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Abstract. In this paper, we prove some fixed point theorems for coupled-nonexpansive mapping and prove strong
convergence and weakly convergence theorems for a double Mann-type iterative process to approximating a fixed
point for coupled-nonexpansive operator in Hilbert spaces. Moreover, we prove some properties of the coupled

fixed point set for coupled-nonexpansive mapping and prove fixed point theorem for such mapping on Banach

spaces.
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Let (X,||-]|) be a real Banach space and let K be a nonempty subset of X. A mapping

T : K — K is said to be nonexpansive, if ||[Tx — Ty|| < ||x —y||, for each x,y € K. (see [1]).
During last four decades many authors have investigated nonexpansive mappings and the set of
its fixed points. We now review the needed definitions and results. Throughout this paper, we
denote by N the set of all positive integers and R the set of all real numbers, respectively. A
nonempty subset K C X is said to be convex, if ax+ (1 —a)y € K forall x,y € K and @ € [0, 1].
A Banach space K be strictly convex if || *52 ||< 1 for each x,y € K with ||x|| = |[y|| = I and
x #y. A Banach space K be uniformly convex if for any € € (0,2] there exists 6 = 6(€) > 0,
whenever x,y € K, ||x|| < 1,]|y|| < I and [[x—y|| > & then [[532|| < 1—§. It is clear that
uniform convexity implies strict convexity (see [2]). A mapping T : K — K have a coupled
fixed point, if there exist x,y € X such that T'(x,y) = x and T (y,x) = y. Let {x, } be a bounded
sequence in a Banach space (X,||-||). For x € X, we define a continuous functional r(-,x,) :
X — [0,00) by r(x,x,) = limsup,_,.. ||x — x,||. The asymptotic radius r({x,}) of {x,} is given
by r({x,}) = inf{r(x,x,) : x € X }. The asymptotic center Ag({x,}) of a bounded sequence {x, }
with respect to K C X is the set Ak ({x,}) = {x € X : r(x,x,) < r(y,x,), ¥y € K}. This implies
that the asymptotic center is the set of minimizer of the functional r(-,x,) in K. If the asymptotic

center is taken with respect to X, then it is simply denoted by A({x,}) (see [3]).

Lemma 1. [3] Let (X, || ||) be a uniformly convex Banach space with modulus of convexity of

0. Then every bounded sequence {x,} in K has a unique asymptotic center in K.

The Banach fixed point theorem concerns certain mappings of a complete metric space itself.
It states conditions sufficient for the existence and uniqueness of a fixed point and it’s also
given a constructive procedure for obtaining better and better approximations to the fixed point,
this is a method such that we choose xp in a given set and calculate recursively a sequence
X0,X1,X2,... from a relation of the form x, = Tx,,_1 = T"xg, Vn > 1. It is also know as the
Picard iteration starting at x,. Now, fixed point iteration processes for approximating fixed

point of nonexpansive mappings have been studied many mathematicians as follows:
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Definition 2. Let (X,||-||) be a normed space and K C X be a closed and convex. Three
classical iteration processes are often used to approximate a fixed point of a nonlinear mapping
T:K—K.

Krasnoselskij’s iteration

The first one is introduced by Schaefer [4] which is defined as follows: xg € K
Xpt1 =Ax, +(1—=A)Tx,, n>0,

where A € (0,1).
Halpern’s iteration

The second one is introduced by Halpern [5] which is defined as follows: xy € K
X1 = Ouxo+ (1 —04,)Tx,, n>0,

where {a, }7>_, € [0,1].
Mann’s iteration

The third one is introduced by Mann [6] which is defined as follows: xp € K
Xnt+1 = Opxp+ (1 — ) Tx,, n>0,
where {a, }5>_, € [0,1].

Next, Takahashi [2] proved fixed point theorems for nonexpansive mappings in Hilbert spaces

as follows:

Theorem 3. Let K be a nonempty closed and convex subset of a Hilbert space H and let F :
K — K be a nonexpansive. Then the following are equivalent:

(i) The set Fix(F) of fixed points of T is nonempty;

(ii) {F"x} is bounded for some x € K.

