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RESUMEN

Numerosos problemas en diferentes areas de las matematicas pueden ser reformula-
dos como un problema de punto fijo de una aplicacién no expansiva. Por ejemplo,
dado un operador mondétono en un espacio de Banach, es conocido que el operador
resolvente asociado es una aplicaciéon no expansiva cuyo conjunto de puntos fijos
coinciden con el conjunto de ceros del operador monétono. Igualmente, el operador
complementario de una aplicacién no expansiva es monétono y su conjunto de ceros
es el conjunto de puntos fijos de la aplicacién. La conexion existente entre la teoria
del punto fijo y la teoria de operadores monétonos permite establecer equivalencias
entre un problema de punto fijo para aplicaciones no expansivas y otros problemas
como por ejemplo la bisqueda de una soluciéon de una desigualdad variacional, un
minimizante de una funcién convexa o un punto de silla de un problema minimax.

Motivado por las anteriores aplicaciones, el estudio de métodos iterativos para la
aproximacion de puntos fijos de aplicaciones no expansivas en espacios de Banach ha
adquirido una gran relevancia en los tultimos afios, especialmente en el caso particular
de los espacios de Hilbert. Entre los algoritmos iterativos investigados hasta hoy,
cabe destacar los siguientes:

e La iteracién de Mann, cuyo esquema algoritmico consiste en definir la nueva
iterada como la combinacién convexa de la iterada anterior y su imagen por
la aplicacion no expansiva.

e La iteracién de Halpern, cuya formula recursiva viene dada por la combinacion
convexa de un punto arbitrario y la imagen de la iterada anterior por la apli-
cacién no expansiva.

Ambos algoritmos, en sus férmulas implicitas y explicitas, han sido ampliamente
estudiados y siguen siendo el objeto de investigaciéon de muchos trabajos. A pesar
del gran nimero de resultados en cuanto a la convergencia de estos algoritmos, atin
existen importantes problemas abiertos referentes a las propiedades geométricas
del espacio, hipétesis sobre la aplicaciéon no expansiva u otros aspectos como el
comportamiento asintotico de la sucesién de constantes de la combinacién convexa.

Un importante campo de aplicacién de estos métodos es el problema de apro-
ximacién de ceros de un operador monétono. Otro ejemplo es el uso de la teoria
de aproximacion del punto fijo para resolver problemas de viabilidad convexa como



es el caso del problema multiple-sets split feasibility que consiste en encontrar un
punto perteneciente a la interseccién de una familia finita de conjuntos cerrados y
convexos cuya imagen por una aplicacién lineal pertenece a la interseccién de otra
familia finita de conjuntos cerrados y convexos. Este problema constituye una via
de enfoque de problemas de otras disciplinas cientificas como la reconstruccién de
imagenes o la terapia con radiacién de intensidad modulada.

Esta extensa teoria que tiene como objeto de estudio las aplicaciones no expan-
sivas y los operadores monoétonos ha sido desarrollada principalmente en el marco
de los espacios de Banach. Recientemente algunos conceptos y técnicas propias de
los espacios vectoriales lineales han sido extendidos al marco maés general de los
espacios métricos. En concreto, en variedades de Riemann, el estudio de métodos
iterativos para resolver problemas de optimizacién, desigualdades variacionales y la
bisqueda de ceros de operadores monoétonos ha sido el centro de investigacion de
muchos trabajos. Especialmente en variedades de Hadamard, que son variedades
con curvatura negativa que presentan muy buenas propiedades geométricas.

En esta tesis, se estudia los problemas que aparecen en la conexién entre las
teorias de operadores mondtonos y aplicaciones no expansivas tanto en espacios li-
neales como no lineales. El Capitulo 1 estd dedicado a diferentes enfoques para
aproximar puntos fijos de aplicaciones de tipo no expansivo definidas en espacios
de Banach. En el Capitulo 2, se desarrolla una teoria de operadores mondétonos y
punto fijo de aplicaciones no expansivas en variedades de Hadamard, extendiendo
resultados de la teoria clasica conocida en espacios de Hilbert.
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Introduction

Many problems arising in different areas of mathematics, such as optimization, vari-
ational analysis and differential equations, can be modeled by the equation

z="Tx,

where T' is a nonlinear operator defined on a metric space. The solutions to this
equation are called fixed points of T'. If T is a contraction defined on a complete
metric space X, Banach contraction principle establishes that T has a unique fixed
point and for any = € X, the sequence of Picard iterates {1"z} strongly converges
to the fixed point of T. However, if the mapping 7" is a nonexpansive mapping, that
is,

d(T(x),T(y)) <d(z,y), Yo,y € X,

then we must assume additional conditions on 7' and/or the underlying space to
ensure the existence of fixed points. Since the sixties, the study of the class of
nonexpansive mappings is one of the major and most active research areas of non-
linear analysis. This is due to the connection with the geometry of Banach spaces
along with the relevance of these mappings in the theory of monotone and accretive
operators.

If we denote by X* the dual space of a Banach space X, a set-valued operator
A: X — 2%" with domain D(A) is said to be monotone if

(" —y",x—y) >0, Va,yeD(A)and z* € A(z), y* € A(y).
On the other hand, a set-valued operator A : X — 2% is said to be accretive if

(z* —y"jr—y)) 20, Va,yeD(A) and 2" € A(x), y* € A(y),
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where j(xz—y) € J(x—y) and J denotes the normalized duality mapping. One of the
most relevant facts in the theory of monotone and accretive operators is that the two
classes of operators coincide in the setting of Hilbert spaces; see [16]. The concepts
of monotonicity and accretivity have turned out to be very powerful in diverse fields
such as operator theory, numerical analysis, differentiability of convex functions and
partial differential equations; see [88, 76, 27, 129]. In particular, one of the reasons
is that the class of monotone operators is broad enough to cover subdifferentials
of convex functions, which are operators of increasing importance in optimization
theory. Recall that, given a function f : X — (0o, —o0], the subdifferential of f is
the set-valued operator df : X — 2% defined by

Of(xg) ={z" € X*: f(x) > f(x0) + (x — xo,z™), YV € X},

for any xg € X. Then, if f is lower semicontinuous and convex, df is monotone; see
[27]. This fact establishes an equivalence between convex minimization problems
and the search for zeros of monotone operators. A zero of an operator A is a point
x € X such that 0 € A(x).

Regarding the problem of the existence of zeros it is essential the concept of
maximal monotone operators. We say that A : X — 2%X" is maximal monotone if is
a monotone operator on X such that, for any z1 € X and y; € X*, the inequality

(11 —y2, 1 —x2) >0, Vay € D(A) and y2 € A(x2),

implies that y; € A(x;). Likewise, its relationship with the notion of upper-
semicontinuity constitutes a fruitful tool; see [14].

The relationship between the theory of monotone operators and the theory of
nonexpansive mappings is basically determined by two facts: (1) if 7' is a nonex-
pansive mapping then the complementary operator I — 7' is monotone and (2) the
resolvent of a monotone operator A is nonexpansive. Moreover, in both cases the
fixed point set of the nonexpansive mapping coincides with the set of zeros of the
monotone operator.

The resolvent of a monotone operator in the setting of a Banach space was
introduced by Brezis, Crandall and Pazy in [10]. They set up the fundamental
properties of the resolvent, with special emphasis on the strong connection between
its fixed points and the zeros of the monotone operator. From this starting point, the
study of the asymptotic behavior of the resolvent operator has awakened the interest
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of many researchers. See, for instance, [20, 95, 56] and references therein. In the
framework of a Hilbert space H, given a maximal monotone operator A : H — 24
the resolvent of A of order A > 0 is the single-valued mapping Jy : H — H defined
by

Ia(z) = (I +214)" (),

for any x € H. Tt is straightforward to check that A=1(0) = Fix(Jy), where Fix(Jy)
denotes the fixed point set of Jy. Moreover, the resolvent is not just nonexpansive
but also firmly nonexpansive; that is,

[Ix(z) = IAW)II* < (z =y, J(z) = Ja(y)),

for all x,y € H; see, for instance, [20]. Thus the problems of existence and ap-
proximation of zeros of maximal monotone operators can be formulated as the cor-
responding problems for fixed points of firmly nonexpansive mappings. It is this
approach, applicable to other related problems as well, which makes firmly nonex-
pansive mappings an important tool in monotone operator and optimization theory.

In the interface between monotone operators and nonexpansive type mappings
another class of nonlinear mappings appears, the so called pseudo-contractive map-
pings. Recall that a mapping T : H — 2 is said to be pseudo-contractive if, for
any r > 0,

[z =yl < [T +7)(z—y) =r(u—v)l, Yo,y e H, ueT(x), veT(y).

This concept was introduced by Browder and Petryshyn, in [16], and they proved
that a mapping T is pseudo-contractive if and only if the complementary operator
I — T is monotone. This means that the problem of solving an equation for mono-
tone operators may be formulated as a fixed point problem of a pseudo-contractive
mapping.

Concerning the fixed point approximation problem, we recall that the sequence
of Picard iterations {7z} strongly converges for contractions on complete metric
spaces. However, if T is nonexpansive, even when it has a fixed point, this se-
quence {T™z} does not converge in general. For this reason, in the last decades,
the development of feasible iterative methods for approximating fixed points of a
nonexpansive mapping 7T has been of particular importance. For instance, [19, 29]
constitute nice surveys about the asymptotic behavior of nonexpansive mappings
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in Hilbert and Banach spaces. It is worth mentioning two types of iterative proce-
dures, Mann iteration and Halpern iteration. Both algorithms have been studied
extensively and are still the focus of a host of research works.

Mann iteration, initially due to Mann [72], is the averaged algorithm defined by
the recursive scheme

Ln+1 = (1 - an)fl:n + apTwy, n >0,

where ¢ is an arbitrary point in the domain of 7" and {«,,} is a sequence in [0, 1].
One of the classical results, due to Reich [94], states that if the underlying space
is uniformly convex and has a Fréchet differentiable norm, 7" has fixed points and
Y non(l —ap) = oo, then the sequence {x,} defined by Mann algorithm weakly
converges to a fixed point of T. Moreover, a counterexample provided by Genel
and Lindenstrauss ([45]) shows that in infinite-dimensional spaces Mann iteration
cannot have strong convergence. References [52, 94, 44, 121] can be consulted for
the convergence of Mann algorithm.

Halpern iteration, first presented in [50] by Halpern, is generated by the recursive
formula

Tnt1 = apu~+ (1 — ap)Tzy, n >0,

where zg and u are arbitrary points in the domain of T and {«,} is a sequence
in [0,1]. Unlike Mann iteration, Halpern algorithm can be proved to have strong
convergence provided that the underlying space is smooth enough; see [65, 116, 95,
99, 120, 28, 108] and references therein. We should mention that it is still not clear
whether Halpern algorithm converges if the underlying space does not have a smooth
norm. We give more details about the convergence of both methods in Section 1.1.2.

One of the sources of the relevance of the iterative methods for approximating a
fixed point of a nonexpansive mapping is its application in other fields. Besides the
problem of zeros of a monotone operator, they can be applied to finding a solution to
a variational inequality and a minimizer of a convex function, among other problems.
For instance, in a Hilbert space H, given a monotone operator A defined on a closed
convex subset C, the variational inequality problem associated to A, VIP(A, (), is
formulated as finding a point #* € C such that

(Az*,x —2*) > 0, Vo € C.
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It can be readily proved that the VIP(A, C) is equivalent to the problem of finding
a fixed point of the nonexpansive mapping

T = Po(I — AA),

where A > 0 is an arbitrary real number, [ is the identity mapping and P¢ is the
metric projection onto C. On the other hand, if f : C' — R is a differentiable convex
function and we denote by A the gradient operator of f, then the VIP(A, C) is the
optimality condition for the minimization problem

So an approach to approximating a solution of the VIP(A,C) or a minimizer of f
is via a fixed point problem.

Another example of applications of the approximation fixed point theory is the
multiple-sets split feasibility problem, MSSFP, introduced by Censor et al [24], which
consists of finding a point belonging to a family of closed convex sets in one space
such that its image under a linear transformation is contained in another family of
closed convex sets in the image space. It serves as a model for inverse problems where
constraints are imposed on the solutions in the domain of a linear transformation
as well as in its range. In particular, the MSSFP arises in the field of intensity-
modulated radiation therapy; see [22, 25] and references therein. Formally, in the
setting of Hilbert spaces, the MSSFP is formulated as finding a point «* satisfying

N M
x*eC::ﬂCi and Ax*GQ:IﬂQm

i=1 j=1

where N, M > 1 are integers, {C;}Y, and {Q; j]\il are closed convex subsets of
Hilbert spaces Hy and Hs, respectively, and A : Hy — Hs is a bounded linear
operator. It generalizes the convex feasibility problem (cf. [31]) and the two-sets
split feasibility problem (cf. [23, 21, 130, 124]).

Regarding the problem of finding a zero of a monotone operator A, in the case of
Hilbert spaces, Rockafellar [103], inspired by Moreau and Martinet [78, 75], defined
the proximal point algorithm for monotone operators by means of the iterative
scheme

0€ A(znt1) + M(Tpy1 — 2p), n >0,
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where {\,} is a sequence of real positive numbers and z( is an initial point. In the
study of its convergence, the key tool is the asymptotic behavior of the resolvent of
the monotone operator A.

This extensive theory dealing with nonexpansive mappings and monotone oper-
ators has mainly been developed in the framework of Banach spaces. Out of the
setting of linear vector spaces, some concepts and techniques have been extended to
other metric spaces. In particular, in the setting of Riemannian manifolds, relevant
advances have been made in this direction. The study of optimization methods to
solve minimization problems on Riemannian manifolds has been the subject of many
works. It has offered a new way to solve non-convex constrained minimization prob-
lems in Euclidean spaces by means of convex problems on Riemannian manifolds;
see [36, 41, 42]. A generalization of the convex minimization problem is the varia-
tional inequality problem. In the study of this problem several classes of monotone
vector fields have been introduced (see [81, 82, 36] for single-valued vector fields and
[35] for point-to-set vector fields) and convergence properties of iterative methods
to solve them have been presented (see, for instance, [41]).

Riemannian manifolds constitute a broad and fruitful framework for the de-
velopment of different fields. However, most of the extended methods previously
mentioned require the Riemannian manifold to have nonpositive sectional curva-
ture. This is an important property which is enjoyed by a large class of Riemannian
manifolds and it is strong enough to imply tight topological restrictions and rigid-
ity phenomena. More precisely, Hadamard manifolds, which are complete simply
connected and finite dimensional Riemannian manifolds of nonpositive sectional cur-
vature, have become a suitable setting for diverse disciplines. A Hadamard manifold
is an example of hyperbolic space and geodesic space, more precisely, a Busemann
nonpositive curvature (NPC) space and a CAT(0) space; see [59, 54, 113].

This thesis studies the problems that arise in the interface between the fixed
point theory for nonexpansive type mappings and the theory of monotone operators
in linear and nonlinear settings.

In Chapter 1, we present different approaches to approximate solutions of fixed
point problems for nonexpansive type mappings in the setting of Banach spaces. In
particular, in Section 1.2, we study the behavior of an approximating curve and its
discretized iteration for finding a common solution to a fixed point problem for a
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nonexpansive mapping 7' and the variational inequality
(I =v)g,J(x —q)) 20, Vo € Fix(T),

associated to a contraction v, where .J is the normalized duality mapping and Fix(T")
is the fixed point set. As a consequence we obtain a hybrid steepest descent method,
first studied by Yamada [117], which extends the viscosity approximation method,;
see [79, 123, 109].

Section 1.3 is devoted to the discussion of a general perturbation technique for
approximating a fixed point of a nonexpansive mapping involving a sequence of
nonexpansive mappings which converges in some sense to the original mapping. It
consists of a Halpern type algorithm which has strong convergence under suitable
conditions. Previous perturbation techniques are due to Yang and Zhao [130, 128],
and Xu [124], for Mann type algorithms. To end Chapter 1, we give some appli-
cations of the previous methods to solve other related problems such as variational
inequalities, accretive inclusions and convex feasibility problems. In particular, we
study diverse iterative approaches for solving the multiple-sets split feasibility prob-
lem.

In Chapter 2, we present some contributions to the approximation fixed point
theory and monotonicity theory in the setting of a Hadamard manifold. Section 2.2
is devoted to introducing the concept of monotonicity for set-valued vector fields,
establishing a relationship with the notions of maximal monotonicity and upper
semicontinuity. We define the class of accretive vector fields and prove that it coin-
cides with the class of monotone vector fields, as happens in Hilbert spaces. These
equivalences will be the key in Section 2.4 to prove the existence of singularities
(zeros) of a maximal strongly monotone vector field. Then the concept of resolvent,
previously defined implicitly on Hilbert manifold by Iwamiya and Okochi [53], will
be given and proved to be well-defined. We also analyze the asymptotic behavior
of the resolvent by using the notion and properties of the Yosida regularization;
we then obtain some existence results of singularities under boundary conditions.
Regarding the approximation of singularities, in Section 2.5, we provide a proximal
point algorithm for maximal monotone vector fields which coincides with the one
introduced by Rockafellar [103] in the framework of Hilbert spaces.

Concerning the fixed point theory in the setting of Hadamard manifolds, in Sec-
tion 2.3, we introduce the notion of firmly nonexpansive mappings consistent with
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the definition given by Goebel and Reich [48] on the Hilbert ball. The properties
of this class of mappings establish a strong relation between monotone vector fields
and firmly nonexpansive mappings by means of the resolvent. By using the con-
cept of complementary vector fields (cf. [80]) we establish a connection between
monotonicity and the class of pseudo-contractive operators introduced by Reich
and Shafrir [101] in the more general setting of hyperbolic spaces. In Section 2.6,
we study the convergence of different algorithms for nonexpansive type mappings.
In particular, we prove the convergence of Picard iteration for firmly nonexpansive
mappings, define and study Mann and Halpern iterations for nonexpansive mappings
and present a viscosity approximation method. In order to illustrate the application
of these methods, we provide some numerical examples for Mann and Halpern iter-
ations. Finally, Section 2.7 focuses on how to apply the previous results to different
problems: minimization problems, minimax problems, variational inequalities and
equilibrium problems.



Chapter 1

Iterative methods in Banach
spaces

In this chapter we will focus on the linear case when X is a real Banach space.
We first provide the theoretical framework in which the problems we deal with are
formulated, including some knowledge of geometry of Banach spaces as well as some
iterative methods for approximating fixed points of nonexpansive type mappings.
In Section 1.2 we study the behavior of an approximating curve and its discretized
iteration for finding a common solution to a fixed point problem and a variational
inequality. As a consequence we obtain a hybrid steepest descent method which ex-
tends the viscosity approximation method. We dedicate Section 1.3 to the discussion
of general perturbation techniques for approximating a fixed point of a nonexpansive
mapping, involving a sequence of nonexpansive mappings which converges in some
sense to the original mapping. Finally we analyze the applications of the previous
methods to solve other related problems such as variational inequalities, accretive
inclusions and convex feasibility problems. In particular, we propose different ap-
proaches to approximate a solution to the multiple-sets split feasibility problem.



2 Iterative methods in Banach spaces

1.1 Theoretical Framework

We provide the theoretical framework necessary to develop and discuss the subject
we will focus on in the setting of Banach spaces. Likewise we introduce some iterative
process well-known in the literature for approximating fixed points of nonexpansive
mappings within this framework. This brief introduction will be very useful to
motivate and understand the iterative methods that we present in the following
sections.

Throughout this chapter X is a real Banach space with norm || - ||. The dual
space of X will be denoted by X*, which is a Banach space itself endowed with the
norm

lz* ||« := sup{[{z,2")| : z € X, ||z|| < 1}, =" € X",

where we write (x,z*) = z*(z) for the application of an element z* € X* on an
element x € X. We will omit the index whenever it becomes clear from the context
which norm is meant. In some particular cases we will work in the setting of a
Hilbert space denoted by H. By =, — x, x, — = or x, X 2, we denote the strong,
weak or weak® convergence of {z,} to x, respectively. The extended real line will
be denoted by R = R U {o0}.

1.1.1 Geometry of Banach spaces

This section gathers some basic definitions and geometrical properties of Banach
spaces which can be found in [27]. We also survey basic results of convex analysis
and connect them to characterize those spaces in which some iteration methods
are defined and proved to converge to solutions to fixed point problems for certain
nonlinear mappings.

Elements of Convex Analysis

We briefly introduce some elements of convex analysis which can be found in many
texts on the general theory of convex analysis. See, for instance, [90, 40, 9].

Definition 1.1.1. A function f: X — R is said to be

e proper if its effective domain, D(f) = {z € X : f(x) < oo}, is nonempty;
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e conver if

fz+ 1 =XNy) <Af(x)+ (1 =N f(y)
for all A € (0,1) and x,y € D(f);

o lower semicontinuous at xg € D(f) if
f(zo) < liminf f(z).
T—T0
We say that f is lower semicontinuous on D(f) if it is so at every xg € D(f);

o Gateaux differentiable at xo € D(f) if there exists an element f'(xg) € X*

such that .
i £ @0 +1y) — f(z0)

lim, : = {y. J'(a0)). Wy € D()):

o Fréchet differentiable at xo € D(f) if it is Gateaux differentiable and

lim sup f(zo +ty) — f(z0)
=0 y|=1 t

- <y7 f/($0)> =0;

o subdifferentiable at xo € D(f) if there exists a functional z* € X*, called
subgradient of f at xq, such that

f(2) > f(x0) + (& — 20,5%), Va € X.
The set of all subgradients of f at xg
Of (wo) = {a" € X*: f(x) = f(x0) + (x — w9, 27), Yz € X}
is called the subdifferential of f at xq.

Proposition 1.1.2. (Cioranescu [27]) Let f : X — R be a proper convex lower
semicontinuous function. Then

(i) the function f is subdifferentiable on intD(f), the interior of D(f);

(ii) the function f is Gateaux differentiable at x € intD(f) if and only if it has a
unique subgradient Of (z) = V f(x) called the gradient of f.
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Classes of Banach spaces
Definition 1.1.3. A Banach space X
e is smooth or has a Gdteaux differentiable norm if

ety = el

1.1.1
t—0 t ( )

exists for each z,y € Sx = {v € X : ||v]| = 1}, the unit sphere of X;

e has a uniformly Gateaux differentiable norm if for each y € Sx the limit (1.1.1)
is uniformly attained for z € Sx;

e is uniformly smooth if the limit (1.1.1) is attained uniformly for any z,y € Sx;

e is uniformly convez if the modulus of convezity, § : [0,2] — [0, 1] defined by

d(e) :== 1nf{l—H

satisfies that d(e) > 0 for all € > 0.

r+y

|lel <1l <1, =yl = ¢},

Duality Mappings

Recall that a gauge is a continuous strictly increasing function ¢ : RT™ — R™ such
that ¢(0) = 0 and lim;_,o, ¢(t) = co. Associated with a gauge ¢ the duality mapping
is the mapping J4 : X — 2X" given by

To(@) = {js(@) € X (@, 5o (@) = ljo(@) | Iz, ¢(llel) = ljs(@)}  (11:2)

It is easily seen that Jy(z) is nonempty for each x € X and Jy(+) is odd (cf. [27]).

If the gauge ¢ is given by ¢(t) = t for all t € R™, then the corresponding duality
mapping is called the normalized duality mapping, and is denoted by J. Hence the
normalized duality mapping J is defined by

J(@) = {j(z) € X : {z,j(2)) = |l2]* = [5(2)]*}. (1.1.3)

We can use another way to describe duality mappings. Given a gauge ¢, we define

= /Ot o(s)ds
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Then it can be proved that ® is convex and, for any = € X,
Jo(x) = 0%([|])-
Thus we have the following subdifferential inequality: for any x,y € X,

O(llz +yll) < (lzl) + (v, Jo(z +y)),  Jolz+y) € Jo(z +y). (1.1.4)
For the normalized duality mapping J, the subdifferential inequality (1.1.4) turns

into

lz +yl? < 2 + 20y, (= +y)), Gz +y) € J(x+y). (1.1.5)
The relation between the normalized duality mapping J and the general duality
mapping Jy is easily seen to be

o(lzl)

]

Jy(x) = J(x), x#0, zeX. (1.1.6)

The following result gathers the relation between the geometric properties of the
classes of Banach spaces and the features of the normalized duality mapping.

Proposition 1.1.4. (Cioranescu [27]) Let X be a Banach space. Given any gauge
¢, the following assertions hold.

(i) The space X is smooth if and only if the duality mapping Jy is single-valued.

(ii) The space X is uniformly smooth if and only if the duality mapping Jy is
single-valued and norm-to-norm uniformly continuous on bounded sets of X.

(iii) If the space X has a uniformly Gateaux differentiable norm then Jy is norm-
to-weak* uniformly continuous on bounded sets of X.

Following Browder [15], we say that a Banach space X has a weakly continuous
duality mapping if there exists a gauge ¢ such that Jy is single-valued and weak-to-
weak™® sequentially continuous; that is,

if {z,} C X, 2, — =z, then Jy(z,) = Jy().

It is known that the space [P, for 1 < p < oo, has a weakly continuous duality
mapping with gauge ¢(t) = t*?~!. The following result constitutes an important
property satisfied by this class of spaces. See [27] and [98] for more details on
duality mappings.
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Theorem 1.1.5. (Lim-Xu [66]) Suppose that X has a weakly continuous duality
mapping Jy associated with a gauge ¢ and that {x,} is a sequence converging weakly
to x. Then

lim sup & (||, — 2||) = limsup ([|zy, — z[|) + ([|z — z|))
n—oo

n—oo

for all z € X. In particular, X satisfies Opial’s property; that is,

T, = = limsup |z, —z| < limsup ||z, — 2| (1.1.7)
n—oo n—oo

forall ze X, z # .

Nonlinear mappings

The following definition contains the nonlinear mappings we are working with and
that will appear throughout the entire chapter.

Definition 1.1.6. Let C' C X be a nonempty set. We say that a mapping 7' : C' —
X is

e L-Lipschitz if there exists a constant L > 0 such that for all z,y € C,

|Tx — Tyl < Lllz —yl|;

e a a-contraction if it is Lipschitz with constant o < 1;

e nonezrpansive if it is Lipschitz with constant 1; that is, for all x,y € C,

1Tx =Tyl < llz —yl;

e «a-averaged if there exists o € (0,1) such that
T=(1-a)l+as,

for some nonexpansive mapping S;
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e firmly nonexpansive if for all z,y € C there exists j(Tz — Ty) € J(Tx — Ty)

such that
1Tz — Ty||* < (& —y,§(Tz — Ty)),

where J is the normalized duality map; equivalently, if for all z,u € C the
function 6 : [0,1] — [0, co] defined by

0(t) = d((1 — )z + 1T, (1 — t)y + tTy), (1.1.8)

is nonincreasing (see [48]).

We will denote the fixed point set of T" as

Fix(T) ={zr e X : 2 =Tz} (1.1.9)

In the particular case of a Hilbert space, these nonlinear mappings satisfy some
properties which are crucial for the methods developed in Section 1.4 and can be
deduced from the definitions.

Proposition 1.1.7. Let H be a Hilbert space. Given a mapping T defined on H,
the following assertions hold.

(i)

(i)

(iii)

(iv)

(i)

If there exist an averaged mapping S, a nonexpansive mapping V and o € (0,1)
such that T = (1 — «)S + aV, then T is averaged.

A mapping T is firmly nonezpansive if T = (I +V)/2 for some nonexpansive
mapping V. This means that any firmly nonexpansive mapping is 1/2-averaged.

A mapping T is firmly nonexpansive if and only if the complementary operator
I —T is firmly nonexpansive.

The composition of finitely many averaged mappings is averaged; that is, if
each of the mappings {Tl}fil 1s averaged, then so is the composition Ty ---Th.
In particular, if Ty is a1-averaged and Ty is ao-averaged, where oy, as € (0,1),
then the composition ThTs is a-averaged, where o = a1 + g — ajas.

The weighted sum of finitely many averaged mappings is averaged; that is, if
each of the mappings {T;}Y_, is a;-averaged, with {c;} real numbers in (0,1),
and {\;} is a sequence of real numbers in (0,1] such that Zf\il Ai =1, then
Zij\il AT is an a-averaged mapping, where « = max{a; : 1 <i < N}.
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(v) If the mappings {T;}X., are averaged and have a nonempty common fized point,
then

N N
() Fix(Ty) = Fiz(Ty - - Ty) = Fix (Z AT) ,
i=1 i=1

where {\;}N., is a set of real numbers in (0,1] satisfying S~ | A = 1.

The metric projection on Hilbert spaces

Let C be a nonempty closed convex subset of a Hilbert space H. The (metric or
nearest point) projection onto C' is the mapping Po : H — C which assigns to each
x € H the unique point Pox in C with the property

|z — Poz| = min{||lz — y|| : y € C}. (1.1.10)
Projections are characterized as follows (see, for example, [5]).

Proposition 1.1.8. Given x € H and z € C. Then z = Pox if and only if
(x —2z,y—2) <0, forally € C. (1.1.11)
As consequence we have that

(i) ||Pox — Poy||? < {x — vy, Pox — Poy) for all x,y € H; that is, the projection is
firmly nonexpansive;

(it) [z — Poz|* < ||lz — yl|* = ly — Pez|? for allz € H and y € C;

(iii) If C is a closed subspace, then Po coincides with the orthogonal projection from
H onto C; that is, for x € H, x— Pox is orthogonal to C (i.e., (x—Pox,y) =0
foryeC).

If C is a closed convex subset with a particulary simple structure, then the
projection Pc has a closed form expression as described below.

1. f C={x € H : |z —ul <r}is a closed ball centered at v € H with radius
r > 0, then

(z—u) .
Peg = U+ T iteg C
x, ifezeC
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2. If C = [a,b] is a closed rectangle in R™, where a = (a1, az,---,a,)’ and
b= (by,ba,---,by)7T, then, for 1 <i < n, Pox has the i"" coordinate given by
a;, if z; < a;,
(Pox)i = xi,  if 2 € [ag, bil,

b;, if ©; > b;.

3. U C={y € H: (ay) =a}is a hyperplane, with a # 0 and o € R, then

Peoxr =2 — WCL.
[[all

4. If C ={y € H : {a,y) < a} is a closed halfspace, with a # 0 and « € R, then

P { ot if (o) >a
T, i .

5. If C is the range of an m x n matrix A with full column rank, then
Pox = A(A*A) 1A%z

where A* is the adjoint of A.

Nonexpansive retraction

Our interest in nonexpansive retractions focusses on the generalization of two results
in the fixed point theory. Firstly a linear one in reflexive Banach spaces, the fact
that the convergence of the means defines a sunny projection on the fixed point sets
(Theorem 1.1.30). On the other hand, the firm nonexpansivity of metric projections
on the fixed point sets, a nonlinear result in Hilbert spaces, extended in some sense
to smooth Banach spaces (Lemma 1.1.9).

Given a subset K of C' and a mapping T': C — K. Recall that T is a retraction
of C onto K if Tx = z for all x € K. We say that T is sunny if for each x € C' and
t € [0, 1], we have

Tter+(1—-t)Tx) =Tx,
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whenever tx + (1 — )Tz € C.

Although metric projections can be well-defined in any strictly convex reflexive
Banach space, they are no longer nonexpansive in general. In fact, it is known
(cf. [88]) that if nearest point projections are nonexpansive whenever they exist for
closed convex subsets C' of a Banach space X with dimension at least three, then
X must be a Hilbert space. Moreover, it is also known [93] that if every closed and
convex subset of a Banach space X with dimension at least three is a nonexpansive
retract of X, then X is necessarily a Hilbert space.

The following result characterizes sunny nonexpansive retractions on a smooth
Banach space.

Lemma 1.1.9. (Bruck [18], Reich [92], Goebel-Reich [48]) Let X be a smooth
Banach space and let C' O K be two nonempty closed conver subsets of X. Assume
that @ : C' — K is a retraction from C' onto K. Then the following three statements
are equivalent.

(a) Q is sunny and nonexpansive.

(b) [1Qz — Qyl* < (2 —y,J(Qz — Qy)) for all z,y € C.
(¢) (x —Qz,J(y —Qx)) <0 forallz € C andy € K.

Consequently, there is at most one sunny nonexpansive retraction from C onto K.
Note that in terms of the duality mapping Jg, (b) and (c) can be re-expressed as

(b) Qz — Qyllé([|Qz — Qyll) < (z —y, Jo(Qr — Qy)) for all z,y € C.
() (= Qux, Jy(y — Qx)) <0 forallz € C and y € K.

Note that when X is a Hilbert space the unique sunny nonexpansive retraction
from C to K is the metric projection onto K since (c¢) turns into its characterization
inequality, and from (b) we deduce its firm nonexpansivity.

The first result regarding the existence of sunny nonexpansive retractions on the
fixed point set of a nonexpansive mapping is due to Bruck.

Theorem 1.1.10. (Bruck [18]) If X is strictly convex and uniformly smooth and
if T': C — C is a nonexpansive mapping having a nonempty fized point set Fix(T),
then there exists a sunny nonexpansive retraction of C' onto Fix(T).
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In a more general setting within the framework of smooth Banach spaces, Reich
[95] and O’Hara-Pillay-Xu [86] provided constructive proof for the existence of the
sunny nonexpansive retraction from C onto Fix ('), as it will be stated in Theorem
1.1.30.

Demiclosedness principle

A fundamental result in the theory of nonexpansive mappings is Browder’s demi-
closedness principle.

Definition 1.1.11. A mapping T : C' — X is said to be demiclosed (at y) if the
conditions that {x,} converges weakly to x and that {T'z,} converges strongly to y
imply that z € C' and Tz = y. Moreover, we say that X satisfies the demiclosedness
principle if for any closed convex subset C' of X and any nonexpansive mapping
T:C — X, the mapping I — T is demiclosed.

The demiclosedness principle plays an important role in the theory of nonexpan-
sive mappings (and other classes of nonlinear mappings as well). It is an interesting
problem to identify those Banach spaces which satisfy the demiclosedness principle
for nonexpansive mappings. The following theorem provides a partial answer to the
problem.

Theorem 1.1.12. (Browder [12], Goebel-Kirk [47]) The demiclosedness principle
for nonexpansive mappings holds in a Banach space which is either uniformly convex
or satisfies Opial’s property (1.1.7).

Accretive and monotone operators

The concepts of monotonicity and accretivity constitute a valuable tool in studying
important operators which appear in different areas.

Definition 1.1.13. Let A : X — 2% be a set-valued operator with domain D(A)
and range R(A) in X. The operator A is said to be

e accretive if for each x,y € D(A) and any u € A(z), v € A(y), there exists
j(x —y) € J(x — y) such that

(u=v,j(z-y)) =0,
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where J is the normalized duality map.
e m-accretive if it is accretive and R(I + A) = X.

