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VISCOSITY APPROXIMATION FOR A COMMON SOLUTION
OF MINIMIZATION, EQUILIBRIUM, AND FIXED POINT
PROBLEMS

TIMOTEWOS TONE DANA!, MENGISTU GOA SANGAGO?*, HABTU ZEGEYE HAILU3,
AND WONDIMU WOLDIE KASSU4,

ABSTRACT. In this paper, we introduce a hybrid viscosity and gradient projec-
tion iterative algorithm that approximates a common solution of constrained
convex minimization problem, a generalized equilibrium problem and fixed
point problem of a sequence of directed nonexpansive mappings. We prove the
strong convergence of the proposed iterative algorithm to a common solution
that satisfies a certain variational inequality under some suitable conditions on
the parameters. It generalizes the familiar gradient-projection algorithm for
convex minimization problem. This result improves and extends some recent
results in the literature.

1. INTRODUCTION

Let H be a real Hilbert space and C' be a nonempty closed convex subset of H.
A mapping T : C — C is said to be L—Lipschitzian mapping if for some L > 0,
[Tz — Ty| < L||z —y|, for all z,y € C. If L =1, we say that T is a nonexpansive
mapping, and if 0 < L < 1, we say that T" is a contraction mapping. We say T is
firmly nonexpansive if 27" — I is nonexpansive, or equivalently,

||Tl‘* TyH2 § <l‘ - yaTxf Ty>a V:c,y eC.

We say that T is a-averaged mapping for some « € (0, 1) (see Tian and Liu [25]),
if there is a nonexpansive mapping S : C' — C such that T'= (1 — a)I + «S. We
denote the fixed point set of T' by Fix(T); that is, Fix(T) = {z € C : Tz = z}.

Definition 1. (see Xu [30], Browder and Petryshyn [7]) A mapping T : C — C' s
said to be monotone if

(x —y,Tx —Ty) >0, for all z,y € C,
and is called v-inverse strongly monotone (for short, v-ism) for some v > 0, if

(x —y, Tz —Ty) > v||Tz —Ty||?, for all z,y € C.
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The monotone operators have been widely used to solve practical problems in var-
ious fields such as optimization problems, traffic assignment problems, equilibrium
problems, radiation therapy, and so on. See [6, 9, 12, 14, 17, 27, 28, 30, 31, 32, 33,
34, 35] and references therein.

Let us discuss the problems that motivated us to develop approximation techniques.
Let ¢ : C x C — R be a bifunction. In 1994, Blum and Oettli [3] introduced an
equilibrium problem (EP) as the problem of finding v € C' such that

¢(u,v) >0 forallveC. (1.1)

The set of solutions of (1.1) is denoted by EP(¢). The theory of equilibrium prob-
lems has motivated the study of problems arising from image restoration, computer
tomography, radiation therapy treatment planning, economics, optimization, and
other fields. In some systems, solutions of equilibrium problems are also solutions
of fixed point problems of nonlinear mappings. Many researchers have looked for
common solutions to the equilibrium and fixed point problems of a system. Several
authors have studied the existence and approximation of common solutions of equi-
librium and fixed point problems based on different relaxed monotonicity notions
and various compactness assumptions. To mention a few, see Blum and Oettli [3],
Bnouhachem [4], Byrne [8, 9], Censor and Elfving [11], Moudafi [18], Zegeye et al.
[36], and the references therein.

Many researchers have considered a generalized equilibrium problem (GEP) of find-
ing z € C such that

o(z,y) + (Az,y—2z) >0 forallyeC, (1.2)
where A : C' — H is a monotone mapping. The set of solutions of (1.2) is denoted
by EP(¢, A); that is,

EP(¢,A) ={2€C:¢(z,y) +{Az,y —2) 20 ¥y € C}.
In the case when A = 0, the GEP reduces to the EP. Numerous problems in physics,
variational inequalities, optimization, minimax problems, Nash equilibrium prob-
lems in non-cooperative games, and economics reduce to finding a solution of the

GEP (1.2). See Moudafi and Thera [17], Moudafi [18, 19], Xu [30], Yazdi [31], Yazdi
and Sababe [35], and the references therein.

The other problem of our interest is a constrained convex minimization problem
minimize {g(z) : x € C}, (1.3)
where g : C' — R is a convex function. We denote the set of solutions of problem
(1.3) by U, that is,
U={z€C: g() =ming(y)}. (1.4)
yeC
The widely considered approximation method to solve these problems is the gra-

dient projection algorithm (GPA). If g is (Fréchet) differentiable, then the GPA
generates a sequence {z,} via the following recursive formula:

Tni1 = Po (In — )\an(xn)) for all n > 0, (1.5)

where xg € C is an arbitrary initial guess and the parameters A, are positive real
numbers satisfying certain conditions. The convergence of the algorithm in (1.5)
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depends on the behavior of the gradient Vg.

In 2010, Xu [29] proved the following:

Theorem 1.1. If g : C — R is a continuously differentiable convex function such
that the gradient Vg is Lipschitz continuous with Lipschitz constant L > 0, and if
the constrained conver minimization problem is consistent, then for each A € (0, %) ,
the sequence {x,} generated by the gradient projection algorithm (1.5) converges
weakly to a solution of (1.3).

In 2011, Xu [30] proposed an explicit operator-oriented approach to algorithm (1.5)
using the concept of an averaged mapping. He presented his averaged mapping ap-
proach to the GPA (1.5) and the relaxed gradient projection algorithm. Moreover,
he constructed a counterexample which showed that the algorithm (1.5) does not
converge in norm in an infinite-dimensional space, and also presented two modifica-
tions of the GPA which were shown to have strong convergence (see, Xu [27, 28, 30]).

Many mathematicians in the field have discussed the approximation of a common
solution for three problems: the fixed point problem for nonlinear mappings, the
generalized equilibrium problem, and the constrained convex minimization prob-
lem. Some of them have considered the approximation of a common solution for
a combination of any two of them. Many authors have also tried to develop ap-
proximation techniques for individual problems by studying the characteristics of
each problem. See, Combettes and Hirstoaga [12], Jung [15], Peng and Yao [21],
Plubtieng and Punpaeng [22], Razani and Yazdi [23], Wang et al. [26], Yazdi [31],
and the references therein.

