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Abstract This paper deals with a new system of nonlinear variational inclusion problems involving (A,n)-maximal
relaxed monotone and relative (A, n)-maximal monotone mappings in 2-uniformly smooth Banach spaces. Using the
generalized resolvent operator technique, the approximation solvability of the proposed problem is investigated. An iterative
algorithm is constructed to approximate the solution of the problem. Convergence analysis of the proposed algorithm is
investigated. Similar results are also proved for other system of variational inclusion problems involving relative (A, n)-
maximal monotone mappings and (H, n)-maximal monotone mappings.
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1. Introduction

Variational inequalities have been well studied and generalized to different directions due to its large association
with partial differential equations and optimization problems. Variational inclusion problem is a natural
generalization of variational inequality problem and it is of recent interest. Monotonicity plays a prominent role
in the solvability of variational inclusion problem. Researchers have been studied different kind of monotonicity
such as maximal monotonicity, relaxed monotonicity, H-monotonicity, A-monotonicity etc., and solved different
variational inclusion problems taking the help of such monotonicity of the underlying operator. The method based
on the resolvent operator technique is a generalization of projection method and has been widely used to solve
variational inclusion problems (see [1], [3][5], [6], [7], [9], [11] and [12]).

Peng and Zhu [14] introduced and studied a new system of variational inclusion problems involving (H,n)-
monotone operators. Verma [16] solved a new class of set valued variational inclusions involving (A, )-monotone
operators in Hilbert space. He also studied the notion of (A,7n)-maximal relaxed monotonicity in Verma [17].
He examined the sensitivity analysis for quasi-variational inclusion problems using (A,7)-maximal relaxed
monotonicity. Recently, Agarwal and Verma [2] solved a new system of variational inclusion problems involving
(A, n)-maximal relaxed monotone mappings and relative (A, n)-maximal monotone mappings in Hilbert space.
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More recently, Sahu et al. [15] have studied a class of A-monotone implicit variational inclusion problems in
semi-inner product spaces.

In this paper, we generalize the work of Agarwal and Verma [2] from Hilbert space to 2-uniformly smooth
Banach space. Although the results are similar, here we use different notion and techniques to solve those system
of variational inclusion problems in 2-uniformly smooth Banach space. People generally take the help of bounded
linear functionals to study those type of problems in Banach space. Instead of using arbitrary bounded linear
functionals, we take the help of semi-inner product structure introduced by Lumer [13]. Semi-inner product helps
us in a number of aspects for the smooth study of the problem. So first we afford a view of semi-inner product and
its important features that we use in our work.

Definition 1.1
(Lumer [13]) Let X be a vector space over the field F of real or complex numbers. A functional [.,.] : X x X — F
is called a semi-inner product if it satisfies the following:
L.[z+y,z2]=[z,2] + [y, 2], Ve,y,2 € X;
2. Az, y] = Nz,y], YA€ Fandz,y € X;
3. [z, 2] > 0, for z # 0;
4yl < [, 2]y, yl.
The pair (X, [.,.]) is called a semi-inner product space.
A semi-inner product space is a normed linear space with the norm ||z|| = [z, z]2. Every normed linear space
can be made into a semi-inner product space in infinitely many different ways. Giles [8] had shown that if the
underlying space X is a uniformly convex smooth Banach space then it is possible to define a semi-inner product

uniquely. For a detailed study and fundamental results on semi-inner product spaces, one may refer to Lumer [13],
Giles [8] and Koehler [10].

Example 1.1
The real Banach space LP(R) for 1 < p < oo is a uniformly convex smooth Banach space with a unique semi-inner
product defined by

= ” / FO)lg@ P sgnlg(t)dt, f,g € L'(R).
Example 1.2

The real sequence space [P for 1 < p < oo is a uniformly convex smooth space with a unique semi-inner product
defined by

[z,y] = ”‘WQEZz%m 2 ry el

Definition 1.2
(Xu [18]) Let X be a real Banach space. The modulus of smoothness of X is defined as

r+y|l+||r—y
pxt) = sup { S IE = oy = 0> 0},
. . oo px(t)
X is said to be uniformly smooth if %IH(I] — = 0.
—

X is said to be p-uniformly smooth if there exists a positive real constant ¢ such that px (¢t) < ct?, p > 1.
X is said to be 2-uniformly smooth if there exists a positive real constant ¢ such that px (t) < ct?.

Lemma 1.1

(Xu [18]) Let X be a smooth Banach space. Then the following statements are equivalent:
(1) X is 2-uniformly smooth.

(i1) There is a constant ¢ > 0 such that for every x,y € X, the following inequality holds

lz+yl1* < ll2l® + 2y, fo) + cllyl, (1L.1)
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where f, € J(z) and J(z) = {2* € X*: (z,2*) = ||z[|* and ||z*|| = ||z} is the normalized duality mapping,
where X* denotes the dual space of X and (z, z*) denotes the value of the functional z* at x, that is 2* (x).
Remark 1.1

Every normed linear space is a semi-inner product space (see Lumer [13]). In fact by Hahn Banach theorem, for
each z € X, there exists at least one functional f, € X* such that (z, f,) = ||z||*. Given any such mapping f from
X into X*, it has been verified that [y, 2] = (y, f,) defines a semi-inner product. Hence we can write the inequality
(1.1) as

2+l < |lz)® + 2[y, 2] + clly||>, Yz, y € X. (1.2)

The constant c is chosen with best possible minimum value. We call ¢, as the constant of smoothness of X.

Example 1.3
The functions space LP is 2-uniformly smooth for p > 2 and it is p-uniformly smooth for 1 < p < 2.
If 2 <p < oo, then we have for all z,y € LP,

lz+ylI* < lll® + 2[y, 2] + (0 = Dlly[1*.

Here the constant of smoothness is p — 1.

