MATHEMATICAL MODELLING AND ANALYSIS http://mma.vgtu.lt
Volume 24, Issue 1, 1-19, 2019 ISSN: 1392-6292
https://doi.org/10.3846 /mma.2019.001 eISSN: 1648-3510

Strong Convergence of a New Hybrid
Algorithm for Fixed Point Problems and
Equilibrium Problems

Dang Van Hieu

Applied Analysis Research Group, Faculty of Mathematics and Statistics, Ton
Duc Thang University
Ho Chi Minh City, Vietnam

E-mail(corresp.): dangvanhieu@tdtu.edu.vn

Received October 16, 2017; revised October 10, 2018; accepted October 11, 2018

Abstract. The paper considers the problem of finding a common solution of a
pseudomonotone and Lipschitz-type equilibrium problem and a fixed point problem
for a quasi nonexpansive mapping in a Hilbert space. A new hybrid algorithm is
introduced for approximating a solution of this problem. The presented algorithm
can be considered as a combination of the extragradient method (two-step proximal-
like method) and a modified version of the normal Mann iteration. It is well known
that the normal Mann iteration has the weak convergence, but in this paper we has
obtained the strong convergence of the new algorithm under some mild conditions on
parameters. Several numerical experiments are reported to illustrate the convergence
of the algorithm and also to show the advantages of it over existing methods.
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1 Introduction

The equilibrium problem (EP) can be considered as a general model in the
sense that it includes, as special cases, many mathematical models such as
variational inequality problems, optimization problems, fixed point problems,
complementarity problems and Nash equilibrium problems, see, e.g., [5,8, 18,
30]. Mathematically, this (EP) problem can be stated as follows:

Find z* € C such that f(z*,y) >0, Yy € C, (1.1)
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2 D.V. Hieu

where C' is a nonempty closed convex subset of a real Hilbert space H and
f:HxH — Ris a given bifunction with f(z,z) = 0 for all z € C. We
denote EP(f,C) the solution set of problem (1.1). Problem (1.1) is also well
known as the Ky Fan inequality early studied in [9]. In recent years, this
problem has received a lot of attention by many authors, for instance, see
[1,2,6,10,11,12,13,14,15,17,23,26,27,28,32]. This interest can be that, as be
seen, it unifies all the aforementioned particular problems in a convenient way.

One of the most popular methods for solving problem (1.1) is the prox-
imal point method [17,28]. The main idea of this method is to replace the
original problem by a family of regularized equilibrium problems which can be
solved more easily. Regularized solutions can finitely or asymptotically con-
verge to some solution of the original problem. Another notable method is the
proximal-like method presented in [10]. This method was further extended and
investigated the convergence by the authors in [32] under different assumptions
that the cost bifunctions are pseudomonotone and satisfy the Lipschitz-type
condition [26]. The methods in [10,32] are also called extragradient methods
(or two-step proximal-like methods) due to the results obtained by Korpele-
vich in [19] for saddle problems. The advantages of the extragradient methods
in [10,32] are that they are used for the class of pseudomonotone bifunctions and
can be easier to numerically solve than the proximal point method in [17,28].

In this paper, we are interested in the problem of finding a common solution
of an equilibrium problem and a fixed point problem in a Hilbert space [15,
20,21, 24, 25,31, 35,36,37]. The motivation and inspiration for studying such
this common solution problem is in its possible application to mathematical
models whose constraints can be expressed as fixed point problems. This is the
case, in particular, in practical problems as signal processing, network resource
allocation and image recovery; see, for instance, [16,24,25]. Let U : H — H is
a mapping, the fixed point problem (FPP) for the mapping U is to find z* € H
such that

Uz* =z*. (1.2)

The solution set of problem (1.2) is called the fixed point set of U and is denoted
by Fiz(U). Most of the methods for solving problem (1.2) are obtained from
the normal Mann iteration, namely, from xy € H, compute z,41 for all n > 0
by

Tpt1 = QnTp + (1 — ap)Uzy,

where the parameter sequence {a,,} has to satisfy some properties to take the
weak convergence. In order to get the strong convergence, another regularized
iterative method, which is more useful in infinite dimensional Hilbert spaces,
is the Halpern iteration, namely

Tpt1 = @nZo + (1 — ap)Uzmy,

where 29 € H and the sequence {a,} C (0,1) is slowly diminishing and non-
summable, ie., a;, = 0 and Y - a, = +oco. Besides, it is worth noting
that, together with the Halpern iteration is the general form of it, namely the
viscosity method [29], in which the cost mapping U is incorporated with a
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contraction mapping in the iterates. Finally, another method, which also pro-
vides the strong convergence, is the hybrid steepest descent method introduced
in [39)].

