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Abstract

In this work, we introduce and study a modified extragradient algorithm for approximating
solutions of a certain class of split pseudo-monotone variational inequality problems in real
Hilbert spaces. Using our proposed algorithm, we establish a strong convergence result for
the approximation of solutions of the aforementioned problem. Our strong convergence re-
sult is obtained without prior knowledge of the Lipschitz constant of the pseudo-monotone
and Lipschitz continuous operator used in this work, and with minimized number of pro-
jections per iteration compared to other results on split variational inequality problems in
the literature. More so, a numerical example of our algorithm in comparison with other
algorithm is given to show the efficiency and advantage of our results. We further ex-
tend our study from the frame work of real Hilbert spaces to Hadamard spaces, and from
variational inequality problems to monotone inclusion problems. Precisely, we introduce
a viscosity-type proximal point algorithm which comprises of a finite sum of resolvents of
monotone operators and a generalized asymptotically nonexpansive mapping. We prove
that the algorithm converges strongly to a common solution of a finite family of monotone
inclusion problems and fixed point problem for a generalized asymptotically nonexpansive
mapping in an Hadamard space. Furthermore, we give two numerical examples of our
algorithm in finite dimensional spaces and one numerical example in a non-Hilbert space
setting, in order to show the applicability of our results. We then introduce and study
the class of generalized demimetric mappings in Hadamard spaces. We also propose a
Halpern-type proximal point algorithm comprising of a generalized demimetric mapping
and a finite composition of resolvents of monotone operators, and prove that it converges
strongly to a common solution of a finite family of monotone inclusion problems and fixed
point problem for a demimetric mapping in an Hadamard space. More so, we apply our
results to solve a finite family of convex minimization problems, variational inequality
problems and convex feasibility problems in Hadamard spaces.
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Chapter 1

Introduction

1.1 Background of study

Optimization theory is an important area of research in mathematics that has attracted the
interest of many researchers due to its usefulness in nonlinear and convex analysis. Some
of the important problems in optimization theory are the Variational Inequality Problem
(VIP) and Monotone Inclusion Problem (MIP) since they include many other optimization
and mathematical problems as special cases; namely, minimization problems, complemen-
tarity problems, fixed point problems, convex feasibility problems, among others.

Let C' be a nonempty closed and convex subset of a real Hilbert space H and f : C — C
be any nonlinear operator. The VIP is defined as: Find x € C such that

(fr,y—z) >0, VyeC. (1.1.1)

VIP was first introduced by Stampacchia [76] for modeling problems arising from mechan-
ics. To study the regularity problem for partial differential equations, Stampacchia [70]
studied a generalization of the Lax-Milgram theorem and called all problems involving
inequalities of such kind, the VIPs. The VIP is also known to have numerous applications
in diverse fields such as, physics, engineering, economics, mathematical programming,
among others. It can be considered as a central problem in optimization and nonlinear
analysis since the theory of variational inequalities provides a simple, natural and unified
frame work for a general treatment of many important mathematical problems such as,
minimization problems, network equilibrium problems, complementary problems, systems
of nonlinear equations and others (see [5, 9, 21, 31, 50, 51, 76, 86, 85] and the references
therein). Thus, the theory has become an active area of research to numerous researchers.
As a result of this, there has been an increased interest in developing efficient and imple-
mentable methods for solving VIPs.

In the same vein, the MIP which is an important generalization of the VIP is defined as
follows:

Find z € D(A) such that 0 € Az, (1.1.2)
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where A : X — 2%X" is a monotone operator, X* is the dual of the Hadamard space X and
D(A) is the domain A (to be defined in Chapter 2).

The MIP is of central importance in nonlinear and convex analysis since many mathe-
matical problems such as the equilibrium problems, VIPs, minimization problems among
others can be posed as MIPs.

Various methods have been developed by numerous authors for solving VIPs and MIPs,
which include fixed point method, proximal point method, gradient method, extragradent
method, subgradient extragradient method, amongst others. One of the most effective
methods for finding the solutions of VIPs and MIPs is the fixed point method. Fixed
point theory is an important area of research in nonlinear functional analysis that has
continued to attract the interest of numerous researchers in past years. Many important
nonlinear problems in disciplines like engineering, physics, economics, life science and med-
ical sciences reduces to nonlinear functional equations such as nonlinear integral equations
and boundary value problems for nonlinear ordinary or partial differential equations. This
nonlinear functional equations can be translated in terms of a fixed point equation,

Tr=x (1.1.3)

for a given nonlinear mapping 7" on a nonempty set X, where x € X satisfying (1.1.3) is
called the fixed point of T. Throughout this work, we will denote by F'(T) the set of fixed
points of T.

The fixed point theory is used in proving the existence and uniqueness of solutions of
different mathematical problems and as a result of this, it is sometimes referred to as the
kernel of the modern nonlinear analysis. The existence of a fixed point is important in
several areas of mathematics and many related areas. The design of fixed point iterative
methods for solving nonlinear problems, in particular, nonlinear equations or systems, has
gained a spectacular development in the last two decades. For example, if we consider the
nonlinear ordinary differential equation

/

x (t) = f(t,z(t)), x(tg) = wo. (1.1.4)

To find the solution of the differential equation (1.1.4), we solve

t
ot) =0+ [ fs.a5))ds,
to
and to establish the existence of the solution of the posed problem, we consider the operator
T : C([a,b]) = C(la, b]),
defined by
t
Tx =xy+ / f(s,z(s))ds,
to

where C([a,b]) is the space of continuous real valued functions on closed and bounded
interval [a, b].



Any x that solves the problem above is a fixed point of the operator T'. Thus, finding a
solution to the problem is the same as finding a fixed point of T'. However, an existence
theorem only involves the establishment of sufficient conditions under which a given prob-
lem has a solution, but does not tell us how to find the solution of such a problem. On
the other hand, the iterative methods are concerned with the approximation of sequences
that converge to fixed points of nonlinear operators and solutions of such problems (in
particular, (1.1.1) and (1.1.2)). The iterative methods are our major concern in this dis-
sertation.

1.2 Some important iterative schemes

Fixed points of nonlinear operators are not easily obtained so there is need for approximate
solutions. To overcome this, different iterative schemes have been developed and used to
approximate the fixed points of nonlinear mappings on suitable spaces. In this section, we
recall some important iterative schemes in literature for approximating solutions of fixed
point problems.

1.2.1 Picard iteration
Let T : X — X be an a-contraction mapping on a complete metric space (X, d), satisfying
d(Tz,Ty) < ad(z,y) V oz,ye X, (1.2.1)
with a € [0, 1) fixed. Then by the contraction mapping theorem, we have
(i) F(T) = {z*}, that is T" has a unique fixed point;
(ii) the Picard iteration
Tp=T"29, n=12--- (1.2.2)
converges to x* for x¢ € X

(iii) both the priori and the posterior error estimates

d(x,,x*) < N ~d(zg, 1), n=0,1,2,---, (1.2.3)

—«

a

d(z,,z") < : cd(xp_1,n), n=1,2--- (1.2.4)

-«

hold,

(iv) the rate of convergence is given by

d(zp,2") < a-d(x,—1,2") < a"-d(xg,x%), n=1,2,---. (1.2.5)



Remark 1.2.1. [13] The errors d(x,,x*) are decreasing as rapidly as the terms of geo-
metric progression with ratio a, that is, {,}52, converges to x* at least as rapidly as the
geometric series. The convergence is however linear as shown in (1.2.5).

If T satisfies a weaker contractive condition, for example when T is nonexpansive, the
Picard iteration may not converge and if it does converge, its limit may not be a fixed
point of T.

1.2.2 Krasnoselskii iteration

Replacing (1.2.2) with
1
Tyl = 5(30” +Tz,), for n=0,1,2,--- and z€C, (1.2.6)

the iterative sequence converges to the unique fixed point. In general, if X is a normed
linear space and 7' is a nonlinear mapping, then (1.2.6) can be generalized as follows;

Tpi1 =1 =Nz, +XT2,, n=0,1,2,--- for o€ C and Xe (0,1). (1.2.7)

The formula (1.2.7) is called the Krasnoselskii iteration. Krasnoselskii iteration (1.2.7)
reduces to the Picard iteration when A = 1, and it is the Picard iteration corresponding
to the averaged operator T\ = (1 — A\)I + AT, where [ is the identity operator.

1.2.3 Mann iteration

Mann iteration [59] formula is the most general iterative formula for the approximation of
fixed points of nonlinear mappings, and it is given by

Tpi1 = (1 —ap)x, +a,Tr,, n=0,1,2,--- and xz¢€ C, (1.2.8)

where {a,}22, is a sequence in (0, 1) satisfying the following conditions

) Jog,a =0

(ii) 20 a, = o0.

If {a,} = {\} then (1.2.8) reduces to (1.2.7) and if {a,} = 1, (1.2.8) reduces to (1.2.2).

Example 1.2.2. [15] Let X = R with the usual norm, K = [%,2 and T : K — K be the
function given by Tx = % for all x € K. Then;

(i) F(T) ={1};

(i1) the Picard iteration associated to T does not converge to the fixed point of T' for any
zo € X\ {1};



(11i) the Krasnoselskii iteration associated to T converges to the fized point p =1, for any

xo € K and \ € (0,1—16);

(iv) the Mann iteration associated to T' with oy, = 5,  n > 0 and x9 = 2 converges
to 1, the unique fized point of T.
1.2.4 Ishikawa iteration
The Mann iterative algorithm was improved by Ishikawa [30] to a new iterative algorithm

for pseudocontractive mappings that generates the sequence {x,} by
Tpi1 = (1 —ap)x, + a, T[(1 = by)xy, + 0,72, n=0,1,2,--- and zq€ C,(1.2.9)

where {a,}22; and {b,}°°, are sequences satisfying the following conditions

(ii) lLim b, =0,

n—oo
(iii) > anb, = occ.
n=1
Writing (1.2.9) in a system form, we have

—(1- T
{y" (1= bn)an + bnTn (1.2.10)

Tpi1 = (1 —ap)x, +ayTy,, n=0,1,2,---

which implies that the Ishikawa iteration is regarded as a double Mann iteration and
it reduces to Mann iteration when b, = 0. The Mann and the Ishikawa iterations have
been successfully used by various authors to approximate fixed points of various classes of
mappings.

Replacing 7" by 7™ in (1.2.10), we have the modified Ishikawa iterative algorithm defined
as follows:

(1.2.11)

Tnt1 = (1 _an)xn"f_anTnym n = 071727"' .

1.2.5 Kirik’s iteration

Let H be a Hilbert space, T': H — H be a self map, xy € H and the sequence {z,} be
defined by

Tpi1 = Tn + Ty + asT?xp + - - + T, (1.2.12)
where k is a fixed integer.

k>1, «; >0, for ¢=0,1,---,k, ;>0

5



and
ag o+ -+ a = 1.

The iterative processes of Kirk, Ishikawa, Mann and Krasnoselskii are mainly used to
generate successive approximations for fixed points of nonlinear mappings for which the
Picard iteration does not converge to.

1.2.6 Halpern iteration

Halpern [33] introduced the explicit iterative algorithm which generates a sequence using
the recursive formula

Tpr1 = au+ (1 —a,)Tx,, for n=0,1,2,--- (1.2.13)

with the initial guess o € C and u € C arbitrarily fixed and the sequence {a,} is
contained in (0, 1). The iterative method is used for finding fixed points of a nonlinear
mapping with F(T) # (). This iterative method is known as Halpern iteration.

1.2.7 Viscosity iteration

Moudafi [62] proposed the viscosity iterative method. Choose an arbitrary initial point
xo € H, the sequence {z,}°° , is defined by

€n
1+e,

Tz,, ¥ n>0, (1.2.14)

LTp41 = g(xn) +

1+e,

where T is a nonexpansive self-mapping and g is a contraction with a coefficient « € [0, 1],
the sequence {e,} in (0,1), such that

D ne=0

.o m
(i) > €, = o0,
n=0

e . 1 1 _
(iii) lim (— - ﬁ) =0,

n—oo \n

then lim z, = x*, where x* € F(T') is the unique solution of the variational inequality
n—oo

(1= flz",x—a") >0, YV zeF(T). (1.2.15)
1.3 Research motivation

Censor et al. [21] introduced and studied the Spilt Variational Inequality Problem (SVIP)
which is a generalization of the spilt feasibility problems introduced by Censor and Elfving



[20]. They proposed an algorithm for approximating the solution of the SVIP and proved
that the sequence generated by this algorithm converges weakly to a solution of SVIP
when the associated operators are inverse strongly monotone. Also, Tian and Jian [87]
introduced a new class of SVIP which generalizes the class of SVIP considered by Censor
et al. [21]. They proposed an algorithm for approximating the solution of the new class of
SVIP and also proved the weak convergence of this algorithm when the associated operator
is monotone and Lipschitz continuous, and the mapping is nonexpansive.

Motivated by the works of Censor et al. [21] and Tian and Jian [35], we propose a new
modified extragradient iterative algorithm for solving the new class of SVIP (introduced
by Tian and Jian [35]). We also prove that the sequence generated by our algorithm
converges strongly to a solution of the SVIP when the associated operator is pseudo-
monotone and Lipschitz continuous, and the mapping is strictly pseudocontractive. Our
proposed algorithm has minimized number of projections per iteration and does not require
prior knowledge of the Lipschitz constant unlike the algorithms of Censor et al. [21] and
Tian and Jian [¢5]. Also, our numerical experiements show that our iterative algorithm
performs better than that of Tian and Jian [35].

Rockafellar [71] studied the Proximal Point Algorithm (PPA) for approximating solu-
tions of MIP in real Hilbert spaces and obtained a weak convergence result. Bacdk [7]
extended the study of the PPA from Hilbert spaces to Hadamard spaces, and obtained
a A-convergence result when the associated operator is the subdifferential of a proper,
convex and lower semi-continuous function. Ranjbar and Khatibzadeh [69] proposed a
Mann-type and a Halpern-type PPA in an Hadamard space for approximating solutions of
MIP, and obtained a A and a strong convergence results respectively, when the associated
operator is monotone.

Motivated by the works of Bacdk [7] and Ranijbar and Khatibzabeh [69], we introduce a
viscosity-type PPA which comprises of a finite sum of resolvents of monotone operators,
and a generalized asymptotically nonexpansive mapping. We prove that the algorithm
converges strongly to a common solution of a finite family of MIPs and fixed point problem
for a generalized asymptotically nonexpansive mapping in an Hadamard space.

In 2018, Aremu et al. [1] introduced the class of demimetric mappings in Hadamard spaces
and established some fixed point results for this class of mappings. They proved a strong
convergence theorem for approximating a common solution of finite family of minimization
problems and fixed point problems for this class of mappings in Hadamard spaces. In the
same year, Kawasaki and Takahashi [15] generalized the class of demimetric mappings
to the class of generalized demimetric mappings in Banach space, and obtained strong
convergence results. Motivated by the works of Aremu et al. [1], Kawasaki and Takahashi
[15], we introduce and study the class of generalized demimetric mappings in Hadamard
spaces. We also propose a Halpern-type PPA comprising of a generalized demimetric
mappings and a finite composition of resolvents of monotone operators, and prove that it
converges strongly to a common solution of a finite family of MIPs and fixed point problem
for a demimetric mapping in an Hadamard space.



1.4 Statement of problem

The following problems have been studied in this dissertation:

1.

Let H, and H, be two real Hilbert spaces, C' be a nonempty closed and convex subset
of Hy and f : Hi — H; be a pseudo-monotone and Lipschitz continuous operator.
Let g : H; — H; be a contraction mapping with constant p € (0,1), A: H; — Hy a
bounded linear operator and 7' : Hy — Hs be a k-strictly pseudocontractive mapping
with k € [0,1) and F(T) # (. We intend to find x € C such that

<fx,y—x>20 VyeC and Az € F(T).

Let X be an Hadamard space and X* be its dual space. Let T': X — X be a
uniformly asymptotically regular and uniformly L-Lipschitzian generalized asymp-
totically nonexpansive mapping with F(T) # 0. Let 4; : X — 2% i=1,2,...,N
be a finite family of multivalued monotone mappings which satisfy the range condi-
tion and g be a contraction mapping on X with coefficient p € (0,1). We intend to
find

v € F(T) such that 0€ NY A(D). (1.4.1)

Let C' be a nonempty closed and convex subset of an Hadamard space and T :
C — C be a O-generalized demimetric mapping with 8 # 0 and F(T) # (). Let
A X = 2% i=1,2,---, N be multivalued monotone mappings that satisfy the
range condition. We intend to solve problem (1.4.1) for the class of #-generalized
demimetric mappings.

1.5 Objectives

The objectives of this work are to:

(vi)

review some existing results on VIPs and MIPs in real Hilbert spaces and Hadamard
spaces,

develop and study better implementable iterative algorithms for approximating so-
lutions of VIPs and MIPs in Hilbert spaces and Hadamard spaces respectively,

establish strong convergence results of the proposed algorithms,

introduce and study the class of generalized demimetric mappings in Hadamard
spaces,

give nontrivial numerical experiments of our results in comparison with others, in
order to illustrate the applicability and the competitive advantages of our results
over existing iterative algorithms in the literature,

apply the obtained results to solve some important optimization problems.



1.6 Organization of dissertation

The rest of this dissertation is organized as follows:

Chapter 2: In this chapter, we give preliminaries of our study and also recall some basic
definitions, concepts, theorems, lemmas and propositions that will be useful in the main
results.

Chapter 3: In this chapter, we introduce and study a modified extragradient algorithm
for approximating solutions of a certain class of split pseudo-monotone VIP in real Hilbert
spaces. A numerical example of our algorithm in comparison with other algorithm is also
given in this chapter to show the efficiency and advantage of our results.

Chapter 4: In this chapter, we introduce a viscosity-type PPA which comprises of a finite
sum of resolvents of monotone operators, and a generalized asymptotically nonexpansive
mapping. We prove that the algorithm converges strongly to a common solution of a finite
family of MIPs and fixed point problem for a generalized asymptotically nonexpansive
mapping in an Hadamard space. Numerical examples of our results are given to further
illustrate the applicability of our results.

Chapter 5: In this chapter, we introduce a new class of nonlinear mappings, namely, the
class of generalized demimetric mappings in Hadamard spaces. We propose a Halpern-type
PPA comprising of our new class of mappings, and a finite composition of resolvents of
monotone operators. Using our proposed algorithm, we prove that the sequence generated
by it converges strongly to a common solution of MIPs and fixed point problem for the
generalized demimetric mapping in an Hadamard space. Finally, we applied our results to
solve a finite family of convex minimization problems, VIPs and convex feasibility problems
in Hadamard spaces.

Chapter 6: In this chapter, we give the conclusion of our research. We also highlight
the contributions of our research to existing knowledge. Furthermore, we discuss possible
areas of future research.



Chapter 2

Preliminaries

In this chapter, we give preliminaries of our study and also recall some basic definitions
and results that will be useful in our main results.

