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On Fixed Point Results for Hemicontractive-Type
Multi-Valued Mapping, Finite Families of Split Equilibrium
and Variational Inequality Problems

Tesfalem Hadush Meche! and Habtu Zegeye?*

ABSTRACT. In this article, we introduced an iterative scheme for
finding a common element of the set of fixed points of a multi-valued
hemicontractive-type mapping, the set of common solutions of a fi-
nite family of split equilibrium problems and the set of common
solutions of a finite family of variational inequality problems in real
Hilbert spaces. Moreover, the sequence generated by the proposed
algorithm is proved to be strongly convergent to a common solu-
tion of these three problems under mild conditions on parameters.
Our results improve and generalize many well-known recent results
existing in the literature in this field of research.

1. INTRODUCTION

Throughout this paper, unless otherwise stated, let H; and Hs be
real Hilbert spaces with inner product (.,.) and induced norm ||.|| and
let C' and @ be nonempty, closed and convex subsets of H1 and Ha, re-
spectively. We denote the strong and weak convergence of any sequence
{zn} to x by z,, —» = and x,, — x, respectively.

Let S : C — Hj be a mapping. We say that the mapping S is
k—strictly pseudocontractive if there exists k € [0, 1) such that

(1.1) 1Sz — Syl* < |z — yl* + kllz — Sz — (y — Sy)|1%,

for all z,y € C. If, in (W), k = 0 and k& = 1, the mapping S is said to be
nonexpansive and pseudocontractive, respectively. And if there exists
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L > 0 such that ||Sz — Sy|| < L||lx — y||, for all z,y € C, the mapping
S is called Lipschitzian.

Observe that the class of nonexpansive mappings is strictly contained
in the class of k—strictly pseudocontractive mappings which, in turn,
strictly contained in the class of pseudocontractive mappings (see [3,
38]).

The mapping S is said to be firmly nonexpansive if

1Sz — Sy||* < (Sz — Sy,z —vy), Ve,yeC.

It is well-known that the class of nonexpansive mappings properly in-
cludes the class of firmly nonexpansive mappings (see [I7]).

A point x € C' is said to be a fixed point of a mapping S if z = Sz
and denote by F'(S) the set of all fixed points of S.

A mapping S : C — Hy with F(S) # () is said to be demicontractive
if there exists a constant k& € [0, 1) such that

(12) ISz —p|* < [lo = pl* + kllz — Sz||*, Vpe F(S),z€C.

If, in (2), £ = 0 and k£ = 1, the mapping S is said to be quasi-
nonexpansive and hemicontractive, respectively.

It is easily observed that the class of hemicontractive mappings prop-
erly encloses the classes of pseudocontractive mappings S with F'(S) # 0,
quasi-nonexpansive and demicontractive mappings; the class of demicon-
tractive mappings strictly contains the classes of k—strictly pseudocon-
tractive mappings S with F'(S) # () and quasi-nonexpansive mappings;
and the class of quasi-nonexpansive mappings strictly contains the class
of nonexpansive mappings S with F'(S) # ) (see, for example, [I5, B5]).

In the sequel, we denote by C'B(C') the collection of nonempty, closed
and bounded subsets of C.

The Hausdorff metric D on C'B(C) is defined by

D(A, B) = max {sup d(x, B),sup d(y,A)} , forall A,B e CB(C),
€A yeB

where d(z, A) = inf{||Jx — b[| : b € A}.
A multi-valued mapping S : C — CB(C) is said to be k—strictly
pseudocontractive if there exists k € [0,1) such that

(1.3) D*(Sz, Sy) < |z — ylI* + kll(z — u) — (y = )|,

forall z,y € C', v € Sz and v € Sy.
If, in (I=3), £ = 0 and k = 1, the mapping S is called nonexpansive
and pseudocontractive, respectively.
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It is not difficult to see from the definitions that every multi-valued
nonexpansive mapping is k—strictly pseudocontractive mapping and ev-
ery multi-valued k—strictly pseudocontractive mapping is pseudocon-
tractive mapping, however, the inclusions are strict (see [3, B5]).

Recall that the multi-valued mapping S is said to be L—Lipschitzian
if there exists a constant number L > 0 such that

D(Sz,Sy) < L||lx —y||, forallz,yeC.

And the set of all fixed points (if exists) of the multi-valued mapping S
is denoted by F(5), i.e., F(S)={x € C :z € Sz}.

Let S : C — CB(C) be a multi-valued mapping with a nonempty
fixed point set F'(S). The mapping S is said to be quasi-nonexpansive
if for all p € F(S), z € C,

D(Sz, Sp) < ||lz = pl|
If there exists a constant k € [0, 1) such that
D*(Sz, Sp) < |l —pl* + kllz — ul®,

for all p € F(S), x € C and u € Sz, the mapping S is called
demicontractive-type. Further, the mapping .S is said to be hemicontr-
active-type if

D2(Sz,8p) < |z — p|® + ||z —u|)®, Vpe F(S),z € C and u € Sz.

The following is an example of hemicontractive-type multi-valued map-
ping S such that Sp = {p} for all fixed point p of S.

Example 1.1. Let C' = [0,00) and let S : C — CB(C) be defined by

! ! ifx>2
5t | fe>2.

Then, clearly FI(S) = {0} and SO = {0}. For 0 < x < 2, since Sz =0
we have

Sr=0if x <2, S$:|:IE—

D?(Sz,50) =0
< |z —0[?
<z — 0P + |z — Sz
And for z > 2, we have

D(Sz,S0) = max { sup d(a, S0), sup d(b, Sac)}
ac€Sx besS0

= max { sup |al,d(0, Sﬂs)}

a€ST
1
T3
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1
= r— —
4
<z
= |z — 0|

Thus, D?(Sz,S0) < |z — 02 + |z — u|? for all u € Sz and hence S is a
hemicontractive-type multivalued mapping.

We observe that every multi-valued nonexpansive mapping with non-
empty set of fixed points is quasi-nonexpansive, every multi-valued
k—strictly pseudocontractive mapping S with F(S) # () and S(p) =
{p}, Vp € F(95) is demicontractive-type and every multi-valued pseu-
docontractive mapping S with F(S) # 0 and S(p) = {p}, Vp € F(S) is
hemicontractive-type mapping. It is also easy to see that every multi-
valued quasi-nonexpansive mapping is demicontractive-type and every
multi-valued demicontractive-type mapping is hemicontractive-type. How-
ever, all the inclusions are proper (see, for example, [35, BE]).

