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Abstract

In this paper, a general system of variational inclusions in Banach Spaces is introduced. An iterative method for finding
solutions of a general system of variational inclusions with inverse-strongly accretive mappings and common set of fixed points
for a A-strict pseudocontraction is established. Under certain conditions, by forward-backward splitting method, we prove strong
convergence theorems in uniformly convex and 2-uniformly smooth Banach spaces. The results presented in the paper improve
and extend various results in the existing literatures. Moreover, some applications to monotone variational inequality problem
and convex minimization problem are presented.

Keywords: General system of variational inclusions, forward-backward splitting method, 2-uniformly smooth Banach spaces,
resolvent operator, strictly pseudocontractive.

2010 MSC: 47]05, 47H09, 49]25.
(©2018 All rights reserved.

1. Introduction

Let E be a real Banach space. We study the following variational inclusion problem: find x* € E such
that

0 € Ax" + Mx*, (1.1)

where A : E — E is an operator and M : E — 2F is a set-valued operator. This problem includes, as special
cases, convex programming, variational inequalities, split feasibility problem, and minimization problem.
To be more precise, some concrete problems in machine learning, image processing, and linear inverse
problem can be modeled mathematically as this form (1.1) (see examples in [4]).

A classical method for solving the problem (1.1) is the forward-backward splitting method [8, 10, 16]
which is defined by the following manner: for any fixed x; € E and for r > 0,

Xnt1 = (I+™™) Hxn —TAXn), Vn > 0.

We see that each step of the iteration involves only with A as the forward step and M as the backward
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step, but not the sum of M. In fact, this method includes, in particular, the proximal point algorithm [5]
and the gradient method.
In 2015, Cholamyjiak [6] introduced the following Halpern-type forward-backward method: x; € X and

Xnal = XnUW+ AnXn + én]m(xn —ThAxn)+en, n>=1, (1.2)

where JM = (I+r1,M)~!, X is a uniformly convex and g-uniformly smooth Banach space, A : X — X
and M : X — 2X are nonlinear mappings such that Q := (A + M)~! # (). He prove that sequence {xn}
generated by (1.2) strongly converges to a zero point of the sum of A and M under some appropriate
conditions. There have been many works concerning the problem of finding zero points of the sum of
two monotone operators (in Hilbert spaces) and accretive operators (in Banach spaces) (see[7, 15]).

In 2010, Qin et al. [11] considered the following system of variational inclusions. Find (x*,y*) € X x X
such that

0 €x* —y* + p1(Ar1y™ + Myx*), 13)
0 € y* —x" + p2(A2x" + May™), '
where A; : X — X and M; : X — 2X are nonlinear mappings for each i =1, 2.
Obviously, problem (1.1) is special case of problem (1.3).
Next, we consider a general system of variational inclusions.
Find (u,up,...,uy) € Ex E x --- x E:= E! such that
0 € w —up + p1(Auz + Myuy),
0 € up —u3 + p2(A2uz + Mauy),
: (1.4)

Oeuw—uw+pr—1(Aru +Miqu—q),
0 €u —uy +pr(Aug + M),

where A; : E — E and M; : E — 2F are nonlinear mappings foreachi=1,2,...,L

Obviously, problem (1.1) and (1.3) are special cases of problem (1.4).

Qin et al. [11] introduced an iterative method for finding common elements of the set of solutions to
a general system of variational inclusions with inverse-strongly accretive mappings and common set of
fixed points for a A-strict pseudocontraction. Strong convergence theorems are established in uniformly
convex and 2-uniformly smooth Banach spaces.

