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Abstract: In this paper, we consider some new classes of the quasi-variational inclusions involving three monotone operators. Some
interesting problems such as variational inclusions involving sum of two monotone operators, difference of two monotone operators,
system of absolute value equations, hemivariational inequalities and variational inequalities are the special cases of quasi variational
inequalities. It is shown that quasi-variational inclusions are equivalent to the implicit fixed point problems. Some new iterative
methods for solving quasi-variational inclusions and related optimization problems are suggested by using resolvent methods, resolvent
equations and dynamical systems coupled with finite difference technique. Convergence analysis of these methods is investigated under
monotonicity. Some special cases are discussed as applications of the main results.
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1 Introduction

Variational inclusion theory contains a wealth of new
ideas and techniques. which can be viewed as a novel
extension and generalization of the variational
inequalities. The origin of the variational inequalities can
be traced back to Stampacchia [1] in potential theory. It is
amazing that a wide class of unrelated problems, which
occur in various fields of pure and applied sciences, can
be studied in the general and unified framework of
variational inclusions. See [1,2,3,4,5,6,7,8,9,10,11,12,
13,14,15,16,17,18].

Noor and Noor [6,7] proved that the quasi variational
inclusions are equivalent to the implicit fixed point
problem. This equivalent formulation played an important
role in developing numerical methods, sensitivity
analysis, dynamical systems and other aspects of quasi
variational inclusions. The resolvent equations were
introduced and studied by Noor [6,7]. This technique has
been used to study the existence of a solution as well as to
develop various iterative methods for solving the
variational inclusions. Noor and Noor [9] have proved
that quasi-variational inclusions are equivalent to the
resolvent equations. This equivalence has been used to

study the existence, stability and sensitivity analysis of
the solution of variational inclusions.

In this paper, we consider a new class of quasi
variational inclusions involving involving three monotone
operators. It is known that quasi variational inclusions are
equivalent to fixed point problem. We used this alternative
form to suggest and investigate some new implicit and
explicit iterative methods for solving nonlinear quasi
variational inclusions. The convergence criteria of the
proposed implicit methods is discussed under some mild
conditions. Several important special cases are discussed
as applications of our results. It is expected the techniques
and ideas of this paper may be starting point for further
research.

2 Formulations and basic facts

Let H be a real Hilbert space whose inner product and
norm are denoted by (.,.) and |.|] respectively. Let
T B . H — I Dbe nonlinear operators and
A (..): H X I — X J{+oo} be a maximal monotone
operator with respect to the first argument.

* Corresponding author e-mail: noormaslam @ gmail.com
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We consider the problem of finding pt € 77 such that
0 Tu+Bu)+o(u,un). 2.1

Inclusion of type (2.1) is called the quasi variational
inclusion involving three operators, We would like to
emphasize the operator .7 is strongly monotone, the
operator % is Lipschitz continuous and the bifunction
2/ (.,.) is maximal monotone operator with respect to first
variable. Several important problems arising in pure and
applied sciences can be studied in the frame wrok of the
form (2.1).

We now discuss several important and interesting
problems, which can be deduced from the problem (2.1).

@M. If &/(u,u) =< (u), then problem (2.1) reduces to
finding u € J# such that

0 Tu+2Bu)+ (1), (2.2)

which is known as finding zeros of the sum of three
operators.

an. IfA=0and & (u,u) =< (u), the problem (2.1)
collapse to finding u € .7 such that

0 Tu+o (1), (2.3)

is known as finding zeros of the sum of two monotone
operators and have been studied extensively in recent
years.

(D). If &/ (u,u) =0, B =—2, the problem (2.1)
collapses to finding pt € .7 such that
0 Tu—2(u), (2.4

which is called the problem of finding zeros of the
difference of two operators, introduced and studied by
Noor et al.[19]. Problem (2.4) can be interpreted as
variational inclusion involving difference of two
monotone operators, which is itself a very difficult
problem. This problem can be viewed as a problem of
finding the the minimum of two difference of convex
functions, known DC-problem. Such type of problems
have applications in optimization theory and imaging
process in medical sciences and earthquake.

av). If (.,.) = do(.,,.), where do(.,.) is the
subdifferential of a proper, convex and
lower-semicontinuous function

O(.,.): XA — RBU{+oo}

with respect to the first argument, then problem (2.1) is
equivalent to finding u € 7 such that.

(Tu+BW),v—nu)
+o(v,u) —o(u,u) >0, Yue. (2.5)

The problem of the type (2.5) is called the mixed quasi
variational inequality problem, which has many important
and significant applications in regional, physical,

mathematical, pure and applied sciences, see [2,3,6,7,8,
9,20].