2. Preliminaries

In the vicinity of the paper, we assume that X, is a real 2-uniformly smooth Banach space endowed with norm ||. ||
and semi-inner product [., .], d is the metric induced by the norm, 2% is the power set of X, CB(X) is the set of all
closed and bounded subsets of X and D(.,.) is the Housdorff metric on CB(X) defined by

D(A, B) = max { sup d(z, B), sup d(A, y)},
T€A yeB

here d(z, B) = inf d dd(A,y) = inf d .
where d(z, B) [nf, (z,y) and d(A,y) inf (z,y)

Definition 2.1

Let T, A: X — X be single valued mappings. The operator 7" is said to be

(i) monotone if [Tx — Ty, x —y] > 0,Vx,y € X;

(ii) monotone with respect to A if [Tz — Ty, Az — Ay] > 0,Vz,y € X;

(iii) strictly monotone if 7" is monotone and [Tx — Ty, x — y|] = 0 if and only if x = y;
(iv) r-strongly monotone if there exists a constant » > 0 such that

[Tz —Ty,x—y] 2|z —y|* Vo, y € X;
(v) r-strongly monotone with respect to A if there exists a constant r > 0 such that
[Tz — Ty, Az — Ay] > r||z — y||*,Vz,y € X;
(vi) m-relaxed monotone if there exists a constant m > 0 such that
[Tz — Ty, —y] > (—m)|z — y||*, Yo,y € X;
(vii) m-relaxed monotone with respect to A if there exists a constant m > 0 such that
[Tz — Ty, Az — Ay] > (—=m)|z — y||*, Y,y € X;
(viii) (¢, pv)-relaxed cocoercive if there exist constant ¢, 4 > 0 such that

[Tz =Ty, —y] > (=) Tz = Ty|]* + pllz — y|*, Vo, y € X;
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(ix) (¢, p)-relaxed cocoercive with respect to A if there exist constant ¢, > 0 such that
[T — Ty, Ax — Ay] > (=) Tz — Ty||* + pllz — y||*, Yo,y € X;
(x) s-Lipschitz continuous if there exists a constant s > 0 such that
[Tz =Ty < sllz —yl,Vz,y € X.

In the following example we see that a map is not monotone but it is monotone with respect to another operator.

Example 2.1
Let T : R — R be a map defined by T'(x) = —z and A : R — R be defined by A(x) = —%z. One can easily see
that 7" is not monotone, but it is monotone with respect to A.

Definition 2.2
A single valued map 7 : X x X — X is said to be 7-Lipschitz continuous if there exists a constant 7 > 0 such that
In(z, y)| < 7llz -yl forallz,y € X.

Let M : X — 2% be a set valued map. We denote both the mapping and its graph by M, thatis M = {(z,y) :
y € M(x)}. The domain of M is defined by

DM)={z€eX:3yeX:(x,y) € M}
The range of M is defined by
RM)={yeX:3z e X : (x,y) € M}.

The inverse M~ of M is {(y,z) : (z,y) € M}.
For any two set valued mappings N, M : X — 2% and any real number p, we define

N+M={(z,y+2): (z,y) €N, (x,2) € M},
pM ={(z,py) : (z,y) € M}.
Foramap A : X — X and a set valued map M : X — 2%, we define
A+ M ={(z,y+2): Az =yand (z,2) € M}.

Definition 2.3

Letn: X x X — X and A : X — X be single valued mappings. Let M : X — 2% be a set valued map. Then the
map M is said to be:

(i) monotone if [u — v,z —y] > 0 for all (z,u) € M, (y,v) € M,

(i) monotone with respect to A if [u — v, Ax — Ay] > 0 for all (z,u) € M, (y,v) € M,

(iii) n-monotone if [u — v, n(x,y)] > 0 for all (z,u) € M, (y,v) € M;

(iv) n-monotone with respect to A if [u — v, n(Azx, Ay)] > 0 for all (z,u) € M, (y,v) € M,

(v) strictly n-monotone if M is n-monotone and equality holds if and only if z = y;

(vi) (r, n)-strongly monotone if there exists a constant r > 0 such that [u — v, n(z,y)] > r|lz — y||* for all (z,u) €
M, (y,v) € M;

(vii) (r,n)-strongly monotone with respect to A if there exists a constant » > 0 such that [u — v, n(Az, Ay)] >
rllz — y||? for all (z,u) € M, (y,v) € M;

(viii) (m,n)-relaxed monotone if there exists a constant m > 0 such that [u — v, n(x,y)] > (—m)||x — y||? for all
(z,u) € M, (y,v) € M;

(ix) (m,n)-relaxed monotone with respect to A if there exists a constant m > 0 such that [u — v, n(Az, Ay)] >
(—m)|jz — yl||? for all (z,u) € M, (y,v) € M;

(x) maximal monotone if M is monotone and (I 4+ pM)(X) = X for all p > 0, where [ is the identity mapping on
X;

(xi) maximal n-monotone if M is n-monotone and (I + pM)(X) = X forall p > 0.
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Definition 2.4

LetA: X - X, H:X — Xandn:X x X — X be single valued mappings. Let M : X — 2% be a set valued
map. Then M is said to be:

(i) A-maximal m-relaxed monotone if M is m-relaxed monotone and (A + pM)(X) = X for all p > 0;

(ii) Relative A-maximal m-relaxed monotone if M is m-relaxed monotone with respect to A and (A + pM)(X) =
X forall p > 0;

(iii) (A, n)-maximal m-relaxed monotone if M is (m, n)-relaxed monotone and (A + pM)(X) = X for all p > 0;
(iv) Relative (A,n)-maximal m-relaxed monotone if M is (m,n)-relaxed monotone with respect to A and
(A+ pM)(X) = X forall p > 0;

(v) H-maximal monotone if M is monotone and (H + pM)(X) = X for all p > 0;

(vi) (H,n)-maximal monotone if M is n-monotone and (H + pM)(X) = X for all p > 0.

Lemma 2.1
Letn: X x X — X be asingle valued mapping, A : X — X be a strictly -monotone mapping, and M : X — 2%
be an (A, n)-maximal m-relaxed monotone mapping. Then the mapping (A + pM)~! is single valued.

