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Based on Korpelevich’s extragradient method, hybrid steepest-descent method, and viscosity approximation method, we propose
implicit and explicit iterative schemes for computing a common element of the solution set of a system of variational inequalities
and the set of zeros of an accretive operator, which is also a unique solution of a variational inequality. Under suitable assumptions,
we study the strong convergence of the sequences generated by the proposed algorithms. The results of this paper improve and

extend several known results in the literature.

1. Introduction and Preliminaries

Throughout the paper, we use the notation — to indicate the
weak convergence and — to indicate the strong convergence.

Let X be a real Banach space whose dual space is denoted
by X*. LetU = {x € X : ||x|| = 1} denote the unit sphere of
X. A Banach space X is said to be uniformly convex if for each
€ € (0,2], there exists § > 0 such that for all x, y € U,
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e slze= 2

It is known that a uniformly convex Banach space is reflexive
and strictly convex.
A Banach space X is said to be smooth if the limit

tim 2 1= 1 @
t—0 t

exists for all x, y € U; in this case, X is also said to have
a Gdteaux differentiable norm. Moreover, it is said to be
uniformly smooth if this limit is attained uniformly for all
x,y € Us in this case, X is also said to have a uniformly
Fréchet differentiable norm. The norm of X is said to be Fréchet

differentiable if for each x € U, the limit is attained uniformly
forall y € U. A function p : [0,00) — [0, 00) defined by

p(@) =sup {3 (b ol + Jx =) -1
3)
%y € Xl = 1[y] = 7}

is called the modulus of smoothness of X. It is known that X
is uniformly smooth if and only if lim__, jp(7)/7 = 0. If g €
(1,2] is a fixed number, then a Banach space X is said to be
q-uniformly smooth if there exists a constant ¢ > 0 such that
p(r) < c1¥for all T > 0. As pointed out in [1], no Banach
space is g-uniformly smooth for g > 2.

The normalized duality mapping J : X — 2% is defined

by

J(x) = {x* e X" (x,x") = Ix|* = ||x*”2} , VxeX,
(4)

where (-,-) denotes the generalized duality pairing. It is an
immediate consequence of the Hahn-Banach theorem that
J(x) is nonempty for all x € X. It is also known that J
is single-valued if and only if X is smooth, whereas if X



is uniformly smooth, then the mapping J is norm-to-norm
uniformly continuous on bounded subsets of X. For further
details on the geometry of Banach spaces, we refer to [2, 3]
and the references therein.

Lemma 1 (see [4]). Let X be a 2-uniformly smooth Banach
space. Then

e+ A < Ixl + 20, T ) + 2y, Vxy e X (5)

where « is the 2-uniformly smooth constant of X and ] is the
normalized duality mapping from X into X*.

The following lemma is an immediate consequence of the
subdifferential inequality of the function (1/2)|| - 1%

Lemma 2. Let X be a smooth Banach space. Then,

Ixl? +2 (7, T () < |x+ yIF < Ixl> +2 (3 T (x + 3)),

Vx,y € X,
(6)

where ] is the normalized duality mapping of X.

Proposition 3 (see [5]). Let X be a real smooth and uniform
convex Banach space and r > 0. Then, there exists a strictly
increasing, continuous, and convex function g : [0,2r] — R,
g(0) = 0 such that

g(lx=y) <<l -2¢x.J () + |y|>. Vx.yeB, )

where B, = {x € X : ||x| < r}.

Let Cbe a nonempty closed convex subset of a real Banach
space X. A mapping T : C — C is said to be L-Lipschitzian
(or Lipschtiz continuous) if there exists a constant L > 0 such
that [Tx-Ty| < L|lx -yl forallx, y € C.IfL € (0,1), then T
is called L-contraction. If L = 1, then T is called nonexpansive.

The set of fixed points of T' is denoted by Fix(T').

Lemma 4 (see [6]). Let C be a nonempty closed convex
subset of a strictly convex Banach space X, and let {T,}>°,
be a sequence of nonexpansive mappings on C. Suppose that
Moo Fix(T,) is nonempty. Let {A,} be a sequence of positive
numbers with Y 720 A,, = 1. Then, a mapping T on C defined
by Tx = Y20 A, T,x for x € C is defined well, nonexpansive,
and Fix(T) = (2, Fix(T,).

Lemma 5 (see [7]). Let C be a nonempty closed and convex
subset of a Banach space X and T : C — C be a continuous
and strong pseudocontraction mapping. Then, T has a unique
fixed point in C.

Let C be a nonempty subset of a Banach space X. A
mapping A : C — X is said to be

(a) accretive if for each x, y € C, there exists j(x — y) €
J(x — y) such that

(Ax-Ay,j(x-y)) =0, (8)

where J is the normalized duality mapping of X;
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(b) a-strongly accretive if for each x, y € C, there exists
j(x =) € J(x - y) such that

(Ax- Ay, j(x-y)) = afx-y|*, for some a € (0,1);
)

(c) pseudocontractive if for each x, y € C, there exists
j(x =) € J(x — y) such that

(Ax - Ay, j(x =) < |x -y (10)

(d) B-strongly pseudocontractive if for each x, y € C, there
exists j(x — y) € J(x — y) such that

(Ax— Ay, j(x-y)) < B|x - y||2, for some f3 € (0, 1();)
11

(e) A-strictly pseudocontractive if for each x, y € C, there
exists j(x — y) € J(x — y) such that

(Ax - Ay, j(x-y)) < |x -y - Ax - y - (Ax - Ap)|,

for some A € (0,1).
(12)

It is worth to mention that the definition of the inverse
strongly accretive mapping is based on that of the inverse
strongly monotone mapping, which was studied by so many
authors; see, for example, [8, 9].

Lemma 6. Let C be a nonempty closed convex subset of a real
smooth Banach space X, and let F : C — X be a mapping.

(@ If F C — X is a-strongly accretive and A-
strictly pseudocontractive with « + A > 1, then I — F
is nonexpansive and F is Lipschitz continuous with
constant 1 + 1/A.

(b)IfF : C — X is a-strongly accretive and A-strictly
pseudocontractive with « + A > 1, then for any fixed
7 € (0,1),I—7F is contractive with coefficient 1 — (1 -

V(1 = a)/A).

Proof. (a) From the A-strictly pseudocontractivity of F, we
have for all x, y € C,

MI-Fx-I-F)yP <{I-F)x-I-F)y,J(x-y))

<la-Bx-a-Fylle-sl,

(13)
which implies that
I(I-F)x—(-F)y] S%Hx—y“. (14)
Hence,
[Fe-FO) < T =-F)x-T-F)y|+]x-y]
(15)

<(1+5) b1
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From the A-strictly pseudocontractiveness and «-strongly
accretiveness of F, we have for all x, y € C,

MU -F)x-(I-F)y|
<|x-yP - (Fx)-F(y).J(x-y) (6
<(-wfx- I,

which implies that

II-F)x-(I-F)y|< JI_T“ lx-y|. 7

Sincea+A>1 e +(1-«)/A <1,1-F is nonexpansive.
(b) Take a fixed 7 € (0, 1) arbitrarily. Observe that for all
x,y €C,

[(I - 7F)x - (I-7F)y|
=|1-1)(x-y)+7[I-F)x-(I-F)y]|
<(A-7)|x-y|+7|T-F)x-T-F)y|

ca-nb- (55 ) ol

S (R TR)

Sincea+A > 1 +/(1 —a)/A < 1,I-7F is contractive with
coefficient 1 — 7(1 — /(1 — @)/A). O

Let X be a real smooth Banach space X. An operator V :
X — X" is said to be strongly positive [10] if there exists a
constant y > 0 such that

(18)

(v, ] (x)) = I,
lal - bVl = sup (@l ~bV) %] GDI, (19

lxl<1
e€[o,1], be[-1,1],
where I is the identity mapping.

Lemma7 (see [7]). LetV be a strongly positive linear bounded
operator on a smooth Banach space X with coefficienty > 0

and 0 < p < |V|™". Then, |I - pAl < 1 - py.