Let us discuss some of these results that are in line with our point of interest in
this paper. In 2007, Plubtieng and Punpaeng [22] introduced an iterative scheme
for finding a common element of the set of solutions of (1.1) and the set of fixed
points of a nonexpansive mapping in a Hilbert space as follows:

{qs(un,y) + Ly~ up —2n) >0,  forally € H,

(1.6)
Tnt1 = anVf(Tn) + (I — anA)Su,, n>1,

where ¢ : H x H — R is a bi-function, A is strongly positive bounded linear oper-
ator on H, S is a nonexpansive self-mapping of H such that Fiz(S) N EP(¢) # 0,
f is a contraction, ¥ > 0 is a constant, {a,} C [0,1] and {r,} C (0,00). Then, the
sequence {x,} defined in (1.6) converges strongly to a point z € F(S) N EP(¢),
where 2 = Ppiy(s)nppg) (I — A+7f)(2).

In 2010, Wang et al. [26] introduced the following composite iterative scheme:
O(Un,y) + LY — un,up — ) >0,  forally € H,
Yn = anf(n) + (I — anA)Thun, (L.7)

Tpt1 = (1 - ﬂn)yn + BnTnyn, n>1,

where ¢ : H x H — R is a bifunction, A is a strongly positive bounded linear
operator on H, f is a contraction, {7}, } is a countable family of nonexpansive self-
mappings of H such that (2, Fix(T},) N EP(¢) # 0, v > 0 is some constant,
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z1 € H, {an},{Bn} C [0,1], and {r,} C (0,00). By imposing some strict condi-
tions on the parameters, they proved that the sequence {z,} generated by (1.7)
converges strongly to a point in (2, Fix(T},) N EP(¢).

In 2012, Tian and Liu [25] studied the following implicit and explicit composite
iterative schemes using the viscosity approximation method for finding the common
solution of an equilibrium problem and a constrained convex minimization problem:

{¢(umy)+,.—1n<yun,unxn> >0, for all y € C, 18)

Tp41 = anf(xn) + (1 - an)TnUru n=>1,

where ¢ : C' x C' — R is a bifunction, g : C' — H is a convex function such that
Vg is an L-Lipschitzian mapping with L > 0 and U N EP($) # 0, f is a contrac-
tiona T € Ca {an} - (Ovl)a {Tn} c (0,00), PC(I - )\nVQ) = sl + (1 - Sn)Tna
sp = 2222 and {\,} C (0,2). They proved that the sequences {u,} and {z,}
defined in (1.8) converge strongly to a point in U N EP(¢) under certain conditions
on the parameters.

In 2020, Yazdi [32] introduced the following explicit composite iterative method for
finding the common solution of a generalized equilibrium problem and a constrained
convex minimization problem:

" (1.9)

¢(un7y) + %<y — Unp,Un — xn) + <A$my - un) Z 07 fOI' a'H ) S Ca
Tn+l = anf(xn) + (]- - an)Tnun; n>1,

where ¢ : C' x C — R is a bifunction, g : C — H is a convex function such that
Vg is an L-Lipschitzian mapping with L > 0 and U N EP (¢, A) #0, f: C — C is
a contraction with constant k € [0,1), A : C — C is an a-ism mapping, z; € C,
{a,} € [0,1], {rn} C [a,b] C (0,20), Pc(I-X,Vg) = syl +(1—5,)Ty, s, = 2328
and {\,} C (0,2). The author proved that the sequences {z,} and {u,} gener-
ated by (1.9) converge strongly to ¢ € U N EP(¢, A) under certain conditions, and
showed that g solves a certain variational inequality.

In 2024, Yazdi and Sababe [35] proposed the two-layer iteration process defined as

x1 € C,
D(tns y) + 7= (Y = Un, tn — 25) > 0 for all y € C, (1.10)

Tnt1 = anf(zn) + (1 —an)Tu,, n>1,

where T : C' — C' is an a-strongly quasi-nonexpansive mapping such that I — T is
demiclosed at zero, ¢ : C x C' — R is a bifunction with Fix(T) N EP(¢) # 0, f :
C — C' is a contraction with constant k € [0,1), {a,} C [0,1], and {r,} C (0, 0).
The authors proved that the sequences {z,} and {u,} generated by (1.10) converge
strongly to ¢ € Fix(T) N EP(¢) under certain conditions on the parameters.

In 2025, Sangago et al. [24] introduced the following viscosity approximation scheme
for finding a common solution of the fixed point problem of directed nonexpansive
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mapping S, the generalized equilibrium problem and the constrained convex mini-
mization problem (1.4).

T € C,
A(Un,y) + =y — Up, Up — T0) + (Y — Up, Bx,) >0, for all y € C,

Tn

(1.11)
Up = QpTp + (1 - an)TnUru

Tp+1 = an(xn) + (1 - Bn)svm n>1,

where B is an a-ism mapping, g : C — R is a real-valued convex function such
that Po(I — A\Vg) =yl + (1 —v,)Th, and S : C — C' is a directed nonexpansive
mapping. Then the sequence {z,} defined by (1.11) converges strongly to ¢ =
Py f(q), which solves the variational inequality:

(¢—fl@)y—q) >0 forallyed, (3.8)
where 3 = U N EP(¢, B) NFix(S) # 0.

Motivated and inspired by the above results, we propose a viscosity iterative
scheme to approximate a common solution of constrained convex minimization
problem, a generalized equilibrium problem involving a finite family of a-inverse
strongly monotone mappings and fixed point problem of a sequence of directed non-
expansive mappings. We then prove a strong convergence theorem which improves
and extends recent results in the literature. In particular, our results improve those
results of Sangago et al. [24].

2. PRELIMINARIES

Let H be a real Hilbert space with inner product (-,-) and norm || - ||. Let C be
a nonempty, closed and convex subset of H. Weak and strong convergences are
denoted by — and —, respectively. We recall the following well-known facts from
the definition of the norm and inner product on Hilbert spaces:

Lemma 2.1 (Khamsi and Kirk [16]). For every x,y € H and X € (0,1),

lz —ylI” = llz)* = lyll* —2(z - ), (2.1)
Az + (L= Nyl® = Mlzl® + (L =2 [yl® =A@ =N [z —yl*,  (22)
lz +yl* < llzl|* +2(y, 2 + ). (2.3)

For any « € H, there exists a unique nearest point in C, denoted by Px(x), satisfying
|z — Po(z)|| = inf{[lz —y[| : y € C}. (2.4)

We say that Po is a metric projection of H onto C. Some of useful properties of
projections are gathered in the lemma below.