In 2006, Bhaskar and Lakshmikantham [7] established a fixed point theorem for mixed mono-
tone mappings in partially ordered metric spaces. Moreover, the double sequence {(x,,y,)}n >
0, defined by the Picard-type iteration x,+1 = T (xn,¥n), Ynt1 = T (Vn,xn), n >0, with

X0,Y0 € X, is convergent and its limit is always a coupled fixed point of F. In 2013, Olaoluwa
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et al.[8] introduced the definitions of nonexpansive condituon for coupled maps in product s-
paces and proved the existence of coupled fixed points of such mappings when X is a uniformly

convex as follows:

Definition 4. Let X be a Banach spaces and K be a nonempty subset of X. A mapping 7 :

K x K — K is said to be coupled-nonexpansive if

(1) 1T (6 y) = T (u, )] < S ([ —ul[+ [y = vI]),

| =

for all x,y,u,v € K.

Throughout this paper, a mapping 7 : K x K — K is call bivariate nonexpansive or coupled-

nonexpansive if T satisfies 1.

Example 5. Let X = R. Defined

[l = [,
forevery x e Rand T : X x X — X be defined by T'(x,y) = ’%, for all x,y € X. Indeed for all
x,y € X, we consider

X—y u—v
T —-T =|—-
1T (xy) =T ()l == 5|

1

= 1=y~ (=)

1
< S (=l + =)

e+ fly vl
bl

Hence T is coupled-nonexpansive mapping.

Next, Berinde et al.[9] proved weak and strong convergence theorems for a double Krasnoselskij-
type iterative method to approximate coupled solutions of a bivariate nonexpansive operator

T : K x K — K, where K is a nonempty closed and convex subset of a Hilbert space as follows:

Definition 6. A mapping 7 : K x K — K is called demicompact if it has the property that
whenever {u,} and {v,} are bounded sequences in K with the property that {7 (u,,v,) — un}
and {T (vn,un, ) —vn} converge strongly to 0, then there exists a subsequence {(up,, vy, )} of

{(un,vn)} such that u, — u and v, — v strongly.
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Theorem 7. Let K be a bounded, closed and convex subset of a Hilbert space H and let T :
K x K — K be weakly nonexpansive and demicompact operator. Then the set of coupled fixed

points of T is nonempty and the double iterative algorithm {(xn,Xn)}r_o given by xq in K and
Xnt1 = Axy+ (1= A)T (xp,x,), n>0,
where {A}>_, € (0, 1), converges (strongly) to a coupled fixed point of T.

In this paper, we prove some fixed point theorems for coupled-nonexpansive mapping and
prove strong convergence and weakly convergence theorems for a double Mann-type iterative
process to approximating a fixed point for coupled-nonexpansive operator in Hilbert spaces.
Moreover, we prove some properties of the coupled fixed point set for coupled-nonexpansive

mapping and prove fixed point theorem for such mapping on Banach spaces.

2. Fixed Point Theorems

In this section, we prove fixed point theorems for coupled-nonexpansive mapping and prove

strong convergence theorems in Banach spaces.

Theorem 8. Let K be a nonempty closed and convex subset of a Hilbert space H and let T :
K x K — K be a coupled-nonexpansive. Then the following are equivalent:

(i) The set F.(T) of fixed points of T is nonempty;

(ii) {T"(x,x)} is bounded for some (x,x) € K X K.

Proof. Let F : K — K be given by Fx =T (x,x), for all x € K. By the coupled-nonexpansiveness
property of 7, we obtain the nonexpansiveness of F and hence, by Theorem 3, it follows that

F.(T) #0. 0

3. The Properties of Coupled-Fixed Point Set

In this section, we will prove some properties of coupled-fixed point set for coupled-nonexpansive

mapping in a Banach space. Let (X, ||-||) be a Banach space. and let K be a nonempty subset
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of X. We will denote the coupled fixed point set of a mapping T by F.(T) = {(x,y) € K XK :
T(x,y) =xand T (y,x) = y}.

Lemma 9. Let K be a nonempty bounded closed convex subset of strictly Banach spaces X,
with ||(x,y)||x2 = ||x|| + ||[y|| for all x,y € X. Let T : K x K — K be coupled-nonexpansive and
F.(T) # 0, then F.(T) are closed and convex.