Recall that a possibly multivalued operator A ¢ X x X
with domain D(A) and range R(A) in X is accretive if for
each x; € D(A) and y; € Ax; (i = 1,2), there exists
j(x; — x,) € J(x; — x,) such that (y, — y,, j(x; — x;,)) = 0.
An accretive operator A is said to satisfy the range condition
if D(A) ¢ R(I +rA) for all r > 0. An accretive operator A is
m-accretive if R(I+rA) = X for each r > 0.If A is an accretive
operator which satisfies the range condition, then we can
define, for each r > 0, a mapping J, : R(I + rA) — D(A)
by J, = (I + rA)™", which is called the resolvent of A. It is

well known that J, is nonexpansive and Fix(J,) = A7'0 for all
r > 0. Hence,

Fix(J,) = A'0={z e D(A): 0 € Az}. (20)

If A~'0 # 0, then the inclusion 0 € Az is solvable.
The following resolvent identity is well-known.

Lemma 8 (resolvent identity). For A > 0, 4 > 0, and x € X,

]Ax:]'”<§x+(1—§>],\x>. (21)

Recently, Aoyama et al. [11] studied an iterative scheme
in the setting of a uniformly convex Banach space X having
a uniformly Gateaux differentiable norm to compute the
approximate zero of an accretive operator A. They proved that
the sequence generated by their scheme converges strongly
to a zero of A under some appropriate assumptions. Subse-
quently, Ceng et al. [12] introduced and analyzed a composite
iterative scheme in the setting of a uniformly smooth Banach
space or a reflexive Banach space having a weakly sequentially
continuous duality mapping. Further, Jung [13] proposed
and analyzed a composite iterative scheme by the viscosity
approximation method for finding a zero of an accretive
operator A and established the strong convergence of the
sequence generated by the proposed scheme.

Let C be a closed and convex subset of a Banach space X,
and let D be a nonempty subset of C. A mappingII: C — D
is said to be sunny if

IT[IT(x) + ¢t (x - T1(x))] =1 (x), (22)

whenever II(x) + t(x — II(x)) € Cforallx € Candt > 0.
A mapping IT : C — C is called a retraction if 1> = II. If a
mapping IT : C — C is a retraction, then II(z) = z for all
z € R(IT), where R(II) is the range of II. A subset D of C is
called a sunny nonexpansive retract of C if there exists a sunny
nonexpansive retraction from C onto D.

The following lemma concerns the sunny nonexpansive
retraction.

Lemma 9 (see [14]). Let C be a nonempty closed convex subset
of a real smooth Banach space X, let D be a nonempty subset
of C, and let I1 be a retraction of C onto D. Then, the following
statements are equivalent:

(a) II is sunny and nonexpansive;

(b) IT1(x) = TI(Y)I* < (x =y, J(TI(x) - TI(1))), Vx, y € C;
(c) {x —TI(x), J(y - II(x))) < 0,Vx € C,y € D.

It is well known that if X = H is a Hilbert space, then
a sunny nonexpansive retraction Il is coincident with the
metric projection from X onto C; that is, IIo = P.. If C
is a nonempty closed convex subset of a strictly convex and
uniformly smooth Banach space X and if T : C — Cis
a nonexpansive mapping with the fixed point set Fix(T') 0,
then the set Fix(T') is a sunny nonexpansive retract of C.

Let X be a smooth Banach space,let C € X be a nonempty
closed convex set, and let B;, B, : C — X be two nonlinear



mappings. We consider the following system of variational
inequalities (in short, SVI) which is earlier studied by Cai and
Bu [15]. Find (x*, y*) € C x C such that

<P‘1Bl)’* +x" —y*,](x—x*)) >0, VxeC,
(23)

(Bx" +y" =x",J(x=y")) 20, VxeC,

where y; and p, are two positive constants. When X = H isa
real Hilbert space, then SVI (23) is considered and studied by
Cengetal. [16]. In addition, if B, = B, = Aand x™ = y*, then
the SVIreduces to the classical variational inequality problem
(VIP) of finding x* € C such that

(Ax",x-x") >0, VxeC. (24)

It is worth to mention that the system of variational inequal-
ities is used as a tool to study the Nash equilibrium problem;
see, for example, [17-19] and the references therein. We
believe that the problem (23) could be used to study Nash
equilibrium problem for two-player game. The theory of vari-
ational inequalities is well established because it has a wide
range of applications in science, engineering, management,
and social sciences. In 1976, Korpelevi¢ [20] proposed an
iterative algorithm for solving VIP (24) in Euclidean space,
which is known as the extragradient method or Korpele-
vich’s extragradient method. For different generalizations of
extragradient method for variational inequalities and fixed
point problems, we refer to [21-23] and the references therein.
For further details on variational inequalities, we refer to
[2,19, 24, 25] and the references therein.

Whenever X is a real smooth Banach space, B, = B, =
A, and x* = y*, then SVI (23) reduces to the variational
inequality problem (VIP) of finding x* € C such that

(Ax*,J(x—=x")) 20, VxeC, (25)

which was considered by Aoyama et al. [26]. Very recently,
Cai and Bu [15] constructed an iterative algorithm for solving
SVI (23) and a common fixed point problem of an infinite
family of nonexpansive mappings in a uniformly convex and
2-uniformly smooth Banach space. They proved the strong
convergence of the sequence generated by the proposed
algorithm.

Lemma 10. Let C be a nonempty closed convex subset of a
smooth Banach space X. Let Il be a sunny nonexpansive
retraction from X onto C, andlet B;, B, : C — X be nonlinear
mappings. For given x*,y* € C, (x*,y") is a solution of
SVI (23) if and only if x* = Uc(y" — B, y"), where y* =
Mo (x™ — pyByx™).

Proof. We can rewrite SVI (23) as

(x* = (y* —wBy*),J (x—x")) 20, VxeC, o6
26
(y" = (x" —wB,x"), J(x—y")) 20, VxeC,
which is equivalent to
x" =T (y" - mBy"),
(27)

y'=Te(x" = pByx7).

From Lemma 9, we get the conclusion. O

Abstract and Applied Analysis

Remark 11. In view of Lemma 10, we observe that

x" = e [Hc (x* - !4232’5*) - Bl (x* - P‘zBZX*)](a )
28

which implies that x* is a fixed point of the mapping G =
eI =y BPOH( = 4, B,).

Lemma 12 (see [15, Lemma 2.8]). Let C be a nonempty closed
convex subset of a real 2-uniformly smooth Banach space X,
and for eachi = 1,2, let B; : C — X be an «;-inverse-strongly
accretive. Then,

"(I - wiB)x— (I - HiB,»)yIIZ
< o=yl + 20 (e - o) [Bx - Biy|',  (29)
Vx,y€C, i=12,

where ; > 0. In particular, if0 < p; < o,/x*, then I — ,B; is
nonexpansive fori = 1, 2.

Lemma 13 (see [15, Lemma 2.9]). Let C be a nonempty closed
convex subset of a real 2-uniformly smooth Banach space X,
and let I1- be a sunny nonexpansive retraction from X onto C.
Foreachi = 1,2, let B; : C — X be a o;-inverse-strongly
accretive mapping and let G : C — C be the mapping defined
by

Gx =1Il¢ [Hc (x - yszx) - Bl (x - yszx)] > (30)
Vx € C.

If0 < p; < a;/x* fori = 1,2, then G : C — Cis nonexpansive.

Throughout this paper, the set of fixed points of the
mapping G = I1-(I — p; B))II-(I — u,B,) is denoted by Q.

Let X be a real uniformly convex and 2-uniformly smooth
Banach space, and let C be a nonempty closed convex subset
of X such that C + C ¢ C. Let V be a y-strongly positive
linear bounded operator with y € (1,2). The purpose of
this paper is to introduce and analyze implicit and explicit
iterative schemes for computing a common element of the
solution set of system of variational inequalities and set of
zeros of an accretive operator A with domain D(A) and range
R(A) in X such that D(A) ¢ C ¢ (N0 RU + rA). Our
methods are based on Korpelevich’s extragradient method,
hybrid steepest-descent method, and viscosity approximation
method. In particular, we propose the iterative methods for
computing a point p € Q N A™'0, which is also a unique
solution of the following variational inequality:

(V-DpJ(p-u) <0, VueQnAl'o. (31

Under suitable assumptions, the strong convergence of the
sequences generated by the proposed schemes is studied. Our
results extend and improve several results presented in the
recent past in the literature; see, for example, [10, 13, 15, 27-
29] and the references therein.

