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A general nonlinear framework for an Ishikawa-hybrid proximal point algorithm using the notion
of (A, n)-accretive is developed. Convergence analysis for the algorithm of solving a nonlinear
set-valued inclusions problem and existence analysis of solution for the nonlinear set-valued
inclusions problem are explored along with some results on the resolvent operator corresponding
to (A, 17)-accretive mapping due to Lan-Cho-Verma in Banach space. The result that sequence {x,,}
generated by the algorithm converges linearly to a solution of the nonlinear set-valued inclusions
problem with the convergence rate 0 is proved.

1. Introduction

The set-valued inclusions problem, which was introduced and studied by Di Bella [1],
Huang et al. [2], and Jeong [3], is a useful extension of the mathematics analysis. And
the variational inclusion(inequality) is an important context in the set-valued inclusions
problem. It provides us with a unified, natural, novel, innovative, and general technique
to study a wide class of problems arising in different branches of mathematical and
engineering sciences. Various variational inclusions have been intensively studied in recent
years. Ding and Luo [4], Verma [5], Huang [6], Fang and Huang [7], Lan et al. [8], Fang
et al. [9], and Zhang et al. [10] introduced the concepts of 7-subdifferential operators,
maximal 7-monotone operators, H-monotone operators, A-monotone operators, (H,7)-
monotone operators, (A, 1)-accretive mappings, (G, 77)-monotone operators, and defined
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resolvent operators associated with them, respectively. Moreover, by using the resolvent
operator technique, many authors constructed some approximation algorithms for some
nonlinear variational inclusions in Hilbert spaces or Banach spaces. Recently, Verma has
developed a hybrid version of the Eckstein and Bertsekas [11] proximal point algorithm,
introduced the algorithm based on the (A, 77)-maximal monotonicity framework [12], and
studied convergence of the algorithm.

On the other hand, in 2008, Li [13] studied the existence of solutions and the stability
of perturbed Ishikawa iterative algorithm for nonlinear mixed quasivariational inclusions
involving (A, #)-accretive mappings in Banach spaces by using the resolvent operator
technique in [14].

Inspired and motivated by recent research work in this field, in this paper, a general
nonlinear framework for a Ishikawa-hybrid proximal point algorithm using the notion of
(A, m)-accretive is developed. Convergence analysis for the algorithm of solving a nonlinear
set-valued inclusions problem and existence analysis of solution for the nonlinear set-
valued inclusions problem are explored along with some results on the resolvent operator
corresponding to (A, 77)-accretive mapping due to Lan et al. in Banach space. The result that
sequence {x,} generated by the algorithm converges linearly to a solution of the nonlinear
set-valued inclusions problem as the convergence rate 6 is proved.

2. Preliminaries

Let X be a real Banach space with dual space X* and (:,-) and let the dual pair between X
and X*, 2X denote the family of all the nonempty subsets of X and CB(X) the family of all
nonempty closed bounded subsets of X. The generalized duality mapping J; : X — 2% is
defined by

Ja) = {f e X (e £y = I, [I£] = Ixl}, vxeX, (2.1)

where g > 1 is a constant.
The modulus of smoothness of X is the function px : [0,00) — [0, o) defined by

1
pxtt) = sup{ 3 (Jx =yl + - vl -1 el <1, vl < @2)
A Banach space X is called uniformly smooth if

imPXE o, 2.3)
t—0 t

X is called g-uniformly smooth if there exists a constant ¢ > 0 such that

px(t) <ctl, (g>1). (2.4)
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Remark 2.1. In particular, ], is the usual normalized duality mapping, and J, (x) = ||x[|972 J2(x)
(for all x#0). If X* is strictly convex [15], or X is uniformly smooth Banach space, then J,
is single valued. In what follows we always denote the single-valued generalized duality
mapping by ], in real uniformly smooth Banach space X unless otherwise stated.

Let A,Q,g: X — X;1,N : X xX — X besingle-valued mappings. Let M : X x X —
2X be a set-valued (A, 17)-accretive mapping. We consider nonlinear set-valued mixed variational
inclusions problem with (A, 17)-accretive mappings (NSVMVIP).

For any u € X, finding x € X, y = Q(x) such that

ue N(y,g(x)) +M(y). (2.5)

Remark 2.2. A special case of problem (2.5) is the following.

