Miskolc Mathematical Notes HU e-ISSN 1787-2413
Vol. 24 (2023), No. 3, pp. 1581-1603 DOI: 10.18514/MMN.2023.4024

VISCOSITY S-ITERATION ALGORITHM FOR FINDING
COMMON FIXED POINT OF NONEXPANSIVE MAPPINGS AND
APPLICATION TO NONEXPANSIVE SEMIGROUPS
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Abstract. We study the problem of finding the common element of the set of fixed points of two
nonexpansive mappings in Hilbert spaces. Some previous attempts in this direction make some
restrictive assumptions which may be difficult to check in practice on the generated sequence.
In this paper, we introduce a viscosity S-iteration scheme for finding the common fixed point of
two nonexpansive mappings. Under some very mild conditions, we obtain a strong convergence
theorem for the sequence generated by our algorithm. We apply our main result to approximat-
ing common fixed points of nonexpansive semigroups. We also provide numerical examples to
support our main results and illustrate the efficiency and effectiveness of our algorithm by com-
paring with some existing algorithms in literature. This work generalizes and improves some
existing works in the literature in this direction.
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1. INTRODUCTION

Let H be a real Hilbert space endowed with the inner product (-,-) and induced
norm || - || and C a nonempty closed and convex subset of H. A mapping 7: C — C is
called nonexpansive if ||Tx— Ty|| < ||x —y|| for every x,y € C. A mapping f: C — C
is called a contraction if there exists 8 € [0, 1) such that || f(x) — f(y)|| < 6]]x—y]| for
every x,y € C. A point x € C is called the fixed point of 7" if Tx = x. We shall denote
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the fixed point set of T by Fix(7T'). The study of fixed point theory for nonexpans-
ive mappings has flourished in recent years due to its vast applications in fields like
compressed sensing, economics and other applied sciences (see for instance, [4] and
some of the references therein). In particular, some problems such as convex feas-
ibility problems, convex optimization problems, monotone inclusion problems and
image restoration problems can be seen as finding the fixed points of nonexpansive
mapping (see [?, 6, 8,20]). In the past and recent years, researchers have put con-
siderable efforts in the study and in the formulation of algorithms to approximate
the fixed points of nonexpansive mappings and related optimization problems, see

?,2,3,15,16,19,24]. We mention few of these algorithms:
The Mann iterative scheme is defined as follows:
eC,
e (1.1)
Xnt+1 = (1 - 0Ln)xn +0,Txy, n>1,

where {o,} C [0,1]. It is known that the Mann iterative scheme (1.1) converges
weakly to a fixed point of 7 provided that {a,, } C [0, 1] satisfies

Y on(1—au) = +oo
n=1

Halpern [13] proposed the following recursive formula:
Xpt1 = O+ (1 —0t,)Txy, n >0, (1.2)

where {0,,} C [0,1] and u € C. Halpern shown that under the following control
conditions:

(H1) lim, . 0, = 0;

(H2) Yy Oy = oo
the sequence {x, } converges strongly to a fixed point of 7.

Oftentimes, in many real world problems arising in infinite dimensional spaces,
strong convergence is much more desirable than weak convergence (see [7] and the
references therein). Both Mann’s and Halpern’s algorithms have received consider-
able research efforts recently. Lions [17] proved that the Halpern iterative scheme
(1.2) converges strongly to a fixed point of T provided {o,} satisfies the following
control conditions:

(A1) lim,_ye 0y = 0;
(A2) Yooy Oy = +oo;

(A3) limy_ye (2101 — 0,
0LnJrl

One can see that in [17], the sequence {a, } excluded canonical choice like o, =
Fll' Wittmann [26] considered the iterative scheme (1.2) where {c,} satisfies the
following control conditions:

(BD) lim, e 01, = 0;
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(B2) XL, 0 = oo
(B3) Loy [0t — 0| < oo,
and proved that {x, } converges strongly to x* € F(T') such that x* = Pg(z)u.
Moudafi [19] proposed the viscosity approximation method for finding the fixed
points of nonexpansive mapping 7: Let x; € C be arbitrary and define

Xn+1 :anf(xn)+(l_an)Txn7 n>1, (1.3)
where f: C — C is a contraction and {a, } C [0, 1] satisfying the following control

conditions:

(M1) lim,_se. 01, = 0;
(M2) YL Oy = oo
(M3) limy,_ye <25t = 1.

It is obvious that (1.3) extends (1.2). Moudafi [19] proved the following result in
Hilbert spaces:

Theorem 1 ([19, Theorem 2.1]). If {a,,} satisfies the conditions (M1) - (M3) as
above, then the sequence {x,} generated by (1.3) converges strongly to a fixed point
x* of T, which also solves the variational inequality problem:

find x* € F(T) such that (f(x") —x",x—x") <0, xeF(T).

For other recent works on viscosity method for approximating fixed point of non-
expansive mappings, please see [10].

