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Résumé: De nombreux problémes rencontrés
en optimisation différentiable sont mathéma-
tiquement associés a des fonctions de cotit dont
la minimisation requiert de travailler sur un
espace de dimension particuliérement élevée.
Certaines opérations numériques sont alors im-
possibles & réaliser et ainsi, de par ’occupation
mémoire que nécessite leur mise en oeuvre,
I'utilisation de certains algorithmes, pourtant
réputés efficaces, devient inenvisageable. Par
ailleurs, en étant uniquement le fruit d’un mod-
¢le d’observation et/ou de connaissance, la fonc-
tion de colit en elle-méme peut ne pas rendre
pleinement compte des phénomeénes physiques a
décrire. Un traitement purement déterministe
des données est alors insuffisant et 1’élaboration
de méthodes probabilistes devient indispens-
able. En réponse a cette double problématique,
le travail de thése présenté a pour objectif de
construire des approches d’optimisation pour
la résolution de problémes de grandes tailles
posés aussi bien dans les domaines du traite-
ment d’images ou de ’apprentissage statistique.
Notre point de départ s’articule autour d’une
classe de méthode particuliére, fondée sur le
principe de Majoration-Minimisation (MM),
réputée pour la robustesse des schémas
numériques qu’elle est susceptible d’engendrer
indépendamment de la convexité (ou non) du
probléme. Les contributions de ce travail de
thése sont fondées sur deux axes d’analyse. Une
premiére partie s’attache a concevoir un nou-
veau schéma MM, quadratique, pour manipuler

des données & grande échelle, en permettant
idéalement d’exploiter pleinement les capac-
ités intrinséques des outils de calculs modernes.
D’un point de vue théorique, nous établissons
les propriétés de convergence associées & ce nou-
vel algorithme MM quadratique distribué sous
des hypothéses raisonnables.
temps, nous proposons une extension stochas-
tique de ce dernier en supposant inexact ’accés a
certaines informations relatives & la fonction de
colit, en particulier I’évaluation de son gradient.
Les méthodes d’analyse asymptotiques nécessi-
tent alors la mise ne place d’outils théoriques
originaux. En particulier, 'obtention de cer-
taines garanties asymptotiques, dans le cas non
convexe, suppose la mise en évidence de résul-
tats inédits qu’il devient indispensable d’étudier
en détails.

Dans ce contexte, la derniére partie de ce travail
de thése se détache du cadre MM et est dédiée
au développement d’une nouvelle méthodolo-
gie pour le raffinement de certains résultats de
convergence autour des schémas stochastiques
et toujours dans un cadre non nécessairement
convexe. Nous nous appuyons plus spécifique-
ment sur les récents développements autour de
la théorie de Kurdyka-f.ojasiewicz (KL) pour
Ioptimisation déterministe. L’objectif en résul-
tant est finalement de proposer une transposi-
tion de ces derniers dans le domaine stochas-
tique & des fins d’application sur le plus grand
nombre d’algorithmes possibles.
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Title: Stochastic Majorization-Minimization Algorithms
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Abstract: Many problems encountered in dif-
ferentiable optimization are mathematically as-
sociated with cost functions whose minimiza-
tion requires working in a particularly high-
dimensional space. Certain numerical opera-
tions are therefore impossible to carry out and,
because of the amount of memory required to
implement them, the use of certain algorithms,
even though they are reputed to be efficient,
becomes unthinkable. Furthermore, by being
solely the result of an observation and/or knowl-
edge model, the cost function in itself cannot
fully account for the physical phenomena to be
described. Purely deterministic data processing
is therefore insufficient, and the development
of probabilistic methods becomes essential. In
response to this twofold problem, the long-term
aim of this thesis work is to build a stochastic
algorithm for solving large-scale problems in the
fields of image processing and statistical learn-
ing.

Our starting point revolves around a partic-
ular class of method, based on the principle of
Majorization-Minimization (MM), reputed for
the robustness of the numerical schemes regard-
less of the convexity (or not) of the problem.
Our contribution lies on two lines of analysis.
The first part aims to design a new MM scheme,

more specifically a quadratic scheme, to manip-
ulate large-scale data, ideally enabling the in-
trinsic capabilities of modern computation tools.
From a theoretical point of view, we establish
the convergence properties associated with the
proposed distributed quadratic MM algorithm
under mild assumptions. Secondly, we propose
a so-called stochastic extension of the latter by
assuming that the access to certain information
relating to the cost function, in particular the
evaluation of its gradient, is prone to errors. We
present an asymptotic analysis of the algorithm,
by relying on theoretical tools relatively new in
the probabilistic field. Obtaining deeper asymp-
totic guarantees supposes the demonstration of
novel results that need to be studied in depth.

In this context, the last part of this thesis
goes beyond the MM framework and is dedi-
cated to the development of a new methodol-
ogy for the strengthening of convergence results
of stochastic schemes in general and in a non-
necessarily convex framework. More specifically,
we draw on recent developments in Kurdyka-
Lojasiewicz (KL) theory for deterministic opti-
mization. The resulting objective is finally to
propose a transposition of the latter into the
stochastic domain for application to the largest
possible number of algorithms.
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Résumé francais

Ce travail de thése, mené dans le cadre du projet européen ERC MAJORIS, sous la direction de
Emilie Chouzenoux, s’articule autour de 'optimisation différentiable et est dédié, sur le long-terme, a
la résolution de problémes de grande taille pour le traitement de données (e.g. signal, image).

Une majorité de phénomeénes physiques se traduit mathématiquement par la minimisation, c’est a
dire la recherche d’un point de minimum, d’une fonction de cotit particuliére, découlant d’un modéle
d’observation ou d’approximation. Par exemple, en mécanique Newtonienne, les positions d’équilibre

) )
d’un objet, dans un référentiel donné, s’interprétent typiquement comme les extrema d’une énergie
) )
potentielle. Le tracé d’une droite de régression linéaire est, de méme, caractérisé par un coefficient
directeur et une ordonnée & l'origine rendant la plus faible possible une certaine erreur, issue de la
donnée des points expérimentaux. Quand bien méme I’établissement de la fonction de coiit associée
au probléme étudié résulte généralement de choix ne dépendant pas du numéricien, la minimisation de
cette derniére est une tache qui lui est, & l'inverse, pleinement confiée.

Deux stratégies de résolutions peuvent alors étre distinguées. La premiére, plus naturelle, consiste
& exhiber une expression analytique, sous réserve d’existence, d’un point minimum, par I'intermédiaire
d’outils purement analytiques (dérivation, résolution d’équations & la main, etc.). Toutefois, de telles
opérations supposent de travailler exclusivement avec une fonction de cotit possédant une structure
relativement simple. En pratique, la complexité, toujours croissante, des modéles de connaissances
ne permet pas ’applicabilité de cette approche pour I'immense majorité des problémes d’optimisation
rencontrés aujourd’hui. La seconde, par opposition, réside dans la construction d’un procédé numérique
spécifique, un algorithme, visant a approcher au mieux, en un certain sens mathématique, une solution,
c’est & dire un point de minimum de la fonction étudiée.

Dans ce contexte, le travail que nous présentons dans ce manuscrit propose le développement de
stratégies itératives pour la résolution de probléme d’optimisation non contraints (sur un espace de
Hilbert tout entier). La dimension de 'espace de recherche est également supposée suffisamment im-
portante pour rendre difficilement envisageable le recours & des opérations usuelles de type inversion
ou méme produits matriciels, par les outils de calculs employés. Le probléme d’optimisation est alors
dit de grande taille ou grande échelle. Par ailleurs, nous nous plagons dans une situation, en aval, pour
laquelle, nous n’interférons nullement dans les choix de modélisation ; la fonction de cotit du probléme
est supposée donnée et immuable. Nous lui attribuons cependant un caractére contintiment différen-
tiable et, de fait, une régularité suffisante, pour permettre 1'utilisation de méthodes de type descente
de gradient (Chapitre 2). La relative simplicité de ces derniéres et leur interprétation géométrique,
particuliérement intuitive, ont historiquement permis leur développement dés le dix-huitiéme siécle.
Aujourd’hui encore de telles approches sont privilégiées pour traiter I'immense majorité des problémes
d’optimisation rencontrés.

Bien que ce travail de thése soit principalement fondé sur la construction de stratégies de résolu-
tion de type descente de gradient, il présente la spécificité d’adopter un point de vue dit quadratique.
Notre constat étant le suivant ; un algorithme de descente de gradient résulte de la minimisation, sur
un espace donné, d’une fonction quadratique, approchant et se substituant & la fonction de coiit, a
I’itéré courant. Nous nous intéressons plus spécifiquement a la classe d’approximation reposant sur le



principe dit de Majoration-Minimisation (MM) ; la fonctionnelle quadratique, a minimiser, est alors
construite de fagon a majorer la fonction de coit initiale tout en coincidant avec cette derniére au point
d’intérét. Notre choix est motivé par les garanties théoriques en résultant et mise en évidence au cours
de ces vingt derniéres années. En effet, de par sa construction, un schéma de type MM induit néces-
sairement une décroissance des évaluations de la fonction de cofit associées aux itérés. L’algorithme
en résultant posséde ainsi des propriétés naturelles de robustesse, lui offrant certaines garanties de
convergence, quand bien méme cette fonction de cotlit posséde une courbure au comportement parti-
culiérement capricieux, sous-entendu non nécessairement convexe (Chapitre 3). Par ailleurs, la forme
quadratique de la fonction d’approximation permet, en complément, la construction de régles de mise a
jour structurellement simples facilitant 'incorporation de méthodes d’accélération de type sous-espace.

Toutefois, dans un cadre d’optimisation grande-échelle, de telles stratégies d’accélération a elles-
seules ne suffisent pas a véritablement compenser les limitations générées par la dimension du probléme,
rendant toujours difficile, en machine, le stockage en mémoire de la plupart objets & manipuler. La
nature des obstacles auxquels nous sommes confrontés nous incite ainsi & concevoir un schéma MM
quadratique, plus souple, notamment & des fins d’implémentation paralléle. Plusieurs travaux, an-
térieurs a ce projet de thése, ont en particulier proposé une nouvelle structure de gestion des données
de type bloc distribuée ; une étape de mise & jour repose alors uniquement sur ’actualisation, via une
procédure quadratique MM, avec accélération de sous-espace, d’un petit nombre de coordonnées. Le
schéma en résultant, nommé BP3MG, posséde ainsi une complexité grandement réduite, a itération
fixé, par rapport a son homologue MM quadratique et présente I’avantage d’en conserver les propriétés
de convergence sans ajout d’hypothése supplémentaire sur la fonction de cott (Chapitre 4). Cepen-
dant ce méme algorithme ne permet pas d’exploiter pleinement les potentielles capacités de la machine
de calcul se chargeant de sa mise en ceuvre, en particulier lorsqu’il s’agit d’un serveur multicceurs.
De par la gestion cloisonnée et uniquement successive de ses différentes données (i.e. des groupes de
coordonnées aux itérés courant), BP3MG ne peut en effet étre véritablement implémenté de fagon a
pleinement exploiter les possibilités offertes par ce type d’architecture.

Le développement d’un algorithme inédit s’est ainsi avéré indispensable pour répondre au mieux
a cette problématique. Plus précisément, le schéma concu, BD3MG, est dérivé de BP3MG dans sa
structure, mais posséde une régle de mise a jour plus générique, favorisant un traitement asynchrone
des données (Chapitre 5). Plusieurs processeurs sont alors mobilisés, travaillent de fagon indépendante
et effectuent chacun une itération de type MM quadratique sur un groupe de coordonnées spécifique.
Ils sont enfin assignés en amont par un homologue commun, dit le maitre. Les propriétés asymptotiques
de cet algorithme sont étudiées dans un premier temps et toujours dans un cadre non convexe. La
méthode d’analyse mise en place, moyennant certaines spécificités induites par la nature asynchrone de
la gestion des données, peut en particulier s’interpréter comme une généralisation de celle proposée au
cours I'étude de BP3MG. La deuxiéme partie de ce travail, de nature purement numérique, a vocation
a tester les performances de BD3MG pour la résolution d’un probléme inverse de type déconvolution,
sur des données simulées puis réelles dans un contexte de microscopie biphotonique.

La premiére partie de ce projet de thése propose en conséquence des développements pour une
amélioration d’ordre structurel du schéma MM quadratique initial. De fagon générale, c’est en effet
la mise & jour méme des itérés qui se voit remodelée afin de tenir compte des capacités intrinséques
des architectures de traitement de données. Un second axe d’analyse, jouant un réle complémentaire a
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celui décrit jusqu’a présent, s’articule directement autour de la fonction de coiit en s’interrogeant sur
I’exactitude de 'information qu’elle est susceptible de délivrer. D’une part, cette méme fonction de cofit
est la représentation mathématique d’un modéle de connaissance et ne peut donc, a elle seule, suffire a
décrire ’ensemble des phénoménes mis en jeu par le probléme induit. D’autre part et toujours dans un
contexte d’optimisation grande-échelle, certaines évaluations telles celles du gradient, du Hessien (dans
le cas deux fois différentiable) voire de la fonction de coiit elle-méme, sont difficilement envisageables de
par la place qu’elles occupent en mémoire machine. En réponse & ces deux limitations, 'utilisation d’'un
modéle de type "boite noire" devient légitime ; les phénoménes physiques non identifiés et parfois la
donnée exacte de la fonction de cofit en résultant se retrouvent masqués par le prisme d’approximations
obéissant & des lois probabilistes. Ce type de modélisation a plus particuliérement donné naissance,
dans la littérature, au domaine de 'optimisation dite stochastique (Chapitre 7).

La problématique mise en évidence précédemment est finalement & 'origine de ce travail de thése,
a savoir étendre ’algorithme MM quadratique en vue de traiter des problémes d’optimisation dif-
férentiable dans des cadres probabilistes et idéalement toujours non convexes. Face & la multitude
des modéles "boite noire" envisageables, nous considérons ici une incertitude au premier ordre, c’est
a dire portant directement sur le gradient de la fonction de cotit. Les fonctionnelles quadratiques
d’approximation, découlant du procédé MM, s’en voient directement affectées et perdent, en partic-
ulier, la propriété de majoration. Le schéma MM quadratique associé, que nous nommons SABRINA,
dispose alors d’une mise & jour de type gradient stochastique préconditionné (Chapitre 7) et obéit
logiquement & une condition de descente stochastique, synonyme d’une certaine robustesse. Nous en
déduisons des propriétés de convergence, certes élémentaires mais attestant toutefois de l'intérét, au
moins théorique, de 'utilisation d’un tel schéma. A des fins d’évaluation de performances, I’algorithme
SABRINA est mis en ceuvre pour la résolution d’un probléme d’apprentissage de type classification
binaire puis pour l'identification d’un noyau de bruit sur une image satellite bruitée.

La stratégie employée pour la mise en évidence des propriétés de convergence de SABRINA demeure
cependant classique et, d'une certaine fagon, les résultats ainsi obtenus ne sont que le reflet d’'un
algorithme stochastique finalement bien construit. En dehors de toute hypothése de convexité, relier des
comportements élémentaires (e.g. une limite nulle pour les évaluations du gradient et d’une autre finie
pour celles de la fonction de cotit) avec idéalement la convergence des itérés vers un point stationnaire
constitue aujourd’hui un probléme ouvert de la littérature stochastique. A l'inverse, de récents outils,
utilisant la théorie de Kurdyka Lojasiewicz (KL), ont permis I’émergence d’une nouvelle catégorie de
preuves pour démontrer la convergence globale (i.e. en itérés) de plusieurs algorithmes déterministes
a partir d’une condition de descente. Ici, les difficultés rencontrées pour leur mise en application sont
d’ordre techniques et engendrées par ’ajout du cadre d’étude stochastique que nous nous imposons.
Partant de ce constat, nous proposons de nous détacher du schéma MM quadratique afin de développer,
de fagon plus générale, une méthodologie permettant d’obtenir des convergences de type presque sir
des itérés vers un point stationnaire en partant de propriétés issues typiquement d’une condition de
descente conditionnelle (Chapitre 8). Notre objectif consiste plus précisément a étendre les approches
initiées en optimisation déterministe pour mieux les adapter aux contraintes imposées par un contexte
d’ordre probabiliste.

Une courte derniére partie a vocation a cléturer notre propos et propose quelques pistes de recherche
a court et moyen termes associées a plusieurs aspects développés tout au long de ce projet.
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General notations

Here we present some of the mathematical notations we will use throughout this manuscript. Some of
them will also be reminded on the fly.

e (H,(., .)) : any real finite dimensional Hilbert space endowed with a scalar product (., .). If
H = R? (withd > 0), (., .) corresponds to the usual Euclidean scalar product.

e [talic style: any deterministic quantity.

e [talic and Bold style: any deterministic vector (in the sense of an element of H) or linear
operator,

e I: the identity application whatever the space,

e (Q, F,P): any generic probability space provided with a o-algebra F and a probability measure
P,

e Non-italic style: any random quantity,

e Non-italic and Bold style: any random vector (in the sense of an element of H) or random linear
operator.

e f or F': the cost function to minimize.
e Vf or VF: (under existence) the gradient operator of the cost function to minimize.

e x: any global minimizer of the cost function, i.e. any solution of the unconstrained optimization
problem considered .

e z*: any stationary (or critical) point of the cost function (for which it is not possible to directly

conclude whether it is a global minimizer or not).
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List of useful accronyms

This list of the acronyms below is not exhaustive, but is intended to identify those that will be developed
in this manuscript.

3MG
B2MM
B2MS
BD3MG
BP3MG
KL
MG
MM
QMM
SABRINA
SMM
SQMM

Majorization-Minimization Memory Gradient

Block Majorization-Minimization

Block Majorization-Minimization Subspace

Block Distributed Majorization-Minimization Memory Gradient
Block Parallel Majorization-Minimization Memory Gradient
Kurdyka - Lojasiewicz

Memory Gradient

Majorization-Minimization

Quadratic Majorization-Minimization

Stochastic SuBspace MajoRlIrization-MiNimization Algorithm
Subspace Majorization-Minimization

Subspace Quadratic Majorization-Minimization

14



Chapter 1
(General introduction

1.1 Context

This work focuses on the development of iterative algorithms for solving smooth unconstrained opti-
mization problems. Mathematically, these consist in researching a minimizer of a so-called cost function
within an entire given Hilbert space. In the situation where the cost function is regular enough to be
considered as continuously differentiable, gradient descent approaches appear as the most natural reso-
lution strategies. However, they imply to have access to a complete knowledge of first order information
to be fully efficient.

We here place ourselves in the challenging context where such an information is too incomplete
to apply the gradient-based usual methods. The first reason is computer-related and is classically
induced by the dimension of the problem; the larger this dimension, the more restrictive the storage
of certain objects (typically the gradient) in memory. This generates a natural trade-off between
capturing the best information as possible and preserving reasonable machine complexities. In the
context of signal processing or statistical learning, the management of huge quantities of data, that
are growing inexorably with the development of the technological tools available, requires confronting
such a situation in each of the problems encountered today. The second source takes it origin from the
modeling choices themselves; the construction of a cost function is nothing but a setting in equations
of the problem and therefore it bridges the gap between the physical observation world, from which
it initially comes from, and the mathematical one attached to its resolution. The complexity of the
observation /acquisition model and that of the cost function to be adopted therefore evolve in the same
direction and when these are too high, they logically lead to the manipulation of partially known or
approximate mathematical objects. As a result, the choice of a purely deterministic framework might
be too limited to theoretically account with relevancy for typical observed phenomenons. It is then
necessary to consider a setting in which the objects at stake can be modeled as black boxes from which
only a few outputs are accessible to the user. On the mathematical point of view, such a framework is
said to be probabilistic or stochastic.
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1.2 Objectives identifications

Several lines of analysis will be conducted in this thesis as a response to the previous challenges.
The first one consists in adapting the existing minimization algorithms by changing the way the data
are handled. One possible approach is to use block processing of the different variables, possibly
on different machines, while taking into account and controlling the resulting communication delays.
This is generally referred to as asynchronous programming and, on the mathematical viewpoint, it
generally implies to drastically change the structure of the associated minimization scheme. We then
seek in a second step to free ourselves from the purely deterministic setting for a probabilistic one.
Adopting such a framework requires the use of specific tools usually employed in the study of so-called
random processes. The development of modern probability theory actually promoted the mathematical
modeling of uncertainties resulting from a wide class of optimization problems and gave birth to
stochastic approximation paradigm in the early 1960s. Somewhat less popularized during the next
decades, the recent interest for this field has logically gone hand in hand with the increasing challenges
involving large scale data manipulations, in particular in the field of machine learning.

Although this thesis is initially based on the construction of gradient-type descent methods, our
starting point differs from the usual approach to the extent it revolves around the Majorization-
Minimization (MM) principle and in particular, on quadratic MM schemes. Our motivation initially
relies on the fact that many efficient existing schemes from the literature can be interpreted as the
result of the minimization, given a certain space, of a surrogate quadratic application, which substitutes
for (and approaches) the cost function, in a neighborhood of the current iterate. More specifically,
quadratic MM resolution strategy results from the consideration of the specific class of quadratic
tangent majorization approximations. Such a choice is all the more encouraging as many theoretical
guarantees have been highlighted over the last years for the deterministic framework. The inner
construction of any MM update necessarily implies the successive evaluations of the cost function to be
decreasing. The resulting algorithm therefore becomes particularly robust to deal with functions whose
curvatures properties are difficult to handle and in particular the non-convex ones. In addition, the
quadratic structure of the approximations of F' promotes a simple closed-form and easily parallelizable
updates.

In light of those, the presented thesis is intended to develop two different aspects of differentiable
optimization relative to quadratic MM approaches. First, remaining in a deterministic framework,
the very structure of quadratic MM scheme is rethought so as for the latter to be a better legiti-
mate candidate capable of meeting the requirements of "efficient" programming at a large scale. Our
medium-term objective is to obtain a parallel version of the MM algorithm able to operate in a asyn-
chronous manner. Our second approach consists in extending the existing MM results to a stochastic
setting. We particularly pay attention to deal with non-necessary convex cost function in a way to
preserve as best as possible the primary versatility of MM algorithms. The second part of the thesis
seeks to develop a range of theoretical tools for convergence analysis in the stochastic context, that
can be reused for MM algorithms and even beyond. More generally, our investigations lead us to move
away from the purely MM framework by constructing new theoretical results for non-convex stochastic
optimization.
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1.3 Outlines

We provide here a short description of each of the chapters contained in this manuscript. With the
exception of this one, there are eight of them that can be divided into two categories regarding the two
main objectives of this thesis. Chapters 2-5 are relative to the deterministic part of our work while
Chapters 6-8 concern the stochastic one. Figure 1.1 illustrates the dependency of the various chapters
in this manuscript.

Chapter 2 is a short literature review on unconstrained and differentiable deterministic optimiza-
tion. We favour a pedagogical approach by introducing to the reader a reminder of the usual tools and
existing algorithms used in such a field. Some points may notably be supplemented in usual academic
books as [19] or [178]. Two specific features shall be highlighted. On the one hand, we propose an orig-
inal approach based on the descent condition notion to better understand the usual convergence proofs
strategies. One the other hand, we also introduce the reader to the Kurdyka-Lojasiewicz (KL) theory,
that we then we use all along this manuscript as a cornerstone approach to overcome the limitations
imposed by a non-convex framework.

Chapter 3 provides a summary of existing results and methods around the so-called quadratic
MM principle. Once the notion of (quadratic) majorant has been introduced, we present, in order of
increasing complexity, the main schemes that have been developed in the literature in recent years.
Some theoretical results that are already known or that have been overlooked are also presented for the
sake of understanding and to justify the legitimacy of such approaches. In particular, we introduce the
subspace technique, which shall be incorporated in MM algorithm to deal with large scale problems.

Chapter 4 can be considered as our first primary contribution and is dedicated to the asymptotical
study of an extended class of quadratic MM based algorithms. Although the use of block parallel
versions have already been partially experimented to deal with large scale optimization problems over
the last years, no asymptotical guarantees have yet been genuinely proposed in the non-convex setting.
In this chapter, we thus promote a complete theoretical investigation for a generic Block parallel MM
Subspace (B2MS) scheme for which the cost function under consideration is not supposed to be convex.
More specifically, we establish convergence results both global (convergence to a stationary point) and
local (convergence speed estimation) by using KL theory.

Chapter 5 exhibits our main contribution to the use of deterministic quadratic MM methods in a
large scale optimization setting. B2MS algorithm has the advantage of greatly reducing the complexity
of the update steps, but its non-distributed structure generally does not allow it to process the received
information to converge in a reasonable number of iterations in high dimension. Nevertheless, the latter
algorithm remains an interesting starting point to build a new MM-based scheme whose structure is
flexible enough to allow distributed data processing on several autonomous machine cores while allowing
the arrival of different updates on a first-in, first-out basis. This results in a distributed version of B2MS
we call BD3MG (Block Distributed MM Memory Gradient) for the specific choice of memory gradient
subspaces. Once BD3MG scheme is presented, an in-depth study of its convergence properties, through
the establishment of a descent inequality, is conducted and several numerical experiments are carried
out to prove its efficiency in high dimension on both academic and real data examples.

Chapter 6 can be seen as the stochastic counterpart of Chapter 2. The diversity of existing methods
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today has led us to make choices of presentation that we hope to be as little restrictive as possible around
stochastic gradient type schemes. For the sake of analogy, we also try to keep the theoretical approach
adopted in Chapter 2 via the descent notion but this time adapted to a probabilistic framework. We
insist once again on the pedagogical aspect of this chapter, the objective of the latter being to familiarise
the reader with the notions that we will discuss in the rest of this manuscript. In particular, we try
to highlight the difficulties that a stochastic setting implies for the use, as such, of the non-convex
convergence tools from the KL theory.

Chapter 7 is dedicated to the introduction of our stochastic MM scheme we call SABRINA. Al-
though the structure of the latter is based on those of the usual subspace MM quadratic, its interest
lies in its ability to remain stable and efficient using only an estimate of the gradient. Through the
construction of this new scheme, our objective is thus to recover the initial robustness of the usual
MM deterministic scheme for the study of not necessarily convex cost functions. We establish various
properties of convergence by showing in particular that SABRINA satisfies a stochastic descent con-
dition. Various numerical tests around binary classification problems are conducted for performance
evaluations as well as comparisons with the usual stochastic gradient algorithms from the literature.

Chapter 8 is of theoretical nature and aims to provide novel answers to the problem raised in
Chapter 6, namely a new version of the generic KLi inequality in a way to be technically consistent
with a stochastic context. The objective of this work is to provide a proof methodology based on this
new mathematical tool in a way to conclude on the almost sure convergence of a given scheme without
convexity hypothesis. The medium-term objective is to apply the latter methodology to refine the
convergence guarantees of as many stochastic algorithms as possible.

Chapter 9 finally gives the conclusion by both summarizing the work presented in this manuscript
and proposing various medium an long term research perspectives.

Chapter 2 Chapter 3 Chapter 4 Chapter 5
Chapter 6 Chapter 7
Chapter 8

Figure 1.1: Chapters Dependency
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1.4 List of publications and contributions

Several chapters of this manuscript are based on publications that I have submitted and sometimes
even already published over the last years. My complete publication list, as well as the related chapters,
is provided herebelow:

Journal papers and preprints

1 J.-B. Fest and E. Chouzenoux. Convergence Analysis of Block Majorize-Minimize Subspace
Approach, submitted in 2022 to Optimization Letters (now in minor revision). https://hal-
lara.archives-ouvertes.fr /hal-03920026,/ [Chapter 4]

2 M. Chalvidal, E. Chouzenoux, J.-B. Fest and C. Lefort. Block delayed Majorize-Minimize sub-
space algorithm for large scale image restoration, Inverse Problems, Special Issue on Optimisation

and Learning Methods for Inverse Problems in Microscopy, volume 39, number 4, pp. 044002,
2023. [Chapter 5]

3 E. Chouzenoux and J.-B. Fest. Sabrina: A stochastic subspace majorization-minimization al-
gorithm, Journal of Optimization Theory and Applications, volume 195, pages 919-952, 2022.
[Chapter 7]

4 E. Chouzenoux, J.-B. Fest and A. Repetti. A Kurdyka-Lojasiewicz property for stochastic opti-
mization algorithms in a non-convex setting, https://arxiv.org/abs/2302.06447. [Chapter §|

International conferences with proceedings

1 J.-B. Fest and E. Chouzenoux. Stochastic Majorize-Minimize Subspace Algorithm with Applica-
tion to Binary Classification. In Proceedings of the 29th European Signal Processing Conference
(EUSIPCO 2021), Dublin, Ireland (virtual), August 23-27 2021.

2 J.-B. Fest, A. Repetti and E. Chouzenoux. A new non-convex framework to improve asymptotical
knowledge on generic stochastic gradient descent. In Proceedings of 2023 IEEE International
Workshop on Machine Learning and Image Processing (MLSP), Rome, Italy 17-20 September
2023.

Invited talks

1 J.-B. Fest and E. Chouzenoux. Majorization-Minimization algorithms: New convergence results
in a stochastic setting, PGMO DAYS, Saclay, France, 30th December 2021.

2 J.-B. Fest and E. Chouzenoux. Stochastic Subspace Majorization-Minimization Algorithm, STAM
Conference on Imaging Science (IS22), Berlin, Germany (virtual), 25th March 2022.

3 J.-B. Fest and E. Chouzenoux Block Delayed MM Subspace Algorithm for Large Scale Image
Restoration, BASP Conference, Villars-sur-Ollon, Switzerland, 10th February 2023.
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Table 1.1 below summarizes the themes covered by each chapter of the manuscript.

Chapter 4 | Chapter 5 | Chapter 7 | Chapter 8
MM algorithms v v v
Convex optimization v
Non-convex Optimization v v v v
Block coordinate optimization v v
Distributed optimization v
KL Theory v v v
Stochastic optimization v v
Stochastic KL theory v

Table 1.1: List of the main topics of the manuscript and their distribution by chapter.
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2.1 Introduction

Unconstrained (Euclidean) optimization is the mathematical field dedicated to find the minimizers of
f:H — R, a real-valued function defined over a real finite dimensional Hilbert space (H,(.,.)). The
common generic formulation of the problem reads in the literature as

Find x5 € H s.t. f(xs) < f(x) for all x € H. (2.1)

A minimizer of f is then defined as a point of H solution of (2.1). Assuming that f is a continuously
differentiable function classically ensures the existence of its associated gradient application Vf :
H — H as well as its continuity. Beyond its formal role as a representative of the derivative of f,
V f is physically directly linked to the notion of slope also and thus naturally provides some crucial
information on the curvature of f. One of the first fundamental result giving a necessary condition for
a point € H to be a minimizer of f is the following:

Theorem 2.1. (First order optimality condition) Assuming f differentiable, any solution x* of (2.1)
satisfies the Fuler equation
Vf(x*)=0. (2.2)

Any vector satisfying (2.2) is named a stationary point of f. In concrete terms, the stationary
points are those for which the slope of f cancels out and therefore indicate a potential changing of
its variations. Theorem 2.1 thus guarantees that any minimizer of f cancels out its slope. Its proof,
classically using the notion of directional derivatives, appears in several reference books such as [19].
Only under the differentiability of f, the most common approach to solve (2.1) first consists in focusing
on the alternative problem (2.2) reducing to the solution of an equation involving only the gradient
operator. Two strategies then emerge for its resolution.

The first one consists in solving (2.2) in an exact manner by only using mathematical operations.
However, in the vast majority of the problems encountered, such an operation is generally unthinkable
either because of lack of mathematical knowledge or the complexity of the calculation operations
involved. The main limiting factor actually remains the dimension of H. The more dim(H) is large,
the more the complexity of (2.2) and therefore that of (2.1). This phenomenon has more generally been
known since few decades in all the fields of optimization, beyond the differentiable case, as the curse of
dimentionality [16]. One simple example to understand how the space dimension affects the number of
operations to obtain the stationary points of f is to consider the situation where V f is affine. Solving
problem (2.2) becomes equivalent to compute the solution of a linear system and generally requires
dim(#H)? operations as an order of magnitude. Although such a number would remains reasonable
regarding academical examples, the great majority of practical minimization problems are encountered
in high-dimensional study spaces.

The second strategy historically that emerged to overcome the limiting factors is known as iterative
resolution [178]. It consists in generating a sequence (xj)ken, recursively, in order to approach one
solution of (2.2) in some mathematical sense. In other words, this strategy is based on the conception
of an algorithm in order to ideally asymptotically obtain a stationary point of f. This leads to several
lines of analysis. On the first hand, the governing scheme, i.e. the bunch of all necessary operations
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giving @1 from a step k € N (where xg,...,xo have already been determined) does not require
too high computational complexity, otherwise it runs into the same obstacle as the first strategy.
On the other hand, obtaining convergences guarantees for the algorithm requires the use of specific
mathematical tools and therefore constitutes the major part of the theoretical work with which the
numericist is confronted. It is generally carried out in two stages, first, an asymptotical analysis to, in
the ideal case, prove the convergence of the iterates to a stationary point, and second by looking more
specifically at the speed of convergence of (xy)ren or at least of a related alternative sequence, which
is physically similar to an accuracy analysis. On a mathematical aspect, this latter study generally
amounts to investigate on the evolution, in order of magnitude, of an easily interpretable metric, chosen
regarding the results provided by the asymptotical analysis.

In order to present the main principles of unconstrained and differentiable optimization in a ped-
agogical way, our chapter is divided into five sections. Section 2.2 introduces gradient descent min-
imization methods from their relatively intuitive nature. In particular, we try to keep a visual and
geometrical approach for the reader’s understanding. Section 2.3 is more technical in nature and
highlights the need for mathematical tools to judge the quality of a minimization algorithm. This
requires, in particular, the use of classical analytical assumptions that we will detail in section 2.4.
Among these, the convexity assumption is generally considered to be the most powerful as it allows for
efficient technical shortcuts to obtain particularly accurate convergence results. However, it remains
relatively restrictive and cannot be systematically verified by the cost function under consideration. In
such a context, obtaining sufficiently accurate convergence results in the absence of convexity requires
the development of new theoretical tools. We provide a description of these in section 2.5. While
the notion of quasi-convexity remains relatively popular, the theory based on the use of the so-called
Kurdyka-t.ojasiewicz property is a recent area of differentiable optimization and gives interesting re-
search perspectives for this thesis.

2.2 The class of descent methods

The most encountered iterative scheme for the research of stationary points and then minimizers of f
(i.e. the resolution of (2.2) and (2.1)) are grouped in the category of so-called descent methods. Their
general structure is

xg € H,
(Vk € N)  xpiq1 = @ + ardg. (2.3)

Descent shemes thus rely on the construction of two sequences ; directions (d)reny € H" and stepsizes
(o )ken € (Ri)N playing the role of adjustment factors. More specifically, directions (di)zen € HY
are said to be descent directions ; they have to be, in some physical sense, compatible with a minimizer
research by promoting a global decreasing of the sequence of the iterates evaluation, i.e. (f(xk))ken-
The rest of this section introduces a general overview of the strategies from literature to construct
sequences (dg)ken, (ak)ken in a way to obtain a solution of (2.2).

2.2.1 Descent direction computation
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The keypoint for building an interesting direction dj at a given iteration k € N is the second order
Taylor’s Formula applied to x. It gives an overview of f in a neighborhood of . By dispensing with
writing the order 2 residue and taking a generic h € H to have x; + h close to xj, approximation
f(xr+h) ~ f(xr)+(Vf(xy), h) remains valid and encourages f(xr+h) < f(x)) under the condition
(Vf(xr), h) <0. As sequence (ay)ken is positive, this naturally leads to the following definition of a
descent direction:

Definition 2.1. (Descent direction) Let @ € H. A vector d € H is said to be a descent direction at
point x if it satisfies:
(Vf(x),d) <0. (2.4)

The rest of this subsection gives a small bunch of methods from the literature dedicated to build
a relevant descent direction (at a given point xy, k € N).

2.2.1.1 Steepest descent

In the light of Definition 2.1, the most natural (dy)ren sequence to adopt seems to be (=V f(x))ens
the opposite of the successive gradients. Several justifications are legitimate. One is physical and
only keeps in mind the resolution, in the long-run, of (2.1); to approach a minimizer point without
any prior information on the function f, the simplest and intuitive strategy is actually to head in the
opposite direction to the slope (see figure 2.1). Another one is purely mathematical and focuses on the
resolution of (2.2); any stationary point of f is a fixed-point of the recursive scheme xy 1 = Ji(x)) for
all k € N considering the mapping J; : € € H — x —tV f(x) (t > 0) [32, chapter 2.3]. Methods using
—V f(xk) as descent direction at any iteration k € N are grouped under the so-call gradient descent
(or steepest descent) class of schemes.

T _ €T — )

Figure 2.1: An illustration of steepest decent in dimension 1. The new direction is always
taken as opposite to the sign the slope at the point considered ; the slope associated to
(resp x3) being negative (resp. positive), the new iterate is sought by moving positively (resp.
negatively) along the abscissa.
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2.2.1.2 Newton/Quasi-Newton methods

Many strategies to find a relevant descent direction have been proposed over the last decades. The
most famous one remains the class of Newton’s methods in the case when f is a twice continuously
differentiable function. Historically, Newton’s algorithm was developed by Isaac Newton (1643-1727)
and Joseph Raphson (1648-1715) to find the roots of any polynomial application (see figure 2.2).
Newton’s methods simply adapt this strategy to Vf in a way of solving (2.2). At every iteration
k € N, the new iterate a1 is defined as a zero of the tangent t; of Vf from xy. The advantage of
such an approach lies in fact the Taylor’s formulas |1 78] easily give access to the tangent application
at any point x € ‘H. x4 is thus a solution of the sub-problem

Find z € H st tp(x) = Vf(xy) + Vif(xp)(z — ) =0, (2.5)

where V2 f(x;) denotes the Hessian matrix of f at point ;. In the case where the Hessian of f is
definite positive at any point of H (or at least at all the iterates), j; possesses a closed form (i.e.
computable only using the four basic arithmetic operations) which directly conducts to the Newton’s
update formula:

(Vk €N) @y = xp — V2f(2) V(). (2.6)

Equation (2.6) has the advantage of naturally considering dy = —V?2f(x;) 'V f(x;) as a new
descent direction at any iteration k € N. Nevertheless and as mentioned in section 2.1, the dimension
of many problems encountered in optimization remains too high to consider an inversion operation for
the Hessian (complexity of O (dim(?—l)3) for V2 f of general form). To overcome such an issue the most
common strategy consists in building successive approximations of V2 f or its inverse at every step, i.e.
d;, = —H,V f(x}) for all k € N where Hy, ~ V2 f(x;)~! regarding certain criteria. It is necessary to
keep in mind that the first goal of such approximation is always to dodge the too demanding inversion
of the Hessian operator. The current way to proceed is to generate (H})gen recursively by only making
small rank modifications. Moreover, in order to get as close as possible to the structure of the Hessian
and to recover some of the curvature properties, (Hp)r>o is constructed to be symmetric positive
definite and also to verify the same order 2 secant condition as (V2f)~! (obtained through Taylor’s
formula):

(Vk €N)  Hpy1 (Vf(@pt1) — VI(@r)) = Ths1 — . (2.7)

Without going into too much technical details, let us just mention the most popular update for-
mulas. The first one is called the Symmetric Rank 1 (SR1) method [191]. Starting from a given
k € N, the new approximation Hj; is of the form of (notation ® denotes the usual tensor product)
Hy.1 = Hp+ 0,0, ®@vy, where (og, vg) € (0,+00) x H is chosen so as to have, as mentioned previously,
Hj. ;1 a definite positive operator verifying (2.7). An explicit formula for vy is known (see [34, 175| for
example). The second strategy corresponds to a rank 2 update. It was developed in the early 70s by
Broyden, Fletcher, Goldfarb and Shanno, and carries the initial of its designers (BFGS) [10, 99, |:

3k®yk) < yk®3k> S ® S
VEEN) Hyy—=(I-22Y% g (1- n : 2.8
( ) Hin ( (Yk, Sk) g (Yk, Sk) (Yk, Sk) (28)

where for all k¥ € N we denote s, = w11 — @ and yr = Vf(xrr1) — Vf(xr). For computational
purpose, formula (2.8) is interesting as it can easily be approximated using low machine memory.
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The resulting algorithm L-BFGS of [156] is an efficient approach for non-linear optimization at a large
scale. Among the rank 2 update formula, we can also mention those of Davidon-Fletcher-Powell (DFP)
[75, 100] linked with BFGS by a duality relation. More generally, the mathematical approaches which
consists in computing a descent direction using an approximation of the Hessian or its inverse are
gathered under the name of Quasi-Newton methods.

g(xk)

I E—

Figure 2.2: A graphical illustration of Newton’s method in dimension 1 applied to a generic
function g : R — R. For any k € N, o, is simply sought as the point cancelling the tangent
of g at xy.

2.2.1.3 Orthogonalization-based approaches

The advantage of working on a finite dimensional Hilbert is the existence of a finite attached orthogonal
base. To such an extent, another strategy consists in building successive directions so that they
provide such a base for H. In an ideal situation, (dy)gen is thus constructed in a way to obtain
H = Vect (dl, e 7ddim(’H))' Moreover, if the coordinates of x*, a solution of (2.2), are computable
regarding this base, then the induced algorithm may converge in a finite number of iterations. The most
accessible way to build an orthogonal base of direction consists relies on the Gram-Schmidt process.
However, the natural scalar product (.,.) is not necessarily used to the extent it does not take account
of the structure of the problem.

Typically, when V f has an affine structure of the form Vf : x € H — Ax — b with A a symmetric
positive operator and b a given vector of H, it logically seems more interesting to work with the
associated scalar product (.,.) 4 = (., A.). This specific situation is notably at the root of the Conjugate
Gradient (GC) scheme [119]. The directions are updated according the alternative orthogonalization
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process

dy=—ro=b— Axy (= -V [f(x0)),

(Try1,di) A

(Vk €N) 11 = Azppq — b (= Vf(@r41)), derr = —Thi1 + AR
A

ds, (2.9)

so as to verify the conjugate relation (dy,dy)a = 0 for all k,¢ € {0,...,dim(H)}? and k # /.

The GC method has also been extended to the case where V f is not necessarily affine. This results
in the following update scheme

dy = —Vf(iﬂ(]),
(Vk‘ S N) dipi1 = —Vf(azkH) + Brds, (2.10)

where (8k)ken is usually a ratio of scalar products involving either the past gradient evaluations or

the previous descent directions. Few choices of (8;)ren can be found in literature, we can especially
mentioned those of Fletcher-Reeves (FR), Polak-Ribiére (PR) or Hestenes -Stiefel (HS) [101, 187, 119].

2.2.2 QOverview on step-size computation strategies

Proceeding in a similar way as previously, we here introduce the most usual class of methods to build a
stepsize sequence (o )ken In a way to obtain interesting convergence guarantees for the minimization
algorithm, i.e. to asymptotically find a solution of the Euler equation (2.2) or at least to have a
decreasing of (f(xx)),cy. The induced problematic for which we here try to give some responses can
be formulated as follow ; for a given iteration £ € N and assuming than x, ..., ®; and the new descent
direction dyq have already been computed, how to obtain the new stepsize o, as "best" as possible
regarding all the information we possess either on the function or on the past process ?

2.2.2.1 On the necessity of using inexact researches

The first element of response is to consider the terminology of term "best" in a mathematical aspect.
From a purely analytical point of view and to the extent we seek to minimize f, the "best" stepsize «
logically seems to be the one which maximizes the decay, i.e. which is a solution of

Find a5 > 0 s.t. f(axr + asdy) < f(xr + ady) for all o > 0. (2.11)

The approach consisting of finding «; to verify (2.11) is named the exact step-size research. Solving
(2.11) thus conducts to investigate a minimization sub-problem and finally requires to use one of the two
strategies mentioned in section 2.1; a direct calculation of one solution only relying on the mathematical
properties of f or the construction of a specific search algorithm. In general, none of these two strategies
is adopted to the extent that they relatively time consuming [178|. The most common way of getting
around such an obstacle is based on the use of an alternative approach known as the inexact stepsize
research.
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2.2.2.2 Verifying the decreasing

Instead of seeking for a solution of (2.11) at any cost, it is required for the new stepsize a; to ensure
a so-call descent condition, less restrictive than (2.11) and simply of the form of

[y + asdy) < fzr) — pr(as), (2.12)

where pr > 0 is a reduction coefficient. The most popular one is those proposed by Goldstein-Armijo
6, |; pr : @ > 0— —c1a(Vf(xg),di) given a fixed constant ¢; € (0,1). Coefficient cja acts as
a control factor on the process decay. However, Goldstein-Armijo descent condition as such is not
restrictive enough to be applied as a practical update’s rule; the Taylor’s Formula actually ensures it
is verified for any o > 0 small enough as long as (V f(zxy), dx) < 0:

f(zk + ady) =. flxr) + a(Vf(zk),di) +o(a) T f(@r) + oV f(zk), di). (2.13)

o—r
negative and linear in «

Typically, when the convergence of (x)ren is established under (ay)ren as choice of stepsize, it
still holds if (a)ken is replaced by (&g )ren, @ smaller one (i.e. such that & < oy, for all kK € N). On a
practical point of view, the limitations are rather based on the evolution speed of the algorithm. The
smaller a; is, the less incidence dj has on the optimization process. The choice of a good stepsize
thus induces a trade-off. On the one hand, the decay of (f(xx));cn can only be ensured for relatively
reasonable choices of control values; taking a stepsize as large as possible remains incompatible with
the Goldstein-Armijo descent condition (otherwise it would imply that f is not lower-bounded and
de facto the non existence of a solution for (2.1)). On the other hand, a too small stepsize tends to
compromise the convergence speed of the algorithm, making it difficult to use for practical applications
despite a certain stability.

2.2.2.3 Wolfe conditions

As a response of the dilemma mentioned in the previous paragraph, a second condition, relative to
the curvature of f regarding the process, generally completes (2.12). It imposes for the new stepsize
as > 0 to be chosen so that dy is a weaker descent direction with respect to the resulting gradient
Vf(:l)k + asdk):

(Vf(mk + asdk), dk> > 02<Vf(ar:k), dk>, (2.14)

considering some ¢z € (0,1). Relation (2.14) is called in the literature the curvature condition [178].
The latter mostly works in symbiosis with the descent condition considering the rule of Goldstein-
Armijo. Their combination finally leads to the Wolfe conditions [237, | ; the stepsize sequence
(k) ken 1s built so as to verify

(Vk e N)  f(zp + opdr) < f(xr) — cron(V f(xp), di) (2.15)
(Vf(zr + ardy),di) > c2(V f (), d) (2.16)

Constants ¢, ¢o are chosen to satisfy 0 < ¢o < ¢; < 1. Although, it is always possible to find (g )ren
satisfying Goldstein-Armijo inequality (2.15) (under descent condition (2.4) for the directions), its
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counterpart (2.16) is generally more rarely met and also depends on the curvature properties of the
function f. The differentiablity alone cannot guarantee the existence of a stepsize able to verify these
two conditions at any time [178, 32|. Further stepsize rules also exist as those of Goldstein-Price [32]
which imposes the Goldstein-Armijo condition as well as an additional lower-bound constraint on the
process decay. The research of o, to verify Wolfe conditions or one of their derivatives is in practice
carried out via dichotomous processes also called backtracking approaches. Many examples of these
methods have been developed [19, 32] and are based on the principle described on figure 2.3.

o= f(zr H ady)

Figure 2.3: An example of stepsize reserach in dimension 1 so as to satisfy the two Wolfe
conditions. The green areas representing the set of admissibles values for as.

2.3 Mathematical tools for asymptotic analysis

The aim of section 2.2 was to give the reader an overview of existing minimization algorithms in
differentiable optimization using a geometric/graphical approach to explain their construction. Here
we change our point of view, this time starting from an optimization algorithm. Our objective is
to present the various theoretical tools that allow us to evaluate its capacity to approach (or not) a
solution of the initial problem (2.1) or at least of the Euler’s equation (2.2).

Throughout this section, we consider an algorithm generating a sequence (& )gen for which we want
to evaluate the ability to construct a solution of (2.2) or even ideally of the minimization problem (2.1).
"Evaluate" here means the establishment of specific mathematical criteria that may or may not be
verified by (@g)ken-
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2.3.1 The ideal objective of global convergence

Our starting point is the following: saying that sequence (xy)ren approaches a stationary point (of f)
mathematical means that it has a limit, solution of (2.2). There exists «* € H such that:

xy — x* and Vf(z*)=0. (2.17)
k—4o00

This behaviour is generally difficult to obtain to the extent it requires a mathematical background
more or less complex which highly depends on the information available on f. Sufficient strong cur-
vature properties obviously favour the establishment of such a result. In practise, the cost function
f is derived from a model of various kinds (physical, economic, etc.) that cannot be modified. It is
therefore necessary to accept it as such, i.e. with or without some properties. Admitting additional
assumptions on f to typically prove the global convergence (2.17) of sequence (@ )ren can mathemat-
ically be acceptable, but may severely compromise the use of the associated algorithm, depending on
the context. In the case where f remains relatively generic (i.e. differentiable but without "much other
requirements"), it is often necessary to deal with less precise convergence results.

2.3.2 Descent condition

Given a function f of any form, the first step relative to the convergence analysis of an optimization
scheme is often based on the research of a monotony induced by the process at stake [158]. In a
minimization context, it consists in finding alternative sequence derived from (@ )xen with a decreasing
behavior. If such a sequence exists, it heuristically implies that the initial scheme, by guaranteeing the
decay of a certain quantity of interest all along the iterates, has a certain consistency. We thus define
the fundamental and general notion of (I, r)- descent condition.

Definition 2.2. (Descent condition) Let | : HN — RN be an application (defined on the space of
sequences of H and returning sequences of real numbers) and r = (ri)ken @ sequence of real non-
negative numbers. A sequence (xr)reny € HY wverifies a (I,1)-descent condition if there exists kg € N
for which (Ii)keny = 1 ((xk)ken) satisfies the descent inequality

(Vk Z ko) lk+1 S lk — Tk (2.18)

e In the following, we will commonly speak of a Lyapunov application to name 1 (relative to (I,1)-
descent condition) and of a residual sequence to mention r (relative to (I,1)-descent condition).

o (xp)ren is said to verify a simple descent condition (relative to f) if there exists a residual
r € (RN for which (x)ren verifies a (I,r)-descent condition regarding 1 : (yi)reny € HY
JYk)) ke b6 by = f(xr) for any integer k starting from a certain rank.