(i) If X = X* is a Hilbert space, N = 0 is the zero operator in X, Q = I is the
identity operator in X, and u = 0, then problem (2.5) becomes the parametric
usual variational inclusion 0 € M(x) with a (A, 7)-maximal monotone mapping
M, which was studied by Verma [12].

(ii) If X is a real Banach space, Q = I is the identity operator in X, and u = 0, then
problem (2.5) becomes the parametric usual variational inclusion u € N(x, g(x)) +
M(x) with a (A, r7)-accretive mapping, which was studied by Li [13].

It is easy to see that a number of known special classes of variational inclusions and
variational inequalities in the problem (2.5) are studied (see [2, 7, 12-14]).
Let us recall the following results and concepts.

Definition 2.3. A single-valued mapping 7 : X x X — X is said to be 7-Lipschitz continuous
if there exists a constant 7 > 0 such that

ln(x )| <7llx-y|, YxyeX (2.6)

Definition 2.4. A single-valued mapping A : X — X is said to be

(i) accretive if

(A(x1) — A(x2), J(x1 —x2)) 20, Vxy,xp€X, (2.7)

(ii) strictly accretive, if A is accretive and (A(x1) — A(x2), J;(x1 — x2)) = 0if and only if
x1 =x, forall x1,x, € X,

(iii) r-strongly 7-accretive if there exists a constant r > 0 such that

(A(x1) = A(x2), Ja(m(x1,x2))) 2 rllxs —x2|9,  Vxp,x0 € X, (2.8)

(iv) a-Lipschitz continuous if there exists a constant a > 0 such that

|A(x1) = A(x2)|| < af|x1 — x2||, Vx1,x € X. (2.9)
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Definition 2.5. A single-valued mapping N : X x X — X is said to be

(i) (u, v)-Lipschitz continuous if there exist constants y, v > 0 such that

IN(x1, 1) = N(x2,10) || S plxa = 2l +v||ly1 - 2| Vxi,yi€X, i=1,2, (2.10)

(ii) (¢, x)-Q-relaxed cocoercive with respect to AQ in the first argument if there exist
constants ¢, k > 0, and for all x; € X, y; = Q(x;)(i = 1,2) such that

(N(y1,) = N(v2,), Ji(A(y1) = A(2))) 2 =¢lIN(y1,-) = N(y2, )7 + xllx1 = 2|7, o)
2.11

where A,Q : X — X are single-valued mappings.

Definition 2.6. Let A : X — X, and let 7 : X x X — X be single-valued mappings. A set-
valued mapping M : X — 2X is said to be

(i) accretive if

(w1 —up, Jg(x1 - x2)) 20, Vxi,x € X, uy € M(x1), uz € M(x2); (2.12)

(ii) n-accretive if

(ur —uz, Jg(n(x1,x2))) >0, Vxi,x0€X, uy € M(x1), uz € M(x2); (2.13)

(iii) r-strongly accretive if there exists a constant r > 0 such that

(i—v2, Jgler—x2)) 2rllxi —x2l?, VxieX, yie M(x;) (i=1,2); (2.14)

(iv) m-relaxed 7-accretive if there exists a constant m > 0 such that

(w1 —up, Jg(m(x1,%2))) = —mllxy - x2||7, Vxy,x0 € X, uy € M(x1), up € M(xz), (2.15)

(v) A-accretive, if M is accretive and (A + pM)(X) = X forall p > 0,

(vi) (A, mn)-accretive if M is m-relaxed 5-accretive and (A + pM)(X) = X forall p > 0.
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Based on the literature [8], we can define the resolvent operator R;‘,']ZI as follows.
Definition 2.7 (see [8]). Let: X x X — X be a single-valued mapping, A : X — X a strictly
n-accretive single-valued mapping and M : X x X — 2% a (A, n)-accretive mapping. The
resolvent operator R;‘/’]ZI : X — X s defined by

ROV (x) = (A+pM) (), VxeX, (2.16)

where p > 0 is a constant.