Proof
For a given u € X, assume that 7,y € (A + pM)~!(u). Then we have

%m ~ Ax)) € M(x); %w — A(y)) € M(y).

Since M is (m,n)-relaxed monotone, it follows that

%[u — A(z) = (u— A(y)),n(z,y)] = (=m)|z - y|*

= [Az — Ay, n(z,y)] < (pm) |z — y|>.

Again A is strictly n-monotone, that is [Az — Ay, n(x,y)] > 0, Vx,y € X and and equality hold if and only if
x = y. Hence we have

0 < [Az — Ay, (2, y)] < (pm)|x — y|*.

This is possible only when z =y, since p and m are positive. Hence one can conclude that the operator
(A + pM)~1 is single valued. O

Now we can define the generalized resolvent operator associated with (A, 7)-maximal m-relaxed monotone
mapping.

Definition 2.5

Letn: X x X — X be asingle valued mapping, A : X — X be a strictly -monotone mapping, and M : X — 2%
be an (A, n)-maximal m-relaxed monotone mapping. Then the generalized resolvent operator J:}\Z X = X is
defined by

J:}\Z(I) = (A4 pM)~Y(z) forallz € X,

where p is a positive constant.

Lemma 2.2

Let n: X x X — X be a 7-Lipschitz continuous map, A: X — X be an (r,n)-strongly monotone mapping
and M : X — 2% be an (A, n)-maximal m-relaxed monotone mapping. Then the generalized resolvent operator
J:}C’[ : X — X is .——-Lipschitz continuous for 0 < p < .

r—pm_
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Proof
For any z,y € X, we have

This implies that

Toni(@) = (A+ pM) ™! (z)
T () = (A+ pM) " (y).

1
;u—Aﬁmu»eMﬁﬁ<>

1
;w—Aﬁﬁ<»eMﬁM@»

Since M is (A, n)-maximal m-relaxed monotone, we have

%w—Aﬁﬁwrﬁy—Aﬁﬁ@Lﬂ%ﬁ@%ﬁﬂ@m

> (=

Again using the above inequalit

v

>

%hfw%A¢W@fA¢ﬁ@Lﬂﬁﬁm%ﬁﬂ@N

s A,
m)|| T2 (@) — T ()12

y and (r, )-strong monotonicity of A, we get

[l — yll[|n( pM($» I )|
[z — . m( pM(x)v Ay ))]
[x—y {AJAn(x) AT ) (T (), T ()]

+maﬂ<>qu<>M%m<mpM@m
—pml| I (@) — T ()P

ot )P+l @) = T )l

= (r—pm)| (@) = T )|1>

Applying the 7-Lipschitz continuity of 7 in the above inequality, we get

=yl

This implies that

= [T (@) = T3 W)l < -

Lemma 2.3

A,

Todi@) = Tl = e =yl (75 @), 5 w) |
: 4,

> (=)l @) = T )

||z — y||, where0 < p < T
m

249

O

Letn : X x X — X be t-strongly monotone and 7-Lipschitz continuous, A : X — X be r-strongly monotone, and

let M : X — 2% be a relative (A, n)-maximal monotone mapping. Then the resolvent operator Jﬁ}(][

7T—t-Lipschitz continuous.

Proof
For any z,y € X, we have

T (x) = (A+ pM) ™} ()
T4 () = (A+ pM) ™ (y).

Stat., Optim. Inf. Comput.

X = Xis

Vol. 5, September 2017



250  SYSTEM OF NONLINEAR VARIATIONAL INCLUSION PROBLEMS WITH (A4, n)-MAXIMAL MONOTONICITY

This implies that

1
;{x - AJ:}@(J:)} € MJ;};@(x)

1 A A
;{y — AT W)} € MJJ3H(y).
Since M is n-monotone with respect to A, we have

1 A, A, A, ,
;[3: —y —{AT(2) — AT )} (AT 5 (2), AT ()] > 0.
Using the ¢-strongly monotonicity of 7 in the above inequality, we get
A, A, A, A, A, A,
[z =y, n(AT 3 (@), AT 3 ()] = [AT) (@) = AT (y), n (AT v (x), AT (y))]
A, A,
> | AT (@) — AT )]

Again using the 7-Lipschitz continuity of 7 in the above inequality, we get
A, A, A, A,
lo = yllTllAT 3 (@) = AT W) > e = ylllin (AT, 3 (), AT 5 ()
7

[z =y, (AT (@), AT ()]
tl AT (x) — AT ()12

v

Y

A, A, T
= AT (@) = AT < Tl =yl

Since A is r-strongly monotone, we have

A, , A, A, ; A,
T = W) < AT @) — AT ), T ) = T )]
A, A, A, A,
< AT @) = AT @IS @) = T )
T
< Tz =yl @) - 5wl

.
= T30 (@) = T @l < —lle =yl
O

As the Lemma 2.1 and Lemma 2.2, we can have the following result for (H, n)-maximal monotone mapping.

Lemma 2.4
Letn: X x X — X be asingle valued mapping, H : X — X be a strictly 7-monotone mapping, and M : X — 2%
be an (H,n)-maximal monotone mapping. Then the mapping (H + pM )~ is single valued.

Definition 2.6
Letn: X x X — X be asingle valued mapping, H : X — X be a strictly 7-monotone mapping, and M : X — 2%
be an (H, n)-maximal monotone mapping. Then the generalized resolvent operator J f 1o X — X is defined by

Jfﬁ(z) = (H 4 pM) (z) forallz € X,

where p is a positive constant.

Lemma 2.5

Let n: X x X — X be a 7-Lipschitz continuous map, H : X — X be an (r, n)-strongly monotone mapping and
M : X — 2% be an (H,n)-maximal monotone mapping. Then the generalized resolvent operator Jf]f} X =X
is ~-Lipschitz continuous.
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Housdorff pseudo-metric D : 2% x 2% — R U {+oc} is defined as
D(A, B :max{su inf ||z — y||, sup inf ||z — }
(4.) sup inf [l2 — . sup i o o]

for that any two subsets A and B of X. When the domain 2% is restricted to the closed bounded subsets of X, then
D is the Housdorff metric.