Agarwal et al. [1] proposes the following iterative scheme called the S-iteration
process:

Algorithm 1. Let C be a convex subset of a linear space X and T a mapping of C
onto itself. Let x| € C and generate the sequence {x,} by

{yn = (1 - Bn)xn +BnTxna

X1 = (1 =) Txy +0,Ty,, neN,

where {0, } and {B,} are real sequences in (0, 1) satisfying the condition:
Z 0B (1 — Br) = oo.
n=1

It is known that Algorithm I does not reduce to the Mann iterative scheme (1.1).

Let T,U: C — C be two nonexpansive mappings, our aim in this paper is to find
the common fixed points of 7" and U. Problems of this kind have been studied by
authors very recently (see [9,23] and some of the references therein).
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Suparatulatorn et al. [23] introduced a modified S-iteration process defined as
follows:
xp €C,

Yn = (1 - Bn)xn + BrS1xn,

Xnt+1 = (1 - an)Slxn + (anZyna n> 07
where C is a nonempty subset of a real Banach space, the two sequences {o, },{B,} C
(0,1) and S;,S,: C — C are G-nonexpansive mappings and under some conditions
proved weak and strong convergence theorems for finding common fixed point of the
two G-nonexpansive mappings in a uniformly convex Banach space.

Also very recently, Ahmad et al. [2] studied the problem of finding the common

fixed point of two nonexpansive mappings 7', U : C — C in Hilbert spaces and proved
the following theorem:

Theorem 2 ([2, Theorem 2.1]). Let T,U: C — C be two nonexpansive mappings
with I := Fix(T) NFix(U) # @. Also let f: C — C be a contraction with coefficient
0 € [0, 1). Assume that the sequence {x,} in C generated by (1.4)

Xnp1 = O f (xn) 4+ BnT (%) + YU (x), n>1, (1.4)
where {0, }, {Bn} and {Y,} are sequences in (0,1) satisfying
(1) an+Bn +Y = 1,
(2) limn—>oo o, = 0, Z;T:O =
(3) Z::O ’O('YH-] - (xn‘ <o and ZZO:O ‘Bn-ﬁ-l - Bn‘ < oo,
(4) limy e ||U (xn) — T (x) || = 0.
Then {x,} converges strongly to x* € T, which satisfies the variational inequality

(I=fx"x—x") >0 Vxel.

Looking at iterative scheme (1.4), one will see that the condition (4) is restrictive.
This is because one will have to first check that lim,, . ||U (x,) — T (x,)|| = O before
the implementation. This then brought about the following question:

Question 1. Is it possible to modify (1.4) so that the conditions (1) - (4) are relaxed
and also obtain strong convergence?

We answer this question in the affirmative.

In this paper, motivated by the works of Ahmad et al. [2], the above works and the
ongoing research interest in this direction, we propose a viscosity S-iteration for find-
ing the common fixed points of two nonexpansive mappings in Hilbert space. Under
some mild conditions, we prove a strong convergence theorem and give some con-
sequence of our main result. We apply our main results to nonexpansive semigroups.

This paper is organised as follows. In Section 2, we give some useful definitions,
notations and lemmas which are needed for our algorithm’s analysis. In Section 3,
the algorithm and its strong convergence theorem is presented. In Section 4, we
apply our main result to nonexpansive semigroups. In Section 5, we give numerical
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example to illustrate our algorithms and compare it with some existing algorithms in
literature. We conclude in Section 6.

2. PRELIMINARIES

Throughout this article, we let H be a real Hilbert space with inner product (-, -)
and the induced norm || - ||. C is a nonempty closed convex subset of H and I: H — H
is the identity mapping on H. We denote by ‘x, — x’ and ‘x, — x’, the weak and the
strong convergence of {x,} to a point x respectively.

We recall the following definitions:

Definition 1 ([8, Definition 4.1, Definition 22.1]). An operator 7: C — C is said
to be:

(i) Lipschitzian if there exists a constant L > 0 such that
[Tx=Tyl| <Llx—=yl|  YVxyeC;
(i1) firmly nonexpansive if
ITx—Ty|2+ (I = T)x— (- T)yIP < x—yP  VxyeC,
or equivalently,
ITx=Ty|* < (x—=y,Tx—Ty)  VxyeC;
(iii) B-strongly monotone if there exists § > 0 such that
<TX—Ty,X—y>2BH-x—yH2 vx7y€C-

One can verify that if the mapping 4: C — C is a contraction with contractive
constant T € [0, 1), then I —h is 2(1472)-Lipschitzian and (1 —1)-strongly monotone.
It can be deduced from the definition above that every firmly nonexpansive mapping
is nonexpansive. It is known that the set of fixed points of nonexpansive mapping
in Hilbert space is closed and convex. The metric projection of H onto C (see [?]),
denotes as P, is the mapping that assigns every point x € H to its unique nearest
pointin C i.e.,

lx—Pex|| < flx—yl  VyeC.
The metric projection is characterized by Pcx € C and
(x—Pex,y —Pcx) <0 VyeC.