Definition 1.1.14. Let A : X — 2% be a set-valued operator with domain D(A)
and range R(A) in X*. The operator A is said to be

e monotone if for each z,y € D(A) and any u € A(x), v € A(y),

(u—wv,x—y) >0 (1.1.12)

e strictly monotone if for each x,y € D(A) and any u € A(z), v € A(y), the
strict inequality of (1.1.12) holds;

e strongly monotone if there exists a constant n > 0 such that for each z,y €
D(A) and any u € A(x), v € A(y),

(u—v,2—y) >nllz—y|* (1.1.13)

e mazimal monotone if it is a monotone operator which is not proper contained
in any other monotone operator on X; in other words, for any x € X and
u € X*, the inequality

(u—v,x—y) >0, VYyeD(A) and v € A(y), (1.1.14)
implies that u € A(x);

e inverse strongly monotone (ism) if there exists a constant v > 0 such that for
all z,y € D(A) and any u € A(x), v € A(y),

(@ —y,u—v) > v]u—v|*

Remark 1.1.15. Note that when the underlying space is Hilbert, the normalized
duality mapping is the identity operator and then the notions of accretive and
monotone operator coincide.
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Definition 1.1.16. Let A : X — 2% be a set-valued operator with domain D(A)
and range R(A) in X. Given X > 0, the resolvent of order X\ of A is the set-valued
mapping Jy : X — 2% defined as

Iy = (I+xA)71. (1.1.15)

Recall the important Minty Theorem for m-accretive operators on Hilbert spaces
enclosed in the following theorem.

Theorem 1.1.17. (Minty [76], Bruck-Reich [20], Goebel-Reich [48]) Let X be a
Banach space and A : X — 2% an accretive operator. Then the resolvent Jy is
single-valued and firmly nonexpansive, for any X\ > 0. Furthermore, if A is defined
on a Hilbert space H, A is m-accretive if and only if D(J\) = H, for any A > 0.

Some of the problems we will discuss in Section 1.4 are enunciated on a Hilbert
space. So next we recall some properties satisfied in this setting with the aim
of studying these problems. In particular, the following proposition gathers some
results on the relationship between nonexpansive mappings and monotone operators.

Proposition 1.1.18. (Byrne and Xu-Kim [21,127]) Let T : H — H be a mapping.

(i) If T : H — H is a p-contraction then the complement I —T is (1 — p)-strongly
monotone.

(ii) T is nonexpansive if and only if the complement I — T is %—z’sm.
(iii) If T is v—ism, then for v > 0, T is %—z‘sm.
(iv) The mapping T is a-averaged if and only if I — T is i—z’sm.

Regarding the properties of the subdifferential of a convex function, the following
results are extremely useful.

Theorem 1.1.19. (Minty [76], Moreau [78]) Let f : H — R be a proper lower
semicontinuous convex function. Then its subdifferential Of is a maximal monotone
operator.

Lemma 1.1.20. (Baillon-Haddad [2]) If f : H — R is a differentiable convex
function with a L-Lipschitz gradient V f, then V f is %—ism.
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Technical Lemmas about convergent sequences

Lemma 1.1.21. (Xu [120]) Let {a, } C (0, 1) be a sequence satisfying limy,_.oc t, = 0
and Y07 o, = 00. Let {a,} C R be a sequence such that

ant+1 < (1 — ap)an + apby, where limsup b, < 0.

n—oo

Then lim,, .o an = 0.

Lemma 1.1.22. (Maingé [70]) Let {an}, {cn} C RY, {an,} € (0,1) and {b,} C R

be sequences such that
ant1 < (1 — ap)an + by + ¢, for allm > 0.
Assume Y o7 ¢n < 00. Then the following results hold:
(a) If by, < a,C where C' >0, then {a,} is a bounded sequence.
(b) If >0 oy = 00 and limsup,, o bp/a, <0, then lim, .o ay, = 0.

Definition 1.1.23. Let X be a complete metric space and C' C X be a nonempty
subset. A sequence {x,} C X is called Fejér monotone with respect to C' if

d($n+1, y) S d(x’na y)
for all y € C' and n > 0.

Lemma 1.1.24. (Browder [15]|, Ferreira-Oliveira [42]) Let X be a complete metric
space and C' C X a nonempty subset. If {x,} is Fejér monotone with respect to C,
then {x,} is bounded. Furthermore, if a cluster point x of {x,} belongs to C then
{zn} converges strongly to x. In the particular case of a Hilbert space, given the set
of all weakly cluster points of {xy},

Wy (Tn) = {z: Jan, — T},

{zn} converges weakly to a point x € C' if and only if wy(z,) C C.
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Lemma 1.1.25. (Suzuki [108]) Let {z,} and {y,} be bounded sequences in a Banach
space X and let {v,} C [0, 1] be a sequence with 0 < liminf, o v, < limsup,,_,. ¥ < 1.
Assume that xn11 = YnYn + (1 — Yn)Zn, for alln >0 and

timsup (llgnsr = yoll = lzns1 = 2al) < 0.
n—oo

Then limy, oo ||y, — yn|| = 0.

Lemma 1.1.26. (Reich [96]) Let {z,,} be a bounded sequence contained in a sepa-
rable subset D of a Banach space X. Then there exists a subsequence {xy, } of {zn}
such that

i
klnool (el
exists for all y € D.

Lemma 1.1.27. (Reich [96]) Let D be a closed convezr subset a real Banach space
X with a uniformly Gateauz differentiable norm, and let {x,} be a sequence in D
such that

fly) = lim |z, —y]|
n—00

exists for all y € D. Given a gauge ¢, if the function f attains its minimum over
D at u, then
lim sup(y — u, Jp(zp —u)) <0

n—oo

for ally € D.

Remark 1.1.28. The proof of Lemma 1.1.27 appears in [96] for the particular case
of the normalized duality mapping, but it is readily extended to the case of a gen-
eralized duality mapping Jy thanks to the properties of the gauge ¢.

1.1.2 Iterative algorithms for nonexpansive mappings

Let T be a self-mapping defined on a closed convex subset C' of a Banach space X.
We know since 1922 that if T" is a contraction defined on a complete metric space X,
the Banach contraction principle sets up that, for any x € X, Picard iteration {7"x}
converges strongly to the unique fixed point of T". If the mapping 7" is nonexpansive
we must assume additional conditions to ensure the existence of fixed points of T’
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and, even when a fixed point exists, the sequences of iterates in general do not
converge to a fixed point. In the particular case when T is firmly nonexpansive,
Picard iteration does converge assuming the existence of a fixed point (see, for
instance, [48]). The study of iterative methods for approximating fixed points of a
nonexpansive mapping 7' has yielded a host of works in the last decades. The most
relevant progresses are mainly based on two types of iterative algorithms: Mann
and Halpern iterations.
Mann iteration is essentially an averaged algorithm which generates a sequence
recursively
Tnt1 = nxp + (1 — ap)Tx,, n >0, (1.1.16)

where the initial guess zg € C' and {a,,} is a sequence in (0, 1).
Halpern iteration generates a sequence via the recursive formula

Tyl = apu+ (1 —ap)Tx,, n>0 (1.1.17)

where the initial guess zg € C and anchor u € C' are arbitrary (but fixed) and the
sequence {ay,} is contained in [0, 1].

Both iterations have extensively been studied for decades. The following sub-
sections are devoted to present some background about both iterative algorithms.
We first recall certain convergence results for Mann iteration and both implicit
and explicit schemes of Halpern iteration. Then diverse approaches regarding these
methods will be presented.

Mann iteration

Mann iteration (1.1.16) was first implicitly introduced by Mann, in [72], in a simpler
way. Then Krasnosel’skij [61] studied the iterative scheme (1.1.16) in the particular
case when «,, = . He provided a result which assures the weak convergence of
Picard iteration for averaged mappings in a Hilbert space. Ishikawa, in [52], proved
that if 0 < a < a, < 1 and > 07, a, = o0, then ||z, — T(z,)|| — 0 as n — oo,
which implies the convergence of {z,} to a fixed point of 7" if the range of T" lies in
a compact subset of X. Therefore, we can let o be variable and still obtain weak
convergence (see, for instance, [32]). Moreover the weak convergence of the Mann
iterative algorithm remains true in a more general class of Banach spaces as the
following theorem claims.
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Theorem 1.1.29. (Reich [94]) Let C C H be a closed convex set of a uniformly
conver Banach space with Fréchet differentiable norm and T : C — C a non-
expansive mapping with Fix(T) # 0. If the sequence {an}n>0 C (0,1) satisfies
Yoot o an(l — apn) = 400, then, for any zo € C, the sequence {x,} defined by the
Mann iteration converges weakly to a fixed point of T.

It is worth mentioning other works regarding the convergence of Mann iteration
such as [52, 44, 121].

Halpern implicit iteration

An iterative approach for solving the problem of approximating a fixed point of
a mapping 7', which may have multiple solutions, is to replace it by a family of
perturbed problems admitting a unique solution, and then to get a particular original
solution as the limit of these perturbed solutions as the perturbation vanishes. For
example, given a closed convex set C C H, T : C — C, uw € C and t € (0,1),
Browder [13, 14] studied the approximating curve {x;} defined by

xy =tu+ (1 —t)Tay; (1.1.18)

that is, x; is the unique fixed point of the contraction tu + (1 —t)T". He proved that
if the underlying space H is Hilbert, {z;} converges strongly as t — 0 to the fixed
point of T' closest to u. This result has been generalized and extended to a more
general class of Banach spaces as it is summarized below.

Theorem 1.1.30. The net {x:} generated by the implicit algorithm (1.1.18) con-
verges strongly as t — 0 to a fized point of T and the mapping Q : C — Fiz(T)
given by

Qu) := }iirg)xt (1.1.19)

defines the sunny nonexpansive retraction from C onto Fiz(T) under either one of
the following assumptions:

(i) The underlying space X is a Hilbert space (Browder [15]);

(ii) The underlying space X is uniformly smooth (Reich [95]);
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(iii) The underlying space X is reflexive, uniformly Gateauzx differentiable and has
the fixed point property for nonexpansive mappings (Reich [95], Takahashi-
Ueda [111]);

(iv) The underlying space X is reflexive and has a weakly continuous duality map-
ping (Reich [92], O’Hara-Pillay-Xu [86]).

Those Banach spaces where the approximating curve {z;} strongly converges are
said to have Reich’s property since Reich was the first to show that all uniformly
smooth Banach spaces have this property.

Halpern explicit iteration

Halpern was the first in introducing the explicit iterative algorithm (1.1.17) for
finding a fixed point of a nonexpansive mapping T : C — C with Fix (T) # 0,
where C' is a closed convex subset of a Hilbert space H. This iterative method is
now commonly known as Halpern iteration although Halpern initially considered
the case where C' is the unit closed ball and uw = 0. He proved that {z,} converges
strongly to the fixed point of T which is closest to u (i.e., Pyix (7yu) essentially when
an, =n~ % with a € (0,1). He also showed that the following two conditions

(1) limp—oo o = 0, and

(2) Yontoan =00

are necessary for the convergence of the sequence {z,} to a fixed point of the map-
ping T. For example, taking T'(x) = = we see that condition (1) is necessary, and
for condition (2) it suffices to consider T'(z) = —x. Ten years later, Lions [65] im-
proved Halpern’s result by proving the strong convergence of {x,,} to Ppiy (ryu if the
sequence {ay, } satisfies conditions (1), (2) and

Qnp—Qnp—1 — 0

(3) limy oo “*—3

Both Halpern’s and Lion’s conditions on the sequence {a,} exclude the natural
choice of a;, = % Then, to avoid this problem, Wittmann [116], in 1992, obtained
strong convergence to Ppiy (7yu of {z,} (still in a Hilbert space H), by replacing

condition (3) with the following more general one
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(3") onZolan+1 — an| < oo
Conditions (3) and (3’) are not comparable. For instance, if {c,} is given by ag, =
(n+ 1)_% and agn+1 = (n + 1)_% + (n + 1)71, then (3) holds while (3’) does not
hold. Note that if the sequence is decreasing condition (3’) is a consequence of
conditions (1) and (2), so in this particular case conditions (1) and (2) are necessary
and sufficient.

In 1994, Reich [99] proved the strong convergence of the algorithm (1.1.17) with
the two necessary and decreasing conditions on the parameters in the case when X
is uniformly smooth with a weakly continuous duality mapping.

In 2002, Xu [120] succeeded in improving the previous results twofold. First
weakening condition (3) by removing the square from the denominator so that the

natural choice of a,, = % is included:

(3%) Timy oo 2721 = 0.
Secondly, he proved strong convergence in the framework of uniformly smooth Ba-
nach spaces.

Note that conditions (3’) and (3*) are independent in general. For example, the

sequence defined by awg, = ﬁ and a9l = ﬁ satisfies (3’) but fails to satisfy

(3*). However, if there exists the limit of , with «,, verifying conditions (1) and
(2), it is easy to check that (3*) holds whenn(?)’) does.

Recently O’Hara, Pillay and Xu [86] extended the proof of Xu [120] to a more
general class of Banach spaces and improved the approach of Shimizu and Takahashi
[106] by showing that the use of the Banach limit can be avoided. The following
theorem gathers the previous results.

An—1

Theorem 1.1.31. Let X be either a uniformly smooth Banach space or a reflex-
ive Banach space having a weakly continuous duality mapping Jy. Assume that
{an} C [0,1] satisfies conditions (1), (2) and (3°) or (3*). Then the sequence {x,}
generated by scheme (1.1.17) converges strongly to Q(u), where Q is the unique
sunny nonexpansive retraction from C onto Fiz(T).

The uniform smoothness assumption can be weakened to the hypothesis that the
norm of X is uniformly Gateaux differentiable and each nonempty closed bounded
convex subset C of X has the fixed point property for nonexpansive mappings, i.e.,
every nonexpansive self-mapping of C' has a fixed point.
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The existence of a sunny nonexpansive retraction from C to Fix (T"), given by
Theorem 1.1.30, is an important tool in the proof of the previous theorem. However,
while in the uniformly smooth setting the explicit definition of the sunny retraction
is crucial (cf. [121]), only the existence of such retraction is needed when X has a
weakly continuous duality mapping (cf. [86]).

It is straightforward to see that the proof of Theorem 1.1.31 also works if con-
dition (3’) or (3*) is replaced by the condition of Cho et al. [26] below:

(3%) |ant1 — an| < o(apy1) + oy where Y 00 | 0y < 00.

Condition (3°) seems weaker than condition (3*). However, there are no essential
differences.

Since conditions (1) and (2) are necessary for Halpern iteration (1.1.17) to con-
verge in norm for all nonexpansive mappings 7T, a natural question is whether they
are also sufficient for strong convergence of Halpern iteration (1.1.17). There are
some cases where the answer is affirmative but in general it has been proved to be
negative in [110] (see also the following subsection).

Theorem 1.1.32. (Xu [122]) Let X be a smooth Banach space, C' a closed convex
subset of X, and T : C — C a nonexpansive mapping with Fix(T) # 0. Let
¢ be a gauge and Jy its associated duality map. Assume conditions (1) and (2).
Then the sequence {xy} generated by Halpern iteration (1.1.17) converges strongly
to z € Fiz(T) if and only if the following condition holds:

limsup(u — z, Jy(xn, — 2)) < 0. (1.1.20)

n—oo

In particular, under conditions (1) and (2), we have that {z,} converges strongly
to z if either of the following two conditions is satisfied:

i) X is uniformly smooth and Jy is weakly continuous, and {x, } is weakly asymp-
¢
totically regular (i.e., xpy1 —xp — 0);

(ii) X is uniformly smooth and {xy} is asymptotically reqular (i.e., Tpi1—n — 0
in norm).
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Averaged mappings

We have seen in the previous subsection that much effort has been devoted to weaken
the third condition on the sequence {«,, } and the geometric properties of the Banach
space. What are the sufficient and necessary conditions concerning {a,} is still an
open problem. However there exist some partial answers. Xu [120] proved that if
we replace T'z,, in the scheme (1.1.17) with the mean

n—1
Thzry, = (1/n) ZTkmn,
k=0

then we do have strong convergence under conditions (1) and (2). The main con-
tribution, independently due to Chidume-Chidume [28] and Suzuki [108], is that
conditions (1) and (2) are indeed sufficient for the strong convergence of Halpern
iteration (1.1.17) if 7" is an averaged mapping, a term coined in [3].

If we require that the net {z;} of solutions of the implicit equation (1.1.18)
converge in norm, then the uniform smoothness of X can be weakened to uniform
Gateaux differentiability.

Theorem 1.1.33. (Chidume-Chidume [28], Suzuki [108] ) Let X be a Banach space
whose norm is uniformly Gateauz differentiable, C C X a closed convex subset and
T :C — C a nonexpansive mapping with Fix(T) # (. Define a sequence {x,} in C
by the explicit scheme

Tpg1 = apu+ (1 — apn) (AT + (1 — N)zy), n >0, (1.1.21)

where u € C, X € (0,1) and the sequence {ay} C [0, 1] satisfies (1) and (2). Assume
that {z;} defined as in (1.1.18) converges strongly to z € Fiz(T) ast — 0. Then
{zn} converges strongly to z.

In particular, the following result holds true.

Corollary 1.1.34. Let X be a uniformly smooth Banach space, C C X a closed
convex subset and T : C — C a nonexpansive mapping with Fiz(T) # 0. Let {ay,}
satisfy conditions (1) and (2) and let A € (0,1). Then the sequence {x,} defined
by (1.1.21) converges strongly to Q(u), where Q is the unique sunny nonerpansive
retraction from C onto Fix(T).
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Conditions (1) and (2) are also necessary for the convergence of algorithm
(1.1.21), as it is showed in [108] with an example.

Remark 1.1.35. It is not hard to see that the conclusions in Theorem 1.1.33 and
Corollary 1.1.34 remain true if the parameter A in the definition of z,; is replaced
with A, satisfying

0 < liminf A\, <limsup A, < 1.

n—0oo n—00

Viscosity approximation method

Given a nonexpansive self-mapping 7" on a closed convex subset C, a real number
t € (0,1] and a contraction ¥ on C, define the mapping T} : C' — C by

Tz =t(x)+ (1 —t) Tz, xe€C.

It is easily seen that T} is a contraction; hence T; has a unique fixed point which is
denoted by ;. That is, x; is the unique solution to the fixed point equation

The explicit iterative discretization of (1.1.22) is
Tpt1 = V() + (1 —t)Txy, n >0, (1.1.23)

where {an} C [0,1]. Note that these two iterative processes (1.1.22) and (1.1.23)
have Browder and Halpern iterations as special cases by taking ¢ (z) = u € C for
any x € C.

The viscosity approximation method of selecting a particular fixed point of a
given nonexpansive mapping was proposed by Moudafi [79] in the framework of a
Hilbert space. The convergence of the implicit (1.1.22) and explicit (1.1.23) algo-
rithms has been the subject of many papers because under suitable conditions these
iterations converge strongly to the unique solution ¢ € Fix (T') of the variational
inequality

(I —=1)q, J(x—q)) >0 Vo e Fix(T), (1.1.24)

where J is the normalized duality mapping. This fact allows us to apply this method
to convex optimization, linear programming and monotone inclusions. See [123]
and references therein for convergence results regarding viscosity approximation
methods.
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1.2 Alternative iterative methods

Let us focus on the problem of finding a fixed point of the nonexpansive mapping
T :C — C with Fix (T) # 0. Recall the implicit iterative method defined by the
approximating curve (1.1.18), presented by Browder, which indeed converges to a
fixed point of T'. In this direction, Combettes and Hirstoaga [34] introduced a new
type of approximating curve for fixed point problems in the setting of Hilbert spaces.
This curve whose iterative scheme is a more general version of the implicit formula

xy=T(tu+ (1 —t)xy), (1.2.1)

was proved to converge to the best approximation to u from Fix (7). Now let us
recover from Section 1.1.2 the viscosity method of approximating the particular
fixed point of 1" which is the unique solution of certain variational inequality. As a
generalization of the implicit formula (1.2.1), and motivated by the viscosity iterative
algorithm (1.1.22), given a contraction ¢ : C — C, we define the approximation
curve

xp =T (t)(xe) + (1 — t)xe), (1.2.2)
that is, for any ¢t € (0,1], z; is the unique fixed point of the contraction T; =

T(ty + (1 —t)I), which constitutes a hybrid method of the ones mentioned above.
From the explicit discretized iteration

Tpl = T(%W%) + (1 - Oén).%'n), (1'2'3)

with the sequence {a,,} C [0,1], we can obtain the so-called hybrid steepest descent
method
Tni1 = Ty — ang(Txy). (1.2.4)

This latter procedure was suggested by Yamada [117] as an extension of the viscosity
approximation method for solving the variational inequality VIP(g, Fix (T))

(9(p),x —p) >0 Vzx € Fix (T), (1.2.5)

in the case when g is strongly monotone and Lipschitz continuous (see also [118, 71]).
However, we can get the convergence of the algorithm (1.2.4) just requiring I — ug
to be a contraction for some p > 0, which is satisfied in the particular case when g
is strongly monotone and Lipschitz continuous.
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In this chapter, we aim to analyze the behavior of these alternative iterative
methods motivated mainly by the purpose of solving variational inequality problems
and finding zeros of accretive operators as we will show in Section 1.4.

First of all, note that a simple manipulation shows that the classical implicit
viscosity iteration (1.1.22) and the approximating curve (1.2.2) just defined are
equivalent in the sense that the convergence of one of them implies the convergence
of the other. Indeed, if xy = T'(te)(x¢) + (1 — t)zy), let us denote

Y 1= tw(.’ﬂt) + (1 - t)[Et, (126)

which implies x; = T'(y;). Therefore, the curve (1.2.6) turns into

ye =t o T(yt) + (1 — )T (yt), (1.2.7)

which is actually the implicit viscosity iteration (1.1.22) for the contraction ) o T
Thus the curve {y;} converges to the fixed point of T" which satisfies the variational
inequality (1.1.24) and so does the curve {z;} by the nonexpansivity of 7. Con-
versely, it would be analogous. The same reasoning works for the explicit case.
Then, since the viscosity method was proved to converge in uniformly smooth Ba-
nach spaces, this proves the convergence of these alternative methods in this setting.

Our contribution is the convergence of the alternative methods in the framework
of reflexive Banach spaces with weakly continuous duality mapping, and provide a
different proof in uniformly smooth Banach spaces avoiding the use of Banach limits
as it was done in [123] for the viscosity method.

1.2.1 Implicit algorithm

In this section we prove the convergence of the implicit algorithm (1.2.2) in two
different frameworks. The result is gathered in the following theorem:.

Theorem 1.2.1. Let X be either a reflexive Banach space with a weakly continuous
duality mapping Jy or a uniformly smooth Banach space, C' a nonempty closed con-
vex subset of X, T : C — C' a nonexpansive mapping with fized point set Fix(T) # 0
and ¢ : C — C a p-contraction. Then the approximating curve {x;} C C defined by

xy =T (t(xy) + (1 —t)zy), t € (0,1] (1.2.8)
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converges strongly, as t — 0, to the unique solution q € Fiz(T') of the inequality
(6 — 1)g, Jo(w — q)) <0, Va € Fia(T); (1.2.9)

that is, q is the unique fized point of the contraction Q oy, where @ is the unique
sunny nonexpansive retraction from C to Fiz(T).

Proof. First of all, note that if @ : C' — Fix (T) is the unique sunny nonexpansive
retraction whose existence is assured by Theorem 1.1.30, by the characterization
Lemma 1.1.9, g € C is the unique fixed point of @ o % if and only if ¢ € Fix (T') sat-
isfies the variational inequality (1.2.9). Throughout the proof, when X is uniformly
smooth, the duality mapping is J4 for any gauge ¢.

We observe that we may assume that C' is separable. To see this, consider the
set K defined by

KO = {Q}v
Kn+1 = CO(Kn U T(Kn) U T/}(Kn))7
K =, Knp.

Then K C C'is a nonempty convex closed and separable set. Moreover K is invariant
under 7', ¥ and, therefore, T, = T'(t)+(1—t)I). Then {z;} C K and we may replace
C with K.

We will prove that {z;} converges, as t — 0, to the point ¢ € Fix (T") which is
the unique solution of the inequality (1.2.9).

The sequence {z;} is bounded. Indeed, given p € Fix (T,

lze —pll =T @W(xe) + (1 —t)ay) — Tp|
< [[t(¥(xt) — (p)) + (1 — t)(zt — p) + t((p) — P
< (tp+ (1 —t)||lze — pl| + e (p) — pl|-

Then, for any ¢ € (0, 1],
1
< —— —pl|.
|ze —pll < l_pHdJ(p) pll

Take an arbitrary sequence {t,} C (0,1] such that ¢, — 0, as n — 0, and denote
Ty = x4, for any n > 0. Let I" := limsup,, (¥ (q) — ¢, Js(xn — q)) and {z,, } be a
subsequence of {z,} such that

lim (1(q) — ¢, J(zn, —q)) =T

k—o00
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Since {xy, } is bounded, by Lemma 1.1.26, there exists a subsequence, which also
will be denoted by {z,, } for the sake of simplicity, satisfying that

g(z) = lim [z, — |
k—oo

exists for all z € C.
We define the set
A={2e€C:y¢g(z) = ng(r)lg(:z)}

and note that A is a nonempty bounded, closed and convex set since g is a continuous
convex function and lim, | g(x) = oco. Moreover,

Hxnk - TZH < tnk”¢($nk) - xnkH + ”mnk - 2”7

for any z € C. Since the sequence {t,, } converges to 0 as k — oo, we deduce that
9(Tz) < g(z) for any z € C. Then T'(A) C A, in other words, 7" maps A into itself.

Since A is a nonempty bounded, closed and convex subset of either a reflexive
Banach space with a weakly continuous duality mapping J4 or a uniformly smooth
Banach space, it has the fixed point property for nonexpansive mappings (see [47]),
that is Fix (T') N A # 0.

If X is reflexive with weakly continuous duality mapping J;, we can assume
that {z,, } has been chosen to be weakly convergent to a point Z. Since X satisfies
Opial’s property, we have A = {z}. Then, since Z € Fix (T'), we obtain by inequality
(1.2.9) that

I'=(¥(q) — ¢, Jo(T — q)) <0.

If X is uniformly smooth, let Z € Fix (7)) N A. Then Z minimize g over C and,
since the norm is uniformly Gateaux differentiable, by Lemma 1.1.27,

limsup(z — &, Jy(xpn, —Z)) <0 (1.2.10)

k—o0

holds, for all z € C, and in particular for z = ¥(z).
We shall show that {z,, } converges strongly to z. Denote

o == (Y(Z) — 7, qu(tnk (@Z}(xnk) - xnk) + (:Enk —-I)) - J¢(:L‘nk - I)).
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Since J is norm-to-norm uniformly continuous on bounded sets, then limg_, o, 0x = 0.
Moreover, since ® is convex and nondecreasing, from the subdifferential inequality
(1.1.4) we deduce that

O(flzn, —2l) < P(|ltn, (¥ (2n,) — (7)) + (1
< ([[tn (P(2n,,) — (7)) + (1
+tnk< (i')_ J, (mnk {Z')
<(1-Q1-pt k)@(\lxnk— Z]|) + tny Ok
Ftn, (V(T) = T, Jg (2, — T)).

From (1.2.11) and by (1.2.10), we obtain

= tny ) (@ny, = T) + 10, ($(7) — 7))
= bny ) (@ny, = D)) + Lny O

~

(1.2.11)

lim ®(||z,, —Z|) < limsup
k—o0 k—o0

<0.

! ; (6 + (w(@) — 2, Ty, — 7))

Bearing in mind that & is positive and ®(0) = 0, this implies that h]?l Ty, = T.

Since T is a fixed point of T', we also have

[ = lim (¢(q) — ¢, Js(zn, — @) = (¥(q9) — ¢, Jp(T — q)) < 0.

k—o00

By applying (1.2.11) to {z,} and ¢, since I < 0 in both cases, we obtain
lim x, =gq
n—oo
as required. ]

1.2.2 Explicit algorithm

We next analyze the explicit (1.2.3) and hybrid steepest descent (1.2.4) algorithms
in the setting of Banach spaces, whose convergence results generalize in some sense
or constitute a different approach for proving the previously stated results by Com-
bettes and Hirstoaga [34], Xu [123], Yamada [117], and Xu and Kim [127].

The following lemma collects some properties of the iteration (1.2.3) in the set-
ting of normed spaces.
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Lemma 1.2.2. Let X be a normed space and {x,} be the sequence defined by the
explicit algorithm (1.2.3).

(1) For allmn >0,

[0(xn) — 2l < (14 p)ll@n — 2ol + [[¥(20) — 2ol (1.2.12)
lzn = Txn|| < ||Zng1 — ol + anl|¥(zn) — 20| (1.2.13)

(2) Foralln >1,

[Znt1 —znll < (1= (1= plan)zn — zp-1|

(1.2.14
+ |on — an—1| [[P(wn-1) — Tn-1]|- )

(3) If Fix(T) # 0, then {x,} is bounded for every xo € C.
Proof.

(1) Let n > 0. Thanks to the definition of the sequence {z,} and since T is
nonexpansive and ¢ a contraction, the following inequalities hold.

[ (@n) —anll < [(@n) = (o)l + [[¢(x0) — zol| + [[x0 — zn|
< (A +p)llwn — 2ol + llv(zo) — zol-
|zn — Tznl < |[Zpt1 — @nll + 2041 — Tzn|
< Nzt — @l + lanh(zn) + (1 — an)zn — 20|

|Znt1 — 2ol + anll(zn) — 20l
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(2) For any n > 1, it follows that

||3Un+1

- 'an = HT(anw(xn) + (1 - an)xn)

- T(anfl'lﬁ(l‘nfl) + (1 — Oénfl)l'nfl)n

<l (2n) + (1 — an)2n — 19 (2n-1)
— (1= an—1)zn|

= [lan(¥(zn) — P(zn-1)) + (1 — an)(zn — Tp-1)
+ (o — an—1) (Y (Tn-1) — Tn-1)||

< anpllzn — 21l + (1= an)llzn — zp-al|

+|an — an—1| ¥ (2n—1) — Tn_1]|
= (1= =plon)llen — znll
+|an — ana| |[Y(2n—1) — Tn-1]|-

(3) Let p be a fixed point of T

|l Zn41

dl

A

IN

IN

1T () + (1 — an)arn) — T
Hanw(‘rn) + (1 - O‘n)wn _pH

lon((n) — 9(8)) + (L — @) (@n — p) + an((p) - )]
npllza — pll + (1 — an)llza — pll + anllt(p) — o

(1= (1 = e — pl + (1~ pha AR

max{lla:n—pH [%(p) — pll}. !
IL—p

By induction, we obtain that for all n > 0,

v @) —pl
P }

o =l < max { o — pl, 22

thus {x,} is bounded.

29
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Theorem 1.2.3. Let X be either a reflexive Banach space with a weakly continuous
duality mapping Jy or a uniformly smooth Banach space, C' a nonempty closed
convez subset of X, T : C — C' a nonexpansive mapping with Fix(T) # 0, ¢ : C —
C' a p-contraction and {a,} a sequence in [0,1] satisfying

(H1) limp—oo ap = 0
(H2) 220:1 Qp = 0

. o
(H3) >0 |41 — am| < 00 or limy oo ——
Qn+1

=1

Then, for any xg € C, the sequence {z,} defined by
Tnt1 = T(an(zyn) + (1 — an)zy) (1.2.15)
converges strongly to the unique solution q € Fiz(T') of the inequality
(v —1)q,Jy(x — q)) <0, Vo € Fiz(T); (1.2.16)

that is, q is the unique fized point of the contraction Q o ¢, where @ is the unique
sunny nonexpansive retraction from C to Fiz(T).

Proof. As we justified in the proof of the previous theorem if @ : C' — Fix (7T) is
the unique sunny nonexpansive retraction whose existence is assured by Theorem
1.1.30, by the characterization Lemma 1.1.9, ¢ € C' is the unique fixed point of Qo
if and only if ¢ € Fix (T') satisfies the variational inequality (1.2.9). Throughout the
proof, when X is uniformly smooth, the duality mapping is J for any gauge ¢.
Since T has fixed points, by Lemma 1.2.2 (3) we have that {z,} is bounded,
and therefore so are {T'(z,)} and {¢(x,)}. The fact that {z,} is asymptotically
regular is a consequence of Lemma 1.2.2 (2). Indeed, by hypothesis we have that

Yoo (1= p)ap—1 = oo and either > o7 | |y, — ap—1| < 00 or

limsupM = lim '1 _ G-t

n—00 Oln, n—oo

= 0. (1.2.17)

an,
Then inequality (1.2.14)

[Zn1 — 2ol < (1= (1 = p)an)||zn — zn-a|l + |an — an-1] [¥(@n-1) — Tn- |
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allows us to use Lemmas 1.1.21 and 1.1.22(b) to deduce that
lim [|zp41 — 25| = 0. (1.2.18)
n—oo
Then, by using inequality (1.2.13) and hypothesis (H1) we get
lim ||z, — Tz,| < lim ||zp41 — @] + Um ay|¢(z,) — 2, = 0. (1.2.19)
n— oo n— 00 n—oo
Distinguishing both cases according to the underlying space we will see now that

limsup(¥(q) — ¢, Jy(zn — q)) <0, (1.2.20)

n—oo

where ¢ will be the identity function, that is, J; = J will be the normalized duality
mapping in the case of a uniformly smooth Banach space.

Assume first that X is a reflexive Banach space with weakly continuous duality
mapping Jy. Take a subsequence {n;} of {n} such that

limsup(y(q) — ¢, Jo(2n — q)) = lim (¢(q) — ¢, Jo(an, — q))-
n—00 k—o0

Since X is reflexive and {z, } bounded, we may assume that x,, — Z. From Theorem
1.1.5 we know that X satisfies Opial’s property, therefore Demiclosedness principle
for nonexpansive mappings holds (see Theorem 1.1.12). Since {(I —T')x,} converges
to 0 from (1.2.19), this implies that & € Fix(T). Then by inequality (1.2.16) and
the weak-to-weak™ uniform continuity of Jy,

]i;n_)sip@ﬁ(q) — ¢ Jo(en —q)) = lm (P(q) = g, Jo(zn, —q))
= (W9 —q,Js(T —q))
< 0.