Definition 2.7
A set valued map M : X — 2% is said to be D-Lipschitz continuous if there exists a constant v > 0 such that

D(M(z),M(y)) <v|z—vyl| forallz,y € X.

3. System of nonlinear variational inclusion problems

In this section we state the problem that we are intended to solve and discuss its various forms. We consider
the following general system of nonlinear variational inclusion problems involving (A, n)-maximal m-relaxed
monotone mappings.

Let X; and X5 be 2-uniformly smooth real Banach spaces, and K; and K5 be two nonempty, closed and convex
subsets X7 and Xo, respectively. Let F': X1 X Xo = X1,G: X7 x X9 — X0, 4;: X; — X;andn; : X; X X; —
X; (i = 1, 2) be nonlinear single valued mappings. Let U : X1 — 2%1, V : X, — 2%2 be set valued mappings, and
let M, : X; — 2%i be (A;,7n;)-maximal m;-relaxed monotone mappings (i = 1,2). We consider the problem of
finding an element (a,b) € X; X X5, u € U(a), v € V(b) such that

{o € F(a,v) + M (a) (3.3)

0 € G(u,b) + Mx(b).

Special Cases:

Case (I): When M;(z) = dp(x) and Ma(y) = 0¢(y) for all x € X; and y € Xo, where ¢ : X3 — R U {400}
and ¢: X5 - RU {400} are two proper, convex and lower semi-continuous functionals, d¢ and 0¢ are
subdifferentials of ¢ and ¢, respectively. Then the problem (3.3) reduces to the following problem:

Find (a,b) € X1 x X9, u € U(a), v € V(b) such that

[F(a,v),x—a]—l—g&(w)—gp(a) Z()7V:I:€)(1 (3 4)
The above system is called a system of set valued mixed variational inequality problems.
Case (II): If U and V' are both identity mappings, then problem (3.4) reduces to the problem:
Find (a,b) € X; x X5 such that
[F(a,b),z —a] + p(x) — p(a) > 0,Vz € X (3.5)
[G(CL7 b)ay - b] + ¢(y) - QS(b) > Ovvy € X2' ‘

The above nonlinear variational inequality problem was studied by Cho et al. [4].

Case (IIT): If M1 (z) = 90k, (z) and M3 (y) = Ok, (y) forall x € K, and y € K, where K and K> are nonempty
closed convex subsets of X; and X, respectively, and dx, and g, are indicator functions of K; and Ko,
respectively. Then the problem (3.4) reduces to the following problem:

Find (a,b) €€ K; x K such that

(3.6)

[F<avb)?$ - a] >0,Vx € K3
[G(a,b),y —b] > 0,Vy € Ko.
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4. Existence of solution and approximation solvability

This section delineates about the existence of solution of the proposed variational inclusion problem (3.3). We start
with converting the system of variational inclusion problems into fixed point type of problems by taking the help
of generalized resolvent operator. Then we prove the existence of solutions for the system. We construct iterative
algorithm to approximate the solution of the proposed problem and discuss its convergency.

In the following theorem, an equivalent formulation of the problem (3.3) is given. Through out this section
we assume that X; and X, are 2- uniformly smooth real Banach spaces, and K; and K> be two nonempty,
closed and convex subsets X7 and X, respectively. Let F': X7 x Xo — X3, G: X1 X Xo — X9, 4; 1 X; — X;
and ; : X; x X; — X; (¢ = 1,2) be nonlinear single valued mappings. Let U : X1 — 251,V Xy — 2% be set
valued mappings, and let M; : X; — 2% be (A;,n;)-maximal m;-relaxed monotone mappings (i = 1,2).

Theorem 4.1

Let (a,b) € X1 x Xo, u € U(a), v € V(b). Then (a,b,u,v) is a solution of the problem (3.3) if and only if
(a,b,u,v) satisfies

a=Joii (Aa(a) - prFla,v), W)
b= T (Aa(a) — paGlu 1),
where p; and ps are two positive constants.
Proof
Let (a, b, u, v) be a solution of (3.3). That is
0 € F(a,v) + Mi(a)
0 € G(u,b) + Ma(b).
This implies that
—p1F(a,v) € p1Mi(a).
= Ai(a) — p1F(a,v) € A1(a) + p1M1(a) = (A1 + p1M1)(a).
= Ji{}% (Al (a) — plF(a,U)) =a.
Similarly, we can show that J/‘gfﬁz (Az(a) — p2G(u,b)) = b.
Conversely, assume that
a= J:;l}x?l (Al (a) - plF(a’ 1))),
b=J.2 2 (Aa(a) — paG(u,b)).
This implies that
(A1 + p1Mi)(a) = Ai(a) — p1F(a,v).
= 0¢€ F(a,v)+ M(a).
Similarly, one can show that 0 € G(u, b) + Mz (b). O

Using the above theorem, we can able to construct the following algorithm:

Algorithm 4.1
Step 1: Choose initial approximation (ag,by) € X1 x X5 and ug € U(ag), vo € V(bp).
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Step 2: Construct the iteration

k41 = (]. —Ap — 5k)ak + >\le1)4117}\?1 (Al(ak) - plF(ak,vk)), (4 8)
brar = (1= Ak — Gk)br + A 2202 (Az(br) — p2G(uk, br)),
where )\, and dy, are positive real constant such that 0 < Ay + §; < 1, and
hmsupkzo Ak < 1.
Step 3: Choose uy11 € U(ag41) and vgq1 € V (br41) such that
w1 —uel] < (L4 (14 &) ")D1(U(ag+1), Ular)), 4.9)
[ors1 — vl < (L+ (1 + k) ") DoV (brs1), V(br)),

where D;(., .) is the Hausdorff pseudo-metric on 2%+ for i = 1, 2.
Step 4: If agt1,bk+1, ukt1,vi+1 satisfy (4.8) to a sufficient degree of accuracy, then stop; else set k = k + 1 and
return to Step 2.