Moreover, Pc is nonexpansive and Fix(Pc) = C.
Let h: C — C be a nonlinear operator. The Variational Inequality Problem (VIP) is
to

find x* € C such that (h(x*),x—x*) >0  VxeC.
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Lemma 1 ([28, Proposition 2.7]). Let H be a real Hilbert space. Suppose that
h: H — H is X- Lipschitzian and B- strongly monotone over a closed convex subset
C C H. Then, the following VIP

(h(u*),v—u*)>0 VveC
has its unique solution u* € C.

Lemma 2. [/2] Let C be a nonempty closed convex subset of a real Hilbert space
H andlet T: C — C be a nonexpansive mapping such that Fix(T) # &. If a sequence
{xn} in C is such that x, — x* and ||x, — Tx,|| — O, then x* = Tx*.

Lemma 3 ([11, Page 1]). Let H be a real Hilbert space, then the following asser-
tions hold:
@) [lx£yl1* = ][> £2(x,y) + ||yl]* for all x,y € H;
(ii) for all x,y,z € H and o, B,y € [0, 1] with aa+ B +vy= 1, we have
llove -+ By +vzl|* = otflx(|> + By |I* +Vilzl|* — eBllx — y[I> — oevllx — zl|* — Bylly — 1.
Lemma4 ([27, Lemma 2.1]). Let {s,} be a sequence of nonnegative real numbers
satisfying the following relation:
Sn+1 < (1 _tn)sn +1uPn, n > no,

where {t,} C (0,1) and {p,} C R satisfying the following conditions: lim,_,.t, =0,
Yoty = oo, and limsup,_,., P < 0. Then s, — 0 as n — oo.

Lemma 5 ([18, Lemma 3.1]). Let {a,} be sequence of real numbers such that
there exists a subsequence {an,}i>0 of {an} with an, < an.+1 for all i € N. Then,
there exists an increasing sequence {my} C N such that my — o and the following
properties are satisfied by all (sufficiently large) numbers k € N:

Ay, < Q11 and a < Amy+1-

In fact, my, is the largest number n in the set {1,2,---k} such that the condition
a, < a1 holds.

3. MAIN RESULTS
In this section, we present our algorithm and study the convergence analysis.

Algorithm 2. Let T,U : C — C be two nonexpansive mappings with Q :=Fix(T)N
Fix(U) # @. Also let f: C — C be a contraction with coefficient v € [0,1). Choose
X0 € C and let {x,} be the sequence generated by (3.1)

{un = (1 — (xn)xn +anTxn7 (31)

Xn+1 = an(xn) +YuT Xy +§nUuna n>1,

where {0, }, {Bn}, {Yu} and {&,}are sequences in (0,1) satisfying
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(i) liminf,—e¥,&y > 0, liminf, e &y, (1 — at,) > 0;
(iii) limy ey =0, Y| Br = oo
Lemma 6. The sequence {x,} generated by Algorithm 2 is bounded.
Proof. Let p € Q. Then
[t = pl| = | (1 = Ot )20 + 0, T, — p|
< (1= 04) [l = pl[ + | T, — p|
< (1= 0) [l = I + 0t lxa — p|
= ||lx, — pl|- (3.2)
Also,
11 = pll = [1Balf (xn) = Pl +Ya[Txn — p]+ &[Unin — p]|
< Bull £ () = Il +YullXn — Pl +Enllun — Pl
< BuVllxn = pll 4Bl () = Pll +Yallxa — pll + Eallun — pIl. - (3.3)
Substituting (3.2) into (3.3) gives
%01 =Pl < (1 =PBn+Bav)[lxn — pll +Bull f(p) — Pl
Bn(1=V)|If(p)—p
= (1 Bt ) p - P ) =

{1, D=1, o

-V

;max {HXO— ) 1)~ p||}

-V

Showing that {||x,+1 — p||} is bounded. Hence {Tx,}, {Uu,} and {x,} are bounded.
U

Theorem 3. The sequence {x,} generated by Algorithm 2 converges strongly to
p € Q, where p is the unique solution of the following VIP (3.4): Find p € Q such
that

(I=fp.x—p)>0  VxeQ. (3.4)

Proof. Since f is a V-contraction mapping, it follows that I — f is 2(1 + v?)-
Lipschitzian and (1 —v)-strongly monotone ([?]). Therefore by Lemma 1, it follows
that the VIP (3.4) has a unique solution p € Q.