(V). If ¢(,.,) is the indicator function of a closed convex
multivalued function 2(u) in J#, then problem (2.5) is
equivalent to finding p € Q(u) such that

<f7ﬂ+%’(ﬂ)a"—l~i>207 VVEQ(M), (26)

which is called the nonlinear quasi variational inequalities,
see Noor and Noor [10].

(VD. IQ*(u)={uesl:{(u,v)>0, VveQ(u)}
is a polar (dual) cone of a convex-valued cone Q () in .77,
then problem (2.6) is equivalent to finding (. such that

peQu), Tu+Bu)eQ(u)
and (Tu—Bu),u) =0, 2.7)

which is known as the strongly nonlinear quasi
complementarity problems [10,11]. Obviously strongly
complementarity problems include the complementarity
problems and their variant forms. For applications and
numerical methods, see Cottle et al [26] and Noor[23,24,
25,26] in game theory, management sciences and
quadratic programming as special cases.

(VII). If Q(u) = Q, where Q is a convex set in JZ,
then problem (2.6) reduces to finding u € €2 such that

(Tu+A),v—u)>0, VveQ, (2.8)

which is known as the mildly nonlinear variational
inequalities, introduced and studied by Noor [4,10].
(VIII). The problem (2.8) includes the absolute value
equations, which is being investigated extensively in
recent years using quite different techniques and ideas. To
be more precise, take Q = .77, AB(u) = B|u|, then one
easily show that problem (2.8) is equivalent to finding
U € s such that

Tu+ B|u| =b, (2.9)

which is called the absolute value equations, where b is a
given data. Clearly, system of absolute value equations is
a very important special case of strongly nonlinear
variational inequalities, which were introduced by Noor
[4].

IX), Ifeo(,u)=¢(u), VYu e, then problem (2.5)
is equivalent to finding u € H such that

(Tu+BW),v—nu)
+o(v)—o(u) >0, Yuez,

which is known as the mixed varaitional inequality. For the
applications, sensitivity analysis and numerical methods,
see[2,3-7,11-20].

X). If (B(u),v) = —-AB(u,v), then (2.8) collapses to
finding it € Q(u) such that

(Tp,v—u)>A(u,v—p),

which is called nonlinear quasi hemivariational inequality
and appears to be a new one.
If Q(u) = Q, then the problem (2.11) becomes the

(2.10)

Vv eQ(u),

@© 2022 NSP
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hemivariational inequality, which was introduced by
Panagiotopoulos [36] in structural analysis. For the
applications, formulation and other aspects of
hemivariational inequalities, see [33,36] and the
references therein.

(XI). If ¢ is the indicator function of a closed convex
set 2 in 77, then problem (2.10) is equivalent to finding
u € Q such that

(Tu+Bu),v—u>>0, VveQ, (2.11)

which is called the mildly nonlinear variational inequality
introduced and studied by Noor [4] in 1975.

(XII). If =0, then problem (2.11) is equivalent to
finding u € © such that

(Tu,v—u>>0, VveQ, (2.12)
which is called the classical variational inequality
introduced and studied by Stampacchia [24] in 1964. For
recent applications, numerical methods, sensitivity

analysis and physical formulations, see [1-28] and the
references therein.

Remark.It is worth mentioning that for appropriate and
suitable choices of the operators 7, A, &,
set-valued convex set Q(u) and the spaces, one can
obtain several classes of variational inequalities,
complementarity problems and optimization problems as
special cases of the nonlinear quasi variational inclusion
(2.1). This shows that the problem (2.1) is quite general
and unifying one. It is interesting problem to develop
efficient and implementable numerical methods for
solving the nonlinear quasi-variational inclusions and
their variant forms.

It is well known that the resolvent operator _Z . (,,) is
required to satisfy the following assumption, which plays
an important part in the derivation of the results..

Assumption 1
| Zowy@— ool < vIu—v|,Vu,v,0 € #(2.13)

Definition 1. An operator 7 : 7 —  is said to be:

1. Strongly monotone, if there exist a constant ot > 0,
such that

<y”*yV,M*V>Z(XH[J*V”2, V,LL,VE%.

2. Lipschitz continuous, if there exist a constant 3 > 0,
such that

| Tu—Tv|<Bllu—vl, Vuver.

3. Monotone, if

(Tu—Tv,u—v)y>0, Vu,veirt.

4. Pseudo monotone, if

(Fu,v—u)y>0 = (Fv,v—u)>0, Yu,ve.

Remark.Every strongly monotone operator is a monotone
operator and monotone operator is a pseudo monotone
operator, but the converse is not true.

3 Iterative resolvent methods

In this section, we prove that the quasi variational
inclusions are equivalent to the fixed point problems. This
alternative equivalent formulations are used to suggest
some new iterative methods for solving the quasi
variational inclusions.

