UNIVERSIDADE FEDERAL DE GOIAS
IME - INSTITUTO DE MATEMATICA E ESTATISTICA
PROGRAMA DE PGS GRADUACAO EM MATEMATICA

Mauricio Silva Louzeiro

Optimization methods on Riemannian manifolds with
lower bound curvature: gradient for scalar and multi-
objective functions and subgradient for scalar
functions

DocTORAL THESIS
FunDED BY CAPES

GOIANIA
FEVEREIRO DE 2019



o‘
PRPG N

S PH(}-HElTDRll‘ﬂ[ F
sistema de bibliotecas ufg POS-GRADUACAC U G

TERMO DENCIENCIA E DE AUTORIZAGAO PARA DISPONIBILIZAR
VERSOES ELETRONICAS DE TESES E DISSERTAGCOES
NA BIBLIOTECA DIGITAL DA UFG

Na qualidade de titular dos direitos de autor, autorizo a Universidade Federal
de Goias (UFG) a disponibilizar, gratuitamente, por meio da Biblioteca Digital de Te-
ses e Dissertagbes (BDTD/UFG), regulamentada pela Resolugdo CEPEC n°
832/2007, sem ressarcimento dos direitos autorais, de acordo com a Lei n® 9610/98,
o documento conforme permissdes assinaladas abaixo, para fins de leitura, impres-
séo e/ou download, a titulo de divulgacdo da producgao cientifica brasileira, a partir
desta data.

1. Identificacao do material bibliografico: - [ ] Dissertagio [ X ]Tese

2. Identificagao da Tese ou Dissertagio:

Nome completo do autor: Mauricio Silva Louzeiro

Titulo do trabalho: Optimization methods on Riemannian manifolds with lower
bound curvature: gradient for scalar and multi-objective functions and subgradient
for scalar functions

3. Informagées de acesso ao documento:

Concorda com a liberagao total do documento [ X ] SIM [ ]NAO'

Havendo concordancia com a disponibilizagéo eletronica, torna-se imprescin-
divel o envio do(s) arquivo(s) em formato digital PDF da tese oudissertagao.

W/aum,cw Solo. & «am

Assinafura do(a) autor(a)

Ciente e de acordo:

Assinatura do(a) offentaddr(a)? Data: 07 /03 /2019

! Neste caso o documento serd embargado por até um ano a partir da data de defesa. A extenséo
deste prazo suscita justificativa junto a coordenagdo do curso. Os dados do documento ndo serdo
disponibilizados durante o periodo deembargo.
Casos de embargo:

- Solicitagao de registro de patente;

- Submiss&o de artigo em revista cientifica;

- Publicagao como capitulo de livro;

- Publicagdo da dissertagao/tese em livro.

A assinatura deve ser escaneada. )
Versdo atualizada em setembro de 2017.




MAURICIO SILVA LOUZEIRO

Optimization methods on Riemannian manifolds with
lower bound curvature: gradient for scalar and multi-
objective functions and subgradient for scalar
functions

Tese apresentada ao Programa de Pés-Graduacao do
Instituto de Matematica e Estatistica da Universidade
Federal de Goias, como requisito parcial para obtengao do
titulo de Doutor em Matematica.

Area de concentracao: Otimizagao
Orientador: Prof. Dr. Orizon Pereira Ferreira
Coorientador: Prof. Dr. Leandro da Fonseca Prudente

Goiania
Fevereiro de 2019



Ficha de identificacéo da obra elaborada pelo autor, através do
Programa de Geracdo Automatica do Sistema de Bibliotecas da UFG.

Louzeiro, Mauricio

Optimization methods on Riemannian manifolds with lower bound
curvature: gradient for scalar and multi-objective functions and
subgradient for scalar functions [manuscrito] / Mauricio Louzeiro. -
2019.

83 1.l

Orientador: Prof. Dr. Orizon Ferreira; co-orientador Dr. Leandro
Prudente.

Tese (Doutorado) - Universidade Federal de Goias, Instituto de
Matemaética e Estatistica (IME), Programa de Pés-Graduagdo em
Matematica, Goiania, 2019.

Bibliografia.

1. Métodos de otimizag&o. 2. programagao convexa. 3. variedade
Riemanniana. 4. curvatura limitada inferiormente. 5. complexidade. I.
Ferreira, Orizon, orient. Il. Titulo.

CDhu 51




s
*®
UFG ,
UNIVERSIDADE FEDERAL DE GOIAS

INSTITUTO DE MATEMATICA E ESTATISTICA

PROGRAMA DE POS-GRADUACAO EM MATEMATICA
Campus Samambaia — Caixa Postal 131 — CEP: 74.001-970 — Goidnia-GO.
Fones: (62) 3521-1208 ¢ 3521-1137  www.ime.ulehr

ATA DA REUNIAO DA BANCA EXAMINADORA DA DEFESA DE TESE DE
MAURICIO SILVA LOUZEIRO — Ao vigésimo sexto dia do més de fevereiro do
ano de dois mil e dezenove (26/02/2019), as 11:00 horas, reuniram-se os componentes
da Banca Examinadora: Prof. Orizon Pereira Ferreira - Orientador, Prof. Glaydston de
Carvalho Bento, Prof. Jodo Xavier da Cruz Neto, Prof. Paulo Sérgio Marques dos
Santos e Luis Roman Lucambio Perez, sob a presidéncia do primeiro, e em sessdo
publica realizada no auditério do Instituto de Matematica e Estatistica, procederem a
avaliago da defesa de tese intitulada: “Optimization methods on Riemannian
manifolds with lower bound curvature: Gradient for scalar and multi-objective
functions and Subgradient for scalar functions”, em nivel de Doutorado, area de
concentracdo em Otimizacdo, de autoria de Mauricio Silva Louzeiro, discente do
Programa de Pds-Graduagdio em Matematica da Universidade Federal de Goias. A
sessdo foi aberta pelo Presidente da Banca, Prof. Orizon Pereira Ferreira que fez a
apresentagio formal dos membros da Banca. A seguir, a palavra foi concedida ao autor
da tese que, em 45 minutos procedeu a apresentagdo de seu trabalho. Terminada a
apresentagfo, cada membro da Banca arguiu o examinando, tendo-se adotado o sistema
de didlogo sequencial. Terminada a fase de arguigfio, procedeu-se a avaliagdo da defesa.
Tendo-se em vista o que consta na Resolugdo n°. 1513 do Conselho de Ensino,
Pesquisa, Extensdo e Cultura (CEPEC), que regulamenta o Programa de Pés-Graduagio
em Matematica e procedidas as corre¢des recomendadas, a tese foi APROVADA por
unanimidade, considerando-se integralmente cumprido este requisito para fins de
obtengdo do titulo de DOUTOR EM MATEMATICA, na irea de concentragio em
Otimizagdo pela Universidade Federal de Goids. A conclusdo do curso dar-se-4 quando
da entrega na secretaria do PPGM da versdo definitiva da tese, com as devidas
correcOes supervisionadas e aprovadas pelo orientador. Cumpridas as formalidades de
pauta, as 12:00 horas a presidéncia da mesa encerrou esta sessdo de defesa de tese e
para constar eu, Ana Maria Pereira Pinto, secretdria do PPGM, lavrei a presente Ata
que, depois de lida e aprovada, serd assinada pelos membros da Banca Examinadora em

quatro vias de igual teor. 1
" | , i ) // //Z/
\&gégﬂézki&lz& (17 M o
Prof. DriOnizo reir. -qa"" g %ﬁ%’?ﬁé a“r\‘f(a{lho Bento

Pro ;
Presidente - IME/UFG Mefmbro — IME/UFG
: - i %%r aift s _Qa ]W}"‘“‘%ﬁ 3 5

~Dr. J340 'ﬁq\ﬁér lf Prof. Dr. Paulo Sérgio Marques dos Santos
Sy Membro — DM/UFPI Membro — DM/UFPI

Prof. Dr. Luis Roman Lucambio Perez
Membro — IME/UFG



MAURICIO SILVA LOUZEIRO

Optimization methods on Riemannian manifolds with lower
bound curvature: Gradient for scalar and multi-objective
functions and Subgradient for scalar functions

Tese defendida no Programa de Pés—Graduagdo do Instituto de Matematica e Estatistica da
Universidade Federal de Goias como requisito parcial para obtengdo do titulo de Doutor em
Matematica, aprovada em 26 de fevereiro de 2019, pela Banca Examinadora constituida pelos
professores:

X
KQL/)[\ L AN LA oA
" Tvof. Dr. Uﬁﬁ[@erﬁm Ferreira
Instituto de Matematica tatistica - UFG
Presidente da Bahca

St 21 ot

Prof/ Dr. Gfaydston de Carvalho Bento
Instituto de Matemadtica e Estatistica - UFG

Q/\/

Prof. Dr. Luis Roman Lucambio Perez
Instituto de Matematica e Estatistica - UFG

C Vet W02 K0T
)

Prof. Dr. Jodo Xavier da Cru& N 0
Departamento de Matematica — UFPI

¥ 53 M d L5

Prof. Dr. Paulo Sérgio Marques dos Santos
Departamento de Matematica - UFPI




Dedicado a:

minha familia.



Agradecimentos

A Deus pelos momentos que me fizeram acreditar que eu estava no caminho certo, e pela
forga que obtive ao superar alguns momentos dificeis durante o meu doutorado.

Aos meus pais Ivonete e Nelson pelos conselhos, pela atencao, pelo apoio incondicional,
pelo carinho e por estarem sempre dispostos a oferecerem o melhor para eu e meus irmaos,
colocando nossos sonhos a frente dos seus.

Ao meu orientador Prof. Dr. Orizon Pereira Ferreira pela paciéncia, pelo interesse em
entender as minhas ideias, por estar sempre disposto a discutir problemas matemaéticos e
a sanar duvidas, pelos conselhos, pelo esforco feito para que eu participasse de congressos
importantes da nossa drea (por exemplo, o0 ELAVIO2018 no Chile e 0o BRAZOP2018 em Foz
do Iguagu) e pela imensa contribuigdo dada a esta tese.

Ao meu coorientador Prof. Dr. Leandro da Fonseca Prudente por ter aceitado me
coorientar e pela grande contribui¢ao dada nos artigos que compoe esta tese, principalmente
nos experimentos numeéricos.

Aos professores: Dr. Glaydston de Carvalho Bento, Dr. Joao Xavier da Cruz Neto, Dr.
Luis Romén Lucambio Pérez e Dr. Paulo Sérgio Marques dos Santos, por aceitarem o convite
para participar da banca examinadora, e pelas sugestoes dadas.

Aos amigos e colegas pelas descontragoes e pelas boas discussoes sobre matematica.

A CAPES pelo auxilio financeiro.



Abstract

Let M a Riemannian manifolds with lower bounded curvature. In this thesis, we
consider first-order iterative methods to solve optimization problems on M. The gradient
method to solve the problem min{f(p) : p € M}, where f : M — R is a continuously
differentiable convex function is presented with Lipschitz step-size, adaptive step-size and
Armijo’s step-size. The first procedure requires that the objective function has Lipschitz
continuous gradient, which is not necessary for the other approaches. Convergence of the
whole sequence to a minimizer, without any level set boundedness assumption, is proved.
[teration-complexity bound for functions with Lipschitz continuous gradient is also presented.
In addition, all these approaches are considered in the multiobjective setting. Here we also
consider the subgradient method to solve the problem min{f(p) : p € M}, where f : M — R
is a convex function. Iteration-complexity bounds of the subgradient method with exogenous
step-size and Polyak’s step size are stablished, completing and improving recent results on
the subject. Finally, some examples and numerical experiments are presented.

Keywords: Optimization methods, convex programming, Riemannian manifold, lower
bounded curvature, complexity.



Resumo

Seja M uma variedade Riemanniana com curvatura limitada inferiormente. Nesta tese,
consideramos métodos iterativos de primeira ordem para resolver problemas de otimizacao
sobre variedades Riemannianas com curvatura limitada inferiormente. O método do
gradiente para resolver o problema min{f(p) : p € M}, onde f : M — R é uma
funcao convexa continuamente diferenciavel, é apresentado com tamanho de passo Lipshitz,
tamanho de passo adaptativo e tamanho de passo de Armijo. O primeiro tipo de passo requer
que a funcao objetivo tenha gradiente continuamente Lipshitz, o que nao é necessario para os
outros. A convergéncia total da sequéncia para um minimizador, sem qualquer hipotese de
limitagao do conjunto de nivel, é provada. Limitantes para a complexidade na iteracao para
fungoes com gradiente continuamente Lipschitz também sao apresentados. Além disso, todas
essas abordagens sao consideradas no contexto de otimizacao multiobjetivo. Aqui também
consideramos o método do subgradiente para resolver o problema min{f(p) : p € M},
onde f : M — R é uma funcdo convexa. Limitantes para a complexidade na iteracdo do
método do subgradiente com tamanho de passo exégeno e tamanho de passo de Polyak sao
estabelecidos, completando e melhorando os resultados recentes sobre o assunto. Finalmente,
alguns exemplos e experimentos numéricos sao apresentados.

Palavras-chave : Métodos de otimizagao, programacao convexa, variedade Riemmaniana,
curvatura limitada inferiormente, complexidade.
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Chapter 1

Introduction

Endowing a manifold M with a suitable Riemannian metric, an Euclidean non-convex
constrained problem can be seen as a Riemannian convex unconstrained problem. This
property is already well known and, can be exploited in order to find global minimizers
[14,15,25,61] and to reduce the iteration-complexity of finding such solutions [12,75]. In
this work we will present some examples showing that endowing the set of constraints with a
suitable Riemannian metric the objective function can be also Riemannian Lipschitz gradient.
Consequently, the geometric and algebraic structures that come from the Riemannian metric
make possible to greatly reduce the computational cost for solving such problems. Indeed, it
is also widely known that, in several contexts, the iteration complexity of the gradient method
for convex optimization problems with Lipschitz gradient is much lower than for general
nonconvex problems; see for example [12,44,61,66,75] and references therein. Furthermore,
many Euclidean optimization problems are naturally posed on the Riemannian context;
see [29,44,65,66]. Then, to take advantage of the Riemannian geometric structure, it is
preferable to treat these problems as the ones of finding singularities of gradient vector fields
on Riemannian manifolds rather than using Lagrange multipliers or projection methods;
see [51,65,67]. The Riemannian structures can also opens up new research directions that
aid in developing competitive algorithms; see [1,29,44,58,65,66]. For this purpose, extensions
of concepts and techniques of optimization from Euclidean space to Riemannian context have
been quite frequently in recent years. Papers dealing with this subject include, but are not
limited to [31,47,48,52,67-69,71,75,76].

In [15] the subgradient method was introduced to solve convex feasibility problems on
complete Riemannian manifolds with non-negative sectional curvatures. In this work, the
authors propose the question: how to solve the feasibility problem on a Riemannian manifold
with negative sectional curvature? Recently, this question was answered in [69,71], where the
convex feasibility problem is analyzed in manifolds with lower bounded sectional curvatures.
The extension contained in these works is based on auxiliary results obtained from the
Toponogov theorem and algebraic manipulations. Some of these auxiliary results contributed
greatly to this thesis.
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In the chapter 3, we consider the gradient method to minimize a continuously differentiable
convex function f : M — R, whereas M is endowed with a structure of complete Riemannian
manifold with lower bounded curvature. The gradient method is one of the oldest methods
for the minimization of a differentiable function in Euclidean space. Despite having slow
convergence rate, the simplicity of implementation, the low memory requirements and cost
per iteration, make the gradient method quite attractive to solve large-scale optimization
problems. Indeed, the computational cost per iteration is mildly dependent on the dimension
of the problem, yielding computational efficiency for this method; see [44, 57,62]. In
addition, the gradient method is the starting point for designing many more sophisticated
and efficient algorithms, including fast gradient method, accelerated gradient method and
Barzilai-Borwein method; see [56,74] for a comprehensive study on this subject. To the best
of our knowledge the gradient method was the first optimization method to be considered
in a Riemannian setting. In order to deal with constrained optimization problems in the
Euclidean space, Luenberger [51] proposed and established important convergence properties
of gradient method by using the Riemannian structure of the constraint set induced by
the Euclidean structure. Since then, the gradient method has been studied in general
Riemannian manifold. Some early works dealing with this method include [40, 61,65, 67].
However, the obtained convergence results in these previous works demand that the initial
points of the sequence belong to a bounded level set of the objective function establishing only
that all its cluster points are stationary. By assuming convexity of the objective function
and that the manifold has non-negative curvature, it has been proven in [23] that, for a
suitable choice of the step-size and without any level set boundedness assumption, the whole
sequence converges to a solution. Recently new important properties of the gradient method
in Riemannian settings have been obtained. For instance, in [76] the authors provided
iteration-complexity bounds for convex optimization problems on Hadamard manifolds.
In [18], the authors established iteration-complexity bounds without any assumption on
the convexity of the problem and curvature of the manifold. In [17] the gradient method is
considered to compute the Karcher mean, which is a strong convex function in the cone of
symmetric positive definite matrices endowed with a suitable Riemannian metric. In [2] is
studied properties of the gradient method for the problem of finding the global Riemannian
center of mass of a set of data points on a Riemannian manifold. In [8] is extended the
convergence analysis of the gradient method to the Hadamard setting for continuously
differentiable functions which satisfy the Kurdyka-Lojasiewicz inequality.

By the aforementioned we see that the gradient method remains a subject of considerable
interest. The full convergence of the sequence generated by the gradient method under
convexity of the objective function and lower boundedness of the curvature of the Riemannian
manifold is a new contribution of this work, which adds important results in the available
convergence theory of this method. The analysis of the method is presented with three
different finite procedures for determining the step-size, namely, Lipschitz step-size, adaptive
step-size and Armijo’s step-size. It should be noted that we use a recent inequality established
in [69,71]. Numerical experiments are provided to illustrate the effectiveness of the method
in this new setting and certify the obtained theoretical results. In particular, we consider
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the problem of finding the Riemannian mass center and the so-called Karcher mean. Our
experiments indicate that adaptive size is a promising scheme that is worth considering.

In chapter 4 of this thesis, we study the steepest descent method for multiobjective
optimization on Riemannian manifolds. A constrained multiobjective optimization problem
with constraint set M, consists of m objective functions fi, ..., f,,, that have to be optimized
at the same time on M. In recent years, there has been a significant increase in the number of
papers addressing this class of problems; for example, see [10,20,36,50,53,54]. This method,
was proposed in [35] and since of then several variants have been considered, including but not
limited to [6,7,28,38,39,42]. Recently some iteration-complexity results to gradient method
for unconstrained multi-objective optimization problem were presented in [37]. These results
have been shown to be the same global rates as for steepest descent method in scalar objective
optimization.

The aim of the chapter 4 is twofold. First, asymptotic analysis will be done for quasi-convex
and convex vectorial functions. In fact, in [13] asymptotic analysis of this method has
already been done in Riemannian context; see also [11]. However, the analysis asymptotic
presented in these previous works is just to step-size given by Armijo rule and it demand that
the Riemannian manifolds have nonnegative sectional curvature. The asymptotic analysis
presented in the present chapter increase the previous ones in two different aspects. [t
is provided an analysis with three different finite procedures for determining the step-size,
namely, Lipschitz step-size, adaptive step-size and Armijo-type step-size and only lower
boundedness of the curvature of the Riemannian manifold is assumed. The second aim
is to present iteration-complexity bounds for steepest descent method for multiobjective
optimization on Riemannian manifolds. It is worth noting that, our results generalize to the
Riemannian context the results obtained in [37]. Besides, we present one iteration-complexity
bound that is new even in Euclidean setting. In addition, some examples are presented to
emphasize the importance of working in this new context.