In 2007, for finding a common solution of a problem (1.1) and a problem
(1.2), Takahashi and Takahashi [35] introduced the viscosity approximation
method where the authors have combined the proximal point method [17,28]
with the viscosity technique [29]. Under some suitable conditions imposed the
control parameters, the strong convergence of the method was established. In
2008, using a variant of the hybrid steepest descent method for fixed point
problems in [39], Maingé and Moudafi [25] proposed an iterative process for
finding an element in 2 := EP(f,C) N Fiz(U). The norm convergence of the
algorithm has been proved. The algorithm of Maingé and Moudafi in [25] has
first improved and developed the results in this field. Another advantage of that
algorithm is that it allows to relax substantially the conditions on parameters
due to the relaxation process induced on the mapping U.

Recently, by using the extragradient method [10,32] and the hybrid steepest
descent technique in [39], Vuong et al. [37] have introduced a new numerical
algorithm, namely the extragradient viscosity method, for solving an equilib-
rium problem involving a fixed point problem for a demicontractive mapping.
Under assumptions that the bifunction is pseudomonotone and satisfies the
Lipschitz-type condition [26], the authors have established the strong conver-
gence of the algorithm. As remarked in [37], this method has the advantage
in numerically computing by using the tools in optimization. The extragra-
dient viscosity method in [37] also allows to reduce several strong conditions
in establishing the convergence of previously known extragradient algorithms.
It is also worth mentioning additionally that other strongly convergent algo-
rithms for finding an element in 2 := EP(f,C) N Fiz(U), which combine the
extragradient method with the hybrid or shrinking projection technique, can
be found in [15,31, 34, 36].

In this paper, motivated and inspirated by the results of Takahashi and
Takahashi in [35], of Maingé and Moudafi in [25], and of Vuong et al. in [37] and
based on the work [22], we introduce a different strongly convergent algorithm
as the combination between the extragradient method (two-step proximal-like
method) and the Mann-like iteration [7,22] for approximating a common solu-
tion of a pseudomonotone and Lipschitz-type equilibrium problem and a fixed
point problem for a quasi-nonexpansive mapping. As mentioned below, by
considering a relaxation of a demicontractive mapping, then the result in this
paper is still true for the more general class of demicontractive mappings. It
is emphasized that the normal Mann iteration provides the weak convergence
while the algorithm in this paper, which uses the similar version to the Mann
iteration, has provided the strong convergence. This is particularly interest-
ing in infinite dimensional Hilbert spaces where the norm convergence is more
useful than the weak one. Several of our numerical experiments in both finite
and infinite dimensional Hilbert spaces have shown that the new algorithm is
promising and has competitive advantage over existing methods.

The remainder of this paper is organized as follows: In Section 2 we collect
some definitions and preliminary results used in the paper. Section 3 deals
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with proposing the new algorithm and analyzing its convergence. Finally, in
Section 4 we provide several examples to illustrate the numerical behavior of
the new algorithm in comparison with the behaviors of previously known algo-
rithms.

2 Preliminaries

Let H be a real Hilbert space and C' be a nonempty closed convex subset
of H. It was known that the iterative methods for solving problem (1.1) are
often relative to monotone bifunction or operator theory. Now, we review
some concepts of monotonicity of a bifunction, see [5,30] for more details. A
bifunction f: H x H — R is said to be:

o (i) strongly monotone on C if there exists a constant v > 0 such that
Flx,y) + fly. @) < —ylle —yll?, Yo,y € C;
e (ii) monotone on C' if
fx,y)+ fly,xz) <0, Vz,y € C;
o (iii) pseudomonotone on C' if

flx,y) > 0= f(y,z) <0, Yo,y € C;

o (iv) strongly pseudomonotone on C if there exists a constant v > 0 such
that
f(xvy) > 0= f(ya‘r) < _’YHJ’. - y||27 Vx,y e C.

From the above definitions, it is easy to see that the following implications
hold,
(i) = (ii) = (iii) and (i) = (iv) = (iii).
The converses are not true in general. We say that a bifunction f: H x H — R
satisfies a Lipschitz-type condition [26] on H if there exist two positive constants
c1, co such that

f(xvy) +f(yvz) > f(iC,Z) _Cl||x_y”2 _CZHy_ZH?v Vx,y,z € H.

Note that if A : H — H is a Lipschitz continuous operator, i.e., there exists L >
0 such that ||Az—Ay|| < L||z—yl| for all z,y € H, then the bifunction f(z,y) =
(Az,y — x) satisfies the Lipschitz-type condition with ¢; = i and ¢ = %
for any g > 0. The Lipschitz-type condition is often used in establishing the
convergence of extragradient-like methods (two-step proximal-like methods) for
EPs (see, e.g., [11,13,15,23,32,34]).

Let U : H — H be a mapping with the fixed point set Fix(U). The
mapping U is said to be demiclosed at zero if for any {z,} in H, the following

implication holds:
xp =z and (I —U)x, - 0= 2z € Fiz(U).