Lemma 1.[9] The function p € 5 is a solution of the
quasi variational inclusion (2.1), if and only if, u €
satisfies the relation

L=yt —p(Tu+2BW))),

where 7., is the resolvent operator and p > 0 is a
constant.

(3.14)

Lemma I implies that the quasi variational inclusion (2.1)
is equivalent to the fixed point problem (3.14). We
consider this alternative equivalent formulation (3.14) to
suggest the several implicit iterative methods for solving
the problem (2.1).

Algorithm 1 For a given 1y € J, compute |, by the
iterative scheme

M1 = ot () [Mn — P (T Mn + B (Un))]

which is known as the projection method and has been
studied extensively.

Algorithm 2 For a given 1y € J, compute |, by the
iterative scheme

Hnv1 = fd(u,l+])[un _p(yﬂnJrl +'%,(I~Ln+1))]'

which is known as the implicit resolvent method and is
equivalent to the following two-step method.

Algorithm 3 For a given [y € J, compute [, by
the iterative scheme

On = o (1) [ty — P (Tt + B (1n))]
M1 = ot (@) [Mn — P(T @n+ B(0n))].

Algorithm 4  For a given 1y € J, compute |, by the
iterative scheme

Mot = et () o1 — P(T M1 + B (ni1))],

which is known as the modified resolvent method and is
equivalent to the iterative method.

Algorithm 5 For a given o € J, compute |, by the
iterative scheme

On = I o () [n — P (T ttn + B (n))]
Mot = o (@) @On — (T 0
+2(on))];
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which is two-step predictor-corrector method for solving
the problem (2.1).

We can rewrite the equation (3.14) as:

= St —p7u—pau).

This fixed point formulation is used to suggest the
following implicit method.

Algorithm 6 For a given y € 5, compute W, by the
iterative scheme

n + n
7p<%)(ﬂn+l)],

Algorithm 7  For a given uy € 5, compute W, by the
iterative scheme

On = ot () M — PT Un

w, + U
Bat1 = (o)l n2 -

- P%(Nn)]
—pB(o)], A

—p T w,

From equation (3.14), we have

= Fywl—p7(*E) —pat il

This fixed point formulatlon (3.15) is used to suggest the
implicit method for solving the problem (2.1) as

(3.15)

Algorithm 8 For a given uy € 5, compute W, by the
iterative scheme
Hn + Hpp1
Hust = Fos o)l = p 7 (F—3755)
Hn + Hnp
—p# (%)],
We can use the predictor-corrector technique to rewrite
Algorithm 8 as:

Algorithm 9 For a given o € I, compute |, by the

iterative scheme
=P T ln—PpAB(Un)],

On = et () lHn
n 1 Wy n 1 Wy
Hut = sl = p T (K220 = pa (B2,

is known as the mid-point implicit method for solving the
problem (2.1).

We again use the above fixed formulation to suggest
the following implicit iterative method.

Algorithm 10  For a given iy € ¢, compute 1,11 by the
iterative scheme

Hn+ Hnp
Bt = () [Mnt1 — Pﬂ(%)
M+ Uyt )]

—PA(——

Using the predictor-corrector technique, Algorithm 9 can
be written as:

Algorithm 11  For a given Uy € 2, compute L, by the
iterative scheme

On = I s () n — PT 1 — pB(Uhn)]s
f’l+wf’l
Hnt1 = /ﬂ(w,,)[wn py(u ) )
Uy + O,
—PA(———)l-

which appears to be new one.

It is obvious that Algorithm 3 and Algorithm 4 have
been suggested using different variant of the fixed point
formulations (3.14). It is natural to combine these fixed
point formulation to suggest a hybrid implicit method for
solving the problem (2.1) and related optimization
problems, which is the main motivation of this paper.

One can rewrite (3.14) as

L= [”Jr” Pﬂ%)—pﬁ(#)].(&lé)

This equivalent fixed point formulation enables us to
suggest the following implicit method for solving the
problem (2.1).

Algorithm 12 For a given Uy € H, compute Uy, by the
iterative scheme

M+ Uy M+ Uy
M1 = ot (1) [% —Py(%)
M + M
—p%’(%)}

To implement the implicit method, one uses the
predictor-corrector technique. We use Algorithm 4 as the
predictor and Algorithm 12 as corrector. Thus, we obtain
a new two-step method for solving the the problem (2.1).

Algorithm 13 For a given Ly € 7, compute L, by the
iterative scheme

On = o () [Hn = PT 1w — pB ()]
Wy + Un W, + Uy
bt = Foton [(F5—) =P T (=)
w”+“n

which is a new predictor-corrector two-step method.