The fixed point problem for multi-valued mapping S : C' — CB(C)
is to find a point z € C' such that x € Sz.

We denote the solution set of the problem by F(S).

Many authors have shown their interest in the existence and approxi-
mation of fixed points of nonlinear mappings (including hemicontractive-
type mapping) (see, for example, [3, 21, 22, 29, B5] and the references
therein).

A mapping A : C' — H; is called monotone if

(Ax — Ay,x —y) >0, Va,yeC.
And if there exists a number o > 0 such that
<A.’E—Ay,fb—y> ZaHA:E—AyHQ, Va},yEC,

then the mapping A is called a-inverse strongly monotone.

It is noticeable that the class of monotone mappings strictly includes
the class of a-inverse strongly monotone mappings (see, for exam-
ple, [B8]). Furthermore, every a-inverse strongly monotone mapping is
é—Lipschitzian mapping.

Let A,, : C — Hj be a nonlinear mapping for each m € {1,2,...,N}.
The finite family of variational inequality problems is to find a point
u € C such that

(1.4) (v—u,Apu) >0, forallveC, me{l,2,... N}

The solution set of problem () is denoted by VI(C,A,,) for each
m € {1,2,...,N}. It is easy to see that (I4) is reduced to the clas-
sical variational inequality problem if N = 1, which was introduced
by Stampacchia [24] as a tool for solving partial differential equations.
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Such a problem is related with convex minimization problem, the com-
plementarity problem, the problem of finding a point z € C satisfying
0 € Az and etc. Fixed point problems are also closely related to the
variational inequality problems. Based on this relationship, iterative
methods for finding common solution of variational inequality problem
and fixed point problem for some nonlinear mappings have been studied
by many authors (see, e.g., [d, 2, 04, 29, B4, 40] and the references
therein).

Let F : C x ¢ — R be a bifunction, where R is the set of real
numbers. The equilibrium problem, which was initially formulated
from variational inequality and optimization by Blum and Oettli [1] in
1994, is to find a point x € C' such that

(1.5) F(z,y) >0, foralyeC.

We denote the set of solutions for problem (IZ3) by EP(F). Let F,, :
C x C — R be a finite family of bifunctions. The finite family of
equilibrium problem is to determine common points for the set

EP(F,)={peC:Fy,(p,y) >0, YVyeCm=1,2,...,N},

which was studied by Wang and Zhou [33]. Clearly, it is reduced to
problem ([C3) when N = 1. Various problems arising in physics, opti-
mization, economics, engineering, transportation and etc can be reduced
to finding solutions of equilibrium problems. As a result of interaction
between different natures of mathematical problems, we now have a va-
riety of methods to analysis several algorithms for finding solutions of
equilibrium and related problems. It is also well-known that the equilib-
rium problems are closely connected with fixed point problems. To find
common solutions of these problems, various iterative algorithms have
been established and investigated by many researchers in the literature
(see, for example, [G, 00, 05, 83, B4, B8, 0] and the references cited
therein).

As a generalization of the problem (IH), Z. He [7] considered the fol-
lowing split equilibrium problem which consists of a pair of equilibrium
problems.

Let F1 : C xC — R and Fs : Q x @ — R be two bifunctions and
B : HA — H> be a bounded linear operator. The split equilibrium
problem (SEP, in short) is the problem of finding a point z* € C' such
that

(1.6) Fi(z*,2) >0, forallzeC,
and such that
(1.7) y* = Bx* € @Q solves Fo(y*,y) >0, foralyeq@ .
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The solution set of split equilibrium problem ([B) and (IZ4), in this
paper, is denoted by 2. That is,

Q={peC:pec EP(F)and Bp € EP(Fy)}.

Split equilibrium problem enable us to solve equilibrium problem (ICH)
in H; for which the image of its solution under a given bounded linear
operator B is a solution of equilibrium problem (IZ7) in another Hilbert
space Ho. Split variational inequality problem, split zero problem, split
fixed point problem, classical equilibrium problem and split feasibility
problem are special case of split equilibrium problem, which have already
been studied and used in practice, see, e.g, [2, B, 23, 26, B2, 41].

Let Fi,, : C xC — R and Fy ), : @ x @ — R be two finite families
of bifunctions and B,, : Hi — Hs be a finite family of bounded linear
operators. The finite family of split equilibrium problems is to find
common elements for the following set

O, ={peC:pe EP(Fi,,)and By,p € EP(F,,,),m=1,2,...,N}.

If

Fl,m(xay) = <A1,mxvy_:l:>’ Vm,yGC’
and

Fom(u,v) = (Agmu,v —u), Vu,v € Q,

with some nonlinear mappings Ay, : C — Hj and Ay, : Q — Ho,
then the finite family of split equilibrium problem becomes finite family
of split variational inequality problem. For finite families of mappings
Sm :C — Cand Ty, : Q — Q, if Fy p(z,y) = (({ — Spm)z,y — x) for
all z,y € C and Fy p(u,v) = (I — Tin)u,v —u) for all u,v € Q, then
the finite family of split equilibrium problem reduces to finite family
of split fixed point problems. Besides, if Hy = Hs, B, = I, Q@ = C
and Fp,, = 0, for each m = 1,2,..., N, then the finite family of split
equilibrium problems reduces to the classical finite family of equilibrium
problems.

For obtaining a solution of split equilibrium problem, Z. He [[d] also
proved weak and strong convergence theorems in real Hilbert spaces.
Subsequently, to find a common element of the set of fixed points of a
nonexpansive single-valued self-mapping S and the sets of solutions of
split equilibrium and variational inequality problems, Kazmi and Rizvi
(0] proposed the following iterative algorithm:

up = T (2 + vB*(TE2 — I) By,
(18) Yn = PC’(un - AnAUn),
Tn+1 = Qpv + ﬁnxn + ’Ynsyn, Vn Z 0,
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where F5 is upper semi-continuous in the first argument and B is a
bounded linear operator. Then, under certain conditions on parame-
ters, the authors proved that the sequence {z,} generated by (8) con-
verges strongly to a common solution of these three problems. Recently,
Meche et al.[16] extended the results of [[0] to multi-valued nonexpan-
sive mapping and removed the assumption imposed in [I0] that Fj is
upper semi-continuous in the first argument. In particular, the authors
considered the following iterative algorithm for obtaining a common so-
lution of a split equilibrium problem, a variational inequality problem
for Lipschitz monotone mapping A and a fixed point problem for non-
expansive multi-valued mapping S:

o € C,
2y = TE(I — AB*(I — T?)B)z,,
(1.9) un, = Polzn — Az,

Yn = PC[Zn - 'YnAun]a
Tpt1 = Buf(zn) + (1 = Bn) (nn + (1 = vn)vn),

for all n > 0, where B : Hy — Hs is bounded linear operator with
its adjoint B*, v, € Sy,, f a contraction mapping and the control
sequences satisfy mild conditions. It was proved in [I6] that the se-
quence {z,} generated by () converges strongly to the same point
peBO=F(S)NQNVI(C,A), where p = Pgf(p). Furthermore, Okeke
and Mewomo [IY] proposed the following iterative algorithm and ob-
tained strong convergence result for approximating a common solution
of variational inequality problem, split equilibrium problem and fixed
point problem for multi-valued quasi-nonexpansive mapping S in real
Hilbert space:

T € Hy,

un = TE (2 + W B*(TE2 — I)Bay,),

Yn = PC[Un - )\nAun]a

Tn+l1l = anfn($n) + ﬁnxn + 5n(0wn + (1 - U)yn)v Vn > 1,

where w,, € Sz,, B is a bounded linear operator, A is an inverse strongly
monotone mapping from C into Hy, F5 is upper semi-continuous in the
first argument and the sequences {r,}, {7}, {an}, {fn} and {6, } satisfy
some appropriate conditions.

On the other hand, approximating common solution of a family of
split equilibrium problem is an important and active research area. It-
erative algorithms for finding a common point of a family of split equilib-
rium problems, variational inequality problems and fixed point of some
nonlinear mappings have received vast consideration by several authors
(8, 01, 28, 31]. In 2016, Wang et al [31] proposed an iterative algorithm
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and proved some strong convergence theorems for finding a common ele-
ment of the set of common solutions of a finite family of split equilibrium
problems and the set of common fixed points of a countable family of
nonexpansive mappings in Hilbert spaces. In [28]|, Ugwunnadi and Ali
relaxed the results of Wang et al [31] to continuous pseudocontractive
mappings and introduced an iterative algorithm for finding common so-
lution of finite family of split equilibrium problem, fixed point problem
for finite family of continuous pseudocontractive mappings and varia-
tional inequality problem in Hilbert spaces. Under some appropriate
conditions on parameters, they also proved that the sequence generated
by the algorithm convergence strongly to a common solution of these
problems. However, it is worthy to mention that the results in [31] and
[28] restricted to single-valued nonlinear mappings.

Motivated and inspired by the above results and recent works [8, 23,
DR, B0, B2, 41, we have raised the following research question:

Question: Can we obtain an iterative algorithm which converges
strongly to a common solution of fixed point problem for Lipschitz
hemicontractive-type multi-valued mapping, finite families of variational
inequality and split equilibrium problems?

It is our purpose in this paper to establish an iterative algorithm and
prove that the produced sequence converges strongly to a common ele-
ment of fixed point set of a Lipschitz hemicontractive-type multi-valued
mapping, common solution set of a finite family of split equilibrium
problems and common solution set of a finite family of variational in-
equality problems in the framework of real Hilbert spaces. The results
presented in this work generalize and improve the recent results of Es-
lamian [6], Jeong [8], Kazmi and Rizvi [I0], Meche et al.[T4-T6], Okeke
and Mewomo [19], Shehu and Iyiola [23], Ugwunnadi and Ali [2R], Zegeye
and Shahzad [@0] and some other results in this area.

2. PRELIMINARIES

In this section, we collect some basic concepts and results from the
existing literature which play a vital role in the sequel.
Let S : C — C be a nonexpansive mapping with F'(S) # (). Then,
(see, e.g., [M8]), for every z € C' and y € F'(S),
1
(2.1) (x — Sz,y — Sz) < §HSx—xH2.
Since C' is a nonempty, closed and convex subset of a real Hilbert space

Hy, it is well-known that for every point x € H; there exists a unique
nearest point Pox € C such that

|z — Pox|| = inf{[le -yl : y € C}.
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It means that the metric projection Po of Hy onto C is a single-valued
mapping. Moreover, for every x € H1 and z € C', we have

(2.2) z2=PFPorx <= (x—z,2—y) >0, VYyeC.
Let S : C — CB(C) be a multi-valued mapping and let the sequence

{zp} C C converges weakly to x. Then, (I —5) is said to be demiclosed
at zero if x € Sx whenever lim d(x,,Sz,) = 0, where I is the identity
n—oo

mapping on C. It is well-known that if §': C — C is a single-valued
nonexpansive mapping, then (I — S) is demiclosed at zero (see, [13]).

On the other hand, given an a—inverse strongly monotone mapping
and A € (0,2a], then I — AA is a nonexpansive mapping from C' into
H; (see, for example, [27, BR]). But, if S : C — H; is nonexpansive
mapping, then A :=1— S is %—inverse strongly monotone mapping (for
more details, see [24]).

The following common assumption will be used in the sequel.

Assumption 2.1. Let ' : C' x C' — R be any given bifunction. We
assumed that F' satisfies the following conditions:

(A1) F(z,z) =0,V x € C;

(A2) F is monotone, i.e., F(x,y) + F(y,z) <0,V z,y € C;

(A3) limyo F(tz+ (1 —t)z,y) < F(z,y), Vz,y,2 € C;

(A4) foreachz € C, y — F(z,y) is convex and lower semicontinuous.

In order to prove our main results, we also need the following familiar
lemmas.

Lemma 2.2 ([39)). Let H be a real Hilbert space. Then, for all y; € H
and a; € [0,1], fori=1,2,...,N such that oy + ag + -+ any =1 the
following equality holds:

N
largs + azys + -+ anyn | =Y aillyill® = Y aiajllyi —yil*
i=1 1<ij<N

Lemma 2.3 ([36]). Let {v,} be a sequence of nonnegative real numbers
such that

Tn+1 S (1 - ﬂn)’)’n + ﬁn(s’n} fOT n 2 no,
where ny € N and the control sequences {B,} C (0,1) and {§,} C R
satisfying the following:

[o.¢]
lim 3, =0, g B = 00, lim sup 6, < 0.
n—oo n—1 n—o0
Then, lim ~, = 0.

n—oo

Lemma 2.4. Let H be a real Hilbert space. Then, it is known that for
every x,y € H,
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D) o —yl? = ll2l> + lylI* — 2(z,y) .

i) [lo+yl* < l2® + 2y, 2 + ).
Lemma 2.5 ([I8]). Let H be a Hilbert space. Let A,B € CB(H) and
a € A. Then, for every € > 0, there exists a point b € B such that
la —b|| < D(A,B) +¢e. In particular, for any a € A there exists an
element b € B such that ||a — b|| < 2D(A, B).