Lemma 2.2. (Khamsi and Kirk [16], Cai et al. [10])
(a) Forxz € H and z € C,

z2=Po(r) < (x—z,z—y)>0foral yeC. (2.5)
(b) Pc is a firmly nonexpansive mapping; that is,

|Po(a) = Po(y)|]? < (Po(@) — Po(y),o —y) for all e,y € . (26)
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(¢) Po satisfies,
|z — Po(2)|]? < ||z — yl|* = |y — Po(z)||* forall z € H, y € C. (2.7)

Let us collect technical lemmas that are important in proving our main results
of this article.

Lemma 2.3 (Naidu and Sangago [20]). Let ¢ denote the family of all contrac-
tion self mappings of C and suppose T : C — C' is a nonexpansive mapping with
Fiz(T) # 0. Then there is a unique mapping A : Ue — Fix(T) such that

hfff’o%p«j = HA), A(f) —zn) <0,

for any given f € g and a bounded approximate fized point sequence {x,} of T
in C.

Lemma 2.4 (Goebel and Kirk [13]). Let T : C' — C be a nonexpansive mapping
with F(T) # 0. If {xz,} is a sequence in C that converges weakly to z, and if
{xy, — Txn} converges strongly to y, then (I — T)x =y.
Definition 2 (Blum and Oettli [3]). A bi-function ¢ : C' x C' — R is said to satisfy
“Condition A” if the following four conditions hold:

(A1) ¢(z,x) =0 for all x € C;

(A2) ¢ is monotone; that is, ¢(x,y) + ¢(y,x) <0 for all z,y € C;

(As) for each z,y,z € C,

limg(tz + (1 —t)z,y) < é(z,y);

(A4q) for each x € C, y — ¢(x,y) is conver and weakly lower semi continuous.
Lemma 2.5 (Blum and Oettli [3]). Let ¢ : C x C — R be a bi-function satisfying
Condition A. Letr > 0 and x € H. Then, there exists z € C' such that

qb(z,y)—l—%(y—z,z—@ >0 forallyeC. (2.8)

Lemma 2.6 (Combettes and Hirstoaga[12]). Assume that ¢ : C x C — R satisfies
Condition A. For r >0 and x € H, define a mapping Q, : H — C' as follows:

1
Q,«x:{zeC’:qb(z,y)—i—;(y—z,z—@ >0forallyeC}, z € H.
Then, the following hold:

(i) Qr is single-valued;
(ii) @ is firmly nonexpansive; that is, for all x,y € H
1Qra — QuylI* < (Qra — Qry, x — y);
(i) F(Qr) = EP(¢);
(iv) EP(®) is closed and convez.
Lemma 2.7 (Brezis [5], Byrne [9], Xu [30]). Let S,T,V,T1,T> : H — H be given
mappings.
(i) T is nonexpansive if and only if [ — T is %—ism.
(ii) If T is v-ism, then for every v > 0, yT is %—z’sm.
(iii) T is averaged if and only if I — T is v-ism for some v > % In fact, for
a € (0,1), T is a-averaged if and only if I — T is %—z’sm.
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(iv) If T = (1 —a)S + oV for some a € (0,1), S is averaged and V is nonex-
pansive , then T is averaged.

(v) T is firmly nonexpansive if and only if the complement I — T is firmly
nonexpansive.

(vi) If T=(1—a)S+ aV for some a € (0,1), S is firmly nonexpansive and V
is nonexpansive, then T is averaged.

(vil) If Ty is a-averaged, and Ts is ag-averaged, where o, as € (0,1), then the
composite ThTs is a-averaged, where a« = a1 + as — @ as.

Lemma 2.8 (Xu [29]). Assume that g : H — R is a convex function whose gradient
Vg is an L-Lipschitzian mapping with L > 0. Assume that the constrained convex
minimization problem in (1.8) is consistent. Then

(i) Vg is an %—inverse strongly monotone mapping (shortly %-zsm}

(ii) For A\ > 0, the mapping I — A\Vg is %—avemged .
(iii; The composite Po(I — AVg) is (32L)-averaged for 0 < A < 2.

1
(iv) z* € C solves the minimization problem (1.83) if and only if x* € C solves

the fized point equation
x* = Po(I — AVg)a™,
where \ is any fixed positive number.

Lemma 2.9 (Yazdi [32]). Suppose A is an a-inverse-strongly monotone mapping
on C and 0 < r < 2a. Then, I — 1A is a nonexpansive mapping.

Lemma 2.10. (Yazdi [32]) Let ¢ : C x C — R be bi-function satisfying the condi-
tions Condition A and B be an a-inverse-strongly monotone mapping. Suppose
{zn} is a bounded sequence in C and {rp,} C [a,b] C (0,2a) is a real sequence. If
Up = Qr, (n — rnBxy), then

[tns1 = tn < l@ngr — @all + Mrnges —rnl,
where M = sup{||Bxy|| + L|luns1 — (41 — rnp1Bany)| i n € N}

Lemma 2.11 (Aoyama et al. [1]). Assume that {a,} C [0,00), {7y} C [0,1],
{pn} C[0,00) and {v,} C R such that

ang1 < (1 - 'Yn)an + Y Un + fin.
Then the conditions > >~ | v, =00, limsup v, <0, and Y .o, pn < 00, imply

n—o0
lim,, 00 an, = 0.

3. MAIN RESULT

Let C be a nonempty, closed and convex subset of H. We introduce the following
definition.

Definition 3. A mapping T : C — C is said to be a directed nonexrpansive
mapping if it satisfies the following three conditions:
(DNE1) T is a nonexpansive mapping;
(DNE2) Fiz(T) # 0; and
(DNE3) ||Tz — p|* < ||a — p||*> = |= — Tx||* for every x € C, for every p € Fix(T).
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Obviously, every firmly nonexpansive mapping with nonempty fixed point set
is a directed nonexpansive mapping. There are nonexpansive mappings that are
not directed nonexpansive. For instance the mapping T : By — Bpy (where
By ={x € H : |z|| < 1}) defined by Tx = —z is nonexpansive, but not directed
nonexpansive mapping. Lemma 2.2 and Lemma 2.6 imply that the operators P
and @, respectively, are directed nonexpansive mappings.