Theorem 1.1. Let E be a uniformly convex and 2-uniformly smooth Banach space with the smooth constant k.
Let M; : E — 2F be a maximal monotone mapping and A; : E — E be a yi-inverse-strongly accretive mapping,
respectively, for each i =1,2. Let T : E — E be a A-strict pseudocontraction with a fixed point. Define a mapping S
by Sx = (1— %)x + %Txfor all x € E. Assume that Q = F(T) NF(Q), where Q is defined as Lemma 2.11. For
an arbitrary initial point x; =u € E, let {xn} be a sequence generated by

Zn = 12/212 (xn — P2A2xn),
Yn = o (zn — P1A1Z0),
Xnt1 = XnXn + BnXn + (I —otn — Bn) (uSxn + (1 —pw)yn), n =0,

where u € (0,1), p1 € (0, %), p2 € (0, %), and {oun } and {Bn} are sequences in (0,1). If {&xn} and {n} satisfy the
following conditions:

(C1) limpy oo 0tn =0, Y % ot = +o00;

(C2) 0 <liminfy oo Bn <limsup, ,  Pn <1,
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then {xn} converges strongly to x* = Pqu, where Pq is the sunny nonexpansive retraction from € onto Q, and
(x*,y*) is a solution to problem (1.3).

In this paper, motivated by Qin et al. [11], Takahashi et al. [15], Chang et al. [4], and Combettes et al.
[7], a general system of variational inclusions in Banach Spaces is introduced. A relaxed extragradient-
type iterative method for finding solutions of a general system of variational inclusions with inverse-
strongly accretive mappings and common set of fixed points for a A-strict pseudocontraction is established.
Under certain conditions, by forward-backward splitting method, we prove strong convergence theorems
in uniformly convex and 2-uniformly smooth Banach spaces. The results presented in the paper extend
and improve some recent results announced in the current literatures. Moreover, some applications to
monotone variational inequality problem and convex minimization problem are presented.

2. Preliminaries

In order to prove the main results of the paper, we need the following basic concepts and lemmas.
Let U ={x € E: ||x|| = 1}. A Banach space E is said to be uniformly convex if, for any e € (0,2], there
exists & > 0 such that, for any x,y € U,

Ix—y|| > ¢ implies H%H <1-5.

It is known that a uniformly convex Banach space is reflexive and strictly convex. A Banach space E is

said to be smooth if the limit lim_,g Ix+tull=lxll oyists for all x,y € W. It is also said to be uniformly

smooth if the limit is attained uniformly for all x,y € U. The norm of E is said to be Fréchet differentiable
if, for any x € U, the above limit is attained uniformly for all y € U. The modulus of smoothness of E is
defined by

x+y|| +[|[x—
p(’t):sup{” y’2H yH—l:x,yeE, ||xH:1,]yH:T},
where p : [0,+00) — [0,+00) is a function. It is known that E is uniformly smooth if and only if
lim._, @ = 0. Let q be a fixed real number with 1 < q < 2. A Banach space E is said to be g-uniformly

smooth if there exists a constant ¢ > 0 such that p(t) < ¢t for all T > 0.

In what follows, we always assume that E is a uniformly convex and g-uniformly smooth Banach
space for some q € (1,2].

Recall that the generalized duality mapping J4 : E — 2F is defined by

Jqo(x) = {Jq(x) € B = (q(x), %) = IX[l.l[iq (), [liq ()| = ”XHqil}r (2.1)
and the following subdifferential inequality holds: for any x,y € E,
eyl < Pl +aia(x+y)), jalx+y) € Jqlx+y).

In particular, | = J, is called the normalized duality mapping. If E is a Hilbert space then ] is the identity
mapping I.

Next, we assume that E is a smooth Banach space. Let T be a mapping from E into itself. In this paper,
we use F(T) to denote the set of fixed points of the mapping T.

Recall that the mapping T is said to be nonexpansive if

ITx =Tyl < [x—yl, ¥xyeE.
The mapping T is said to be A-strictly pseudocontractive if there exists a constant A € (0,1) such that

(Tx =Ty, J(x—y)) < [lx—y|> =A(I-Tx—(I-Tyl?, vxyeE.
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Recall that an operator A of E into itself is said to be accretive if
(Ax—Ay,J(x—y)) 20, VYxye€E, (2.2)
and, for any « > 0, an operator A of E into itself is said to be x-inverse strongly accretive if
(Ax — Ay, J(x—y)) 2 «[[Ax— Ay, Vxyekt

Definition 2.1 ([11, page 4]). Let D be a subset of C and P a mapping of C into D. Then P is said to be
sunny if

P(Px +t(x —Px)) = Px,
whenever Px +t(x —Px) € C for x € Cand t > 0. A mapping P of C into itself is called a retraction if
P2 = P. If a mapping P of C into itself is a retraction, then Pz = z for all z € R(P), where R(P) is the range

of P. A subset D of C is called a sunny nonexpansive retract of C if there exists a sunny nonexpansive
retraction from C onto D.