2.1 Hilbert spaces

The notion of Hilbert spaces was introduced by David Hilbert (between 1862-1943) and
it is known to be an extension of the concept of Euclidean spaces to infinite dimensional
spaces. The Hilbert space is known to have the most simplest and clearly discernible
geometric structure compared to other Banach spaces. Hilbert space is our first space of
interest in this dissertation.

Definition 2.1.1. [25] Let H be a nonempty set. An inner product on H is a function
(-,-) defined on H x H with values in K =R or C such that the following conditions hold:

(i) {(x,x)y >0 V z€ H and (zr,x)=0 <= =0

(
(i) (x,y) = (y,x) V x,y € H (the bar denotes the complex conjugate);
<Oé > - CY(ZL‘, y)a

(

() A&+ py,z) = XN, z) + ply,z) VvV x,y,2€ H and \p€ K.
The pair (H,(-,-)) is called an inner product space.

We note that if K = R, then (i7) becomes (z,y) = (y,x). In this case, (H, (-, -)) is called
a real inner product space.

Definition 2.1.2. An inner product space (H, (-,-)) is said to be complete if every Cauchy
sequence in H converges to a point in H and a complete inner product space is called a
Hilbert space.
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Proposition 2.1.3. [2)/(Cauchy Schwartz inequality) Let (H,(-,-)) be an inner product
space. For arbitrary x,y € H

@, 9)* < (z,2) - (y,9). (2.1.1)
Lemma 2.1.4. [25] The function || - || : H — [0,00), defined by
2]l = vz, z) (2.1.2)

1s a norm on H.

Remark 2.1.5. Following (2.1.2), the Cauchy Schwartz inequality (2.1.1) can be written
generally as

VI )P <V x) - {y,y) (2.1.3)

so that [(x,y)| < ||z| - ||lyll for arbitrary x,y € H.

2.1.1 Examples of Hilbert spaces

(i) The space R™ is a Hilbert space with inner product defined by
<I, y> = 11 + -4+ TnYn = szym
i=1

where x = (x1, 29, -+ ,x,) and y= (y1,y2," - ,yn) arein R"

(ii) The space Lo(R) is the space of real valued functions such that

[ 1r@kds < .

and it is a real Hilbert space, with inner product
(19) = | f@gla)d.
R

(iii) Let w be an open set in R™. The space L?(w) is the space of complex valued functions
such that

[ 1r@Pds < .

where © = (21,-+ ,2,) €w and dz =dx; - dx,. L[*(w)is a Hilbert space with
inner product

<f79>=/f*(x)g(:c)dx.
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2.1.2 Geometric properties of Hilbert spaces

Some geometric properties that characterize Hilbert spaces include: the inner product,
the fact that the nearest point map of a real Hilbert space H onto a closed convex subset
C of H is lipschitzian with constant 1 and the following identities:

lz+yl1* = ll2I* + lyll* + 2(2, ), (2.1.4)

1Az + (1= Nyll* = Mlzl” + @ = Vllyll* = A1 = Nz -yl (2.1.5)

which hold for z,y € H and A € [0,1]. These geometric characteristics of Hilbert spaces
makes certain problems posed in Hilbert spaces more manageable than those in general
Banach spaces [21].

We observe that (2.1.4) can be written as
20, y) = llz)* + Iyl = |z = yII* = =+ yl* = ll=l|* = ylI* zyeH  (2.1.6)
and
2(l[1* + 1yl*) = lz = ylI* + llz + yII*, (2.1.7)

where (2.1.7) is called the parallelogram identity.

2.1.3 Some inequalities that characterize Hilbert spaces

Lemma 2.1.6. [2/] Let H be a real Hilbert space, then for each x,y € H, we have

(i)
= ylI* = flz]* + [lylI* - 2(z, ), (2.1.8)
(it)
lz +ylI* < flz]* + 2{y, = + y), (2.1.9)
Proof. (i)

lz —y|* = (z —y,z —y)
= (z,7) = 2(z,y) + (¥, 9)

= lll® + lyll* — 2(z, y).

(i)
lz +yl* = {z +y, 2 +y)

<Az, ) +2(y, z) + 2(y,y)
= (z,7) + 2(y, x + y).

12



Remark 2.1.7. It then follows from Lemma 2.1.6 (i) that
lz+ylI* = llz|* + lylI* + 2(z,y) Yo,y € H.
Lemma 2.1.8. For x,y € H and X\ € [0, 1], we have
1Az + (1= Nyl* = Azl + 1 = Myll* = A1 = Nz —y*
Proof.

Az + (1= Nyl* = Az + (1= Ny, Az + (1 = N)y)
= N2(z,z) + A1 = Nz, y) + ML= N {y,z) + (1= N(y.y)
= Az, 2) + 201 — A\){z, y) + (1 — N)(y, ),

which implies from (2.1.8) that

Az + (1= Nyll* = M + (1 = Nlly[* = A1 = V= -yl

Lemma 2.1.9. [02] For x,y,m,z € H, we have
20z —y,m—z) = |z — 2| + |y = m|® = [lz = m[* = ly — =]]*.
We also have
lo —y+m—n|*= [l =yl + [m — 2[* + 2(x —y,m — )
= llz —yl* + m = 2> + lla = 2l + ly = m|* — |z —m|* = |ly — 2|]*.
2.1.4 Some nonlinear single-valued mappings in Hilbert spaces

Definition 2.1.10. Let H be a real Hilbert space and C' be a nonempty closed and convex
subset of H. A mapping f : H — H is said to be

(i) L-Lipschitz if there exists L > 0 such that
Ifz = fyl < Lllz = yll, ¥V 2,y < H;

if L =1, then f is called nonexpansive while f is called a contraction if L € (0,1),

(i1) n-strongly monotone, if there exists n > 0 such that
(fr—fy,x—y) > nlle —yl|* Vz,yeH;
(iii) m-inverse strongly monotone (n-ism), if there exists n > 0 such that

(fr—fy,x—y) >nlfz— fyl* Vz,ye H;

if n =1, then f s called firmly nonexpansive,
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(iv) monotone, if

(vi) pseudo-monotone, if

(fr,y—2)>0 = (fy,y—x)>0 Ya,yeH,

vii) sequentially weakly continuous on H, if for each sequence {x,} C H we have tha
i tially weakly conts H, if for each H we have that
{z,} converges weakly to x € H implies that {fx,} converges weakly to fx;

(viti) a—averaged, if f = (1—a)l+aT, where a € (0,1) and T : H — H is nonezpansive,
(ix) k-strictly pseudocontractive, if for 0 < k <1

Ifox = fyl® <llz —ylPP+ kI = flz—T = Hyl*> vV z,yeC.  (21.10)

When k =0, (2.1.10) becomes nonexpansive.

It is well-known that firmly nonexpansive mappings are %—averaged while averaged map-

pings are nonexpansive. It is also known that every n-ism mapping is %—Lipschitz contin-
uous. Also, if [ is n-strongly monotone and L-Lipschitz continuous, then f is n/L*-ism.
Furthermore, both n-strongly monotone and n-inverse strongly monotone mappings are
monotone while monotone mappings are pseudo-monotone. However, there are pseudo-
momnotone mappings which are not monotone.

Example 2.1.11. []7] Let H = R be endowed with the usual metric and f : (0,00) —

(0,00) be defined by
1

f 1s a pseudo-monotone mapping but not a monotone mapping.

x € (0,00),

2.2 Hadamard spaces

Although the geometric structure of Hilbert spaces makes problems that occur in Hilbert
spaces more manageable and easier to solve. However, most real life problems naturally
occur in nonlinear spaces (for instance, in Hadamard spaces). Thus, the need to extend
our study to nonlinear spaces arises. However, the nonlinear structure of nonlinear spaces
sometimes makes it difficult to extend some known results to this space. To guarantee
the extension of such existing results to nonlinear spaces, there was need to introduce
some kind of a convex structure or properties which provides sufficient information that
ensures the applications of such existing results. One of these properties is the existence
of distance-preserving mapping, which provides the metric space (nonlinear space) with
a structure that is similar to the linear structure of a normed linear space (in particular,
Hilbert space). Hadamard space is our second space of interest in this dissertation.
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Definition 2.2.1. [8] Let (X,d) be a metric space. A continuous mapping from the
interval [0,1] to X is called a path.

Let 2,y € X and [ = [0,d(z,y)], a geodesic path joining x to y is an isometry C' : [ — X,
such that C(0) = z, C(d(z,y)) =y and d(C(t),C(t)) = |t —t|. The image of a
geodesic path is a geodesic segment and it is denoted by [x,y] whenever it is unique. A
metric space (X, d) is said to be a geodesic space if every pair of points z and y in X
are connected by a geodesic. A subset C of a geodesic space X is said to be convex, if
for all z,y € C, the segment [z,y] remains in C. For z,y € X and ¢ € [0,1] we write
tz @ (1 — t)y for the unique point z in the geodesic segment joining x to y such that

d(z,z) = (1 —t)d(x,y) and d(z,y) = td(z,y). (2.2.1)

A geodesic triangle A(z1, zo, x3) in a geodesic space X consists of three points x1, x5, x3 €
X (which are also called the vertices of A) and a geodesic segment between each pair of
vertices (which are also known as edges of AA). A comparison triangle for the geodesic
triangle A(z1, 72, 73) € X is a triangle A(xy, 2o, x3) := (%, 79, 73) in Euclidean space
R? such that d(z;,x;) = dge(&;,2;) V i,j € {1,2,3}. Thus, a geodesic space is called a
CAT(0) space if all geodesic triangles satisfy the comparison axiom. Let A be a geodesic
triangle in X and let A be its comparison triangle in R?. Then, A is said to satisfy the
CAT(0) inequality, if for all z,y € A and all comparison points Z,y € A,

d(f, y) < dR2(ja g)
Let z,y, z be points in X and yo be the midpoint of the segment [y, z], then the CAT(0)

inequality implies

1 1 1
d2(1’7 yO) < édZ(xvy) + §d2($, Z) - Zd(yv Z)' (222)

Thus, a geodesic space is a CAT(0) space if and only if it satisfies (2.2.2). It is generally
known that a CAT(0) space is a uniquely geodesic space.

Definition 2.2.2. A complete CAT(0) space is an Hadamard space.

2.2.1 Quasilinearization mapping and dual space

Berg and Nikolaev [11] introduced the concept of quasilinearization for Hadamard spaces.

They denoted a pair (a,b) € X x X by J and called it a vector. Using this notation, they
defined the quasilinearization as a map (-,-) : (X x X) x (X x X) — R defined by

(ab, cd) = = ((a,d) + (b, ¢) — d*(a,c) — d®(b,d)) , Va,be,de X.  (22.3)

1
2

One can easily see that @,@ — @(a,b), (ba,cd) = —(ab,cd), (ab,cd) = (@b, cd) +
<£, cd) and <£, cd) = (cd, %% for all a,b,c,d, e € X.
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The space X is said to satisfy the Cauchy Schwartz inequality, if (%, ;l> < d(a,b)d(c,d)Va,b,c,d €
X. Moreover, a geodesic space is a CAT(0) space if and only if it satisfies the Cauchy-
Schwartz inequality (see [13]).

Based on the concept of quasilinearlization mapping, Kakavandi and Amini [13] introduced
the concept of dual space of an Hadamard space X as follows:
Consider the map 6 : R x X x X — C(X,R) defined by

B(t,a,b)(x) = t{ab,at) (t € R,a,b,z € X),

where C'(X, R) denotes the space of all continuous real valued functions on X. The Cauchy-

Schwartz inequality implies that 6(¢, a, b) is a Lipschitz function with Lipschitz semi-norm
L(6(t,a,b)) = |t|d(a,b) (t € R,a,be X), where L(p) = sup {%)(y) r,y€ X, x # y}
is the Lipschitz semi norm for any function ¢ : X — R. A pseudometric D on R x X x X

is defined by
D((t,a,b),(s,c,d)) = L(6(t,a,b) — 0(s,c,d)), (t,s € R,a,b,c,d e X).

In an Hadamard space (X, d), the pseudometric space (R x X x X, D) can be considered
as a subset of the pseudometric space of all real valued Lipschitz functions (Lip(X,R), L)

(see [27, 69, 87]).
It is shown in [13] that D((¢, a, b), (s, ¢,d)) = 0if and only if ¢ ? LTl = s( cd ,zy) for all z,y e
X. Thus, D induces an equivalence relation on R x X x X, Where the equivalence class of
(t,a,b) is defined as

[tab] = {scd : D((t,a,b), (s,¢,d)) = O}
The set X* = {[t;l;] : (t,a,b) € Rx X x X} is a metric space with metric D([ﬁ], [scd]) =
D((t,a,b),(s,c,d)).
Definition 2.2.3. Let (X,d) be an Hadamard space. Then, the pair (X*, D) is called the
dual space of (X,d).

Throughout this dissertation, we shall write X* for the dual space of an Hadamard space
X.

It is shown in [13] that the dual of a closed and convex subset of a Hilbert space H with

nonempty interior is an Hadamard space and t(b — a) tv% forallt e R, a,be€ H. We
also note that X* acts on X x X by

(x* ﬁ—t%? (m*:[@]eX*, z,y € X and t € R).

2.2.2 Examples of Hadamard spaces
Example 2.2.4. (Hilbert space)[5]. Hilbert spaces are Hadamard. The geodesics are the
line segments. It is also known that a Banach space is CAT(0) if and only if it is Hilbert.

Example 2.2.5. (R- trees)[5]. A metric space (X, d) is an R-tree if it is uniquely geodesic
and for every x,y,z € X, we have [z, z| = [z,y] Uy, 2| whenever [z,y| Ny, 2] = {y}. Also,
all triangles in an R-tree are trivial.
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Other examples of Hadamard spaces include, simply connected Riemannian manifolds of
non-positive sectional curvature, Hilbert balls, hyperbolic spaces, to mention a few (see

[ ) ) ’ ])

2.2.3 Some inequalities that characterize Hadamard space

Lemma 2.2.6. Let X be a CAT(0) space, w,x,y,z,€ X and t € [0,1]. Then

(a) d(tz & (1 —t)y, 2z) < td(z,2) + (1 —t)d(y, z) [29].

(b) d*(tx @ (1 —t)y,z) < td*(x,z) + (1 —t)d*(y, z) — t(1L — t)d?*(z,y) [29).

(¢) @tz @ (1 —t)y, 2) < 2d*(x, 2) + (1 — 1)2d(y, z) + 2t(1 — t) (T2, %) [25].
(d) d(tw & (1 —t)z, ty ® (1 —t)2) < td(w,y) + (1 — t)d(z, z) [1/].

(e) z=tx® (1 —t)y implies (Z0, z0) <t (T, z0) Y weX [29].

(f) dtz ® (1 —t)y,sx @ (1 = s)y) < |t — sld(z,y) [27]

Lemma 2.2.7. [88] Let X be a CAT(0) space. For any t € [0,1] and u,v € X, let
uy =tu@® (1 —t)v. Then, for all z,y € X,

(a) (wt, ud)) < t(ud,wg) + (1 —t) (VF, ul) ,

(b) (w#, ug) < t(ut,ug) + (1 —t) (vF, ut),

(¢) (wit,vf) <t (ut,vf) + (1 —t) (v, v7)

2.2.4 Some nonlinear single-valued mappings in Hadamard spaces

Definition 2.2.8. Let X be an Hadamard space and C' be a nonempty closed and convex
subset of X. A mapping T : C' — C' s said to be

(i) a contraction, if there exists o € [0,1) such that

d(Tz,Ty) < ad(z,y) V x,y € C;

(i1) nonexpansive, if

d(Tz,Ty) < d(x,y) YV x,y € C;
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(111) firmly nonexpansive, if
d*(Tx, Ty) < (TxTy,z)) ¥ z,y € C; (2.2.4)

(v) uniformly L-Lipschitzian, if there exists a constant L > 0 such that

d(T"z, T"y) < Ld(z,y) Yn > 1, z,y € C}

(v) asymptotically reqular, if

lim d(T"z, T""'2) =0 V z € C;

n—oo

(vi) asymptotically nonexpansive, if there exists a sequence {u,} C [0,00) with u, — 0
as n — oo such that

d(T"z, T"y) < (1 +uy,)d(z,y) Vn > 1, z,y € C;

(vii) generalized asymptotically nonexpansive, if there exist nonnegative sequences {u, }, {v,}
with u, — 0,v, -0 as n — oo such that

d(T"z, T"y) < (1 +up)d(z,y) +vn, V n>12,y€C

(viii) quasi-nonexpansive, if F(T) # () and

d(p,Tz) < d(p,x) ¥V pe F(T), z €C;

(iz) k-strictly pseudocontractive, if there exists k € [0,1) such that

d¥(Tx, Ty) < d*(x,y) + k [d(z, Tx) + d(z, Ty)), forall z,y e C;

(z) k-demicontractive, if F(T) # (0 and there exists k € [0,1) such that

d*(Tz,y) < d*(z,y) + kd*(Tx,x), ¥V x€C, yec F(T);

(xi) nonspreading if
2d*(Tx, Ty) < d*(Tx,y) + d*(Ty,z) for all x,y € C;
(zit) hybrid if
3d*(Tx, Ty) < d*(z,y) + d*(Tx,y) + d*(Ty,z) for all z,y € C;

(ziii) generalized hybrid, if there exist o, B € R such that

ad*(Tx, Ty) + (1 — a)d*(z, Ty) < Bd*(Tx,y) + (1 — B)d*(z,y) Vz,y € C. (2.2.5)
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The class of nonexpansive mappings with F(T) # () is contained in the class of quasi-
nonexpansive mappings, while the class of demicontractive mappings contains both the
classes of nonexpansive and quasi-nonexpansive mappings.

Definition 2.2.9. [/] Let X be a CAT(0) space and C' be a nonempty, closed and convex
subset of X. A mapping T : C — X is said to be k-demimetric if F(T) # () and there
exists k € (—oo, 1) such that

(T 2T > 1;2’“612(3;,%) (2.2.6)
forallz e C,y e F(T).

We now state the relationship between generalized asymptotically nonexpansive mappings
and other mappings. Also, we state the relationship between demimetric mappings and
other mappings.

Firmly nonexpansive mappings C nonexpansive mappings C asymptotically nonexpansive
mappings C generalized asymptotically nonexpansive mappings.

Firmly nonexpansive mappings C nonexpansive mappings (with F(T) # @) C quasi-
nonexpansive mapping C strictly pseudo-contraction mappings (with F (7)) # () C demi-
contractive mappings C demimetric mappings.

Example 2.2.10. Let X = R with the usual norm and T : R — R be a mapping defined
by

Tz = {gsm () ¥ “f 0 (2.2.7)
, if ©=0.

T is quasi-nonexpansive but not nonerpansive.