The mapping U is called:
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e nonexpansive if ||[Uz — Uy|| < ||z —y||, for all z, y € H.
e quasi-nonexpansive if Fiz(U) # () and

Uz —z|| < ||z —z|, Vze Fiz(U), x € H,
or equivalently
Uz —z,2—2) < —%Hx —Uz||?, Vze€ Fiz(U), z € H,
or equivalently
Uz — 22— 2) < o — 2|2 — %Hx CUz|?, Vee Fia(U), ze H.  (21)
(iii) B-demicontractive with 0 < 8 < 1 if Fiz(U) # () and

Uz — 2|2 < ||z — 2|2 + BI|(I —= U)z||?, Vze Fiz(U), z€ H  (2.2)

The class of nonexpansive mappings is contained properly in the one of quasi-
nonexpansive mapping. The latter is a proper subclass of the class of demicon-
tractive mappings. In this paper, we consider the class of quasi-nonexpansive
mappings. Note that if U is a S-demicontractive mapping then U, = (1—w)I+
wU with w € (0,1 — f] is quasi-nonexpansive and Fiz(U,) = Fiz(U). Thus, if
U is p-demicontractive then the result in this paper is still true by replacing U
by U, for some w € (0,1—3]. An example for the quasi-nonexpansive mapping
is the subgradient projection. Let g : H — R be a convex function such that
leve, := {z € H:g(x) <0} # 0. The subgradient projection is a mapping
defined by

— 28 if g(z) > 0
Uz = {i Ears@),  ifgl@) >0, (2.3)

otherwise ,

where z(z) € 9g(z). In that case, U is quasi-nonexpansive, demiclosed at zero,
and Fiz(U) = lev<, (see, e.g., [3, Lemma 3.1]).
In any Hilbert space, we have the following results.

Lemma 1. Let H be a real Hilbert space. Then the following results hold:
D) lz+yll” = |zl + 2z, y) + |yl Yo,y € H;
(i) lz +ylI* < [lzl* + 2(y, 2 + y), Yo,y € H.

The metric projection Po : H — C' is defined by, for each = € H, Po(z) € C
such that ||Po(z) — z|| < |ly — z|| Vy € C. Tt is well-known that the metric
projection has the following properties.

Lemma 2. Let Po : H — C be the metric projection from H onto C. Then
() [l& = Poyl® + [|1Poy — y|I* < llz — y|*, Vo € C,y € H.
(ii) z = Pex if and only if (x — 2,z —y) >0, VyeC.

Math. Model. Anal., 24(1):1-19, 2019.
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The proximal mapping of a proper, convex and lower semicontinuous function
g : C — R with a parameter A\ > 0 is defined by

prox,,(z) = argmin {\g(y) + 0.5z — y||* : y € C}, z € H.

The following is a property of the proximal mapping (see [4] for more details).

Lemma 3. For all x € H, y € C and A > 0, the following inequality holds,

Mg(y) — g(prox, ()} > (z — proxy,(z),y — prox,,(z)) .

Remark 1. From Lemma 3, it is easy to show that if x = prox, () then

z € Argmin{g(y) :y € C} = {x €C:g(x) = Hggg(y)}-
Yy
Lemma 4. ([24]) Let {a,} be a sequence of nonnegative real numbers such that
there exists a subsequence {ay;} of {an} such that an; < an,;+1 for all j > 0.
Then there exists a nondecreasing sequence {my} such that limg_, o m = 00
and the following properties are satisfied by all (sufficiently large) number k > 0:

Uy, < 41 and ag < Gy 41-
In fact, my, is the largest number n in the set {1,2,...,k} such that a, < ant1.

Lemma 5. ( [33,38]) Let {a,} be sequences of nonnegative real numbers such
that:

Anp+1 S (1 - an)an + anbna

where {a,} C (0,1) and {b,} is a sequence such that (i) Y, a, = 00
(ii) limsup,, oo bn < 0. Then lim,_, o a, = 0.

3 Algorithm and convergence analysis

In this section, we present and analyze the strong convergence of a new algo-
rithm for finding a common solution of an equilibrium problem for a bifunction
f:+Hx H — R and a fixed point problem for a quasi - nonexpansive mapping
U : H — H. In order to get the convergence of the algorithm, we consider the
following assumptions:

e Al. f is pseudomonotone on C and f(z,z) =0 for all x € C;

e A2. f satisfies a Lipschitz-type condition on H with the two constants
C1, C2;

e A3. f(x,.)is convex and lower semicontinuos on C for every fixed z € H;

e Ad. lim sup f(zn,y) < f(x,y) for each sequence {z,} C C converging

n—oo
weakly to x.



Strong Convergence of a New Hybrid Algorithm for FPPs and EPs 7

It is easy to show that under assumptions Al and A3, the solution set EP(f,C)
is closed and convex. Since the set of fixed points of a quasi - nonexpansive
mapping U is closed and convex, the solution set 2 = EP(f,C)NFixz(U) is also
closed and convex. Throughout this paper, the solution set (2 is assumed to
be nonempty. Moreover, we consider the sequence of stepsizes {\,} C (0, +00)
and two parameter sequences {a,} C [0,1] and {8,} C [0, 1] satisfying the
following conditions:

e BL. 0< A<\, <XA<min{l/2c;,1/2¢2}.

o0
e B2, lim a, =0, Y o, = +00.
n—o00 n=1

e B3. 8, C (a,b) C (0,1) for some b > a > 0.