Now we present some known results and definitions
which will be used in the sequel.
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Let p be a mean if p is a continuous linear functional on
1% satisfying ||l = 1 = p(1). Then we know that p is a mean
on N if and only if

inf {a, :n € N} < p(a) <sup{a, :n e N} (32)

for every a = (aj,a,,...) € 1. According to time and
circumstances, we use 4,(a,,) instead of p(a). A mean y on
N is called a Banach limit if and only if

Hn (an) = Uy (anﬂ) (33)

for everya = (a;, a,,...) € I°. We know that if g is a Banach
limit, then

lim infa, <y, (,) < lim supa, (34)
for every a = (a;,a,,...) € I®.So, ifa = (a;,a,,...), b =
(b, by,...) €1®anda, — c(resp.a,—b, — 0),asn — 0o,
we have

(resp., p, (@,) = 1, (b,)) . (35)

Lemma 14 (see [30]). Let C be a nonempty closed convex
subset of a uniformly smooth Banach space X, and let {x,} be
a bounded sequence in X. Let y be a mean on N and z € C.

Then,

Un (an) = /’t(a) =cC

2 . 2
Hn"xn - Z” - I;lelél Hn"xn - )’” (36)

if and only if
vy (y -2 (x,-2)) <0,Vy €C, (37)

where ] is the normalized duality mapping of X.

Recall that a Banach space X is said to satisfy Opial’s
condition if whenever {x,,} is a sequence in X which converges
weakly to x asn — 00, then

lim sup ||x, - x| <lim sup|x, - y|, VyeX, y#x.
(38)

Lemma 15 (demiclosedness principle, see [31, Theorem 10.3]).
Let X be a reflexive Banach space satisfying Opial’s condition,
let C be a nonempty closed convex subset of X, and let T :
C — C be a nonexpansive mapping. Then the mapping I — T
is demiclosed on C, where I is the identity mapping; that is, if
{x,} is a sequence of C such that x,, — x and (I - T)x,, — y,
then (I -T)x = y.

Remark 16. 1f the duality mapping J : x +— {x" € X" :
(x,x*) = |Ix|* = [lx*|*} from X into X* is single-valued
and weakly sequentially continuous, then X satisfies Opial’s
condition; see [32, Theorem 1]. Each Hilbert space and the
sequence spaces I” with 1 < p < o satisfy Opial’s condition;
see [32]. Though an LP-space with p#2 does not usually
satisfy Opial’s condition, each separable Banach space can be
equivalently renormed, so that it satisfies Opial’s condition;
see [33].

We close this section by mentioning a result on the
sequence which will be used in the proof of the main results
of this paper.

Lemma 17 (see [34]). Let {s,} be a sequence of nonnegative
real numbers satisfying

Sy < (1—a,) s, + 0, B, + 9, Yn 20, (39)

where {«,},{B,}, and {y,} satisfy the following conditions:
@) {o,} c [0,1] and Y2, o, = 00;

n=0 ""n
(i) limsup, _, .8, < 0;
(i) y, > 0,Vn > 0, and Y2y, < ©0.

Then lim,, _, s, = 0.

2. Implicit Iterative Scheme and
Its Convergence Criteria

In this section, we propose an implicit hybrid steepest-
descent viscosity scheme for finding the solution of SVI (23)
such that such solution is also a zero of an accretive operator.
We also study the strong convergence of the sequence
generated by the proposed algorithm.

Theorem 18. Let C be a nonempty closed convex subset of
a uniformly convex and 2-uniformly smooth Banach space X
such that C + C < C. Let Il be a sunny nonexpansive
retraction from X onto C, and let A ¢ X x X be an accretive
operator in X such that D(A) € C c (., R(I + rA). For each
i=121letB; : C — X bean a;-inverse-strongly accretive
mapping such that A = QN A0 # 0, where Q is the fixed point
set of the mapping G = I1o(I—p, B))IIo(I-p,B,) with0 < y; <
o;/i* fori = 1,2. Let F : C — C be a-strongly accretive and \-
strictly pseudocontractive witha+A > 1, andlet f: C — C be
a fixed Lipschitzian strongly pseudocontractive mapping with
pseudocontractive coefficient 3 € (0,7,), Yo =1 — V(1 — a)/A,
and Lipschitzian constant L > 0. Let V : C — C be a y-
strongly positive linear bounded operator with y € (1,2). For
each integer n > 0, let {x, .} be defined by

xt,n = (I - etv) ]rnGxt,n

+ et []ry,Gxt,n —t (F (IrnGxt,n) - f ('xt,n))] >

where {r,} C [e,00) for somee > 0and 0 < 6, < (1%
forallt € (0,(2 —9)/(y, — B)) with lim, _, ,0, = 0. Then, as
t — 0,{x,,} converges strongly to p € A, which is a unique
solution of the following variational inequality:

((V-Dp,J(p-u)) <0, VYueA. (41)

Proof. We first show that {x, ,} is defined well. Since 0 < 6, <
[V~ forallt € (0,(2=7)/(yo—pB)) and V] = ¥ > 1, we have
0<6, <|V|™" <1,forallt € (0,2 -7)/(y, — B)). Define a
mapping I}, : C — Cby

L,x=(-6V)], Gx+6,[], Gx—t(F(J, Gx) - f ()],

Vx € C.
(42)

(40)



Observe that
(Tux = Lys T (x = y))
=((I-6,V)], Gx—(I-6,V)], Gy,] (x - y))
+6,((I-tF) ], Gx - (I - tF)], Gy,] (x - y))
+0,t(f ()= f(»),T(x=y))
<|1-6V||1.,Gx 7,6y Ix -l

+6, |(1-tF) ], Gx - (I tF) ], Gy| |x - |

+ t@tﬁ”x - )’"2

<(1-67)|,,Gx~1,6] I~ 51

]

+ t@tﬁ“x - J’"Z
<(1-6,7) [Gx -Gy |x - ¥|

1-«
co(1-1(1-\15%) ) lor- ool s

+10,flx -y

<(1-6,7) |-y

v (12 (1-52) e o

+ t9t.3||x - )’"2

=[1-6,F-1+t(p-B)]Ix— "

]rnGx - ]r,le“ “x - y“

(43)

Whenevern > 0and t € (0,(2-9)/(y, - B)), I}, : C — Cis
a continuous and strongly pseudocontractive mapping with
pseudocontractive coefficient 1 —0,(y — 1 +t(y, — 3)) € (0, 1).
By Lemma 5, we deduce that there exists a unique fixed point
in C, denoted by x, ,, which uniquely solves the fixed point
equation

Xin = (I - Gtv) ]r,,Gxt,n
+ Qt []rnGxt,n -t (F (]rnGxt,n) - f (Xt,n))] .

Let us show the uniqueness of a solution of VIP (41).
Suppose that both p; € A and p, € A are solutions to VIP
(41). Then, we have

(V=DpJ(p-p)) <0,
(V=D pyJ(pr=p1)) 0.

Adding up the above two inequalities, we obtain

(V=-Dp, = (V-Dp,J(p—p,)) <0.  (46)

(44)

(45)
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Note that

(V=D p, - (V-1 pyJ(p,—p2))
=V (pr = p2)T(p1 = P2)) = {pr = P2 T (P1 = 1))
>y|p, - Pz"2 ~|lpi - Pz”2

=y-1)|p - Pz“z 2 0.
(47)

Taking into account 0 < y — 1 < 1, we have p; = p,, and
hence the uniqueness is proved.

