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An iterative method for variational inclusions and fixed
points of total uniformly L-Lipschitzian mappings

QAMRUL HASAN ANSARI!, JAVAD BALOOEE? and SULIMAN AL-HOMIDAN?

ABSTRACT. The characterizations of m-relaxed monotone and maximal m-relaxed monotone operators are
presented and by defining the resolvent operator associated with a maximal m-relaxed monotone operator,
its Lipschitz continuity is proved and an estimate of its Lipschitz constant is computed. By using resolvent
operator associated with a maximal m-relaxed monotone operator, an iterative algorithm is constructed for
approximating a common element of the set of fixed points of a total uniformly L-Lipschitzian mapping and
the set of solutions of a variational inclusion problem involving maximal m-relaxed monotone operators. By
employing the concept of graph convergence for maximal m-relaxed monotone operators, a new equivalence
relationship between the graph convergence of a sequence of maximal m-relaxed monotone operators and their
associated resolvent operators, respectively, to a given maximal m-relaxed monotone operator and its associated
resolvent operator is established. At the end, we study the strong convergence of the sequence generated by the
proposed iterative algorithm to a common element of the above mentioned sets.

1. INTRODUCTION

Many mathematical problems arising in different fields, such as optimization theory,
game theory, economic equilibrium, mechanics and social sciences can be formulated as
variational inequality / inclusion problems. During the past few decades, significant ef-
forts have been made by many authors to propose and develop several effective methods
to find the solutions of these problems, namely, projection method and its variant forms
such as resolvent operator method, see, for example, [4,5,9, 10, 15] and the references
therein.

It is well known truth that there is a close relation between the variational inequality /
inclusion problems and the fixed point problems. This fact has motivated many authors
to present a unified approach for these two different problems. For more information
and relevant commentaries, we refer [4-7,11] and the references therein. Due to the fact
that the study of nonexpansive mappings is a very interesting research area in the fixed
point theory, in the last five decades, various extensions of this notion have been proposed
and analyzed. In 2006, with the aim of presenting a unifying framework for generalized
nonexpansive mappings appeared in the literature and verifying a general convergence
theorem applicable to all these classes of nonlinear mappings, Alber et al. [1] introduced a
more general class of asymptotically nonexpansive mappings called total asymptotically
nonexpansive mappings and studied methods for approximation of fixed points of such
mappings. Recently, Kiziltunc and Purtas [14] succeeded to introduce the concept of total
uniformly L-Lipschitzian mappings which extends and unifies the classes of generalized
nonexpansive mappings existing in the literature. They also studied the approximation
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methods for fixed points of such kind of mappings. Further extensions along with sev-
eral interesting illustrative examples can be found in [1, 5, 8,13, 14, 18] and the references
therein.

On the other hand, the concept of graph convergence which was originally introduced
by Attouch [2] in 1984, has received a great deal of interest from the researchers. It is
pointed out in [2] that this notion is limited to maximal monotone operators, and the
equivalence between the graph convergence and resolvent operator convergence is estab-
lished for such kind of operators. But, recent interests are focused on presenting various
extensions of the notion of graph convergence and obtaining new equivalence relations
for the generalized monotone (accretive) operators existing in the literature.

The main objectives of this paper are (i) to propose an iterative method for finding a
common element of the set of fixed points of a total uniformly L-Lipschitzian mapping
and the set of solutions of a variational inclusion problem involving maximal m-relaxed
monotone multi-valued operator, and (ii) to study the strong convergence of the sequence
generated by the proposed iterative algorithm.

The layout of the paper is as follows. Section 2 provides the basic definitions and pre-
liminaries concerning maximal m-relaxed monotone operators. We give characterizations
of m-relaxed monotone and maximal m-relaxed monotone operators and define the re-
solvent operator associated with a maximal m-relaxed monotone operator. We also prove
the Lipschitz continuity of the resolvent operator associated with a maximal m-relaxed
monotone operator and compute an estimate of its Lipschitz constant. In Section 3, un-
der sufficient conditions, the existence of a unique solution to the variational inclusion
problem involving a maximal m-relaxed monotone operator is proved in the setting of
Hilbert spaces. We recall the definition of a total asymptotically nonexpansive mapping
and total uniformly L-Lipschtizian mapping and give an example of a total uniformly
L-Lipschtizian mapping which is not total asymptotically nonexpansive. In the last sec-
tion, we propose an iterative algorithm for approximating a common element of the set
of solutions of the variational inclusion problem and the set of fixed points of a total uni-
formly L-Lipschitzian mapping. The notion of graph convergence for maximal m-relaxed
monotone operators is recalled and a new equivalence relation between the graph con-
vergence of a sequence of maximal m-relaxed monotone operators and their associated
resolvent operators, respectively, to a given maximal m-relaxed monotone operator and
its associated resolvent operator is established. Finally, we prove the strong convergence
of the sequence generated by the proposed iterative algorithm to a common element of
the above mentioned sets.

