Since T is a
cyclic contraction with x € (0, 1), then

[Tz = Tyl < wllz — yll + (1 — w)dist (4, B) < [l — y].
therefore ||Tz — Ty|| < ||z — y||, thus min(Tz, Ty) # max(Tz, Ty).
According to Theorem 2.5, T admits at least one best proximity point z* € A, which is

also a fixed point of 72 in A.
We assume that € is strictly convex.

(i) Suppose there exist z1, z2 € A, two best proximity points of T such that, T2(21) = 11
and ‘J’z(wg) = x. Taking z¢ = x2 in Lemma 2.3, we get
lim || T%"(xq) — T(x1)|| = dist(A, B),

n—-4oo
whence
[z = T (@) = dist(A, B) = [lz1 = T(z1)[]-
Moreover, dist(A, B) < dist(T(z1),A) < [|T(z1) — x1|| = dist(A, B). So dist(T(z), A) =
dist(A, B), and z1, 2 € Pa(T(x1)).
Since A is nonempty closed and convex subset of reflexive strictly convex Banach space
&, by Remark 1.1, A is a Chebyshev set. Hence, 21 = 2.

(ii) Let o € A and define the sequence (z,)nen by, n+1 = T(z,). According to the
Lemma 2.3, the sequence (||z2, — T(2)|)n>0 converges to dist(A, B). Since the sequence
(Z2n)nen is in the closed, bounded and convex subset A of the reflexive Banach space
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&, so, by the Banach-Alaoglu theorem, it admits a subsequence (Igw(n))neN converging
weakly to an element of A.

Now let us show that (22,,),>0 converges weakly to z*. Indeed, let (23y,(n) )n>0 be a subse-
quence of (22, )n>0. Then, there exists a subsequence (Z2(yo0)(n))n=0 Of (Z24(n))n>0 which
converges weakly to an element a € A. We have

dist(4, B) < [la — T(a")]
< Timi o
X lég_’l_rg H‘TQ(woa)(n) T(‘T )”
= dist(A, B),
which implies that a = z*, and this is true for any subsequence (22 (n))n>0 Of (Z2n)n>0-
Thus the sequence (22, )n>0 converges weakly to z*. O
Example 2.5. In the previous Example 2.2, A and B are nonempty convex bounded closed subsets
of £2, and (A, B) have a simple normal structure. Since |Uy,|| = ||Van| = |Unt1ll = |Vani1l =
1, foralln € N\ {0},
dist(A,B) = inf |lu—"2]
(u,)EAXB
= inf MU, + (1= \).Van) — (u.Un 1— u).Van
o BE O + (1= 0).Vaw) = (Ui + (1= 0. Vao)]

VR A=A+ 2+ (1—p)2 =1,

in
(A.p)€l0,1]?
DefineT: AUB —- AUBby:
1
ife =AU, + (1—-N).Va, € A, with A € [0,1], T(x) = §(Un + Van),
. . 1
ify=pUpi1+ (1= p).Vani1 € B, with p € [0,1], T(y) = 5.(Un41 + Vont1).

2
We have

e —yll = VA2 + (1= A2+ 2+ (1 —p)? > 1= dist(A, B).
So

1 1
17() =T = 15 (Un + Van) = 5-(Unt1 + Vonsa)| =1

= dist(A, B) = A dist(A, B) + (1 — \) dist(A, B)
<k |l —yl| + (1 — k) dist(A, B), where r an element of [0, 1].
Hence, T is a cyclic contraction. By Theorem 2.6, T admits a unique best proximity point xz* =

1
i(Un + V2n) e A

Remark 2.4. To summarize, consider a nonempty closed and convex pair (A, B) in a reflexive and
strictly convex normed space. Then, each of the hypotheses below implies the existence of a unique
x € AU B such that T*x = x and ||z — Tx| = dist(A, B) :

(1) T is weakly continuous on A or B [1, Theorem 12];

(2) For every sequence (x,,)nen in AUB that converges weakly to an x € AUB and verifying

nll_}n'olo |xn — Tzy|| = dist(A, B), one has ||z — Tz|| = dist(A, B) [1, Theorem 12];

B A-A)N(B—B)={0}[1, Theorem 11];

(4) (A, B) is bounded and has a simple normal structure (Theorem 2.6).
The condition “(A,B) has a simple normal structure” does not generally imply the condition
“(A—=A)N (B — B) ={0}", as example 2.4 shows.
It is remarkable to note that in Theorem 2.6, the strict convexity of the reflexive Banach space € is
only used to study the uniqueness of a best proximity point for the map T.
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Finally, we note that in the two main theorems 2.5 and 2.6, a delimitation of the domain sets
A and B is assumed. This assumption is closely related to observations made by Zhelinski and
Zlatanov [20], where a bounded UC property for the ordered pair (A, B) is introduced.
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