Next, we show that {x, ,} is bounded. Indeed, we note that

0<6, < VI, forall t € (0,(2 - )/ (yo — B)). Take a fixed
p € A arbitrarily. Utilizing Lemmas 6 and 7, we obtain

% = 2l
=((I-6,V)], Gx,,
+6, [J. Gx,p —t (F(J, Gxy,,) = f (x,))]
~pJ (Xeu = D))
= ((I1-6,V) ], Gxp = (1-6,V) ], Gp.] (%1, = P))
+6,(J, Gx= t (F(J,, Gx) = f(x0n)) = 22T (X0 = P))
+6,(I=V)p:J (%1, = P))
=((I-6,V)],Gx,,, —(I-6,V)],Gp.] (x,, - p))
+6, [(I~tF) ], Gx,,, - (I = tF) ], Gp,] (%, - P))
+t ((f (%) = £ (P) T (x40 = P))
+(f (p) = F(p).] (xen—P))) ]
+6,{I=V)p:J (%1, - P))
<|(1-6,v)J, Gx,, - (1-6,V) ], Gp| |, — P
+6,[|a - tF) 1, Gx,,, - (I~ tF) ], Gp|| |, - P
+t((f (x0) = £ (P) T (x = P))
+]1f () = E (@) e - 21 ]
+ 011V | p| |, - Pl
< (1-6.) |, Gxe — 1., Gp | %0 -
+6, [ (1=19) |1, Gxe = 1, Gp| |0 — £
#t (Bl = pI” +1£ () = F (D) I - £1)]
+ 60,1 =VIp] %, - pl
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< (1-0,9)[Gx,, = Gp|l |xe — £
+6, [(1 - ty,) | Gx,, = Gp| %00 — P
+t (Blxen = 2I” + 1f (2) = F (0)] I = 21)]
+60,11 = VI o] ., - pl
< (1-67) |x. - pl’
+6, (1= tyy) | - I’
+t (Blxen = pI” + £ () = F (2)] e - 2]

#6011 = VI pl [0 - 2
(48)

which immediately yields

| = pll < (1 =6,9) | %, — |
+0, [(1-ty,) ”xt,n - P"
(49
+t (Bllxen — ol + 1f (p) - F(P)])]
+6, 1= VIp].

It follows that

., - p| < M=V lel +¢1f (p) - F ()]
e 7=1+t(y~pB)

_=vilel +1f (p) - F (p)]
< - :

50)

Thus, {x,,} is bounded and so are {f(x,,)}, {Gx;,}, and

/., Gx; )

Let us show that ||x; , — Gx; || — Oast — 0.

Indeed, for simplicity we put g = IIo(I — u,B,) p,u;,, =
Oc(I-u,By)x,; , and v, = Tlc(I-p, By)u, .. Then, p = TI(I-
p1By)g and v, = Gx, .. Hence from (48), we get

%, — oI

< (1=69) [ve - 2l %0 - 2l

+6,[ (1= ty0) Ve = £l % = 2
#t (Blxen = pI” + 1 () = F(P) e - 2]

+ 0,11 = VIl ] lx - Pl

= [1-6,(7 - 1+ tyo)] v — £l %0 - £l
+ 64t (Blxw = oI + 1 (2) = F(P) %0 - £l
+ 60,11 = Ve .. - pl

_ 1
<[1-6,(y-1+ty)] 3 ("Vt,n - P"Z + ”xt,n - P"z)

+0,t (Bl = oI+ 1 (0) = F () e~ pl)

+ 61 =VIHpl % - 2l
(51)

From Lemma 12, we have

e = all” = [T, = p2By%,,) = Tle(p = By )|

< X = P = 2 (Byxe, — Bop)|’

< g = P“2 -2 (0‘2 - Kz.”z) |Bx.,, - BzPHZ’
Ve = PI° = 00 (e = iy Buty,,) = T (q = g1 Byg)

< e~ q = 1y (Biuy, ~ Big)|’

< "”t,n - CI||2 -2 (“1 - KZ.”l) nBlut,n - 31‘1"2-
(52)

From the last two inequalities, we obtain

[ve - P”2 < e - P||2 =2 (0‘2 - Kz//‘z) |Byx,., - BzP"2

=2 (“1 - Kz.”l) ||B1”t,n - 31‘1"2»
(53)

which together with (51) implies that

B
<[1-0, (7= 1+ 90)] 3 (b= 2 + I = )
+6,t (Bl — oI +17 (2) - F (2] .. )

+ 0,11 = VI pll | x.. - ll
[1-6,(y-1+ty)]

IN

1= 2 + D~ 2P
=24 (“z - KZP‘z) |Byx, — Bop
-2 (0‘1 - KzP‘l) By 14y, — 31‘1"2}
+0,t (Bl = I + £ (2) = F (0] | - )
+ 0,11 = VIl ] x - Pl
=[1-6, (7= 1+ (v~ B)] e —
+0,t £ (p) = F ()| I1xe — 2l

+ 6,11 = VI || [|x. - £l
-[1-6,(y-1+1y)]



X {//‘2 (“2 - Kz.”z) 1B, - BzP"2
BﬂHZ}

< |xen = pI* + 0t |f (p) = E ()] |1xen - £
+ 6,11 = VI pll | x.. - pll

T (“1 - Kz#l) ”Blut,n -

~[1-6,(y - 1+1y)]
X {[42 (0‘2 - KZ!"z) |B2x,., - BzP"2

T (0‘1 - KZ//‘l) ”Blut,n - 31‘1“2} :
(54)

Therefore,
Kz.uz) |Byx,, - BzP"2

th (0‘1 - Kzl/’l) 1By 24y, — qu"z}

<0t £ (p) = F (P)] e = Pl + 0 11 = VI | ] e, - fll :
55

[1-6,(7-1+ty)] {!42 (0‘2 -

Since 0 < y; < o;/x* for i = 1,2, it follows from lim, _, ,6, = 0
that

tll_I)If(l) “Bzxt,n - BZP" =0,
(56)
thf%) "Blut,n - qu“ =

Utilizing Proposition 3 and Lemma 9, we have

e =l = [T (%, = toBx1,) = Tl (p = 1B, )|
< (X = (p—Byp), ] (ty, — q))
= (X = P J (U = 9))
+th (Byp = Byxy o J (= q))

o Byxy, —

1
< 2 (e = 27 + g = all”

-(p-a]

+ b |Bop = By [, - all

—91 (”xt,n — U

(57)

which implies that

Uiy = (P - q)”)

2 2
Uy — < (Xen — - Xy —
leten = all™ < %0 = 217 = 91 (I (58)

+2u, "BZP - B2xt,n|| ||ut,n - qll .
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Similarly, we derive

Ve = I = 10t = 1Byt ) = Tlolq = i B
< (U = By, = (= B1q) ] (Vi = P))
= (=] (Ve = P))
+ i (B1q — Bytty ] (Vi = P))

< 2 [ty =l + = o

2 ("ut,n ~Ven + (p - q)") ]

T "qu - Bl”t,n“ “Vt,n - p“ >

(59)
which implies that
[Ver = I < e = 4l = g2 (et = ve + (P = ) 60)
+ 2 [|B.g = Byt | [vi, — -
Combining (58) and (60), we get
[Ven = 2l < %0 = 21 = 91 (0 = 110 = (2 = D))
- Uy = Ve + (P -
9> (" t,n t,n (p q)”) (61)

+ 24, | Bp = By || |4, — 4

+ 2 |B1g = By, [vin — o>

which together with (51) implies that

i = P
<[1-6,(y- (lem pIF+ i = 2I7)
+6,t (Bllxn— ol + 15 (p) -
+ 6,11 =VI|p] .. - pl

<[1-6,(F-1+tp)]

1+ty,)]

F(p)] |, - pl)

1
x> i =PI + i = I
U, — (p—q)|)
2 (”ut,n “Vint (p - q)")

+ 2B, p = Byxi| 14 — 4

~— 9 (“xt,n -

+ 24y |Big = Byvt|| | v1 = 2 }

+0,t (Bl — 2" + £ (P) = E ()] %0 = 2])
+0, 11 = Vi pll | x.. - 2
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=[1-6,(y-1+t(y - B))] "xt,n - P”z

1

=01+ )]