2. BASIC DEFINITIONS AND TECHNICAL PRELIMINARIES

Let X be a real Hilbert space endowed with a norm || - || and an inner product (., .).
We denote by 2% the family of all nonempty subsets of X. Given a multi-valued operator
M : X — 2%, its effective domain and graph are defined as

DIM):={zeX:FyeX:ye M)} ={zreX: Mx)+#0}
and
Graph(M) :={(z,y) e X x X : z € D(M), y € M(x)},
respectively. The range of M is defined by

R(M):={yeX:3ze€X: (z,y) € Graph(M)}.
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The inverse M ! of M is {(y,z) : (z,y) € Graph(M)}. For an arbitrary real constant p
and multi-valued operators M, N : X — 2%, we define pM and M + N by

pM = {(z, py) : (z,y) € Graph(M)}
and
M+ N ={(z,y+2) : (z,y) € Graph(M), (z,z) € Graph(N)},
respectively.

Definition 2.1. A multi-valued operator M : X — 2% is said to be

(a) monotone if (u — v,z — y) > 0 for all(x, u), (y,v) € Graph(M);

(b) strictly monotone if M is monotone and equality holds if and only if z = y;

(c) r-strongly monotone if there exists a constant » > 0 such that (v — v,z — y) >
rl|z — y||? for all (z,u), (y,v) € Graph(M);

(d) m-relaxed monotone if there exists a constant m > 0 such that (v — v,z — y) >
—mljx — y||? for all (z,u), (y,v) € Graph(M).

We derive the following characterization of m-relaxed monotone operators which plays
a key role in the sequel.

Proposition 2.1. A multi-valued operator M : X — 2% is m-relaxed monotone if and only if for
every p € (0,5%),

’2m

(2.1) V(z,u), (y,v) € Graph(M).

1
[z —yll < \/ﬁllx—wp(u—v)\\,

Proof. Let p € (0, 5-) be an arbitrary real constant. Since M is m-relaxed monotone, for

all (z,u), (y,v) € Graph(M), we compute
lz =y + plu—v)|* = |l = ylI* + p*|lu — vl|* + 2p(u — v, 2 —y)
> [lz = yl* + pP[lu = vl* = 2pm]lz — y|?
> (1= 2pm) |z — ylI?,

which implies that

e =yl < u—o)|.

1
\/ﬁnl‘—lﬂ'ﬂ(

Conversely, assume that (2.1) holds for every p € (0, 51-). Then, for all (z,u), (y,v) €
Graph(M), we have

(1 =2pm)lz —y|* < |z =y + p(u —v)[*
= [lz = ylI> + p?llu — 0> + 2p(u — v,z — y),
from which we conclude that
—2pml|lz —y||* < p*llu —v[* + 2p(u — v,z —y).

Clearly, m-relaxed monotonicity of M obtains by dividing both the sides by 2p > 0 and
letting p — 0. O

In the light of the above-mentioned characterization, we obtain the following result.

Theorem 2.1. Let M : X — 2% be an m-relaxed monotone operator. Then, for any p € (0, 7-),
the operator (I + pM)~* from R(I + pM) to X is single-valued.
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Proof. Let p € (0, 3-) be an arbitrary real constant, u, v € R(I 4+ pM) be given points and

letz € (I+pM) Y (u)andy € (I +pM)~'(v). Then, u € z + pM(z) and v € y + pM (y).
By (2.1), we get

o=l < e o=y 40 (=5 - =) | = o= lu =l

=TT m | VTP p )T VT—2mm '

Taking into account of this fact and picking v = v, it follows that z = y, that is, the

operator (I + pM)~ : R(I + pM) — X is single-valued. O

Recall that a multi-valued operator M : X — 2% is said to be maximal monotone [20]
if M is monotone and R(I + pM) = X for all p > 0, where I denotes the identity mapping
on X.

We now turn our attention to a more general class of monotone operators which pro-
vides a unifying framework for maximal monotone operators and the classical monotone
operators.

Definition 2.2. A multi-valued operator M : X — 2% is said to be maximal m-relaxed
monotone if M is m-relaxed monotone and R( + pM) = X for every p > 0.

We point out that the notion of a maximal m-relaxed monotone operator is a spe-
cial case of the concept of A-maximal m-relaxed monotone operator (also known as A-
monotone operator [19]). Indeed, Definition 2.2 is obtained by taking A = I, the identity
mapping on X, in Definition 2.2 in [19].