Note that the family of firmly nonexpansive mappings with nonempty fixed point
sets is contained in the family of directed nonexpansive mappings, and the family
of directed nonexpansive mappings is contained in the family of nonexpansive map-
pings.

Throughout this section we use the following assumptions.

(B1) Assume that g : C' — R is a real-valued convex function whose Vg is
a Lipschitzian mapping with Lipschitz constant L > 0. Let {\,} be a
sequence of positive real numbers in (0, %) such that

2— A\, L 24+ L
Po(I — X\, Vg) = ( 1 N+ ( 1 "N = d + (1 —3,)To, (3.1)
where T,, : C' — (' is nonexpansive, and 7, = % Assume that
lim;, 00 7 = 0 (or alternatively, lim, o0 Ay, = %) and Y07 | [Yn41 — Tl <

0.

(B2) Let ¢ : C x C' — R be a bi-function satisfying Condition A, let By : C —
C, k=1,2,---, N be ag-ism mappings. The solution set of the generalized
equilibrium problem is denoted by ﬂszl EP(¢, By); that is,

N N
ﬂ EP(¢,By) = ﬂ {zeC:¢(z,y)+{(y —2,Brz) >0, forally e C}. (3.2)
k=1 k=1

(B3) Let f : C — C be a contraction mapping with contraction constant k €
[0,1).

(B4) Let S,, : C — C, n =1,2,3,--- be a sequence of directed nonexpansive
mappings with fixed point set F = (-, Fiz(S,) # 0. Assume that for
every bounded subset K of C' we have Y 7 sup{||Sp+1z — Spz| : z €
K} < o0o. Let S : C — C be a mapping defined by Sz = lim,,_, o, Spa for
all z € C and Fix(S) = F.

(B5) ¥ =ML, [UN EP(¢, By) N F] # 0.

Now we introduce a viscosity approximation scheme for finding a common solu-
tion of the fixed point problem for a sequence of directed nonexpansive mappings
{5,122, a finite family of generalized equilibrium problems (3.2), and the con-
strained convex minimization problem (1.4).

1’160,

N
1
= — E —r, B
Un Nk=1 an(xn Tn kxn)7 (33)

Up = QpTy + (1 - an)TnUm

Tni41 = ﬂnf(xn) + (1 - ﬂn)snvn; n > 1.
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We now state and prove the following lemmas, which are required for the proof of
the theorem.

Lemma 3.1. Suppose that (B1l) — (B5) hold true. Suppose {an}, {Bn} and {r,}
are real sequences satisfying the following conditions:

{an} C (0, 1],nli_>rr;o an =0, Zlan =00 and Zl |1 — am| < 005 (3.4)
o0 (o)
{82} € (0,1], lim B, =0, Zlﬁn = oo and Z;|ﬁn+1 — Bn| < 005 (3.5)
o0
a=min{a1, - ,an}, {rn} Cla,b] C (0,2a) and Z [Pt — 7| < 00, (3.6)
n=1
Then the sequences {xy}, {vn} and {u,} defined in (3.3) are bounded and
lim ||zn4+1 — 2n] = 0. (3.7)
n—o0

Proof. Let p € ¥. We note that @, (p — r,Brp) = p for each n = 1,2,3..., and
k=1,2,....N. We also have Po(I — \,Vg)p = p, T,p = p and S,,p = p for each
n=1,2,.... We now present the proof in a step-by-step manner.

We now show that the sequences {z,},{v,} and {u,} are bounded.

lvn = pll < anllzn —pll + (1 = )| Taun — pl|
< apllzn —pll + (1 — an)llun *pll

< anllxn p” + 1 - an Zan Tp — Tanxn) _pll
< anllxn p” + 1 - an Z ||an T — Tanxn) - an (p - Tanp)H

N
< apllen —pll+ (1 —an)= Z [2n = pll < llzn = pl- (3-8)

Thus, from (3.3) and (3.8) we get
[2nt1 = pll = [1Bnf (zn) + (1 = Bn)Snv — pll
< Bllf (@n — FP)I + Bullf(p) — Pl + (1 = Bn)llon — pll
< Bkllzn = pll + Bullf (p) — Pl + (1 = Bn)llzn — p

f(p)—p
= (1= B0 = )l — pl + Bu(1 — )LDl
< max{ o, =l ;1709 ol (3.9)
By induction it follows from (3.9) that for each n € N
1
o =l < max { s = ol 2 176) — . (3.10)

Hence, {z,} is bounded, and consequently so are {v,}, {un}, {f(zn)}, {Snzn},
{Snvn}, {Pc(I = A Vg)xn}, {Pc(I — A\Vg)un} and {T,un}
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Next, we claim that lim,, o [|[Zp+1 — zn| = 0. Fix a real number M; that is an
upper bound of the bounded sequences {||zn||}, {IIf(zn)I}s {|Tnunll}s {l|Snznll},
{lvnll}, {llunll} and {||Snvs||}. It follows from (3.3) that

[Znt2 = Tns1ll = NBnt1f(@nt1) + (1 = Bnt1)Snt1Vns1 — Buf(wn) — (1 — Br) Snvnl|
< Brwrllf @na1) = f(@a)ll 4 [Bnsr — Bulllf (@)l
(1 = Bnt1)[Sn+1Vn41 — Snirvnl|
H(1 = Bpt+1)Snt1vn — (1 = Bn) Snvnl|

< Batikllznsr — zall + [Bag1 = Balllf (@n)ll + (1 = Bag1)[vns1 — va|
+(1 = Bn+1) 1Snt+19n — Spvnll + |Bat1 — Balll Snval|
< Butikl|Tnsr — 2l + (1 = Bus1) lvnt1 — vall

+(1 = Bnt1) |Snt1vn — Snvn|| + 2M1|Bri1 — Bal. (3.11)

On the other hand for all n € N,

lvnt1 —vnll = llant1Zasr + (1= ang1) Tng1tns1 — an®n — (1 — ap) Thu,||
< aptl|Tngr — 2ol + langr — ||zl
+(1 = ans1)[[Tnsrtnr — Totn || + |omgs — an| [ Toun||
< antil|Tnsr — ol + (1= anp) [Tagrtntr — Tpunl| + 2Mi|ans1 — g
<ot Tagr — 2|l + 2Mi|ong1 — g