Lemma 2.6 ([37]). Let A be a continuous monotone mapping from C
into Hy. Then, for any p > 0 and x € Hy, there exists z € C' such that

1
<Az,y—z>—|—;<y—z,z—x>20, Vyed.
Moreover, the mapping J,, : Hy — C' given by
1
J#x:{zEC’: <Az,y—z>+;(y—z,z—m) >0, VyEC’}

1s well-defined and satisfies:
(i) Jy is single-valued;
(ii) Ju is firmly nonexpansive, that is,
||JM(L‘_JMy||2S <JM$_Jﬂy)x_y>7 Va,ye Hy;
(iii) F(Ju) =VI(C,A);
(iv) VI(C, A) is closed and convez.

Lemma 2.7 ([0, 5]). Let Fy be a bifunction from C x C into R satisfying
Assumption 2. For any o > 0 and for all x € Hy, the mapping
TH . Hy — C defined by

1
Tflg::{zEC’:Fl(z,y)—i—J(y—z,z—x)20, VyEC},

1s well-defined and satisfies the following:
(i) TL' is nonempty and single valued;
(i) T is firmly nonexpansive, i.e.,
1T e = Ty < (T5a = T/ y,x —y), Va,ye Hi
(i) F(TF) = EP(F);
(iv) EP(F}) is closed and convex.

Let F5 : Q X Q — R satisfies Assumption . Applying Lemma 272,
we can define a mapping T2 : Hy — Q by

1
TTFQU—{wEQ:FQ(w,v)—i-(v—w,w—u)ZO, VUEQ}
T

for 7 > 0 and for all u € Hy. Then T2 also satisfies the same properties
in the previous Lemma 274. It is not difficult to check that € is a closed
and convex set.
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Lemma 2.8 ([13]). Let {5,} be a sequence of real numbers such that
there exists a subsequence {n;} of {n} such that B,, < Bn;+1, for all
j € N. Then, there erists a nondecreasing sequence {0y} C N such that
0 — oo and for all (sufficiently large) numbers k € N,

65k < 65k+17 5]6 < 65k+1'
In fact, 6, = max{i < k: 5; < Biy1}.
Lemma 2.9 ([20]). Let {s,} be a sequence of nonnegative real numbers,
o0

{an} be a sequence in (0,1) such that Z ay, = oo and {t,} be a sequence
n=0
of real numbers. Suppose that
Spt1 < (1 — ap)sp + anty for allm > 0.

If limsupt,, <0 for every subsequence {sy,} of {sn} satisfying

k—o0

lim inf(sy, +1 — sn,) > 0,
k—o0

then lim s, = 0.
n—oo

Lemma 2.10. Let C' be a nonempty, closed and convex subset of a real
Hilbert space H. Let S : C — CB(C) be a L— Lipschitz multi-valued
mapping with F(S) # 0 and S(p) = {p}, for all p € F(S). Then, F(S)
1s closed subset of C.

Proof. Let {z,} C F(S) be such that z,, — x. We claim that x € F(S5).
Now, since C' is closed, we have x € C. From the fact that the distance
function d(., Sz) is continuous and S is Lipschitz mapping, we have that

d(z,Sx) = lim d(zp,Sz)

n—o0

< lim D(Sz,,Sx)
n—o0

< lim L|z, — z|
n—oo

=0.

Thus, since Sz is closed, we get that = € Sz, that is, x € F(S). Hence,
F(S) is closed subset of C. O

3. MAIN RESULTS

In this section, we give an iterative algorithm and prove its strong
convergence theorems for a finite family of split equilibrium and vari-
ational inequality problems and a fixed point problem for a Lipschitz
hemicontractive-type multi-valued mapping in Hilbert spaces.
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Theorem 3.1. Let Hi and Hsy be real Hilbert spaces. Let C' and Q
be nonempty, closed and conver subsets of Hi and Hy, respectively.
Let A,, : C — Hy be a continuous monotone mapping and B, :
H; — Hy be a bounded linear operator with its adjoint B}, for each
m € {1,2,...,N}. Let Fi,, : C xC — R and Fp,, : Q@ x Q — R
be bifunctions satisfying Assumption 232 for each m € {1,2,...,N}.
Let S : C — CB(C) be a L—Lipschitz hemicontractive-type multi-

N
valued mapping. Assume that © = ﬂ <QmmVI(C, Am)> ﬂF(S) is
1

nonempty and Sp = {p} for all p € ©. Given zo,u € C, for each
m=1,2,...,N, let {z,,} be a sequence in C defined by

e (I B (I _ TfQ’m) Bm) 2,

_ m
Enm = Jp, Zn,m;

N
(31) Yn = Z Tn,m€n,m,
m=1

Uup = (1 = an)yn + anvn,
Tp4+1 = ﬁnu + YnWn + CnYn,

for all n > 0, where v, € Sy, and w, € Su, are such that ||v, —
wy|| < 2D(Syn, Suy) and o, 7,11 > 0, Ay, € (0, 77%)’ where Ny, = || Bm|?,

{Bn},{an} C (0,1), {mam} C (0,1] and {y},{on} C [o, ] for some
a, B € (0,1) satisfying the following conditions:

(i) B+ +on =1;
N

(i) > Tm =1
m=1

1
(ill) B+ <ap <y < NiEyEEe

Then, the sequence {xy} is bounded.