The Goldstein-Armijo relation is one academical example of a simple descent condition we have
already met in the previous section (see paragraph 2.2.2.2). Subject to certain assumptions on f, any
sequence (xy)ren generated from a gradient descent scheme (2.3) and for which the Wolfe conditions
(2.15), (2.16) are valid is inclined to satisfy a simple descent condition (see subsection 2.4.2). More

generally, in the situation where the decay of sequence (f(xy)),y is not ensured, calculation tricks can

ke
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enable to obtain a (I, 7)-descent condition 188, chapter 2]. Our Lyapunov designation for application [
initially comes from the link between our optimization field and the dynamical systems theory. Relation
(2.18) can then be seen as a the discrete version of an energy dissipation equation [160]. The reader may
find various examples of Lyapunov applications in [235]. Below is a classical example of (I, r)-descent
condition which is not simple descent condition.

Example 2.1. Let us consider a sequence (x)ren. We assume that we are able to prove the existence of
positive sequences (a)keN, (Bk)ken which do not depend on (xy)ken as well as a non-negative function
g:H— Ry such that

(VkeN)  fl@er1) < (14 ara) f(zr) — 9(@k) + Brtr- (2.19)

Such an inequality can be seen as a relaxed form of a simple descent condition for which the decay of
(f(xk))ken is compromised by additional terms (o) ken, (Br)ken. However, the following relation can be
turned into a (1, r)-descent condition using the following calculation tricks. Denoting py = Hf:0(1+ai)
for all k € N and (2.19) is actually equivalent to

(Vk € N) Pitr f(@h11) < oty (L4 apn) f (@) — pityg(®r) + iy Brra (2.20)
With pk+16k+1 71& E?:o p;lﬁi, the latter equation can be rewritten as
k+1 k
VkeN) plif@en) =D 0 'Bi S pf L+ o) flme) = Y py ' Bi — pppag(ae),  (2.21)
=0 =0

and, using p,;il(l + agy1) = plzl, this also gives

k+1 k
(Vk € N) (pka Tht1) sz ) < ( V() — Zpi—lﬁz) — Prr9(Tr)- (2.22)

=0

Finally, (xy)ken verifies a (I, r)-descent condition taking

l: (xg)ken — ( Pr sz_lﬂz> and (rg)geny = (p;ilg(:z:k))keN. (2.23)
keN

More complex cases are typically encountered for algorithms whose update makes use, at a given

k > 7 (t > 0), of not only x; but also of a bunch of past iterates xp_1,...,x;_-. Such a situation

generally conducts to considerate ko > 7, [ : (yp)reny € HY — (h(yk,yk,l,...,yk,T))k,Mo where

h : H™t! — R often corresponds to a sum of f with functions having simple structures (typically a

linear combination of norms). Variable 7, in general, is associated to a delay in the process and is
typically encountered in distributed algorithms [227, 76].

In addition of ensuring that sequence (Ix),cy is a decreasing one, inequality (2.18) ensures its
convergence to a finite limit as soon as [ is a lower-bounded function (as a direct consequence of the
basic monotone convergence theorem). In the situation where we can build a simple descent condition
and assuming that f admits at least one minimizer, the associated descent inequality directly leads to
the convergence of the evaluations (f(x)),cy to a real limit. As it stands, it is difficult to directly
act on the value of the limit obtained since a monotonicity-based proof of convergence is purely non-
constructive. However, the interest of the (I,r)- descent condition is not limited to such a use. The
residual process r is likely to provide valuable additional information, as we explain hereafter.
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2.3.3 Residual analysis

Sequence 1 = (1) ken takes relatively varied forms depending on the structure of the studied scheme,
and is willing to precious information. As mentioned previously, the lower-boundedness of [ is relatively
common (and even desired) and guarantees the convergence of (Ix),cy to a finite limit. If such a
situation occurs, denoting by /i, the minimal value of [, and using the decay of the derived sequence,
descent inequality (2.18) leads to

k
(Vk>ko) D 7 <lhy—lir < lny — ling € R. (2.24)
i=ko

Insofar as the upper-bound of (2.24) remains independant from the iterations, the positivity of
(rr)ken ensures the convergence of the associated serie, i.e. Z;:O?) rr < +oo. A particularly interesting
and relatively common case is when the order of magnitude of (r;)ken is comparable to that of the
gradient sequence (V f(xx));ey, i-e. there exist n > 1 and a bounded sequence (ay)gen € (0, 400)N

such that
(Vk > ko) Tk = akHVf(a:k)H" (2.25)

We then need to distinguish between two scenarios. The first and easiest one corresponds to the
situation where (o )ren is bounded below by a positive constant. In such a case, with Z;ﬁg 7, < 400,
(2.25) directly ensures that >/ ||V f(zy)||" < +occ and so the convergence of (Vf(z))ey to zero
is obtained. If (aj)ren converges to zero, we cannot lead to the same conclusion without additional
assumptions. However, if (o )ken is adopted prior to the minimization scheme, i.e. fixed in advance,
it can be constructed in order to facilitate the emergence of certain asymptotical behaviours. In this
context, the typical strategy is to choose (ay)ren so as to verify the following property.

Proposition 2.1. Let (ry)ren a summable sequence satisfying inequality (2.25) for given ko € N and
n > 1. If (ag)ken s non-summable, i.e. Z;ﬁ% o = +oo, then:

lim inf ||V f (a1)[| = 0. (2.26)
k—+o0

Proof. Let us assume the contrary. There thus exist ¢ > 0 and a rank K € N such that ||V f(zg)|| > ¢
for any k£ > K. Relation (2.25) then leads to 1y > aye™ considering every k greater than K. As
(o )ken is non-summable and positive, the latter inequality guarantees that this is also the case for
sequence (rg)ren, which contradicts the initial statement. O

Following the definition of the limit inferior, any sequence (xy)ren verifying the conditions of
Proposition 2.1 thus possesses, at least, a subsequence for which the gradient evaluations sequence
(Vf(xr)),en converges to zero. As such, Proposition 2.1 can be seen as a generalisation of the case
where (V f(xr)),cn converges to zero given a constant stepsize.
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2.3.4 Making the link between descent condition and global conver-
gence

Although, the limit inferior criterion (2.26) is generally verified for many existing schemes in the
literature, it remains relatively inaccurate. On its own, such a condition does not guarantee the
existence of a limit or even of an accumulation point for the sequence (xp)ren. To get closer to a
global convergence behaviour (typically starting from (2.26)), one possibility consists in establishing
the boundedness of the iterates and invoking classical topological results (in finite dimension).

Proposition 2.2. Let (x3)ren be a bounded sequence of HY for which we denote by x> its set of
accumulation points. Subject to f being continuously differentiable, we have the followings properties:

(i) x°° is non-empty and denoting by dist, the distance application, dist (xx, x°°) k—> 0,
—+00

(i) If (Vf(xr))pey converges to zero, X*° is contained in zer V f, the set of stationary points of f,
(iii) If (zk)ren satisfies (2.26), x°° contains at least one point of zer V f,

(iv) If (zx)ren satisfies (2.26) and (f(xy)),ey converges to a finite limit, the latter necessary belongs
to f(zerVf).

Proof. (i) The fact that x°*° is non-empty is directly due to the boundedness of (xj)ren in finite
dimension. By contradiction, if the sequence at stake does not converge to 0, then there exist € > 0
and a subsequence (., (x))ren such that

(Vk € N)  dist (@, (1), x™) > € (2.27)

Since (x)ren is bounded, (m%(k)) is also bounded. With H a finite dimensional space, the set

keN

of cluster points of (zcwl(k)) is non-empty and is basically included in x*°. Therefore, there exists

keN
another subsequence (w(%owz)(k))

dist (@ (pyop) () X>)

(i) Let @ be a point of x> and ()
(Vf(y))pen to zero directly gives

rey 2nd xl € x> such that Hw(wlowz)(k‘) -zl || kjoo 0. Hence,

— 0, which is contradictory to (2.27) and thus concludes the proof.
—+o00

keN be one associated subsequence. The convergence of

2.2
Vi(@pw) 2, 0 (2.28)
and the continuity of the gradient finally ensures that Vf (x~) = 0.
(iii) Following the definition of the limit inferior, there exists a subsequence (&, (1)) ren for which
0. 2.29
Vi(@em) o (2:29)

Moreover, the boundedness of (1 )reny and thus those of (@, (1))ren ensures the existence of a subse-
quence (& (y, opy)(k)JkeN converging to a vector €, € H and basically £, € x*°. On the one hand, as
the gradient of f is continuous, it follows that

VI (®@opm)k) , — V(@) (2.30)

k——+o0

33



On the other hand, (2.29) also directly leads to

Vf ($(¢1o¢2)(k)) — 0. (2.31)

k—+o00

The uniqueness of the limit finally guarantees that V f(x) = 0.

(iv) Let us denote fuo, the limit of (f(x)),c, then, continuing the previous proof, we have

f(w(wlolh)(k:)) —  foo- (2.32)

k—4o00

As a consequence of f continuity and the convergence (wwlwz)(,{;)) ey 10 Too € zer(Vf), we also
deduce that
F(@@iop)m) — f(@s)- (2.33)

k——+o0

This conducts to foo = f(€s) and ends the proof. O

Although Proposition 2.2 remains weaker than the global convergence (2.17), it gives better in-
formation on the asymptotic behavior of the minimization process. In particular, in the case where
f admits a unique stationary point and if the initial minimization problem (2.1) is feasible, then this
same stationary point is the unique minimizer of f. Proposition 2.2 (iv) then ensures that sequence
(f(xr))pen converges to the minimal value of f. Concluding on global convergence, i.e. on those of
the iterates (@ )ren, here consists in proving that x*° is reduced to a unique element which is usually
difficult. To do so, a useful strategy is the use of a connectedness argument when both the bounded-
ness (xx)ren and the convergence of differences (xx11 — @k )ren to zero are guaranteed. It is based on
the following theorem whose proof is given by Ostrowski [182, Theorem 26.1| (see figure 2.4 for one
geometrical interpretation).

Theorem 2.2 (Ostrowki). Let (zx)ren be a bounded sequence of HY for which xp1 — x4, k—> 0.
—+00

Then, x°°, the set of accumulation points of (xk)ren is non-empty, closed, and connex.

As a consequence, in a continuously differentiable landscape, any bounded sequence of iterates
() ken satisfying (2.26) and the convergence of (xg11 — Tk )ken to zero, has a connex set of accumu-
lation points and, from Proposition 2.2 (iii), the latter contains one stationary point of f. Moreover,
if x°° turns out to be a finite set, we are able to conclude on the global convergence of (xy)ren by the
following keypoint. Since any finite non-empty connex set is a singleton, it immediately follows that
X° possesses a stationary point of f as unique element, and so (xx)ren converges to it. Of course this
ideal case is not so easily verifiable in practice and highly depends on the assumptions made on f.
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d(Dy,D3) >0

.

Figure 2.4: One situation where the Ostrowski’s theorem does not apply. The even terms of
(k) ren belong to compact domain Dy while the odd ones are contained in Dy another compact
separated from its counterpart by a positive distance d(Dq, D2). Dy U D5 is not connex as it
made up of two separated "islands". Tt follows that ||xyy1 — @ || > d(Dy, Ds) for all k € N and,
consequently, the difference of terms sequence cannot converge to zero. Moreover, (s )ren and
(Tok+1)ken being bounded, Dy and Dy each contain at least one accumulation point of (x)ken.
Such a situation thus forces x> to be composed of at least two separated closed set finally
making it non-connex.

2.3.5 About local convergence

Even if the global convergence of (xj)ren is not guaranteed, we have seen that a relatively well-
constructed minimization scheme ensures at least one descent condition and thus the convergence of a
certain derived process (subsection 2.3.2). Typically, under a simple descent condition, if the shape of
f promotes the uniqueness of the solution of (2.1) as well as the boundedness of (x)ken, Proposition
2.2 (iv) is able to ensure the convergence of its evaluations to fyn, the f minimum value. To obtain
a more precise behaviour on the algorithm, the research for a convergence rate is appreciated as it
remains an evaluation criterion which can also be used to highlight the interest of the scheme when
compared to other methods. The construction of convergence rates is a very large domain for which
we here cannot present all aspects. We nevertheless give key notions to the reader. Larger overviews
can be found in [178, 32] as well as a detailed one in [131].

The general principle can be summarized as follows. Let (my)ren be a sequence of RT_ which
supposed to converge to zero. (my)ren describes the evolution of a quantity of interest related to a
minimization sequence (xy)reny and so depends on the asymptotical properties the latter is able to
verify. In the case where (y)reny and f satisfy the same conditions as in the last example mentioned
(see first paragraph), (m)ren = (f(Tr) — fmin)pen apPpears as the most natural choice of metric to
quantify. Even stronger, if sequence (& )xen itself turns out to converge to a point € € H, the choice
of (my)ren = (||Tr — Tool|) sy makes perfectly sense.
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Generally speaking, building a convergence rate for (myg)ren consists in finding a positive sequence
(ug)ken, of simpler structure, so as to verify

mp = O (ug). 2.34
The reason for keeping the structure of u; as simple as possible is to facilitate interpretation and,
in particular, evaluation of the algorithm’s performance. In others words, it is necessary to keep
comparison criteria as readable as possible. Typically, having (ux)ren of Riemann type (n™%), oy (o >
0) or, even better, of a geometrical form (€"), .y (0 < € < 1) are particularly well-suitable.

When a behavior of the form (2.34) with a simple form for (ug)gen is too difficult to obtain, a
common way of getting around such an issue consists in finding a recursive majorization of the form of

for a certain p > 1, (44),cy being a positive sequence from a rank k1 € N. We end this subsection by
mentioning the most encountered regimes:

o If p =1 and (ux) € Ry is a constant lying in (0, 1), the convergence is said to be (Quotient)
Q-linear.

e In the situation where p = 1 and (4y) € Ry tends to zero, the convergence is said to be super-
linear.

e When p =1 and (uy) € R4 remains constant, the convergence is said to be quadratic.

In the literature, p is found under the name of order of convergence, the larger it is, the faster the
convergence of sequence (myg)ren. In the vast majority of situations and without any prior information
on f, the value of p remains small. In particular, only a few schemes are known to perform a quadratic
convergence rate; the most famous one corresponding to the Newton’s method [178] previoulsy de-
scribed (see subsection 2.2.1.2). However, the use of convergence rates to illustrate performances turns
out to be limited to a mathematical use as it does not take into account the practical complexity of
iterations. For example, the Newton’s method typically requires to proceed to an inversion at every
step and is thus not suited considering a very high dimensional space research. The use of a Quasi-
Newton method instead, with at most a super-linear rate of convergence [178] (therefore lower) remains
often more efficient from a numerical point of view. To get the best possible idea of an algorithm’s
performance in practice (and not only in an optimization setting), a general complexity analysis is
generally recommended. In such a context, we are then interested in the total number of elementary
operations required to achieve a certain level of precision € > 0 in the criterion (mg)gen-

2.3.6 Synthesis

Figure 2.5 concludes this section by giving the reader an overview, in schematic form, of the general
strategy presented for conducting the asymptotic study of an optimization scheme in a deterministic
and differentiable framework.
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Figure 2.5: Summary diagram for the convergence study of an optimization algorithm in a
differentiable framework

We notably use the strategy illustrated in figure 2.5 in Chapters 4 and 5 to investigate on the
asymptotical behaviors of the algorithms developped in each of them. Our methodology is thus or-
ganized in various successive stages, the difficulties of each one depending on the mathematical tools
available and, further upstream, on the assumptions we make about the cost function f.

2.4 Curvature properties of the cost function

In this section, we introduce the most frequent analytical properties (i.e. those on the cost function f)
encountered in the differentiable optimization framework. Our aim is to highlight their usefulness, in
particular by explaining the key role they play in the strategies developed in section 2.3.

2.4.1 Coercivity

We start this section with a reminder of the notion of coercivity that is often essential to ensure the

existence of solutions to optimization problems in a continuous landscape.
Definition 2.3. (Coercivity) Function f: H — R is said to be coercive if it satisfies

(2.36)

|2 ]|—=+o00

In the field of optimization, although such a definition does not require any curvature knowledge,
it is generally coupled with continuity through the fundamental following theorem:

Theorem 2.3. (Existence of minimizers) If f is a continuous and coercive function, then the latter
admits at least one minimizer.

Proof. Several proofs of this result exist [19, 14] using classical topology arguments. We propose here
a version adapted to our framework.
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Following definition (2.36), there exists M > 0 such that f(x) > f(0) for every @ € H satis-
fying ||z|| > M. In finite dimension, B(0, M), the closed ball centered at 0 with radius M, is a
compact set and thus the Weierstrass extreme value theorem [208] (f is continuous) guarantees that
inf$6§(07le(m) lies in R as well as the existence of ¢ € B(0, M) for which f(zg) = inf_ 50,0 f(x).
Since 0 € B(0, M), we thus have, for all x € H, f(x) > f(xo) and x( is a minimizer of f. O

Coercivity of f is thus a sufficient condition to the feasibility of the minimization problem (2.1).
In the context of unconstrained optimization (or even more generally when the domain of study is
unbounded), there are no real alternative result of existence. Proving that (2.1) is feasible for a
non-coercive function generally requires a case-by-case approach to the function under study [11].

The notion of coercity is all the more important in convergence analysis of optimization schemes
as it helps to bridge the gap between (I, r)-descent condition (see section 2.3.2) and boundedness.

Proposition 2.3. Suppose that f is coercive and consider (x)ren a sequence of HY. If the evaluations
(f(xr))ken converge to a finite limit, (xy)ren is bounded.

Proof. A proof of this result is proposed by [14] in the case where the limits of (f(xx))ren corresponds
to the minimal value of f. We here give another one in a slightly more general framework but with
similar arguments.

Let us assume the contrary, i.e. (xg)ren is unbounded; we can extract (ww(k))keN e HN, a subse-
quence, verifying

x — 4o0. 2.37

leymll —> + (2.37)

Moreover, denoting f, the limit of sequence (f(xx))ken, the coercivity of f ensures the existence of
M > 0 for which any @ € H s.t. ||z|| > M satisfies f(x) > fo + 1. Especially from (2.37), there
exists K € N s.t for every k > K we have ||zy)| > M and thus also f(xyu)) > feo + 1. From this,
sequence (f(xk))gen finally cannot converge to foo and here lies the contradiction. O]

Beyond guaranteeing the existence of a solution for the global optimization problem (2.1), the notion
of coercivity generally improves the knowledge provided by the descent inequality (2.18). Typically,
keeping the same notation as in section 2.3.2 and under a simple descent condition , if f turns out
to be continuous and coercive, it admits a minimizer, (f(xx))ren thus converge to a finite limit (by
monotonicity) and sequence ()ren is finally bounded.

2.4.2 Lipschitz continuity of the gradient

As mentioned in subsection 2.3.2, the satisfaction of a (I,r)-descent condition for an optimization
algorithm is the first step to conduct a study of convergence. The property we present in this subsection
remains very classical in a differentiable framework and naturally promotes the existence of such a
condition for any well-built scheme.

Definition 2.4. (L-Lipschitz continuity of the gradient) Let L > 0. Function f : H — R is said to
be L-Lipschitz continuous gradient (or L-smooth) if

Ve, y e H) [[Vf(2) - V(Y| <[z -yl (2.38)
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More generally, f is said to be Lipschitz continuous gradient if there exists L > 0 for which f L-
Lipschitz continuous gradient.

In addition to being a sufficient condition for gradient continuity, property (2.38) leads to the
following fundamental result below, also named the descent lemma:

Proposition 2.4. (Descent lemma) If f : H — R is L-Lipschitz continuous gradient (L > 0), then:

(Ve,y e H) fly) < flx)+(Vf(@),y—z)+ %lly —z|*. (2.39)

The proof directly comes from the integral version of Taylor’s formula and can typically be found
in [19, Appendix A.24]. Proposition 2.4 applied to f, thus guarantees the existence of a simple
descent condition (see Definition 2.2) considering any sequence (x)gen for which the residual quantity
(Vf(x), Tps1 — xp) < —(L/2)||Tps1 — z1]|? from a certain rank.

In such a context, the class of descent methods (introduced in section 2.2) is particularly appropriate
to the extent that the computed direction at every step already verifies (2.4). The Lipschitz continuity
of the gradient for f especially conducts to a simple descent condition as long as sequence (Z)gen
is generated through scheme (2.3) and (dg)ken, (ak)ken are chosen to verify the Wolfe conditions

(2.15)+(2.16) [178, Theorem 3.2]. In particular, the associated residual sequence, initially due to
Zoutendijk [250] can be defined as:
: Vf(@k), di)
Vk e N) 77 :=cos? 04|V f(x)||> with cosf) := < : , 2.40
REr Vil V7 Gl ] 240

and sequence (0)ren thus corresponds to those of angles between the gradient and the current direc-
tion.

2.4.3 Convexity

The notion of convexity remains one of the most essential in differentiable optimization to the extent

it allows to make a strong link between minimizers and stationary points, i.e. between solutions to
(2.1) and those of the Euler equation (2.2).

Definition 2.5. (Convezity) Function f:H — R is said to be convez if:
(Ve,y e H)(vE € [0,1])  fltz+ (1 -t)y) <tf(x)+ (1 -1)f(y) (2.41)

The reason why the knowledge of a convexity property for f is crucial in solving problem (2.1) is
condensed in the next theorem.

Theorem 2.4. Assuming that f is differentiable and convez, then its set of minimizers coincides with
zer Vf, the set of its stationary points.

Theorem 2.4 therefore provides a partial reciprocal of Theorem 2.1. The latter actually guarantees
that zer Vf contains the minimizers of f while adding the convexity assumption enables to prove the
inverse inclusion. In other terms, if the convexity of f is satisfied, solving problem (2.1) becomes
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equivalent to find its stationary points. It finally follows that any sequence (x)reny € H' converging
to a point &* such that V f(x*) = 0 automatically converges to a minimizer of f. More generally and
beyond our unconstrained differentiable framework, convexity is at the root of many subdomains of
optimization in general |20, 90, , 38].

We end this subsection by reminding the reader two characterization of convexity relative to f in
the differentiable setting:

Proposition 2.5. Assuming f differentiable, the three following statements are equivalent
(i) f is conver,
(i) (Vz,yeH) fly) = fl@)+(Vf(z),y—=),
(iii) (Vo,y e H) (Vf(y) - Vf(x),y—-z)>0.

Statement (ii) therefore means that any point of the graph of f is above its associated tangent
while (iil) indicates that the gradient is a monotone operator [14].

epi(f)

Ay

x — f(x3)(x — z3) + f(x3)

Figure 2.6: Three geometrical interpretations of the notion of convexity. The first one
states that the string connecting two points (@1, f(@1)), (x2, f(22)) of graph(f) always
lies above the latter (Definition 2.5) The second one simply indicates that epi(f) =
{(x,y) e H xR |y > f(x)} (the blue domain) is a convex set; the segment associated to any
Ay, Ay € epi(f) is still contained in epi(f). The last one illustrates characterization (ii) from
Proposition 2.5 for which the tangent at any point @3 minorates the graph of f.

2.4.4 Strict/Strong Convexity

We end this section by introducing two additional properties which can be interpreted as specific

versions of the convexity assumption.
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Definition 2.6. (Strict and strong convezity) Function f: H — R is said to be:

(i) Strictly convez if:
(Ve,y e H)(x #y)(vt € (0,1)) flte+ (1-t)y) <tf(x)+(1-1)f(y) (2.42)

(ii) p-strongly convex (u>0) if f — &|.||* is convex or equivalently:

(Va,y € M€ (0.1) St + (1) < (@) + (1~ 0fw) ~ “C e —y)2. 209)

In a more generic way, [ is said to be strongly-convex if there exists p > 0 for which f is
u-strongly conve.

Strong convexity basically implies strict convexity and similarly strict convexity basically implies
convexity. The following fundamental proposition is particularly noteworthy and its proof can be found
in many optimization books as in [19, Proposition B.10]

Proposition 2.6. If f is strictly convex, f admits at most one global minimizer.
epi(f)

x +— f(x) £(x2)

f(ﬂ?l) _____

- ——mmm e —— -

*——-—--

Figure 2.7: f : 2 € R — |z| is an example of a convex but not strictly-convex function in
dimension 1. The segment connecting (1, f(x1)), (2, f(22)) at the border of convex set epi( f)
is not included in the interior of the latter.

Proposition 2.6 is therefore not a guarantee for f to admit a minimizer but ensures that, if so, the
latter is necessarily unique. With f differentiable and admitting xs as a minimizer, the combination
of this property with Theorem 2.4 notably entails that zer Vf = {xs} every time we place ourselves
in a strictly-convex setting. Such a result is particularly interesting from a topological point of view
when it comes investigating the behavior of an optimization scheme. Typically, if a bounded sequence
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(x)ken and has its attached gradient sequence (V f(xy)),cn converging to zero, then x> (i.e. its set
of accumulation points) is non-empty and is included in zer V f (Proposition 2.2 (ii)). Strong convexity
directly leading to x> = {xs}, the global convergence (xy)ren to the (unique) minimizer of f is finally
acted.

By opposition with the Lipschitz continuous gradient property providing a second order upper-
bound for f (via Proposition 2.4), strong-convexity ensures the existence of a second order lower-bound
and even more generally, we have the following classical characterizations

Proposition 2.7. With f differentiable, the three following statements are equivalent
(i) f is p-strongly convez,
(i) (Vz,yeH) fly) = flx)+(Vf(@),y—=)+ 5y —=|
(i) (Vz,y €H) (Vf(x)—Vf(y),z—y) > ply—=|*

While strict convexity allows to make relevant topological shortcuts and to easily conclude on
the global convergence of an optimization algorithm, strong convexity allows to rule a more precise
convergence analysis thanks to the attached p parameter [32, |. Strong convexity also has the
advantage of ensuring the coercivity of f as a direct corollary of Proposition 2.7 (ii).

Figure 2.8: A dimension 1 example of a coercive and strictly but non-strongly-convex function
f:x€Rw— —23if x <0, xy/z otherwise . The non-strongly convexity basically comes from
the fact that f(z)/z*> — 0.

r—r-+00

Geometrically, strongly convex functions are ideal as their curvatures force their unique minimizer
to be an attractive point for any decreasing process. We can reason by analogy by considering a
minimization algorithm such as a ball moving on a gutter (i.e. the graph of the function) with the
form of a pit. Regardless of the starting point of the ball, the latter will always be attracted to the
equilibrium point, i.e. the bottom of the gutter or, mathematically speaking, the minimizer.
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In view of the potential theoretical guarantees that may result, deciding on the strict/strong con-
vexity or convexity in general, of the problem to be studied, is an essential step before any recourse to
an optimization algorithm. However, the convexity property does not concern the vast majority of the
cost functions encountered. In such a case, deeper theoretical investigations, require the use of specific
tools, still under development at the present time and which are the subject of the last section of this
chapter.

2.5 Dealing with the non-convex world in differentiable
optimization

Our goal is here to introduce to the reader the fundamental theory we use in Chapter 4, 5 and 8 to deal
with optimization problems in a non-convex setting. Historically, the notion of quasi-convexity can be
considered as a natural weakening of those of convexity but still remain restrictive, especially regarding
the number and the nature of the stationary points it imposes for the cost function f. Nowadays, the
most successful theory, at the heart of this section, which is still being improved, is based on the works
successively developed by S. Lojasiewicz and K. Kurdyka.

2.5.1 Convex setting limitations

2.5.1.1 On the set of stationary points in general

We previoulsy enhanced the interest of the notion of convexity in differentiable optimization for which
solving problem (2.1) amounts to finding the stationary points. In the case where such assumption is
not verified, it is therefore legitimate to wander what will happen to the relationship between these
two problems, i.e. between minimizers and stationary points.

To do so, we first need to remind the notion of local extremum.

Definition 2.7. (Local extremum) A point * € H is local extremum of f if there exists a neighborhood
V' of x* for which one of the two conditions is satisfied

(i) (VeeV) flx)< f(=),
(i) (VeeV) flx)= f(z).

More specifically if ©* verifies (i) (resp. (ii)), the latter is said to be a local minimizer of f (resp. a
local maximizer of f).

In particular, any minimizer of f is a local minimizer considering any neighborhood. The principle
obstacle due to the lack of convexity, relies on the following theorem.

Theorem 2.5. (First order optimality condition 2) Assuming only that f is differentiable, then its
local extrema are also its stationary points, i.e. they verify (2.2).
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In a non-convex setting, the characterization of the minimizers of f via the stationary points is
therefore lost. On an algorithmic aspect, and in a very pessimistic situation, a sequence (@y)xen con-
verging to a stationary point of f is potentially prone to converge to a local maximum. However, such
a situation generally cannot be met for a well-built algorithm, as stated in the following proposition.

Proposition 2.8. Let (x)ren be a sequence of points from H for which the evaluations (f(xk)) ey
are strictly decreasing. If (xy)ken converges to a limit, the latter is not a local maximizer.

Proof. Again, we reason by contradiction assuming that «*, the limit of (x)ren, is a local maximizer;
there exits 7 > 0 s.t. f(x*) > f(x) for any € H satisfying || — z*|| < r. On the one hand, following
the definition of the limit, there exists K € N for which ||xx — «*|| < r. On the other hand, the
continuity of f ensures that (f(xx))cy converges to f(z*) and the strict decay of the latter sequence
finally leads to f(x*) < f(xx). With ||ex —a*|| < r, this finally contradicts the initial statement. [

Proposition 2.8 thus ensures that any algorithm satisfying a simple descent condition (with a pos-
itive residual sequence (7% )ken) cannot converge to a local maximizer. The most challenging situation
finally remains the one where the limit point, cancelling the gradient, is a saddle point, i.e. a stationary
point that is not a local extrema (Theorem 2.5 only ensuring that the set of local extrema is included
in those of stationary points).

2.5.1.2 Quasi-convexity

As we have already seen, any local minimizer is contained in the set of stationary point (Theorem
2.5). Then, in a convex framework, for which the latter matches with those of minimizers, it thus
follows that any local minimizer is actually a minimizer. The concept of quasi-convexity we briefly
introduce in this subsection allows to preserve such a property in a less strict framework. Several
possible definitions can be found in the literature |190, |, we here give one of a geometrical nature.

Definition 2.8. (Quasi-convezity) f is said to be quasi-convex if, for all ¢ € R, the sub-level set
{z e H | f(x) < c} is conve.

Especially, it remains easy to verify that the convexity of f implies its quasi-convexity. The
advantage of such a notion relies on the fact that it does not break the connection between local
minimizers and minimizers.

Proposition 2.9 ([190]). If f is quasi-convez, each of its local minimizers is a minimizer whenever f
18 non-constant on all its associated neighborhoods.

This characterization of quasi-convexity is particularly useful when the graph of f has neither
a plateau nor a saddle point. Then, any well-built algorithm (in the sense of Proposition 2.8) which
globally converges has its limit point as a solution to the initial problem (2.1). However, quasi-convexity
also reduces the nature of the points that zer V may contain in the following way:

Proposition 2.10. If f is quasi-convex, its set of stationary points zer V f does not contain any strict
local mazimizer, i.e. a point * € H for which inequality (ii) from Definition 2.7 is strict as soon as
xeV —{z*}.
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Proof. We reason by contradiction another time by assuming the existence of (z*,r) € H as well
as r > 0 for which every € B(x*,r) — {x*} verifies f(x*) > f(x). Let us consider the continuous
function ¢ : t € [—1,1] — f(x*+tr) with o(—1) < ¢(1) to set the ideas, the two cases being symmetric.
Since =* +tr € B(x*,r) for all t € [-1,1], ¢ admits a unique maximizer in ¢t = 0 and the intermediate
value theorem then states the existence of tg € [—1,0] s.t. ¢(tg) = (1) (also because p(1) > p(—1)).
Vectors * + tor and =* + r thus belong to {x € H | f(x) < ¢(1)} and, due to the quasi-convexity
of f, so it is for * = A(x* + tor) + (1 — \) (z* + ) with A = (1 —t9)~! € [0,1]. It follows that

©(0)(= f(x*)) < ¢(1) which contradicts the fact that 0 is the unique maximizer of . O
z+— f(x)
Leve,(§) /
Leve,(f) =

Figure 2.9: A classical example of a quasi-convex but non-convex function in dimension 1; the
level sets of f: x — \/|x|? are all convex while its epigraph (i.e. the domain above graph(f) is
not a convex set.

2.5.1.3 The challenge imposed by the very generic non-convexr framework

Mild assumptions on f such as coercivity and Lipschitz continuity gradient, promote the existence
of a sequence (xj)ren able to ensure a (I,7)-descent condition (see Definition 2.2) and then to be
bounded (see Proposition 2.3). However, linking the consequences of the descent condition and global
convergence remains a considerable challenge, when considering a generic framework. Although the
analysis of the residual (7j)ken tends to promote preliminary interesting links between accumulations
points of (xx)ren and stationary points of f (see proposition 2.2), immediate convergence guarantees
are generally only accessible considering a convex or, at least, a quasi-convex setting for which the
structure of zer Vf possesses strong properties (absence of bumps, reduction to a singleton in the
strictly convex case etc). In general, x> possesses a very complex structure and the only easily
accessible guarantee, from a simple descent condition, is based on the next proposition.

45



Proposition 2.11. Assume that (xy)ken is such that the evaluations (f(xk)),ey converges to a finite
limit, then f is constant on x*°.

Proof. The arguments invoked are closed to those used in the proof of Proposition 2.2 (iii). The
result is basically true by convention if x¥*° is empty. Otherwise, for any x., € x*°, the convergence of
(f(xk))pen and f continuity simply ensure that f(%s) = foo, denoting foo the limit of (f(xx))peyn. O

2.5.2 Kurdyka-fojasiewicz theory

2.5.2.1 Initial approach

An alternative strategy to obtain the global convergence of a sequence (xy)ken consists in proving that
the latter is Cauchy, using the finiteness of its length i.e.

“+oo

D s — x| < +o0. (2.44)
k=0

Of course, the limiting point, at the origin of the theory we introduce here, lies in the fact that (xg)ren
is not ensured to satisfy (2.44) even though it turns out to be bounded and to satisfy a (I, r)-descent
condition. Instead of considering a theoretical counter-example, we prefer introducing to the reader
a geometrical situation for which such a behavior cannot be verified. To do so, let us start from the
simple example of steepest descent scheme we presented in section 2.2.1.1. One possible interpretation
that we have not discussed so far is related to the proximity of our field with dynamical systems theory.
Every sequence (xy)ren generated using the steepest gradient scheme is actually none other than the
discrete analogue of a trajectory, (x(t)),, solution of the gradient flow equation

xz(0) € H,
(Ve >0) @(t) = =V [f(=(t)),

and thus remaining orthogonal to any level set of f encountered. In particular, there exist non-trivial
categories of differentiable functions f for which (f(x(t))),s, is decreasing and (x(t)),~, bounded but
without converging. The most famous one, represented in ﬁgure 2.10, is the "Mexican hat" proposed
by [132, 3]. Level sets of f are such that (x(t)),~, describes a spiral shape starting from x(0) and
revolving the unit circle without reaching it. N

The goal of this subsection is thus to introduce some analytical tools, historically developed in
[159, |, able to promote the global convergence of a sequence (xy)ren under mild assumptions as
those of (I,r)-descent condition or boundedness.

2.5.2.2 Lojasiewicz inequality

Keeping the analogy with the study of gradient flow problem, proving (2.44) for a generic (),
generated through steepest descent, amounts to showing, in the continuous case, that the arc associated
to (z(t));> is finite, i.e.

+oo
/'|@@Ha<+w
0
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In such a context, a fundamental tool, especially satisfied, in the real case, for any analytical function,
relies on an identity initially proposed by Lojasiewicz in the early 60s, [159]. It can be stated as follows:

Definition 2.9. (Lojasiewicz inequality) Let * be a stationary point of f. f wverifies the Lojasiewicz
(L)-inequality (at x*) if there exist § € (0,1/2],k > 0 and a neighborhood V of x* s.t. identity
c|Vf(@)| > |f(z) — f(x*)|77 is satisfied for any x € V.

Regarding our discussion in section 2.3.3, this latter property is particularly well-suited to our
topological framework. Using a few operations to relate f to [, the Lyapunov function, a (I, r)-descent
condition is generally enough to prove the convergence of (f(y)),cy to a finite limit and also, in many

scenarios, the existence of a converging subsequence (:Ew(k)) for which the gradient tends to zero

(e.g. through Proposition 2.2 (iii)). As a consequence, if (Lk)%ililequality proves be to verified on the
set zer V f, those of stationary points of f, it follows that the identity attached to Definition 2.9 will
be satisfied with an infinite number of iterates of (xx)ren. In such a situation, (L)-inequality thus
indicates that the decay of the gradient subsequence (V f ($¢(k)))keN will remain "moderate" with
those of (f(w¢(k)))keN‘ Constants (0, k) acting as two control parameters.

Following the startegy adopted in [129, Theorem 1.1], the usefulness of (L)-inequality in proving
the finite length of (x(t)),~, lies in the fact that it allows to upper-bound its associated arc by those
of (fe(az(t)))t>0 every time the same (z(t));>0 is a decreasing and convergent process. The example of
the gradient flow was notably covered in [112, 3]. It is therefore advisable to adapt such an approach

to a discrete framework with the aim of obtaining (2.44) and finally a global convergence result.

|t e R x(t) € R?

75
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Figure 2.10: An example of function f, the Mexican hat, taken from [3] (left figure), whose
associated gradient flow x(t);>¢ satisfies Vf(x(t)) o 0 but with a non-finite curvature
- —+00

length. Every orbit of @(t):>o spinning infinitely around the unit circle (right figure).

2.5.2.3 The Kurdyka extension

Although, (L)-inequality does not possess a complex structure, it remains quite restrictive on the
smoothness of f as it generally assumes that the latter is analytic. In response to this obstacle, Kurdyka
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in [111] was able to propose an alternative identity satisfied by a much larger class of functions.

Definition 2.10. (Kurdyka-Lojasiewicz property) f verifies the Kurdyka-fojasiewicz KL-property at
& € H if there exist ¢ € (0,4+00], V' a neighborhood of & and ¢ : [0,{) — [0, +00) s.t.

(i) (0) =

)

(ii) ¢ is continuously differentiable on (0,() and continuous at 0,

(ili) ¢ is a concave function on [0,¢) for which ¢'(u) > 0 for all u € (0,(),
v)

(iv) IVf(@)ll¢ (f(2) — f(#)) =1 for any @ € V satisfying f(Z) < f(x) < f(2) + (.

More specifically, considering E C H, f is said to satisfy the KL-property on E, if f satisfies the
KL-property at every point of E.

KL-property is of local nature but tends to generalize the initial version of Lojasiewicz. Identity
of Definition 2.9 can actually be recovered considering the situation where E = {x*} for * € zer V f,
¢ = +ooand ¢ : u € [0,4+00) — kO uf. In his very generic framework [141], Kurdyka managed to
show that KL-property is satisfied for any function f definable through an o-minimal structure [229]
including, in the real case (i.e. H = RY (N > 1)), those which are semi-algebraic. The definition we
propose is not the original of [73] but rather a characterization due to [21].

Definition 2.11. (Real semi-algebraicity) Considering H = RN (N > 1), function f : RN — R is said
to be (real) semi-algebraic if its graph can be expressed as a finite combination of unions/intersections
formed by polynomial domains, i.e. there exist I,J > 1 and a family {p;;, ¢;; | 1 <i<I1,1<j<J}
of 2 x I x J polynomials defined on RN*Y for which

I J
graph(f) = {(@. f(x)) |z € RV} = | J ) {= € BV [ pij(@) = 0, qij(@) > 0}.  (2.45)
i=1j=1

In particular, any set of this form s said to be semi-algebraic.

Since the class of semi-algebraic sets is stable considering the most usual operations [21] (finite
intersection or union, complement, Cartesian product and orthogonal projection), semi-algebraic func-
tions logically possess similar advantages. More specifically, they form a ring (regarding operation
+, X) endowed with the composition stability property [72]. In addition, the attached function in
KL-property can be taken under the form of ¢ : u € (0,¢) — cu'~? where 6 lies in (0,1) and ¢ > 0.
Nevertheless, the estimation of exponent 6 remains a difficult challenge which hardly depends on the
involved function [119, 211].

2.5.2.4 Back to global convergence

By even adapting the Kurdyka-fLojasiewicz theory to a non-differentiable framework, H. Attouch and
J. Bolte were the first to prove the global convergence of some optimization schemes in non-convex
settings using finite length arguments |3, 9]. As such, the exploitation of KL-property as introduced
in Definition 2.10 is not easy to handle, due to its extreme local nature. Parameter ¢ and function
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o actually depend on the point we decide to stand and typically, in a sequential context for which
(f(xr))pen converges, we expect to have a different KL-inequality for each accumulation point of
(xk)ken. One of the major contribution of [8, 27] in such a context relies on the construction of a so-
call uniformization theorem derived from Definition 2.10, allowing a choice of { and ¢ which remains
uniform for a specific category of H subsets. We shall retain the general theorem from [27]:

Theorem 2.6. (Uniformized KL property) Let C' be a non-empty compact set of H. If f is constant
on C and satisfies the KL property on this same subset, then there exists (¢,€) € (0,+00)? and ¢ :
[0,() — Ry satisfying i), it) and i) of Definition 2.10 s.t. ||V f(x)|¢' (f(x)— f(ZT)) > 1 for any
(x,x) € H x C satisfying dist(x,C) < € and f(Z) < f(x) < f(x)+C.

Theorem 2.6 thus promotes the existence of uniform KL parameters over a given subset C' as soon
as the latter is compact and with a constant image by f. In the context of building global convergent
algorithms, the set of accumulation point x*° of a bounded sequence (z)ren, for which (f(xk)),en
converges to a finite limit, easily verifies such conditions (see Proposition 2.2). From this, a strategy to
obtain the global convergence of (xj)ren can be summarized as follows: using the concavity of ¢ and
assuming that the descent inequality of (x)ren is permissive enough, Theorem 2.6 allows to majorize
the gradient sequence (||Vf(xx)||)yen or even ideally (||@g41 — il|)yey by those of the difference
(Ik+1 — lr) pen keeping the notations of Definition 2.2. We here propose a short application example to
clarify our point and give to the reader an taste of the KL-based resolution strategy.

Example 2.2. Let us consider a sequence (xy)ren € HY verifying a simple descent condition starting
from a rank ko € N and whose residual can be chosen of the form of (2.25) with n =2, i.e. there exists
a positive sequence (ay,) s.t.

(Vk > ko) fl@rr1) < flan) — arl[V fzp)|. (2.46)

Assuming [ is coercive, (f(xr))en converges to a finite limit foo € R while (xy)ren is basically
bounded (Proposition 2.3) and as seen in Proposition 2.11, f remains constant on x°°. Moreover, the
boundedness of (xy)ren also ensures x> is a non-empty compact set for which sequence (dist(xg, C)) ey
converges zero (Proposition 2.2). Let us then consider two cases.

o If f(xr) = foo for a certain K > ko, descent inequality forces (f(xr))yen to be equal to foo
starting from this same rank and positivity of (ay)ken ensures that V f(xy) = 0 for any k > K
which roughly leads to 320 a||V f ()| < +o0.

e In the opposite case, i.e. f(xr) > foo for any k > kg, Theorem 2.6 can be applied considering
C = x> and

Ko :=min{l > ko | Vk > I, feo < f(x) < foo +(, d(xg,C) < £}, (2.47)
is finite denoting C, €, ¢ the attached KL parameters. We therefore have
(Vh > Ko) V@l (f (@) — fo) > 1. (2.48)

The next keypoint of the proof is then based on ¢ concavity; as a differentiable function on (0, (),
Proposition 2.5 ensures that ¢ verifies:

(Vk>Kc) o(f(xzr) = foo) = o(f(®hi1) = foo) = ¢ (f(xr) — foo) (f () — f(@R11)) (2:49)
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and due to descent inequality (2.46), we also deduce that

(Vk > Kco)  o(f(®r) = foo) = o(f(®r11) = foo) = any’ (f(ar) = foo) [V (@) (2.50)

The use the uniform KL inequality (2.48) finally leads to

(Vk = Ko)  o(f(@ri1) = foo) = o(f(®k) — foo) = [V f (). (2.51)

The left term of (2.51) being telescopic with (f(xy)),cy converging to fo, ils attached sum

(starting from K¢ ) is finite and equal to o(f(x k) — foo) —p(0)(= o(f (X K,)— foo)due to ¢(0) =
0). Since every term involved in (2.51) is positive, we even obtain the existence of quantity

Z%.:Kc ap||V f () || with Y3125 x|V (@) < o(f(x0) — foo) and so again we deduce that
5—0 ||V f (k)| < +o0.

In both cases, we finally concluded that sequence (ax||V f(xy)|)pen s summable.  Obtaining more
specifically (2.44) depends on the initial structure of the adopted scheme. Considering the steepest
descent methods (see 2.2.1.1), (2.44) is basically satisfied by (xg)ren since, independently of (ou)ken
(in that case this corresponds to the stepsize), we simply have (ou ||V f(xr)|)reny = (1211 — i) pen-

2.6 Conclusion

Throughout this chapter, we have provided an introduction to the field of unconstrained differentiable
optimization that we hope will be as didactic as possible. Although sections 2.2 and 2.4 introduce very
classical notions, those of 2.3 and 2.5 are generally less encountered and a good understanding of the
different tools and strategies exposed is necessary to fully grasp the interest of the different works we
present in the rest of this manuscript. All the theoretical reasoning in deterministic terms is actually
first based on the results of section 2.3 and then refined by applying those of section 2.5. The notions
recalled in sections 2.2 and 2.3 nevertheless remain essential to set the scene for Chapter 3, dedicated
to Quadratic Majorization-Minimization methods.
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3.1 Outlines

The goal of this chapter is to introduce an important class of differentiable methods, generated from
the Quadratic Majorization-Minimization (QMM) schemes and at the root of this thesis. Although the
latter is related to gradient descent approaches, our presentation differs from the one of Chapter 2 as
we first focus, in section 3.2, on the so-called Majorization-Minimization (MM) principle. Section 3.3
then introduces the QMM class of methods whose updates rules are based on the existence of specific
surrogates of f : H — R, the cost function, we call quadratic-tangent majorization approximations.
The usual construction strategies of such objects are detailed in section 3.4. The update rules of
basic QMM schemes involving too costly operations in high dimension, it is generally appropriate to
incorporate additional steps into the resulting algorithms for the purposes of complexity reduction. In
such a context and in section 3.5, we speak more specifically about subspaces steps (or techniques), the
most widespread in our field nowadays. Section 3.6 aims to highlight the robustness of QMM schemes,
with subspaces incorporations or not, by showing their ability to verify a simple descent condition. On
the one hand, it allows us to make the link with the theoretical notions discussed in Chapter 2, which we
use throughout this manuscript. On the other hand, it provides a clear mathematical background for
our further theoretical analysis in Chapter 4,5 and 7. Section 3.7 finally gives few words of conclusion.

3.2 Motivations

As already discussed, working in a differentiable setting does not necessary imply that the minimiza-
tion of f is easy. When f possesses a complex structure, a reasonable strategy consists in studying
an approximation of it, constructed in regards with the available information. In such a context,
Majoration-Minimization (MM) principle assumes, at each point & € H, the existence of a surro-
gate application having a graph always above that of f, and merged with this latter at . This is
mathematically referred to as tangent majorization approximation of f at point .

Definition 3.1. (Tangent majorization approzimation) A bi-component function h : H? — H is said
to be a tangent magjorization approximation (or surrogate) (of f on H) if the two following conditions
are verified:

( )7
(2, ).

The next step consists in building a sequence (xx)reny whose updates simply relies on successive

(V(z,y) € 1) { ) (3.1)

Y,z
T, x

minimizations of h at current iterates:

xy € H,

(Vk € N)  @piq € argminh(x, xy). (3.2)
rEH

Implicitly, the tangent majorization approximation h should remain relatively easy to handle. Oth-
erwise, the use of an approximation as structurally complex as the original function would be of low
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interest. The construction of an algorithm based on the minimization of successive majorization sur-
rogates was historically proposed in [181]. However, the article that popularised such an approach
is probably [31]. The latter proposed a new statistical method, known as Expectation-Maximization
(EM), to deal with robust parameters estimation, when considering incomplete observation data. Ex-
plicit denomination (3.2) was formulated in the early 2000s in [125, 144].

As such, update rule (3.2) necessary leads to the decay of the evaluations of the iterates, the tangent
majorization behavior of h, (Definition 3.1) ensuring that

(Vk € N)  f(®h41) < M(@ptr, ®k) < h(@k, 1) = f(Th)-

The resulting scheme has therefore the advantage of naturally possessing a certain stability when
minimizing the differentiable function f. Indeed, (xx)xen follows a simple descent condition in every
situation (at worst case with a zero residual sequence). Convergence and stability of scheme (3.2) have
notably been investigated in [127], considering generic tangent majorization approximations.

As mentioned, to build a relevant update rule, it becomes necessary to assemble tangent majoriza-
tion approximations that are also relatively easy to minimize. More specifically, we will see in the next
section that the class of quadratic functions is a good candidate to meet such a requirement.

@ f(2)

z — h(xz,xg)

x — h(z,x)

o . o
Ty T x* Ts

Figure 3.1: A simple graphical illustration of MM principle. Here we consider a non-convex
fonction possessing a local minimizer x*. For a well-built tangent majorization approximation
of f, the MM sequence (x)ren is expected to converge to x*.

3.3 Quadratic Majorization-Minimization approach

Similarly with second degree polynomials in real analysis, quadratic functions are fundamental tools
in differentiable optimization. They appear implicitly in a large number of minimization methods.
The use of quadratic functions to build tangent majorization approximations gave birth to a specific
version, known as quadratic, of the MM algorithm. This approach is used in a majority of situations
due to its simplicity and efficiency.
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3.3.1 Quadratic optimization reminder

Before going further, we need to introduce few useful notations we use throughout this chapter.

We denote by S(H), the set of (bounded) self-adjoint linear operators of H and S(H)* = S(H)—{0}.
St (H) then corresponds to the set of elements of S(H) that are definite positive. In such a case, we
remind that for all M € ST+ (H), Apin(M) and Aya (M), the smallest and biggest eigenvalues of M,
verify Apmin (M) > 0 and A\pin (M)||z||? < (M2, x) < Apax(M)||z||? for any z € H. More specifically,
a mapping A : H — ST (H) is said to be uniformly-bounded if there exist p, 7 € (0,400) for which
inequalities p||y||* < (A(z)y,y) < fil|y||* are satisfied for any x,y € H.