{91 (Jxen = e = (P - a))
+ G (Jug = veu + (P~ D)}
+[1-6,(y-1+ty,)]
% (43 |Bop = Byl 1ty =
+ t[B1g = Byt v — pl)
+ 6, (Blxe = 21" + 15 (2) = F(0) %0 - 1)
+ 6,11 = VI p] |x, - pl
<l 2l = 5 116, (= 1+ 13,)]
{91 (|xen = e = (P - 9)|))
92 ([t = vin + (P~ D))}
+[1-6,(y-1+ty,)]
x (¢ [ Bop = Byxy o g — al
+ t[|B1g = Byt v — pl)
+ 64t (Blxew = I + 15 (2) = F () e - 1)

+ 61 =VIHpl <. - 2l
(62)

Therefore,

1

5 [1-6,(y-1+ty)|{g (”xt,n —t, —(p- q)“)

+ (|t = vip + (P = @)}
<[1-6,(y =1+ 1ty)] (2 | Bop = Byxy| |1t — al
+i41 |[Biq = Byuayy| [vi = )
+6,t (Blxen = I + £ (2) = F (0] I — )
+6, 01 =V | pl ... - Pl -

(63)
Hence, from (56) and lim, _, ,0, = 0, we conclude that
thil}) g1 (“xt,n - ut,n - (p - q)") =0,
(64)
tllj)l}) 92 (“ut,n Vet (P - q)") =0.
Utilizing the properties of g, and g,, we get
thir%) “xt,n - ut,n - (p - q)" =0,
(65)

lim s, = v,,, + (p = )] = 0.

which leads to

"xt,n - vt,n" < ||xt,n - ut,n - (p - q)”
+ “ut,n Vet (P - ‘1)” — 0 ast— 0
(66)

that is,

th_r)r%) "xt,n - Gxt,n” = th_l?}) “xt,n - Vt,n" =0. (67)

Note that Fix(J, ) = A™'0forallm > 0 and that {x,, : t €
(0,b),n > 0} isbounded and soare { f(x;,,) : t € (0,b),n = 0},
{]rnxt,n :t € (0,b),n > 0} and {],nGxt)n :t € (0,b),n > 0},
where b = (2 - 9)/(y, — B). Hence, we have

[en =77, Gxa

= et 'l(A -I) ]rnGxt,n -t (f (xt,n) -F (]r,,Gxt,n))“ — 0,

ast— 0.
(68)

Also, observe that

”xt,n - Irnxt,n < ”xt,n - ]r,,Gxt,n + IrnGxt,n - ]ry,xt,n
(69)
< “xt,n - ],nGxt,n" + ||Gxt,n - xt,nll .
This together with (67) and (68) implies that
th_r}%) “xt,n - ]r,,xt,n” =0. (70)

Since r,, > ¢ for all n > 0, utilizing Lemma 8, we have

”‘xt,n - ]sxt,n “

+

< "xt,n - ]r,,xt,n ]rnxt,n - ]sxt,n

&€ &€
]s <_xt,n + <1 - _> ]r,,xt,n> - ]sxt,n
Ty Tn

— 0,

= "xt,n - ]r,,xt,n +

ast — 0.

<2 ||xt,n - ]rnxt,n
(71)

For any integer n > 0, for simplicity we put w;, = x,,, for all

t € (0,b). Now let {t;} be a sequence in (0, b) that converges
to0ask — 00, and define a functiong: C — R by

gw) = ptk%“wtk - w||2, Yw € C, (72)
where y is a Banach limit. Define a set
K:={weC:gw)=min{g(y):yeCl} (73
and a mapping

Wx=(1-0)].x+0Gx, VxeC, (74)
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where 0 is a constant in (0, 1). Then by Lemma 4, we have
Fix(W) = Fix(J,) N Fix(G) = A. We observe that

"wt - th” = "(1 -0) (w, - Jow,) + 6 (w, - th)“

(75)
<(1-0) ||wt - ]swt“ +0 ||wt - th" .
So, from (67) and (71), we obtain
Jim_fw, - W, =o0. (76)

Since X is a uniformly smooth Banach space, K is a nonempty
bounded closed convex subset of C (see [30]). We claim
that K is also invariant under the nonexpansive mapping W.
Indeed, noticing (76), we have for all w € K,

1 2 1 2
9w = 3o, - W’ = 3 Wes, - o
) , (77)
<t o, ] = g w.

Since every nonempty closed bounded convex subset of
uniformly smooth Banach space X has the fixed point prop-
erty for nonexpansive mappings and W is a nonexpansive
mapping of K, W has a fixed point in K, say, p. Utilizing
Lemma 15, we get

Y <x - p,](wtk - p)> <0, VxeC. (78)

Putting x = (2I — V) p, we have

w (I =V) p,J (w, - p)) <0. (79)

Noticing w, = x, _,, we conclude from (48) that

|, - ol
=((1-6,V)J,Gw, - (1-06,V)],Gp.J (w, - p))
+6, [((I-tF)J, Gw, — (I -t,F)J, Gp,J (w, - p))
1 ((f (w) = £(p).T (wy, - p))
+(f () =F ()] (w;, - p)))]
+6, (1-V)p.J (w,, - p))

Abstract and Applied Analysis

< (1-6,7) |1, Gw, - 1,Gp| |w, - p]
+60, [ (1= ta0) |1, Gy, 1, Gp vy, ~ ]
st (Blws, - | +17 () - F () oy, - ])]
+6, (I-V)p.J (w, - p))
< (1-6,7) Jw,, - o[
+6, [(1-teyo) |y, - |
st (B, ~ o +17 (2) - F () |, ~ o])]
+6, (I-V)p,] (w, - p))
= [1-0, G- 1+t (o= )] Juo, - o
+0,ti |f (p) = F (p)| |w, - p|
+6, (I-V)p,J (w, - p))-

(80)
It follows that

e, - o]

< Ka-vpJ(w, -p))

-1+t (yo—B)
+t | (p) = F ()] |ws, - p|] 8D

—[{a-v)pJ (w, - p))

-1

<

=

st (p) ~ F (o) oy, - 2]

Sincelimy _, ot = 0, from (79) and the boundedness of {w, },
it follows that

b, ol

S ?i 1Mk [(I_V)P)](wtk _p)
£ () = F (0] |y, - p]] (82)
= % [Auk <(I - V) P’] (wtk - p)>

it f (p) = E (p)] |ws, - p[] <.

Therefore, it is known that for any sequence {w, } in {w, : t €
(0,b)}, there exists a subsequence which is still denoted by
{w,, } that converges strongly to some fixed point p of W.

Now we claim that such a p € A is a unique solution of
variational inequality (41).
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Indeed, from (48), it follows that forallu € A = QN A™'0
oy = ul?
=((I-6,V)], Gw, - (I-6,V)], Gu,] (w, —u))
+0, [(I-tF) ], Gw, - (I - tF) ], Gu, ] (w, — u))
+t((f (w,) = f W), ] (w, —u))
(f W -F@w),] (w,-u))]
+60,{I-V)u,] (w, —u))
< (1-6y) |7, Gw, - J, Gu| |lw, - u|
+6, [(1-ty)
+t (Blwg =l + 1 @) = F @) o, -l
+0,(I-V)u, ] (w, —u)) (83)

), G, ~ 1, Gu |, ~ ]

< (1-69) |w, - u|’
+6, [(1 = ty,) w; - u||2

+t (Bllw, - ul* + |1 f @) = F @) w, - u])]
+0,(I-V)u,] (w, —u))

=[1-6,F -1+ (v~ B)] wy —
+0,t | f (W) = F )] [Jw; - u|
+0,{I-V)u,] (w, —u))

< flw, = uf® +6,¢ | f ) = F @) v, — u
+0,(T-V)u, ] (w, —u)),

which implies that
(V=DuJ (w, - u)) <t|fw-Fwl|uw -u.
Yu € A.

Sincew, — past;, — 0, we obtain from the last inequality
that

(V-Du,J(p-u)) <0, VueA. (85)
Utilizing the well-known Minty-type Lemma [25], we get
(V-=Dp,J(p-u)) <0, VYueA. (86)

So, p € Ais a solution of variational inequality (41).