If X is uniformly smooth we proceed as follows. Let {3} be a null sequence in
(0,1) (i-e., {Bx} — 0, as k — oo) and define {y} by

U =T (Be(yr) + (1 — Br)yr)-

We have proved in Theorem 1.2.1 that {y,} converges strongly to ¢. For any n,k > 0
define
On ks = |lzn — Tl‘n”Q + 2[|lzn — Tznl|lyx — Tay||
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e 1= SUp{|[v(ye) = ol (B (¥ (yr) = 2n) + (1= Be) (v = 2n)) = T (g = 2n)lI}-

For any fixed k£ € N, by (1.2.19), lim,,—.o 0 1 = 0. Moreover limy_, €, = 0 because
of the uniform continuity of J over bounded sets. By using inequality (1.1.5) and
the nonexpansivity of T we obtain

lye — aal®

VANVA

IN

(ITzn — znll + lye — Tnl])

|zn — TanQ +2[|n — Ton|lllye — Tl + |lyr — Tﬂjn”2

S + 1L = Bi) (e — @n) + Br(W(yr) — z0)|”

One + (1= 1) llyr — ol

+28 (W (yk) — @, J (Be(V(yr) — zn) + (1 = Bi)(Yk — zn)))

On ke + (1= 61)*lyr — @nll? + 28(0(yr) — @, J (ke — 20))
+20Bkex

One + (1= B1)*lyk — 2nll® + 2Bk (yr — 2, J (Y — 20))

+266(V (k) — Yk J (Yk — 2n))) + 20kex

St + (1= Bi)® + 280 lyr — all® + 2Brex

266V (yk) — Y J (Yk — Tn))

Then we deduce that

(¥ (k)

and therefore

lim sup(¢ (y)

n—oo

On the other hand

(W(g) —q,J(x

1.9

n,k
- 7J Tpn — S a : )
Yk, J( ) = 5 ( B )
B . 2
—Yp, J (T — ) < ?hmsupﬂyk—:nn” + €. (1.2.21)

n—q) =) —q¢J(@n—q) = J(zn — yk))

(¥ (q) Q) — Wyr) —yr) J(@n — k)  (1.2.22)

_l’_
+ (W (k) — Yr, J (20 — Yr))-
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Note that
lim (sup{{(x)(q) — q, J(xn, — q) — J (2 — yx))}) =0 (1.2.23)

k—o0 n>0

because J is norm to norm uniformly continuous on bounded sets. By using (1.2.21),
(1.2.23) and passing first to lim sup,,_,, and then to limy_,~, from (1.2.22) we obtain

limsup(y(q) — ¢, J(zn — q)) < 0. (1.2.24)

n—oo

Finally we prove that {z,,} converges strongly to ¢. Set

M = [19(q) — all | Js(antp(zn) + (1 — an)zn — q) — Jp(zn — q)||-

Hypothesis (H1) implies that 7, — 0, as n — oco. By using the nonexpansivity
of T', subdifferential inequality 1.1.4, the convexity of ® and the fact that ) is a
contraction we obtain that

O(lzni —ql) < P(llantp(zn) + (1 — an)zn —ql])
O([lan(P(en) = ¥(q) + (1 = an)(@n — q) + an(P(q) — 9)l)

< @(flan((zn) = ¥(q) + (1 — an)(@n — g)])
+on(¥(q) — ¢, Jo(an(zn) + (1 — an)zn — q))
< @(flan(¥(zn) = (9)) + (1 = an)(@n — g)l)

+an((¥(q) — ¢, Jp(xn — @) + 1)
S (1 - (1 - p)an)q)(Hwn - QH) + anbm

where b, = (¥(q)—q, Jp(xn—q)) +1n. If X is a reflexive Banach space with a weakly
continuous duality mapping Jg, thanks to (1.2.20) we deduce that limsup,, ., b, <
0. Thus from Lemma 1.1.21 we obtain that {z,} converges strongly to ¢, since ® is
positive and ®(0) = 0. In the case of a uniformly smooth Banach space the previous
inequalities for the normalized duality mapping J, with ®(¢) = ¢2/2, turn into

|l Tne1 — QH <A =(1=pan)|zn — QH2 + 20,

where limsup,,_, . b, < 0 since (1.2.24) holds. Thus the result follows from Lemma
1.1.21 as well.
O
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Corollary 1.2.4. Let X be either a reflexive Banach space with a weakly continuous
duality mapping Jy or a uniformly smooth Banach space, C' a nonempty closed
convez subset of X, T : C — C a nonexpansive mapping with Fix(T) # 0 and
g: C — C a mapping such that I — ug is a contraction for some y > 0. Assume
that {an} is a sequence in [0,1] satisfying hypotheses (H1)-(H3) in Theorem 1.2.3.
Then the sequence {x,} defined by the iterative scheme

Tpy1 = Ty — ang(Txy), (1.2.25)
converges strongly to the unique solution q € Fiz(T) of the inequality problem
(9(q), Jp(x —q)) >0, Vo € Fiz(T). (1.2.26)
Proof. Consider the sequence {z,} defined by z, = T'z,, for any n > 0. Then
Znt1 = T(Txn —ang(Txy))
= T(en— = Puglen)
= T(ap(I — pg)zn + (1 —af)z),

where o), = %2 for all n > 0, so the sequence {o/,} satisfies hypotheses (H1)-(H3).
Since 9 := I — ug is a contraction, Theorem 1.2.3 implies the strong convergence of
{2zn} to the unique solution ¢ € Fix (T") of the inequality problem

(I =v)q, Jy(x — q)) =0, Vo € Fix (T),

which is equivalent to (1.2.26). Therefore, from the iteration scheme (1.2.25) we
deduce that the sequence {x,} converges strongly to q. O

In Section 1.4.2 we will show how to apply this previous result for approximating
solutions to variational inequality problems and therefore to minimization problems.

Remark 1.2.5. It is easily seen that the conclusions in Theorems 1.2.1, 1.2.3 and
Corollary 1.2.4 remain true if the uniform smoothness assumption of X is replaced
with the following two conditions:

(a) X has a uniformly Gateaux differentiable norm;

(b) X has Reich’s property (see Theorem 1.1.30).
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1.3 Perturbation techniques

In this section we present a new approach for the problem of finding a fixed point of
a nonexpansive mapping T : C' — C with Fix (T') # . In some applications, as we
will see in Section 1.4.3, the involved mapping T is often the projection Pc onto the
closed convex set C' in a Hilbert space H. The complexity in the computations of
the projection Po may bring difficulties, due to the fact that projections may lack to
have a closed form (unless C' is as simple as a closed ball or a half-space). There exist
some perturbation techniques to avoid this inconvenience with the implementation.
These methods consist of considering a sequence {C),} of closed convex subsets of
H, instead of the original set C, in the hope that the projections P, are relatively
easy to compute and converge in some sense to the projection Pp.

The first appearance of this idea is due to Yang and Zhao, in [130, 128], who
proved the convergence of a Mann type algorithm in a finite-dimensional Hilbert
space assuming the convergence in the sense of Mosco of {C},} to C. They mainly
applied their results to approximate solutions to the split feasibility problem (see
Section 1.4.3). Motivated by this approach, Xu, in [124], studied a more general
algorithm which generates a sequence {z,} according to the recursive formula

Tni1 = (1 —ap)zy + anThx,, n >0, (1.3.1)

where {T},} is a sequence of nonexpansive mappings defined on a Banach space X
tending to the mapping T in some sense. Then, under assumptions

(1) 2Xonzoan(l —ap) = oo,
(i) Y02y anD,(T;,T) < oo, for every p > 0,

where D, (T,,T) = sup{||Thz — Tz| : ||z|| < p}, he proved that in the setting of a
uniformly convex Banach space X having a Fréchet differentiable norm the sequence
{z,} weakly converges to a fixed point of 7. It is worth mentioning that Xu’s result
contains Theorem 2 by Reich in [94].

Aiming to get strong convergence to a fixed point of 7' by means of this tech-
nique, we present a Halpern type iterative scheme, considering a sequence {T},} of
nonexpansive self-mappings of C' which are viewed as perturbations and will be as-
sumed to converge in some sense to the originally given mapping 7. Our iterative
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algorithm is then defined to generate a sequence {z,} according to the recursive
formula

Tnt1 = Qpi1U+ (1 — apt1)Spt12pn, n >0, (1.3.2)
where xg,u € C are arbitrary points, {«a,,} is a sequence in [0, 1] and, for each integer
n >0, S, is the averaged mapping defined by S,, = (1 — A\)I + \T,,, with A € (0,1)
fixed. Then, under certain conditions on the sequence {7}, }, we can prove the strong
convergence of {x,} to a fixed point of T in the setting of either reflexive Banach
spaces having a weakly continuous duality mapping .J or uniformly smooth Banach
spaces.

Theorem 1.3.1. Let X be a reflexive Banach space having a weakly continuous du-
ality mapping Jy, C a nonempty closed convex subset of X, T : C' — C' a nonexpan-
sive mapping such that Fiz(T) # 0, {T,} a sequence of nonexpansive self-mappings
defined on C' and {an} a sequence in [0,1]. Assume that the following conditions
are satisfied.

(1) limp—oo | Tnyn — Tyn| =0, Y{yn} C C bounded;
(ii) o2 | Thwp — Tp|| < 00, Vp € Fiz(T);

(H1) limp_oo cp = 0;

(H2) >0 g an = 00.

Then the sequence {x,} generated by the algorithm (1.3.2) converges strongly to
Q(u), where @ is the unique sunny nonexpansive retraction from C onto Fix(T).

Proof. First of all, note that by Theorem 1.1.30 the unique sunny nonexpansive
retraction @ : C' — Fix (T') is given by Q(u) = lim;_¢ z; where z; = tu + (1 — )Tz
for each t € (0,1).

We prove the theorem in the following steps.

Step 1. {z,} is bounded.
Let p € Fix (T'). By the nonexpansivity of Sy41,
|41 —pll < angaflu—pll + (1 = ang1) | Spr2n — pl|
< angallu—pl + (1 = ani2)(ln = pll + [Snr1p = pl))
< (= angi)llen = pll + onyallu = pll + M| Tngap — T
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where Y ° ||Tnp — Tp|| < oo by (ii). Thus, by Lemma 1.1.22(a), we obtain that
{zy} is a bounded sequence.

Moreover, since

1Sn12n =2l < AlTas12n = pll + (1= Nllan —
ANz = pll + I Tosap = Tl ) + (1 = Nljza — p
@ = pll+ Al Ts1p = Tl

IN

where {||z, — p||} is bounded and {||T,+1p — Tp||} tends to 0, we conclude that
{Sp+12n} and {T),+12,} are bounded.

Step 2. lim, oo ||Tnt1 — x| = 0.

We can write

Tpt1 = i1t + (1 — apgr) ()\Tn+1$n + (1 - )‘)xn)
= app1u+ (I = any1) A p12n + (1 = apygr)(1 = Ny
Y¥n + (1 = Yn)Zn,

where, for n > 0,

Yn = Qpt1 + (1 - anJrl))‘

and

n = =

apqru+ (I — o) N1z, Ontl o (1 Qg1
Tn Yn

) Tn+1xn-

n

Note that the sequence {y,} is bounded because it is the convex combination of two
bounded sequences, and the sequence {~,} satisfies

lim ~, =X € (0,1). (1.3.3)



38 Iterative methods in Banach spaces

We estimate

Opto Qi1 1— apa0 1 —apat
lgnsr = gnll < [T = S [ S SR S BT, 4
n n n n
1—apio
+7n+)\”Tn+2$n+l - Tn—l—lan
Tn+1
Opto  Opad l—api0 1—«
e L e NN
n n n n
11—« 2
[l =l + [Tt = Tzl ).
n
We denote
Qpto  Opti 1—apio 1—api
Rl e [ R e LA
n n n n
1l -« 2
+7n+)‘HTn+2xn_ n+1l'n||'
Yn41

By (H1), (1.3.3), (i) and the fact that {T},+1x,} is bounded, we obtain
lim 3, =0.

n—oo

Then it follows that

1—apio
Hyn+1 - ynH - ”wn—i—l - wnH < ﬂn + 7”4_)\ -1 Hxn—i—l - CCnH,
ot

n-+

and, since {x,} is bounded, we obtain that
lim sup([|yn+1 = yall = [[€ns1 — zal) < 0.
n—oo
Now, by Lemma 1.1.25, we deduce that lim,_,o ||y, — zn|| = 0, which implies that

lim ||zp41 — zpl| = Im y,||yn — 2| = 0.
n—oo n—oo

Step 3. lim,, . ||zn, — Tz, || = 0.



Fixed point approximation methods for nonexpansive mappings 39

Indeed, we can write

|z —Tznll < |on — 2ol + 201 — Torronll + [ To 170 — Tag|

where
|Tnt1 — Thriznll < angillu — Sna1mall + [[Sni12n — Tng1 2y
= apq1fju— Sn—&-lan + (1 — )\)”l’n — D124
< apqillu — Shpizn|| +
+(1 =) (llzn = Twall + [T 10 = Tl ).
Then

1
lon = Taall < 3 (ansrllu = Snsrzall + 2 = N Tor1@n = Toall + 2ns1 = 20l ).

Therefore, by step 2, (i), (H1) and the boundedness of {S, 12},

lim ||z, — Tzy,|| = 0.
n—oo

Step 4. limsup,,_, . (v — Q(u), Jp(zn — Q(u))) < 0, where @) the unique sunny
nonexpansive retraction from C' onto Fix (7).
Take a subsequence {n;} of {n} such that

limsup<u - Q(U), J¢(xn - Q(u))> = lim <u - Q(U), J¢(xnk - Q(u))>

n—00 k—o00

Since X is reflexive and {x,} bounded, we may assume that x,, — .
Step 3 combined with the demiclosedness principle (Theorem 1.1.12) implies that
x € Fix (T). Then by Lemma 1.1.9(¢)

limsup(u — Q(u), Jy(xn — Q(u))) = khﬁn&(u — Q(u), Jy(xn, — Q(u)))

(u=Q(u), Js(r = Q(u)))
0.

IN

Step 5. =, — Q(u).
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Using the subdifferential inequality (1.1.4) and the nonexpansivity of S, we
obtain

O([lzn — QM) = P(lom(u — Q(u)) + (1 — o) (Snzn-1 — Q(u))])
< (1= an)[[Snzn—1 = QU)|) + anfu = Q(u), Js(zn — Q(u)))
< (A =an)®(len-1 — Qu)ll + 15:Q(u) = Qu)]) +
+an(u = Q(u), Js(rn — Qu)))
< (1 =an)®([len1 — Qu)])
+O([lzn—1 — Qu)|l + 15:Q(u) — Q(u)[) = ([zn-1 — Q(u)]])
+an(u = Q(u), Js(rn — Qu)))
< (1= an)®(flzn-1 = Q) + ¢(a)[[SnQ(u) — Qu)]
+an(u = Qu), Jy(zn — Q(u)))
< (I =an)®([[en — Qu)])
+an(u = Qu), Jy(rn — Qw))) + A(a) | TnQ(u) — Q(u)|l;

where a is such that

a= igri{HSnQ(U) — Q)| + [lzn—1 — Qu)[[} < oo

Therefore, by using Lemma 1.1.22(b), Step 4 and condition (ii), we conclude that
O

Remark 1.3.2. Condition (i) in Theorem 1.3.1 equivalently says that the sequence
{T},} converges to T uniformly over any bounded subset of C; that is,

lim sup{||T,x — Tz| : x € D} =0,
n—oo

where D is any given bounded subset of C. This condition is satisfied if we take T,
as the average of the identity I and 7', that is,

Ty =Pl + (1 - ﬁn)Ta (1'3'4)

where {8,} is a positive null sequence in (0,1). For this choice of {T},}, condition
(ii) is fulfilled automatically.
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We next prove a convergence result for the iterative algorithm (1.3.2) in the
setting of uniformly smooth Banach spaces. This setting looks more natural than
the setting of Banach spaces which have a weakly continuous duality mapping since
the former setting includes both I[P and LP spaces for 1 < p < oo, while the latter
excludes IP for 1 < p < oo, p # 2.

Theorem 1.3.3. Let X be a uniformly smooth Banach space, C a closed convex
subset of X, T : C — C a nonexpansive mapping such that Fiz(T) # 0, {T,,} a
sequence of nonexpansive self-mappings defined on C and {ay} a sequence in [0, 1].
Assume that the following conditions are satisfied.

(1) limp—oo | Tnyn — Tyn| =0, Y{yn} C C bounded;

( 1) limy, o0 oy = 0;

(H

Then the sequence {x,} generated by the algorithm (1.3.2) converges strongly to
Q(u), where Q is the unique sunny nonexpansive retraction from C onto Fiz(T).

)

(i) > oo ITnp — Tpll < 0o Vp € Fiz(T);
)
2)

Yo O = 0.

Proof. As in the proof of Theorem 1.3.1, we divide this proof into the following
steps:

Step 1. {x,} is bounded,

Step 2. lim, oo ||Znt+1 — 2n|| = 0,

Step 3. lim,, . ||zn — Tx,|| =0,

Step 4. limsup,,_, (v — Q(u), J(x, — Q(u))) <0,
Step 5. z, — Q(u) in norm.

Step 1. - Step 3. can be similarly proved as in the proof of Theorem 1.3.1.
The proof of Step 4. is however different since we do not have weak continuity of
the duality map, so instead we will tactically utilize the uniform smoothness of X.
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We proceed as follows. Recall that z; satisfies the equation (1.1.18) which leads to
the identity z; — z, = t(u — xy,) + (1 — t)(T'z¢ — x,,). Using (1.1.5), we derive that

2zt — znl> < (1 =82 T2 — xp||® + 2t{u — 20, J (2t — 1))
< (=12 (llz — @l + [ Tan — zal])* +
2t {u — 24, J (2 — xp)) + 2t|| 20 — ||
< (L4 1)||ze — znl|* + 2t(u — 2, J (2 — ) +

(L = )| Tzn — 2| (| T2n — @l + |26 — al])-
Therefore, setting
Bn = || Ty — xn”(HTxn — Tl + [zt — xn“)a

we get

t 1
(u—zt, J(xn — 2¢)) < §Hzt_33n|| —l—ﬂﬁn (1.3.5)
Besides, by Step 3 and the fact that {z,} and {z;} are bounded, we get
Bn — 0 asn — oo (uniformly in ¢ € (0, 1)),

and
3L > 0 such that ||z — z,|| < L Vt € (0,1),Vn > 0.

It follows from (1.3.5) that

L. (1.3.6)

N[ o+

lim sup(u — 2, J (20 — 1)) <

Since the normalized duality mapping J is norm-to-norm uniformly continuous on
bounded sets of X, we have J(x,, — 2¢) — J(z, — Q(u)) as t — 0T uniformly for all
n > 0. This suffices for us to derive from (1.3.6) that

limsup(u — Q(u), J(z, — Q(u))) < 0. (1.3.7)

n—oo
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Finally we prove Step 5.; that is, z, — Q(u). Using the subdifferential inequal-
ity (1.1.5) and the nonexpansivity of \S,, we obtain

lzn = Q@I = Jlom(u — Qu)) + (1 = o) (Snzn—1 — Q(u))||?

< (1= an)l[Shzn-1 = Q)|I* + 200 (u = Q(u), J (@ — Q(w)))
< (1= an) (et — QI + 15:Q0) — Q)
20 (1~ Q(u), J (wn — Q(u)
= (1= aw)leat = Q)P + 2an(u = Qu), Iz, — Q(u))) +
+152Q(w) = Q) (I1:Q(w) — Qu)ll +2llzn 1 — Qw))
< (1= an)len-1 = QP + 200 (u = Q(u), J(zn — Q(u)

FAM || T,Q(u) — Q(u)|,

where M is such that

iglg{\lSnQ(u) = Q)| +2[zp—1 — Qu)|I} < M,

which exists by the boundedness of {x,} and (i). Then, using Lemma 1.1.22(b), by
step 4 and (ii) we get x,, — Q(u).
O

Remark 1.3.4. Tt is easily seen that the conclusion of Theorem 1.3.3 remains true if
the uniform smoothness assumption of X is replaced with the two weaker conditions

(a) X is uniformly Gateaux differentiable
(b) X has Reich’s property.

Note that if the fixed point set of T' is contained in the common fixed point set
of the mappings {7}, }, then condition (ii) is trivially satisfied and both Theorems
1.3.1 and 1.3.3 can be rewritten as follows.

Theorem 1.3.5. Let X be either a reflexive Banach space having a weakly continu-
ous duality mapping Jy or a uniformly smooth Banach space. Let C' be a nonempty
closed convex subset of X. Let T : C — C be a nonexpansive mapping and assume
that {T,} is a sequence of nonerpansive self-mappings defined on C such that
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(1) limpy—oo [|Tnyn — Tyn|l = 0, Y{yn} C C bounded,

(iii) N0 Fiz(Tn) 2 Fiz(T) # 0.
Let {ay,} C [0,1] satisfy (H1) and (H2) in Theorem 1.3.1. Then the sequence {xy}

generated by the algorithm (1.3.2) converges strongly to Q(u), where Q is the unique
sunny nonexpansive retraction from C onto Fix(T).

As a consequence of Theorem 1.3.1 and Theorem 1.3.3 we deduce the following
convergence result. It will be applied to approximate a solution to the convex
feasibility problems studied in Section 1.4.

Corollary 1.3.6. Let X be either a reflexive Banach space having a weakly continu-
ous duality mapping Jy or a uniformly smooth Banach space and C' C X a nonempty
closed convex set. Assume that T : C — C' is a nonexpansive self-mapping such that
Fiz(T) # 0 and {T,} is a sequence of nonexpansive self-mappings defined on C
satisfying

oo

> Dy(Tn, T) < o0, ¥p >0, (1.3.8)

n=0
where

Dy(To, T) = supd{ | Tz — T2l 2 € C, |lal] < p}.

Let {ay} C [0,1] satisfy (H1) and (H2) in Theorem 1.3.1. Then the sequence {x,}
generated by the algorithm (1.3.2) converges strongly to Q(u), where Q is the unique
sunny nonexpansive retraction from C onto Fiz(T).

Proof. It suffices to prove that (1.3.8) implies conditions (i) and (ii) in Theorem
1.3.1.

(i) Let {yn} be a bounded sequence. Then there exists a constant p > 0 such
that |lyn|| < p, Vn > 0. Therefore

hm | Tnyn — Tyn|| < hm sup [|[Thz —Tx| = hm D,(T,,T) =0.
< l=ll<p

(ii) Obviously, for every p € Fix (T),

Z | Tp — Tpl| < Z sup || Tpx — Tz|| = ZDHPH T, T) <

n=o llzl<llpl
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1.4 Applications

1.4.1 Zeros of accretive operators

Let X be a real Banach space and A : X — 2% a set-valued m-accretive operator
with domain D(A) and range R(A) in X. The problem of finding a zero of A in
D(A) consist of

finding z € D(A) such that 0 € Az. (1.4.1)

When C' = D(A) is convex, this problem has extensively been investigated due to its
many applications in solving related problems; for instance, minimization problems,
variational inequality problems and nonlinear evolution equations. Let us denote
the zero set of A by

A7H0) = {2 € D(A) : 0 € Az}.

By Theorem 1.1.17, we know that the resolvent of A is a firmly nonexpansive map-
ping from X to D(A). It is straightforward to see that A~!(0) coincides with the
fixed point set of Jy, for any A > 0. Therefore an interesting approach for solving
the problem of finding a zero of A is via iterative methods for approximating a fixed
point of nonexpansive mappings.

As a consequence of the convergence of the implicit iterative scheme (1.2.8)
presented in Section 1.2, we obtain Reich’s result (cf. [95]) for approximating zeros
of accretive operators in uniformly smooth Banach spaces. However, the following
theorem in the setting of reflexive Banach spaces with weakly continuous duality
mapping constitutes a new approach.

Theorem 1.4.1. Let A be an m-accretive operator in a reflexive Banach space X
with a weakly continuous duality mapping Js. Then, for each v € X, the sequence
{Jx(z)} converges strongly, as A — oo, to the unique zero of A, ¢ € A=1(0), which
satisfies the variational inequality

(x —q,Js(y — q)) <0 Yy € A71(0). (1.4.2)

Proof. Given x € X we consider the approximating curve {x;} such that z; = J; JtTs
for any ¢t € (0,1). By definition of the resolvent of A, we obtain the following
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equivalence:
xy = (I + fA)_lx T E X+ %AZL}
t(x —xy) € Azy
xp+t(r—ay) € (I + Ay
xp = (I + A) " ap +t(x — 24))
xy =T(tf(xe) + (1 —t)zy),

toe o

where T = (I + A)~! is the nonexpansive resolvent of order 1, and f = z is a
constant mapping which is a contraction. Therefore, Theorem 1.2.1 implies the
strong convergence of {x;}, as ¢ — 0, to the unique solution to the inequality
(1.2.9); in other words, {Jyx} strongly converges, as A — oo, to the unique zero
q € A71(0) which is solution to the inequality (1.4.2). O

Remark 1.4.2. If we define the mapping @ : X — A~1(0) such that, for any = € X,
Qr = lim Jyz,
A—00

then, since Qz satisfies the inequality (1.4.2), by Lemma 1.1.9 we can claim that @
is the unique sunny nonexpansive retraction from X to A‘l(O).

In [38], the authors studied a different iterative method for m-accretive operators
in a uniformly smooth Banach space with a weakly continuous duality mapping.
They proved the strong convergence of the Halpern type algorithm

Tng1 = apu+ (1 — ap)Jdr, n, n >0, (1.4.3)

where {a,,} satisfies conditions (1) and (2) in Section 1.1.2, and {r,} C (0,+00) is
such that

lim r, = co.
n—oo

The inspiration for this method is Rockafellar’s proximal point algorithm, formulated
by
Tnt1 = JrpTn, n >0,
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for maximal monotone operators in Hilbert spaces [103]. Early results on the prox-
imal point algorithm in Banach spaces (which take into account computational er-
rors) can be found in [20, 85]. More recent results were obtained in [6].

Xu, in [125], presented an improvement of the previous result by removing either
the uniform smoothness of X or the assumption of a weakly continuous duality
mapping.

Using Theorem 1.3.5, we get strong convergence of a modified algorithm under
better conditions. To this end, we need the following lemma.

Lemma 1.4.3. (Miyadera [77]) Let A : D(A) — 2% be an accretive operator. If
x € D(Jy), then, for any A > 0 and any p > 0,

0 p
3¢ +(1- X)J)\a: e D(J,)
and
e =Ju(Ez 4+ (1= E) ).
A A

Theorem 1.4.4. Let X be either a reflexive Banach space having a weakly con-
tinuous duality mapping Jy or a uniformly smooth Banach space. Let A be an
m-aceretive operator with A=1(0) # 0. If {x,} is the sequence generated by the
algorithm

Tpg1 = A1t + (1 = apg1) (L= Nap + Ay, 20), 720, (1.4.4)

where X\ > 0, the sequence {cw,} satisfies conditions (H1) and (H2) in Theorem 1.3.1
and

lim r, =r € (0,400),

n—oo
then {x,} converges strongly to x € A~1(0).
Proof. Since A is m~accretive, by Theorem 1.1.17 we have that the resolvent Jy is

firmly nonexpansive for any A > 0, in particular, nonexpansive. Then define, for
any n >0, T, = J,, and T = J,. Since Fix (J,,) = Fix (J;) for all n > 0, we have

() Fix (T,,) = Fix (T) = A7'(0) # 0.

n>0
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We next verify that condition (i) of Theorem 1.3.5 holds. Indeed, given {yn}
bounded, since J,,, is nonexpansive, we can find a constant p > 0 such that

sup{[|ynll + |1, yull} < p.
n>0
By using Lemma 1.4.3 and the nonexpansivity of the resolvent, we obtain

|Toyn — Tynll = |Jrnyn — Jrynll
T T,
= HJrnyn - Jrn(fyn + (1 - Tn)ern)H

T T
T T
< (1= )lyall + @ = ) Trynll
T T
Tn
< (1——)p.
< (I="")p

Since r, — r, as n — 0, we obtain
lim |1, yn — Tynl| = 0.
n—oo

Therefore we can now apply Theorem 1.3.5 to prove the strong convergence of {z, }.
O

Remark 1.4.5. The previous result remains true in a reflexive Banach space with a
uniformly Gateaux differentiable norm and Reich’s property.

Kamimura and Takahashi, in [55], provided a perturbed version with errors of
the iteration (1.4.3) for a maximal monotone operator A in a Hilbert space H with
D(A) = H. They proved the strong convergence of the sequence defined by the
algorithm

Tnt1 = apuu+ (1 — an)yn, n >0,
where ||y, — Jp, 20| < e, with 7~ e, < o0, and r, — oo. In this regard, by
Theorems 1.3.1 and 1.3.3 we have the following result.

Theorem 1.4.6. Let X, A, A\, {an} and {r,} be as in Theorem 1.4.4. Let the
sequence {x,} be generated by the algorithm

Tpt1 = Qppru+ (1 — Oén+1)((1 — Nz, + )\TnH:z:n), n >0, (1.4.5)
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where for each n > 0, T, is given by
T, =Jp, +en

and the sequence of errors {e,} satisfies the condition

> llenl| < o

n>0
Then {z,} converges strongly to a point of A=1(0).

Proof. Let T = J, = (I +rA)~L.
We need to prove that conditions (i) and (ii) in Theorem 1.3.1 hold.
(i) Given a bounded sequence {yy}, we have

HTnyn - TynH = HJTnyn +éen — ernH < HJrnyn - ernH + ”enu

In Theorem 1.4.4 we proved that lim, . ||Jr, Zn — Jrzy| = 0. This, together with
the hypothesis lim,, ., ||e,| = 0, implies that

lim ”Tnyn - Tyn” =0.
n—oo
(ii) Let p € Fix (T). Since Fix (J,,) = Fix (J,) = Fix (T), for all n > 0,
[ Tnp = Tpl| = [|r,p + en = Jrpll = [lenll-

Hence
o0 (o)
Z |Twp —Tpll = Z len]| < oo.
n=0 n=0

Therefore, the strong convergence of the sequence {z,} generated by (1.4.5) is an
immediate consequence of Theorems 1.3.1 and 1.3.3. ]

In a Hilbert space H, the concept of maximal monotone operators coincides with
that of m-accretive operators. If we consider the problem of minimizing a proper
lower semicontinuous convex function f : H — R, it is known that

z € argminf(x) < 0 € df(2),
reH
and that T = 0f is a maximal monotone operator. Then the iteration scheme (1.4.4)
is a method for minimizing f.
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1.4.2 Variational inequality problems

In this section let us assume that the underlying space H is a Hilbert space and
C C H is a closed convex set. Given a monotone operator A : H — H, the
variational inequality problem VIP (A, C) consists of finding p € C such that

(Ap,p—z) <0, Vz e C. (1.4.6)

If f: H— R is a lower semicontinuous convex function, a necessary and sufficient
condition for the constrained convex minimization problem

min f(x), (1.4.7)
is the VIP (A, (), where the operator A is the subdifferential of f, df, which is
a maximal monotone operator by Theorem 1.1.19. This means that solving the
minimization problem (1.4.7) is equivalent to finding a solution of a variational
inequality. Thus, in order to solve a broad range of convexly constrained nonlinear
inverse problems in real Hilbert space, Yamada [117] presented an hybrid steepest
descent method for approximating solutions to the variational inequality problem
VIP(g, Fix (T)), for an operator g and the fixed point set of a nonexpansive mapping
T :C — C. In particular, he proved that, when g is strongly monotone and Lipschitz
continuous, the sequence {x,} defined by the algorithm

Tpy1 = Txy —ang(Txy), n >0, (1.4.8)

converges strongly to the fixed point of 7', ¢, which is the unique solution to the
inequality
(9(q),z —q) > 0 Va € Fix (7). (1.4.9)

As a consequence of Corollary 1.2.4 we get a more general result.

Theorem 1.4.7. Let T : C — C be a nonexpansive mapping with Fiz(T) # 0 and
g : C — C a mapping such that I — ug is a contraction for some p > 0. Assume
that {a,} is a sequence in [0, 1] satisfying hypotheses

(H1) limp_o0 oty = O;

(H2) >0 ap = 00;
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. «
(H3) 22021 |an+1 — a| < 00 or limy, o0 —n
Qn+1

=1.

Then the sequence {x,,} defined by the iterative scheme (1.4.8) converges strongly to
the unique solution q € Fiz(T') of the VIP (g, Fix(T')) (1.4.9).

Indeed this theorem improves Yamada’s result since for any Lipschitz and strongly
monotone operator g there exists u > 0 such that I — ug is a contraction as it is
stated in the following lemma.

Lemma 1.4.8. Let A: H — H be a single-valued L-Lipschitz and n-strongly mono-
tone operator and ¥ a p-contraction. Then,

(i) for any 0 < u < 2n/L?, the mapping I — pA is an a-contraction with
a = /1 —p(2n—pL?);

(ii) for any v < n/p, the mapping A — v is R-Lipschitz and §-strongly monotone
with R= L+ ~vp and 6 =n — vp.

Proof.
(i) By applying the L-Lipschitz continuity and n-strong monotonicity of A we
obtain
I = uB)x — (I = pB)y|* = | —yl* +4*|Bz — Byl

—p{x — y, Bx — By)
2 —y|* + p2L?||z — y||* — 2un||lz — y|?
(1 — p(2n — pL?) || — y||*.

Then, for any 0 < p < 2n/L?, the mapping I — pA is a contraction with
constant /1 — u(2n — pL?).

(ii) Since A is L-Lipschitz and 1 is a p-contraction,

(A =)z — (A= )yl < [[Az — Ayl +~[[vz — ¢yl < (L +yp)llz —yll,
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that is, A—~ is Lipschitz with constant R = L+yp. The strong monotonicity
of A — ~1 is consequence of the strong monotonicity of A as it is showed as
follow.

(A=yp)r = (A=y)y,z —y) = (Az—Ay,z—y) —y(Yr =Yy, z —y)
nllz —ylI> = yllve — vyll|lz -y
(n—p)llz — yll,

(A\VARAVS

where § =n —vp > 0.
O

Let us consider now the following particular variational inequality problem. Let
T : H — H be a nonexpansive mapping with Fix(T) # 0, v : H — H be a
contraction and A be a Lipschitz self-operator on H which is strongly monotone.
Then the VIP (A — v, Fix (T))

(A=vY)q,q —x) <0, Vo € Fix(T), (1.4.10)
where v > 0, is the optimality condition for the minimization problem

s (@) = h(@)
where f is a differentiable function with subdifferential 0f = A and h is a potential
function for i (i.e. h'(z) = y¥(x) for x € H). Marino and Xu [73] presented
an iterative method to solve the VIP (A — 1), Fix (T')) for a linear bounded opera-
tor. Lemma 1.4.8 and Theorem 1.4.7 allow us to apply the hybrid steepest descent
method (1.4.8) to solve such variational inequality dispensing with the linear con-
dition on the operator A.

Theorem 1.4.9. Let T be a nonexrpansive mapping with nonempty fized point set
Fiz(T), A an L-Lipschitz and n-strongly monotone operator and 1 a p-contraction
on a Hilbert space. Then, for any 0 < v < n/p, the sequence {x,} defined by the
iterative scheme

Tni1 = Ty — an(A—yY)Tx,,

where {ay,} C [0,1] satisfies hypotheses (H1)-(H3) in Theorem 1.4.7, converges
strongly to the unique solution to the variational inequality (1.4.10).
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Proof. Note that, for any 0 < v < n/p, Lemma 1.4.8 implies that there exists p > 0
such that I — ug is a contraction, where g = A — 1. Then, by Theorem 1.4.7 we
obtain the strong convergence of the sequence {x,} to the unique solution to the
variational inequality (1.4.10).