Set K (xu, ) = 0,Tx, + (1 —06,)Uuy,, where 6, =
by Lemma 3 (ii)

1K (X, 1) _pH2 = [|6,Tx, + (1 —6,)Uu, _PH2

1-6,= f—” Note that

Tn
1 _Bn ’ Bn
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< 0,[|Tx, — plI> + (1 - 6,) | Uy — p|?
< Bullxn = P[>+ (1= 8)|[un — pl|?
< = plI* (3.5)
Also
(f (xn) = p, K (xn,un) — p) = (f (xa) = f (), K (Xn, ttn) — p)
+(f(p) = p,K(xn,un) — p)
< (1 Cen) = F(P) K (6n, 1) — p|
+(f(p) = p,K(xn,un) — p)
< 307G = )P+ 1K Cort) — )
+(f(p) = p,K(xn,un) — p)
< 2l pl>+ 15— I
+(f(p) = p,K(xn,un) — p). (3.6)
Then we have by (3.5) and (3.6) that
a1 =PI =11Baf () + (1 = B)K (s ) — pI?
=Ballf (%) = plI* + 2B (1 = Ba) (f (%) — P, K (3, 1n) — p)
+ (1= Bo)?|1K (0, 1) — p?
<Ballf () = pII> 4+ Ba(1 = B) (V2 + 1)[xn — pII*)
+ (1= Ba)?[|x — plI?
+2Bu(1 = Bn){f () — P, K (Xn, ttn) — p)
=(1=Ba(1 = (1 =Bu)v?))llx —pII?
+ BalBall £ (x) = pII> +2(1 = Bu) (£ (P) — P, K (xn,ttn) — p)]
=(1 =2)Tu(p) + Aadp, (3.7)
where A, = B,(1—(1—B,)v?), [(p) = ||x, — p||* and

O, = [B"”f(x")fpuzﬂl( I:(F f)éf)(\,%)fp’l((x"’"”)*p !l We now consider the following cases:

Case 1: Suppose {I';(p)} is monotonically non-increasing for all n > ng for
some ng € N. Since {I',(p)} is bounded and assumed to be monotonically

non-increasing, it then implies that it converges. So I',(p) — t1(p) — 0 as
n — oo, From (3.1) we derive that

[[n+1 _pH2 =|1Bnf (xn) +YuTxn +E Uy _PH2
<Bull £ (a) =PI +Vall T — pII?
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+ &l Ut — > =&l Toxn — Ut |?
<Pl £ (xn) _pH2 +Yullxn _PH2 +&nllxn _PH2
—Yu&n | Totn — Utty[|* — &0t (1 — 0,) | T, — x|
=Bl £ () = pII* + (1= Bn)[lxa — P>
Y& | Tt — Uty || = &0 (1 = 04, [| T, — x>
Then, we get that
'YnEmHTxn_U”n||2+E:nan(1 _O‘n)HTxn_anz <
Ballf (%) = PII* + (1 = Ba)Tu(p) = Tus1(p). (3.8)
Taking the limit in (3.8) as n — o and using the control conditions, we get
| Tx, —Uuyl| =0 (3.9)
and
1T, — xu| — 0. (3.10)
Therefore from (3.1) and (3.10), we obtain that
|Uxy — Uuy|| = [|Uxn — U((1 — 0) x5 + 0 Txy) ||
< Jxen = [(1 = 0 ) + 04, T ] |

= Oty — Txy || — 0 as n — oo (3.11)
Thus from (3.9) and (3.11), we obtain that
| Txn —Uxp|| < || Txp — Uty || + || Utty — Uxy|| — 0 as n — oo, (3.12)
And from (3.10) and (3.12), we get
| Uxp — x| < ||Uxp — Txp|| + ||TXn — Xn|| — 0 as n — oo. (3.13)

We next prove that ||u, —x,|| — 0 and ||x,4+1 —x,|| — 0 as n — oo. Indeed,
from (3.1) and (3.10) we see that

||t — xn || = O || — Txn|| — 0 as n— oo.
Also from (3.10) and (3.13), we obtain that
%01 = Xl = |Buf (%) + Yo T X + EnUthy — x|
< Bullf (n) = Xall +¥ull 7w — [l + CallUttn — xa|| = 0 as 7 — 0.

By the boundedness of {x,}, there exists a subsequence {x,, } of {x,} such
that x,, — x* as k — oo. By the demiclosedness of T and U and (3.10) (see
Lemma 2) and (3.13), it then implies that x* € Fix(7T) NFix(U). We will
next show that limsup,,_,., 8, < 0 and establish the strong convergence of the
sequence {x,}. First observe that from (3.10), (3.11) and (3.12), we have

K (X tty,) = 05, Txp, + (1 — 0, ) Uiy,
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— 0, %0, + (1 —0,,)x,,
—x* as k— oo.
Therefore,

limsup(f(p) — p,K(xn,u,) — p)

< hll;nsup<f(p) _p7K(xnkaunk) —p>
<{f(p)—p,x"—p) <0, (3.14)

where (3.14) follows from (3.4). Furthermore, it is easy to see that lim,, ., A,
=0and Y | A, = 0. Hence, we conclude by Lemma 4 that lim,,_,.. ', (p) =
0. Therefore x, — p as n — oo,

Case 2: Suppose {I',(p)} is not monotonically decreasing. Then there exists
a subsequence {n,} of {n} such that I, (p) < I, +1(p) for all r € N. By
Lemma 5, there exists an increasing sequence {m,} C N such that m, — o
and

