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Abstract

Many machine learning problems are formulated in terms of minimization of
mathematical functions, a task which is then solved by various optimization methods.
As more and more data is becoming available, optimization techniques have to
address problems with high-dimensional feature spaces and inexact information.
Therefore, first-order optimization methods with low per-iteration cost have become
predominant in practice and have attained considerable attention in the literature in
recent years. A common characteristic of this type of techniques is slow convergence,
which motivates a great interest in acceleration of existing algorithms in order to
save computational resources.

A goal of this thesis is to explore several topics in optimization for high-
dimensional stochastic problems. The first task is related to various incremental
approaches, which rely on exact gradient information, such as SVRG, SAGA, MISO,
SDCA. While the minimization of large limit sums of functions was thoroughly
analyzed, we suggest in Chapter [2| a new technique, which allows to consider all
these methods in a generic fashion and demonstrate their robustness to possible
stochastic perturbations in the gradient information. Our technique is based on
extending the concept of estimate sequence introduced originally by Yurii Nesterov
in order to accelerate deterministic algorithms. Using the finite-sum structure of
the problems, we are able to modify the aforementioned algorithms to take into
account stochastic perturbations. At the same time, the framework allows to derive
naturally new algorithms with the same guarantees as existing incremental methods.
Finally, we propose a new accelerated stochastic gradient descent algorithm and a
new accelerated SVRG algorithm that is robust to stochastic noise. This acceleration
essentially performs the typical deterministic acceleration in the sense of Nesterov,
while preserving the optimal variance convergence.

Next, we address the problem of generic acceleration in stochastic optimization,
trying to repeat the success of direct acceleration performed in Chapter [2l For this
task, we generalize in Chapter [3| the multi-stage approach called Catalyst, which
was originally aimed to accelerate deterministic methods. In order to apply it to
stochastic problems, we improve its flexibility with respect to the choice of surrogate
functions minimized at each stage. Finally, given an optimization method with mild
convergence guarantees for strongly convex problems, our developed multi-stage
procedure accelerates convergence to a noise-dominated region, and then achieves a
near-optimal (optimal up to a logarithmic factor) worst-case convergence depending
on the noise variance of the gradients. Thus, we successfully address the acceleration
of various stochastic methods, including the variance-reduced approaches considered
and generalized in Chapter [2| Again, the developed framework bears similarities
with the acceleration performed by Yurii Nesterov using the estimate sequences. In
this sense, we try to fill the gap between deterministic and stochastic optimization
in terms of Nesterov’s acceleration. A side contribution of this chapter is a generic
analysis that can handle inexact proximal operators, providing new insights about
the robustness of stochastic algorithms when the proximal operator cannot be exactly
computed.

In Chapter 4] we study properties of non-Euclidean stochastic algorithms applied
to the problem of sparse signal recovery. A sparse structure significantly reduces
the effects of noise in gradient observations. We propose a new stochastic algorithm,
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called SMD-SR, allowing to make better use of this structure. This method is a multi-
step procedure which uses the stochastic mirror descent algorithm as a building block
over its stages. Essentially, the SMD-SR procedure has two phases of convergence
with the linear convergence during the preliminary phase and the optimal asymptotic
rate during the asymptotic phase. Comparing to the most effective existing solutions
to stochastic sparse optimization, we offer an improvement in several aspects. First,
we establish the linear convergence of the initial error (similar to the one of the
deterministic gradient descent algorithm, when the full gradient observation V f(x)
is available), while showing the optimal robustness to noise. Second, we achieve
this rate for a large class of noise models, including sub-Gaussian, Rademacher,
multivariate Student distributions and scale mixtures. Finally, these results are
obtained under the optimal condition on the level of sparsity which can approach
the total number of iterations of the algorithm (up to a logarithmic factor).