Since every monotone operator is m-relaxed monotone for any real constant m > 0, it
follows that every maximal monotone operator is maximal m-relaxed monotone for any
real constant m > 0. In other words, for any real constant m > 0, the class of maxi-
mal monotone operators is contained within the class of maximal m-relaxed monotone
operators.

The following characterization of maximal m-relaxed monotone operators provides a
useful and manageable way for recognizing that an element « belongs to M (x).

Proposition 2.2. A multi-valued operator M : X — 2% is maximal m-relaxed monotone if and
only if for given points x,u € X, the property

(22) (w—v,z—y) +mllz—yl|* >0, V(y,v) € Graph(M),

implies that (z,u) € Graph(M).

Proof. Suppose first that M is a maximal m-relaxed monotone operator and z,u € X are
two given points such that (2.2) holds. Assume contrary that (z,u) ¢ Graph(M). Since
M is a maximal m-relaxed monotone operator, we have R(I + pM) = X for every p > 0.

Let p € (0, 5--) be an arbitrary real constant. Then, there exists (zo,ug) € Graph(M) such
that

(2.3) o + pug = x + pu.
Picking (y,v) = (x¢, uo) and taking into account the assumption, yields
(2.4) (u —ug, x — o) + mllz — z0|* > 0.
By (2.3) and (2.4), we obtain
2pml|z — ol < —pmlz — 20]|* < —p(u — uo, x — o)
= —(x —zg,2 — x0) = — ||z — 20|
1

The preceding relation implies that 2pm < —1 which contradicts the choice of p € (0, 5--).

’ 2m
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Conversely, assume that for any given points xz,u € X, (2.2) implies that (z,u) €
Graph(M). This fact ensures that the operator M is m-relaxed monotone and its graph is
not properly contained in the graph of any other m-relaxed monotone operator. In other
words, M is an m-relaxed monotone operator which has no proper m-relaxed monotone
extension and so M is a maximal m-relaxed monotone operator. O

Thanks to the arguments mentioned above, we note that M is a maximal m-relaxed
monotone operator if and only if M is m-relaxed monotone and there is no other m-
relaxed monotone operator whose graph contains strictly Graph(M). The maximal m-
relaxed monotonicity is to be understood in terms of inclusion of graphs. If M : X — 2%
is a maximal m-relaxed monotone operator, then adding anything to its graph so as to
obtain the graph of a new multi-valued operator, destroys the m-relaxed monotonicity. In
fact, the extended operator is no longer m-relaxed monotone. In other words, for every
pair (z,u) € X x X\ Graph(M), there exists (y,v) € Graph(M) such that

(u—v,z—y)+mlz—yl* <0.
As an immediate consequence of Theorem 2.2, we have the following result.

Corollary 2.1. Let M : X — 2% be a maximal m-relaxed monotone operator. Then, for any
p € (0, 5=), the operator (I + pM)~" : X — X is single-valued.

Based on Corollary 2.1, associated with a maximal m-relaxed monotone operator M
and an arbitrary real constant p € (0 one can define the resolvent operator J§, as
follows.

72m)

Definition 2.3. For any maximal m-relaxed monotone operator M : X — 2% and arbi-
trary real constant p € (0, 7 ), the resolvent operator J{; : X — X associated with M
and p is defined by

IR (u) = (I +pM) " (u), YueX.

We now prove the Lipschitz continuity of the resolvent operator J§, and calculate an
estimate of its Lipschitz constant under some suitable conditions.

Theorem 2.2. Let M : X — 2% be a maximal m- relaxed monotone operator. Then, for any
p € (0,3,;), the resolvent operator Jy; : X — X is —=—-Lipschitz continuous, i.c.,

1
[T (w) = Ty (0)]| < \/1_7%
Proof. Letp € (0, 7-) be an arbitrary real constant and u, v € X be any given points. Since
the operator M is maximal m-relaxed monotone, mvokmg Corollary 2.1, the resolvent
operator J},; : X — X is single-valued. Let J{,(u) = {z} and J{,(v) = {y} for some z,y €
X. In the light of the definition of J%,, it follows that u € « + pM(z) and v € y + pM (y).
Then, by (2.1), we yield

172, (u) ()II—Ix—y_\/iH y+p<u_m_v_ )H

1
= == lu—vl.

VI—=2pm
This completes the proof. O

lu—ol, Yu,veX.