In order to prove that the net {x, : t € (0,b)} converges
strongly to p ast — 0, suppose that there exists another
subsequence {wsk} C {w, : t € (0,b)} such that w, — qas
s — 0; then we also have g € Fix(W) = Qn Ao = A
due to (76). Repeating the same argument as above, we know
that g € A is another solution of variational inequality (41).
In terms of the uniqueness of solutions in A to the variational
inequality (41), we get p = q. O

1

Remark 19. In the assertion of Theorem 18, “as t — 0, {x;,}
converges strongly to p € A”, p does not depend on n. Indeed,
it is known that {r,} C [, 0c0) for some ¢ > 0. Moreover, in
the proof of Theorem 18, it can be readily seen that p is a fixed
point of the nonexpansive self-mapping W of K. This shows
that p depends on neither # nor ¢.

Remark 20. Theorem 18 improves and extends [15, Theorem
3.1], [10, Lemma 2.5], and [13, Theorem 3.1] in the following
aspects.

(a) The problem and iterative scheme in Theorem 18 are
different from those considered in [15, Theorem 3.1],
[10, Lemma 2.5], and [13, Theorem 3.1].

(b) Theorem 18 drops the assumption of the asymptotical
regularity for the iterative scheme in [13, Theorem 3.1].

3. Explicit Iterative Scheme and
Its Convergence Criteria

In this section, we propose an explicit iterative scheme to
compute a common element of the solution set of SVI (23)
and the solution set of zeros of an accretive operator. We
study the strong convergence of the sequence generated by
the proposed scheme.

Theorem 21. Let X be an uniformly convex and 2-uniformly
smooth Banach space which has the weakly sequentially con-
tinuous duality mapping J. Let C be a nonempty closed convex
subset of X such that C + C ¢ C, and let Il be a sunny
nonexpansive retraction from X onto C. Let A ¢ X x X be an
accretive operator in X such that D(A) € C C [),5o RUI +rA).
Foreachi = 1,2, let B, : C — X be an o;-inverse-strongly
accretive mapping such that A = QN A™'0 # 0, where Q is the
fixed point set of the mapping G = I1-(I — p; B))II-(I — 4, B,)
with 0 < y; < o;/x* fori = 1,2. Let F: C — C be a-strongly
accretive and A-strictly pseudocontractive with o« + A > 1, and
let f: C — C be a contractive mapping with coefficient
B € (0,y) whereyy, =1 —-+(1-a)/A. Let V: C — Cbea
y-strongly positive linear bounded operator withy € (1, 2). For
any given point x, € C, the sequence {x,} is generated by

In = 0%y, + (1 - (Xn) ]rnGxn’
Xpt1 = (I - ;BnV) ]r,,Gyn

+ B I Gy = A (F (1, Gya) = £ ()]
Vn >0,

(87)

where {r,},°, C [e,00) for some ¢ > 0 and {et,},>, {Bu}reos
and {A,},2 are the sequences in (0, 1] satisfying the following
conditions:
(1) lim,, _, LA, =0;
(i) lim,,_, oo 3, = 0 and Y2 B, = 00;
(i) {o,} € [a, b] for some a,b € (0,1);

(iV) Z:ﬁoﬂ“nﬂ - “n' + |/3n+1 - ﬁnl + |Tn+1 - rn|) < 0.
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Then, {x,} converges strongly to p € A, which is a unique
solution of the following variational inequality:
(V=DpJ(p-u) <0, Vue. (88)
Proof. We first show that {x,} is bounded. Indeed, since
lim,_, B, = 0and V]| =y > 1, without loss of generality,

we may assume that 0 < 3, < VI < 1, foralln > 0. Take a
fixed p € A arbitrarily. Then, p = Gp, p = ], p, foralln >0,

Abstract and Applied Analysis

+ B, 1= Vo]
<(1-B.7) . -2l
+ B (A (Bl = 2l + 11 £ () - F(P)I)
+ (1= 2,70) |ya = Pl + B M= VI ]
<(1=B7) Iy -2l

and

Iy = pll < o I, = pll + (1 - @) |,Gx, - 1
< a, |x, = pll + (1 - a,) |Gx, - p|
< a, |x, = pl + (1 - o) |, - p
=[x, — pl -
Note that
Xper = P
=(I-BV)J,Gx,—(I-B, V)], Gp
+ B 111,y = A (F (11, Gya) = £ () = P]
+B,(I-V)p
= (1-B,V)(J,Gx, - J,.Gp)
+ B [ A (f () = F(p)) + (I = A, F) J, Gy,
~(I-A,F)J,Gp] +B,(I-V)p.

Therefore, we have

%1 = 2l
= |- V) (7. Gy - 1, Gp)
+ B [Aa (f () - F (p))
+(1=A,F)J, Gy, - (1 - ,F) ], G
+B,(1-V) p|
<|(1-B.V)I
+ B [Aullf ) - F ()]
(1= AF) J,, Gy, — (1= A,F) T, Gp] ]
+ B, (= V) p
<(1=B.7) Iy -2l
+ B, [An (IF ) = F D+ 1 () - F(R)])

+ (1= A0) |1,y ~ 1, Ge]

]rnGyn - ]r,,Gp"

+ B, (=2, (o= ) Iy - 2
+a, | £ (p) = F(p)| 1+ B, M= VI]p]

<(1-B7) .- 2l

+ B [lyn = 2l + 1 (p) - F(p)]]

+B, 1=Vl
=(1-B,F-) |y -2l

+ B, (If () = F (p)| + 11 = Vel
=(1=B,7-1)) |y -2l

v, G-y L) F (;;)ll : I2-Vip]
I | (o) - F(p)] + 1T - V1 || }

y-1

(89)

(90)

< maX{Ilyn—Pl

1) =F@)l+ 1= Vipl
. - I

Smax{"xn 1

(o1

By induction, we obtain

|f (p) = F ()l +11-VIpl }

b - pl< max - pl, L2 =E L

Vn> 0,
(92)

and hence {x, } is bounded and so are {y,}, { ]r”Gxn}, { I, Gy,},
{f(x,)}, and {F(J, Gy,)}. From conditions (i), (ii), we have

.|xn+1 - ]r,,Gyn" = ﬁn “(I -V) I,nG;V,,

_An (F (]rnGyn) - f(yn))“ — 0,

asn — 0o.
(93)

Now we claim that
lim |x,,, - x,| = 0. (94)

n— 00
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Indeed, (88) can be rewritten as

In = 6 Xy + (1 - ‘xn) ]rnGxn’
20 =1, Gy = A (F(1,Gya) = F (), (99)

Xn+1 = (I - ﬁnv) ]rnGyn + ﬁnzn’

r,» using the resolvent identity in Lemma 8,

Vn > 0.
Ifr

nl—

J, G, =T, . (r':l Gx, + <1 - r’;*l ) ],nGxn>. (96)

We get

n- ]rn—l Gxn71 ||

Y, T,
]< ';lGxn+(1— :‘

n n

) ]r,,Gxn> - ]rn,lGxn—l

< Tn-1 ||Gx - Gx,_ 1|| +< ) I, Gx,, — Gxn_1||
rn
Ty — T
< “xn - xn—l” + nr—nl "]rnGxn - Gxn—l"
n
1
< “xfl_xnfln + ;lrn_rf n_Gxn—l .
(97)
Ifr, <r,_;, then it can be easily seen that
n- ]"n—lGx”_l ||
(98)

1
< ||xn_1 - xn” + E |rn_1 - rn| "],’HGxn_1 - Gxn" .
By combining the above two cases, we obtain

7r.Gx. =1, G

al
€ (99)
= G| + |, G = G|}

Tyoy — 1,
< "xn—l _xn” + lnl—

X sup {"],nGxn
n=1

Vn > 1.
Similarly, we obtain
7.6y =11, .Gy
A

€ (100)
xsup {[J,, Gy = Gya| + |1, Gy = G}

|1"n_1 -7

s "yn—l - yn" +

Vn=>1.
Thus,

n- ]r,HGxn—I“ < "xn—l - xn" + |rn—1 - rnl MO’
”]r,,Gyn - ]rn,lerkl” < "ynfl - yn” + |rn71 - rnl MO’ (101)