Now, for approximating a solution in 2 = EP(f,C) N Fiz(U), we inves-
tigate the asymptotic behavior of the sequence {z,} generated, from an
arbitrary point xg € H, by the following algorithm:

Algorithm 1. (Mann proximal - like algorithm for EPs and FPPs)
Initialization:
Choose x¢ € H and three sequences {\,} C (0, +o0), {an} C [0, 1],
{Bn} C [0,1] such that conditions B1 - B3 above hold.
Iterative Steps:
Assume that z,, € H is known, calculate x,,;1 as follows:
Step 1. Compute

Yn = proxxnf(xm_)(a:n) and z, = prox/\nf(ym.)(a:n).
Step 2. Compute
Tnt1 = (1 —an — Bn)zn + BrUzy.
Set n =: n + 1 and go back Step 1.

It is well known that the hybrid methods with the normal Mann iteration only
have weak convergence. However, Algorithm 1, which is incorporated with the
similar method to the normal Mann iteration in Step 2, will be proved to be
strongly convergent to an element in 2. More precisely, we have the following
main result.

Theorem 1. Under assumptions A1 - A4 and BI - B3, then the sequence {x,}
generated by Algorithm 1 converges strongly to an element in 2 = EP(f,C)N
Fix(U).

Before presenting the proof of Theorem 1, we need the following lemmas. We
begin with an important result which will be used to prove the next two lemmas.

Lemma 6. For all y € C, we have the following estimate,

200 f (Yn>y) = (1= 2¢1,) ||z — ynHz + (1= 2caAn) |20 — ynHz
+ 1z = ylI? = llzn — yl*.

Math. Model. Anal., 24(1):1-19, 2019.
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Proof. Tt follows from Lemma 3 and the definition of z, that

A A S Wnsy) = F(Uns20)} = (20 — Ty 20 —y), Yy € C.
Thus, multiplying both two sides of this inequality by 2 and using the equality
2 (a,b) = ||a||? + ||b]|*> — ||a — b]|?, we obtain
2200 f(Yns y) 2 2200 f (Yns 2n) + 2 (20 — T, 20 — Y)
=2Xn f(Yns 2n) + [|2n — xn||2 + [l2n — y||2 —|lzn — y||2 (3.1)

Similarly, from Lemma 3 and the definition of y,,, we obtain

A (f(@nsy) = f(@n,Un)) > (Yn — Tosyn —y) , Yy € C,

which, with y = z, € C, implies that

A (f(@ny 20) = (@ Yn)) 2 (Yn — Tns Yn — 2n) -
This together with the Lipschitz-type condition of f and the equality 2 (a,b) =
l|al|? + ||6]|> = ||a — b||? implies that
22 f (Yny 2n) > 220 {f(xmzn) = f(@n,yn) — c1l|n — yn||2 — callzn — yn||2}
=2X {f(@n, 20) = f(Tn,yn)} — 2c1 0|20 — yn||2 — 2coAnl|zn — yn||2
Z 2 <yn — TnsYn — zn> - 261)\n||xn - ynH2 - 202)\71”2:71 - yn||2
= (1 =2c10)||zn — ynll* + (1 = 2c220) 120 = yull* = |20 — zal[*. (3.2)

From relations (3.1) and (3.2), we obtain the desired conclusion. Lemma 6 is
proved. O

Using Lemma 6, we will prove the boundedness of the sequences generated by
Algorithm 1.

Lemma 7. The sequences {xn}, {yn}, {zn} are bounded.

Proof. Letpe 2=EP(f,C)NFiz(U). It follows from the definiton of z,41
and the triangle inequality that

Hxn+1 7p|| = H(l — On — Bn)(zn *p) + ﬁn(UZn *p) - O‘nP”
< (X = an = Bn)(zn = p) + Bu(Uzn — p)[| + anllp|. (3.3)

Since o, — 0 and 0 < a < B, < b < 1, there exists a number ng > 0 such that
1—a, — B, >0, and so B,(1 — a, — B,) > 0 for all n > ng. Without loss of
generality, throughout this section, we can assume that 5,(1 — a, — B,) > 0
for all n > 0. Thus, from the quasi-nonexpansiveness of U and the equality
(1 —an—Bn)?+2(1 —an — Bn)Bn + 82 = (1 — a,)?, we obtain the following
estimate,

11— ot = Bu)(zn = )+ Bu Uz — P> = (1 = @ — Ba)l|20 — pI
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= (1 - Qp — /Bn)QHZn _p||2 + (1 - OQn — Bn)/@n(HUzn _p“2
+ llzn =PI = 120 = Uzall?) + B2U20 - pI1?
< (1= an = Blzn = PP + (1= € = B)Ba (220 =PI = 20 — Uzal?)