Keywords: stochastic optimization, convex optimization, complexity, accelera-
tion, sparse optimization



Résumé

De nombreux problemes d’apprentissage automatique sont formulés en termes
de minimisation de fonctions mathématiques, une tache qui est ensuite résolue
par diverses méthodes d’optimisation. Une réponse aux défis liés au traitement de
données massives et hétérogenes fait appel aux techniques d’optimisation pour des
probléemes de grande dimension et avec des informations incertaines. C’est pourquoi
les méthodes d’optimisation a faible cotit par itération, dites de premier ordre,
sont devenues un outil numérique principal d’apprentissage automatique, et ont
attiré une attention considérable dans la littérature au cours des dernieres années.
Une caractéristique commune de ce type de technique est une convergence lente,
ce qui motive un grand intérét pour ’accélération des algorithmes existants afin
d’économiser les ressources de calcul.

Cette these vise a explorer divers sujets liés a ’analyse des méthodes de premier
ordre appliquées a des problemes stochastiques de grande dimension. Notre premiere
contribution porte sur divers algorithmes incrémentaux, tels que SVRG, SAGA,
MISO, SDCA, qui ont été analysés de maniere approfondie pour les problemes
avec des informations de gradient exactes. Nous proposons dans le chapitre [2] une
nouvelle technique, qui permet de traiter ces méthodes de maniere unifiée et de
démontrer leur robustesse a des perturbations stochastiques lors de 1’observation
des gradients. Notre approche est basée sur une extension du concept de suite
d’estimation introduite par Yurii Nesterov pour I'analyse d’algorithmes déterministes
accélérés. En utilisant la structure de somme finie des problémes considérés, nous
proposons une modification de ces algorithmes pour tenir compte des perturbations
stochastiques. De plus, notre approche permet de concevoir de fagon naturelle de
nouveaux algorithmes incrémentaux offrant les mémes garanties que les méthodes
existantes tout en étant robustes aux perturbations stochastiques. Enfin, nous
proposons un nouvel algorithme de descente de gradient stochastique accéléré et un
nouvel algorithme SVRG accéléré robuste au bruit stochastique. Dans le dernier
cas il s’agit essentiellement de ’accélération déterministe au sens de Nesterov, qui
préserve la convergence optimale des erreurs stochastiques.

Ensuite, nous abordons le probleme de 'accélération générique, en essayant
de répéter le succes de l'accélération directe réalisée au Chapitre [2] Pour cela,
nous étendons dans le Chapitre [3| ’approche multi-étapes de Catalyst, qui visait a
Porigine I'accélération de méthodes déterministes. Afin de 'appliquer aux problemes
stochastiques, nous le modifions pour le rendre plus flexible par rapport au choix
des fonctions auxiliaires minimisées a chaque étape de l'algorithme. Finalement, a
partir d’'une méthode d’optimisation pour les problemes fortement convexes, avec
des garanties standard de convergence, notre procédure commence par accélérer la
convergence vers une région dominée par le bruit, pour converger avec une vitesse
quasi-optimale ensuite. Cette approche nous permet d’accélérer diverses méthodes
stochastiques, y compris les algorithmes a variance réduite décrits et généralisés au
Chapitre [2| La encore, le cadre développé présente des similitudes avec ’analyse
d’algorithmes accélérés a 1'aide des suites d’estimation proposées par Yurii Nesterov.
En ce sens, nous essayons de combler ’écart entre I'optimisation déterministe et
stochastique en termes d’accélération de Nesterov. Une autre contribution de ce
chapitre est une analyse unifiée d’algorithmes proximaux stochastiques lorsque
l'opérateur proximal ne peut pas étre calculé de fagon exacte.
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Au Chapitre [ nous étudions des propriétés d’algorithmes stochastique non-
Euclidiens appliqués au probleme d’estimation parcimonieuse. La structure de parci-
monie permet de réduire de fagon significative les effets du bruit dans les observation
du gradient. Nous proposons un nouvel algorithme stochastique, appelé SMD-SR,
permettant de faire meilleur usage de cette structure. La encore, la méthode en
question est une routine multi-étapes qui utilise I’algorithme stochastique de descente
en miroir comme élément constitutif de ses étapes. Cette procédure comporte deux
phases de convergence, dont la convergence linéaire de I’erreur pendant la phase
préliminaire, et la convergence a la vitesse asymptotique optimale pendant la phase
asymptotique. Par rapport aux solutions existantes les plus efficaces aux problémes
d’optimisation stochastique parcimonieux, nous proposons une amélioration sur plu-
sieurs aspects. Tout d’abord, nous montrons que l'algorithme proposé réduit ’erreur
initiale avec une vitesse linéaire (comme un algorithme déterministe de descente
de gradient, utilisant I’observation complete du gradient de la fonction-objective),
avec un taux de convergence optimal par rapport aux caractéristiques du bruit.
Deuxiemement, nous obtenons ce taux pour une grande classe de modeles de bruit, y
compris les distributions sous-gaussiennes, de Rademacher, de Student multivariées,
etc. Enfin, ces résultats sont obtenus sous la condition optimale sur le niveau de
parcimonie qui peut approcher le nombre total d’iterations de l’algorithme (& un
facteur logarithmique pres).