It is worthwhile to stress that the conclusions derived in this section can be viewed
as extensions of the corresponding results relating to monotone and maximal monotone
operators, see, for example, [3].
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3. FORMULATION OF THE PROBLEM AND EXISTENCE RESULTS

Given an operator 7' : X — X and a maximal m-relaxed monotone operator M : X —

2%, we consider the problem of finding = € X such that

(3.5) 0eT(z)+ M(x),

which is known as a variational inclusion problem (VIP) involving maximal m-relaxed
monotone operator and has been studied by many authors in the setting of Hilbert /
Banach spaces under suitable conditions imposed on the operators 7" and M, see, for
example, [11] and the references therein. We denote by VIP(X, M, T') the set of solutions
of the VIP (3.5).

The following lemma, which follows directly from Definition 2.3 and some simple ar-
guments, gives a characterization of a solution of the VIP (3.5).

Lemma 3.1. Let X, M and T be the same as in the VIP (3.5). Then, v € X is a solution of the
VIP (3.5) if and only if v = J§,[x — pT(z)], where p € (0, 5 is a constant.

Before to deal with the existence theorem for a solution of the VIP (3.5), we need to
recall the following definitions.

Definition 3.4. A mapping 7" : X — X is said to be

(a) monotone if (T'(x) — T'(y),z —y) > 0forallz,y € X;

(b) r-strongly monotone if there exists a constant » > 0 such that (T'(x) -1 (y),z—y) >
rllz —y||? forall z,y € X;

(c) o-Lipschitz continuous if there exists a constant ¢ > 0 such that ||T'(z) — T'(y)|| <
ollz —y| forall z,y € X.

Theorem 3.3. Let T' : X — X be an r-strongly monotone and o-Lipschitz continuous operator,
and M : X — 2% be a maximal m-relaxed monotone operator. Suppose further that there exists a
real constant p € (0, 5= such that

1-2 2
(3.6) 1o 2t pe” <1 and 2pr <1+ p?o*
1—-2pm

Then, the VIP (3.5) has a unique solution.
Proof. Define a mapping F': X — X by
(3.7) F(x) = J4 [z — pT(z)], VzeX.

We prove that F' is a contraction mapping. For this end, assume that z, 2’ € X be chosen
arbitrarily but fixed. By (3.7) and Theorem 2.2, we deduce that

1F(2) = F(")| = 75 le = pT'(2)] = T3 [2" = pT(2")]]|

(3.8 1 ' /
< =gl = 2! () = T)).

Since T’ is an r-strongly monotone and p-Lipschitz continuous operator, we yield

lz — 2" = p(T(x) = T(")|* = |z — 2'||* = 2p(T(2) = T(a"), 2 — ') + p?||T'(x) — T(a")|*
< (1 =2pr + p?0) |z — 2|7,

which implies that

(3.9) o —a’ = p(T(2) = T(a"))| < V1-2pr+p%* ||z —2|.
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Substituting (3.9) into (3.8), we obtain

1 —2pr + p20?
. Fx)—F(z)|| </ —2 72 2| = —
(3.10) 1F(x) = F@)ll <4/ —5— Spm [ — a'[| = Il — 2],

where 9 = % < 1. Clearly, (3.6) ensures that ¥ € (0,1) and so (3.10) implies that
F is a contraction mapping. By Banach fixed point theorem, there exists a unique point
z* € X such that F(z*) = z*. Thereby, recalling (3.7), it follows that z* = J{,[z* — pT'(z*)].

Thanks to Lemma 3.1, we conclude that * € X is a unique solution of the VIP (3.5). O

Recall that a mapping 7' : X — X is said to be nonexpansive if | T'(z) = T(v)|| < ||z —y||
for all z,y € X. During the past few decades, considerable effort has been aimed to
introduce various generalizations of the notion of a nonexpansive mapping in different
contexts and to study the approximate conditions for the existence of fixed points of such
mappings. Goebel and Kirk [13] introduced the following notion of asymptotically non-
expansive mappings which is an extension of a nonexpansive mapping.

Definition 3.5. [13]A nonlinear mapping 7' : X — X is said to be asymptotically non-
expansive if there exists a sequence {a,} C (0,+00) with lim a, = 0 such that for each
n— oo

n €N,
[T"(z) = T" (W) < A+ an)lz —yll, Vr,yeX.

Equivalently, we say that T' is asymptotically nonexpansive if there exists a sequence
{kn} C [1,400) with lim k, = 1 such that for each n € N,
n— oo

1T (2) =TIl < kallz —yll, Va,y € X,

It is significant to emphasize that every nonexpansive mapping is asymptotically non-
expansive with k, = 1 for all n € N, but the converse is not true necessarily. A further
generalization, known as total uniformly L-Lipschitzian, of a nonexpansive mapping is
given by Kiziltunc and Purtas [14].