For a parameter £, one can rewrite the (3.14) as
=Lyl =Su+Eu—pTu—paAu).

This equivalent fixed point formulation enables to suggest
the following inertial method for solving the the problem
(2.1).

@© 2022 NSP
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Algorithm 14  Fora given Ly € J€, compute U, by the
iterative scheme

tni1 = o () (1= EVttn+Etn—1 — p Ty — p B (4.

It is noted that Algorithm 14 is equivalent to the following
two-step method.

Algorithm 15 For a given Uy € H, compute U, by the
iterative scheme

@, = (1 =&)up+ Eupy—y
Hpp1 = /ﬂ(un)[wn—pﬂun—p%’(u,,)].

Using this idea, we can suggest the following iterative
methods for solving nonlinear quasi variational
inequalities.

Algorithm 16  Fora given Ly € F€, compute U, by the
iterative scheme

@, = (1 =&)up+ Eup—y
Mns1 = Iy (u)[On — P T 0y — pB(0)],

Algorithm 17  For a given ug € H, compute u, | by the
iterative scheme

@, = (1 — a)up+ oty
Upt+1 = /p{(a),l)b’n_pywn_pf%}(wn)]'

Using the technique of Noor et al. [12] and Jabeen et al
[30], one can investigate the convergence analysis of these
inertial resolvent methods.

4 Resolvent equations technique

In this section, we discuss the resolvent equations
associated with the quasi variational inclusions (2.1). It is
worth mentioning that the resolvent equations associated
with variational inclusions were introduced and studied
by Noor [6] and proved that the quasi variational
inclusions are equivalent to the implicit resolvent
equations to study the sensitivity analysis.

Related to the quasi variational inclusion (2.1), we
consider the problem of finding
Z, L € J¢ such that

T I wit P Ry =B I

where p > 0 is a constant and Z. () =1 — 7 /(- Here
[ is the identity operator and

o = (1+pa/ (1))~ is the resolvent operator. The
equation of the type (4.17) are called the implicit
resolvent equations. For the formulation and applications
of the resolvent equations, see Noor [6,7] and Noor et al
[9,10].

4.17)

n=0,1,2,....

Lemma 2. The quasi variational inclusion (2.1) has a
solution u € J€, if and only if, the resolvent equations
(4.17) have a solution z, L € F, where

u:f%l)z (4.18)
and

z=p—p(Tu—2W). (4.19)
Proof:

ProofLet u € 77 be a solution of (2.1), then, for a constant
p >0,

pTu—pBU)+pd(1,1)>0,

<
—utpTu—pAW) + p+p(u,pn)>0
<~
b= Jywl—pTu+pBu).
Takez=u—pTu+pH(u), thenz= 7 )z Thus
2= Lot PTiyuit P By, %
that is

T Fet )i+ P~ R (2= B Fes ()2

the required (4.17).

From Lemma 2, it follows that the quasi variational
inclusion (2.1) and the resolvent equations (4.17) are
equivalent. This alternative equivalent formulation has
been used to suggest and analyze a wide class of efficient
and robust iterative methods for solving the quasi
variational inclusions and related optimization problems.

We use the resolvent equations (4.17) to suggest some
new iterative methods for solving the quasi variational
inclusions. From (4.18) and (4.19), we have

¢= Jawi=PT Lo wit PA( S w)?)
= Lawl—pTu+pB(1)]
PT Iy —PTRh+P Loy ()]
Thus, we have
p=pTu—pBU)+| Ll —pTu
P BW) =P T Loyl — P T+ pAB(1)]-
Consequently, for a constant &, > 0, we have
p=(1-ou
+0 2 sy o —p Tu+p&(1)]
+pTu—pAB(1)
T Jaw—pTu+pBW)}
= (1—o)u
+0 L yplo—pTo+pTu—pBu)}, (4.20)
where
0= _Joyuwh—pTu+pBL). 4.21)
Using (4.20) and (4.21), we can suggest the following

new predictor-corrector method for solving the quasi
variational inclusion (2.1).

@© 2022 NSP
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Algorithm 18  For a given Ly € ¢, compute [, by the
iterative scheme

On = oy () [Mn— PT lhn+ pB(Un)]
Hnt1 = (1 - an)lln

*“n/ﬂ/(m{wnP?wnp%(un)wﬂun}.

If o, = 1, then Algorithm ?? reduces to

Algorithm 19  Fora given Ly € 77, compute L, | by the
iterative scheme

Wy, = /ﬂ(u)[ﬂn*l)yuner%(”)]
Hpt1 = fcf(,u)[wn_pywn +p T iy — pAB(Un)],

which appears to be a new one.