In chapter 5 of this thesis, we consider the subgradient method to solve the optimization
problem min{f(p) : p € M}, where the constraint set M is endowed with a structure
of a complete Riemannian manifold with lower bounded curvature and f : M — R is a
convez function, where R = R U {400} denotes the extended real set numbers, see [32].
In this chapter we establish an iteration-complexity bound of the subgradient method with
exogenous step-size and Polyak’s step-size, for convex optimization problems on complete
Riemannian manifolds with lower bounded sectional curvatures. Our results increase the
range of applicability of the method compared to the respective results obtained in [12,75,76].
Moreover, in the asymptotic analysis with exogenous step-size, we do not assume that the
solution set is nonempty, completing the result of [70, Theorem 3.1]. It should be noted that
our analysis use a recently inequality obtained in [69,71].

The subgradient method is a very simple algorithm for solving convex optimization
problems and, besides it is the departure point for many other more sophisticated and efficient
algorithms, including e-subgradient methods, bundle methods and cutting-plane algorithm;
see [22] for a comprehensive study on this subject. The subgradient method was originally
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developed by Shor and others in the 1960s and 1970s and since of then, it and its variants have
been applied to a far wider variety of problems in optimization theory; see [41,60]. In order to
deal with non-smooth convex optimization problems on complete Riemanian manifolds with
non-negative sectional curvature, [33] extended and analyzed the subgradient method which,
as in the Euclidean context, is quite simple and possess nice convergence properties. After
this pioneering work, the subgradient method in the Riemannian setting has been studied in
different contexts; see, for instance, [9,15,43,69,71]. Recently, an asymptotic analysis of the
subgradient method with exogenous step-size and dynamic step-size for convex optimization
was considered in the context of manifolds with lower bounded sectional curvatures, see [70].
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Chapter 2

Preliminaries

In this chapter, we recall some concepts, notations, and basics results about Riemannian
manifolds. For more details we refer the reader to [26,64,67].

We denote by T, M the tangent space of a finite dimensional Riemannian manifold M
at p. The corresponding norm associated to the Riemannian metric (-,-) is denoted by
| - ||. We use ¢(cr) to denote the length of a piecewise smooth curve « : [a,b] — M. The
Riemannian distance between p and ¢ in M is denoted by d(p, ¢), which induces the original
topology on M. Denote by X'(M), the space of smooth vector fields on M. Let V be the
Levi-Civita connection associated to (M, (-,-)). For each t € [a,b] and a piecewise smooth
curve « : [a,b] = M, V induces an isometry relative to (-,-), Paat: To@M — TamM
defined by P,.:v = V/(t), where V is the unique vector field on the curve a such that
VawV(t) = 0 and V(a) = v. The isometry P,.; is called parallel transport along of o
joining a(a) to a(t) and, when there is no confusion, it will be denoted by P, ,,. A vector
field V' along a smooth curve 7 is said to be parallel iff V.,V = 0. If +' itself is parallel, we
say that v is a geodesic. The restriction of a geodesic to a closed bounded interval is called
a geodesic segment.

Definition 2.0.1 A geodesic segment joining p to q in M is said to be minimal if its length
is equal to d(p,q).

A Riemannian manifold is complete if the geodesics are defined for any values of t € R.
Hopf-Rinow’s theorem asserts that any pair of points in a complete Riemannian manifold
M can be joined by a (not necessarily unique) minimal geodesic segment. Owing to the
completeness of the Riemannian manifold M, for each p € M, the exponential map exp,, :
T,M — M is given by exp,v = 7(1), where 7(0) = p and +/(0) = v. In this thesis, all
manifolds are assumed to be Riemannian connected, finite dimensional, and complete. For
f : M — R adifferentiable function on the open set D C M, the Riemannian metric induces
the mapping f + grad f which associates its gradient via the following rule

(grad f(p), V(p)) =df(p)V(p), VpeD, VeX(D).
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For a twice-differentiable function, the mapping f + hessf associates its hessian via the rule

(hessfV, V) = d?f(V,V), for all V € X(D), where the last equalities imply that
hessf V = Vy grad f, VVeX(D).

Consider two geodesic segments ;1,7 : [0, +00) — M with v;(0) = 72(0) = p. Denote by
Zp(71,72) the angle between 7, and v, at p, which is defined to be the angle between the
tangent vectors 1 (0) and 74(0). The geodesic triangle A(p;paps) in M is a figure consisting of
three points py, pe, ps (the vertices of A(p1paps)) and three geodesic segments ~; (the edges of
A(p1paps)) that join p;—1 to p;rq with ¢ = 1,2,3( mod 3). For each i = 1,2,3( mod 3), the
inner angle of A(p;_1p;pi+1) at p; is denoted by Z(p;—1p;pi+1), which equals Zp, (—7vi—1, Yit1)-
Let M be an m-dimensional complete simply connected Riemannian manifolds of constant
curvature . The following proposition is known in [64, p.138]. From now on we will assume

Kk <0, k= /Al (2.1)

Proposition 2.0.2 Let A(p1psps) be a geodesic triangle in M2. Then, the following “law
of cosines” holds

cosh(ily) = cosh(klq) cosh(ils) — sinh(/ly) sinh(kl3) cos Z(p1paps),
where {; = d(p;_1,piy1) for each i =1,2,3( mod 3).
Following [64, p.161], a generalized geodesic hinge A(p;~, ) in M is a figure consisting
of a point p € M (the vertex of the hinge) and two geodesic segments v, 3 (the edges of

the hinge) emanating from p with one being minimal. Moreover, a hinge A(p;7, 3) in M?2 is
called a comparison hinge of A(p;~y, ) if it satisfies

(7)) =Ly), LB)=Lp) and ZLy(7,B) = Zy(7,B).
The following proposition follows from the Toponogov comparison theorem, see [64, p.161].

Proposition 2.0.3 Let A(B; v, B) be a generalized geodesic hinge in M. Then, there exists
a comparison hinge A(p;7, 8) in M2 such that d(g,,qs) < d(5,qg), where q, qp, G and Gz
denote the end points of v, B, 7 and B, respectively.

In the proof of the next result, we use the same ideas as those presented in the proof
of [69, Lemma 3.2], with some minor technical adjustments needed to settle it to our goals.

Lemma 2.0.4 Let M be a complete Riemannian manifolds with sectional curvature K > k.
Let pg € M, p# q, v € TyM, v : [0,4+00) — M be defined by ~(t) = exp, (tv) and a
minimizing geodesic 3 : [0,1] — M with 3(0) = p and 5(1) = q. Then, for any t € [0, +00)
there holds

cosh(kd(y(t),q)) < cosh(kd(p,q))+

k cosh(kd(p, q)) sinh(ts [|v]|) (

ol tanh(Rd(p.q)) {v. B(0)
> T g 0l ) (22)
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and, consequently, the following inequality holds

sinh (~t[[v])) (tHvH hdg) 2@,5/(0») (2:3)

dQ(’Y(t)a q) < dz(pa q) + P tanh (kd(p, q)) o]l

Proof. Consider the generalized geodesic hinge A(p; v, ) in M, and let 6 := Z,(~, 5). Since
(B) =d(p,q) = |5 (0)||, we have

(v, 5'(0)) = [|v]l d(p, q) cos 6. (2.4)

+00) and set y := 7(¢). Then, by Proposition 2.0.4, exist a comparison geodesic
7, 3) of the hinge A(p;~, 3) in M? such that

Let t € [0,
hinge A(p;

d(y,q) < d(7,9), (2.5)

where 7 and 7 are the end points of 7 and 3, respectively. Thus, considering the triangle
geodesic A(ypq) in M?, we have

dE.y) =tlel,  dpa) =dp.q, 57,8 =0 (2:6)
It follows from (2.5) that cosh (kd(y, q)) < cosh (<d(y,q)). Thus, using Proposition 2.0.2 to
the geodesic triangle A(ypq) in M? together with (2.6), we obtain that
cosh (£d(y, q)) < cosh (kd(p, q)) cosh (it ||v]|) — sinh (kd(p, q)) sinh (&t ||v||) cos 6.

By using (2.4) and taking into account that cosh (&t ||v||) < 1+ (&t ||v|| /2) sinh (At ||v]|), for
all ¢ > 0, after some algebraic manipulation the last inequality becomes (2.2). To prove
(2.3), first note that (2.2) is equivalent to

2d(p, q) [cosh (~d(y, q)) — cosh (#d(p, q))] _
sinh (kd(p, q)) N

e kpg)  2(0.80)
Asinh (A o] (t””” tanh (dp @) ol ) ‘

On the other hand, from [69, Lemma 3.1] we have s* — t* < 2t[cosh(s) — cosh(t)]/ sinh(¢),
for all s, t > 0. Thus,

2kd(p, q) [cosh (Rd(y, q)) — cosh (kd(p, q))]
sinh (kd(p, q)) '

Therefore, (2.3) follows by combining the two last inequalities, which completes the proof.
[ |

We proceeded to recall some concepts and basic properties about convexity in the
Riemannin context. For more details see, for example, [61,64,67,69]. For any two points
p,q € M, I'), denotes the set of all geodesic segments 7 : [0,1] — M with v(0) = p and
7(1) = ¢. Let the nonempty subset & C M. We use I}, to denote the set of all y € ', such
that () € Q, for all ¢ € [0,1].

Ry, q) — K d*(p,q) <
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Definition 2.0.5 A nonempty subset Q2 C M is said to be weakly convez if, for any p,q € €2,
there is a minimal geodesic segment joining p to q belonging to €.

Definition 2.0.6 A function f : M — R is said to be convex on the set Q@ C M if Q 1is
weakly convexr and, for any p,q € 2 and v € ng, the composition fo~v :[0,1] — R is a
convez function on [0,1], i.e.,

(font) <X =t)f(p)+tflg),  Vte[01].

For f a differentiable function on D C M and a weakly convex set 2 C D, we have the
following characterization: f is convex on () iff there holds

FO(1) = f(p) + (grad f(p),7'(0)), Vv €T, pae, (2.7)

see [67, Theorem 5.1].

The following concept will be useful in the analysis of the sequence generated by the
iterative methods discussed in this thesis.

Definition 2.0.7 A sequence {yx} in the complete metric space (M,d) is quasi-Fejér
convergent to a set W C M if, for every w € W, there ezists a sequence {€;} C R such that
e >0, >0 e < 400, and d*(Yrpy1, w) < d*(yr, w) + €, for all k =0,1,. ...

The main property of a quasi-Fejér sequence is stated in the next result, and its proof is
similar to the one proved in [19], by replacing the Euclidean distance by the Riemannian.

Theorem 2.0.8 Let {yr} be a sequence in the complete metric space (M,d). If {yx} is
quasi-Fejér convergent to a nonempty set W C M, then {yx} is bounded. Furthermore, if a
cluster point y of {yx} belongs to W, then limy_,o0 Y. = 4.
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Chapter 3

Gradient method for optimization on
Riemannian manifolds with lower
bounded curvature

In this chapter, we consider the gradient method to solve the following optimization problem:

min{f(p): p € M}, (3.1)

where the constraint set M is endowed with a structure of a complete Riemannian manifold
with lower bounded curvature and f : M — R is a continuously differentiable convex
function. The analysis of the gradient method is presented with three different finite
procedures for determining the step-size, namely, Lipschitz step-size, adaptive step-size and
Armijo’s step-size. The first procedure requires that the objective function has Lipschitz
continuous gradient, which is not necessary for the other approaches. Convergence of the
whole sequence to a minimizer, without any level set boundedness assumption, is proved.
[teration-complexity bound for functions with Lipschitz continuous gradient is also presented.
Numerical experiments are provided to illustrate the effectiveness of the method in this new
setting and certify the obtained theoretical results. In particular, we consider the problem
of finding the Riemannian center of mass and the so-called Karcher’s mean.

3.1 Notations and auxiliary results

The following lemma plays an important role in next sections and its proof can be obtained,
with some minor technical adjustments, following the ideas of Lemma 2.0.4 together with
the characterization given in (2.7).

Lemma 3.1.1 Let M be a Riemannian manifolds with sectional curvature K > k, and k
be defined in (2.1). Assume that f is differentiable and convex on the set Q C M, p € Q
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and 7y : [0,4+00) = M is defined by (t) = exp, (—tgrad f(p)). Then, for any t € [0, +00)

and q € Q there holds
t|grad f(p)||  tanh(kd(p,q)) f(p) — (q)}
2 kd(p,q)  llgrad f(p)]|

cosh(kd(y(t),q)) < cosh(kd(p, q))+

%cosh(%d(p,q>>snnh<%tugra£1f<p>n>{

and, consequently, the following inequality holds

*(¥(t), q) < d*(p, q)+
Sinh(/%tllgfad f()I) { kdp,g) 2

tanh (kd(p,q))  |lgrad f(p)]

Next we present the definition of Lipschitz continuous gradient vector field; see [24].

tll grad £(p)||

<ﬂm—f@ﬂ.

Definition 3.1.2 Let f : M — R be a differentiable function on the set D C M. The
gradient vector field of f is said to be Lipschitz continuous on D with constant L > 0 if, for
any p,q € D and y € '}, it holds that || P, p, 4 grad f(p) — grad f(q)|| < LE(v).

It is well known that the covariant derivative can be expressed in terms of parallel
transport. Namely, for p € M, v € T,M and « a differentiable curve such that «(0) = p
and o/(0) = v we have

VoV () =l [Prio,V (a6) = V)], ¥V € X(M). (32)

Thus, from (3.2) the ”"fundamental theorem of calculus” can be stated by following

1
PaasV @ =V ) = [ Panios VooV (alt) . 33)

where (1) = ¢, see [34, eq.(2.4)]. The norm of the hessian hess f at p € M is given by
Iess £(p) = sup {lhess f(p)o]| : v € ToM, [lo]l = 1} (3.4

In the following result we present a characterization for twice continuously differentiable
functions with Lipschitz continuous gradient vector field.

Lemma 3.1.3 Let f : M — R be a twice continuously differentiable function on the set
D C M. The gradient vector field of f is Lipschitz continuous on D with constant L > 0 if,
and only if, there exists L > 0 such that ||hess f(p)|| < L, for all p € D.

Proof. First we assume that grad f is Lipschitz continuous with constant L > 0. Let p € D
and v € T,M with |lv[| = 1. Consider v the geodesic given by ~(t) = exp,(tv). Thus,
considering that ||v]| = 1, it follows from Definition 3.1.2 that

H% [Py wpgrad f(y(t)) — grad f(p)] H <L,
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for all ¢t small enough. Thus, letting ¢ goes to 0 in the last inequality and taking into account
(3.2) and that +/(0) = v we obtain that ||hessf(p)v|| < L. Therefore, from (3.4) we conclude
that the norm of the hessian of f is bounded by L. Reciprocally, assume that the norm of
the hessian of f is bounded by L. Let p and ¢ € D and consider v : [0,1] — D a geodesic
segment joining p to ¢ with (0) = p. By using (3.3) we have
1
P’y,q,p grad f(Q) - grad f(p) = /0 P'y,'y(t),phessf(’y(t)) 7/(t> dt.

Since the parallel transport is an isometry and considering that |hessf(p)|| < L, for all
p € M, we conclude that

| P, grad f(g) — grad f(p)]| < L / IV ()]l dt = Le()).

Therefore, from the Definition 3.1.2 follows that grad f is Lipschitz continuous on D with
constant L, which conclude the proof. [

The next lemma can be found in [12, Corollary 2.1] with minor adjustments. Its proof
follows from the fundamental theorem of calculus.

Lemma 3.1.4 Let f : M — R be a differentiable function on the set D C M and a > 0.
Assume that grad f is Lipschitz continuous on D with constant L > 0 and p € D. If
exp,(—tgrad f(p)) € D, for all t € [0,a}, then there holds

Flexpy(~temad f) < 50— (1= 5¢) tharad S, Ve € D.al

Note that if D = M, then the condition exp,(—tgrad f(p)) € D for all t € [0,a], in
Lemma 3.1.4, plays no role. In the following example we present a function satisfying all the
assumptions of Lemma 3.1.4 for the case D # M.

Example 3.1.5 Let M = {p € R": ||p|| = 1} the Euclidean sphere and ¢ € M. Define
©0,(p) == d*(p,q)/2, for all p € M. The function ¢, is differentiable in D := {p € M :
d(p,q) < 57/6} and convex in 2 = {p € M : d(p,q) < w/2}. Furthermore, grad ¢y,
is Lipschitz continuous on D, because hess ¢, is continuous in M\{—¢} D D. Indeed,
combining [30, Lemma 3] with Lemma 3.1.3 we conclude that

|(p, @) arccos (p, q)| _ 5_7T\/_

L = sup 6 3.

peD 1—{p,q)?

Since grad ¢, (p) = — exp, Lq for all p € M\{—q}, after some calculations, we conclude that
d(exp,(—t grad ¢,(p)),p) < td(p, q), for all p € D. Hence, letting p € {2 we have

d((exp,(—tgrad py(p)), q) < d(exp,(—tgrad p,(p)), p) +d(p,q) < (t + 1)%

and then exp,(—tgrad ¢,(p)) € D, for all t € [0,1/L]. For more details about the function
©g; see [30].
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The study of the gradient method for convex functions is well understood for Riemannian
manifold with nonnegative sectional curvature and Hadamard manifolds; see [24,75,76]. In
order to increase the domain of applications of the method, hereafter, we assume that M is
a complete Riemannian manifolds with sectional curvature K > k, where k < 0, unless the
contrary is explicitly stated.

3.2 The Riemannian gradient method

In this section we state the Riemannian gradient method to solve (3.1) and the strategies
for choosing the step-size that will be used in our analysis.

Assumption 3.2.1 Let D C M be an open set, f : M — R be continuously differentiable
in D, Q* be the solution set of the problem (3.1), f* = inf,cp f(p) be the optimum value
of f, and ¢ € R. From now on, we assume that Q* is non-empty and f is convexr on the
sub-level set L.f, where

L.f:={peM: f(p)<c}CD.

The statement of Riemannian gradient algorithm to solve (3.1) is as follows.

Algorithm 1: Gradient algorithm in a Riemanian manifold M
Step 0. Let pg € L.f. Set k= 0.

Step 1. If grad f(px) = 0, then stop; otherwise, choose a step-size t;, > 0 and compute
Pre1 = exp,, (—tx grad f(pr)) - (3.5)

Step 2. Set k <— k + 1 and proceed to Step 1.

In the following we present three different strategies for choosing the step-size t;, > 0 in
Algorithm 1. In the first strategy we assume that grad f is Lipschitz continuous.

Strategy 1 (Lipschitz step-size) Assume that grad f is Lipschitz continuous on D with
constant L > 0 and that exp,(—tgrad f(p)) € D, for allp € L.f and t € [0,1/L]. Let e >0
and take

1
e<tr< 7. (3.6)

Despite knowing that grad f is Lipschitz continuous, in general, the Lipschitz constant is
not computable. Next strategy can be used to compute the step-size without any Lipschitz
condition. However, as we shall show, if grad f is Lipschitz with constant L > 0, then the
step-size computed is an approximation to the step-size 1/L; see [5].
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Strategy 2 (adaptive step-size) Take( € (0,1/2], Lo >0, and0 <n < 1. Setty := L;",
where Ly, = n""%L;_; and

i = min {i: f(3(7:)) < f(px) = C7illgrad f(p)[I*, i =0,1,...}, (3.7)
where T; 1= niL,;_ll and y(7;) = exp,, (=7 grad f(p)).
Strategy 3 (Armijo’s step-size) Choose § € (0,1) and take
te = max {277 f (w(27)) < flpw) — 027" |lgrad f(pe)[|*, i =0,1,.. .}, (3.8)
where 3(277) i= expy, (<2 grad f(pe)).