+(1 = ant){l|unt1 — unl| + | Tosrrun — Thun }- (3.12)
It follows from (3.1) that

APc(I = Mn V) = (2 = M D) 4Pc(I = MiVg) = (2= ML)I

24+ A1l b 2+ A\, L
4Po(I —MiaVg) — 4Pc(I —MVg)
- 24+ A1 L " 2+ A\, L "

2= Al 2-ML
2t AL 2 AL
B H 2+ ML) Pe(I = A1 V)t — 42+ Ayt L) Po(I — A\ Vg)un

(24 A1 L)(2+ A\ L)
AL Apy1 — A
CESWeAICESWALLL
< 4L A1 = Ml P = A1 Vg)uanl| AL Ans1 — A [
- (24 M1 L) % (2+ N\, L) 2+ X1 D)2+ N, L)
+4(2 + A1 L)[[Pe(I — A1V g)un — Po(l — A Vg)ua||
(24 Apy1L) * (24 A L)
< Pt = Ml LI P = A1 Vg)unl + 41Vg(un) + Llun]]
< M2|>‘n+1 - )‘n|a (3'13)

where My = sup{[L||Pc(I = \n+1V@)un ||+ 4[|V g(un)|| + L||un||] : n € N}. It follows
from Lamma 2.10 that

[tnt1 = unll < [J2ns1 = znll + Ms[yns1 = Yal, (3.14)
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where M3 = sup{||Brzn| + %Hunﬂ — Znt1 — M1 Brtnta|| :n €N, 1 <k < N}
For M = max{My, My, M3} it follows from (3.12), (3.13), and (3.14) that

lont1 = vl < l@ns1 = Tall + 2M (Jans1 = @n] + [Bats = Bal + [Yar1 = al) -
(3.15)
From (3.11) and (3.15)
lznt2 = ni1ll < (1= Buy1(1 = B)]l|zns1 — znll + 2M|Bri1 — Bl
(1= Basn) S0 — Suvall + 2M(1 = Br)(|ans1 —
+2M (1 = Brt1) ([ Ant1 — Al + 141 — )

2M
< (= Bua = R lnss =0l + a1 ) (£l ol
2M
a1 =) (T2 o = 0l + Pais =l + s = 2D))
2M (|any1 — an| + [Ang1 — A + [ Vg1 — Ynl)
+(1 = Bpt1) [|Snt1vn — Snovnl|
< [ =anu]lzntr = @all + angrpntr + Xnt1, (3.16)
where
Up41 = /BTLJrl(]‘ - k)v
2M
Hn+1 = m(|6n+1 - Bn| - |an+1 - an' - |)\n+1 - )\n| - |'Yn+1 - ’Yn')a
Xn+1 = 2M(|ﬂn+1 - ﬂn| + |an+1 - an| + |)‘n+1 - )‘n| + |’7n+1 - ’}/n|)

+(1 = Bpt1) [|Sns10n — Snval|-
By taking the bounded subset K = {v,} of C we get from Assumption (B4) that

ZSUP{”SanC — S|z € K} < oo,

n=1

so that > 7 | |Sn41vn — Snvn|| < oo. Thus it follows from Assumptions (B1) &
(B4), (3.4), (3.5) and (3.6) that

n—oo

lim sup p,, <0, ian = (1fk)iﬂn = 00, and ixn < 00.
n=1 n=1

n=1
Hence we get from (3.16) and Lemma 2.11 that
lim ||2n4+1 — 2n] = 0. (3.17)
n—o0
The proof is complete. 0
Lemma 3.2. Suppose that (B1) — (B5) hold true. Suppose {an}, {Bn} and {r,}
are real sequences satisfying the conditions (3.4), (3.5) and (3.6) in Lemma 35.1.

Then, the following holds:
(1) limy o0 |Jtn — Thntnll =0 and (24) lim, oo ||PC(I — %Vg)un — unH =0.

Proof. By Lemma 3.1, we have that {z,} and {u,} are bounded. We now present
the proof in a step-by-step manner.
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Step 1. In this step we prove that lim,, o ||2n — u,|| = 0.
Let p € X. Then for each £k =1,2,---, N, it follows from Lemma 2.6 that

1Qr, (2n — rnBrwy) — p||2 = |Qr, (¥n — T Brwy) — Q. (p — Tanp)HQ
< ||@n = 0Bty — p+ raBipl
= llzn — plI* + r2 || Bezn — Bip||* — 2rn (w0 — p, Brn — Bip)
< llwn = plI* + ru(rn — 204) || Brzn — Bepl|®
< l@n = plI* + 7n(rn — 2a) | Bexn — Brpl® . (3.18)

Thus, by Triangle inequality, we get

N
1
||Un _p||2 = NZQTTL(ITL _Tanxn) —-p
k=1
1 N
2
< N kzl ||an (:En - Tanmn) - p” . (3'19)

It follows from (3.18) and (3.19) that

N
1
l[un — p||2 < N Z 1Qr,, (xn — rnBran) _pH2
k=1
1 N
< N =l + ra(rn — 20) > IBean — Bepl®. (3.20)
k=1

Then, it follows from Lemma 2.1, (3.3) and (3.20) that

l|vn — p”2 = O‘% lzn — Tnun”2 + | Thun *p||2 + 20 (T — Tptin, Thn — p)
< un —p||2 + 04721 |zn — Tn“n||2 + 20 (|20 — Toun || [ Taun — pl|
N
1
< lan = oI+ rlrn 2005 37 |1 Birn — Bip”
k=1

+ai |zn — Tnun”2 + 20 || T — Totn| | Thun — pl| - (3.21)
We get from (3.3) that

lents =plII* = 1Baf(@n) + (1 = Ba)Snon — pl*

= |[Shvn *p||2 + ﬂ?z [ f(zn) — Snvn||2 + 280 (f (zn) — SnVn, Snvn — p)
[[vn _pH2 + 6121 1f(2n) — SnUnHQ
260 [1f (zn) = Snvnll [|Snvn —pll - (3.22)

IN
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It follows from (3.3), (3.21) and (3.22) that

rn (20 — 1) N
%Z | Bran — Blcp”2

< wn - p||2 = [lzn+1 = p||2 +a, [l — Tnun||2
k=1
+2a, |20 — Toupl| | Taun — pl| + 5721 I f(xn) — SnUnHQ
+2Bn || f(zn) — Spvnl| [|Snvn — p|
< (lzn = pll + lzntr = pl) 20 = 2na|