Proof. Suppose that {x,} is a sequence in F,(T) which converges to some x € K, where x,, =
(Yn,zn) and x = (y,z). Then ||y, — y|| +||zn — z|| = ||Xn — x||x2 — 0 as n — 0. Then y, — y and

Zn — z. We will to show that x € F,.(T). We consider

1 1
) ||yn_Tx||:HTxn_TxH:||T(ynazn)_T()’aZ)||§_||yn_Y||+§||Zn_Z||
and

1 1

(3) l|zn =T (z,9)|| = |T (znsyn) = T (z,y)]| < —Hzn—ZIHEHyn—yII-
So

i ol < L ) ol 1| o

lim [ly, — XH_ngl;zHyn—yH nglgozlzn—ZH—
and

lim [[z0 — 7(z.)]| < lim 2{Jeu —2]|+ Jim 5 s —3]] =0.
Thus T'(y,z) =y and T(z,y) = z by the uniqueness of limit point. Hence F(T) is closed. Next,
we will to show that F,(T') is convex, let u,v € F,(T) and each o € [0, 1], where u = (uy,uz),
v = (vi,v2). Now, to show that w = au+ (1 — a)v € F(T). Let w = (wy,w;). Then w; =

ou + (1 —a)vy and wy = auy + (1 — a)v,. Since
1
[lur =wil] = [[Tu=Tv|| < 5 ([Jur = y1[+ [luz = v2l)

and

[luz = val | = [|T (u2,v1) = T (2, )| < 5 (|2 = val | + [[ur = wil]),

| =

we have ||u; —vi|| < ||ua —v2|| and ||u; — vi]| > ||uz — v2||. Thus,

) ||y = vi] = [fuz = va|.



280 CHOLATIS SUANOOM, CHAKKRID KLIN-EAM, WONGVISARUT KHUANGSATUNG

Since
w1 —wr|[ = [Jur — (qur + (1= a)vi)|[ = (1 — &) |[ur —v1|
and
[u2 = wo|| = [[uz = (Qtuz + (1 — @)v2)|[ = (1 — &) [|uz — v2 ],
we get
(5) |1 —wr || = [|uz — w2]|.
Since
[vi=wil| = [[v1 = (qur + (1 = a)vi)|| = &f|ur —vi]]
and
[[v2 = wal| = |[v2 = (quz + (1 — a)v2)|[ = af[uz — v2|,
it follows that
(6) [y = wil[ = [[v2 —wa|.

Similar to the above proof, it follows that

1
[lur = Twl[ = [|Tu—Twl| < 2 (llur —wi ]+ [fuz = wa[[) = [y —w]],
1
[lu2 =T (wa, wi)l| < 5 ([luz = wal| +[ur = wil]) = [|uz = w2l,
1
i =Twl[ =[ITv =T (21, 22)ll < 5 (Vi =will+|lv2 = wal[) = [[vi =wi]]
and
1
vz =T (wa, w)ll = [|T (v2,v1) = T (wz, wi)ll < 5 ([[v2 = wall + |1 =wil[) = [[v2 = w2]|.

For w = au+ (1 — ot)v where w = (w1, w;), we consider
[y = vl < Jur = Twl[+[[Tw —vi[| < [lur —wrl| +[lwi =]
= [fur = (qur + (1 = o)vi)[[ +[[(qur + (1 = &)vy) —vi]|

(N = |[ur —v1],
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and
g = va| < [luz = T (wa, wi)|| +[|T (w2, w1) —va|
< luz —wa| + [[w2 —va|
(8) = |Juz — (oup + (1 — )z ||+ ||(ctuz + (1 — &t)va) — 2| = |Jlua — v2]|.
Thus ||u; — Tw|| = ||u; —w1]|| and ||Tw —v1|| = ||w1 — v1||, because if ||[u; — Twl|| < ||ug —wi]|

or ||[Tw—vy|| < ||wi —vi||, then which the contradiction to ||u; — vi|| < ||u; —vi||. Since X is
strictly convex, we have Tw = au; + (1 — a)vy = wy. Similarly, T'(wp,wy) = awy+ (1 — @)vy =
wy, and then w is a coupled fixed point of T, that is ou+ (1 — a)v € F.(T). Hence F.(T) is
convex.

