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Abstract. In this paper, we suggest and analyze a new iterative method for solving some
variational inequality involving an accretive operator in Banach spaces. We prove the strong
convergence of the proposed iterative method under certain conditions. As a special of the
proposed algorithm, we proved that the algorithm converges strongly to the minimum norm
solution of some variational inequality.
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1. Introduction

Let C be a nonempty closed convex subset of a real Hilbert space H. Let A: C' — H
be a nonlinear operator. The variational inequality problem is formulated as finding
a point z* € C such that

(x —a*, Ax*) > 0,Vz € C. (1)

It is well known that variational inequality theory has emerged as an important tool
in studying a wide class of obstacle, unilateral, free, moving, equilibrium problems
arising in several branches of pure and applied sciences in a unified and general
framework. Several numerical methods have been developed for solving variational
inequalities and related optimization problems, see [1]-[3],[6]-[15],[18]-[22] and the
references therein.

*Corresponding  author. Email  addresses: yaoyonghong@yahoo.cn (Y. Yao),
noormaslam@hotmail.com (M. A.Noor), khalidanoor@hotmail.com (K.I.Noor), simplex_liou@hot-
mail.com (Y. C. Liou)

http://www.mathos.hr/mc (©2011 Department of Mathematics, University of Osijek



96 Y.YA0, M. A. NOOR, K.I.Noor aND Y. C. Liou

Recall that a mapping A : C — H is said to be a-inverse strongly monotone if
there exists a positive real number a such that

(Azx — Ay, xz — y) > «of|Ax — Ay|\2,VJC,y eC.

Some iterative algorithms for solving the variational inequality (1) involving an in-
verse strongly monotone operator A have been extensively studied in the literature.
See, for example, [9], [19], [21] and the references therein. Especially, Iiduka, Taka-
hashi and Toyoda [10] introduced the following iterative algorithm

Tpt1 = Planzn + (1 — ap) P(zn — AnAxy)),n > 0. (2)

They proved that the sequence {z,,} generated by (2) converges weakly to 2* which
solves the variational inequality (1).
We now consider the problem of finding 2* € C, j(x —x*) € J(x —y) such that

(Az*,j(x —x™)) > 0,Vx € C, (3)

which is called the generalized variational inequality in Banach spaces. The set of
solutions of the variational inequality (3) is denoted by S(C, A), that is,

S(C,A)={z*eC:(Az", J(x —z¥)) >0, z € C}.

In order to find a solution of the variational inequality (3), Aoyama, liduka and
Takahashi [2] introduced the following iterative scheme:

Tptl = &y + (1 — ) Q(zy, — M\yAxy,),n >0, (4)

where () is a sunny nonexpansive retraction from E onto C'. However, they only
obtained the weak convergence of the proposed scheme (4). Hence, it is an interesting
topic to construct an iterative algorithm which strongly converges to the solution of
variational inequality (3). In this respect, Aoyama, liduka and Takahashi [3] further
introduced another iterative algorithm which has strong convergence.

On the other hand, we note that in many problems, it is needed to find a solution
with minimum norm (see [16]). It is interesting to find the minimum-norm solution
of the variational inequality (3).

Motivated and inspired by the research going on in this field, we suggest and
analyze a new iterative method for solving the variational inequality (3) in Banach
spaces, which is the main motivation of this paper. We prove the strong convergence
of the proposed iterative method under certain conditions. As a special of the pro-
posed algorithm, we proved that the algorithm converges strongly to the minimum
norm solution of the variational inequality (3).