Mots-clés : optimisation stochastique, optimisation convexe, complexité, accélé-
ration, optimisation parcimonieuse
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Chapter 1

Introduction

Over the last decades, a great research interest has been directed towards data science
and machine learning problems, such as fraud and risk detection, search engines, recom-
mendation systems, image and speech recognition, reinforcement learning, to name a few.
Many of these problems are naturally cast as maximization of a quality criterion over a set
of unknown parameters, leading to an increasing demand for mathematical optimization
routines. Nowadays, the choice of optimization method is one of the key steps in building
a machine learning pipeline.

Recent technological advances in data collection and storage raise new challenges in
large-scale machine learning problems that essentially involve optimization over sets of
parameters of particularly large dimension [Bottou et al., [2018|. Specifically, there is a
demand for efficient optimization methods that process data samples at low cost from
both computational and memory usage points of views, while preserving good theoretical
guarantees. This setting is beyond the realm of classical polynomial time optimization
methods [d’Aspremont|, 2008, |Juditsky and Nemirovski, 2011a], so the first-order methods
take the leading role.

One specific artifact of large-scale setting is working under uncertainty because usually
one does not have access to precise information about incoming data samples. This concept
is often represented by the assumption that the objective function to optimize is stochastic,
leading to stochastic optimization [Nemirovsky and Yudin| [1983]. Operating on problems
of this kind, first-order methods can have access only to inexact and (typically) unbiased
estimations of gradients. This setting dates back to the pioneering work of [Robbins and
Monro, [1951], who established that even under uncertainty such methods converge to the
optimal solution in expectation under rather mild conditions imposed on the criterion.
Since then a large amount of work was devoted to develop, enhance or analyze different
methods dealing with stochasticity [see [Nemirovski et al., [2009, Ghadimi and Lan| 2012}
Lanl 2012} Bottou et al 2018 among many others. When dealing with stochasticity, one
popular approach is to use the variance reduction technique, where gradient estimates
are iteratively refined in order to decrease the variance of estimates |[Johnson and Zhang,
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2013} Defazio et al.| 2014a; |Allen-Zhu, 2017, Lan and Zhou, 2018a]. In this thesis, we
provide a new viewpoint to shed new light on several variance reduction techniques. In
addition, we improve their robustness to uncertainty and design new algorithms with
better convergence guarantees.

Each optimization method is built over a set of assumptions imposed on problems to
be solved. Therefore, it naturally belongs to one or several particular classes of methods
unified by the nature of these assumptions. Methods of each class treat problems of
particular type, that is, for example, optimization problems with/without uncertainty,
with /without sparsity etc. For instance, it is known that some deterministic accelerated
methods may be impractical on optimization problems with uncertainty. As another
example, methods that automatically adapt to hidden geometrical properties of criteria
(like strong convexity) may be beneficial, when an experimenter does not know if a problem
possesses such properties. Therefore, because typically the exact type of a problem is
unknown in practice and the exhaustive search over methods of different classes is usually
intractable in large-scale setting, there exists a strong demand for developing universal
methods that are applicable to wide classes of optimization problems |Lan, 2012, /Allen-Zhu
and Yuan| 2016].