O

Theorem 10. Let K be a nonempty bounded closed convex subset of uniformly convex Banach
space X such that ||(x,y)||x2 = ||x|| + ||y|| with uniformly convex Banach space with modulus of
convexity of 8. Suppose that amap T : K x K — K be coupled-nonexpansive and {x, } and {y,}
are a sequences in K defined by x, 11 = T (Xn,¥n), Ynt1 = T (Yn,xn) and ||x, — 2|, ||yn — 2|| are
increase sequences in R for all z € K with ||x,—1 —x|| = |[yn—1 — y|| for all n € N. Then F.(T)

are nonempty, closed and convex.

Proof. By Lemma 1, the asymptotic center of any bounded sequence in K, particularly, the
asymptotic center of approximate coupled fixed point sequence for 7' is in K. Let A({x, }) = {x}

and A({y»}) = {y}. We consider
[P =T (e, )| < [t = T 0o, 9) || = (1T (s yn) = T (x,9)]
1
&) < 5 (b =l [y =y1) = [ben =],

thus limsup,,_.. ||x, — T (x,y)|| <limsup,_... ||x, —x||. Similarly,

[y =T G0 < [lyns1 =T G| = [T (s xa) =T (v,5)] |

1
(10) < 5 (=l {lxa = y[1) = [lyn =1l



282 CHOLATIS SUANOOM, CHAKKRID KLIN-EAM, WONGVISARUT KHUANGSATUNG

hence limsup,_...|[yn — T (y,x)|| <limsup,_... ||y, —||- By the uniqueness of the asymptotic
center, T (x,y) = x and T (y,x) = y. Hence F.(T) is nonempty. By Lemmas 9,we conclude that

F.(T) are nonempty, closed and convex. O

4. Iterative Approximation of Fixed Points

Theorem 11. Let K be a nonempty, bounded, closed and convex subset of a Hilbert space H
and let T : K x K — K be coupled-nonexpansive operator. Then the Mann iterative {x,}:_

given by xo in K and

Xnt1 = OXp + (1 — )T (Xp,X4), n>0,

(1)

where {0} C (0, 1), weakly converges to coupled fixed point of T.

Proof. As in proof of Theorem 8, for each w € Fix(T) and each n, we have,

[ 1 = wl| < flxn —wl].

Defined g : Fix(T) — [0,00) by g(w) = lim,_ ||x, — w||. we see that g is well defined and is a
lower semi-continuous convex function on the nonempty convex set Fix(F). Let r = inf{g(w) :
w € Fix(F)}. For each € > 0, the set Mg = {z: g(z) < r+ €} is closed and convex and then
weakly compact. Therefore Ng~oM; in facte >0, Mg =z: g(z) = r = L. Moreover, L contains

exactly one point. Indeed, since L is convex and closed, for wi,w, € L, and wo, = ot,w; + (1 —
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oy, )W, we get
g (Wa,) = lim [|we, — x| |

n—oo

= lim ||a,w; + (1 — &) wo —xn||2
n—soo

= lim (o [|wi — x| |* + (1 = o) | Jwz — x|
n—yoo
+ o, (1 — ) {wy — x5, w2 — X))

< tim (02w~ (1 = 0,2z —

+ 041 = 06)[[wi =[] [[wz = xa[)

(12) +’11i_r>£1°an(l — 0y [(W1 — X, wa — xn) — [|w1 — x| ||w2 — xal[]-
So limy—ye0 06, (1 — 06;) [(W1 — X, w2 — Xp) — |[W1 — x| |[W2 — x||] = 0. Since

lim ||w) —x,|| =r=rlim ||w2 — x|,

n—oo Nn—yoc0
we have

[lwi = wal[> = [|wi —x, — (w2 —x,)[|?
(13) = |lw1 —xn||2~|— [|w2 —)cn||2 —2(wy — X, W2 —Xp) — P4 —2rr =0,
a contradiction. Now, we will show that x,, = F"(xo,x0) — wy, it suffices to assume that Xnj —

w for an infinite subsequence and then prove that w = wy. By the arguments in the proof of