2. Preliminaries

Let E be a Banach space, E* the dual space of E and let (-,-) denote the pairing
between F and E*. For ¢ > 1, the generalized duality mapping J, : E — 27" is
defined by

Jo(z) ={f € E" : (z, f) = l|l=]|%, If Il = [«]|*~"}, ¥z € E.
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Let U = {z € E: ||z|| = 1}. A Banach space F is said to be uniformly convex if for
any € € (0,2] there exists § > 0 such that for any z,y € U

lx — y|| > € implies H:ET—HU

Hglf&

It is known that a uniformly convex Banach space is reflexive and strictly convex.
The modulus of smoothness of F is defined by

1
p(r) =suwp{z(lz +yll +llo—yl) = 1: 2,y € E, 2] = 1, ||yl = 7},

where p : [0,00) — [0,00) is a function. It is known that E is uniformly smooth if
and only if lim,_, 2) — 0. Let q be a fixed real number with 1 < ¢ < 2. A Banach

-
space F is said to be g-uniformly smooth if there exists a constant ¢ > 0 such that

p(1) < er? for all 7 > 0.

Let C be a nonempty closed convex subset of a Banach space E. An operator A
of C into F is said to be a-inverse strongly accretive if there exists a constant o > 0
such that

(Ax — Ay, J(z —y)) > a|| Az — Ay||*,Vz,y € C.

Let D be a subset of C' and @ a mapping of C into D. Then @ is said to be
sunny if
Q(Qz + t(z — Q) = Qu,

whenever Qz + t(z — Qx) € C for x € C and t > 0. A mapping Q of C into itself
is called a retraction if Q2 = Q. A subset D of C is called a sunny nonexpansive
retract of C' if there exists a sunny nonexpansive retraction from C onto D. We also
need the following results.

Lemma 1 (see [20]). Let C be a closed convex subset of a smooth Banach space E,
D a nonempty subset of C' and Q a retraction from C onto D. Then Q is sunny
and nonexpansive if and only if

forallue C andy € D.

Lemma 2 (see [4, 5]). Let g be a given real number with 1 < ¢ < 2 and E a
q-uniformly smooth Banach space. Then

[z +ylI* < llz* + aly, Jo(=)) + 2| Ky|*
for all x,y € E, where K is the q-uniformly smoothness constant of E.

Lemma 3 (see [2]). Let C be a nonempty closed conver subset of a smooth Banach
space E. Let QQ be a sunny nonexpansive retraction from E onto C and let A be an
accretive operator of C into E. Then, for all A > 0,

S(C, A) = F(Q(I — \A)).
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Lemma 4 (see [17]). Let {z}, {zn} be bounded sequences in a Banach space E and
{an} a sequence in [0, 1] which satisfies the following condition: 0 < liminf, . a;, <
limsup,, ., an < 1. Suppose that ;1 = ez, + (1 — ay)zy, for alln =0,1,3,---
and limsup,,, . (|[zn+1 — znll = |Znt1 — 2xl]) < 0. Then lim, . ||2n — x4|| = 0.

Lemma 5 (see [20]). Let {a,}52 be a sequence of nonnegative real numbers satis-
Tying

ant1 < (1 —vn)an + Ynon, n >0,
where {y,}32 o C (0,1) and {0}, are satisfied that
(i) Zf:o Tn = OO;
(ii) either limsup,, ., 0, <0 or Y07 [1n0n| < 00.

Then {an,}22, converges to 0.

3. Main results

In this section, we will introduce our algorithm and prove that the proposed algo-
rithm converges strongly to a solution of variational inequality (3) in a uniformly
convex and 2-uniformly smooth Banach space.

Algorithm 1. For fized u € E and given xog € C arbitrarily, define a sequence {x,}
iteratively by:

Tn+l = QnTp + (1 - an)Q[ﬁnu + (1 - ﬂn)Q(In - )\nAl‘n)],’ﬂ >0, (5)

where Q is a sunny nonexpansive retraction from E onto C, {a,}, {Bn} are two
sequences in (0,1) and {\,} is a sequence of real numbers.
In particular, if we take u =0, then (5) reduces to

Tpt1 = Ty + (1 — ) Q[(1 — B1)Q(zy, — A\ Azy)],n > 0. (6)

We now state and prove our main result, which is the main motivation of our
next result.