Proof. We observe that F(T) # () since 0 is a fixed point of T. We show that T is quasi-
nonexpansive. From definition, we have

i 1
x sin (—) —0’ < |z —0|
x

satisfying the quasi-nonexpansive condition, hence T is a quasi-nonexpansive mapping.

|Tx — 0| =

We now show that 7" is not nonexpansive. Let x = %

2 2 3 8
T =Tyl = ';Sm (3) — 5, <§)‘ “ 3

For the right hand side we have,

and y = %, we have

2 2

|z —y| = .

Hence, T' is not nonexpansive. ]

19



Example 2.2.11. Let X be a real line with the usual norm and C = R. DefineT : C' — C

by
Tx = bx.

T 1s k-strictly pseudo-contractive but not quasi-nonexpansive or nonexpansive.

Proof. 1t is clear that F((T') = {0}, thus for z € R, we have
52 — 0|* = 25|z — 0 > |z — Of?

which implies that 7T is not quasi-nonexpansive and hence, not nonexpansive.

Next we show that T is k- strictly pseudo-contraction.

| Tx — Ty|* = |52 — 5y|* = 25|z — y|*.

Also,
@ —y — (Tz = Ty)]* = |z —y — (52 — 5y)|°
= 16|z — y|*.
Tz — Ty|? = |z — y|* + 24|z — y|?
=z~ 9 + Sl —y — (Ta—Ty)P
Hence, T' is %—strictly pseudo-contractive mapping. O

The following are some examples of demimetric mappings.

Example 2.2.12. Let X be a real line and C = [—1,1]. Define T' on C by

szgcosx, if *#0 and T(0)=0.

Then, T is a demimetric mapping.

Proof. Clearly, 0 is the only fixed point of T. Also, for z € C, |[Tx — 0] = |Txz|* =

[Zcos x| < [2]* < |2]* < |z —0|* 4+ k|Tx —z|* for all k € [0, 1). Thus, T is demimetric. O

Let X be a real line and C' = [—1, 1]. Define T on C' by

2 1
Tx:§xsin—, if 2#0 and T(0)=0.
T

Thus, T is a demimetric mapping.

Example 2.2.13. [/] Let T : [0,1] — [0, 1] be defined by Tx =z — a7, j > 1. Then T is
k-demimetric with k = —1.
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Proof. Clearly, F'(T') = {0}. Now, for all z € [0,1] and j > 1, we obtain that

(x — 0,0 —Tx) = (x,27)
1 , )
= e + 1P — o~ 2P
1 , . .
= 5llaP + 1271 = |2 + 2fell’ | = |27]]
1 L .
> el = [P
That is,
1—(=1), .
(x =0,z —Tzx) > #]:ﬂ]ﬁ
Hence, we have that (z — 0,z — Tx) > =1 |0 — T2, O

The following is an example of a generalized asymptotically nonexpansive mapping.

Example 2.2.14. [68] The mapping T : [—%,%} — [—%, %} defined by

x, if x¢€ [—%,O),

Te={18 4§ z=0 (2.2.8)
zt, if e (03]

15 generalized asymptotically nonexpansive.

2.3 Relationship between Hilbert spaces and Hadamard
spaces

As mentioned earlier (see Example 2.2.4), all Hilbert spaces are Hadamard spaces. How-
ever, there are some differences between both spaces. In this section, we shall briefly
discuss some of them. We begin by highlighting some of the similarities that both spaces
share.

Hadamard spaces share many properties with Hilbert spaces which include: the nonex-
pansivity of the metric projections onto convex closed sets (which we shall discuss in the
next section), the Kadec-Klee property, the Opial property, the finite intersection property
(reflexivity), analogs of weak convergence, the Banach-Saks property, among others (see

(6, 7).

On the other hand, Hadamard and Hilbert spaces have some differences which include:

e A convex continuous function on an Hadamard space does not have to be locally
Lipschitz, while this function is known to be locally Lipschitz in Hilbert space.
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e A weakly convergent sequence does not have to be bounded in an Hadamard space
but known to be bounded in Hilbert spaces.

e There are nonconvex Chebyshev sets in Hadamard spaces (see for example [0]).

e [t is not known whether there exists a topology corresponding to the weak con-
vergence in Hadamard spaces, or whether the closed convex hull of a compact set
is compact in Hadamard spaces (see [0, 7]). However, these results are known in
Hilbert spaces.

More so, many non-convex problems in Hilbert spaces can be viewed as convex problems
in the Hadamard spaces. For example, consider the following.

Example 2.3.1. Let X = R? be endowed with a metric d : X x X — [0,00) defined by

d(z,y) = \/(:rl —y)?+ (@l -2 -y ) Vg € X
Then, (X,d) is an Hadamard space, and the geodesic joining x to y is given by
(I—tzaety=((1—t)zr +tyr, (1 — s+ ty1)* — (1 — ) (2] — 22) — Ly} — ya)) -

Define f: X — R by f(z1,22) = 100((z2 + 1) — (21 + 1)%)*> + 3. Then, f is not convex
in Hilbert setting but convex in the Hadamard space so defined (see [0]]).

Now consider the following convex minimization problem:

Find x € X such that f(z) = m1)1(1 f(y), (2.3.1)
ye

where X and f are as defined above. We see clearly that problem (2.3.1) is non-convex in
Hilbert setting but convex in the Hadamard setting.

Henceforth, we shall denote the real Hilbert space by H and Hadamard space by X.

2.4 Metric projection

Definition 2.4.1. The mapping Pc : H — C which assigns every point in H to it’s unique
point in C' is called a metric projection of H onto C' and it is defined by

|z — Pez|| <|lz—y|| V x€H and yeC.
Proposition 2.4.2. The metric projection is characterized by
(x — Pox,y — Pox) <0 V yeC and x€ H.
The consequences of Proposition (2.4.2) are
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(i) the metric projection is firmly nonexpansive, that is

|Pex — Pey|* < (v —y, Pox — Pey) ¥ x,y € H,

(i)

|z — Pex|> + ly — Pea|? < |z —y|> V z€H and yeC.

It is well known that metric projections onto closed convex subsets of Hilbert spaces are
well defined single-valued mappings which are nonexpansive. We know also that the metric
projections in Hadamard spaces have the same property.

2.4.1 Examples of metric projections

Example 2.4.3. Let C' = [a,b] be a closed rectangle in R"™, where a = (ay,as, -+ ,a,)"
and b= (by, by, -+ ,b,)T, then for 1 <i<n

a;, T < Qg
(Pex)i = @i, i € [ag, b, (2.4.1)
bi; T; > bz

is the metric projection with the i** coordinate.

Example 2.4.4. Let C = {y € H : (s,y) < a} be a closed half space, with s # 0 and
a € R, then

_ {s7)—a .
P — {x s i (s2) >a, (2.4.2)

x, if (s,7) <a
s the metric projection onto C.

Example 2.4.5. Let C = {y € H : (s,y) = a} be a hyperplane, with s # 0 and o € R,
then

(s,r) —«
5
[Is[]?

Por =x — (2.4.3)

s the metric projection onto C.

2.5 Monotone operators in Hadamard spaces

Monotone operator theory is one of the most important aspect of nonlinear and convex
analysis due to the role it plays in optimization theory and related mathematical problems.
In this section, we study the concept of monotone operators in Hadamard spaces. Let X
be an Hadamard space and X* be its dual space. A multivalued operator A : X — 2% is
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monotone if and only if for all ,y € D(A), z* € Az, y* € Ay, we have

(z* —y*, yt) > 0.

A monotone operator A is called a maximal monotone operator if the graph G(A) of A
defined by
G(A) = {(z,2") e X x X" : 2" € A(2)},

is not properly contained in the graph of any other monotone operator. The resolvent of
a monotone operator A of order A > 0 is the multivalued mapping Ji' : X — 2% defined
by

J4 = {z € X| Bz‘%} € Az} . (2.5.1)

The operator A satisfies the range condition if for every A > 0, D(J{!) = X. For examples
of monotone operators in Hadamard spaces, see [27].

The resolvent of monotone operators plays an important role in the approximation of
solutions of MIPs. The following lemmas relates the fixed points of a resolvent of a
monotone operator and the set of solutions of the MIP (1.1.2).

Lemma 2.5.1. [/8] Let X be a CAT(0) space and J5! be the resolvent of the operator A
of order . Then we have that

(a) For Zny A>0, R(JY c DA and F(J) = A71(0), where R(J{}) is the range
of J5'.

(b) If A is monotone, then Jf is a single-valued and firmly nonexpansive mapping.

(¢) If A is monotone and 0 < X < pu, then d*(Jilx, J ) < Z—;idQ(x, JAx), which implies
that d(z, J{x) < 2d(x, J x).

Lemma 2.5.2. [87] Let X be an Hadamard space and A : X — 2% be a monotone
mapping. Then,

d*(u, Jix) + d*(Jiz, x) < d*(u, z), (2.5.2)
forallue F(J{), r€ X and X\ > 0.

Remark 2.5.3. We observe that inequality (2.5.2) is a property of any firmly nonexpansive
mapping. That is, if T is a firmly nonexpansive mapping, then from (2.2.3) and (2.2.4),
we obtain

d*(u, Tx) + d*(Tx,x) < d*(u,z), forall we F(T) and r € X.

Lemma 2.5.4. [87] Let X be an Hadamard space and X* be its dual space. LetT : X — X
be a nonexpansive mapping for each i = 1,2,--- | N, let Ji be the resolvent of monotone
operators A; of order A > 0. Then

F(ToJYo Y tosiofod))=F(T)NFUN)NFJYHn---nE(J3)NFE().
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2.6 Variational inequality problems in Hilbert spaces

The VIP (1.1.1) is called a monotone VIP, if f is monotone and it is called a pseudo-
monotone VIP, if f is pseudo-monotone. Henceforth, we shall denote the set of solutions
of VIP (1.1.1) by VI(C, f) irrespective of whether f is monotone or pseudo-monotone.

2.6.1 Examples of variational inequality problems

1. Let f and C associated with the VIP (1.1.1), be defined by
22.’]71 — 21‘2 -+ 6373 —4
f(l') = 2.%‘2 — 2(131 and
2x3 4 621

C={xeR® |z —29>1, =303 —23> -4, 201 +215+23=0, [ <z <h},
where [ = (—6,—6,—6)T and h = (6,6,6)". The above VIP is linear and has only
one solution z* = (2,1, —6)" (see [03]).

2. Consider the following VIP. The mapping f and the set C' are defined by
31L’1 - i + 3[)32 —2
3z 1+ 31‘2
41‘3 + 4[L‘4
dus + 4wy — - =3

flz) = and

C={reR" |y +as=1, 25+x4 >0, 1 <x < h}, where [ = (0.1,0,0,1)
and h = (10,10, 10,10)7. The above VIP is nonlinear and has a unique solution
r* = (1,0,0,1)T (see [93]).

2.6.2 Past works on variational inequality problems in Hilbert
spaces

Many authors have studied and developed various iterative methods for approximating
soltuions of VIPs when the underlying operator is strongly monotone, inverse strongly
monotone, monotone or pseudo-monotone. A simple iterative method for solving VIP
(1.1.1) is the gradient projection method which is only efficient for solving VIP (1.1.1)
when f is either strongly monotone or inverse strongly monotone. To overcome this
setback, Korpelevich [53] introduced the extragradient method for solving VIP (1.1.1) in
the finite dimensional Euclidean space when f is monotone and L-Lipschitz continuous

Yn = Po(z, — Afxy),
{ Tpt1 = Pc(In — )\fyn)7 n>1, (2.6.1)

where A € (0,+). He also proved the convergence of a sequence {z,} to a solution of

'L
VI(C, f) provided that VI(C, f) # (). Since then, many authors have studied the extra-
gradient method in infinite dimensional spaces (see [3, 17, 34, 37, 63] and the references
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therein). It is worth mentioning that, in infinite dimensional Hilbert spaces, the extragra-
dient method (2.6.1) only yeilds weak convergence results. However, we know that in such
spaces, strong convergence results are often much more desirable than weak convergence
results. For this reason, many authors modified Agorithm (2.6.1) by either strengthening
the assumptions on the underline operator f or by adding more projections to it (see
(63, 89] and the references therein) in order to obtain strong convergence results.

Note also that, Algorithm (2.6.1) needs two projections onto the feasible set C' per it-
eration, thus making it very difficult to implement especially when the projection onto
C' is the dominating task in the iteration. In fact, to develop better implementable and
efficient algorithms for solving problem (1.1.1), one important task would be to minimize
the number of projections onto C' per iteration. On this note, Censor et al. [21] modified
the extragradient method to the following subgradient extragradient method:

Yn = PC(xn - )\nfxn)a
Tpni1 = Pr (x, — A\fyn), n>1.

Observe that Algorithm (2.6.2) is less computationally expensive than Algorithm (2.6.1),
since the second projection in (2.6.2) is onto a subgradient half-space which is much
more easier to compute. However, as in the case of Algorithm (2.6.1), Algorithm (2.6.2)
converges only weakly.

By combining the subgradient extragradient method and the Halpern’s method, Kraikaew
and Saejung [541] obtained a strong convergence result for solving VIP (1.1.1) when f is
monotone and Lipschitz continuous. Later, Maingé and Gobinddass [50] introduced a
new algorithm for solving (1.1.1), which involves only one projection onto a feasible set C
without any additional projection onto the half-space, as follows: For xg,x; € C, choose
d € (0,1] and A, € (0,00) and define the sequence {z,} by

Tpy1 = PC(:En - )\nfyn); n > 1.

Algorithm (2.6.3) is less computationally expensive than Algorithm (2.6.2) (as well as
Algorithm (2.6.1)) and that considered by Kraikaew and Saejung [51]. However, the
authors only obtained a weak convergence of Algorithm (2.6.3) to a solution of VIP (1.1.1)
when the underline operator f is monotone and lipschitz continuous.

Very recently, Thong and Hieu [36] proposed the following iterative method for approxi-
mating solutions of (1.1.1):

Algorithm 1
Initialization: Given v > 0,1 € (0,1), € (0,1). Let 29 € H be arbitrary.
Iterative Steps: Calculate x,,1 as follows:

Stepl. Compute
Yn = PC(In - )‘nfxn)a
where ), is chosen to be the largest A € {~,~I,~I?, -} satisfying

26



If x, = y,, then stop and z,, is the solution of VIP. Otherwise,

Step 2: Compute
Tnt1 = ang(xn) + (1 - an)zny

where 2z, =y, — A\ (fyn — fan),
f : H — H is monotone and Lipschitz continuous, and g : H — H is a contraction with
constant p € [0, 1).

Set n :=n+ 1 and return to Step 1.
Furthermore, they proved that Algorithm 1 converges strongly to a solution of (1.1.1) in
a real Hilbert space.

Now, we point out some interesting features of Algorithm 1.

1. In Algorithm 1, only one projection onto C'is required to be computed per iteration
just as in the case of Algorithm (2.6.3). Thus, Algorithm 1 is less computationally
expensive than Algorithm (2.6.1) and that of Kraikaew and Saejung [54].

2. Unlike Algorithm (2.6.3), Algorithm 1 converges strongly to a solution of VIP (1.1.1),
which is an important factor to consider while in an infinite dimensional space.

3. the Armijo-like search rule (2.6.4) which has been established in [36, Lemma 3.1] to
be well-defined, can be seen as a local approximation of the Lipschitz constant L
of the mapping f. Thus, the Lipschitz constant need not to be known. Hence, the
stepsize {\,} is given self-adaptively (see [31]) unlike other algorithms where {\,}
(or A) depends on the knowledge of L.

Therefore, Algorithm 1 is very efficient for solving problem (1.1.1) when f is monotone
and Lipschitz continuous.

The Split Variational Inequality Problem (SVIP) was introduced by Censor, Gibali and
Reich [21] and they defined it as follows: Find x € C' such that

<fm,y—m>20 Vyedl (2.6.5)
and
(9(Az),z — Az) >0 V2 €Q, (2.6.6)

where C' and () are nonempty closed and convex subsets of real Hilbert spaces H; and H,
respectively, A : H; — Hy is a bounded linear operator and f, g are nonlinear mappings
on C' and @ respectively. As observed in [21], the SVIP can be seen as a pair of VIPs
in which a solution of one VIP occur in the first space H; whose image under a given
bounded linear operator A is a solution of the second VIP in the second space Hy. They
established the solutions of the SVIP (2.6.5) and (2.6.6) by considering two methods and
in each of methods they established strong convergence results of the SVIP (2.6.5) and
(2.6.6). Furthermore, SVIPs are very important in optimization, nonlinear and convex
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analysis. They can be viewed as an important generalization of the spilt feasibility prob-
lems introduced by Censor and Elfving [20] which are known to have applications in many
fields such as phase retrieval, medical image reconstruction, signal processing, radiation
therapy treatment planning among others (for example, see [1, 16, 18, 19, 20, 39] and the
references therein). To solve SVIP (2.6.5) and (2.6.6), Censor [21] proposed the following
algorithm:

Tny1 = Po(l — Nf)(xn + TA*(Po(I — Ag) — I)Ax,) n>1, (2.6.7)

where 7 € (0, %) , L being the spectral radius of A*A. They proved that the sequence

{z,} generated by (2.6.7) converges weakly to a solution of (2.6.5) and (2.6.6) provided
that the solution set of problem (2.6.5) and (2.6.6) is nonempty, f,g are oy, as- inverse
strongly monotone mappings, A € (0,2«), where o := min{ay, as}, and for all x which
are solutions of (2.6.5),

<fy,PC(I —A)y) — x> >0, Yye H. (2.6.8)

We point out here that the weak convergence of Algorithm (2.6.7) is established under
strong assumptions; namely assumption (2.6.8) and the fact that both mappings are inverse
strongly monotone. To relax these assumptions, Tian and Jiang [35] proposed a new
algorithm by combining Algorithm (2.6.1) and (2.6.7) as follows:

Yn = Po(x, — 1,A*(I — T)Ax,),
Tn = PC(yn - )‘nf(yn»v (2'6'9)
Ln+l = PC(yn - Anf(xn))v n > 1.

They obtained the following results without assumption (2.6.8), and under the assumption
that f is monotone and Lipschitz continuous.

Theorem 2.6.1. Let H; and Hs be real Hilbert spaces and C' be a nonempty closed and
convex subset of Hy. Let A : Hi — Hy be a bounded linear operator such that A # 0,
and T : Hy — Hy be a nonexpansive mapping. Let f : C — H; be a monotone and
L-Lipschitz continuous mapping. Suppose that T :={z € VI(C, f): Az€ F(T)} # 0 and

the sequence {x,} is defined for arbitrary x, € C by (2.6.9), where {7,} C |a,b] for some

a,b e (0, Hfhl?) and {\,} C [¢,d] for some ¢,d € (0,1). Then {x,} converges weakly to

zel.

Observe that the class of SVIP considered by Tian and Jian [35], that is, find € C such
that

<f:r,y—:r>20 VyeC and Az € F(T), (2.6.10)

generalizes the class of SVIP considered by Censor et al. [21] (see [85, Theorem 3.3]). We
also observe the following about the results of Tian and Jiang [35].