Definition 3.6. A nonlinear mapping T : X — X is said to be

(a) total asymptotically nonexpansive (also referred to as ({an}, {bn }, ¢)-total asymptotically
nonexpansive in the literature) [1] if there exist nonnegative real sequences {a, } and {b,}
with a,,b, — 0asn — oo and a strictly increasing continuous function ¢ : Rt — R*
with ¢(0) = 0 such that forall z,y € X,

1T (x) = T" (W)l < llz =yl + and(lz = yll) +bn, VneN.

(b) total uniformly L-Lipschitzian (or ({ay}, {bn}, ¢)-total uniformly L-Lipschitzian) [14] if
there exist a constant L > 0, nonnegative real sequences {a, } and {b, } with a,,b, — 0
as n — oo and strictly increasing continuous function ¢ : Rt — R* with ¢(0) = 0 such
that for each n € N,

[T (z) = T" (W) < Llllz —yll + and(llz —yl) +bn], Va,y € X.

We note that for given nonnegative real sequences {a,} and {b,} and a strictly in-
creasing continuous function ¢ : RT™ — RY, an ({a,}, {b,}, ¢)-total asymptotically non-
expansive mapping is ({a,}, {b,}, ¢)-total uniformly L-Lipschitzian with L = 1, but the
converse is not true necessarily. The following example shows that the class of total uni-
formly L-Lipschitzian mappings properly includes the class of total asymptotically non-
expansive mappings.
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Example 3.1. Consider X = R with the Euclidean norm ||-|| = |-| and let the self-mapping
T of X be defined by
%, ifx €[0,a) U {8},
T@)={ 6, ifz=a,
07 ifiL’E(*O0,0)U(a,ﬂ)U(ﬂ,+OO),

where o > 0 and 3 > atva~+d V2‘)‘2+4 are arbitrary real constants such that o > 1. Since the
mapping 7' is discontinuous at the points x = 0, ¢, 3, it follows that T is not Lipschitzian
and so it is not an asymptotically nonexpansive mapping. Take a,, = 2 and b, = 5 for
eachn € N, where ¢ > 0 and k£ > 1 are arbitrary constants. Moreover, let the function ¢ :
R* — R™ be defined by ¢(t) = 7t? for all t € R*, where p € Nand v € (O, %)
are arbitrary constants. Picking x = o and y = ¢, we have T'(x) = g and T(y) = %

Thanks to the fact that 0 < v < %, we conclude that

B 1 oy(k —1)Pa?
7)) = 8- 5 > a+ T2
(k—1Da  ovy(k—1Pa? «
o Jep %
a
k
= |z —yl+ a1l —y|) + by,

=z —y[+oy|lz —y[f +

which ensures that T is not an ({a,}, {b,}, ¢)-total asymptotically nonexpansive map-

ping.
However, for all z,y € X, we obtain

k
T(z) —T(y)| <B < ;ﬂ (|a: —y| + 0|z — yP + %)

(3.11)
_ %ux —yl+a16(|z —y|) + b),

and for all n > 2, taking into account that 7" (z) = % for all z € X, yields

n " kg oy b, Q
T"(@) = T*W)| < = (lo =yl + ZHe —yP + )

(3.12)
- %(W —y| + and(|z —y|) + bn).

Therefore, (3.11) and (3.12) imply that T"is a ({2 }, { ;5 }, ¢)-total uniformly L-Lipschitzian
mapping for each L > %

4. ITERATIVE ALGORITHMS AND GRAPH CONVERGENCE

Let S : X — X be an ({a,}, {bn}, ¢)-total uniformly L-Lipschitzian mapping and let
M and T be the same as in Lemma 3.1. Denote by Fix(.5) the set of all fixed points of S. If
x* € Fix(S) N VIP(X, M, T), then invoking Lemma 3.1, we conclude that

(4.13) ot = Sty = I [x" — pT(x*)] = S"J5[x" — pT'(x™)].

The fixed point formulation (4.13) enables us to construct the following iterative algo-
rithm.

Algorithm 1. Suppose that X and 7" are the same as in the VIP (3.5). For each n > 0,
let M,, : X — 2% be a maximal m,,-relaxed monotone operator and let S : X — X be
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an ({a,}, {b,}, ¢)-total uniformly L-Lipschitzian mapping. For an arbitrary chosen initial
point zy € X, compute the iterative sequence {z,, }72, in X by the iterative scheme

(4.14) Trg1 = QnTn + (1 = an)S" I3} (20 — puT (20)],
wheren > 0; p,, € (O, ﬁ) are real constants, and {a,, } 72 is a sequence in the interval
[0,1) such that limsup «;, < 1.

n— oo

If S = I, the identity mapping on X, p,, = p and M,, = M, then Algorithm 4 reduces
to the following iterative algorithm.
Algorithm 2. Let X, M and T be the same as in the VIP (3.5). For any given 2y € X,
define the iterative sequence {x,,}52, in X in the following way:

Tn+1 = OpTn + (1 - Oé?’b)‘]j)(\)/[ [.’L'n - pT(JJn)],

1
7 2m

where n > 0; p € (0
Algorithm 4.