In a similar way, we can suggest and analyse the predictor-
corrector inertial method for solving the quasi variational
inclusion(2.1), which involve only one resolvent.

Algorithm 20  For given ug,uy € H, compute u, 1 by the
iterative scheme

Wy :un_g(ﬂn_ﬂnfl)
MHp1 = /y{(,u)[wn_pywn +P7Mn—P%(Mn)]-

One can study the convergence of the Algorithm 20 using
the technique of Noor et al [12] and Jabeen et al [30].

Remark.We have only given some glimpse of the
technique of the resolvent equations for solving the quasi
variational inclusions. One can explore the applications of
the resolvent equations in developing efficient numerical
methods for variational inclusions and related nonlinear
optimization problems.

5 Dynamical Systems Technique

In this section, we consider the dynamical systems
technique for solving quasi variational inclusions. Dupuis
and Nagurney [29] introduced and studied dynamical
systems associated with variational inequalities using the
fixed point problems. Thus it is clear that the variational
inequalities are equivalent to a first order initial value
problem. Consequently, equilibrium and nonlinear
problems arising in various branches in pure and applied
sciences can now be studied in the setting of dynamical
systems. It has been shown that the dynamical systems
are useful in developing some efficient numerical
techniques for solving variational inequalities and related
optimization problems. We consider some iterative
methods for solving the quasi variational inclusions. We
investigate the convergence analysis of these new
methods involving only the monotonicity of the operator.

We now define the residue vector R() by the relation

R(w)=u— _Joyuwu—pTu+pBu). (5.22)

Invoking Lemma 1, one can easily conclude that u € 77
is a solution of the problem (2.1), if and only if, u € 7 is
a zero of the equation

R(u)=0.

We now consider a dynamical system associated with
the quasi variational inequalities. Using the equivalent
formulation (1), we suggest a class of resolvent
dynamical systems as

B M Il —p Tut p(w)] - ),
u(to) = a,

where A is a parameter. The system of type (5.22) is
called the resolvent dynamical system associated with the
problem (2.1). Here the right hand is related to the
projection and is discontinuous on the boundary. From the
definition, it is clear that the solution of the dynamical
system always stays in .. This implies that the
qualitative results such as the existence, uniqueness and
continuous dependence of the solution of (5.22) can be
studied.

(5.23)

(5.24)

We use the resolvent dynamical system (5.22) to
suggest some iterative for solving the quasi variational
inclusion (2.1). These methods can be viewed in the sense
of Noor [14] involving the double resolvent.

For simplicity, we take A = 1. Thus the dynamical system
(5.22) becomes

d
d—fﬂt = Lo b —pTut+pB(p),
p(t) = a.

The forward difference scheme is used to construct the
implicit iterative method.
Discretizing (5.25), we have

Hut+1— Ha
h
where /i is the step size.

Now, we can suggest the following implicit iterative
method for solving the quasi variational inclusion (2.1).

(5.25)

+ U1 = /ﬂ(u,,)[“n_pyun+l +P55(Nn+1)],

Algorithm 21  For a given LWy, compute U, by the
iterative scheme

- Hpi1 — Un

Pt = 2 ot (i) |Bn = PT Mgt + P B (Mny1) h

This is an implicit method, which is quite different from
the implicit method of [4].

Algorithm 21 is equivalent to the following two-step
method.

@© 2022 NSP
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Algorithm 22 For a given Uy, compute U,y) by the
iterative scheme

On = oy () o — P-T i + p B (1))
w’l_un]
—].

Discretizing (5.26), we now suggest an other implicit
iterative method for solving (2.1).

Hn+1 = /pf(a),l) [Nn_pywn"’p'%,(wn)_

Hnt1 — Un

h + Hpy1

= /M(,LL,,H)[ﬂnJrl —P T Pns1+PB(Uns1)],

where £ is the step size.
This formulation enables us to suggest the two-step
iterative method.

Algorithm 23 Fora given 1y € 7, compute U+ by the
iterative scheme

On = I ot () [ — P T o+ P A ()]

On — H
et = Jot () | On = PT On+pB(00) = — 1.
Again using the project dynamical systems, we can

suggested some iterative methods for solving the quasi
variational inclusions and related optimization problems.

Algorithm 24  Fora given 1y € 7, compute U+ by the
iterative scheme

h+ 1)ty — i
Hnit = et (i) %

or equivalently

Algorithm 25  Fora given 1y € 7, compute U, by the
iterative scheme

On = ot () Hn = P T n+ P ()]

(h+ 1) — a

M1 = Jot(an) 5 — P Tun+pA ()]

Discretizing (5.24), we have

Hn — Hp—1

h + Hnt1

= Loty 0 — P T M1+ PpB(Uni1)],

where £ is the step size.
This helps us to suggest the following implicit iterative
method for solving the problem (2.1).