+ /8721||Zn _pH2 =(1- an)QHZn _p”2 — Bn(1 = an — Bn)ll2n — UZn”2
< (1= an)?|lza —pl*.

This implies that

[(1 = an = Bn)(zn —p) + Bu(Uzyn — p)|| < (1 — an)llzn —pl,

which together with relation (3.3), implies that

[#nt1 = pll < (1 = an)lzn = pll + anllpl (3-4)

Since p € EP(f,C) and y,, € C, f(p,yn) > 0 for all n > 0. This together with
the pseudomonotonicity of f implies that f(y,,p) < 0. Thus, using Lemma 6
with y = p € C, we come to the following estimate

Hzn_sz < Hxn—p||2 - (1- 261)‘71)”-%'71 - ynuz_(l - 262/\n)”zn_yn||2a (3.5)

which, together with hypothesis B1, implies that ||z, — p|| < ||z — p||. Thus,
from (3.4), we get

[Znt1 = pl < (1 = an)lzn —pll + anllp]
< max{||zn = pll, [pl[} < ... < max{[lzo — pll, [[l}-

This says that the sequence {z,} is bounded, and so {z,} is. Furthermore, the
boundedness of {y, } follows from (3.5). This completes the proof of Lemma 7.
O

Next, we are interested in the weak cluster points of the sequence {x,}. We
have the following result.

Lemma 8. If{x,, } is a subsequence of {xy} such that ,, — p, ||Tn, —Yn.|| =
0, [|Yyn, — 2n, || = 0 and ||zn, — Uzn,|| = 0, then p € 2 = EP(f,C)N Fixz(U).

Proof. It follows from the hypotheses of Lemma 8 that y,, — p and z,, —p
as k — oo. Moreover,

zne =3l = Nz, =yl = 20 =9l = [|2n, = ylll (|20, = yll + |20, —yll)
< |lzny = To |20y — Yl + [|1Zn, — vl])

Thus, also from the hypotheses of Lemma 8 and the boundedness of {x,, } and
{zn, }, we obtain
1z, = ylI* = llzn, —yll* = 0. (3.6)

Math. Model. Anal., 24(1):1-19, 2019.
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From Lemma 6 with noting that A,, > A > 0, we obtain for all y € C' that

17201)\ 17262)\
f(ymwy) ZTknknznk 7ynk”2 + Tknk”'znk 7ynk||2
120 = 9II* = llwn, —wll*

+

22X,

Passing to the limit in the last inequality, using relation (3.6), the hypotheses
of Lemma 8 and A4, we obtain f(p,y) > 0, Yy € C. Thus, p € EP(f,C).
Moreover, from ||z,, — Uz,,|| — 0, the demi-closedness at zero of U and
Zn, — D, we get that p € Fix(U). Then, p € EP(f,C)N Fix(U). This finishes
the proof of Lemma 8. 0O

Since {z,} and {x,} are bounded, there exists M, > 0 for each p € {2 such
that

250p (20, — )] < M. (3.7)
We have the following lemma.
Lemma 9. The following estimates hold for all p € (2,

(©) Bl = Ba)llzn = Uznl* < llzn = plI* = llzns1 = plI* + an My,

(i) [[ens1 —pl* < (1 = an)llzn — plI* + 2anBallzn — Uzn|l|Zns1 — pll
+ 200 (p, p — Tpy1)-

Proof. (i). It follows from the definiton of x,+; and Lemma 1 that

Zn+1 —p||2 =[[(zn —p) + Bn(Uzp — 2) — O‘nZn”2
<I(zn —p) + Bn(Uzn — Zn)||2 — 200 (2n; Tnt1 — P)
=|lzn — sz + IBT2LHUZ7L - Zn||2 + 28, (Uzn — 2n, 20 — D)
+ 20 (Zn, D — Tpt1)- (3.8)

On the other hand, from Lemma 1(i) and the quasi-nonexpansiveness of U, we
have that

2Uzp — 2zn, 20— p) = [[Uz0 = plI> = |20 = p|I> = [[U20 — 20 ||* < = [|U20 — 24|,

which, together with relations (3.7), (3.8) and the fact ||z, — p|| < ||zn — pl|,
implies that

zns1 = plI? <llzn=plP+B831Uzn = 2nll*~Bullzn=Usznl*+20m (20, p~Tns1)
<zn = plI* = Bu(1 = Ba)llzn — Uz + o My, (3.9)
<lln = plI? = Ba(1 = Bu)llzn = Uzall® + cn M. (3.10)
This leads to conclusion (i).