Theorem 4.2

Let n; : X; x X; — X, be 7;-Lipschitz continuous, A; : X; — X; be (r;,7;)-strongly monotone and [3;-Lipschitz
continuous, and let M; : X; — 2% be (A;, n;)-maximal m;-relaxed monotone mappings fori = 1,2.LetU : X; —
C(X1) be D; — v;-Lipschitz continuous and V : X5 — C(X3) be Dy — v2-Lipschitz continuous. Let F' : X; x
X2 — X; be a nonlinear mapping such that for any given (a,b) € Xy x Xo, F(.,b) is (c1, u1)-relaxed cocoercive
with respect to A; and «;-Lipschitz continuous, and F'(a,.) is & -Lipschitz continuous. Let G : X; x X5 — X5
be another nonlinear mapping such that for any given (x,y) € X; x X», G(x,.) is (cz, pi2)-relaxed cocoercive
with respect to As and ap-Lipschitz continuous, and G(., y) is {2-Lipschitz continuous. If there exist positive real
constants p1, po such that

(4.10)

T1(r2 — pama) /B + 2c1p103 — 2p1p1 + Cpad + ma(r1 — pima)pabemt < e,
Ta(r1 — p1ma) /B3 + 2c2p203 — 2papin + Cp3a3 + 11(ra — pama)p1&aye < e,

where e = (r; — pymy)(ra — pama). Then the variational inclusion problem (3.3) has a solution (a, b, u, v). The
iterative sequences {ay }, {b }, {ux }, {vr } generated by Algorithm 4.1 converge strongly to the solution (a, b, u, v).

Proof
Using the Algorithm 4.1 and Lemma 2.2, we have

lak+1 — akl

= [0 = X = dk)ar + MR (Ar(ar) — prF(ak, vi))

—(1 =X = 0)ar—1 + )\kaAll,}@ll (Ar(agx—1) — pr1F(ag—1,v6-1)) ||

< (=X —dk)llak — ap—1]|
XA (A (ar) — prF(ag, o)) — T (Ay(ax—1) — p1F(ap—1,vi—1)) |
< (1= —dn)llar — ap—1]|
1
+Ap————||A1(ar) — A1(ag_1) — p1(F(ag,vr) — F(ag_1,vp_
kT1—p1m1” 1(ar) — Ar(ar—1) — pr (Fag, vr) — Flap—1,v01))]
< (1 =M)llak — ag—1]|
!
A,———||A - A 1) — F — F(ag_—
+ rm—— | A1 (a) 1(ak—1) — p1(F(ak,vi) (ap—1,vr))|
T
AN ——————p1||F(a—1,vx) — Flap—1,ve-1)]. (@.11)
T — p1my
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Similarly, we can estimate

llbr+1 — bil|
< (1= )bk — b1l

M [ Ag(bi) — Az(bi1) = pa (Gl br) — Glur b)) |

T2 — pP2Mm2
T:
A ————— |G (uge, b—1) — G (up—1, be—1) . (4.12)
T2 — p2Mma

It is given that A; are 3;-Lipschitz continuous for i = 1,2, F'(.,b) is (c1, p1)-relaxed cocoercive with respect to A
and oy -Lipschitz continuous, G(z, .) is (cz2, p2)-relaxed cocoercive with respect to As and as-Lipschitz continuous.
Hence we estimate

A1 (ax) — Av(ar—1) — p1 (F(ak, vi) — F(ar—1,vi))|I”

< [lAu(ar) — Ar(ar—1)|1? = 2p1[F (ax, vi) — F(ag—1,vr), A1 (ax) — A1 (ag-1)]
+Cpi|IF (a,vi) — F(ap—1,vi)|?

< Billar — ar—1l* = 2p1{—c1l|F(ar, v) — F(ax—1,v)|* + pallarx — ar—1]*}
+Cpiaillar — a1 |

< Billar — a1 l” + 2c1p10|Jar — ap—1[* = 2p1mllar — ar—1 [ + Cptaillar — ar—1|?

= (BF +2c1p10] = 2p1u + Cpiad) |lak — ap—1|?
This implies that
| A1 (ar) — Ay (ag—1) — p1(F(ag,vr) — F(ag—1,vp))|l
S \/ﬁf +2cipraf — 21 + Cpiad [lay, — ag—a||. (4.13)

Similarly, we have

[ A2(bg) — Az (bk—1) — pa(G(ur, br) — G(ug, br—1))|l
< \/B% + 220203 — 2pap12 + Cpad |lbs — b (4.14)

Again, since F'(a,.) is & -Lipschitz continuous and V' is Dy — ~2-Lipschitz continuous, we have

&illvr — vr—1]
&1+ YDy (V(be, V(br—1))
&1+ 1 )yallbe — bra. (4.15)

| F(ak—1,vr) — Fag—1,vr-1)]|

IA A IA

Similarly, since G(., y) is &2-Lipschitz continuous and U is Dy — 7;-Lipschitz continuous, we have
|G (up, br—1) = G(up—1,be—1)|| < &1 +n " )llar — ar—1]- (4.16)

Putting (4.13) and (4.15) in (4.11), we get

lak+1 — axll
-
< (1 =X)llak — ak—1]l + )\kil\/ﬂ% +2c1p108 = 2p1pn + Cpiad |lag — a1 ||
1T — p1my
T _
A ————p1& (14 1 Yyallbr — br_u- 4.17)
L —p1ma
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Similarly, using (4.14) and (4.16) in (4.12), we get