In 2006, Aoyama et al. [1] considered the following problem.
Find x* € C such that

(AX*,Jly—x*)) =0, VyeC. (2.3)

They proved that the variational inequality (2.3) is equivalent to a fixed point problem, that is, the element
x* € Cis a solution of the variational inequality (2.3) if and only if x* € C satisfies the following equation:

x" = Pc(x* —AAXY),
where A > 0 is a constant and P¢ is a sunny nonexpansive retraction from E onto C.

Lemma 2.2 ([12]). Let E be a smooth Banach space and C a nonempty subset of E. Let P : E — C be a retraction
and ] the normalized duality mapping on E. Then the following are equivalent:

(1) P is sunny and nonexpansive;
(2) (x—Px,J(y—Px)) <O0forallx e E,yecC;

Lemma 2.3 ([9]). Let C be a nonempty closed convex subset of a uniformly convex and uniformly smooth Banach
space E and T a nonexpansive mapping of C into itself with F(T) # (. Then the set F(T) is a sunny nonexpansive
retract of C.

Definition 2.4 ([20]). Let M : E — 2F be a multivalued maximal accretive mapping. The single valued
mapping J) : E — E defined by

IMx=(I+pM) ', VxeE

is called the resolvent operator associated with M, where p is any positive number and I is the identity

mapping.
Lemmas 2.5-2.6 can be obtained from Zhang [20], see also Aoyama et al. [2].

Lemma 2.5 ([2, 20]). The resolvent operator ]} associated with M is single valued and nonexpansive for all p > 0.

Lemma 2.6 ([2, 20]). u € E is a solution of variational inclusion (1.1) if and only if u = ]QA(LL— pAu) for all
p > 0, that is

VI(E,A, M) = F(J)H(I—pA)),

where VI(E, A, M) denotes the set of solutions to problem (1.1).
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In order to prove the main results, we need the following lemmas.

Lemma 2.7 ([14]). Let {xn} and {yn} be bounded sequences in a Banach space E and {3} a sequence in [0,1]
with 0 < liminf, o Bn < limsup, _,  Bn < 1. Suppose that xy, 1 = (1 —Bn)yn + Bnxn foralln > 1 and
limsup,, , (lyn+1 —Ynll = [[Xnt1—xnl]) <O, then limn 00 [yn —xnl| = 0.

Lemma 2.8 ([17]). Let E be a real 2-uniformly smooth Banach space with the best smooth constant K. Then the
following inequality holds:

I +ylI? < [Ix? +2(y, Jx) +2[Ky]%, vx,y € E.

Lemma 2.9 ([21]). Let E be a real 2-uniformly smooth Banach space and T : E — E a A-strict pseudocontraction.
Then S .= (1— %)I + %T is nonexpansive and F(T) = F(S).

Lemma 2.10 ([11, Lemma 1.8]). Let E be a strictly convex Banach space. Let Ty and T, be two nonexpansive
mappings from E into itself with a common fixed point. Define a mapping S : E — E by

Sx =ATix+ (1—A)Tox, x€E,
where A is a constant in (0,1). Then S is nonexpansive and F(S) = F(Ty) ( F(T2).

Lemma 2.11. Let A; : E — E and My : E — 2F be nonlinear mappings for each i = 1,2,...,1. For any
(g, up, ..., ) €EEXEx- - xE:=E! (ug,uy, - ,uy) is a solution of problem (1.4) if and only if wy is a fixed
point of the mapping Q defined by

A1L,M Ay,M ALM
QL) = THM o TEAM) oo (AMi
where Téi M) ]m‘(l — piAi).
Proof. note that
0€w —u+p1(Aur + Miuy), U = Téf\l,Ml)uzl
A2,M
0€u—uz+ p2(Aruz + Mouy), Uy :ng2 2 2)u3’
<~
A ,M_
0w —uw + (A + M), w = TF(){M,ML)LLL
=
Qw) = Tg();\l,l\/h) o TF();’\Z,MZ) 0---0 Téﬁllﬂ,l\/ltfl) o Tp()?l/Ml)LH
A1,M Az,M A1L,M_
:TF(H 1,My) OTF(>2 2,M2) O"'OTF(nJl 1,My ])ul
_ T(Aler) _
= l; Uz = uy.
This completes the proof. .