Algorithm 26  Fora given Uy € 7, compute U, 11 by the
iterative scheme

O = ot () lbn = P T o+ P (1))

(h+ 1) — ap

M+t = ot (o) " —Pp T Un+pAB(U)|.

~P T ln+pB(Un) |

Discretizing (5.24), we propose another implicit
iterative method.

Hpt1— Un
h

where 7 is the step size.
For h = 1, we can suggest an implicit iterative method for
solving the problem (2.1).

+ Up = /W(Ivlwrl)[””*pyunﬂ +PpB(Hnt1))s

Algorithm 27  For a given Uy € H, compute U, by the
iterative scheme
M1 = ot () M — PT Pt + P B (1))

Algorithm 27 is an implicit iterative method in the sense
of Koperlevich, see Noor [14].

Using (5.23), we have

d
L l= (- aonra (1~ @)+ ap

—p7((1—a)u+op)+p((1-o)u+au))l,(5.26)

where o € [0,1] is a constant.

Discretization (5.26)and taking 4 = 1, we have

Hnt1 = /ﬂ((lfa)u,ﬂraun,]) [(] — Oy + Oy
—p 7 (1= ) n + Otptn 1)
+p/ (1= &)+ optn—1)],

which is an inertial type iterative method for solving the

quasi  variational inclusion  (2.1). Using the
predictor-corrector techniques, we have

(5.27)

Algorithm 28  For a given |y € H, compute [, by the
iterative schemes

W, = (1 70‘).un+aﬂnfl
M1 = ot (@) [0 — P T (@n) + p ()],

which is known as the inertial two-step iterative method.

Remark.For appropriate and suitable choice of the
operators 7,4/, parameter & and the spaces, one can
propose a wide class of implicit, explicit and inertial type
methods for solving quasi variational inclusions and
related nonlinear optimization problems. Using the
techniques and ideas of Noor et al [12], one can discuss
the convergence analysis of the proposed methods.

6 Nonexpansive mappings

In this section, we consider the non-expansive mapping
technique to suggest some iterative methods for solving
quasi variational inclusions (2.1). First of all, we recall
the following fact.
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Let S be a nonexpansive mapping. We denote the set
of the fixed points of S by .Z(S) and the set of the
solutions of the quasi variational inclusion (2.1) by
QRI(H,T,B). If u* € Z(S) N QRVI(K,T), then
x* € F(S) and u* € VI(K,T). Thus from Lemma 1, it
follows that

W =Su"= Joyulu —pTu +pB(u’]
=S Saw —p T +pA ("),
where p > 0 is a constant.
This fixed point formulation is used to suggest the
following iterative method for finding a common element

of two different sets of solutions of the fixed points of the
nonexpansive mappings and the variational inclusions.

Algorithm 29 For a given uy € J, compute the
approximate solution x, by the iterative schemes

U1 = (1= an)n+anS _Z .oy (u) [n — P T thn + p B (1hn)]

where a, € [0,1] for all n > 0 and S is the nonexpansive
operator.

Algorithm 29 is also known as a Mann iteration.

Related to the variational inequalities, we have the
problem of solving the resolvent equations (4.17)
involving the non-expansive mapping S. To be more
precise, let %) =1 —S_Z (), where 7, is the
resolvent, I is the identity operator and S is the
nonexpansive operator. We consider the problem of
finding z € ¢ such that

yS/{Q{(u)Z-Fpi]%ﬂ(u)Z = %S/ﬂ(u)z, (6.28)

which is called the implicit resolvent equation involving
the nonexpansive operator S. For S = I, the identity
operator, we obtain the implicit resolvent equation (4.17).
Using essentially the technique of the resolvent operator,
one can establish the equivalence between the resolvent
equations and variational inclusions. This alternative
equivalence has played a fundamental and basic role in
developing some efficient and robust methods for solving
variational inclusions and related optimization problems.
The resolvent equation technique has been used to study
the sensitivity analysis and asymptotical stability of the
variational inclusions. It has been shown that the
resolvent equation technique is more flexible and general
than the resolvent method and its variant form, see Noor
[37].

Definition 2. An operator  : & — I is called
{-Lipschitzian if, there exists a constant L > 0, such that

|7x =Tyl <Cllx=yll, Vxyer.

Definition 3. An operator  : H# — A is called
o -inverse strongly monotone (or co-coercive )if, there
exists a constant o > 0, such that

(Tx—Tyx—y) > a| Tx— Ty, Vxyet.