) is a real constant and the sequence {«,,}22 is the same as in

Definition 4.7. [4] Let X be a real Hilbert space and M,, M : X — 2% (n > 0) be multi-
valued mappings. We say that the sequence {1, }52 is graph-convergent to A/, denoted

by M, S5 M, if for every point (z,u) € Graph(M), there exists a sequence of points
(zn,un) € Graph(M,,) such that z,, — x and u,, — u, as n — oco.

We now derive an equivalence relation between the graph convergence of a sequence
of maximal m-relaxed monotone operators and their associated resolvent operators, re-
spectively, to a given maximal m-relaxed monotone operator and its associated resolvent
operator.

Theorem 4.4. Let X be a real Hilbert space, and M, M,, : X — 2% (n > 0) be maximal m-

relaxed monotone and maximal m.,-relaxed monotone operators, respectively. Suppose further that

1

{pn} is a sequence of real constants such that p,, € (O, ﬁ) foreachn >0, p, = p € (0, 5-)

1 o0 . G . .
as n — oo, and the sequence {W}n:o is bounded. Then, M, — M if and only if

Jhp(z) = J4(2), forall z € X, as n — oo, where Jy, = (I + pM)~" and for each n > 0,
JJF\);” = (I + ppM,)" L

Proof. Assume that forall z € X, lim Jir, (2) = J3;(2). Then, for any (z,u) € Graph(M),

we have x = J},[x + pu], and so Jy} [z + pu] — x asn — oc. Letting z,, = J} [z + pu
for each n > 0, we deduce that = + pu € (I + p, M,,)(x,). Therefore, for each n > 0, one
can choose w,, € M(z,) such that x + pu = z,, + p,u,. By virtue of the fact that z,, — = as
n — oo, it follows that p,u, — pu as n — oo. Furthermore, for all n > 0, we yield

pllun —ull = llpun — pull < |lppun — punll + [|pnun — pull
= |pn — plllunll + lpnun — pul.
Taking into account that p,, — p and p,u, — pu, as n — oo, we conclude that the right-
hand side of the preceding inequality approaches zero, as n — oo, which implies that
Uy, — was n — oo. In the light of Definition 4.7, we deduce that M,, NV

Conversely, suppose that M, S, M, and let z € X be chosen arbitrarily but fixed.
Since M is a maximal m-relaxed monotone operator, it follows that the range of I + pM
is precisely X and so there exists (z,u) € Graph(M) such that z = = + pu. Definition
4.7 ensures the existence of a sequence {(zy,, un)}22, C Graph(M) such that z,, — z and
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up, — wasn — oo. In view of the facts that (z,u) € Graph(M) and (z,,, u,) € Graph(M,),
we obtain

(4.15) x=Jyle+pu] and ., = J3 [Tn 4 poun).

Assuming z, = x, + ppuy, for all n > 0, utilizing Theorem 2.2, (4.15) and the assumptions,
we derive that for all n > 0,

1737, (2) = T | < 137, (2) = T3z Ga)ll + 137, (zn) = TR ()]

— 2|+ || I52 [@n + poun] — Jhlz + pu]|

1
SR
V1=2p,my

1
< - - _ _
< =gl = 2l + o 2
1
= —————||zn + poun — x — pu|| + ||z, — 2|
V 1- 2pnmn
4.16 1
(410 < e (fla — all + lpwttn — pull) + iz — ]
1- 2ann
1
< —————(llzn — 2| + lpntn — puull + | pnu — pul]) + |2, — 2|
1—-2p,m,
1 Pn
=14+ —m—— ) |z — 2 —_— ||up —u
(1+ g ) o =l + e
lpn — pl
—_— ||u]|.
t A ST [[wll
o0
. 1 . . _ .
Since the sequence {W}n:o is bounded and nl;n;o pn = p, it follows that the se-
oo
quence {ﬁﬁ} is also bounded. Since z,, — z, u,, — uwand p, — pasn — oo,
n n r,L:O
we have that the right-hand side of (4.16) tends to zero as n — oo, which guarantees
Jhp (2) = Jy(2) asn — oo. O

Before proceeding to the main result of this paper, we need to present a significant
lemma which plays a critical role in our proof. We first recall the following result.