llbr+1 — bl
-
< (1= Mk — bucall + A2 /33 + 2620203 — 2pap + CBa3 [ — by |
T2 — p2m2
L _
FAe———polo(1+n Yy llas — as_1]|- (4.18)
To — p2Mmy
Hence
lak+1 — akll + |[br+1 — bkl
< (T=M+ /\ki\/ﬂl +2c1p1af = 2p1p1 + Cpiad
— p1my
T _
AN —————pa&a (L + ")) lar — ap—1]|
T2 — p2mn2
+(1 =M+ /\ki\/ﬁ2 + 2¢2p203 — 2papia + Cp3a3
T2 — p21n2
-
A ——— & (140 Yv2) (b — br—1]|
L — p1ma
< (=M1 = 0k)(llax — ap—1ll + [|bx — br—1l])
< (=40 -0k)([lar — ap—1ll + [|bxs — be—1]), (4.19)
where
T _
O = max{i\/ﬂl +2e1p103 — 2p1 1 + CpRad + —————pa&a(1+n" ),
pP1M1 T2 — P22
T _
7\/ﬂ2 + 2c2p205 — 2papis + Cpias + 71/’151(1 +n 1)72}7
T2 — p2ma L — p1mi

and A = limsupy>o Ax < 1.
We see that 8, — 6 as k — oo, where

1 T2
0 = max{i\/ﬂ% +2c1pad = 2p1p1 + Cpiad + ————padom,
Tt — p1ma T2 — p2m2

T
7\/52 + 2c2p203 — 2p2p12 + Cp3as + 71P1§1W2}-
T2 — p2m2 1L — p1ma

The assumption (4.10) assures that 0 < 6 < 1. Therefore, by (4.19) and 0 < Ag + 0 < 1 implies that {a;} and
{br} are both Cauchy sequences. Since the spaces X; and X, are complete, there exist a € X; and b € X5 such
that a, — aand by, — bas k — oco.

Next we prove that u;, — u € U(a) and v — v € V(b) as k — oo. The inequalities (4.15) and (4.16) guarantee
that {u;} and {vy} are also Cauchy sequences. Therefore there exist « € X; and v € X such that u;, — v and
v, — v as k — oo. Moreover,

d(u,U(a)) =inf{|lu—t|:t € U(a)} llu — ugll + d(ug, U(a))

lu = ugll + D1(U(ax), Ua))

[ — up|| + &1llax —all = 0.

ININ A

Since U(a) is closed, we have u € U(a). Similarly, we can show that v € V (b).
Finally, applying the continuity property of A;, F, Ao, G and the continuity of the generalized resolvent operator,
we get

Jé‘?;@i (A1(a) — p1F(a,v)),
b= Jp;ﬁi (Ag(a) - ,DQG(U, b)) .

Because of Theorem 4.1, we conclude that (a, b, u, v) is a solution of the variational inclusion problem (3.3). [
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If we replace the relaxed cocoercivity condition by strong monotonicity condition on the maps F(.,b) and
G(z,.), then we get the following result. We write it in the form of a corollary.

Corollary 4.1

Let n; : X; x X; — X, be 7;-Lipschitz continuous, A; : X; — X; be (r;,7;)-strongly monotone and [;-Lipschitz
continuous, and let M; : X; — 2% be (4;,n;)-maximal m;-relaxed monotone mappings for ¢ = 1,2. Let U :
X1 — C(X4) be Dy — ~1-Lipschitz continuous and V : X5 — C(X3) be Dy — 7o-Lipschitz continuous. Let F :
X1 x X9 — X; be anonlinear mapping such that for any given (a,b) € X7 x Xa, F(.,b) is u1-strongly monotone
with respect to A; and «;-Lipschitz continuous, and F(a, .) is & -Lipschitz continuous. Let G : X; X X5 — X5 be
another nonlinear mapping such that for any given (z,y) € X; x Xa, G(x,.) is us-strongly monotone with respect
to Ay and as-Lipschitz continuous, and G(.,y) is &-Lipschitz continuous. If there exist positive real constants
p1, p2 such that

(4.20)

71(ra — pama)\/BE — 2p1pa + Cpial + ma(r1 — pima)paboms <e,
To(r1 — p1mi)\/B3 — 2papis + Cp3a + 11 (ra — pama)p1&iye < e,

where e = (r; — pym1)(re — pams). Then the variational inclusion problem (3.3) has a solution (a, b, u, v). The
iterative sequences {ay }, {bx }, {ur }, {vir} generated by Algorithm 4.1 converge strongly to the solution (a, b, u, v).

In the following theorem we impose the relative (A;, n;)-maximal monotonicity on the set valued map M. The
proof is similar as that of Theorem 4.5, but as the relax condition on M is removed and different conditions on 7
and A are imposed, so we include the proof.

Theorem 4.3

Let n; : X; x X; — X; be t;-strongly monotone and 7;-Lipschitz continuous, A;: X; — X; be r;-strongly
monotone and j3;-Lipschitz continuous, and let M; : X; — 2%¢ be relative (A;,7;)-maximal monotone mappings
fori=1,2. Let U : X; — C(X1) be D; — v;-Lipschitz continuous and V : X5 — C(X3) be Dy — y2-Lipschitz
continuous. Let F : X; x X5 — X; be a nonlinear mapping such that for any given (a,b) € X; x Xo, F(.,b) is
(c1, p1)-relaxed cocoercive with respect to A; and «; -Lipschitz continuous, and F'(a, .) is & -Lipschitz continuous.
Let G : X1 x X3 — X» be another nonlinear mapping such that for any given (z,y) € X1 x Xs, G(z,.) is (ca, ft2)-
relaxed cocoercive with respect to A and «o-Lipschitz continuous, and G(., y) is &»-Lipschitz continuous. If there
exist positive real constants p;, po such that

421

Tirata/ B3 + 2c1p103 — 2p1pn + Cpiad + moritipaboyt < Tiratits,
727‘1151\/522 + 2c2p203 — 2p2p12 + Cp3a3 + Tiratapi€aye < riratits.