O]

1.4.3 Multiple-set split feasibility problem

The intensity-modulated radiation therapy (IMRT) is an advanced mode of high-
precision radiotherapy that utilizes computer-controlled linear accelerators to deliver
precise radiation doses to a malignant tumor or specific areas within the tumor. Two
problems are pertinent to this medical treatment. The first one is to calculate the
radiation dose absorbed in the irradiated tissue based on a given distribution of
beamlet intensities. The second one is the inverse problem of the first one, that is to
find a distribution of radiation intensities (radiation intensity map) deliverable by all
beamlets which would result in a clinically acceptable dose distribution; that is, the
dose to each tissue should be within the desired upper and lower bounds which are
prescribed based on medical diagnosis, knowledge and experience. The latter which
has received a great deal of attention recently can mathematically be formulated
as a multiple-sets split feasibility problem (MSSFP); see [24, 22, 25] and references
therein. Our aim is to provide a theoretical background of algorithmic developments
and convergence results for iteratively solving the MSSFP by means of optimization
and fixed point approaches. Different methods and aspects of the problem, such
as random iterations, minimum-norm solutions or perturbation techniques, will be
investigated.

For the sake of generality we consider the multiple-sets split feasibility problem
(MSSFEP) in general Hilbert spaces (not necessarily finite-dimensional). Thus the
MSSFP is formulated as finding a point x* with the property

N M
v eCi=(Ci and Az*€Q:=()Q, (1.4.11)
i=1 j=1

where N, M > 1 are integers, {C;}Y | and {Q; j]\/il are closed convex subsets of

Hilbert spaces Hy and Hs, respectively, and A : Hy — Hs is a bounded linear
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operator. This problem was first investigated by Censor et al. in order to model
the inverse problem of IMRT; see [22, 24, 25].

The case where N = M = 1, called split feasibility problem (SFP), was in-
troduced by Censor and Elfving [23], modeling phase retrieval and other image
restoration problems, and further studied by many researchers; see, for instance,
21, 130, 124].

From now on, we assume that MSSFP is consistent, i.e., it is solvable, and S
denotes its solution set, otherwise it will be pointed out.

The Gradient-Projection Method

Consider the convex minimization problem

min f(z) (1.4.12)
zeC
where C' is a closed convex subset of a Hilbert space H and f : ¢ — R is a
differentiable convex function, with gradient V f. The convexity of f implies the
monotonicity of V f.
For this smooth convex minimization problem, as we mention in the previous
Section 1.4.2, a necessary and sufficient condition so that a point z* € C is an
optimal solution to (1.4.12) is the following variational inequality

(Vf(z*),x —x") >0, zeC. (1.4.13)

That is, the VIP (Vf, C) is equivalent to the minimization problem (1.4.12).

If we consider the mapping T' = Po (I —~V f) for some v > 0, from the inequality
(1.1.11) which characterizes the projection Pg, we deduce that z* is a fixed point
of T if and only if

(z —a® 2" = (2" =V [f(2")) = vz — 2", Vf(2")) = 0.

Then, likewise the VIP (V f,C) (1.4.13) is equivalent to the fixed point problem for
T.

Lemma 1.4.10. Let f : C' — R be a differentiable convexr function such that its
gradient V f is an L-Lipschitz mapping. Then, for any 0 < v < 2/L, the mapping
T = Pc(I —~Vf) is (24 ~L)/4-averaged.
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Proof. If Vf is L-Lipschitz, Lemma 1.1.20 implies that Vf is 1/L-ism and from
Proposition 1.1.18 we deduce that I — 4V f is yL/2-averaged. Thus, since the
projection Py is firmly-nonexpansive, from Proposition 1.1.7 we obtain that the
composition is averaged. In fact, the mapping 7" is (2 + vL)/4-averaged. O

This lemma allows us to use the fixed point iterative methods for averaged
mappings to approximate a minimizer of the function f. In particular, from this
fact it was born the gradient-projection method (GPM) which generates a sequence
{z,,} via the iterative algorithm

Tny1 = Po(I —wmVf)x, (1.4.14)

where the initial guess zg € C' is arbitrarily chosen and {~,} is a sequence of positive
stepsizes.

Theorem 1.4.11. Assume that the minimization problem (1.4.7) has a solution. If
the gradient V f of f is L-Lipschitz and the sequence {v,} satisfies the property

0 < liminf~, <limsup~y, < —

n—00 N—00 L’

then the sequence {x,} generated by the GPM (1.4.14) converges weakly to a mini-
mizer of the function f.

For the proof of this theorem, the reader can consult [89] for the case of finite-

dimensional Hilbert spaces and [126] for the general case of infinite-dimensional
Hilbert spaces.

Optimization Approach

The MSSFP consists of finding a point z* satisfying two properties:
(i) the distance d(z*,C;) =0foralli=1,---, N,

(ii) the distance d(Az*,Q;) =0forall j=1,---, M.
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This motivated Censor et al. [24] to consider the minimization problem (1.4.12) for
the proximity function

1Y 1
flz) = §Zaid2(m,ci)—I—§Zﬁjd2(Al‘,Qj)
i=1 j=1

N M
1 1
— §§:ai|\x—PcixH2+§§:ﬂj||A:B—PQijH2, (1.4.15)
=1

where {a;} and {f;} are positive real numbers, and Pc, and Pg; are the metric
projections onto C; and @), respectively.

It is evident that x* is a solution to the MSSFP (1.4.11) if and only if f(z*) = 0;
that is, if * is a minimizer of f over Hy, since f(z) > 0 for all x € H;.

The proximity function f is convex and differentiable with gradient

Za,f Pe, x+Zﬂj (I - Pg,)Ax (1.4.16)

where A* is the adjoint of A. See [24] for details.
Since, for every closed convex subset K of a Hilbert space, I — Pk is nonexpansive,
we get that the gradient V f(z) is L-Lipschitz continuous with constant

N M
L=) a;i+) BllAl* (1.4.17)
i=1 j=1

Therefore, we can use the gradient-projection method (1.4.14) to solve the constraint
minimization problem

m(%n f(x) (1.4.18)

where 2 is a closed convex subset of H; whose intersection with the solution set of
the MSSFP is nonempty, and get a solution of the so-called constrained multiple-sets
split feasibility problem (CMSSFP)

x* € Q such that 2™ solves (1.4.11). (1.4.19)

No matter we are dealing with either the MSSFP or the CMSSFP, S will also denote
the solution set.



Fixed point approximation methods for nonexpansive mappings 57

Theorem 1.4.12. Define a sequence {x,} by the gradient-projection algorithm as
follows

N M
Tnp1 =Po | 20— | D aill = Po))rn + Y BiAY(I — Po,) Az, | |, (1.4.20)
i=1 j=1

where the sequence {y,} of stepsizes is such that

2
0 < liminf~y, <limsupy, < — (1.4.21)
n—oo

n—oo L

with L given by (1.4.17). Then {x,} converges weakly to a solution to the CMSSFP
(1.4.19).

Proof. Since the algorithm (1.4.20) can be rewritten as

ZTn+1 = Pa(xn — mVf(zn)), (1.4.22)

where the mapping V f is L-Lipschitz, condition (1.4.21) allows us to apply Theorem
1.4.11 to conclude that the sequence {z,} converges weakly to a minimizer of f over
Q which is a solution to the CMSSFP. O

Remark 1.4.13. Censor et al. [24] considered the algorithm (1.4.20) in the case of
constant stepsizes, v, =« for all n > 0.

Remark 1.4.14. Recall that the solution set S = Fix (T') where T : C' — C' is the
mapping T' = Po(I — 4V f). If Vf is an L-Lipschitz mapping and 0 < v < 2/L,
then T is nonexpansive by Lemma 1.4.10. Therefore, since the fixed point set of a
nonexpansive mapping defined on a closed convex set is closed and convex, so is S.

Fixed Point Approach

For the special case where N = M = 1, that is the split feasibility problem (SFP),
it is known that x* is a solution of the SFP if and only if #* solves the fixed point
equation

" = Po, (I —~vA*(I — Pg,)A)x” (1.4.23)

where v > 0 is any parameter.
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It occurs to us that the MSSFP (1.4.11) is equivalent to a common fixed point
problem of finitely many nonexpansive mappings, as we show below.

We decompose the MSSFP into the following N subproblems. For any 1 < i <
N, we want to find

M
z; €C; and Az € Q:= ﬂ Q. (1.4.24)
j=1

In order to solve these subproblems, we define the function g : H; — RT by

M
1
9(x) = 5 > Bl Az — Py, Az||? (1.4.25)
i=1

with 3; > 0 for all 1 < j < M. Note that this function is a particular case of the
proximity function (1.4.15). Thus it is convex and differentiable with gradient

Zﬂj (I - Pg,)Az (1.4.26)
which is L'-Lipschitz continuous with constant
M
=3 Bl4) (1.4.27)
j=1
Then, if we define the mapping 7; : H; — H; by
T; = Po,(I —vVg) =P, | I — Zﬁj (I-Pgy)A|, (1.4.28)

for each 1 < i < N, the solution set S; of the subproblem (1.4.24) coincides with
Fix (T;), and therefore the solution set S of the MSSFP coincides with the common
fixed point set of the mappings 7T;’s; that is,

N
S =()Fix(T;)
=1
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Therefore algorithms for finding common fixed points of a finite family of nonex-
pansive mappings may apply to solve the MSSFP. In particular, from Lemma 1.4.10
we deduce that, if 0 < ; < 2/L', T; is (2 + ;L") /4-averaged, for any 1 < i < N.
Therefore, by Proposition 1.1.7 we have that the composition and the weighted sum
of the finitely family {7;}1<i<n are averaged mappings. Moreover,

N
S = Fix (Ty - - - ToT)) = Fix (Z AT) , (1.4.29)
=1

where {\;}V, is a set of real numbers in (0,1] satisfying SN | A; = 1. Thus the
well-known weak convergence of Mann iteration (1.1.16) implies the validity of some
simple iterative methods. For instance,

(i) the composition iteration

Tpy1 = TN - ToTiay; (1.4.30)

(ii) the parallel iteration
Tnp1 = Z)\ Tix, = ZA Po, | T— Zﬁj (I—Pg,)A |z, (1.4.31)

where {\;}Y, is a set of real numbers in (0, 1] satisfying le\il Ai =1,

(iii) the cyclic iteration

Tpt1 = Tipyy®n = Po, ) | L — ’ynHZBJ (I = Pg,)A | zn, (1.4.32)
J=1

where, for each n > 0, T}, = T, moa ;v With the mod function taking values in
{1a2a"' 7N}

Theorem 1.4.15. (Xu [124]) The sequence {x,} generated by any one of the algo-
rithms (1.4.30)-(1.4.32) converges weakly to a solution to the MSSFP.
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Approach by random iterations

Let T; be defined as in (1.4.28) for any 1 < i < N. We assume that 0 <~; < 2/L’
so that each T; is an averaged mapping by Lemma 1.4.10. Then we know that the
solution set S of the MSSFP is the common fixed point set of these mappings, i.e.,

N
S = () Fix (T)).
=1

In previous subsections we have developed some iterative algorithms that con-
verge weakly to a solution to the MSSFP in the deterministic sense that each map-
ping T; is repeated regularly. The purpose of this section is to present a random
iteration process in which each T; may occur irregularly; the only requirement is
that each T; has to occur infinitely many times in the full process of iterations.

Let r : N — {1,2,--- | N} be a mapping from the set N of positive integers to
the index set {1,2,---, N} such that it assumes each value infinitely often. Define
a sequence {x,} by the random iterative algorithm

Tn+1 = Tr(n)l'n, (1.4.33)

where xg € H; is arbitrary. The convergence of this random iteration algorithm is
given below. Related convergence of random products of nonexpansive mappings
can be found in literature, for instance, [112, 39].

Theorem 1.4.16. If H; is finite-dimensional, then the sequence {x,} generated by
the random iteration algorithm (1.4.33) converges to a solution to the MSSFP.

Proof. Let p € S the solution set of the MSSFP. Since p is a common fixed point of
the mappings 7;’s, which are nonexpansive, we get

[2nt1 = pll = ITryzn — pll < [l2n = pll.

Hence, {x,} is Fejér monotone with respect to S; therefore, by Lemma 1.1.24, {z,,}
is bounded. Put

a= lim [, — p|.
Since H is finite-dimensional, {x,} contains convergent subsequences. Let {xn,} be
such a convergent subsequence with limit Z, that is, & is a cluster point of {x,, }. Since
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the pool of mappings is finite, we may further assume, without loss of generality,
that
T

r(nj)

=1T,, forsomel<r<N.

It follows that
Tnj+1 = TT(nj)l.Nj = Trmn]- — T2

Hence

lim ||z, —pl| = lim [|lzn, 41 = pl| = [| T4 — p|.
n—00 j—00

On the other hand, we also have

lim |[zn, —pl| = lim ||z, —pl| = [|2 — p].
n—oo J—00
So we must have
Tz —p|l = ||z —p| (1.4.34)

Since T, is averaged, T, = (1 — a)] + oV, where o € (0,1) and V' is nonexpansive.
Noting Fix (7,) = Fix (V') and (1.4.34), we obtain

Iz —pl* = [ITv2 - p]
= |1 - a)(@ —p) + (Vi - p)|
= (1-a)lz —pl* +a|Vi - pll* - a(l - )|z - Vi|?
< @ =l — a(l - a)llz - Va|*.

This implies that
al-a)|z-Vi|*<0 = &=Vi.

Therefore, & € Fix (T).).

We next show that & is indeed a common fixed point of the mappings 7;’s, that
is, £ € S. We reason by contradiction. Suppose on the contrary that Z is not a
common fixed point. Then, after renumbering the mappings 7;’s, we may assume
that there is an integer 2 < k < N such that

Tii =4 fori<k, T3 fori>k. (1.4.35)
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For each j, since {r(n)} takes each value of the index set {1,2,---, N} infinitely
often, there is a minimal m; > n; such that r(l) < k for any n; <1 <m; — 1 and
r(m;) = k. Then, by the nonexpansivity of each Tj, it follows that

”mm]‘ - ‘%H = ”Tr(mjfl)xmj—l - JA"H
< w1 — 2] < -
< lzn; — 2| — 0.

Hence

T, — .

Without loss of generality (extracting a further subsequence if necessary), we may
assume that
r(m;) = k for all j.

Hence, zp;+1 = T} (m;) = Txwm; — Tka. It follows that

Tm

J

a= lim [lzn, —pll = lim |[zm,41 = pl| = | Tkz — pl|.
n—oo J—00
In the meanwhile, we have
a= lim [lzn; —pl|l = [z —p|.
J—00

Therefore,

1T = pll = |2 = pl|.
Following the same reasoning used for (1.4.34) we deduce that Tyz = 2 which
contradicts (1.4.35).

Since & is an arbitrary cluster point, by Lemma 1.1.24 we get that {x, } converges
to a solution to the MSSFP. O

Perturbation Techniques

Consider the consistent CMSSFP (1.4.19) with nonempty solution set S. As we
mentioned in Section 1.3, the projection Po, where C' is a closed convex subset
of H, may bring difficulties in computing it, unless C' has a simple form (e.g., a
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closed ball or a half-space). Therefore some perturbed methods in order to avoid
this inconvenience are presented.

We first establish a convergence result using approximate sets defined by means
of the subdifferential, when {C;}, {Q;} and Q are level sets of convex functionals.
See [43, 119, 25] for other works on this approach.

Then, for each i € {1,2,--- ,N} and j € {1,2,---, M}, we consider

Ci={zeH :cx) <0}, Q;={yeHy:qy) <0},

Q={x € H :w(x) <0},

where ¢;,w : Hy — R and ¢;j : Hy — R are convex functions.
We iteratively define a sequence {z,} as follows. The initial 29 € H; is arbitrary;
once z, has been defined, we define the (n 4 1) iterate z,,1 by

N M
Tni1 = Po, | @n = [ D il = Pop)an + Y B;A*(I — Pon) Awy, (1.4.36)

i=1 j=1
where
QO ={z € Hy :w(zy) + ((n,x — x0) <0}, (¢ € Ow(zy)), (1.4.37)
Cl'={x € Hy:cij(xp) + (&' 2 — ) <0}, (& € Oci(xn)), (1.4.38)
Q;L = {y € Hy: Qj(AfEn) + <7];‘L7y - A$n> < O} (77;1 € 8%‘(141’”)), (1'4'39)

and {o;} and {f;} are families of positive real numbers.

Lemma 1.4.17. Let f: H — R be a convex function which is bounded on bounded
sets. (Note that this condition is automatically satisfied if H is finite-dimensional.)
Suppose {x,} is a bounded sequence in H and {z}} is another sequence in H such
that x} € Of (xy,) for each n > 0. Then {z}} is bounded.
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Proof. The subdifferential inequality implies that

f@n+y) — f(zn) > (77,,9) (1.4.40)

for all y € H. Let

M = sup{|f(za +y) — flea)| 0> 1, |ly] < 1}.

Then M < oo by assumption. It follows from (1.4.40) that ||z}| < M for all
n > 0. J

Theorem 1.4.18. Assume that each of the functions {c;}}., and w, and {qj}jj‘il
satisfies the property: it is bounded on every bounded subset of H1 and Hs, respec-
tively. (Note that this condition is automatically satisfied in a finite-dimensional
Hilbert space.) Then the sequence {x,} generated by the algorithm (1.4.36) converges
weakly to a solution to the CMSSFP, provided that the sequence {~,} satisfies

2

0 < liminf~, <limsupy, < —, (1.4.41)
n—aoo n—oo L
where the constant L is given by (1.4.17).
Proof. Given n > 1, if we consider the differentiable function
1 1 ¢
fn() '_izaz”x PC’Z:EH +2Zﬁj”‘4m PQJ-A:L‘H )
=1 7j=1
with gradient
N M
Vo =Vfa=> ai(l —Pop)+ Y BiA (I — Por)A, (1.4.42)
i=1 j=1
then x,41 can be rewritten as
Tnt1 = Po, (xn — v Vazn). (1.4.43)

Hence V,, is L-Lipschitz continuous with L given by (1.4.17) and, therefore, P, (I —
Yn V) is nonexpansive (averaged indeed). It is easily seen that, for each integer
n>1,
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e O C Qy;
o (; CCMfor1 <i<N;
e Q; CQ}for1 <j<M.
Indeed, if z € Q (i.e., w(z) < 0), using the subdifferential inequality, we get
w(xn) + (§nyx — ) <w(x) <0.

This shows that = € €2,,. The other two inclusion relations are similarly proved.
Since any x* € S belongs to 2, and P, is nonexpansive, we deduce that
|zt — 21> = [[Pa, (I =y Va)zn — 2|
< = mVa)zn — x*HQ
(20 — 2*) = 3 Vazn?
20 — 2)|% = 290 (20 — 2%, Vien) + 2 || Vi || (1.4.44)

Since V,, is (1/L)-ism by Lemma 1.1.20 and V,z* = 0, we get
* * * 1
(Xn, — 2, Voxy) = (xp — 2%, Voo, — Vaa™) > ZHVn:L'nH2

It follows from (1.4.44) that
* * 2
v =P < llow =" =30 (3 =) Waall. (14.5)

This implies that the sequence {x,} is Fejér monotone with respect to S, therefore,
by Lemma 1.1.24, it is bounded. On the other hand, we deduce that

N M
Vawnll = | Y il = Pop)an + Y B;A*(I = Pgn) Azy|| — 0. (1.4.46)
i=1 j=1

By Proposition 1.1.8, since z* € C}' and Az* € Q}, we get
(I = Pop)an,xn — %) = (I = Pep)an, an — Popan)
+((I = Per)xn, Poran — x%)
I(I — Pon)n|? (1.4.47)

v
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and

((I — PQ?)Aa:n, Az, — Az™) = ((I — PQ?)Aa:n, Az, — PQ;LA:cn>
+{(I = Pon)Azy, Pon Az, — Ax*)
> (I - PQ;;)AJ:‘nHQ. (1.4.48)

Combining (1.4.47) and (1.4.48) we obtain

N M
(X — 2", Voxn) = Z iz, —z*, (I — Pcin)xn> + Z Bj(an —a*, A1 — PQ;;)A:U,Z>
i=1 j=1

v

N M
Sl — Pop)aall® + 32 5511 — Pop) A%

i=1 j=1

This together with (1.4.46) ensures that, for each 1 <¢ < N and 1 < j < M,
nh_}rrolo (I = Pep)znl| =0, nh_)nolo (I — PQ?)A:UTLH =0. (1.4.49)

Now, since z,+1 = Pao, (5, — YnVaxn), by Proposition 1.1.8, we have

(xn — WMVnxn) — Tpy1, 2 — py1) < 0.
It turns out that, using (1.4.46),

(Tn — 2ng1, 2" = Tnp1) S W(Vadn, 2" — 2ng1) < Yallz”™ = zpp|[[[Vazal — 0.
Therefore, the identity
[Znt1 = znll? = 2n — 2% = @01 — 2*|* + 2(@n — Tps1, & — Tnta)

implies that
|Znt1 — zpn| — 0. (1.4.50)

Remember that w,, () is the set of all weak accumulation points of the bounded
sequence {z,}. We now prove

e Claim wy(x,) C S.
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As a matter of fact, take & € ww(xn) and let {z,, } be a subsequence of {z,}
such that z,, — @. Then z,, 11 —

To prove that & € .S, we must check that £ € C; and Az € Q; forany 1 <7 < N
and 1 < j < M. To see this, we first show that £ € . Indeed, the fact that
Tn,+1 € Sy, yields that

Since w is bounded on bounded subsets, by Lemma 1.4.17, {(,} is bounded. Hence,
from (1.4.50) and (1.4.51) together with the weak lower semicontinuity of w, it turns
out

() < N inf (i, ) < B0 inf |G | g 1 — 2, | = 0.

Namely, z € Q.
By definition of Ci"* and Q}*, we have that

Ci(wny) + (& Poreong, — ny) <0 (1.4.52)

and
qj(Axy, ) + <77;-"°’“,PQ%A$M — Azp,) <0. (1.4.53)
J

Since {&,} and {7, } are bounded by virtue of Lemma 1.4.17, using (1.4.49) and the
weak lower semicontinuity of ¢; and g;, we derive from (1.4.52) and (1.4.53) that

Ci(#) < Hminf ¢i(n, 1) < i [, || P o, — 0, = 0

and

qj(Az) < liminf ¢;(Azy,, 1) < hm mf 17 | ||P nk Axy,, — Azy, || = 0.

k—oo
Hence 2 € C; and A2 € Qj, forany 1 <i < Nand 1<j <M. Thusz € S.
Therefore, due to the Fejér monotonicity of {x, } with respect to S (see (1.4.45)),

we can apply Lemma 1.1.24 to conclude that {z,} converges weakly to a point in
S. O
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Now we present general perturbation techniques in the direction of the ap-
proaches studied in Section 1.3. These techniques consist of taking approximate
sets which involve the p-distance between two closed convex sets A and B of a
Hilbert space,

dp(A, B) = sup{||Paz — Ppx|| : x € H, [lz]| < p}.

Let Q,, {C7'} and {Q'} be closed convex sets which are viewed as perturbations
for the closed convex sets 2, {C;} and {Q;}, respectively. Define functions f and

fn by

N M
1 2 1 2
o) =5 Xz eulle = Peself + 5 3yl ds = Py, (4)] (1.4.54)

and, respectively,

N M

1 1

fnlo) =5 D eulle = Pepall + 3 3 fyll40 - Poy(Aall?, (1455)
= J=

where {a;} and {§;} are families of positive real numbers. Recall that these functions
are convex and differentiable with gradients

N M
Vi)=Y ai(I—Pg)z+ > BiA*(I - Py,)Ax (1.4.56)
i=1 Jj=1
and, respectively,
N M
Via(®) =Y ai(I = Pop)r 4y BA (I — Por) Ax. (1.4.57)
i=1 j=1

Furthermore, Vf and V f, are both Lipschitz mappings with the same Lipschitz
constant L given by (1.4.17). Then, given xy € H; we define the sequence {z,}
generated by the perturbed Mann type iterative algorithm

Tn+l = (1 — ’)’n)xn + ’YnPQn (I - ’)/an)l'n
= (1 - 'Yn)xn (1.4.58)

N

M
+7nPQn Tp — 7 Zai(l - PC’f)xn + Z/BjA*(I - PQ?)Axn
i=1 j=1
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Theorem 1.4.19. Assume that the following conditions are satisfied.
(i) 0<vy<2/L.

(ii) v € [0,4/(2+~vL)] for alln > 0 (note that v, may be bigger than one since
0<~vy<2/L) and

= 4
| =———= —m | = . 1.4.
T;)V <2+7L 7) 00 (1.4.59)
(iii) for eachp>0,1<i< N, and1 < j < M, there hold > 7 4 Yndp(Qn, Q) < 00,
> oo Tndp(CF, Ci) < 00, and 3707 o 1ndp(QF, Q) < oo.

Then {x,} generated by the algorithm (1.4.58) converges weakly to a solution to the
CMSSFP.

Proof. Define the mappings T and T, by
Tx = Po(I —yVf)x and T,z = Pqo,(I —~vVfn)z. (1.4.60)
Thus the algorithm (1.4.58) can be rewritten as
Tnt1 = (L —yp)zn + yThen. (1.4.61)
Since 0 < v < 2/L, both T and T,, are a-averaged with

2+~L
4

< 1. (1.4.62)

o =
Therefore, we can write
T=00-a)l+alU, T,=(1-a)l+aU,, (1.4.63)
where U and U,, are nonexpansive.
Note that the solution set S of the CMSSFP (1.4.19) is the fixed point set Fix (T")
of T (and of Fix (U)). Besides, the algorithm (1.4.61) can further be rewritten as

Tpp1 = (1 = 7)Tn + TaUnTn, (1.4.64)
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where 7, = a7y, € (0,1) for all n > 0 and satisfies the property (by virtue of
(1.4.59)):

o
ZTn(l — Tp) = 00.
n=1
Recall that the p-distance between two mappings 77 and T is defined as
DT, T) = sup{|[ T’z — T : ]| < p}.
We now compute the p-distance from U, to U for p > 0,

aDy(Un,U) = Dy(Ty,T)
sup{[| P, (I =7V fn)x — Po(I =7V )z : [|lz| < p}

< sup{||Po, (z — vV fu(z)) — Po,(z — V(@) : llz]| < p}
+sup{[|Po, (z — vV f(2)) — Pa(z — vV f(2))[ : =] < p}
< asup{[|[Vfu(2) = V(@) : 2| < p} +sup{[|[Pa,y — Poyl : lyll < 5}
N
< ) aisup{||Popx — Poal : [lz] < p}
i=1
M
A1 B sup{|| Por Ax — Po, Ax|| « [|z|| < p} + d(Qn, Q)
=1
N ’ M
< Y @idy(CF,C) + 1A Bid)yayo(QF, Q5) + dp(, ) (1.4.65)
i=1 j=1

where
p=sup{flz =V f(2)[ : [|z| <p} < oo

By assumption (iii), it follows that Y >° (7, D,(Uy, U) < c0.

Therefore, we can apply Corollary 2.3 of [124] to the algorithm (1.4.64) to con-
clude that the sequence {z,} converges weakly to a fixed point of U (and of T')
which is a solution to the CMSSFP (1.4.19). O

Finally, by using the results provided in Section 1.3, we present a perturbation
iterative method which converges strongly to a solution to the CMSSFP.
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Given an initial guess zo € H; and a positive sequence {v,}52, let {x,} be
generated by the perturbed iterative algorithm

Tnt1 = W+ (1 — ) Ty, (1.4.66)
where u € H; and the mappings T,, and T are defined by (1.4.60).
Theorem 1.4.20. Assume that the following conditions are satisfied.
(a) limy ooy =0 and Y07 yn = 00;

(b) for each p>0,1<i <N, and1 < j < M, there hold Y ;> ;d,(2y, Q) < 00,
> one0@p(CF, Ci) <00, and 3707 o dp(QF, Qj) < 00;

(¢c) 0 <~y <2/L, where L = Zfil a; + || A2 Z]J‘il Bj is the Lipschitz constant of
Vf and Vfy,.

Then {x,} generated by the algorithm (1.4.66) converges strongly to the solution to
CMSSFP (1.4.19) which is the nearest to u.

Proof. As we proved in Theorem 1.4.19 the mappings T, and T can be rewritten as
in (1.4.63). Then algorithm (1.4.66) turns into

Tpt1 = Yt + (1 — ) (1 — a)xp + aUpxy). (1.4.67)

where {U,} is a family of nonexpansive mapping satisfying that, for any p > 0,
o, ¢]
> Dy(Un,U) < o0,
n=1

thanks to inequality (1.4.65) and hypothesis (b). On the other hand, recall that
Fix(T) = Fix(U). Thus Corollary 1.3.6 allows us to conclude that the sequence
{z,} converges strongly to x* = Pyix (1)u, the solution to CMSSFP (1.4.19) which
is the closest to u. O
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Minimum-Norm Solution

Let us focus now on the problem of finding the minimum-norm solution to the
MSSFP, that is the solution z' to the MSSFP which has the least norm among all
solutions. In other words,

||| = min{||z|| : z € S}. (1.4.68)

We claim that zf exists and is unique because S is closed and convex (see Remark
1.4.14) and 27 = Pg(0). Therefore, the fact that #T = Pg(0) means that we can
approximate the minimum-norm solution to the MSSFP by means of the Halpern
type iterative methods which converge strongly to the closest solution to the problem
to the arbitrary point u € Hy, just considering u = 0. An example of this is the
following result.

Theorem 1.4.21. (Xu [124]) Assume that 0 < v < 2/L" with L' given by (1.4.17).
Let {yn} be a sequence in (0,1) satisfying the conditions

(i) limy,y, = 0;
(iii) >, [ — Ymen| < 00 or limy, (v /Ynen) = 1.

Define a sequence {x,} by the iterative algorithm

M
Tn1 = (1= Yny1)Poypy | T =7 BiA (I = Po,)A | zn. (1.4.69)
j=1

Then {x,} converges strongly to the minimum-norm solution x' to the MSSFP.

It is straightforward to see that the sequence defined by =, = 1/n, for all n > 1,
satisfies conditions (i)-(iii).

We now propose a different way to approximate z! by regularization. Consider
the constrained problem CMSSFP (1.4.19), imposing that the solution belongs to a
closed convex subset Q. Then we want to find z satisfying (1.4.68) where now S
denotes the solution set of the CMSSFP.
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Let f be the function given by (1.4.15) with gradient V f given by (1.4.16). Then

S = arxger%in{f(az)} (1.4.70)

Note that in general the minimization problem (1.4.18), equivalent to the CMSSFP,
is ill-posed. So regularization is necessary. For each parameter o > 0, consider the
regularized objective function

M
1
fa(z) = f(2) + aHﬂJIIZ Zazllw Po,a®+ ZﬁjllAﬂﬁ—PQjAﬂJllQJr§a||fv||2-

j=1
(1.4.71)
The gradient of f, is
V fulz Zal (I — Pg))x+ Zﬁj (I — Po,)Az + au. (1.4.72)
It is easily seen that V f, is L,-Lipschitz continuous with constant
N M
Lo=a+Y ai+ Y BilA|% (1.4.73)
i=1 j=1
Moreover, we can prove that V f, is also strongly monotone.
It turns out that the regularized minimization problem
min f,(z) (1.4.74)

€

has a unique solution which is denoted by z,.

Theorem 1.4.22. Let {xy} be the net defined by (1.4.74). Then, as o — 0, {x4}
converges strongly to 1, the minimum-norm solution to the CMSSFP.

Proof. For any & € S, we have

F(@) + lzall® < f(za) + Slieall® = falwa) < fal@) = £@) + S 2]
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It follows that, for all & > 0 and & € S,
[zall < [|1Z]]- (1.4.75)

Therefore {4} is bounded. Assume a; — 0 is such that z,, — #. Then the weak
lower semicontinuity of f implies that, for any x € 2,

f(i') < h]niggff(xa]) < h]n_{logf fOC]' (w()éj)

< liminf f,, (z )—hmlnf[ (x) + ]H [&

j—o0
= f(a).
This means that & € S. Since the norm is weak lower semicontinuous, we get from
(1.4.75) that ||Z|| < ||&|| for all # € S; hence & = 2. This is sufficient to ensure that
zo — x!. To see that the convergence is strong, noting that (1.4.75) holds for T,
we compute
lza —2M® = |lzall® = 2(za, 2T) + [|2T|?
2(|z"1? = (za, 7).

Since z, — zf, we get ||z, — 2T||> — 0. Therefore z, — . O

IN

The advantage of the regularized solution z, lies in the fact that it can be
obtained via the Banach contraction principle. As a matter of fact, since the gradient
V fa is a-strongly monotone and Lq-Lipschitz, z, is the unique fixed point in {2 of
the contraction

Ty = Po(I—~Vfa) (1.4.76)

N
= Po|(l—aNI—7> ol - Pc,) 72@ (I —Pg)A |,
=1

where 0 < v < 2a/L% (see Lemma 1.4.8). Tt follows that, for any x¢ € (2, Picard
iteration {72z} converges strongly to x, (see Lemma 1.4.8(i)).

Hence 2! can be obtained via two steps: (i) getting x,, through Picard iteration
{T"2} and (ii) letting o go to 0 to get zf via Theorem 1.4.22. Next we show that
these two steps can be combined to create an iterative method that generates a
sequence converging in norm to z.
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Theorem 1.4.23. Given an initial point xg € Q. Define a sequence {x,} by the
iterative algorithm

Tnt1 = Poll —wVfa,)xn (1.4.77)

= Py (1 an’Yn n ’Ynzazl PC’ ’YnZ/BJ I PQ )Aajn s

where the sequences {an} and {7y} satisfy the conditions:

(1) 0 <n < /L2 for all (large enough) n > 0;

(iii) Y07 anyn = 00;
(iv

Then z,, — zT.

)

(ii) an — 0 (hence v, — 0 as well);
)
)

(h/n - ')’n71| + |an'7n - an71’7n71|)/(04n7n)2 — 0.

Proof. Bearing in mind that by Lemma 1.4.8(i) the mapping Po(I — vV fy) is a
contraction with coefficient 1 — %a'y whenever 0 < v < a/L2%, we deduce that, for

T es,

[2nt1 =2l = [[Pall =¥V fan)zn — Po(l =1V f)Z|]
| Pa(I — vV fa)Tn — Pa(l — 7V fa,) 2|
+”PQ(I - ’Y'I’vaOén):i‘ - PQ(I - %Vf)i”H

IN

IN

1 . .
(1 = ganm)|zn = 2l + anyal2]

IN

max{ ||z, — 2|, 2[|2(}-
This implies by induction that
l2n — || < max{[lzo — £, 2] 2]}, n=0.