Remark 2.6.2. 1. The sequence generated by Algorithm (2.6.9) converges weakly to a
solution of problem (2.6.10). However, we know that strong convergence results are
more desirable than weak convergence results in infinite dimensional spaces.
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2. For the weak convergence of Algorithm (2.6.9) to the solution of problem (2.6.10),
one needs to compute three projections onto the feasible set C' per iteration which is
very difficult to do in practice when C' does not posses a simple structure, and this
could seriously affect the efficiency of the algorithm. Thus, for the sake of computa-
tion, it is more desirable to develop algorithms with minimized number of evaluations
of Po per iteration.

3. To implement Theorem 2.6.1, one needs to compute the Lipschitz constant L before
the stepsize {\,} can be computed. Thus, Theorem 2.6.1 is dependent on the knowl-
edge of the Lipschitz constant L.

4. Problem (2.6.10) can be viewed as a class of SVIP for which a solution of a VIP
occur in the first space Hy (where the underline operator f is monotone and Lipschitz
continuous) whose image under a given bounded linear operator A is a fixed point of a
nonezpansive mapping T in the second space Hy. Thus, problem (2.6.10) will be more
applicable if the underline operator f is pseudo-monotone and Lipschitz continuous
and the mapping T is more general than nonerpansive mappings.

From the above remarks, we see the need to further improve and generalize the works
discussed above.

2.7 Monotone inclusion problem

An important problem in monotone operator theory is the MIP (1.1.2) (also known as the
problem of finding a zero of a monotone operator). The solution set of problem (1.1.2) is
denoted by A~1(0) and it is known to be closed and convex (see [(9]). The MIP is of central
importance in nonlinear and convex analysis since many mathematical problems such as
optimization problems, equilibrium problems, VIPs among others can be modelled as MIP
(1.1.2). For instance, the problem of finding a zero of a monotone operator describes the
equilibrium or stable state of an evolution system controlled by the monotone operator.
Also, the problem of finding a zero of a monotone operator is the problem of finding a
minimizer of a proper convex and lower semicontinuous functional. Furthermore, a zero
of a monotone operator is a solution of a VIP associated with the monotone operator (see
[10, 12, 38, 48, 69] and the references therein). Thus, there has been an increase interest
in the search of effective iterative methods that best approximate solutions of MIP by
numerous researchers.

Martinet [60] introduced in the real Hilbert space, one of the most successful methods
for finding solutions of MIP, which is the PPA. Rockafellar [71] further developed it for
approximating solutions of (1.1.2) in a real Hilbert space. He defined it as follows;

xo € H,
{ Tn+1 = J,élx’m n >0, (271>
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where J! = (I + A\, A)7! is the resolvent of the monotone operator A and {),} is a
sequence of positive real numbers.

Rockafellar [71] proved that the sequence {x,} generated by the PPA convergence weakly
to a solution of MIP (1.1.2) under some given conditions. He then raised an important
question as to whether the PPA converges strongly or not, which was later resolved in
the negative by Giiler [32] who provided a counterexample showing that the PPA may
not converge strongly except additional conditions are imposed. Since then, numerous
authors have modified the PPA so as to obtain strong convergence results. For example,
Kamimura and Takahashi [11] introduced the Halpern-type PPA in real Hilbert spaces
and established its strong convergence. For more interesting results on the construction
of iterative techniques for finding solutions of (1.1.2) in both Hilbert and Banach spaces,
see [15, 44, 46, 65, 78] and the references therein.

The study of the PPA for approximating solutions of MIP (1.1.2) was later extended
to Hadamard spaces by Bacdk [7], who proved its A-convergence when the operator A
is the subdifferential of a convex, proper and lower semicontinuous function. In 2016,
Khatibzadeh and Ranjbar [18] introduced and studied the PPA in Hadamard spaces,
when the operator A is a monotone operator.

To € X
{ [ixnxn_l} € Ax,, n>0. (2.7.2)

An

They obtained a A-convergence result of the PPA to a solution of MIP (1.1.2). Fur-
thermore, they established a strong convergence result when the operator A is strongly
monotone. Later in 2017, Ranjbar and Khatibzabeh [69] proposed the following Mann-

type and Halpern-type PPA in an Hadamard space for approximating solutions of MIP
(1.1.2)

x9 € X
{ Tyl = @y, @ (1 — Ogn)(])‘ig;n7 n>0 (2.7.3)
and
x9 € X
{ Tpp1 = u® (1 — apn) L z,, n >0, (2.7.4)

where {\,} C (0,00) and {a,} C [0,1]. Under some conditions, they obtained A-
convergence result using the Mann-type PPA (2.7.3) and a strong convergence result
using the Halpern-type PPA (2.7.4). Many other authors have also studied the MIP
in Hadamard spaces (see for example [27, 10, 66, 87, 94] and the references therein).
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Chapter 3

A Modified Extragradient Algorithm
for a Certain Class of Split
Pseudo-monotone Variational
Inequality Problem

3.1 Introduction

In this chapter, we introduce and study a modified extragradient algorithm for approxi-
mating solutions of a certain class of split pseudo-monotone VIP in real Hilbert spaces.
Using our proposed algorithm, we establish a strong convergence result for the approxima-
tion of solutions of the aforementioned problem. Our strong convergence result is obtained
without prior knowledge of the Lipschitz constant of the pseudo-monotone operator used
in this paper, and with minimized number of projections per iteration compared to other
results on SVIPs in the literature. Furthermore, a numerical example of our algorithm in
comparison with other algorithm is given to show the the efficiency and advantage of our
results. Our results extend and improve many recent results in this direction.

More precisely, we study the following problem: Let H; and H, be two real Hilbert spaces,
C be a nonempty closed and convex subset of H; and f : H; — H; be a pseudo-monotone
and Lipschitz continuous operator. Let g : H; — H; be a contraction mapping with
constant p € (0,1), A : Hi — Hy a bounded linear operator and 7' : Hy — Hj be a
rk-strictly pseudocontractive mapping with x € [0,1) and F(T') # (). Our interest is to find
x € C such that

<fx,y—x> >0 VyeC and Az € F(T).

3.2 Preliminaries

In this section, we present some lemmas which are required in establishing the main results
of this chapter. We denote the strong and weak convergence of a sequence {z,} to a point
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x € H by z, = x and z,, — x respectively.
Lemma 3.2.1. [00] Let H be a Hilbert space and f : H — H be a nonlinear mapping,
then the following hold.

(i) [ is nonexpansive if and only if the complement I — f is %—ism.

(i1) f is m-ism and ~y > 0, then v f is 2L-ism.

(i1i) f is averaged if and only if the complement I — f is n-ism for some n > % Indeed,
for p € (0,1), f is B-averaged if and only if I — f is %—z’sm.

() If f1 is Br-averaged and fy is Po-averaged, where By, By € (0,1), then the composite
J1f2 is B-averaged, where = 51 + B2 — b1 2.

(v) If f1 and fs are averaged and have a common fized point, then F(fifs) = F(f1) N
F(f2).

Lemma 3.2.2. [80] Let Hy and Hy be real Hilbert spaces. Let A : Hy — Hy be a bounded

linear operator with A # 0, and T : Hy — Hs be a nonexpansive mapping. Then A*(I —

TYA is —Lt—-ism.
) 2[| Al

Lemma 3.2.3. [55] Let Hy and Hy be real Hilbert spaces. Let C be a nonempty, closed and
conver subset of Hy. Let T : Hy — Hy be a nonexpansive mapping and let A : Hy — Hy be
a bounded linear operator. Suppose that C N AT F(T) # (. Let v > 0 and x* € Hy. Then
the following are equivalent.

(i) x* = Po(I —yA*(I — T)A)x*;

(i) 0 € A*(I — T)Az* + Nex™;
(iii) x* € CNATF(T),
where N¢ is the normal cone of C at a point x* € Hy such that Nex* = {z € H; :
(z,y —x) < OVy € C}, if x* € C and empty if otherwise.

Lemma 3.2.4. [01] Let H be a real Hilbert space and T : H — H be a nonexpansive
mapping with F(T) # 0. If {x,} is a sequence in H converging weakly to x* and if {(I —
T)x,} converges strongly to y, then (I —T)z* = y.

Lemma 3.2.5. [07] Let {a,} be a sequence of non-negative real numbers satisfying
ani1 < (1 —ap)a, + andp + vn, n >0,

where {a, }, {0,} and {~,} satisfy the following conditions:

(i) fon} € [0,1], 3 an =ox,

(i) lim sup,,_, . 5nn§:00,

(111) v, >0 (n>0), > v, < o0.
n=0
Then lim a, = 0.
n—oo
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Lemma 3.2.6. [00] Let H be a real Hilbert space and T : H — H be a k-strictly pseudo-
contractive mapping with xk € [0,1). Let T := I + (1 — B)T, where § € [k, 1), then

(1) F(T) = F(Tj),
(i1) T is a nonexpansive mapping.

Lemma 3.2.7. [77] Let {T',} be a sequence of real numbers that does not decrease at
infinity, in the sense that there exists a subsequence {I'y;};>0 of {I's}such that

T, < T4 Vj>0.
Also consider the sequence of integers {T(n)}n>n, defined by
T(n) =max{k <n | Ty < Ty}

Then {T's, Yn>ny 18 a nondecreasing sequence such that T(n) — oo, as n — 0, and for all
n > ng, the following two estimates hold:

Iry < Ty, Tn S Trgy4a

Lemma 3.2.8. [56] The Armijo-like search rule (2.6.4) is well defined and min{y, 4} <
An <.

Lemma 3.2.9. [01] Let H be a real Hilbert space and C be a nonempty closed and convex
subset of H. If the mapping h : [0,1] — H defined as h(t) := f(tx+ (1 —t)y) is continuous
for all z,y € C (i.e. h is hemicontinuous), then M(f,C) := {z € C : {fy,y — x) >
0, V yeC} Cc VI, f). Moreover, if f is pseudo-monotone, then VI(C, f) is closed,
conver and M(C, f)=VI(C, f).

3.3 Main results

In this section, we present and study our modified extragradient algorithm for solving
the SVIP (2.6.10). Throughout this section, we assume that H; and H, are two real
Hilbert spaces, C' is a nonempty closed and convex subset of Hy and f : Hy — H; is a
pseudo-monotone, Lipschitz continuous and sequentially weakly continuous operator on
bounded subsets of H; but the Lipschitz constant need not to be known. We also assume
that g : Hy — H; is a contraction mapping with constant p € (0,1), A : H; — Hy is
a bounded linear operator and T : Hy — Hy is a k-strictly pseudocontractive mapping
with x € [0,1). Finally, we assume that {a,} is a sequence in (0, 1) and the solution set

I:={zeVIC,f): Az F(T)} #0.

Algorithm 3.1
Initialization: Let v >0, [, € (0,1) and 21 € H be given arbitrary.

Iterative Steps: Calculate z,; as follows:
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Step 1. Compute
wy, = Po(x, — 1, A"(I — Tp)Axy,) and y, = Po(w, — A\ fw,), (3.3.1)

where T} is as defined in Lemma 3.2.6 and )\, is chosen to be the largest A € {~, I, 7%, -}
satisfying

Al fwn = fynll < pllwn — yall- (3.3.2)
Step 2. Compute

where z, = Yn — )‘n(fyn - fwn>
Set n:=n+ 1 and go back to Step 1.

Lemma 3.3.1. Let {z,}, {w,}, {yn} and {z,} be sequences generated by Algorithm 3.1,
then for all p € I, we have

(i) lzn = pII* < lJwn = plI* = (1= 4?)llyn — wall*.
(i) [[en1 = pII* < anllg(@n) = plI* + (1 = an)llzn = plI* = (1 = an)(1 = p?)[lgn — wnll*.
Proof.
(i) Let p € I, then by Proposition 2.4.2(i) , we obtain

Hyn_pH2 < — ps (Wn — Ay fwy) _p>

(T I W R A W I
= 5 (e = Pl + = 9l + A2 feoal = 22w =, f,)
— 5 (=l 4 A2 el = 20— w0, o))
= 2 (e =PI + o = 91 =l = 0l = 22l = p. frun)).
which implies that
1y = 2l1* < llwn = plI* = lyn — wall® = 200y — 0, fn). (3.3.4)

Also, we obtain from (3.3.2), (3.3.3) and (3.3.4) that

Iz = plII° = llyn = DI + Noll fym — fronl® — 2)‘n<yn — D5 fyn — fwn>
§ ”wn _pH2 - Hyn - wnH2 - 2)\n<yn - D, fwn> + )\n2nyn - fwnH2
- 2/\n<yn - D fyn - fwn>
S Hwn_pH2_ ||yn_wn||2+/fl2”yn_wn“2_2)\n<yn_p, fyn> (335)

34



Since p € I" and y,, € C, we have that {fp,y,—p) > 0. Hence, by the pseudo-monotonicity
of f, we obtain that (fy,,y, — p) > 0. Thus, we obtain from (3.3.5) that

120 = plI* < |lwn = plI> = (1 = p?)|Jyn — wa?, (3.3.6)

which completes the proof of (i).

(ii) From Lemma 3.2.1 (ii),(iii),(iv), Lemma 3.2.2 and Lemma 3.2.6, we obtain that Px (I —
T A* (I — Ty)A) is w—average. That is, Po(I — 7, A*(I — T\)A) = (1 — B.)I +
BnTy,, ¥n > 1, where 3, = w and T,, is nonexpansive for all n > 1. Therefore, we
can rewrite w,, from (3.3.1) as

= (1 - Bn)din + ﬁnTnxny n > 1 (337)
Again, let p € T', then from (3.3.7), we obtain that

[wn — pH2 < (1= Bu)llzn — pH2 + BalTnn — pH2 — Bu(1 = Bp)l|zn — Tnanz
< |2, — pII*.

Also, we obtain from (3.3.3), (3.3.6), (3.3.8) and the convexity of ||.||* that

nes = pl* = anllg(za) = plI* + (1 — an)llz0 — p]*
< anllg(zn) = plI* + (1 = an)lwn = pl* = (1 = ) (1 = ) [y — wal®
< anllg(za) = plI* + (1 = aw) ||z — pl|?
—(1 = an) (1 = 1) [y — wal* (3.3.9)
[l

Lemma 3.3.2. Let {z,}, {w,}, {yn} and {z,} be sequences generated by Algorithm 3.1,
then the sequences {x,}, {wn}, {yn}, {zn} and {g(x,)} are bounded. Furthermore, if in

addition, lim o, =0, then lim ||z,41 — 2,/ = 0.
n—oo n—oo

Proof. By (3.3.3), (3.3.8) and Lemma 3.3.1, we obtain that

2041 = pll < anllg(@n) = pll + (1 = an) |20 = pll
< appllzn — pll + anllg(p) = pll + (1 — an)llzn — pll
< appllyn = pll + (1 — an)l|w, — pl| + anllg(p) — pll
< anpllzn — pll + (1 = an)llzn — pll + aullg(p) — pll
= (1= an(l = p))llzn — pll + anllg(p) — pll

g\p)—"p
< max { -5, 122 =1
—p

< maX{lel _p||,Hg<1m—_pH},
—p
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Therefore, {x,} is bounded. Consequently, {w,}, {yn}, {z.} and {g(x,)} are all bounded.

Furthermore, since lim «,, = 0, we obtain from (3.3.3) that
n—oo

|Tnsi1 — znl| = anllg(zn) — || = 0, as n — oco. (3.3.10)
0

Lemma 3.3.3. Let {z,}, {w,} and {y,} be sequences generated by Algorithm 3.1 such
that lim ||w, — y,|| = 0 = lim ||w, — x,||. If there exists a subsequence {x,, } of {z,} that
n—oo n—oo

converges weakly to some v € H, then v € .

Proof. Suppose that there exists a subsequence {x,, } of {z,} that converges weakly to
some v € H. Then, by our hypothesis, there exists a subsequence {w,,} of {w,} and
a subsequence {y,,} of {y,}, both converging weakly to v € H. We may also assume
without loss of generality that, the subsequence {7, } of {,,} converges to a point say 7 €

(O, W) . Also, by Lemma 3.2.2, A*(I — T)A is an inverse strongly monotone operator.

Therefore, {A*(I — Tj)Au,, } is bounded. Hence, by the nonexpansivity of Pe, we obtain
that

|Po(I — 7 A*(I — Tg) Ay, — Po(I — FA (I — T)A)ay, |
< |7, —TIA*(I = Tp)Axy, || — 0, as k — oo.

[hat is,
kli]ll Hwnk — Fc([ — TA*([ — IB)A)IL’nkH = O,
—00

which implies from our hypothesis that

lim |2, — Po(I — FA*(I — Ts)A)z,, || = 0. (3.3.11)

k—o0

Thus, by Lemma 3.2.4, we obtain that v € F(Po(l —TA*(I —T3)A). It then follows from
Lemma 3.2.3 that v € C'N A~ F(T}), which together with Lemma 3.2.6 implies that

Av e F(Tp) = F(T). (3.3.12)
Now, by the characteristic property of Pr, we obtain for all x € C' that

< 1y = WMl = Y, [+ An L fwn Hwn, = o, | + A (fon,, @ = wny ). (3.3.13)

Since ]}Lrgoﬂwnk — Yn,|| = 0, and by Lemma 3.2.8, min{~, “’fl} < A\, < 7, we obtain by
passing limit as k — oo in (3.3.13) that

liminf (fz,,,z — z,,) >0 Vo e C. (3.3.14)

k—o00
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Now, choose a sequence {0} of positive numbers such that oy, 1 < 9y, V k> 1 and o —
0 as k — oo. Then, for each 0y, we denote by N, (which exists as a result of (3.3.14))
the smallest positive integer such that

(fTn,, 2 —xpn;) + 0, >0 Vj > Ny (3.3.15)

Since {0y} is decreasing, we have that {N,} is increasing. Furthermore, we set for each
k>1 my, = ”fx HQ, provided fzy, # 0. Then it is easy to see that (fxy,,mny,) =
1 for each k> 1. Thus by (3.3.15), we have that

(frn,,x+ opmy, —xn,) >0,
which implies by the pseudo-monotonicity of f that
<f(;€ + 5kme>7 T+ 5kme — .T}Nk> > 0. (3316)

Now, by the sequentially weakly continuity of f, we have that {fz,, } converges weakly to
fu. If fo =0, then v € VI(C, f). On the other hand, if we suppose that fv # 0, then by

the weakly lower semicontinuity of || - ||, we obtain that

0 < |Ifv]] <liminf || fx,,||.
k—ro0

Since {zn,} C {xn,}, we obtain that

Ok
0 < limsup ||6pmy, || = hm sup ( )
k—ro0 Hf nkH

lim sup 0y,
k—o00

~ liminf || fx,, ||

Therefore, klim |0kmn, || = 0. Thus, letting £ — oo in (3.3.16) yields
—00

(fr,o —v) >0 Vrel, (3.3.17)

which implies by Lemma 3.2.9 that v € VI(C, f). This together with (3.3.12) gives that
vel. [

We now prove the main theorem of this paper.