Then the variational inclusion problem (3.3) has a solution (a,b,u,v). The iterative sequences
{ar}, {br},{ur}, {vr} generated by Algorithm 4.1 converge strongly to the solution (a, b, u, v).
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Proof
Using the Algorithm 4.1 and Lemma 2.3, we have

|ak+1 — ax|l

= (1= A — dk)ar + A0 (Ar(ar) — p1F(an, vk))

—(1 =X —Op)ag—1 + )\kJ;‘ll’}\le (Ar(ap-1) — prF(ag—1,vp-1)) ||

< (1= —dn)llak — ak—1]|
Xl T (Ar(ar) = prF(ar, k) — Tt (Av(ak—1) — prF(ar—1,ve-1)) |
< (T= X = 6k)llar — ar—1|
T
kA (ar) = Ar(ag) = py(Flar, o) = Flagr,0-1) |
< (1= M)llak — ap—1]|

+Akrj—;|\A1<ak> — Av(ak-1) — pr (Flar, ve) — Flax_1, 1))

-
+)‘kileF(akflyvk) — F(ag—1,vk-1)]. (4.22)

Similarly, we can estimate

[[brt1 — bl
< (1= e)|[bk — bi—1]]

+Ak;—j2\\A2<bk> — As(by—1) — p2(G(up, bi) — Glug, by—1)) |

2
FA 2 pal| G, i) = Gk, b (4.23)

It is given that A; are 3;-Lipschitz continuous for i = 1,2, F'(., ) is (c1, p1)-relaxed cocoercive with respect to A
and oy -Lipschitz continuous, G(z, .) is (cz2, p2)-relaxed cocoercive with respect to As and as-Lipschitz continuous.
Hence we estimate

A1 (ax) — Ar(ar—1) — p1 (F(ak, vi) — F(ar—1,vi))|I”

< [lAu(ar) — Ar(ar—1)|1? = 2p1[F (ax, vi) — F(ag—1,vr), A1 (ax) — A1 (ag—1)]
+Cpi|IF (a,vi) — F(ap—1,vi)|?

< Billar — ar—1l* = 2p1{—c1l|F(ar, v) — F(ax—1,v)|* + pallarx — ar—1]*}
+Cpiaillar — a1 |

< Billar — arall” + 2cip108 lar — ax—1[|* = 2p1pallar — ax—1[|* + Cpiatllar — ar—|?

(BT + 2c1p10f = 2p1 1 + Cpiad)|lax — ag—1|?
This implies that

| A1 (ar) — Ay (ag—1) — p1(F(ag,vr) — F(ag—1,vp))|l

S \/ﬁf +2cipraf = 2p1m + Cpiad [lax, — ag—1||. 4.24)
Similarly, we have
| Az (br) — Az(br—1) — p2(G(uk, b) — Gug, be—1))|l
< \/53 + 2c2p205 — 2p2p15 + Cp3a3 ||y, — by—1]|. (4.25)
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Again, since F'(a, .) is &;-Lipschitz continuous and V' is Dy — 75-Lipschitz continuous, we have

&illvr — vp—1]
&1 +nY)Dy(V(be, V(br—1))
&1+ 71 )yallbe — br-a. (4.26)

| Fag—1,vr) — F(ag—1,vi—1)|]

IAIACIA

Similarly, since G(., y) is &2-Lipschitz continuous and U is Dy — v;-Lipschitz continuous, we have
|G (uk, br—1) — G(uk—1,bp—1)|| < &(1+n"nllar — ap—1l|. (4.27)
Putting (4.24) and (4.26) in (4.22), we get

llart1 — axl|

T1
< (1 =M)llax — ap—1| + Ak 5 \/ﬁ% +2c1p1af — 2p1pn 4+ Cpiad [Jag — a1 ||
1

-
Ao ——pr&n (1471 y2br — brll. (4.28)
rity
Similarly, using (4.25) and (4.27) in (4.23), we get

[Or+1 — bi|

-
< (1 =)l — br—1]| + Akﬁ\/ﬁ% + 2capaas — 2papis + Cp3a3 ||y — b1
ato

T _
+As—— paba(1 4+ n~ Yvillar — ap_1]- (4.29)
rola
Hence
llak+1 — akll + [[bk+1 — bl
< (1 —Mp + /\k%\/ﬁf +2c1p102 — 2p1p1 + Cpia?
1t
T _
A —poba(l+n ) llak — ag— |
rola
.
+(1 — M\ + )\k%\/ﬁg + 2c2p203 — 2papa + Cp3as
P12
T _
FA——pi&(1+n Yy2) b — b1 ]|
rity
< (1=l = 0k))([lar — ak—1] + [|bx — br—1l])
< (1-A0=0k)lak — ar—1 + Ibx — br—-1l), (4.30)
where
9, — ! 2 2 2 92 72 -1
K = max{ BT +2cipraf —2p1pun + Cpiag + ——pa&a(l+n" "),
r1t1 rola
T2

T _
\/53 +2c2p203 — 2pa12 + Cp3o3 + ——pr&a(1+n )72},
roly r1ty

and A = limsupy>o Ax < 1.
We see that 0, — 6 as k — oo, where

1 T2
¢ = max {E\/ﬁf +2c1pmad = 2p1p + Cpiad + Eﬂ2£271a

T T
—Z \/53 + 2e2p203 — 2pap12 + Cp3a3 + ——p1é1a}.
rota rity
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The assumption (4.21) assures that 0 < § < 1. Therefore, by (4.30) and 0 < Ay + 0 < 1 implies that {ay} and
{bx} are both Cauchy sequences. Since the spaces X; and X, are complete, there exist a € X; and b € X5 such
that a, — aand by, — bas k — oco.

Next we prove that ux, — u € U(a) and vy, — v € V(b) as k — oo. The inequalities (4.26) and (4.27) guarantee
that {u;} and {v;} are also Cauchy sequences. Therefore there exist uw € X; and v € X, such that u; — v and
v — v as k — oo. Moreover,

d(u,U(a)) = inf{||lu—t| : t € U(a)} lu — ug|| + d(ug, U(a))
lu — k|| + D1(U(ar), U(a))

[ — up|| + &1llax —all = 0.

ININ A

Since U(a) is closed, we have u € U(a). Similarly, we can show that v € V (b).
Finally, applying the continuity property of A;, F, A3, G and the continuity of the generalized resolvent operator,
we get

a=J" 7 (Ai(a) = prF(a,0)),
b=J22% (Ax(a) — paGlu,b)).