Remark 2.8. The (A, n7)-accretive mappings are more general than (H, 77)-monotone mappings
and m-accretive mappings in Banach space or Hilbert space, and the resolvent operators
associated with (A, n)-accretive mappings include as special cases the corresponding
resolvent operators associated with (H,7)-monotone operators, m-accretive mappings, A-
monotone operators, 7-subdifferential operators [3-14, 16, 17].

Lemma 2.9 (see [8]). Let n : X x X — X be T-Lipschtiz continuous mapping, A : X — X be
an r-strongly n-accretive mapping, and M : X x X — 2% an (A, n)-accretive mapping. Then the

generalized resolvent operator R;‘,’z(lxr : X — X is 171/ (r — mp)-Lipschitz continuous, that is,

791

A, A,
||Rp,1\’1/1(x) - Rp,;\f[(y)” << — lx-vy|, VxyeX (217)
where p € (0,7/m).

In the study of characteristic inequalities in g-uniformly smooth Banach spaces, Xu
[18] proved the following result.

Lemma 2.10 (see [18]). Let X be a real uniformly smooth Banach space. Then X is g-uniformly
smooth if and only if there exists a constant c; > 0 such that for all x,y € X,

|+ y||7 < lIxll + q{y, Jo(x)) +cqlly ]| (2.18)

3. The Existence of Solutions
Now, we are studing the existence for solutions of problem (2.5).

Lemma 3.1. Let X be a Banach space. Let 11 : X x X — X be a T-Lipschtiz continuous mapping,
A : X — X be an r-strongly n-accretive mapping, and M : X — 2% an (A, n)-accretive mapping.
Then the following statements are mutually equivalent.

(i) An element x € X is a solution of problem (2.5).
(ii) Fora x € X and any 1 > X > 0, there exists y = Q(x) such that

x=(1-Nx+ )L<x -y + R:’AU/I (A(y) -pN(y, g(x)) + pu)), (3.1)
where p > 0 is a constant.

Proof. This directly follows from the definition of R;‘,’I?A(x). O
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Theorem 3.2. Let X be a g-uniformly smooth Banach space. Let A,Q,g : X — X;1n,N : X x
X — X be single-valued mappings, and 1 be a T-Lipschtiz continuous mapping, A a r-strongly n-
accretive and a-Lipschitz continuous mapping, Q be a y-strongly accretive and y-Lipschitz continuous
mapping, and g a @-Lipschitz continuous mapping, respectively. Let N : X x X — X be (u,v)-
Lipschitz continuous, and (g, x)-Q-relaxed cocoercive with respect to AQ in the first arqument. Let
M : X — 2X be a set-valued (A, n)-accretive mapping. If the following condition holds:

71[(@7 + cop X + apypxT - qpr) '+ pvg| <T(r-mp)(1- (1+cox’-ar)'’"), (32)
where c; > 0 is the same as in Lemma 2.10, and p € (0,r/m), then the problem (2.5) has a solution

x* e X.

Proof. Define a mapping F : X — X as follows:
F(x)=(1-Mx+ A(x -y+ R:’I\W/I(A(y) -pN(y,g(x)) + pu)), Vx € X. (3.3)
For elements x1, x; € X, if we let y; = Q(x;) and
si= A(yi) —pN(vi, g(x:)) +pu (i=1,2), (3.4)
then by (3.1), (3.3), and Lemma 2.10, we have

IFGe1) = F)ll = {|(1 = 0+ (31 = 1+ RO (1)) = (1= N2 = (2 - o + RO () )|
< (1= Wl = xal] + M| = x2 = (ya = o) | + 4[| RO 52) = ROy ()|

<@ =Dlxr =22 + 4

T
r —

1
p (PIIN (y2,8(x1)) = N (y2, g(x2)) ||

+A(y1) - A(y2) - p(N (y1,8(x1)) = N (2, g(x))) ) + M| = x2 = (1 = y2) |-
(3.5)

Since N (-, -) is (¢, k)-Q-relaxed cocoercive with respect to AQ in the first argument and Q is
a y-Lipschitz continuous mapping so we obtain

A1) = A(y2) - p(N (y1, 8(x1)) = N (y2, g (x))) ||’
<[|AG) - A@) |7 + cqp [N (1, 8(x1)) = N (y2, g () ||
=ap(N(y1,) = N(v2,), J(A(1) - A(v2)))
< [a7xT + cop™uT T + apypx? - qpx] x1 - x2||?,
[N (v2, g(x1)) = N (2, g(x2)) || < voplloe1 = xa]l. (3.7)
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By y-strongly accretivity of Q, we have