Apart from specifics of the large-scale setting, we are also interested in general ap-
proaches to acceleration of existing algorithms. An example of generic scheme accelerating
first-order optimization methods called Catalyst was introduced in |Lin et al., 2015]. It
universally treats algorithms from several classes of methods, including those related
to variance reduction techniques, and can be seen as an inexact accelerated proximal
point algorithm. The method to be accelerated is used iteratively to solve approximately
a well-constructed sequence of problems. However, this technique is not applicable to
problems endowed with uncertainty. In the thesis, we address this challenge and show how
to make Catalyst robust to uncertainty in incoming data.

Another common way to deal with large dimensionality is to exploit the inner structure
of a problem. For instance, in machine learning applications, it happens frequently that
the quality criterion has many insignificant or negligible parameters. Therefore, it is
natural to attempt to recover only a small number of these parameters, while trimming
the others. This setting leads to sparse recovery optimization problems that have gained a
lot of attention in the literature from both practical and theoretical perspectives [Donoho
et al., 2000, Bithlmann and Van De Geer} 2011], and demonstrate their merits in a variety
of applications [Agarwal et al. 2012b]. Sparsity of solutions may be induced in several
ways: by using ¢y penalization [Blumensath and Davies|, 2009, [Jain et al., 2014, [Bhatia
et al., 2015 that specifically may be seen as feature selection; by relaxing the problem to
(;-minimization, leading to the well studied Lasso and Dantzig Selector estimators [see
Juditsky and Nemirovski, [2011¢c, and references therein]; or by an intermediate choice of
(,-"norm" with p € (0, 1) [Foygel Barber and Liu, 2019, |Zhao and Luo| 2019] balancing
the merits of the first two approaches. In any case, exploiting sparsity always results
in better convergence with respect to data uncertainty. In the thesis, we develop a fast
first-order method that exploits sparse structure for a wide variety of problems, including
sparse regression and low-rank matrix recovery. Moreover, we show that the theoretical
guarantees of the resulted method are improved comparing to the best currently known
results from [Hazan and Kale, [2010} [Juditsky and Nesterov, 2010, Agarwal et al., 2012b)
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Ghadimi and Lan| 2013].

In this introduction, we gave a high-level conceptual overview of main directions
and challenges taken by the thesis. The contributions of the thesis related both to
theoretical and practical sides of our findings are listed in the next section along with a
brief explanation.

1.1 Contributions of the thesis

Before we give a detailed overview with precise definitions and explanations of the
concepts briefly introduced above, we present the list of the main contributions of the
thesis from a high-level perspective, and we cite the corresponding publications. Detailed
descriptions for each point will be given in Sections [2.1.1} [3.1.1| and 4.1.1| respectively.

— In Chapter [2 we propose a unified view for a certain class of first-order algorithms
of stochastic optimization. This class consists of different incremental approaches
with a specific form of the gradient step, including variants of stochastic gradient
descent [Robbins and Monro|, [1951] and several variance-reduced algorithms. This
common viewpoint is developed by extending the concept of estimate sequences
introduced in |[Nesterov, [1983] 2014]. More precisely, using the estimate sequence
construction, we interpret the considered methods as procedures that iteratively
minimize a surrogate of the objective. Finally, this framework allows us to come up
with (i) a unified viewpoint and proof of convergence for all of these methods; (ii)
generic strategies to make these algorithms robust to stochastic noise (the afore-
mentioned uncertainty in optimization problems), (iii) new accelerated stochastic
variance-reduced algorithm with theoretically optimal complexity. While (i) is a
rather minor addition, (ii) and (iii) are of particular importance, as for example,
robustness to noise and acceleration of variance-reduced methods was only partially
analyzed in the literature. This contribution is based on the following publications

e A. Kulunchakov and J. Mairal. = Estimate sequences for variance-reduced
stochastic composite optimization. In Proceedings of the International Confer-
ence on Machine Learning (ICML), June 2019¢

e A. Kulunchakov and J. Mairal. Estimate sequences for stochastic composite
optimization: Variance reduction, acceleration, and robustness to noise. Journal
of Machine Learning Research (JMLR), 2020