Theorem 3.3.4. Let {x,} be a sequence generated by Algorithm 3.1. Assume that lim o, =

n—00

0 and > «, = co. Then, {x,} converges strongly to z = Prg(z).

n=1
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Proof. We consider two cases for our proof.
Case 1: Let z = Prg(z). Suppose that {||z, — z||*} is monotone decreasing, then {||z, —
z||?} is convergent. Thus,

lim ||z, — 2||* = lim ||z, — 2| (3.3.18)
n—oo n—oo
Since lim «;, = 0, we obtain from (3.3.9) and (3.3.18) that

n—so0
lim [jyn, —wy,| = 0. (3.3.19)
n—so0
Again, from Algorithm 3.1, we obtain that
120 = ynll = Anll fyn — fwnll < pllwn —yall =0, as n — oo, (3-3.20)
From (3.3.10), (3.3.19) and (3.3.20), we obtain that
|zn — wn|| = 0 and ||z, — wy| — 0, as n — oo. (3.3.21)
From (3.3.8), (3.3.9) and (3.3.18), we obtain that

Bn(1 — Bn)Hxn - TnanQ < ”xn - Z||2 — |Jw, — Z”2

< llwn = 2lI* + anllg(zn) = 21* = @i — 2]|* = 0, as n — oo,
which implies from the definition of 3, that
nh_)rgo |zn — Thxn| = 0. (3.3.22)
Again, from (3.3.7) and (3.3.22), we obtain that
lwn — x| = Bullzn — Thxynl| — 0, as n — oc.
That is,
lim ||z, — w,| = 0. (3.3.23)
n—so0
From (3.3.21) and (3.3.23), we obtain that
nhj& |xn — Znya|| = 0. (3.3.24)

By Lemma 3.3.2, we have that {z,} is bounded. Thus, there exists a subsequence {x,, }
of {x,} such that {x,, } converges weakly to some v € H and

li?Hsgp <g(z) — 2, Ty — z> = kh_)rgo <g(z) — 2, Ty, — z>
= {(g(z) — z,v—2). (3.3.25)

Also, we obtain from (3.3.19), (3.3.23) and Lemma 3.3.3 that v € T".
Thus, since z = Prg(z), we obtain from (3.3.25) that

limsup (g(z) — 2,2, — z) <0,

n—o0
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which implies from (3.3.24) that

lim sup <g(z) — 2, Tyl — z> = lim sup (<g(z) — 2, Tpy1 — xn> + <g(z) — 2, Ty — z>) <0.

n—oo

n—oo

(3.3.26)

Thus, from (3.3.3) and Lemma 2.1.6 (ii), we obtain that

1 — 2]

VAN

IA N

+

(1= an)?|z0 — 212 + 200 {g(0) = 2, s1 — 2)

(1= @)1z — 21 + 200 ({9(2a) = 9(2), @ars — 2) + (9(2) = 2, Tnsr — 2))
(1= @)l — 217 + 2anpllen — 2lll2nss — 21 + 200 {g(2) — 2,1 - 2)
(1= 20,(1 = p))lan — 2IP + a2lln — 21 + 200 (g() = 2, 0s1 — 2)

(

1 —2a,(1 = p)||z, — 2| (3.3.27)
allwn — 2| | (9(2) = 2,200 — 2)
200,(1 — p + ‘
S Ty T

Using (3.3.26) and Lemma 3.2.5, we obtain that lim ||z, —z||> = 0. Hence, {z,} converges
n—oo

strongly to z = Prg(z).

Case 2: Suppose that {||z,, — z||*} is not monotone decreasing, then there exists a sub-
sequence {||z,, — z||*} of {||x,, — z||*} such that ||z, — z||* < ||zn,,, — 2||* Vi € N. Thus,
by Lemma 3.2.7, there exists a nondecreasing sequence {my} of N such that & — oo and
the following holds

e = 2017 < @y, — 2017 and flze = 2)* < flam, — 2| (3.3.28)

Thus, we obtain from (3.3.9) that

(1 = am ) = )Y, = Wi, [I* < Nmy, = 201 = N2mnyy = 2l + m, [l9(2m,) — 21* =0,

which implies that

b [y, — | = 0.
k—o0

By similar arguments as in Case 1, we can show that

and

lim mek - wmkH = 0= lim mek - xmk+1|| =0
k—o0 k—o0

limsup (g(z) — 2, Tm,,, — 2) < 0.

k—o00

Now, for all k£ > kg, we obtain from (3.3.27) that

ey — 207 < (1= 200, (1 = p))l|l2m, — 2]1*

[ Tmy, — 2

2 11—
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which implies from (3.3.28) that

amkamk _Z||2 <g(Z) — % Tmyiq _Z>

o — 2||* < +
2(1-p) 1—p
Therefore, we obtain that lim sup ||z — z|| < 0. Hence, {z}} converges strongly to z, where
k—o0
z = Prg(z). O

Now, by setting H; = Hy and T'= I = A in Algorithm 3.1, we obtain the following result
as a corollary of Theorem 3.3.4.

Corollary 3.3.5. Let v >0, I, € (0,1) and 1 € H be given arbitrary. Then calculate
Tni1 as follows:

Step 1. Compute
Un = Po(zn, — A fy),

where \, is chosen to be the largest X € {v,~vl,vI?, -} satisfying

Anllf2n = fynll < pllzn — ynll
Step 2. Compute

Tot1 = ang(x,) + (1 — ay)zp,
where z, = Y — A([Yn — f2n).
Assume that T}Lrgoan =0 and i a, = 00. Then, the sequence {x,} converges strongly to
z = Prg(z). "~

Remark 3.3.6. Notice that our algorithm (Algorithm 3.1) is of viscosity-type. The moti-
vation for using the viscosity-type algorithm over the Halpern-type (which also converges
strongly) stems from the fact that viscosity-type algorithms have higher rate of convergence
than the Halpern-type. More so, it was established in [75] that Halpern-type convergence
theorems imply viscosity convergence theorems. In fact, by setting g(x) = u for arbitrary
but fived u € Hy and for all x € Hy in Algorithm 3.1, we obtain the following result (with
respect to an Halpern-type algorithm) as a corollary of Theorem 3.5.4.

Corollary 3.3.7. Let v >0, I, € (0,1) and u,x; € H be given arbitrary. Then calculate
Tni1 as follows:

Step 1. Compute
wy, = Po(x, — 1o AY(I — Tp)Axy,) and y, = Po(w, — A\, fw,),

where Ty is as defined in Lemma 3.2.6 and \,, is chosen to be the largest A € {~v,vl,~vI* ---}
satisfying

)‘anwn - fynH < MHwn - Z/n”
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Step 2. Compute
Tpa1 = o+ (1 — ay) 2,

where zp, = Yn — N (fyn — fwp).

Assume that lim a,, = 0 and > o, = c0. Then, the sequence {x,} converges strongly to
n—oo n=1

z = Pru.

Remark 3.3.8. If we replace the pseudo-monotonicity assumption on f with monotonicity
assumption, then we obtain another corollary of Theorem 5.5.4. In this case, the sequential
weakly continuity assumption on f can be dispensed with. That is, we can obtain (3.3.17)
from (3.3.13) without the extra assumption that f is sequentially weakly continuous.

3.4 Numerical example

In this section, we give a numerical example of our algorithm in comparison with Algorithm
(2.6.9) of Tian and Jiang [35] in an infinite dimensional Hilbert space. For the sake of
comparison, we shall consider a monotone operator for our numerical experiment (since
Algorithm (2.6.9) may not be applicable when f is pseudo-monotone). Let H; = Hy =
L5([0,1]) be endowed with inner product

@wﬁiéw@MW#waeLMQm

and norm . )
fells= ([ leoFat) Vo€ La(o.1).

Let C' = {z € Ly([0,1]) : (y,x) < a}, where y = t*> + 1 and a = 2. Then,

(l*<y,$> 1
y+x, if (y,x) > a,
Po(z) = llvllZ, v, z)
z, if (y,z) <a.

Now, define the operator f : Lo([0,1]) — L2([0,1]) by

! 2tsetts 2tet
x(t) = (mt—(—)cosxs)ds—l——, x € Ly([0,1]), te]0,1].
alt) = [ (o) = (=) cosat))ds + —Ze. w € L(0.1). te .1
Then f is 2-Lipschitz continuous and monotone on Ly([0,1]) (see [35]). Let A, g, T :
Ly([0,1]) — Ls([0,1]) be defined by Az(t) = 20 ga(t) = 22U and Ta(t) = —dx(t).
Then, A is a bounded linear operator with adjoint A*z(t) = 2%@, g is a contraction with
coefficient p = % and T is %—strictly pseudocontractive. Thus, we can choose f = 2, so

5
that Tpz(t) = —x(t). Take p = 3 =1, v =1and o, = n+r1 for all n > 1, then the
conditions in Theorem 3.3.4 are satisfied. Now, consider the following cases.

Case 1: Take x,(t) = 2t.
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Figure 3.1: Errors vs Iteration numbers(n): Case 1 (top left); Case 2 (top right); Case
3 (bottom left); Case 4 (bottom right).
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Case 2: Take z,(t) = t3.
Case 3: Take x(t) = sint.
Case 4: Take z(t) = cost.

By using these cases (Case 1-Case 4 above), we compared Algorithms 3.1 (studied in
this paper) with Algorithm (2.6.9) of Tian and Jiang [35] as shown in Figure 1. The
graphs show that our algorithm converges faster than Algorithms (2.6.9) of Tian and
Jiang [85]. This shows that our algorithm works well and have competitive advantages
over the algorithm of Tian and Jiang [35].
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Chapter 4

A Viscosity Iterative Algorithm for a
Family of Monotone Inclusion
Problems in an Hadamard Space

4.1 Introduction

In this chapter, we introduce a viscosity-type PPA which comprises of a finite sum of re-
solvents of monotone operators, and a generalized asymptotically nonexpansive mapping.
We prove that the algorithm converges strongly to a common zero of a finite family of
monotone operators, which is also a fixed point of a generalized asymptotically nonexpan-
sive mapping in an Hadamard space. Furthermore, we give two numerical examples of
our algorithm in finite dimensional spaces of real numbers and one numerical example in
a non-Hilbert space setting, in order to show the applicability of our results.

More presicely, we study the following problem: Let X be an Hadamard space and X*
be its dual space. Let T': X — X be a uniformly asymptotically regular and uniformly
L-Lipschitzian generalized asymptotically nonexpansive mapping with F(T) # (. Let
A; © X — 2% be a finite family of multivalued monotone mappings which satisfy the
range condition and g be a contraction mapping on X with coefficient 7 € (0,1). Our
interest is to find v € F(T) such that

0NN, A(D). (4.1.1)
Equation (4.1.1) can also be written as
veny,A7H0). (4.1.2)
We shall denote the set of solutions of problem (4.1.1) by ' := F(T) N (NX, A;1(0)).

4.2 Preliminaries

In this section, we recall some important results that will be needed in our main results.
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Remark 4.2.1. (see [27, Remark 5.6]). If X is an Hadamard space and A : X — 2% is
a multivalued monotone mapping, then we have that

d(fo,fo)S <,/1—2> d(z, Jiz), V zeX, 0<A<p

Lemma 4.2.2. [75] Let X be an Hadamard space and X* be its dual space. Let A; : X —
2X" i =1,2,---, N be a finite family of multivalued monotone operators. Then, for B; €

N
(0,1) with Y B; = 1, the mapping Sy : X — X defined by Syx := ﬁom@ﬂlJflmeéﬁng%@
i=0
- @ By I is nonexpansive with F(S,) C NN F(Ji) for allz € X, 0< X< p.
Remark 4.2.3. [5/] For a CAT(0) space X, if {x;;, = 1,2,--- N} C X, and «o; €
0,1], 1=1,2,---,N. Then by induction , we can write
N

N
@aixi =(1- ozN)@ . il T; D anTy.
i=1

—
i=1 N

Lemma 4.2.4. [27, 35] Let X be a CAT(0) space, {x;, i=1,2,--- N} C X, {y;, i=
N
1,2,--- N} C X and o; € [0,1] for each i=1,2,--- N such that Y  o; = 1. Then

=1

N N N
d (@ iz, P oziyi) <Y ud(wi, gi)-
=1 =1 =1

Definition 4.2.5. Let {x,} be a bounded sequence in X and r(.,{z,}) : X — [0,00) be

a continuous functional defined by r(z,{x,}) = limsupd(z, x,). The asymptotic radius of
n—oo

{z,} is given by r({x,}) = inf{r(z, {z,}) : © € X}, while the asymptotic center of {x,}
is the set A({z,}) ={z € X :r(z,{z,}) = r({z.})}.

It is well known that in an Hadamard space X, A({z,}) consists of exactly one point. A
sequence {x,} in X is said to be A-convergent to a point x € X if A({xn,}) = {x} for

every subsequence {x,, } of {x,}. In this case, we write A-lim x, = x.
n—oo

Lemma 4.2.6. [20] Every bounded sequence in an Hadamard space always has a A-
convergent subsequence.

Lemma 4.2.7. [/2] Let X be an Hadamard space, {x,} a sequence in X and x € X.
Then, {x,} A-converges to x if and only if limsup (zz,, 7)) <0 for all 1y e C.

n—o0

Lemma 4.2.8. [22] Let C be a closed convex subset of an Hadamard space X and T :
C — X be a uniformly L—Lipschitizian and generalized asymptotically nonexpansive

mapping. Let {x,} be a bounded sequence in C such that {x,} /A-converges to v and
lim d(x,,Tz,) =0. Then, Tv = v.
n—oo

Lemma 4.2.9. [77] (see also [/0]). Let {x,} and {y,} be bounded sequences in a metric
space of hyperbolic type X and {5,} be a sequence in [0, 1] with liminf 5, < limsup 3, < 1.
n—oo

n—o0

Suppose that x,1 = Bpx,®(1—L6,)yn for alln > 0 and imsup(d(yni1, Yn) —d(Tpi1, Tn)) <
n—oo
0. Then lim d(y,,x,) = 0.
n—o0
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4.3 Main results

Lemma 4.3.1. Let X be an Hadamard space and X* be its dual space. Let T : X — X
be a generalized asymptotically nonexpansive mapping with the sequences {u,}, {v,} C
[0,00). Let A; : X — 2%, i = 1,2,...,N be a finite family of multivalued monotone
mappings which satisfy the range condition and g be a contraction mapping on X with
coefficient 7 € (0,1). Suppose that T' := F(T) N (NX,A;71(0)) # 0 and for arbitrary
x1 € X, the sequence {x,}5° is generated by

Yn = S)\n.l’n = 501'71 ¥ Blt]fnlxn b---D ﬁNanNl'n,
Wy = 12%-9(20) ® 125 T"Yn, (4.3.1)
Tpi1 = BnTn © (1 - ﬁn)wn n>1,

where {a, 151, {6,152, and {7}, are sequences in (0,1) and {\,} is a sequence of
positive numbers such that,

o0
(a) lim o, =0, > a,, =00,
n—o0 n=1

o0 oo
(c) S u, <00, > v, < oo,
n=1

n=1
N
(d) B €(0,1) with 3 Bi=1.
=0

Then {x,}>2, is bounded.

Proof. Let v € ', then from (4.3.1) and Lemma 2.2.6, we have

d(l’n+1, U) < 6nd Tn, U (1 - ﬁn d(wn7v

(@n,v) +
)+ - ) p(l_ﬁn o 12 r0)]
< Bud(zn,v) + and(g(zn),v) + Vad(T"yn, v)
(@, v)

< Bnd(wp, v) + @, Td(20,v) + and(g(v), v) + Yo [(1 + wn)d(Yn, v) + Vi)

< Bnd(xp,v) + aptd(zn,v) + @nd(g(v),v) + Y [(1 + wy)d(xp, v) + )

= (1 — ap + anT + Yy d(Tn, v) + @,d(g(v),v) + Yoy,

(1 — ap + T + up)d(zn,v) + d(g(v),v) + v,

[(1+up) — an(1 —7)]d(zn,v) + d(g(v),v) + vy,

< (14 up)d(zy,,v) + d(g(v),v) + v, (4.3.2)

IN

By the same method as above, we obtain

d(wn, v) < (14 un1)d(@p-1,0) + d(g(v),v) + vn
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Thus (4.3.2) becomes

d(Tnt1,0) < (14 ) (1 4+ tp—1)d(n-1,v) + (1 + uy) [d(g(v),v) + vy1] + d(g(v),v) + vy
= I od(2-1,0) + (1 + up) [d(g(v), v) + va1] +d(g(v), v) + v,

(1 + un) (1 + 1) (1 = tn—2)d(Tp—2,v) + (1 4 up) (1 + un-1) [d(g(v), v), Vn_2]

(1 + up) [d(g(v), v) + Vo] + d(g(v),v) + vn

= I (1 + ) d(@n—2,v) + i (1 + i) [d(g(v), v) + Vo

+ (14 un) [d(g(v), v) + vaa] + d(g(v),v) + v,

=TI (1 + ) d(Tn_3,v) + (1 + up_;) [d(g(v), v) + v,_3]

+ 1o (1+ i) [d(g(v), v) + vas] + (1 + un) [d(g(0), ) + vaa] + d(g(v),v) + va

+ IA

< II7Z 1(1 + Up_)d(x1,v) + 2(1 + up_;) [d(g(v),v) +v1] + -
+ I (1 + un—s) [d(g(v),v) + vn_g] + 1L (1 + wn—y) [d(g(v), v) + vps]
+ (14 un) [d(g(v),v) + voa] + [d(g(v),v) + vn] .

Since Z u, < oo and Z v, < 0o, we obtain that {x,} is bounded and consequently
{w,}, {g(l“n)} {T"y,} and {y,} are all bounded. ]

Theorem 4.3.2. Let X be an Hadamard space and X* be its dual space. LetT : X — X be
a uniformly asymptotically reqular and uniformly L-Lipschitzian generalized asymptotically
nonexpansive mapping with the sequences {u,}, {v,} C[0,00). Let A;: X — 2% i=
1,2,..., N be a finite family of multivalued monotone mappings which satisfy the range
condition and g be a contraction mapping on X with coefficient T € (0,1). Suppose that
I:=F(T)N(NX,A;71(0)) # 0 and for arbitrary x1 € X, the sequence {x,}32, is generated
by (4.3.1), where {a,}o2,, {Bn}2, and {v,}22, are sequences in (0,1) and {\,} is a
sequence of positive numbers such that

o0
(a) lim a,, =0, > a, =00,
n—o0 n=1

(b) 0<hm1nfﬁn§hmsupﬂn<1 O+ Bt =1YVn >1,

n—oo

o0 o0
(c) du, <00, > v, < oo,
n=1 n=1

N

(d) Bi € (0,1) with S5 =1,
1=0

(e) 0 <A< A, Vn>1.