1 =2 = (v =) |I*

< lx1 = 22l|” + ¢4l y1 = v2|?
= .
— (1 — Y2, Jq(x1 = x2))
< (L+coxT = qy)llxr = x|
Combining(3.5), (3.6), (3.7), and (3.8), we can get
IF(x1) = F(x2)|| < [(1 = A) + A0] |1 — x|, (3.9)
where
1/ i1 1/
0= (1+cox"—qy) "7+ o [(@9 + copx? + apypx - qpr) T+ pyg| . (3.10)

It follows from (3.2) and (3.9) that F has a fixed point in X, that is, there exists a point x* € X
such that x* € é(x*), and

x = (1= 0)x +A(x" -y + R (A(Y) - pN (v, 8(x) + pu)), (311)

where y* = Q(x*). This completes the proof. O

4. Ishikawa-Hybrid Proximal Point Algorithm

Based on Lemma 3.1, we develop an Ishikawa-hybrid proximal point algorithm for finding
an iterative sequence solving problem (2.5) as follows.

Algorithm 4.1. Let x* be a solution of problem (2.5). Let {at,}eo, {Pntoeos {an}meor {bn}peo and
{pn oo, e five nonnegative sequences such that

lima, = limb, =0, a=limsupa,<1, b=limsupp, <1, p,Tp<oo
n—o n—oo n—oo n—oo (4.1)

(n=0,1,2,...).
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Step 1. For an arbitrarily initial point xo € X, we choose suitable zy € X, letting

yo = (1 - Po)xo + Pozo,

|20 = R (AQ(x0) = poN (Q(x0), (x0)) + pots) || < bollzo = xoll,
(4.2)
x1 = (1= ag)xo + agwy,
[eo0 = R (A(Q(0)) = poN(Q(wo), 8(x0)) + pors) | < aolleo0 - ol
Step 2. The sequences {x,} and {y,} are generated by an iterative procedure
Yn = (1 - ﬂn)xn + ﬁnzn/
|20 = RO (AQ(x) = puN(Q(), () + putt) || < bullza = xall, w3

Xn+l = (1 - “n)xn + an Wy,

W, = Ry (AQ(Wn)) = PN (Q(wn), g(xn)) + putd) || < anll0 =y,

wheren=1,2,....

Remark 4.2. For a suitable choice of the mappings A, 7, Q, N, g, M, space X, and nonnegative
sequences {ay}mro, {bn}mey, Algorithm 4.1 can be degenerated to a number of algorithms
involving many known algorithms which are due to classes of variational inequalities and
variational inclusions [12-14].

Theorem 4.3. Let X, A,N,Q, g, and M be the same as in Theorem 3.2, then condition (3.2) holds.
Let {an}eo, {Pnlneos {antoeo {bnleo and {pu}sey be the same as in Algorithm 4.1. Then the
sequence {x,} generated by hybrid proximal point Algorithm 4.1 converges linearly to a solution x*
of problem (2.5) as

a [(ﬂq + Cqp iy + gpyppty? - qpr) 7 + PWP] <t(r-mp)(1-(1+cpx-an)'’"), 44)

where cg>0 is the same as in Lemma 2.10, p € (0, r/m), and the convergence rate is

7! 1/
—(1— _ q _ q
6=>01-a)+ aI:T “mp <\q/¢x‘7 +qcqppip — qrp + pipd + pvgo) +(1+ cqX qy) ] (4.5)

Proof. Suppose that the sequence {x,} is the the sequence generated by the Ishikawa-hybrid
proximal point Algorithm 4.1, and that x* is a solution of problem (2.5). From Lemma 3.1 and
condition a,, € [0,1), we can get

X" = (1 ap)x* + (x* —y + R (A(Y) - paN (v, 8(x1)) + pnu)>, (4.6)

where y* = Q(x*).
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Foralln >0, and v, = Q(x,), setting
Al
Unr = (1 —an)x, + ay (xn = Yn+ R0 (A(Yn) = puN (yn, (xn)) + pnu)>,

we find the estimation
tni1 — x| < (1= an)l|xn — X7 + an
A,
x| RO (A(n) = oaN (s 8(xn)) + pue)