Vn>1,

13

where sup,., {(1/e)(I], Gx, =Gx, [ +1], _ Gx,,, =Gx,|)

}<
Mg andsup,,, {(1/e)(I], Gyn Gy 1||+||] Gy Gynll)}s
M, for some M, > 0. From (95) and (101) we have

17 = Y |

=|(1-a,) (], Gx, — ], Gx,y) + @, (x, = X, )
+ (xn_1 ~J, Gx, ) (o, — )

< (L=a) ], Gx, = T, Gty | + [, = x4
%o = T G | v, — |

< (U=a) ], Gx, = T, Gt | + [, = x4
% = T G | |ty — |

< (1= a,) [l = xpa | + 1 = 1a | M

+a, ||xn - xn,1|| + "xn,1 - ],’HGx,H" |(xn -,

< "xn - xn—l" + |rn - rn—1|M0

+ o, — 1]

Xp1— ]rn,l Gxn—l

[EREEAN
== AF) 1, Gy + 20 f (32)
~(I= X F) ], Gt = A f ()
= A (f 5) = £ Gac)) + (A = A)
< (f Guet) = E (J,,, .Gyt ))
+(I=AF) ], Gy, = (I = A,F) ], Gy,
<Al ) = F Gl A = A
% ) = F (7, Gyt )|
+ (1= A,F) 1, Gy = (1= A,F) T, Gy |
S AB Y= Yucall + 120 = A
x|f Gract) = E (Js,., Gy )|
+ (1= 2,00) |Gy = )1, Gy
< AuB 1y = Pl + A = A
x| f Guet) = (T, Gy )|

+ (1 - /\n)’o) ["yn - yn—l” + |rn - 7’n—1| MO]
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= (12, (o = B) 1yn = yu
+(1=2,) |”n - ”n—1| M,
+ o= Al | f Gcd) = F (7, G|
<y =yl + 1w = s | M

+ |/\n - Anfll "f (ynfl) -F (]rn_lenfl)" >
(102)

and hence,
%1 = x4
= |(1=BV) 7, Gy + Biza
~(I= BtV 1, , Gt = BrrZut
= B (20 = 21) + (B = Bot) (20
+(1=BV) (1,59~ s, , Gyn_l)ll
< Bullzn = 2usl + 1By = Bucsl |21 -
+(1-By ~ T, G|
< B [ 13 = yuil + I -
= Al |f Gac) = E (71, Gyt )|]

+ |ﬁn - ﬁn—ll ||Zn—1 - V]r,HGyn—1|

rn—ll Mo]

- ‘/]rn_1 Gyn—l )

Gyn 1"

rn—ll MO

+ (1= BY) yn = Yl + 11— (103)

= (=B, 7= D) [Iyn =yl + |1 -
B = A | f Ort) = F (7, Gy
+ 1B = Buct| 201 = VI, Gy

<(1-B,(y-1))

To1| Mo]

X [ ||xn - xn_1|| +2 |rn - rn_1|MO
T %n-1 — ]rn,lGxn—l n (xn—ll]
+ ﬁn |An - /\nfll "f (ynfl) -F (]rn_IGyn—l)“

+ 1By = Burl [zs = VI, Gy
< (=B (7= D) 20 = x5t + Ba A = A
|+ By = Buca| + |1 = 1 [) My
where sup,.ofllx, = 7, Gx,ll + llz, = VI, Gyl + 1f(3,) -
F(],nGyn)||+2M0} < M, for some M, > 0 (it is easy to see that

{z,} is bounded due to the boundedness of {y,}). Utilizing
Lemma 17, we conclude from conditions (i), (ii), and (iv) that

n—1|M1

+ (lan -

lim |x,,, - x,| = 0.

n— 00

(104)

Abstract and Applied Analysis

By condition (iii) and (95), we have

”yn - xn"
= (1 - an)
< (1 =a) (|7, Gxu 1, Gy w05,
105
+ "]rnGyn - xn+1|| + "xn+1 - xn")
<(1-a)(|x, =
= Xns1 | + ”xn+1 - xn”)’
which implies that
1 —
1 = %ull < == (11,6 = %) + %1 = ) (106)
This together with (93)-(94) implies that
lim [lx, - y,[ = 0. (107)
Therefore,
”xn - ]r,,Gxn" < "xn - yn" + ”yn - ]r,‘Gxn"
< [, = yull + o | %, = 7, Gx,| - 108)
< "xn =V Xn — ]rnG'xn“ >
which implies that
1
Xn — ]r,,Gxn” < Tb "xn - yn" > (109)
and hence,
Tim_||x, = J,, Gx,| = 0. (110)
Next, we show that lim,_, lx, — J. x,[ = 0 and

lim, _, llx, — Gx,| = 0.

Indeed, for simplicity, put g = IIo(p — u,B,p), u, =
e(x, — uB,x,), and v, = Il-(u, — p;Byu,). Then, p =
(g — 4, B,q) and v, = Gx,, for all n > 0. From (95), we
have

2
"yn_p"zS(Xn||xn_p“2+(1_ n p"
an)
2 2
= (Xn"xn - p“ + (1 - “n) "vn - P" .
Utilizing Lemma 12, we have
““n - ‘1"2 = “Hc (%, = thByx,,) =Tl (p - #szp)||2
<%, = p— 1 (Byx, - sz)”z
< ||xn - P"2 -2, (“2 - Kzﬂz) "BZ'xn - BzP||2>
(112)
"Vn - P"2 = ||Hc (u, — .”131”71) ~Tc(q - P‘1qu)"2

< ““n -q - ph (B, — BlQ)HZ

= “”n - 4"2 -2 (0‘1 - KZM) "Blun - 31‘1”2'
(113)
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Combining (112) and (113), we obtain Similarly, we derive
”Vn - P“z < ”xn - P”2 -2y, (0‘2 - Kz.“z) "BZ'xn - BzP"2 2
2 Il
=24 (“1 - Kz”l) |Byu, — Byal ", 2
(114) = |, — 4 Biw,) = (g - 41 B,19)||
which together with (111) implies that < (u,— By, — (q-mBiq), ] (v, — p))

Iy, - oI’
= <un - q’](vn - p)> i <qu - Blun’](vn - p)>

< ‘xnnxn - p"2 + (1 - (Xn) ”Vn - P”Z
1
< “n“xn - P||2 + (1 - ‘Xn) s E ["un - qnz + ”Vn - P"2 92 (Hun —Vp t (P - q)")]

X ["xn - PHZ — 2 (“2 - KZA"LZ) ”Ban - BZP"2 + U ”qu - Bl“n” “Vn - P” >
2 2 (115) (120)
—2u, (0‘1 - K Hl) "Blun - qu" ]
= |, - PHZ which implies that
-2 -a) [ (% - ') By, - Bopl v oI < 1, = al” = g2 (s, = v, + (p = )]
2 2 (121)
o (o0 =) [Bon, = Bual ] + 2 [B,a - B, v, - .