Hence, (z,,) is bounded.
Now let z, := z,, be the unique fixed point of the contraction T, defined by

(1.4.76). By Theorem 1.4.22, we have that z, — zf. It remains to prove that
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|Zn41 — 2n|| — 0. Using (1.4.77), the fact that z, = Po(I — v,V fa,, )#n and the fact

that Po(I — v,V fa, ) is a contraction with coefficient 1 — %an'yn, we derive that

1

[Tnt1 —2nll < (11— §an’7n)”xn — 2|

1
< (- 504”7”)”%” = zn-1 + lzn — 2n—1l]- (1.4.78)
On the other hand, we have

”Zn - anIH = ||PC(I - 'YTLVfan)Zn - PC(I - 'Ynflvfan,l)znfln

| Po(I — vV fan)2n — Po(I =V fa,)zn-1l|
+”PC(I - 'anfan)znfl - PC(I - ’anlvfan_l)znflu

IA

1
< (1 - §an’7n)‘|zn - Zn—l”
+H(I - ’anfan)zn—l - (I - ’Yn—lvfanfl)zn—lH
1
< (1= Rou)lzn — zcall + = a1V £ )]
+|Oén7n - an—l’Yn—l’HZn—lH
1
< (1 - 70471'771)”271 - Zn—l“

2
M
+7(h’n - 771—1‘ + ‘an’)’n - O‘n—l’Yn—l’)v (1479)

where M is big enough so that M > 2max{||z,||, ||V f(zn)||} for all n > 1. Tt follows
from (1.4.79) that

h/n - 'Yn—1| + |05n7n - an—l'}’n—l’

lzn — zn—1l| < M
anYn

(1.4.80)

Substituting (1.4.80) into (1.4.78) we get

h'n - '7n*1| + |04n')’n - an717n71|
QnYn

1
|Tnt1 — 2zl < (1 - §an7n)”xn — zp1|| + M

(1.4.81)
By virtue of the conditions (iii) and (iv), we can apply Lemma 1.1.21 to the relation
(1.4.81) to get ||znt1 — 2zn| — 0. O
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Remark 1.4.24. If we take

1 1

(m+12 T

o = [FESYEL

where o and  are such that 0 < @ < v < 1 and 2a+ v < 1, then we can prove that
conditions (i)-(iv) of Theorem 1.4.23 are all satisfied.






Chapter 2

Iterative methods in Hadamard
manifolds

In this chapter, we develop a theory of monotone operators and approximation of
fixed points of nonexpansive mappings. We start by introducing the basic knowledge
of Riemannian geometry. Section 2.2 is devoted to introducing different classes of
monotone set-valued vector fields and proving the connection with upper semiconti-
nuity and accretivity. In Section 2.3 we study several nonexpansive type mappings,
in particular, firmly nonexpansive and pseudo-contractive mappings. In Section 2.4
we study the existence of singularities of monotone vector fields and establish the
equivalence of this problem with a fixed point problem by means of the concept of
a resolvent. We also analyze the asymptotic behavior of the resolvent by using the
notion and properties of the Yosida regularization; as a consequence we obtain some
existence results of singularities under boundary conditions. Regarding the approx-
imation of singularities, in Section 2.5, we provide a proximal point algorithm for
maximal monotone vector fields. In Section 2.6, we study the convergence of Picard
iteration for firmly nonexpansive mappings, Mann and Halpern iterations for non-
expansive mappings and a viscosity approximation method. In order to illustrate
the application of these methods, we provide some numerical examples for Mann
and Halpern iterations. Finally, Section 2.7 focuses on some applications to different
problems: minimization problems, minimax problems, variational inequalities and
equilibrium problems.

79
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2.1 Theoretical framework

The object of this section is to familiarize the reader with the classical language
and some fundamental theorems in Hadamard manifolds, needed to understand
the work presented in this chapter. To this end we introduce some concepts and
results on differential manifolds; then the basic notions of Riemannian geometry,
such as metric, geodesic and parallel transport; and finally the objects and facts
that characterize the Hadamard manifolds, which is the setting we will focus on to
develop our analysis. A complete description of these concepts can be found in any
textbook on Riemannian geometry, for instance [37, 105].

2.1.1 Differentiable manifolds

Definition 2.1.1. A differentiable manifold of dimension n is a set M and a family
of injective mappings x,, : Uy — M of open sets U, C R” such that:

(1) Ua*a(Ua) = M.

(2) For any pair «, 3, with x,(Us) Nx3(Ug) = W, the sets x, (W) and XEI(W)

are open sets in R™ and the mappings xgl o X, are differentiable.
(3) The family {(U,,Xxq)} is maximal relative to the conditions (1) and (2).

The pair (U, Xq) (or the mapping x,) with x € x4(U,) is called a parametriza-
tion of M at x. A family {(Ua,X4)} satisfying (1) and (2) is called a differentiable
structure on M. In general, with a certain abuse of language, since given a differ-
entiable structure on M, we can easily complete it to a maximal one, we say that
a differentiable manifold is a set provided with a differentiable structure. Note that
a differentiable structure induces on M a natural topology defining A C M to be
an open set in M if and only if x; (A N x,(Uy,)) is an open set in R™ for all a.
The Euclidean space R™, with the differentiable structure given by the identity is a
trivial example.

Definition 2.1.2. Given two differentiable manifolds M; and My of dimension n
and m respectively, a mapping ¢ : My — My is differentiable at z € M if given a
parametrization y : V. C R™ — My with ¢(x) € y(V') there exists a parametrization
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x: U CR" — M; with z € x(U) such that ¢(x(U)) € y(V) and the mapping
y logox:U CR" — R™ is differentiable at x~!(x).

Once we have extended the idea of differentiability to mappings between mani-
folds, we can define the notion of tangent vector.

Definition 2.1.3. Let M be a differentiable manifold of dimension n. A curve in
M is a differentiable function 7 : (—e,e) — M. A curve is said to be smooth if it is
of class C*, that is infinitely differentiable. Suppose that v(0) = x € M, and let D
be the set of functions on M that are differentiable at x. The tangent vector to the
curve 7y at t = 0 is a function 7/(0) : D — R given by

d(fo7)

7'(0)f = o , feD.

t=0

And we say that the tangent vector at x is the tangent vector at ¢ = 0 of some curve
v : (—€,€) — M with v(0) = z. The set of all tangent vectors to M at z, denoted
by T,.M, forms a vector space of dimension n called tangent space of M at x. The
set TM = U cps TeM provided with a differentiable structure is a differentiable
manifold and will be called the tangent bundle of M. A vector field A on M is
a mapping of M into the tangent bundle T'M, that is, it associates to each point
x € M a vector A(z) € T, M.

2.1.2 Riemannian manifolds

The Riemannian geometry can be seen as a natural development of the differential
geometry of surfaces in R3. Then, departing from a differentiable manifold M, we
can introduce a way of measuring the length of tangent vectors by means of an inner
product, which leads to special curves behaving as if they were “the straight lines”
of M.

Definition 2.1.4. A Riemannian metric on a differential manifold M is a cor-
respondence which associates to each point x of M an inner product (, ), (that
is, a symmetric bilinear positive-definite form) on the tangent space T, M, which
varies differentiably in the following sense: for any vector fields A and B, which
are differentiable in a neighborhood V' of M, the function (A, B) is differentiable on
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V. A differentiable manifold with a Riemannian metric will be called Riemannian
manifold and its corresponding norm will be denoted by || - ||

Definition 2.1.5. Given a smooth curve 7 : [a,b] — M joining z to y (i.e. y(a) =z
and v(b) = y), we can define the length of v by using the metric as

b
Liy) = / I/ (8)]dt.

Then the Riemannian distance d(x,y), which induces the original topology on M,
is defined by minimizing this length over the set of all such curves joining x to ¥,

d(z,y) := inf{L(7) : v joining = to y}.

Remark 2.1.6. From now on, M is assumed to be connected so that the set of curves
joining x to y is always nonempty.

Definition 2.1.7. Let V be the Levi-Civita connection associated to (M, (, )) and
V 4B the covariant derivative of the vector fields A by B (see [105] for more details).
Given a smooth curve v in M a vector field A is said to be parallel along ~ if
VA =0. If v/ itself is parallel along -y, we say that v is a geodesic, and in this case
I7|l is constant. When ||7/|] = 1, « is called normalized. A geodesic joining x to y
in M is said to be minimal if its length equals d(z,y).

Note that given a point z € M and u € T, M there exists a neighborhood U
of u in T, M such that for any v € U we have a unique geodesic v defined on an
interval satisfying v(0) = x and 7/(0) = v. We denote this geodesic, starting at x
with velocity v, by 7, (., z).

Definition 2.1.8. The parallel transport on the tangent bundle T'M along ~ with
respect to V is defined by
P’y,'y(b),'y(a) (U) = A(v(b)), Va,b € R and v € T,Y(a)M,

where A is the unique vector field satisfying V. A = 0 for all ¢ and A(vy(a)) = v.
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Remark 2.1.9. Tt can be proved that for any a,b € R, P, ;) 4(a) 18 an isometry from
Tya)M to T, M. Note that, for any a, b, b1, b2 € R,

-1
Py (b2 (01) © Py @) = Py v@ and P2 o) = Pyya) )

For the sake of simplicity, we will write P, , instead of P, , . in the case when 7 is
a minimal geodesic joining = to ¥ and no confusion arises.

Definition 2.1.10. A Riemannian manifold M is said to be complete, if for any
point « € M, all geodesics emanating from x are defined for all £ € R.

By the Hopf-Rinow Theorem we know that if M is a complete Riemannian man-
ifold then any pair of points in M can be joined by a minimal geodesic. Moreover,
a complete Riemannian manifold (M,d) is a complete metric space and bounded
closed subsets are compact. The concept of completeness allows us to study the
global behavior of a Riemannian manifold M by looking at how geodesics run on
M.

Definition 2.1.11. Assuming that M is a complete Riemannian manifold, the
exponential map at x € M, exp,, : T M — M is defined by

exp, v = Y(l,x), ve T, M,

where recall that v, (., ) is the geodesic starting at = with velocity v. Then, for any
value of ¢, exp, tv = 7,(t,z). Note that the map exp,, is differentiable on T, M for
any © € M.

2.1.3 Hadamard manifolds

The notion of sectional curvature in a Riemannian manifold plays an important role
in the development of geometry. This concept measures in some sense the amount
that a Riemannian manifold deviates from being Euclidean. It was introduced by
Riemann as a natural generalization of the Gaussian curvature of surfaces. A few
years later, an explicit formula was given by Christoffel by using the Levi-Civita
connection. We do not include the technical definition of sectional curvature; see
references given at the beginning of this chapter for explicit definitions. In particular,
we are interested in Riemannian manifolds of nonpositive sectional curvature, whose
basic geometrical characterization is gathered in Proposition 2.1.14.
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Definition 2.1.12. A complete simply connected Riemannian manifold of nonpos-
itive sectional curvature is called a Hadamard manifold.

Throughout the remainder of this chapter, we will always assume that M is
an m-dimensional Hadamard manifold. The following well-known result will be
essential for the development of this chapter. It can be found, for example, in [105,
pag. 221, Theorem 4.1].

Proposition 2.1.13. Let x € M. Then, exp, : T,M — M is a diffeomorphism,
and for any two points x,y € M there exists a unique normalized geodesic joining x
to y, which is a minimal geodesic.

This proposition says that M is diffeomorphic to the Euclidean space R™. Thus,
M has the same topology and differential structure as R™. Moreover, Hadamard
manifolds and Euclidean spaces have some similar geometrical properties.

One of the most important properties of Hadamard manifolds is described in
the following proposition, which can be taken from [105, pag. 223, Proposition
4.5]. Recall that a geodesic triangle A(z;,z2,x3) of a Riemannian manifold is a
set consisting of three points x1, x2, x3, and three minimal geodesics joining these
points.

Proposition 2.1.14. Let A(x1,x2,x3) be a geodesic triangle in M. Denote, for
each i = 1,2,3 (mod 3), by ~; : [0,1;] — M the geodesic joining x; to x;+1, and set
li == L(vi), o :== Z(7(0), =v}_,(li=1)). Then

a) +ag+ a3 <, (2.1.1)
ZZZ + li2+1 — 2l cos iy < li271' (2.1.2)

In terms of the distance and the exponential map, the inequality (2.1.2) can be
rewritten as

A (i, wig1) + A (i1, wige) — 2(exp, | i expy| | wipe) < (w1, @),  (2.1.3)
since
(exp, ), miyexpy | wia) = d(wi, ig1)d (it Tig2) oS Q1.
The following lemma collects some properties of the exponential map and the

parallel transport, which will be very useful in the next sections. Its technical proof
can be found in [62].
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Lemma 2.1.15. Let xp € M and {z,} C M be such that x, — xy. Then the
following assertions hold.

(i) The differential of the exponential map at the origin,

d
L1 expy tu = 4(0) = u,

dt
t=0
1s the identity.
(ii) For anyy € M,
—1 -1 -1 -1
exp, Y — exXPy. Y and exp,  Tn — exp, Zo.

(iii) If {vn} is a sequence such that v, € Ty, M and v, — vy, then vy € Tyy M.

(iv) Given the sequences {u,} and {v,} satisfying u,, v, € Ty, M, if up, — ug and
Up, — Vo with ug, vy € Ty, M, then

(Un, V) — (ug, vo).

(v) For any uw € Ty, M, the function F : M — TM defined by Fiz(x) = Py aou
for each x € M is continuous on M.

Let us introduce in following sections some fundamental notions and results of
convex analysis in Hadamard manifolds, as well as some metric properties. Refer-
ences on this topic are [114, 113, 105, 91].

Projections onto convex sets

Definition 2.1.16. A subset C' C M is said to be convex if for any two points x
and y in C, the geodesic joining x to y is contained in C, that is, if v : [a,b] — M
is a geodesic such that z = 7y(a) and y = ~(b), then y((1 — t)a + tb) € C for all
t e [0,1].

As in linear metric spaces, we can define a projection map onto closed convex
sets.
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Definition 2.1.17. The projection onto a set C' is the set-valued mapping defined
by
Po(z) ={xo € C :d(z,z0) < d(z,y) for all y € C}, Vo e M.

Proposition 2.1.18. (Walter [114]) For any point x € M, given a closed convex
set C C M, Po(x) is a singleton and the following inequality holds for all y € C':

(exp;é(x) T, exp;,é(x) y) <0.

Corollary 2.1.19. (Ferreira et al. [41]) If M is a Hadamard manifold with constant
curvature, given x € M and v € T, M, the set

Ly,:={yeM: <exp;1 y,vy <0}
1S convex.

Remark 2.1.20. The previous result remains true if the curvature is nonconstant but
the dimension of the manifold is 2.

From now on, C' will denote a nonempty closed convex set in M, unless explicitly
stated otherwise.
Convex functions

Definition 2.1.21. Let f : M — R be a proper extended real-valued function. The

domain of the function f is denoted by D(f) and defined by D(f) := {x € M :
f(z) # +oo}. The function f is said to be convex if for any geodesic v in M, the
composition function f o~ : R — R is convex, that is,

(fomta+ (1 —1)b) <t(fov)(a)+ (L —t)(foy)(b)
for any a,b € Rand 0 <t < 1.

Definition 2.1.22. The subdifferential of a function f : M — R at = € M is the
set-valued mapping Of : M — 2TM defined by

Of () = {u € TuM : (u,exp, " y) < f(y) — f(x), Vy € M},

and its elements are called subgradients.
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The subdifferential 0f(z) at a point € M is a closed convex (possible empty)
set. The existence of subgradients for convex functions is guaranteed by the following
proposition taken from [42].

Proposition 2.1.23. Let M be a Hadamard manifold and f : M — R a convex
function. Then, for any x € M, the subdifferential Of(x) of f at x is nonempty.
That is, the domain of the subdifferential is D(Of) = M.

Fix a point x € M and define the mapping p, : M — R by

1
paly) = 5d*(2,y).
Then this mapping is C*° and satisfies the following property; see [105].

Proposition 2.1.24. In a Hadamard manifold M , the mapping p,. is strictly convex
and its gradient at y is

Ops(y) = —exp, ' .

Metric properties

The following proposition describes the convexity property of the distance function
(cf. [105, pag. 222, Proposition 4.3]).

Proposition 2.1.25. Letd : M x M — R be the distance function. Then d(-,-) is
a convex function with respect to the product Riemannian metric; that is, given any
pair of geodesics v1 : [0,1] — M and 7y, : [0,1] — M, the following inequality holds
for allt €[0,1]:

d(71(t),72(t)) < (1 —£)d(71(0),72(0)) + td(y1(1),72(1)).

In particular, for each x € M, the function d(-,x) : M — R is a convex function on

M.

The following relation between geodesic triangles and triangles in R? can be
found in [11, pag. 24].

Lemma 2.1.26. Let A(z,y,z) be a geodesic triangle in M Hadamard space. Then,
there exists 2',1y, 2" € R? such that

d(@,y) =o' =yll, dy,2) =1ly' =7, d(z,2) =] -2
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The triangle A(z', 3/, 2’) is called the comparison triangle of the geodesic triangle
A(z,y, z), which is unique up to isometry of M. The following lemma can be proved
from elementary geometry. This is also a direct application of the Alexandrov’s
Lemma in R? (see [11, pag. 25)]).

Lemma 2.1.27. Consider four distinct points x,vy, z,q € R%2. Suppose that x and
y lie on opposite sides of the line through z and q. Consider the triangles A(z,x, q)
and A(z,y,q). Let B be the angle of A(z,y,q) at the vertexr y, and let 61 and 6
be the angles of A(z,x,q) and A(z,y,q) at the vertex q, respectively. Let y' be the
point such that d(z,y') = d(z,y) and d(x,y') = d(x,q) +d(q,y). Let B be the angles
of A(z,x,y’) at the vertex y' (see Figure 2.1). If 61 + 0 > 7, then

p<p.

Figure 2.1

The next result shows a relationship between a geodesic triangle and its compar-
ison triangle which expresses the geometric idea of a manifold having nonpositive
sectional curvature.

Lemma 2.1.28. Let A(x,y,z) be a geodesic triangle in a Hadamard space M and
A2y, 2') be its comparison triangle.

(1) Let o, 8,7 (resp. o,(',v") be the angles of A(x,y,z) (resp. A(x',y',2")) at
the vertices x,y,z (resp. ',y',2"). Then, the following inequalities hold:

o >a, 28 =7 (2.1.4)
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e e a point in the geodesic joining T to y an its comparison point in

2) Let q be a point in the geodesic joining x to y and ¢ it parison point i
the interval [z',y']. Suppose that d(q,x) = ||’ — 2’| and d(q,y) = ||’ — ¥'||;
see Figure 2.2. Then the following inequality holds:

d(q,z) < |l = 7| (2.1.5)

Figure 2.2

Proof. (1) We only prove the inequality 3° > (. To do this, consider the triangle
A(2',y,2') in R%. Then, by the law of cosines we have that

12" =417+ Y = 2'II> = 212" = ¢/ [lly' — 2’| cos 8 = [|2' — /|-
By (2.1.2), one has that
P(2,y) + 2y, 2) — 2d(z, y)d(y, ) cos f < d*(z, 7).
It follows from Lemma 2.1.26 that
cos 3 < cos 3,

and 3’ > (3 (because 3, ' € [0,7]).

(2) We fix a geodesic joining ¢ to z. Let 6y and 65 denote respectively the angles
of A(z,x,q) and A(z,y,q) at the vertex q. Let 8 and [’ be the angles of A(z,z,y)
and A(2/,2',y') at the vertex y and y' respectively. See Figure 2.2.

Consider comparison triangles A(Zz, Z, q) and A(Z, y, q) for the geodesic triangles
A(z,z,q) and A(z,y,q) respectively, such that they share the same edge [z, ], and
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Z, ¥ lie on opposite sides of the line which passes through Z and ¢. Let 6, and 0
be the angles of A(z,Z,q) and A(Z,7,q) at the vertex g, respectively. Denote 3 the
angle at the vertex y. From the inequalities (2.1.4) we deduce that

§1+é2291+92:ﬂ'.

Thus Lemma 2.1.27 is applicable to getting that 3 < 3. Therefore, using the law
of cosines, we have d(q,2) < |l¢' — 7/ O

The following lemma is a consequence of the inequality (2.1.5) and the parallel-
ogram identity in a Euclidean space R™:

lz = ylI* + [l +ylI* = 2(/|=[* + [ly]1*), (2.1.6)
for all z,y € R™.

Lemma 2.1.29. Forallx,y,z € M andm € M with d(z,m) = d(y,m) = d(z,y)/2,
one has

d?(z,m) < = d*(z,x) + % d?(z,y) — % d*(z,y). (2.1.7)

N | —

From the well-known “law of cosines” in R? and inequality (2.1.5) we deduce the
following inequality, which is a general characteristic of the spaces with nonpositive
curvature (see [11]).

Proposition 2.1.30. For any x,y,z € M the following inequality holds,

(exp, 'y, exp, ' 2) + (exp, ' a, exp, ' 2) > d*(z,y).
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2.2 Monotone and accretive vector fields

Let X(M) denote the set of all set-valued vector fields A : M — 27M guch that
A(x) C T, M for each x € D(A), where D(A) denotes the domain of A defined by

D(A) ={x € M : A(x) # 0}.

The concepts of monotonicity and strict monotonicity of single-valued vector
fields defined on a Riemannian manifold were introduced by Németh in [81]. In
[36], the strong monotonicity was defined. The authors of [41] provided an example
of class of monotone vector fields, those which are gradients of convex functions.
The complementary vector field of a mapping was introduced and proved to be
monotone when 7" is nonexpansive in [80]. For more examples and relations between
different kinds of generalized monotone vector fields in Riemannian manifolds see
[81, 82, 83, 53].

The concept of monotone set-valued vector field was first introduced in [35] where
it was shown that the subdifferential operator of a Riemannian convex function is
a monotone set-valued vector field. We provide the notion of maximal monotonic-
ity for set-valued vector fields and gather the previous concepts in the setting of
Hadamard manifolds in the following definition. Note that they can be rewritten in
general Riemannian manifold in terms of geodesics.

Definition 2.2.1. A vector field A € X(M) is said to be

e monotone if for any =,y € D(A),

(u,exp; ty) < (v, —exp;1 x), Yu € A(z) and Vv € A(y); (2.2.1)

e strictly monotone if for any x,y € D(A) with x # y, the strict inequality in
(2.2.1) holds;

e strongly monotone if there exists p > 0 such that, for any z,y € D(A),

(u,expyty) — (v, — exp;1 z) < —pd*(z,y), VYu € A(z) and Yo € A(y);
(2.2.2)



92 Iterative methods in Hadamard manifolds

e mazimal monotone if it is monotone and for any x € M and v € T, M, the
following implication holds:

(u,exp;ty) < (v, — exp;1 x), Vy € D(A) and v € A(y) = u € A(z).
(2.2.3)

Remark 2.2.2. By definition, if A is a monotone vector field and = € int D(A) then,
for each v € T, M, there exists a constant ¢ > 0 such that (u,v) < pfor allu € A(x).
This means that A(x) is bounded for any = € int D(A).

In order to characterize maximal monotone vector fields, the notions of upper
semicontinuity and upper Kuratowski semicontinuity, as well as local boundedness,
for operators in Banach spaces, (cf. [107, pag. 55]) are extended to the setting of
Hadamard manifolds in the following definition.

Definition 2.2.3. Given A € X (M) and zg € D(A), the vector field A is said to be

e upper semicontinuous at xg if for any open set V satisfying A(zg) C V C
Ty, M, there exists an open neighborhood U (zg) of xg such that Py, ,A(z) C V
for any x € U(x);

e upper Kuratowski semicontinuous at xq if for any sequences {zy} C D(A)
and {ux} C TM with each u; € A(xy), the relations limg o xx = o and
limy_ 00 up = up imply ug € A(zp);

e locally bounded at x if there exists an open neighborhood U(xg) of z¢ such
that the set U,cpr(z,)A(7) is bounded.

e upper semicontinuous (resp. upper Kuratowski semicontinuous, locally bounded)
on M if it is upper semicontinuous (resp. upper Kuratowski semicontinuous,
locally bounded) at each xg € D(A).

Remark 2.2.4.

Remark 2.2.5. Clearly, the upper semicontinuity implies the upper Kuratowski semi-
continuity. The converse is also true if A is locally bounded on M. Indeed, from
the definition of upper semicontinuity we deduce that if A is locally bounded at z(
but is not upper semicontinuous at xg, then there exists {x,} C M and v, € A(z,)
for any n > 0, such that x,, — zg, v, — vo € Ty, M and vy ¢ A(xo).



Fixed point approximation methods for nonexpansive mappings 93

The following proposition shows that the maximality implies the upper Kura-
towski semicontinuity. Let xg € D(A) and let T : Ty, M — 2720 be the mapping
defined by

T(u) = Pxo,expxo wA(exp,, u), Yu e Ty, M. (2.2.4)

Proposition 2.2.6. Let A € X(M). Consider the following assertions.
(i) A is mazimal monotone.

(ii) For each g € D(A), the mapping T : TyoM — 2720M defined by (2.2.4) is
upper Kuratowski semicontinuous on Ty, M.

(iii) A is upper Kuratowski semicontinuous on M.
Then (1) = (i) = (iii).

Proof. (i)==(ii). Suppose that (i) holds. Let 29 € M and ugp € Ty, M. Let {u,} C
Ty, M and {v,} C Ty, M with each v,, € T'(u,,) be such that w,, — ug and v,, — vg for
some vy € Ty M. We have to verify that vg € T'(ug). To this end, set z,, = exp,  un
and v, = Py, z,vn for each n > 0. Then by Lemma 2.1.15, z,, — Z := exp,, ug and
U, € A(zy,) for each n > 0. Furthermore, we have that ©,, — Pz 4,v0 because

Pmn,;ro (Un - UO) — 07 Pzn,a:ovo - P:i,xOUO
and
Up = Tn,Z0 (Un - UO) + Pacn,:tov()-
On the other hand, by monotonicity,
<17n,exp;nl y) + (v, expy_1 xn) <0, Vye M and v e A(y). (2.2.5)
Taking limit, as n — oo, (2.2.5) yields that
(P 2400, €Xp5 - y) + (U,exp;1 z) <0, Vye M andv e A(y). (2.2.6)

Since A is maximal monotone, Py ,,v9 € A(Z). Therefore, by the definition of T'
and the fact that z = exp, 1o, one has that vg € T'(uo).

(ii)==(iii). Let 2o € M. By (ii), the mapping T : T,yM — 2720M defined by
(2.2.4) is upper Kuratowski semicontinuous on T, M. Since exp;! : M — Ty M
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is a diffeomorphism, it follows that the composition T o exp;o1 is upper Kuratowski
semicontinuous on M. Since

A(x) = Ppao(T o expgol)(:v), Vo € M,

one sees that A is upper Kuratowski semicontinuous on M as P, ,, is an isometry.
O

Recall the well-known result that maximal monotonicity and upper semicontinu-
ity are equivalent for a set-valued operator with closed and convex values in a Hilbert
space (cf. [87]). To extend this result to set-valued vector fields on Hadamard man-
ifolds, we first need to prove the following lemma.

Lemma 2.2.7. Suppose that A € X(M) is mazimal monotone and that D(A) = M.
Then A is locally bounded on M.

Proof. Let g € M. Suppose on the contrary that A is not locally bounded at xg.
Then there exist sequences {z,} C D(A) and {v,} C TM with each v, € A(z,)
such that, x,, — o but ||v,|| — co. Note that A(x) is bounded by Remark 2.2.2.
Hence

p = sup{||ul| : u € A(zo)} < 0.

Taking vy € A(xg), we define
Up = (1 —tn) Py, oo + thvn, Yn >1

where {t,} C [0, 1] such that ||u,| = p+ 1 for each n > 1. This means that {u,}
is bounded and ¢, — 0. Without loss of generality, assume that u, — ug for some
ug € TyyM. Then |ug]| = p+ 1 and ug ¢ A(zp). On the other hand, for any
y € D(A) and v € A(y), one has that, for each n > 1,
(Un, exp;n1 y) + (v, expy_1 zn) = (1 —tn)((Pon.wovo0, exp;"1 y) + (v, exp;1 Tn))
+tn(<vna eXp;nl y> + <U7 eXp;1 xn>)
< (1= tn) ((Pry.aovo, expy, y) + (v, expy ' ),

where the last inequality holds because t, > 0 and (vy,exp, ' y) + (v, exp, Lan) <0
thanks to the monotonicity of A. Now, letting n — oo, we get that

(uo, expyy y) + (v, exp, " mo) < (vo, expyy y) + (v, expy) y) <0,
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by Lemma 2.1.15 and the monotonicity of A. Since A is maximal monotone, it
follows that ug € A(x), which is a contradiction. O

Theorem 2.2.8. Suppose that A € X(M) is monotone and that D(A) = M. Then
the following statements are equivalent.

(i) A is mazimal monotone.

(ii) For any o € M, the mapping T : TpyyM — 2720M defined by (2.2.4) is upper
semicontinuous on Ty, M, and T(u) is closed and convex for each uw € Ty, M.

(iii) A is upper semicontinuous on M, and A(x) is closed and convex for each
xe M.

Proof. (i)=-(ii). Assuming that (i) holds, by Lemma 2.2.7, we have that A is locally
bounded. Given xg € M, let T be defined by (2.2.4). Then T is locally bounded
because the mapping exp,,, : T, M — M is a diffeomorphism and the parallel trans-
port on,expwo is an isometry. Furthermore, T is upper Kuratowski semicontinuous
on T, M by Proposition 2.2.6. Thus, bearing in mind Remark 2.2.5, we conclude
that T is upper semicontinuous on 17, M.

It remains to prove that 7'(u) is closed and convex for each u € T, M. To this
end, let w € T;yM and = = exp, u. For the sake of simplicity, we use G(A) to
denote the graph of A defined by

G(A) :={(y,v) e M xTM : ve Ay}
By the maximality of A, we see that

T(u) = PpyzA(x) = Py o ﬂ {w €T, M : <w,exp;1 y) + (v, exp;1 x) < 0}.
(y,w)EG(A)

Therefore T'(u) is closed and convex.

(il)=(iii). Let xop € M. It suffices to prove that A is upper semicontinuous at
xo because A(zg) = T(0) is closed and convex by (ii), where T : Ty M — 2Te0M
is defined by (2.2.4). For this purpose, consider the set-valued mapping S : M —
2720 M defined by

S(x) = Pyy 2 A(z), VYoe M.
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It is clear that A is upper semicontinuous at z( if and only if so is S. Since the
mapping 7" is upper semicontinuous on 7y, M by (ii) and since exp;o1 M — Ty M is
a diffeomorphism, it follows that the composition T’ oexpgjo1 is upper semicontinuous
on M. Noting that

S(x) = Pogad(w) = (T oexpy))(w), Vo €M,

one sees that S is upper semicontinuous on M and so at xy.
(iii)=(i). Suppose that (iii) holds but A is not maximal. Then there exist
xo € M and ug € Ty, M \ A(zp) such that

<u0,exp;01 y) < (v,— exp;1 xo), Yy € M and Vv € A(y). (2.2.7)

Note that A(zg) is a convex closed set by (iii), so the well-known separation theorem
is applicable and there exists h € T, M such that

(up,h) > = sup (u,h).
u€A(xo)

Define V := {u € Ty, M : (u, h) < (up, h)}. Then V is an open set containing A(x).
By (iii), A is upper semicontinuous at xg; thus there exists a neighborhood U/(xg)
of 29 such that Py, ,A(x) CV for each x € U(zg). Now, set x; := exp,, th for each
t > 0. Then z; — xg, as t — 0. Hence z; € U(xg) and Py, 4, A(x¢) CV for allt > 0
small enough. This means that we can take some ¢ > 0 such that

(Pro.z:0, h) < (ug,h), Yve A(xy).
Since th = exp_,;o1 xt, the previous inequality turns into
(Pxo,xtv,exp;()l x) < (uo, exp;()1 xe), Vv € Axy).
Therefore, for each v € A(x,),
(0, — exD3, 20) = (0, Prysag XDz 1) = (Pryueyvs exp) a1) < (g, expyl ar),
which contradicts (2.2.7). O

We now extend the classical definition of accretive operators on Banach spaces
to vector fields defined on Hadamard manifolds.
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Definition 2.2.9. Let A € X(M) and o > 0. The vector field A is said to be

e accretive if for any z,y € D(A) and each 7 > 0 we have that

d(w,y) < d(exp,(ru),exp,(rv)), for each u € A(r) and v € A(y); (2.2.8)

e strictly accretive if for any x,y € D(A) with x # y and each r > 0, the strict
inequality in (2.2.8) holds;
e «a-strongly accretive if for any z,y € D(A) and each r > 0 we have that

(1+ar)d(z,y) < d(exp,(ru),exp,(rv)), for each u € A(x) and v € A(y);
(2.2.9)

e m-accretive if it is accretive and

U U exp,u| =M. (2.2.10)

2z€D(A) \u€cA(x)

Note that these definitions make also sense in the setting of Riemannian mani-
folds. However, it is in the particular case of a Hadamard manifold where the notions
of accretivity and monotonicity can be proved to be equivalent. The following lemma,
is an essential tool to study this equivalence.

Lemma 2.2.10. Let x,y € M withx #y, w € T, M and v € TyM. Then

d
(dsd(expx SU, exp, 3”))520 = d@y) (—(u,exp; ' y) + (v, —exp, ' 2)). (2.2.11)

Proof. Let € > 0 and f: (—¢,e) x [0,1] — M be the function defined by
f(8,1) = eXPexp_ su t(exp;(lpx su€Xpy, sv), for each (s,t) € (—¢,¢) x [0,1].
Let v be the geodesic joining x to y. It follows that

7 (0) =exp;ly and /(1) = — expy_1 x. (2.2.12)
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Since the exponential map is differentiable and f(0,¢) = ~(t), f is a variation of v
and V(t) = %(0, t) is the variational field of f. In particular,
of _of

V(0) = 5(0,0) =u and V(1)= P (0,1) = . (2.2.13)

Note that, for each s € (—e,¢), the parameterized curve f, : [0,1] — M given by

fs(t) = f(s,t) is a geodesic. Then H%{(s,t) is a constant. Moreover

of _
H a(s, t) H = expexlpz su €XDy, sv|| = d(exp,, su, exp,, sv). (2.2.14)

Define L : (—¢,e) — R by

L(s)z/o1

Therefore, by [105, p. 38, Proposition 2.5],
(&09) = o (v g )
ri (v ) - (v, T o))

= d(;y) <<g§(0,1),7’(1)>— W(o,o),fy’(o)>>(2.2.16)

of
ot

(s,t)” dt, for each s € (—¢,¢). (2.2.15)

where the second equality holds because 7 is a geodesic and

d
in mind that
d d
gd(expx su, exp,, sv) . = £L(s) o

equality (2.2.11) follows from (2.2.12), (2.2.13) and (2.2.16). O

0. Then, bearing

o
&5
I

In view of the previous definitions and Lemma 2.2.10, we deduce the following
characterization of monotonicity.