Definition 3.2. ((M,b,c)-Quadratic function) Let M € S*(H), b € H and ¢ € R. A function
q:x € H — Ris said to be (M, b, c)-quadratic (on H) if it can be written as:

Yz eH) ¢lx)= %(M:c,m} —(b,a)+ . (3.3)

More generally, q is said to be quadratic if there exists (M,b,c) € S*(H) x H x R for which q is
(M, b, ¢)-quadratic.

The advantage of such functions lies in simple form for which the associated operator M concen-
trates the curvature information:

Proposition 3.1. Let (M,b,c) € S*(H) x H xR and q : H — R be a (M, b, c)-quadratic function
(on H):

(1) q is convex (resp. strictly convex) if and only if M is positive (resp. definite positive).
(ii) If M is definite positive, q is coercive, M is invertible and q admits M ~'b as unique minimizer.

Proof. These results are classical and their respective proofs can easily be found in a majority of
differentiable optimization courses. Here is a reminder.

(i) q is differentiable as a polynomial function with gradient Vq : @ € H — Mz — b. Proposition
2.5 (iii) then means that ¢ is convex if and only if (M (x —y),x —y) > 0 for all z,y € H which is
equivalent for M to be positive. The same reasoning applies for the strictly convex case.

(ii) If M is definite positive, denoting A (M) its smallest eigenvalue, we have Ay (M) > 0 and
then Cauchy-Schwarz inequality leads to

(Ve €M) q(@) > Amin(M)|]|* — [b]|| 2] + c.

Amin (M) positivity directly ensures that ¢(x) — 400 and hence g coercivity. According to (i),

||| —+o0
function is also a strictly convex and therefore admits a unique minimizer * which is also its unique

stationary point i.e. Mx* — b = 0 or, equivalently, * = M ~'b using M invertibility. O
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3.3.2 Quadratic MM (QMM) scheme

The great strength of quadratic functions lies in their omnipresence in the interpretation of gradient-
descent approaches. As Example 3.1 below highlights, any well-conditioned scheme of the form of (2.3)
can be interpreted as the minimization of successive quadratic functions whose order 0 and 1 terms

coincide with the first order Taylor expansion of f around the current iterate. More generally, the
approach based on quadratic approximations tends to promote monotonicity of the resulting process
[21] and may easily lead to simple descent conditions (typically as those of Zoutendijk mentioned in
section 2.4.2).

Example 3.1. Let us consider (Hy)ken a family of STT(H). As a consequence of Proposition 3.1, the
update of any sequence (xy)ken generated from a descent scheme (2.3) (see section 2.2), whose descent
directions are (dg)ren := (—HpV f(xr)),cn, can be rewritten, using Proposition 3.1 for all k € N, as

Tpr1 — T = —a  HyV f(xy) = arg r;ltin qr(x — xk),
xre

where qi, is ((apHy) ™, Vf(xy), f(xr))-quadratic, i.e.

(Vo € M) gylw) = fla) + (Vo) + 5oy Hy ')

In a similar way, for what we are interested in next, one can refine the notion of tangent majorization
approximation (see section 3.2) within a quadratic setting.

Definition 3.3. (A-quadratic tangent majorization approzimation). Let A : H — ST (H) be a
uniformly-bounded mapping. A tangent magorization approzimation hy : H* — H (of f on H) is said
to be an A-quadratic tangent majorization approximation (or surrogate) (of f on H) if for all x € H,
function y € H — hy(x +y,x) is (A(x), Vf(x), f(x))-quadratic, i.e.

(Ve,y € H) fly) < hyly,x) = f(z) +(Vf(z),y—x)+ %(A(w)(y —T),y — ). (3.4)

e More generally, f is said to be quadratic tangent majorizable if there exists a mapping A : H —
ST (H) for which f admits an A-quadratic tangent majorization approzimation.

o A uniformly-bounded mapping A : H — STT(H) for which f possesses an A-quadratic tangent
magjorization approximation is said to be a majorization mapping (for f).

This new class of quadratic surrogates thus induces a specific MM scheme that we name Quadratic
MM (QMM), relying on the existence of a majorization mapping A : H — ST*(H) for f. According to
Proposition 3.1 (ii), the general update formula (3.2), in that case, can be rewritten under a closed-form
expression as

(Vk € N) x4 = argmin hy(z, 1) = 2 — A} 'V f(x1), (3.5)
zeH
where Ay := A(xy).

Update rule (3.5) can be intrepreted as an alternative descent scheme for which directions (dj)xen
are taken as dj = —A,;1Vf(:1:k) for all £k € N, and stepsize is fixed to one. Contrary to the class
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of Quasi-Newton type updates, it is not required for sequence (Ayg)ren to accurately account for
the second-order information of f in the neighborhood of the current iterate. As a majorization
mapping, the primary role of A always consists in preserving the majorization inequality (3.4) and
thus guaranting a theoretical stability through (f(xg))ren decreasing (see subsection 3.2). As we
will see in the next section, a large choice of majorization mappings is generally possible and even
desired to take A as accurate as possible so that the curvature to the associated surrogate at stake
hq(., 1) (k € N) remains closed to that of f.

3.4 Majorization mappings construction strategies

In this section, we present a range of different analytical strategies for the explicit construction of
quadratic tangent majorization approximations.

3.4.1 FExistence results

As such, the possibility or not of constructing quadratic tangent majorization approximations for a
given f, remains the first factor limiting the use of QMM approaches. Nevertheless, the existence of
such approximations is ensured under mild assumptions, typically the Lipschitz continuous gradient
property, on the cost function.

Proposition 3.2. If f is L-Lipschitz continuous gradient, A : © € H > LI € STT(H) is a majoriza-
tion mapping for f.

Proof. This result is a straightforward consequence of descent lemma (see Proposition 2.4). The fact
that f is L-Lipschitz gradient continuous leads to

(Ve,y e H) f(y) < flx)+(Vf(z),y—=z)+ g”w -y|* (3.6)

ie. f admits a (LI,Vf(x), f(x))-quadratic tangent majorization approximation at every & € H,
which directly ends the proof. d

More generally, there exists an analytic characterization of functions possessing a majorization
mapping.

Proposition 3.3. The two following items are equivalent:
(i) There ezists B> 0 s.t. (Vf(y) — Vf(x),y—x) < Blly — x| for all x,y € H,
(ii) f is quadratic tangent majorizable.

Proof. Implication (i) = (i1) is a direct consequence of [127, Lemma 3.3 (a)|]. This simply implies
that the constant mapping « € H — [I is a majorization one for f. If (ii) holds then there exists a
majorization mapping of f, A and i > 0 such that (A(x)y,y) < fl|y||? for any x,y € H. Let us now
fix , y two vectors of H. Using the quadratic majorization property (3.4), we then deduce that

fly) < f(@) + (VS @)y - @)+ 5{A@) Y~ 2),y ~ @) < [(@) + (Vi(@)y —2) + 5y - al* (3.7
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and symmetrically

f(@) < fy) + (VFy).z —y) + Sy — 2| (3.8)

Summing (3.7) with (3.8) directly leads to
(Viy) - Vf(@),y — ) <nly — | (3.9)
Relation (3.9) being verified for generics @,y € H, (i) is thus obtained simply taking § = f. O

As condition (i) is satisfied by any Lipschitz continuous gradient function, the latter characterization
can be seen as an extension of the existence result that Proposition 3.2 guarantees. Beyond ensuring
the existence of majorization mappings for a certain class of differentiable functions. Proposition 3.3
conversely can be used to identify those which do not possess any.

Example 3.2. Let us consider f : x € H — ||z||*" where r > 1 and whose gradient is Vf :x € H
2r||x||> ~2x. f does not satisfy (i) of Proposition 3.3 and thus is not quadratic tangent majorizable.

Otherwise, there exists 3 > 0 for which for any ® € H, = # 0, taking y =0, (Vf(z),z) < | =|?
i.e. 2r||x||?" < Bl|lx||?. This conducts to ||z||>" =2 < (2r)~8 for all x € H, and thus © — ||z|* 2 is a
bounded function, hence the contradiction with r > 1.

3.4.2 A key construction lemma

Taking A = LI as the majorization mapping for f (L the Lipschitz constant), the associated scheme
(3.5) becomes equivalent to the steepest descent considering L~! as constant stepsize. Although such
a choice always guarantees a certain stability, it remains quite pessimistic and tends to generate poor
approximations of f taking only very little account of its curvature properties. Wherever possible, a
most appropriate choice would consist in taking A : & — Vf?(x). The resulting quadratic tangent
majorization surrogates involved in the algorithm then would exactly match with the second order
Taylor expansion of f at the current iterates. Such a framework remains quite restrictive and the
latter point especially generally implies for f to be strongly convex. However, there exists intermediary
approaches which typically promotes the existence of non-constant majorization mappings without
making use of the Lipschitz constant, that we describe below.

Lemma 3.1. Let u:t € R — R be a differentiable function satisfying the following conditions,
(1) w is even,
(ii) w s increasing on [0, 4+00),
(iii) u(y/7) s concave on [0, +00),
(iv) Function w : t € (0,+00) @ 15 positive and admits a positive continuous extension to 0.
Then, the following inequality holds
(V(s,t) € R?)  u(t) < u(s)+u/(s)(t—s) + %w(]s])(t —5)? (3.10)

and s € R — w(|s|]) € R is a majorization mapping of u if w is uniformly bounded on [0, +00).
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Proof. Set s € R* and ¢ € R. Function u(,/.) is derivable on (0, +00) with u'(,/:)/(2,/7) as derivative.
We then apply (iii) considering point ¢> and s?. The characterization of concavity in the differentiable
case (Proposition 2.5(ii)), directly leads to:

(t? — 5?). (3.11)

u(VE) <u(Vs?) +

Since u is even, we have u (\/7572> = u(|t]) = u(t), u (@) = u(|s]) = u(s). Then, introducing function
w, relation (3.11) can be rewritten as

w(t) < u(s)+ “’(;3’) (2 — s2), (3.12)
or equivalently
u(t) < u(s)+u'(s)(t—s)+ w(;') (t—s)°+ (“’%8') (1% — 82) — u/(s)(t — s) - “’(;') (t - s)2> . (3.13)

We then need to simplify the term of (3. 13) between parenthesis. Since u is even, its derivative v’ is
odd and we can deduce that u/(|s|) = u/(s )i (s #0), i.e. v'(s) =w(|s|)s. This gives:

S

w(;’!) (t* — s%) =/ (s)(t — 5) — w(;‘\) (t—s)*= w(;”) (1 = 5%) = 2(ts — %) — (t — 8)°) = 0. (3.14)

(3.10) is thus verified for all (s,t) € R* x R. As w admits a continuous extension in 0, the latter
remains true for s = 0 passing to the limit. Finally, since u is increasing, u’ is positive and so it is

for w. Mapping w(|.|) is thus positive and straightforwardly uniformly bounded, every time this is the

case for w. ]
In our context, Lemma 3.1, initially derived from [121, Lemma 8.3|, is a key result which enables
to build majorization mappings of f when the latter possesses a half-quadratic structure [108, , 0l

We illustrate its use in the academical Example 3.3 below. Such a technique is used extensively in
Chapters 4,5 and 7 for the construction of quadratic tangent majorization approximations for our test
functions.

Example 3.3. Let H = RY (N > 1) and consider f : RN — R of the half-quadratic form of [5] for
which we aim to build a quadratic tangent majorization approximation i.e.

(Ve e RY)  f(x) = fi(x) + folx) with fi(x) = *HHw—ZHZ and fao(x Zu [V, (3.15)

C
c=1

considering z € RM (M > 1), H € RM*N vV ¢ RN (C > 1) and u : R — R a differentiable
function.

First of all, using academic algebra, fi can be rewritten so as to be (H' H, Hz,||z||?)-quadratic.
Basically, it is a H" H-quadratic tangent majorization approzimation of itself. Quadratic tangent
majorization property being preserved by summation, it remains to build a majorization mapping for
fa. Of course, such a construction depends on the available information on w. Let us display two
important cases.
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o ([108]): If w is B-Lipschitz continuous gradient( > 0), the descent lemma (Proposition 2.4)
ensures that fo admits B~V TV as a constant majorization mapping. The resulting majorization
mapping for f is then Geman-Yang one

xcRY — Agy(x) =H ' H+3'V'V. (3.16)

o ([109]): If w verifies all conditions of Lemma 3.1, the latter allows to choose non constant ma-
jorization mapping x € RN — VT Diagi<.<c (%) V' for fa. The resulting majorization

mapping for f is then the Geman-Reynolds one

!/
zecRY — Agr(x) = H H+ V' Diag <“([V“3]CD> V. (3.17)
1<e<c \ [Vl

Given the diversity of differentiable optimization problems, many other construction techniques
have been developed recently. Typically, [102| proposed a generalization of Geman-Yang/Geman-
Reynolds constructions in the complex framework notably in the case where f; (keeping notations of
Example 3.3) is non-necessary quadratic. At the same time, [64] promoted quadratic majorization
techniques for functions f of the form of fs.

3.5 Subspace strategies

Once the methods for constructing quadratic tangent majorization approximations have been pre-
sented, the implementation of sufficiently accurate QMM algorithms, i.e. with a non-necessary trivial
majorization mapping, becomes possible for a large class of functions. However, in a large-scale op-
timization context, such an implementation is usually easily compromised by the dimension of the
problem under consideration. One way improvement, almost systematically used today in the MM
field for this kind of setting, relies on a subspace technique.

3.5.1 Limatations of the QMM algorithm

Considering A as a definite positive majorization mapping of f, the associated scheme (3.5) possesses
a relatively simple structure but requires to be able to compute the inverse of operator Ay := A(xy)
for every iteration k£ € N. The degree of difficulty of such an operation being strongly dependents on
‘H dimension, the latter shall not be recommendable and is even impossible in a large-scale framework.
Contrary to Quasi-Newton method (see 2.2.1.2), one cannot generally express sequence (A,:l) keN
under a recursive process (as it is typically the case for SR1 or BFGS methods [175]) to the extent
that every Ay (k € N) here strictly results of the evaluation of mapping A at a certain point of H.
Moreover, since the construction of a quadratic tangent majorization surrogates may also require the
use of complex analytical tools, there is nothing to suggest that the structure of the Ay operator is
any simpler and that it will therefore be relatively easy to invert.
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3.5.2 Subspace Quadratic MM (SQMM) scheme

The necessity of computing the inverse of operator Ay at any iteration k € N comes from the fact we aim

to minimize, on the whole space H, the corresponding quadratic tangent majorization approximation
hy(., ). Logically, the larger the dimension of H , the greater the number of directions to investigate.

One way to overcome such an issue consists in adopting a so-called subspace acceleration strategy;
the new iterate x; 1 (k € N) is chosen so as to minimize hq(., 1) no longer on the whole space but along
My, a fixed number of directions d,lc, R dg/[’“ € H. Starting from x, the next iterate @y is thus of the
form of &y + dj, where dj, lies in subspace Vj := Vect(d}, . . ., dﬁ/[’“) With dim(Vy) < My, = dim(RM*),
we consider a linear transformation Dy, : RM» — H for which im(Dy) = Vj and the search for dy
amounts to finding a vector uy, € RM* verifying dj, = Djuy,. The incorporation of a subspace research
into the QMM update (3.5) thus leads to the Subspace QMM (SQMM) scheme:

(Vk € N)  xpy1 = o, + Dyug, (3.18)

1
with wy, € argmin hg(xy, + Dy, xy) = f(xr) + (Vf(xk), Dyu) + §(Akau, Dyu).

ueR]Wk

The following proposition ensures the latter scheme is well-defined.

Proposition 3.4. Let A: H — STT(H) be a uniformly bounded mapping and assume that f admits
hq : H? — H, as a A-quadratic tangent majorization approzimation. Let also M > 1 and consider

D :RM — % a linear operator. Then, for any x € H, the set arg min hg(x + Du,x) is not empty.
uceRM

Proof. Let @ be a vector of H. We denote Ey := {hy(x + Du,z) | u € RM} and p, := inf(E,) €
[—00, +00) (Eg is obviously non-empty).

Following Definition 3.3, y € H — hy(x + y,x) is (A(xz), Vf(x), f(x))-quadratic with A(x) €
STT(H) and Proposition 3.1 (ii) ensures the coercivity of such a function. Set {hy(x +y,z) | y € H}
thus admits a minimum (Theorem 2.3). To the extent that E, C {hy(x +y,z) |y € H}, Eg is
bounded below and thus pgz(:= inf(E;)) € R. In addition, by inf characterization, there exists a
sequence (vy)ren of vector lying in RM s.t.

hg(x + Do, ) — pg. (3.19)

k——+o00

Decomposition H = ker(D) @ ker(D)* being always valid in finite dimension, there also exist two
sequences (vi)ren, lying in ker(D), and (v3)ken, lying in ker(D)L, s.t. vy = v} + v? for all k € N.
Considering this, behaviour (3.19) can be rewritten as:

hy(z + Dvi, x) kjm Y- (3.20)

Denoting D the adjoint operator of D, with v} € ker(D)t = ker(D*D)" for any k € N, the Courant-
Fischer minoration leads to
(Vk € N) || Dvil* = (D*Dvg, vg) = AL, (D*D)lvi |, (3.21)

min
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where A"

min
erator D*D. Moreover, coercivity of y — hq(x +y, z) guarantees that (|[Dv}||)gen does not converge
to +oo (the contrary would contradict (3.20) since pz € R). As a consequence, there exist B > 0 as

for which <‘ Dvil(k) H)keN is uniformly bounded by B. Inequality

(D*D) denotes the smallest positive eigenvalue of the (positive) bounded self-adjoint op-

2
well as a subsequence <v¢1(k)>
(3.21) then leads to

keN

min min

(Vk € N) Hvi1<k>H2 < (Mon(D*D)) M [D02, 2 < (A, (D D)) 7 B2, (3.22)

and thus guarantees the boundedness of (vil(k)>k o RM being of finite dimension, we can finally
€

extract a convergent subsequence (v% b1o92)(0) ) eny Denoting v* its attached limit, (3.20) and conti-
€

nuities of y — hy(x + Dy, ) finally conduct to hq(x + Dv*,x) = iz and so argmin hy(x + Du, x)
ueRM
contains v*. O

In particular, considering Dy, the adjoint of Dy, (k € N), elementary algebraic manipulation are suf-
ficient to prove that function u :€ RMr s hy(x)+ Dyu, xy) is basically (D Ag Dy, DiV f(zy), f(zk))-
quadratic and more specifically D} Aj, Dy, has the advantage of always being positive. Considering this,
let us make the distinction between two cases.

e If operator Dj A; Dy, is invertible, then the latter is definite positive and, in virtue of Proposition
3.1 (i), w :€ RMr v hy(xp + Dyu, zx) thus admits a unique minimizer whose closed-form is

uy, = (D} ARDy) " DV f (). (3.23)

Note that, it is necessary for directions d,1€, e déw’c to be linearly independant for such a situation
to occur.

o If D; Ay D;, is not invertible, choice
u, = (DiALD,) DIV f(y), (3.24)
is, by default, retained. Notation | corresponds here to the Moore-Penrose inversion.

In both cases, the inversion step of Ay : H — H, of expected complexity close to dim(#)? (by
analogy with the real space), is replaced by the inversion (or the pseudo-inverse computation) of
operator Dy A Dy, RMk — RMk of complexity of order M, 2 and so much less costly.

3.5.3 Choice of subspace directions

As seen, the great advantage of the subspace method lies in its ability to highly reduce the complexity
of the update step when Mj, is chosen to be very small compared to dim(H). Remark that taking
M}, = dim(#) and directions dy, .. ., dkM’“ so as to form a basis of H makes (3.18) equivalent to (3.5).

Historically and strictly speaking, [164] is the first article mentioning subspace strategies for gradi-
ent descent schemes. In the latter, the authors built subspace Vj (k € N) by only retaining two com-
ponents (i.e My = 2); d/,l€ = —V f(x) to fully capture the first order information and d? = ), — Tj_1
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in a way to preserve those brought by the past iterate xy_; (with convention &_1 = 0 if k is negative).
In the real case (H = RY (N > 1)) for which D}, can basically be assimilated to its representative
matrix in the canonical basis, Dy, = [~V f(x), x) — ®k_1] is usually find under the name of the mem-
ory gradient matrix [58]. Let us also underline the fact that the subspace technique using these two
directions appears naturally for some classical algorithms as the non-linear conjugate gradient one [55].

Other choices of search subspaces have also been proposed. This typically includes some generalized
versions of memory acceleration as those of [74], collecting more differences of past iterates in the hope of
preserving even more information. Most of the time, the directions are chosen by reasoning by analogy
with already existing schemes in the literature or by interpreting them as naturally accelerated [2412].
As an example, the Fletcher-Reeves conjugate gradient algorithm [101] (see 2.2.1.3) is simply equivalent
to a memory gradient strategy incorporated in the steepest descent procedure (see 2.2.1.1) in the case
where f is quadratic [16]. The incorporation of subspace techniques into the QMM algorithm was
initially proposed by Chouzenoux et al in [58].

3.6 Existing asymptotical results

As mentioned, the theoretical study of the generic scheme (3.2) was conducted in [127]. Without any
assumption on the structure of the quadratic tangent majorization surrogates, the results highlighted
in [127] are mainly of a topological nature and similar as those of section 2.3.3. In this section, we
mainly exhibit an overview of the existing assumptions and theorems promoting the existence of simple
descent inequalities (see Definition 2.2) for QMM schemes. The structure of the resulting quadratic
tangent majorization approximations allowing to obtain recurrence relations on ( f(xy))ken quite easily.

3.6.1 Descent inequality for QMM scheme with stepsize

In the literature, the QMM (3.5) procedure is generally studied under a slightly more general form
with the advantage of incorporating an additional stepsize sequence (o )gen:

(Vk S N) Tpy1 = T — OzkA];1Vf(:Bk) (3.25)

The following theorem stipulates the existence of a simple descent condition for scheme (3.25) every
time the stepsize is wisely chosen:

Theorem 3.1. (Quadratic MM descent condition) Let A : H — STT(H) be a majorization mapping
of f and denote by U the constant attached to its uniform upper-bound (see notations at the beginning
of subsection 8.3.1). Also assume that there exist a,a@ € (0,2) for which a < ay < 2 — @ for every
k € N. Then, sequence (xk)ken, satisfies the following simple descent condition,

_ [
() S(onn) < flar) -0 (1-5 ) IV @0l (3.26)
Moreover, (f(xr))zey admits a finite limit and (V f(xr)) ey converges to zero if f is bounded-below.
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Proof. Let us set k € N, we first use the fact that f admits an A-quadratic tangent majorization
approximation:

1
F@rr) < fl@e) + (VF(@r), @ — ap) + 5 (Ap(@re1 — Tn), Trar — ). (3.27)
With @1 —xp = —akAI;IVF(wk) and Ay, self-adjoint, (3.27) can be turned to:

f@ran) < f@in) = on (1= ) (A V (@), V(). (3.28)

Since Ay is definite positive and v-bounded, passing to the inverse ensures that A,;l is definite positive
and bounded-below by v~! and so (A; 'V f(zy), Vf(zy)) > 7|V f(zk)|® As o € [a,a] C (0,2),
we deduce that the residual term of (3.28) is positive and

o (1= ) (AT VF@). V(e 2 o (1-5) 197 @0, (3:29)

which directly gives (3.26). Adding the fact that f is lower-bounded classically ensures that (f(zx))en

converges to a finite limite f (see 2.3.3). With a residual of the form (2.25) (taking n = 2 and (& )ken
“+00

positively constant), > ||V f(zy)||* < +oo follows and finally ensures the convergence of (V f(x))zen
k=0

to zero. 0

The arguments invoked in the previous proof can notably be found in the convergence analysis of
[5]. The reader may also consult [55, Chapter 4| to have an extension of Theorem 3.1 with a vectorized
version of the stepsize.

3.6.2 Descent inequality for SQMM scheme

Let us start this section by a technical definition which will be useful to conduct our convergence proof.

Definition 3.4. (Uniformed gradient related directions) Let (xx)ken be a sequence of H

(1) A sequence of directions (di)reny € HY is said to be uniformly gradient related to (zx)ren (Te-
garding f) if there exist c1,co > 0 s.t.

dr, =0 if and only if V f(xx) = 0,
(Vk €N) (Vf(xk),di) < 1|V f(zh)], (3.30)
ldi]| < 2l V£ ()]

(ii) A sequence of linear operator (Dy)ken s said to be uniformly gradient related to (xy)ken (Te-
garding f) if there exists a sequence (dy)ren € HY uniformly gradient related to (xy)ren and s.t.
dy € im(Dy) for any k € N.

Theorem 3.2. (SQMM descent condition) Let A : H — STT(H) be a majorization mapping of f
and denote once again by U, the constant attached to its uniform upper-bound. Consider also (k)keN
a process following the SQMM update rule (3.18) (associated to A) and for which subspace sequence
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(Dy)ken ts uniformly gradient related to (xp)ren given constants ci,ca > 0. Then, (xy)ken verifies
the simple descent condition:

1 C1 2 2
(Vk € N) f(mk+1)§f(f'3k)—(> IV ()P (3.31)

2U \ co

Moreover, (f(xy))nen admits a finite limit and (V f(xy)),cn converges to zero, if is bounded-below.

Proof. Let us set k € N. According to Definition 3.4, there exist (dg, %) € H* x RMr for which
Dy, = dy, and (3.30) is satisfied. Moreover, as uj minimize w € RMx — h,(z + Dyu, zy), it follows
that, for any ¢ € R,

f(wk+1) = hq(a:kJrl,wk) = hq(:ck + Dkuk, .’Bk) S hq(a:k -+ Dk t ﬁk,xk) = hq(:llk + tdk,cck). (3.32)

If dj, = 0 then hq(xy + tdy, ) = f(x)) and inequality (3.31) holds.

For the rest of the proof, let us assume that dj # 0, (and so Vf(xr) # 0). The fact that Ay is
definite positive with dj # 0 ensures that function t € R +— hy(xi+tdi, ) := f(xr) +(V f(xk), di) +
%(Akdk, dy) is second order polynomial whose dominant term (Axdg,dy) is positive. It thus admits
a unique minimizer t,,;, which can be expressed under the closed form

(Vf(zr), dy)

tmin = —~————————. 3.33
" (Ardy, dy,) (3.33)
Since (3.32) is verified for any ¢ € R, it is satisfied at t = t,,:p,, and
(Vf(zk), dr)’
<h tmindg, = — o e 3.34
f(®rt1) < hy(@r + ke Tk) = f(xk) 2 Apdy, dp) (3.34)
With Ay, is spectrum-bounded by 7, (Axdy, di,) < 7||di||? and we deduce that
(Vf(xk),dr)’
< — .
f(@r+1) < flzr) Wldi]? (3.35)
Finally, the use of (3.30) leads to:
2 4 2
1|V (@) 1 (a 2
< — = -—— | = v , 3.36
and so to inequality (3.31). The end of the proof is similar to those of Theorem 3.2. O

The tools we used to conduct our proof was initially proposed in [58]. In the latter and in the case
where H = RY (N > 1), the authors considered the specific case where the gradient related direction is
the first column of the the subspace matrix Dy (k € N). Moreover, their framework differs somewhat
from ours to the extent they allow the incorporation of a stepsize research in their update rule [55].
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3.6.3 Bridging the gap with global convergence

The strategies of proof we applied for Theorem 3.1-3.2 remain in fact relatively close to those invoked
to study usual descent gradient schemes [175]. The main difference relies on the fact that we use
the quadratic tangent majorization property (3.4) as a substitute to classical descent lemma 2.4. Of
course, the access to extra curvatures properties on f would logically allow finer results. For instance,
the coercivity of f typically ensures boundedness of (x)ren and thus allows the use of Proposition
2.2 for better investigations.

In a non-convex framework, the construction of proof strategies based on KL theory (see Chapter
2 section 2.5.2) have been considered over the past few years. The use of such tools in a way to
establish the global convergence of a QMM type scheme was made for the first time in [59]. In the
latter, the authors conducted a similar line of reasoning as those we exhibited in Example 2.2. Their
convergence investigation remains rather adapted to the situation where f is semi-algebraic insofar as
the KL function is specifically taken as a power of § € (0,1). Another interest of the KL theory in
this context may lie in its ability to construct convergence rates. Although their setting is somewhat
different from the QMM one, [66] actually highlighted the fact that # exponent may play a crucial role
in the estimation convergence speed of the iterates. Up to our knowledge, only [(1] was able to exhibit
a convergence rate for QMM schemes.

3.7 Conclusion

The presented chapter can thus be considered as a specific literature review, on the central subject
of this thesis, i.e. the QMM methods. Our main goal being here the setting up of a sufficiently clear
theoretical framework which will constitute, in all the continuation, an essential working base to really
determine the interest of the new methods which we present in Chapters 4, 5 and finally in Chapter 7
once our stochastic framework is introduced.
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— Chapter 4
Convergence analysis of block
majorize-minimize subspace approach

In this chapter, we consider the minimization of a differentiable Lipschitz gradient but non necessarily
convex, function F defined on RY. We propose an accelerated gradient descent approach which
combines three strategies, namely (i) a variable metric derived from the majorization-minimization
principle ; (ii) a subspace strategy incorporating information from the past iterates ; (iii) a block
alternating update. Under the assumption that F' satisfies the Kurdyka-f.ojasiewicz property, we give
conditions under which the sequence generated by the resulting block majorize-minimize subspace
algorithm converges to a critical point of the objective function, and we exhibit convergence rates for
its iterates.

This work is based on our article: E. Chouzenoux and J-B. Fest, Convergence analysis of block
magjorize-minimize subspace approach, that we submitted to Optimization Letters in 2022 (now under
minor revisions).
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4.1 Introduction

Our work focuses on the resolution of

m}nnelﬂrgnj\}ze F(x), (4.1)
with F : RY — R is a differentiable Lipschitz gradient function which is not assumed to be convex.
Instead, we address the case when F satisfies the Kurdyka-f.ojasiewicz (KL) inequality [141, 25].

In the case of large scale optimization problems, one major concern is to find an optimization
algorithm able to deliver reliable numerical solutions in a reasonable time. Numerous works have been
devoted to accelerate the first order gradient descent technique. These methods aim to increase the
convergence rate while preserving theoretical guarantees and limited computational cost/memory bur-
den per iteration. Three main families of acceleration strategies can be distinguished in the literature.
The first approach, adopted for example in the well-known L-BFGS [156] and non-linear conjugate
gradient [101] methods, relies on subspace acceleration [213, |. The convergence rate is improved
by using information from past iterates for the construction of new estimates. Another efficient way to
accelerate the convergence of a minimization algorithm is based on a variable metric (i.e., precondition-
ing) strategy [28, 103]. The underlying metric is modified at each iteration thanks to a preconditioning
matrix, which may incorporate structural second-order information about the function to minimize.
The third technique to limit the dependence of an optimization algorithm on the dimension of the
problem, is to adopt a block alternating scheme where, at each iteration, only a subset of the variables
are updated [27].

Among various choices for preconditioning first-order methods, an important class of techniques
rely on the principle of Majorization-Minimization (MM) [223, |. At each iteration, a quadratic
convex surrogate function majorizing F' is constructed. The inverse of its curvature (i.e., Hessian)
matrix then serves to define a weighted Euclidean metric used for updating the next iterate. This idea
is at the core of the half-quadratic algorithm [203, 5] for image restoration. It has also been exploited
in [64] to build an accelerated proximal gradient method for non smooth optimization, with guaranteed
convergence of the iterates to a stationary point, in the non-convex case. The latter result has been then
extended in [66], where block alternating updates are introduced. Block alternating MM approaches
have also been explored in [122, , |, although without established convergence guarantees on
their iterates in the non-convex setting. MM metrics are also well suited to the construction of efficient
subspace optimization methods [58, 59, 61, |. In [58], subspace acceleration is employed to reduce
the complexity of an MM algorithm in large scale image processing problems, and in [59], convergence
guarantees are obtained on the iterates under the KL assumption. This algorithm has recently been
extended in [60] to the resolution of convex constrained optimization problems.

In this chapter, we propose to bridge the gap between the theoretical analysis from [64] and [55].
We introduce the Block MM Subspace (B2MS) algorithm to solve (4.1), that incorporates the three
aforementioned catalyzing effects, namely (i) MM-based preconditioning, (ii) subspace acceleration,
(iii) block alternating update. We show the convergence of its iterates to a critical point of F'. We
furthermore perform its convergence rate analysis, relying on the KL exponent properties from [3].

The chapter is organized as follows. Section 4.2 introduces the notation, the proposed B2MS
algorithm, and the considered assumptions. Section 4.3 provides technical descent lemmas essential to
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our analysis. Section 4.4 presents our main contribution, namely the proof of convergence for B2MS,
and a study of its convergence rate. Section 4.5 discusses the advantages of B2MS acceleration features
through an ablation study on a practical problem of sparse signal blind deconvolution. Section 4.6
concludes the work.

4.2 Block MM subspace algorithm

4.2.1 Notation

We consider the Euclidean space RY, endowed with the scalar product (-|-) and norm |[|-||. I states for
the identity matrix of RV, For any A € RV*Y symmetric definite positive (SDP), we also introduce the
weighted norm | - |4 = v/(:|A-). Let S C {1,..., N} £ [1, N] with cardinal |S| and complementary
set S £ [1,N]/S. For all & = (z"),epi,N] € RY, we denote z(5) £ (:ci)l.es € RISl Similarly, the
restriction to block S of the gradient of F, at some & € RY reads VF(S)(:B) e RIS, For any & € RN,
we finally introduce function F(S)(. | x) : v € RISl — F(u) where uS) = v and u(S) = 25,

4.2.2 B2MS scheme

The proposed B2MS algorithm solves (4.1) through a block alternating minimization approach. Let
S a family of C' > 1 nonempty subsets of [1, N] (not necessarily disjoints). Let g € RY. At every
iteration k € N, the entries of the current iterate x; within a selected block S € S are updated using
one iteration of the MM subspace algorithm [55] on the restriction of F to the k-th block F(Sk) (- a}).
The entries of x;, within the complementary set S, remain constant.

To implement the MM subspace update, we first build the following quadratic majorization ap-

prozimation [223] of FSk) (-, &) at ay,
(Y0 € RIH) Q) (v,24) £ F(a) + (VF (@), v — 2™ + Lo~ 2200, (42
where A(K) () € RISEIXISkl is an SDP matrix such that:
(Vo e RIS PO (v, ) < QU (v, ). (4.3)
Second, we choose a subspace acceleration matrix Dy, € RISs*Mr [243]. The block update m,(i’“l) is then

defined as a minimizer of Q(Sk)(-, x)) within the vectorial subspace spanned by the columns of Dy.
Iterating the above procedure in a block alternating fashion yields Algorithm (4.4):

Initialize xo € RV.

For k=0,1,2,...
Choose Si, € S and Dy, € RISkI*Mx
(B2MS) | wuy € argmin Q(S+) (:Bl(csk) + Dyu, :L'k) (4.4)
ucRMk
mi(ﬁl) = 2> + Dy
R
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If S = {[1, N]} (so C = 1), we retrieve the MM subspace algorithm from [55, 59]. When Dy = I|s,|,
the above approach can be viewed as a particular case of the BSUM scheme [122, | using quadratic
surrogates, or of the approach from [(6] using a null proximal term.

4.2.3 Assumptions

Assumption 4.1.

Family S verifies |J S = [1, N]. Moreover, there exists K € N* such that, for all k € N, every S € S
Ses
belongs to {Sk, ..., Sk+r—1}-

Assumption 4.2.
F is Ct and coercive on RN .

Assumption 4.3.
(i) For all k € N, Dy, has full column rank.
(i1) There exists (Y0,7v1) > 0 such that, for all k € N,

(di) " VEO (21) <~ || VESH (1) ]2, (4.5)
Idy|| < || VESH ()], (4.6)

with dy, € RISk the first column of Dy,.

Assumption 4.4.
(i) For every k € N, there exists an SDP matriz AS%) (xy) such that inequality (4.3) holds.
(ii) There exists (n,v) > 0 such that

(Vk‘ S N) 771|Sk‘ = A(Sk)(azk) = VI|S;€\' (47)

Assumption 4.5.

F is Lipschitz differentiable on every bounded subset of RN . In other words, for each bounded
E CRY, there exists B(E) > 0 such that

(V(z,y) € B?) |VF(x) - VF(y)|| < B(E)|x - yl. (4.8)

Assumption 4.6. For £ € R and any bounded E C RN, there exists (k,(,0) € R% x R* x]0, 1[ such
that, for all x € E with |F(x) — & < ¢,

0
IVE ()| = s |F(z) — & (4.9)
Assumption 4.1, also adopted in [64], implies that every set of S is updated at least once during
any K-length cycle. It is also known as quasi-cyclic or acyclic rule [128], the cyclic rule being a

special case of it. Assumption 4.2 ensures the existence of a minimizer for F. Assumption 4.3(ii) is
equivalent to imposing a gradient-related condition |[19] on the first column of Dy. This is satisfied
by a large number of typical subspace acceleration matrices [58][Tab. I]. In particular, setting Dy =
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[~V EF () |xr — xp_1] € RYX2 for k € N* yields the memory gradient subspace [164, 102] which has
strong connections with the non-linear conjugate gradient method [16]. Assumption 4.4 is rather mild,
and inherent to the well-posedness and stability of quadratic MM schemes |58, 64]. Assumption 4.5 is
a standard smoothness assumption, also considered in |25]. Finally, Assumption 4.6 is usually refereed
to as the KL inequality [111, 25], and arises from the literature of non-smooth analysis. It is satisfied
by a large variety of functions, non necessarily convex, such as semi-algebraic or analytical functions,
to name a few. Its use has become popular in the last decade, as it provides a key tool for establishing
convergence of iterates for descent methods in the non convex setting [, 66, |.

4.3 Technical lemmas

This section presents technical lemmas that turn out to be essential to our convergence analysis.

Lemma 4.1. Under Assumptions 4.1-4.2-4.3-4.4(i), (F(2y))ien converges to a finite limit and se-
quence (xy)ken s bounded. Moreover, under Assumptions 4.1-4.2-4.3-4.4, the B2MS sequence (k) keN
satisfies:

(Vk e N)  F(ay) — F(zp1) > (k) (23,12, (4.10)
“+00
D IV (@)||* < 400, (4.11)
k=0

1
(VEEN) [lzpp — )? < ?HVF(‘S’”(M)HQ, (4.12)
S 2 %VQ 2
(Vk €N) [VFO (@p)|* < e[y — @i, (4.13)
0

(Sk) (Sk)

Proof. Consider k € N. Since @y is the concatenation of x; "] and x;”"", the use of the majorizing

inequality (4.3) (Assumption 4.4(i)) gives,
Fapyr) = FO9) @) ay) < QS0 ( _H),a:k) — k) (m,(f” +Dkuk,mk>. (4.14)

Let e = (1,0,...,0)" € R™k. Since u; minimizes Q(S+) (a:,(f’“) + Dy, . ,a:k>, any t € R satisfies

QS (m,(f’“) + Dkuk,wk) < QW ( St) 4 Dyte, ZBk) QW (ml(cSk) +t dy, mk) :

(TP @)1

as minimal
2||d ||

Moreover, t — Q(Sk) < (Sk) 4 ¢ dy, wk) is scalar quadratic with F'(xy) —
ALK (@)
value. Hence, Assumptions 4.3 leads to

WIVESH (@)

2"dk“?4(3k)(mk)

FSO) (xy.), dy, )’

2|\ dill? -

Q(Sk) (xl(cSk) + Dkuk;wk) < F(wk) _
A(Sk) &)

(4.15)
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Combining (4.15) and (4.14) ensures that (F(xy)),cy is a decreasing sequence. The coercivity of F' in
Assumption 4.2 both guarantees that (F(xy)),cy converges to a finite limit F°° and that (xy)en is
bounded, which concludes the first part of the proof. Using now Assumption 4.4(ii) and (4.15) leads

to
2
Q) (2™ + Dyup, @) < Flay) — 55| VFS) (@) |2 (4.16)
2viv

Combination of (4.16) with (4.14) directly gives (4.10) in Lemma 4.1. Moreover,

+o00 9~2,

DIV )| < o (F — F(a)). (4.17)

k=0 70

so that (4.11) in Lemma 4.1 is obtained. Since function QSk) (:I:,(CS"’) + Dy, . ,a:k> is quadratic, we also
deduce that its minimizer u, satisfies:

S0 (1) 2
(VF : (xk)) Dyug = — | Dy |4, ) - (4.18)
Equality Dyuyp = g1 — @k, and Assumption 4.4(ii), lead to
(S) (£ 1 p - F _ 1 D 2 > F _r — 2 4.19
Q™ (2 + Dyu, x| = F(@r) — S Drvklly s g,y 2 F(@0) = Gllkrn — x| (4.19)

Equation (4.13) of Lemma 4.1 then comes by plugging (4.19) into (4.16). Using again the expression
of uy, as a minimizer of a quadratic form, we can rewrite one iteration of B2MS scheme as

Tpi1 — Tp = — By, VFO (2), (4.20)

with By, £ D, (D;—A(S’f)(azk)Dk)_l D,;r. Remark that Assumption 4.3(i) ensures that By is a well-
defined symmetric definite positive matrix. Then, by Assumption 4.4(ii),

1 -1 1
B, < -D, (D,;er) D] < -I,. (4.21)
n n
Plugging (4.21) into (4.20) and taking the squared norm of the quantities gives (4.12).
O
Lemma 4.2. Let (ug)ken, (Vg)ren two sequences of positive real. If there exists k* > K such that
k—1
VE>K) w<p > uitwve, (4.22)
i=k—K
+00 +oo
if p<+ and > vg < 400 , then Y uj, < +oo0.
k=0 k=0

Proof. Summing (4.22) from k* to n > k* leads to

n

n k—1 n
Z ug < p Z Z ui + Z Vk—1, (4.23)

k=k* k=k* i=k—K k=k*
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with

n k—1 n K K n—i K n
E U; = E Uk—q E E up < E Uf - (4.24)
k=k* i=k—K =k* i=1 i=1 k=k*—1 i=1 k=

k*—1 k*—1
Zuk<PKZUk+<PKZUk+ZUk 1) <pKZuk+<pKZuk+ka> (4.25)

k=k* k=kx* k=k* k=kx*

that is (1—pK) > e up < pK Zk ! U+ 3720 vp. With 0 < 1—pK < 1, we deduce the summability

Lemma 4.1 gathers the different inequalities and descent properties which result from B2MS scheme

(4.4). Equations (4.10)-(4.11) can be interpreted as a generalized block version of |58, Theorem 1].
Lemma 4.2 is an alternative of [34, Lemma 3|, |70, Lemma 5.1]|.

4.4 Asymptotical behaviour

For the sake of clarity, our presentation for the convergence analysis of scheme (4.4) is divided into
three parts. First, we establish the convergence of the gradient of the B2MS iterates to zero, under
Assumptions 4.1-4.5. Second, under the additional Assumption 4.6 (i.e., KL inequality), we show the
convergence of the iterates of B2MS to a stationary point. Third, we establish a convergence rate
result involving the KL exponent 6 of function F'.

4.4.1 Global convergence

Theorem 4.1. Let (zy)ren the B2MS sequence. Under Assumptions 4.1-4.5, sequence ||V F(x)|]) zen
converges to 0. Moreover, there exists *, a stationary point of F', such that F(xy) e F (x*).
—+00

Proof. Let k > K. For all S € S, Assumption 4.1 ensures that {t € [k — K, k—1] / S =S} is a
non-empty set. We can thus rewrite every set of S as § = ST;f with

TP 2 max{tc[k— K k—-1] /S =S}. (4.26)
The application of k — T Jensen’s inequalities on ||[VF®(zy)||? leads to
IVES ()] < Z 2 VEO @i11) = VEOF ()| + 25 7% [V PO F(ays) | (4.27)
i= TS

We now majorize both parts of the right term of (4.27). According to Lemma 4.1, the iterates belong
to a bounded set that we denote E. Using Assumption 4.5, we apply inequality (4.8), using the short
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notation 3 £ B(F), and then apply (4.12). The latter part of (4.27) is handled by using S = ST;;S and
noticing that k — i €]0, K[ for i € [T,k — 1]. It yields

2K62 (Sps)
IVFS (@y)|* < Z IVFS) (@,)|* + 25|V (@rs) |17,
1= T'S
k—
Kk (B o S (12
<R (S 4] Y IVESI (@),
n i=T3
k
k—
K Ch 1 (Si) ()12
<2 ?H > IVES (). (4.28)
i=k—K

Then from (4.11) we have ||VE) (a,)||? W 0. Since [1,N] = |J S (by Ass. 4.1) and S finite,
—+00

Ses
IVF(z)|* < ZHVF ()2 Vo 0. (4.29)
Ses e

According to Lemma 4.1, (F'(xy)),cy converges to a finite limit denoted F°°. The boundedness of
(1) guarantees the existence of * € R”, an accumulation point of (2 ). As ||V (xg) || L 0
—+o00

and VF' is continuous (by Ass. 4.2), VF(x*) = 0 directly follows, so that «* is a stationary point of
F. Moreover, F>° = F(x*) since F' is continuous, which concludes our proof. O

Theorem 4.1 shows a classical behaviour for a descent method applied to a non-convex Lipschitz
differentiable objective function [178].

4-4.2 Sequence convergence

This part is dedicated to refine the result of Theorem 4.1, when we additionally introduce Assump-
tion 4.6. We first state a technical inequality giving a direct relation between the gradient at the
current iterate and the differences of past iterates over a cycle (i.e a K-length period)

Proposition 4.1. Let (x)ren the B2MS sequence. Under Assumptions 4.1-4.5, for all k > K,
72 k—1
IVF(x)|? < 2KC (52 + 7;#) > i — > (4.30)
0 i=k—K

Proof. Let k > K. The beginning of the proof is identical to that of Theorem 4.1 until Eq.(4.27). We
then derive a new majoration for the quantity involved in the right term of (4.27). We first majorize
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using Ass. 4.2 combined with § = Sz.s. We then use (4.13) of Lemma 4.1. This yields:

k—1

(Sps)
IVEO @)|? <2562 Y llwivs —al® + 25 VER (2rs) |7,
=T
k—1 1/272
<258 Y i — @il + QKTIHCBT,;SH - mT,fHQ,
=T o

2 k—1
<ok (52 ; ”;ﬂ) st — 2
k

R
2 k—1
< 2K <,6’2 + Ezﬂ) > g — @il (4.31)
70 i=k—K

We then sum (4.31) over S (of cardinal C). The right term being independent from &, it is simply
multiplied by C. Then, noting that ||VF (x)||? < 32 [[VE®) (a)||> concludes our proof. O
SeS

Remark that an alternative proof of Theorem 4.1 could be obtained from Prop. 4.1. However,
inequality (4.28) is more direct to demonstrate than (4.30).
We finally state our main theoretical result, namely the convergence of the iterates of B2MS scheme.

Theorem 4.2. Let (xy)ren the B2MS sequence. Under Assumptions 4.1-4.6,

+o0

Z leksr1 — x| < 4o0. (4.32)
k=0

Moreover, (xy),cy converges to a stationary point of F.

ke

Proof. Following the same notations as those of Theorem 4.1, let us apply (4.9) toset E = {x} / k € N},
which is a bounded set by Lemma 4.1, and { = F*°. Then, by KL inequality (Ass. 4.6), there exists
(k,¢,0) € RL x R% x]0, 1] such that for every k € N verifying |F () — F'*°| < (,

IVF(x)| > & |F () — F<7. (4.33)

Using (4.13) and (4.10) gives, for every k € N,

2V 2V
|zps1 — x| < 27%;72 (F(xp) — F(xps1)) = ’2%:72 [(F(xg) — F°) — (F(xp1) — F)]. (4.34)

Let us now invoke the convexity of v € Ry — Uflf?. It follows that for all v,w € Ry with v < w
w—v < (1—0)" ! (wlf@ - v179> . (4.35)

Plugging (4.35) in (4.34) with w = F(xg) — F*™ and v = F(x41) — F* yields, for every k € N,
2

2v{v
@1 — @p|* € 55—
Wn*(1—0)
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with Ag 2 (F(ak) — F<)' ™ = (F(apy1) — F®)'0. Since F(x) — F*, there exists ko > K

k——+o0
such that
(Vk > ko) |F(xr) — F>| <. (4.37)
Thus, using (4.33),
(Vk > ko) [[VF(@)|| > 5 |F (@) — F. (4.38)
Combining (4.38) and (4.36) leads to
2v2y
Vk > k - 2 71 VF A 4.39
(Vk > ko) [lp+1 — gl < BPR(l = H (k)| A (4.39)
We now rely on the majoration of Proposition 4.1, to obtain
k-1 k—1
(Vk> ko) lzpo —aill* <A D0 e — @2 A <A Y (@i — @il Ay, (4.40)
i=k—K i=k—K
with A £ 27“ 71” N 71 1/2 We extract the square root of (4.40) and invoke the inequality
k—1
\/@Sg—kgwitha: Tir1 — x|/, b = Ag and some ¢ > 0. Then,
c 4 +
i=k—K
\/K k—1 c
(Vk = ko) ll@psr — aull < = > i — il + EﬂAk- (4.41)
i=k—K

(Ag)pen is summable and VA/c €]0,1/K][ for ¢ > VAK, we apply Lemma 4.2 with k* = kg. Finally,
(g1 — x| yen is summable and (), is a Cauchy sequence possessing x* as an accumulation
point. Sequence (x),cy thus converges to x*. O]

4-4.3 Convergence rate

As highlighted above, Theorem 4.2 guarantees the convergence of sequence (xj),cy to *, a station-
ary point of function F'. Our last contribution lies in characterizing the convergence rate for B2MS
algorithm. Here again, KL inequality (Ass. 4.6) is an anchor point of our analysis.