— In Chapter [3] we introduce several mechanisms to “generically” accelerate different
first-order stochastic algorithms of convex and strongly convex optimization. In a
nutshell, we extend the Catalyst approach |Lin et al., [2015], originally developed
for deterministic problems, to the stochastic setting. The developed generalization
of Catalyst includes a generic acceleration of variance-reduced algorithms for the
case of stochastic problems, which relies upon the results of Chapter [2 In brief,
the applicable stochastic methods (those that can be accelerated) are united by
a mild condition of being linearly convergent to a fixed noise-dominated region
(all notions are defined in Section . From a high-level perspective, given
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such an algorithm, we accelerate its convergence to a noise-dominated region,
and then achieve a near-optimal convergence by using a restart procedure with
exponentially increasing mini-batches. Finally, we demonstrate that the developed
generic acceleration framework is competitive with the directly accelerated methods
studied in Chapter [2] The overall contribution is based on the following paper.

e A. Kulunchakov and J. Mairal. A generic acceleration framework for stochastic
composite optimization. In Advances in Neural Information Processing Systems

(NeurIPS), 2019

— In Chapter [ we consider the problem of sparse signal recovery in stochastic
optimization setting. Using the stochastic mirror descent as a workhorse, we
develop a multi-stage procedure with explicit feature selection between stages. We
show that the resulted algorithm enjoys fast linear convergence to a noise-dominated
region, where exploitation of sparse structure of the problem allows to show better
theoretical guarantees compared to non-sparsity-aware optimization algorithms.
At the same time, we maintain the optimal asymptotic rate, shown in [Agarwal
et all 2012b| for sparse regression, while enlarging the set of admissible values of
the number s of nonvanishing signal components from < v/N to < N, where N
is the number of iterations. We also enhance the reliability of the corresponding
solutions by using Median-of-Means like techniques [Nemirovsky and Yudin, 1983]
Minsker, 2015]. This contribution is based on the following manuscript.

e A. Juditsky, A. Kulunchakov and H. Tsyntseus. Sparse Recovery by Reduced
Variance Stochastic Approximation. arXiv:2006.06365, 2020

1.2 Optimization problems in machine learning

In machine learning applications, the behavior of a real system of interest is usually
described in terms of some parametrized mathematical model |[Hastie et al., [2001, Bottou
et al., 2018|, chosen by experimenters. They also set up a mathematical function that
represents the “goodness of fit”—how good does the model describe the system of interest—
with arguments which are the model parameters. One is naturally interested in searching
for such values of these parameters that maximize the “goodness”, looking thus for the
best approximation model. Throughout the thesis, we refer to this quality criterion as
objective function.

But first, let us give a more formal explanation. Assume that our system generates
data samples (z;) that live in a subset Z of Euclidean space E. Assume also that these
data samples (z;) possess some characteristics represented by labels (y;) that lie in a subset
Y of another Euclidean space Ey. Specifically, there is an unknown one-to-one mapping
h, : Z — Y embedded into the system by nature. This mapping is of interest to us and
we want to predict h.(z) for all z € Z.

In order to recover h, or at least to approximate it, experimenters choose a family of
prediction functions—candidate models,

H={h(z,2): Zx X =Y} (1.1)
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—parametrized with x from a subset X of Euclidean space Ex [Bottou et al., 2018]. This set

is assumed to contain a parameter vector corresponding to a “satisfying” model. In order to
compare different models, we choose a loss function | : Z xY — R that measures goodness
of fit at data samples. When Fy = R, examples of loss function include squared error loss
I(h(z,x),y) = (h(z,x) — y)?, squared hinge loss [(h(z,z),y) = max {0, (1 — y - h(z,x))*}
and logistic loss [(h(z,z),y) = log (1 —i—exp_y'h(zvx)). In what follows, unless stated
otherwise, we always assume that £ = Fx = RP and Fy = R. Moreover, if not explicitly
stated, ||-]| will denote the £ norm. More generally, there are several ways of using a loss
function to select a model [Hastie et al., |2001} Bottou et al., [201§].