0<Ty,(p) <Im+i1(p) forall r € N. (3.15)

Then using similar argument as in Case 1, we see that as m, — oo,
%, — T X, || = O, |Uxim, — X, || = O

and
hmsup(f(p) - p,K(xm,-a umr) - p> <0.

n—yoo

It then follows from (3.7) and (3.15) that

0<(1—- xmr)rmr (p) — | P (p)+ xmrsmr
<(1— xmr)rmﬂrl (p) — L, (p)+ }\’mrsmr
= =, Tin41(P) + Ao, O,
Therefore,
Lo+1(p) < O, (3.16)
Note that from the definition of J,, we have limsup,_,.d, < 0. Hence

taking the limit of (3.16) as r — oo, we get I, +1(p) — 0. Consequently,
Iy, (p) — 0. By applying Lemma 5, we then get

0 <T'v(p) <max{L,(p),Lm,(P)} < Tm41(p)-

Hence lim,_, I',(p) = 0. Therefore, {x,} converges strongly to p € Q.
So in both cases, we obtain that x,, — p € Q.

g

Taking f(x) = u for all x € C, we obtain the following Halpern S-iteration as a
consequence of Theorem 3.
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Corollary 1. Let T,U : C — C be two nonexpansive mappings with  := Fix(T) N
Fix(U) # @ and u € C be arbitrary. Choose xy € C and let {x,} be the sequence
generated by (3.17)

(3.17)

up = (1 —04;)x, + 0, Txy,
Xn+1 = Bnu+YnTxn+§nUun, n>1,

where {0, }, {Bn}, {Yn} and {&, }are sequences in (0, 1) satisfying
(1) Bn +Yn +&,nn =1;
(i) liminf, e ¥,&y > 0, liminf, e &y, (1 —aty) > 0;
(iii) limy—ePBr =0, Yo | Bn = oo
Then, the sequence {x,} generated by Algorithm (3.17) converges strongly to p € Q,
where p = Pqu.

4. APPLICATION TO COMMON FIXED POINT OF NONEXPANSIVE SEMIGROUPS

Let H be a Hilbert space and C a nonempty closed convex subset of H. The one
parameter family 7 := {T'(¢) : 0 <t < o} of mappings from C to C is said to be
nonexpansive semigroup, if the following conditions are satisfied:

(i) T(0)x=xforallx € C;
(i) T(s+1)=T(s)T(¢) forall s,z > 0;

(iii) for each x € C, the mapping ¢t — T (¢)x is continuous;

(V) [|T()x =T @)yl < [lx =l
If F(T) # @, it is known that F(7) is closed and convex. An example of a one-
parameter nonexpansive semigroup is given below.

Example 1 ([10]). Let H =R and T := {T (1) : 0 < t < oo}, where T(1)x = (fly x
for all x € H. Then 7T is a one-parameter nonexpansive semigroup.

The following lemma was proved in Shimizu and Takahashi [22]; see also [5,21].

Lemma 7. Let C be a nonempty bounded closed convex subset of a real Hilbert
space H and let T := {T (s) : 0 < s < oo} be a nonexpansive semigroup on C. Then,

forany h > 0,
[ remas=1n (5 [ Taas) | <o

We next apply our main result to find the common fixed point of two nonexpansive
semigroups.

lim sup
=% xeC

Theorem 4. Let T :={T(s): 0 <s < oo} and U:={U(s):0 <s < oo} be two
Sfamilies of nonexpansive semigroups on C. Also let f: C — C be a contraction with
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coefficient v € [0,1). Assume Q := Fix(7) NFix(U) # &. Choose xy € C and let
{xn} be the sequence generated by the algorithm

{un = (1= at)xn + Ot fg" T (5)xndls, (4.1)

Xno1 = Buf(xn) +Yn$ o T(s)xnds+§né TU(S)unds, n>1,
where {0, },{Bn}, {¥n}. {€n} C (0,1) are sequences such that
1) Bu+Ya +§n =1;
i) Ty s Yl > 0, HMinfy_seo Enin(1 — ) > 0;

(111) lim,, o Bn =0, Z;‘[.ozl Bn = 0o/
(iv) {t,} is a sequence of positive numbers such that t, — 0 as n — oo

Then x, — p € Q, where p is the unique solution of the following VIP (4.2): Find
p € Q such that
(I=fp.x—p)>0  VxeQ. (4.2)

Proof. Since f is v-contraction mapping, it follows that I — f is 2(1 +v?)-Lip-
schitzian and (1 — v)-strongly monotone. Therefore by Lemma 1, it follows that the
VIP (4.2) has a unique solution p € Q.

We divide the remaining part of the proof into two steps.