Remark 3.2.2 If D = M, then the condition exp,(—tgrad f(p)) € D for all t € [0, a], in
Strategy 1, plays no role. Recall that the function in Example 3.1.5 satisfies this condition
for D # M.

Remark 3.2.3 Strategy 2 can be seen as an Armijo-type line search where the first trial
step-size at iteration k is set to be equal to t;_;. Indeed, taking Ly = 1, and n = 1/2 the
inequality in (3.7) can be equivalently rewritten as

FOow(2th1)) < fpr) = 827t [lgrad f(pi) [

The proof of the well-definedness of Strategies 2 and 3 follows the usual arguments and
will be omitted. Hence, the sequence {p} generated by Algorithm 1 with Strategies 1,
2 or 3 is well-defined. Finally we remark that, due to f satisfies the Assumption 3.2.1,
grad f(p) = 0 if only if p € Q*. Therefore, from now on we assume that grad f(px) # 0, or
equivalently, py, ¢ Q*, for allk =0,1,.. ..

3.2.1 Asymptotic convergence analysis

In this section our goal is to prove that the sequence {py}, generated by the gradient method
with Strategies 1, 2 or 3, converges to a solution of problem (3.1).

Lemma 3.2.4 Let {p} be generated by Algorithm 1 with Strategies 1, 2 or 3. Then,

f(pk+1> < f(pk) —l/tngI‘adf(pk)HQ, k=0,1,..., (39)

where v = 1/2 for Strategy 1, v =  for Strategy 2 and v = 0 for Strategy 3. Consequently,
{f(pr)} is non-increasing sequence and limy_, o ty| grad f(pe)||* = 0.

Proof. For Strategies 2 and 3, inequality (3.9) follows directly from (3.7) and (3.8),
respectively. Now, we assume that {p.} is generated by using Strategy 1. In this case,
Lemma 3.1.4 implies that

) = fexpy, (~te grad fn)) < £o) — (1= 50 ) o lenod )
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for all k = 0,1,.... Hence, taking into account (3.6) we have 1/2 < (1 — Lt;/2) and then
(3.9) follows. Therefore, (3.9) holds for {p} generated by using one of the three strategies.
It is immediate from (3.9) that {f(pg)} is non-increasing. Moreover, (3.9) implies that

14

V4
St lerad fpo)lF < 3 F(p) — Flpean) <

k=0 k=0

(f(po) = 1),

R | =

for each nonnegative integer £, which implies that t; ||grad f(pi)|” goes to zero, as k goes to
infinity, completing the proof. |

Remark 3.2.5 Whenever grad f is Lipschitz continuous on D with constant L > 0, the
step-size in Strategy 2 can be seen as an approximation for 1/L. Indeed, since Ly > 0 and
0 < n < 1 in Strategy 2, we conclude that t; = L,;l < L,;_ll =tp_q, forall k =0,1,....
Thus t, < 1/Lg, for all k =0,1,.... If Ly > L, then it follows from (3.9) that ¢, = 1/ Ly, for
all K = 0,1,.... Therefore, for Strategy 2 we assume Ly < L. In this case, (3.9) holds for
tr = 1/L and then (3.7) implies that n/L < t;. Hence,

k=01,.... (3.10)

Let po € L.f. By Lemma 3.2.4, we define the constant p > 0 as follows

o0 2[f(po) — f*]/L, for Strategy 1;
> tillerad f(pR)I* < p = [£(mo) = 1/(CLo), for Strategy 2; (3.11)
k=0

[f(po) — £71/0, for Strategy 3.

In the following result, in particular, we bound the sequence {py} generated by Algorithm 1
with Strategies 1, 2 or 3.

Lemma 3.2.6 Let q € Q" and {py} the sequence generated by Algorithm 1 with Strategies 1,
2 or 8. Then, there holds

1 12 .
d(prs1,q) < —cosh™ (cosh(/%d(po, q))eﬁ(”\/ﬁ) Slnh(”\/ﬁ)> : k=0,1,.... (3.12)
R

Proof. Applying the first inequality of Lemma 3.1.1, with ¢ = ¢, and p = p; , we have
pre1 = Y(tx), and taking into account that ¢ € Q*, we conclude that

o sinh(~ty, ||grad f(pk)]|)
2kt ||grad f(pe)||

for all K = 0,1,..., where & is defined in (2.1). Since (3.11) implies ¢ ||grad f(px)|| < /P,
for all k =0,1,..., and the map (0, +00) 3 t > sinh(¢)/t is increasing, we conclude that

cosh(Rd(pr+1,q)) < cosh(Rd(pr,q)) [1 + a (¢ ||grad f(pk)H)Q} : k=0,1,...,

cosh(kd(pr11,q)) < cosh(kd(pk,q)) [1 + (kty |lgrad f(pr)||)
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where a := &(sinh(#/p))/(2/p). Now note that the last inequality implies that

cosh(id(prr1,q)) < cosh(id(py, q))e*tleradfenl)* k=01, ...

Therefore, by using (3.11), it follows that cosh(/d(pgi1,q)) < cosh(kd(po,q))e*, which is

equivalent to (4.15) by considering the definition of & in (2.1). |
Let us define the following auxiliary constant
sinh (& 1/x o
Cl. = % [1 + cosh™! (cosh(/%d(po,q))eﬁ(“\/ﬁ) Smh(”‘/ﬁ)ﬂ : (3.13)
K /ﬁ: p

where p in defined in (3.11).

Lemma 3.2.7 Let {py} be generated by Algorithm 1 with Strategies 1, 2 or 3. Then, for
each q € Q*, there holds

PP 0) < Plproa) + EC0 [F) = Fr)] + 2615 = Fp0], (314

for all k = 0,1,..., where v = 1/2 for Strateqgy 1, v = ( for Strategy 2 and v = § for
Strategy 3.

Proof. Define v,(t) = exp,, (—t grad f(px)), for all ¢ € [0, +00). Then, 7(0) = p; and, from
(3.5), we obtain Y (tx) = pry1. Applying second inequality of Lemma 3.1.1 with v = ~,
after some manipulations, we conclude that

d*(prs1,q) < P (pr, @)+

sinh (&tg || grad f(pr)|l) | 2 o Rd(pr,q)
_ t7]| erad = + 2t [T — , (3.15
Htk” grad f(pk)” k” g f(pk)H tanh (Iid(pk, q)) k [f f(pk)] ( )
for all K = 0,1,.... On the other hand, ¢/tanh(¢) < 1+ ¢, for all ¢ > 0, and the map

(0,+00) > t + sinh(t)/t is increasing and bounded below by 1. Thus, taking into account
that (3.11) implies t;, [|grad f(py)|| < \/p for all k = 0,1, ..., and considering f* — f(py) <0
for all £ =0,1,..., we conclude from (3.15) that

& (pri1,q) < d*(pr, q) + Sm};(%\/—p)till grad f (py)1* [L + ~d(pr, )] + 2t [f* = f(p1)],
for all k =0,1,..., where p is defined in (3.11). Thus, by Lemma 3.2.4, we obtain
& (Pri1,q) < d*(pr, q) + %w (1 + ~d(pr, OIS (k) = S (Prey)] + 26 [ = Fpw)],
for all k = 0,1,.... Therefore, by Lemma 3.2.6 and (3.13), we have (3.14), which concludes
the proof. [ |

Finally, we are ready to prove the full convergence of {px} to a minimizer of f.
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Theorem 3.2.8 Let {pi} be generated by Algorithm 1 with Strategies 1, 2 or 3. Then {py}
converges to a solution of the problem in (3.1).

Proof. First note that (3.6), (3.8) and (3.10) imply 0 <t < 1/Lor 0 <t <1lor 0 <t <
1/Lg, for all k = 0,1,..., for Strategies 1, 3 or 2, respectively. Let I' := max{1/L,1,1/Ly}.
Thus, for Strategies 1, 2 or 3 we conclude from Lemma 3.2.7 that

1
dQ(pk+1> q) < d2(pk7 Q) + ;Fclp]7n [f(pk‘) - f(pk‘+1)] ) k= 07 17 SRR

for all ¢ € Q*. Considering that > .= [f(px) — f(pe+1)] < [f(po) — f*], we conclude that
{pr} is quasi-Fejér convergent to Q*. Therefore, since Q* is non-empty, the sequence {py} is
bounded. Let p be an cluster point of {p;} and {pk].} be a subsequence of {p;} such that

lim;_,o pr; = p. It follows from Lemma 3.2.4 that limy_. ¢ [|grad f(pk)||2 =0, and due to
{t;} has a cluster point ¢ € [0,T], we analyze the following two possibilities

(a) t >0, (b) £ = 0.

Assume that (a) holds. In this case, considering that limy_,. t; ||grad f(pi)||> = 0 and grad f
is continuous, we conclude that

0= Tim ty, [[grad f(pr,)|| = Ellgrad f(P)]].

Hence, grad f(p) = 0 and then p € Q*. Note that if Strategy 1 is used, then ¢ satisfies
only (a). Now, we assume that (b) holds. In this case Strategies 2 or 3 is used. First assume
Algorithm 1 with Strategy 2. Since {t;,} converges to ¢ = 0 and {f;} is non-increasing, it
follows that {t,} converges to t = 0. Hence, taking r € N, we can conclude that ¢, < n"L;"
for k sufficiently large. Thus, (3.7) implies

f (exp,, (n"Ly*[—grad f(px,)])) > f(p) — 1" Lg "¢ |lgrad f(px)||” -

Letting k goes to +oco in the above inequality and taking into account that grad f and the
exponential mapping are continuous, we obtain

f (exp, (1" Lyt = grad £(5)])) > f(B) — 0" Ly *¢ |lgrad f(B)||” -

The last inequality is equivalent to

S (exp, (0" Ly [~ grad f(p)])) — £ (D)

—\ 112
o < Cllgrad 7 (5)*

Thus, letting r goes to +oo we obtain |grad f(7)||> < ¢|lgrad f(7)||° which implies
grad f(p) = 0, i.e., p € Q. Therefore, since {py} is quasi-Fejér convergent to Q*, we

conclude from Theorem 2.0.8 that {py} converges to p. Finally, assume that Strategy 3
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is used. Since {t;,} converges to t = 0, taking r € N, we conclude that t,, < 27" for j
sufficiently large. Thus Armijo’s condition (3.8) is not satisfied for 27", i.e.,

Flexpy, (27 [= grad f(pi,)]) > F(pi,) — 276 |Jaxad F (o)

Letting j goes to +00 in the above inequality and taking into account that grad f and the
exponential mapping are continuous, we obtain

flexpy(277[— grad f(p)])) = f(p) — 2776 ||grad f(p)|*.
The last inequality is equivalent to

 flexpy (27 [ grad S D)) — £(D)

- < 6 lgrad f (D).

Thus, letting r goes to +oo we obtain ||grad f(p)||> < & |lgrad f(7)||>, which implies
grad f(p) = 0, i.e., p € Q. Therefore, since {p} is quasi-Fejér convergent to Q*, we

conclude from Theorem 2.0.8 that {py} converges to p and the proof is completed. [ |

3.2.2 Iteration-complexity analysis

In this section, we present an iteration-complexity bound related to the gradient method for
minimizing a convex function with Lipschitz continuous gradient with constant L > 0. In
the following, as an application of Lemma 3.2.7, we obtain the iteration-complexity bound
for the gradient method with Strategy 2.

Theorem 3.2.9 Let {py} be generated by Algorithm 1 with Strategy 2 for ( = 1/2. Then,
for every N € N, there holds

Lo d*(po,q) +2 (C4, — 1) [f(po) — f7]
2NL077 ’

flon) = <L (3.16)

for each q € Q*. As a consequence, given a tolerance € > 0, the number of iterations required
to obtain py € M such that f(py) — f* <€, is bounded by

L [Lo d*(po,q) + 2 (Ch.. — 1) [f(po) — £7]] /(2Loen) = O (1/e).
Proof. Take q € 2*. After some algebraic manipulations, Lemma 3.2.7 implies

2t (f (prsr) — f*) < [d*(Pr> @) — P (s, @) ] + 2t [CLc — 1] [f (k) — f (Prs1)]

for all k = 0,1,.... Using (3.10) and taking into account that C{ > 1, f(prt1) — f* >0
and f(pr) — f(prs1) =0, for all k =0,1,..., it follows that

2n

7 U rn) = 1< [ (0r, @) = P (prr, 0)] + L% [Ca = 1] [f(pr) — f(Prs)]
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Summing both sides of the above inequality for £k =0,1,..., N — 1, we obtain

2

2 S ran) = £1 = [ (00) = Elowe)] + 2 [~ 1] ) = Fon)]-

I§
o

7

Since {f(x)} is a decreasing sequence, we conclude that

DN (Fow) — £7) < [E(p0.0) = v )] + - (€= 1] 1) = Flow)],

which is equivalent to (3.16). The second statement of the theorem follows as an immediate
consequence of the first part. [ |

Whenever the Lipschitz constant L > 0 is computable, we can take a constant step-size
and Theorem 3.2.9 trivially implies the following result.

Theorem 3.2.10 Let {py} be generated by Algorithm 1 with Strategy 1 for t,, = 1/L, for

all k=0,1,... . Then, for every N € N, there holds
. _ L &po,q)+2(Cl.— 1) [f(po) — f]
flon) = < (5}\[ ) : (3.17)

for each q € Q*. As a consequence, given a tolerance € > 0, the number of iterations required
by the gradient method to obtain py € M such that f(py) — f* < €, is bounded by

[L d*(po.q) +2(CL,. — 1) [f(po) — ] /(26) = O (1/e).

We remark that, if x = 0 then CI, = 1. As a consequence, Theorem 3.2.10 merges
into [12, Theorem 3.2].

Corollary 3.2.11 Let {py} be generated by Algorithm 1 with Strategy 1 for t, = 1/L, for
allk =0,1,... . Then, for every N € N, there holds

2¢/LL d*(po,q) +2(Clx — 1) [f(po) — f*]]

min {|| grad f(px)||: k=0,1,...,N} < N

, (3.18)

for each q € Q*. As a consequence, given a tolerance € > 0, the number of iterations
required by the gradient method to obtain pN € M such that || grad f(pn)|| < €, is bounded

by \/LIL d*(po,q) +2(Con — 1) [f(po) — f]]/e = O (1/e).

Proof. Let N € N. Using the notation [N/2] for the least integer that is greater than or
equal to N/2, we have

N

fon) = [+ Z [f(pj) = (i)l = f(prayz) — f* (3.19)
J=[N/2]
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Thus, combining the last inequality with Theorem 3.2.10, we conclude that

Fwe) =1+ 3 1)~ Sy < Z T D2 G DU Ty
J=[N/2]

On the other hand, using Lemma 3.2.4 and considering that ¢, = 1/L, we obtain

N N
1 x
Y7 > lgrad fFp)IP < D [F () = Fpie)] < flppage) — £
J=[N/2] J=[N/2]
In view of N/2 < [N/2], the above inequality together with (3.19) and (3.20) yield
N 2 *
1 L d*(po,q) +2(C,. — 1) [f(po) — /]
LS aad £ < G .
J=[N/2]

Therefore,
AL [L d*(po,q) +2(CL,. — 1) [f(po) — f*]]
N2 ’

which implies the desired inequality. The second statement of the corollary follows as an
immediate consequence of the first one. |

min{ | grad f(pr)||* : k= [N/2],...,N} <

We end this section by recalling an iteration-complexity bound for non-convex functions
defined in a general Riemannian manifolds, which appeared in [18].

Theorem 3.2.12 Let {py} be generated by Algorithm 1 with Strategy 1. Then, for every
N € N, there holds

L(f(po) — [*)
VN +1 '

As a consequence, given a tolerance € > 0, the number of iterations required to obtain py € M
such that || grad f(pn)|| < € is bounded by O(L(f(po) — [*)/€?).

2
min {|| grad f(px)||: £ =0,1,...,N} < \/

It is worth to point out that results on iteration-complexity bound to the gradient method
on Riemannian manifold with non-negative curvature and in Hadamard manifolds with lower
bounded curvature has already appeared [12,75,76]. The result of this section present a
contribution to the systematic study of the iteration-complexity of the gradient methods in
the Riemannian setting.

3.3 Examples

In the following sections, we present some examples of functions satisfying the assumptions of
our results in the previous sections. In particular, we show that, by endowing the constrained

31



set with a suitable Riemannian metric, a constrained Euclidean optimization problem with
non-convex objective function having non-Lipschitz gradient can be seen as unconstrained
Riemanian optimization problem with convex objective function having Lipschitz gradient.
Throughout the next sections we denote

RLF::{x::(xl,...,xn)Te]R"Xl: x; >0, izl,...,n},

the positive orthant, P" the set of symmetric matrices of order n x n and IP" | the cone of
symmetric positive definite matrices.

3.3.1 Examples in the positive orthant

In this section, we present examples in the positive orthant endowed with a new Riemannian
metric. To present this examples we need some definitions and results of Riemannian
geometry. From now on, for each x € R™ we will denote by diag(x) the diagonal matrix
in R™*™ that satisfies (diag(x)),; = x; for alli=1,... n.

Endowing R, with the Riemannian metric (-,-) defined by (u,v) = u'G(z)v, for all
r € R}, and u,v € T,R}, = R", where G : R} | — P’} is given by
G(z) = diag(z;?, ..., z,%) € R™", (3.21)

rrn

we obtain a complete Riemannian manifold with zero curvature, which will be denoted by
M = (R}, ,G). The Christoffel symbols of M are given by

-1 i ==k
rh= e B TEIEE (3.22)

0, if otherwise.

Let f : M — R be a twice differentiable function. We denote by f'(z) and f"(x)
the Euclidean gradient and hessian of f at x, respectively. Thus, (3.21) implies that the
Riemannian gradient of f is given by

grad f(z) = diag(z)?f'(z), r € M. (3.23)

Moreover, (3.21) and (3.22) imply that the Riemannian hessian of f is given by
hess f(z)v = [diag(z) f"(z) + diag(x)diag (f'(z))] v, re M. (3.24)
Next we present two examples of convex functions with Lipschitz gradient in M = (R}, G).

Example 3.3.1 Consider the function f : R?}, — R defined by
f(z) = Z fi(xi), fi(x;) = —a;e™ " + ¢;1n (ml)2 +d;In(z;), i=1,...n, (3.25)
i=1
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where a;,b;,d; € Ry and ¢; € R, satisfy ¢; > a;. Since f is coercive, it has a minimum.
By using (3.25) the first and second derivative of f at € R’ are given by f'(z) =
(Fi@1),- -, fo(wa)) and f"(x) = diag (f{(z1), .., [1(z2)), where

1 ) ) 1-1 i i
n(w:) + %, fl(x;) = —able " + 2¢; {ﬂ] - d_;’ (3.26)

Z;

fl(z:) = abe™" + 2¢; '

7 X i

for all i = 1,...,n. Note that f/(1) < 0, for all i = 1,...,n, and then f is not Euclidean
convex. Using (3.24) and (3.26) the hessian of f in M = (R, G) is given by

hess f(x)v = (alble_b”“ (a:l — blx%) + 261, ..., apbyenEn (:L“n — bnxi) + 20n) v.