Then {x,}>2 | converges strongly to v € T.
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Proof. Step 1: We show that lim d(z,41,2,) = 0. From (4.3.1) and Lemma 2.2.6, we

n—oo
have

Opi1 In+1 nt1 Oy, Tn n
d(wpqpr1,wy) =d | ————g(xppr) ® ——T ntl, ———9(Tn) ® T n>
(asss ) = @ (T2 g(000) © T T2l 0 12T

Ont1 In+1 n+1 Opi1 Tn+1 n+1
<1 — Ban( +1) 1— Bous Yn+1 1 —5n+lg( +1) 1— By Y

Ont1 Yn+1 n+1 Ont1 Yn+1 n
+d Pa-a— A ) @—T ny 7 o 9\Tn @—T n)
(1 - ﬁn—i—lg( +1) 1— ﬁn—‘rl Y 1— /Bn—i-lg( ) 1— Bn+1 Y

Qnt1 Yn+1 Qp Tn
1_/8n+1 ( ) 1_ﬁn+1 1_5n ( ) 1_671

Q41 Ant1 n-+1
(1 - BnJrl ( +1) 11— ﬂnJrl i

Qpi1 Qnit1 n+1
——9(@py1) D (1 — —) T yn>
= By 1) ( 1— Bt

1 d(&g(:cnﬂ) @ (1 - M) T Y,

IA

1= Bni1 1= Bun

Q41 Qpy1 n
—gx,) P |1 — — | T"y,
1_ﬁn+lg< ) ( 1_6n+1> Y >

Qpt1 Qpt1 Qn Qn
+d| ———g(z,) P |1 — ——— Tnn,— T,) @D 1— Tnn
(1_ﬁn+1g( ) < 1_571—&-1) Y 1_/8719( ) ( 1_671) Y )

Qnt1 n+1 n+1 Ont1
(T" i1, T + ———d(g(Tn+1), 9(n
< (1 P2 ) A T ) + 2 dlglne), )
Ant1 n-+1 n Qnt1 (7% n
+(1- dT*n,TnJr‘ — d(T™y,,, g(z,
(1= A+ [ gt
S (1 Ant1 ) 1 + un+1 ynJrla yn) + UnJrl] + (M) Td<xn+1a xn)
1- 5n+1 1- 5n+1
Q41 n+1 n Qi1 (079 n
+(1- A(T" Ly, Ty, + - d(T"yn, g(,)).
< 1_/8114-1) Y y) ll_ﬁn—i-l 1_ﬂn ( 4 g( ))

(4.3.3)

Now, without loss of generality, we may assume that 0 < A\,41 < A,, V n > 1. Thus, from
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(2.2.6), Lemma 4.2.4, condition (d) and Remark 4.2.1, we have
A(Yn+1,9n) = d (Boiﬂnﬂ ® P1J; nHﬁCnH D---D BNJijilanrla Bown & 51J§4:$n ©---D 5NJ,¢N%>

< Bod(Trny1,70) + Z 5id<‘]xﬁi+1xn+17 J;‘rfx”)

N

N
< Bod(Tngr, n) + > Bid(TE v, T )+ Bid( IR w, Ty

i=1 i=1

Mt | o |

< AT, 1) + ( 1— A”“) M, (4.3.4)

where M = sup {Z Bid (J/ijn,xn)} :

n>1
Substituting equation (4.3.4) into equation (4.3.3), we obtain

+ Un+1

Opt1
<!1l—-—
d(wn-i-la wn) = ( 1 . 5n+1)

An
(1 + un—H) [d($n+l>$n) + ( 1 - )\Jrl) M

N ’1 %511 1 - G, A(T"Yn, g(n)) + (1 — 1?”—;;1) ATy, Ty,
i <1 ién;:H) d(wns1,n)

L ang;rl <1 - 1?”—57;1) (1+ U”H)} d(Tns1, Tn)
+ <1 ang;l) (14 tpi1) ( 1— A:z\:) M + <1 — lfn—ﬁjﬂ) Upa1
" ‘ 1 fng:H 1 Cjnﬁn ATy, 9 () + (1 - 16—%—;;1) d(TnHy”’Tnyn)

Opt1 Opy1
(b ) = =2 (1 oy — )| dgan) + (1 —2 ),
k+”+” T e Tﬂ(x“x)+( 1—@M)”“

Q41 )\n+1
1——" )1+, 1— M
+< 1—ﬁn+l>( +u+l)< )\n )

Anp1 n+1 n Qnt1 Qn
+ (11— —"— | d(T" 'y, T n+‘ —
(-2 a2 -

A(T"Yn, g(zn)),
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which implies

Opi1
1- 511—5—1

Antq )\n+1
1——" Y1+, 1— M
+< 1—Bn+1>( +u+1)< )\n )

Qnt1 (7%
- acr ny G\ Tn
T— oy 1=, 1 v 9ln)

+ (1 - 13%—511) Unt1 + (1 - 1?”—511) ATy, ")

d<wn+1a wn) - d($n+1v xn) < (un—H - (1 + Upy1 — 7—)) d(xn—&-la xn)

.

Since {\, } is monotone nonincreasing and bounded below, we have that lim A, = lim A\, ;; =
n—o0 n—oo

¢, where 0 < ¢ < A. Thus, we obtain from conditions (a) and (¢), and by the uniform
asymptotic regularity of T" that

lim sup(d(wy1, wy) — d(Tpi1, ,)) < 0.

n—oo

Therefore, it follows from Lemma 4.2.9 and condition (b) that,
lim (wy,, z,) = 0. (4.3.5)

n—oo

From (2.2.1), we have
d(xn‘f‘l? .Tn) = d(ﬂnxn @ (1 - Bn)wru mn)
=(1-6,)d(wp,x,) = 0 as n — co.
Hence,

lim d(xy41,2,) =0. (4.3.6)

n—oo

Step 2: We next show that lim d(y,, Ty,) = 0= lim d(w,, T (S, )w,).
n—oo n—oo

Since J fn is firmly nonexpansive for each ¢+ = 1,2,--- | N, we obtain from Lemma 2.5.2
that

dQ(Jf:a;n,v) < d*(v,z,) — dz(Ji"xn,xn). (4.3.7)

Also, from Lemma 2.2.6 (b) and Lemma 4.2.2, we have
ay, Yo 2
d*(g(z, — (T,

[O‘nd2<9(xn)= V) + Yul(1 + up)d(Yn, v) + U”]2]

d2(wn,v) <

= [&ndQ(g(xn)a v) + Yo (1 + un)2d2(ym ) + 279 (1 + U ) Und(Yn, v) + U?ﬂ/n}

1_Bn




where Jffxn = x,. Thus, it follows from (4.3.7) that
1
1- 671

N
+ ’Y’VL(]' + Un)2d2(’[}, I’n) - /Yn(]- + un)2 Z BidQ(J)éjxnv xn)]

i=1

[O‘ndQ(g(fEn)v ) + 290 (1 + n )0 d(Yn, v) + Ui%]

d2(wn, v) <

[nd®(9(wn), v) + 29 (1 + n)ad(Yn, v) + vy 7n

1
_571

ay,

which implies from (4.3.5) and conditions (a) and (c) that

IN

+
Y

N
(1+ wn)?d*(v, ) = (L4 1n)® Y Bid® (J3ian, 2) |

i=1

N
(1+ uy,)? Zd%Jﬁixn,xn) — 0, as n — oo.
i=1

Hence, by condition (c), we obtain that

N

ZdQ(Jf:xn, x,) =0, as n — oo. (4.3.8)

=1

Therefore, we obtain from Lemma 4.2.2 that

N
d(Sx,Tn, Tn) < Zﬁid(J/@xn,xn) — 0, as n — oo.
=0
That is,
lim d(Sx,zn, z,) = lim d(yn,z,) = 0. (4.3.9)
n—oo n—oo

It follows from Remark 4.2.3 that (4.3.1) is equivalent to:

{ Yn = Sx,Tn = BoTn @ 51J,'\41$n DD 5NJ)’35V96”,

- n 4.3.1
Tpy1 = ang(xn> s> (1 - Oén)%n Efi?;f; Inn > 1. ( 3 0)

Thus, from (2.2.1), we have

d(xn+1,5 xﬂei”a ) Y ) — and <g(g;n),5 In® Ml Y ) 0, as n— oo.(4.3.11)

Also, from (2.2.1), we have that

Bnn @ VT yn Tn
d L, =
(1—ay) 1—a,

d(n, T"yn),

ol



which implies from (4.3.6) and (4.3.11) that

BrnTn © YT Yn,
(1—ay)

S d(CL’n, xn—l—l) + d (xn—i—h

. jnand(xn, T"y,) =d <xn,

BrnTn © YT Yn
1—a,

)—>0, as n — oo.

This implies that

lim d(z,,T"y,) = lim d(z,,T"S\,z,) = 0. (4.3.12)

n—oo n—oo

By the uniform asympototic regularity of 7', (4.3.9) and (4.3.12), we obtain that

AYns TYn) < AW, T"Yn) + d(T Y, T" ) + (T oy, Tyn)
(1 + L)d(yn, Tnyn) =+ d(T”ym Tn+1yn)
(14 L)[d(Yn, 20) + d(20, T"y)] + d(T"y, T" ) — 0, (4.3.11)

as n — o0.

<
<

as n — oo. Since {x,} is bounded and X is complete, we obtain from Lemma 4.2.6
that there exists a subsequence {z,, } of {x,} such that A- klim T, = U. Again, since Sy,
—00

is nonexpansive and every nonexpansive mapping is demiclosed, it follows from (4.3.9),
condition (e) and Lemma 4.2.2 that o € F(Sy,) € NN, F(J).

Also, we obtain from Lemma 4.2.8, (4.3.9) and (4.3.13) that v € F(T'). Hence, we obtain
that v € T.

Now, using (4.3.5) and (4.3.12), we have

d(wy, T"(Sx, )wn) < d(wy, Ty) + d(Ty, T (SN, )xn) + d(T"(S),)Tn, T"(Sx, )wn)
< d(wp, ) + d(x,, T"(S),)Tn) + Ld(2n, wy,)
= (14 L)d(wy, x,) + d(2,, T" (S, )xn) = 0, as n — oo.

Hence,

lim d(w,, T"(S,)w,) = 0. (4.3.11)

n—oo

—
Step 3: Next, we show that lim sup(g(@)@,x?v) <0.

n—00
Let 'z := Bpa @ (1 — Bp)w, where w = r22-g(2,) ® 25T (S),,)2. Then, we have
that T is a contraction for each m > 1. By Banach contraction principle, there exists a
unique fixed point z,, of TT’}L V'm > 1. That is z,, = Bnzm ® (1 — Bn)wy,, where w,, =

22— 9(2m) ® 1251 (S, 2m). Moreover, 71113010 zm =0 € I' (see [72]). Thus, we have

< Bnd(Zm, wy) + (1 — B d(wi,, wy,),

which implies that
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This further implies that
d(Zm, W) < d(Wpn, wy,). (4.3.12)

We have from Lemma 2.2.6 (e) that

(wm7wn) < >
= < ( wmwn> + <Tm(SA zm)wmm>
< (S T )+ (T (S, T
=7 f"ém <g( S,\mzmﬁ,wmzm> 1 gmﬁm <g(zm)Tm(S,\mzm§,%—w>n>

o (T (Sn 20 T (S, 00, W)+ (T (S, w00, W, )

< : fmﬁm <g(zm)Tm(S,\mzm§,m> + ] —mﬂm <g(zm)wn, Zm—w>n>

T fmﬁ <wnTm<S)\mZm;7 Zrn—w>n> + <Tm(S,\mzm)Tm(S,\mwn§, m>

— ;
+ <Tm(S,\mwn)wn, wmwn>

< T2 d9an), T (Sh 7)), 20) + 5 fmﬁ » (9o, 2 )

e o T (S s F ) AT (S5, 20), T™ (S, 00)) w0, 103)

- Bm
+ d<Tm<S)\mwn)a wn>d(wm7 wn)

< fmﬁmd(g(zm)yTm(S)\mzm))d(wm,Zm) 1 fmﬁm (3G o
t7 fmﬁ A2y T™ (Sam 2m)) A2y W) + [(L 4 ) d (2 i) + V] (Wi w5,)

+ d(T™(Sy,, wn), W) AWy, W),

Q

which implies from (4.3.12) that

A(0(e). T (S 7)1 50) + 2 () 2 )

d(Zm, T™ (SN, 2m) ) (Wi, wy) + [(1 + ) d (Wi, wy) + V] AW, w5

& (W, Wy, <7 S

11— /Bm

+ d(T™(Sx,, wn), wy)d(Wn,, wy,)
«

=7 _mﬁmd(g(zm),Tm(S,\mZm))d(wm Zm) +

A
11— 6m
+ d(T™ (S, wn), W) d(Wy,, wy,).

_|_

R ;
. amﬁ <g(zm)zm, zmwn>

+ A(Zm, T™(Sy,, 2m ) ) A (W, Wy ) 4 (1 4 U ) A2 (Wi, W) + Vi@ (Wi, Wy, )
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Therefore,

~——

< d(g(zm), T™(Sx,, 2m) ) AWy 2m) + d(2m, T (SN, 2m) ) (Wi, w5,
+ U, (1 — 57”) d? (W, W)

4 (1 - ﬁm) U d(Wny, W) + (1 — 5’") d(T™ (S, wn), wn)d(Wny, wp).

Um Qm

—_— ;
<g(zm)zm, wan

Thus, taking limsup as n — oo first, then as m — oo, it follows from (4.3.12) and (4.3.5)
that

—
> <0 (4.3.13)

lim sup lim sup <g(zm)zm, Wy, 2,

Furthermore, we have

<W’)x?v> = <g(@)g(zm T
{

1+ 7)d(zm, 0)d(z,,0) + <g(zm)zm, m> + [d(zp, wn) + d(zm, 0)]d(g(2m) s 2m)-

Thus, from (4.3.5), (4.3.13) and the fact that lim z,, = v, we obtain

m—r0o0
—_ Y — —_— —
lim sup <g( ), xnv> = limsup lim sup <g( ), :r:nv>
n—00 m—oo  n—00

— ;
< limsup lim sup <g(zm)zm,wnzm> <0. (4.3.13)

m—0o0 n—0o0

Step 4: Finally, we show that {x,} converges strongly to v € T.
From Lemma 2.2.7 , we obtain

(i, Ft) < 22 (gla)n, a0 +

. 5n <T"(S,\ xn)v,m>

< = (ol (0). 7d) + 1= n< (0)7, ﬂ> AT (S5,0), V)0, 0)
< 1fﬁn7d2<xn, v) + 1f”ﬁn< (0)0, T + 1_ﬁn (1 + ) (20, 0) + va] d(n, v)
— L fnﬁnr%— <1 jnﬁn) (1 —l—un)] d* (2, )

() o+ 2 ()
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Thus, we obtain from Lemma 2.2.6 that

d*(2011,0) < Bud® (20, 0) + (1 = Bp)d* (wn, D)
= B (2,9) + (1 = ) (b, wid)
= B (@0, 9) + (L= Bu) | (a0 ) + (a0t )|
< [Bo + nT + Y + Votin AT, ) + YnUnd(Tn, D) + i <W m>
+ (1= Bu)d(w,, 0)d(wn, 7,)
=[1—a,(1— T)]dg(l‘n, v) + %undQ(xn, 0) + Ynnd(Tp, )
a1 = 1) | (G0 | + (1= B, o)),
That is,

d2(xn+1, 7)< (1-— an)dQ(a:n, V) 4+ 0,0, + O,

—

where o, := an(l—T), On 1= [ﬁ <g(@)@,ﬁ>} and 6,, = Ypund? (T, 0) + Y nd(z,, 0) +
It follows from conditions (a), (c¢), (4.3.14) and Lemma 3.2.5 that d(z,,v) — 0, as n — oc.
Hence, we conclude that {z,} converges strongly to v € T'. ]

If T' is a nonexpansive mapping in Theorem 4.3.2, then we obtain the following corollary.

Corollary 4.3.3. Let X be an Hadamard space and X* be its dual space. LetT : X — X
be a nonexpansive mapping and g be a contraction mapping on X with coefficient T € (0, 1).
Let A; : X — 257 be a finite family of multivalued monotone mappings which satisfy the
range condition. Suppose that T := F(T) N (NY,A4;77(0)) # @ and for arbitrary x, € X,
the sequence {x,}°°, is generated by

Yn = SnTn = Boty ® B3 w, @ - @ BTN a,
Wn = 725-9(0) © 725 TYn, (4.3.4)
Tp4+1 = ann ¥ (1 - Bn)wn n Z 1a

where {a, 151, {6,152, and {7}, are sequences in (0,1) and {\,} is a sequence of
positive numbers such that,

o0
(a) lim a,, =0, > «a, =00,
n—o0 n=1

(b) 0<11m1nf6n§hmsupﬂn<1 A+ B+ =1Vn >1,

(c) Bi € (0,1) with %Bi =1,
i=0

(d) 0< A<\, Vn> 1.
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Then {x,}>2, converges strongly to v € T.

By setting g(z,) = u for all n > 1, u € X fixed in Theorem 4.3.2, we obtain the following
corollary with the Halpern-type algorithm.

Corollary 4.3.4. Let X be an Hadamard space and X* be its dual space. LetT : X — X
be uniformly asymptotically reqular and uniformly L-Lipschitzian generalized asymptoti-
cally nonexpansive mapping with the sequences {u,}, {v,} C[0,00). A;: X — 2% bea
finite family of multivalued monotone mappings which satisfy the range condition. Suppose
that T := F(T) N (N, A4;71(0)) # 0 and for arbitrary u,z1 € X, the sequence {x,}, is
generated by

Yn = S)\nxn = 60$n s> /81,];\4”11’” S---D 5NJ;\4ann’
Wy, = ﬁﬁu D I_L%Tnym (4'3.5)
Tnt1 = 5nxn S (1 - ﬂn)wn nz 1’

where {a, 1521, {6,152, and {7,152, are sequences in (0,1) and {\,} is a sequence of
positive numbers such that,
(a) lim o, =0, > a, =00,
n—o0 n=1

(b) 0 <liminf g8, <limsupf, < lL,a,+ B, +7Wm =1V n >1,
n—oo

n—oo

o0 oo
(c) > u, <00, > v, < oo,
n=1 n=1

(d) 0<A<A, Vn>1,
N

(e) B € (0,1) with S8 =1.
1=0

Then {x,}> | converges strongly to v € I.

By setting T' = I (where [ is the identity mapping on X) in Theorem 4.3.2, we obtain the
following corollary.