It immediately follows that
Combining (119) and (121), we get

2(1-a,) [.“2 (“2 - Kzﬂz) "BZ'xn - BzP”2
”vn - P”z < "xn - P||2 ~— 9 (“xn U, - (P - q)")

(116)
< Iu— 2l ~ Iy o” 92 (s = v+ (p=a)l) )

+ 24, |Byp — Byx, || |1y, —
< (s = 2l + 13— 1) Jn = 2l b [Bop = By s, ~al

Since {x,} and {y,} are bounded and 0 < y; < «;/x* fori = + 2 |Big = By v - p,
1, 2, we deduce from (107) and condition (iii) that

+ih (0‘1 - KZVI) B4, - qunz]

which together with (111) implies that
Jlim IB,x, - B,p| =0,
117)

lim_||B,u, - B,q| = 0. Iy, - oI’
Utilizing Proposition 3 and Lemma 9, we have < o x, - pl* + (1= a,) v, - o
lu, - ql* < flx, - pl + (1 - a,)
= [0 (%, - t:Byx,) - Tl (p - B, )| x[lx, = 2l = g1 (I = 40 = (P = D))
< (x, — Byx, = (P~ B,p) . ] (1, — q)) =92 (|lun = v+ (p-9))
= (%, = p.J (= Q) + 2 (Bop = Byx, T (14, — ) + 244y |Bop = Byxy| |, — 4
< % [ = I + 4 = all = 91 (%, = s = (= )])] +24n [B1g = By | v, = ]
+ 1ty |Bop — By 14, — ql] ==l - (1)
W (g (bt~ (- ) + 2 (e = v+ (- @))]
which implies that
li—al” < 5o~ £ = 1 (= - (- ) e =Bl
119) +t4y |[B1q = By | v — pl])-

+ 2#2 "BZP - Ban“ “un - q" . (123)
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It immediately follows that
(1-a,) [ (Ixp =1, = (P =)
+, ([ = v + (P = 9]
<o = ol = Iy - pI* +2(1 - )
x (1a||B,p = Byx, ||, — gl + 11| Big = By, [[v,, - p])
< (| = 2l + 1y = 21D 0 = 2l
+ 245 | Bp = Byx,| |1, — g

+ 2#1 ”qu - Blun" "Vn - P" .
(124)

Since {x,},{y,}, {u,}, and {v,} are bounded, we deduce from
(107), (117) and condition (iii) that

Jim g, (|lx, —u, — (p-q)|) = 0,

(125)
Jim g, ([, = v, + (p-q)) = 0.
Utilizing the properties of g, and g,, we get
nh—>néo "xn — Uy~ (p - q)“ =0,
(126)

nlglgo "un VYt (P - q)” =0,
which yields
"xn - Vn” < "xn U, - (P - q)“

+u, = v+ (p—q)| — 0 asn— oo

(127)
that is,
Jimlx, - G, || = 0. (128)
Note that
Xy = I x| < 1%, =, GX,|| + | ], GX, — T, Xy,
(129)
< oen = 75, + G = ]
From (110) and (128), we have
nango Xy = I X,|| = 0. (130)

By utilizing the resolvent identity in Lemma 8, we obtain
from {r,} C [, 00) that

||xn - ]exn" < ”xn - ]rnxn" + ]r"'xn - ]sxn“
ol
T T,
e (e (21

(131)
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which together with (130) implies that

lim ||lx, — J.x, | = 0. (132)
For everyn > 0andt € (0, (2 - 79)/(y, — B)), let
Xtn = (I - Qtv) ]rnGxt,n
(133)

+ Ot []rnGxt,n —t (F (]r,,Gxt,n) - f (xt,n))] >

where {r,} € [e,00)and 0 < 0, < VI, forall ¢ € (0,(2 -
P/ (yo = B)) with lim, (6, = 0. Then, by Theorem 18, {x, ,}
converges strongly to p € Aast — 0, which is the unique
solution of the variational inequality (88).

Define a mapping

Wx =(1-0)J.x+0Gx, VxeC, (134)

where 0 is a constant in (0, 1). Then by Lemma 4, we have
Fix(W) = Fix(J,) N Fix(G) = A. Observe that

[, = W, || = |(1 = 6) (x, - J.x,) + 6 (x, — Gx,,)|

(135)
< (1=0) |y~ Tox,] + 0], ~ G
From (128) and (132), we obtain
lim |lx, - Wx, [ = 0. (136)
Further, we show that

lim sup (I-V)p,J (x,—p)) <0. (137)

Indeed, take a subsequence {x,, } of {x,} such that

lim sup {(I = V) p,] (x, = p))

(138)

= lim ((1-V)p.J (x,, - p))-

Without loss of generality, we may assume that x, — X.
Utilizing Lemma 15, we obtain from (136) that X € Fix(W) =
Fix(J,) N Fix(G) = A. Hence from (88) and (138), we get

lim sup (I =V) p.] (x, = p)) = (I =V) p.] (X~ p)) <.
(139)

Finally, we show that x, — pasn — oo.
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Indeed,

"yn _p“ <o, ||xn _p" + (1 - an) ]r,,Gxn ‘P“

<a, [, = pl+ (1 =) |x, — pll = I, - Il
51 = 2l
= (1= BV)],,Gy = (1= BV) ], GP. T (%11 = P))
+ B, [{(T=A,F) 1, Gy = (1= A, F) 1,,Gp. ] (%01 = P))
+ 4 ((f ) = £ (P) ] (%1 = P))
+f(p)=F(p)] (*r1 = P)) ]
+ By (I =V) p.] (X1 = P))
< (1=B.9) 7.6y = 1., Gp| %1 — P
+ B, [(1- Ap0)
+ A (Blly = 2l %es — 2l
17 () = F ) % - 2l ]
+Bu (I =V) p.] (X1 = P))
< (1= B2 [y = 2l %1 - 2l
+ B [(1 = 290) |7 = Pl i1 = Pl
+ A (Blyn = 2l %es = 2l
+ £ (p) = F (P)] %1 = PI)]
+ By (I =V) p.J (X1 = P))
= (1= B 7n = 2l %01 - 2l
+ B [(1 = A0 (vo = B |7 = 2l i1 = £
4, £ (2) = F () %1 - £1]
+ Bu (I =V) p. ] (X1 = P))
< (1= B2 3 = 2l %1 - 2l
+ B llyn = 2l xes = 2
+Au 1 () = F (p)]| %01 = PI]
+ B (I = V) p.J (Xp41 = P))
=(1=B. =) yn -l %1 - 2l
+ B £ (2) = F (2 %1 - 2
+Bu (I =V) p.J (X1 = P))

< (1=, (7= 1) 5 (= 2P + = £I)

1. Gy = T, Gp|| |01 = Pl

17

+ ﬁn/\n ”f (P) -F (P)" "xn+1 - p”

+ ﬁn <(I - V) p’] (xn+l - P)> >
(140)

which yields
i1 = Pl

<1_ﬁn(?_l) AP 1
“Tep Gy AR G

X [ZAn "f (P) -F (P)" "xn+1 - P”
+2((I=V) p, ] (X1 = P))]

S(l_ﬁn(?_l))”xn_p|lz+ﬁn

(141)
1

1+B,(7-1)
<[22, |1 () = F (P)| %11 - Pl
+2((I=V) p,] (%11 = P))]
= (1=9) I = pI* + 1200
where y, = f,(y — 1) and

B 1

o G- )G
X [ZAn “f (P) - F(P)” |lxn+1 - P“
+2((I=V) p, J (%01 = P))]-

It can be easily seen from (137) and conditions (i), (ii) that

(142)

Zyn = 00, lim supd, < 0. (143)
n=0 n— 00
Applying Lemma 17 to (141), we infer that x, — pasn —
00. This completes the proof. O

Remark 22. By a careful analysis of the proof of Theorem 21,
we reached to the conclusion that the iterative method (87)
in Theorem 21 can be replaced by the following iterative
method:

In = 0 Xy + (1 - ‘xn) ]rnGxn’

Xne1 = (I_ﬁnv)yn+/3n [yn_An (F(yn) _f(yn))]’

Vn = 0.
(144)

Remark 23. Theorem 21 improves and extends [15, Theorem
3.1], [10, Theorem 3.1], and [13, Theorem 3.1] in the following
aspects.

(a) The problem in Theorem 21 is different from the one
considered in [15, Theorem 3.1], [10, Theorem 3.1],
and [13, Theorem 3.1]. Also, the iterative scheme in
Theorem 21 is different from the one considered in
[15, Theorem 3.1], [10, Theorem 3.1] and [13, Theorem
3.1].
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(b) The iterative scheme in Theorem 21 is more advanta-
geous and more flexible than the iterative scheme in
[13, Theorem 3.1].

(c) Theorem 21 drops the assumption of the asymptotical
regularity for the iterative scheme in [13, Theorem 3.1].

Remark 24. Theorem 21 extends and improves [28, Theorem
3.1] to a great extent in the following aspects.

(a) The u is replaced by a fixed contractive mapping.

(b) One continuous pseudocontractive mapping (includ-
ing nonexpansive mapping) is replaced by the map-
ping J, G.

(c) We add a strongly positive linear bounded operator A
and a strongly accretive and strictly pseudocontrac-
tive mapping F in our iterative algorithm.
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