Proof. Tt follows from (ii) of Lemma 272 that TF>™ is firmly nonexpan-

sive for each m € {1,2,...,N} and so it is nonexpansive. Since the
nonexpansiveness of Tf >™ implies that I — TTF U T] %—inverse strongly
monotone mapping, it follows from the hypothesis and Cauchy Schwartz
inequality that B, (I — TTF 2‘7") B,, is a %%—inverse strongly mono-
tone mapping for each m € {1,2,...,N}. Since \,, € (O, n%ﬂ) for

each m € {1,2,...,N}, we have I — \B}, (I—TTFQ””) B, is nonex-

pansive. Again, by (ii) of Lemma 274, T, f Y™ is nonexpansive for each



FIXED POINT AND FINITE FAMILIES OF SPLIT EQUILIBRIUM ... 201

m € {1,2,...,N}. It then follows that

(3.2)

|TFm (I = Ny Bi, (I = TF>™) By) o — TS (I — A By, (I = T5>™) By |
< lz—yl.

Now, let p € ©. Then, we have Sp = p, J'p = p, p € Oy, and so p =

TS p and Byyp = T2 >™ Byp for each m € {1,2,..., N}. This implies

that Tt (1 B (I _7r Q’m) Bm) p = p. Thus, using (B3), we
get that
(3.3)  |lznm —pll = ( TFm (I —AmBE (I _ Tf“") Bm) Ty — pH

< [lzn = pll-

Using (ii) of Lemma P, Ji* is firmly nonexpansive for each m €
{1,2,..., N} and so nonexpansive. Then from (B33), we find that

(3.4) lenm = pll = [ 2n,m — J,pll
S Hzn,m _pH
< llzn — pl|-

Then, by applying triangle inequality, (8) and condition (ii), we derive
that

(3.5) lyn —pll =

N
5 Tnm€nm — P
m=1

N
< Z Tnm |l€n,m — Pl

3

Tn,m ||$n - p”

A
1+

|7 — pl| -

From the hypothesis that S is hemicontractive-type mapping and
wy, € Suy, it is clear that

(3.6) lwn = plI* < D*(Sun, Sp)
<l = plI* + llun — wal*.

Again, since S is hemicontractive-type mapping and v, € Sy,, it follows
from (B), (BH) and Lemma P2 that

(3.7) un —pl* = (1 — an)yn + anvy — p|?
= (1 — an)|lyn — p|I* + anllvn — p|?
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— an(1 = ap)|lyn — val?

< (1= an)llyn = plI> + anD*(Syn, Sp)
— apllyn — UnH2 + 0572~b||yn - UnH2

< (1= @)l = 2l + an(llyn = I + llyn = val?)
— anllyn — val® + aZllyn — val®

= lyn — plI*> + nllyn — vall* = anllyn — vall®
+ g [[yn — onll?

< len =l + i llyn — vall*

Combining (88) and (B7) yields that

(3.8) lwn = plI* < llzn = plI* + o llyn = vall® + llun — wnll*.
We easily obtain from (BI) that
(3.9) 1y = wnll® = llyn = (1 = an)yn + anvy)|1?

= i llyn — vl

By Lemma P2 and the assumption that ||v, — wy|| < 2D(Syn, Su,), we
obtain

l[un — wn||2 = [[(1 — ) (yn — wn) + an(vy — wn)
=(1—an)llyn — wnH2 + anlvn — wn||2
—an(l —an)llyn — Un||2
< (1 = an)l|yn — wn|* + 40, D*(Syn, Stn)
— ol|yn — UnH2 + O‘ZHyn - Un”z'

Utilizing the hypothesis that S is L—Lipschitzian mapping and (89),
we get

(3.10) [[un — wnH2 < (1—an)llyn — wnH2 + 4O‘nL2Hyn - un”2
— amllyn — UnH2 + aiHyn - Un”2
= (1= an)llyn — wal® + 405, L?||yn — vnl|?
— amllyn — Un”2 + aiHyn - Un||2
= (1—an)yn — wnH2 + O‘n(4L2O‘i
+ag = Dlyn — val®.
Thus, substituting (B0) into (BR) gives that
(3.11) lwn = pl* < llzn — Pl + @} llyn — vall® + (1 = an)lyn — wal®
+ an (4L2ai + ay — 1) lyn — vn||2
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= llen = pl* + (1 = @)y — wal®
— o (1 —4L%2 — 20,) [|yn — va*.
Again, using Lemma 22 and Condition (i), we find that
201 = plI* = 1Bt + Yatwn + onyn — plI?
< Bullu = pI* + Yallwn — plI?
+nllyn =PI = Ya0ullyn — wal*.
It follows easily from (B3) and (BT) that
|1Zn+1 = plI* < Ballu —plI* + %(llfﬂn = p[? + (1 = an)llyn — wnl?
—ay (1= 4L%a2 — 2ay) |lyn — vnH2>
+0nll@n = pI* = nonllyn — wall*.
Combining this fact with Condition (i) yields
(3.12) 1Zns1 = plI* < Ballu = plI* + (1 = Bn)llzn — p)?
— YnQn (1 —4L%a2 — 20zn) Y — vn|?
+ 9 (Bn + 0 — an)[[yn — wnll.
Moreover, condition (iii) implies that
(3.13) 1 —4L*% —2a,, > 1 —4L** — 2y > 0, B+ Y — o <0,
for all n > 0. Thus, using (813) in (B12), we obtain
21 = plI* < Ballu = pl* + (1 = Ba) |20 — p|?
< max{[lu — p||?, [|zn — p[*}.
It then follows from the Mathematical induction principle that
lzn — [ < max{fu —p|, [z — p|*}.

Therefore, the sequence {z,} is bounded. We also obtain that {y,},
{znm} and {u,} are all bounded. The proof is completed. O

Theorem 3.2. Let Hy and Hs be real Hilbert spaces. Let C' and Q
be nonempty, closed and conver subsets of Hi and Ho, respectively.
Let A, : C — Hj be a continuous monotone mapping and By, :
Hy — Hs be a bounded linear operator with its adjoint B}, for each
m e {1,2,...,N}. Let Fi,;, : CxC — Rand Fop, : Q xQ — R
be bifunctions satisfying Assumption 2 for each m € {1,2,...,N}.
Let S : C — CB(C) be a L—Lipschitz hemicontractive-type multi-
valued mapping such that (I — S) is demiclosed at zero. Assume that
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N
0= ﬂl (Qm ﬂ VI(C, Am)) ﬂ F(S) is nonempty convex and Sp = {p}

for all:p € © . Let {Bn}{an}.{m}.{on} and {1nm} be real sequences
in (0,1) such that

LBt mton=1landd<a<y,,o0, < <1
o

ii. lim B, =0, ) By =oo;

n=0
N
. Y Tam =1and0<6 <7 < 1;
m=1

. Bntm<ap <vy< m~
Let xg,u € C be arbitrary. Then, the sequence {x,} generated by (&)
converges strongly to ¢ = Pg(u).