Corollary 2.2.11. Let A € X(M) and a > 0. Then the following assertions hold.
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(i) A is monotone if and only if for any x,y € D(A),

(id(expx(su),expy(sv))> >0, for each u € A(x) and v € A(y).
= (2.2.17)

(ii) A is strictly monotone if and only if for any x,y € D(A) with x # y,

<dd(expz(su), expy(sv))> > 0, for each u € A(x) and v € A(y).

ds s=0
(2.2.18)
(iii) A is a-strongly monotone if and only if for any z,y € D(A),

<dd(expm(su),expy(sv))> > ad(z,y), for each u € A(x) and v € A(y).

ds s=0
(2.2.19)
Remark 2.2.12. Tt is worth mentioning that, in [53], Iwamiya and Okochi defined

a monotone vector field A € X (M) on a more general Riemannian manifold by
requiring that, for any x,y € D(A) and for each v € A(x), v € A(y), the inequality

d(exp, (su), expy(sv)) —d(@,y) _

(dtexpusu.exp,(s0)) = lim

s=0 s—0 S

holds. When M is a Hadamard manifold, we deduce from Corollary 2.2.11 that this
definition coincides with the one we presented in this section.

Theorem 2.2.13. Let A € X(M) and o > 0. Then the following assertions hold.
(i) A is accretive if and only if A is monotone.
(ii) A is a-strongly accretive if and only if A is a-strongly monotone.
(iii) If A is m-accretive, then A is mazimal monotone.

Proof.
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If A is accretive, for any x,y € D(A) and each u € A(z), v € A(y), we have
that

d(z,y) < d(expx(ru),expy(rv)), (2.2.20)
for all » > 0, which implies that
d
<¢Sd(exp$(su),expy(sv))> > 0. (2.2.21)
s=0

Then, by Corollary 2.2.11, A is monotone. Assume now that A is monotone.
Let z,y € D(A) and u € A(z), v € A(y). Define a mapping g : [0, +00) —
[0, +00) by

g(r) = d(exp, ru, exp, rv)  for each r € [0, +00).

Since M is a Hadamard manifold, we get that g(-) is a convex function by
Proposition 2.1.25. Hence,

<$d(expz(ru), expy(rv))>ro = ;Izlf(‘) M (2.2.22)

By Corollary 2.2.11(i), we have that A is monotone if and only if
d
(Clrd(expz(ru),expy(rv))>rO > 0. (2.2.23)
Then, by (2.2.22), (2.2.23) is equivalent to
g(r) —g(0) >0, foreachr >0,
which means that A is accretive.

If A is a-strongly accretive, for any =,y € D(A) and each u € A(x), v € A(y),
we have that
(1+ar)d(z,y) < d(exp,(ru), exp,(rv)), (2.2.24)

for all » > 0, which means that

d
<dd(expx su, exp,, sv)) > ad(z,y). (2.2.25)
§ s=0
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(iii)

Then, by Corollary 2.2.11 A is strongly monotone. Assume that A is a-
strongly monotone. Let x,y € D(A) and u € A(z), v € A(y). Define a
mapping g : [0, +00) — [0, +00) by

g(r) = d(exp, ru,exp, rv) — ard(z,y), for each r € [0, +00).

Then g(+) is a convex function. Hence,

(id(expm(ru), expy(rv)))rzo —ad(z,y) = gg g(r);g(O) (2.2.26)

Recall that by Corollary 2.2.11(ii), we have that A is a-strongly monotone if
and only if

<jd(expx(ru), expy(rv))> —ad(z,y) > 0. (2.2.27)
r r=0
Then, by (2.2.26), (2.2.27) is equivalent to

g(r) —g(0) >0, foreachr >0,

which means that A is a-strongly accretive.

Assume that A is m-accretive. In particular, A is accretive so by (i) A is
monotone. In order to prove the maximality we take x € M and u € T, M
such that, for any y € D(A) and v € A(y),

(u,exp,ty) < —(v, eXpy_1 x). (2.2.28)

Defining the vector field B : M — 2TM by B(y) = A(y) if  # y and B(z) = u,
since A is monotone, the inequality (2.2.28) implies that B is monotone. Then
B is accretive, so, for r = 1 in the definition, we have that

d(z,y) < d(exp, u, exp, v), (2.2.29)

for any y € D(B) and v € B(y), since u € B(x). On the other hand, since A
is m-accretive, by (2.2.10), there exists y € D(A) and v € A(y) such that

exp, U = exp,, V. (2.2.30)

Then from inequality (2.2.29) we deduce that z = y and therefore u = v €
A(z), establishing that A is maximal monotone.
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O]

Remark 2.2.14. The converse of assertion (iii) in the previous theorem is true when
D(A) = M. It will be proved in Corollary 2.4.5.
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2.3 Nonexpansive type mappings

In this section we study some properties of the nonexpansive type mappings that will
be essential to characterize the monotone vector fields. In particular, we introduce
the definition of firmly nonexpansive mappings on Hadamard manifolds and provide
an analysis of these mappings. By using the concept of complementary vector
field, we also establish a connection with the class of pseudo-contractive mappings
introduced by Reich and Shafrir, [101], in the more general setting of hyperbolic
spaces.

Recall that, given a subset C C M, T : C — M is a nonexpansive mapping if
for any z,y € C,

d(T(x),T(y)) < d(z,y). (2.3.1)
Let us denote the fixed point set of T" by
Fix(T) :={z e C:2=T(z)}. (2.3.2)

From either Brouwer’s theorem or the fixed point property for CAT(0) spaces (cf.
[59]), the existence of fixed points is ensured provided that C' is bounded. Kirk, in
[60], proved the following result in complete CAT(0) spaces. However, we include
the proof in the setting of Hadamard manifolds for the sake of completeness.

Proposition 2.3.1. Let T : C — M be a nonexpansive mapping defined on a closed
convex set C C M. Then the fized point set Fixz(T') is closed and convex.

Proof. Let us start by proving that Fix (T') is closed. Let {x,} be a sequence in
Fix (T") that converges to x € M. Then x € C by closeness of C, and T'(x,,) — T'(x)
by continuity (nonexpansivity) of 7. On the other hand, since {z,} C Fix(T),
T(zy) — x. Altogether, we have that T'(x) = z. Therefore, Fix (T") is closed.

In order to prove the convexity, let z,y € Fix(T) and let v be the geodesic
joining z to y. Given a point ¢ in the geodesic 7, that is ¢ = ~y(t) for some ¢ € [0, 1],
we just need to prove that ¢ € Fix(T'). Since C is convex, T(q) is well-defined.
Consider the geodesic triangle A(z,y,Tq) with comparison triangle A(z',y/, (Tq)")
in R?, and the corresponding point to the point ¢, ¢ = (1 — t)a’ + ty/; that is
d(2',q') = d(x,q) and d(¢',y') = d(q,y), see Figure 2.2. On the other hand, recall
the fact that for any o € RT and any a,b € R?, we have the equality

laa + (1 — a)blf* = alla] + (1 — @)||bl* — a(1 — a)lla — b]]*. (2.3.3)
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Then, from Lemma 2.1.28, equality (2.3.3) and the nonexpansivity of 7', we obtain

d*(q,T(q)) < d*(d,(T(q)))
= A -t)@ = (T()) +ty — (T(q))|?
= A=)’ = (T@) I +tlly — (T(q)[* = t(1 = t)]a" - ¢/|?
= (1—t)d*(x,T(q)) + td(y,T(q)) — t(1 — t)d*(x,y)
< (1 —t)d*(z,q) + td(y,q) — t(1 — t)d*(x,y)
= (1=t)' =P+ tly — 1> -t —t)|2" — |
= |(1=t)2'+t/ = I
_—

So g = T'(q) for any ¢ in the geodesic joining x € Fix (T') to y € Fix (T), thus Fix (T')
is convex. [

2.3.1 Firmly nonexpansive mappings

The notion of firm nonexpansivity was previously defined on a Banach space [17, 18]
and the Hilbert ball with the hyperbolic metric [48], so-called firmly nonexpansive
mapping of the first kind in the latter case. In fact, the following analysis shows
that in the framework of Hadamard manifolds this class of mappings verifies similar
properties to those ones well-known in Hilbert spaces.

Definition 2.3.2. Given a mapping 7' : C C M — M, we say that T is firmly
nonezxpansive if for any x,y € C, the function 0 : [0, 1] — [0, oc| defined by

0(t) = d(71(t),72(t)), (2.3.4)

is nonincreasing, where 7; and 7, denote the geodesics joining x to T'(z) and y to
T(y), respectively.

Remark 2.3.3. From the definition we readily deduce that any firmly nonexpansive
mapping T’ is nonexpansive.

Proposition 2.3.4. Let T : C C M — M. Then the following assertions are
equivalent.
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(i) T is firmly nonexpansive.
(ii) For any xz,y € C and t € [0, 1]
d(T(x),T(y)) < d(exp, texp, Tz, exp, t exp;1 Ty). (2.3.5)
(iii) For any x,y € C
(exply T(Y), exprly @) + (exprl, T(x),exppl, v) < 0. (2.3.6)

Proof. Given z,y € C, let 0 : [0, 1] — [0, 0c] be the function defined by (2.3.4). Note
that from Proposition 2.1.25 we deduce that 8 is a convex function.

Let us start by proving that the derivative at 1~ of the function 6 can be for-
mulated as

0)Y(1) = (exp;(lx) T(y), equi(lx) ) + (exp;(ly) T(z), eXP}(ly) Y)- (2.3.7)

Let u = exp}(lx) z € TpyM and v = exp;(ly) y € TpyM. Then the function 6 can
be written as

0(t) = d(expr(z)(1 — t)u, exppg, (1 — t)v). (2.3.8)
Let v be the geodesic joining T'(z) to T'(y), that is, for any r € [0, 1]

Y(r) = expp(a) Texp}(lx) T(y). (2.3.9)
Given € > 0 we define the function f: (—&,e) x [0,1] — M by

f(8:71) = eXPexp.. su r(expe_xlpTz su €Xppy sv)  for each (s,7) € (—¢,¢) x [0, 1].
(2.3.10)
Note that f(0,7) = v(r). Then, since the exponential map is differentiable and f is
a variation of v, V(r) = %(0, r) is the variational field of f. In particular,
_of _9f

5 00 =u and V(1) =Z5(0,1) =v. (23.11)

Note that for each s € (—¢,¢), the parameterized curve fs : [0,1] — M given by

V(0)

fs(r) = f(s,r) is a geodesic and therefore H%(s,r) is a constant. In particular,
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from (2.3.8),
H = || expe_leT( ) su €XPT(y ) vl = d(expp(g) su, expp(y) sv) = 0(1 — s).
(2.3.12)
Define L : (—¢,e) = R by
of
L(s) = 8r( r)||dr, for each s € (—¢,¢). (2.3.13)
0

Recall that H (s, H is a constant, thus

ﬁ@_A of

t

praGL)

Therefore, by the first variation formula stated in [105, p. 89, Proposition 2.2]
(where E denotes the energy integral E(s) = $L2(s))

;(;SLQ(S)>H _ —/01 <V( ) f‘;”>d _ <V(O),§y(0)> + <V(1),jZ(1)>
<gf(o 0),7 (0)> +<8f( ), 7’(1)> (2.3.14)

=~ (exprlyy m 5wy TW) + (expr,) 1.~ exvr, 7).

2
dt = 6%(1 — ).

where the second equality holds because Ddy _ =0,

I @ since 7 is a geodesic. Then the
fact that

Qiy“lﬂ_ (iﬁﬁlﬂ——Wﬂn——wu» (2.3.15)

together with inequality (2.3.14), implies that equality (2.3.7) holds.

By definition the mapping T is firmly nonexpansive if and only if the convex
function € is nonincreasing. On the one hand, this is equivalent to (1) < 6(¢),
for any t € [0, 1], which is exactly the inequality (2.3.5), proving the equivalence
between (i) and (ii). On the other hand, since 6 is differentiable at 1 and convex,
the definition of firmly nonexpansive mapping is equivalent to 6'(1) < 0, and then
to inequality (2.3.6) because of equality (2.3.7). Then (i) is proved to be equivalent
to (iii). O
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The following result provides us with an important example of class of firmly
nonexpansive mappings, the metric projection.

Corollary 2.3.5. The metric projection onto a closed convex subset C' C M is a
firmly nonezxpansive mapping.

Proof. Let T = P¢ be the metric projection onto C. For any =,y € M, by Proposi-
tion 2.1.18, we have that

(expr(yy T(y), expy(, ) < 0 (2.3.16)

because T'(y) € C, and analogously, since T'(z) € C,

(exp;(ly) T(x), exp;(ly) y) <0. (2.3.17)
By summing inequalities (2.3.16) and (2.3.17) we obtain inequality (2.3.6) which
implies the firmly nonexpansivity of Po by Proposition 2.3.4. O

Given a nonexpansive mapping 7', as it happens in Hilbert spaces, there exists
another example of class of firmly nonexpansive mappings constituted by an associ-
ated family of mappings {G; : 0 < ¢ < 1}, whose fixed point set coincides with the
fixed point set of T'.

Indeed, given T': C' — C nonexpansive and z € C, for any ¢ € [0,1), let T} be
the mapping defined by

Tyy = exp, texp, ' Ty, (2.3.18)

for any y € C. It is straightforward to see that T} is a contraction for any ¢ € [0, 1).
Then the Banach contraction principle implies that there exists a unique fixed point
of T;, which is being denoted by x;. By means of the approximating curve {z;}, for
any t € [0,1), we define the mapping G; : C — C by

Gi(x) =: @ = exp, texp, ' T(Gy(x)),
for all x € C. Then the following result holds.
Proposition 2.3.6. Lett € [0,1).

(i) The mapping Gy is firmly nonexpansive.
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(ii) Fiz(Gt) = Fiz(T).
Proof.
(i) Let z,y € K. From the convexity of the distance, we have that
d(Gi(x), Ge(y)) < (1 = t)d(z,y) +td(Ge(x), Gi(y)),

which implies the nonexpansivity of G;. Now consider the geodesics v; and
v2 joining z to Gi(x) and y to Gi(y), respectively. Let s € [0,1] and set
ro= U=9t ¢ [0,1). Then r € [0,1) and satisfies that

1—st
Gi(r) = expy, ()T exp;f(s) T(Gi(x)) (2.3.19)
and
Gie(y) = expy, ()T expl iy T(Ge(y))- (2.3.20)

To show this fact, note that by the definition of the mapping G; the geodesics
v and 7, are contained in the geodesics a1 and g joining = to T(Gi(x))
and y to T(Gy(y)), respectively. In particular, the point v;(s) belongs to the
geodesic aj.

Since

d(z,71(8)) = sd(z,G(x)) = std(z, T(G(x))), (2.3.21)
it follows that
A (), T(Go(2))) = (1 — st) d(r, T(Gy(x))). (2.3.22)

Therefore, using the definitions of v1(s), inequalities (2.3.21) and (2.3.22), we
obtain that

d(n(s). Ge(x)) = (1= s)d(z, Ci())
= (1—s)td(z, T(Ge(x)))
= (1-s8)t; _1 - 4011(8), T(Ge(2)))
= rd(7(s), T(Gi(z)))
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This means that (2.3.19) is satisfied. Similarly, (2.3.20) is satisfied. Thus, by
the convexity of the distance and the nonexpansivity of GG¢, we obtain that

d(Gi(z), Ge(y)) < (1 = 1) d(11(5),72(5)) +7d(Ge(z), Ge(y)).
This implies that, for any s € [0,1]

d(Gi(z), Gi(y)) < d(n1(s),72(s))- (2.3.23)

Hence, inequality (2.3.5) holds and Gy is firmly nonexpansive by Proposition
2.3.4.

(ii) The following equivalences prove the equality.

r=Gy(z) & x=-exp,(1—t)exp, Tz
& Ozexp;1 Tx
&S =Tz

2.3.2 Pseudo-contractive mappings

In the setting of the Hilbert spaces there is a class of nonexpansive type mappings,
the so called pseudo-contractive mappings, which are closely related to the class of
monotone operators. Given a subset C' of a Hilbert space H, a set-valued mapping
T : C — 21 is said to be pseudo-contractive if for all z,y € C, for any u € T'(z),v €
T(y) and r > 0,

o —yll < 11+ 1)@ —y) = r(u—v)]|-

This concept was introduced by Browder and Petryshyn, in [?], and they proved that
a mapping T is pseudo-contractive if and only if the operator I — T is monotone.
This means that the problem of solving an equation involving monotone operators
may be formulated as a fixed point problem for a pseudo-contractive mapping on a
Hilbert space.

We define the concept of pseudo-contractive mappings in the setting of Hadamard
manifolds, by using the notion of complementary vector field which was introduced
by Németh, in [80], in order to provide a relation between nonexpansive mappings
and monotone vector fields.
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Definition 2.3.7. [80] Let T': C C M — M. The vector field A € X' (M) defined
by
A(r) = —exp, ' T(z), (2.3.24)

for any = € C, is said to be the complementary vector field of T.
Definition 2.3.8. Let T: C C M — M and o > 0. Then T is said to be
e pseudo-contractive if its complementary vector field is accretive;

o «a-strongly pseudo-contractive if its complementary vector field is a-strongly
accretive.

Remark 2.3.9. The definition of pseudo-contractive mappings coincides with the one
introduced by Reich and Shafrir in the more general setting of hyperbolic spaces
[101].

In view of Definition 2.3.8 and Theorem 2.2.13, we deduce the following result.

Corollary 2.3.10. LetT : C C M — M and o > 0. Then the following assertions
hold.

(i) T is pseudo-contractive if and only if its complementary vector field is mono-
tone.

(ii) If T is a-strongly pseudo-contractive, then its complementary vector field is
a-strongly monotone.

(iii) Conwversely, if the complementary vector field of T is a-strongly monotone,
then T is o -strongly pseudo-contractive, where 0 < o/ < a.

Remark 2.3.11. If T is a nonexpansive mapping, it was proved in [80] that the
complementary vector field of T" is monotone. Hence, by Corollary 2.3.10, we deduce
that any nonexpansive mapping is pseudo-contractive.
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2.4 Singularities, resolvent and Yosida approximation
of vector fields

Let A € X(M) be a set-valued vector field with domain D(A). The existence of
singularities of vector fields is a relevant problem with numerous applications in
other areas. In particular, it will be a crucial fact for the resolvent operator to be
well-defined in the setting of Hadamard manifolds.

Definition 2.4.1. Given a vector field A € X (M), we say that z € D(A) is a
singularity of A if 0 € A(x). The set of all singularities of A is denoted by A~1(0).

2.4.1 Singularities of strongly maximal vector fields

Concerning the existence of singularities for monotone vector fields, as a direct
consequence of Definition 2.2.1, we first deduce the following proposition.

Proposition 2.4.2. Let A € X(M) be strictly monotone. Then A has at most one
singularity.

In [36, 41] it was proved that differentiable strongly monotone single-valued
vector fields on Hadamard manifolds with D(A) = M have at least one singularity;
that is, since the strong monotonicity implies the strictly monotonicity, existence
and uniqueness are ensured. This result can be improved and extended to the set-
valued case for maximal strongly monotone vector fields, by using the equivalence
established in Theorem 2.2.8 and the following coercivity result for finite-dimensional
Banach spaces; see, for example, [87, pag. 115].

Proposition 2.4.3. Let X be a finite-dimensional Banach space and T : X — 2%
be an upper semicontinuous set-valued operator. Suppose that D(T) = X and that

T satisfies the following coercivity condition:

(w, z)

Izll—oo [|2]]

=+o0, Yw e T(2). (2.4.1)

Then, there exists x € X such that 0 € T(x).

Theorem 2.4.4. Let A € X(M) be a maximal strongly monotone vector field with
D(A) = M. Then there exists a unique singularity of A.
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Proof. Since the strong monotonicity implies the strict monotonicity, the uniqueness
of the singularity follows from Proposition 2.4.2. Now we will prove the existence
of singularity. To this end, let 29 € M and let T : Ty, M — 2720M be defined by
(2.2.4), that is,

T(u) = Pugexp,, uA(exDy, u), Yu € Ty,M.

Then T is upper semicontinuous by Theorem 2.2.8. Moreover, by the strong mono-
tonicity, there exists p > 0 such that for any x € D(A)

(u,expy) z) — (v, —exp, ' o) < —pd®(z0,2), Vu € A(m) and Vv € A(z),
which is equivalent to
(P2 — U, exp;O1 z) > pd*(xo,x), Yu € A(xg) and Yo € A(x). (2.4.2)

Letting u € Ty,M and w € T'(u), we set = exp,, u and assume that w = Py, ;v
for some v € A(z). Fix vg € A(zp). Then by (2.4.2), we get that

<w, u) = <Pz0,z7} — g, eXp;01 .’13> + <'U07 eXp;(Jl IB>
> pd?(zo, ) + (vo, expy, x)
> pllull® = flvolllull

Therefore,

lim u)
lu—oo ||ul|

=400, Yw e T (u).

This shows that 7" satisfies the coercivity condition (2.4.1). Consequently, Proposi-
tion 2.4.3 is applicable to concluding that there exists a point u € T, M such that
0 € T'(u). Then, z := exp,, u € M is a singularity of A. O

Corollary 2.4.5. Let A € X(M) be mazimal monotone with D(A) = M. Then A
18 m-accretive.

Proof. Since A is monotone, by Theorem 2.2.13 (i), it is accretive as well. In order
to proved that A is m-accretive we need to show that (2.2.10) is true. To this end,
given y € M let us prove that

Y€ U U exp, u | . (2.4.3)

z€D(A) \u€eA(z)
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Define the set-valued vector field B : M — 27M by
B(z) = A(z) —exp, 'y for each z € M. (2.4.4)

It can be proved by Proposition 2.1.30 that B is maximal strongly monotone and
D(B) = M. Therefore, by Theorem 2.4.4, there exists a unique singularity xg of
B; that is, 0 € B(zg) = A(z) — exp,, y. Hence there exists ugp € A(zo) such that
Uy = exp,, y, which means that y = exp,, uo. Then (2.4.3) is true. O

2.4.2 Resolvent and Yosida approximation of a vector field

We are now in a position to define the notions of the resolvent and the Yosida
approximation of a vector field A € X(M).

Definition 2.4.6. Given A\ > 0, the resolvent of A € X (M) of order \ is the
set-valued mapping Jy : M — 2M defined as

Irn(x) ={z € M|z € exp, NAz}. (2.4.5)

Definition 2.4.7. For any A > 0, the Yosida approximation A € X(M) of order \
is the set-valued vector field Ay : M — 2TM defined as
1 _
Ax(z) = —, €XPs LI (), (2.4.6)
in other words, it is the complementary vector field of the resolvent (cf. [81]) mul-
tiplied by the constant %

Remark 2.4.8. Note that, for every A > 0, the domains of the resolvent J, and the
Yosida approximation Ay are the range of the vector field defined by z +— exp, AAx.
We will denote this range as

R(exp. ANA(+)) = U U exp, A\u

z€D(A) \u€eA(z)

The resolvent and Yosida approximation were implicitly defined in the setting
of differential manifolds, in particular, in Finsler manifold by J. Hoyos in [51] and
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in Hilbert manifolds by Iwamiya and Okochi in [53]. As a matter of fact, these
two definitions can be proved to coincide with the corresponding concepts defined
on Hadamard manifolds. However, it turns out that in these settings where the
resolvent and the Yosida approximation are defined is still unknown, whereas we
are proving next that under certain monotonicity conditions these operators have
full domain in a Hadamard manifold. Moreover, in the following theorem the relation
between the firm nonexpansivity of the resolvent and the monotonicity of the vector
field is stated as well.

Theorem 2.4.9. Let A € X(M). Then, for any A > 0,

(i) the vector field A is monotone if and only if Jy is single-valued and firmly
NONeTPansive;

(ii) if D(A) = M, the vector field A is mazximal monotone if and only if Jy is
single-valued, firmly nonexpansive and the domain D(Jy) = M;

(iii) if A is monotone

Fiz (Jy) = A71(0).
Proof.
(i) Given z € D(Jy), note that
2z € J\(z) &z €exp, \MAz & 0 € Mz — exp ' z. (2.4.7)

This means that z € M belongs to the resolvent of A at x if and only if it is
a singularity of the vector field B : M — T'M defined as

B(y) = My — exp;1 x (2.4.8)

for each y € M.

If we assume that A is monotone, from the definition of B and Proposition
2.1.30 we deduce that B is strictly monotone, which implies the uniqueness of
singularity as it can be readily seen. Then the resolvent is single-valued. To
prove the firm nonexpansivity, by Proposition 2.3.4, it suffices to verify that
for any z,y € M

<exp;)\1(x) In(y), eXp;/\l(x) r) + <eXp;/\1(y) Ix(z), eXp;/\l(y) y) <0. (2.4.9)
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(iii)

Considering Jy(x), J\(y) € M, by definition of resolvent we know that
exp;j(z) x € ANA(J\(x)), exp}j(y) y € MA(Jx\(y)).

Thus the monotonicity of A implies that

_ 1 _ _ 1 _
<eprA1(x) Ia(y), X epr;(x) x) + (exphl(y) In(z), 3 eXpJAl(y) y) <0,

and (2.4.9) is proved.

Conversely, suppose now that Jy is firmly nonexpansive. To show that A is
monotone, for any x,y € D(A) and u € A(z), v € A(y), by definition of the
resolvent J;f‘, we can write z = Jy(exp, Au) and y = Jy(exp, Av). By using
the characterization (2.3.6) of firmly nonexpansive mappings considering the
points exp, Au and exp, Av we obtain that

(exp, !y, Mu) + <expy_1 x, \v) <0,
which implies that

(u,exp,y) < —(v,exp, ' x) <0,
and the monotonicity of A is proved.

Assuming that D(A) = M, if A is maximal monotone, it can be proved that the
vector field B defined as (2.4.8) is strongly monotone and maximal monotone
(see [36]). Then, for any = € M, Theorem 2.4.1 assures the existence and
uniqueness of a singularity of B, that is, an element of Jy(z). Thus J) is single-
valued and firmly nonexpansive, as we proved in (i), and moreover D(J)) = M.

Now, suppose T is firmly nonexpansive and D(T') = M. By (i) we know that
T = Jy where A, the vector field defined in (2.4.10), is monotone. By Theorem
2.2.13 we deduce that A is accretive. So the full domain of the resolvent of
order A = 1 implies that A is m-accretive. Again by Theorem 2.2.13 we have
that A is maximal monotone.

If A is monotone Jy is single-valued and by the equivalence (2.4.7) we deduce
that z € Fix (Jy) if and only if 0 € A(z).
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Remark 2.4.10. Note that in the previous theorem we have proved indeed that, for
each A > 0, any firmly nonexpansive T' with full domain D(T") = M is the resolvent
J j\4 of the maximal monotone vector field A defined by

1

Ax) = X exp, | T 'z, Vre M. (2.4.10)

Indeed, the resolvent of the vector field A is the mapping 7"
I(z)={2€ M|z cexp, Mz} ={z€ M|z €T '2} =Tx.

From the proof of (i) in Theorem 2.4.9 and remark 2.4.8, we can deduce the
following result which constitutes a counterpart of Minty’s theorem [76] in the setting
of Hadamard manifolds.

Corollary 2.4.11. Let A € X(M) be monotone such that D(A

= M, and let
A > 0. Then A is mazimal monotone if and only if R(exp. NA(+)) = M.

As a byproduct of Theorem 2.4.9 (iii) we obtain the following result about the
structure of the set of singularities of a maximal monotone vector field. As far as
we know the only result of this type was proved in [41] under the assumption that
A is smooth.

Corollary 2.4.12. Let A € X(M) be monotone with closed convex domain D(A)
such that D(A) C D(Jy). Then A1(0) is closed and convez.

Proof. Thanks to Theorem 2.4.9, the set A~1(0) coincides with the fixed point set
of the resolvent J)y, for any A > 0, which is firmly nonexpansive. Then the result
can be deduced from Proposition 2.3.1, since we have that if we set T' = J},

Fix (T) = A~1(0) € D(A) C D(T).
O

We present now some properties of the Yosida approximation of a vector field.
In particular, the relation with the resolvent will be fundamental for the study of
the asymptotic behavior of the resolvent as the order A — +oc or A — 0.
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Proposition 2.4.13. Let A € X (M) be monotone and let A > 0. Then

(1) for any x € D(Ay)
A)\(.%') S ijJ/\(x)AJ)\(JJ); (2411)

(2) for any x € D(A\)(D(A)
[Ax(@)]| < [Ax], (2.4.12)
where |Az| = inf{||v| : v € Ax};

(3) the Yosida approximation Ay is a monotone vector field. Moreover, if A is
maximal then so is Ay.

Proof. Note that D(Ay) = D(Jy) and, since A is monotone, its resolvent is single-
valued and so is its Yosida approximation.

(1) Let 2 € D(A,) and v = Ay(z). Then v = —% exp, ! Jy(z), which is equivalent
to write
—\v = exp, L J\(z) = —Py 1, (2) exp;;(x) x.

But, by definition of resolvent, we have that = € exp, () AAJy(x), or equiva-
lently, exp;;(x) x € AMAJy(x). Therefore,
v E Px’J)\(x)AJ)\(x).
(2) Let x € D(A\)(D(A). We know that

143 = {llexpz a(@)| = Jd(a, Jr ().

For any u € A(x), which exists since € D(A), we can write x = Jy(exp, Au)
because it is equivalent to exp, Au € exp, AA(z). Then, by the nonexpansivity
of the resolvent, we obtain

1 1 _
HA,\(.CI?)H = X d(J)\(epr Au)a J)\(.’L‘)) < d(esz )\u,x) = X H expxlexpm )‘UH

>

Then ||Ax(x)|| < |lu|| holds for any u € A(z); hence, we obtain the inequality
required.
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(3) The nonexpansivity of the resolvent implies the monotonicity of the Yosida
approximation of any order A > 0 because it is defined as its complementary
vector field multiplied by a constant, see [81]. Since the resolvent and the
exponential map are continuous, so is the Yosida approximation A). Then,
assuming that A is maximal monotone with full domain, Ay has full domain
and maximality is consequence of Theorem 2.2.8 thanks to the upper semi-
continuity and the fact that it is single-valued.

2.4.3 Asymptotic behavior of the resolvent of a vector field
Asymptotic behavior of Jy as A — oo

Let A € X(M) be monotone. Recall that, by Theorem 2.4.9, for any A > 0 the
resolvent J is a single-valued and nonexpansive mapping. Given a point x € D(Jy),
we want to study the behavior of the sequence {.J)} when we let A go to +oo. This
question was solved in the setting of Banach spaces in relation with the problem of
approximating zeros of monotone and accretive operators, see [95, 111, 56]. Here, in
the framework of Hadamard manifolds, we provide a similar answer with the help
of the following lemma.

Lemma 2.4.14. Let A € X(M) be monotone such that D(A) C D(J,) for some
r > 0. Let x € D(Jy) for any A > 0.

(i) If there exists a sequence {t,} with t, — oo, such that lim J; (x) =y, then
n—oo

the limit y € A~1(0).

(ii) If there exist two sequences {t,} and {sp} with t,, — oo and s, — o0, such
that lim J;, (z) =y and lim Js, (z) =z, then y = z.
n—oo n—oo

Proof.

(i) If the limit lim, o J;, (x) = y exist, this means that the sequence {J;, ()}
is bounded and || exp;! Jy, (7)|| < M for some M > 0. Let r > 0 such that
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D(A) € D(J,). By using the definition of the Yosida approximation A, and
the inequality (2.4.12), we obtain that

AT (T (@), T (@) = Nexpy ) Jo (o @))]
|| Ar (S, (2)) ]
r|A(J:, (2))]. (2.4.13)

IN

From the property (2.4.11) in Proposition 2.4.13, Ay, (z) € Py, ()2AJ, (7)),
or equivalently, P, j (;)At,(x) € AJy,(v). Then the norm [A(Jy, (7)) <
1Pz, 1., () At (2)|| = [| Az, (7)]| and from inequality (2.4.13) it follows that

AT (i (@), o () < 7l e, ()| = -l ooz (@] < 50,

Letting n — 0o, we obtain that y = J,.(y), that is, y € Fix (J,.) = A~1(0).

By the property (2.4.11) in Proposition 2.4.13, for any n > 0, P, j, () A, () €
AlJy, (x), and by (i) we know that 0 € A(z). Since A is monotone,

(P, ()04, (), eXp}ti @2 <0
therefore, since A;, (z) = —exp, ! Jy, (),
(exp;ti () T exp;ti () z) <0.
Taking limit when n — oo we obtain
<exp;1 x, exp?j1 z) <0. (2.4.14)
Changing the roles of ¢,, with s,, and z with y, we get the inequality
(exp;tz,exp;ty) <0. (2.4.15)

Thus, by using Proposition 2.1.30, the law of cosines for Hadamard manifolds,
the previous inequalities (2.4.14) and (2.4.15) implies that

d*(y, z) < (exp, ' @, exp, ' ) + (exp; ' @, exp, ' y) < 0.
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Theorem 2.4.15. Let A € X(M) be monotone with closed convex domain D(A)
such that D(A) C D(J,) for some r > 0 and let x € D(Jy) for all A > 0. Then,

(i) if AH(0) #0,
Jm Jy(2) = Py (2),
where Py-1)(z) is the projection over the set of singularities A7Y(0) of the
point x;

(ii) if A71(0) =0,

lim ||Jx(2)|| = +o0.
A—00

Proof.

(i) Assume that A=1(0) # (). Note that since A is monotone with closed convex
domain D(A) such that D(A) C D(Jy), by Corollary 2.4.12, A=1(0) is closed
and convex. Therefore the metric projection over A=1(0) is well-defined on
M. The fact that Fix(Jy) = A71(0) # 0, for all A > 0, implies that there
exists p € Fix (Jy) such that

d(Jx(x),p) < d(z,p),

for any A > 0. Therefore, the sequence {Jy(z)} is bounded and we can ensure
the existence of {t,} with ¢, — oo and lim, . J;, () = y, where y is a
cluster point belonging to A~1(0) by Lemma 2.4.14(i). Now, Lemma 2.4.14(ii)
ensures that y € A~1(0) is the unique cluster point of the sequence {Jy(z)}
and thus the convergence point. It remains to be proved that y = Py-1y(z).
By replacing 2 with P4-1(p)(z) in inequality (2.4.14) we obtain

(expy " @, expy Pa-1(g)(x)) < 0. (2.4.16)

Since y € A71(0), from the property of the projection in Proposition 2.1.18,
the inequality

1 1
<expPA*1(0) (@) T PP,y

0 ¥) <0 (2.4.17)
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holds. Then, Proposition 2.1.30 together with inequalities (2.4.16) and (2.4.17)
imply that

d*(y, Paagy(r)) < <eXP;1 z,exp, ' Py-1(0)(2))

—i—(exp;iil () expyt

(0) Pa-1(0)() 2
< 0.

(ii) If A=1(0) = 0, let us assume that limy . ||Jx(z)|| # +oo. Then we can
consider a positive sequence {\, } such that A\,, — oo and {J), (z)} is bounded.

This implies that the sequence {Jy, (z)} possesses a cluster point y which, by
Lemma 2.4.14, is forced to be in A=1(0) = (.

O

Asymptotic behavior of Jy as A — 0

In this subsection, instead of letting A — oo we make A — 0, and then it turns
out that the behavior of the resolvent Jy is completely different, as we prove in the
following theorem.