Lemma 2.12 ([18, Lemma 2.1]). Let {an} be sequences of nonnegative numbers such that
ant1 < (I=vn)an+8n, Vn>1,

where sequences {yn} and {6} satisfy following properties

(1) {yn} C(0,1) and {60} C R;
(2) :2101 Yn = +00;

(3) limsup,,_,,, >> <O0or > 8l < +oo.

Then limp o0 an, = 0.
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3. Main results
Now, we are ready to give our main results in this paper.

Theorem 3.1. Let E be a uniformly convex and 2-uniformly smooth Banach space with the smooth constant K.
Let My : E — 2F be a maximal monotone mapping, A; : E — E a yi-inverse-strongly accretive mapping and
TF(,iAi’Mi) = I (1 — pyAy), respectively, for each i = 1,2,...,1. Let Q := TpAl M) T(?Z’MZ) : TpAl M),
Let T : E — E be a A-strict pseudocontraction with a fixed pomt Define a mapping S by

A

KZ)X+ A 1%, Vx€eE

Sx=(1— 2

Assume that F = F(T) " F(Q) # 0, for an arbitrary initial point u € E, let {xn} be a sequence generated by

P2 P1—1 P1 n,

Yn =T, Al Mi) o 1lA2M2) o (AL M) ALMy)
Xn+1 = (xnu+ Bnxn + (I —on — Bn)(uSxn + (1 —pyn), n =0,

where w € (0,1), py € (0, E;) (i=1,2,...,1), and sequences {own } and { B} satisfy the following conditions:

(i) {an} C (0,1), imp 00 xn =0, and Zn 1 OXn = +o00;
(i) {Bn} C (0,1) and 0 < liminf,, o Bn < limsup,, ., Bn <1,

then {xn} converges strongly to uj = Pgu, where Pg is the sunny nonexpansive retraction from E onto J and
(uik/uzl U /uT) S El, where

(A1,M1)
uy =Tp uy,
(A2,M2)
u; =Tp, uz,
* (A, Mi1) |
ui_y =Tp 1’
x _ T(ALML), &
up = Tp, 1

is a solution to problem (1.4).

Proof.

(I). We prove that the mappings TF(,f\i’Mi) = I (I1—piAy) forall i =1,2,...,1 are nonexpansive.

In fact, for any x,y € E, by Lemma 2.8 and the condition p; € (0, %), we have that

I(I=piA)x — (1= piAy[* = [[(x —y) — pi(Aix — Ay
< x=y)IF =2 (Aix — Agy, J(x —y)) + 2K?pi]| Aix — Ay
< [lx—y)lI> - 2pﬂ/1HAX Ay +2K*p3[| Aix — Ayl P
= |(x —y)|I* — 2pi(vi — K2pi) [Aix — Ay )?
< [lx=y)lI%

which implies the mappings I — p;A; for alli =1,2,...,1 are nonexpansive. By Lemma 2.5, we have that
the mappings Téf\i’Mi) = JM(1—piAy) forall i=1,2,...,1 are nonexpansive.
(IT). We show that the sequence {xy, } is bounded.

First, taking p € 7, that is p € F(Q), one has

Al M;i) A2 Mz) Al .Mi1) Al My)
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(A1,My) (A,M3) (A,M Aq1,M7) (Ap,M A My)
lym =l = [T ™ o T o T M - T o TR o TR M
< || (A2,Ma2) T‘g?&Ms] o Té?uMl)Xn _ Tﬁg:\leZ) o TF();’\3,M3J o Al M) Pl
(3.1)
M0y T
< [xn =pll.