Theorem 1. Let C be a nonempty closed convex subset of a uniformly conver and
2-uniformly smooth Banach space E which admits a weakly sequentially continuous
duality mapping. Let A : C — E be an a-inverse strongly accretive operator such
that S(C, A) # 0. Let {an}, {Bn} be two sequences in (0,1) and {\,} a real number
sequence in [a, 125]. Suppose the following conditions are satisfied:

(i) 0 < liminf, ., o, <limsup,_,. a, <1;
(ii) lim,, .o By, = 0 and >0~ Bn = 00;

(i) Tim—co Ant1 — An) = 0.
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Then {x,} generated by (5) converges strongly to Q'u, where Q' is a sunny nonez-
pansive retraction of E onto S(C, A).

In particular, if we take u = 0, then the sequence {x,} generated by (6) converges
strongly to the minimum norm element in S(C, A).

Proof. For all z,y € C and A\, € (O7 %}, it is known [2] that T — A\, A is nonex-

pansive.
Take p € S(C,A). From Lemma 3, we have p = Q(p — A\, Ap). Setting y, =
QBru+ (1 — Bn)Q(xn — AnAxy,)],n > 0. Note that p = Q(p), then we can write

p=Q[Bup + (1= 52)Q(p — A Ap)].
Hence, from (5), we get

lyn = pll = [Q[Bru + (1 = Bn)Q(@n — AnAzy)]
—Q[Bap + (1 = 3,)Q(p — M\ Ap)]|l
< 1Bru+ (1 = Bp)Q(zn — AnAzyn) — [Bap + (1 = 52)Q(p — AnAp)]|
< Ballu—pll+ (1 = B)Q(zn — AnAzn) — Q(p — A Ap)|
< Ballu = pll + (1= Bo)ll(#n — AnAzn) — (p — AnAp)||
< Ballu = pll + (L = Bo)llzn — pl-

Thus we obtain

[2n1 = pll = llan(zn —p) + (1 = an)(yn — )|l

anllen —pll + (1 = an)lyn —pl|

anl|lzn = pll + (1 = an)[Ballu = pl| + (1 = Bn)llzn — pl]
(1= an)Bnllu = pll + 1 = (1 = an)Balllzn = pl

< max{[lu —pl|, [zo — pll}-

IN A

Therefore, {x,} is bounded and so is {y,}.
From (5), we have

[9n+1 = Ynll = QBrnr1u + (1 = Bny1)Q(Tnt1 — Ant14%n41)]

—Q[Bnu+ (1 = Bn)Q(xn — AnAzy)]||

< H(ﬂnJrl = Bn)u+ Q(Tni1 — Any1Azny1) — Q(zn — A Axy,)
+600Q(@n — AAxy) = Brt1Q(Tnt1 — Anr1ATn41) ||

< H(xn-i-l - )‘n-&-len-i-l) - (xn - /\nAxn)H
+Bn([[ull + 1Q(zn — AnAzn)|)
+Bn+1([[ull + [|Q(@n41 — Anp1Azn41) )

= [(@nt1 = Ag14%n11) = (B0 = A1 ATn) + (An — Apgr) Az ||
+Bn([[ull + [1Q(zn — AnAzn)|)
FBn1(lull + [[Q(@n+1 = Anp1Azni1)]])

< Nznss — 2l + Pt = Al Azall + Ba(lal + [Q(n — AuAza)])
+Bn+1([[ull + [|Q(@nt1 — Ant1Azni1) ),
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which implies that

lim sup([|yn1 = ynll = 21 — 2nl)) < 0.

n—oo

Therefore, from Lemma 4, we obtain

lim |y, — 2| = 0.

n—oo

At the same time, we observe that

lyn —Q(xn — AnAxy)|| = |Q[Bru + (1 — ) Q(Trn — M Azn)] —Q[Q(7r — Ay Azy)]||

— 0.
Next, we show that
limsup(u — Q"u, j(xn, — Q"u)) <0 (7)

where @' is a sunny nonexpansive retraction of E onto S(C, A)
To prove (7), we can choose a sequence {z,,} of {z,} to converge weakly to z
such that

limsup(u — Q"u, j(zn — Q'u)) = limsup(u — Q"u, j(xn, — Q'u)). (®)

n—o00 1—00
We first prove z € S(C, A). Since A, is in [a, 2] for some a > 0, it follows that
{An,} is bounded and so there exists a subsequence {)\mj } of {\,, } which converges

to Ao € [a, =z]. We may assume, without loss of generality, that \,, — Ao. Since Q
is nonexpansive, we have