Lemma 4.2. [17] If a sequence {u, }32 that satisfies
Unt1 < Qup +a, V>0,
for some g € [0,1) and o > 0, then

e @ (o N
n_l_q 0 1_q q -

Lemma 4.3. Let {c, 52, {dn}o2 and {t,}52 be three real sequences of nonnegative numbers
which satisfy the following conditions:

(i) 0<t, <1foralln>0andlimsupt, <1
(i) Cnsr < tncn + dp, forall n > 0, and limd,, =0,
Then, lim ¢, = 0.
n=roo
Proof. For any € > 0, take ng € N such that limsupt, < 1 —¢ and d,, < €2 for all n > nyg.
Then by (ii), we have !

ent1 < (1 —¢€)c, + 2.
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Now, lettingg=1—-eand o = €2, from Lemma 4.2, it follow that

en <et(cpy—€)(1—€)", ¥n >ng.

The preceding inequality implies that limsup ¢, < e. O
Remark 4.1.
(a) Taking ¢, = K, d,, = - and t, = 1 — % for all n € N, where x > 0 is an arbitrary

but fixed real number, we have ¢, +; < t,c, +d, foralln € N, lim d,, = 0 and
n— o0

limsupt, =1, but lim ¢, = x # 0. Hence, it is important to emphasize that the
n—s00 n—00

condition limsup ¢, < 1imposed on the sequence {t¢,} in Lemma 4.3 is essential
n—roo

and cannot be dropped.
(b) We point out that Lemma 4.3 extends and unifies Lemma 5.1 in [9,12] and Lemma
2.2 in [16].

Theorem 4.5. Let X, M and T be the same as in Theorem 3.3 and let all the conditions of Theorem
3.3 hold. Let S : X — X bean ({an}, {bn}, ¢)-total uniformly L-Lipschitzian mapping such that
LY < 1, where 9 is the same as in (3.10) and Fix(S) N VIP(X, M, T) # 0. Suppose that for

eachn > 0, M,, : X — 2% is a maximal m,,-relaxed monotone operator such that M, N Vs
and m, — mas n — oo. If there exist real constants p, > 0 (n > 0) satisfying (4.14) and
2pnr < 14 p20? for each n > 0, and a real constant p € (0, 5) satisfying (3.6) such that
pn — pasn — oo, then the iterative sequence {x, 5>, generated by Algorithm 4 converges
strongly to the only element x* of Fix(S) N VIP(X, M, T).

Proof. Tt follows from Theorem 3.3 that VIP(X, M, T') is a singleton set, thatis, VIP(X, M, T) =
{x*}. Since Fix(S) N VIP(X, M, T) # 0, we have 2* € Fix(S). Thus, by Lemma 3.1, for
each n > 0, we have

(4.17) ¥ = apx” + (1 — o) S" Iy (2" — pT'(x™)],

where the sequence {a,, }72 is the same as in Algorithm 4. Utilizing Theorem 2.2 and in
the light of the hypothesis, we derive that for each n > 0,

157, (20 = puT (2n)] = Ty la™ — pT' ("]
<N [ = puT ()] = T3 [27 = pT (27|

+ I3z, [27 = pT(z")] = T,z — pT ()]
< ;HT/ = puT(@n) — (2" = pT'(@")) || + [
(4.18) = VT 2pam, o T et in p Hin
1
< m(”% — pnT'(zn) — (" — ppT'(2"))|
+lon = plIT @) + [l

1 —2ppr + p20? . lpn — pl
<y | — |z, — B Ut CO ot WYy YO

where for each n > 0, p,, = Jij [2* — pT(x*)] — Jy [z* — pT'(z*)].
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Relying on the assumptions and employing (4.14), (4.17) and (4.18), for each n > 0,
yields
[#nt1 — 2| < anllzn — 2"+ (1= an)[[S" 37, [0 — puT'(2n)] = S™ T3, [a" — pT'(27)]]|
< apllz, — 2% + (1 - O‘n)L(“Jﬂ; [xn - pnT(fn)] - le\)/[[x* - PT(x*)]”
+and([| 37, [0 — paT (wn)] = TRy la™ — pT (x")]]]) + bn)

. 1—2p,r + p2 02 .
< aple, — ||+<1—an>L<\/M||xn—z [

1—=2p,my,

lpn — pl 1 —2p,1 + p2 02
——||T' (2" n " ( - TG gy — ot
(4.19) T TN llnll + and T el L