Proof. Let p € ©. Then, using the nonexpansivity of Tf b for each
m € {1,2,...,N}, we have

Fl,m F2,m

zmm — pl? = || T (I B <I — 7! ) Bm> &

2
_pfm (I — AmB?, (I - TfQ’m) Bm) p”

‘ (I — AmB, (I - TfQ’m) Bm) Zn
_ (I —AmB, (I _ TTFW) Bm> pH2

- ‘(:pn “p) = Am (B;‘n (I - Tf“") Bin

IN

* Fam 2
2 (17 B
= llew =9I = 27 (a = p. By, (1= 1727 ) B

B (I _ 7k 27’") Bmp>

2
A2 HB;; (I - TTFZ””> Ban — B, (I - TTFQ*”’) BmpH .

R . .
Because B;,, (I - T 2”") By, is #—mverse strongly monotone and
m

F:
Bmp =T

(3.14)

2™ Byp for each m € {1,2,..., N}, we find that

l2nm = plI* < llzn —pl®

by 2
_om HB; (I - Tflm) Bn — B, (I - TTFQ””) BmpH
Nm
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2
2 HB;; (I _ TfQ’m) Bpan — B, (I _ Tfm) BmpH

F2,'m 2

1
= [z —pI* + Am <)\m - 77) HB:” (I - T ) Bpxy,
m

It follows from (B33), (B4), (B314) and Lemma P72 that

(3.15)
N
lyn = 2I* <> 7o llenm — plI?
m=1

N
< Z Tn,m Hzn,m - p”2
m=1

< JJzn —p|?

N
1 2
+ 3 TmAm <)\m - > HB;; (1-7") B,
m=1

Nm
Using (ii) of Lemma P4, we find that

(3.16)
|Zns1 — plI” = ||Bru + Ynwn + onyn — pl?
< Y (wn = p) + on(yn — P)II* + 285 (u = p, Tng1 — p)
< Yullwn — p||2 + onllyn _pH2 = YnnllYn — wn”2
+28n (u — p,Tpt1 — p) -

Therefore, (B1), (B0H) and (BTH) imply that
(3.17)
s I < (1= Bl I — o (1~ 4L%07 — 201)
X yn = vnll* + Y0 (Bn + T — an)llyn — wn?

FZ,m 2

N
E 1 *
—On 7_n,m)\m(,'7 - )\m) HBm (I - T ) Bnxn
m=1 m

+ 20, <U — Py Tnt1 _p> .

We now consider the following two cases.

Case 1: Assume that there exists a natural number ng such that
{||zr—pl|} is nonincreasing for all n > ngy. Then, {||z,—p||} is convergent
and obviously ||z, — p|| — ||zn+1 —p|| — 0 as n — oo. It follows from
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(B13) and (BIA) that
(3.18)

2
O TmmAm <1 - Am> HB:n (1-1") By

Tihm
< (1-8n)llzn _pH2 — llzn+ _pH2 + 2By X (U —pyTnt1 —P)
Since £, — 0 as n — oo, we infer that

FZ,'m

) - T mZnll = 0 as n — oo.
(3.19) HB;(I T )B 0

We also obtain

(3.20) ‘ Fam

Ty — (T, — Am By, (I—TT >Bmxn)H — 0 as n — .

Utilizing the firmly nonexpansivity of Tf Y™ nonexpansivity of

(I — A\ B, (I — TTFQ”"> Bm), (81) and Lemma 24 (i), we get that

2
znm — p)|* = ‘ Ttm (I —AmBE (I - Tf?vm) Bm) Tn — Tfl’mpH
S <Zn,m — D, (I - )‘mB:n (I - szm) Bm) Tn — p>

1 2 * Fam 2
= 5 (Iznm = pIP + || (1= AnBy, (1= T B ) o =

)

2 — (T =By, (1= T ) By w0

1
< 5 (Iznam =PI + 1 =PI = 2 — a1

— o\, <znm — 2, B, (1 _ Tf“") Bmazn>
2
— a2 HB; (I . TfQ’m> B )

So, we get that

(321)  |lznm —pl* < llzn — 2l = llznm — 2nll?
+ 20, <xn — s BY, (I _ Tf“") Bmxn> .
Note that
N
lyn = 2lI* < 7w l120,m — 2l
m=1
And so from (BZ2T), we have
(3.22)

N
2
Iy = 2l < llen = pI2 = 3 Tam 20m — 2l
m=1
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N
+2 3" (Famdm (20 = 2nms By (1= T ) B ).
m=1

Thus, substituting (B7) and (B=22) into (BIH), we obtain that
(3.23)

st = B2 < (L= Bn)llom =PI = ncin (1~ 4222 = 20,) [lgn — vn?
+ 'Vn(/Bn + Y — O‘n)Hyn - wnHZ

N
— Op Z Tn,mHZn,m - anQ + 20,

m=1

N
<3 (rnmdm (20 = 2ams Bl (1= T2) Buan))
m=1

+2Bp (u = p,Tnt1 — D) -
It follows from (BT3) and (B=23) that

OnTngmllznm = @nll* < (1= Ba)llzn — plI? = l2nts — plf?

N
+ 20, Z (Tn,m)\mHmn - Zn,m”
m=1

Thus, since {x,,} and {2y, } are bounded, 3, — 0 as n — oo, we obtain
from (B19) that

X HB;;; (I - Tf2'm> Btn

+ 2060 (u —p,Tnt1 — p) -

(3.24) |Znm — znl| > 0asn — oo .

Moreover, from (B13) and (B=23), it is clear that

TnQn (1 - 4L20‘i - 2an) lyn — UNHQ < (1 =Bz _pH2 — |znt1 —p||2

N
+ 20y, Z (Tn,m)\men - Zn,m”

)

x HB;;L (I - TTFQ’”’) Bntn
Since 8, — 0 as n — oo, combining this fact with condition (i) and
(B19) yields

+ 28, <U — P, Tni1 _p> .

(3.25) |y — vn|| — 0 as n — oo,
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and so as v, € Sy,, we find that
(3.26) d(Yn, Syn) — 0 as n — oo.

On the other hand, since J)" is firmly nonexpansive and J;'p = p for
each m € {1,2,..., N}, from Lemma P (i), we have

lenm — plI* = 1" znm — Il

< <€n,m — D, Znm — p>

1
= 5 (Hen,m _pH2 + |2n,m —pH2 — |l2znm — en,mn2) .