Corollary 4.3.5. Let X be an Hadamard space and X* be its dual space. Let g be a
contraction mapping on X with coefficient 7 € (0,1) and A; : X — 2% be a finite
family of multivalued monotone mappings which satisfy the range condition. Suppose that
[ :=nY,A710) # 0 and for arbitrary x, € X, the sequence {x,}22, is generated by

Yn = Sknxn = 50% s> Bljillxn D---D 5NJ;\4annu
Wy = 12%719(3:71) 2] Jﬁyny (436)
Tpy1 = BpTn @ (1 - Bn)wn n > 1,

where {a, 1521, {8n}52, and {v,}72, are sequences in (0,1) and {\,} is a sequence of
positive numbers such that,
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(0.9}
(a) lim o, =0, > a, =00,
n—o0 n=1

(b) 0<hm1nf6n§hmsup,6n<1 A+ O+ =1Vn >1,

n—oo
N

(c) B; € (0,1) with > f5; =1,
i=0

() 0 <A<\ ¥n>1.

Then {x,}>2, converges strongly to v € T.

4.4 Numerical examples

In this section, we first present a numerical example of Algorithm (4.3.1) in real line
to show its efficiency. We also present two numerical examples of Algorithm (4.3.6) in
2-dimensional space of real numbers and in an Hadamard space (non-Hilbert space), to
show its applicability.

Throughout this section, we shall take o, = and v, = 22 V¥Yn > 1 and B, =

m 2n+4°
2’:;14, V n. Furthermore, we shall take (3; = i, i =0,1,2,3 and g(x) = %x Ve € X.
Thus, the conditions of Corollary 4.3.5 are satisfied. Hence, for z; € X, Algorithm (4.3.1)

becomes:

Yo = 1 (20 + J0 @, + J322, + JB2,),

Wn = 2:—:—34 1[ 10n2+20 (ZEn) + 27:;_24 (T yn)} ) (441)
Tn+1 = 27;:4 (2n) + 27214 (wp) n>1,

while Algorithm (4.3.6) becomes:

Yo = 1 (2, + anlxn + JAfxn JA‘"’J,'”) ,

2n+4 2 n+2
Wn = n—:—3+1[ 10n+20 (xg_‘)_;» 27:_4 (yn)]" (442)
Int1 = 974 (zn) + 2n+4 (wn) n=>1.

We now compute the monotone operator A and its resolvent .J /\ﬁ in the following examples.

Example 4.4.1. Let X =R be endowed with the usual metric. Define T : R — R by

x, x € (—00,0),
Te=<kr, z€]0,1], (4.4.3)
sinz, € (3,00),
where k € (0,1). Then, it follows by similar argument as in [95] that T is a generalized
asymptotically nonexpansive mappmg with u, = 2k" cmd v, = k™. Also, T satisfies the

assumptions in Theorem 4.3.2, and Z U, < oo and Z v, < 00. Thus, condition (c) of
n=1 n=1
Theorem /.3.2 is satisfied.
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Now, define A;(x) = 3ix. Then, A; is monotone for each i = 1,2,3. Recall that [t%] =
t(b—a), for allt € R and a,b € R (see [/3]). Thus, for each x € R, we have that

1
J;‘;(ZU) =z < )\—(:U—Z) €Az < z= ([+>\nA7j)_1l'.

We now consider the following cases for our initial points r1 € R.
Case 1: Take x1 = 3. Case 2: Take x1 = —5.
Case 3: Take x1 = 0.8. Case 4: Take x1 = 0.5.

Example 4.4.2. Let X = R? be endowed with the Euclidean norm ||.||y. Then fori =1,
we define Ay : R? — R? by

Ai(z) = (2 = 22@) 21 1 (),

Clearly, Ay is a monotone operator.

Hence, we compute the resolvent of Ay as follows:

-1
4 10 A =2\, zM
s = (o i+ B ) B
B 1 T+A, 2\, | [2W
L4 20, +5A2 [ —2X, 14N, (2@

which implies that

A () = (14+2)z® +2X0,23) (1 +X,)z® — 22,2
An 1+2\, +5x2 7 1+ 2\, +5)2

Now, fori = 2,3, we define A; : R? — R? by
Ap(z) = (2 — 2@ 20 £ 2@ Ay@) = @@, —20).
Thus, by similar argument as above, we obtain that

T2 () (14 X))z + 2,23 (14 X,)z® — X,z
xTr) =
An 142X, +2X2 7 142\, +2)2 ’

JA3 (x) _ I(l) — Anx(z) x(z) + Anx(l)
An 1+X2 7 1+X

We consider the next example in a non-Hilbert space setting.

Example 4.4.3. [27] Let Y = R? be an R-tree with the radial metric d,., where d,.(x,y) =
d(x,y) if x and y are situated on a FEuclidean straight line passing through the origin and
d.(z,y) =d(x,0)+d(y, 0) := ||z|| + ||y|| otherwise. Let p = (1,0) and X = BUC, where

B ={(h,0): he0,1]} and C ={(h,k):h+k=1he0,1)}.
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Then X is an Hadamard space. Thus, for each [t%] e X*, we obtain that

%M c,d € B,s € R, t(|[b]] — [lal]) = s([|d]| — [|e[])} a,b e B,
tab) = {scd:c,de CUL0},s € R, t(||bl] — a]) = s((ld] — )} a.beCu{a},
{tab} a€B, beC.

Now, define A: X — 2%" by
%

{[opl} z € B,
%

{[0], [02]} weC.

Then, A is monotone and its resolvent J/Cl is defined by

{z=(h—\,,0)} z = (h,0) € B,
i (@) =
{z=MK)eC: (1+N\)*(R*+k?*) =h*+k*} x=(hk)eC.

We now consider the following cases for our initial vectors z; € R2.

Case I: Take z; = (3, —0.5)T. Case II: Take z; = (—1, 0.5)T.

Case III: Take 7, = (=3, —4)T. Case IV: Take z; = (0.9, 10)7.

Remark 4.4.4. For each of the cases above, we compared the convergence rate of the
. . . . nt2 _ n47

different parameter X\, as shown in the figures below that is, \,1 = 27:;5, A2 = nil,

A3 = 1L for Case 1-4 and \,1 = 5, N2 = 24 ),3 = 12222 for Case I-IV.,

We observe from the numerical results that the sequence {\,} converging to a number far
away from 0 has a better convergence rate than that converging to a number closer to 0.
This validates the condition on A, in our main results.
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Chapter 5

On Generalized Demimetric
Mappings and Monotone Operators
in Hadamard spaces

5.1 Introduction

Recently, Takahashi [33] introduced a new class of nonlinear mappings in a real Hilbert
space which he defined as follows:

Let H be a real Hilbert space and C' be a nonempty, closed and convex subset of H. A
mapping 7' : C' — H is called k-demimetric, if F(T') # () and there exists k € (—o0, 1)
such that for any x € C' and y € F(T'), we have

1—

k
||z — T13H2.
2

The class of demimetric mappings is of central importance in optimization since it contains
many common types of operators emanating from optimization. For instance, the class of
k-demimetric mappings with k € (—oo, 1) is known to cover the class of k-demicontractive
mappings with & € [0,1), generalized hybrid mappings, the metric projections and the
resolvents of maximal monotone operators (which are known as useful tools for solving
optimization problems) in Hilbert spaces (see [/, 83] and the references therein). Thus,
many authors have studied this class of mappings in both Hilbert and Banach spaces (see
(52, 81, 82, 83]). This was recently extended to Hadamard spaces by Aremu et al. [1].
They defined demimetric mappings in an Hadamard space as follows: Let X be a CAT(0)
space and C' be a nonempty, closed and convex subset of X. A mapping 7' : C' — X is
said to be k-demimetric if F(T') # () and there exists k € (—o0, 1) such that

(T, 2T2) > l;zlfdz(x,m (5.1.1)

forallz € C, ye F(T).

Furthermore, they gave an example of a demimetric mapping and established some fixed
point results for this class of mappings and proved a strong convergence theorem for
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approximating a common solution of finite family of minimization problems and fixed
point problems for this class of mappings in Hadamard spaces.

In 2018, Kawasaki and Takahashi [15] generalized the class of demimetric mappings as
follows: Let C' be a nonempty, closed and convex subset of a smooth Banach space E and
6 be a real number with 6 # 0. A mapping 7' : C' — E with F(T') # 0 is called generalized
demimetric if

Olx —y,J(x — Tx)) > ||x — Tx|? (5.1.2)

for all x € C and y € F(T), where J is a duality mapping on E. This class of mappings
has also been studied in Banach spaces by Takahashi [79)].

Motivated by the above results, we introduce and study the class of generalized demimetric
mappings in Hadamard spaces. We also propose a Halpern-type PPA comprising of this
class of mappings and a finite composition of resolvents of monotone operators, and prove
that it converges strongly to a common zero of a finite family of monotone operators
which is also a fixed point of a generalized demimetric mapping in an Hadamard space.
We apply our results to solve a finite family of convex minimization problems, VIPs and
convex feasibility problems in Hadamard spaces.

Let C be a nonempty closed and convex subset of an Hadamard space and 7' : C' — C
be a f-generalized demimetric mapping with @ # 0 and F(T) # 0. Let 4; : X — 2% i =

1,2,---, N be a multivalued monotone mappings that satisfy the range condition. Our
major interest in this chapter, is to study the problem: Find z € F(T') such that
0NN, A(z). (5.1.3)

5.2 Preliminaries

In this section, we recall some important results that will be needed in our study.

Definition 5.2.1. Let C' be a nonempty closed and convex subset of an Hadamard space X.
A mapping T : C — C' is said to be N-demiclosed, if for any bounded sequence {x,} in X
such that A-lim x, =z and lim d(z,,Tz,) =0, then v = Tz.

n—oo n—oo

Lemma 5.2.2. [70] Let X be an Hadamard space and T : X — X be a nonexpansive
mapping. Then T is /AN-demiclosed.

Lemma 5.2.3. [05] Let {a,} be a sequence of non-negative numbers such that
An+1 S (1 - an)an + anTn7

where {T,} is a sequence of real numbers bounded from above and {a,} C [0,1] satisfies
>, = 00. Then it holds that

limsupa, <limsupT,.
n—oo n—oo

Lemma 5.2.4. [55] Let X be an Hadamard space, for any t € [0,1] and u,v € X, let
up = tu @ (1 —t)v. Then for all z,y € X, we have

(i, uf)) < t(ut, ) + (1 — t)(v, uf).
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5.3 Main results
Following the idea of (5.1.1) and (5.1.2), we define #-generalized demimetric mappings in
CAT(0) spaces as follows:

Definition 5.3.1. Let X be a CAT(0) space and T : X — X be a nonlinear mapping. T
is called 0-generalized demimetric, if F(T) # 0 and there exists 6 # 0 such that

07, T%) > d*(w, Tx), (5.3.1)

forallx € X and y e F(T).

Remark 5.3.2. The following are examples of generalized demimetric mappings in CAT(0)
spaces.

1. If T: X — X is a k- strictly pseudocontractive mapping with k € [0,1) and F(T') #

0, then T 1is (ﬁ)—genemlized demimetric mapping. This follows from the same

argument as in [/].

2. If T : X — X is a generalized hybrid mapping with F(T) # 0, then T is a 2-
generalized demimetric mapping. Indeed, for v € F(T) and y € X, we obtain from
(2.2.5) that

d*(z, Ty) < d*(z,v). (5.3.2)
Also, from (2.2.3), we have that
—
2(yt, yTy) = d*(y, Ty) + & (x,y) — d*(2, Ty),
which implies from (5.3.2) that

—
2yt yTy) > &*(y, Ty) + d*(z,y) — d*(z,y)
= d*(y,Ty).
Hence, T is a 2-generalized demimetric mapping. Therefore, nonerpansive, non-
spreading and hybrid mappings are examples of generalized demimetric mappings.
2

3. IfT : X — X is a k-demicontractive mapping, then T is a (m)—genemlized demi-
metric.

We now study some properties of #-generalized demimetric mappings in Hadamard spaces.

Proposition 5.3.3. Let X be an Hadamard space and T : X — X be a 0-generalized
demimetric mapping with 6 > 0. Then T is a (1 — %)-demimetric.

Proof. 1t follows from the definition of demimetric mapping and 6-generalized demimetric
mapping. O
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Proposition 5.3.4. Let X be an Hadamard space and T : X — X be a 0-generalized
demimetric mapping with 0 # 0. Then F(T') is closed and conver.

Proof. We first show that F'(T) is closed. Let {x,} be a sequence in F(T') such that {z,}
converges to x*. Then from the definition of #-generalized demimetric mappings, we have

—_— —
O(z*z,, 2*Tx") > d*(x*, Tz*), (5.3.3)

which implies from Cauchy Schwartz inequality that
0d(z*, x,)d(z*, Tx*) > d*(x*, Tx*).

Taking the limit of both sides, we obtain 0 > d?(z*, T'z*), which implies that z* = T'z*.
Thus, z* € F(T). Therefore, F(T) is closed. Next, we show that F'(T) is convex. For this,
let z,y € F(T). Then, it suffices to show that (tz & (1 —t)y) € F(T), for t € [0,1]. Set
z=tx® (1 —1t)y, te]l0,1], then we obtain from Lemma 5.2.4 that

— —
= (2T'z,2Tz)
= ((tz ® (1 — t)y)Tz, 2T%)

— — — —
<taTz 2Tz) + (1 —t)(yTz, 2Tz)

_l’_
—t |(Z, zT§> + <zT,§, zT,;>] +(1—1) [(y?, 2T2) + (212, 2T%)

d*(z,T%)

< %tdz(z,Tz) +td? (2, Tz) — %dQ(z,TZ) + (1= 0)d*(2,Tz)

—1
= TdQ(z,Tz) +d*(2,Tz),

which implies that $d*(z,Tz) < 0. Since 6 # 0, we obtain that z € F(T') as required. [

Lemma 5.3.5. Let X be a CAT(0) space and T : X — X be a 0-generalized demimetric
mapping with 6 # 0. Suppose that Sxx = Az & (1 — \)Tx with 6 < ﬁ and A€ (0,1),
then Sy is quasi-nonexpansive and F(Sy) = F(T).

Proof. Let x € X and z € F(T), then since T is f-generalized demimetric, we obtain from
Lemma 5.2.4 that

(7, 7550) = (A @ (1 — NT2), 72)
< M@, 72) + (1 — \)(Tza, )
— (1 - A\)(Taz, %)
—(1=))?

< md2(x, Tx). (5.3.4)

Now, from (2.2.1), we obtain that d*(z, Sxx) = (1—\)2d*(z, T'z). Substituting into (5.3.4),

we obtain 1

—
(z#,255z) < ]

d2(ﬂf, Sh\z),
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which implies that

— 1 9
(T2, 2552) > md (x,S\x)

1
> §d2(9c,5,\x).
Thus, we obtain that
d*(z, Syr) + d*(z,z) — d*(z, S\z) > d*(z, Syx),

which implies that
d*(z,Szx) < d*(z,2).

Hence, S is quasi-nonexpansive.
Next, we show that F'(Sy) = F(T). From (2.2.1), we obtain that

d(z,S\x) = (1 = N)d(z, Tx).

This implies that Syz = x if and only if Tx = x. Therefore, F(S,) = F(T). O
Theorem 5.3.6. Let X be an Hadamard space and X* be its dual space. Let A; : X —
2X" i =1,2,--- N be a finite family of multivalued monotone mappings satisfying the

range condition and T : X — X be a 0-generalized demimetric mapping with 0 # 0.
Suppose that T := F(T)N (NN, A;1(0)) # 0 and for arbitrary u, v, € X, the sequence {x,}
15 defined by

Yn = (]- - an)mn N> apu,
20 = (1 = %)Un ® 1S, (JY 0 JN o0 J2 0 Jiy,), (5.3.5)
Tpt1 = (1 - 571)1/71 ) ﬁnzna n Z 17

where S,x = pxr® (1 —p)Tx such that S, is A-demiclosed, with § < %, pe(0,1), xe
(0,00) and {an}oy, {6n}22y, {52, arein (0,1) satisfying the following:

(C1) lim a, =0, > ay, = 00,
n—o0 n=1
(C2) 0 <a<Ph yn<b<l.

Then {x,} converges strongly to an element of T.

Proof. We first show that {z,} is bounded.
Let p € T, from (5.3.5), Lemma 2.2.6 and Lemma 5.3.5, we have
d2(2n7p) = dz((l - f}/n)yn ¥ PYnSu(J)]\V o J)]\Vil ©---0 J,% o Jiyn)ap)
S (1 - PYn)dQ(yn:p) + 7nd2<SM(J)]\V © J)J\Vil ©---0 J/% o Jiyn)ap)
— (1 — ’Vn)dz(ym SM(J)]\V © J>]\V_1 00 Jf © Jiyn))

< (1 - PYn)dQ(ynap) + Vnd2<ymp) — Yn(1 — 7n)d2(yna Su(J/]\V o Jiv_l 0---0 Jf o J,{yn))
(5.3.6)

< d*(Yn, p)-
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We also have from (5.3.5) and (2.2.1) that

d<xn+17 yn) - 6nd(2n; yn)7 (537)
which implies that
d2($ 1, Yn)
P(2, yp) = 22 (#) _ 538
(20, ) B B, ( )

From (5.3.5), (5.3.6), (5.3.8) and Lemma 2.2.6, we obtain

&*(wni1,0) < (1= B)d* (Y, P) + Bad(20,0) = Bu(1 = Ba)d* (Y, 2n) (5.3.9)
< dz(ymp) - %(1 - Bn)d2<xn+la Yn) (5.3.10)
< d&(yn, p).

Thus, we obtain from Lemma 2.2.6 that

< d(Yn, p)
< (1 = ap)d(2y, p) + and(u,p)
<max {d(z,,p),d(u,p)}

d(xn+17p)

<max {d(xi,p),d(u,p)}.

Therefore, {z,} is bounded and consequently, {y,} and {z,} are all bounded.
Next, we show that

m d(y, Su(JN 0 JN o0 J} 0 Jly,)) = 0.

n—oo

From (5.3.5),(5.3.9) and Lemma 2.2.6, we have that

lae1,) < Plnep) = 51— B)E(@i1,30)
= (1= an)an ® . p) = 51~ ) (i)
< (1 ' (0,p) + @3, p) + 200(1 = ) (F, T) = (1= B 1,0
< (1 = ) (a.p) + @3, p) = 2001 = ) b ) = 51 = B (i, )
= (1 = an)d* (2, p) + an(—d,), (5.3.11)
where
o = |21 = ) (@b, ) = and . p) + 5o (1= BB (@) (6312
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Since {x,} and {y,} are bounded, they are bounded below. Thus, {d,} is bounded below,
which implies that {—d,,} is bounded above.
Therefore, we obtain from Lemma 5.2.3 and condition C1 of Theorem 5.3.6 that

lim sup d*(x,,, p) < limsup(—d,,)

n—oo n—oo

= —liminf d,, (5.3.13)

which implies that liminf(d,) < —limsupd?(z,,p). Thus, we conclude that liminf d,

. n—oo
exists.