Letting z, = uSxn + (1 — p)yn. It follows from Lemma 2.9 that S is nonexpansive and p € F(T) (F(S)
From (3.1), we have

|zn — Pl = [[uSxn + (1 — W yn —p||
= |1(Sxn —Sp) + (1 — w)(yn —p)||

< H[ISxn = Spl + (1 = w|lyn — Pl (3.2)
< pfxn =pll+ (1 —wxn —7pll
— e —pll
From (3.2), it follows that
[Xn+1 =Pl = ont+ Brxn + (1 —on — Bnlzn —p|

< on|[u=p[l+Bnlxn =Pl + (1 —on —Bn)llzn —Pl|

< anfu—p[+ (1 —an)fxn =Pl
< max{[[u—pl[, [[x1 —pl[}-

this shows that the sequence {x,, } is bounded, so are {yn} and {zn}.

(IIT). We show that limy, 0 d(xn 1, %n) =0.

In fact, from (I), we know that the mappings Téf\i’Mi) foralli=1,2,...,1 are nonexpansive. One sees
that

(A1,M1) (A2,M2) (A,My) (A1,M1) (A2,M3) (A,My)
Hyn—!—l yn” - ”Tp © sz B Tpl Xn+1 — Tpl o sz "0 Tpl Xn”
(A2,M3) (A3,M3) (A, My) (A2,M3) (A3,M3) (A,My)
HTD OTPs ”'OTPL Xn+1_T oTDa "'OTPL Xn”
(A,My) (A,My)
To, Xnt1— Tpy Xn |

This implies that

HZnJrl — Zn” = H(stn+1 +(1— H)yn+1) — (uSxp + (1 — H)Un)”
< 1f|Sxnt1—Sxnll + (1= W) [yn+1 — Yn|

< Wl =%+ (1= )y — .
< [xng1 —xnll.
Setting
Xn+1 = (1 —PBn)Wn + BnXxn, (3.4)
where w,, := O‘“uﬂlf_og:ﬁ“)‘z“. From (3.3), one sees that

Xn+1U+ (1— Xn+1 — Bn+1)zn+1 . oanu+ (1 —on —Pn)zn ”

w — W =
H n+1 n” H 1_Bn+1 1_[3n
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TR o _ % - _
= Hl—ﬁn+1 (W—zn41) 1_Bn(u Zn) + Zni1 — Zn||
Xn+1 . Kn . .
< ot u znal ezl 2 2l
_Hn+l %n _ _
< Tzl ezl e
this implies that
Xn+1 x
[Wri1 = wnl = [Ixns1 —xn|l < ﬁ”u—znm! +7 _T[; u—znl.
n n
It follows from the conditions (i), (ii), and (II) that
limsup(||[wni1 —wn| —[[xnt1 —xn|) <O.
n—oo
Hence, from lemma 2.7, it follows that
lim |[wy —xn| = 0. (3.5)
n—oo
Since, from (3.4), it follows that
g1 —xnl = (1= Bn)[[wn —xn].
By virtue of the conditions (i) and (3.5), we get
lim |[xn4+1—xn| =0. (3.6)
n—oo

(IV). We show that limsup, _, _(u—uj,J(xn —uj)) <0, where uj € Py, and Py is the sunny nonexpan-
sive retraction from E onto J.
First, one has

Xn+l —Xn = &n(W—2n) + (1 = Bn)(zn —Xn).
It follows that

[Xn41 = Xn | + anl[u—zn||

[zn —xnl <

1—PBn
From conditions (i), (ii), and (3.6),
nlg}rgo |zn —xnl|| =0. (3.7)
Define a mapping W by
Wx = uSx+ (1— u)Téf\l’Ml) o Téj\z’MZ) o---0 Téf\“Ml)X, Yy € E.