Since ¢; > a;, we have a;b;e™%% (z; — b;x?) + 2¢; > 0, for all i = 1,...,n. Hence, by using
the definition of the metric, for v = (v, ...,v,)" € R" and « € R}, we have

n

(hess f(x)v,v) = Z [aibie™"" (2 — ba}) + 2¢;]

i=1

|5

>0

)

N

R

concluding that f is convex in M. Since |[v|| = vTG(x)v = 1, we have v} < 22 and owing
that a;b;e”b%i (x; — bzxf) + 2¢; < a; + 2¢;, for all i =1,...,n , we obtain
n 2 n
|hess f(x)v|” = Z [aibie ™" (z; — ba?) + 201-}2 U—; < Z(ai +2¢)%, reR,,.

=1 =1

Therefore, (3.4) and Lemma 3.1.3 imply that grad f is Lipschitz continuous with constant
L < 2?:1(CL7; + 261)2.

Example 3.3.2 Consider the function f : R?, — R defined by

flz) = i hi(z;), fi(z;) = a;1n (xf + bi) — ¢ 1In (z;), 1=1,...n, (3.27)
i=1

where a;, b;, ¢;,d; € Ry, satisfy ¢; < a;d; and d; > 2, for all ¢ = 1,...n. The minimizer of
fisa* = (af,...,2}), where x} = %/bc;/(a;d; — ¢;), for i = 1,...,n. By using (3.25) the
first and second derivative of f at x € R’ are given by f'(z) = (f{(x1),..., [, (z,)) and
f"(x) = diag (f{(x1), ..., f/(z,)), respectively, where

di—1 d;—2 2d;—2
L P A< ST AP R C A L it A S S N
ZZ +b x ( 7,1 +b)2 T

Since ¢; < a;d;, for z; sufficiently big we have f/(x;) <0, for all i = 1,...n. Thus, f is not
Euclidean convex. Hence, using (3.24) we obtain that the hessian of f is given by

dy dn
x T
hess f(z)v = diag [ a1byd?——, ..., apbpd>—"—— | v, (3.28)
Yt b)) (2 + by)”
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Thus, considering that (hess f(z)v,v) = vTG(z)hess f(z)v we conclude that

d;

hess f(x a;b; d2 Ti 2 0,
< Z :B "+ b; )

which implies that f is convex in M. Since |[v]| = vTG(z)v = 1 we have v? < 22, for all
i=1,...,n. Hence, (3.28) and the definition of the metric yield

n 2d;—2 n

Ihess f(x)ol” = 3 a??d!———0? < Y il Z a2d’.

zllzz(il+bi)4z_izllzz( i=1

Therefore, (3.4) and Lemma 3.1.3 imply that grad f is Lipschitz continuous with constant
L <> ald}.

=1 a; a;
We end this section by presenting two more examples of convex functions with Lipschitz
gradients in M = (R}, G).

Example 3.3.3 Let the function f: R}, — R defined by

f(z) :=aln (:ch + b) — czln (),

=1

where a,b,c € R, and nc < 2a. Note that, the first and the second euclidian derivatives of
f are given, respectively, by

2a

f(z) = e (a1t 2, (3.29)
2a daxTv . _9 —9
f(x)v = o — ;U 7o+ b)Qx + cdiag (acl ey Xy ) v, (3.30)
for all v € R™ and € R} ,. A minimizer of f is x, = \/bc/(2a —nc)(1,...,1) € R} .

Hence, using (3.24), (3.29) and (3.30), we obtain

4 Ry
h = .
ess f(z)v = e bdlag( z)? { po bx]

Thus, f is convex in M. Indeed, because for all + € M and v € T, M holds
- 4a [ T, (xTv)? } > 0.

2Tr+b 2Tz +0b

(hess f(z)v,v

Now, we will prove that f has gradient lipschitz in M. First, note that

40 \? 2Ty 17" aky
2 - 2
||hess f(z)v||” = (xT:U n b) [v ~ T bx] diag(z) |:U R b4 :
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By doing simple algebraic manipulations it follows that ||hess f(z)v||* is equal to

da 2 vT diag(z)?v — 2 ki o diag(x)*v + . 2aszia (z)%x (3.31)
2Tz +b & zTx+0b & etz +b & ' '
Since ||v|| = vTG(z)v = 1 we have |v;] < z; for all i = 1,...,n. Consequently,
v! diag(z)?v < (a:Ta:)2, v diag(z)*z| < (:ETx)Z, o’ diag(z)*r < (a:Tx)2.

Hence, using that |z7v] < 272 and (3.31) , we obtain

2 2
4azTx ) [ . 227 (z"2) 64

h 7 <
|hess f(z)v]|” < (xTx+b xTx+b (a:Tx—l—b)2

Therefore, (3.4) and Lemma 3.1.3 imply that grad f is Lipschitz continuous with constant
L < 8a.

Example 3.3.4 Consider the function f : R?, — R defined by

f(z) =aln (I + b) — chn(xi).

=1

where II, ;== x; - ... 2, and a,b,c € Ry ;. Note that, the first euclidian derivative of f is
given by

2zt M2z, ! _ _ .
f,(I)ZQG(Hz—ib’”',HQ—i—b) —0(1;117,.. T 1)7 V]IER_H_.

Hence, we can say that the second euclidean derivative of f for all x € R, denoted by
f"(x), is given by the following expression

2] % (M2 4+b)— 2[4z > 22z Ly L (12 40) — 2002, tay !
(I12+b)? o (I12+)*
2a : : + cdiag (a:l’Z,...,a:;Q).
o2z oy (M2 4+0) 202y Py 2z, 2 (112 +b)— 21T z;; 2
(112 +b)* (112 +b)*

Given this, using (3.24) we obtain

4abIT? o o 4abIT?
hess f(z)v = a—%diag(x)Q : : v = a—zz [(x’l)Tv] x,
(I12 + b) (I12 + b)
otay! x,?
where z71 := (27, ...,2;1). Thus, f is convex in M. Indeed, because for all z € M and
v € T, M holds
4abIT2 2

(hess f(x)v,v) = 5 [(:L‘_l)Tv] > 0.

(2 +0)

35



Now, we will prove that f has gradient lipschitz in M. For this purpose, calculate

Ihess f(z)v]|* =

16a?b?11; [($_1)T v] .

(12 + b)*
Since vTG(z)v = 1 we have |v;| < z;, for all i = 1,...,n. Hence, the last equality implies
16620211

n? < 16a*n>.

2
s S (ool <

Therefore, (3.4) and Lemma 3.1.3 imply that grad f(x) is Lipschitz continuous with constant
L < 4an+/n.

3.3.2 Examples in the SPD matrices cone

In this section, we present examples in the cone of symmetric positive definite matrices with
new Riemannian metric. Following Rothaus [63], let M = (P}, (,)) be the Riemannian
manifold endowed with the Riemannian metric given by

(U, V) =tr(VX'UX™, XeM, U,V € TxM, (3.32)

where tr(X) denotes the trace of X € P" and Tx M =~ P". In fact, M is a Hadamard
manifold, see for example [45, Theorem 1.2. p. 325] and its curvature is bound below;
see [46]. The gradient and hessian of f: M — R are given by

grad £(X) = X f'(X)X, (3.33)
hess f(X)V = X f/(X)VX + % V(X)X + X (X)V], (3.34)

where V' € TxM, f/(X) and f”(X) are the Euclidean gradient and hessian of f at X,
respectively. In the following, we present two examples of convex functions with Lipschitz
gradient in M = (P}, (-, -)).

Example 3.3.5 Consider the function f : P, — R defined by
f(X) =aln(det(X))* — bIn (det (X)), (3.35)
where a,b € R, . The Euclidean gradient and hessian of f are given, respectively, by

f'(X) = [2aIn(det(X)) — b] X, (3.36)
f (X)W =2atr(X V)X — [2aln(det(X)) — 0] X VX (3.37)

for all X € P}, and V € P". It follows from (3.36) that each X € M satisfying det X =
e?(9) is a critical point of f. Thus, letting V = I, and X = tI, with t € R, in (3.37)
we obtain f”(tI,)I, = [2ant™? — 2anlnt + b]I,. Thus, f”(tI,) is not positive definite for
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t sufficiently large. Hence, f is not Euclidean convex. Moreover, f” is not bounded and,
consequently, f” is not Lipschitz. On the other hand, combining (3.34), (3.36) and (3.37),
after some calculations, we obtain

hess f(X)V = 2atr(X V)X, (hess f(X)V, V) = 2atr(X V)2 > 0, (3.38)

for all X € M and V € TxM. Thus, f is convex in M. Moreover, (3.32) with (3.38)
vield |hess f(X)V] = 2atr(X V), for all X € M and V € TxM. If we assume that
|[V|I?=tr(VX VX)) =1, then tr(X'V) < y/n. Hence,

|hess f(X)V]| < 2av/n, X eM, VeTxM, |V]=1.
Therefore, (3.4) and Lemma 3.1.3 imply that grad f is Lipschitz with constant L < 2a+/n.
Example 3.3.6 Consider the function f : P}, — R by
f(X) =aln (det(X)™ + by) — cln (det X). (3.39)

where a, by, by,c € Ry, with ¢ < ab; The Euclidean gradient and hessian of f are given,
respectively, by

aby (det X)™

"(X)= ———7 X1 cXx ! 3.40
FX) (det X)* + b, (3.40)
2 X b1 X by
£V = 2bebi (dft ) (xv)x 1 4 |- S (det X)T (de'; ol xvxt 3an
[(det X)™ 4 by)? (det X)™* + bo

The equality (3.40) implies that all X € M such that det X = %/boc/(aby — c) are critical
points for f. Letting V = [,, and X = tI,, with t € R, in (3.41) we obtain that

F(tL) I, = (3.42)

(c — aby) t?™ + (abybin + 2byc — aby) 1" + b%c} /
(tnd + 62)2 t2 n-

Thus, f”(tI,) is not positive definite for ¢ conveniently chosen and f is not Euclidean convex.
Moreover, from (3.42) we obtain also that f” is not bounded and consequently f’ is not
Lispchtiz. The combination of (3.34), (3.40), (3.41) and (3.32) yield

abyb? (det X)™
[(det X))+ bz}

hess f(X)V = Str(X V)X, (3.43)

for all X € M and V € Tx M. Hence, by using (3.32) and (3.43) we conclude that

abyb? (det X)™

(hess f(X)V,V) =
[(det X))+ bQ]

Str(XT'V)P >0, XeM, VeTxM,
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which implies that f is convex in M. Moreover, it follows from (3.32) and (3.43) that

abyb? (det X)™
[(det X bg}

|hess f(X)V] = v/n Str(XTMV), X eM, VeTxM. (3.44)

Therefore, by assuming that |V||? == tr(VX 'V X~!) = 1 we obtain from (3.44) that

abyb? (det X)™
[(det X))+ bz}

|hess f(X)V|| < >n < abin, XeM, VelxM.

Therefore, (3.4) and Lemma 3.1.3 imply that f has Lipschitz gradient with constant L <
abin.

3.4 Numerical experiments

In this section, we present some numerical experiments to illustrate the behavior of the
Riemannian gradient method for minimizing convex functions onto the positive orthant
and the cone of symmetric positive definite matrices. We implemented Algorithm 1 with
Strategies 1, 2 and 3, and tested it on the examples of Section 3.3. Additionally, we consider
the application of the method to compute the Riemannian center of mass, which is a specific
instance of a geometric mean for points in a Riemannian manifold. In due course, we will
describe this problem in more detail.

Considering the positive orthant, the exponential mapping exp, : T,M — M in the
Riemannian manifold M = (R, G) is assigned by

exp,(v) = (:ple%, . ,xne%) , (3.45)

for each v := (vy,...,v,)7 € R and = = (1,...,2,)7 € R"_, see [58]. By using the
gradient in (3.23) and the definition of metric, we obtain

Jerad £ (o) = g £(0)*Gio)grad /(o) = Y- |70

=1

For the cone of symmetric positive definite matrices, the exponential mapping expy :
TxM — M in the Riemannian manifold M = (P% ., (-,-)) is given by

expy (V) = Xl/Qe(X—l/QVX—1/2)X1/2’ (3.46)
for each V € P* and X € P’} . By using (3.33), for each X € M, we have
lgrad F(X)I = tr ([XF(X)])
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In both cases, although (3.1) is a constrained optimization problem, by (3.45) and (3.46),
Algorithm 1 generates only feasible points without using projections or any other procedure
to remain the feasibility. Hence, problem (3.1) can be seen as unconstrained Riemannian
optimization problem.

Our numerical experience indicates that it is advantageous to perform a reasonably
stringent line search. Therefore, we used { = 1/2 for Strategies 2 and § = 1/2 for Strategies 3.
Additionally, we set Ly = 1 and n = 1/2 for Strategy 2. We stopped the execution of
Algorithm 1 at p, declaring convergence if

1 (i)l < 107°.

Since, by (3.23) and (3.33), grad f(px) = 0 if only if f'(px) = 0, this is a reasonable stopping
criterion. The maximum number of allowed iterations was set to 1000. Codes are written in
Matlab and are freely available at https://orizon.mat.ufg.br/.

3.4.1 Academic problems

We begin the numerical experiments by testing the Riemannian gradient method on the
problems of minimizing the functions of the examples 3.3.1, 3.3.2, 3.3.5 and 3.3.6. We call
these problems by Problem 1, 2, 3 and 4, respectively.

Academic problems in the positive orthant

In this section, we compare the performance of the Riemannian with the Euclidian gradient
methods on Problems 1 and 2. We considered Algorithm 1 with Strategy 3 and implemented
the Euclidian gradient method also using the Armijo rule with the same algorithmic
parameters. It is worth mentioning that, in principle, the Euclidian method can generate
iterates out of the positive orthant. Thus, in order to keep the feasibility, in each iteration,
we simply determine the maximum step-size to remain within the feasible set and perform
a convenient line search by shrinking the step-size until the Armijo condition is satisfied.

We generated several instances of Problems 1 and 2 by considering functions (3.25)

and (3.27), respectively, with n = 100 and different parameters. In all cases, for each
1 =1,...,n, we set parameters a; with the same value. Equivalently for parameters b;, ¢;,
and dz

Problem 1. First, parameters a;, b;, and d; were randomly generated between 0 and 10.
Then, in order to guarantee that ¢; > a;, we randomly generated parameters ¢; between 1.1a;
and 5.0a;. All problems were solved 100 times using starting points from a uniform random
distribution inside the box [0, 20]". For each method, Table 3.1 informs the percentage
of runs that has reached a critical point (%), the average numbers of iterations (it) and
functions evaluations (nfev) of the successful runs.
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Riemannian Euclidian
Gradient method Gradient method
+# a; b; C; d; % it nfev % it nfev
1 | 377 817 11.10 5.92 | 100.0 14.1 85.5 | 100.0 72.3 2554
2 | 788 549 1795 3.01 | 100.0 21.1 1485 | 100.0 56.9 208.2
3 1896 172 4211 7.18 | 100.0 17.0 137.1 | 100.0 56.0 203.3
4 1314 130 1377 932 | 100.0 9.0 550 | 100.0 76.3 232.6
5 549 1.72 6.82 0.83 | 100.0 10.0 51.0 | 100.0 65.1 2273
6 | 459 4.25 1331 &8.11 ] 100.0 11.0 67.0 | 100.0 71.2 228.5
7 |210 380 431 0.10 | 100.0 21.2 107.0 | 100.0 54.1 184.7
8 | 869 7.47 2854 4.77 | 100.0 8.0 57.1 | 100.0 61.1 255.3
9 198 224 4460 0.57 | 100.0 16.0 129.0 | 100.0 52.0 201.9
10 | 2.60 1.71  9.65 2.07 | 100.0 18.0 109.2 | 100.0 57.1 185.6
11 | 6.03 140 13.57 894 | 100.0 9.0 55.0 | 100.0 79.2 238.1
12 | 5.71 499 9.37 3.22 | 100.0 20.1 121.7 | 100.0 59.2 191.2
13 | 1.38 6.07 6.78 4.86 | 100.0 9.0 46.1 | 100.0 73.5 219.6
14 | 222 0.24 558 9.04 | 100.L0 14.0 71.0 | 100.0 141.8 408.6
151419 624 7.73 948 | 100.0 7.0 36.0 | 100.0 105.8 3154
16 | 8.27 242 1096 3.02 | 100.0 17.0 103.0 | 100.0 66.3 237.4
17 | 472 064 19.35 0.62 | 100.0 18.0 127.0 | 100.0 55.6 204.1
181299 163 11.15 6.44 | 100.0 14.0 85.1 | 100.0 75.8 250.8

Table 3.1: Parameters of function (3.25) as well as the performance of the Riemannian and
Euclidian gradient methods.

As can be seen, the Riemannian gradient method is clearly more efficient than the Euclidian
gradient method in this set of problems. In all 18 problem instances considered, the
Riemannian version required fewer iterations and function evaluations. Overall, on average,
the Riemannian gradient method performed 19.8% of iterations and 37.5% of function
evaluations required by the Euclidian method.

Figure 3.1 (a) shows a typical behavior of the methods on Problem 1. This case corresponds
ton=2,a;,=1,b;=c¢; =d; =2 for i = 1,2, and the initial point py = [5, 1]7. The stopping
criterion was satisfied with 4 and 14 iterations for the Riemannian and Euclidian gradient
methods, respectively. The zig-zag path of the Euclidian gradient method can be seen clearly.
In contrast, the Riemannian method rapidly approaches the minimizer. In Figure 3.1 (b), the
sup-norm of the euclidean gradient is displayed as a function of the iteration number, which
clearly shows the distinction between the methods. While the Euclidian method required 10
iterations for ||f/(pr)|/ec to reach order of 1072, the Riemannian algorihtm required only 2

40



iterations.

—o-Riemannian gradient method
102+ —-Euclidian gradient method

5 - |~ Riemannian gradient method
45t | /| = Euclidian gradient method

Sup norm of the gradient

0 5 10 15
lteration number

(a) (b)

Figure 3.1: (a) A typical behavior of the Riemannian and the Euclidian gradient methods for
which the zigzag pattern appears for the Euclidian algorihtm. (b) Sup-norm of the euclidean
gradients per iteration.

Problem 2. We tested the algorithms on a set of 100 instances of Problem 2. We randomly
generated parameters a; and b; between 0 and 10, parameters d; between 2 and 10, and a
constant p; belonging to the interval (0, 1). Then, we set ¢; = p;a;d;, fulfilling the conditions
¢;i < a;d; and d; > 2, for all i = 1,...,n. As for Problem 1, each instance was solved 100
times using starting points from a uniform random distribution inside the box [0, 20]". The
results are given in the following form: for each problem instance, Figure 3.2 (a) informs the
average number of iterations, and Figure 3.2 (b) informs the average number of functions
evaluations. As a matter of aesthetics, the graphs are independent and were organized in an
increasing way.

Figure 3.2 shows that the Riemannian gradient method required fewer iterations and
function evaluations than the Euclidian gradient method in all problem instances. In terms of
percentages, on average, the Riemannian algorithm performed 9.7% and 5.6% of the number
of iterations and functions evaluations required by the Euclidian algorithm, respectively.

The results of this section allow us to conclude that there are problems for which the
introduction of a suitable metric makes it possible to explore their geometric and algebraic
structures, resulting in a large reduction in the computational cost of obtaining their solution.
In fact, by introducing a suitable Riemannian metric, a constrained optimization problem
with non-convex objective function and non-Lipschitz gradient can be transformed into an
optimization problem with convex objective function and Lipschitz gradient.