Theorem 4.3. Let (xy)ken the B2MS sequence. Under Assumptions 4.1-4.6, the following holds.
(i) if 0 €]1/2,1], then ||z, —a*|| = O (k—%)
k—+o0

(ii) If 6 €]0,1/2], then there exists € €]0,1] such that ||z — x*|| i O (F).
—+00

Proof. Keeping the same notations as previously, let ¢ > 0 and k > ky. We sum (4.41) from kK

+oo  j-—1
p <~ Z > @i — @ + \/K ZA], (4.42)
j=kKi=j—K j=kK
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with ', £ j:o,jK |zj+1 — «;||. On the one hand,

too  J—1 +oo K—1
Z Z i1 — il = Z Z |Titj—k+1 — Titj—Kk|;
j=kK i=j—K j=kK i=0
K—-1 +4o0
= Z Z |@irj—k+1 — Titj—k ]| < KTj_1. (4.43)
i=0 j=kK
On the other hand, using F(x) — F (z*) o 0, (4.33) and Proposition 4.1, yields
—+00
1-0
0—1 1-0 REL *
[F(zrk) — F (2] <k |[VF(zig)| @ <A S i — ;
j=(k=1)K
1-6
kK —1 g
<A o i — ] :
j=(k=1)K
— A (D1 =T 7, (4.44)

1-0
with A 2 %7 (2Kc (52 + %ﬁ;ﬂ)) *  Plugging (4.43), (4.44) in (4.42), with ¢ = 2v/AK and
0

—+o0
S A= [F(xrr) — F ()] gives
j=kK

1 1 / —
Tp < STke1 + S KAN (Thoy - Ty) o (4.45)
By multiplying (4.45) by 2 and removing I'y, from each side,
/ 1-0
g < (Tg-1 —Tg) + KAA (T—q —T%) 7 . (4.46)

Since (I'y)ren is a positive decreasing sequence to zero, we can apply |2, Theorem 2|.

o If § €]1/2,1], there exists A > 0 such that
(Vk > ko) Ty <Ak 201, (4.47)
Denoting q(k), (k) the quotient and remainder of the Euclidean division of k by K, leads to
lzk — 2" = gk 4r(r) — T < Tyqry- (4.48)

Combining (4.48) with (4.47) gives, for k large enough,

1-6 1-6
_ kE—r(k)\ "20-1 k “30-1
la — @*|| < Ag(k) ™21 = A (Ig()) <\ ( - 1) : (4.49)

with /\(%_1)’% _ O(k_ge;_el)

k——+o0
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e If § €]0,1/2], there exist x> 0 and § €]0, 1] such that
(Vk > ko) Tp < p ok (4.50)
Similarly with the previous case, for k large enough,

k—r(k)

gy — || < p 690 = 4 67 & S,u,d%. (4.51)

Conclusion is obtained by taking ¢ = 5K €0, 1].
O

One can notice the dependency of the convergence rate with the KL exponent 6. This result is
similar to the one in [60], though with a more direct proof following naturally from our global conver-
gence Theorem 4.2. We also notice that the gradient Lipschitz property (see Assumption 4.5) entails
that the convergence rate obtained for (|| — x*||), <y also holds for the sequence (||[VF (x)||)cn-

4.5 Numerical illustration

The numerical part of this chapter arises from previous works conducted by Emilie Chouzenoux and
Jean-Christophe Pesquet, which has not been submitted for publication until now.

4.5.1  Problem formulation

Let us illustrate numerically the benefits of each acceleration features introduced in B2MS. To do so,
we focus on the signal processing problem of sparse signal blind deconvolution [118]. Let y € RY,
P > 1, a vector of observations, related to a sought signal Z € R” through the model

y=hxZ+e, (4.52)

with h € RY, L > 1, a blur kernel, * the 1D discrete convolution operator with zero-padding as-
sumption, and e € RP a realization of an i.i.d. zero-mean Gaussian distribution. Blind deconvo-
lution amounts to retrieving estimates (z, }VL) of (z,h) from y under some structural assumptions.
Namely here, we consider a sparse signal Z, with few non-zero entries within the range [zmin, Zmax,
—00 < Zmin < Zmax < 400, and a blur kernel with bounded energy and entries within the range
[Amin, Pmax); —00 < Amin < hmax < +00. Under these specifications, we propose to solve (4.1) where

(V& = (2z,h) € RPTL)

1 p 3 ¢
Fla) = Sk z—yl|? +ASO0T(2) + 52 . o(2)+ 3, u(h)+ SR, (453)
with (X, p,&,¢) > 0 some penalization weights. Hereabove, SOOT denotes the smoothed ¢;-over-fo
sparsity promoting penalty introduced in [196], defined as
o
(Vz e RP) SOOT(z) = log ( La(2) + B) (4.54)
loy(2)
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where

P
(Vz = (2P)pep,p] ERD)  l1a(z Z( )2+ a2 — a), lon(2) = | D (2P)2+ 1% (4.55)
p=1 p=1
Function (4.54) is non-convex and Lipschitz-differentiable on RY (see [53, Prop.2] with p = 1 and

q = 2). The scalars (a, 8,m) > 0 act as smoothing hyper-parameters so that the penalty term (4.54)
can be viewed as a smoothed non-convex proxy of the norm ratio £; over £». SOOT penalty was shown
in [196] to suitably enhance the restoration of sparse signals in the context of blind deconvolution,
when compared to standard ¢;-based formulation. It was later on generalized in [53, | to tackle
signal processing tasks arising in chemistry, and hereagain showed superior results when compared to
various state-of-the-art sparsity priors. Function d¢ denotes the Euclidean distance to a set C. If C
is non-empty and convex, function %d% is convex and 1-Lipschitz differentiable [14]. The two distance
terms in (4.53) act as smoothed exterior penalty terms, weighted by (p,&) favoring the fulfillment
of the considered range constraints. Finally, the quadratic penalty term weighted by ¢ controls the
boundedness of the estimated kernel energy.

4.5.2 B2MS implementation

Let us discuss the practical application of the proposed B2MS scheme to the minimization of function
(4.53). The latter is C' and coercive on RF*+¥ so Assumption 4.2 holds. Moreover, it satisfies the
Lipschitz condition from Assumption 4.5. A similar analysis than in [196] leads to the fulfillment of
Assumption 4.6. We define the family

S=A{[1,P],[P+1,P+ L]}, (4.56)

with the aim to build a B2MS scheme alternating between updates on the signal variable z and the
kernel variable h. We adopt a quasi-cyclic strategy

[P+1,P+L]if (k=K)=0,

4.57
[1, P] otherwise, (4.57)

(Vk eN ) Sp = {
with = the modulo operation, and K > 1 a predefined value of the number of updates on variable
z before processing again (and a single time) the variable h. Definitions (4.56)-(4.57) satisfy by
construction Assumption 4.1. Let H € RP*F the Toeplitz operator such that h * 2 = Hz, and
Z € REXL the correlation operator such that h % z = Zh. We define

(V& = (2z,h) € RPTL)

9\ A . _
A(Hl’Pﬂ)(.’IJ) = HTH + QIP + leag ((((Zp)2 + CVQ) 1/2)p€[[1,Pﬂ) + pIP, (458)
and
(V& = (z,h) e RETL)  AWPFLPHLD () — ZT Z 4 (6 + O (4.59)
Using [196, Prop.2|, the descent lemma |1| and the block definitions (4.56)-(4.57) allows to show that

the majorizing condition (4.3) holds for every k € N. Hence, Assumption 4.4(i) holds. Regarding the
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subspace choice, we adopt unless specified otherwise the memory gradient subspace from [161, 59],
which reads in the block alternating case as (|13]):

(Vk €N) Dy = [~VFO) (a) | 2% — (9] ¢ RISH=2, (4.60)
where, for every k € N, ¢, € [0,k — 1] is the largest index when the same block S,, = Sj, was updated
(with default choice ¢ = 0). This choice of subspace trivially meets Assumption 4.3. In a nutshell,
Assumption 4.1 to Assumption 4.4(i) hold, so that, by Lemma 4.1, the B2MS iterates are bounded.
This allows to deduce, through a straightforward analysis of (4.58)-(4.59), that Assumption 4.4(ii)
holds. Furthermore, Assumptions 4.5 and 4.6 hold so that our convergence Theorems 4.1 and 4.2

apply.

4.5.83 Numerical results

We now present our numerical results. We rely on the same dataset and model implementation than
in the SOOT Matlab toolbox!. The ground truth signal /kernel (z, h) have size P = 784 and L = 41.
We set the range values (Zmin, Zmax, Amin, Pmax) to the ground truth minimal and maximal values of the
sought quantities. The SOOT parameters (A, a, 3, 7) and the initialization (2o, ko) are kept unchanged
with respect to the toolbox implementation. A rough grid search is used to set the hyper-parameters
(p,&,¢) = (1071,1071,1072) so as to reach an accurate restoration. Example of observed signal
y, ground truth signal/kernel vectors (z,h) and estimated ones (2,77,) are displayed in Figure 4.1.
Running times displayed in the forthcoming sections are for a Matlab 2021a implementation on a x64
Dell Destop with 11th Gen Intel(R) Core(TM) i7-1185G7 @ 3.00GHz with 32 Go RAM.

4.5.3.1 Role of quasi-cyclic rule

The rule (4.57) corresponds to the standard cyclic (i.e., Gauss Seidel) rule when K = 1. When K > 1, a
quasi-cyclic rule is obtained, when B2MS iterates several times on the signal before updating (once) the
kernel. Our theoretical analysis encompasses such choice. To illustrate the benefit for such versatility,
we display on Figure 4.2 the computational time required to satisfy

|z — 2|1 <107%, and |hy — hll; <1074, (4.61)

as a function of K in (4.57), with (Z,h) the B2MS iterate after a very large number of iterations
(typically 10%). One can observe that the minimal running time is not obtained for K = 1 (i.e.,
cyclic rule) but for a larger value of K, here around 100. This shows the advantage of adopting
Assumption 4.1 instead of the standard cyclic update requirement. This phenomenon was already
observed in the study in [196] but for another block alternating scheme. The setting K = 100 is
retained for our next experiments.

Thttps://www.mathworks.com /matlabcentral /fileexchange /50481-soot-11-12-norm-ratio-sparse-blind-
deconvolution
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Figure 4.1: Observed signal y (top). Ground truth (black continuous line) and restored (blue
dashed line) signal (middle) and kernel (bottom). Reconstruction errors ||z — z||; = 3.4 x 1073

and |[h — h|; = 1.7 x 1072,

4.5.3.2 Ablation study on B2MS

In order to assess the role of both subspace and MM acceleration in B2MS, we perform an ablation
study. To that aim, we implement three ablated versions of B2MS, where we removed either one or
both aforementioned features. Namely, we can remove subspace acceleration (B2MS-NoSub) by simply
setting

(Vk € N) Dy =—VFS) (x;) e RIS, (4.62)
We can also remove the effect of the MM preconditioner (B2MS-NoPrec) by setting, for every & =
(z,h) € RPHL A(LPD () = B(h)Ip and AUPHLPHLD () = B(2)I;, with (B(h), B(z)) €0, +oo[?
some upper bounds on the spectra of (4.58)-(4.59). For every & = (z,h) € RPTE | a straightforward
analysis leads to

9A A
Vh e RY) B(h)=|[H||”+ 5+ — 4.63
(vh e RY) B(h) = |H+8772+aﬁ+/), (4.63)
(vz € R") B(z)=|lIZ]|* + ¢+ ¢, (4.64)
with ||| -]|| the spectral norm. We display in Figure 4.3 the evolution of the gradient norm and the esti-

mation error along time for the four tested methods. A first observation is that the methods not using
the MM preconditioner (i.e., B2MS-NoPrec, B2MS-NoPrec-NoSub) exhibit very slow convergence, in
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Figure 4.2: Computational time in seconds required for B2MS iterates to satisfy stopping
criterion (4.61) as a function of K.
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Figure 4.3: Evolution of the gradient norm of F' (left), of the estimation error on the signal
(middle) and of the estimation error on the kernel (right) along time in seconds for B2MS and
its ablated versions. B2MS-NoPrec-NoSub and B2MS-NoPrec plots are almost superimposed.

comparison with the two others. This shows the crucial role of the MM acceleration technique, espe-
cially in this example when the bounds (4.64) reach very high values (typically of the order of 108).
As an additional remark, note that (4.64) requires to recompute, at each iteration, spectral norms of
large operators which is cumbersome. Second, using the memory gradient subspace instead of a basic
gradient descent search improves the convergence speed of B2MS, as can be seen when comparing
B2MS and B2MS-NoSub plots. In a nutshell, both MM preconditioning and subspace catalyzers are
essential in this problem.

4.5.3.3 Comparison with state-of-the-art

We conclude our analysis by comparing B2MS with several non alternating minimization schemes from
the state-of-the-art. Namely, we implemented the nonlinear conjugate gradient (NLCG) algorithm with
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Figure 4.4: Evolution of the gradient norm of F' (left), of the estimation error on the signal
(middle) and of the estimation error on the kernel (right) along time in seconds for B2MS and
its competitors.

either Hestenes-Stiefel (HS) or Fletcher-Reeves (FR) conjugacy formula [119, 101] and a linesearch
satisfying strong Wolfe conditions [178]. We also tested the quasi-Newton LBFGS approach [150]
combined with an Armijo backtracking linesearch [1758]. The linesearch and memory parameters were
manually tuned to reach the best performance of each competitor. Note that, up to our knowledge,
neither NLCG nor LBFGS possess any theoretical guarantees on the convergence of their iterates, in
this example, due to the non-convexity of F. No major numerical instabilities were observed in our
experiments. Figure 4.4 shows the convergence plots in terms of gradient norm and restoration error.
One can observe the fast convergence of B2MS. In contrast, the three competitors do not seem to reach
a convergent point (see Fig. 4.4(left)). Moreover, they lead to solutions with higher estimation error
(see Fig. 4.4(middle-right)). This shows again the advantage of the proposed scheme which benefits
from sounded convergence and good practical behavior.

4.6 Conclusion

This chapter introduces a block alternating MM subspace algorithm and provides its convergence
analysis in the non-convex case. Numerical experiments illustrate the performance of the proposed
method on a practical problem of blind signal restoration. When combined with a memory gradient
subspace (see, for e.g., [102]), the proposed method can be viewed as a convergent preconditioned block
alternating non linear conjugate gradient algorithm for non-convex large scale optimization. Future
work will be dedicated to building a distributed implementation for B2MS, for instance by adopting
an asynchronous approach [215] where block updates are spread among core machines with possible
update delay.
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— Chapter 5

Block delayed majorize-minimize

subspace algorithm for large scale
iImage restoration

In this chapter, we propose an asynchronous Majorization-Minimization (MM) algorithm for solving
large scale differentiable non-convex optimization problems. The proposed algorithm runs efficient
MM memory gradient updates on blocks of coordinates, in a parallel and possibly asynchronous man-
ner. We establish the convergence of the resulting sequence of iterates under mild assumptions. The
performance of the algorithm is illustrated on the restoration of 3D images degraded by depth-variant
3D blur, arising in multiphoton microscopy. Significant computational time reduction, scalability and
robustness are observed on synthetic data, when compared to state-of-the-art methods. Experiments
on the restoration of real acquisitions of a muscle structure illustrate the qualitative performance of
our approach and its practical applicability.

This chapter arises from the article: M. Chalvidal, E. Chouzenoux, J-B. Fest and C. Lefort. Block
delayed Majorize-Minimize subspace algorithm for large scale image restoration, published in Inverse
Problems, volume 39, 2023.
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5.1 Introduction

Large-scale optimization algorithms, benefiting from fast convergence, capable of utilizing modern
computing infrastructures, and dealing with distributed datasets are becoming compulsory for solving
inverse problems in modern imaging [68]. The ever-growing need for fast processing solutions that can
operate on high-dimensional problems (i.e implying a huge number of variables) calls for the develop-
ment of parallel methods harnessing the power of distributed computational architectures. In addition,
the expansion of IoT systems and remote highly parallel computing induce new network issues with
specific constraints. For instance, instabilities may occur whenever the volume of data dwarfs the mem-
ory capacity of a single agent or when the processing power is shared (potentially unevenly) between
devices [139]. Several classes of so-called distributed optimization methods, have been investigated
under various assumptions on the computing scenario and on the optimization problem itself, that we
review hereafter (see also [248, 210]).

Distributed optimization approaches inherit from block alternating methods. In the latter, at each
iteration, only a subset of the variables are updated, by minimizing the objective function with respect
to only those variables, the others being fixed. The blocks are selected sequentially following a cyclic
(or quasi-cyclic) order or a random rule. Exact minimization with respect to a given block of variables
is rarely possible in a closed form. It is not even desirable as it may lead to convergence issues [226].
More efficient and stable block alternating schemes rely on a so-called Majorization-Minimization
(MM) strategy [128]. It consists in building, at each iteration, a majorizing approximation for the
objective function within the active block of variables, whose minimizer has a more tractable form.
Many powerful algorithms fall within this framework, such as BSUM [121|, PALM |[27], multiplicative
methods for NMF [116], to name a few. By exploiting the structure of the objective function, block
alternating MM methods can reach fast convergence rates [196, 98, , | while offering theoretical
guarantees in non-convex cases [27, (65, 29].

When the problem size increases, as in 3D microscopy imaging [117] and astronomy [10, ],
running block alternating methods gets inefficient. Parallel implementations have been devised, where
the block updates are performed simultaneously, allowing to distribute computations on different nodes
(or machines) |13, , |. Implementation on parallel architecture requires to pay attention to com-
munication cost. The latter can be reduced by resorting to an asynchronous parallel implementation,
yielding the so-called distributed optimization approach. Each computation node has now its own it-
eration loop, so local variables are updated without the need to wait for distant variables update. This
however raises challenging questions, in terms of convergence analysis, as the communication delays
may introduce instabilities. A plethora of recent works have focused on proposing distributed opti-
mization algorithms with assessed convergence, based on stochastic proximal primal [115, , |

or primal-dual [185, ) , b4, , 1] techniques. Recent contributions in the field of federated
learning are also highly related [123, ) |. However, as the aforementioned works rely on specific
fixed-point analysis tools involving Fenchel-Rockafellar duality [14], the proposed algorithms are lim-

ited to convex (sometimes even strongly convex) optimization and often require specific probabilistic
assumptions on the block update rule difficult to meet in practice. In the context of MM algorithms,
although the need for distributed implementation strategies is crucial (see the discussion in [121] and
the specific examples in [228, 91]), theoretical results regarding convergence guarantees of MM tech-
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nique in a distributed context are rather scarce. Let us first mention the work of [76, 77], that proposes
an asynchronous version of PALM, with proven convergence of the iterates in non-convex case, and
good practical behaviour [225]. The convergence of distributed MM methods was also explored in the
recent works |15, 154]. However, the analysis of [15] is limited to the convex case. In [15], the analysis
covers non-convex terms in the objective function, but it only shows the convergence of the sequence
of objective function values, and not the convergence of the iterates themselves (thus, the results is
weaker than the one of [70]).
In this chapter, we aim at solving a smooth optimization problem of the form

minimize f(x), (5.1)
where f : RN + R is (Fréchet) differentiable but non necessarily convex. In the context of inverse
problems in imaging, f typically reads as the sum of a data fidelity term (e.g., a least-squares term)
measuring the discrepancy between an acquired, degraded (e.g., blurry, noisy) image, and its estimate
(usually, through a linear observation operator), and a regularization term incorporating prior infor-
mation on the sought solution |08, 17] (see also our Section 5.5). We introduce the block delayed MM
memory gradient (BD3MG) algorithm for the resolution of Problem (5.1). BD3MG is a distributed
MM algorithm designed for an efficient implementation on a multi-CPU computing architecture, such
as a high performance calculation unit. Our contributions are:

e Introduction of the BD3MG algorithm, that implements an advanced distributed asynchronous
update rule within the block alternating MM method we recently proposed in [56].

e Proof for the convergence of BD3MG iterates to a stationary point of f under mild assumptions
(in particular, no convexity is assumed), using recent tools of Lyapunov analysis [235].

e [llustration of the performance of BD3MG by means of various experiments on a real inverse
problem of 3D image restoration arising in the context of multiphotonic miscroscopy.

The chapter is organized as follows. Section 5.2 introduces our notations, recalls the principle of MM
schemes and finally presents our proposed algorithm. Section 5.3 states our mathematical assumptions
for the convergence analysis and presents preliminary technical propositions and lemmas. Section 5.4
presents our main theoretical contribution, dedicated to the convergence analysis of the proposed
BD3MG scheme. Section 5.5 illustrates the qualitative and computational performance of BD3MG in
the applicative context of 3D image deblurring in the presence of a depth-variant 3D blur. Section 5.6
concludes the chapter.

5.2 Proposed algorithm

5.2.1 Notations

Throughout this chapter, we consider the euclidean space R endowed with the usual scalar product
(:|) (or, equivalently, - " -) and the norm ||-||. Oy is the vector with null entries of R™. Iy is the identity
matrix of RY. We use the short notation [1, N], to denote {1,2,..., N}, i.e. the set of integers from
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1 to N. SV denotes the set of symmetric matrices of RV*V  and Sﬂy (resp. Sﬁ ) the set of positive
(resp definite positive) symmetric matrices. Given some M € S¥, | we denote by || - |ar the induced
weighted euclidean norm, such that, for all v € RY, |lv|%; = v Mv. We use the Loewner orders
symbols < and <, to compare real symmetric matrices (A, B) € (SV)? i.e., A < B (resp. A < B) is
verified when difference B — A belongs to S} (resp. S¥,).

Let us introduce extra notations, that will be useful to present block coordinate optimization
strategy. Most notations hereafter are reminiscent from [56]. Let S C [1, N].

> We denote by S its complementary set [1, N[\S, |S| its cardinal and (RIS!,(,-)) the resulting

euclidean space (with a slight abuse of notation). Moreover, we also denote by S|S|,SL‘EI,S|J‘§J‘F

respectively the set of symmetric, symmetric positive, and symmetric definite positive matrices
of RISIXISI.

> Let ¢ = (wn)ne[[l,Nﬂ € RY. We denote T(s) = (x)ies € RIS the vector gathering the entries of
x with indexes within the set S of coordinates.

> Let ¢ € RV, Vf(x) is the gradient of f evaluated at . Moreover, V(s f(z) = ([Vf(2)];),c5 €
RIS denotes the partial gradient of f with respect to the coordinates with indexes in S, evaluated
at x.

> Let M € SV. We denote the (symmetric) sub-matrix Ms) = (Mm-)(l. fes? € SISl 1f Ms) €
Slfl’ we define the induced weighted Euclidean norm as || - [[ars,-

> For any & € RV, we introduce the restriction of f to the block S and vector x as the function
fs)(-,x) v € RISl = f(u) where w is related to (v, ) through the relations us) = v and

Ui = %5):

5.2.2 Block MM principle

MM approach to the resolution of Problem (5.1) is a generic iterative procedure where each iteration
amounts to minimizing (exactly or not) a surrogate for f satisfying a majorizing property [223, , ,

|. The theoretical and practical properties of an MM algorithm greatly depend on (i) the family
of considered surrogates, (ii) the procedure to minimize it. In this chapter, we focus on quadratic
MM techniques, where f is such that it can be upper bounded by quadratic functions (typically, f is
Lipschitz differentiable). In such context, the inner step of an MM algorithm amounts to minimizing
a quadratic function on RY or, otherwise stating, to invert an N x N system. In the large scale
context, this is not desirable and various approaches have been proposed to cope with the curse of
dimensionality in MM quadratic methods [58, 59, 63, , 43, , H0]. In particular, to limit the
dependence of the MM algorithm on the dimension of the problem, block alternating approaches have
been developed. In these schemes, at each iteration only a subset of the variables are updated [121],
giving rise to so-called block MM algorithms, that we describe hereafter.

Define a partition T of [1, N]. The block MM approach requires to build a majorizing surrogate
for the restriction f(s)(-,x) for any x € R and block index S € T. Let us assume the existence of a
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mapping A : x € RN — A(z) € SV, such that for all S € T, v € RISl and z € RY

1
Qs(v.2) = (@) + (Vi) (@), — 25)) + 5 [0 ~2(5)[4 ) (52)

fulfills the majorizing condition
Qs(v,x) > fis)(v, ). (5.3)
Note that, by (5.2),
Qs(x sy, T) = fs)(x(s), T). (5.4)

The existence of such mapping A can be ensured under mild assumptions. For instance, it is satisfied
as soon as f is Lipschitz differentiable. Morever, |65, Remark 2.4] shows that, as soon as the above
mapping holds for S = R¥ | it stays valid for any block subset S C [1, N]. Examples of constructions
of majorization mappings have been extensively discussed in [223, 59, | for optimization problems
arising in the fields of inverse problems, image processing and telecommunication.

Once the block majorization approximations (5.2) satisfying (5.3) are built, the block MM (B2M)
algorithm reads [128] (also called BSUM in [121]):

Choose S* € T,

k+1 : k

(VheN) §P(sn € mEmin Qs (v, 27, (B2M)
k+1 _ _k
CONRNCO)

Hereabove, (Sk)k cn 18 a sequence of subsets (i.e., blocks) chosen in the predefined partition T. The
most current strategy is to adopt a cyclic rule, where each element of T is selected sequentially until
the end of the partition list, and then the loop is repeated until convergence of the algorithm. A more
flexible option is to adopt a so-called quasi-cyclic (or acyclic) rule where each § € T must be updated
at least once per K iterations period.

The interest of scheme (B2M) and more generally block coordinate methods notably lies in the
large scale context involving a very huge NN, for which dealing with all the coordinates of the current
iterate may be too high time consuming and even infeasible due to memory limitations. However, block
MM methods require a sequential update of the blocks and thus, by construction, might require many
iterations to reach convergence. To limit this issue, (block) diagonal mappings have been considered
for instance in [222, 13]. The underlying idea is to choose the mapping so that the inner minimization
problem in (B2M) is separable, and thus can be performed in parallel over the entries of the selected
block. This yields the so-called block parallel MM schemes that take advantage of recent technological
advances in parallel computing on multicore architectures. In particular, these methods can tailor
the number of available processors to the computational load. However, such block diagonal structure
may be detrimental to the approximation quality of the surrogates, and thus reduce again the practical
convergence rate. In the present chapter, we opt for not making any extra structural assumption on the
majorization mapping, thanks to the introduction of two catalizers into (B2M), namely (i) a subspace
acceleration approach, (ii) a distributed asynchronous update strategy, that we describe hereafter.
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5.2.3 Subspace acceleration

Our first catalyst is to introduce a subspace acceleration [223], in (B2M). This strategy has been
initially introduced for full-batch MM algorithms (i.e., without any block coordinate strategy) in [55].
Convergence analysis can be found in [59, 57, 63, 62, 60] under various situations. We recently extended
this strategy to cope with block coordinate updates with the form of (B2M) [50], leading to the B2MS
(Block MM Subspace) scheme that we present hereafter.

Starting with the (B2M) iteration, the subspace acceleration consists in performing the minimiza-
tion of the majorization function within the current block S* in a constrained vectorial subspace
spanned by a small number M}, > 1 of search directions. This reads:

[ Choose SF € T,

Choose D* € RM’CXWC‘,
k . k koo ok

(vkeN) (v €aeminQs (T + Dozt (B2MS)

E+1 _ K ko k

T sy = T(sh) + D*v",
k+1 _ K

Th Ty

Hereabove, for every k € N, D* ¢ RMexIS*| i5 the so-called subspace matrix. It stacks, row-wise,
M, > 1 vectors of dimension |S¥|, spanning a vectorial subspace within which we seck for a minimizer
of the majorization function Qgr(. ,x%) (i.e., our next iterate). The advantage is to reduce again

the dimensionality of the inner MM problems, without jeopardizing the convergence rate [(62|. Several
choices for the subspace matrix are discussed in [58, 63, 60]. Intensive comparisons in the fields of inverse
problems, image processing and machine learning (e.g., [102, 57]), have shown the superiority of the

so-called memory gradient subspace which seems to reach the best compromise between simplicity and
efficiency. In the context of (B2MS), this amounts to defining, for every k € N, the memory gradient
matrix DF = [V(Sk)f(a:k),m’(“sk) - a:i;,}) (with the convention x_; = Oy), so that M = 2. When
combined with a block diagonal majorization mapping, (B2MS) becomes equivalent to the BP3MG
method considered in [19] for 3D image deblurring. The convergence properties of (B2MS) have
recently been studied in [56].

5.2.4 Block Delayed Majorize-Minimize Memory Gradient (BD3MG)

The second catalyst we introduce is the main contribution of this chapter, namely the introduction
of a distributed asynchronous update rule within (B2MS). Our motivation is to make the algorithm

well suited to an implementation on a multi-core / multi-processor architecture, while not being en-
dangered by potential communication delays within the computing units. Let us consider a computing
architecture with C' units (or cores), each of them being able to communicate (i.e., send or receive)
information to a master node. The architecture thus considered is forming a star graph as presented in
Figure (5.1c). The two other graph topologies are discarded from this present study (see, for example,
[1] for an efficient distributed method running on a generic hypergraph topology).

The proposed method BD3MG is presented in Algorithms 5.1-5.2; describing the iterations of the
master (i.e., node 0) and a given worker/node ¢ € [1,C], respectively. Let us describe these two
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(a) Complete graph (b) Connected graph (c) Star graph

Figure 5.1: Examples of graph topologies. The graph in (c) is encompassed by our framework.

algorithms. Each computation node ¢ € [1,C] updates (independently from the other nodes) a subset
of coordinates S, € T (which can change over the process) by applying an MM iteration including a
memory gradient acceleration and thus “books” its running block S, so that no other worker overwrites
the associated coordinates. Conversely, any other S € T\{S.} remains free to be updated by other
workers. Communication steps are performed in order to maintain convergence to a minimizer of the
globally shared objective function f and to control the propagation of errors. Basically, even if the
other workers are still busy on their tasks, every time a worker ¢ € [1,C] ends one MM iteration on
its running block S, it sends a feedback to the master. As a response, the latter updates it with most
recent available information, and assigns it a new task.

We denote (z*)en the sequence of iterates gathered by the master loop. For any given node index
c€[1,C] and k € N, Sf denotes the block of coordinates processed by worker ¢ during step k. We
impose, by construction, that two nodes do not update the same block of coordinates at the same time,
so that we ensure the no-overlap condition

(VkeN) (V(e,d)€[1,C]%c# ) Stnsk=0. (5.5)

At iteration k € N, worker c* € [1,C], updates the block of coordinates ka and sends to the master a
vector dy, of size }S fk | The corresponding indexes of variable ¥ within block ka are then incremented
with dj, while the others remain unchanged, thus defining 2**!. The master then defines a new set of
coordinates Sf,j ! to be treated by worker ¢¥, so as to satisfy the non-overlap rule. The master informs

k+1

worker ¢* of this new running set of coordinates, and sends him the most recent information x and

the difference (x*+1 — a:k)( SEH1)- Meanwhile, the other workers keep processing their allocated indexes.
ck

The master then waits until a new worker (possibly the same one) sends a new increment.

Let us now make a focus on the worker loop described in Algorithm 5.2. Remark that, even if
worker ¢ has access to some properties of function f (i.e., the expression for its gradient and for its
majorizing approximation (Qs)gcg). it is not informed about the work done by the master or those of
the other workers . It can only rely on the data the master sends to it to perform its local task. From
the viewpoint of the worker, a triplet set (x,S,d) € RY x T x RIS! is received from the master and
must be used to perform its MM update with memory gradient acceleration. The worker is in charge
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Algorithm 5.1. BD3MG algorithm - Master loop
Initealization.

(a) Set k=0 and z° € RV.
(b) Set SY,...,8¢ € T such that V(c,¢) € [1,C]?, SYNSY = 0.

(¢) 0-th transmission: For every c € [1,C], send (2% 82, 0,s0|) to worker c

While a stopping criterion is not met:

(Wait for a feedback from a worker)

(a) (k + 1)-th reception: Receive dy from a worker c*.

k1 _ ok k1 _ ok
(b) Update w(sfk) = w(sfk) +dj. and w(sT) = az<$7>

ck ck

(c) Set Sf™,...,SEM € T such that
Sf’jl € T\{Sf}cick and? (VC S [[17 C]]\Ck)7 Siﬁ_l = 85

(d) (k + 1)-th transmission: Send (a:k“,Sf,fl, (k! — wk>(skk+1)>

to worker c*.
(e) k=k+1
End While

Output. Vector z*.

of first building the new memory gradient matrix

D(z,S,d) = [-V(s)f(z) | d] € RIS (5.6)
and then compute the MM increment d € RIS! defined as
d = D(z,S,d)u (5.7)
with w € argmin Qs(x + D(x, S, d)v, ).
vER?

Note that the uniqueness of the solution for problem (5.7)-(5.8) is not guaranteed in general. To
overcome such an obstacle, we follow the strategy in [78], and retain the pseudo-inverse solution given
by
T
u=—(D(®8,d) Ag)(2) D(,5,d)) D(@,S,d) V(s f(@), (5.9)

where T referes to the Moore-Penrose pseudo-inverse. Such solution notably verifies the normal equation

<V(5)f(cc),D(:1:,S, d)u) = —HD(a:,S,d)uHi‘(S)(m). (5.10)
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Algorithm 5.2. BD3MG algorithm - Worker loop
(Wait for a feedback from the master)
(a) Receive (x,S,d) from Master.
(b) D(x,S,d) = [-V(s[() | d].
(c) Compute V(s)f(x) and As)(x).
(d) u=—(D(z,S,d)" A)(z) D(z,5,d)) D(z,8,d) Vs f(2).
(e) Send d = D(x,S,d)u to the Master.

5.2.5 Distributed structure of BD3MG

We first have to make an important remark, regarding the communication load in terms of memory,
in between the master and the workers. Consider a worker associated to the block index §. According
to Algorithm 5.2, the worker receives three quantities, namely @ of N real values, the set of integer
indexes S with cardinality |S| and the vector d of |S| real values. The sent vector d’ is again made
of |S| real values. Clearly, the main memory load is related to the reception of vector . One should
however notice that the worker only uses x to compute V(s f(x) and As)(x). In most situations
encountered in inverse problems of imaging, f shows some inherent separable structure, so that both of
these quantities only depend on a subset of entries of vector @ that can be of small cardinality compared
to N. The practical implementation of Algorithm 5.2 should account for this specific situation, in order
to avoid memory saturation and important communication delays. We give a detailed analysis for this
aspect, in the case of our experimental example, in the Section 5.5.1.4.

The proposed distributed structure of BDM3G follows a star graph. Practically, it means that one
of the computing unit has a higher load, in terms of memory, since it must process the full vector & of
size N, while the memory load of the workers is limited, as we discussed hereabove. This can be viewed
as a limitation for the proposed method. The extension of our analysis to the case of a hypergraph
distributed framework would require to be more specific about the structure of function f (in the line
of the study of [!]), which might reduce the versatility of the algorithm. Up to our knowledge, this
analysis is not straightforward and is thus left as future work.

5.2.6 Equivalent form for BD3MG

The way we introduced our scheme BD3MG in the previous subsection was “implementation-oriented”.
In order to study its convergence behaviour, we must exhibit an equivalent form of it, mimicking the
one of its non distributed counterpart, (B2MS). To do so, it is necessary to formalize the information
gap between the master and the workers during the iterative process.
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As we have already mentioned, all the information available to a worker (except those on f and
(Qs)ser) is sent to it by the master only after it produces a feedback. For a given k € N, worker c* does
not receive any information between the (k + 1)-reception and the previous one it made. During this
time, its counterparts ¢ € [1,C]\{c*} may have performed additional updates to the master without
¢ being informed. This results in an information mismatch, that we propose to formalize through a
vector ‘¢ where

0if k =0,

max ({€ € [1,k] | "L = *} U{0}), otherwise. (5.11)

(VkEN) Lk:{

This vector corresponds to the iteration index of the working variable of worker ¢*, which does not

k

necessarily matches with the vector & manipulated by the master.

Let us list herebelow some situations of interest given the value of ¢ at some iteration k£ € N:

o If 1, =0, and k > 0, it means that {¢ € [1,k] | "1 = ¢*} is an empty set. Hence, the worker
c* never returned any feedback to the master before the iteration k. Note that 19 = 0 by
construction.

o If 1, = k, we thus have ¢*~! = c¢¥. Hence, worker ¢¥ was in charge of the two most recent
updates, namely the (k + 1)-th and the k-th ones. As a consequence, to prepare the (k 4 1)-th

update, worker ¢* received vector x* from the master.

e More generally, if ¢, > 0, it follows that worker ¢* at least returned one feedback to the master

before iteration k. And we have the relation ¢+~ = c¥.
Moreover, the non-overlap rule translates into
(Vk € N) =z R\ (5.12)

Sk TSk

For instance, if 1), = k — 1 for some k > 1, this indicates that ¢*=2 = ¢ and =1 # ¢¥. The worker ¢*
thus proceeded to the (k — 1)-th and (k + 1)-th reception of the master while the k-th was made by
another & who received the vector ¥ (from the master). However, since worker c¥ was still processing

block Sf,:l, the master was not able to update the associated coordinate for computing &* from z*~!
for worker ¥, i.e :I)IES_,}) = zcl(“sk X which is typical from an asynchronous scheme.
ok ok

More generally, when it comes to dealing with asynchronous algorithms, the use of a specific indexes
with similar roles than our ¢ (k € N) is often necessary to build a theoretical delay model and thus
to formulate an equivalent scheme being more compact and easier to analyse |76].

With this aim in mind, let us introduce the shorter notations

Bk = kaa

DF=D (q;bk, Bk7 (IB”“ _ mLk_l)(Bk)) 7 (513)

(Vk € N) {
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1

and DF = D (wbk,Bk, (:13““ —:ch_l)(Bk) = Op. Then, the master/worker

BD3MG loops from Algorithms 5.1-5.2 can be rewritten equivalently in a single compact scheme as:

) with convention x~

Let c* € [1, C']]

ptk Dk Dk: Tv xtk ,
(VEEN) § . i e * k ) ) D7)V (1) F ) (5.14)
"”,w e .
CORCD
where we noticed that (5.12) now reads (using (5.13))
(VkeN) @y, = (n)- (5.15)

For every k € N, according to (5.14), uy, still reads (5.9) and thus verifies (5.10) with D¥ = a:]("’g,cl)—sc’("’lgk).

The optimality equation can be rewritten as:

2

A(Bk) (z'k)

(Vi @) (alth ~ als) = = ot ot (5.16)

The two next Sections are dedicated to establish the convergence of the iterates produced by (5.14).

5.2.7 Link with existing works

Let us discuss the links between our proposed scheme BD3MG and existing methods from the liter-
ature. When ¢ = k for any £ € N in BD3MG, the algorithm identifies with our block alternating
scheme B2MS [56] where the blocks of variables were updated sequentially in a non parallel (thus, not
asynchronous) manner. This present chapter can thus be viewed as an extension of the framework and
of the convergence analysis of [56] to the distributed setting. Other related methods are [76, 15, 154],
and our convergence analysis relies on similar tools than the one from [76]. Assuming zero-valued non-
smooth terms in |76, 15, 154] (i.e., the objective function is differentiable), these methods identify with
particular instances of BD3MG that (i) would not implement any subspace acceleration (i.e., Dy = Iy
n (5.14)), (ii) would rely on the simple Lipschitz-based majorization metric (i.e., Agr)(z**) = LI gk,
n (5.14)) in the case of [70]. As a consequence, assuming differentiability of all terms, our convergence
analysis presented in the next section thus also covers the schemes of |76, 15, |. Up to our knowledge,
this chapter is the first to show convergence of the iterates of a distributed MM algorithm involving
generic quadratic surrogates and subspace acceleration, in the non-convex setting. Finally, we would
like to point out that the 3MG update performed in Alg. 5.2 identifies with a non-linear conjugate
gradient (NLCG) update, for a specific (and closed form) pair of stepsize and conjugacy parameters
(see discussion in [60, Sec. 1]). Therefore, the work in this chapter can also be understood as the first
convergence analysis of a distributed NLCG method in the non-convex setting. A comparative study
will be conducted in our experimental section to illustrate the superiority of BD3MG with respect to
the aforementioned existing methods in terms of convergence speed.
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5.3 Assumptions and preliminary results

5.3.1 Assumptions

In order to analyse the asymptotic behaviour of the sequence (x*),en generated by scheme (5.14), we
introduce technical assumptions both on function f and on the parameters of BD3MG method.

Assumption 5.1. Function f is coercive, continuously differentiable on R, and has a L£-Lipschitzian
gradient with £ > 0, i.e.

(V(z,y) € ®RY)?)  [[Vf(z) - Vi)l < L]z - yl. (5.17)

Assumption 5.1 ensures the existence of solutions for Problem (5.1) (by coercivity). Moreover,
(5.17) in Assumption 5.1 guarantees the existence of a quadratic function (5.2) satisfying (5.3), setting
A :x— LIy. Another direct consequence is

(VS e T)(V(@.y) € ®RY)?) Vg f(@) = Vis)f W) < Lz -yl (5.18)
since |V s) (@) — Vis) f@)]| < [Vf(@) = V()] for all S € T and (z,y) € (RV)2.

Assumption 5.2. (Boundedness of delay) For every k € N, and every worker ¢* € 1, NJ, the set Sf
is not empty and there exists T € N* such that

Vk>7) [LN]= |J B, (5.19)

using the notation in (5.13).

Assumption 5.2 gives an upper bound on the delay 7. Each of the block of variables should
be updated within a time frame of at most 7 iterations and thus the workers must follow a certain
regularity. Such a condition follows a similar goal than quasi-cyclic rule frequently assumed in block
coordinate methods [50, |. From Assumption 5.2, we deduce the following Proposition, which
appears fundamental for the rest of our convergence study. It guarantees that, for a given k € N, the
vector treated by worker c¥ before its feedback (i.e the (k + 1)-th master’s reception) is not “too old”
compared to the iteration index.

Proposition 5.1. Under Assumption 5.2, for every k > 7, the index 1 given in (5.11) belongs to
[k —7+1,k].

Proof. Let k > 7, where 7 > 0 is defined in Assumption 5.2. Inequality ¢, < k directly comes from
Definition (5.11). We prove the lower bound on ¢; by contradiction. Let us suppose that ¢ < k — 7.
Two situations may arise.

Case 1: 1, = 0. By definition, ¥, ..., c*1 # ¢* and an easy induction gives Sg =...= ka.
Non-overlap rule (5.5) with c?,...,cf=! # cF yields

(Vjielo,k—1]) S&\,nS,=85nB (5.20)
— 0. (5.21)
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Since S, is non empty by Assumption 5.2, condition (5.20) ensures the existence of some iy, €
C

k-1 k-1 )
[1, N] verifying i, ¢ |J B’ contradicting |J B’ =[1,N],as k> T.
=0 =kt

Case 2: 1, > 0. We have ¢+~ = ¢F and a finite induction leads to

(Vj € [, k]) Sk =8%_,=8,_,=8 (5.22)
Majoration ¢ < k — 7 implies that
(Vjelk—1k]) St=5. (5.23)
Non-overlap rule (5.5) with ¢*=7, ..., cf=1 # ¥ then gives
Vjelk—rk—-1]) S.n&,=8tnp (5.24)
= 0. (5.25)
Since Sé’,j is non empty, Condition (5.24) thus ensures the existence of iy, € [1, N] verifying
ik & -kLk_Jl B7 which contradicts AkLk_Jl B = [1, N].
j=k—T j=k—T

Assumption 5.3. (Curvature of magjorizing matrix)

(i) The mapping A : ¢ € RN — A(x) € SY, is such that (5.3) holds. Moreover, there exists 7 > 0
such that, for all S € T and v € RIS,

0< A(S)(’U) = fI|S‘. (5.26)

(it) There exists v > 0 such that, for all k € N,

. 1 LyT(1+T

Assumption 5.3(i) is standard in optimization literature dealing with MM methods involving
quadratic surrogates [58]. Assumption 5.3(ii) assumes that the spectrum of the difference between
delayed and exact majorizing matrices of the partial quadratic majoring functions is strictly greater
than a certain constant. This hypothesis controls the length of the MM increments performed by each
worker. It aims at ensuring consistency between the asynchronous updates, by directly relating the
worst-case curvature of the function f (parameterized by the Lipschitz constant £) and the worst-case
communication delay (parameterized by the constant 7). Condition (5.27) is key to ensure a condition
descent for the general process generated by BD3MG scheme (see subsection 5.4.1). Assumption 5.3(ii)
becomes redundant with Assumption 5.3(i) in the case when no delay occurs (i.e., 7 = 0). A detailed
constructive example on how to meet Assumption 5.3(ii) will be provided in our experimental Section
5.5.
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5.3.2 Technical lemmas

We conclude this section by presenting some preliminary results that will be useful for our convergence
analysis.

Lemma 5.1. Under Assumption 5.2, for every k > 7,

k

f<; S e - (5.28)

j=k—71+1

k}_mbk

Proof. Let k € N. If 1 = k, inequality (5.28) is trivial. For the rest of the proof we thus suppose
tp < k — 1. According to the definition of the euclidean norm we have

g f: (k- x;;«)Q_ (5.29)

n=1

Hwk _ otk

Then, for all n € [1, N], the Jensen’s inequality leads to

2

k k
(h-at) = [ X @h-sh) <h-w Y @-d. G
J=tp+1 J=tetl

Moreover, Proposition 5.1 ensures that ¢, belongs to [k — 7 + 1, k]. As a consequence

k
(Vn € [1,N]) (:B’fb - :Bi{“)2 <7 Z (1 — xZL_l)Q. (5.31)
j=k—T+1

We then replace (5.31) in (5.29), which yields

k N

<T Z Z (:L‘fl - x%_l)Q . (5.32)

j=k—71+1n=1

L 2
—

Relation (5.28) directly comes from the identification of the inner sum of (5.32) as H:BJ - a:j_1H2 for
all j € [k —7+1,k]. O

Lemma 5.1 provides a bound on the residual between z* and the delayed vector x** updated by
worker c¥ at iteration k € N. The right term in (5.28) can be understood as the extra information
available to the master, when compared to the one available to worker ¢*. This Lemma will allow to
establish a descent condition on the BD3MG process in the next Section.

Lemma 5.2. Under Assumptions 5.1 and 5.3(i), for every k € N,
IV ) f (@) 1> < PP[|l2t T — 2|2, (5.33)
Proof. Let k € N. Let us analyse the quantity f(z) — Quu (5L, x*).

L (gry
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On the one hand, function ¥y : « € R — QBk(acl(CBk,) — D*ae, x'*) with e = (1,0)7 is a second degree
convex polynomial with a unique minimizer that reads

. IV ) f ()12
T Wl @ T, .
(Bk) x A(Bk)(ka)
Since u* is a minimizer of Qg (! (Bk) + DF. x) = QBk( )+ DF. x*), with :C(Bk) = ml&gk) by
Equation (5.11), we deduce that
ol L 1/\ L
Qg (m’fgkl),m““) < Ulaw) = f(a™) = Saxl[V s f( )2 (5.35)
From Assumption 5.3(i), @y verifies @y > 7~ 1. Equation (5.35) can thus be rewritten as
L L 1 L
flz™*) — st(wfgkl),w ") > ;HV(B'@ f@™)|>. (5.36)
On the other hand, using (5.15) from Definition (5.2), and Equation (5.16) yield
f(:BLk) _ QBk (ml(fl-:;-kl)7 CCLk)
1 2
_ Lk k+1 _ aalk k+1 Lk
- <V<B’“>f @) @) w<6k>> 3 H FE) T EE | a g @)
1 2
_ L k+1 k k:+1 k
(B¥)
2
k+1 k
x 5.37
2 H Tsr) (BY) (Bky (@°F) ( )
The combination of (5.36) and (5.37) leads to
2
0|2 < 7|2l - of . 5.38
Hv(Bk)f(a: "= T ey~ *(Br) A gl (@F) ( )
Finally, Equation (5.33) comes using Assumption 5.3(i), and in particular,
HmkH —zk ’ <v Ha:kﬂ — ’ (5.39)
59 720 4 g ooy = 71160 ~ e -
= 7|ttt — |2 (5.40)
O
Lemma 5.2 generalizes the decreasing behavior of standard MM schemes [59, 56| to the asyn-

chronous context. It is not directly invoked in our main convergence proof but serves as an intermediary
to show the following technical result.
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Lemma 5.3. Under Assumptions 5.1 and 5.3(i), for all k > 27,

k k
Vi@ <Lr > & -2 +v > o7 -2 (5.41)
j=k—2r+1 j=k—1

Proof. Let k > 27. Assumption 5.2 allows us to bound the gradient of f at x*, as

2
IV £(*))? < levge zb)|? < <Z’v81’ |> (5.42)
4

l=k—T1 T

Let us extract the root of the above terms, and use triangular and gradient-Lipschitz inequalities,
leading to

k—1
IV £z < Z IV ey f (@) = Vigey f(@ )|+ D 11V ey f ()]

l=k—T1 l=k—T1
k—1 k—1
<L) 2w+ ) IV fE9)] (5.43)
l=k—T1 j=k—1

For all ¢ € [k — 7,k — 1], by Proposition 5.1, ty > ¢ — 7+ 1 > k — 27. Thus,

k
la* =z < Y fad -2 (5.44)
j=k—27+1

The right term of (5.44) does not depend on index ¢. Using (5.44) and inequality (5.33) finally proves
the result. O

Lemma 5.3 is useful as it provides a bound on the gradient at step «* only depending on the 27+ 1

past iterates xh L ahT

Lemma 5.4. Let (u¥)pen and (v¥)ren be two sequences of positive real numbers. If there exists P € N

and k* > P such that
k—1

(VE>k) uf<r Y ol +oh (5.45)
j=k—P

+o0 +oo
with r < 1/P and > v* < +oo , then Y u* < +oo.
k=0 k=0

Proof. Summing (5.45) from k* to n > k* leads to

n n k—1 n
Z ukf < Z Z ul + Z Rl (5.46)

k=k* k=k* j=k—P k=k*
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with
n k—1 n

A P P P n
Z uw = Zuk i = Z uk ZZuk (5.47)
—k

_p k=k* j=1 j=1 k=k*— j=1 k=0

n—j
k=k* j
Plugging (5.47) into (5.46), yields
k*—1 k*—1
SRES SR U0 D DT ED o 0 SRS oI BCE
k=k* k=kx k=k* k=kx

that is (1—rP) >} _. uF <rP Zk ~0 Lu B4y ioo vk With 0 < 1—rP < 1, we deduce the summability
of (u )keN' O

Lemma 5.4 is a technical result to ensure the convergence of some real series. Several variants
of inequality (5.45) have been used to prove the finite length of iterative processes and then their
convergence |70, 27].

5.4 Convergence results

Let us now state our main theoretical results, that relate to the convergence properties of BD3MG
iterates. Our proof line is reminiscent of |76, 27| and follows similar steps that we summarize hereafter.
First, starting from the majoration property (5.3) and using Lemma 5.1, we will establish a descent
inequality. The latter is the key point of the rest of the proof. In particular, it will allow to show
convergence of (f(x)),cy. Then, Lemma 5.3 will ensure that (V f(x)),cy converges to Oy, and usual
topological properties will serve to show that the set of cluster points C(x*)ren) of (F)xen lies in the
set of stationary point of f. Finally, we will exhibit a Lyapunov function from our descent inequality
and will resort to the Kurdyka-Lojasewicz (KL) inequality [27] to prove our main theorem, showing
the convergence of the BDM3G iterates and providing a rate of convergence.