Theorem 2.4.16. Let A € X(M) be monotone. Then, if x € D(A)(\D(Jy), for
all X\ > 0,

li =z.

lim In(z) =2z

Proof. By using the Yosida approximation Ay and inequality (2.4.12), we have that
d(Jzz,z) = || exp, t Jnz|| = t||Axz|| < M Az].

Since |Az| = inf{||v| : v € Ax}, there exists M > 0 such that |A(x)| < M. Thus,
letting A — 0 the statement of the theorem is proved. O

2.4.4 Singularities of monotone vector fields under boundary con-
ditions

The existence of singularities of a maximal monotone vector field was analyzed
in Section 2.4.1 under the strong monotonicity condition as it was established in
Theorem 2.4.4. Dealing with this problem, as a consequence of Lemma 2.4.14 and
Theorem 2.4.15 we obtain the following result.
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Theorem 2.4.17. Let A € X (M) be monotone. Then the following assertions are
equivalent.

(i) A71(0) # 0;
(ii) {Jr(z)} is bounded for each x € D(Jy) for all X > 0;
(iii) liminfy o ||Ja(2)]] < 00 for some x € D(Jy) for all X > 0.

Proof. This proof is enclosed in the one of Theorem 2.4.15. But note that in this case
we do not need to require any condition on the domain. For the sake of completeness
we are including the reasoning here.

Let x € D(Jy). Assume that A~1(0) # (. Since A is monotone, by Theorem
2.4.9, Fix (J,) = A71(0) # 0. Then there exists p € Fix (Jy) such that

d(Jx(x),p) < d(z,p),

for any A > 0. Then the sequence {J)(x)} is bounded, implying statement (i7). In
this situation, we can ensure the existence of {t,,} with ¢, — oo and lim,,_,c J3,, (z) =
y € M. However, Lemma 2.4.14 ensures that there exist a unique cluster point of
the sequence {Jy(x)} and thus limy_, [|Jx(2)]| = y < co. We assume now that (i)
holds. This means that there exists {t,,} with ¢,, — oo and lim,,_,o Jy, () =y € M.
From Lemma 2.4.14 we obtain that y € A=1(0) and (i) holds. O

Next we provide a result of existence of singularities under some boundary con-
ditions. For that we need the following lemma and, given zg € M and € > 0, we
denote

B(zg,e) :={y € M : d(z,y) < €}

0B(zg,€) :={y € M : d(x,y) = €}.

Lemma 2.4.18. Let A € X (M) be maximal monotone with full domain D(A) = M.
Let xg € M and € > 0 such that

Alzo)]| < |A(@) (2.4.18)

for any x € 0B(xg,€). Then Jx(zo) € B(xo,€) for all A > 0.
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Proof. Let A > 0. From Proposition 2.4.13 (i) we know that Ax(zo0) € Py, 1, (w0) A/ (T0)-
Then, by Proposition 2.4.13 (ii), we deduce that

|A(Ix(20))| = | Prg, 15 (20) AN (20))| < [[Ax(z0) | < [A(20)]- (2.4.19)

So our boundary condition implies the fact that Jy(xo) ¢ 0B(zo,€). By Theorem
2.4.16, the sequence {Jy(xo)} converges to xg € B(xzg,¢€). Therefore if the function
A — Jx(xo) is continuous it follows that Jy(xg) € B(xo,€) for any A > 0. Let
us prove the continuity of this function. For that, given a sequence A\, — g as
n — oo, we need to show that z, = Jy, (z0) — 20 = Jx,(z0). First of all, this
sequence {z,} is bounded. Indeed, by definition of the Yosida approximation and
Proposition 2.4.13 (i7),

d(z0,20) = leapnl I, (20)]| = Al A (0)] < AullAlo)]l. (2.4.20)

As it was proved in Theorem 2.4.16 the set A(xzg) is bounded. Then, since A, — Ao,
the sequence {z,} is bounded. This implies, by Lemma 2.4.14, that z, — z* €
A~Y(0). It remains to prove that z* = zg; equivalently, that

zo € exp,: MA(2%). (2.4.21)
As z, = Jy, (z0), 0 € expz_n1 AnA(zy); that is,
xo = expz_n1 AnYn (2.4.22)

with y, € A(z,). Since A is maximal monotone with full domain, Lemma 2.2.7
implies that A is locally bounded; that is, for xy € M, there exists an open neigh-
borhood U (o) of g such that the set U,cpr(4y)A(7) is bounded. Then, by taking
a subsequence of {y,} if need be but using the same notation, we can assume that
{yn} is convergent to y € M. On the other hand, the maximality of A implies
the upper semicontinuity by Theorem 2.2.8, which means that y € A(z*) because
zn — 2%, yp — y and y, € A(zy,). Therefore, taking limit in the equality (2.4.22)
we obtain that (2.4.21) holds. O

Theorem 2.4.19. Let A € X (M) be mazimal monotone with full domain D(A) =
M. Let xg € M and € > 0 such that

[A(zo)| < |A()| (2.4.23)

for any x € O0B(xg,€). Then there exists a singularity y € B(xo,€).
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Proof. From Lemma 2.4.18 we know that, for all A > 0, Jx(xo) € B(xo,€). This
means that the sequence {Jx(xo)} is bounded. So by Lemma 2.4.14 we deduce
that {J\(zo)} converges to a singularity y € B(z¢,¢). However, since y € A71(0),
A(y) = 0 and, therefore, |[A(y)| = 0. Then the boundary condition (2.4.23) implies
that y ¢ 0B(zo,€) because otherwise |A(zg)| < 0. Thus there exists a singularity
y € B(zg,¢€). O

The following result of existence of fixed point for single-value continuous pseudo-
contractive mappings is the counterpart of Theorem 1 in [57], proved by Kirk and
Schoneberg in the setting of Hilbert spaces.

Corollary 2.4.20. Let T : M — M be a continuous pseudo-contractive mapping.
Let xg € M and € > 0 such that

d(xo,T(x0)) < d(z,T(x)) (2.4.24)
for any x € O0B(xg,€). Then there exists a fixved point of T in B(xq,€).

Proof. Let A be the complementary vector field of T'; that is, A(x) = —exp, ! T'(z),
for any x € M. Since T is single-valued, so is A, then this means that |A(z)| =
|exp; ! T(z)|| = d(x,T(x)), for any x € M. Therefore, by hypothesis (2.4.24),
condition (2.4.23) is satisfied. On the other hand, the fact that 7" is a continuous
pseudo-contractive mapping implies that A is maximal monotone. Thus Theorem
2.4.19 assures the existence of a singularity of A in B(z,€) which is a fixed point
of T O
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2.5 Proximal point algorithm for monotone vector fields

Let A € X(M) be a set-valued vector field with domain D(A). In this section we
present an iterative method to approximate a singularity of A, which is motivated
by the proximal point algorithm introduced and studied in the setting of Hilbert
spaces by Martinet [75], Moreau [78] and Rockafellar [103]. Let zp € D(A) and
{A\n} C RT. We define a sequence {x,,} by means of the recursive formula

0€ A(znt1) — M exp;nl+1 T, (2.5.1)

Remark 2.5.1. Note that the algorithm (2.5.1) is an implicit method. So a basic
problem is study whether this algorithm is well-defined. For each n >, define the
vector field B,, € X (M) by

By(x) := A(z) — Myexp, ' z,, V€ D(A).

In the case when A € X (M) is monotone, each B, can be proved to be strongly
monotone by Proposition 2.1.30. Moreover, if A is maximal monotone, it is readily
seen that so is each B,,. Thus, in view of Proposition 2.4.2 and Theorem 2.4.4, the
following assertions hold when A is monotone.

(i) The algorithm (2.5.1) is well-defined if and only if B, *(0) # 0 for each n > 0.

(ii) If D(A) = M and A is maximal monotone, then the algorithm (2.5.1) is well-
defined.

In the following theorem we prove the convergence of the algorithm 2.5.1 for up-
per Kuratowski semicontinuous monotone vector fields, provided that the algorithm
is well-defined.

Theorem 2.5.2. Let A € X(M) be such that A=1(0) # 0. Suppose that A is
monotone and upper Kuratowski semicontinuous. Let {\,} C RT satisfy

sup{A, : n > 0} < 0. (2.5.2)

Let xy € D(A) and suppose that the sequence {z,} generated by the algorithm (2.5.1)
is well-defined. Then {x,} converges to a singularity of A.
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Proof. We first prove that {z,} is Fejér monotone with respect to A~1(0). For this
purpose, let z € A~1(0) and n > 0. Then 0 € A(x) and A, exp;i1 Tn € A(zp41) by
(2.5.1). This together with the monotonicity of A implies that

(An exp;nlJrl Tn, exp;:+1 z) < {0, —exp, ' Tpy1) = 0. (2.5.3)

Consider the geodesic triangle A(xy,, Tp41, ). By inequality (2.1.3) of the Compar-
ison Theorem for triangles, we have that

d*(@py1, ) + A2 (Tpp1, ) — 2<expgjnl+1 T, expgznl+1 z) < d%(xn, ).
It follows from (2.5.3) that
d*(zpi1,2) + A2(Tng1, 2n) < A (2, ). (2.5.4)

This clearly implies that d?(x,,41,7) < d?(zy,,x); therefore {z,} is Fejér monotone
with respect to A=1(0). Furthermore, by (2.5.4), we get

d2(xn+1, xn) < dQ(xn, x) — dQ(an,:r). (2.5.5)

Since the sequence {d(zy,x)} is bounded and monotone, it is also convergent. Hence
limy, o0 d(2p41, ) = 0 by (2.5.5).

Thus, by Lemma 1.1.24, to complete the proof, we only need to prove that any
cluster point of {x,} belongs to A~1(0). Let Z be a cluster point of {z,}. Then
there exists a subsequence {ny} of {n} such that x,, — z. Hence d(zy,, Zn,+1) — 0
by the assertion just proved and so z,, 41 — Z. It follows that

Upp+1 1= An, exp;nlkJrl T, — 0 (2.5.6)

since {\,} is bounded by assumption (2.5.2). By the algorithm (2.5.1), we obtain
that up, +1 € A(xp,+1) for each k. Combining this with (2.5.6) implies that 0 € A(Z)
because A is upper Kuratowski semicontinuous at z, that is, € A~1(0). O

In the case when D(A) = M, the maximal monotonicity is equivalent to the
upper semicontinuity by Theorem 2.2.8. Moreover the maximality implies that
{xn} generated by (2.5.1) is well-defined by Remark 2.5.1. Therefore the following
corollary is direct.
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Corollary 2.5.3. Let A € X(M) be such that A=*(0) # 0 and D(A) = M. Suppose
that A is mazimal monotone. Let {\,} C RY satisfy (2.5.2). Then, for any xo € M,
the sequence {x,} generated by the algorithm (2.5.1) is well-defined and converges
to a singularity of A.

This corollary is an extension to Hadamard manifolds of the corresponding con-
vergence theorem for the proximal point algorithm in Hilbert spaces (see [103]).
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2.6 Iterative algorithms for nonexpansive type mappings

The study of the asymptotic behavior of nonexpansive type mappings is one of the
most active research areas in nonlinear analysis. As we mentioned in Chapter 1,
most of the investigations in this direction have focused on the case when T is a
self-mapping defined on a closed convex subset C' of a normed linear space. Besides
Picard iteration {T"(x)} which converges when T is either a contraction or firmly
nonexpansive, basically two types of algorithms has been considered: Halpern and
Mann algorithms (see Chapter 1 Section 1.1.2). Because of the convex structure of
both algorithms, few results have been obtained out of the setting of linear spaces.
Our objective in this section is to study the convergence of different iterative meth-
ods for nonexpansive type mappings defined on Hadamard manifolds. First of all,
we prove the convergence of Picard iteration for firmly nonexpansive mappings.
Then we define and study Mann and Halpern iterations for nonexpansive mappings
defined on Hadamard manifolds. Finally a viscosity approximation method will be
presented in this framework. In order to illustrate the application of these methods,
in particular, Mann and Halpern iterations, we provide some numerical examples.

2.6.1 Picard iteration for firmly nonexpansive mappings

As it happens in Banach spaces and the Hilbert ball with the hyperbolic metric
[48, 100], the class of firmly nonexpansive mappings is characterized by the good
asymptotic behavior of the sequence of Picard iterates {T"x}.

Theorem 2.6.1. Let T : C' — C be a firmly nonexpansive mapping such that its
fized point set Fiz(T) # 0. Then for each x € C, the sequence of iterates {T"(x)}
converges to a fized point of T'.

Proof. Let z,, = T"(z) for any n > 0. Note that C itself is a complete metric
space. Thus, by Lemma 1.1.24, it suffices to prove that {z,} is Fejér monotone with
respect to Fix (T") and that all cluster points of {x,} belong to Fix (7").To this end,
let n > 0 and y € Fix (T") be fixed. Since T is nonexpansive,

d(@n1,y) = d(T(20),T(y)) < d(n,y).

Hence {z,} is Fejér monotone with respect to Fix (T"). Now let = be a cluster point
of {zy,}. Then there exists a subsequence {n} of {n} such that z,, — z. On the
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other hand, one has that

d(x, T(x)) d(@, zpy,) + d(@ny, T(2n,)) + d(T (20, ), T(2))

<

Then we just need to prove that

lim d(zp,T(zy,)) =0, (2.6.1)
n—oo
because if so, taking limit, we obtain that d(x,Tx) = 0, which means that x €
Fix (T).

Let y € Fix(T). Since {x,} is Fejér monotone with respect to Fix (T"), there
exists the limit lim,, o0 d(xy,y) = limy, oo d(T(2y),y) = d. Given n > 0 fixed, let
Yot [0,1] = M be the geodesic joining z,, to T'(zy). Then v,(1/2) = m,, verifies
d(my, xn) = d(my, T(xy,)) = d(zp, T(x,))/2. Since T is firmly nonexpansive

d(T(xn),y) < d(mn,y) < d(zn,y).
Then lim,,_, o d(my,y) = d. By inequality (2.1.7) of Lemma 2.1.29, we obtain

L P T@) < § Pl y) + 5 PT(),y) — Plmay).

Taking limit as n — oo we have that (2.6.1) holds. O

In the case when the mapping T is just nonexpansive, we know that in general
Picard iteration {T"(z)} does not converge, as we can observe by considering the
Euclidean space R and the mapping T'(z) = —z, since the sequence {T"(z)} does
not convergence unless x = 0. However, we proved in Proposition 2.3.6 that there
exists a family of firmly nonexpansive mappings {G; : 0 < ¢ < 1} whose fixed point
sets coincide with the fixed point set of the nonexpansive mapping 7. Then we can
use the family {G;} for approximating a fixed point of 7', considering the sequence
defined by Picard iteration z,4+1 = Gi(x,) for any ¢t € [0,1).

Moreover, if we fix a point x € C, the approximating curve {z;} defined by the
unique fixed point of the contraction 7} in (2.3.18) converges to a fixed point of 7" as
t — 1. In fact, this was proved by Kirk [59] in the more general setting of CAT(0)
spaces and constitutes an extension of the convergence of Browder algorithm (1.1.18)
as we mention in the following section.



130 Iterative methods in Hadamard manifolds

2.6.2 Halpern algorithm for nonexpansive mappings

Let C be a closed convex subset of M and T : C' — C' a nonexpansive mapping.
In order to solve the problem of finding a fixed point of T" out of the setting of
linear spaces, Kirk, in [59], provided an implicit algorithm for approximating fixed
points of nonexpansive mappings. More precisely, he studied such an algorithm in a
complete CAT(0) space though the convergence result is formulated in the following
theorem for the special case of a Hadamard manifold.

Theorem 2.6.2. [59] Suppose that C C M is bounded besides closed and convez.
Let T : C — C be nonexpansive, x € C, and for each t € [0,1), let x; be the unique
point such that

zy = exp,(1 — t)exp, L T(xy)

(which exists by the Banach contraction principle). Then limy_gxy = T, the unique
nearest point to x in Fix(T).

In an Euclidean space R™, this iteration scheme turns into x; = (1 —t)z+tT'(xy),
which coincides with the implicit Browder iteration (1.1.18) seen in Chapter 1. We
also pointed out the existence of a host of works about the convergence of the explicit
Halpern iteration (1.1.17) in a Banach space X. We now present an analogue of
this algorithm to approximate fixed points for nonexpansive mappings on Hadamard
manifolds. Let zg, z € M and let {a,} C (0,1). Consider the iteration scheme

Tpi1 = exp, (1 — ap)exp; ' T(z,), Yn > 0; (2.6.2)

or equivalently,
Tpe1 = Tn(l —an), Vn >0,

where 7, : [0,1] — M is the geodesic joining z to T'(z,) (i.e. ~(0) = z and
v(1) = T(xy)). Indeed, this algorithm coincides with Halpern algorithm in the
particular case of an Euclidean space, and we can prove its convergence under the
same conditions. Then we consider the following hypothesis.

(H1) limy, 00 ay, = 0

(H2) 3250 om = 00;

(H3) ZnZO |an+1 - an| < o0

(H4) limy, o0 (t, — ap—1)/aty, = 0.
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Theorem 2.6.3. Let C be a closed convex subset of M and T : C'— C a nonezxpan-
sive mapping with Fix(T) # 0. Let z,xg € M. Suppose that {a,} € (0,1) satisfies
(H1), (H2) and, (H3) or (H4). Then the sequence {x,} generated by the algorithm
(2.6.2) converges strongly to Ppiy ()2

Proof. Let n > 0 and let ~, : [0,1] — M denote the geodesic joining z to T'(zy,).
We divide the proof into four steps.

Step 1. {z,} and {T'(x,)} are bounded.

We only prove the boundedness of {x,} since the boundedness of {¢(x,)} is a
direct consequence. To this end, take z € Fix (7T") and fix n > 0. Then, by the
convexity of the distance function and the nonexpansivity of T', we have that

d(Tngr1, @) = d(’)’n(l_an)afﬂ)

< ( (0),1‘) + (1 — an)d(")/n(l),l')
= oy, ( ) + (1 — OCn) ( (wn)7x)
< an ( (1 - Oén) (xmx)

Then by mathematical induction we deduce that
d(xpy1,r) < max{d(z,x),d(zo,x)}, n >0,

which implies the boundness of {z,} and, therefore, of {T'(z,)}.

Step 2. lim, oo d(Tp41,2n) = 0.
By Step 1, we can find a constant p such that

d(@n, 2n—1) <p and d(z,T(zn)) <p, Vn>0. (2.6.3)

By using the convexity of the distance function, we have that, for each n > 0,

d(xn-i-l, xn) = d(’Yn(l - Oén), 'Yn—l(l - an—l))
< d(’Yn(l - O‘n)v'}’n—l(l - an)) + d(’)/n—l(l - an)a'}/n—l(l - an—l))
< (1= an)d(T(xn), T(zp-1)) + |on — an—1|d(z, T(xn—1)).

This together with (2.6.3) and the nonexpansivity of 7" implies that

d(Tpt1,2n) < (1 —ap)d(@n, Tp—1) + plan — an—1], VYn > 0. (2.6.4)
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Thus, if (H4) holds, we apply Lemma 1.1.21 (with 8, = ay, and b, = plap—an—1]/an
for each n > 0) to conclude that lim, oo d(Zp11,2,) = 0. As to the case when (H3)
holds, let k¥ < n. By (2.6.4), one gets that

n

d(wni1,zn) < ] - a)dl@r, zp-1) +pD loi — aia

i=k i=k
n n
< pH(l — Ozi) + ,OZ \ozi — ai—1’~
i=k i=k
Letting n — oo implies that,
oo (o]
nh_)n()l() d(Tpt1,2n) < pH(l — ;) + pz | — a1 (2.6.5)

i=k i=k

Condition (H2) implies that limj_.o [[724(1 — ;) = 0; while Condition (H3) im-
plies that limg_oo > ooy Ja — a;—1| = 0. Hence, letting k¥ — oo in (2.6.5), we get
lim,, o0 d(Zp+1,2y) = 0 in the case when (H3) holds.

: -1 ~1
Step 3. lim Supnﬂoo<exppFix )z % OXPp T(zy)) <O0.
By Step 1, {<exp1;F1ix iz % eXpIZFlix % T(z,))} is bounded; hence its upper limit

exists. Thus we can find a subsequence {ny} of {n} such that

. 1 -1 . -1 —1
limsup(expp, A T, T(xy)) = lim (expp, A T, T(xp,))-

n—o0 B k—o0
(2.6.6)
Without loss of generality, we may assume that z,, — Z for some € C' because
{z,,} is bounded by Step 1 and C'is closed. By the convexity of the distance function
and the definition of the algorithm,

d(xnk-i-lv T(xnk)) < and<zv T(:L'nk))

Since {d(z,T(xy,))} is bounded by Step 1, it follows that limy_,oo d(zp, 41, T (2p,)) =
0 as oy, — 0 by (H1). Noting that

d(l‘nva(gjnk)) < d($nk+17 l'nk) + d($nk+17 T(gjnk)),
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one sees that lim, .o d(zp,, T (xy,)) = 0. Therefore
d(z,T(z)) < d(z,zn,) + d(@n,, T(2n,)) + d(T(2,), T(Z)) — 0,
which means that z € Fix (T"). Then, Proposition 2.1.18 implies that
-1 —1 _
<eXpPFix (T)? % eXpPFix(T)Z z) < 0.
Therefore
. -1 -1 -1 -1 =
klin;o<expPFix(T>z Z,€XPp T(zp,)) = (expPFix yz 2P 1 z) <0.
Combining this with (2.6.6), we complete the proof of Step 3.
Step 4. lim, . d(n, Prix(1)2) = 0.
Let us set

bp = and*(z, Ppix (1)?) + 2(exp13F1ix g2 eXpI_’Flixmz T(zy)), Yn>0. (2.6.7)

Then limy,_,« b, < 0 by Step 3. Thus, by Lemma 1.1.21, it suffices to verify that
d? (x4 1, Prix mz) < (11— on )d? (2, Prix (1)%) + anbn,  Vn > 0. (2.6.8)

To this end, we fix n > 0 and set p = T'(z), ¢ = Ppix(7)2. Consider the geodesic

triangle A(z,p, q) and its comparison triangle A(z’,p’,¢’). Then

d(z, Prix(ry2) = d(z,q) = ' = ¢'|l and  d(T(zn), Prix(1)2) = d(p,q) = [Ip" — Il

Recall from (2.6.2) that x,,41 = exp,(1 — o) exp, ! T'(x,) = exp,(1 — ay,) exp; L p.
The comparison point of z,41 is 2], 1 = apz’ + (1 — ay)p’. Let 8 and ' denote
the angles at ¢ and ¢/, respectively. Then § < 3’ by Lemma 2.1.28(1) and so
cos #' < cos 3. Then, by Lemma 2.1.28(2) we have

(i1, Pricny2) < el — 411
= Jlan(® =)+ (1 =)@ — )|
= arll = dIP+ (1 —an)?lp = |7
+2a, (1 — an)l|l2" = ¢'||Ip" — ¢[| cos 5

< apd*(z, Prix(1)2) + (1 — an)*d*(T(an), Prix (1)2)
+20n (1 — an)d(z, Pyix (1)2)d(T(70), Prix (1)7) cos 3
< (1 — O(n)d2(1'n, PFix(T)Z) + Olnbn,
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where b, is defined by (2.6.7). Hence (2.6.8) is proved and the proof is complete. [

2.6.3 Mann algorithm for nonexpansive mappings

Mann iteration (1.1.16) and some of the convergence results in Banach spaces pre-
sented in Chapter 1 have been extended to the framework of more general metric
spaces by Goebel-Kirk [58, 46] and Reich-Shafrir [101]. They provided an iterative
method for finding fixed points of nonexpansive mappings on spaces of hyperbolic
type which includes Hadamard manifolds as a particular case. The algorithm is
defined by

Tpt1 € [Tn, T(zp)] such that d(x,,T(z,)) = (1 — an)d(Tn, Tnt1), (2.6.9)

where [z, T(x,)] denotes the metric segment joining x,, to T'(z,). More precisely,
under the assumption that {ay,} is bounded away from 0 and 1, Reich and Shafrir
proved the convergence of this iteration to a fixed point of T" defined on the Hilbert
ball with the hyperbolic metric.

Motivated by these results, we introduce Mann iteration (2.6.9) in Hadamard
manifolds M by means of the recursive formula

Tnt1 = exp,, (1 — ay) exp, ! T(x,), Vn >0, (2.6.10)

We next prove that the sequence {z,} generated by Mann algorithm (2.6.10) con-
verges to a fixed point of T when {«,,} satisfies the condition:

ian(l — ay) = 00. (2.6.11)
n=0

Theorem 2.6.4. Let C C M be a closed convex set and T : C — C be a non-
expansive mapping with Fix(T) # 0. Suppose that {a,} C (0,1) satisfy condition
(2.6.11). Then, for any x¢ € C, the sequence {x,} generated by algorithm (2.6.10)
converges to a fized point of T'.

Proof. Note that C' itself is a complete metric space. Let n > 0 and p € Fix (7))
be fixed. Let v : [0,1] — M denote the geodesic joining z, to T(z,). Then
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ZTnt+1 = Y(1 —ay). By the convexity of the distance function and the nonexpansivity
of T, we have

d(znt1,p) = d(y(1 = an), p) < and(zn, p) + (1 = an)d(T(zn),p) < d(2n,p).

Hence {z,} is Fejér monotone with respect to Fix (T"). Thus, by Lemma 1.1.24, it
suffices to prove that all cluster points of {x,} belong to Fix (T"). To this end, let =
be a cluster point of {x,}. Then there exists a subsequence {ny} of {n} such that

Zn, — x. We next prove that

lim d(x,,T(zy,)) = 0. (2.6.12)

n—oo

Let p € Fix(T) and n > 0. Let A(zy,q,p) be the geodesic triangle with vertices
Zn, q := T(z,) and p. From Lemma 2.1.26 there exists a comparison triangle
Az}, q',p’) which preserves the length of the edge. Recall that z,11 = v(1 — ay,)
and 7, := (1 — o)), + anq’ is its comparison point. By Lemma 2.1.28(2),

& (zpi1,0) < ahy —p
= (), —p) + (1 - an)(d - P

anllzy, =P/ I* + (1 = an)lld — |1 — an(l — a) |2}, — ¢'||

nd?(2n,p) + (1 — an)d*(T(zn),p) — an(l — an)d?(z,, T(xy,))

d*(xp,p) — an(l — an)d*(xp, T(x,)).

IN

It follows that

an (1 — an)dQ(a:n,T(xn)) < dQ(xmp) - d2($n+1>p)

and -
> an(l = ap)d?(zn, T(zn)) < oo, (2.6.13)
n=0
which implies that
liminf d(zy,, T'(z,)) = 0 (2.6.14)

because otherwise, d(z,, T (x,)) > a Vn > 0 for some a > 0, and then,

Z an(l — ap)d(zn, T(xy,)) > aZan(l — Q) =0
n=1

n=1
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which is a contradiction with (2.6.13).
On the other hand, using the nonexpansivity of 7' and the convexity of the
distance function,

d(@nt1, T (Tn+1)) d(@nt1, T (xn)) + d(T(2n), T (Tn41))
($n+1a (xn)) + d(xnv xn-i—l)
= apd(xy, T(zn)) + (1 — an)d(xy, T(zn))

= d(zn,T(mn)).

IN A

This means that {d(z,,T(zy,))} is a monotone sequence. By combining this and
(2.6.14) we get that (2.6.12) holds. Then, since

d(z,T(z)) d(@, ;) + d(@n,, T(2n,)) + d(T(2n,),T(x))
2d(xpy s ) + d(@ny,, T(ny,)),

by taking limit, we deduce that d(z,Tz) = 0, which means that = € Fix (7). O

<
<

2.6.4 Viscosity approximation method for nonexpansive mappings

Recall that the viscosity approximation method of selecting a particular fixed point
of a nonexpansive mapping 1" was presented in Section 1.1.2 in the setting of Banach
spaces. It consists of two algorithms (implicit and explicit) that, under suitable
conditions, converge strongly to the unique fixed point of T, p € Fix (T'), which
solves the variational inequality

(I —¢)q,z—q) >0, VxeFix(T), (2.6.15)

where v is a contraction.

The purpose of this section is to establish the convergence of a viscosity method
for nonexpansive mappings in the setting of a Hadamard manifold. Let C' be a closed
convex subset of a Hadamard manifold M, T : C — C' a nonexpansive self-mapping
and ¢ : C — C a contraction. Assume that the fixed point set Fix (T") is nonempty.
We next prove the convergence of an explicit algorithm to a fixed point of 7" which
solves the variational inequality

(expz 1 4(Z),exp;tz) <0, Va € Fix (7). (2.6.16)
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Let xg € M, {a,} C (0,1). Consider the iteration scheme

Loyl = XDy(z,) (1 - ap) exp;(lmn) T(zyn)), Vn=>0; (2.6.17)

or equivalently,

Tn+1 = ’Yn(l - an)a Vn >0,

where 7, : [0,1] — M is the geodesic joining ¥ (z,) to T'(x,) (i.e. v(0) = ¢(x,) and
3(1) = T(ea).

For the convergence theorem we consider the conditions (H1)-(H4) on the se-
quence {ay,} enumerated in Section 2.6.2.

Theorem 2.6.5. Let C C M be a closed convex ser and T : C C— C a nonex-
pansive mapping with Fix(T) # 0. Let xg € M and ¢ : C — C a p-contraction.
Suppose that {an} € (0,1) satisfies (H1), (H2) and, (H3) or (H4). Then the se-
quence {x,} generated by the algorithm (2.6.17) converges to & € C, the unique fized
point of the contraction Py (1)y.

Moreover, the convergence point T is a solution of the variational inequality
(2.6.16).

Proof. As a matter of fact, if € C' is the unique fixed point of Ppiy (1)¥, then

<exp;1 (), exp;%l T) = (eXpl_D;ix (@) (), eXpl_D;ix () () z) <0,

by Proposition 2.1.18.
For n > 0, let v, : [0,1] — M denote the geodesic joining ¢ (z,) to T'(xy). Then

Tnt1 = (1 — ap).
We divide the proof into four steps.

Step 1. {z,} and {¢(x,)} are bounded.
We only prove the boundedness of {x,} since the boundedness of {¢(z,)} is a
direct consequence. To this end, take z € Fix (7T') and fix n > 0. Then, by the
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convexity of the distance function and the nonexpansivity of T', we have that

d(yn(1 — an), )

and(Y(zy), x) + (1 — ay)d(xy, x)

an (pd(zp,x) +d(¥(x),z)) + (1 — ap)d(xp, x)
(1 = an(l = p))d(zn,x) + and(¥(z), z)

< max{d(xn,x),l:od(¢($)a$)}-

d(l’n+1, [E)

VANVAN

Then, by mathematical induction, for any n > 0 we have that

d(xpy1, 7)) < max{d(zg, ), fpd@/’(@» x)}.

Step 2. lim, o0 d(Tp+1,2n) = 0.
Since {z,} is bounded by Step 1, we can find a constant L such that for all
n >0,
d(xn, vn—1) < L and d(¢(xy),z,) < L. (2.6.18)

By using the convexity of the distance function, we have that

d(Tpi1,20) < d(yn(l = an), ya-1(1 — an-1))
< d(v(1 = an), Y11 — an)) + d(vn-1(1 — an), Yn-1(1 — an-1))
< ond(Y(@n), ¥(@n-1)) + (1 — an)d(zn, Tn-1)

+|an - an—1|d(¢($n—l)a l'n—l)
= (I —an(l—p))d(@n, 2n-1) + |an — an-1]|d(¥(zn-1), Tn-1).

This together with (2.6.18) and denoting &, = ay,(1 — p) implies that
d(Tpt1,Tn) < (1 —ap)d(xn, xn—1) + Llay, — ap-1]. (2.6.19)

Thus, if (H4) holds, by Lemma 1.1.21 (with 3, = &, and b,, = L|a,, — app—1]/ v, for
each n > 0) we conclude that lim, . d(2n+1,2,) = 0. As to the case when (H3)
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holds, let k¥ < n. By inequalities (2.6.19) and (2.6.18), one gets that

n

d(Tpy1,Tn) < H(l — ag)d(Tg, Tp1) + LZ lov; — 1]
i=k 1=k

n n
LIJa—a)+ LD Joi — il
i=k i=k

IN

Letting n — oo ,

lim d(2ni1,2) < L[] - @)+ L las — aial. (2.6.20)
e i=k ik
Condition (H2) implies that limy_,o [[;2,(1 — @;) = 0; while by condition (H3) we
deduce that limy_oo Y o) |0 — i—1] = 0. Hence, letting & — oo in (2.6.20), we get
limy, o0 d(Zp+1, Tpn) = 0 in the case when (H3) holds.

Step 3. limsup,, .. (exp; ' ¥(Z), expzlaz,) < 0, where T is the unique fixed
point of the contraction Ppiy (7).

By Step 1, {{exp; ' ¥(Z), exp;'z,)} is bounded; hence its upper limit exists.
Thus we can find a subsequence {ny} of {n} such that

lim sup(expy ' (%), exp; ' z,) = klinolo<exp;1 (7)), expz ' Tp,)- (2.6.21)

n—oo

Without loss of generality, we may assume that z,, — «* for some z* € M because
{z,} is bounded by Step 1. By the convexity of the distance function and the
definition of the algorithm,

d(xnkJrl’ T(xnk)) < and(w(l'nk)v T(xnk))

Since {d(¢(xn,,), T (zn,))} is bounded by Step 1, it follows that the limit
limy oo d(zpy+1, T (20, )) = 0, as a,, — 0 by (H1). Noting that

d(xnk7T(xnk)) < d(wnk"rl? xnk) + d(xnk"rl? T(l‘nk)),
one gets that lim,, o d(xy, , T'(zy,)) = 0. Therefore

d(z,T(x)) < d(T, xn) + d(@n,, T(wny)) + d(T(2n,), T (7)) — 0,
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which means that z* € Fix(T). Then, since (exp;'¢(Z),exp;'z) < 0 for any
x € Fix (T'), we obtain that

kli_)n;o(expgl (Z), expz ! Tp,) = (expg L (), expytz*) < 0.
Combining this with (2.6.21), we complete the proof of Step 3.

Step 4. lim, o d(z,,Z) = 0.
We fix n > 0 and set r = ¥(z,), p = T(x,), ¢ = Z. Consider the geodesic
triangle A(r, p, q) and its comparison triangle A(r',p’, ¢’) C R2. Then

d(W(2n),7) = d(r,q) = | = ¢'|| and  d(T(z,),7) = d(p,q) = I’ — ¢|I.