Academic problems in the SPD matrices cone

In this section we illustrate the practical applicability of the Riemannian gradient method
for minimizing convex functions onto the cone of symmetric positive definite matrices. We
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Figure 3.2: (a) Average number of iterations and (b) average number of functions evaluations
required for each of 100 instances of Problem 2 for the Riemannian and the Euclidian gradient
methods.
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used Problem 3 to test the Riemannian gradient method varying the dimension and the
domain of the starting points, while Problem 4 was used to compare the different line search
strategies. For Problem 3, we adopted Strategy 3.

Problem 3. We set a = b =1 in function (3.35). In the first set of tests, we assigned the
following values to the dimension: n = 10, 20, 50, 100, and 150. For each specific value of
n, we run the Riemannian gradient method 100 times using random starting points with
eigenvalues belonging to the interval (0, 20). In the second set of tests, we set n = 50
and varied the interval that contains the eigenvalues of the starting points. Again, for each
combination, the method was run 100 times using random starting points. The results for
the first and second set of tests are in Table 3.2 (a) and (b), respectively. First column
of Table 3.2 (a) informs the considered dimension, while the first column of Table 3.2 (b)
contains the interval for the eigenvalues of the starting points. Columns “%”, “it”, and
“nfev” are as in Table 3.1.

n % it nfev Ai(Xo) % it nfev

10 | 100.0 | 18.2 | 110.2 (0 10) 98.0 | 14.2 | 114.6

20 | 100.0 | 19.9 | 140.4 (0 100) 99.0 | 14.6 | 117.6

50 | 100.0 | 14.2 | 114.9 (0 500) 99.0 | 15.0 | 121.0

100 | 100.0 | 15.2 | 138.2 (0 1000) | 100.0 | 15.1 | 121.6

150 | 100.0 | 27.1 | 271.5 (02000) | 100.0 | 15.2 | 1224
(a) (b)

Table 3.2: Performance of the Riemannian gradient method in Problem 3 varying: (a) the
dimension; (b) the domain of the starting points.

42



The highlight of Table 3.2 is that the Riemannian gradient method was robust with respect
to the dimension and to the choice of the starting points. Furthermore, except for the case
where n = 150, it was not very sensitive to the variation of the dimension or to the domain
of the starting points.

For comparative purposes, we implemented and tested the Euclidean method in Problem 3.
For n = 5 (respectively, n = 10), 15 (respectively, 96) out of the 100 considered starting
points resulted in an iteration history that reached the maximum number of iterations
allowed. Finally, we observe that, by using (3.46) and the function (3.35), the Riemannian
and the Euclidian gradient iteration becomes, respectively,

Xis1 = [det(Xy)**€”] X, k=0,1,...,

and
Xk+1 :Xk—tk [QCLIH(det(Xk))—b] Xk_l, lf:O,l,...,

where the steep-size t;, > 0 is computed according to the adopted line search strategy.
Thus, we can see that the Riemannian gradient iterations are simpler and have a lower
computational cost to be performed.

Problem 4. We set n = 100, a = by = by = 1 and ¢ = 0.5 in function (3.39), fulfilling
¢ < ab;. We tested the Riemannian gradient method with each of the three strategies by
running each combination 100 times using random starting points with eigenvalues belonging
to the interval (0, 20). The results in Table 3.3 are given as in the previous tables.

Strategy 1 Strategy 2 Strategy 3

% it nfev % it nfev % it nfev
100.0 | 452.5 | 453.5 |1 99.0 | 15.3 | 21.3 | 100.0 | 15.3 | 70.9

Table 3.3: Performance of the Riemannian gradient method with the different line search
strategies.

For Strategy 1, since the Lipschitz gradient constant satisfies L < abin, we used the
Lipschitz step-size t, = 1/(ab?n) < 1/L, for all k = 1,2,.... Overall, as can be seen in
Table 3.3, the Riemannian method with Lipschitz step-sizes is clearly the least efficient,
requiring an exceedingly large number of iterations. In this case the method performs one
function evaluation per iteration. The poor performance is due to the short step-sizes in all
iterations. On the other hand, we point out that the efficiency of the Riemannian gradient
method with Lipschitz step-size is closely related to an accurate estimate of the Lipschitz
gradient constant.

Remark 3.2.3 helps to explain the results of Table 3.3 for Strategies 2 and 3. Regardless of
the starting point, Algorithm 1 with both strategies performed exactly the same number of
iterations. Additionally, in a typical run, the step-sizes were non-increasing. Therefore,
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overall, by Remark 3.2.3, the adaptive scheme in Strategy 2 required fewer function
evaluations per iteration then the Armijo line search of Strategy 3.

Despite the simple line search mechanisms employed here, the numerical results indicate
that, as it has to be expected, the efficient implementation of line search algorithms can
significantly improve the Riemannian gradient method.

3.4.2 The Riemannian center of mass

The Riemannian center of mass and so called Karcher mean is a specific instance of a
geometric mean for points in Riemannian manifolds. It has several practical applications
and has appeared in many papers, we refer the reader to [17,44,66] and the references therein.

The center of mass on the SPD matrices cone

Denotes by ||-|| » the Frobenius norm associated to the inner product (U, V) = tr(VU), for
all U,V € P .. Let d be the Riemannian distance defined in M = (P}, (-,-)), i.e.,

d(A, X) = ||In (XV2PAX 12|, A, XePr,, (3.47)
see [58]. The Karcher mean of m positive definite matrices A;,..., A, € P is the unique
solution of the optimization problem

: 1 ¢ ~1/2 ~1/2Y |2 n
mm{f(X) = 5;”111 (XTVPAXTA)L  XePr, o, (3.48)

Indeed, f is a strong convex function in M due to the square of the distance (3.47) be strongly
convex in M, see for example [24]. Since f is a strong convex function, all sub-level sets of
f are bounded. As a consequence, f has Riemannian Lipschitz gradient on each sublevel set
of f. Finally, we remark that (3.47) is not an Euclidean convex function. By [44] and using
(3.33), we conclude that

grad f(X) = Y X' (X'PA7 X)X/, (3.49)

i=1
Thus, by using (3.46) and (3.49), the Riemannian gradient iteration for solving (3.48) is

1/2

_ noqn(x/24-1
Xy = X2t Dimm(PAT ) 2 g

Y

see, for example, [76].

In [2], Afsari et al. studied the convergence of the Riemannian gradient method with a
Lipschitz step-size for the center of mass problem in a manifold with curvature bounded from
above and below. The step-size is defined from a local estimate for the Lipschitz gradient
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constant. Consider problem (3.48), and let r > 0 be such that A;,..., A,, C B(Xy,r), where
B(Xy,r) is the open ball with center X, and radius r. They showed that it is possible to
achieve convergence with ¢, =t for all k =0, 1,..., where t € (0,2¢) and

_ 1
= —— .50
4r coth(4r) (3:50)

Recently, Bento et al. [8] extended the convergence of the gradient method to the Hadamard
setting for continuously differentiable functions which satisfy the Kurdyka-Lojasiewicz
inequality. In particular, they proposed a Riemannian gradient method with Armijo line
search for problem (3.48). Basically, their proposal coincides with Algorithm 1 with
Strategy 3.

We tested Algorithm 1 with each strategy on a set of 200 randomly generated
problems (3.48) with n = 200 and m = 5, 10, 20 or 50. For each value of m we considered 50
problem instances. Let us clarify how a matrix A was defined. First, we randomly generated
an orthonormal matrix B and a diagonal matrix D with elements belonging to (0,100).
Then, we set A = BDB? ensuring that A € P?.. Given a problem instance with data
Ai, ... Ay, € P, we defined the starting point py as the explog geometric mean given by

X = exp (% Zln(AQ) :
i=1

see, for example, [3]. For Strategy 1 the Lipschitz step-size t was defined according to [2].
We set t = 1.99¢, where ¢ is given by (3.50). Radius r can be calculated by computing
the maximum distance of py to each matrix A;, ¢ = 1,...,m. Numerical comparisons are
reported in Figure 3.3 using performance profiles [27]. We adopted the number of functions
evaluations and CPU time as performance measurements.

1 s 1 s

—~ —!’l ------ —~ ”’ ——————————
Los - _;' Los /f -~
) I"“‘ 7] { ,'
qE, 06+ qE> o6t 1,
) P r] b~
(<] 04l ! ! . . . <] 0.4 :i . . .
SR : - = Lipschitz stepsize g " [ /1 |- - Lipschitz stepsize
8o ¢ |—Adaptive stepsize Bo.r’ |—Adaptive stepsize
2 { |----Armijo‘s stepsize 2 ! |----Armijo’s stepsize
(72 ) ~ 0 g <.

2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

Performance ratio - nfev Performance ratio - time

(a) (b)

Figure 3.3: Performance profile comparing the Riemannian gradient method with different
line search strategies using as performance measurement: (a) number of function evaluations;
(b) CPU time.
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As can be seen, Algorithm 1 with Strategy 2 is the most efficient on the chosen set of test
problems. Efficiencies of the methods are 25.0% (respectively, 24.0%), 75.0% (respectively,
76.0%), and 0.0% (respectively, 0.0%) respectively, considering the number of function
evaluations (respectively, CPU time) as performance measurement. Efficiency of Algorithm 1
with Strategy 3 is 0.0% because Strategy 2 outperformed Strategy 3 in all considered
instances. Curiously, m is equal to 20 in all problems for which Strategy 1 was the most
efficient. Robustness are 99.5%, 100.0%, and 100.0% respectively, see Table 3.4. Only in a
problem instance Algorithm 1 with Strategy 1 reached the maximum number of iterations
allowed.

Efficiency (nfev — CPU time) (%) | Robustness (%)
Strategy 1 25.0 — 24.0 99.5
Strategy 2 75.0 - 76.0 100.0
Strategy 3 0.0 - 0.0 100.0

Table 3.4: Efficiency and Robustness of Algorithm 1 with different line search strategies on
a set of 200 randomly generated Riemannian center of mass problems.

The similarity of the Figures 3.3 (a) and (b) suggests that the number of function
evaluations is a good indicator of performance. Indeed, evaluating function f is
computationally expensive, since it involves inverting p and computing m matrix logarithms.
This implies that line search schemes must be carefully formulated for the center of mass
problem. Overall, the naive implementation of the Armijo line search in Strategy 3 was
overcome by the method with Lipschitz step-size. On the other hand, the results indicate
that the adaptive search proposed in Strategy 2 is a promising scheme worth to consider.

The center of mass on the positive orthant

Let M = (R%},,G) be the Riemannian manifolds defined in Section 3.3.1 and d the
Riemannian distance associated. Hence, we have

d2<y,$) = ZIHQ (&) ) Y= (y1> s 7yn)7 T = (xla SR >$n) € Rr—sl——i— (351)

:I/.'
i=1 v

The center of mass of m points w', ..., w™ € R", is the unique solution of the optimization
problem

min{f(x) ::%ZdQ(wj,x): :I:ERLF}. (3.52)

Since the square of the distance (3.51) is strongly convex in M, then f is a strong convex
function in M, see for example [24]. By using (3.23), we conclude that

S (B o (En
grad f(z) = (xlj;ln (w{) ,...,xnj;ln <w%))’
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where z = (z1,...,2,) € R ,. Problem (3.52) has closed solution z* = (z},...,2},) € R,

given by
1
i (1)
j=1

for all i = 1,...,m. Indeed, direct calculations show that grad f(z*) = 0.

Due to the closed-form solution, we use problem (3.52) to illustrate the results on
iteration-complexity bound of Section 3.2.2. We consider the Riemannian gradient algorithm
with Lipschitz step-size. Note that the set of positive definite diagonal matrices can be
identified with R" . Thus, problem (3.52) can be seen as a particular case of problem (3.48)
for positive definite diagonal matrices. Given w',...,w™ € R", and defining A; = diag(w")
forall e = 1,...,m, we defined the Lipschitz step-size as in Section 3.4.2.

We set n = 100, m = 5 and randomly generated the elements of w!,..., w™ and initial

point xy from a uniform distribution on (0, 100). The computed Lipschitz step-size was set
to t &~ 0.06. The Riemannian gradient algorithm stopped declaring “solution was found”
with 30 iterations. Figures 3.4 (a) and (b) report the function values of the left and right
hand sides of inequalities (3.17) and (3.18), respectively.

‘02?\\\“—»‘—».*.\________*__*:

Function value
Function value

o = 2VL[E 2eoa+2(C=1) o) =1 )]]

108 F | _u L o) +2(Cha—1) [ (o)~ £)]
2N
——flpy) = f*
5; 1‘0 1‘5 2‘0 2‘5 30 5‘ 1‘0 1‘5 2‘0 2‘5 30
lteration number lteration number

(a) (b)

Figure 3.4: Iteration-complexity bound for the Riemannian gradient method with Lipschitz
step-size related to: (a) objective function value — Theorem 3.2.10 ; (b) norm of the
Riemannian gradient — Corollary 3.2.11.

N
—e—min {||gradf(ps)|| : k=0,1,..., N}

As can be seen in Figure 3.4, the iteration-complexity bounds related to the objective
function value and the norm of the Riemannian gradient are always respected, see
Theorem 3.2.10 and Corollary 3.2.11. This illustrate the practical reliability of our
iteration-complexity results.
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3.5 Conclusions

In this chapter, the behavior of the gradient method for convex optimization problems on
Riemannian manifolds with lower bounded sectional curvature was analyzed. We considered
three different finite procedures for determining the step-size, namely, constant step-size,
adaptive procedure and Armijo’s procedure. As far as we know, the full convergence of
the sequence generated by this method with these three strategies is a new contribution of
this chapter, which adds important results in the available convergence theory. Besides,
under mild assumptions, we showed that the iteration-complexity bound related to the
method is O (1/e¢) for finding a point py € M such that f(py) — f* < e. The numerical
experiments provided illustrate the effectiveness of the method in this new setting and
certify the conclusions suggested by the theoretical results. Despite the simple line search
mechanisms employed here, the numerical results indicate that, as it has to be expected, the
efficient implementation of line search algorithms can significantly improve the Riemannian
gradient method. In particular, the effectiveness of the method to find the Riemannian mass
center and the so-called Karcher’s mean is presented, indicating that the adaptive procedure
is a promising scheme that is worth considering. For this reason, it would be interesting to
analyze stochastic versions of the the gradient method by using adaptive procedures.

We remark that the assumption of boundedness from below of the sectional curvature,
is just sufficient to obtain the convergence of the gradient method. Indeed, in [72] has
been shown that all continuous convex functions on a complete manifold with finite volume
are constants. Therefore, letting M be a Riemannian manifold with sectional curvature
unbounded from below and finite volume, we conclude that for any differentiable convex
function f : M — R, the gradient method applied to minimizer it converges trivially to
its minimizer (since all convex function f is constant). Note that the set of Riemannian
manifolds with sectional curvature unbounded from below and finite volume is nonempty.
In fact, in [1, p. 457] is presented a two dimensional manifold with no lower bounded for
Gaussian curvature and finite area. Moreover, in [8] is given a class of non-trivial convex
functions on Hadamard manifolds whose sequences generated by the gradient method for
these functions converge to for their respective minimizers, see [8, Theorem 5].

Since, the boundedness from below of the Ricci curvature is a more natural geometrical
assumption (see [77] and [21]), one interesting question would be: Is it possible to obtain
the results of the present chapter by assuming only that Ricci curvature is bounded from
bellow? An affirmative answer to this question would increase the applicability domain of
the results of this thesis.

Finally, we expect that this chapter will contribute to the development of studies of
optimization methods in the Riemannian setting, including to answer the above questions.
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Chapter 4

Iteration-complexity and asymptotic
analysis of steepest descent method
for multiobjective optimization on
Riemannian manifolds

The steepest descent method for multiobjective optimization on Riemannian manifolds with
lower bounded sectional curvature is analyzed in this chapter. The aim of the chapter
is twofold. Firstly, an asymptotic analysis of the method is presented with three different
finite procedures for determining the step-size, namely, Lipschitz step-size, adaptive step-size
and Armijo-type step-size. The second aim is to present, by assuming that the objective
function has Jacobian componentwise Lipschitz continuous, iteration-complexity bounds
for the method with these three step-sizes. In addition, some examples are presented to
emphasize the importance of working in this new context.

4.1 Notations and Auxiliary Results

Letting Z := {1,...,m} define R} := {x e R™ : 2; >0, i€ Z} and R}, := {z € R™:
z; >0, i €T} Forz,y € R, y = x (or z = y) means that y —z € R and y > x
(or x < y) means that y —x € RY7,. Let F':= (f1,..., fn) : M — R™ be a differentiable
function. We denote the Riemannian jacobian of F' at a point p € M by

VF(p)U = (<grad fl(p)’ U>7 ceey (grad fm<p)’ U>) ) S TpMa

and the image of the Riemannian jacobian of F at p by Im(V F(p)) := {VF(p)v :v e T,M}.
A vectorial function F': M — R™ is said to be convex on M if for any p,q € M and v € 'y,
(see notation in Chapter 2) the composition F o~ : [0,1] — R satisfies

For(t) X (1—=t)F(p) +tF(q), Vte[0,1].
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By convexity of F' follows VF(p)y'(0) = F(q) — F(p). A vectorial function F' is called
quasi-conver on M if for every p,q € M and v € I',, holds F(y(t)) = max{F(p), F(q)}, for
all ¢ € [0,1], where the maximum is considered coordinate by coordinate. It is immediate
of the above definitions that if F' is convex then it is quasi-convex. Moreover, if F' is a
quasi-convex function we have that F'(¢) < F(p) implies VF(p)+'(0) < 0.

In the following we present a concept of Lipschitz continuity for the Riemannian Jacobian
of a vectorial function.

Definition 4.1.1 Let F := (f1,..., fm) : M — R™ be a differentiable function. If for each
fi + M —= R there exists a L; > 0 such that, for any p,q € M and v € T'y,, there holds
| Py p.q grad fi(p) — grad f;(q)|| < Li(vy), then we say that VF is componentwise Lipschitz
continuous on M with constant L := max;—;

,,,,,

The proof of the next lemma follows, with appropriate adjustments, the same idea of proof
of the scalar version presented in [12, Corollary 2.1]. Throughout of this chapter we will use

the following notation
e:=(1,...,1) e R™

Lemma 4.1.2 Let F := (f1,..., fm) : M — R™ be a differentiable function. Assume that
VF s componentwise Lipschitz continuous on M with constant L > 0 and p € M. Then
there holds

L
F(exp,(tv)) = F(p) +tVF(p)v + t2§ 0] e, Vitel0,+0), veT,M.

Whereas the convergence analysis of the steepest descent method for convex and quasi-convex
vector functions on Riemannian manifold with nonnegative sectional curvature are well
understood; see for example [11,13]. Without losing the generality, hereafter, we assume
that M is a complete Riemannian manifolds with sectional curvature K > k, where k < 0.

4.2 Steepest descent for multiobjective optimization

Let F:=(f1,..., fm) : M — R™ be a continuously differentiable function. The problem of
finding a optimum pareto point of F', we denote by

min{F(p) : p € M}. (4.1)

A point p € M satisfying Im(VF(p)) N (=R}, ) = 0 is called critical Pareto. A optimum
Pareto point of F is a point p, € M such that there exists no other p € M with F(p) < F(p.)
and F(p) # F(p.). Moreover, a point p, € M is a weak optimal Pareto of F' if there is no
p € M with F(p) < F(p.). Consider the following problem

min {max (grad fi(p),v) + %HUHQ} : Z=A1,...,m}. (4.2)

veTyM | i€z
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Whenever p € M is not critical Pareto, the optimization problem (4.2) has only one solution,
which is called steepest descent direction for F' in p and denoted by

. 1
v, := arg min { 1ax (grad fi(p),v) + 5”“”2} , (4.3)

veETM i

In the next lemma we state an important property of the steepest descent direction. Its
proof can be found in [13, Lemma 5.1].