In view of Lemmas 2.11 and 2.2, we see that W is nonexpansive such that
FOW) = F(S)(VF(To ™ o Tl oo T M),
From (3.7), it follows that

lim [|[Wxn —xn| =0. (3.8)
n—oo
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Let z¢ be the fixed point of the contraction z — tu+ (1 —t)Wz, where t € (0,1). Thatis, zx = tu+ (1 —
t)Wz¢. It follows that

|zt —xnll = [[(1—1)(Wzt —xn) +t{u—x ).
On the other hand, we have

Izt —xn > = [[(1 =) (Wzy —xn) + tlu—xq) |2
< (1=1)?||z¢ —xn P +2t(u—2z¢, J(zt —xn)) + 2t||z¢ — anz
+ [ Wxn —xn |1 +2[|ze = xXall[|[Wxn —xn.

It follows that
t , 1
{ze = J(ze —xn)) < Sllze —xnll+ ft(IIWXn —xn| +2[|zt —xn || Wxn —xn|l-

Since, by (3.8), one sees that

lim [(||Wxn —xn| +2[|zt = Xn|])|[Wxn —xn|]] =0,

n—oo

hence, we arrive at

—+

limsup(z¢ —u, J(z¢ —xn)) < EM’ (3.9)

n—o0

where M >0 is an appropriate constant such that ||zt —xn|> < M for all t € (0,1) and n > 1. Letting
t — 0in (3.9), we have

lim sup lim sup(z¢ —u, J(z¢ —xn)) < 0.
t—0 n—oo

So, for any ¢ > 0, there exists a positive number 6; > 0 with t € (0,81) such that

limsup(z¢ —u, J(z¢ —xn)) < (3.10)

n—o0

N[ o

On the other hand, we see that Pr(\y)u = lim 0 z¢ and F(W) = J. It follows that lim . zy = uj = Pg5.
There exists a positive number &, > 0 with t € (0, 62) such that

|<u_uTr](XTL _uik» - <Zt —LL,](Zt _Xn)>|
<(u—uy, J(xn —up)) — (W—uf, J(xn —z¢))
+(uw—uf, J(xn —zt)) — (2t —u, J(zt —xn))l (3.11)

= (u—ug, J(xn —up) = J(xn —2ze))l + Kzt —ug, J(xn — 24))]

< lu=ugf[[T0n —up) = Jen — ze) [ + llze = ug[[[[T(xn — 2| <

N ™

From (3.11), choosing & < min{dy, 8}, it follows that, for each t € (0, 5),
I3
(u—uj, J(xn —u7)) < (ze —w, J(zt —xn)) + 5
which implies that

limsup(u—uj, J(xn —uj)) < limsup(z¢ —u, J(z¢ —xn)) + %
n—oo n—oo
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It follows from (3.10) that
limsup(u—uj, J(xn —uj)) < e.
n—oo
Since ¢ > 0 is chosen arbitrarily, we have
limsup(u —uj, J(xn —uj)) <O0. (3.12)
n—oo
(V). We show that limy,_, xn = uj. In fact, from (2.1) and (3.2), we have
1 = uil? = (a1 —uf, J(xng1 —ui))
= <(Xnu—+ Brnxn + (1 — &n — Bn)zn _uik/](anrl - uT))
= o‘n<u - U'T/ J(XnJrl - uT)) + Bn(xn - uik/ ](XnJrl - uT)>
+ (1 —otn = Bn)(zn —uy, J(Xn1 —uy))
< o (u—ug, J(xnt1 —up)) + Bnllxn —ug|[J(xns1 —uil|
+ (I —atn = Bn)llzn —ug [T (xng1 — )|
< an(u—uy, J(xns1 —up)) + Bnllxn —up|lxne1 —uyl
+ (1= atn = Bn)llxn —ufllxni1 —ugll
= o (u—ug, J(xni1 —ug)) + (T —an)lxn —ugfl[xn1 —upll
* * 1—w * *
< on{ut =, Tt =)} + = o =7 fena =),
which implies that
xnt —uf[? < (1= otn) xn =i |2 + 200 (=1, J (xn41 —ug)).-
Hence, by condition (i), (3.12), and Lemma 2.12, we have
lim xn, =uj,
n—oo
where Py is the sunny nonexpansive retraction from E onto Py and (uj,uj,...,uy) € E!, where
wj = Tor Mg,
uj = Tor Mg,
=T,
up =T My,
is a solution to problem (1.4 ). This completes the proof of Theorem 3.1. O

Remark 3.2. Theorem 3.1 which includes Qin et al. [11], Ceng et al. [3], Yao et al. [19], and Zhang et al.
[20] as special cases, mainly improves Qin et al. [11] in the following respects:

(1) from a single variational inclusion to a system of variational inclusions;

(2) from a system of variational inclusions to a general system of variational inclusions;

(3) from nonexpansive mappings to strict pseudocontractions.