1Q(@n, — AoATn,) — n, || < |Q(@n; — AoATn,) = Yn, | + 1Yn; — Tn, |l
= Q[Q(zn, — MoAzy,)] — Q[Bnu + (1 — By)
XQ(@n; — An; Az )| + [[Yn; — @n,
< Bullu — Q(xn, — MoAxn,) || + |y, — 20, ||
+(1 = B)lIQ(zn; — AoAxy,) = Q(zn, — An; Azn,)||
< Ballu = Q(@n; — AoAzy,)|| + [Yyn; — Tn,
+(1 = Bo)ll(xn, — MoAzy,) — (xn, — A\n, Azy,)

"H)‘m - )‘OHlA'rm ”7
which implies that
lim ||Q(I — MA)xy, — p,]| = 0. 9)

By the demiclosedness principle for nonexpansive mappings and (9), we have z €
F(Q(I — XA)). It follows from Lemma 3 that z € S(C, A).
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From (8) and Lemma 1, we have

lim sup(u — Q"u, j(z,, — Q'w)) = limsup(u — Q"u, j(z,, — Q'u))

n— oo 71— 00
= (u—Q'u,j(z = Qu)) <0. (10)
Setting z, = Bpu+ (1 — 8,)(Q(xy, — A Axy,)) for all n > 0. We note that

[zn = 2nll < Bullu—anl + (1 = Bu)Q(xn — AnAzn) — n|
< Ballu =zl + (1 = Ba)[Q(zn — AnAzn) — yull
Fllyn — zn
— 0.
This together with (10) implies that
limsup(u — Q"u, j(zn, — Q'u)) < 0. (11)

Next we prove x,, — Q'u. From (5), we have

lyn — QIUH2 = [|Q[Bnu + (1 = 3,)Q(zr, — AnAxy,)] — Q[QIUNQ
< 1Bn(u = Qu) + (1 = Bu)(Q(xzy — AnAzy) — Qu)||?
<(1- 5n)2||Q(xn — A Azn) — C'2/U||2
+28, (u — Q'u, j(zn — Q'u))
< (1= Bn)llwn — Q/“”Z + 265 (u — Q'u, j(2n, — Q'u)).

Therefore, we have

21— Qull” < anllz, — Qul” + (1 — an)|lyn — Q"ul)?
g QIUHQ + (1= an)(l = Bn)llzn — QIUHQ
+2(1 — ) Bnlu — Q'u, j (2, — Q'u))
= [1— (1= an)Ba]llzn — Qul®
+2(1 — an)Bnlu — Qu, j(2n — Q'u)). (12)
By Lemma 5, (11) and (12) we conclude that {x,} converges strongly to Q’u.
In particular, if v = 0, then the sequence {z,} generated by (6) converges

strongly to @'(0) which is the minimum norm element in S(C, A). This completes
the proof. O

Remark 1. (1) From [2], we know that Q(I — A, A) is nonezpansive.
(2) If S(C, A) #£ 0, it follows from Lemma 3 that there exists a sunny nonerpansive
retraction Q' of E onto F(Q(I — A\, A)) = S(C, A).

It is easy to obtain the following corollary.

Corollary 1. Let C be a nonempty closed convex subset of a uniformly convezr and
2-uniformly smooth Banach space E which admits a weakly sequentially continuous
duality mapping. Let A : C — E be an a-inverse strongly accretive operator such
that S(C, A) # 0. Let {an}, {Bn} be two sequences in (0,1) and {\,} a real number
sequence in [a, 25]. Suppose the following conditions are satisfied:
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(i) 0 < liminf,, o oy < limsup, . an < 1;
(ii) im,, .o By, = 0 and >0~ Bn = 00;

(i) 1t o0 (Ans1 — An) = 0.