5.4.1 Descent inequality

Proposition 5.2. Under Assumptions 5.1-5.2-5.3, there exists a positive sequence (Vy)g>r such that
(k= 7)  f@*) + v < f(@b) + v — vlahtt — 2k (5.49)

Proof. By definition of the majorization function (5.3), for every k € N,

k k k k k k
F@R) < (@) + (T ), wlgh — alpe)) + S Iakih — b s ooy (550)
Decomposing the scalar product term then yields, for every k € N,
@) < f@F) + Ry + (Vg f(at), @y - w’ka)> IIa:’““) — @4 @y (5:51)

102



Let 7 defined as in Assumption 5.2. A majoration of Ry for every k > 7 comes by using successively
Cauchy-Schwartz inequality, £ gradient-Lipschitz inequality from Assumption 5.1, and Lemma 5.1:

(Vk > 1) Ry < Llz" — x| Hw'fgﬁ - xl(CBk‘)H

L L LT
< ﬁuwk*mkuﬂ bl gk P
E L
\F Z Hm] w] 1”2 \F k+1 _ml(ka)HQ' (552)
j=k—71+1
We then set, for all k > 7, v, = ﬂ‘f i ¥r+1(j —k+7)||x? —2771||2. Since a:]("’gkl) —a:é“Bk) = ghtl —zk,

(5.52) also reads

ﬁT\f LT
Vk>71) Rp<vp—vpp+—— ” kH — k)HZ + 9 mlf;kl) - ?Bk)Hz,
,C T(1+7
Moreover, Equation (5.16) ensures that
(Vk > 7) <V(Bk) fla), absd (Bk)> — b = @by I e (5.54)

Replacing both (5.53) and (5.54) in (5.51) gives, for all k > 7,

E\f(l“‘T)H k+1 k+1

k
- ey — 2o I

FE@) + v < f(@F) + v + 1> -

k+1

= f(a®) + v — xhe — Hrk ey o (5.55)

with T defined in Assumption 5.3(ii). (5.49) is a direct consequence of Assumption 5.3(ii) remarking
that ||a:’€+1 — a:fg,c)H = ||kt — k. O

5.4.2 General behaviour

We now state our first convergence Theorem for BD3MG algorithm.

Theorem 5.1. Under Assumptions 5.1-5.2-5.3, sequence (f(wk))keN generated by BD3MG converges
to a finite limit f*°. Moreover, (Vf(mk))keN converges to Op .

Proof. Coercivity of f (Assumption 5.1) and (5.49) guarantee that (f(;ck) + V’f)keN is a decreasing
and lower-bounded sequence. It is thus converging to a real value f°°. Equation (5.49) then directly
leads to 3720 [|2**+! — 2¥||? < 4-00. On the first hand, using the same notation (vj)gen introduced in
our proof of Proposition 5.2, we have

+oo
(k27 p< EYT S a2 (5.56)
j=k—71+1
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Thus, the sequence (vg)ren converges to 0 and so, by Proposition 5.2, (f(xk))keN goes to f°°. On the
other hand, Lemma 5.3 gives

+o00 +oo
(vk>27) |V <Lr D o =27+ ) a7 2, (5.57)
j=k—27+1 j=k—7

which enables to conclude that (V f(xr )) converges to Oy.

keN
O

Proposition 5.3. Under Assumptions 5.1-5.2-5.8, C ((:ck)keN), defined as the set of accumulation
points of (wk)keN’ s mon empty , compact and is a subset of the set of stationary points of f. Moreover,
f takes value f*° on C ((a:k)keN).

Proof. Coercivity of f (by Assumption 5.1) and convergence of (f (a:k))k ey to f°° (by Theorem 5.1)
show that (mk) pen 1S a bounded sequence and C ((:Dk)keN) is non empty and compact. Convergence
of (Vf(a:k))keN to On (by Theorem 5.1) guarantees that every point * € C ((:ck)keN) is a stationary
point of f. Moreover, using again (f(mk))keN converging to f° yields f> = f(x*) for every * €
C ((#*)ken) which concludes the proof. O

5.4.3 Lyapunov-based asymptotical analysis

In order to establish the convergence of the iterates of BD3MG, we will follow an analysis relying on
the use of a Lyapunov function. Such proof technique has also been used in |76, , |. The idea
is to exhibit a function, related to the loss function f but non necessarily equals to it, that decreases
monotonically along the iterative process. Given (5.49), a natural choice is

Zy -
L
L:Z=|: | eRUIN o 1(Zo) + \f > (r—t+1)]12, - Ze | (5.58)
Z, =1
:Dk
Let us denote, for every k > 7, ZF = : e RN with ¥ the k-th BD3MG iterate. Then,
mk—T

the descent condition from Proposition 5.2 can be rewritten as
(Vk> 1) L(Z*1') < L(ZF) - ylja" — 8|2 (5.59)

The structure of L allows to build an upper bound of its gradient norm along the iterates, where
the bound depends only on the differences of the past iterates:

Lemma 5.5. There exists p > 0 such that

k
VkE>7) [VL(Z¥)|<p D a7 —a/|. (5.60)
Jj=k—27+1
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Proof. Function L is differentiable. The expression of its gradient is

(vz € R(T“)N) VL(Z)=go+ LYY (7L + g, (5.61)
=1
Ou-1)N§
where go = vV f(Zo) and (V0 e [1,7]) ge= Zir— 2 . (5.62)
0, N Zy— 2Ly
O—oN

Let us apply twice the Jensen inequality for the square of the norm and then the majoration 7—¢+1 < 7
for 1 < ¢ < 7. This yields

(vZ € RTEIN) |VL(Z)]12 < 2llgol® + 2(£7)2 (7 — £+ 1)2 g
/=1

T

=2V f(Zo)|” + 4(L7)* Y (7 — €+ 1)*|1Z — Zoa |
/=1

< 2|V F(Z0)lI* +4L%7*) N1 Ze — Zoa |- (5.63)
/=1

Using va? + b? < a+0 for the two quantities at the right of (5.63) and then standard norm majoration
inequalities, we get:
-
(vZ € ROEIN) |VL(Z)| < VIV (Z0)| +2£72Y " 120~ Zea (5.64)
=1

The application of (5.64) to sequence (Z*)ey leads to

k
(Vk>7) [VL(ZY < V2|V ()| +27° Y fla? -2/ (5.65)
j=k—71+1
By Lemma 5.3 and (5.65), we finally deduce that
k k
(Vk>2r) |[VL(ZM)| <v2Lr > ol -2 +v2w Y fla/t -
j=k—274+1 j=k—1
k
+2Lrr Y flad — a7
j=k—71+1
k
< (Varr+vaw+ars?) S el — i, (5.66)
j=k—27+1
which concludes the proof taking p = 2L7 + /27 + 2L72. O

105



The following analysis makes use of recent theoretical results around the KL inequality [9, 27| that
we recall hereafter. For every ( > 0, we denote by ®. the set of concave functions ¢: [0,() — Ry
verifying :

e »(0)=0.
e € C((0,¢)) and is continuous in 0.
e Vs e (0,0),¢(s) >0.
We are then ready to introduce the so-called KL property. |9, 27]

Definition 5.1. [KL property] A differentiable function g : R — R, with d > 1, satisfies the Kurdyka-
Lojasiewicz (KL) property on E C Re if, for every z € E and every bounded neighborhood V of z,
there exist { > 0 and ¢ € ®¢ such that every @ € EN{x s.t. |gx) —g(z)| < (},

IVg(@)ll¢'(lg(x) — g(2)]) = 1. (5.67)

We also recall the following Lemma:

Lemma 5.6. [Uniform KL property [27, Lemma 6]] Let C' a compact set of R and g : R* — R a
differentiable function satisfying KL property on C and constant on the latter. Then, there exist e, > 0
and ¢ € ®¢ such that every T € C and all x € RY satisfying both d(z,C) < €, 0 < g(z) — g(T) < ¢,
we have

IVg()ll¢'(l9(z) — 9(@)]) = 1. (5.68)

Proposition 5.4. Under Assumptions 5.1-5.2-5.3, if L defined in (5.58) fulfills the KL property on
RN then, considering g = L, C = C ((Z*)en) with L(C) = {f>®}, there exists €/, (L and
¢l € ®er such that L satisfies (5.68).

Proof. This is a direct consequence of Lemma 5.6. Continuity of L is clear. We still have to verify the
compactness of C ((Z¥)gen) and that L is constant valued on that set. C ((Z*)gen) is closed. Moreover,
it is straightforward to show that this set is included in the Cartesian product [C ((zck) keN)]TH, where
C ((wk)keN) is compact. C ((Zk)keN) is thus bounded and, finally, it is compact.

Let Z € C ((Z")gen). We have L(Z*) = f(z*) 4 v, for all k € N. From our proof of Theorem 5.1, it
follows that sequence (L(Z k))k ey converges to . Continuity of L finally ensures that [ = L(Z).
This proves that f is constant valued on C ((Z*)ren) (and equals to f°). O

5.4.4 Convergence of the iterates

We are now ready to state our second convergence Theorem for BD3MG algorithm, characterizing the
convergence of (xy)ken.
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Theorem 5.2. Let assume that Assumptions 5.1-5.2-5.3 hold. Assume furthermore that the Lyapunov
function L in (5.58) satisfies the KL property on RHDN - Then, sequence (x¥)ren is of finite length,

t.e:

+oo
>l — 2| < o, (5.69)
k=0

and converges to a stationary point of f.

Proof. Let us start considering the case when there exists some kg € N where L(Z*0) = f*°. Since
(L(Zk))keN is decreasing sequence converging to f°° (see proof of Proposition 5.4), it follows that
L(ZF) = f> for all k > kq. (5.59) then gives

(Vk > ko) &bt — 2] < v (L(zk) - L(ZkH)) ~0, (5.70)

ensuring that (2*)ycn has a finite length and «*, k > 0, is a stationary point of f.

We now suppose that, for all k € N, L(Z*0) # . We aim at exhibiting a uniform KL inequality
on sequence (L(Zk))keN. To do so, let us peruse the quantities e©, n”, !’ arising from Proposition 5.4.
On the one hand, the decrease of (L(Zk))kGN implies that, for all & € N, L(Z*) > f*. The set
C ((x*)gen) is non empty (see proof of Proposition 5.3), so is the set C ((Z*)gen). Let Z € C ((Z")ken)
an element of such set i.e., a cluster point of (Z¥)en. From Proposition 5.4, L(Z) = f*. Hence,
L(Z*) -~ L(Z) > 0 for all k € N.
On the other hand, (L(Z*))
this of (Z¥)pen.
We deduce the existence of some k1 > 27 such that

ey converges to f° = L(Z). The boundedness of (zy)gen also ensures
(Vk>k) 0<L(Z") —L(Z)<yb, d (Zk,C ((Z’“)keN» <. (5.71)

From Proposition 5.4, the uniform KL property on L holds i.e.,
(k> k) IVLZY) (¢7) (L(Z") - L(2)) > 1. (5.72)

Moreover, setting A* = o (L(Z*) — L(Z)) — o (L(Z*"') — L(Z)) for all k € N, concavity of ¢
and (5.59) ensure that

(¥k = k1) AF = (o7) (L(2*) - L(2)) (L(Z") - L(2"))

Y

Pllat - 2t (o) (L(2") - L(2)). (5.73)
The combination of the latter with (5.72) leads to
(Vk > k1) |2 —2¥|2 <o 1AM VL(ZY)). (5.74)

By Lemma 5.5, we can upper bound the gradient term in (5.74). This gives

k
(Vk> ki) [ab! —ab|P < pptak Y @l — 2. (5.75)
Jj=k—27+1
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k . .
Passing to the root and using the classical identity vab < a/c + bc/4, witha= >, |o/ — /71|
j=k—27+1
for all k > ki, b = AF, both positive for all k > k; and some ¢ > 0 is generic, leads to

__1/2 k ' ‘ ——1/2
(V> ky) [l — 2k < Y2 U S el -+ Ak, (5.76)
¢ j=k—27+1 4

Since (Ak)keN is summable (as a telescopic sequence), we can apply Lemma 5.4 with some ¢ >
—_1/2
27'\//7?_1/2 so that 27‘/’3% < 1. This shows that sequence (z*)rey has a finite length.

This finite length property entails that (2*)gzcy is a Cauchy sequence and thus a converging one.
The final conclusion directly comes from Proposition 5.1, ensuring that every accumulation point of
(*)ren is a stationary point of f. O]

5.4.5 Discussion

Under the KL condition for the Lyapunov function L defined in (5.58), we were able to demonstrate the
convergence of sequence (x¥)ren to a stationary point of f. Let us notice that f satisfying KL property
does not necessary imply that L does. Still, our assumption on L can be verified in practice for a wide
class of functions f. For instance, following the discussion in |70, section 6|, if f is semi-algebraic
[23, 27], then the required condition on L in Theorem 5.2 is satisfied, with function ¢* = k(.)'=? for
a some (x,0) € R% x (0,1). Such situation will be met in our experimental settings in Section 5.5.
Extending Theorem 5.2 to any KL function f would be an interesting avenue for future work but up
to our knowledge, it does not seem straightforward.

5.5 Application to 3D image restoration

5.5.1 Problem statement

5.5.1.1 Observation model.

We focus on the inverse problem of restoring a vectorized 3D volume @ of size N = Nx X Ny x Nz
given blurry and noisy observation y € RY. We consider a depth-variant 3D blur operator H € RV*N
associated to kernels with support size M = My x My X Mz, and additive i.i.d. Gaussian noise with

standard deviation o > 0, so that the observed volume is related to & through,
y=HzZ+b, (5.77)

with vector b € RY accounting for the noise. The goal is to solve the inverse problem of estimating
T given y and H. Depth-variant blurs are commonly encountered in 3D microscopy [193, ,

, |, due to optical aberrations. They are particular cases of spatially-variant blurs |18, |.
The degradation operator H raises specific challenges due to its high computational cost. Several
strategies have been investigated in the case of 2D spatially variant blur maps encountered for instance
in astronomical imaging [32, 83, 93]. The extension to 3D maps of these methods is however not covered
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up to our knowledge. This motivates the use of a distributed optimization approach for solving the
inverse problem (5.77).

5.5.1.2  Objective function

We adopt a variational strategy, which consists in seeking for an estimate of T that minimizes a
penalized least squares criterion f. A hybrid regularization term is employed incorporating prior
knowledge on the smoothness and the range of the sought solution. The objective function reads:

S
(Ve e RY)  f(=) =) fi(Ls), (5.78)
s=1

where, for every s € {1,...,8}, Ly € RP**N P ¢ N* and f, is a function from R"* to R. fi o L4
represents the data fidelity term while the other terms are regularization terms. Here, we set S = 4
and

e PP=N,Li=H, f = }|| - —y|?
e P,=N,Ly,=1Iy, fo=nd>

[Iminyxmax]N ’

L] P3 = 2N, L3 = [(VX)T (VY)T]Tu f3 =A Z \/[]% + []%\Urn + 52’

e P,=N,L;,=V? fi=x| |

Hereabove, (1, \, 8, k) € (0,+00)* are hyper-parameters. The linear operators VX, VY V% ¢ RVXN

are discrete gradient operators along X (horizontal), Y (vertical), and Z (longitudinal) directions of
the 3D volume. Function d[mein,zmax] v states for the squared distance to set [Tmin, Tmax]” C RY, with

(Zmins Tmax) € R2 minimal and maximal bounds on the sought intensity values. The later term can be
viewed as an exterior penalty function [60]. 1.

5.5.1.3 majorization mapping.

In order to implement BD3MG, we must build a majorization mapping ensuring the majorization
condition (5.3). First, let us notice that, according to (5.78), the gradient of f reads

S
(Ve € RN) Vf(il?) = Z L;FSDS(LSw)v (5'79)
s=1
with, for every s € {1,...,S}, s : RP* — RP the gradient operator of f;. Then, function f fits
within the class of half-quadratic majorizing constructions initially introduced in [108, | and later
analysed in [176, 5, 58]. A general structure for the majorization mapping of (5.78) is thus
S
(Vz e RY) A(x) =) L] Diag {[ws(Lsx)]p} L, (5.80)
T 1<p<P,

Function € RN + d%(x) is 2-Lipschitz differentiable a soon as F is non-empty closed and convex set [14].
Denoting by pg the orthogonal projection operator, its gradient then corresponds to & € RY + 2(z — Pg(x)).
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where, for every s € {1,...,S}, ws : R —=]0, +-00[f* is a majorizing potential that depends on the
properties of (fs)1<s<s [03, Tab. I|. In our case, for every s € {1,...,4}, each of these terms is fs is
Bs-Lipschitz differentiable with

ﬁl = ]-a
=4
B3 =M1,
ﬁ4 = 2K.
Then, from descent lemma [19], a valid choice is ws(-) = afBs1p, with some a > 1 [58]. We adopt this

simple strategy for functions fi1, fo and f4, which yields

wl(-) = alN
wo(+) = 4danly (5.82)
W4(‘) = 204/%1]\7.

Regarding function f3, a more sophisticated majorization is adopted, inherited from half-quadratic
strategies |5, 170]:

1/ 02 4+ 02 52)
A (hrhn o) . (5.83)
2 2 2
(1/\/% VN +O )1gngN

A quadratic majorization function satisfying (5.3) for a given block & € T can then be obtained using
(5.2) with (5.79) and (5.80).

(Yo e R®)  wy(v) =

5.5.1.4 D:istributed tmplementation

We implement BD3MG algorithm as presented in Section 5.2.4. Our code is available at [50]. We split
the 3D volume into 2D slices along the depth axis z € {1,..., Nz}, and consider each 2D slice as an
individual block upon which workers can compute an update. Assuming a lexicographic ordering of
the voxels, this means that the following partition is adopted:

T ={ [(i = )NxNy + 1,iNxNy] | L <i < Nz }. (5.84)

BD3MG is implemented on a star graph of workers with a specific master aggregating the current
solution. For a given number of active cores Cioy = C + 1 of the computer (or of the cluster), one
is used as the master process to manage the computation split between the workers while all the
C(= Ciot — 1) others, are computing updates asynchronously on planar blocks (i.e., Algorithm 5.2).
We initially set, for every ¢ € {1,...,C}, S? corresponding to the index set of the ((c¢—1) L%J +1)-th
2D slice in the volume. Then, at each iteration k, the master requires worker ¢* to process the 2D slice
with index set Sf,:rl, by applying a first-in, first-out basis. The worker ¢* hence computes the update
for the 2D slice that has been modified the longest time ago, assuming it is available (i.e., not processed
in the same time by another worker). A cyclic block update is used as default choice, if several blocks
are available (this typically arises in the first iterations). Furthermore, the master controls that each
slice has been updated at least once every 7 iterations. Regarding data exchange, as emphasized in
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Section 5.2.5, in practice, it is not necessary to share the full vector & with all the workers. Consider
a worker update associated to the block S € T. The worker has to compute V(s f(z) and A(s)(z).
Because of the structure of (5.78), these quantities actually only depend on a subpart of vector @,
defined by (2, )nevg, with Vs C [1, N] a set which has low cardinality compared to the full volume
size N. Let us explicit this set for our practical example. The key ingredients to account for are (i) the
presence of null entries in the linear operators (Lg)i<s<g, (ii) the (almost) separability of operators

(s, ws)1<s<s. We introduce the following sets, for every s € {1,...,S},
(Vvne{l,...,N}) col,s={pe{l,....Ps} st. (Lg)pn # 0}, (5.85)
(Vpe{l,....,Ps}) rowps={ne{l,...,N} st. (Ls)pn#0}, (5.86)
Moreover the separable structures of (ps,ws)1<s<s ensure that for every s € {1,...,S} and p €

{1,..., P}, there exists a subset Vs, C [1,Ps] as well as two functions @y, : RYs#l — R and
@sp : RVswl (0, 400) such that

(o e RP) | PO =2up(v), (5.87)
ws(v)], = Dsp(vp, )
Considering this, we can now rewrite the expressions Vs f(x) and A(s)(x) as
(Vz € RY) Vg f(@) = (V(@)])cs (5.88)
with, for every i € S,
S
Vi@), =Y [Llsos(st)]i ; (5.89)
s=1

Ps
Z i [ps(La)], (5.90)

Z (Ls)p,i [SOS(LS:B)];; ) (5.91)

s=1 p€Ecol; s
S
= Z Z (Ls)p,ias,p([Lsm](Bs,p))v (5.92)
s=1 pecol; s
S [N
= Z Z (Ls)p,i@s,p Z(Ls)é,nl'n ) (593)
s=1 pecol; s Ln=1 2eVs

S
= (Ls)piPs.p > (Ls)enwn : (5.94)

Similar computation shows that, for every (i, j) € S,

S
=Y. Y. (Le)pi(Ls)p,@sp > (Ls)entn : (5.95)

s=1 p&col; sNcol; s NETowy g ey
s,p
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Hence, (5.94)-(5.95) reflect the fact that the only coordinates of the vector  that are manipulated to
compute the gradient and majorization mapping related to block S, belong to Vg where

vs=lJ U U U rows. (5.96)

i€S se{l,...,S} pcol; s £€Vs

Since matrices (Ls)1<s<g are very sparse and functions (ys,ws)1<s<s close to separable ones, the
cardinality of the involved sets in (5.96) is small so that the memory load for each communication in
between master and worker is limited.

5.5.1.5 Validity of Assumptions.

Let us discuss the validity of Assumptions 5.1, 5.2 and 5.3 for the considered problem and implemen-
tation.

5.5.1.5.1 Assumption 5.1. Function f in (5.78) is differentiable. Moreover, it has a £-Lipschitzian
gradient with £ = ZSS:1 Bs|||Ls|||?, where |||-||| denotes the spectral norm over matrices and (8s)1<s<s
were given in the previous subsection. According to [203, Prop. 2.5], a sufficient condition for f to be
coercive is ker(H) = {Ox}. This latter is verified in our experiments, since H is a full-rank operator.
Thus, Assumption 5.1 holds.

5.5.1.5.2 Assumption 5.2. This assumption relates to the practical implementation of BD3MG
and requires every subset of variables to be updated within a finite number of iterations. In practice,
we introduced a safety check in the master loop, that introduces an idle time if a slice has not been
updated within the last 7 iterations with 7 a predefined value. In our implementation, each worker is in
average in charge of % 2D slices, of the volume. We thus set 7 = 2 {%—‘ , that is each worker is allowed
to spend, in average twice more time to update one slice than another. Given our block selection rule,
with balanced computational load per slide, and relying on first-in, first-out, this situation could only
arise if a worker experienced a major delay, which never occurred in our experiments.

5.5.1.5.3 Assumption 5.3. This assumption relates to the majorization mapping. To check
this assumption, we proceed in three steps. On the one hand, we have,

(Ve e RY)  A(x) = L) Diag {wa(Lox)} Ly = anly. (5.97)

1<p<P»
On the other hand, according to definition (5.80) and those of wi,...,wy

S
(Ve e RY) A(zx) < (Z Ak lgn;z&[ws(Lsm)]p> Iy <7y, (5.98)

s=1

with

S
v=a (ZﬁsmLsHF)- (5.99)
s=1
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Considering (5.97), (5.98)-(5.99) and the fact that any sub-matrix M s (S C [1, N]) of a (symmetric)
positive matrix M remains positive, the chosen mapping A thus respects conditions imposed by
Assumption 5.3(i). Moreover, for all (z,y) € (RV)2,

Sy Ding. {(tz@), - jlaa, ) 1. (5.100)

- %L;LQ +(L3)" Diag { ([w:a(st)]p - ;[WZ%(L?):U)]I?) } Ls

|9 ﬁ

1<p<P3

(BTE (L) D {(latzaw), - Jleazanly) 2o

1<p<P3
8\
= n(a)Iy with n(a) = % - 55 (5.101)

as |||L3|||*> = 8. Under the same previous remark on the block positivity preservation, Assumption

ey . . . . . . L/T(14+7
5.3(ii) is verified considering « large enough (i.e so as for n(a) to strictly exceed bound #) In

practice, we opt for a = 1.1 x (Ly/7(1+7) + %). The associated v in (5.27) is v = n(«a) — W)

5.5.1.5.4 Convergence result In a nutshell, Assumptions 5.1-5.2-5.3 are fulfilled in our exper-
iments, so that Theorem 5.1 holds. Moreover, function f is semi-algebraic, hence so is the Lyapunov
function L (see discussion in Sec. 5.4.5). Thus, Theorem 5.2 holds.

5.5.2 Comparative analysis on a controlled scenario

We first set & as the 3D microscopic image FlyBrain |194] with size N = Nx x Ny x Nz = 256 x 256 x 57.
The linear operator H models a 3D depth-varying Gaussian blur. For each depth z € {1,..., Nz}, the
blur kernel is characterized by different variance and rotation parameters (ox(z), oy(2),0z(2), oy (2), pz(2)),
following the model from [236]. In practice, the values of these five parameters are chosen randomly
through a uniform distribution over [0, 3] x [0, 3] [0, 4] x [0, 27] x [0, 27], sampled independently for every
z. The support of the blur is then truncated to reach a kernel size of M = Mx x My x Mz = 5x5x 11,
which appears large enough to avoid spurious ringing effects. A zero-mean white Gaussian noise
with standard deviation ¢ = 4 x 1072 is then added to the blurred volume. The regularization pa-
rameters (A, d,#,7n) = (1,1,1071,1073) are chosen empirically so as to maximize the Signal-to-Noise
Ratio (SNR) of the restored volume. Moreover, we set (Zmin, Tmax) = (0, 1), equal to the range of the
ground truth image. In order to illustrate the acceleration induced by the proposed BD3MG, we run a
comparative analysis between different versions of the optimization scheme, in the spirit of an ablation
study. Namely, we propose to compare BD3MG with three methods listed hereafter.

e The 3MG algorithm [58, 59] is considered as the baseline. At each iteration, this algorithm

builds the majorization mapping as in Sec. 5.5.1.3 and computes memory gradient updates on
the full volume, without any parallelization.
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e The Asynchronous Block Gradient Descent (ABGD) algorithm implements the method from
[177]. Tt performs parallel asynchronous gradient descent updates over the slices of the volume.
We adopt here the same parallelization settings as for our BD3MG. Updates correspond to
the standard gradient descent on the selected planar blocks, using a fixed step-size p ensuring
convergence of the iterative scheme, namely = 0.99/(1 + k + 2)\/d + 2k).

e The BP3MG algorithm from [13, 56] runs a synchronous version of BD3MG algorithm. The
master process carries out the main loop of |13, Alg 4.3]. At each iteration k£ € N, it selects
C' block indices (following a cyclic rule) and sends to each worker ¢ € [1,C] the required
data allowing it to update S¥, the associated block. Workers process their block in parallel,
wait for each other to finish their tasks, combine their respective updates into a unique vector
(wj)jes{“u...usg and finally send the latter to the master. The majorization mapping is set as a
block diagonal matrix, allowing synchronous parallel updates, as described in [13]. This approach
could be interpreted as a special case of BD3MG with a single worker (potentially composed
of several subworkers) sending its update (potentially composed of several sub-updates) to the
central process S¥ = {S¥}.cc. Thanks to the specific structure of the majorization mapping
in BP3MG, there is no mismatch in information between central process and workers in this
synchronous version, the delay vector i; always equals k. Nonetheless, the block diagonal form
of the majorization mapping of BP3MG is at the price of a lower quality of approximation of
the cost function, which might result in slower convergence.

All methods are implemented in Python using the built-in Multiprocessing library as well as Numpy
and Scipy for both data manipulation and scientific computing. The experiments of this section are
conducted on an Intel® Xeon(R) W-2135 CPU with Cioy = 12 cores clocked at 3.70GHz. All the
versions were initialized with £° = 0y leading to an initial value f(x%) = 91292.92. For every iteration
k € N*, we monitor the cost function f(z*), the normalized increment |*+ — *||/||z*||, the signal
to noise ratio (SNR, in dB) defined as

SNR = 20log; <Hm”> ; (5.102)
[ — ||

and the reconstruction error |[& — «¥|. The evolution of these metrics along time for the tested

algorithms is displayed on Figure 5.2. We then set a stopping criterion ||z**1 — 2¥|| < &]|2¥||. The
obtained solution is denoted as f. We display in Table 5.1 the metrics for the stopping criterion
threshold & = 1073. Table 5.1 and Figure 5.2 show that BD3MG exhibits a faster practical convergence
than its competitors. Both BD3MG and ABGD are asynchronous distributed schemes, and the former
implements an accelerated version of the gradient descent involved in the latter. The MM metric
and the subspace scheme in BD3MG act as catalizers, improving the convergence rate compared
to ABGD which relies on a simple steepest descent with fixed stepsize. BP3MG and BD3MG are
based on the same inherent optimization scheme 3MG. However, BP3MG uses a simplified block
diagonal majorization mapping, and imposes synchronous updates, which might yield idle times. These
differences can explain why BD3MG converges faster than BP3MG. Finally, 3MG does not exploit the
multicore structure of the computing architecture, and thus shows higher computational time.

Slices of the reconstructed volume are displayed in Figure 5.3, revealing fine details of the image
recovered by the restoration procedure.
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Figure 5.2: Evolution of quantitative metrics along time (in seconds), for algorithms 3MG
(blue), ABGD (orange), BP3MG (green) and BD3MG (red), for FlyBrain restoration. Evo-
lution of reconstruction error || — Z|| (left), relative increment ||x*+* — 2*||/||=*|| (middle),
and SNR in dB (right).

| Version [ // Asy. MM SNR (dB) f(«) Error Time (x Acc.) |

MG X X v 14.72 1266.04  79.28 1683.79 (1)
ABGD || v V X 15.11 1268.80  76.73 305.76 (5.51)
BP3MG | v X v 15.21 1264.08  75.33 489.99 (3.44)
BD3MG || vV v 15.26 1261.59 74.72 147.16 (11.44)

Table 5.1: Characteristics and performances of compared algorithms on the Flybrain restora-
tion task, for reaching the stopping criterion with & = 1073, “//" = Parallel, “Asy." = Asyn-
chronous, “MM" = Majorize-Minimize scheme. Time is in seconds and “x Acc." is the accel-
eration ratio with respect to 3MG running time.

5.5.3 Effect of an tmbalanced computing power

In order to further demonstrate the advantages of BD3MG over its synchronous counterpart BP3MG,
we tested the methods under different computing environments by synthetically modeling stochastic
delays in the computing loop of workers. More specifically, the same restoration task and computer
characteristics than in the previous section is considered, again with Cio,y = 12 active cores. We
introduce artificial perturbation in the computing environment by randomly “freezing" some worker
processes for a certain amount of time (i.e., delay) following the three scenarios below:

e Type I: One of the workers is consistently affected by a delay that follows a uniform distribution
U([0,1]) (in sec.). The other cores are not affected by any delay.

e Type II: Two worker cores are not affected by any delay while the others 9 agents are delayed
in the following fashion:

3 cores hold a delay following a uniform distribution ¢([0, 1]).

3 cores hold a delay following a uniform distribution ¢([0, 0.5]).
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Figure 5.3: Restoration results of Flybrain: ground truth volume (top), degraded version
(middle), and results of BD3MG restoration (bottom). Visual comparisons along the X — Z axis
(left) the X —Y axis (middle) and zoomed details (right). The optimization process recovers
fine details of the original volume that were lost in its degraded version.

3 cores hold a delay following a uniform distribution ¢([0, .25]).

e Type III: All worker cores are affected by a delay that follows a uniform distribution ¢([0, 1]).
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| Method (Scenario) || SNR (dB) | f(x)) | Time (s.) |
3MG (no delay) (18132 [1247.01 1683.79 |
BP3MG (Type I) 17.941 124714 623.07

—~

BD3MG (Type I) 18.679 1246.04 211.34
BP3MG (Type II) 17.941 1247.14 707.92
BD3MG (Type II) 18.681 1246.03 220.65

BP3MG
BD3MG

Type 111) 17.941 1247.14 752.83
Type 111) 18.670 1246.02 219.90

||

Table 5.2: Performances of BP3MG and BD3MG under imbalanced computed power, for reach-
ing the stopping criterion with £ =5 x 10~* for Flybrain restoration. We additionally provide
results for the vanilla 3MG algorithm for sake of comparison.
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Figure 5.4: Numerical comparisons between BD3MG and BP3MG for FlyBrain restoration
under imbalanced computing power: evolution of the relative increment ||z*+1 — x*||/||z*||
along time (in sec.) for each of the three experimental settings in log-log scale (left), and
averaged ratio of workers CPU idle time over the entire optimization process for each scenario

(right).

The results are summarized in Table 5.2 and Figure 5.4. We also report the results of a plain, not
delayed, 3MG implementation, for the sake of comparison. In all three scenarios, BD3MG outperforms
its synchronous version BP3MG, in terms of computation time while reaching similar final criterion
value and SNR. The criteria decrease is faster for BD3MG which can be explained by two main
differences with BP3MG. First, the majorization mapping of BD3MG performs a tighter approximation
of the cost function than BP3MG, thus leading intrinsically to improved convergence rate. Second,
BD3MG is asynchronous by essence and thus it is resilient to communication delays as soon as they
are bounded, as shown by our convergence analysis. In contrast, BP3MG simply waits for all workers
to finalize their update, to force the synchronicity, which yields slowdown in case of delayed workers. A
more efficient and dynamic handling of the workload is performed in BD3MG, as shown in Figure 5.4
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where CPU idle time is consistently lower for BD3MG than for BP3MG. We note that in asymmetric
settings such as (Type II) and (Type III), BD3MG proved to be particularly efficient in reducing the
synchronicity constraint of BP3MG for “fast" workers. The comparable results for BD3MG on all three
scenarios further suggest that the proposed algorithm is robust to an imbalance in the computing power
of workers. Moreover, despite the delayed feedbacks of the workers, both BP3MG and BD3MG remain
competitive with respect to the vanilla 3MG, which shows the great interest of a parallel friendly
algorithmic structure in this context.

5.5.4  Scalability assessment.

In order to assess the scalability properties of BD3MG, we further analyse the speed-up generated by
the number of cores available. We consider the restoration problem of the 3D image Aneurysm [110]
of size N = Nx x Ny x Nz = 256 x 256 x 154, under the same degradation operator and noise
level than in the previous example. Figure 5.5 presents the acceleration ratio between the required
computation time for a single active worker versus the computation time of up to 30 active workers
in reaching the stopping criterion with & = 1073. The regularization parameters are set empirically
to (A, 6,%,m) = (1,1,1071,1073) to maximize the final SNR and the same blur kernel than in the
previous subsection is used. The computations were performed using HPC resources from the Oscar
- Ocean State Center for Advanced Resources of the Center for Computation and Visualization, black
University. The hardware is an Intel Corei9 CPU with up to 48 physical cores at 3.3 GHz GHz and
300G of RAM. Results found in Figure 5.5 illustrate the great potential of scalability of the proposed
algorithm. As the number of core increases, a mild saturation effect is observed (in agreement with

Amdahl’s law [183]).

5.5.5 Application to real data from multiphoton microscopy

We finally illustrate the performance of BD3MG on a restoration task of real multiphoton microscopy
data specifically acquired for this experiment. Multiphoton microscopy is an interesting solution for the
3D and submicrometric characterization of biomedical structures, it is label-free and contactless [113].
Such a solution takes advantage of optical sectioning, an optical property resulting from the nonlinear
optical processes involved. 3D images are produced with sub-micrometer resolution without slicing the
sample. We use an instrumental acquisition pipeline relying on a commercial system from Olympus
(BX61WI) coupled with a multiphoton water immersion objective (Olympus XLPLN25XWMP, 25x,
NA 1.05). A laser system, emitting femtosecond pulses centred at 810 nm with 10 nm of spectral band-
width, is used for production of the nonlinear phenomena of second harmonic generation (SHG) and
two-photon fluorescence (TPF). The biomedical sample is made of a whole mouse muscle, the Extensor
digitorum longus (EDL), isolated from tendon to tendon. Sub-micrometric fluorescent microspheres
emitting in the green range are included into the EDL and spread homogeneously all along the whole
muscle structure. Under such an experimental protocol, the production of two 3D images is obtained.
The first channel contains the SHG from the myosin of the muscle and the second channel displayed the
TPF of microspheres used for calibrating the instrumental PSF. A hundred of 2D image slices of SHG
and TPF are produced, with 0.1 pgm resolution along depth axis Z and 0.049umx0.049um resolution
over X — Y horizontal-vertical axis. The acquisition recording starts 140 pm under the sample surface
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Figure 5.5: Speed-up ratio of the computation time for 1 to 30 cores for BD3MG for the
restoration of Aneurysm.

for a total sample thickness of 180 pm. For this range of depth, the imaging of biological samples is de-
graded by scattering effects. Both raw volumes (i.e., SHG and TPF) dimension have 2048 x 2048 x 100
voxels, from which we extract a subpart with size N = Nx x Ny x Nz = 256 x 256 x 100 voxels for
the purpose of our study.

We follow the computational pipeline FAMOUS previously introduced in [117]. We estimate a
depth-variant Gaussian PSF field within the 3D microscopic volume by applying the 3D Gaussian fit-
ting algorithm FIGARO from [67] to volume of interests extracted from the second image channel, dis-
playing fluorescence of calibrated microbeads. Each volume of interest is selected through an automatic
search of connected components within a filtered and binarized version of the observed volume. Then,
FIGARO method is ran, yielding parameters (i.e., mean, covariance, scaling, shift) of a 3D Gaussian
shape. This allows to build, through a simple interpolation strategy, a model for a depth-variant PSF
with truncated support of size M = Mx x My x Mz = 21 x 21 x 21 (see more details in [117, Sec.2.4]).
Since no ground truth is available, the regularization parameters (), 4, x,7) = (10%,2,10,1073), are
selected by retrospective visual inspection. The reconstruction shown in Figure 5.6 exhibits clear con-
trasts and sharpness properties. Comparative videos of the original and restored volume are available
at [50]. The native signal from the raw image was presenting a high level of noise and blur due to
the presence of scattering elements all along the 140 pm of sample depth. Thanks to the proposed
restoration strategy, the localisation of the myosin in the muscle sample is made possible, and the
spatial organization of this protein into the down side of the EDL is revealed. The volume restoration
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Figure 5.6: Slices (12,5um x 12,5um) for depths z = 5,25 and 70 (from top to bottom) of
the original acquisition (left) and after restoration (right). The comparisons show that the
definition of the muscular structure has been enhanced by the reconstruction.

took 305 seconds and ~ 2000 iterations on a Ciot = 12 cores setting, when setting £ = 1073,

5.6 Conclusion

In this chapter, we have presented a new block distributed Majorize-Minimize algorithm, BD3MG, de-
vised to tackle large-size differentiable optimization problems met in a wide range of applications. Our
main contribution lies in a distributed asynchronous formulation that allows for delays in the current
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solution computed between workers, while securing convergence guarantees under mild assumptions.
Our new algorithm BD3MG has been tested in the context of 3D image restoration with depth-variant
blur. Experimental results underlined the speedup potential of this method and its concrete appli-
cability in the field of fluorescence microscopy. Future work will be dedicated to extension to more

general distributed graph topologies.
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6.1 Introduction

The complexity of most natural or even artificial phenomena requires infinitely precise knowledge to
be perfectly controlled and reproducible. On a human scale and whatever the tools used, the access to
such sources of information is impossible and it is therefore necessary to admit the existence of so-call
random events which escape any form of prediction. In a way, the introduction of the notion of chance
is based on a failure: human beings have neither the time nor the means to deal with all the problems
they face using a deterministic approach.

On a mathematical viewpoint and similarly with a black box model, the random behaviours in-
terfering with the problem of interest are grouped behind the veil of a probability space (2, F,P). In
more concrete terms, o-algebra F is associated to all the necessary information we shall consider for
the study to be conducted while probability measure P : F — [0, 1] acts as a quantification tool on
the latter. An event, i.e. an element of F, corresponds more precisely to a grouping of elementary
productions w € €. The field of Euclidean probabilistic unconstrained optimization, more commonly
known as Euclidean stochastic (unconstrained) optimization, is thus dedicated to find a minimizer of
a cost function F': H — R defined on a real-finite dimensional Hilbert space H by using an algorithm
whose outputs are likely to change even though the operating conditions set by the user (initial point,
stepsize...) are identical. More specifically, we aim to solve the generic problem

Find x; € H s.t. F(x,) < F(x) for all x € H, (6.1)

using an approximation sequence (Xj)ren. In contrast to the deterministic case, the terms of (xx)xen
are no longer vectors of H but random variables x;, : w € Q — xy(w) € H (k € N) defined on probability
space (£, F,P) with values in the Borel space (H, B(#)). A sequence of random variables as (xj)ren is
generally found under the name of stochastic process in the literature. Instead of focusing on a simple
sequence of H as we previously made, the mathematical objects we study here thus group together the
set of so-call trajectories, i.e. of elementary productions (xj(w)),ey € HY (w € ). Historically, the
theory of stochastic process naturally follows the one from Kolmogorov on probabilities [134, 86] and
its application to optimization initially comes from the more general field of stochastic approximation
whose origins trace back to the works of H. Robbins and S. Monro [201].

Example 6.1. Let v be a random variable defined on (2, F,P) with values in a measurable space
(E,A), j:HxE — R be a measurable application for which j(x,v) is integrable for every x € H and
consider the minimization of function F : x — E(j(x,Vv)).

In the case where j is differentiable regarding its first variable, denoting by Vi) its partial gradient
and assuming that the conditions for applying Leibniz integral rule derivative are met [21/], F s
differentiable and its gradient can be written as VF : x € H — E (Vj(l)(:c, v)) When the distribution
of v is unknown, the curvature information on F therefore cannot be known in an exact manner and
shall require the use of stochastic framework. The construction of an attached stochastic process in a
way to approrimate a solution of (6.1) can be made using multiple strategies, most of which will be
described throughout this chapter.

The presentation we propose follows a similar structure to those of Chapter 2 to facilitate the
reader’s understanding and to better highlight the existing analogies and differences between proba-
bilistic and deterministic frameworks. To such an extent, we introduce in section 6.2 the most usual
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family of algorithms to deal with stochastic differentiable optimization, the stochastic gradient one.
Section 6.3 proposes a review of the classical mathematical tools to conduct asymptotic analysis con-
sidering a generic stochastic algorithm. Section 6.4 gives the conclusion of this chapter.

6.2 The class of stochastic gradient methods

Similarly to the deterministic differentiable optimization field with the general class of descent methods,
those of probabilistic differentiable optimization also possesses its family of algorithms widely described
in the literature. The latters are grouped under the name of stochastic gradient methods. By contrast
with formulation (2.3) which is able to encompass the largest part of deterministic existing methods,
it is quite challenging to find a unique analog formulation for the stochastic setting. Most of those
proposed are mainly based on the even more general field of the stochastic approximation [201, 89].
For presentation purposes, we consider in this section processes (x)ren generated through a scheme
of the form of

Xg) = X € H,
(Vk € N) Xkl = X — A8k, (62)

where (g )ren is a process of directions of H intended to approximate those of the true gradient
(VF(xk))pen- In the same way as (2.3), (ax)ren is a deterministic positive stepsize sequence. The
latter is also regularly found under the name of learning rate in the machine learning community [169].

6.2.1 Qverview on stochastic gradient approximation constructions

6.2.1.1 Gradient approxrimation models through sampling strategies

Beyond the scope of optimization, sampling approximation field is initially dedicated to identify some
properties (distribution, moments...) of a given random variable v of (2, F,P) from several realiza-
tions of the latter. To such an extent, the Law of Large Numbers (LLN) [22] is classically the most
fundamental result of this theory:

Theorem 6.1. (Law of Large Number, strong version) Let (Vi )ren be an stochastic process of integrable
independant and identically distributed random variables of (Q, F,P). Then

k
P ({w €| kil ;vk(w) N E(VO)}> =1. (6.3)

LLN stipulates that the "vast" majority of trajectories (we will notably speak about almost-sure
convergence in the rest of this manuscript) here associated to the empirical mean process converges
to a common deterministic quantity, E(v(), namely the expectation associated with the common
law of (xg)ren family. Applied to an optimization context, Theorem 6.1 is first and foremost an
approximation tool to build a relevant process (g )ren in various scenarios depending from the nature of
the stochasticity. Two situations are under the scope of the most recent works; the first one corresponds
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to those when the cost function F' is of probabilistic nature (Example 6.2) while, in the second one, F
admits a deterministic closed-from but with a too complex structure to be itself or its gradient exactly
computed (Example 6.3).

Example 6.2. (Ezpected Risk) We place ourselves in the situation of Ezample 6.1 where we aim to
minimize the differentiable function F : x — E(j(z,v)) with VF : & — E(VjU(x,v)) as associated
gradient. Then, for any * € H, LLN makes natural the use of approximation of the form of

.
VF(x) ~ %Z Vi (2,v,) (P> 1). (6.4)
p=1

As a consequence and if the distribution of v is known, one can build the process (gk)ken as

Py
1 .
(Vk eN) gy = P > Vi (%, viy) (P > 1), (6.5)
p=1
where Vi 1,...,Vkp, correspond to a sample of v (i.e. a family of independant random variables

following the distribution of v) of a given size Py. Estimation (6.4) is generally referred in the literature
as a Stochastic Average Approximation (SAA) whose theoretical aspect are typically detailed in [219)].

Example 6.3. (Empirical Risk) We here consider F : & — Zf\il fi(x) written as a sum of M
functions (f;)i<ar (M > 1). To the extent the computation of the true gradient VF : @ — 57 Zf\il fi(x)
requires to calculate those of every f; function, it may therefore be highly time-consuming depending on
the value of M. To overcome such an issue, one strategy consists in adopting a so-call "mini-batch"
approach [30] at a given iteration k € N, indicesi € {1,..., M} to be consider only belong to a randomly
chosen subset (i.e. a batch) I C {1,...,M}. Considering this, (VF(Xy)),cy @5 thus approvimated as

(8k)ken, where: ,
(Vk eN) gy = i > Vilxk), (6.6)

i€l
the size of |Ii| generally remaining small compared with M. In practice, the consideration of a unique
sample (i.e. |Ix| = 1 for all k € N) may promote interesting theoretical guarantees as soon as it
is chosen following a distribution (typically a uniform one) which intuitively ensures the data of any
Vfi (1 <i < N) being regularly taken into account all along the process [185, /.

Since sampling approximation only uses partial gradient information, it is expected for the resulting
stochastic algorithm to converge slower in term of number of iterations than its deterministic coun-
terpart using directly VF' instead. Typically, in the strongly convex case and considering a constant
stepsize, the convergence speed of steepest descent method remains linear while the use of a mini-batch
approach with a unique sample (see example 6.3) only gives a sublinear rate in expectation [35]. In
fact, a deterministic algorithm would be more efficient regarding the number of total required iterations
by contrast with a stochastic approach possessing a smaller cost-per-iteration ; intuitively it is always
more economical to settle for an approximation of an object instead of the whole object itself . As a
consequence, the interest of sampling gradient approximation techniques especially lies in a large scale
optimization context for which a simple computation of the full gradient may be too energy consuming
to be correctly proceeded.
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6.2.1.2 Generic Additive model

For first-order methods, the information provided by F' being concentrated in the algorithm only
through the gradient term, a noise model adapted to a general framework, working with a generic
structure of cost function, is of the additive type:

(Vk} S N) gr = VF(Xk) + €. (67)

Otherwise stated, (ex)ken is the process which simply corresponds the approximation error between the
estimate (gx)ren and the true gradient (VF(xx))ken. Such a probabilistic framework is the original
one at the root of stochastic approximation theory [201, , 113]. Historically, [201] built this kind of
algorithm in a way of finding the unique zero of a regression function while [135] applied this approach
to an optimization context, considering the latter regression function as a gradient object whose zeros
are sought for. The interest of decomposition (6.7) mainly lies in its simplicity which enables to conduct
theoretical reasoning in a relatively easy way. The gradient term is here "deterministic" in the sense
that it is entirely dependent on the current state of the process; considering k € N, all the uncertainty
is concentrated in (ex)reny and VF(x) simply remains o(xj)-measurable.

6.2.2 Stepsize choice

Similarly with the deterministic setting, the ways of adjusting the stepsize (ay)ren are numerous
and depend on the information available on the curvature of F' (Lipschitz continuity of the gradient,
convexity, strongly convexity...). In general, such a setting follows a relatively uniform pattern and
(k) ken is constructed so as to verify

+oo +oo
Zak = 400, Zaz < +o0. (6.8)
k=0 k=0

Rule (6.8) can be justified considering two points of view. The first one is purely physical and makes
the link with differential equations field [1041]. In such a context, (ax)ren can be interpreted as a time
increments sequence (Ti+1 — Tk )ken and so (6.8) indicates that the evolution time (T%)ken tends to
infinity and is of finite energy. The second one is directly relative to the structure of (6.2) ; (ag)ken
plays the role of a control term so as to compensate the stochasticity effect of (gx)ren. (6.8) is thus
the result of a trade-off. On the one hand, condition Z,Jgig a% < +00 ensures, to a certain extent, the
decay of (a)ren and its convergence to zero to attenuate the noise fluctuations. On the other hand,
(k) ken should not be too small otherwise too little evolution of the process would be observed.

Condition le:o?] a% < 400 does not appear as the most natural way to balance the noise effect

contrary with ay k—> 0. However, it has revealed to promote easier asymptotical properties in view
—00

of the evolution of the theoretical material of stochastic optimization [202, 89]. More recent works
have started to only consider ay k—) 0 in their assumptions as a relaxed alternative and are able to
— 00

promote interesting asymptotical guarantees [104]. Finally, when the stepsize is not chosen to decrease
to zero but constant equal to o > 0 instead, [1806, 85| highlighted the fact that the convergence of
(xk)keN to a stationary point remains very challenging due to the Markovian nature of scheme (6.2).
Typically in a strongly convex setting, (xx)ren tends to oscillate around @, the unique minimizer of
F, according to a certain distribution and with an amplitude of \/a as order of magnitude.
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6.2.3 Acceleration techniques

6.2.3.1 Variance reduction strategies

Most of the recent works on stochastic gradient methods have directly based their asymptotical studies
on the analysis of quantities (E[||x; — :cst])keN or (E[F(x) — F(2s)]) ey considering s as a solution
of (6.1). In other words, the theoretical performances of an algorithm are mainly judged on the rate
of convergence of its attached variance.