Remark 3.3.

(1) As special cases of problem (1.4), we have the following. If 1 = 2 in problem (1.4), then problem (1.4)
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is reduced to the following. Find (x*,y*) € X x X such that

{Oex*—y*erl(Aly*"'MlX*)f (3.13)

0e y* —x* 4+ po(Ax* + sz*).

(2) If Ay = A, = A and Mj; = My = M in problem (3.13), then problem (1.4) is reduced to the following.
Find (x*,y*) € X x X such that

{06x*—y*+p1(Ay*+Mx*), (3.14)

0 € y* —x* + po(Ax* + My™*).
(3) If x* = y* in problem (3.13), then problem (1.4) is reduced to the following. Find x* € X such that
0 € Ax* + Mx*. (3.15)
From Remark 3.3, as some applications of Theorem 3.1, we have the following results.

Theorem 3.4. Let E be a uniformly convex and 2-uniformly smooth Banach space with the smooth constant K. Let
M : E — 2F be a maximal monotone mapping and A : £ — E a y-inverse-strongly accretive mapping, respectively.
Let T : E — E be a A-strict pseudocontraction with a fixed point. Define a mapping S by

A A
Sx =(1— ﬁ)x—i- ETX, Vx € E.
Assume that I = F(T) ﬂF(Téf\’M) o Té,f\’M)) # 0. For an arbitrary initial point w € E, let {xn} be a sequence
generated by

TN o T

Xn+1 = nU+ Bnxn + (1 —on — Br)(1Sxn + (1 — 1) n, nx=1,

where 1 € (0,1), p; € (0, %) (i=1,2), and {otn } and {Bn} satisfy the following conditions:

(i) {an} C (0,1), limy oo 0tn =0, and 5% o = +o0;

(i) {Bn}C (0,1) and 0 < liminf, o B <limsup, ,  Bn <1,

then {xn} converges strongly to x* = Pgu, where J is the sunny nonexpansive retraction from t onto Py and

(x*,y*) € E X E, where y* = Té;\’M)x* is a solution to problem (3.14).

Theorem 3.5. Let E be a uniformly convex and 2-uniformly smooth Banach space with the smooth constant K. Let
M : E — 2F be a maximal monotone mapping and A : E — E a y-inverse-strongly accretive mapping, respectively.
Let T : E — E be a A-strict pseudocontraction with a fixed point. Define a mapping S by

A A
— ﬁ)x—i- @Tx, Vx € E.

Assume that F = F(T)(F(Q) # 0, where Q = (A + M)~L. For an arbitrary initial point w € E, let {x,} be a
sequence generated by

Sx=(1

Xnil = XnU~+ Baxn + (1 —on — PBn)(USxn + (1 — u)TéA’M)xn), n=l,
where p € (0,1), p € (0, %z), and {otn} and {Bn} satisfy the following conditions:

(i) {an} C (0,1), limp oo 0tn =0, and 3% an = +o0;
(i) {Bn}C (0,1) and 0 < liminf,, ;o B <limsup,, ,  Bn <1,

then {xn} converges strongly to x* = Pgu, where Py is the sunny nonexpansive retraction from € onto J and
x* € E is a solution to problem (1.1).



H. Liu, Q. Long, Y. Li, ]. Nonlinear Sci. Appl., 11 (2018), 644-657 655

4. Application

In this section, we shall utilize our results in the paper to study the monotone variational inequality
problem, convex minimization problem, and convexly constrained linear inverse problem. Throughout
this section, let C be a nonempty closed and convex subset of Banach space E.

4.1. Application to monotone variational inequality problem
First, we present an example of monotone variational inequality problems.