Lemma 4.2.1 The steepest descent direction mapping M > p — v, € T,M, is a continuous
vector field.

Moreover, the vector v, is the solution of the problem (4.2) if and only if there exist p; > 0,
for j € Z(v,) :={j € T: (grad f;(p),v,) = max;ez(grad f;(p), v,)}, such that

v =— Y pierad fi(p), > =1, (4.4)

JEZ(vp) JET(vp)

see [13, Lemma 4.1]. In the following lemma we state an important inequality for our
convergence analysis and an equivalence for a point p € M to be a critical Pareto.

Lemma 4.2.2 Let p € M and v, as defined (4.3). Then,

max(grad fi(p), v,) = = [|v,|*. (4.5)

Consequently, VF(p)v, < — ||v,||” e. In addition, p is critical Pareto point of F if, and only
if, lopll = 0.

Proof. Let p € M and v, as defined (4.3). Thus, from the first equality in (4.4) we have

- HUpH2 = (—Vp, Up) = < Z Hj gradfj(p)avp> = Z 1 (grad f;(p), vp) -

JEZ(vp) JEZL(vp)

Hence, using the definition of Z(v,) and the second equality in (4.4) the last equality
becomes to (4.5), which is the first statement of the lemma. The second statement follows
by considering VF(p)v, = ({grad fi(p),vp), ..., (grad f(p),v,)) and the definition fo the
set Z(v,). We proceed with the prove of the third statement of the lemma. Assuming
that p is a critical Pareto, it follows from the definition that there exist ¢ € Z such that
(grad fi(p),vp) > 0. Then, the by first part of lemma we have ||v,|| = 0. The converse
follows from [13, Lemma 4.2] and the proof is concluded. |

The proof of the next lemma is a straight combination of Lemma 4.1.2 with first part of
Lemma 4.2.2 and will be omited.
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Lemma 4.2.3 Assume that VF is componentwise Lipschitz continuous on M with constant
L>0. Let p e M and v, as defined (4.3). Then there holds

Flean, (1) = P+ (5 =) Inlfe, v o€ 04o0)

Next we state the steepest descent algorithm in Riemanian manifold to solve (4.1).

Algorithm 2: Steepest descent algorithm in a Riemanian manifold M
Step 0. Let pg € M. Set k= 0.

Step 1. Compute vy, := vy, , where v, is defined in (4.3). If v,, = 0, then stop;
otherwise, choose a step-size t, > 0 and compute

Prt1 = exp,, (tx vk) . (4.6)

Step 2. Set k < k + 1 and proceed to Step 1.

Our goal is to analyze Algorithm 2 with three different strategies for choosing the step-size
t;, > 0, an analogous analysis done in the scalar case can be found in [31]. In the first strategy
we assume that VF' is componentwise Lipschitz continuous and in the last two without any
Lipschitz condition. The statements of the strategies are as follows:

Strategy 4 (Lipschitz step-size) Assume that VF is componentwise Lipschitz continuous
on M with constant L > 0. Let € > 0 and take

1

Despite knowing that V F' is componentwise Lipschitz continuous, in general the Lipschitz
constant is not computable. Then, the next strategy can be used to compute the step-size
without any Lipschitz condition. However, as we shall show, if VF' is componentwise
Lipschitz continuous with constant L > 0 the step-size computed is an approximation to
1/L; see the scalar case in [5,31].

Strategy 5 (adaptive step-size) Take ¢ € (0,1/2], Ly > 0, tg == Ly', and 0 < n < 1.
Consider vy is defined as in (4.3). Set ty == n"*t,_1, where

1) = min {z : F (exppk (nitk_lvk)) =< F(pr) — (n'te_i||vk®e, i =0,1,.. } . (4.8)

In the next remark we show that if V' is componentwise Lipschitz continuous on M, the
adaptive step-size can be seen as an approximation for 1/L.
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Remark 4.2.4 Suppose that VF is componentwise Lipschitz continuous on M with
constant L > 0 and Ly > 0 is an estimate for L. Assume vy is defined as in (4.3). Taking
t =1/L, using Lemma 4.2.2 and taking into account that ¢ < 1/2, we obtain

F(expy, (vi/L)) = F(pr) — (Clluxl*/L)e.

Hence, it follows that ¢, = 1/L it is always accepted for Strategies 5. Therefore, if Ly > L
we have t, = 1/Lyg, i.e., the step-size is constant. Now, assume Ly < L. Since Ly > 0 and
1 < 1 we conclude that t; in Strategies 5 satisfies

i 1
— <t < 4.
7 St (4.9)

_L—O-

Strategy 6 (Armijo-type step-size) Let tpax > tmin > 0 and § € (0,1). Let vy, = vy, be
defined as in (4.3). The step-size ty, is chosen according the following algorithm:

STEP 0. 0 < wy < wy and we € (0,1). Set £ =0 and take fko € (tmin, tmax)-

STEP 1. If
F (exp,, (tr,or)) = F(pr) — 0ty |Jvel e, (4.10)

then set ty, .= Ltkg and stop; otherwise proceed to STEP 2.

STEP 2. Set { < { + 1, choose a step-size sz“ € [wlfk’gaw2£k’g] and proceed to STEP 1.

In the next remark we show that, for VF componentwise Lipschitz continuous on M, the
step-sizes in Strategy 6 are bounded below by a positive constant.

Remark 4.2.5 Asume that VI is componentwise Lipschitz continuous on M with constant
L >0, tmax > 2[1 — 6]/L and tin < 2wi(1 —§)/L. Thus, Lemma 4.2.3 imply

Lt

Flexpy, (1) = Flp + (5 = 1) el e, V1€ Ditn

Hence, by taking any ¢ € (0,2[1 — 0]/L] we conclude from last inequality that
F(exppk (tvp)) = F(pg) — ot||ve?e.
Therefore, t;, in Strategies 6 satisfies the inequality ¢, > tm, for all k =0,1,....

Since well-definedness of Strategies 5 and 6 follows by using ordinary arguments, we will
omitted its proof here. Hence, the sequence {p;} generated by Algorithm 2 with Strategies 4,
5 or 6 is well-defined. Finally we remind that, p is critical pareto if, and only if, ||v,|| = 0.
Therefore, from now on we assume that ||vg|| # 0, for all k. Moreover, {px} denotes the
sequence generated by Algorithm 2.
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4.2.1 Asymptotic convergence analysis

In this section we analyze asymptotic convergence of the sequence {py} generated by
Algorithm 2 with Strategies 4, 5 and 6. For that, we assume in this section that {py}
is a infinite sequence, and consider the following set

A={peM:F(p) 2 F(p), k=0,1,...}.

To proceed with our analysis from now on we will we also assume that the set A is non-empty.
The following remark gives a condition guaranteeing that A is different from empty.

Remark 4.2.6 A condition guaranteeing that A is non-empty is existence of accumulation
point for the sequence {py}.

We will begin our analysis with an inequality that will play an important role in the
following.

Lemma 4.2.7 Let {py} be generated with any of Strategies 4, 5 or 6. Then,
F(prs1) = F(pr) — vt |Jwel?e,  k=0,1,..., (4.11)

where v = 1/2 for Strategqy 4, v = ( for Strategy 5 and v = & for Strategy 6. As a
consequence, there holds limy,_, o Ty ||Uk||2 = 0.

Proof. The inequality (4.11) for Strategies 5 and 6 follows from (4.6), (4.8) and (4.10),
respectively. Now, assume that {py} is generated by using Strategies 4. In this case, using
(4.6), Lemma 4.2.3 and (4.7) we conclude that

Lt
F(pk—H) = F(exppk (tk Uk’)) = F(pk) + (Tk — 1) tr ||Uk||2€a k= 0,1,....

Hence, taking into account that (4.7) implies (Lt,/2—1) < —1/2, (4.11) follows with v = 1/2.
To proceed with the proof of the last statement, take ¢ € A. Thus, (4.11) yields

14

¢
1 1
0= Ztk [og]|* e < =2 Z F(pri1)) = ” (F(po) — F(q)) s
k=0 k=0
with implies the desired result, and the proof of the lemma is conclude. [ |

To simplify the statement and proof of the next result we need to define three auxiliary
constants. For that, let py € M . By using (4.11) together with (4.7), (4.9) and (4.10) define
the first constant p > 0 as follows

mingez {2[fi(po) — fi(q)]/L: q€ A},  for Strategy 4;
Zt2 loe]l* < p = min;er {[fi(po) — fi(q)]/(CLo) : q € A}, for Strategy 5; (4.12)
k=0

minger {[fi(po) — fi(q@)]tmax/0 : q € A}, for Strategy 6.
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The other two auxiliaries constants C!, > 0 and K2, > 0 are defined as follows

Cd,. = cosh™ (cosh(/%d(po, q))e%(’%\/’s) Sinh(’%\/ﬁ)> : (4.13)

inh (& Ce
Ko, = S A("i\/_,O) pﬁq ’ (4.14)
ky/p  tanhCp

where the constants 4 and p, are defined in (2.1) and (4.12), respectively.

Lemma 4.2.8 Let {py} be generated with any of Strategies 4, 5 or 6 and ¢ € A. Assume
that the function F is quasi-conver on M. Then,

1
d(prs1,q) < Ecgﬁ, k=0,1,.... (4.15)

As a consequence, {py} is bounded and the following inequality holds
dQ(pk-‘rMQ) = dQ(pkaQ) +Kg,ﬁt% ||Uk||2> k= 0717"" (416)

Proof. For each k, let 7, : [0,00) — R be defined by 7, (t) = exp,, (tvy). Let B : [0,1] — M
be a minimizing geodesic with £;(0) = pr and Sx(1) = q. By using (4.4), definition of v,
quasi-convexity F' and taking into account that ¢ € A, we have

(o, 8/(0)) = = > {grad fi(pr), 8'(0)) > 0, >oom=1 (4.17)

JEL(vg) JE€L(vg)

Thus, applying the first inequality of Lemma 2.0.4, with t = t, v = v , 8 = 0, and p = py
and using (4.6) and (4.17), we obtain

. N 1 . sinh (&t ||v
cosh(Rd(pr+1,q)) < cosh(rd(p, q)) (1 + 5 (it ve]])* sinh (i ||vi]) k||>>

Rt [[vr]|

Since (4.12) implies ¢y, ||vx|]| < /p, and the map (0, +00) > ¢ > sinh(t)/¢ is increasing, we
conclude that

cosh(Ad(pr+1,q)) < cosh(Rd(pk, q)) (1+ o (t Hka)Q) )
where o := i(sinh(k./p))/(2,/p). Now note that the last inequality implies that
cosh(~d(pr11,q)) < cosh(id(py, g))e” 1",
Therefore, by using (4.12), it follows that cosh(id(pks1,q)) < cosh(kd(po,q))e’”, which
considering the definition of o and (4.13) yield (4.15). The boundedness of {py} is immediate
from (4.15). We proceed with the proof of (4.16). Now, we apply the second inequality of
Lemma 2.0.4 and again we take into account (4.6) and (4.17) to conclude that

sinh (Rtg||vl|])  Rd(pr, q)

; ; tellvell*. 4.18
ktr||vell  tanh (Rd(pk,q)) il v (4.18)

d*(prs1,q) < & (pr, q) +
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Since the maps (0,400) > ¢t — t/tanh(¢) and (0,4+00) > ¢ — sinh(¢)/t are increasing and
positive, taking into account (4.15) and that #; [|vi|| < \/p, the inequality (4.18) becomes

sinh (#y/p) Cl, 2
ky/p  tanhCp . F

d2(pk+17 Q> S d2<pk7 q) +

Therefore, by using (4.14) we have the desired inequality. [

In the next result we show that if [ is a quasi-convex function on a Riemannian manifolds
with lower bounded sectional curvature, then {p;} is in fact convergent to a critical Pareto
point of F.

Theorem 4.2.9 Let {py} be generated with any of Strategies 1, 2 or 3. If F is quasi-conver,
then {px} converges to a critical Pareto point of F.

Proof. Since A is non-empty, Lemma 4.2.8 and (4.12) imply that {px} is bounded and
quasi-Fejér convergent to set A. Taking into account Lemma 4.2.7 we conclude that { fs(px)}
is non-increasing, for all s = 1,...,m. Thus, we conclude that all cluster points of {py}
belongs to A. Hence, Theorem 2.0.8 implies that {p;} converges to a point p € A. Hence,
remais to prove that p is a critical Pareto point of F. We know that, for any of the three
strategies 4, 5 or 6, the sequence {t;} is bounded. Let ¢ > 0 be a cluster point of {t;}
and take {t;,} such that lim; , t;, = t. First we suppose that £ > 0. Since lim; ,o pr, = P
and lim; o &, = f, (4.12) and Lemma 4.2.1 imply that 0 = limj_ ty, ||os, || = € ]lvsll-
Thus, considering that we are under the assumption ¢ > 0, we obtain v; = 0. Therefore,
Lemma 4.2.2 implies that p is a critical Pareto point of F. Now, we suppose that ¢ = 0. In
this case, we just need to analyze Strategies 5 and 6, due to Strategy 4 we have ¢ < ¢. First
assume that Strategy 5 is use and take r € N. Since lim;_, tr; = 0 we conclude that if 7 is
large enough, ¢, < "ty =: C,. Thus, for each j large enough, from (4.8) we have

Foy (03D, (Crvn)) > foy (i) = CColfun |1,

for some s; € {1,...,m}. Since the set {1,...,m} is finite, without lose of generality, we
assume the there exist § and a infinite set of index j such that

s (exD,,, (Crtn)) > filpr,) = CCollun |1

Since lim;_o pr, = p and lim;_, t3, = 1, letting j goes to 400 and taking into account that
v, and the exponential map are continuous, we obtain

s (exp,(Crvp)) — f3(D)

= > —Cllosl

Thus, letting r goes to +oo, yields (grad fs(p), v;) > —(||lvs||*. Hence, Lemma 4.2.2 implies
that —||v;||> > —C||v;||* and, considering that ¢ € (0,1/2], we have ||v;|| = 0. Consequently,
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usando again Lemma 4.2.2 we conclude that p is a critical pareto of F'. Finally, assume
that Strategy 6 is used. Since lim; o tx; = 0 we conclude that if j is large enough we have
tr; < tin- Thus, if j is large enough, there exists 0 < fj < tmae such that 0 < wlfj <t
and

ij (eprkj (tjvkj)> > fsj(pkj> - tj6’|vkj||27

for some s; € {1,...,m}. Since the set {1,...,m} is finite, without lose of generality, we
assume the there exist § and a infinite set of index j such that

f§ exp k(£vk]) _f§<pkj)
< Dk 3{ > > _5H7jk]~H2-
J

Let v;(t) = exp,, (tv,), fort > 0, be a geodesic segment. Thus, mean value theorem implies
J

that there exists 7; € (0,%;) such that

(grad f5 (7;(£;)) , Py, 05,0, ) > —0||vg, || (4.19)

On the other hand, let B.(p) C M be a totally normal ball. Hence, considering that
lim; o pr; = p, Lemma 4.2.1 implies that lim; , . vy, = v;. Moreover, 0 < wlfj <ty
implies that lim;_, . fj = 0. Owing to 0 < t; < fj we obtain that lim; , .. t; = 0. Hence,
for all j large enough we have {¢;} C (0,1) and ~;(¢;) € B.(p), which implies

1

o —1
Py 0508 = 1 — 7. Py S Po; Vky-
j

Thus, taking the limit as j goes to 4+oo and using [4, Lemma 1.1], we conclude that
limj_, 400 Py, 0,0k, = Up (for a more general version of this equality, see [4, Lemma 1.2]).
Then, letting j goes to 400 in (4.19) and taking into account Lemma 4.2.1, that grad fs
and the exponential map are continuous, we obtain that (grad fs(p), vz) > —d|jvs||?. Hence,
Lemma 4.2.2 implies that —|vs]|* > —d|jvp]|* and, considering that § € (0,1), we have
|vs|| = 0. Consequently, usando again Lemma 4.2.2 we conclude that p is a critical Pareto
of F'. Therefore, for all Strategies 4, 5 or 6, p is a critical Pareto point of F', which concludes
the proof. [ |

Corollary 4.2.10 Let {py} be generated with any of Strategies 4, 5 or 6. If F is convex,
then {px} converges to a weak optimal Pareto of F'.

Proof.  Since F is convex, critical points are weak optimal Pareto of F, see [13,
Proposition 5.2]. Considering that convex functions are also quasi-convex the result follows
from Theorem 4.2.9. [ |

4.2.2 Iteration-complexity analysis

In this section we present iteration-complexity bounds related to the steepest descent method
with Strategies 4, 5 and 6, for F' having VF with componentwise Lipschitz continuous
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constant L > 0. For this purpose, by using (4.7), (4.9) and Remark 4.2.5, define

€, for Strategy 4;
§=n/L, for Strategy 5; (4.20)
Eimin s for Strategy 6.

The following result extends the scalar result [12, Theorem 3.1] to multiobjective settings.
Moreover, it also extends to Riemannian context [37, Theorem 3.1].

Theorem 4.2.11 Let {py} be generated with any of Strategies 4, 5 or 6, and set ff :=
inf{f;(q) : ¢ € M}, fori e Z. Suppose that f} is bounded from below for some i € T, and
define i, € I such that

i (p()) - f:k = min {fl(p()) — fz* 1€ I}.
Then, for every N € N, there holds

fi (Do) — ;F 1
Ve VN

where v = 1/2 for Strategy 4, v = ( for Strategy 5 and v = 0 for Strategy 6.

min {|lvg]] - £=0,1,...,.N -1} < [

Proof. It follows from Lemma 4.2.7 that vt [[vg]|* e = F(pr) — F(pes), for all k= 0,1, .. ..
By summing both sides of this inequality for £k = 0,1,..., N — 1 and using (4.20), we obtain

N-1
vE Y lloell” e = F(po) — F(pw)-
k=0

Thus, by the definition of i,, we conclude from the last inequality that
Vmein{Hka2 : k=0,1,...,N — 1} < fi.(po) — f7.

which implies the statement of the theorem. [ |

Remark 4.2.12 it is worth mentioning that in the above result it was not necessary to use
any hypothesis about convexity of F' and curvature of M.

Now we are going to prove that under the assumption of convexity Theorem 4.2.11 can be
improved. We begin by presenting an auxiliary inequality.