Definition 4. An operator T : 7 — is called r-strongly

monotone if, there exists a constant r > 0 such that
<TX*Ty,X*y>ZI"||X*yH2, vxvyef

Definition 5. An operator T : 7 — F€ is called relaxed

(7,7)-cocoercive if, there exists constants 'y > 0,r > 0, such
that

(Tx—=Tyx=y) 2 =VTx= TP +rlx—y|?, Vxye .

Remark. Clearly a r-strongly monotone operator or a
Y-inverse strongly monotone operator must be a relaxed
(7,r)-cocoercive operator, but the converse is not true.
Therefore the class of the relaxed (Y,r)-cocoercive
operators is the most general class, and hence definition
2.4 includes both the definition 2.2 and the definition 2.3
as special cases.

Remark. From Definition 3, it follows that if .7 is a-
inverse strongly monotone (or co-coercive), than .7 is also
Lipschitz continuous with constant é

Lemma 3. Suppose {0} is a nonnegative sequence
satisfying the following inequality:

k1 < (1 =)0+ 01, k>0,

with A € [0,1], Y2 oM = oo, and oy = o(A). Then
limk%m 6k =0.

In this section, we use the resolvent equations to
suggest and analyze an iterative method for finding the
common element of the nonexpansive mappings and the
variational inclusion QRVI(T,K). For this purpose, we
need the following result.

Lemmad. The element u € J¢ is a solution of quasi
variational inclusion (2.1), if and only if, z € € satisfies
the implicit resolvent equation (4.17), where

B=S
z=u—pITu+pAu),

(6.29)
(6.30)

where p > 0 is a constant.

From Lemma 4, it follows that the quasi variational
inclusion (2.1) and the implicit resolvent equation (6.28)
are equivalent. This alternative equivalent formulation has
been used to suggest and analyze a wide class of efficient
and robust iterative methods for solving variational
inclusion and related optimization problems, see [37] and
the references therein. We denote the set of the solutions
of the resolvent equations by IRE(H,T.S).

Using Lemma 4 and Remark 6, we now suggest and
analyze a new iterative algorithm for finding the common
element of the solution sets of the quasi variational
inclusions and nonexpansive mappings S and this is the
main motivation of this paper.
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Algorithm 30 For a given zo € H, compute the
approximate solution z,,1 by the iterative schemes

6.31)
(6.32)

Hn = S/p{(,u)zn
Zns1 = (1= @n)zn+ an{ttn—p T lhn +pB(Un)},

where a, € [0,1] for all n > 0 and S is a nonexpansive
operator.

For § = I, the identity operator, Algorithm 30 reduces to
the following iterative method for solving quasi variational
inclusion(2.1) and appears to be a new one.

Algorithm 31 For a given zo € H, compute the
approximate solution z,,1 by the iterative schemes

Hn =S J ot () n
Znt1 = (1 —an)zn + an{un —p T n+ pAB(n) }
If 7. = 7w, the convexsetin H, then Algorithms

30 and 31 reduce to the following algorithms for solving
variational inclusion.

Algorithm 32 For a given zo € H, compute the
approximate solution z,,1 by the iterative schemes

Hpn = S/ﬂzn
Zns1 = (1= an)zn+ an{tn — p T ln +p B (Un) }

where a, € [0,1] for all n > 0 and S is a nonexpansive
operator.

We now study the convergence of Algorithm 30.

Theorem 1. Let 7 be a relaxed (y,r)-cocoercive and L
Lipschitzian mapping and S be a nonexpansive mapping
such that F(S)NIRE(H,T,S) # 0. Let {z, } be a sequence
defined by Algorithm 30, for any initial point zo € H. If
Assumption 2.1 holds and

g - V1+2072—2pr+p22+pE |
1—v

3

p<Tv, v<l, apel0] (6.33)

and
Y an=eo,
n=0

then z, converges strongly to 7* € F(S)NIRE(H,T,S).

Proof. Let z* € H be a solution of F(S)NIRE(H,T,S).
Then, from Lemma 3.1, we have

(6.34)
(6.35)

[J* = anS/ﬂ(u*)Z*
&= (=) +a{u” —pTu" +pAu),

where a, € [0,1] and u* € K is a solution of RVI(K,I). To
prove the result, we need first to evaluate ||z, — z*|| for
all n > 0. From (6.32) and (6.35), we have

||Zn+l *Z*” = H(l *an)zn+an{ﬂnfpyﬂn+p%(un)}
—(1 —ay)z*
—an{p* = p T U +pB(u,)}||
< (I =an)l|zn =27
Fan|lun — " = p(T i — Tu) ||
+p| 2 (1w — By

From the relaxed (,r)-cocoercive and u-Lipschitzian
definition on .7, we have

ltn =" = p(Fun — Tu")||?