Because of Theorem 4.1, we conclude that (a, b, u, v) is a solution of the variational inclusion problem (3.3). [

If we replace the relaxed cocoercivity condition by strong monotonicity condition on the maps F(.,b) and
G(z,.), then we get the following result. We write it in the form of a corollary.

Corollary 4.2

Let n; : X; x X; — X; be t;-strongly monotone and 7;-Lipschitz continuous, A;: X; — X; be r;-strongly
monotone and J3;-Lipschitz continuous, and let M; : X; — 2%¢ be relative (A;,7;)-maximal monotone mappings
fori=1,2. Let U : X; — C(X;) be D1 — ~1-Lipschitz continuous and V : Xo — C(X3) be Dy — ~9-Lipschitz
continuous. Let F : X; x X5 — X; be a nonlinear mapping such that for any given (a,b) € X7 x Xo, F(.,b) is
1 -strongly monotone with respect to A; and «;-Lipschitz continuous, and F'(a, .) is & -Lipschitz continuous. Let
G : X1 x X5 — X, be another nonlinear mapping such that for any given (x,y) € X1 x Xo, G(x,.) is ua-strongly
monotone with respect to As and «as-Lipschitz continuous, and G(.,y) is &»-Lipschitz continuous. If there exist
positive real constants p1, p2 such that

431)

T1Toto \/ﬁf —2p1p1 + Cpiad + Toritipaéayr < riratits,
Tor1ty \/ﬂ% — 2papis + Cp3a3 + Tiratapi&iye < riratits.

Then the variational inclusion problem (3.3) has a solution (a,b,u,v). The iterative sequences
{ag}, {br},{ur}, {vr} generated by Algorithm 4.1 converge strongly to the solution (a, b, u, v).

Next we study the solvability of the system of variational inclusion problems (3.3) involving (H,7)-maximal
monotonicity instead of (A, 7n)-maximal relaxed monotonicity. As in the earlier case, we convert the problem to
another equivalent form. Then construct an iterative algorithm using the equivalent form. Finally, we study the
convergency of the iterative method to the solution of the problem (3.3). The idea of the proof are similar. So we
state the results without proof.

Let X; and X5 are 2-uniformly smooth Banach spaces. Let F': X3 x Xo — X1,G: X3 X Xo — X9, H; : X; —
X; and ; : X; x X; — X; (i = 1,2) be nonlinear single valued mappings. Let U : X; — 2%1, V : Xy — 2%2 be
set valued mappings, and let M; : X; — 2% be (H;,n;)-maximal monotone mappings (i = 1,2).

Theorem 4.4
Let (a,b) € X1 x Xo, u € U(a), v € V(b). Then (a,b,u,v) is a solution of the problem (3.3) if and only if
(a,b,u,v) satisfies

a = Jﬁfﬂi (Hl(a) — p1F(a, v)),
b= J %% (Hy(a) — p2G(u,b))

)
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where p; and py are two positive constants.
Using the above theorem, we can able to construct the following algorithm:

Algorithm 4.2
Step 1: Choose initial approximation (ag, by) € X1 x Xz and ug € Ul(ag), vo € V(bp).
Step 2: Construct the iteration

{ak+1 = (1 — )\k - §k)ak + )‘k‘],ffﬂi (Hl(ak) - plF(ak,vk)), (4 32)

brar = (1= Ak — Ok)br + Ao 238 (Ha(bi) — paGl(un, b)),

where )\, and dy, are positive real constant such that 0 < Ay + §; < 1, and
hrn Supkzo Ak < 1.
Step 3: Choose uy11 € U(ag41) and vg41 € V (br41) such that
g1 — ugll < (14 (1 +k)")D1(U(ag+1), Ula)),
[orr1 — vkl < (1 + (1 +E) =) DoV (bi41), V(br)),
where D;(., .) is the Hausdorff pseudo-metric on 2% for i = 1, 2.

Step 4: If ag41, br+1, ukt1, Vi1 satisfy (4.32) to a sufficient degree of accuracy, then stop; else set k = k + 1 and
return to Step 2.

Theorem 4.5

Letn; : X; x X; — X, be 7;-Lipschitz continuous, H; : X; — X; be (r;,7;)-strongly monotone and j3;-Lipschitz
continuous, and let M; : X; — 2% be (H;, 1;)-maximal monotone mappings fori = 1,2. Let U : X; — C(X;) be
D; — ~1-Lipschitz continuous and V' : Xo — C'(X3) be Dy — v2-Lipschitz continuous. Let F' : X; x Xy — X be
a nonlinear mapping such that for any given (a,b) € X; x Xs, F(.,b) is (¢1, u1)-relaxed cocoercive with respect
to H; and «;-Lipschitz continuous, and F'(a,.) is & -Lipschitz continuous. Let G : X; x Xo — Xo be another
nonlinear mapping such that for any given (z,y) € X; x X5, G(z,.) is (cg, u2)-relaxed cocoercive with respect to
H, and as-Lipschitz continuous, and G(., y) is &2-Lipschitz continuous. If there exist positive real constants p1, po
such that

T1ray/ B2 + 2c1p103 — 2p1 1 + Cp3a + Tar1paay < T172,
Tor1\/ B3 + 2c2p203 — 2papa + Cpiad + Tirapi&iye < TiTa.

Then the variational inclusion problem (3.3) has a solution (a,b,u,v). The iterative sequences
{ag}, {br},{ur}, {vr} generated by Algorithm 4.2 converge strongly to the solution (a, b, u, v).

5. Conclusion

A new system of nonlinear variational inclusion problems involving (A, n)-maximal relaxed monotone mappings
has been introduced in 2-uniformly smooth Banach spaces. Using the generalized resolvent operator technique,
an iterative algorithm has been constructed to solve the proposed system, and the convergence analysis of the
algorithm has been investigated. Moreover the obtained results are generalized to solve the system of variational
inclusions involving relative (A, n)-maximal relaxed monotone mappings. The obtained results generalize most of
the results investigated in the literature, and offer a wide range of applications to future research on the sensitivity
analysis, variational inclusion problems, variational inequality problems in Banach spaces.
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