Hence, we obtain from (5.3.12) and condition C'1 of Theorem 5.3.6 that

liminf d,, = lim inf [Q(xn P +

n—o0 n—o0

S B)E )]

Since {z,} is bounded and X is complete, we obtain from Lemma 4.2.6 that there exists
a subsequence {x,, } of {x,} such that A—klim T, =z € X, and
— 00

liminf d,, = hm [2<xnk , P +

n—oo k—o0

(1 - Bnk)d2<xnk+17 ynk>:| ) (5314)

Nk =Nk

for some subsequences {y,, }, {8n.} and {a,,} of {y.},{8.} and {a,} respectively.
Using the fact that {z,} is bounded and lim inf d,, exists, we get that

n—o0

{B — (1 = By, )d* (211, ynk)} is bounded. Also, by condition C2, we obtain that
=Tk

(1= Bu,) = 75—(1 =) > 0. Thus { P (g, ynk)} is bounded.
Again, from C1 and C2, we obtain that 0 < I < a"‘“ — 0, as k — oo. Thus,

B,
Z:]’: —0 as k — oo.
Therefore, we obtain from (5.3.8) that
lim d(zy, , Yn,) = 0. (5.3.15)

k—o0

From (5.3.7), (5.3.15) and condition C2, we obtain that

lim d(zy, 41, Yn,) = 0. (5.3.16)

k—o00

Also, from (5.3.6) and (5.3.15), we have

7”1@(1 - 7nk)d2(ynk7 SM(‘])J\V © J)]\V_l O Jf © J)\lynk)) < dz(ynk’p) - dz(znwp)
S d2(ynk7 ZT%) + 2d(ynk7 an)d(znk7p)
+ dz(znkap) - dQ(anap> — 07

as k — oo.
Thus, from Condition C'2, we have that
klim (Y Su(Jy 0 SN Lo TR o Jiyn,)) = 0. (5.3.17)
—00
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Next, we show that lim d(v,,,S,vs,) = 0.
k—o0

Let v,, = ®Yy,,, where &Y = JV o JNV "1 o... J} o J} with &) = 1. Since JJ¥ is firmly
nonexpansive, we obtain from Remark 2.5.3 and (5.3.17) that

dz(vnw q)iv_lynk) < d&*(p, q)iv_lynk) — d*(p, Uny.)
< d*(p,yn,) — d*(p, Syuvn,)
S d2 (p7 Sﬂvnk) + 2d(p7 Sﬂvnk)d(suvnm ynk)
+ d*(S,Uny, Yny,) — (D, Spuvn,) — 0 as k — oo. (5.3.18)

Similarly, since J iv ~!is firmly nonexpansive, we obtain that

dQ((I)i\Llynm (I)ﬁ\V%ynk) < d2(p, (I)iVﬁynk) - dQ(pa (I)f\Vﬂ?/nk)

< dQ(pa ym) - dQ(pa Unk)

< d&*(p,yn,) — d*(p, Suvn,,)

< d*(p, Svny) + 2d(p, Su0n, )A(S,u0n, s Yny)

+ d*(S,Uny s Yny,) — (D, Spvn,) — 0 as k — oo. (5.3.19)

In the same manner, we can show that

khm d2((1)iv_2ynk, (PJ)\V_3ynk) = lim d2(®iv_3ynk’ @J)\V_4ynk) =---= lim dQ((I)iynkv ynk) = 0.
—00 k—o0 k—o0

(5.3.20)
Thus,

A(Vn, Yn,) < PN Y ®X " Yn,) + ARY Yy, OX 7 Yn,) + o+ d( D3y Y )-
This implies from (5.3.18), (5.3.19) and (5.3.20) that

lim d(vnk’ ynk) = kh—>I£lo d(‘]iv © ‘],J\V_l O Jz © Jklynka yTLk) =0. (5‘3'21)

k—o00

Furthermore, from (5.3.17) and (5.3.21), we obtain

lim d(vn,,S,v,,) = 0. (5.3.22)
k—o0

Lastly, we show that {z,} converges strongly to z € T".

From (5.3.5) and condition C'1, we obtain

A(Yny, Tny,) = d((1 = )Ty, & Qi Ty,)
= oy, d(u,x,,) >0 as k — oo. (5.3.23)

Since A—klim T, = 2z, we obtain from (5.3.23) that A—khm Yn, = %, and from (5.3.21)
—00 —00

that A—klim Upn, = 2. By the demicloseness of S, (5.3.22) and Lemma 5.3.5, we obtain
—00

that z € F(S,) = F(T). Since Ji, i = 1,2,---, N are nonexpansive mappings and the
composition of nonexpansive mappings is nonexpansive, we obtain from (5.3.21), Lemma
5.2.2 and Lemma 2.5.4 that 2 € F(JY o J) o0 20 J}) = F(J)NFIN)NF(JY N
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~-NF(J})NF(J}). Hence z € T.
Furthermore, we obtain from Lemma 4.2.7 that

lim sup(zt, z,, %) > 0.

n—oo

Thus, we obtain from (5.3.14) and (5.3.16) that

liminfd, =2 klim (Zl, Tpy ) > 0.
—00

n—oo

Hence from (5.3.13), we have

limsup d*(z,, 2) < —liminf d, < 0.

n—00 n—oo

Therefore, lim d(x,,z) = 0 and this implies that {x,} converges strongly to z € I". [

n—oo

Setting T"= I (where I is the identity mapping) in Theorem 5.3.6, we have the following
result:

Corollary 5.3.7. Let X be an Hadamard space and X* be its dual space. Let A; : X —
2X° i =1,2,--- N be a finite family of multivalued monotone mappings satisfying
the range condition. Suppose that ' := NY,A7(0) # 0 and for arbitrary u,z, € X, the
sequence {x,} is defined by

Yn = (1 - an>xn b a,u,
Zn= (1= 9)yn @I 0 JY o0 J2 0 Jlyn, (5.3.24)
Tpt1 = (1 - /Bn)yn @ Bnzn, n>1,

where A € (0,00) and {a,}22 1, {Bn}riy, {m}rey are in (0,1) satisfying the following:
(C1) lim o, =0, > a, =00,

n—00 nel
(C2) 0<a< B yn<b<l.

Then {x,} converges strongly to an element of T.

Setting N =1 in Theorem 5.3.6, we have the following result:

Corollary 5.3.8. Let X be an Hadamard space and X* be its dual space. Let A : X — 2%
be a multivalued monotone mapping that satisfies the range condition and T : X — X be
a O-generalized demimetric mapping with 6 # 0. Suppose that T := F(T)NA~Y(0) # 0 and
for arbitrary u,x; € X, the sequence {x,} is defined by

Yn = (1 - an)xn & a,u,
Zn = (1= 7)Yn © 1S, (J3lyn), (5.3.25)
Tpt+1 = (1 - 5n)yn SP 5n2n7 n Z 17

where S,x = px® (1 —p)Tx such that S, is A-demiclosed, with § < ﬁ, pwe (0,1), e
(0,00) and {a,}22 1, {Bn}y, {Vn}22, are in (0,1) satisfying the following:

71



(C1) lim o, =0, > ay, = o0,
n—o0 n=1
(C2) 0<a< By, Ta<b<l

Then {x,} converges strongly to an element of I.

If T is nonexpansive in Corollary (5.3.8), we obtain the following result.

Corollary 5.3.9. Let X be an Hadamard space and X* be its dual space. Let A : X — 2X°
be a multivalued monotone mapping satisfying the range condition and T : X — X be a
nonexpansive mapping. Suppose that T’ := F(T)NA~Y(0) # 0 and for arbitrary u,r, € X,
the sequence {x,} is defined by

Yo = (1 — )z, ® auu,
2o = (1= 7)Yn ® 1T (Jyn), (5.3.26)
Tpt+1 = (]— - 6n)yn S¥ 6’@2717 n Z ]-7

with A € (0,00) and {a,}5° 1, {Bn}oy, { w2, are in (0,1) satisfying the following:

(C1) lim a, =0, > oy, = 00,
n—o0 n=1
(C2) 0 <a< B, ym<b<l.

Then {x,} converges strongly to an element of T.

5.4 Application to some optimization problems

In this section, we apply our results to solve some optimization problems.

Definition 5.4.1. Let X be an Hadamard space and f : X — (—o0,00] be a proper,
convez and lower semicontinuous function with domain D(f) :={x € X : f(x) < +00}.
The function f: X — (—o0, 0] is called

(1) proper, if D(f) # 0,

(ii) convez, if

fAz @ (1=Ny) <Af(x) +(1-=Nf(y) V z,ye X and X (0,1),

(11i) lower semicontinuous at a point x € D(f), if

f(z) < liminf f(z,),

n—oo

for each sequence {x,} in D(f) such that lim xz, = z.
n— o0
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() f is lower semicontinuous on D(f), if it is lower semicontinuous at any point in

D(f).

Definition 5.4.2. [/5] Let X be an Hadamard space and X* be its dual space. The
subdifferential of f is the multivalued function Of : X — 2% defined by

0f(@) = {{:c* € X*: f(z) — f(z) > (o, 72) ¥ ze€ X}, ifze D)), (541)

0, otherwise.

Theorem 5.4.3. [/3] Let f : X — (—o00, +00] be a proper, convex and lower semicontin-
uous function on an Hadamard space X with dual X*, then

(i) [ attains its minimum at © € X if and only if 0 € Of(x),
(ii) Of : X — 2% is a monotone operator,

(iii) for anyy € X and o > 0, there exists a unique point © € X such that [ox])] € df (x),
that is D(J) = X, for all X > 0.

Definition 5.4.4. Let C be a nonempty, closed and convex subset of X. The indicator
function 6c : X — R defined by

Sox = {0’ fz el (5.4.2)

+00, otherwise.

It is generally known that d¢ is a proper convex. Thus, by Theorem 5./.5 (ii)(iii), we have
that the subdifferential of 0c, given by

{z* e X*: (z*,78) <0 VY z€C} if xeC

5.4.3
0 otherwise, ( )

9o (x) = {

18 a monotone operator which satisfies the range condition.

5.4.1 Variational inequality problem

Recently, Khatibzabdeh and Rajbar [19] formulated a VIP associated with a nonexpansive
mapping in an Hadamard space as follows: Find x € C such that

(Tet, 7)) >0 ¥V yeC. (5.4.4)

Recall that the metric projection Po : X — C is defined for z € X by d(z, Pcx) =
ing d(z,y) and is characterized by z = Pox if and only if (z£,2]) <0, V y € C (see
ye

[19]). Using the characterization of Pg, we obtain that

x = PcTx  if and only if <m,:@)20 vV yel.
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Thus, we have that x € F(Pz o T) if and only if x solves (5.4.4). From (2.5.1), we have
that

: 1
z = Jf‘scx — [X%} € Doz — <z7,@) <0, Vyel < z=Pox. (54.5)

Letting 2 = x, we obtain that z = Poz if and only if z € (95¢)~*(0). Thus,

v € (00c) H O)NF(T) = 2€ F(Po)NF(T) = x€ F(PzoT).

Suppose the solution set of Problem (5.4.4) is T. Setting A = dd¢ in Corollary 5.3.9, we
apply Corollary 5.3.9 to obtain the following result for approximating solutions of VIP in
Hadamard spaces.

Theorem 5.4.5. Let C' be a nonempty closed and convex subset of an Hadamard space
X and X* be its dual space. Let T : X — X be a nonerpansive mapping. Suppose that
Y # 0 and for arbitrary u,x1 € X, the sequence {x,} is defined by

Yn = (1 - an)xn b a,u,
2= (1= )0 & 1T (JY Yn), n>1, (5.4.6)
Tpt+1 = (1 - ﬁn)yn s> ﬁnzna n Z 17

with A € (0,00) and {a,}o2q, {Bn}o2:, {1}y C (0,1) satisfying the following:
(C1) lim o, =0, > a, = o0,
n—oo n=1
(C2) 0<a<fB,, Tmlb<l1.
Then {x,} converges strongly to an element of Y.

5.4.2 Convex feasibility problem

The convex feasibility problem is defined as follows: Find x € C such that

N
re()C, (5.4.7)
i=1
where C' is a nonempty closed and convex subset of X and C;, ¢ =1,2,---, N is a finite
family of nonempty closed and convex subsets of C' such that ﬂf\il C; # 0.

From (5.4.5), we have that x = Jfécix if and only if x = Po,z, @=1,2,---, N. Setting
A; = 3d¢, in Corollary (5.3.7) and J, = P, 4= 1,2,---,N in Algorithm 5.3.24, we
can apply Corollary 5.3.7 to approximate solutions of (5.4.7).
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5.4.3 Convex minimization problem

The minimization problem is to find x € X such that

f(x) = min f(y). (5.4.8)

yeX

Observe from Theorem 5.4.3 (i) that (5.4.8) can be written as: Find € X such that

0 € df(x). (5.4.9)
Thus, by setting A = df in Theorem 5.3.6, we obtain the following result.

Theorem 5.4.6. Let X be an Hadamard space and X* be its dual space. Let f; : X —
(—o0,00], 1=1,2,--- N be a finite family of proper, convex and lower semicontinuous
functions and T : X — X be a 0-generalized demimetric mapping with 6 # 0. Suppose that
Y := F(T) N (NX,0f71(0)) # 0 and for arbitrary u,z, € X, the sequence {x,} is defined
by

Yn = (1 - an)xn @& a,u,
20 = (1= %)Yn ® 1 Su(JP7N 0 JYN 1 00 JOR 0 SOy, (5.4.10)
Tp+1 = (1 - ﬁn)yn s> ﬁnzn7 n Z 17

where S,x = px® (1 —p)Tx such that S, is A-demiclosed, with § < ﬁ, pe(0,1), e
(07 OO) and {an};o:h {BTL}?LO:D {,Yn}%o:1 - (07 1)7 satzsfymg

(C1) lim o, =0, > a, = o0,
n—o0 n=1
(C2) 0<a<fB,, Tn<b<l1.

Then {x,} converges strongly to an element of Y.
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Chapter 6

Conclusion, Contribution to
knowledge and Future Research

6.1 Conclusion

In this dissertation, we proposed some iterative methods for approximating solutions of
SVIPs and MIPs in Hilbert spaces and Hadamard spaces respectively. In Chapter 3,
we established a strong convergence theorem for approximating solutions of split pseudo-
monotone variational inequality problems in Hilbert spaces without the prior knowledge
of Lipschitz constant of the pseudo-monotone, and with minimized number of projections
as compared with other results in the literature. We also gave numerical examples in this
chapter in a real Hilbert space. In Chapter 4, we established a strong convergence theorem
for approximating a common solution of a finite family of MIPs and fixed point problem
for a generalized asymptotically nonexpansive mapping in Hadamard spaces. Several
numerical examples of our established theorem are given in support of the theorem. In
Chapter 5, we introduced the class of generalized demimetric mappings in Hadamard
spaces and prove several fixed point results concerning this class of mappings. We further
obtained a strong convergence result of the sequence generated by our iterative scheme,
and applied the established results to solve other optimization problems like the VIPs,
convex feasibility problems and convex minimization problems.

6.2 Contribution to knowledge

The contribution of this work are as follows:

(i) In [21, 85], Censor et al., Tian and Jian proposed algorithms for approximating the
solution of the SVIPs and proved that the sequence generated by the algorithms
converges weakly to a solution of the spilt variational ineqaulity problem when the
operator is inverse strongly monotone and monotone (with a nonexpansive mapping)
respectively. Our work in Chapter 3 generalizes these results since we obtained a
strong convergence results when the underlying operator is pseudo-monotone and
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the mapping is strictly pseudocontractive. Also, our algorithm is designed in such
a way that it does not depend on the knowledge of the Lipschitz constant of the
underlying operator unlike the algorithms considered in [21, 85]. Furthermore, our
algorithm has minimized number of projections compared to that of Tian and Jian
[35], and our numerical experiments in Section 3.4 show that our algorithm performs
better than that considered by Tian and Jian [85].

(ii) Ranijbar and Khatibzabeh [69] proposed the Mann and Halpern-type PPAs in Hdamard
spaces for approximating solutions of MIPs. In Chapter 4 of this dissertation, we
introduced a viscosity PPA for approximating a common solution of a finite family
of MIPs and fixed point problem for generalized asymptotic nonexpansive mapping.
Besides the fact that the problem considered in this chapter (Chapter 4) generalizes
the problem studied by Ranijbar and Khatibzabeh [(9], the Mann and Halpern algo-
rithms of Ranijbar and Khatibzabeh [69] are special cases of the viscosity algorithm
proposed in this chapter. Moreover, it has been established that viscosity type al-
gorithms have higher convergence rates than Halpern iterations (see [07] for more
advantages of viscosity algorithms over Halpern algorithms).

(iii) In Chapter 5, we introduced and studied the class of generalized demimetric map-
pings in Hadamard spaces. We proposed an iterative scheme which converges strongly
to a common zero of a finite family of monotone operators which is also a fixed point
of the newly introduced generalized demimetric mappings in an Hadamard space.
The results obtained in this chapter generalize the results obtained in [4].

6.3 Future Research

In this section, we discuss some possible areas of future research.

The Armijo-like search rule (3.3.2) can be seen as a local approximation of the Lipschitz
constant L of the pseudo-monotone and Lipschitz continuous operator f. Thus, the Lips-
chitz constant need not to be known. Hence, the stepsize {\,} is given self-adaptively in
our algorithm, which implies that the {\,} in our algorithm does not depend on the knowl-
edge of L. However, as observed in [73, Remark 5.3], Armijo-like search rules involve some
evaluations of the operator f in the inner iteration and additional projections, in order to
determine whether a certain ”candidate” predictor stepsize satisfies the required inequal-
ity (i.e., inequality (3.3.2)). This may affect the efficiency of algorithms with Armijo-like
search rules. To avoid this, one may relax the Lipschitz continuity assumption on the
operator f. In our future research, we shall replace the Lipschitz continuity assumption
on f with uniform continuity and try to obtain similar results as in Chapter 3. When this
is achieved, we shall generalize the obtained results from Hilbert space settings to other
Banach spaces more general than Hilbert spaces.

In Hadamard spaces, we are aware of only two results on VIPs (see [2, 19]), for which the
underlying operators are nonexpansive and inverse strongly monotone operators. Thus,
the theory of VIPs in Hadamard spaces are still in the developing stage. Part of our future
research would be to study VIPs in Hadamard spaces.

7



It is generally known that Hilbert spaces are the only Banach spaces which are examples
of Hadamard spaces. To further generalize established results in other Banach spaces like
p-uniformly convex Banach spaces, Noar and Silberman [64] introduced the notion of p-
uniformly convex metric spaces in 2011, which are natural generalization of the classical
notion of p-uniformly convex Banach spaces. The notion of p-uniformly convex metric
space is defined as follows: Let 1 < p < 0o, a metric space X is called p-uniformly convex
with parameter ¢ > 0 if X is a geodesic space and for all z,y, 2z € X and ¢ € [0, 1], we have

d(z, (1 — )z @ ty)? < (1 —t)d(z,2) + td(z, y)? — gt(l — tyd(x,y)P.

In our future research, we shall try to generalize the results in Chapter 4 and 5 to the
framework of p-uniformly convex metric spaces.
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