+ag [|lzn — Tnun||2 + 200 |2 = Toun|| [ Thun — p

+5721 f(2n) — SnUnHQ
+2Bn Hf(xn) - S’n”n” ||Snvn - p|| . (323)

We get from (3.4), (3.5), (3.6), (3.17) and (3.23) that

lim ||Brz, — Bp|| =0 for each k =1,2,..., N. (3.24)
n—oo

It follows from Lemma 2.1, Lemma 2.6, and (3.19) that

N
1
([un *p||2 < N Z |Qr,, (xn — rnBran) *p”Q
k=1
1 N
< N Z 1Qr, (Tn — 0 Brrs) — Qr, (p — Tanp)||2
k=1
1 N
< N Z«xn - Tan$n) - (p - Tanp); Qm, (In - ’I“anIn) - p>
k=1
1 N
= oSN Z <||(9€n —p) — rn(Brx, — BMD)H2 +|Qr, (xp, — 7 Brwy) — p||2)

N
2 Tn
< 2w —pl"+ 5 > ll#n = pll | Brwn — Bepl|
k=1
1N
“on Z |70 — Qr, (Tn — 0 Brxy)||
2N =
.
3 2 en = Qr (@0 = ruBrwa)|| | Buwa — Bepl - (3.25)
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It follows from (3.3) and (3.25) that

H'Un - p||2 = ||Tnun _p||2 + 04721 ||xn - TnUnHQ + 2an<xn — T, Tpty — p>
< un *p”Q + O‘% lzn — Tnun”2 + 20y |z — Toun || [|un — pl|
N
T
< e —pl” + 5 ; l2n = ol | Bin — Bipl

N
1
ToON E |20 — Qr, (Tn — TanIn)||2
k=1

N
T
#5372 0 = @ra e = Bl | B — Bl

+02 |20 — Totin||” + 200 |20 — Ttin || ||tn — || - (3.26)

We get from (3.3) and (3.26) that

| Zni1 _pH2 = |Bn(f(@n) = Snvn) + (Snvn —p)||2
2 2
< Nlon = pII° + B2 1 (@n) = Snvall” + 284 | £ (20) = Snval [lva — pll
N
2 Tn
< 2w —pl"+ 5 I; [[#n, — pl| | Brn — Brpll
1N
“oON Z [0 = Qr, (zn — Tanxn)||2
k=1

N
g 2 I = Qralen = B )| | B = Bl

+ag ||z, — Tnun”2 + 20 |20 — Trunl| [un — pll
+B7 1/ (@) = Suval® + 26, 1 f (@) = Suwvall loa = pll. - (3:27)
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It follows from (3.27) that

N
1
oON Z zn — Qr, (T — 7“an%1)||2
k=1

N
r
< ln = plI® = #nsr —pl* + ﬁn I; |zn — pl | Be2n — Brpl|
.
+ﬁ 1; |70 — Qr, (Tn — 70 Brzn)|| || Bszn — Bep|
+O‘31 lzn — Tnun”2 + 20y |70 — Toun || [[un — pl|
+ﬁ'r21 If(2n) — SnUnHQ + 260 || f(2n) — Snvnll [|lvn — pl|
N
r
< (lln = pll + lzns1 = pl) |20 — zpga | + Nn ]; |z — pll | Bk — Brpl|

N
Tn
#5752 o = Qo = B | Bz = B

+O‘31 |2n — Tnun||2 + 20 |2 — Totnl| lun — p||
+B2 1 (2n) = Snvnll® + 280 |1 (2n) — Swvall [lvn — pl. (3.28)
From (3.4), (3.5), (3.6), (3.17), (3.24) and (3.28) we have

N
lim Y|z = Qr, (2 — ruByan)|* = 0. (3.29)
k=1
Therefore, for each k =1,2,--- , N we get from (3.29) that
lim ||z, — Qr, (xn — rnBrxy)| = 0. (3.30)
n—oo
From (3.3) we note that for each n € N
1N
|27 — un|l < N Z 2n — Qr, (Tn — rnBran)||- (3.31)
k=1
It follows from (3.29), (3.30) and (3.31) that
nlirrgo |z — un|| = 0. (3.32)
Step 2. In this step we prove
lim ||v, — Spv,|| =0.
n—oo

By the directed nonexpansivity of S,, we get

lznts =" = 1Ba(f(2n) = Swvn) + (Suva — p)II”
= [|Savn —p||2 + 6121 1f(zn) — SnUnHQ
+2B(f(xn) — SnUn, Spvn — p)
[[vn —p||2 — [lvn — SnUnHQ + 6121 1f(zn) — SnUnHQ
260 [|f (zn) = Snvnll [|Snvn —pll - (3.33)

IN
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It follows from (3.26) and (3.33) that

[n+1 —p||2 < v _pH2 — |lvn — Snvn||2 + 5721 I|.f(zn) — SnUn||2
+28n |1 f(2n) — Snvnll [|Snvn — pl|

IN

N
T
lzn = pI* + 55 D lln = I 1 Brn — Bipl
k=1

N
1 2
~5% Z Zn — Qr, (Tn — 7 Brxy)||
k=1

N
T
TN Z |20 = Qr (@0 = 1 Bra)|| | Bizo — Beo|

+a ||zn — Tnun”2 + 20 |20 — Totn|| |un — pl|
—Jlon = Suvnll® + B2 £ (@) — Suval?
285 || f(20) — Snvnl| | Snvn — pl| - (3.34)

It follows from (3.34) that

N
,
lon = Swvnl® < flam = pI* = llzass —pl* + 3 ; [z = pll | Bexn — Bipl|
1 N
72N Z ||5L'n - an (xn - Tanl'n)”Q
k=1

N
T
TN Z |20 = Qr, (@ = 7 B | Bivn — Bip|

2
+02 |20 — Totin||” + 20 |20 — Totin || ||un — |
+02 |1 f (2n) — Sn'Un”Q + 280 1 f (#0) — Snvn || |1Snvn — pl|

IN

k=1

N
1 2
~5% Z Zn — Qr, (Tn — T Brxy)||
k=1

N
T
TN Z |20 = Qr, (@ = 7B || | Bvn — Bip|

2
+02 @y — Toun||* + 200 |20 — Tntin]| Jun — |
+82 11 (@n) = Snvnll® + 280 [ £(@n) = Suval [1Savn — p

We get from (3.4), (3.5), (3.6), (3.24), Step 2, Step 3 and (3.35) that

Jim |vn, — Spvn|| = 0. (3.36)

N
r
(lon =Pl + l2nes = pl) o = 2nl + 52 > len = ol 1 Brewn — Bip|

(3.35)
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Step 3. In this step we prove

(1) nl;rrgo [t — Thun| = 0.
ii) lim |[Po(] zV =0
(i) Jim o (I — I g)Upn, — up|| = 0.