Lemma 4.2.13 Let {py} be generated with any of Strategies 4, 5 or 6. Assume that F
is a conver function on M. Then, for ¢ € A and each k, there exist ,uf,s > 0 satisfying

> jeTon) pk =1 such that

& (P, q) < d*(prsq) + K87 lonll” + 26 D wflf5(0) = filow)], (4.21)

JEZ(vk)

where p is defined in (4.12).
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Proof. For each k, let v : [0,00) — R be defined by () = exp,, (tvx) and a minimizing
geodesic [ : [0,1] = M with £(0) = p and Si(1) = ¢. Using (4.4) and the convexity of F’
we conclude that exist u;?,s > 0 satisfying J€T(w) ,u? = 1 such that

(0k, Br(0)) = — D pih (grad f5(pe), BL0) = D pb(fi(pe) — £5(q)).
JE€L(vr) JEL(vg)

Applying the second inequality of Lemma 2.0.4 with 8 = (i, v = v and ¢t = ¢, and using
the last inequality we obtain

d*(pri1,q) < d*(pr, @)+

sinh (Atg||ve]|) id(pe, q)
it |[ol] tanh (7d(pr, q))

tllonll® +2t Y w(fi(a) = fion) | - (4.22)

JEL(vk)

Considering that (0,4+00) > t +— t/tanh(¢) and (0,+00) > t — (t) := sinh(t)/t are
increasing. Furthermore, taking into account that (4.12) implies ¢ |lvx|]| < /p, and using
(4.15), the inequality (4.22) becomes

d2(pk+17 Q) S d2<pk7 Q)+

sinh (%+/p) Ci.
/P tanh Cp

tlloel® + 260 > Wb (fi(a) = f(pe)

JEZL(vk)

Therefore, owing f;(¢) — fj(px) < 0 and ¢ bounded from below by 1, using (4.14) the
inequality (4.21) follows from the last inequality, which concludes the proof. [ |

The next result, with minor adjustments, is a generalization of [37, Theorem 4.1] to
Riemannian setting, when the Armijo’s type strategy is used.

Proposition 4.2.14 Let {py} be generated with any of Strategies 4, 5 or 6. Assume that
F is a convex function on M and q € A. Then, for every N € N, there are non-negative
numbers Ay, ..., Ay with > 7" N, = 1, satisfying

> M) — filg)) < TP D L Kbl (423

i=1

where p is defined in (4.12).

Proof. Since f;(px) — fi(q) > 0 for all 4, Lemma 4.2.13 and (4.20) implies there exist p% > 0
such that

26> "k (filpr) — £i(@) < A (i @) — d*(pre, @) + KO ot vel|?
=1
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and Y_7", u¥ =1, where for each k, define pf := 0 for all i ¢ Z(v;). By summing both sides
of this inequality for k =0,1,..., N — 1, and using (4.12) follows

N—-1 m
26> ) "k (filpe) — fi(@) = d*(po, q) + K2 p
k=0 =1
Since f;(pr) is a decreasing sequence for each i € {1, ..., m}, by some algebraic manipulations

in the previous inequality we have

. S d*(po, Ke .
Z [% ;Hf] [filpn) — fi(g)] < G 52; p,eP

=1

Defining \; Zk o HF/N we obtain the inequality in (4.23). To complete the proof, we
have show that >, A = 1. For that, it is sufficient to note that

> ok

0 i=1

=2
=2

" 1 & 1
;z:NZ Mfzﬁ

=1 0

=
Il
e
Il

and Y7 pu¥ =1 for each k. ]

Finally we are ready to present the main result of this section, namely, the improvement
of Theorem 4.2.11. We remark that this result is new, even in Euclidean context.

Theorem 4.2.15 Let {py} be generated with any of Strategies 4, 5 or 6. Assume that F is
a convex function on M and q € A. Then, for every N € N, there holds

2 (d*(po, q) + Kf..p) ) T

vE? N

N
where p is defined in (4.12) and v = 1/2 for Strategy 4, v = ¢ for Strategy 5 and v = § for
Strategy 6.

min {||vg]| : £=0,1,...,N} < (

Proof. Let N € N and denote by [N/2] the least integer that is greater than or equal to
N/2. Tt follows from Lemma 4.2.7 that vty ||og]|*e = F(pp) — F(ppis), for all k = 0,1,. . ..
Thus, by summing both sides of this inequality for k = [N/2],..., N and using (4.20), we
obtain

N
ZS Z ||Ul<:||2 < filprwyz) — filpn+1), Viel.
k=[N/2]

Hence, taking non-negative numbers Ay, ..., A, as in the Proposition 4.2.14 and considering
that ¢ € A, we conclude from the last inequality that

Z3 Z ’UkH < Z)\ fi(prny2) fz’(pNJrl)) < Z)\i (fi(p[N/Q]) — fz<Q)) .
—[N/2] i=1
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Thus, from Proposition 4.2.14 and considering that N/2 < [N/2] it follows that

i H ||2 d2(p07 Q) + ,Cg,f{p < d2<p07 Q) + Icg,ﬁp
k 2 = 2
M 20E2[N /2] vE2N
Therefore, min{||vx||* : & = [N/2],..., N} < 2(d*(po, q) + K .p)/(¥§*N?), which implies
the desired inequality. [

4.3 Examples

In this section we present some examples to illustrate the results obtained in previous
sections. In particular, we will present some examples of multiobjective convex functions
such that its Riemannian Jacobian is componentwise Lipschitz continuous.

Example 4.3.1 Let P}, be the cone of symmetric positive definite matrices. Define the
multiobjective function F'(X) = (f1(X),..., fm(X)), for f; : P, — R is defined by

f(X) = a;In(det(X))* — b; In (det(X)),
where a;,b; € Ry for all i = 1,...,m. Consider M = (P% ., (-,-)) where

(U, V) = tr(VX*lUX*l), XeP"

n UV eTKP,

In M, f; is convex and has Lipschitz gradient with constant L; < 2a;y/n, for each
1 = 1,...,m, see example 3.3.5. Hence, from Definition 4.1.1 the Jacobian VF' is
componentwise Lipschitz continuous with constant L < 2y/nmax{ay,...,a,}. Therefore,
from Corollary 4.2.10 we can apply Algorithm 2 with Strategies 4, 5 or 6 to find weak optimal
Pareto of F'.

In the following we present some result to study multiobjective convex functions such that
its Riemannian Jacobian is componentwise Lipschitz continuous. We begin with a result
that, with some adjustments in the notation, can be found in [49, Lemma 2.

Lemma 4.3.2 Let M and M be Riemannian manifold, ¥V be the Levi-Civita connection
associated to M and ¢ : M — M be an isometry. Then, V : X(M) x X(M) — X (M)
defined by

VyU = dp(VU), VV,U € X(M). (4.24)

is the Levi-Civita connection associated to M, where V = dp™'V and U = dp~'U.

Proof. Let f be continuously differentiable, V' and U be vector fields in M. Since ¢ is a
diffeomorphism, f o ¢ is continuously differentiable, V = dp~'V and U = dyp~'U are vector
fields in M. Thus, we can prove that (4.24) satisfies [64, equations (1.9), (1.10), (1.11) and
(1.12) on page 27 and 28] and therefore is the Levi-Civita connection associated to M. W

The next result is the main tool we need to present the following examples of the section.
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Theorem 4.3.3 Let M and M be Riemannian manifolds, f : M — R be a
twice-differentiable function and ¢ : M — M be an isometry. Then, f has gradient vector
field Lipschitz continuous with constant L > 0 if, and only if, ¢ : M — R defined by
g = f o, has gradient vector field Lipschitz continuous with constant L > 0.

Proof. Let V € X(M) and set V(p(q)) = dp(q)V(g). Thus, by using the definition of the
gradient vector field and the chain rule, we have

Taking into account that ¢ is an isometry and V(¢(q)) = d¢(q)V (¢), we obtain that

(grad f((q)), V(e(q))) = (grad f(e(q)), de(q)V (q))
= (dp(q)de(q) " grad f(e(q)), de(q)V (q))
= (de(q) " grad f(¢(p),V(q)) -

Hence, combining the two above equality we conclude that grad f(¢(q)) = dp(q) grad g(q).
Moreover, the definition of the hessian of f together with Lemma 4.3.2 yield

hess f(2(q))de(q)V (q) = hess f(p(q))V ((¢(q))
= Vv (e(e) grad f((q))
= dg(p) (Vi (g grad g(q))
= dp(q)hess g(q)V (q),

which implies that hess f(p(q))de(q) = de(g)hessg(q). Then, using again that ¢ is an
isometry, we have ||hess f(©(q))|| = ||hess g(q)||. Therefore, by using Lemma 3.1.3 the results
follows. u

The next result is an important property of isometries, its prove can be found in [59,
Proposition 5.6.1, p. 196].

Proposition 4.3.4 Let M and M, be complete Riemannian manifolds. If ¢ : M — M is
a tsometry and 7y is a geodesic in M, then @ o~ is a geodesic in M.

The following result is a straight consequence of the definition of isometry and
Proposition 4.3.4.

Theorem 4.3.5 Let M, M be Riemannian manifold and ¢ : M — M an isometry. The
function g : M — R is convez iff f: M — R, defined by f(p) = (g0 ¢)(p), is conver.
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In the next example we change the metric of the Euclidean space R™ to prove, in particular,
that the extended Rosenbrock’s banana function is convex and has gradiente Lipschitz in R™
with this new metric. It is worth to pointed out that the convexity of this function in two
dimension has been established in [67, p. 83].

Example 4.3.6 (Rosenbrock’s banana function class) Let f; : R* — R be a variant
of the Rosenbrock’s banana function, defined by

n

2
fj (1‘1, . ,JIQn) = Z Qi (9531'—1 — in) + (.1722'_1 — bij)z , ai; € R++, bz‘j € R,

=1

for j = 1,...,m. Denote M as the Euclidean space R?" with the usual metric. It is well
known that f; is non-convex and its gradient is non-Lipschitz continuous in M. Endowing
R?" with the new Riemannian metric (u,v) := v’ G(x)v, where u,v € R*® and G(x) is the
2n x 2n block diagonal matrix G(z) = diag(Gi(x),...,G,(x)), where the blocks are given

by
2 _ .
Gi(z) = L+ dwsig =202 , 1=1,...,n,
—2x9;1 1
and z = (1,...,29,), we obtain a Riemannian manifold M = (R*' G). Taking into

account that the function ¢ : M — M defined by

2 2
(21, .00y 20n) = (zl,zl — 29y ..y Zon—1,Zap_1 — z2n) ,

is an isometry, the Riemannian manifolds M is complete and has constant seccional curvature

K = 0. On the other hand, g; : M — R defined by

n

gi(21, .. 200) = (fjop) (21, .o, 220) = Zaijz; + (22i-1 — bij)2> Jg=1...,m,
i=1

is a quadratics function, which is convex with gradient vector field Lipschitz in M with
constant L; := max{2, 2ayj,...,2a,;}. Therefore, Theorem 4.3.5 and Theorem 4.3.3 imply,
respectively, that f; is also convex and has gradient vector field Lipschitz continuous,
with constant L;, in M. Let F(z) = (fi(x),..., fm(z)) be the Rosenbrock’s banana
multiobjective function. Hence, F' is convex and Definition 4.1.1 implies that VF is
componentwise Lipschitz continuous with constant L = max{2,2a11,...2a,,}. To apply
Algorithm 2 for solving multiobjective optimization problem min{F(z) : x € M}, we
will calculate the exponential map and the gradient of f; in M. The gradient of f; is
given by grad f;(x) = G(x)~" f{(x), where f] is the usual gradient of f;. Given z € M the
exponential map in M, &xp, : T,M — M, is given by exp,(v) = z + 0. Since ¢ is an
isometry, Proposition 4.3.4 implies that the exponential map in M, exp, : T, M — M, is
given by
exp, (v) = (¢~ (2) + dp~ (z)v).
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Therefore, taking into account that ¢~ '(z) = (21,22 — @9,...,Ton 1,73, | — To,) and
do H(z)v = (v1, 22101 — Vo, . . ., Va1, 2Ton_1Van_1 — Va,), We obtain that

exp,(v) = ($1 + U1,V + To + V2, ..y Pan1 + Va1, Vay_q + Ton + Uzn)
where v := (vq,...,v,) € T,M = R?",

Example 4.3.7 Let f; : R, — R be defined by

fi(z) :=a;In (H z + bj> — Z wi; In(z;) + ¢ Z In?(z;),
i=1 i=1 i=1

where x := (z1,...,7,) € RY_, uj := (uj,...,up)" € RY, wy := (wyj,...,wy;)" € RY
and aj,bj,c; € Ryy, for all j = 1,...,m. Denote M as the Euclidean space R” with the
usual metric. The function f is in general non-convex and its gradient is non-Lipschitz in
M. Endowing R", with the new Riemannian metric (u,v) := uTG(x)v, where u,v € T, M
and G(x) is the n x n diagonal matrix

G(z) := diag (xfz,xf, . w’Q) ,

rrn

we obtain the Riemannian manifold M = (R?,,G). Since ¢ : M — M defined by
O(z1, .., 2n) = (€7,...,€™), (4.25)

is an isometry, then M is complete and has constant seccional curvature K = 0. The
function g; : M — R defined by

gi(z) = (fjop)(z) =a;ln (e“?z + bj> — ijz—i— ;2" z, 2= (21,...,2,)" € M,

is convex and its gradient is Lipschitz in M with constant L; < CLjU;FU/j /bj + 2¢j. Thus,
Theorem 4.3.5 and Theorem 4.3.3 imply, respectively, that f; is also convex and has
gradient Lipschitz in M with constant L;. Therefore, the multiobjective function F(z) =
(fi(x),..., fm(x)) is convex and Definition 4.1.1 implies that VF' is componentwise Lipschitz
continuous with constant L = max{Ly, ..., L,,}. The gradient of f; is given by

grad f;(x) = diag(x)* fi(z), reM

where diag(r) := diag(z1,...,2,) and f; is the usual derivative. Using the isometry (4.25)
Proposition 4.3.4 implies that the exponential map in M, exp, : T, M — M, is given by
exp,(v) = (¢~ (z) + dg ' (z)v). Thus, considering that p~'(z) = (Inxy,...,Inx,) and

de Hx)v = (z7 vy, . .., 2, v,), where v := (vy,...,v,), we conclude that

exp,(v) = (mleﬁ, . ,xne%> , vi=(v1,...,0,) € TLM=R"
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4.4 Conclusions

In this chapter, the behavior of the steepest descent method for multiobjective optimization
on Riemannian manifolds with lower bounded sectional curvature is analyzed. It would be
interesting to study stochastic versions of this method. An interesting question to be also
investigated is the extension and analysis of subgradient method in this new setting.
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Chapter 5

Iteration-complexity of the
subgradient method on Riemannian
manifolds with lower bounded
curvature

In this chapter we consider the subgradient method to solve the optimization problem
defined by:

min{f(p) : p € M}, (5.1)

where the constraint set M is endowed with a structure of a complete Riemannian manifold
with lower bounded curvature and f : M — R is a convex function, where R = R U {+o00}
denotes the extended real set numbers. Iteration-complexity bounds of the subgradient
method with exogenous step-size and Polyak’s step-size are established, completing and
improving recent results on the subject.

5.1 Notations and auxiliary results

For any two points p, ¢ € M, I',,, denotes the set of all geodesic segments ~ : [0, 1] — M with
~7(0) = pand (1) = q. The closed metric ball in M centered at the point p € M with radius
r > 0 is denoted by B[p,r|. Let Q be a subset of M. We use int 2 to denote the interior of
Q. A function f : M — R is said to be proper if its domain domf = {p € M : f(p) # +o0}
is nonempty, where R = R U {+00} denotes the extended real set numbers. We use ng to
denote the set of all y € T, such that ¥ C domf. A proper function f : M — R is said to be
convex on M if domf is weakly convex and for any p,q € domf and v € ng the composition

fov:[0,1] = R is a convex function on [0, 1] i.e.,

for(t) <(I=6)f(p) +tf(e),  Vite[01],
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see [69]. The subdifferential of a convex function f: M — R at p € domf is defined by
Of(p) == {s € LM: f(q) = f(p) + (s,7'(0)), Vgedomf yelj}. (52

We remark that the subdiffential set df(p) is nonempty in all p € intdomf; see [69,
Proposition 2.5]. In this chapter all functions f : M — R are assumed to be conver and
lower semicontinuous on M. The following result is also proved in [69, Proposition 2.5].

Proposition 5.1.1 Let {py} C M a bounded sequence. If the sequence {sy} is such that
sk € Of(pr), for each k € N, then {s} is also bounded.

The following lemma plays an important role in the next sections. Its proof will be omitted
here, but it can be obtained, with some minor technical adjustments, following the ideas of
Lemma 2.0.4 together with the inequality in (5.2). Remember the notation & := /|x|.

Lemma 5.1.2 Let p € intdomf, 0 # s € df(p), and let v : [0,4+00) — M be the geodesic
defined by v(t) = exp, (—ts/||s]|). Then, for any t € [0,+00) and q € domf there holds

cosh(kd(y(t),q)) < cosh(kd(p, q))+

R cosh(Ad(p, q)) sinh(tk) E _ tan/};gzzfg; q)) f(p)H;Hf(Q)]

and, consequently, the following inequality holds

*(v(t),q) < &(p.q) + Smh’%(l%t) [ tanic(lg;’é) q))t - ﬁ (fp)— f (q))] :

We end this section by recalling the concept of Lipschitz continuity of a function. A proper
function f : M — R is said to be Lipschitz continuous with constant 7 > 0 in Q C M if
|f(p) — f(@)] < 7d(p,q), for any p,q € Q.

5.2 Iteration-complexity of the subgradient method

In this section, we state the Riemannian subgradient method to solve (5.1) and the strategies
for choosing the step-size that will be used in our analysis. Let f : M — R be a convex
function, Q* be the solution set of the problem (5.1) and f* := inf,c\ f(x) be the optimum
value of f. In our analysis we do not assume that Q0 is nonempty, except when explicitly
stated. The statement of Riemannian subgradient algorithm to solve the problem (5.1) is as
follows.
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Algorithm 3: Subgradient algorithm in a Riemanian manifold M
Step 0. Let pg € intdomf. Set k = 0.

Step 1. If sy = 0, then stop; otherwise, choose a step-size s € df(px), tx > 0 and
compute

Sk
Pkt1 1= €Xp,, (—tkm> : (5.3)

Step 2. Set k < k + 1 and proceed to Step 1.

In the following we present two different strategies for choosing the step-size t; > 0 in
Algorithm 3.

Strategy 7 (Exogenous step-size)
tr > 0, Ztk = +00, o= Zti < +o00. (5.4)
k=0 k=0

The step-size in Strategy 7 have been used in several chapter for analyzing subgradient
method; see, for example, [22,33,70].

Strategy 8 (Polyak’s step-size) Assume that py € intdomf, Q* # & and set

— f* tanh (kd
t, = a—f<pk) / , O<ac< Q—anA (K 0),
skl kdy

where d(po, 2*) := inf{d(po, q); q € Q*} > 0.

do = d(po, 2°), (5.5)

This step-size in Strategy 8 was introduced in [60] and has been used in [12,15,69].

Remark 5.2.1 Since the function (0,4+o00) ~— tanh(¢)/t is decreasing, then given an
estimate d > dy we can chose 0 < a < 2tanh(id)/(kd)) in Strategy 8. For Riemannian
manifold with non-negative curvature, the second inequality in (5.5) holds for all K < 0. Due
to lim;_,o tanh(t)/t = 1, letting k goes to 0, we can choose 0 < o < 2.

From now on we assume that the sequence {py} generated by Algorithm 3 with the two
above strategies for choosing the step-size is well defined and is infinite.

Remark 5.2.2 Note that if domf = M then 0f(p) # @, for all p € M and, consequently,
the sequence {py} is well defined. In [70, Theorem 3.1] an asymptotic convergence analysis
was established, under the assumption that suitable sets are contained in int domf and that
the set 2* is nonempty. The author proves that the sequence generated by the Algorithm 3 is
well defined and converges to an element of Q*. It is worth to point out that our asymptotic
convergence analysis of Algorithm 3, with Strategy 7 for choosing the step-size, we do not
assume that Q* is nonempty. In this sense, our results improve the ones of [70, Theorem 3.1].
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5.2.1 Subgradient method with exogenous step-size

In this section we assume that the sequence {p;} is generated by Algorithm 3 with Strategy 7
for choosing the step-size. To proceed with the analysis of Algorithm 3 we need some
preliminaries. Firstly we define

Q:={geM: flo) <inf f(pe) } -

Note that 2 C domf. It is worth mentioning that, in principle, the set €2 can be empty. Our
first task is to prove that the sequence {px} is bounded.