(ii). Setting t,, = (1 — Bn)zn + BrUzn, and so from the definition of z,1 we
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obtain that x,+1 = t, — apz,. It follows from Lemma 1(i) and the quasi-
nonexpansiveness of U that

It = plI* =111 = Bu)(2n = p) + Bu(Uzn — p)II?
= (1= Bn)?llzn = pI? + B2 Uzn — plI* +2(1 = B1) Bu{Uzn — P, 20 — p)
= (1= Ba)?llzn = plI* + BRI U 20 — pl®
+ (1= B)Ba {[lUzn = pIP? + 120 = plI* = |[Uzn — 2a*}
< (1= Bn)?llzn = plI* + Brllzn — pII?
+ (1 - ﬁn)ﬁn {2H2n _p”2 - HUZn - ZnHQ}
= llzn = plI* = Bu(1 = Ba)IUzn — 2%, (3.11)
in which the last equality follows from the fact (1—3,)%+ 8% +2(1—8,)8, = 1.

By condition B3, relation (3.11) and the fact ||z, — p|| < ||zn — pl|, we get
[t = pl1* < ll2n = p|I* < [[&n — pl[*. Thus,

[t — ol < llzn — pll. (3.12)
From the definitions of z, 41 and ¢,,, we obtain

Tl =tn — apzn = (1 — )ty — an (2 — ty)
= (1 - an)tn - anﬁn(zn - UZn),

which, together with Lemma 1(ii), the inequality (a,b) < ||al|||b]| and relation
(3.12), implies that

[2n41 = pl1? = [I(1 = an)(tn = p) = (@nBn(zn — Uzn) + cnp) |12
< (1= an)?|ltn — plI? = 2{anfn(2n — Uzp) + anp, Tpi1 — p)
= (1= an)?|ltn = I + 200 B (20 — Uzny p = 1) + 200 (P, p — 1)
< (1= an)lltn = pl* + an (26,120 = Uzall|Zns1 = ol + 2(0,p — Zns1))
< (1= o)z — p||2+an (2Bnllzn — Uznlll|Zns1 — pll +2(p,p — Tny1)) -

This completes the proof of Lemma 9. O
The proof of Theorem 1.

Proof. Since {2 is nonempty closed and convex set, there exists a unique ele-
ment p' € (2 such that p = P (0). This, from Lemma 2(ii), is equivalent to
the following inequality,

(pt,p' —p) <0, Vpe . (3.13)

We will prove the sequence {||x,, — p'||?} converges to zero as n — oco. Indeed,
using Lemma 9 with p = p' € 2 and setting M = My, > 0, we can rewrite
those inequalities as follows:

Brn(1 = Bu)llzn — UZn||2 <|lzn _pTH2 = |41 —PTHZ) + a, M. (3.14)

Math. Model. Anal., 24(1):1-19, 2019.
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lZn+1 _pTHQ < (1 —a)zs, _pT”Q + anby, (3.15)

where b, = 26, |20 — Uzn|l||Tns1 — p'|| + 2(p",p" — 2,11). Now, we consider
two possible cases on the sequence {||z,, — p'[|?}.

Case 1: There exists an integer number ng > 0 such that |z,41 — p'|? <
[, — p'||* for all n > no. This means that the sequence {||z, —pf[|*} . is

non-increasing. Thus, the limit of ||z, —p'||? exists. This together with relation
(3.14), hypotheses B2 and B3 implies that

nlgl;o |z, — Uzl = 0. (3.16)

Moreover, recalling relations (3.9) and (3.10) with p = p' and M = M,; > 0,
we have

[Zn+1 _pTHQ <lzn _pT”Q — Bn(1 = Bu)llzn — UZTLH2 +a, M
< |lwn _pTHZ = Bn(1 = Bu)llzn — Uzn||2 + an M.

Passing to the limit in the last inequality and using relation (3.16), «;, — 0,
we obtain that lim, e ||z, — p'||? = limy 00 [|2n — p']|?. Hence, ||z, — p'||? —
|z, — p||? — 0 which, together with relation (3.5) and hypothesis B1, implies
that

[yn — xnll — 0 and ||zn, — yn| — 0. (3.17)

Thus, from the triangle inequality, we obtain that ||z, —x,| — 0. Hence, from
the definition of z,41, the triangle inequality and relation (3.16), we obtain
that

lTnt1 — Znll < ||2n — all + anllzall + Bullzn — Uzn|| = 0 as n — oo, (3.18)

Since {x,} is bounded, without loss generality, we can assume that there exists
a subsequence {z,} of {z,} such that z,,, — p and

limsup(p', p' — 2,,) = lim (p',p" — 2,,,) = (p,p" —p). (3.19)

n—00 j—o0

Thus, from relations (3.16), (3.17) and Lemma 8, we obtain that p € f2.
This together with ||z,4+1 — x| — 0 and relations (3.13), (3.19) implies that
limsup,, .. (p,p" — 2,11) < 0. Hence, it follows from the definiton of b, and
relation (3.16) that limsup,, ,. b, < 0. Combining this with relation (3.15),
hypothesis B2 and Lemma 5, we obtain that lim,, . ||z, — p'||?> = 0, i.e.,
T, — pl asn — oo.