A, . . .
R (A - N (1, 56) + )|

q-1

]| = = (" = yn) | < (1= ) oo = 7| + an— o

 [|A(yn) = A(Y") = pu(N (yn, g(xn)) = N (¥, g(xn))) ||
+ou| [N (y*, &(xn)) = N(y*, g + anlx™ = 20 = (v* = ya) |-

By the conditions and Lemma 2.10, we have

IA@Wn) = AW") = pu(N (Y, §(xn)) = N (", g (xu))) ||
<[ A@wn) = AW + caprll N (Y, g(xa)) = N (v, g (xu)) ||
= apn{N (Yn, 8(xn)) = N (v, 8(xn)), Jg(A(yn) = A(Yy")))
< [ + captp X + apugrptx® - apur| I - X°I1,
[N (x*, g(xn)) = N (x*, g(x")) || < vopllacu = %7,

[l = = (" = ) | < (1 + cx” = qr) Ix" = all”.
It follows from (4.8)—(4.10) that
ltns1 = 27| < Onllan — X7,
where

0, =(1-a,)+a,h,,

741

h, =

1/
= = mpn <\”’/“"xq + CapHIXT + APagHIXT = GPu + PnWP) + (14 eqx? —aqy) .

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

(4.13)
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Since x,41 = (1 — ay)x, + a,w, and (4.3), x,11 — X, = ay(w,, — x,) and

||xn+1 - un+l” < || (1 - an)xn + ay Wy

[0+ (5= 3+ R (A ) = N (o 5) + )|

<ay

Wy~ R (A(yn) = puN (i, 80)) + put) || + a0 vl
< At ||wn = Ynl| + || %0 = yal|-

(4.14)

Next, we calculate

loner = x| < Nt = 7N+ otner = et | < Nttnar = x7|| + anan||wn = ynl| + |20 = ya|
< et = X" + an@n (I[won = xull + ||yn = 2xa|) + an|| 260 = yul|
<t = X*|| + an@nllwn = x|l + an(an + 1) || yn — x|
< Oullxn = X" + aullx” = xull + @nllxn = x| + an(an + 1) ([[yn = x| + [lx" = xull)

< Oulloxn = x| + anllxni1 — x*|| + an(an + 1) || yn — x*|| + (an + an(an +1))[|x* = x|

(4.15)
This implies that
R R A MR
letting
x* = (1= Pp)x" + P (x* -y + R;:ZVI (A(y*) —puN(y*, g(x*)) + pnu)>. (4.17)
Forall n > 0, set
V0= (1= ) + (X =y + RN (A(y) = paN (i, §() + putt))- (4.18)
For the same reason,
lon — x*|| < Bullocn — X7, (4.19)

where

0n = (1 - ﬁn) + ﬁnhn/ (420)
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”yn = x*|| < Bullxn — x| + (bn + bnﬂn +ﬂn>(”x* — x| + I x" - yn”)' (4.21)
Furthermore,
&, +b, + b, p, + By .
|y —x*|| < (1 but P )len - x| (4.22)
— (by + b + Br)
Combining (4.16)-(4.22), then we have
s = ] < [9" Fant (1)

(4.23)

1+ay)a, (O +by+bup, + P "
1-an 1-(by+bufn+pn)

By (4.4) and the condition lim,, _, xa, = lim,_, b, = 0, we can see that
0 =19 =limsup0,
n—oo

741

— <\‘7/a‘7 +qeqppip — qrp + pip + PW’) (4.24)

=(1-a) +a[
q /q
+(1+cqx7-qy) ] <1,

and the convergence rate is 0.By (4.4), if h = lim, _,,h,, then it follows that 0 < h < 1
and 0 < 6 < 1. Therefor, the sequence {x,} generated hybrid proximal point Algorithm 4.1
converges linearly to a solution x* of problem (2.5) with convergence rate 0. This completes
the proof. O

Remark 4.4. For a suitable choice of the mappings A, 1, Q, g, N,and M, we can obtain several
known results [12-14, 17] as special cases of Theorem 3.2 and Theorem 4.3.
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