Lemma 5.2.3 If Q) # & then, for each q € ) there holds
1 Lo =t
d(prs1,q) < z cosh™! <cosh (kd(po,q)) 2" ”S‘nh(“\/g)> 7 (5.6)

forallk=0,1,.....

Proof. Applying first inequality of Lemma 5.1.2 with ¢t = tx, p = px and pry1 = v(tx) and
taking into account that g € €2 we conclude that

nh (l%tk)

cosh (Ad(pry1, q)) < cosh (#d(pe, ) {1 +|l22 - ] C k=0,1,....
Kl

Using definition of o in (5.4) we have t;, < /o, for all k =0, 1,.... Since the map (0, +o0) >
t — sinh(t)/t is increasing, it follows from the last inequality that

cosh (Ad(py+1,q)) < cosh (Rd(pk,q)) [1 + at?], k=0,1,...,
where a := i(sinh(#+/0))/(24/0). Note that the last inequality implies that
cosh (7d(pry1,q)) < cosh (Ad(py, q)) €™, k=0,1,....

Therefore, we have cosh(kd(pgs1,q)) < cosh(kd(po, q))e®, which is equivalent to (5.6) and
the proof is concluded. L

In the next result we apply Lemmas 5.1.2 and 5.2.3 to derive an inequality that plays an
important role in our analysis, which is a generalization of the one obtained in [33, Lemma
4.1]. In the linear setting, this inequality is of fundamental importance to analyze the
subgradient method; see, for example, [22]. It is worth noting that it was obtained in [73] for
a specific function, namely, the mean function. For stating the next result, for each ¢ € €2,
we define

Cor = % [1 + cosh™! (cosh(f%d(po,q))e%’% "Si“h('%‘/‘;)ﬂ . (5.7)

It is important to note that C, , is well defined only under the assumption 2 # &.
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Lemma 5.2.4 [f Q # @ then, for each q € Q) there holds

& (prt1,q9) < (s q) + Cyuti + 2 —[f(q) — f(pr)], sk € Of (), k=0,1,....

||8k||
Proof. Applying first inequality of Lemma 5.1.2 with ¢t = t;, p = p and prr1 = Y(tx), and
taking into account that ¢ € €2, we conclude that

5 5 sinh (&ty) Rd(pr, q) 5 2ty

for all £ = 0,1,.... On the other hand, ¢/tanh(t) < 1+ ¢, for all ¢ > 0 and the map
(0,400) > t + sinh(t)/t is increasing and bounded below by 1. Thus, taking into account
that ¢, < /o and f(q) — f(px) <0, for all kK =0,1,..., we conclude that

P, q) < Pl q) + SEVD 1 pe 12 4 25 g = )]
"o el

for all £ = 0,1,.... Therefore, combining Lemma 5.2.3 with (5.7) the desired inequality
follows and the proof is concluded. [ |

Remark 5.2.5 For Riemannian manifold with non-negative curvature, the inequality in
Lemma 5.2.4 holds for all £ < 0. Since lim,_,o C,, = 1, the inequality of the Lemma 5.2.4
merges into the inequality [33, Lemma 4.1].

Now we are ready to prove the main result of this section.

Theorem 5.2.6 Assume that 0* # @ and f : M — R is Lipschitz continuous with constant
7> 0. Then, for all p, € Q* and every N € N, the following inequality holds

d2<p07p*)+cp HZk 0
23 ot

Proof. Let p, € *. Since Q* C 2, applying Lemma 5.2.4 with ¢ = p,, we obtain
[ — f(pe)l, sk € Of (pr),

min{f(px) —f* : k=0,1,...,N} <7 (5.8)

tr
dQ(karbp*) d2(pkap*) + C1p* t2 + 2

for all £k =0,1,.... Hence, performing the sum of the above inequality for £k = 0,1,..., N,
after some algebraic manipulations, we have

Z

Since f is Lipschitz continuous with constant 7 > 0, we have ||sg|| < 7, for all £ =0,1,....
Therefore,

N
— 1< d(po,p.) — d*(pxs1, 1) + Cooe Y _ 11
k=0

IISkII

2 . .
;mm{f(pk)—f ck=0,1,... N}Ztk<d2 Po, p+) + Cp, “Zt’

which is equivalent to the desired inequality. |
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Remark 5.2.7 Note that, for Riemannian manifold with non-negative curvature the
inequality in (5.8) holds for all K < 0. Since lim,_,oC,, = 1, Theorem 5.2.6 is reduced
to [12, Theorem 3.3].

We remark that in the first part of the next theorem we do not assume that * # @.
Additionally, it is worth to point out that the second part was first obtained in [70]. Since
it is an immediate consequence of the first part and Lemma 5.2.4, we decide to include its
proof here.

Theorem 5.2.8 The following equality holds
limkinff(pk) = f" (5.9)
In addition, if Q* # @ then the sequence {py} converges to a point p, € Q*.

Proof. Assume by contradiction that liminfy f(py) > f*. In this case, we have Q # &.
Thus, from Lemma 5.2.3, we conclude that {p;} is bounded and, consequently, by using
Proposition 5.1.1, the sequence {s;} is also bounded. Let C} > 0 such that ||sx|| < Cy, for
k = 0,1,.... On the other hand, letting ¢ € , there exist Cy, > 0 and ky € N such that
f(q) < f(pr)—Cy, for all k > ky. Hence, using Lemma 5.2.4 and considering that ||sx| < C,
for k=0,1,..., we have

&

—t k=ky k 1,....
c, k> 0, ko + 1,

&*(Prt1,q) < d*(pry q) + Couty — 2

Consider ¢ € N. Thus, from the last inequality, after some calculations, we conclude that

20 l+ko l+ko l+ko
2
Tl Z tj S dQ(pkoa Q> - d2(pk0+f7 q) + Oq,/i Z tJQ S d2(pk0> Q) + Cq,n Z tJQ

J=ko Jj=ko J=ko

Since the last inequality holds for all ¢ € N, then using the inequality in (5.4) we have a
contraction. Therefore, (5.9) holds.

For proving the last statement, let us assume that Q* # @. In this case, we have Q) # @
and, from Lemma 5.2.3, the sequence {p;} is bounded. Moreover, Lemma 5.2.4 implies, in
particular, that {px} is quasi-Féjer convergent to Q. The equality (5.9) implies that {f(px)}
possesses a decreasing monotonous subsequence { f(px;)} such that lim;_ f(px;) = f*. We
can assume that { f(px)} is decreasing, monotonous and converges to f*. Being bounded, the
sequence {py} possesses a convergent subsequence {py,}. Let us say that lim, . pr, = p,
which by the continuity of f implies f(p.) = lim/ o f(pr,) = f*, and then p,. € 2. Hence,
{pr} has an cluster point p, € €2, and due to {px} be quasi-Féjer convergent to 2, it follows
from Theorem 2.0.8 that the sequence {py} converges to p.. [ |
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5.2.2 Subgradient method with Polyak step-size

In this section, we assume that Q* # & and {p;} is generated by Algorithm 3 with Strategy 8
for choosing the step-size. Let us define

2 kdp

Crn = 5 Tanh (o)

> 0, (5.10)

where a and dj are defined in (5.5).

Remark 5.2.9 Since lim;_,q tanh(t)/t = 1, we conclude that for Riemannian manifolds with
nonnegative curvature, namely, for x = 0, (5.10) become Cj 4, = 2/a — 1 > 0.

In the next result, we apply Lemma 5.1.2 to obtain an inequality that plays an important
role in our analysis. Before state this result, we set

g € Q" such that dy = d(po,q). (5.11)

Lemma 5.2.10 Let g € Q* satisfying (5.11). Then the following inequality holds

o[ (o) = [T

Ll k=01,....
sl

dQ(pk-‘rl) (D S d2(pk’a Q) - Cﬁ,doa

Proof. First we are going to prove that d(pk, q) < dy, for all k =0,1,.... The proof will be
made by induction. For & = 0 is immediate. Assume that d(px,q) < dy. Using the second
inequality of Lemma 5.1.2 with ¢ = q, t = tx, p = pg, S = Sk, prr1 = Y(tx) and considering
that f* = f(g), we obtain

[F* = f(pw)]

sinh (At kd(pr, q 2t
P(pesn, @) < o, 3) + S ’“){ Ped) o 2

Rtg tanh (kd(pg, q)) g [

Since the map (0, 4+00) 3 ¢ +— t/tanh(t) is increasing, using the assumption d(px,q) < do
and definition of t; in (5.5), the last inequality becomes

sinh (it,) { Ao 2] o) — 1T

fit Ca sl

d*(pr11,q) < d*(px, @) + (5.12)

tanh (kdy) «

Thus, the inequalities in (5.5) imply that d(pri1,q) < d(pr,q) < dp and the induction is
concluded. Hence, d(pg, q) < dy, for all k = 0,1,.... Therefore, we can also prove that (5.12)
hods, for all £ =0,1,.... Taking into account that sinh(sty)/(ktx) > 1, the combination of
second inequality in (5.5), (5.10) and (5.12) yield the desired inequality. |

Remark 5.2.11 Since limy_,¢ tanh(¢)/t = 1 and limy_,¢ sinh(¢) /¢ = 1, then by using similar
idea considered in the proof of Lemma 5.2.10, we can show that, for Riemannian manifolds
with nonnegative curvature, holds d*(pxy1,q) < d*(pr,q) — (2/a — 1)t2, for all k = 0,1,. ..
and all ¢ € Q*.
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The next result presents an iteration-complexity bound for the subgradient method with
the Polyak’s step-size rule.

Theorem 5.2.12 Assume that f : M — R is Lipschitz continuous with constant 7 > 0.
Let g € QF satisfying (5.11). Then, for every N € N, there holds

N 7_2 ) _
> o) — £ < —dC(ZO’@. (5.13)
k=0 a0
As a consequence,
min{f(pr) = f* + k=0,1,..., N} < [rd(po, q)]/\/ Crao(N +1). (5.14)

Proof. Since f is Lipschitz continuous with constant 7 > 0, we have |s;| < 7, for all
k=0,1,.... Thus, it follows from Lemma 5.2.10 that

7_2

C,ﬁ’dOOéQ

[f(ow) — [F]? < [ (pr, ) — P(prs1,7)],  k=0,1,....

Performing the sum of the above inequality for k = 0,1, ..., N, we obtain (5.13). The second
statement of the theorem is an immediate consequence of the first one. [

Remark 5.2.13 It is worth noting that if x = 0 we have C, , = 1 and then Theorem 5.2.12
merges into the inequality [12, Theorem 3.4].

Theorem 5.2.14 The following equality holds limy_,, f(pr) = f*. Consequently, all cluster
point of {pr} is a solution of (5.1).

Proof. Letting N goes to +oo in (5.13), we conclude that limy_, f(px) = f*. It follows from
Lemma 5.2.10 that {py} is bounded. For concluding the proof, let p be an accumulation
point of {px} and {p,} a subsequence of {p.} such that limy, , o pr, = p. Therefore,
f(p) = limg, 00 f(pr,) = f* and then p € Q*. [ |

Corollary 5.2.15 For k = 0 the sequence {py} converges to a point q € Q*.

Proof. Lemma 5.2.10 implies that {px} is bounded. As a consequence, {p;} has at least
one cluster point. Thus, by Theorem 5.2.14, it follows that there exists a subsequence
{pr,} of {px} converging to a ¢ € Q. Hence, limy,_,od(pk,,q) = 0. Since the
inequality of Remark 5.2.11 implies that {d(pk,q)} is monotonic decreasing, it holds that
limy o d(pg, q¢) = 0, completing the proof. [ |
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5.3 Numerical examples

In this section, we numerically illustrate the results on complexity-iteration bounds of
Section 5.2. For this aim, we consider the convex feasibility problem in Riemannian setting
which consists of finding a point p € M such that

peC = ﬂCi, Ci:={peM: fi(p) <0}, (5.15)

i=1

where f; : M — R is convex, for all i = 1, ..., m. This problem can be equivalently rewritten
as an optimization problem (5.1) where f: M — R is given by

f(p) :=max{fi(p),..., fm(p),0}.

Note that f(z) > 0 for all x € M. If C # @, then C = {p € M : f(p) = 0}. Thus, C is
the solution set of the problem (5.1) and f* = 0. Now, if the interior of C' is nonempty, i.e,
intC' # &, then there exist € > 0 and & € M such that f;(z) < —e, foralli=1,...,m. In
this case, defining

f(p) = max{fl<p)7"'7fm<p)7_€}7 (516>
the solution set of the problem (5.1) is contained in intC' and f* = —e.

Our examples consist of convex feasibility problems (5.15) where C' has nonempty interior.
Let us explain how the examples were generated. Let M be a Riemannian Manifold with
sectional curvature bounded from above by K and set

1
Pk = — min {inj M,

2 2;?}

where inj M is the injectivity radius of M, with the convention that 1/v/K = +oo for

K < 0; see [64, pag. 110]. Let d be the associated Riemannian distance. Set ¢ € M, and
choose r > 0 and vy, ..., v, € T, M in such a way that

a; = equ( o H) e B(q, p), (5.17)

for all i = 1,...,m, and some p < pg. Since d(a;,q) = r, we conclude that a; € dBlq,r],
where dBl[q,r] denotes the boundary of Blg,r], for all i = 1,...,m. Let ¢ > 0 and define
fi: M — R by

filp) == d(p,a;) —r —¢,
for each ¢ = 1,...,m, and consider f given by (5.16). In this case, we have B|q,¢] C C,
f* = —¢, and dy < d(po, q) where dy is defined in (5.5). Moreover, f is Lipschitz continuous
with constant 7 = 1. Given p € M, it follows that

Zafxp” Y e af).

Jj€lp
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where I, := {j:p#a;, j=1,...,m} and 3 ,.; a; = 1, see [14,73]. We generated two
examples with different types of Riemannian manifolds M as described below.

Example 5.3.1 (Positive definite symmetric matrices) Let P" and P7 | be the set of
symmetric matrices and the set of positive definite symmetric matrices, respectively. Let
M = (P}, (-,-)) be the Riemannian manifold endowed with the Riemannian metric given
by

(U, V) =tr(VX'UX™), X eM, UV eTxM=~P"

Let d be the Riemannian distance defined in M = (%, (-,-)), see (3.47).

We set n = 10, m = 10, 7 = 1, and € = 0.1. We random generated matrix ¢ € P’ | and the
starting point po € P}, with eigenvalues belonging to (0,100), and matrices vy, ..., v, € P"
with eigenvalues belonging to (—100,100). Then, matrices a1, ..., an, € P}, were generated
according to (5.17).

Example 5.3.2 (Sphere) Let S := {z € R* : ||z|| = 1} be the (n — 1)-dimensional
unit sphere. Endowing the sphere S with the Euclidean metric (-,-) we obtain a complete
Riemannian manifold with curvature equal to 1, which will be also denoted by S. The
tangent plane at x € S is given by 7,S := {v € R" : (v,z) = 0} and the exponential
mapping exp,, : 1, M — M in assigned by

_ Jeos(vl)z +sin(lol) v #0,
exp, v 1=
T, v = 0.

The inverse of the exponential mapping exp, ! : M — T, M is given by

arccos (z, y)

1- <x7y>2

exp, Yy = (I —zal)y.

The Riemannian distance between x,y € S is given by d(x,y) = arccos (x,y), for more
details, see, for example, [30].

We set n = 200, m = 50, r = w/16, and ¢ = 0.001. We defined ¢ = (1,...,1)/\/n
and random generated vectors vy, ..., vy, € T;S. Then, vectors ay, ..., a,, € S were generated
according to (5.17). The starting point py € S was generated by taking a random vector

v € T,S and setting py = exp, (A%Hz—o, where A € (0,1).

We coded Algorithm 3 in Matlab and run it on the above examples. For Example 5.3.1
we used the exogenous step-size given by ¢, = 1/(k + 1) for all &k = 0,1,..., while for
Example 5.3.2 we adopted the Polyak’s step-size with o = 1.9999 x tanh(d(po, q))/d(po, q)-
For each example, since f* = —e, by Theorems 5.2.8 and 5.2.14 respectively, there exists kg
such that p, € C for all k& > ky. Therefore, these convex feasibility problems are solved
by Algorithm 3 in a finite number of iterations. Indeed, Algorithm 3 found a feasible
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point with 55 and 41 iterations for Examples 5.3.1 and 5.3.2, respectively. Figure 5.1 (a)
corresponds to Example 5.3.1 and reports the function values of the left and right hand sides
of inequality (5.8) for each iteration of Algorithm 3. In its turn, Figure 5.1 (b) is related to
Example 5.3.2 and illustrates the iteration-complexity bound given by (5.14).
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Figure 5.1: Iteration-complexity bound for the Riemannian subgradient method with: (a)
exogenous step-size applied to Example 5.3.1 — Theorem 5.2.6; (b) Polyak’s step-size applied
to Example 5.3.2 — Theorem 5.2.12.

As can be seen in Figure 5.1, inequalities (5.8) and (5.14) in Theorems 5.2.8 and
5.2.14 are met for all iterations of Algorithm 3, illustrating the practical reliability of our
iteration-complexity results.

5.4 Conclusions

In this chapter, we analyzed the iteration-complexity of subgradient method with exogenous
step-size and Polyak’s step-size. In general, the Polyak’s step-size has a better performance
than the exogenous step-size, but the choice of exogenous step-size is also interesting because
it does not depend on any data computed during the algorithm, being important in large scale
optimization problems. Since the feasibility and optimization problems are close related,
this chapter complements the understanding of the subgradient algorithm in this settings.
Finally, we remark that for Riemannian manifolds with curvature unbounded below, perhaps
another strategy for the step will be need since is not possible to control the distance between
the geodesics. Indeed, if the curvature is positive the geodesics emanating from the same
point tend to approximate one each other, the contrary occurs if the curvature is negative.
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Chapter 6

Final remarks

In this thesis, the behavior of the gradient and subgradient methods for convex optimization
problems on Riemannian manifolds with lower bounded sectional curvature was analyzed.
Most of the theory made here is based on the extension of known results on manifolds with
non-negative curvature. This extension is important because there are a huge number of
known Riemannian manifolds with lower bounded curvature, for instance: compact manifolds
and manifolds with constant curvature. The proofs of the main results in this thesis depend
of inequalities obtained through the extension of the “law of cosines” of Euclidean space.
From these inequalities and some other auxiliary results obtained here, we believe that it is
possible to obtain other convergence results on Riemannian manifolds with lower bounded
curvature. Given this, it would be interesting to study in future work: inexact and stochastic
versions for gradient and subgradient methods, the subgradient method for multiobjective
optimization, as well the incremental gradient and subgradient methods, see [16,55] and
other methods that have similar convergence analysis to the methods considered in this
work.

Finally, we remark that for Riemannian manifolds with curvature unbounded below,
perhaps another strategy for the step will be need since is not possible to control the distance
between the geodesics with the Toponogov comparison theorem. Therefore, a interesting
problem for theoretical purposes that can be investigated is find another test strategy that
makes it possible to extend the results of this thesis without assuming any restriction on the
curvature of the manifold. An advance for this would be interesting to make restriction on
the curvature of Ricci instead of the sectional.
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