Case 2: There exists a subsequence {||z,,, —p'[|*} of {||z,, —p'[|*} such that
|2, — p'[|? < ||@n,4+1 — p'||? for all j > 0. In this case, it follows from Lemma
4 that there exists a non-decreasing sequence {mg} such that limg_,o, my = 0o
and the following inequalities hold for all k£ > 0:

2 m,, = PHI* < ll@myrr =01 and [lzx —p"|? < lzme — 277 (3.20)
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Thus, from relation (3.14), we obtain
B (1=Brms.) 12 =U 2 [I* < | mse =01 1= |1 =P [P 4y, M <t M,
which, together with hypotheses B2, B3, implies that

lim ||zm, — Uzm, | = 0. (3.21)
k—o0

On the other hand, it follows from relations (3.20) and (3.9), (3.10) with p = pf
and M := M, > 0 that

|, = pN* < lam,41 = I
< Hzmk _pT||2 - ﬁmk (1 - Bmk) ”ka - U’kaHQ + amkM
< H'ka - pTHQ - /Bmk (1 - ﬁmk)]Hka - Uzmk H2 + amkM'
Thus, from relation (3.21) and B2, we obtain that ||z, —p||?—||#m, —p|* — 0.
By arguing similarly to relations (3.17) and (3.18) in Case 1, we obtain

Hymk - xmk” -0, ||zmk - ymkH -0, ||mmk+1 - xmk” -0,

limsup(p’, p’ — &, +1) < 0. (3.22)

k—o0

It follows from relations (3.15), (3.20) and the definition of b,, that

|Zmpt1 = DT1P < (1= amy)|2m, — 2T
+ Qi [Qﬁmk ”ka - UzmkHmelrFl _pTH + 2<pT7p]L - xmk+l>]
< (1 - amk)mek'f'l _pTHZ

+ oy, [QBmk ||ka - UzmkH”mmk—&-l _pTH + 2<ervar - J"77lk+1>]'

A straightforward computation into the last inequality with noting that ay,, >
0 implies that

||$mk+1 _pT||2 < Q/Bmk”’zmk - Uzmk||||mmk+1 _pTH + 2<er7p]L - xmk+1>'
Combining this with relation (3.20), we get
k — >~ my || “mE my mr+1 = ) — Lmp+1/,
2k = pTI|* < 2B, |12 Uz ||| Pl + 20", p" — 2y 11)

which, from relations (3.21) and (3.22), implies that lim sup;,_, . ||lzx—p'||?> <0,
ie., zr, — p' as k — oo. This completes the proof of Theorem 1. O

4 Computational experiments

In this section, we consider three examples, one in a finite dimensional space
and the two other ones in infinite dimensional spaces, to illustrate the conver-
gence of the proposed algorithm (Algorithm 1) with the aim to compare its
numerical behavior with four other strongly convergent algorithms, namely the
extragradient-viscosity method (EGVM) introduced in [37, Algorithm 1], the
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hybrid extragradient method (HEGM) proposed in [36, Algorithm 1] and the
shrinking extragradient method (SEGM) presented in [31, Theorem 4.2].

We use the sequence D,, = ||z, — x*||?, n=0,1,2,... to study the conver-
gence of all the algorithms, where x* is the solution of the considered problem
and {x,} is the sequence generated by each algorithm. The convergence of
D,, to zero implies that the sequence {x,} converges to the solution z* of the
problem. All the programs are written in Malab 7.0 and computed on a PC
Desktop Intel(R) Core(TM) i5-3210M CPU @ 2.50GHz RAM 2.00 G.B

Ezample 1. Consider our problem in the space H = R for the equilibrium
bifunction f(z,y) = (Px + Qy+ ¢,y — x) and the mapping Uz is defined by
the form (2.3) in Section 2, where g : ™ — R is a convex function such that
levey == {z e R : g(x) <0} # 0, 2(z) € dg(x), ¢ € R™ and P, Q are two
matrices of order m such that @ is symmetric positive semidefinite and @ — P
is symmetric negative semidefinite. The feasible set C' is given by

C={zeRm:a; >-1, Vi=1,...,m}.

In that case, U is quasi-nonexpansive and demiclosed at zero, see, e.g., [3,
Lemma 3.1] and Fiz(U) = lev<,. Moreover, f satisfies conditions A1-A4 with
c1 = cg = ||P — Q||/2. We choose the stepsize A\, = ﬁ, the parameter
sequence o, = ﬁ or ay, = ﬁ, and 3, = 0.5(1 — «,) for all the algorithms.
The starting point in this example is 2o = (1,1,...,1)T € R™.

For experiments, we choose g(z) = max {0, (c,x) + d}, where d € R_ is
a negative real number generated randomly and uniformly in (—2,0), ¢ is a
vector in R™ with its entries being generated randomly and uniformly in (0, 2)
and ¢ € dg(x) (if (¢,z) = —d) has been chosen randomly. The vector ¢ equals
to the zero and the two matrices P, @ are generated randomly! such that their
conditions are satisfied. In that case the solution of the problem is z* = 0. All
the optimization problems in the algorithms are effectively solved by Matlab
Optimization Toolbox. Figures 1 and 2 describe the numerical results in R%°
while Figures 3 and 4 are in %2%°.