This fact with (B33) gives that
lenm =212 < l2nm = 2I* = llznm — enml®
< llzn =2l = lznm — enmll?,
and then it follows from (B3) that

N
(3.27) lyn —21* < D~ Taam lenm — oIl

m=1

N
< llan = pl* = D Tamllznm — enmll*.

m=1
By substituting (8710) and (B=27) into (BIH), we get that
(3.28)

Znr1 = p? < (1= Bo)llzn = plI* = e (1 —4L%a;, - 20‘71)
X [|yn — "UNHQ + Y (Bn + 0 — an)llyn — wnH2

N
—0On Z Tn,m”zn,m - ‘Sn,mH2 + 2&71 <'U, — D, Tp+1 — p> .

m=1
Consequently, using (BL3), we find that
OnTnm | 2n,m — emmH2 <1 =Bu)lzn _pH2 — [|[Znt1 _pH2
+ 265 (u = p,Tnt1 — ) -
Because B, — 0 as n — oo, it follows that
(3.29) | Znm — enml|| = 0 as n — oo

foreachm=1,2,...,N.
It then follows from triangle inequality and (B=24) that

len,m — Zall < llenm — znmll + [[2n,m — Tnll = 0
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as n — oo for each m=1,2,..., N.
As a result, since

N
§ Tnm€Enm — Tn
m=1

Yy — znll =
N
< Z Tn,m ||en,m - $n|| ,
m=1
we obtain that
(3.30) lyn — xnl| — 0 as n — oc.

In addition, since S is a L—Lipschitzian multi-valued mapping, using
the fact that ||v, — wy| < 2D(Syn, Suy), (839) and (BZ3), we get that
(3.31) [yn — wall < lyn — vnll + [Jvn — wy|
< yn — Un” =+ 2LHyn - un”
= [|yn — vnl| + 2Lan||yn — va|| — 0 as n — oo.
Therefore, since {y,} is bounded and 3, — 0 as n — oo, (B30) and
(B331) imply that
(3.32)
[Zn+1 — znll < Znt1 — ynll + [lyn — 24|
= [|Bn(u = yn) + Yo (wn — yn)ll + [lyn — 24|
< Bullu = ynll + llwn — yull + lyn — znll = 0 as n — oo.
Furthermore, it follows from (B13) and (B2R) that

(333)  llens1 = pl* < (1= Bu)llen = plI* + 2B (u = p,z0s1 — 1)
Now, let ¢ = Pg(u). Then, we claim that
lim sup (u — g, 7ns1 — g) < 0.
n—0o0
By Theorem B, the sequence {z,+1} is bounded, so we can choose a
subsequence {xy,+1} of {xn41} such that x,, 41 — w as i — oo and

limsup (u — ¢, Tp+1 — ¢) = lim (u — ¢, Tn,41 — q) -
n—o0 71— 00

Clearly, w € C and (B=32) implies that z,, — w as i — oc.
Consequently, it follows from (B=30) that

Yn; — W aS 1 — O0.

Then the demiclosedness of (I — S) at zero and (BZH) ensure that the
weak limit w of {yp,} is a fixed point of the multi-valued mapping S.
That is,

w e F(S).
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Again, since (I — A\m B} <I — TTF Q’m) Bm) is a nonexpansive for each
m € {1,2,...,N} and x,, — w, the demiclosedness principle for nonex-

pansive and (B220) implies that

w = (I — Bl (I - Tme) Bm) w
for each m € {1,2,..., N}. This fact with the condition A,, > 0 implies
that
B, (I - Tflm) Bpw = 0.
Therefore, applying (P-1) we see that

Bmw:TfQ’mBmw, for each m=1,2,..., N.

And hence
Bpw € EP(Fa ).

In addition, Since Tfl’m (I =AnB) (I — TfQ’m) B, is nonexpansive for
each m € {1,2,..., N}, from the demiclosedness principle of nonexpan-

sive mapping and (B224), we obtain that

w =T (I — B (I - TTFQ”") Bm> w.
Since B,w = TTFQ’mBmw, we get that w = Tfl‘mw and sow € EP(F} )
for each m =1,2,..., N. Therefore,

N
w E m Q-
m=1

On the other hand, the fact that x,, = w as i — oo and (B=24) implies
that zp,m — w as i — oo for each m € {1,2,...,N}. Furthermore,
(BZ9) imply that

lim Hznnm - J[annmmH = lim Hznzwm - eni,mH

n—oo n—oo

=0.

Hence, the demiclosedness principle of nonexpansive guarantees that the
weak limit w of the sequence {zy, , } is a fixed point of the mapping Jy
for each m € {1,2,..., N}, that is, w = J/'w. This fact with Lemma

P4 gives that
N

we () VI(C, An).
m=1
Therefore,
N

weo=) (Qm nvie. Am)) N F(S).

m=1
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From the fact that ¢ = Po(u) and x,,41 — w as i — oo and (E2), we
have

(3.34) limsup (u — ¢, Tp41 — ¢) = lim (u — ¢, Tp,+1 — Q)

n—00 100

:<U_Qaw_q>
<0.

Moreover, since p € © was arbitrary and ¢ € ©, it follows from (B33),
(8332) and Lemma =3 that

|z, — ¢ql| = 0 as n — oo.

That is, x,, = ¢ = Po(u).
Case 2. Suppose that there exists a subsequence {n;} of {n} such
that

[, = pll < llzn;+1 = pll,
for all j € N. Then, Lemma =8 implies that there exists a nondecreasing
sequence {Jx} C N such that 6 — oo and
(3.35) 25, = pll < g1 —pll, ok —pll < lles1 = pll,

for all £ € N. Thus, from (B13), (B23), (B14), (B28), (B=34) and the
fact that 8, — 0, we find that

128,m — 2o, || = 0,
Y8, — va, |l =0,
”Z%,m - 55k,mH — 0,
lys, — 2o, | =0,

as k — oo. Therefore, since ¢ = Pg(u), using the procedures similar to
that in Case 1, we acquire that

(3.36) limsup (v — ¢, 25,41 — q) < 0.

k—o0

Next, as ¢ € O, from (BZ33), we get that

(3.37) s, —all* < (1= Bs,)llzs, — qll* + 285, (u—q,25,,, —q)-
It follows from B=33 and (B238) that