To best meet this evaluation criterion, variance reduction-based strategies consist in tuning the
parameters of (6.2), even if it requires changing its structure so that E [||x), — x||*] and/or E[F(x;) —
F(xs)] <e (k€ N,e > 0) are reached with a complexity C. as small as possible. This kind of approach
relies on two different levels:

e The assumptions on F. In the case where F' admits multiple global minimizers, it generates an
ambiguity on @, to consider and thus on the variance to adopt. More generally, if F' admits
multiple stationary points, the convergence of the variance to zero may be compromised. In
order to overcome such issues, variance reduction algorithms generally required to work in a
convex or even strongly convex setting [171].

e The choice of stepsize. Obtaining a precision on the variance as small as desired after a finite
number of iterations already implies the variance to converge to zero. The strong convexity
assumption makes possible to achieve such a result but it also requires for the stepsize to converge
to zero not to slowly in which case it would risk completely masking the behaviour of the variance.
In general (o )ren is taken as proportional to (n77), .y where v € [0,1] [168].

In some works the term of variance considered differs from the one we previously introduce. For in-
stance, they involve (X )reny = (1 /(k+1) Zf:o xi> en the Ruppert-Polyak averaging sequence instead
€

of directly (xj)ren for accuracy purposes [189,

Due to the necessity of manipulating high-dimensional data in the field of statistical learning, most
of the usual algorithms have been developped to deal with functions F' under the form of an empiri-
cal risk (see Example 6.3). Their updates generally remain of the form of (6.2) but the corresponding
sequence (gx)ken 1s no longer dedicated to directly approximate (VF(xy))ren at every iteration. Typi-
cally, the class of stochastic averaging methods build process (g )xen exploiting part of the information
of the current state (i.e. those of k € N), but also of some previous states (i.e. relative to k—1,k—2,...).
While [173, | initially used the information of all past gradients VF(xg),..., VF(Xg), most recents
works instead focus on updating a single component with a known expectation at each iteration [78].
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Method Criterion (k € N) | Stepsize Convergence rate C./dim(H)

GD [17)] |E[F(e) - Fla))] | O (exp(—£)) LIT Jog(T)
SGD | E[F(xi) — Fz.)] | 1 o(i) L
SAG [200] | ElF(a) = Fl@)] | i | O([1—min( #]") | (£+0)1og(d)

SVRG [131] | E[F(x:) - F(x.) ' 1)

zs) | a>0 (’)( g 2La ﬁgga} > (§+M) log(
SAGA [75] | E[[xs — ] A O ([t —min(L, 1) | (£+ M) 108(2)

Table 6.1: Performances of some usual variance-reduction methods for the minimization of a
L-Lipschitz continuous gradient and p-strongly convex empirical risk F : @ — 57 Zf\il fi(x).
Deterministic steepest descent and SGD serving here as baseline algorithms. As introduced
previously, X, (k € N) denotes the Polyak-Ruppert average while C. corresponds to the com-
plexity required to have a criterion smaller than € (¢ > 0).

M =

As a way of illustration, Table 6.1 highlights the interest of variance-reduction techniques in the
strongly-convex setting. They allow to reduce the complexity from a linear to a logarithmic scale despite
only capturing partial information on the full gradient. In addition to the algorithms mentioned, we
can add those of [79, | possessing similar convergence rates and complexities but considering a
criterion with a little more elaborated structure.

6.2.3.2 Preconditioned method

A popular class of gradient-based stochastic algorithms is those incorporating a preconditioning step:

X9 =xg € H,
(Vk € N)  xpy1 = x5 — Bygy. (6.9)

Their update remains similar of those of (6.2) in the sense they involve a gradient approximation
process as well as a stepsize but also requires the use of an additionnal process (Bp)ren of linear
operators in a way to better capture information on the curvature of F. The ways for building the
preconditioners are numerous and we here try to give an overview of the most popular approaches.

The first category encompasses those considering (Bj)ren as an approximation of the second order
information of F'. Their use is motivated by the encouraging results obtained by their deterministic
counterparts. When F' is twice continuously differentiable, it is natural to build (Bg)ken in a way to
approximate the Hessian process (VQF (Xk))k cy be it through sub-sampling techniques [11, 36] or by
extension of the non-probabilistic framework |12, 213].

To the extent the computation of second order objects generally tends to highly increase the
per-iteration cost of an algorithm [36], another strategy consists in restricting (Bg)ren to a process of
diagonal operators which amounts to only re-scale the direction process (gx)ren. The greatest challenge
of re-scaling algorithms relies in the choice of the information to preserve. While some works prefer
keeping the true [15] or an estimation [33] of the diagonal curvature of the Hessian, others privilege
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techniques putting the algorithm progress on a same equal footing in every direction. The latters have
notably become relatively popular among supervised deep learning community for which the linear
operators under study are easily near singular [30]. Let us mention ADAGRAD [57], RMSprop [120]
and ADAM |[137], probably the most widespread approaches in this field. Their re-scaling steps are
all based on a normalization of the second moment of (g)ren using its magnitude component by
component. ADAM differs from its two counterparts as it also incorporates an additional moment step
in the computation of (gx)ren in a way of bias reduction.

6.3 Theoretical background to deal with stochastic setting

This section can be considered as the stochastic counterpart of section 2.4 of Chapter 2. As the
notion of supermartingale generalizes that of decreasing sequence in the probabilistic framework, it
becomes possible to extend that of descent condition (see Chapter 2 subsection 2.3.2) in a similar way.
Moreover, since the theory of martingales leads quite naturally to almost-sure convergence results |30],
various asymptotic properties based on this mode of convergence follow logically from this and are now
regarded as essential elements of the stochastic literature.

6.3.1 On convergence of stochastic schemes in general

Whether it is deterministic or stochastic, the primary objective of a minimization process always
remains the same, namely to restore a global minimizer or at least a stationary point x* of the cost
function considered, as precise as possible. In the case where the process at stake is deterministic and
is in fact similar to a sequence of vectors of H, global convergence can be seen as a natural performance
criterion. Since a stochastic process no longer involves deterministic vectors but random variables, the
notion of global convergence becomes inappropriate in a probabilistic setting and shall be redefined to
remain consistent with the mathematical objects manipulated. Since a stochastic process is no more
than a family of trajectories, the most intuitive way to extent the global convergence definition is to
use the general notion of almost-sure convergence instead.

Definition 6.1. (Almost-sure convergence) A stochastic process (Xi)ken of random variables xy, : Q —
H (k € N) is said to converge almost-surely (a.s.) to a random variable Xo : Q@ — H if

P ({w €Q | xu(w) — x(w)}) =1 (6.10)

If so, ® is named the almost-sure limit of (Xj)keN-

More generally, (Xi)ren @s said to converge almost-surely if there exists a random variable to which
the latter converges a.s..

The measurability being preserved by passing to the simple limit, a process (Xj)ren converges
almost-surely every time the set of w € Q for which trajectory (xx(w)),cy admits a finite limit is of
probability one. The rest of our study is dedicated to the exhibition of a theoretical toolbox in order
to obtain convergence results of this nature. As we shall see in the following, this choice is especially
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motivated by the close proximity of our framework to that of discrete-time martingales [231]. However,
we recall for the reader the most common modes of convergence encountered in the literature.

Definition 6.2. A stochastic process (Xi)ken is said to converge to a random variable Xo : Q@ — H

(i) In LP norm (p > 1) if E([lxk — xoo||”) kjoo 0.

(ii) In probability if P ({w € Q | ||xx(w) — Xoo(w)|| > €}) Vo 0 for all e > 0.
—+00
(iii) In distribution if E(g(xg)) k—+> E(g9(xx0)) for all g : H — R continuous and bounded function.
— 400

In particular, LP and almost-sure convergences, separately, imply convergence in probability and
convergence in probability implies convergence in distribution. There also exist some partial reciprocals
that we will not go into in detail as this would take us away from the initial discussion. We invite the
curious reader to consult the reference book [22] for more details on this topic.

6.3.2 Probabilistic version of descent concept

We introduced in Chapter 2 (subsection 2.4.2) the notion of (I, r)-descent condition for a deterministic
sequence. The goal of this subsection is to propose an alternative version so as to remain consistent
with the stochastic framework.

6.3.2.1 Almost-Sure vs In Expectation approaches

The first intuitive approach would be to rely on a definition of (I, r)-descent condition directly based on
the trajectories of the process thus keeping the analogy with almost-sure convergence. In such a way,
(Xx)ren may said to satisfy a (I, 7)-descent condition if the set of w € Q for which (xz(w));cy Verify an
(I, 7)-descent condition is a probability-one event. However, such an approach faces a major obstacle,
namely the w-dependence of the Lyapunov function and the residual. This disadvantage is relatively
compromising insofar as these two objects live in spaces with relatively complex topological structures
(1 is an application from H"Y to RN while 7 lies in RY) and in fact obtaining even their measurability is
relatively delicate (this typically requires to define a o-algebra on the space of applications from HN to
RN). Even if the latter property is ensured, the structure of the resulting random variables will make
them difficult to manipulate anyway.

A second approach, the opposite of the first, would consist in only focusing on behaviour of the
process at stake in average; instead on directly investigating on the trajectories of (xx)ken, only the
evolution of the first moment information, i.e. of the expectation, is scrutinised here. Although this
approach has the advantage of ensuring the decay of [ in expectation, it does not allow to make the link
with what we are really looking for, i.e. the setting up of almost sure type behaviours. More generally,
the transition to expectation tends to mask a large part of the stochastic information we need.

In a nutshell, the two introduced approaches induce the use of a quantity of information that is far
too unbalanced, either in excess (for the first approach, by taking an interest in all the trajectories)
or in default (for the second approach, by using only the first moment) for the use that one wishes to
make of it. It is therefore necessary to adopt an alternative strategy with a better theoretical trade-off.
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6.3.2.2 Stochastic (I,r)-descent condition as a first step

In contrast to the expectation operator which reduces the properties of a random variable to a scalar
quantity, the conditional expectation one appears to be more flexible insofar as it sends back an estimate
of the said variable with respect to a certain quantity of the observed information [22]. For such a
reason, it stands as a legitimate tool to build probabilistic version of the (I, r)-descent condition.

Definition 6.3. (Stochastic descent condition) Consider (Fi)ren o filtration defined on probability
space (Q, F,P). Let | : HN — RN be an application (defined on the space of sequences of H and with
values in that of sequences of R) and r := (ry)ren a Fr-measurable non-negative process. A stochastic
process (Xi)ken on H verifies a (I,r)-descent condition (regarding (Fi)ren) if there exists ko € N for
which (Lg)ken = ((Xk)ken) s an integrable process and satisfies

(Vk > ko) E[Lgy1|Fix) < Lp —rp as.. (6.11)

e In such a context, we will commonly speak of a Lyapunov application to name l (relative to (I,r)-
descent condition) and of a residual sequence to mention r (relative to (I,r)-descent condition).

o (Xg)ren is said to verify a simple descent condition (relative to f) if there exits a Fy-measurable
residual process v for which (xx)ken verifies a (I,r)-descent condition regarding l : (Yi)ken €
HN — (F(yk))pens i-e- I = F(xx) as. for any k starting from a certain rank.

Filtration (Fy)ken attached to a (I, r)-descent accounts for all past information of the process. We
can make a parallel with a gambling game situation. Considering (Ly)ren as a player ressource, descent
inequality (6.11) simply indicates that it is expected for the latter and from a fixed turn, to suffer in
average from an impoverishment whose amounts (rj)ren only depends on the past of the game. In
technical terms, (6.11) induces that Lyapunov process (Ly)gen follows a supermartingale behaviour
and thus, in the case where the latter is almost-surely non-negative, the Doob’s "Forward" convergence
theorem [237] ensures its almost-sure convergence to an almost-sure finite random variable. Even more
precisely, the following result also provides valuable information on the residual process (rg)gen-

Proposition 6.1. Let (xx)ren be a stochastic process following a (I, r)-descent condition regarding a
filtration (Fi)ken and for which the attached Lyapunov process (Ly)ken s almost-surely non-negative.
Then, (Lg)ren almost-surely converges to an almost-sure finite random variable and Zﬁzof] r; < 400
almost surely.

Proof. As mentioned, the first point is a direct consequence of Doob’s "Forward" convergence theorem
[234]. To also obtain the almost-sure summability of (ry)ren, we need to refine the latter result by
considering process (L} )ren such that

k—1
(VE>1) Lj:=Lg+» r (6.12)
=0
Descent inequality (6.11) ensures that ry < |Lg|+ |E[Lg+1|F%]| and ry is thus integrable for all & > k.

The use of conditional expectation to ry (k > ko) is then legitimate and E[ry|Fi] = ry due to its
Fr-measurability. By linearity and using (L} )ken, (6.11) can be rewritten as

(Vk‘ > ko) E[L;_H’fk] < L;c a.s.. (6.13)
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(L} )ken therefore also follows a supermartingale behaviour and since it is basically non-negative, we
deduce its almost-sure convergence to an almost-sure finite random variable. The latter point combined

with definition (6.12) and non-negativity of (Ly)ren finally conduct process (Zi:ol ri)k>1 to admit a

finite limit almost-surely which concludes the proof. O

Proposition 6.1 can be seen as the stochastic analog of the deterministic result discussed in sub-
section 2.3.3. In such a case, a monotone convergence argument was sufficient to conclude about the
summability of the residuals while here it is necessary to use more general tools.

Example 6.4. We aim to minimize F using the stochastic gradient scheme X1 = X — agg (o > 0)
for all k € N. Considering canonical filtration (Fi)ren = (0(Xo0,...X¢))peny we admit that (gr)ren
1s a conditionally unbiased gradient approximation whose conditional variance is bounded w.r.t the
ezact derivative, i.e. for any k € N, E[gg|Fx] = VF(xx) and E[||gxl|?|Fr] < C|VF(xx)|? (C > 0)
almost surely. Then, (xi)ken follows a simple descent condition as soon as F' is L-Lipschitz continuous
gradient and stepsize o chosen so as to verify a < 2/(LC?):

aLC?

(Vk € N)  E[F(xp+1)|Fk] < F(xk) — (1 - ) IVF(xx)|* as.. (6.14)
The proof of (6.14) relies on the usual descent Lemma 2.4 and can be found in [212]. If F is bounded
below and considering positive process (F(Xg) — Finf), oy (where Fyng is the minimal value of F),
Proposition 6.1 can be invoked; (F(x))ren converges almost surely while (VF(Xy))ken converges al-
most surely, more precisely, to zero, due to > 125 |V F (xx)||? < +ooa.s..

6.3.2.3 Quasi-supermartingale

The previous subsection highlighted the importance of conditioning theory for the asymptotical study
of stochastic algorithms. Although the relative simplicity of stochastic descent inequality (6.11) has
the advantage of being very easily interpretable in term of convergence guarantees (typically through
Proposition 6.1), it also remains quite restrictive to the extent that only few schemes are likely to verify
such a behavior. One of the main reason is that manipulating objects of probabilistic nature actually
tends to promote occurrences of additional or multiplicative specific terms which highly complicate
the structure of the Lyapunov function [ to be considered. Such an issue invites to propose a relaxed
alternative of the initial stochastic descent condition through the almost-supermatingale concept of
H.Robbins and D.Siegmund [202] .

Definition 6.4. (Almost-supermartingale) Consider a filtration (Fi)ren defined on probability space
(Q, F,P). Letl:HN — RN be an application and three non-negative F,- measurable processes u :=
(ug)ken, v = (Vk)keN, W := (Wi )ken. A stochastic process on (X )ken of H is said to be a (I,u,v,w)-
almost-supermartingale (regarding (Fi)ren) if there exists ko € N for which (Lg)keny = | ((Xk)ken) s
an integrable process and satisfies

(ij > k‘o) E(Lk_;,_l‘fk) < (1 + uk)Lk + v — W a.s. (6.15)

e In such a context, we will commonly speak of a Lyapunov application to name l and of a residual
sequence to mention w.
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o (Xi)ren s said to be a simple almost-supermartingale (relative to f) if there exist three non-
negative Fi-measurable processes u, v, w for which (xx)ken is a (I, u, v, w)-almost-supermartingale
with 1 : (yp)ken € HY = (F(yr))pen i-6- L = F(xg) a.s. for any k starting from a certain
rank.

The class of (I, u, v, w)-almost-supermartingale processes especially encompasses those following
a (I,r)-descent condition in the particular situation where w = r and u,v can be chosen as zero
almost surely. Similarly with Proposition 6.1 for stochastic descent condition, there exists a key
asymptotical result associated to the very notion of almost-supermatingale. This can be seen as the
most fundamental almost-sure convergence theorem in the field of stochastic approximation:

Theorem 6.2. (Robbins-Siegmund) Let (X )ren be a non-negative (I, u, v, w)-almost-supermartingale
for which ZZE% u, < +oo and sza v < +0o almost surely. Then, the attached Lyapunov process
(Lk)ken almost surely converges to a random variable Loo. Moreover, Lo, and Z;ﬁ% wy are finite
almost-surely.

Proof. The proof strategy relies on the same argument as those considered to establish Proposition 6.1
writing (6.15) under a supermartingale form. The complete proof can be found in its original version
in [202] or more recently in [39]. O

As such, Robbins-Siegmund Theorem 6.2 can be interpreted as a relaxed version of Proposition
6.1 stipulating that the addition or multiplication of summable "spurious term" (u,v) in the descent
condition finally does not compromise the almost-sure convergence of the Lyapunov function as well as
the summability of the residual. The construction of a generalization of the descent condition (6.11)
was historically conducted in intermediate steps. In this context, Theorem 6.2 can be seen as an
extension of the work of [112] which was the first one to take into consideration terms of type of u,v
(but of deterministic nature) interfering in a stochastic descent.

Example 6.5. Our goal is here to minimize a differentiable function F admitting a stationary point
x* which the monotonic relation (VF(xz),x — x*) < 0 for all x € H. To do so, we here consider a
scheme of the form of xp11 = X — ax8r (o > 0) for all k € N and similarly with Example 6.4, we
suppose that (gk)ren is a conditionally unbiased gradient approzimation regarding canonical filtration
(Fr)ken = (0(X0, -+ Xk))pens B-e. E[ge|Fr] = VF(xx) almost surely for any k € N. Moreover, we
place ourselves in the situation where the second order conditional moment verifies for all k € N,
Elllgr — VF(x)|1?|Fr] < C(1+||xx —x*||?) almost surely. Following the proof of [S9, Theorem 1.4.26],
process (Xg)ren Satisfies:

(Vk €N) E[[xer1 — a2 Fk] < (14 Cal)lxk — *|% + Cad + 20k (VF(xx), Xk — °) a.s. (6.16)

and is therefore a (I, u,v,w)-almost-supermartingale taking | : (Yg)ren — (||yk — m*Hz)

u,v here deterministic as u = v := (Caz)

keN
easily observe that condition Z;:OB a% < 400 is a sufficient one to legitimate the use of Theorem 6.2.

pens process

and v := (200, (VF(Xg), Xp — ")) ey Especially, we
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6.3.3 Making the link between almost-sure convergence of the iterates

One of the advantage of "almost-sure" notion lies in its ability of promoting the most natural extension
of deterministic behaviors. In such a context, the strategy of proof follows a common path. When
one aims to demonstrate that a property Q is satisfied almost surely starting from another one P
verified almost-surely, the easiest approach consists in starting from the existence of a probability-one
set A € F for which P(w) is true for all w € A and therefore to reason from a deterministic point of
view fixing every w € A. It can then be deduced that P(w) implies Q(w) for all w € A and finally
that P implies Q almost-surely keeping in mind that P(A) = 1. We will regularly use this strategy
throughout the two next chapters and, in particular, to prove a stochastic version of Proposition 2.2.

However, this same approach also presents some disadvantage in some specific contexts. When
property Q implies some mathematical objects, the latters always become dependent from w-variable
and are thus in turn random variables (subject to measurability, which is not always obvious). A case
of particular interest to us is the one relative to the Kurdyka-f.ojasiewicz theory. As seen in section
2.5 of Chapter 2, analyzing convergence of the iterates in the deterministic non-convex framework can
be done through the uniform KL Property 2.6 involving the existence of three objects (,e € (0, 400)
and ¢ : [0,{) — R. If we use our previous strategy, Property 2.6 is still verified almost-surely but if
so (, &, fatally become w-variables making the rest of the convergence proof highly challenging. As
a response to this issue, our Chapter 8 is especially dedicated to build an alternative version of the
uniform KL property so as to be better adapted to a stochastic setting and for which the w-dependencies
of (, e, p are alleviated.

6.4 Conclusion

As a mirror of Chapter 2, Chapter 6 was devoted to introducing the stochastic methods commonly
found in the literature, as well as the theoretical background that we will use to conduct our analysis
in Chapters 7 and 8. In particular, the main convergence results explained therein will each time be
based on the establishment of a stochastic descent condition, more specifically with respect to the cost
function itself in Chapter 7 (i.e. a simple stochastic descent condition) and on a particular Lyapunov
function in Chapter 8. As mentioned, one of the aims of this thesis is to refine the properties outlined
in section 6.3 so as ideally to obtain direct results on the almost-sure convergence of process (x)ien
itself. Although such results are obtained under a convexity assumption in Chapter 7, this will no
longer be the case in Chapter 8.
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— Chapter 7
Sabrina: A stochastic subspace
majorization-minimization algorithm

A wide class of problems involves the minimization of a coercive and differentiable function F' on RY
whose gradient cannot be evaluated in an exact manner. In such context, many existing convergence
results from standard gradient-based optimization literature cannot be directly applied and robustness
to errors in the gradient is not necessarily guaranteed. This work is dedicated to investigating the
convergence of Majorization-Minimization (MM) schemes when stochastic errors affect the gradient
terms. We introduce a general stochastic optimization framework, called SABRINA (StochAstic
suBspace majoRIzation-miNimization Algorithm) that encompasses MM quadratic schemes possibly
enhanced with a subspace acceleration strategy, as introduced in Chapter 3. New asymptotical results
are built for the stochastic process generated by SABRINA. Two sets of numerical experiments in the
field of machine learning and image processing are presented to support our theoretical results and
illustrate the good performance of SABRINA with respect to state-of-the-art gradient-based stochastic
optimization methods.

This work is based the our article: E. Chouzenoux and J-B. Fest. SABRINA: A Stochastic Subspace
Majorization-Minimization Algorithm, published in Journal of Optimization Theory and Applications,
vol. 195, pp. 919-952 2022.
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7.1 Introduction

We consider the problem:

minimize F(x), (7.1)
where F' : RN — R is a coercive and differentiable function on RY. We focus on the case when the
gradient of F' is altered by stochastic errors during the iterative optimization process. This problem
has been widely studied in the optimization literature, starting from seminal works [92, |, and has
known a renewed interest in the last decade with applicative challenges arising in supervised learning
on large scale datasets [13, 35]. The stability properties of gradient-based stochastic schemes are also
of high interest in approximate Bayesian inference, where stochastic gradient steps are often used to
improve the exploration capacities of the samplers [91, , , |.

Probably the most relevant gradient-based stochastic optimizer is the stochastic gradient descent
(SGD) algorithm, studied in [92, 20, 201]. Extension of SGD to non-differentiable case using proximal-
based tools can be found in [70, 7, 4, |. Few convergence studies made in the deterministic case
extend straightforwardly to the stochastic case. All the aforementioned works are grounded on specific
probabilistic tools such as [202, 89]. SGD is rather simple but can exhibit slow convergence. Therefore,
many recent works have focused on deriving accelerated variants of it. Two main families of acceleration
strategies can be distinguished in the literature. The first approach, adopted for example in [105, ,

, 38, |, relies on subspace (i.e., momentum) acceleration. The convergence rate is improved
by using information from past iterates for the construction of new estimates. The second approach
to accelerate the convergence of SGD is based on a variable metric strategy |37, 17]. The underlying
metric is modified at each iteration thanks to a preconditioning matrix, which may incorporate second-
order information about the function to minimize. These acceleration techniques give rise to promising
practical results.

This work proposes a novel SGD-based scheme to solve Problem (7.1), by combining the two
aforementioned acceleration strategies. To do so, we rely on the so-called Majorization-Minimization
(MM) principle [216, |.

At each iteration of an MM algorithm, a surrogate function majorizing the problem cost function
is constructed. The next iterate is then obtained by minimizing the latter surrogate. By construction,
MM method produces a sequence of iterates that decreases the cost function monotonically. MM
algorithms benefit from assessed convergence properties in the convex and non-convex settings [125,

, 59]. The extension of MM methodology to the stochastic context has been studied recently in |30,

, 03] in restricted scenarios. The method proposed by [30] is dedicated to introducing stochastic
errors into the expectation-minimization approach, a special case of MM. The MISO approach from
[161] combines an MM scheme with constraining averaging rules both over surrogates and iterates to
reach convergence. The work of [(3] studies a scheme close to the one proposed in our chapter, but limits
the analysis to the specific case of a penalized least-square criterion whose gradient is evaluated using a
recursive least-squares implementation |97]. In this present work, we introduce a versatile MM scheme
relying on quadratic majorization surrogates for F' and allowing for subspace acceleration [5%, |. In
a nutshell, the resulting algorithm benefits from a simple structure that can be understood as an SGD
method with both preconditioning and momentum-based term, and has minimal parameter tuning.
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For the proposed scheme, our contributions are:
e almost sure convergence results for non necessarily convex F;
e convergence rate analysis in the strongly convex case;
e illustration of the performance and comparison with state-of-the-art on two numerical examples.

The rest of this chapter is organized as follows. Section 7.2 states notations and introduces the
considered MM stochastic optimization scheme. Assumptions and some technical lemmas, essential for
our theoretical study, are presented in Section 7.3. Our main contribution is concentrated in Section 7.4
presenting our convergence results and convergence rate analysis. Numerical experiments are provided
in Sections 7.5 and 7.6. Finally, we conclude the chapter in Section 7.7.

7.2 Background and proposed formulation

7.2.1 Notations

We classically denote by [|-|| = (-|-) the euclidean norm of RY, and |||-||| the spectral norm (i.e., largest
singular value) of elements of RM*N_If M is a symmetric definite positive matrix of RV*N |||l az
corresponds to (.|M.). Moreover, we will use the Loewner’s order < between two symmetric matrices
M, M of RN*N where relation M; < M, holds if and only if difference My — Mj is (symmetric)
positive. Iy states for the identity matrix of RV, O the zero vector of size N, and Oy the null matrix
of RV*N " Bold symbols are used for matrix and vectors. Italic style is retained for deterministic
quantities.

For every v € R, the level set of F' relative to v will be denoted:
lev_, F = {x eRY | F(x) =v}.

Subject to existence, & will state for a stationary point of F. Moreover, zer VF will denote the set of
stationary points of F'. We will write * a global minimizer for F' and define F* := F(x*).

7.2.2  Quadratic MM (QMM) approach

MM algorithm solves Problem (7.1) iteratively by generating a sequence (@), of elements of RY,
where the step from the iterate xj to its successor xjy1 is achieved through the minimization of
h(-,xr), a quadratic tangent majorization surrogate of F' around xy, i.e.

(Ve € RY) h(z,z) > F(x) and  h(zg, z) = F(x). (7.2)

An efficient strategy consists in resorting to a quadratic tangent majorization function, structurally
analogous to a second-order Taylor’s expansion of F:

he(ey) o F)+ VE@) @~ 9) + g~y (7.3)
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RV*N chosen so as to

Hereabove, for every y € RV, A(y) is a symmetric positive definite matrix of
ensure (7.2). The latter, called the majorization metric matrix, yields a complete description of h(-,y)
and thus influences the approximation quality of F' by this same surrogate. Several techniques for
building suitable majorization metric matrices can be found for a wide class of problems encompassing
image restoration, telecommunication or supervised learning in [216, , D9

As a consequence of the invertibility of A(xy), for every k € N, we obtain the generic Quadratic

MM (QMM) scheme [223]:

(VE € N) xpq; = argmingcpn  h(x, ),
=T — AI:IVF(CC]C) (7.4)

with Ay, := A(z},) and g € RY. The QMM update (7.4) can be shown to map with the half-quadratic
algorithm [108] when F' is a penalized least-squares function. By construction, the sequence (x)ien
built by (7.4) guarantees a monotonic decrease of (F(xy))ren. Convergence of (xy)ren to a stationary
point of F' can be shown under suitable technical assumptions on F' and (Ag)ken [7]-

7.2.3 Subspace acceleration

When using update (7.4), one needs to invert an N x N matrix. Such an operation is undesirable when
N is large. The authors from [58] proposed to integrate a so-called subspace acceleration procedure
[199, 242] into (7.4) leading to:

(Vk € N) Tpy1 = argmin h(x, xy)

xcran(Dy,)
=z + Dyuyg, (7.5)
with
(Vk € N) wuy € argmin h(x, + Diu, i), (7.6)
ucRMk

and xy € RY. The key ingredient of the above method is the introduction of a matrix D, € RVN*Mk

with N > M} > 1, whose range ran(Dy) (i.e., vectorial space spanned by the columns of Dy ) imposes
a subspace to search for the new iterate xy,q. Taking My = N and Dy = Iy, the identity matrix
of RV, (7.5) goes back to scheme (7.4). In practice, only a few degrees of freedom are actually
required to reach good convergence speed (see [02] for a detailed analysis of the convergence rate of
scheme (7.5) as a function of Dy and Ayg), so M is typically retained as very small compared to
N. Interesting choices can be found in [58, Tab.1|. Setting Dy = [-VF(xg) | xr — xx—1] (with
convention _; = xg) brings notably to the so-called MM Memory Gradient (3MG) method whose
great performances have been illustrated in [102, 58, |. Other choices for the subpace matrix can
be found in [199, 164, 220, 219]. It is worth noting that the minimization scheme (7.5) shares strong
connections with non-linear conjugate gradient algorithm |1 78|, low-memory quasi-Newton approaches
such as L-BFGS [178, 156], trust-region strategies |2], and momentum-based methods [224]. In contrast
with these aforementioned works, the MM subspace scheme presents the key advantage of a simple
linesearch procedure (7.6) associated with sounded convergence guarantees. Indeed, assuming, without
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loss of generality that Dy, has full column rank, the quadratic structure of h(-, xj) allows to obtain an
analytical solution to sub-problem (7.6).

(VkeN) up=— (D,;rAka) ' DIV E(z). (7.7)
The interest lies here in the fact that DkTAka is an M} x M} matrix making its inversion far easier
computable than the inversion of Ay, as soon as M}, is small. Convergence properties of (7.5)-(7.6)
have been established in the convex setting in [58], and extended to the non-convex setting in [59] using
recent tools of non smooth analysis. The catalizing effect of the subspace acceleration for practical
convergence speed of MM methods has been acknowledged in the survey chapter [223]. We also refer
the reader to [19, , 43] for practical implementation of MM subspace approaches on modern high
performance computing tools.

7.2.4 SABRINA, a stochastic subspace MM algorithm

We are now ready to introduce the algorithm studied in this chapter. We focus on the stability
of the optimization scheme (7.5)-(7.6) when the gradient of F' is affected by an additive stochastic

perturbation at each iteration k € N, so that only the approximate value g, defined below, is available:
(Vk S N) gL = VF(Xk) + €. (7.8)

Hereabove, (eg)ren corresponds to a zero-mean stochastic process with a bounded variance in a sense
that will be specified in Section 7.3.2. Formulating the stochastic counterpart of (7.5)-(7.6) requires
to introduce the concept of inexact majorization function. For every k € N, the majorization function
h(-,xx) will be substituted by a new function hy, with the following expression:

-~ 1
hy :u e RY +—>F(xk)+g;(u—xk)+§||u—xk||ik. (7.9)

In analogy with the deterministic formulation from Section 7.2.3, the update at iteration k € N will be
grounded on the search of a minimizer of ﬁk along the directions spanned by the columns of a matrix
D, € RMexN

Let us also introduce a positive stepsize sequence (7i)ren in order to promote stability of the
iterates. This finally leads us to our stochastic minimization scheme called SABRINA (StochAstic
suBspace majoRization mINimization Algorithm):

(VEk e N) xp41 = x3 + 7 Dpuy, (7.10)
with .
(VkeN) uy = — (D;Aka) D] g, (7.11)
and xg = xg € RY, a deterministic quantity.

Remark 7.1. For the sake of clarity, throughout the chapter, we distinguish deterministic and ran-
dom quantities, with italic and non-italic styles, respectively. In particular, since the noise (ex)ken s
random, the quantities (&, Xk, Dg, Ug)ren are too. The probabilistic notations (i.e., probability space,
filtration), useful for our theoretical analysis, will be made explicit in Sec. 7.3.1.
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7.2.5 Link with stochastic preconditioned gradient algorithm

It is straightforward to rewrite SABRINA iterations (7.10)-(7.11) under the compact form:
(Vk € N) xp1 =% — B, (7.12)

with
-1
(Vk € N) Bj = Dj (D;Aka) D,. (7.13)

The above formulation is interesting as it highlights similarities between SABRINA and the pre-
conditioned gradient scheme with inexact gradient term, studied for instance in |12, 33]. The main
distinction is that the symmetric matrix Bj, € R¥*Y involved in (7.12) gathers information brought
by the majorization matrix Ay and by the retained subspace Dy, as described in (7.13). The for-
mulation above suggests that controlling the behaviour of (x)ren requires studying the properties of
(Bk)ken, which raises two main theoretical challenges that we plan to tackle in this chapter: (i) By, is
a random matrix with non necessarily full rank, (ii) F' is not assumed to be a convex function. Up to
our knowledge, the general scheme (7.12) has never been analysed under these two restrictions.

7.3 Preliminary Lemmas

In this section, we introduce our probabilistic notations. We present and discuss our assumptions.
Finally, we prove three technical lemmas that appear essential for establishing our main convergence
results presented in Section 7.4.

7.3.1 Probabilist framework

In the remainder of the chapter, we consider (2, F, P) a probability space to which we associate the
filtration (Fy),cn where Fo = {Q,0} and for all k > 1, Fj, = o (ep, X1, ..., €41, X)) corresponds to the
sub-sigma algebra generated by the family {eg,x1,...,ex_1, X} of random variables. For each k € N,
Fi. gathers all the information available from the origin of the process to iteration k. A mathematical
property will be said to be verified almost surely or a.s. if it holds on a probability-one set belonging
to F. We also remind that an element of F is negligible if it is a probability-zero one. For a given
k € N and subject to existence, we will denote E(.|F}), the conditional expectancy operator associated

to fk;

7.3.2 Assumptions

The following assumptions will guide us throughout the rest of the study.

Assumption 7.1. F is coercive and [3-Lipschitz differentiable on RN, i.e. there exists f > 0 such
that:

(V(x,y) € RY)?) |VF(z) ~ VF(y)| < B ||z —y]. (7.14)

143



Assumption 7.2. There exists (n,v) > 0 such that:
(VkeN) nIy 2 Ay <viIy as. (7.15)
Assumption 7.3. For every iteration k € N,
(i) rank(Dg) = My a.s.,
(i) gi € ker(D] )+ as..
Assumption 7.4. The stochastic noise process (ex)ken fulfills:
(i) (Vk € N) E(ex|Fr) =0 as.,

(ii) There exists C € (0, Crax) With Chax = ((1 4y 1) such that:

(Vk € N) E (|lex||*|Fx) < C?|VF(xx)|* as.. (7.16)

Assumption 7.5. (V),cy @5 a sequence of strictly positive scalars satisfying:

+oo
Y. — 0 and Z%Z‘FOO-
k=0

k——+o0

7.3.3 Discussion on the assumptions

Assumption 7.1 is rather standard in the analysis of stochastic gradient-based methods [111, |. It
is worth noting that the knowledge of the Lipschitz constant of VF' is not necessary for the practical
implementation of the method.

Assumption 7.2 is essential for ensuring convergence of MM methods involving quadratic majoriza-
tion functions, as it ensures that the majorization metric matrices remain well-conditioned. Let us
remark that the existence of such matrices is guaranteed by the descent lemma, since one can set
A = BIy, with 8 the Lipschitz constant of VF' (see Assumption 7.1). For such choice, SABRINA
identifies with SGD with specific MM-based closed-form formulas for the stepsize and the momentum
weight. As we will show in our experimental tests, it is however usually worthy to search for more so-
phisticated choices for (Aj)ren, leading usually to faster practical convergence (See also |5, Sec.IV],[62]
for the role of majorization mappings in the convergence speed of quadratic MM methods).

Assumptions 7.3(i) and 7.3(ii) work as a peer, and control the validity of the subspace construction.
These requirements are standard in subspace-based optimization methods [212, 58, |. Assumption
7.3(i) ensures the non-redundancy of the information within the subspace. Assumption 7.3(ii) enhances
some descent properties of the algorithm. Note that the latter Assumption is verified as soon as one
of the columns of Dy identifies with —gj (i.e. the SGD direction). Interestingly, for Dy = —gx,
SABRINA reads as a preconditioned SGD algorithm, with MM-based preconditioner.
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Assumption 7.4(i) is often required for studying the stability of gradient-based optimization schemes
in the presence of stochastic errors [35, 111]. Assumption 7.4(ii) corresponds to a second order moment
property and can be seen as a particular case of |35, Assumption 4.3.c|]. It states that uncertainty ey
should remain reasonable with respect to the norm of the (true) gradient of F' at x;. The larger
condition number n/v of the majorization metrics, the more permissive upper bound Ciax is. The
maximum theoretical bound @ ~ 6.18 x 107! is reached if and only if n = v. Such a situation
occurs for instance when Aj equals to a positive constant times identity. Typical choice would be
A = pIy, but, as already mentioned, this choice might be detrimental to the convergence speed. In
contrast, one can easily show that Cyax ~ n/v for n/v — 0%, which means that poorly conditioned
majorization mappings would demand a high level of tolerance on the gradient’s uncertainty. This
suggests that a compromise must be achieved between the convergence speed and the requirements in
terms of stability to noise.

Assumption 7.5 is a relaxed version of the classical o-sequence hypothesis [104]. In particular, a
main feature of our study is that it is not necessary to impose the usual condition Z;ZOB 'y,% < +o0.
Assumption 7.5 allows to choose a stepsize (7Vi)keny With a slow convergence to 0 (e.g., an inverse

logarithmic one).

7.3.4  Properties of the preconditioning matrices

As mentioned in Section 7.2.5, the behaviour of SABRINA iterates depends on the properties of
(Bi)ken expressed in (7.13). We derive some useful technical properties for these matrices, gathered
in the lemma below.

Lemma 7.1. Under Assumptions 7.2 and 7.3(i), for all k € N, By is almost surely well-defined and
satisfies:

Diu, = —Bgg, (7.17a)
1
Oy 2B = EIN, (7.17b)
1
(V& € ker(D})) z'Brx > ;||:1:H2 (7.17¢c)

Proof. Let k € N.

Matrix D;—Aka is symmetric. Using Loewner’s order property and Assumption 7.2, we almost
surely have
nD/D; < D} A;D; < vD/ Dy, (7.18)

Assumption 7.3(i) ensures that Dy is an injective operator. It follows that D;—Dk is a symmetric
definite positive matrix and according to (7.18) and n > 0, so is D;—Aka. This ensures that By, as
defined in (7.13), exists. Then, (7.17a) directly comes from (7.10) and (7.12).

Moreover, since the three terms in (7.18) are invertible matrices, we have:

—_

1 _ _ _
;(D;Dk) ' (DLAD,) ! < —(DDy) Y, (7.19)

3
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so that 1 1
;Dk(Dng)ing < By = EDk(DkTDk)ilD;' (7.20)

Let us denote:
P, = D.(D,D;)"'D,. (7.21)

P;. € RV* is an orthogonal projection operator since it is symmetric and verifies P% = P;.. It follows
that:
Oy 2P, < Iy. (7.22)

(7.17b) is then directly obtained by replacing (7.22) in (7.20).

As an orthogonal projection matrix, Py satisfies
(Va € ker(Pr)t) Prz=ax. (7.23)

Combining (7.23) with the left inequality of (7.20) yields:
1 1
(Va € ker(Pg)t) ' Brx > —x' Prx = —||z|> (7.24)
v v

There remains to prove the relation ker(D, ) = ker(Py,). Inclusion ker(D) C ker(Py) is straightfor-
ward. Since = € ker(Py), from the expression of Py and left multiplication by ', we have

' Dy(D. D) D)z =0. (7.25)

Since DkTDk is definite positive matrix, its inverse is too, so that DZ:L' =0, ie x € ker(Dg) which
concludes the proof of (7.17c¢).

O

Relation (7.17c) brings light into our interpretation of Assumption 7.3(ii) as a descent condition.

Indeed, taking @ = —gy, in (7.17c) leads to the gradient-related inequality [19] considered for instance

in the analysis of [58, 59]. Relation (7.17¢) will actually play a key role in the asymptotical analysis of
Section 7.4.

7.3.5 Two additional technical lemmas

The next lemma is essential as it guarantees the integrability of all the probabilistic quantities we will
manipulate in our convergence analysis. It especially validates the use of the conditional expectation
operator and of its associate properties in every situation encountered in our proofs.

Lemma 7.2. Under Assumptions 7.1, 7.2, 7.3(i) and 7.4(ii), for every k € N, x, VF(xy), e, and
gr are square-integrable random vectors of R . Moreover, F(x}) is an integrable random variable of

R.

Proof.  First, according to Assumption 7.1, F' is a differentiable and coercive function on R, which
ensures the existence of a global minimizer x* satisfying VF(x*) = Oy. Let us denote by F* the
minimal value of F' on RV ie. F* = F(z*).
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We start by proving the desired property for sequence (xx)ren. We here proceed by induction.
The case k = 0 is straightforward as xg is a deterministic variable.

Assume that x;, is square-integrable for a given k € N. Then almost surely, and using Lemma 7.1,

[xk41]1? =[xk — v Brgkl?,
< 2%k |* + 277 | Brgill®,

< 2l + 225 gl (7.26)
with
gl = IVF(xx) + e,
< 2||VF (xp)|* + 2]l ex]|*. (7.27)
Hereabove, the positivity of all the manipulated random variables makes possible to take the conditional

expectations. Since VF(xy) is Fr-measurable, the next inequalities follow by using Assumptions 7.1
and 7.3(i), almost surely

E(llgxll*|Fr) = E(|[VF (xx) + ex]||Fx),
< 2 E(|VE(xp) 1?1 Fx) + 2 E(llex*|F),
= 2|V F (xp)||” + 2 E(|lex|*| F),
< 2(1+ C*)|IVE ()%,
< 26%(1+ O%)|xp — 2*|1?,
< AB(1+ C%) (|1l + ll* ). (7.28)
Taking the expectations yields
E [llgrll®] = E [E(llgel?IFx)] ,
<A1+ C*)B(E [IIxe])?] + fl* (). (7.29)
By the induction hypothesis, we have E [||x||?] < +o0, so that using (7.26)-(7.29)

2
g 5
Elllxk1]”) < 2 E [[x]*] + 86277'5(1 +C%) (E [Ixill?] + [l*[|*) < +oo, (7.30)

which concludes this part of the proof.

We now focus on gj. The developments above shown that E [|]gk\|2] is upper-bounded by a positive
affine function of E [||xx[|?], itself being strictly lower than +oco. Consequently, E [||gx||?] < +oo.

Regarding VF(xy), we almost surely have
IVE(xp)|? < 82 lxp, — 2|,
< 268%(|lx ) + fl* (). (7.31)
The right member in the above equation is integrable, and so is the same for ||V F(x)]/?.

The integrability of ||eg||? arises directly from Assumption 7.4(ii), passing directly to the expecta-
tion.
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The descent lemma applied to F, which is a S-Lipschitz differentiable function of RY according to
Assumption 7.1, leads to

*

=
y
z
|
k!
A
o

®
>

|
8

I

IN

o N

(herll® + 1] (7.32)

The integrability of the right member of the above inequality yields the integrability of F(xy).
O

We end this section with one last technical result which provides a rational for the expression of
the bound Cjax introduced in Assumption 7.4.

Lemma 7.3. For every C € (0,Cmax), there exists pg > 0 such that Py, is strictly negative on [0, C]
where for all p > 0, P, refers to the polynomial

vp\ X2 X vp 1
Pp(X):<1—|—2n>n+n+<2772—y>. (7.33)

Proof. For all p > 0, P, is a second order polynomial whose discriminant A, is

1 4 vp 1 wvp
A= LA (e (Lo, 34
’ n2+n<+2n><v 2772> (730

Taking p € (O, 2(n/ 1/)2>, it follows that A, is strictly positive. Thus, P, admits two distinct roots

VA, 40

vp+2n

1B =1, (7.35)

<0, d =
and w2 o+ 2n

Wp,1 =

Taking the limit for vanishing p yields:

lim Wp2 =
p—0+t

= Chnax- (7.36)
Using C' < Cpax and (7.36) ensures the existence of py € <0, 2 (17/1/)2) such that w,, 2 > C. Moreover,
the second degree coefficient of P, is strictly positive, so that P, is strictly negative on (w1, wp,,2) D
[0, C] which completes the proof.

O
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7.4 Asymptotical Analysis of SABRINA

7.4.1 Stochastic majoration of (F(x)),cx

Proposition 7.1. Under Assumptions 7.1-7.4, the following majoration holds almost surely:
(Vk € N)  E[F(xp1)|Fi] < F(xp) +wl VE(xp) 2Py, (O), (7.37)
where P, is the polynomial quantity defined in Lemma 7.5.
Proof. Let k € N. We start by using the majoration property (7.2)-(7.3) of h(.,xy) on F at xj11
Flxin) < FOox) + VEGw) Goicen = x0) + 5 loan — el
< Fxi) + V) (k1 —x6) + 2lixers —xell® - as. (7.38)

where (7.38) is a direct consequence of Assumption 7.2.
Using scheme (7.12) and the definition (7.8), inequality (7.38) can be written:

14
F(xp41) < F(xg) — wVF(xy) ' Brgy + §”Xk+1 — x %,

1%
= F(xx) — V& 8. Bigr + 7k e, Brgy, + §ka+1 — x|
= F(xk) — Y 1 Begk + 7 ef BLVF(x1) + 7 €/ Brey,
1%
+ §||xk+1 —x3/? as. (7.39)

On the one hand, Assumption 7.3(ii) guarantees that g; € ker(D, )+ almost surely. Hence, the
left inequality (7.17¢) of Lemma 7.1 yields

1
g Brgi > ;HngQ a.s.. (7.40)
On the other hand, the use of Cauchy-Schwarz inequality and relation (7.17b) from Lemma 7.1 gives
1
e} BLVF(x;) < HHVF(XI@)H llex|l a.s.. (7.41)

Moreover, (7.17b) also leads to:
1
e/ Brep < —|lex]|® as.. (7.42)
n

And, again as a consequence of (7.17b),
41— i[> = 72l Brgll”,

o 2
< —’;Hng a.s.. (7.43)
n
Plugging (7.40)-(7.43) into (7.39) leads to:

Yk 2, Yk Yk 2 V'YI% 2
F(xp1) < F(xi) — " llexll” + FHVF(Xk)H lexl| + gHekH + 2772”‘%'“” a.s.. (7.44)
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Thanks to Lemma 7.2, we can take the conditional expectation in (7.44) and use the fact that
it is a linear operator. Moreover, accounting for Fj-measurability of F'(xj) and VF(xy), we obtain

B [F(xp41)|Fr] < F(xx) — % E [llgkl?1Fx] + % IVF ()| Elllexl| |Fl

Yk 2 V%% 2
+ mn E [|lex||*|Fx] + o2 E[|lgel®|Fe] as.. (7.45)

The end of the proof aims at finding an upper bound of the last four terms in (7.45), depending

only on VF(xy).
First, Definition (7.8) and the parallelogram identity give

E [lgl?1 7] = IVF (k) |2 + 2 E [VF(xi) TexlFi] +E [llex] 21 7] 2. (7.46)
Since VF(xy) is Fr-measurable, and using Assumption 7.4(ii), we have

E [VF(x)TexlFi| = VF(xx) TE [ey] Fil
=0 a.s., (7.47)

which leads to the conditional equality
E [llgxl*|Fe] = IVF () [I* +E [llex]*| ] aus.. (7.48)
Using Assumption 7.4(ii) we then deduce the following bounds for ||gs||?
IVF(xw)l* < E [llgrl*[F] < (1+C%) [VEG)|® as. (7.49)

Second, the following stochastic majoration of E[|| €| |F] is obtained by Jensen’s inequality and
Equation (7.16)

E(llexll 17x] < VE[llex|?|F&l,

< C|VF(xg)| as., (7.50)

where (7.50) arises from Assumption 7.4(ii).
Finally, Inequalities (7.16), (7.49), (7.50) combined with (7.45) give the desired result

1% 2 1%
BLF sl < Foo) ol oI (14 55) S S (P8 - 0)] e o)

Proposition 7.2. Under Assumptions 7.1-7.5, for every p > 0, there exists k, such that
(Vk > k,) E[F(xp1)Fr] < F(xx) + | VF(x) > P,(C)  as.. (7.52)
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Proof. By Assumption 7.5, g k—> 0, which ensures the existence of k, such that v, < p for all
—+00
k > k,. Thus,

vy C  C vy, 1
r=[(1+5) T+ (3]

O ) R

Inequality (7.52) directly follows from (7.37) of Proposition 7.1.

7.4.2 General convergence theorem

We start with the following theorem which gives a general result for SABRINA without any convexity
hypothesis:

Theorem 7.1. Under Assumptions 7.1-7.5, sequence (F(xg))ken converges a.s. to an almost surely
finite random variable. Moreover, (Xp)ren is such that

+oo

Z |%pr1 — xp]|? < 400 as., (7.54a)
k=0

liminf [VF(x;)[| =0 as.. (7.54b)
k—+o0

Proof. From Lemma 7.3, there exists pg > 0 for which P, is strictly negative on [0,C]. Applying
Proposition 7.2 with p = pg, yields the existence of k,, such that

(Vk > kpy)  E[F(x351)|Fi] < F(r) + [ VF(xk) [Py (C)  as.. (7.55)
Subtracting F™*, the minimal value of F' on each side of (7.55) yields
(Vk > kpy) E[F(xp41) — F*|Fi] < [F(x) — F*] + 1wl VE(xE)[* Py (C) - aus.. (7.56)

All random variables involved in (7.56) are positive and integrable. Moreover, we have P, (C) < 0
(since P,, is strictly negative on [0,C]). Thus, we can invoke Robbins-Siegmund’s lemma [202]. The
a.s. convergence of (F(xy) — F*)gen to an a.s. finite random variable is guaranteed, and so it is for
(F(xk))ken. Moreover again from Robbins-Siegmund’s lemma, we have the following property

400
Z’yk||VF(xk)H2 < 400 as. (7.57)
k=0

First, using (7.12), (7.17b) and then (7.49), yields

+OO +OO 2
7
S E [ — xl 7] <Y & Efgil 17,
k=0 k=0
< — 7 L RIVEG)I? as. (7.58)

k=0
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By Assumption 7.5, (vk)ken is positive and converges to 0. Thus, 2| VF(xx)|> < Y| VF(xk)|?
from a certain range k. It follows that the right term in (7.58) is a finite random variable and, as a

finally allows

+oo
consequence, . E [[xp1 — xx[|*|Fi] < +oc. Positivity of sequence (||xp41 — kaQ)keN
k=0

us to apply | 1, Prop.1] which gives (7.54a).