Ezample 2. Consider our problem in the space H = L?[0,1], the feasible set C
is the unit ball B[0, 1], the equilibrium bifunction f is of the form f(z,y) =
(Az,y — x) with the operator A: H — H defined by

A(‘T)(t) = /0 [.’L’(t) - Fl(t7s)f1($(8))] ds +gl(t)a xr e H7 te [0’ 1]7 (41)

and the mapping U : H — H is given by

U(z)(t) = /0 Fy(t, s) fa(z(s))ds + g2(t), © € H, t € [0,1]. (4.2)

1 We randomly choose A1, € (—2,0), Ao € (0,2), k = 1,...,m. We set @1, @2 as
two diagonal matrices with eigenvalues {\1x}p-; and {Agx};—;, respectively. Then, we
construct a positive semidefinite matrix @ and a negative semidefinite matrix 7' by using
random orthogonal matrices with Q2 and Q1, respectively. Finally, we set P =Q — T
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For experiments, we have chosen the functions in the following forms:

Fi(t,s) = :Zei, Fi(x) = cosz, gl(t)zeit%l,
Fy(t,s) = @@ +5), faol) = exp(—a?), galt) = f@ <t+ ;) .

Note that g1(t) and g2(t) are generated such that * = 0 is the solution of
the problem. Since the mappings S;(z fo (t,8) fi(z(s))ds, 1 = 1, 2
are Fréchet differentiable and ||S}(x )hH § Hx||||h|| for all z, h € H. Thus, a
straightforward computation implies that f is monotone (so, pseudomonotone)
and satisfies the Lipschitz-type condition with ¢; = ¢ = 1, and U is non-
expansive (thus, quasi-nonexpansive). All the optimization problems in the
algorithms become the projections on C' which is inherently explicit. All inte-
grals in (4.1), (4.2) and others are computed by the trapezoidal formula with
the stepsize 7 = 0.001. It is not easy to compute numerically in this example
for the two algorithms HEGM and SEGM due to the complexity of the hybrid
or shrinking step in those two algorithms. So, we only compute in comparison
between the proposed algorithm and EGVM. We illustrate the results for four
parameter sequences o, = m, Bn=05(1 —ay), p=1, 0.7, 0.5, 0.1 and
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two stepsizes \,, = 5% or Ay = 59 1C . The starting point is z(t) = t + cost.

The results are described in Flgures 5 and 6.

2
D, =lIx,~xIf

=07)
=0.5)
=0.1)
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Figure 5. Experiment for stepsize Figure 6. Experiment for stepsize
An = % in Example 2 An = ﬁ in Example 2

c1 -leyg

Ezample 3. In this example, we consider the problem in the Hilbert space H =
lo for the feasible set C' is the unit ball B[0, 1], the bifunction f defined, for all

x=(x;)52; €lp and y = (y;)524 € la, by
i=1

and the mapping U given, for all x € I3, by Uz = —%x. In that case, it is easy
to see that the bifunction f is pseudomonotone. Moreover, f(x,y) + f(y,2) =
Fl@,2) = llz = gl2 = lly = 2l + [l — 22 > F(w,2) — llo =yl — iy — ||
Thus, f satisfies the Lipschitz-type condition with ¢; = co = 1. We see that
U is not nonexpansive and Fiz(U) = {0}. On the other hand, we have that
|Uz — 0|]* = ||z — 0][* + £|/(I — U)z|[>. Thus, U is demicontractive with
the constant 8 = 1. We set U, = (1 — w)I + wU with w € (0,1 — g,
and so, as mentioned in Section 2, the mapping U, is quasi-nonexpansive and
Fix(Uy,) = Fiz(U). Then, we apply Algorithm 1 for this quasi-nonexpansive
mapping. Note the solution set of the problem is z* = 0 € l;. For experiment,

we choose the stepsize A\, = 2 four parameter sequences a, = m, Bn =
0.5(1 — ay), p =1, 0.7, 0.5, 0.1, the starting point z¢ = [( )2, and the

parameter w = g. As Example 2, we only compare Algorithm 1 and EGVM.
The results are shown in Figure 7. It is seen that the result of convergence in
this example is similar to the one in Example 2.

From the aforementioned results we see that the proposed algorithm works
well and its convergence is seen to be better than the one of other well known
algorithms.

5 Conclusions

The paper has presented a new hybrid algorithm for tackling a pseudomonotone
equilibrium problem with a Lipschitz-type condition, and a fixed point problem
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for a quasi - nonexpansive mapping in a Hilbert space. We have described how
to incorporate the extragradient method (two-step proximal-like method) with
a similar technique to the Mann iteration. It is known that the hybrid methods
with the normal Mann iteration often have the weak convergence, while the
presented algorithm has the strong convergence. We have also considered some
numerical examples in both finite and infinite dimensional Hilbert spaces to
illustrate the convergence and also to show the advantage of the new algorithm
over existing methods in this field.
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