Example 4.1 ([4]). If M = 3¢ : H — 2", where ¢ : H — (—o0, +00] is a proper convex and lower semi-
continuous function, and 9¢ is the sub-differential of ¢, then problem (1.1) is equivalent to find x* € H
such that

(AX",v=x") + d(v) = d(x") 20, WveH, (4.1)

which is said to be the mixed quasi-variational inequality. If ¢ is the indicator function of C, that is, if
x € C, then ¢(x) = 0, and if x€C, then ¢(x) = +oo. Then problem (4.1) is equivalent to the classical
variational inequality problem, that is, find x* € C such that

(Ax*,v—x") >0, WvveC. 4.2)
It is easy to see that problem (4.2) is equivalent to finding a point x* € C such that
0e (A+M)x*,
where M is the subdifferential of the indicator of C, and it is a maximal monotone operator.

By Theorem 3 in [13], the resolvent of M is nothing but the projection operator Pc. Therefore, the
following result can be obtained from Theorem 3.5 immediately.

Theorem 4.2. Let E be a uniformly convex and 2-uniformly smooth Banach space with the smooth constant K. Let
M : E — 2F be the subdifferential of the indicator of C witch is a maximal monotone operator, and A : E — E be a
y-inverse-strongly accretive mapping, respectively. Let T : E — E be a A-strict pseudocontraction with a fixed point.
Define a mapping S by

A A
Sx = (1— ﬁ)x—k ETX, Vx € E.
Assume that F = F(T) F((A+M)~10) # 0. For an arbitrary initial point w € E, let {x,} be a sequence generated
by

Xnt1 = &nU+ Bnxn + (1 —otn — Br)(1Sxn + (1 —H)Pc(xn — pAX,)), n>1,

where nw € (0,1), p € (0, %), and {an } and {frn} satisfy the following conditions:

(i) {otn} € (0,1), limp o0 &ty = 0, and /% oty = +o0;
(i) {Bn}C (0,1) and 0 < liminf,, o B <limsup, ,  Bn <1,

then {xn} converges strongly to x* = Pgu, where Py is the sunny nonexpansive retraction from E onto F and
x* € E is a solution to problem (4.2).

4.2. Application to convex minimization problem

Let Y : H — R be a convex smooth function and ¢ : H — R be a proper convex and lower-
semicontinuous function. We consider the following convex minimization problem of finding x* € H
such that

V() + ¢ (x7) = minf(x) + b (x)}- (4.3)
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This Problem (4.3) is equivalent to the problem of finding x* € H such that
0€ Vi(x*) +0¢(x7), (4.4)

where V1 is a gradient of \p and 9¢ is a subdifferential of ¢. Set A = Vi and M = 9¢ in Theorem
35. If VU is (%)—Lipschitz continuous, then it is L-inverse strongly monotone. Moreover, 9¢ is maximal
monotone. Hence, from Theorem 3.5, we have the following result.

Theorem 4.3. Let E be a uniformly convex and 2-uniformly smooth Banach space with the smooth constant K. Let
P : E — R be a convex smooth function and ¢ : E — R be a proper convex and lower-semicontinuous function. Vi
is a gradient of \p and ¢ is a subdifferential of . If V7 is (1)-Lipschitz continuous and d¢ is maximal monotone,
then let T : E — E be a L-strict pseudocontraction with a fixed point. Define a mapping S by

L L
Sx = (1— ﬁ)x+ﬁTx, Vx € E.

Assume that F = F(T)\F((V +3d)~10) # 0. For an arbitrary initial point w € E, let {xn} be a sequence
generated by

Xn1 = o+ Brxn + (1= o — Bn) (1Sxn + (1= W)]3® (xn —pVxn)), n>1,
where € (0,1), p € (0, %), and {an } and {Prn} satisfy the following conditions:
(i) {an} C (0,1), limy oo 0tn =0, and 3% o = +o0;

n

(i) {Bn} C (0,1) and 0 < liminf,, o Bn < limsup,, ., Bn <1,

then {xn} converges strongly to x* = Pgu, where Py is the sunny nonexpansive retraction from E onto F and
x* € E is a solution to problem (4.4).
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