Our proof of (7.54b) is similar to the one of Zoutendijk condition for gradient-based optimiza-
tion methods [32], adapted to a stochastic framework. To do so, we stand on complementary set

{w € Q| lklm inf |VF(xg(w))]| > O} and prove that it is of zero probability.
—+00

For all w € Q such that lklm inf | VF(x,(w))|| > 0, following the definition of liminf, there exists
——+00
g(w) > 0 and a range ko(w) € N for which for all k£ > ko(w), ||VF(xx(w))] > e(w). Thus

(VE > ko(w))  xllVF (xi(@))[* > yre(w)?. (7.59)

Summing (7.59) from ko(w) to +o0, and using Assumption 7.5, we deduce

“+00
> wlVEERW)I > ew Z Vks
k=ko(w) k=ko(w)
= +o00. (7.60)
This leads to inclusion
+oo
{w € Q| liminf | VF (xx(w))|| > 0} C {w € Q] Z’kaVF(xk(w))HQ = —I—OO} . (7.61)
k——+oo =0

The term in the right side of (7.61) is a negligible set according to (7.57). As a consequence, the left
side of (7.61) is also a negligible set and (7.54b) holds by taking the complement.

O
Result (7.54a) ensures that sequence (Xj)gen has a finite length [59]. Although some recent works
consider (7.54b) as a sufficient convergence criterion |1 11], its scope remains limited since it only holds

for a given subsequence of (xj)ren. In the following, we make use of topological arguments to derive
useful corollaries of Theorem 7.1.

Corollary 7.1. Under Assumptions 7.1-7.5, the set x*° of accumulation points of sequence (Xi)gen 1S
almost surely non empty, compact and connex. Moreover, it contains at least one element of zer VF'.

Proof.  Since Theorem 7.1 holds a.s., there exists a set A C ) of probability one set where, for all
wEA,

kETooF(Xk( w)) < 400, (7.62a)
Z [Xp1(w) — x5 (w)]|2 < 400 (7.62b)
lim inf [V F (x,(w))]| = 0. (7.62¢)
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Inequality (7.62a) implies that (F(xx(w)))ken is a bounded sequence. The coercivity of F, in
Assumption 7.1, ensures this same property for (xx(w))ken. It follows that the set of cluster points
X*°(w) is non empty and bounded. Moreover, it is compact due to its closure (in finite dimension).

Moreover, (7.62b) leads to:

Xpt1(w) — xp(w) e Oy. (7.63)

Equation (7.63), and the boundedness of (x(w)),cy enables the use of Ostrowski’s theorem [152,
26.1]) which directly gives the connexity of x*°(w).
From the boundedness of (x;(w))ken, and (7.62¢), we deduce that there exists a convergent sub-
sequence (Xy() (w)) ren Such that
VF(Xgo(k) (w)) — Oy (7.64)

k——+oco

Let us denote by x> (w) the limit point of (x,4)(w)),. By construction, x*(w) belongs to x> (w).

.
Since F' is gradient-Lipschitz, by Assumption 7.1, its gradient is continuous and we finally obtain:

VE(x®(w)) = Oy. (7.65)
O

Corollary 7.1 provides us an overview of the distribution formed by the accumulation points of
sequence (X)cn- In order to refine the convergence theorem, we must introduce extra assumptions
on the level sets of function F' (see 7.2.1 for useful notations). We then propose an result, when F' is
convex with isolated stationary points.

Corollary 7.2. Under Assumptions 7.1-7.5, if F' is convex with isolated stationary points i.e.,
(Vv € R) Card(lev—, FNzer VF) < 400, (7.66)
then (X )ken converges almost surely to a (global) minimizer of F'.

Proof. On the one hand, by Theorem 7.1 and Corollary 7.1, there exists a probability-one set A C Q
for which w € A, (F(xy))r possesses a finite limit F2°. Moreover, x*°(w) is connex and possess a point
X(w) which also belongs to zer VF. On the other hand, the convexity of F induces that the set of its
(global) minimizer maps with zer VF' (by Fermat’s rule). It follows that X(w) is a global minimizer of
F', that we will denote x*(w) (following notations from Sec. 7.2.1). By continuity of F,

(Ve e RY) F(x) > F(x*(w)) = E. (7.67)

Moreover, again by continuity of F, for all x € x*(w), F(x) = F° = F(x*(w)). Thanks to
(7.67), we deduce that every & € x*°(w) is a (global) minimizer of F' and then one of its stationary
point. This yields the inclusion:

X® (W) C (lev_p(ge(w)) F Nzer VF). (7.68)

Since all stationary points of F' are assumed to be isolated, set lev_py«(,)) £ N zer VF is finite, and
so is set x*>°(w). Moreover, set x*°(w) is non empty and connex, so we obtain x*°(w) = {x*(w)} which
completes the proof.

O
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7.4.3 Convergence rate analysis

We provide here our second main theoretical result, regarding the convergence rate of SABRINA, in
the case when F' satisfies a strong convexity property.

Theorem 7.2. If F is a-strongly convezr (i.e., F — || - ||* is convex) and Lipschitz differentiable
function on RN then, under Assumptions 7.2-7.5, there exist Dy > 0 and a sequence (r)pen Such
that, for k sufficiently large,

In (E [F(xgt1) — F*]) < 7. (7.69)

Moreover,
k
Tk D D, x (— ;%-> : (7.70)

Proof. First, let us notice that Assumption 7.1 holds, since F' is supposed to be a-convex and Lipschitz
differentiable. Since Assumptions 7.2-7.5 also hold, we can thus come back to (7.56) (from the proof
of Theorem 7.1, and using the same notations), and take the expectation to obtain:

(Vk > kpy) E[F(xp+1) — F*] SE[F(x}) — F*] 4+ 7Py, (C) E [|VF(x4)[?]  as.. (7.71)
Let us make use of [35, Eq. (4.12)] related to strongly convex functions, which reads:
(VE e N) |VF(xp)|? > 2a(F (x3) — F*). (7.72)

Substituting (7.72) in (7.71) then leads to:
(k> k) E[F(xps1) — F*] < (143 E[F(xg) — F, (7.73)
with
i = 2aP,, (C)ye <0 (since P, (C) < 0). (7.74)
Moreover, by Assumption 7.5, (7;)ren converges to 0 so that there exists ki > k,, such that:
(Vk > k1) 147, €(0,1). (7.75)

Then, by induction, it follows that for all £ > k1 + 1,

k—1
E[F(xp) = F]<E[F (xp,) = FT[] 1 +7). (7.76)
i=k1

Taking the logarithm in (7.76), by virtue of Condition (7.75), then yields:

k—1
In (E[F(x) = F*)) < 3 In(1+%) + In (E[F (x,) — F7]). (7.77)
i=k1

The end of the proof consists in searching for an asymptotic equivalent of the right member of (7.77).
Convergence of (V;)ken to 0 (by Assumption 7.5) ensures:

In(1 4+ 7k) k—;\—;-oo Vi (7.78)
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Sequences (In(1 +3k)) >k, » (Vk)p>r, are both negative. Moreover, Assumption 7.5 yields:

+o0
> Fi=—oo. (7.79)

i=k1
We can thus deduce:
k—1 k—1
Z In(1+ %) el Z i
i=k1 i=k1
k-1
=20P,(C) ) i (7.80)
i=k
k-1
Since the series Y In(1+7;) diverges to —oo, it follows that
i=k
k-1 k-1
Z In (1473;) + I (E[F () = F*]) _~ 2aPy(0) Z Vi,
i=kq i=kq
k
i 20.P,, (C) Z;V (7.81)
7=

Hereabove, (7.81) arises from the convergence of (7 )ren to 0 (Assumption 7.5). The desired conclusion
is reached by setting Do = —2aP,,(C).
Ul

Theorem 7.2 guarantees an ¢; convergence to F* for sequence F'(xj)ren generated by SABRINA.
Although sequence (ry)ren share the same asymptotical behaviour than the stepsize sequence, it does
not necessarily ensure the same situation for (F(xy)reny — F*) since passing to exponential does not
preserve the speed of convergence. It should be emphasized that the choice of (7x)ren that ensures
convergence is rather permissive due to Assumption 7.5. One interesting practical choice thus consists
in setting (y),ecn @8 a sequence converging to zero as slow as allowed by Assumption 7.5. As a result,
relation (7.70) ensures that the logarithmic expectation in (7.69) tends quickly to —oo.

7.4.4 Link to existing works

Our “liminf" convergence criterion (7.54b) is probably the most encountered one in optimization |

chapter 1.4] among those introduced in Theorem 7.1. Similar result is also obtained in [111, 105] con-
sidering a stochastic context. The aforementioned works focused on an method closed to ADAM [137],
that has been quite notorious in the field of deep learning this last decade. To a certain extent,
the scheme in [111, | can be interpreted as a specific case of ours without using MM metric (i.e.,
Ay = Iy) and where subspace acceleration is replaced by momentum weights combining with a man-
ually tuned stepsize. By including an MM approach in a non-convex situation, the MISO algorithm
from [161] shares common features with the one we develop here. The asymptotical result from |

)
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Prop.3.3] is also expressed as a “liminf" condition but, up to our knowledge, might appear harder to in-
terpret than (7.54b). Our result (7.54a) is not as common in the litterature of stochastic optimization,
as its counterpart (7.54b), probably since it is slightly less tractable. It shares structural similarities
with the finite length condition stated in [59, Theo.3| studying the MM subspace algorithm without
noisy gradient. When considering noisy gradient, we manage here to show (7.54a), which is weaker
in the sense that the square norm summation does not ensure necessarily that (xj)ren is a Cauchy
sequence, and thus does not allow to easily conclude on its almost sure convergence.

More generally, Robbins-Siegmund’s lemma [202] is a widely used tool to deduce asymptotical prop-
erties of stochastic approximation schemes [39, ]. Our use of Ostrowski’s theorem [132, Theo.26.1|
and the connexity argument to obtain Corollary 7.1 is reminiscent from [63]. However, in contrast with

the aforementioned work, we use the convexity hypothesis only at the very end in Corollary 7.2. The
idea of using level-set as an alternative arises from [104].

The supervised learning context has highly promoted studies relative to speed estimation of stochas-
tic algorithms and especially for gradient methods both in a convex [175, , 35] and more recently in
a non-convex setting [96]. [12, 33] also focus on quasi-Newton approximation approaches and obtain an
£1 behaviour. Their approach can actually be seen to a particular subspace choice within our method,
although no MM metric/stepsize are taken into consideration in [12, 33].

7.5 Application to Binary Classification

As a first illustrative example, we focus on a supervised binary classification problem. We consider
M feature vectors (v, )1<m<m € RV, with their associated labels (ym)1<m<y € {—1,1} as a training
dataset. In a linear classification context, one possibility to estimate parameter model &* € RY consists
in searching the best linear classifier through the minimization of the log-loss penalized empirical risk

[39]:
| M N 2
(Ve € RYN) F(x) = Vi Z log (1 4+ exp (—[Hx]n)) + ,uZlog <1 + 53) . (7.82)
m=1 n=1

T e RM*N inyolved in the so-called data-fidelity term,

Matrix H = Diag{(ym)i<i<am }[v1, ..., V]
gathers the information brought by the training dataset. The second term in (7.82) is a regularization
term weighted by p > 0, which aims at promoting the sparsity of the estimated model so as to limit
overfitting issues. The retained regularization is a coercive, continuous but non-convex approximation
of the ¢y norm, which is at the core of re-weighted ¢; schemes [141, 197]. Function (7.82) is Lipschitz

differentiable on RY and coercive. However, it is non convex due to the regularization term.

7.5.1 Majorization mapping and convergence guarantees
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First, using the properties from [37, 63|, we are able to exhibit the following majorization mapping
A(-) for the objective function (7.82) :

(Ve € RY) A(z)

2
= H " Diag {(9([La]m)1<m<rr} H + pDiag{ | ——— + 71y, (7.83)
Ty + 0 1<n<N

with 9 : u — % (ﬁ — 1) extended by continuity in 0. Moreover, 7 is a strictly positive constant
xp(—u) 2
ensuring the fulfilment of Assumption 7.2. For such choice of mapping, Assumption 7.2 holds with:
1 1%
= =7+ —|||H|||? + 2. 7.84
n=7, v=1+ o lIHIP+254 (7.84)

We propose to implement SABRINA by considering two choices for the subspace, namely Dy =
Iy, and Dy = [—gi | ©r — x—1]. Both satisfy Assumption 7.3 and respectively yield the so-called
SABRINA-I and SABRINA-MG algorithms. If Assumptions 7.4 and 7.5 hold, sequences generated
by these two algorithms verify Theorem 7.1 and Corollary 7.1. Otherwise stated, for suitable stepsize
and noise perturbation settings, our theoretical analysis ensures an almost sure convergence to a
stationary point of F for a subsequence of (xj)ren. Function F' is non convex and does not have finite
level sets, so that the stronger convergence results established in our study cannot be applied.

7.5.2 Numerical settings

When using the SABRINA-I scheme, the majorization function minimization requires to invert an
N x N system, which is performed using the linear solver from [221]. The gradient perturbation is
simulated by applying a multiplicative noise following a uniform law centered in 0 on every component
of the gradient at each iteration that is, for every k € N,

e, = C x Diag{(unx)1<n<n }VEF(xg), (7.85)

where each entry of uy = (U 1)i1<n<n € R is an independant realization of a uniform law between
[—1,1]. By construction, Condition (7.16) holds since, for every k € N:

E [[lex]*|Fx] < CE [|Diag{ (unr)1<n<n bk loo| Fil IVF (1) 1%,
= C?|VF(xp)|*. (7.86)

Equation (7.86) also guarantees the integrability of e;. Moreover, uy is zero-mean so that Assump-
tion 7.4(i) also holds. We set the decreasing step-size v, = 1/(k + 1)%91, for k € N, thus satisfying
Assumption 7.5. Performance of SABRINA are evaluated against those of state-of-the-art stochastic
gradient-based schemes from the machine learning field, namely SGD [20], ADAGRAD [37] and RM-
Sprop [120]. The parameter tuning for these methods (e.g., learning rate, momentum weight) was
made empirically, following recommendations from [207], to obtain best possible practical convergence
behaviours.

Datasets rcvl and a8a are extracted from LIBSVM library [52|. Table 7.1 lists properties of these
datasets and the retained hyperparameters u, § and 7. The latter has been manually chosen to ensure
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a satisfying compromise between a good conditioning of the majorization mapping (and then, a wide
range of values for C, see Sec. 7.3.3) and a fast convergence rate.

Dataset || Train M Test  Features N |||HI||?/(4M) u & 7T Chax
rcvl 20242 677399 47236 55 x 1073 10070 1 1 0.54
a8a 9865 22696 122 1.6 1072 1 05 0.2

Table 7.1: Dataset properties and hyperparameter settings

7.5.3 FExperimental results

In Fig. 7.1, we illustrate the efficiency of every competitor through the evolution of the gradient norm
of their iterates along time for a Matlab 2020a code ran on a desktop computer equipped with an
Intel Core i7 3.2 GHz pro and 16 GB RAM. For this figure, we set C = 0.95 X Cinax, S0 as to meet
the conditions imposed by Assumption 7.4(ii) and then convergence of SABRINA is ensured in the
sense of Theorem 7.1 and Corollary 7.1. It is noticeable that both SABRINA variants reach the best
performance when compared to their competitors. Moreover, for both datasets, the interest of subspace
acceleration is visible, as SABRINA-MG reaches faster convergence than SABRINA-I. Finally, let us
emphasize that SABRINA implementation does not impose any tedious manual learning/momentum
rate tuning, as it was the case for the other methods. Table 7.2 lists classification scores obtain by
SABRINA-MG at convergence for both datasets.

—— Constant SGD.
ADAGRAD

0 60 80 100 120 140
CPU time (s.) CPU time (s.)

Figure 7.1: Evolution of the gradient norm along time for various algorithms, on dataset rcvi
(left) and a8a (right). Noise amplitude C' = 0.95 X Cax.

Dataset || Accuracy AUC Precision Recall
rcvl 9,2x 1071 9,7x 107t 9,3x 107! 9,1 x 107!
a8a 8,4x1071 89x107t 7,5x107t 5,2x 107!

Table 7.2: Classification scores after running SABRINA-MG for 60 s.

Fig. 7.2 illustrates the evolution of the gradient norm along SABRINA-MG iterations for various
levels of noise on the gradient term, when considering the rcvl example. Increasing the noise level

158



obviously slows down the convergence of the method. Moreover, one can see that SABRINA-MG
starts showing some oscillating behaviour when C > Clax. Considering an order of magnitude ten
times higher than Ci,x, one can observe a change of regime where the convergence of the algorithm
seems compromised. Such phenomenons suggest that the bound Chax involved in Assumption 7.4 is
consistent and not over pessimistic in this example for ensuring practical stability of the algorithm.

IVF (i) |

20 40 60 80 100 120 140
CPU time (s.)

Figure 7.2: rcvl: Evolution of the gradient norm along time for various noise amplitudes
affecting the gradient term in SABRINA-MG.

7.6 Application to Robust Blur Kernel Identification

We now consider a problem of robust blur kernel identification. The problem is reminiscent from the
one studied in [63]. We seek for solving the inverse problem

y=Hz+n. (7.87)

y € RM corresponds to the vectorized version (in lexicographic order) of an original image z € RM,
degraded by an unknown blur kernel Z € RY to be determined, and an additive noise n € RM. The
blur operation corresponds to a 2D discrete convolution (with circulant-padding assumption) between z
and Z, that is rewritten equivalently as the application of the linear Hankel-block operator H € RM*N
(related to z) on the kernel €. We consider a more challenging noise scenario than in [63], where outliers
can arise in the observed data. Specifically, n € RY is the realization of a Gaussian mixture noise
with standard deviations (o1, 02) > 0 and mixing rate g €]0, 1], where typically o1 < 2. An efficient
strategy for solving (7.87) consists in minimizing a penalized criterion:

(Ve € RY) F(x) = L(z) + R(x), (7.88)

where L plays the role of the data fidelity term, accounting for the mixture noise model, and R is a
regularization function promoting desirable prior assumption on the sought «.
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Due to the presence of outliers in the noise, we opt for the Huber data fidelity term, well suited for
robust inverse problem resolution

M
(Ve eRY) L(x) =) lm([Hlm)), (7.89)
m=1
with
1 2 -
5(t — flt— <
(Vm=1,... M)(WtER) lo(t) =4 2 ym)l . t=yml =p (7.90)
plt — ym| — 5p° otherwise.
Moreover, we choose to promote smoothness of the restored kernel, by setting:
N
(vz €RY) R(x) =) v(|Anzl). (7.91)
n=1
Hereabove, for every n € {1,...,N}, A, € R**¥ corresponds to the discrete vertical and horizon-

tal gradient operators applied to the n-th pixel of the 2D reshaped kernel . Moreover, ¢ : u —
Ay/1 4+ u?/K? is the hyperpolic penalty with smoothness parameter x > 0. Function (7.91) can thus
be viewed as a smoothed version of the classical total-variation norm widely used in image processing.
Parameter A > 0 is a regularization parameter.

The resulting function (7.88) is convex and Lipschitz differentiable on RY. Moreover, according to
[203, Proposition 2.5], F' is coercive if and only if

ker(H) Nker(A1)N...Nker(Ayx) = {0n}, (7.92)

which actually holds for our practical choices for H and Aq,..., Ay [63].

7.6.1 Majorization mappings and convergence guarantees

The Huber potential terms (¢, )1<m<nr satisfy the assumptions from [58, Sec.III| so that we can build
the following majorization mapping:

(Vz € RY) Ap(x) = H ' Diag ((m([Hz]n])) H, (7.93)
with
1 if ’t - ym| S p
Vm=1,..., M)Vt e R) (n(t) = 7.94
(vm ) ) Gmlt) {H—IZM otherwise. (7.94)
Function 1 satisfies the properties of [58, Sec.III], allowing us to build a majorization matrix for
penalization (7.91):
(Vvh e RY)  Ag(x) = AT Diag(p(x))A, (7.95)

with A =[A] | ... | A}]T € R2V*N Moreover,
sllael) | ||

(Ve e RY) p(x) = : e R, (7.96)

s(laval| | |

160



with w : u — (14 u?/k?)~ /2. Studying the variations of function w allows to deduce:

(Ve e RY) Oy < Ag(z) < X

Iv. (7.97)

In a nutshell, Ar + A, would constitute a valid majorization mapping for function F. However,
it does not necessarily satisfy Assumption 7.2 since no strictly positive lower-bound is guaranteed for
such mapping. We thus hereagain use the corrected mapping:

(Ve e RY) A(xz) = Ap(x) + Ag(x) + 1y, (7.98)

with 7 > 0. We can thus deduce from (7.97) and (7.93) that the mapping (7.98) satisfies Assumption
7.2 with:

N[

n=7, v=r+lHP+

(7.99)

We focus on the minimization of (7.88) using the proposed SABRINA scheme for various choices
of subspace matrices. We discard the choice Dy = Iy, that appears to be not well suited with such
large dimension problem. Instead, we focus on the so-called super-memory gradient subspace family
[220], where:

(Vk €N) Dy =[-gk|xk = Xp—1| - | Xpong1 — Xp—ng,] € RVM, (7.100)

with the convention x; = Oy for ¢ < 0, and My > 1 a memory size parameter. The resulting algorithms
are denoted SABRINA-SMG-Mj. When M = 1, we retrieve the gradient direction Dy = —gy, while
for My = 2 we obtain the memory gradient subspace Dy = [—gi | xx — Xk_1], so that SABRINA-
SMG-2 identifies with SABRINA-MG considered in our previous experimental example. Subspace
(7.100) satisfies Assumption 7.3 for any M > 1!. Thus, Theorem 7.1 and Corollary 7.1 hold under a
moderate gradient noise (see Assumption 7.4). Assuming than F' has isolated stationary points would
yield the applicability of Corollary 7.2, which would guarantee the almost sure convergence of (xx)xen
to a global minimizer of F'. Although it is not possible to show the fulfilment of this technical condition,
we did not observe any convergence instability on the sequence (Xx)gen-

7.6.2 Presentation of the data and settings

The original image z is the satellite image SanDiego of size M = 1024 x 1024 pixels. The blur kernel is
a non-uniform motion blur with size N = 21 x 21. The noise parameters are o1 = 5 X 10*4, o9 = 20007
and ¢ = 0.1, so that the signal to noise ratio of the observed image is 13.3 dB. The original image, its
degraded version y and the blur kernel to reconstruct are displayed in Fig. 7.3.

'Here, it is assumed that, for every k € N, columns of D;, that would be co-linear to the first column —gj
are removed and M), adjusted, so as to satisfy Assumption 7.3(i).
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Figure 7.3: (Left) Original image z ; (Middle) Blurred and noisy image y ; (Right) Original
blur kernel .

The numerical experiments are performed on the same computer with the same software details
as for the example of Section 7.5. We use the same uniform multiplicative noise (see Sec. 7.5.2) for
the gradient perturbations in our proposed method, so as to satisfy Assumption 7.4. Once again we
set k = 1/(k + 1)%0 as the step-size for every k € N. Finally, the hyperparameters are tuned through
gridsearch so as to minimize the relative mean square error (RMSE) on the kernel estimation, to
(p, A\, k) = (1,10, 10).

7.6.3 Calculation of C\.x

The ratio between bounds (7,v) involved in (7.99) allows to compute the allowed tolerance on the

gradient uncertainty, following Assumption 7.4(ii). However, in the particular problem of blur identi-
fication, |||H|||* may be very large so that /v < 1 and thus Cpayx < 1. Typically, in our example,
we obtain a theoretical Cpax close to 8 x 1072 which is very constraining in term of gradient noise.
Actually, the difficulty lies in the over pessimistic lower bound n = 7 in (7.99). Let us first point out
that, according to (7.93),

(VEeN) (74 min (o ([Hxi)) |[|H|||?)In < Aj. (7.101)
1<m<M
We computed the actual values for 1<mi£1M Cm ([Hxg]) along iterations, in our practical experiment,
<m<
and observed that this quantity actually goes rapidly to 1 after few iterations. This leads us to consider
=7+ HI? (7.102)

as an empirical lower bound. Note that such bound gets valid as long as p is large enough, with respect
to the absolute value of the entries of vector Hx — y. We denote:

=

~ 1 47
Cmax i ((1 + j)

> )i - 1) , (7.103)

and express the gradient perturbation level C' used in the experiment, as a function of CN’maX. Note
that, in the present experiment, Cyayx = 6.18 x 10~1, which is closer to the best case bound mentioned
in Section 7.3.3.
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7.6.4 Numerical results

We first compare the performance of SABRINA with classical stochastic algorithms. We also include
ADAM method [137], as it shows rather good performance in that example. The gradient perturbation
is set to C' = 0.25 x 5max. The methods are compared in terms of RMSE between the current iterate
and the sought kernel .

—S8GD
——ADAM
ADAGRAD

———RMSprop :
—— SABRINA-SMG-1 - ETED
——SABRINA-SMG-2

SABRINA-SMG-3

SABRINA-SMG-6

0 100 200 300 400 500 600
CPU time (s.)

Figure 7.4: (Left) Evolution of the RMSE along time for various algorithms ; (Right) Estimated

kernel using SABRINA-SMG-2, RMSE = 4.4 x 10~%. Noise amplitude C' = 0.25 X Cpax, and
starting point xg = Oy.

Fig. 7.4(left) shows that SABRINA-SMG-2 is the fastest of the algorithms to reach convergence.
The other choices of memory size, for the super-memory gradient subspace, appear less competitive,
which is in accordance with the observations from [58, 63]. The RMSE of the reconstructed kernel,
displayed in Fig. 7.4(right), is equal to 4.4 x 10~* for an estimated computational time of 600 s.

RMSE

C =2,5x Cpaa

20 40 60 80 100 120 140 160 180
CPU time (s.)

Figure 7.5: Evolution of the RMSE along time for various noise amplitudes affecting the gradient

term in SABRINA-SMG-2.

For the setting of Fig. 7.4(left), the value of C' actually exceeds the maximal numerical tolerance
Chax, but is chosen lower than Ci.x which appears sufficient in practice to reach convergence for all
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SABRINA variants tested here. In Fig. 7.5, we now present the evolution of the RMSE along time
for SABRINA-SMG-2, when its gradient term is affected by various levels of noise C'. One can notice
that our corrected bound 6’max clearly maps with the delineation of two regimes for the convergence of
SABRINA-SMG-2. As soon as C is sufficiently low compared to émax, convergence is fast. On the
contrary, a too high C seems to compromise the behaviour of the method, as expected and divergence
can even be observed for large C.

7.7 Conclusion

The work in this chapter provides new insights into the stability of MM schemes suffering from stochas-
tic noise perturbations on their gradient evaluation. New asymptotical results and convergence rate
analysis are demonstrated under reasonably mild assumptions, and in the challenging scenario of a non
necessarily convex cost function. Two numerical experiments in the fields of machine learning and im-
age processing illustrate the high relevancy of the considered MM schemes compared to several classical
competitors both regarding their speed of convergence and their robustness to noise. In particular, the
experimental results emphasize the impressive performance of MM algorithm associated to a memory
gradient subspace, already assessed in some previous works [58, 63]. It is remarkable to notice that, for
such subspace choice, our contribution can be understood as providing novel theoretical guarantees on
a stochastic non-linear conjugate gradient method with MM-based formula for stepsize and conjugacy
parameters. One avenue for future work would be to extend our convergence rate analysis to a larger
class of function by alleviating the strong convexity condition.
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— Chapter 8
A Kurdyka-Lojasiewicz property for
stochastic optimization algorithms in a
non-convex setting

Stochastic differentiable approximation schemes are widely used for solving high dimensional problems.
Most of existing methods satisfy some desirable properties, including conditional descent inequalities
[202, 112], and almost sure (a.s.) convergence guarantees on the objective function, or on the involved
gradient [209, |. However, for non-convex objective functions, a.s. convergence of the iterates, i.e.,
the stochastic process, to a critical point is usually not guaranteed, and remains an important challenge.
In this chapter, we develop a framework to bridge the gap between descent-type inequalities and a.s.
convergence of the associated stochastic process. Leveraging a novel Kurdyka-Lojasiewicz property, we
show convergence guarantees of stochastic processes under mild assumptions on the objective function.
We also provide examples of stochastic algorithms benefiting from the proposed framework and derive
a.s. convergence guarantees on the iterates.

This work relies on the article: E. Chouzenoux, J-B. Fest and A. Repetti. A Kurdyka-Lojasiewicz
property for stochastic optimization algorithms in a non-convex setting, available at the following adress
https://arxiv.org/abs/2302.06447.

This research work has been done in collaboration with Audrey Repetti (Heriot-Watt University,
Edinburgh, UK).
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8.1 Introduction

In this chapter, we aim at solving problem

minimize F(x), (8.1)
where F' : H — R is a continuously differentiable function defined on a finite-dimensional real Hilbert
space H. We consider a generic stochastic process (xx)gen to solve (8.1) on a probabilistic space
(Q, F,P). Generating (xj)ren typically results from a stochastic approximation scheme [201, 89]. Cel-
ebrated examples are often based on stochastic gradient descent (SGD) algorithms, where (x)ken
arises from a gradient descent scheme with the gradient of F' being replaced by stochastic approxima-
tions.

The objective of the work of this chapter is to develop a new framework, based on Kurdyka-
Lojasiewicz (KL) theory 111, 25], to derive almost sure (a.s.) convergence guarantees of the stochastic
process (Xj)ren, when F' is not convex.

When (8.1) is solved using a deterministic scheme, the main advantage of KL condition lies in
its ability to promote interesting asymptotic behavior when F' is non-necessarily convex. In this
context, KL has been used to prove convergence of proximal point algorithms [9, 10], of simple splitting
algorithms such as the forward-backward algorithm and its variants [10, 64, 27, , 66, , 30, 31],
as well as other algorithms based on the majorization-minimization principle [59, 56, 51]. A natural
question is to investigate the transfer of the proof techniques from the deterministic setting, to the
stochastic setting, for asymptotic analysis including a.s. convergence of stochastic processes. Such an
extension is quite challenging, mainly due to the dynamics of the functions involved in KL conditions,
that cannot be controlled in a stochastic environment. Although KL inequality has already been
invoked for L' or L? convergences of some stochastic schemes [106], to the best of our knowledge, no
generalized KL inequality has been developed yet in this context.

Hence, no asymptotic analysis including a.s. convergence of the stochastic processes has been
properly formalized and completed. In particular, the authors of [152] mention that a stochastic
formulation of the KL inequality would enable to study the accumulation points of the process, without
however providing any theoretical results.

In this chapter, we investigate the conditions that a stochastic process (Xj)reny minimizing F'
must satisfy to ensure its a.s. convergence to a critical point, under the KL inequality. To this aim,
we design a new KL condition for differentiable functions, that can be used in a stochastic setting.
Using this new framework, we furthermore derive conditions to ensure the convergence of processes
generated by a few generic stochastic schemes based on SGD and proximal iterations. In particular,
we show that our conditions enable to ensure the convergence of some state-of-the-art SGD algorithms
[212, 71, 162], stochastic proximal-gradient algorithms (also known as forward-backward) [71, 107, 151],
and stochastic proximal algorithms [210].

The remainder of the chapter is organized as follows. Our general stochastic framework is described
in section 8.2. In this section, we introduce general assumptions, and give preliminary results, including
a first convergence result in a simplified setting. In section 8.3 we provide a deterministic extension
of the uniformized KL property introduced in [9, Lemma 6]. We then use this extension to design
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a KL condition that can be used in a stochastic setting. In section 8.4, using the stochastic KL
inequality introduced in section 8.3, we show the a.s. convergence of a family of stochastic processes
(xk)keN to a critical point. Finally, in section 8.5 and section 8.6, we apply the results of section 8.4
to exhibit conditions for convergence of SGD and stochastic proximal-based algorithms, respectively,
in a non-convex context.

8.1.0.0.1 Notation Let (#,(:|-)) be a finite dimensional Hilbert space. ||| denotes the canonical
norm associated with H. For any subset E C H, the distance function to this set is denoted by
dist(-, E) = infgep || - —x||. Bold letters as a are used for deterministic vectors, while straight bold
letters as x are used for stochastic vectors. Similarly, = is used for denoting a deterministic scalar
variable, while straight x denotes a stochastic scalar variable. Upper-case letters are used for functions.
The variable F'(x) denotes the stochastic value of function F' evaluated at the stochastic variable x.
We work on the probability space (€2, F, P). We remind that a condition holds almost surely (a.s.) if
it holds on a probability-one event of F. We denote by E[-] the expectation operator, and E[-|G] the
conditional expectation operator regarding a generic sub sigma-algebra G C F.

Let VF' be the gradient of F'. Then we denote by zer VF' the set of zeros of VF, i.e., the set of
critical points of F'. Finally, we introduce x>, the set of accumulation points of sequence (Xj)gen. SO

X

> is a random variable from  to the set of subsets of H.

8.2 General assumptions and preliminary results

In this section, we introduce the probabilistic setting and assumptions used in the remainder of this
chapter.

8.2.1 Assumptions

The following generic assumptions will guide us throughout the remainder of this chapter.
Assumption 8.1. F is coercive and continuously differentiable.
Assumption 8.2. Let (xi)ren be a stochastic process.

(i) The sequence (F(Xk)keN)ken converges a.s. to a random variable Foo. In addition, F is finite
a.s.

(i) (VEF(x))pen almost surely converges to On.

These assumptions are very common, and are satisfied by a wide range of stochastic algorithms.

The first assumption is standard in the field of differentiable optimization and notably ensures
that F admits at least one global minimizer [19]. Assumption 8.2 is usually satisfied by classical
schemes. Indeed, convergence of (F'(x)ren)ren and (VF(xy)),cy are often obtained easily in both
deterministic [178], and stochastic [202, 89| settings. Note that Assumption 8.2(ii) necessitates the
almost sure convergence of the gradient to zero. This condition is verified in particular by stochastic
schemes with a conditional strong growth condition, see for instance [212, |.
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8.2.2 Preliminary results

We will now give some preliminary results, with the aim to link the different sets related to convergence
of (Xk)keN and (F(Xk))keN-

Proposition 8.1. Under Assumption 8.1 and Assumption 8.2, we have
(1) (xk)ken is a.s. bounded.

> 4s a.s. non empty and compact.

(i) x
(i) x> C zer VF a.s.
(iv) (dist(xg, x*))zen converges a.s. to 0.

Proof. According to Assumption 8.2, there exists a set A C 2 of probability one where, for all w € A,

kgrfmF(xk(w)) < 400, (8.2a)
m[[VE (e (w))l = 0. (8.2b)

Inequality (8.2a) implies that (F(xx(w)))ken is a bounded sequence. According to Assumption 8.1,
F Dbeing coercive, (xx(w))gen is also bounded. It follows that the set of cluster points x*°(w) is non
empty, bounded and closed in H, hence compact.

Let w € A. We will now show that x*°(w) C zer VF. Let o, € x*°(w). There exists a subsequence
(Xy (k) (w))keN converging to Too. Moreover, from (8.2b), (VF(xy)(w)))ken converges to Oy. Since,
according to Assumption 8.1, the gradient of F' is continuous, we thus obtain VF(x«) = Oy, and
hence x, € zer VF.

We now show that (iv) holds. By contradiction, if (dist(x(w), x*°(w)),en does not converge to 0,
then there exist ¢ > 0 and a subsequence (x, (1) (w))ren such that

(Vk € N)  dist (xy, (5)(w), x®(w)) > € (8.3)

Since (xx(w))ken is bounded, (%, (1)(w))ren is also bounded. So the set of cluster points of (X, (1) (w))ken
is non-empty and included in x*°(w)

xl € x*°(w) such that walowz)(k) (w) — wf)OH kjoo 0.

. Thus, there exists another subsequence (X(y, oys) (k) (W))ren and

Hence, dist (X (g, 0p0)(k) (@), X (w)) k_>—+>oo 0, which contradicts (8.3) and thus concludes the proof.
O

Proposition 8.2. Under Assumption 8.1 and Assumption 8.2, {w € Q ’
Foo(w) € F(zer VF)} is a probability-one set.

Proof. According to Assumption 8.2 and Proposition 8.1, there exists a set A C Q of probability one
where, for every w € A', klim F(xg(w)) = Foo(w), x*®°(w) # 0, and x*°(w) C zer VF.
—+00

Then, for every w € A’ there exist a vector €o, € x*°(w) and a subsequence (Xy (k) (w))keN such

that x()(w) k_>—+>00 T oo, and F(xy ) (w)) k_—i-)oo Foo(w). In addition, since F' is continuous, we deduce

that F(xy ) (w)) k—>_+>oo F ().
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Hence Foo(w) = F (ko) € F(x*°). Using the fact that x>°(w) C zer VF, we then obtain Fo(w) €
F(zer VF'), which concludes the proof. O

The next theorem is a first convergence result occurring in the particular case when zer VF' is at
most countable, i.e., if it is either countable or finite.

Theorem 8.1. Assume that Assumption 8.1 Assumption 8.2 are verified and that (||Xk+1 — Xk||)ken
converges a.s. to 0. If zer VF is at most countable, then sequence (Xi)ren almost surely converges to
a point belonging to this set.

Proof. Since x*° is compact a.s. and (||xg+1 — Xk||)ken converges a.s. to 0, then, according to the
Ostrowski’s Lemma [182, 26.1|, we can deduce that x> is connex a.s..

Moreover, x*° is a.s. non empty, and at most countable as contained in zer VF. We thus deduce
that x> is a.s. reduced to a singleton {x*}, where x* € zer VF. Since (xx)ken is a.s. bounded, it
converges a.s. to x*, hence concluding the proof.

O

8.3 KL theory as a baseline of improvement

When zer VF is neither countable nor finite, there is a lack of information on the curvature of F' to
ensure the convergence of the general stochastic scheme to a critical point. The use of non-convex func-
tions has encouraged the development of alternative theoretical tools, in particular in a deterministic
context. One of the most famous is the class of KL inequalities [111, 25| enabling interesting gradient
properties.

To this aim, we first need to introduce some notation.

For every ¢ € (0,+00], we denote by ®¢ the set of concave functions ¢: [0,() — Ry such that
©(0) = 0, ¢ is continuous in 0, ¢ € C*((0,()), and, for every s € (0,¢), ©'(s) > 0.

The link between ®¢ (for ¢ > 0) and @, is described through the following proposition.

Proposition 8.3. Let ( € (0,400). Any function ¢ of ¢ admits a bounded extension ¢ belonging to
D

Proof. Let ¢ € ®¢. Since ¢ is positive, it follows that ¢ is an increasing function. Then l; =
limg_, .~ ¢(s) exists and lies in [0, +-00]. Moreover the concavity and differentiability of ¢ with ¢(0) =0
ensure that, for every s € (0,7), ¢(s) < s¢'(0). Passing to the limit thus gives I1 < 7¢’(0) and then
l1 < +o0.

Moreover, since ¢’ is decreasing on (0,¢) (due to the concavity of ¢) and positive, we conclude
that Iy = limy_, .~ ¢/(s) exists and lies in [0, 4-00).

Finally, we deduce that there exists a function ¢: [0,4+00) — R, defined as (see figure 8.1)

N QO(S) if s € [0; C)?
(Vs €]0,+00)) ¢ = {ll 1 1o¢ (1 — %) otherwise.

@ belongs to &4, and is bounded. O
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Figure 8.1: Graphical representation of the proof of Proposition 8.3, ¢ is a C'! extension of ¢
and especially admits [; + (5 as a limit to +oo.

8.3.1 Extension of the uniformized KL theorem

In this section we extend classical KL results for differentiable functions. To this aim, we first recall
the generic definition of differentiable functions satisfying KL, as introduced in, e.g., [9, 27].

Definition 8.1. |[KL inequality| A differentiable function f : RN — R satisfies the Kurdyka-Lojasiewicz
property on £ C H, if for every @ € E, there exists a neighbourhood V of €, ¢ > 0 and ¢ € ®¢ such
that ||V f(x)|¢' (f(x) — f(x)) > 1, for every & € V satisfying 0 < f(x) — f(x) < (.

One major result following the KL inequality is the uniformized KL property introduced in [27,
Lemma 6]. This extended KL condition has been used to prove convergence of deterministic algorithms
in a non-convex setting, especially when considering block alternating approaches [27, 76].

Theorem 8.2. [Uniformized KL property| Let C be a compact set in H and f: H — R be a differ-
entiable function constant on C, satisfying the KL property on C. Then, there exist (¢,() € (0, +00)?
and ¢ € ®¢ such that

(Ve C)Ve e H) [IVf(@)l¢'(f(=) - f(@) =1, (8.5)
when dist(z,C) < e and 0 < f(x) — f(T) < (.

We propose an extension of Theorem 8.2 to apply KL on a finite union of compact sets, for functions
that are piecewise constant on this union. This result will be instrumental to prove a.s. convergence of
stochastic processes. To this aim, we introduce an additional notation. Let C be a non-empty subset
of H and f: H — R be a function that is constant on C. Then we denote by fo the value taken by f
on C| i.e., for every x € C, f(x) = fc.
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Theorem 8.3. [Extended uniformized KL property| Let C' = UiI:1 C; be a union of I € Ny non-empty
disjoint and compact subsets (Ci)i<i<r of H, and f: H — R be a differentiable function satisfying the
KL property on C. We also suppose that f is constant on every C;, fori € {1,...,1}, with respective
values fcy, ..., fc;. Then, there exist (,() € (0,+00)? and ¢ € ®¢ such that

(Vie{l,....Ih (Ve e H) [Vf(@)ll¢'(f(z) - fo;) =1 (8.6)
with dist(z,C) < e and 0 < f(x) — fc, < C.

Proof. Without loss of generality we consider that fo, # --- # fc,.

We start by applying the uniform KL property to Cy,...,C;. For every i € {1,...,1}, there
exist (g;,¢;) € (0,+00)? and ¢; € P, such that for every * € H verifying dist(z, C;) < &; and
0 < f(x) — fe, < ¢ we have

V@)l (f(z) - fe,) = 1. (8.7)
Let Z: vmingz; | fo, — fo;| with v €]0,1/2[. We have 5 > 0. In addition, using the continuity of f, for
every i € {1,...,I}, there exists &; €]0,¢;[ such that, for every x satisfying dist(x, C;) < &;, we have
(@) - fo.l < ¢ (8.8)
Let 6 €]0,1[ and € = d min;<j<s &;. Then
I
{z e | dist(z,C) <e} | J{zeH | dist(m,C;) <&} (8.9)
i=1

We now show that (8.6) is satisfied for ¢ as defined above, ¢ = min((y, ...y, Z) and ¢ = Zle w; €
Pc. Let © € H and i € {1,...,I} be such that dist(x,C) < € and 0 < f(x) — fc, < ¢. For every
je{l,...,I}\ {i}, since ¢ < (, using the definition of ¢, we have 0 < |f(x) — fc,| < v|fc, — fe;l-
Since that v €]0,1/2[, we obtain

|f(®) = fe;| = |(f(x) = fe,) + (fe, — fe))l,
> | Ife, — fo,| = 1f (=) — = |fo, — fe;1 = | f(@) — fel,
> (1 =v)lfe, = fo;| > vlfe, = fo;l,
> ¢ (8.10)

Then dist(x,C;) > €; (otherwise this contradicts the continuity property of f in (8.8)). So, as
dist(x,C) < &, (8.9) necessarily implies that « Dbelongs to the wunion of sets
UJI-:1 {x e H | dist(x,C}) < &;}. This leads to dist(x, C;) < &; and we finally deduce that dist(z, C;) <
g; (since &; < g;). In addition, since ¢ < (;, we have 0 < f(x) — fc, < ¢, and we can apply once
more the uniform KL property at C; (i.e., (8.7) is verified). Since ¢}, ..., ¢} are all positives, we thus
deduce that

IV (@) (f () = for) = IV f ()] Z% for)

> |Vf(x )II%( (x) — fc;) > 1.
This completes the proof. O
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8.3.2 A stochastic KL property

Motivated by the results presented in the previous subsection, we make the following assumption on
function F'.

Assumption 8.3.
(i) F satisfies the KL property on zer VF, the set of critical points of F.

(ii) There exist I € N, non-empty disjoint compact subsets C1,...,Cr of H, such that zer VF =
ngl Ci.

Note that assuming that F' satisfies the KL property on zer VF (i.e., Assumption 8.3(i)) is common
in non-convex optimization. As emphasized, e.g., in [25], the KL inequality is satisfied for a wide class
of functions, and in particular by real analytic, semi-algebraic! and log-exp functions. In addition,
Assumption 8.3(ii) is a condition that will be used for the a.s. convergence of (xj)ken, through the
existence of a uniformized KL function with respect to all the trajectories of the process.

Let

II =liminf{w € Q | F(xx(w)) > Foo(w)}. (8.11)

k—+o00

We then deduce the following properties.

Proposition 8.4. Assume that Assumption 8.1, Assumption 8.2 and Assumption 8.8 hold. Then,
over the set 11, there exist a bounded ¢ € ® 1 and an a.s. finite positive discrete random variable K
such that, for every k > K, |[VF(xx)|l¢' (F(xx) — Feo) > 1 a.s.

Proof. Let us consider
c= |J x*w) (8.12)
weONIL
where

@:{F(xk) - Foo}ﬂ{XOOCzerVF}

k—+o00
m { dist(xg, x*°) — O} ﬂ {FOO(Q) C F(zer VF)} (8.13)

k—+o00

is a probability-one set, owing to Assumption 8.2, Proposition 8.1 and Proposition 8.2. The continuity
of VF (Assumption 8.1) also ensures that zer VF is closed and then C C zer VF, where C denotes
the closure of set C. Considering J = {i € {1,...,I} | CNC; # 0}, it follows that C = CNzer VF =
Uie J cNaC;, _

where, for every i € J, the set C N C; is non-empty, bounded and closed. Moreover, for every ¢ € J,
we have F(CNC;) = {F¢,}.

According to Assumption 8.3, since F' satisfies the KL property on zer VF', we can apply Theorem
8.3. As a consequence there exist e¢ > 0, (¢ > 0 and ¢ € ®¢., such that, for every x € H and i € J
satisfying dist(z,C) < e¢ and 0 < F(x) — F¢, < (c,

IVE(@)|| ¢e(F(x) — Fo,) = 1. (8.14)

LA function is semi-algebraic if its graph is a finite union of sets defined by a finite number of polynomial
inequalities.
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According to Proposition 8.3, ¢¢ has a bounded extension @c belonging to ®y.,. Then, ¢ also
satisfies, for any € H and i € J such that dist(z,C) < e¢ and 0 < F(x) — F¢, < (e,

IVF ()| ¢e(F(x) — Fe,) > 1. (8.15)
Considering this, we now define the positive discrete random variable
K=min{l € N, | (Vp >1) dist(x,,C) < e¢ and 0 < F(x,) — Foo < (¢} - (8.16)

The latter is finite over © N1I. In addition, according to Assumption 8.3, for every w € © N1I, there
exists ¢ € J such that Foo(w) = Fg,, and (8.15) finally leads to

(Vweondl) (Vk>K(w)) [[VFGxw))| e (FExrw) = Foo(w)) = 1. (8.17)
The fact that P(© N II) = P(II) concludes the proof. O
In [152, Assumption 3.9, C.2], the authors have highlighted that the construction of a stochastic

KL inequality was based on the set C as introduced in (8.12) without however going further in the
reasoning. In addition, in [152, 95], the authors assumed the existence of a uniformized function with
respect to all trajectories to enable their convergence results to hold.

8.4 An almost sure convergence result based on KL theory

In this section, we give conditions that a stochastic process must satisfy to ensure its convergence to a
critical point of F'. To this aim, we introduce additional notations that will be used in the remainder of
this chapter. We associate the initial probabilistic space (€2, F,P) with a filtration (F%),cy. Moreover,
for a given k£ € N and subject to existence, we denote by E(.|F) the conditional expectation operator
associated with the sub sigma-algebra Fp. We also denote by F* the minimal value of F'.

8.4.1 Main assumption and summability criterion

The following assumption is the backbone of our convergence theorem, given in subsection 8.4.2.
Assumption 8.4. Let (xi)ren be a stochastic process.

(1) (F(xg))ken and ("VF(Xk)||2)keN are two Fi-measurable and integrable processes.

(ii) There exist (ug)ren, (Vk)ken, (Tk)ken, (Sk)ken, (tk)ken five non-negative deterministic sequences
and (Wg)ken @ non-negative Fy-measurable integrable process, such that

—+00 —+00 “+o0 —+00
< , inf v > 0, < , t, < , < .S, 8.18
kZOUk 400 /irelek kzork 400 kzo < 400 kZOWk + o0 a.s ( )

and such that, for every k € N, we have

E[F (1) — P < (1+ ug)(F(xg) — F*) — e [VEGe) |2 4wy a5 (8.19)
and
Ell|xkt1 — Xkl | Fr] < re/ F(xk) — F* + si|[VF(xk)|| + t a.s.. (8.20)
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Assumption 8.4(i) is a common assumption, satisfied in particular when the randomness appearing
at iteration k£ € N is independent from what happened during the previous iterations. In Assumption
8.4(ii), condition (8.19) ensures that (F'(xj)),cy is @ quasi-supermartingale [202]. Additionally, (8.20)
ensures that the norm difference between consecutive iterates is upper bounded, relatively to the norm
of the gradient of F. In practice, these two inequalities often imply an underlying assumption on the
nature of the stochastic phenomenon at stake. Note that Assumption 8.4 is slightly stronger than
Assumption 8.2, as emphasized by the next proposition.

Proposition 8.5. If Assumption 8.1 and Assumption 8.4 are satisfied, then Assumption 8.2 holds.