(3.38) 25, — qlI” <2(u—q, x5, —q)-

and ||z5, —¢|| — 0as k — oo. This implies from (837) that H:c(;k+1 - qH —
0 as k — oo and hence, since from (8333) we have ||zx, — q|| < [|zs,,, — q||
as k — oo we obtain that

Tp — q as k — oo.
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Therefore, from the above two cases, we conclude that the sequence
{zn} generated by (Bl) converges strongly to a point ¢ € O, where
g = Po(u). The proof is completed. O

If, in Theorem BX, we assume that S is a single-valued Lipschitz
hemicontractive mapping, then we obtain the following result:

Corollary 3.3. Let Hy and Ho be real Hilbert spaces. Let C' and Q
be nonempty, closed and convexr subsets of Hy and Hs, respectively.
Let A,, : C — Hj be a continuous monotone mapping and B, :
H, — Hs be a bounded linear operator with its adjoint B}, for each
me{1,2,...,N}. Let F1,, : C x C — R and Fo,, : Q x Q — R be
bifunctions satisfying Assumption 22 for each m € {1,2,...,N}. Let
S : C — C be a L—Lipschitz hemicontractive such that (I — S) is

N
demiclosed at zero. Assume that © = ﬂ (Qm m VI(C, Am)) ﬂF(S)

m=1
is nonempty. Let {Bn},{on}.{m}.{on} and {m, m} be real sequences in
(0,1) such that

i Bnt+vmtopn=1land0<a<y,,0, <B<1;
o0

ii. lim f, =0, Zoﬂn = 00;
n=

N
. > Tam=1and 0 <5< Tom < 1
m=1 1
Let xo,u € C be arbitrary and let {x,} be a sequence in C' generated by

( Fl,m F2,m

o = T2 <I B (I _ 7! ) Bm> Tn,

_ m
€n,m = JH Zn,m>

N
Yn = E Tn,m€n,m,

m=1
Up = (1 - an)yn + ansyna
\ In+l = Brt + Y Stn + 0nYn,

for alln >0, where o,7,u >0, A\, € <0, n%), for nm = ||Bml|?. Then,
the sequence {x,} converges strongly to ¢ = Po(u).

If, in Theorem B2, we assume that A4,, = 0 for each m € {1,2,..., N},
then we get the following result on finite family of split equilibrium
problems and fixed point problem for Lipschitz hemicontractive-type
multi-valued mapping.
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Corollary 3.4. Let Hi and Hsy be real Hilbert spaces. Let C and @) be
nonempty, closed and conver subsets of Hy and Hsy, respectively. Let
By, : H — Hs be a bounded linear operator with its adjoint By, for
eachm € {1,2,...,N}. Let F1,, : CxC — Rand Fo, : QxQ — R
be bifunctions satisfying Assumption 23 for each m € {1,2,...,N}.
Let S : C — CB(C) be a L— Lipschitz hemicontractive-type multi-
valued mapping such that (I — S) is demiclosed at zero. Assume that

N
0= ﬂ QmﬂF(S) is nonempty convex and Sp = {p} for all p € ©
=1

. Let {En},{an},{’yn},{an} and {Tpm} be real sequences in (0,1) such
that

L Bt mton=1and0 < a<y,,0,<B<1;
o0

ii. lim B, =0, Zoﬁn = 00;
n=

N
iii. Z Tam =1 and 0 <6 < 7 < 1
m=1 L
1V. 5n—|—7n§0zn§7< m
Let {z,} be a sequence in C' generated by xo,u € C' by

i = TE <I — AmB, (I —7F 2»”) Bm> T,

N
Yn = E Tn,m%n,m;
m=1

Up = (1 - an)yn + apUp,
Tpt1 = Bl + YnWn + TnYn,

for all n > 0, where v, € Sy, and w, € Su, such that ||v, —w,| <

2D(Syn, Suy), o,7 > 0, Ay € (0, n%ﬂ), for nm = ||Bnml||*>. Then, the
sequence {x,} converges strongly to a point ¢ = Pg(u).

Remark 3.5. If, in Theorem B2, we assume that Hy = Hy, C =
Q, By, = I and F,,, = 0 for each m € {1,2,..., N}, then we ob-
tain a result on a finite family of equilibrium and variational inequality
problems and fixed point problem for Lipschitz hemicontractive-type
multi-valued mapping.

Remark 3.6. We remark that

e It is known that the class of hemicontractive-type mappings
contains the classes of quasi-nonexpansive and demicontractive
mappings. Thus, the results obtained in this paper also hold for
these classes of mappings provided that the indicated conditions
are satisfied.
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e Since every pseudocontractive multi-valued mapping S with
F(S) # 0 and S(p) = {p}, Vp € F(S), is a hemicontractive-
type multi-valued mapping, our results can be applied for this
class of mappings and hence for nonexpansive and k—strictly
pseudocontractive multi-valued mappings provided that the spec-
ified assumptions are satisfied because every nonexpansive and
k—strictly pseudocontractive mappings are pseudocontractive
mapping.

e It is also well-known that the class of continuous monotone map-
pings includes the classes of Lipschitz monotone and a—inverse
strongly monotone mappings. Hence, our results hold for these
classes of mappings provided that the stated assumptions are
guaranteed.

Remark 3.7. Our results extend, improve and unify several recent re-
sults in the existing literature (e.g., [@, 8, [0, [0, 5, 06, 19, PR, 30, B1, 41]
etc) in the sense that our iterative algorithm provides strong convergence
to a common solution of a finite family of split equilibrium problems, a
finite family of variational inequality problems and a fixed point prob-
lem for Lipschitz hemicontractive-type multi-valued mapping in Hilbert
space settings. In particular, Theorem B extends the results of

(i) Okeke and Mewomo [[9] from the class of quasi-nonexpansive
multi-valued mappings to more general class of Lipschitz hemic-
ontractive-type multi-valued mappings; and from the class of
inverse strongly monotone mappings to more general class of
continuous monotone mappings.

(ii) Ugwunnadi and Ali [28] from the class of single-valued pseudo-
contractive mappings to the class of Lipschitz hemicontractive-
type multi-valued mappings.

(iii) Meche et al [T5] from finite family of equilibrium problems to a
finite family of split equilibrium problems.

Moreover, in our results a restriction of upper semi-continuity on the
bifunctions is not required.
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