From the conditions (3.4), (3.5) and (3.6) on the parameters, we have

lim ||vp, — Thun| = lim «y, ||2, — Thun| = 0, (3.37)
n— 00 n—00
ILm |Zn+1 — Snvnll = ILm Brllf(xn) — Spon| = 0. (3.38)

Moreover, by the triangle inequality we have

un = Tounll < lun — zoll + [|20) = Tosal| + [[Tn41 — Snvall
+ |Snvn — vnll + lvn — Tnunll - (3.39)

Hence it follows from Step 2, Step 3, Step 4, (3.37), (3.38) and (3.39) that

lim |, — Thun| = 0. (3.40)
n—oo
Now we observe that for s, = #,
1Pc(I = A V@) un —upnll = [|Sntn + (1 — 8p)Tptn — p|
(1 = sp) | Tnun — unl| - (3.41)
We get from (3.40) and (3.41) that
ILm |1Pc(I — AV g)tn — uy|| = 0. (3.42)

We also observe that

Pell = 29— < |[Pell = 2Vg)un — Poll ~ AVg)un
PO~ AVg)un —
< H(I 29— (I~ MVo)u,
1P~ AVg)un —
< (5 M) IVguall 4 T — . (3.43)

Since lim, o0 A\, = %, we conclude from (3.42) and (3.43) that

lim
n—oo

2
Po(I — EVg)un — up|| = 0. (3.44)

O

Theorem 3.3. Suppose that (Bl) — (B5) hold true. Suppose {an}, {Bn} and
{rn} are real sequences satisfying the conditions (3.4), (3.5) and (3.6) in Lemma
3.1. Then the sequences {xy}, {vn} and {u,} defined by (3.3) converge strongly to
q = Ps f(q), which solves the variational inequality:

(g— fl@),y—q) >0, forally € C. (3.45)
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Proof. For q = Ps f(q), we first show that
lim sup (f(q) — ¢, zn —q) < 0.

n—oo

Let {un, }2, be a subsequence of {u,}>>, such that u,, — z for some z € C and
limsup((7 — £)(@).a ) = I (I = H)@)q—un).  (3.46)
n—oo (3 o0

Since Vg is %—ism and Po(I — %Vg) is nonexpansive self mapping on C, it follows

from (3.44) and Lemma 2.4 that
2
z=Po(I - EVg)z. (3.47)

This implies that z € U. Fix k € {1,2,---, N} and put u* = Q,, (z, — 7, Bxzs).
We note that x,, — z as i — oo, and it follows from (3.30) that

lim Hxn —u
1—00

Therefore, ufl — z as ¢ — 00. By definition

1
Ok, )+ ——y — ub,ul = 2a) + (Brrm,y —ul) 2 0 forall y€ O (3.48)

n

Since ¢ satisfies condition A, we have

1
T—(y — uﬁ, ufl — Zpn) + (BrXn,y — > > d(y,u ) for all y € C. (3.49)

In particular for the subsequence {u,,}, we have

1
—{y — b~ @)+ (Biaa,y — b)) > ély,ul) forally e . (3.50)

ni
Tn,

For t € (0,1] and y € C, set y; =ty + (1 — t)z. So that from (3.50) we obtain

(ye — ufw Bry:) > (ye — Uﬁ%,Bkyﬁ — (Brn,, Yt — Uﬁ)
k
Uy — T,
—(ye —ul 7n7'r =)+ oy, up,)

Uz
- <yt - u']riiaBkyt - Bkuﬁ) + <yt - ufzia Bkule - kan1>
k

Uy — T,
—(ye — UZ, n}i) + (Yt UZ) (3.51)
Because lim;_, me — ufl H = 0, and Bj is monotone, we have
lim HBkufI — Bixy,|| =0 and (3.52)
i—00 K
(y¢ —uk . Brys — Byul ) > 0 for each i=1,2,3,--- (3.53)
Using (3.52) and (3.53), and letting ¢ — oo in (3.51), we get
(ye — 2, Brye) = d(yt, 2) (3.54)
Because ¢ satisfies Condition A, it follows from (3.54) that
0 = (yt,yt)
< t¢(yt7 ) +(1- t)<yt -z Bk?Jt)
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By factoring out ¢ in (3.55), we have

¢(ye,y) + (1 = t){y — 2, Beyr) = 0. (3.56)
Using Condition A and letting ¢ — 0 in (3.56) yields
o(z,y) + (y — z, Brz) > 0. (3.57)
Because y is an arbitrary element in C, z € EP(¢, By). Therefore,
N
z€ () EP(¢,B). (3.58)
k=1

The mapping S defined in Assumption B4 is nonexpansive and we note that
[vn = Svnll < |lon = Spoall + [|Spvn — Sva|
< |lvn = Snpvn|| + sup{||Spx — Sz|| : € G}, (3.59)
where G = {v,, : n € N}. Because lim,, o sup{||Spz — Sz| : « € G} = 0 by the
Assumptions in B4, it follows from (3.36) and (3.59) that
nhﬁrgo |lvn, — Sv,|| = 0. (3.60)

Since t,, — 2, liMp 00 ||Un;, — @, || = 0 and limy,— o0 ||tn; — T, un, || = 0, we have
Zn, — z and Tp,u,, — z. So that v,, — z as well. It follows from (3.60) and
Lemma 2.4 that z = Sz, and hence z € F. This completes the proof of z € ¥. By
Lemma 2.2
(fla) —q.2—q) <0. (3.61)
It follows from (3.61) that
limsup(f(q) — ¢,un — q) = lim (f(q) — q,un, —q) = (f(¢) —q,2 — q) < 0. (3.62)
n— 00 100
Next, we prove that the sequences {z,}, {v,} and {u,} converge strongly to ¢ =

P f(q).
It follows from (3.3) and Lemma 2.1 that

lzner —al® = 1Ba(f(@n) = F(@) + Bulf(@) = @) + (1 = Bu)(Suvn — q)II?