Step 1: The sequence {x,} is bounded.
To see this, let p € Q. Then from (4.1)

1 [
litw — pll = H(l—ocn>xn+ant | T(s)xnds—pH
1 /&
—/ T(s)xnds—pH
tn 0

1 [ 1 [
—/ T(s)xpds — —/ T(s)pds
1h Jo h Jo

< (1= 0t)[oen = pl[ + 0t

= (1= 0t)||xn — pll + 0t

n

1
< (1— o)l —pl +ocnt—/0 1T ()%, — T(5)pllds

< (1= 04)[lxa — pl| + ulxa —
= [|x, — pll- 4.3)
Thus from (4.1) and (4.3) we get

1 [ 1 [
an(xn)—i—Yna/o T(S)XndS—F&na/o U(s)unds—pH

- —\

<Bullf(xn) =PIl +Yn

1 [
—/ T(s)xnds—pH
I Jo

1o
—/ U(s)unds—pH
I, Jo

<Buvlxn = pll+Bull £ (P) =PIl +Yallxn — pll 4+ Eanllun — p

+&,
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<Buvllxn = pll +Bull £ (2) = Pl +Vallxn — Pl +Enllxn — Pl
=[1-Bu(1-v ]I!xn—p!\+l3n!!f(p)—pH
f 4
<max { s, — p| L= Plly
SmaX{HXO_ H ||f pH}

Which shows that {||x,

— p||} is bounded and hence {x,} is bounded.

Step 2: We claim that x, — p € Q. Indeed, following similar procedure as in
the derivation of (3.7), we have that

Cut1(p) < (1=2)Lu(p) + AN,
where }\'n = Bn(l - (1 - BH>V2>’ Fn(p) = Hxl’l — Pl
1 = [Bllf Cen) = PIP +2(1 = Bu) (£ (P) = p. M (o5n, 4r) — )]
" 1—(1—B,)v2
and

Yn In &n n
M (xp,uy) = (1_%1/0 T(s)xnder(l_Bn)tn/o U (s)uyds.

Similar to the proof of Theorem 3, we consider two cases.

Case 1: Suppose the sequence {I',(p)} is monotonically non-increasing for all
n > ng for some ny € N. From (4.1), (4.3) and by applying Lemma 3 (ii), we

get that

T =\

<Bnllf (xn)

0
1

Xn)
1

- &nan(l

_P||2+'Yn

tn
U(s)upds —p

1, Jo

_(xn)

1 In 1 n
Buf (o) + - [ T(o)ds + 80 [ U(s)uds —p

1 [in
— / T(s)x,ds—p
In Jo

2

In

(T(s)xn —U(s)uy)ds

1, Jo
—P||2+'Yn”xn _p||2+§n||

In

(T(s)xn —U(s)uy)ds

1

n

In
/ T (s)x,ds —xy
0

2

2

<

n_p||2
2

2
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<Bullf (xa) =PI + (1= Bu) 0 — pII?

1 [t 2
—YnEn ?/ (T ($)x, —U(s)uy)ds
nJ0
1 [ 2
— &0, (1 —0y) 7/ T(s)x,ds — x (4.4)
nJ0
From (4.4), we then have that
1 [ 2 1 [ 2
En0t, (1 —ay) 7/ T(s)xpds —xp|| +Yu&n 7/ (T(s)x, —U(s)uy)ds
nJ0 nJ0

< Bulf () =PI+ (1= Ba) xn = pII* = [[xa1 = pII*. (4.5)
Taking the limit as n — o in (4.5) gives

1o
/ T (s)xpds — xy
0

- —0 (4.6)

and

—0 “4.7)

1 tﬂ 1 til

—/ T (s)xpds — —/ U (s)unds

tn 0 tn 0

as n — oo, Therefore from (4.1) and (4.6) we get

1 [

t—/ T (s)xpds — xy ‘ — 0,
0

n

[ty — x| = 0ty
from (4.6) and (4.7), we get

e
—/ U(s)upds — x,|| <
I Jo

1 [ 1 [
—/ U(s)unds——/ T(s)x,ds
tn 0 tn 0

+ — 0, (4.8)

1 [t
— / T (s)xnds — xp
I Jo

and from (4.1) and (4.8), we get

1 /i
41 = Xnll <Bullf(xn) —Xull + ¥ ?/O T (s5)xnds — Xp
n

1o
— [ U(s)upds — xp
I, Jo

+§n —0

as n — co. Moreover, for all & € [0,00), we obtain that

1T ()t — ] < ]T(/oxn—T(h)(; [ 7))
+ HT(h)(:1 /Otn T (s)xpds) — ;/Otn T (s)xpds
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1 [
—/ T (s)x,ds — xy,
InJo
1o
<2 —/ T(s)x,ds — xp
1, Jo

+HT(h)(1 / lnT(s)xnds)—; / " T (s)rads|

n

(4.9)

By applying Lemma 7, (4.6) and taking the limit as n — oo of (4.9) we derive
that
|IT (h)x, — xu|| — 0 as n — oo.