Proof. Condition (8.19) and the fact that F' is bounded from below (since it is coercive) allows us to
invoke the Robbins-Siegmund Lemma [202] which directly ensures that Assumption 8.2 is verified with
P2 e[ VE (xp) |2 < +00 ass..
The fact that inf vy > 0 then directly gives lim |[VF(xy)|| =0 a.s.. O
keN k—+oo0

Before going further, we need to introduce additional notation. Let (pg)ren be the positive sequence

defined by
k

(VEeN) pp =[]0 +u), (8.21)
=0

where (u;);en is defined in Assumption 8.4(ii). Let, for very k € Ny,

Li: H xRF —
;_>

8.22
(:c,wo,...,wk_l) ( )

R
- k-1,
(F(m) - F )pk,ll - z:lz()1 wip; !

Defining such a function enables to handle a supermartingale where the conditional decrease is only
relative to the gradient, instead of the quasi-supermartingale appearing in condition (8.19).

In this context, for every k € N, and (wo,...,wr_1) € R*, Ly(-,wo, ..., wr_1) plays the role of a
Lyapunov function which can be use to get an equivalent formulation of (8.19).

Lemma 8.1. Let (xi)ren be a stochastic process, and let (wi)ken be an integrable Fj-measurable
non-negative process satisfying (8.18). Let also (vi)ken be a non-negative deterministic sequence sat-
isfying (8.18), and let (px)ken be the sequence defined in (8.21). Condition (8.19) is equivalent to

(Vk € Ny)  E[Lgy1(Xpt1, Wo, - - -, W) | k]

UV
< Lp(Xky W0y« v vy Wm1) — FkHVF(Xk)H? a.s.. (8.23)
Proof. For every k> 1, ¢ € H and (wo, ..., wx_1) € R¥, we have
k—1
F(x) — F* = Pk—1 (Lk(x,wo, ey wkfl) + szpl_1>
i=0
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Using this equality, for every k& > 1, (8.19) is then equivalent to

K
Pk (E[Lk+1(xk+1a LIRS Win)
i=0

k—1
< (14 ug)pr—1 (Lk(xk,wo, cey Wee1) + Z Wip;1> — || VE(xp) || 4 Wi as..
1=0

Dividing this inequality by pr = pr—1(1 + ug) > 0, we obtain

]E[Lk-‘rl(xk-i-l’ wo, ... 7Wk)|*/_"k]
k k—1 v
_ _ k _
< ik woy oo wien) = (Do wan = Y win ) - EIVEGRR) | +wapy ! s (8:24)
i=0 i=0

The equivalence between (8.24) and (8.23) then follows from the fact that Zf:o Wip; - — Zf:_ol wip; L =
-1
WD, -

O

Remark 8.1. Let k € N, and (w;)o<i<k—1 be defined as in Assumption 8.4(ii). If the a.s. finite limit
Foo of (F(x;))ien exists, then the a.s. finite limit Ly o of process (Ly(Xi, W1,... Wg—1))ien exists as
well, and is given by

k—1
Lk,oo = (Foo - F*)plzl - Zwip;l- (825)
i=0
In the case when F, exists, we define, for every v > 0, the following set of events:

Ey= {w €N ‘ (Vk>1) Foolw) < F(xg(w))

v
and | Ly oo — E[Lj41,00| k]| < vpll:HVF(xk(w))HZ}. (8.26)

In the remainder, to obtain summability and convergence results, we will assume that there exists
v € (0,1) such that P(Z,) = 1. Intuitively, this assumption means that F, must a.s. be a lower bound
of process (F(xk))keN-

The second inequality in (8.26) indicates that, at iteration k € N, the error on the identification of
Li 0o (equivalently, of Fo) is upper bounded by the squared norm of VF.

Proposition 8.6. Suppose that Assumption 8.1, Assumption 8.8 and Assumption 8.4 hold. Moreover,
assume that (Skpkvk_l)keN is a non-increasing sequence and that there exists v € (0,1) such that
P(E,) =1. Let p € P be a bounded function, and

+oo

SkDPk
e (e 102
k=1

- w(E (L1 (Xpy1, Wo, -+ o Wi)|[FR] — E[Lkﬂ,oo\fk]))- (8.27)
Then I'y, < 400 a.s..
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Proof. According to Proposition 8.5, Assumption 8.2 holds, so, for every k € N, L , the a.s. limit
of process (Lx(x;, wo, ..., Wg_1))ieN, exists and is given by (8.25).

According to Assumption 8.3 and Assumption 8.2, F,, belongs to a finite set. In addition,
according to Assumption 8.4, (F(x))ycy and (Wi),cy are integrable. Thus, for every k € N,
Lit1(Xk41, Wo, - .., wg) and Ly 41 o are integrable, and hence E [Ly41(Xg+1, Wo, - - -, Wi ) | Fr] and E[Ly41 00| F]
are well-defined.

On the one hand, there exists v € (0,1) such that P(Z,) = 1. Using the definition of Z,, we
therefore have E[Ly 11 oo|Fi] — Lk oo > —fy;;—:HVF(xk)HQ a.s..

Combining this inequality with (8.23), we obtain, for every k > 1,

Li(%k; W0, - - -, Wi—1) — L oo
v
- (]E [Lit1(Xk41, Wo, - -, Wi ) [ Fk] — ]E[Lkﬂ,oo\fk]) > (1- V)FZHVF(XIOHQ a.s.. (8.28)

Since 1 —~v > 0, we deduce that

(Vk €N)  Li(xp, wo,.--, Wig—1) — L oo
> E [Lg1(Xe41, Wo, - - -, We)[Fi] — E[Lgt1,00|F3] as.. (8.29)

On the other hand, following the definitions (8.22) and (8.25) with P(Z,) = 1, for every k € N,, the

two random variables in (8.29), (Lk(xk, Wo,...,Wr—1) — Lk.oo) and (E [Lgt1(Xk+1, Wo, - - ., W) | Fk] —
E[Lk+1,00|F)) are a.s. non-negative. Let ¢ € ®, be bounded. Then, the function ¢ can be applied to
the a.s. positive random variables (L (X, Wo, ..., Wr—1) —Lg o) and (E [Ly1(Xp41, Wo, - - ., Wi) | Fr] —
E[Lk+1,00| Fi])-

Furthermore, ¢ being an increasing function, (8.29) leads to

(Vk € N) ‘P(Lk<xk>W07 ey WE1) — Lk,oo)
> SO(E (L1 (Xpt1, Wo, -+, We) | Fie] — E[Lk+1,oo|fk]> a.s., (8.30)

and consequently I',, is a.s. well-defined, non-negative as an infinite sum of a.s. non-negative terms. We
can subsequently take the expectation of these quantities, and use the monotone convergence theorem

[115] to obtain
+o0 Sk
kPEk
E [FW] = Z Uk E[QO (Lk(Xk, wo, ... 7Wk—1) - Lk,oo)
k=1

— (B Lo Rk, W0, - Wi F] = Bl Bl )| (8:31)
Since ¢ is bounded, we can use the linearity of the expectation, leading to

—+00

SkDk
E[ly =) ?E [‘P(Lk(xkaWOa e Who1) — Lk,ooﬂ
k=1

SkPk
Uk

E ME (Lo (Xpos 1, Wos -« o Wi)|Fie] — E[Lkﬂmm])] . (8.32)
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Using the inverse conditional Jensen’s inequality [115] applied to ¢ gives
@ (E (L (e, Wo, - W)l Fi] = ElLi1 ol 7).
= SO(E [Li1 (Xkt1, W0, - -+ s W) — L1 00| Fi >
> E {@ (Lk+1(Xk+1,W0, e WE) — Lk+1,oo> ’]:k:| : (8.33)
Taking the expectation [ of these quantities leads to
E [(E[Lri1 (Rs1, wo, - wi)lFr] — Bl ol ) |

>E {]E [%9 <Lk+1(xk+1aW07 c, WE) — Lk+1,oo> ’J:k”

=E [90 (Lk+1(Xk»+17 WO, .. W) — Lk+1,oo):| : (8.34)
Combining (8.32) with (8.34), and since (M>k N is non-increasing, we obtain
Vi (S

+o0

S

E [FSD] S Z kpkE [@(Lk(xkawﬂa ce. 7Wk:—1) - Lk,oo)]
=1 Uk

SkDk
T o E [@(Lkﬂ(xkﬂ,wo, Ce W) — Lk+1,oo):| 7
= SkPk
< E[(L Wo, -, We1) — L )]
_; o | L (xk, wo Wi—1) — Likoo
Sk4+1Pk
- %E [90 (Lk+1(xk+17W0, W) — Lk+1,oo>:| : (8.35)
+

From (8.35), since ¢ is an increasing and bounded function on R}, we deduce that

0<E[l,] < %E [¢ (Ll(xl,w()) - Ll,oo)} < oo, (8.36)
1
Hence I', admits a finite expectation and consequently is a.s. finite. O

8.4.2 Main result

1S a

Theorem 8.4. Under Assumption 8.1, Assumption 8.3 and Assumption 8.4, if (Skpkvk_l)keN

non-increasing sequence and if there exists v € (0,1) such that P(Z,) =1, then
(1) 2221 ka1 — x| < +00 aus.,
(ii) the sequence (Xk)ken converges a.s. to a critical point of F.

Proof. According to Proposition 8.5, Assumption 8.2 holds. In addition, since =, C II, where II is
defined in (8.11), and P(Z,) = 1, we have P(II) = 1. Thus Proposition 8.4 can be applied, and there
exist ¢ € @4 and an a.s. finite non-negative discrete random variable K such that

(Vk>K) ||[VFp)|¢'(F(xx) —Foo) > 1 as.. (8.37)
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According to the definitions of Lj and Ly,  in (8.22) and (8.25), respectively, we have

(Vk? S N*) F(Xk) —Foo = pr_1 (Lk(Xk,WO, ce ,Wk_l) — Lk,oo)» (8.38)
where (wo, ..., wg_1) are defined in Assumption 8.4(ii). Hence (8.37) rewrites
(Vk >K) |[VF(xz)]l¢ (pk—1(Lk(Xk,Wo, e Wh—1) — Lk,oo)) >1 as. (8.39)

According to (8.21), (pk)ken is lower-bounded by 1. Then, since ¢ is concave, hence ¢’ is decreasing,
and we have

(Vk > K) HVF(Xk)H(,O/(Lk(Xk, WO, ... ,Wk:—l) — Lk,oo) >1 as.. (840)

In addition, owing to the concavity of ¢, for every (a,b) € R?, we have ¢(a) — ¢(b) > ¢'(a)(a — b).
So, for every k > K, taking a = Ly (X%, Wo, . .., Wg—1) — Li,oo and b = E [Ly11 (X1, Wo, - - ., Wi) | Fr] —
E[Lk+1,00|F%) in (8.40), we obtain

© (Lg (g, w0, - -, Wr—1) — Lig o0)
— ¢ (E [Lg1(Xkt-1, W0, - - - » W) | Fr) — E[Lit1,00| F))
> ' (Li(Xks Wo, - - -, Wk—1) — L o0)

X (Lk(Xk,Wo, ooy Whke1) = Lo
— <E [Lk+1(xk+1, W0, ... ,Wk)’fk] — E[Lk+17w‘fk]>) a.S. (8.41)

Since Proposition 8.6, holds, we can use inequality (8.28). Hence, injecting successively (8.28) and
(8.40) in (8.41) leads, for every k > K, to

@(Lk(xk, W0, ey W—1) — Lk,oo>
— (L1 (e, W0, -, WL FR] = ElLis 00l ),
> (1 =) HIVE G P! (Lt W, who1) = Lioo)
>(1- ’y);})—ZHVF(xk)H as.. (8.42)
Combining (8.20) with (8.42) almost surely gives, for every k > K,

Elllxr+1 — xell|Fe] < (1= )" o;,  sipn <<P(Lk(xk7WOa ey Who1) — Lk,oo)

~ ¢(E [Liss(xerr, wo, .. wi) | Fi] - E[Lk+1,oo|fk]))

—i—Tk\/F(Xk) — F* +tg. (8.43)

Using Proposition 8.6, the summability of (rx)reny and (tx)ren, and the fact that

(VF(xk) — F*)keN a.s. converges to v/Fo, — F*, the right hand side term in (8.43) is a.s. summable.
+

Then, since K is also a.s. finite, we can deduce that Y ;> E[||x4+1 — xx|||Fx] < +oo a.s.. Finally, since
(lIxk+1 — X&) gey 18 a positive sequence, we can apply Levy’s sharpening of Borel-Cantelli Lemma
[163, Ch.1, Th.21], leading to >} |[xk+1 — Xx|| < 400 a.s.. It then follows that (xj)cy is a.s. a
Cauchy sequence. Moreover, according to Proposition 8.1, (Xy),cy .. has a critical point of F' as an

accumulation point. Hence (xj),.y a.8. converges to this critical point. O

ke
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8.5 Stochastic gradient schemes

In the previous sections we have presented a general framework to show convergence of the iterates
of stochastic schemes for solving (8.1) in a non-convex context, when F' satisfies Assumption 8.1
and Assumption 8.3. In this section we give examples of stochastic gradient algorithms satisfying
Assumption 8.4, hence with convergence guaranteed by Theorem 8.4.

A wide class of stochastic gradient schemes for solving (8.1) are of the form of
(Vk S N) Xpyr1 = Xk — o Uy, (8.44)

where, for every k € N, f;, € H usually denotes a stochastic approximation of the gradient of F' at xg,
ay € (0,400) is the step-size (also called learning rate), and Uy: H — H is a stochastic self-adjoint
linear operator usually used as preconditioner (e.g., stochastic Newton or quasi-Newton schemes).
Algorithms of the form of (8.44) include variants of the popular SGD [212, , 87, | as well as
schemes incorporating second-order information like stochastic Hessian approximations [233, |, or
more generally preconditioned SGD algorithms [153].

8.5.1 Conditions on the approximated gradient

Let (Fj)ken be the canonical filtration, i.e., for every k € N we have Fj, = o(xq, ... X).

For every k € N, f; in (8.44) aims at approximating the true gradient VF(xy). In general, it
is assumed to be integrable, and that there exist three non-negative deterministic sequences (ax)ken,
(bk)ken, and (ck)gen such that

E[|f)1? | Fil < an(F(xe) — F*) + bp[ VEG)| + e as.. (8.45)

This condition is very generic, and is satisfied by multiple schemes from the literature. For instance,
in [216, 133], condition (8.45) is satisfied when (ag)ren, (br)ken, and (ci)ren are constant, equal to
a>0,b>0and c > 0, respectively.

When, in particular ¢ = 0, and ¢ = 0, condition (8.45) is equivalent to the conditional strong
growth condition [212]:

(Vk e N) E[|If]* | Fi] <b|VF(x)|? as.. (8.46)
A relaxed case, only assuming a = 0, has also been investigated in |20, 36]. Finally, condition (8.45)
also extents those of [71], in the differentiable case, where, for every k € N, a; = 0, but without

assuming that (bg)ren and (cg)ken are constant.

8.5.2 Conditions on the step-size

In (8.44), (ak)ken is a positive sequence playing the role of step-sizes. When they are chosen to be
constant, it has been shown in [212] that Assumption 8.4 is verified if the unknown gradients (fx)xen
satisfy the strong growth condition (8.46). If this condition is not satisfied, in particular for non-
constant step-sizes, but a more general condition holds (e.g., (8.45)), (o )ken must be decreasing to
ensure the robustness of the perturbation on the induced variance [36].
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8.5.3 Conditions on the preconditioning operator

In (8.44), (Ug)ken is a sequence of stochastic preconditioning self-adjoint linear operators, with an a.s.
uniformly bounded spectrum, i.e., there exist two positive sequences (ux)ren and (Vg )gen such that

(VE e N)Vz € H) mllz|? < (x| Upz) < vz|®> as.. (8.47)

The most famous class of preconditioning matrices for gradient descent schemes is the Quasi-Newton
one. In this context, for every k € N, Uy, is chosen to be an approximation of the Hessian of F' evaluated
at the current iterate xj, (assuming that F' is twice-differentiable). The celebrated quasi-Newton BFGS
method is one of them. The convergence behavior of (F'(xg))ren has been studied in [233] in a non-
convex and stochastic setting. However, to the best of our knowledge, the a.s. convergence of the
sequence of iterates (Xj)ren has not been studied yet in the literature.

8.5.4 A general framework for convergence of SGD algorithms in a
non-convexr context

In this section, we link the noisy gradient condition (8.45) to the descent conditions of Assumption
8.4. In particular, we show that under mild conditions on the parameters involved in (8.44), (8.45)
and (8.47), Theorem 8.4 holds.

Proposition 8.7. Let F' be a [5-Lipschitz differentiable function, for some 5 > 0, and let (xx)ren be
a process verifying (8.44), (8.45), and (8.47) with respect to (Fi)ren. Assume that

“+o00 “+o00
. 1/2 1/2
inf py > 0, apvpa;,’ < 400, apupc,’ =~ < 400, 8.48
inf puk kz_o KVEQy, + kz_o KVECy, + (8.48)

and that one of the two following statement holds:

(i) The sequence (fy)ken is conditionally unbiased, i.e., for every k € N, E[fy|Fx] = VF(xx) a.s.;

and
) o By,
f - . A
liIGIN o <Mk 5 >0 (8.49)
(ii) The sequence (fi)ken verifies
+o0 2
S % R[] - V() |? < 400 as. (8.50)
o Mk
and there exists o € (0,1) such that
. o By,
f - . 8.51
e (om = 5 ) >0 (551

If the sequence (Uy)ken is chosen to be adapted to (Fi)ken (i-e., for every k € N, Uy, is Fi-measurable),
then (Xp)ken satisfies Assumption 8.4.
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Proof. Following a similar proof as for |77, Lemma 2], it can be shown that the conditional expectations
of all manipulated random variable are well-defined and satisfy Assumption 8.4(i). To show that
Assumption 8.4(ii) is satisfied, we need to show that both conditions (8.19) and (8.20) hold. To this
aim, we will first derive generic inequalities. F being [-Lipschitz differentiable, we can apply the
descent lemma [19], and we obtain

aif
(Vk €N)  F(xp41) < F(xp) — ap(VF(xx) | Ugfy) + %HkakH?- (8.52)
Subtracting F™* in (8.52), and passing to the conditional expectation lead to
(VE € N) E[F(xk+1) — F* | Fil,

<E[F(x) ~ F* — ox(VF(0) | Ui + 22012 | 7] s,

2
= F(Xk) — F* — Ozk<VF(Xk) ‘ UkE[fk‘ka + %E[Hkak”Q’fk] a.s., (853)

where the equality is obtained using the linearity of the conditional expectation, and the Fi-measurability
of F(xi), VF(xy) and Uy, for all kK € N.
Moreover, from (8.45) and (8.47), it follows that, for every k € N,

E[[Ufi %1 7] < viB[l1£:]1%1F%]
< viag(F(xx) — F*) + viby||VF(xi)||* + vick as.. (8.54)

Injecting (8.54) in (8.53) gives, for every k € N,

2 2
Bl (o) — P17 < (14 S ) (P ) - 1)
aiﬁygck
alévier,

We will now first show that condition (8.20) is verified in both cases (i) and (ii). We will then show
that (8.19) is also satisfied, using separately case (i) or case (ii).

— ap(VF(xy) | UpE[fg| Fy IV F(xp)|* +

]>ai/82y i (8.55)

According to the scheme in definition (8.44), we have
(Vk € N)  Eflxp41 — x1]1%|Fa] = oFE[| Unfyl|*| Fil. (8.56)
Hence, injecting (8.56) in (8.54), we obtain for all k € N
Elllxks1 — xxl|*[Fa] < afviar(F(xi) — F*) + ajvibyl [ VF (xp)|I* + afvier as. (8.57)
Using the conditional version of Jensen’s inequality [115] leads to
(Vk € N)  Elllxp+1 — xx | Fl,
< VE[[xp11 — xx][2[Fx],
< \/aiyzak(F(xk) — F*) 4+ o3 vibi || VF (x)||? + ajvicy
< akykai/2m+ akukb,lg/QHVF(xk)H + akykcllc/Q a.s.. (8.58)
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2

2 Sequences (Tx)keN, (Sk)keN,
(tr)ken are non-negative, and the summabilities of (7 )ken and (¢x)ren are due to (8.48). Hence (8.20)
is satisfied.

1/2 1/2 1
Let, for every k € N, 71 := akukak/ , Sp = akukbk/ , and ty = agrgey

We now distinguish case (i) from case (ii) to show that condition (8.20) is also satisfied.
Case (i): Since (fy)ren is conditionally unbiased in (8.55), we obtain, for every k € N,

E[F(xp+1) — F7|F],
< (1 + W) (F(xy) — F*)

2
— (VP (xe) | U F () + 2 g g 2 B2
< <1 + a’%ﬂ;’%a’“) (F(xy) — F*)
— | VE (o) [ + S 7y 2 4 2
- (1+W> (F(x) — F*)
o (= W) e+ B s, 559

where majoration of (VF(xy) | Uy VF(xy)) directly comes from (8.47). Majoration in (8.59) has the
same structure as in (8.19), where, for every k € N,
ai,@u,%ak

U = —( > Vg = Qg <Mk -

Qb 2 2
. kb ’“) wy, = ROV (8.60)

2 2

Moreover, thanks to (8.48) and (8.49), we deduce that (ug)gen, (Vk)ken, (Wk)reny are non-negative
sequences, and that ), up < 400, infj vy > 0, and Y, wi < +o00. Hence condition (8.19) is satisfied
under condition (i).

Case (ii): Using (8.47) and the Cauchy-Schwarz inequality, we have, for every k € N,

(VF(xi) | UE[fe] Fr]),
= (VF(x) | UkVF(x1)) + (VF(xi) | Up (B[l F] - VF(x)) ),

> [V G2 = [VE (o) [[Un (L] = VEGx0)
> [V F(xi) |12 = vi [V F () | [E[Ex|Fr] = VF ()] (8.61)

We consider inequality ab < a%c + b?/(4c), that holds for any a > 0, b > 0 and ¢ > 0. Let k € N, and
take a = |VE(xy)|, b = |E[fx|Fx] — VF(xx)|[, ¢ = (1 — 0)uxry . Then, for every k € N, we have

IVE ()| 1E[fx] Fr] = VEF(x)|

< E BTGP + g IBIRIA] - VPGP (362

E
4(1-o me
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Combining this inequality with (8.61) leads to

(Vk € N) (VF(xy) | UpE[fi] Fi])

2
v
> oup||[VF(x)||? — ——E——||E[f:| Fi] — VE(xz)||%. (8.63
e[V F (x| 4(1—Q),Uk” (£ | ] (x)[”. (8.63)
Injecting (8.63) in (8.55), we obtain
E[F (xp41) — F*|Fi]
245 9 2
a;Bria aPrib
< (1 SN (i) — ) — (o — ) 9 ()
2 2452
vy o apfvicy
—= ||E[fi| Fi] — VF == 8.64
+4(1—Q)mcH (£ F] (i) [+ =5 (8.64)
2 1/2 I/2b 2 1/2 1/2
Let, for every k € N, u;, = Lﬁzkak, VE = Qp, (Q#k - L’sz k), and wy, = %52’“% + 4;2}(6159) |E(fx|Fr) —

VF(xi) %
According to (8.48) (8.50) and (8.51), (ug)ken, (Vk)ken, (Wi)ren are non-negative sequences, such
that >, up < 400, infy vy > 0, and ), wi, < +00 a.s. Hence (8.19) is satisfied under condition (ii).
O

8.5.5 Application to some state-of-the-art algorithms

In this section we review a few state-of-the-art SGD algorithms of the form of (8.44), those convergence
in a non-convex setting is ensured by Proposition (8.7).

8.5.5.1 SGD with constant stepsize from [212]

The algorithm proposed in [212] consists of an SGD scheme of the form of (8.44), with constant stepsize.
Precisely, for every k € N, ap = o, with « > 0, and without preconditioning matrix, i.e.,

(Vk € N) Xpt1 =X — Q f.. (865)

The a.s. convergence of the iterates (8.65) can be shown using Proposition 8.7. First, the authors
in [212] show that scheme (8.65) verifies a descent condition in a non-necessary convex setting assuming
that (8.45) holds with, for every k € N, ap = ¢ = 0 and by = b, for some b > 0. This ensures
the convergence of (F(xx))ren. Second, condition (8.47) is directly satisfied with, for every k € N,
pr = v, = 1. Finally, to the extent that the gradient approximations (f})recn are unbiased, condition (i)
of Proposition 8.7 holds for o € (0, 2/(Lb)). Hence, according to Proposition 8.7, Assumption 8.4 is
satisfied and the a.s. convergence of (Xj)ren to a critical point is ensured by Theorem 8.4.

8.5.5.2 SGD from [71]

In [71], the authors provide a stochastic version of the forward-backward algorithm for minimizing the
sum of a Lipschitz-differentiable function, with constant 8 > 0, and a non-necessarily smooth function,
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both being convex. Assuming that the non-smooth function is zero, then this algorithm boils down to
an SGD algorithm of the form of (8.44), without preconditioning matrices, i.e.,

(Vk‘ S N) Xp41 = X — )\k")/kfka (866)

where, for every k € N, A\; €]0,1] and ~; € (0,2/3). By contrast with the usual SGD algorithms, in
[71] the sequence of approximated gradients (fx)xen is not supposed to be unbiased, but to verify the
following relaxed condition :

+o0
> VARIEERIFR] — VE(xz)|| < 400 as.. (8.67)
k=0

The a.s. convergence of (X)ren to a minimizer of F' is ensured by |71, Thm. 2.1], under few technical

assumptions (including F' convex).

Under the same assumptions, using Proposition 8.7 and Theorem 8.4, we can show that (xj)ken
a.s. converges to a critical point of F', without needing F' to be convex. Indeed, first, [71, Thm. 2.1 -
cond. (c)| ensures that (8.45) is satisfied, where ap = 0, (bg)ren is @ bounded sequence, and (ck)ken
satisfies ZZ@B Apcr < +00. Second, condition (8.47) is satisfied with, for every k € N, pp = v, = 1.
Finally, if infreny A > 0, as in |71, Thm. 2.1 - cond. (f)], then (8.67) implies condition (8.50), hence
condition (ii) in Proposition 8.7 holds. Consequently, according to Proposition 8.7, Assumption 8.4
is satisfied and the a.s. convergence of (xj)ren to a critical point is ensured by Theorem 8.4. This
result is novel, up to our knowledge. Actually, almost-sure convergence based on sequence (Xj)ken
for stochastic gradient schemes remains scarcely studied in the non-convex case. Recent results in
[105, 57] proposed an alternative proof technique without KL inequality by constraining the topology
of the stationary points of F.

8.5.5.3 Stochastic quasi-Newton with constant stepsize from [162]

In the case where F' is twice differentiable, the author of [162] proposed an alternative version of the
usual stochastic Quasi-Newton algorithm [233] of the form

(Vk S N) Xpt1 = Xi — nkakv (868)

where n > 0 is a constant stepsize. In [162], the authors show that any process generated by scheme
(8.68) satisfies Assumption 8.1. Under the same assumptions, we can show that (xx)ren a.s. converges
to a critical point of F', using Proposition 8.7 and Theorem 8.4. First, the authors of [233] assume that
the gradients (fy)ren are unbiased and satisfy (8.45), with, for every k € N, ar = ¢, = 0 and b, = b,
for some b > 0. Second, condition (8.47) is satisfied with, for every k € N, yup = p > 0 and vy = v > 0,
since the preconditioning matrix Uy is built to approximate the Hessian of F at x; and to have a
uniformly bounded spectrum. Finally, (i) in Proposition 8.7 is verified when a € (0, 2u/(ﬁbu2)).
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8.6 Stochastic proximal-gradient schemes

In this section, we will give examples of stochastic proximal algorithms from the literature satisfying
Assumption 8.4, hence benefiting from the convergence guarantees given in Theorem 8.4. Similarly to
section 8.5, we will present a general framework for investigating convergence of stochastic proximal
schemes in a non-convex setting.

We consider the case where problem (8.1) can be written as

minimize F(z) = G(x) + H(x), (8.69)
TcH

where F': H — R verifies Assumption 8.1 and Assumption 8.3, and is expressed as the sum of two
functions G: H — R and H: H —| — oo, 00|, where G is assumed to be differentiable, and H
is assumed to be convex, proper and lower semi-continuous. In this context, a suitable scheme to
solve (8.69) is to consider a proximal-gradient algorithm (also known as forward-backward, or ISTA).
It alternates, at each iteration, between a gradient-descent step on the differentiable function and a
proximal step on the non-smooth function. The proximity operator of a proper, lower semi-continuous,
convex function H at a point & € H is denoted by proxy(x), and is defined as the unique minimizer
of H + 5—|l@ — -|[* on H [167, 14].

A stochastic proximal-gradient algorithm can be expressed as

(Vk) c N) Xp4+1 = Xi + Ak (Pk(xk — 'Ykgk) — Xk)7 (8.70)

where for every k € N, g € H is a stochastic approximation of the gradient of G at x, 7% and A; are
two positive stepsizes, and Py : H — H is a stochastic approximation of the proximity operator of H
computed at the output of the gradient descent step (xx — Vx8k)-

The stochastic approximations of the proximity operators can be useful in the context when the
computation of the proximity operator itself is too demanding, e.g., due to the structure of H (for
instance where H is a sum of a very large number of components). A typical example of operators
(Pk)ren is the one encountered in federated algorithms [210]. In this context, H reads as a convex
combination H = Y0 w;H;, where I > 1, (wi)i1<i<r € (0,1)F with S0 w; = 1, and, for every
i€ {l,...,1}, H:H —] — oo,+00]. Then, the most common choice consists in adopting, at every
iteration k € N, Py, = Zz’eﬂk w; prox.,, g, where I is a random subset of {1,...,I}. Another popular
choice of approximation relies on the (deterministic) notion of e-subdifferentiability [211].

Scheme (8.70) can be seen as a stochastic gradient scheme by rewriting it as

(Vk € N)  xpq1 = xp — VeAefy, (8.71)

where, at each iteration k € N, f;, = fyk_l (xr — Pr(xx — vk8k)). Thus, fx can be interpreted as an
estimation of the gradient of the whole function VF(xy). In the literature, this viewpoint is adopted
to prove the convergence of some versions of the standard stochastic proximal algorithm (i.e., when,
for every k € N, A\, = 1) [1606].

8.6.1 Conditions on the approximations
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Let (Fk)ren be the canonical filtration as defined in subsection 8.5.1. Let y be an integrable ran-

dom variable from Q to H. We assume that approximation sequences (gx)ren and (Pk(y))k oy are
conditionally unbiased, i.e.,
(Vk € N) E[gg|Fk] = VG(xx) and E[Py(y) — prox., y(y)[Fx] =0, (8.72)
and that there exist two deterministic sequences (dj)ken and (ex)ren such that
(ke N) Eflge — VOIPIF] < il VE)|P + e, (8.73)
E[|[Pr(y) — prox, g (0)|[Fe] < dil VF(xi)[1* + ex. (8.74)

8.6.2 A general framework for convergence of differentiable proximal-
gradient algorithms in a non-convex context

In this section we introduce a result to enable the convergence study of proximal-gradient based
methods, for non-convex minimization problems. In order to use the results developed in section
8.3 and section 8.4, we will consider differentiable functions G and H.

Proposition 8.8. Let F' be of the form of (8.69), where G and H are Lipschitz-differentiable functions,
with respective constants Bg > 0 and By > 0, and H is convexr. Let (Xi)ren be a process generated by
(8.70), satisfying conditions (8.72), (8.73), and (8.74), with respect to (Fi)ren. Assume that

—+00
inf \gye >0, supAp <1, supv <1/8H, Ze,lcm < +o0. (8.75)
keN keN keN P

Let 8 = Ba + B, and (pr)ken, (0k)ken be two sequences defined as

(VkeN) pr=(1=Buw) " and op = % ((\@+ 1)Bu + 43)%%) 7 (8.76)
with
sup o+ d (O'k + /\kfyk_lﬂ> < 1. (8.77)
keN

Then (xi)ken verifies Assumption 8.4.

Proof. To prove that Assumption 8.4 holds, we will use the equivalent form (8.71) of the proximal-
gradient scheme (8.70). Hence the proof will be very similar to the one of Proposition 8.7. Precisely,
we consider scheme (8.44), where, for every k € N, oy = v\ and Uy = I, and the sequence (fy)xen
is an approximation of (VF(xy))ken given by

(Vk‘ S N) fi. =dp + Ag, (878)
d = ;" (xk — prox,, g (XK — 1k8k)) » (8.79)
A = " (prox,, g (xk — 7gk) — Pr(xk — k) - (8.80)
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The first step of the proof consists in giving a majoration of the approximated gradient sequence
(f )ken as a function of the true gradient and the error terms involved in the assumptions.
Since H is differentiable, according to the Fermat’s rule [11] we have

(X — Yk8k) — Prox., g (xk — vk8k) = WV H (prox,, g(xk — yxgr)) - (8.81)
Combining (8.79) and (8.81), it follows that
di = gr + VH (prox,, ;(xx — 78k)) = 8k + VH (x), — 1di). (8.82)

Since VF' = VG + VH, using the triangular inequality, and the fact that H has a Spg-Lipschitzian
gradient

ldill = [[VF(xx) + (gx — VG(xx)) + VH (x; — vdy) — VH(xz)|,
S |IVFE(xp)| + llge — VG (xx)[| + Bayelldel- (8.83)

According to the definition of py in (8.76), this leads to
[dell < pr (IVF(x0)l + [lgr = VG (xR - (8.84)
Combining (8.78) and (8.84) gives
[fll < pr (IVEGw)| + llge — VG ) + 1Ak (8.85)
Moreover, passing to the square, we also deduce that

1] < 407 (IVEG)l” + llge — VG (xi) %) + 21| Ak, (8.86)

The second step of the proof aims at establishing stochastic descent properties for the scheme at
stake, to show that conditions (8.19) and (8.20) hold.
First, we apply the descent Lemma [20] to G, using the fact that xp11 — xx = — ik,

BG’YI%/\% 2
G(Xpy1) < G(xx) — A(VG(x) | fr) + TkaH ; (8.87)

Then, adding H (xx+1) on both sides of (8.87) gives

2)\2
F(xp1) < G(xp) — M (VG() | £) + H(xp1) + %nw. (8.88)
Since H is convex and differentiable, using again x;+1 — X = —7y;fi, we also have
H(Xk-Jrl) < H(Xk) - ’ykAk<VH(Xk+1) ‘ fk> (889)

Combining (8.88) and (8.89) gives a descent inequality, given by, for every k € N,
B M 2
Flsi) < Flx) — (M (VG ) + VH(gh0) | ) — 252 g 12) (8.90)
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Note that, for every k € N, we have

YA (VG (xk) + VH (Xp41) | £k),
= W A(VE(xk) | fr) — A VH (xx) — VH(Xg11) | fi),

> WM (VF(x5) | £1) — vedi| | VH (xk) — VH (x41)|| 12, (8.91)
5H713)‘z 2
> MA(VE(xy) | f) — TkaH ; (8.92)

where (8.91) is obtained using the Cauchy-Schwarz inequality, and (8.92) using the Lipschitz continuity
of VH and (8.71). Hence, since 8 = g + S, we have

B 2)\2
VMAVG(xk) + VH (x5 11) | F) — “CBTE 112 >y M (VF () | ) —

242
’Yk/\kﬂ 2
= E |~ .

: e (8.99)

On the one hand, using (8.86), we obtain

2\2
Vi
NI > —w%w(rmkr? + 28 (IVFel? + lign - ve*(xk)uZ)). (8.94)

On the other hand, using the definition of f; in (8.78), equation (8.82), and the fact that VF =
VG + VH, we have

(VF(xp) | fr) = (VF(xp) | di + Ap),
= (VF(xz) | VF(x) — VG(xx) — VH(xp) + gk + VH (x, — vedi) + Ag),
= |[VF(xx)|> = (VF(xx) | VH(xg) = VH (x5 — dg))
+(VF(xx) | g8x — VG(xx) + Ag). (8.95)

Using the Cauchy-Schwarz inequality and the Lipschitz continuity of VH, we obtain

(VF(xi) | fie) > [IVE(x)1* = Bayl| VF (xk) ||| dgll,
+(VF(xx) | g — VG(xx) + Ag),

> [VFGRI? = Brworl Vi) | (IV x| + gk — VGxi))

+ (VF(xx) | gr — VG(xx) + Ag), (8.96)
= (1= Buwepr) [VF (xx)||” = Baveprl | VF (xi)| llgr — VG (i) |
+ <VF(Xk) | i — VG(Xk) + Ak> (8.97)

where (8.96) is obtained using (8.84). For any (a,b,c) € R3, we have ab < ca® + b?/(4c). Taking
a=|VF(xp)l,b=llgk = VG(xx)ll,c = (V2 — 1)/2, we obtain

(TP 18 = (1= B ) IV F G0 P
- BH’YkPkﬂ 1 lge — VG(x)|I” + (VE(xk) | g8k — VG(xx) + Ag).  (8.98)

2
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Combining (8.93), (8.94), and (8.98), we obtain

Ba i 2
YeM(VG(xk) + VH (xpq1) | fr) — =5 [|f])°,

2
f+1 1
gk — VG (xz)||”

V2 +
> 3ehe (1= Bamen 5 — ) IVEGeu)|l” = Brhurton—
+ VAV F (%) | g6 — VG(Xk) + Ag)

— A B(HAku? + 208 (IVFGe)|1? + g — VGG | )) (8.99)

Using the definition of (o%)ken given in (8.76) we thus obtain

2)\2
WATC006) + VH (xi) | ) — 0% i 2

> e (1= op) [[VE(xp) || — vedeokllgr — VG (xx) ||
PABI AL + A (VE(xk) | g6 — VG(xx) + Ag).  (8.100)

Since, for every k € N, ||VF(x)||? is Fr-measurable, passing to conditional expectation in (8.100)
and using successively (8.72), (8.73) and (8.74) gives

- [m<va<xk> H(xpi1) | ) — BG”’“’fuf I? W]
> Ak (1= ox) [VE(xR)? = vedwon Elllgr — VG)II? | Fi] = viAi8 ELIIARN? |Fi],
> A (1= o) [VEGe) |2 = ek (d [ VE (i) |2 + i) = A8( I VF ()| + e ),

= YAk (1 — Uk(l + dk) — )\k’}/lzlﬁdk> ||VF(Xk)||2 — Y \k€k (Uk + )\k’ykjlﬁ) a.s.. (8.101)

Taking the conditional expectation in (8.90), combining it with (8.101), we obtain

E[F(xks1) |Fi] < F(xe) — mh (1 — o (1+dy) — m,;lﬁdk) 1V F(xz)|2

+ Ve L€k <O‘k + )\k’ykflﬁ> a.s.. (8.102)

Let, for every k € N, ug, = 0, v = YA (1 —Uk(l —l—dk) — )\k’)/]:lﬁdk), and Wi = YA€k <O‘k —I—)\k’ylglﬁ).
We have ), uj, < +00, according to (8.75) and (8.77) we have infj v, > 0, and ), wi, < +00. Then,
inequality (8.102) is of the form of (8.19).

It remains to show that (8.20) holds. According to (8.71) and (8.85), and using Jensen’s inequality,
for every k € N, we have almost-surely
Elllxe 1 — x| | 7],

< 'Yk)‘kpk<HVF(xk)H +E[llgr — VG(xi)|l |Fr] + B[l Akl | Fr]

< ’Yk)\kpk<”VF(Xk)|| + \/E[Hgk — VG(xx)[? ‘fk]) + A B[ AR]1? | Fr]. (8.103)
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According to conditions (8.73) and (8.74), we then obtain
Elllxn+1 — x| [Frl,
< o (IVF Gl + VARV EOIP + e ) + e/ e[V F ()2 + e,

<A (o1 + o> + 42 ) IVEGROI + dw(or + Ve s, (8.104)

where the last majoration is obtained using identity va + b < v/a + /b, that holds for any a,b > 0.
Let, for every k € N, 7, = 0, s = YAk (pk + pkal,lc/2 + d,lﬁ/2>, and tr = Y e(pr + 1)e,1€/2. We have
Y x Tk < 400 and, according to (8.75) and (8.76), >, tx < 4oo. Hence, (8.104) is of the form of
condition (8.20).

Hence we conclude that Assumption 8.4 holds.

8.6.3 Application to some state-of-the-art algorithms

The stochastic aspect of process (8.70) enables two types of uncertainties. First, it takes into account
uncertainty arising from stochastic approximations of the gradient of G. Second, it can handle uncer-
tainty resulting from the use of an approximation of the proximity operator of H. The combination of
these two types of uncertainties in a single scheme has been taken into account in some works in the
literature.

8.6.3.1 Stochastic FB scheme

The authors of |70, 71] show the a.s. convergence of the iterates of a stochastic FB scheme of the form
of (8.70), assuming that G is convex, and considering the following error on true proximity operator,
ie.,

(Vk e N)(Vu € H) Pg(u) = prox,, g, (u) + pr, (8.105)
where (Hp)ren are successive convex approximations of H and (pg)ren is a conditionally summable
sequence. The latter study generalises those of [205] for which no error term on the proximal operator
was considered.

It is worth noticing that, up to our knowledge, the a.s. convergence of the iterates when G is non-

, 151],

(VE e N)(Vu € H) Py(u) = prox,, y(u). (8.106)

convex has only been studied when \; = 1 and without any error on the proximal mapping |
ie.,

Hence, the general results we presented in subsection 8.6.2 ensuring the a.s. convergence of the
iterates when G is non-convex, and allowing stochastic approximations of the proximity operator of
H, appear to be new.
8.6.3.2 Stochastic proximal scheme
Let, for every k € N, Ay = 1, vy = 1, and let G = 0, and H = Zi[:l wiH;, where (w;)1<i<s €]0, 1[f
with S22 w; = 1 and, for every i € {1,...,I}, H; Lipschitz-differentiable. Then scheme (8.70) boils

191



down to a stochastic proximal algorithm of the form of

(Vk S N) Xit1 = Pk(Xk). (8.107)
Such algorithm is very similar to the federated-prox algorithm introduced in [69, |. In particular,
in [69, 210], the authors propose to choose
(VEeN)Vu e H) Pi(u)= PrOXy. . H; (u), (8.108)
ieSy

where, for every k € N, S is a subset of {1,...,I}. The authors show that, assuming the functions
(H;)1<i<r satisfy some bounded dissimilarity condition, the expectation of the global objective function
conditionally to the subsets of indices, decreases at each iteration.

The results presented in subsection 8.6.2 provide stronger convergence guaranties than in [210], at
the price of slightly stronger assumptions on the choice of (Py)xen.
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Chapter 9
Conclusion

9.1 Summary of contributions

This thesis has been devoted to extent the knowledge of quadratic MM algorithms, both theoretically
and numerically, particularly when facing large-scale problems. Our developments in the stochastic
framework have also led us to move beyond this initial topic and to address more general schemes for
non-convex stochastic optimization.

Chapters 2 and 6, relatively similar in their structure, were intended to offer the reader a pedagog-
ical approach to differentiable optimization in the deterministic and the then stochastic settings. Our
objectives were to describe and explain various tools that we have used over this PhD to carry out
our various theoretical investigations. Our contributions in these two chapters are therefore didactic
in nature. Although the scientific content presented was already available in the literature, we have
endeavoured to redefine certain implicitly known notions, in particular that of descent (determinis-
tic or stochastic) conditions, in order to provide a more versatile strategy for studying optimization
algorithms asymptotically.

The basis for our work on quadratic MM (QMM) algorithms was introduced in Chapter 3 through
a general overview on the existing methods adopting such a principle. Two points in particular were
highlighted. The first one concerns the flexibility of these algorithms from a structural point of view
as they can be redesigned to incorporate acceleration strategies, remaining essential to deal with very
high dimensional problems. The second one emphasises their main advantage, namely their natural
stability independently of any convexity assumption, and which subsequently motivated a great part
of this PhD work. Finally, it should also be noted that some results, although sometimes already
used in the past, are explained and demonstrated for the first time in this chapter. In particular for
the first time, we exhibited a sufficient and necessary condition for the existence of quadratic tangent
majorization approximations, and a justification enabling the use of subspace quadratic MM (SQMM)
scheme.

Chapter 4 and 5 naturally follow Chapter 3. They constitute our main contributions on MM
algorithms to handle large-scale optimization problems. Chapter 4 aimed to formalize the convergence
analysis of a block version of the SQMM algorithm, named B2MS. In particular, we use the strategy of
proof introduced in Chapter 2 based on the Kurdyka-t.ojasiewciz theory to overcome the non-convexity
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of the cost function. In Chapter 5, we proposed a distributed version of the B2MS scheme under
the acronym BD3MG. This enabled asynchronous data processing by dividing tasks between several
machine cores without wasting any information. On the one hand, we were able to combine theoretical
results from Chapter 2 and 3 with those of [70] to prove the global convergence of the latter algorithm
and to exhibit some convergence rates always in a non-convex framework. On the other hand, several
numerical experiments in a large-scale context, were conducted to show the interest of our method for
image reconstruction, both on academic data and on real samples, coming from two-photons excitation
microscopy acquisitions.

In Chapter 7, we introduced the scheme SABRINA as a new stochastic extension of the SQMM
scheme. The core of our theoretical analysis presented was the establishment of a quasi-supermartingale
simple descent condition verified by any Lipschitz continuous gradient but non-necessary convex cost
function. We also provided more precise results under additional assumptions and especially, a conver-
gence rate in the strongly-convex case. In order to illustrate the numerical interest of our work, we also
presented two sets of numerical experiments. The first one, in line with statistical learning, presents an
academical supervised binary classification problem while, the second one, about blur identification,
lies within the field of inverse problems for image processing.

Our last contribution, presented in Chapter 8, stepped beyond the MM framework by proposing a
new methodology for analysing the convergence of stochastic algorithms for non-convex problems. More
specifically, by means of a new probabilistic version of the uniform Kurdyka-f.ojasiewicz inequality,
our proof strategy can be seen as a generalization of the one presented in Chapter 2 section 2.5.2
for the deterministic setting. Chapter 8 gathered our most recent work, and we hope it will opens
several ways for improvement. Especially, its last two sections constituted a preliminary benchmark,
identifying several algorithms in the literature for which our proof methodology could be applied.

9.2 Perspectives

In view of the works presented throughout this manuscript, a number of promising avenues of explo-
ration are conceivable and discussed hereafter.

Relaxing the stepsize in SABRINA algorithm

Because of its structure, the SABRINA scheme can be considered as a stochastic gradient extension
which would have been conditioned by a majorization matrix sequence (Ag)reny combined with a
stepsize incorporation. The convergence of the latter to zero acts as an additional condition and is
imposed in order to control the noise variance and thus to ensure a certain robustness of the resulting
algorithm. In our case, however, this constraint tends to dominate the MM aspect of our scheme to the
point of almost completely masking it during the asymptotic analysis phase. The convergence of the
stepsize to zero makes it easier to obtain classical convergence results via the descent condition, but
without really using the majorizing character of (Ay)ken (actually, we only used the fact that it has a
uniform bounded spectrum). One possibility would thus be to relax the stepsize constraint by typically
assuming that it is bounded. Obtaining behaviours such as convergence of the gradient to zero in the
sense of (at least) a subsequence would be trickier to obtain, but would undoubtedly make full use of
the majorization property. This would be an advantage over the usual stochastic gradient methods,
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which generally do not easily allow to work with such a flexible stepsize, and it may be possible, in
the longer term, to obtain convergence rates even in a non-convex setting. The difficulty that would
be added to this relaxation would then reside in the nature of the noise likely to affect the gradient.
This leads to the new problematic: will the only majorization property be enough to ensure similar or
even better convergence guarantees without restricting the nature of the noise ?

Combining BD3MG and SABRINA to create a new distributed stochastic algorithm.

The algorithms we have presented and analyzed in this manuscript can be divided according to
whether or not they are stochastic or asynchronous. SABRINA algorithm presented in Chapter 7
bridges a first gap between the usual deterministic method and stochastic approximation algorithms.
However, its structure does not easily allow for a distributed implementation. Let us stress out that
our developments on SABRINA method were done in the beginning of this thesis, and no asynchronous
extension was envisioned at that stage. In view of our recent progresses around BD3MG, we feel that
it would be feasible to propose an asynchronous version of SABRINA, in the spirit of the stochastic
PALM [76]. On a theoretical point of view, the proof for stochastic descent condition may be similar
of the one used in [76] and the majorization property might serve to build a relaxed assumption either
on the cost function or on the statistics of the noise. As a second step and for deeper investigation,
one might consider the proof methodology from Chapter 8, to obtain almost-sure convergence to a
stationary point. Of course, this future work would greatly depend on the feasible progresses around
the novel stochastic KL theory.

Investigating alternative assumptions for convergence of stochastic algorithms in a
non-convex setting.

In a very general way, the cornerstone of Chapter 8 is the construction of a new method to improve
convergence guarantees of stochastic process (Xx)ren, supposed well-built enough to verify elementary
asymptotical properties, as the convergence of its gradient to zero or those of F(x)ken to a finite limit.
In this respect, we felt it was particularly appropriate to work on a new version of the KL property,
as it is currently one of the most highly developed tools in the deterministic literature for overcoming
non-convexity obstacles. The stochastic extension we are proposing allows to obtain a convergence
theorem for iterates, albeit under (almost-sure) monotonicity assumptions which may appear relatively
restrictive, particularly in the stochastic framework. Such limitations are from technical order and are
directly related to the inner structure of KL inequality. More precisely the non-derivability of the ¢
function at zero reveals to be a very challenging obstacle. It typically prevents from building a concave
extension of ¢ over all R, that would make it possible to remove the monotonicity conditions we were
forced to impose. As things stand, it is difficult to say whether this non-derivability constraint can
be lifted, as this would require further developments of the KL theory itself beyond an optimization
framework. If results were to be obtained in this direction, the monotonicity assumptions could be
attenuated or even eliminated, and a convergence theorem will be obtained that is even more generic,
and ultimately applicable to a larger number of stochastic algorithms especially SABRINA or even one
of its eventual asynchronous extension.

Investigating the non-differentiable case.

195



It should also be noted that, in this thesis, all our results have been established in a differentiable
optimization framework. However, it turns out that the original KL theory, in this sense, is more
flexible because it allows us to work not only with gradients but more generally with subdifferential
[27] sets. This aspect could not be addressed in depth during this work but, at first sight, it appears to
be relatively accessible and does not seem to raise major technical obstacles. The resulting convergence
theorems could thus be applied to algorithms of the proximal stochastic type or even more generally
employing monotone operators |70].
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