Theorem 8, w € Fix(F'). Considering the definition of g and the fact that x,; — p, we obtain

that
[, = wil [ = [, —w— (w1 —w)||?
= [} = Wl + |lwi = wl[> = 2(xa; = p,w1 = p) = &7 (w) +[|w1 —w|[?
(14) :gz(wl) =r.
Since g%(wg,) > r?, we conclude that ||[w — w1 || < 0. Therefore w = wy. O

Theorem 12. Let K be a nonempty, bounded, closed, and convex subset of a Hilbert space H

and let T : K X K — K be coupled-nonexpansive and demicompact operator. Then the set of
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coupled fixed points of T is nonempty and the double iterative algorithm {(x,,X,)}_, given by

xo in K and
(15) Xnt1 = OuXp + (1 — )T (xp,%,), n>0,
where {04, }7_ C [0,1], strongly converges to a coupled fixed point of T.

Proof. By Theorem 8, T has at least one coupled fixed point with equal components, say
(x',x) € C x C. We will to show that the sequence {x, — T (x,,x,)} converges strongly to 0.

We consider

|26 41 —x/||2 = ||O‘nxn + (1= 04,) T (X, %) —x/||2
= 07 |xa — X7+ (1 — )| |T (X, xa) — X[

(16) + (1 — ) (xy — &', T (x0,%,) — XY,
and

[l = T G 20 ) |12 = [t = 2| 4[| (xn x) — |2

(17) + (o — X, T (260, x) — X').

Since T coupled-nonexpansive and T (x’,x") = x/, we obtain

(18) 1T Gy 26n) =[] = ||T (s 0) = T () [ < |0 =[]
Now, by (16),(17) and (18), it follows that for any {f,} we get

||xn+1 _x/||2+5nz||xn - T(x,,,xn)Hz < (2[3,%—1— O‘r%"" (1 - O‘n)z)Hxn _lez

(19) +2(06, (1 — 04) — BT (X, %) — X', 30 — X').

If we choose now a sequence such that 0 < ﬁnz < 0 (1 — 0f), ¥n > 1 then from the inequality

(16), we obtain

[t =212 4 B n =T o, n) |12 < (2B + 0t + (1= 0)* + 20 (1 — @) —2B7) | — ¥

(20) = [}, — x|
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By the Cauchy-Schwarz inequality,

(T (s xn) = X0 = X'y <|T (6n,20) = || [ in =[] < [ Joen =X
By (20), we get
1) Bl — T () 17 < [n —'||* =[x —¥'[[7, V> 1.

Thus {||x, — x||} is a decreasing sequence, hence it is convergent. By the inequality (20), we

get
0 <|]xy— T(xn,xn)Hz

(22) (e =217 = [t =[P = ¥'[[* = [Pn1 —x'[2, V> 1,

<1
G
Take n — oo, we have ||x, — T (xy,x,)|| — 0. By demicompactness of 7 that there exist a
converges subsequence {x,, } of x, in K, say x, — w. Since T is coupled-nonexpansive, we
get T is continuous, and then T (xp,,x,,) — T (w,w). Since ||x, — T (x4,x,)|| — 0, we have
Xp, — T (Xn 1 %n,) — w— Tw,w), which shows that (w,w) is a coupled fixed point of 7. Using
(20), with x’ = w, we deduce that the sequence of nonnegative real numbers {x, —w} is non-
increasing, so convergent. Since its subsequence {x,, —w} converges to 0, it follows that the

sequence {x, —w} itself converges to 0, Therefore {(x,,x,)} converges strongly to (w,w) as

n — oo, L]

Example 13. Let R be a real number. Defined (x,y) = xy, and |x|*> = (x,x), for every x,y € R

and 7T : R x R — R defined by
=y
2 b

for all x,y € R. Indeed, we see that consider, T satisfies (1) and is demicompact. Hence, all the

T(x?y) =

assumptions of Theorem 8 are satisfied. It is easy to see that 7 possesses a unique coupled fixed

point, (0,0), and the Mann-type iteration (15) yields the sequence x, = (1 — a;)"xg, n > 0,

where o, = 242 C [0, 1]. Since im0 04, = 3, it follows that (x,,x,) — (0,0) as n — o, for

any xo € K.
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