+ — T 17* + M ) + b

= aplzn — 2| + (1 — an)L ﬁonn_x | + = HT(x )H
V1—="2p,my

lpn — 1l
n n 1971 n * ——||T * n bn )
+ lanll + ang(Onllen =27 + L T + ) +

where for each n > 0, 9,, = \/W. Since p, — pand m, — masn — oo, it
follows that ¥J,, — ¥ as n — oo. Taking into account that ¢ € (0, 1), there exist ny € N and

J € (9,1) such that ¢,, < 9 for all n > ny. Thereby, for all n > ng, by (4.19), we yield

[Zns1 — 2| < (an + (1 - O‘n)Lé)”xn -z

0 * Pn — P *
+<1—an>Lan¢(ﬁ||xn—x||+ o0l >||+||un||)

V1—=2p,my
lon — "
1—ap)l | ———|IT nll + bn
+ (- an (A2l @)+ ol +

(4.20) . 3
= (LI + (1 = L)ay) | zn — 2|

) * Pn — P *
+<1—an>Lan¢(z9||xn—x||+ o0l >||+||un||)

V1—=2p,my
|pn _p| *
+ (a2 B T+l + ).

Assuming that ¢,, = LY + (1- L@)an for each n > 0 and in view of the facts that Ld < 1

and limsup o, < 1, we get
n—oo

lim sup t,, = limsup(Ld + (1 — Ld)ay) < LY + (1 — L) limsup a, < 1.

n— oo n— oo n— oo

Considering the fact that M, S, M, Theorem 4.4 guarantees that || i, || — 0asn — co. At

. . . . . lpn—pl T .
the same time, since nh_)ngo pn = p, it follows that nh_{r;o A IT(z*)|| = 0. In virtue of

the fact that S'is an ({ay }, {bn}, ¢;)-total uniformly L-Lipschitzian mapping, by Definition
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3.6 (b), we have lim a, = lim b, = 0. Let us now take foralln > 0, ¢,, = ||,, — ||+ and
n— oo n— o0

= (1= an)Lang (T, — ") + AL 7} + L

lpn — 1l
1-— L | ——————||T(z* b, | .
(0= )L (AL )+ il 4,

Then, in the light of the above-mentioned arguments and the fact that limsup«,, < 1,
n—oo

we conclude that lim d,, = 0. Since L) < 1, we note that all the conditions of Lemma
n—oo

4.3 are satisfied and so making use of (4.20) and Lemma 4.3, it follows that lim ¢, = 0,
n—0o0
ie, li_>m x, = x*. Therefore, the sequence {z, }32, generated by Algorithm 4 converges

strongly to the unique solution of the VIP (3.5), that is, the only element of Fix(S) N
SGVI(X, M, T). O

As a direct consequence of the above theorem, we obtain the following corollary.

Corollary 4.2. Suppose that X, M and T are the same as in Theorem 3.3 and let all the conditions
of Theorem 3.3 hold. Then the iterative sequence {x,}>2, generated by Algorithm 4 converges
strongly to the unique solution of the VIP (3.5).

5. CONCLUSION

The history of monotone operators, and in particular maximal monotone ones which
are rooted in the calculus of variations, and nonlinear operator equations with monotone
and maximal monotone operators can be traced back to the early of nineteen sixties. Since
then, it has a rapid development and a prolific growth of its applications. This is mainly
due to the fact that monotone and maximal monotone operators are effective tools in the
study of boundary value problems. Inspired by their wide applications, the introduction
and study of a variety of generalizations of the concepts of maximal monotone operators
in the setting of different spaces have been the focus of many researchers in the last two
decades. The above description motivated us to study the class of maximal m-relaxed
monotone operators as an extension of the class of maximal monotone operators and to
present a characterization of such operators. By defining the resolvent operator associated
with a maximal m-relaxed monotone operator, we have proved its Lipschitz continuity
and computed an estimate of its Lipschitz constant under some appropriate conditions.
By using the resolvent operator associated with a maximal m-relaxed monotone operator,
we have constructed an iterative algorithm for approximating a common element of the
set of fixed points of a total uniformly L-Lipschitzian mapping and the set of solutions
of a variational inclusion problem involving maximal m-relaxed monotone operators. We
have used the concept of graph convergence for maximal m-relaxed monotone opera-
tors and established a new equivalence relationship between the graph convergence of a
sequence of maximal m-relaxed monotone operators and their associated resolvent oper-
ators, respectively, to a given maximal m-relaxed monotone operator and its associated
resolvent operator. Finally, we have studied the strong convergence of the sequence gen-
erated by the proposed iterative algorithm to a common element of the above mentioned
sets. The results derived in this paper can be extended to different classes of generalized
monotone operators existing in the literature.
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