= |ty —u*||* =20 (T Wy — Tui* 1y — u*)
02| Tty — T |

< in = |* =2 [V T bt — T >+ rl |y — 1"’
+0?||Tun — Tu’|?

(6.36)

< ftn — ]+ 2p YU Ju — (> = 207 |ty — |
071 |y — [P
= [1+2pyu* = 2pr+p* 1| Ju, — u||? (6.37)

Combining (6.36), (6.37) and using the Lipschitz
continuity of the operator %, we have

201 =2 < (1= an)l|zn = 2°[| + anbi | tn — ][ (6.38)

where

61 = \/1+ 207142~ 2pr+ p2u + pE. (6.39)

From (6.31), (6.34) and the Assumption 1, we have
[t = 17N < anllS Zor ()20 — S For(u)Z |l
SIS atuwyzn =S erun |
HIS et ()Z =S Fer(u)2 |
< Vlitn =+ llza =27,

which implies that

*
— <
it =" < 7=

From (6.38) and (6.40), we obtain that

llzn — 2°]- (6.40)

zns1 =2 < (1 —an)llzn — 2°[| +anBllzn — 2|
— 1 —an(1— 0)]lz0— 2] (6.41)

where
o V1+2pyu2—2pr+p2u® +p¢
- l—v ’
Hence by (6.41) and Lemma 6.28, it follows that

lim ||z, —Z*|| =0,
n—eo

which complete the proof.

@© 2022 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

598 NS E

M. A. Noor et al.: Quasi variational inclusions involving...

‘We now prove the strong convergence of Algorithm 30
under the ¢t-inverse strongly monotonicity.

Theorem 2. Let 7 be an o-inverse strongly monotonic
mapping with constant o > . and S be a nonexpansive
mapping such that F(S)NIRE(H,T) # 0. If the operator
A is Lipschitz continuous with constant & and

p(1+aé)<a2-v), ve(o,l), (6.42)

then the approximate solution obtained from Algorithm 30
converges strongly to 7 € F(S)NIRE(H,T).

Proof. Let .7 be a-inverse strongly monotone with the
constant o > 0, then .7 is é—Lipschitzian continuous.
Consider

[ty = =T — Tp*]|?
= = P+ P2 T — TP
=2p( Ty — TP iy — W)
< Nt — P+ 02| T 1y — TP
—2pa|| Ty — Tu*|?
= = 1P+ (0 — 2p0)| Tty — Tut"

* 1 *
<l =17+ (p* = 2p @) - 5 | — "
p>—2pa) \
= (14222

From (6.40) and (6.43), we have

(6.43)

lzn+1 =2 < (1 —an)||zn — 2"
+anlltn — 0= p (T — T 17|
+0,p | B(un) — B(u)||
< (1 =an)]xn — x| + an62 ||ty — ||
+0p & || n — 1|
= [l —an(1—65)][|zn — 2",

where

(p2—2pa))1/2'

6 =1+

and
p2-2pa

1+E5—=+p¢
<
1—v

0; — 1.

Form (6.42), it follows that 63 < 1. Thus it follows
lim [z, —z"[[ =0
n—soo

from Lemma 3. completing the proof.

7 Computational Aspects

In this paper, we have introduced and studied a new class
of quasi variational inclusions involving three monotone
operators. It have been shown that the variational
inclusions are equivalent to a new class of resolvent
equations. This alternative equivalent formulations are
used to investigate several iterative and inertial iterative
methods for solving quasi variational inclusions
associated with resolvent methods, resolvent equations,
dynamical systems. Also this equivalence is used to
suggest and analyze an iterative method for finding the
common element of set of the solutions of the variational
inclusions and the set of the fixed-points of the
nonexpansive operator. For more details, see [6,7,8,9,10,
12,13,17,18,25,30,31,32,35,37,41,42] and the
references therein. The results are encouraging and
perform better than other methods. It is interesting
problem to explore the techniques and ideas of this paper
to develop other new iterative methods for solving the
quasi variational inclusions. This is another direction for
future work.

8 Conclusion

In this paper, we have considered and analyzed some
classes of quasi variational inclusions involving three
operators. We have established between quasi variational
inclusions and fixed point problems using the resolvent
methods. We have used this alternative equivalent
formulation to suggest some new iterative methods for
solving the quasi variational inclusions. These new
methods include extraresolvent method, modified double
resolvent methods and inertial type methods, which are
suggested using the techniques of resolvent method,
resolvent equations, dynamical systems and nonexpansive
mappings. Convergence analysis of the proposed method
is discussed for monotone operators. It is an open
problem to compare these proposed methods with other
methods. Using the ideas and techniques of this paper,
one can suggest and investigate several new implicit
methods for solving various classes of variational
inclusions and related optimization problems.
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