Furthermore, using Lemma 7, (4.6) and (4.7), we get

U (), — U(h)(ti /0 " T (5)x,ds)

1U () xn — x| <

+ U(h)(; /0 tnT(s)xnds)—U(h)(; /O " U (5)upds)
+ U(h)(;/tnU(s)unds)—;/OZHU(s)unds
+ l Z"U( Yund s——/ T(s)x,ds|| + ; /OtnT(s)xnds—xn

/T (8)xnds — x,
In

—/ T(s)xnds——/ U(s)unds

1, Jo th Jo

—I—HU(h)(l/OtnU(s)unds)—l/otnU(s)unds

n n

+2

—0asn— oo,

Since {x, } is bounded, there exists subsequence {x,, } of {x,} such that x, —
x* € C. Therefore by the demiclosedness of 7'(h) and U (h) (see Lemma 2),
we have that x* € Fix(‘7) NFix(U). Note also that from (4.6) and (4.8),

T En
M(-xnk) unk) ( B;{ tnk / T xnkds + ( B:;k l‘nk / U I/ln,\ ds
’Y”lk E_ynk
— Xn, +
(1_B”k) ‘ (I_Bnk)
—x" as k— oo, (4.10)

We will next show that limsup,,_,., N, < 0 and establish the strong conver-
gence of the sequence {x,}. Indeed, using (4.10)

limsupm, <limsup(f(p) — p,M (X, ) — p)

n—oo k—>o0
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(f(p) —p,x* —p)
0,

VANVAN

@.11)

where (4.11) follows from (4.2). Furthermore, it is easy to see that lim,, e A,
=0and ), A, = . Hence, we conclude by Lemma 4 that lim,,_,.. I, (p) =
0. Therefore x, — p as n — oo,

Case 2: Suppose {I',(p)} is not monotonically decreasing. It is easy to con-
clude from the proof of Case 2 of Theorem 3 and Case 1 of Theorem 4 that
Xp —> pasn— oo,

So in both cases, we obtain that x, — p € Q.

O

Taking f(x) = u for all x € C, we obtain the following Halpern S-iteration as a
consequence of Theorem 4.

Corollary 2. Let T :={T(s): 0 <s < oo} and U:={U(s) : 0 < s < oo} be two
families of nonexpansive semigroups on C and u € C be arbitrary. Assume € :=
Fix(7) NFix(U) # @. Let {x, } be the sequence generated by the algorithm

up = (1 — 0ty )x, + Ocn% 6" T (s)xpds,
X1 = Batt Vi o T ()xnds +Enik [ U (s)utnds, n>1,

where {0, },{Bn}, {Vn},{Ex} C (0,1) are sequences such that

(1) Bn +Yn +‘:n =1;
(i) liminf, e ¥,&y > 0, liminf, e &, 0L, (1 —0) > 0
(iil) limy—ePBr =0, Yoo By = oo,
(iv) {t.} is a sequence of positive numbers such that t, — oo as n — oo

Then x, — p € Q, where p = Pou.

5. NUMERICAL EXAMPLES

Example 2. Let H = {5(R), where ¢;(R) := {c = (61,062,...,04,...),0; € R :
oo (o) l
Yo, loi> <o}, ol = (52, |oi]?)2, Vo € H. Let C:={c € H:|o| <3}. We
define T,U: C — C by

Tx=2+4(1,0,0,---) VxeC

2
and
X 3
Ux=-+(=,0,0,--- \4 C
X 4+(2777 ) X e )

respectively. Itis easy to see that 7'(2,0,0,---) =U(2,0,0,---) = (2,0,0,---). There-

fore Fix(T) NFix(U) # @. We choose f(x) = 1{; for every x € C, B, = nlﬁ
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Yo = 3(3%1), €, = 3(n+1) and o, = 2t In this case, (3.1) and (1.4) gives

n+1
{” Gy 1'x”+2n 1Tx,1,

Xntl = T3 T 3(,,+1)Txn+ s Uttn, n>1,
and
Xn 2n n
- Txp+ 77— Uxy,n>1
Xn+1 1.02(n+1)+3(n+1) xn+3(n—|—l) Xp,n > 1,
respectively.

‘We choose different initial values as follows:

Case la: x; = (0.3,0.8,—0.4,-0.2,0,0,0,...);
Case Ib: x1 = (~2,1,1,-0.2,0,0,0,...);
Case Ic: x; = (1.3,0.4,0, 02000 K
Case Id: x; =(0.4,0,1, 0.8,0,0,0,...).

Using MATLAB 2017(b), we compare the performance of Algorithm 2 with Al-
gorithm (1.4) of Ahmad et al. [2]. The stopping criterion used for our computation

is w < 1077, We plot the graphs of errors against the number of iterations in
each case.
TABLE 1. Numerical results for Example 2.
Alg. (1.4) Alg. 3.1
Case Ia CPU time (sec) | 0.0014 9.5022e-4
No of Iter. 43 37
Case Ib CPU time (sec) | 0.0016 9.3929¢-4
No. of Iter. 45 39
Case Ic CPU time (sec) | 0.0014 9.3664e-4
No of Iter. 41 35
Case Id CPU time (sec) | 0.0013 9.5949-4
No of Iter. 43 37

The next example is inspired by Vong and Liu [25] and He et al. [14].