< (1= Ba)?lISnvn — all* + B2 f (zn) — F(@)

+28,(f (@) — ¢, Tnt1 — @)
< (1= Bn)?llzn — qll* + B2 [|lzn — qll* + 28n(f(q) = ¢, Ty — q)
< (1= Bl =k) wn —al® +28,(f(@) = @ 7ns1 — ). (3.63)

Putting an = n — gl bn = 12 (f(a) — ¢ @ns1 — @) and 6 = Ba(1 — k), for cach
n € N, (3.63) is rewritten as

ant1 < (1= 0p)an + dnbn. (3.64)

Then it follows from (3.5) and (3.64) that limsup,,_, o by, <0, lim,,_,o d, = 0 and
> 8, = oo. Thus by Lemma 2.11 and (3.64), we have

n=1
lim ||z, —¢|| =0. (3.65)
n—oo
Because lim, o ||tn — Zn|| = 0 and lim, o ||vn — 25| = 0, it follows from (3.65)
that
lim |lu, —¢|| = 0and lim |v, —g|| = 0. (3.66)
n— o0 n— o0

This completes the proof. O
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4. NUMERICAL EXAMPLE

Example 4.1. Let C = H = R be the set of real numbers and N = 1. Define the
functions¢p: HxH - R, g: H—R, B: H— H and S, : H — H by the formulae

¢(a,y) = =32% + 2zy + %, =,y € H; (4.1)
g(x):%mQ, x € Hj. (4.2)
B(z) =2z, v € H; and (4.3)
Sn(:v)zg, z€H. (4.4)

e We observe that the gradient of g, Vg(x) = x, is 2— Lipschitzian as
[Vg(x) = Vg(y)| = [z —y| < 2|z —y| for all 2,y € H.
In addition we have U = {z : g(z) = mingeg g(x)} = {0}. Let {\,} be a
sequence in (0, %) = (0,1) be defined as A\, =1— L, n=1,23,--- so that

n

Vn = % = % Then it can be shown that

T x 1 T
Pc(I =\, Vg)z = - =5 +(1 - %)m =z + (1 — ) Thz,
where Ty, () = 555 for v € H.

e ¢ satisfies Condition A. Indeed, for all x,y,z € H
Al. ¢(x,x) = —32% + 222 + 2% = 0;
A2. ¢z, y)+ ¢y, x) = =32 + 20y +y* = 3y° + 2wy + 2 = —2(x —y)* < 0;
A3. Obviously, lim; o ¢(x + t(z — x),y) = ¢(x,y); and
A4. For x € H, ¢(x,.) is convex and continuous; and so ¢ is convexr and
lower semi-continuous on the second argument.
e For each x,y € H

1(Br — ByP = (2 —y)? <2z — )’ = (B~ By)(z — )
so that B is a %fism.
o Let z€ EP(¢,B). Then
o(z,y)+{y—2,Bz) >0, forallye H
o 322422y + 12 + 22y — 222 >0, forally e H
e y? + 42y —522>0, forall y € H.

Since y is the variable in the quadratic inequality above, the discriminant
b2 —4dac <0, where a = 1, b = 4z, and ¢ = —52%. Thus we get

b% — dac = 1622 — 4(1)(=52%) = 3622 <0 if 2 = 0.

Therefore, 0 € EP(¢, B) # ().
o Let x € H and z = Qr(x). Then

1
(z,y)+—(y—2z,z—a) >0forally € H
r
1 1 1
&322+ 22y+ P+ ~(z—2)y+ -2 —-22>0forallyc H
r r r

1 1 1
©y2+[(2+;)z—;]y—(B—i—;)zQ—i—;zxZOforallyEH.
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Since y is the variable in the quadratic inequality above, the discriminant
b2 —dac <0, wherea=1,b=(2+ 1)z -2 and c = —(3+ )22 + Lz
Thus, we get

1 z]? T
b —dac= |4+ -)z—=| <0ifz= .
ac {( +r)z r] <0ifz=_—r

Therefore, Q,(x) = T Jorxz € H and r > 0.

o For each n € N, S,, is a directed nonexpansive mapping. For n = 1, the
identity mapping is obviously a directed nonerpansive mapping. Forn > 2,
Fiz(S,) = {0} and so that for all z € H, we have

(Spx —0)? = %:f < 277;; 1:E2 =(z—0)? - (z — Spx)%.

Moreover, (oo, Fiz(S,) = {0}. If K is a nonempty subset of H such that
for some positive real number M, |x| < M for all x € K, then

s M > 1
: K5 < —— <M — < 0.
reK}s Y SNy <o

o = (\2,[U N EP(¢, B) N Fia(S,)] = {0} # 0.

The mappings ¢, B, g, Sy satisfy all the conditions stated in the main result
(Theorem 3.3). For each natural number n, let us define

1 1
Tn*Z; anfaa ﬁn*ﬁ

Then, {r,} is a sequence in (0,2a) = (07 %) since o = %. Thus the sequences of
parameters {\n}, {rn}, {an} and {B.} satisfy all the conditions of the involved

parameters in the main result.
Thus, with the above mappings and parameters, Algorithm 3.3 reduses to the

following:
Algorithm 1. Let x1 € R.

Un = QTn (l’n - Tann) = 4r—1+1(x’n - Tann) = %mna
on = an@n + (1= an)Toun = g7y n; (4.5)
Tp41 = an(.ﬁn) + (1 _Bn)snvn = Tlfl [1 + ﬁ _ % + 45,?} L.

The following graphs for the initial guess 1 = 1 in Figure 1 and z; = 100 in
Figure 2 are evaluated by MATLAB R2026a. For both initial guesses the iteration
converges to the common solution before computing the first ten iterations.
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5. CONCLUSIONS

In our results, we proposed an approximation scheme for finding a common so-
lution to a constrained convex minimization problem, a finite family of generalized
equilibrium problems, and a fixed point problem for a sequence of directed non-
expansive mappings in Hilbert spaces. The approximation technique we employed
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was not a direct composite viscosity method. Although many authors had previ-
ously considered composite iterative schemes for approximating solutions of any
two, or all three, of these problems, our methods of proof were mainly aligned with
the methodologies implemented by Sangago et al. [24], Cai et al. [10], Naidu and
Sangago [20], Xu [27, 28, 29, 30], Yazdi [31, 32], and Yazdi and Sababe [34, 35].
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