For fixed u € C and given xo € C arbitrarily, let the sequence {x,} be generated by
Tpt1 = @nZp + (1 — ap)[Bru+ (1 = Bn)Q(zn, — AnAzy)],n > 0. (13)

Then the sequence {x,} defined by (18) converges strongly to Q'u, where Q' is a
sunny nonexpansive retraction of C onto S(C, A).
In particular, if we take u =0, then the sequence {x,} generated by

Tpt1 = @pZp + (1 — an)[(1 = 5r)Q(zy, — M\yAz,)],n >0,

converges strongly to the minimum norm element in S(C, A).

4. Applications

In this section, we consider some applications of our main result. To be more precise,
let C' be a nonempty closed convex subset of a Hilbert space H. One method of
finding a point z* € VI(C, A) is to use the projection algorithm {z,} defined by

Tnt1 = Po(x, — NAxy,)

for all n > 0, where P¢ is the metric projection from H onto C, A is a monotone
(accretive) operator of C' into H and A is a positive real number. It is well known
that if A is an a-strongly accretive and L-Lipschitz continuous operator of C into
H and X € (0, 2%), then the operator Po(I — AA) is a contraction of C' into itself.
We now prove a strong convergence theorem for a strongly accretive operator.

Theorem 2. Let C be a nonempty closed convex subset of a uniformly convexr and
2-uniformly smooth Banach space E which admits a weakly sequentially continuous
duality mapping. Let @ be a sunny nonerpansive retraction from E onto C, o > 0
and A an a-strongly accretive and L-Lipschitz continuous operator of C into E with
S(C,A) # 0. Let {an}, {Bn} be two sequences in (0,1) and {A\,} a real number
sequence in [a, 757z for some a > 0. Suppose the following conditions are satisfied:

(i) 0 < liminf, ., o, <limsup,_,. a, <1;
(”) lim,, . ﬂn =0 and ZZOZO n = OO
(#43) limy,—oo(Apt1 — Ap) = 0.

Then {x,,} defined by (5) converges strongly to Q'u, where Q' is a sunny nonexpan-
sive retraction of E onto S(C,A).

In particular, if we take u = 0, then the sequence {x,} generated by (6) converges
strongly to the minimum norm element in S(C, A).
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Proof. Since A is an a-strongly accretive and L-Lipschitz continuous operator of C'
into E, we have

«
(Av — Ay, J(x —y)) > alle —y|* > 5[ Az — Ay|?

for all z,y € C. Therefore, A is Fz-inverse strongly accretive. Using Theorem 1, we
can obtain that {z,} converges strongly to @'u. This completes the proof. O

Corollary 2. Let C be a nonempty closed convex subset of a uniformly conver and
2-uniformly smooth Banach space E which admits a weakly sequentially continuous
duality mapping. Let QQ be a sunny nonezxpansive retraction from E onto C, a > 0
and A an a-strongly accretive and L-Lipschitz continuous operator of C into E with
S(C,A) # 0. Let {an}, {Bn} be two sequences in (0,1) and {\,} a real number
sequence in [a, 57| for some a > 0. Suppose the following conditions are satisfied:

(i) 0 < liminf,, o apn < limsup, . o, < 1;
(ii) lim,, .o B, = 0 and >0~ Bn = 00;
(111) limy,— oo (Anr1 — Ap) = 0.

For fized u € C and given xg € C arbitrarily, let the sequence {x,} be generated by
Tpi1 = QpTy + (1 - O‘n)[ﬂnu + (1 - Bn)Q(xn - )\nAxn)], n > 0. (14)

Then the sequence {x,} defined by (14) converges strongly to Q'u, where Q' is a
sunny nonexpansive retraction of C onto S(C, A).

Remark 2.  We would like to emphasize that our iterative methods suggested and
anlyzed in this paper are different from those in [2],[11] and [3]. Especially, we obtain
the minimum norm solution of the variational inequality (3).
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