Example 3. Let R? be the two dimensional Euclidean space with the usual inner
product (x,y) = x1y; +x2y, for all x = (x1,x)7,y = (y1,y2)T € R? and the norm

lx[| = /%2 +x3. Let C := [—1,1] x [~1,1] and define T : C — C by

T:x=(x1,x)7T — (;sin(xl\%xz), ;(cos(xl\—gcz) — 1))
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——Algorithm 1.4| 1 ——Algorithm 1.4
03+ ——Algorithm 3.1 “H“ ——Algorithm 3.1
|
A

errors
o
~
D
——

-

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30
Iteration number (n)

35 40 45
Iteration number (n)

0.2

\‘ ——Algorithm 1.4 ——Algorithm 1.4
.‘\‘ ——Algorithm 3.1 . ——Algorithm 3.1

0450 |

. |
0.1 S03
H
0.2
0.05 \
\ \

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35
Iteration number (n)

errors

40 45
Iteration number (n)

FIGURE 1. Example 2: Top left: Case Ia; Top right: Case Ib; Bot-
tom left: Case Ic; Bottom right: Case Id.

For each x = (x1,x2) € R?, T is a Fréchet differentiable and

1 cos(¥E2)  cos(XLER)
') =—=( . o .- (5.1)
22 sin( ﬂ) sin( ﬂ)

It is known that T’(x) is a bounded linear operator from R? to itself. The norm of
T’(x) can be derived by the formula:

IT'(X)]| =VA  VxeR?

where A is the maximal eigenvalue of the matrix (7”(x))77’(x). From (5.1), it is easy

to see that .
, 1 [cos(®222) —sin( )
(T (x))T = ﬁ (Cos(xl+x2) —Sin(x‘ x2)> (5.2)
1 1
(1 1> . (5.3)

and therefore from (5.1) and (5.2)
(T"(0)TT" (x) =
It therefore follows from (5.3) that || T/(x)|| = 4, V x € R%. Then, using Mean Value
Theorem, for any x,y € R?, there is a constant T € (0, 1) such that
ITx = Tyll = 17" (ex+ (1 = 0)y) (x =)

=
+
=
)

S
N

+

S
N

0| —
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<7 (w4 (=)= )l

< b=l
Which shows that T is a nonexpansive mapping. We define U: C — Cby Ux = 3 for
all x € C. Then it is easy to see that (O 0) e Fix( ) NFix(U ) We choose f(x) =
foreveryx € C, B, = Fll’ Yo =
and (1.4) gives

05
and o, = 5=—. In this case, (3.1)

n+1 &n— n+1

Un = 2 1xn+ e T,
Xnt1 = T30 T 3(,,+1)Txn+ U, n 21,

and
Xy, 2n
n = T n U ns > 17
= 105 ) 3mal) T 30 +1) o
respectively.
We choose different initial values as follows:

Case Ila: x; = (0.05,—0.4);
Case IIb: x; = (—0.9,0);
Case Ilc: x; = (0.9,0.4);
Case Hd. =(-0.5,-0.8).

Using MATLAB 2017(b), we compare the performance of Algorithm 2 with Al-
gorithm (1.4) of Ahmad et al. [2]. The stopping criterion used for our computation
is |x,1 — x> < 1077. We plot the graphs of ||x,+1 —x,||> against the number of
iterations in each case.

TABLE 2. Numerical results for Example 2.

Alg. (1.4) Alg. 3.1

Case Ila CPU time (sec) | 0.0013 8.6347¢-4
No of Iter. 26 17

Case IIb CPU time (sec) | 0.0014 8.7407e-4
No. of Iter. 27 18

Case Ilc CPU time (sec) | 0.0027 7.9229¢-4
No of Iter. 28 18

Case I1d CPU time (sec) | 0.0011 9.3366e-4
No of Iter. 27 18

Remark 1. From the computational results, it can be inferred that our algorithm
performs better in both number of iterations and computation time taken. In addition,
the choices of different initial values do not have significant effects on the output of
the Algorithm (3.1) in terms of the number of iterations and computation time taken.
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——Algorithm 1.4] 1 ——Algorithm 1.4
——Algorithm 3.1 04r | ——Algorithm 3.1
025} 1

| 0.35} |
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2
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T
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B
1,

:

2
1

0.1 0.15

0.05
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FIGURE 2. Example 3: Top left: Case Ila; Top right: Case IIb;
Bottom left: Case Ilc; Bottom right: Case I1d.

6. CONCLUSION

In this paper, we present a viscosity-S iteration for finding the common fixed points
of two nonexpansive mappings in real Hilbert spaces. We apply our results to nonex-
pansive semigroup of operators. We also illustrate the efficiency and effectiveness of
our algorithm using examples from a finite dimensional Hilbert space and an infin-

ite dimensional Hilbert space and by comparing with a similar existing algorithm in
literature.
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