Recall that x,,1 = exp,(l — a,,)exp, ! p. The comparison point of x,; in R? is
x,. = apr’ + (1 —ap)p’. Let B and 3’ denote the angles at ¢ and ¢/, respec-
tively. Therefore 8 < ' by Lemma 2.1.28(1) and then cos 3’ < cos3. Thus, by
nonexpansivity of 7' and Lemma 2.1.28(2) we have

P (tn41,2) < l2h — 4P
= lan(r' =) + (1 = an) (0 = )|
= aplr’ =P+ (1 - an)llp’ — I
+20m(1 = an)[Ir' = 'llllp" — ¢|| cos '

< and®(P(z0), 7) + (1 = an)?d(T(2y), 7)

+2an(1 — an)d(Y(zn), 2)d(T (24), T) cos 3
< aid2(1/1(wn), )+ (1- an)2d2(xn, )

+20, (1 — O‘n)(d(w(%) z) + d(¢(zn), (i’)))d(xn, ) cos 3
< apd(W(wn), @) + (1 — an)’d* (s, 7)

+2a, (1 — an)(<expgl Y(T), eijjl Tn) + sz(xm a_c))

= (1 -2an+ a2+ 2a,(1 — an)p)d*(xn, T) + 2d*(Y(2,), Z)
420, (1 — a){exp; L ¥(Z), exp; !l z,)

= (1- 'Vn)d2($mj) + Ynbn,

where b, = 1/v,(a2d?(¥ (), T) + 200 (1 — ) {expz * ¥(Z), exp;’z,) and 7, =
20, — a2 — 2a,,(1 — ay)p. Then lim,, oo b, < 0 by Step 3, lim~y, = 0 by hy-
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pothesis (H1) and > 7 v, = oo by hypothesis (H2). Thus, by Lemma 1.1.21
lim,, o d(zy, Z) = 0 and the proof is complete. O

2.6.5 Numerical example

Let E™! denote the vector space R™*! endowed with the symmetric bilinear form
defined by

m
(,y) = Zﬂfzyz — T 1Ymr1, Vo= (2), y = (y;) € R™L
i=1

This bilinear form is called the Lorentz metric. The hyperbolic m-space H™ is defined
by

{x = (21, Tmr1) €EE™ : (z,2) = —1, 2041 > 0};
that is the upper sheet of the hyperboloid {z € E™! : (z,2) = —1}. Note that
Tm41 > 1 for any x € H™, with equality if and only if z; = 0 for all ¢ = 1,...,m.
The metric of H™ is induced by the Lorentz metric (-,-) and it will be denoted by
the same symbol. Then H'™ is a Hadamard manifold with sectional curvature —1

(cf. [11] and [41]). Furthermore, the normalized geodesic v : R — H™ starting from
x € H™ is given by

v(t) = (cosht)x + (sinht)v, VteR, (2.6.22)
where v € T.H™ is a unit vector; while the distance d on H'™ is
d(z,y) = arccosh(—(x,y)), Vr,y € H™. (2.6.23)
Then, the exponential map can be expressed as
exp, (rv) = (coshr)x + (sinhr)v,

for any r € RT, 2 € H™ and any unit vector v € T,H™. To get the expression of
the inverse exponential map, we write for any x,y € H™,

exp,ly

Ty = (coshd(@,y)e + (sinhd(z,y)) Zoes

y = exp, (d(z,y)
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Therefore, by definition of the distance (2.6.23), we obtain

+ (z,y)x
ot

Vr,y € H™.
<3§‘,y> -

exp, 'y = arccosh(—(z,y

Thus, using this expressions, both algorithms in previous sections can be formulated
in a simple way in the hyperbolic space H™. Write

r(z,y) = arccosh(—(x, T (y)))

and
T(y) + (=, T(y))>

(@ Ty -1
Then Halpern algorithm (2.6.2) has the form

V(xvy) -

ZTpt1 = cosh((1 — ap)r(u, zy))u + sinh((1 — ap)r(u, x,))V(u, ), Vn >0;
whereas Mann algorithm (2.6.10) has the form
Tp+1 = cosh((1 — an)7(Tn, 2n))xn + sinh((1 — )7 (Tn, )V (20, 2,), Vn > 0.

We present an example in H?, where these methods are implemented for two
concrete mappings.

Example 2.6.6. Let M = H? and let T, T : M — M be the nonexpansive map-
pings respectively defined by

Tl(x) = (_$17 —X2, —3, f]f4)

and
TZ('T) = (_xly €2,I3, .’E4),

for any x = (x1, 2,23, 14) € H3. Then Fiz(Ty) = {(0,0,0,1)} and

Fiz(Ty) = {(x1,x2,x3,24) € 2y = O,m% + x% = xi — 1}
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For both algorithms we are going to consider the sequence of parameters o, =
for each n > 0, and the point

1
n+3?
u = (0.60379247919382, 0.27218792496996, 0.19881426776106, 1.21580374135624)

for Halpern iteration. We consider three random initial points xzq:

xg = (0.69445440978475, 1.01382609280137, 0.99360871330745, 1.87012527625153);

x2 = (0.82054041398189, 1.78729906182707,0.11578260956854, 2.20932797928782);
x5 = (0.93181457846166, 0.46599434167542, 0.41864946772751, 1.50356127641534).

The numerical results are illustrated in the following graphics. We measure the
error of the nth step in both algorithms by means of the distance d,, = d(z, z*),
where z* = (0,0,0,1) is the unique fixed point of the mapping 77, in Graphic 1;
whereas in Graphic 2, d,, = d(zy+1, 2,,) denotes the distance between two consecu-
tive iterates x,41 and x, for the mapping 7T5.

From the numerical results, one can observe that Mann iteration seems to con-
verge much quicker than Halpern iteration. Moreover, as it is predicted from the
theoretical results, the measure of the errors in Graphic 1 shows that the sequence
{z,,} is Fejér monotone with respect to Fix (T7) just in the case of Mann algorithm.
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2.7 Applications

This section is devoted to some applications of the convergence result obtained
for the proximal point algorithm (2.5.1) and Picard iteration. The first one is on
constrained minimization problems, followed by the application on a minimax prob-
lem consisting of finding a saddle-point. Then variational inequality problems are
solved. Finally we define the resolvent of a bifunction and get convergence results
for equilibrium problems.

2.7.1 Constrained optimization problems

Some nonconvex constrained optimization problems can be solved after being writ-
ten as convex problems in Riemann manifolds, see for example [36, 41, 104, 113].
More specifically in [41] an algorithm that can be used for solving any constrained
problem in R™ with a convex objective function and constraint set being a constant
curvature Hadamard manifold is presented. Regarding the problem of how to de-
termine the sectional curvature of a manifold given in an implicit form, very nice
results have been recently obtained by Rapcsk in [91]. In this section we apply our
results to a constrained minimization problem.

Recall that M is a Hadamard manifold. Let f : M — R be a proper lower
semicontinuous convex function. For simplicity, we write C' = D(f). Then C is
closed convex subset of M. Let x € M and let

T,.C ={u € T,M : exp, tu € C for some ¢t > 0}.
Then T,,C' is a convex cone. Define the directional derivative of f at = in direction

u € T, M by
t—0+ t

It can be proved that f/(z,-) is subadditive and positively homogeneous on T,C.
Moreover, we have by definition that D(f'(x,-)) = T,C.
The subdifferential of f at x is defined by

0f (@) ={u € LM : (u,exp, ' y) < f(y) — f(), Vy € M}.
Then Of(x) is a closed convex (possible empty) set, and
u € df(x) < (u,h) < f'(z,h) for each h € T, M. (2.7.1)
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The proofs of the above assertions can be found in [113]. Furthermore, it is clear
from the definition that

Of(x) = O(f(z,))(0). (2.72)
Throughout the whole subsection, we always assume that D(9f) # 0.

Theorem 2.7.1. Let f be a proper lower semicontinuous convex function on M.
The subdifferential Of(-) is a monotone and upper Kuratowski semicontinuous set-
valued vector field. Furthermore, if in addition D(f) = M, then the subdifferential
af of f is a mazximal monotone vector field.

Proof. The monotonicity of df is a consequence of the definition of the subdiffer-
ential, which was previously showed in [35]. Indeed, for any x,y € D(f), u € df(x)
and v € 0f(y), we have that

(u,exp;y) < f(y) — f(z) < (v, —exp, " ).

To prove the upper Kuratowski semicontinuity, let zog € D(f), {z,} C D(f) and
{vn,} € TM with each v, € 9f(z,) be such that x,, — z¢ and v, — vy for some
vg € TM. Then, by definition,

(vn,expyly) < f(y) — fzn), Vy€ M.

Taking lower limits in the previous inequality, we get that

(vo,expy, y) < f(y) — f(zo), VyeM (2.7.3)

because limy, o0 (vp, exp,l y) = (vo,expy y) by Lemma 2.1.15 and, by the lower
semicontinuity of f, f(zo) < liminf,, . f(x,). Thus (2.7.3) means that vy € 0f(zo)
and proves the upper Kuratowski semicontinuity of df.

Finally, we assume additionally that D(f) = M. By Theorem 2.2.8 and Remark
2.2.5, it suffices to prove that df is locally bounded. To do this, let g € M. By
[49], we know that f is locally Lipschitz. Therefore, there exist € > 0 and L > 0
such that

|f(y) — f(x)] < Ld(z,y), Y,y € U(zo,e), (2.7.4)

where U(xg, €) denotes the open metric ball with center zy and radius e. For each
x € U(xg,e€), there exists r > 0 such that U(x,r) C U(zp,¢). Hence, thanks to
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(2.7.4) and the definition of the subdifferential, we get, for each x € U(zg,¢) and
each v € 9f(x),

(v.exp,ty) < |f(y) — f(@)] < Ld(x,y) < Lr, Vy e U(z,r).

This implies that ||v]| < L and so Jf is locally bounded because x € U(zg, €) and

v € Of(x) are arbitrary. The proof is complete.
O

Recall that f: M — (—o0,+00] is a proper lower semicontinuous convex func-
tion. Consider the non constrained minimization problem

aICIélAI} f(z). (2.7.5)

We use Sy to denote the solution set of (2.7.5), that is,
Sp={zeM: f(z) < [f(y), Vy e M}.

It is easy to check that
r e Sy 0ecif(x). (2.7.6)

Applying the algorithm (2.5.1) to the set-valued vector field df, we get the following
proximal point algorithm for optimization problem (2.7.5):

0€0f(xns1) — A eXp;an ZTp, Vn>0. (2.7.7)

Remark 2.7.2. Let y € M and A > 0. We define a real-valued convex function ¢ ,
by

A
Pay(z) = §d(y,x)2, Vx € M.

Consider the following algorithm for finding a solution of the optimization problem
(2.7.5):
Tntl € Sf+¢An,xn7 Vn > 0, (2.7.8)

which was presented and studied by Ferreira and Oliveira in [42] in the special case
when f is a real-valued convex function on M. By [114], the derivative of ¢y, is
given by

¢3\7y($) = —Xexp,ly, Vre M.
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Using (2.7.1), it is a routine to verify that

Of +6r,)(x) = 0F (@) — S exp;y, Vo € D) (279)

Hence, by (2.7.6), the proximal point algorithms (2.7.7) and (2.7.8) are equivalent.

The following theorem on the convergence of the proximal point algorithm (2.7.7)
is a consequence of Theorem 2.5.2 (cf. [42, Theorem 6.1]).

Theorem 2.7.3. Let f : M — (—o0,+00]| be a proper lower semicontinuous con-
vex function with the solution set Sy # 0. Let o € M and {\,} C RT satisfy
(2.5.2). Then, the sequence {xy} generated by the algorithm (2.7.7) is well-defined
and converges to one point x € Sy, a minimizer of f in M.

Proof. By Theorem 2.7.1, 9f is monotone and upper Kuratowski semicontinuous.
Thus, it suffices to show that the algorithm (2.7.7) is well-defined. Since Sy # 0,
it follows that inf,eps f(2) > —oo. We claim that Sy, 4, ~# 0 for each A > 0 and
each y € M. In fact, let {z,} C M be such that

Timn (F(n) + Oxy () = 0 (£(2) + 6y(2)).

Then {z,} is bounded because, otherwise, limsup,, .. (f(zn) + ¢ay(xn)) = +o0.
Hence, without loss of generality, we may assume that {x,} converges to a point x.
Then z € Sy, , and Spiy,  # 0. This together with Remark 2.7.2 implies that
the algorithm (2.7.7) is well-defined and completes the proof. O]

Now let f: M — R be a convex function and C' a closed and convex subset of
M. Consider the following optimization problem with constrains.
i . 2.7.10
min f(z) ( )
Define fo := f 4 dc, where d¢ is the indicate function defined by dc(x) = 0 if
x € C and d¢(x) = 00 otherwise. Then, a point 2 € C'is a solution of the problem

(2.7.10) if and only if it is a solution of the problem (2.7.5) with f replaced by fc.
Let N¢(z) denote the normal cone of the set C' at z € C:

Ne(z) := {u € T,M : (u,exp; ' y) <0, VyeC}
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Then
Ne(z) = 961,0(0) = ddc(x), Ve C. (2.7.11)

To apply Theorem 2.7.3, we need to establish the following clear fact on the subd-
ifferential of fc.

Proposition 2.7.4. Let f : M — R be a convex function and C a closed and convex
subset of M. Then

Ofc(z) =0f(x) + No(x), VzeC. (2.7.12)
Proof. By definition it is obvious that
fo(z,u) = fl(z,u) + on,0(uw), Yu € TpM.
Applying (2.7.2), we obtain that
dfc(z) = Ofb(@, Numo and B () = BF (2, umo. (2.7.13)

Since f'(x,-) is a continuous convex function on T, M, it follows from the well-known
subdifferential sum rule (see for example [9]), that

Oft(z, Y u=o = Of (2, ) |u=o + 031,¢c(0). (2.7.14)
According to (2.7.11), (2.7.13) and (2.7.14), we obtain (2.7.12) and the proof is
complete. 0

Consider the following algorithm with initial point x¢ € C"
0€0f(xnt1) + No(zni1) — An exp;}+1 Tp, Vn>0. (2.7.15)

Then the theorem below is a direct consequence of Corollary 2.5.3.

Theorem 2.7.5. Let f: M — R be a convex function and C be a closed convex set
of M such that the solution set of the optimization problem (2.7.10) is nonempty.
Let xy € M and {\,} satisfy (2.5.2). Then, the sequence {x,} generated by the
algorithm (2.7.15) is well-defined and converges to a solution of the optimization
problem (2.7.10).
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2.7.2 Saddle-points in a Minimax Problem

In the spirit of the works by Rockafellar ([102, 103]) on the convergence of the
proximal point algorithm in terms of an associated maximal monotone operator
for saddle-functions on the product Hilbert space Hy x Hy , the present subsection
focused on the study of the convergence of the proximal point algorithm for saddle-
functions on Hadamard manifolds.

Let My and Ms be Hadamard manifolds. A function L : M7 x My — R is called
a saddle-function if L(x,.) is convex on My for each x € My and L(.,y) is concave,
i.e —L(.,y) is convex, on M; for each y € M. A point z = (Z,y) € My x Ms is
called a saddle-point of L if

L(z,y) < L(z,y) < L(Z,y), Vz=(z,y) € My x M. (2.7.16)

Associated with the saddle-function L, define the set-valued vector field Ay, : My x
My — 2TM1 o 9TM: 1y

Ap(z,y) =0(—L(-,y))(z) x O(L(z,-))(y), V(z,y) € My x M. (2.7.17)

By [105, pag. 239, Problem 10], the product space M = M; x M, is a Hadamard
manifold and the tangent space of M at z = (z,y) is T.M = T, My x T,M>. The
corresponding metric is given by

(w,w") = (u,u) + (v,0"), Yw = (u,v),w = (v,v") € T.M.

Note also that a geodesic in the product manifold M is the product of two geodesics
in My and Ms, respectively. Then, for any two points z = (x,y) and 2/ = (2/,¢/) in
M,

exp, 2 = exp(_a:%y) («',y) = (exp; ta/, exp;1 Y.
Therefore, in view of the definition of monotonicity, the set-valued vector field A :
My x My — 2TM1 5 9TMz2 i monotone if and only if for any z = (z,v), 2’ = (2/,y),
w = (u,v) € A(z) and v’ = (v/,v") € A(Z),

(u,expy ! a') + (v expyty') < (U, —expytx) + (), —expy). (2.7.18)

Theorem 2.7.6. Let L be a saddle-function on M = My x My and Ay, the set-valued
vector field defined by (2.7.17). Then, Ar is maximal monotone.
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Proof. Consider two points z = (z,y) and 2’ = (2/,3) in M, and w = (u,v) € Ap(z),
w' = (u,v') € Ap(2'). Since ( — L(-,y)) and 9(L(z,-)) are monotone by Theorem
2.7.1, it follows from the definition of Ay that

(u,expyta’) < (W, —exptz) and (v, exp, ') < (v, - expy_,1 ).

Hence (2.7.18) holds and Ay, is monotone because 2,2’ € M and w € Ap(2), w' €
Ap(2') are arbitrary.

To verify the maximality, let z = (x,y) € M1 x Mz and w = (u,v) € T, My xT,M>
be such that

(u,expyt @) + (v,exp,ty') < (0, —expyta) + (v, —expty) (2.7.19)

for any 2/ = (2/,y') € My x My, w' = (u';v") € Ar(2'). We have to prove that
w € Ar(z), that is, u € 9( — L(-,y))(z) and v € d(L(z,-))(y). Taking y’ = y in
(2.7.19), we get

(u,exp, 2’y < (W, —exp;,1 z), Va'e My andu €9(—L(y))(2"). (2.7.20)

Note that d( — L(-,y)) is maximal by Theorem 2.7.1, hence (2.7.20) implies that
uwe d(—L(-y))(z). Similarly, taking 2/ = z in (2.7.19), we get that v € 9( —
L(z,-))(y), as desired. O

It is straightforward to check that a point z = (Z,7) € M is a saddle point of L
if and only if it is a singularity of Ar. Consider the following algorithm for Ay,

0€ Ar(znt1) — M\ expz_nl+1 Zns (2.7.21)

where zg € My x My and {\,} C RT. Thus applying Corollary 2.5.3 to the vector
field Ay, associated with the saddle-function L, we immediately obtain the following
theorem.

Theorem 2.7.7. Let L : M = M; x My — R be a saddle-function and Ay, :
My x My — 2TM1 5 9TM2 b the associated mazimal monotone vector field. Suppose
that L has a saddle point. Let zo € M and let {\,} C RT satisfy (2.5.2). Then, the
sequence {zn} generated by the algorithm (2.7.21) is well-defined and converges to
a saddle point of L.
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2.7.3 Variational Inequalities

Let C be a convex subset of M and V : C' — T'M a single-valued vector field, that
is, V(x) € T, M for each x € C. Following [84], the problem of finding x € C' such
that

(V(z), exp;ty) >0, VyeC, (2.7.22)

is called a wvariational inequality on C. Clearly, a point x € C is a solution of the
variational inequality (2.7.22) if and only if = satisfies that

0 € V(z)+ No(z),

that is, x is a singularity of the set-valued vector field A :=V + N¢. Applying the
algorithm (2.5.1) to A, we get the following proximal point algorithm with initial
point xq for finding solutions of the variational inequality (2.7.22):

0€ V(xnt1) + No(Tnt1) — A exp;:+1 Zp, Vn>0. (2.7.23)

The remainder of this subsection is directed towards the study of the convergence of
algorithm (2.7.23). To apply Theorem 2.5.2, one need to prove that the algorithm
is well-defined. To this end and for the sake of completeness, we first include some
lemmas. One of them (Lemma 2.7.11) is an extension of the well-known Brouwer
fixed point Theorem to Hadamard manifolds. In [84] the author gives a similar but
incomplete proof of what we present below. The following proposition is a direct
consequence of [105, pag. 170, Theorem 5.5 and Lemma 5.4] (noting that M is a
Hadamard manifold).

Proposition 2.7.8. Let C be a convex compact subset of M. Then there exists a
totally geodesic submanifold N C C such that C = N, the closure of N, and the
following condition holds: for any q € C\ N andp € N, exppt(exp;]L q) € N for all
t €(0,1) and exp, t(exp,' q) ¢ C for any t € (1,+00).

Remark 2.7.9. Following [105], int C := N is called the interior of C' and bd C :=
C'\ N the boundary of C. Moreover, if C'is a compact convex set, then bd C' # {).

Lemma 2.7.10. Let C be a conver compact subset of M and let pyg € int C. Then

expgo1 (bdC) = bd (exp];(J1 C) and expl,;o1 (int C) = int(expgol Q). (2.7.24)
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Proof. Let pg € int C. Since exp;o1 is bijection from C' to exp;o1 C and (bdC) N
(int C) = 0, it follows that

exp;O1 (C) = eXpJ;O1 (bdC) U exp;Ol(int ).
Thus, to complete the proof, it suffices to prove that

expljo1 (bdC) C bd (eXp:;O1 C) and exp;O1 (int C) C int(exp;o1 ). (2.7.25)
To show the first inclusion, let ¢ € bd C. Then exp];O1 q € exp;ol C. By Proposi-
tion 2.7.8, we see that exp,,, t(exp;o1 q) ¢ Cforallt > 1. Hence t(exp;)1 q) ¢ exp;ol C
for any ¢t > 1. Therefore, exp;o1 q € bd (exp;o1 (') and the inclusion exp;o1 (bdC) C
bd (exp,,' C) is proved.
Below we show the inclusion exp,!(int C') C int (exp, ' C). For simplicity, we
use Ug(x,€) to denote the open ball at x € E with center € in a metric space E.
note that int C' = N is the totally geodesic submanifold given by Proposition 2.7.8.

Then, by [105, pag. 171] (noting that M is a Hadamard manifold), for any ¢ € int C,
TyN = {v e T;M \ {0} : exp, tv/|lv]| € N for some ¢ > 0} U {0}. (2.7.26)

and exp, is a local diffeomorphism at 0 from T;N to N (cf. [105]), that is there
exists an open ball Uz, n(0,¢) C T;N at 0 such that exp,(Ur,n(0,¢)) € N. This
means that

q € int C' <= exp,(Ur,n(0,0)) C int C for some ¢ > 0. (2.7.27)

Consequently, bd C' is closed in M because C is closed. Let ¢ € intC and set
My = exp,,, (Tp, N). Then
e:=d(¢, Mo\ C) > 0. (2.7.28)

In fact, otherwise, there exists a sequence {qx} C M\ C such that limy d(gx, ¢) = 0.
By Proposition 2.7.8 and (2.7.26) (Noting pp € N), we may assume that, for each
k, g = exp,, tyuk, where ty > 1 and uy € T, N is such that exp, u, € bd C. Since
{txur} is bounded and each t; > 1, it follows that {ug} is bounded too. Since bd C'
is closed, it follows that liminfy ||ug| > 0. This together with the boundedness of
{trur} implies that {¢;} is bounded. Without loss of generality, we may assume that
tx — to and ugp — up. Then 9 > 1 and exp,, up € bdC. Hence exp,, touo ¢ N by
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Proposition 2.7.8, which is a contradiction because exp,, (foup) = € N. Therefore,
(2.7.28) is proved.
Since exp,, is continuous on Ty, N, there exists § > 0 such that

_ € _
d(exp,, v, q) = d(exp,, v, exppo1 q) < B for each v € UTPON(eprol q,9).
It follows from (2.7.28) that exp,, (UTPON(eXp;()l q,0)) € C. This implies that

exp,, ¢ € int (exp];O1 (') and the proof is complete. O

Lemma 2.7.11. Let C' be a compact convex subset of M. Let T : C — C be a
continuous mapping. Then T has a fived point in C.

Proof. Note that the fixed point property is a topological property, i.e., if X and Y
are homeomorphic topological spaces and any continuous mapping on X has fixed
points, then does any continuous mapping on Y. Let py € int C' and, for simplicity,
write C = exp;o1 C. Then, C is homeomorphic to C. By the Brouwer fixed point
Theorem, it suffices to prove that C' C Ty, N is homeomorphic to the closed unit
ball of T},) N, denoted by B. We define the function ¢ : C — R* by

_ [ IozNbdC| if = #£0,
¢(x)_{1 if £ =0,

where 0z = {tx : t > 0} is the straight half-line joining 0 to z. By Proposition
2.7.8, the geodesic joining py and exp, z intersects bd C' at just one point and
so, by Lemma 2.7.10, 0z intersects bd C' at just one point. This implies that ¢ is
well-defined and continuous at each point z # 0. Indeed, let 2o € C \ {0} and
denote T = 0z(\bd C' for any = # 0. Then T = ﬁqb(x) Let {x,} C C be such
that z,, — x9. Since ¢ is bounded, we can assume without lost of generality that

é(x,) — r € RT. Then,
T

rebdC.

I

We must prove that r = ¢(xg) to get the continuity of ¢. To this end, write

20 (o) —— = —— 7. (2.7.29)

d(zo)  B(z0)

% =
2ol
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If r < ¢(x0), then ( ) < 1. Thus, by Proposition 2.7.8 and Lemma 2.7.10, (2.7.29)

implies that 75 € int C because T € bd C, which contradicts that 7g € bd C. Sim-
ilarly, if r > ¢(z0), we get that 7jg ¢ C, which again contradicts that 75 € bd C.
Therefore ¢ is continuous at each x # 0.

Now define the function h : C' — B by

h(z) = ¢(1x)$’ vz e C.

Note that ||h(z)] = ”¢ H:c|| < 1. Thus h is well-defined and continuous, whose

inverse function A~ Y(y) = ¢(y)y is continuous too. Hence, h is a homeomorphism
from C to B and the proof is complete. ]

Theorem 2.7.12. Let C be a closed convex subset of M andV : C — TM a single-
valued continuous monotone vector field. Let xg € C and {\,} C RT satisfy (2.5.2).
Suppose that the variational inequality (2.7.22) has a solution. Then the sequence
{z,} generated by the algorithm (2.7.23) is well-defined and converges to a solution
of the variational inequality (2.7.22).

Proof. By Theorem 2.5.2 and Remark 2.5.1, we only need to prove that the sequence
{z,,} generated by the algorithm (2.7.23) is well-defined. Let A > 0 and yo € C.
Consider the following variational inequality:

(V(z) — Nexpy ' yo, exp,ly) >0, VyeC. (2.7.30)

For fixed n > 0, note that z,; satisfies (2.7.23) if and only if z,41 is a solution
of the variational inequality (2.7.30) with A = A, and yo = z,,. Thus, it suffices to
prove that the variational inequality (2.7.30) has a solution. The proof is standard,
see [84]. However, we keep the proof here for completeness. Let R > 0 be such that
IV (yo)|| —2RA < 0 and set

Cr = {iL' eC: d(x,yo) < R}

Then Cpr is a compact convex subset of M. Let Pg, : M — Cg be the projection
to Cr. Then, by [114], Pc,, is Lipschitz continuous and characterized by

(exp}éRm x, exp}éRx y) <0, Vxe M andye Cg. (2.7.31)
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Consider the continuous map T : Cr — Cg defined by
T(x) := Pop(expg(=V(x) — Aexp; ' yo), Vz € Cr.
By Lemma 2.7.11, T has a fixed point zr. This together with (2.7.31) implies that
(V(zg) — )\exp;; Y0, exp;; y) >0 (2.7.32)

holds for any y € Cg. Since (V(x), exp;'yo) < (=V(yo), exp,, x) by the mono-
tonicity and (exp;!vo, exp,!yo) = <exp;01 x, exp;ol x) = d(z,y0)?, it follows that
if d(x,y0) = R, then

(V(yo), expy, =) — 2xd(x, 0)?

(V(x) — Nexpg Lo, expylyo) <
< ([V(yo)| —2RNR
< 0.

This means that d(zg, yo) < R. Below we shall show that (2.7.32) holds for any y €
C. Granting this the proof is complete. Indeed, giveny € C, yr = exp,, t(exp;; y) €
Cp for t > 0 sufficiently small. Consequently,

t(V(zg) — )\exp;; Yo, exp;; y) = (V(zg) — )\exp;; Yo, exp;; yr) > 0.

Thus, (2.7.32) holds for y € C. O

2.7.4 Equilibrium problem

Many practical problems can be formulated as the equilibrium problem of finding a
point x in a space X satisfying

F(z,y) >0, VYyeX, (2.7.33)

where F': X x X — R is a bifunction. A point z* which solves the problem (2.7.33)
is said to be an equilibrium point for the bifunction F. We denote the equilibrium
point set of F' by EP(F).

We present an approach to approximate an equilibrium point for a bifunction
F: M x M — R in the framework of Hadamard manifolds. It involves the resolvent
of the bifunction F', which is a nonexpansive mapping whose fixed point set coincides



Fixed point approximation methods for nonexpansive mappings 157

with the equilibrium point set of F'. This allows us to use the convergence results
for fixed points of nonexpansive mappings on Hadamard manifolds which exist in
the literature. In particular, such a mapping presents a stronger property, the
firm nonexpansivity, which was proved to imply the convergence of Picard iteration
{T™(z)} in Section 2.6.1.

Resolvent of a bifunction

The definition of the resolvent of a bifunction in the setting of a Hilbert space H
appears implicitly in [8] and was first given in [33]. In order to distinguish the
resolvents of vector fields and the resolvents of bifunctions we denote the latter with
a supper index, J¥.

Definition 2.7.13. Given a single-valued bifunction F': C x C' — R, where C C M
is a nonempty closed convex subset, the resolvent of F' of order A > 0 is the set-
valued vector field J¥ : M — 2¢ defined by

JE(x) = {2 € C | \F(z,y) — (exp; ' z,exp; ty) >0, Yy e C }. (2.7.34)

Remark 2.7.14. The resolvent could be defined for a set-valued bifunction F': C' x
C — 2R as follows,

JE M—2¢: 2 — {ze | u— (exp,lzexp;ly) >0, Vy e C,Vu e F(z,y) },

for any A > 0, and the following theorem would remain true except for (iii) which
needs F' to be single-valued.

Theorem 2.7.15. Let F' : C x C — R be a bifunction satisfying the following
conditions:

(1) the bifunction F is monotone, that is, for any (z,y) € C x C,

F(z,y) + F(y,z) <0;

(2) for each A >0, JI' is properly defined, i. e., the domain D(JL') # 0.

Then, for any A > 0,
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(i)
(i)
(i)
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the resolvent Jf 1s single-valued;
the resolvent Jf is firmly nonexpansive;
the fixed point set of Jf 18 the equilibrium point set of F,

Fiz(J¥) = EP(F).

Proof.

(i)

We fix z € D(J{') and assume that there exist 21,22 € JI (z). By definition
this means that
AF (21, 29) — (expz_l1 ac,exp;ll z9) >0, (2.7.35)

AF(z9,21) — (exp.' @, exp.! z1) > 0. (2.7.36)

Summing inequalities (2.7.35) and (2.7.36), by condition (1) and applying
Proposition 2.1.30, the law of cosines, we get

d*(z1,20) < <exp;11 x, exp;1 z9) + <exp;21 x, exp%1 z1) < 0.
Therefore z1 = 2zo.

To prove that J f is firmly nonexpansive we consider zi,xs € D(Jf ). By
definition of resolvent we get

NF(JE xy, JE 29) — (exp;}w xl,exp;; JEx) >0 (2.7.37)
A L1 ATl

> 0. (2.7.38)

AE(J 22, J5 w1) — <eXP;§1~m2 ZE2,6XP;%232 Jix1) >0
If we sum inequalities (2.7.37) and (2.7.38), it results
<exp}%x1 x1, exp}%x1 JE o) + (exp}%x2 z2, exp;%gc2 Jf ) <0,

for any x1,x9 € D(Jf ), which is equivalent to say that Jf is firmly nonex-
pansive as we proved in Proposition 2.3.4.
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(iii) Given z € D(JI),
x=Jlz e Fz,y)—(exp, 'z, exp,ly) >0 (Vy € C) & F(z,y) >0 (Vy € C).
So Fix (JI') = EP(F).
O

Remark 2.7.16. If D(JI') is closed and convex, the equilibrium point set EP(F) is
closed and convex by virtue of conditions (iii), (ii) and the fact that the fixed point
set of a nonexpansive mapping defined on a closed convex set is closed and convex,
proved in Proposition 2.3.1.

The previous theorem allows us to approximate a solution to the equilibrium
problem associated to a bifunction F', whenever it exists, by means of the resolvent
and the sequence of iterates {(Jf7 )"z} whose convergence is assured by Theorem
2.6.1 for firmly nonexpansive mappings.

Theorem 2.7.17. Let F : C x C — R be a monotone bifunction such that EP(F') #
(. Let A > 0 and assume that the resolvent of F, Jf, is properly defined with
C CD(JL). Then, for each x € D(JL), the sequence defined by

T = (JE)"2, n >0, (2.7.39)
converges to an equilibrium point of F.

Moreover, as in Hilbert spaces, the resolvent of a bifunction constitutes a gen-
eralization of the resolvent of a monotone vector field or the Moreau-Yosida reg-
ularization of a convex function. In these cases, as we will show in the following
examples, we know that the resolvent is properly defined and moreover, J f (x) £ 0
for any = € C, that is D(J{) = M.

Resolvent of a vector field

In the single-valued case the resolvent of a monotone vector field can be seen as the
resolvent of a bifunction. Indeed, given A € X(M) define the bifunction

F:MxM—2%: (z,y) — F(z,y) = (Az,exp; L y). (2.7.40)
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The monotonicity of A implies the monotonicity of F. On the other hand, for any
x € M and A > 0, the resolvent of F' can be written as

JE () ={ze M| (M(2) —exp; ' z,exp,ly) >0, Yy € M }.
Thus, if z € J{!(z) we have that AAz = exp, ! x and then z € Jf'(2), i.e.,
JNz) € Jf (2), Vo e M.

Therefore the conditions in Theorem 2.7.15 hold for F' defined as in (2.7.40), so the
fact that J f is single-valued implies that

JMNx) = Jf (2), Vo e M.

Moreau-Yosida regularization of a convex function

Let f: M — R be a convex function. The Moreau-Yosida regularization fy : M —
M of f is defined by

. 1

falw) = argmin{Af(y) + 5 (z,9)}. (2.7.41)
yeM

In [42] it was proved that there exists a unique point yy = fi(z) for any z € M and

A > 0, which is characterized by

exp,, z € f(y»). (2.7.42)

Then the mapping f) is well-defined and single-valued. If we consider the set-valued
vector field A = 0f, we know from Theorem 2.7.1 that A is maximal monotone with
full domain. By the characterization (2.7.42) we can readily check that the resol-
vent of A coincides with the Moreau-Yosida regularization, f) = J ;\4, and therefore
Theorem 2.4.9 recovers the fact that f) has full domain, and implies its firm non-
expansivity.

On the other hand, the Moreau-Yosida regularization of a convex function is
the resolvent of the bifunction F : M x M — R defined by F(z,y) = f(y) — f(x).
Indeed, given x € M, let z = f\(x). This means that % exp, 'z € §f(2), and by
definition of the subdifferential of f, for any y € M,

% (exp; !z, exp;'y) < fy) — f(z).
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Equivalently,
AF(z,y) — {exp; @, exp; ' y) >0,

soz€eJ f (z). Then F' is properly defined. Since F' is monotone as well, Theorem
2.7.15 ensures that J f is single-valued, therefore we get that fy = JF\.
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