1.2.1 Expected Risk and Empirical Risk

Assume that data samples (z;) and labels (y;) are random variables with probability
distribution P(z,y) on Z x Y. Then, the main objective is to minimize the following
function

F(e)= [ h(z,2),9)dP(z,y) = Bp [(A(z,2),9)], (1.2)

ZXY

referred to as expected risk. This risk gives a complete characterization of the model fit over
the whole set Z x Y thus being the ideal criterion when choosing a proper approximation
model. Unfortunately, for most cases, the multidimensional integral in can not be
computed even when distribution P is known.

A common approach is to approximate with a finite sum

n

> Uz, ), 9i), (1.3)

=1

1
F(zx)=—

(0) ="
which converges to the expected risk according to the law of large numbers [Dekking et al.|
2005]. This criterion (1.3)) is called empirical risk [Vapnik, 2000].

1.2.2 Regularization

When optimizing the sampled objective (I.3)), one may encounter the problem of
overfitting [Hastie et al 2001]. For example, this problem occurs when data samples
(z;) are corrupted by some noise and the selected model excessively fits this noise thus
losing its predictive abilities on unseen data. To mitigate this effect, one popular approach
consists in imposing a penalty on model complexity—risk reqularization. As models in
are parametrized with x, this complexity is also associated with x and is expressed as a
penalty function ¢(z) added to thus leading to composite optimization problems
intensively studied in the literature [Burke and Ferris, |1995, [Lan| 2012} |Li and Pong, 2015|
Shi et al. 2015, |(Ghadimi et al., 2016, Gasnikov and Nesterov, 2018, to name just a few].
The regularized empirical risk looks as follows

F(x) = U(h(zi, 2),55) + (@) £ f(2) + (). (1.4)

1

S|

n

(2
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For instance, 1 may be the {,-norm that, for a real p > 1 is defined as
Iz, = (P + [waf? + - - + )7 (1.5)

A particular example of is the ¢;-norm, which is very popular in signal processing
and machine learning applications due to for its sparsity-inducing properties |Mairal
et al., [2014, Nesterov and Nemirovski, [2013, Becker et al., [2011, |Beck and Teboulle, 2009).
Another way to define 1 is to set it as the extended-valued indicator function of a specific
subset Xg C X

Y(z) = (1.6)

0, when x € X,

+00, when z € X
so that the setting encompasses constrained problems [Necoara and Patrascul, 2014,
Hiriart-Urruty and Lemaréchal, [1996]. A proper choice of ¢ (x) is dictated not only by
desired properties of geometry of the resulted solutions, but also by “simplicity” of 1 (x).
This notion of simplicity will be expressed in details in the next section, when introducing
proximal operators, that has to be computed efficiently.

In what follows, we denote z* the optimal solution to the optimization problem, which
may be (L.2), or (1.4, and also refer to the optimal objective value F* = F(z*).
Before introducing proximal operators, we focus on the case when 1 = 0, so that we
minimize f(z), as the success of optimization of depends mostly on the properties
of f(x), not of the regularization ¢ (z). In many situations, the optimization problems
stated in are unsolvable |Nesterov, 2014]. Therefore, we need to introduce and assume
specific geometric properties of f(z).

1.2.3 Geometry of a problem. Convexity.

One of the main branches of vivid developments in optimization tools is convex
optimization.

Definition 1.1 (Convex set). A set X C E is conver if (1 — a)xy + awy belongs to X for
every x1,x2 € X and any o € [0, 1].

Definition 1.2 (Convex function). A function f : X — R defined on a convez set X is
called convex if V1,29 € X and Vo € [0, 1] the following condition holds:

S =)z + axs) < (1 —a)f(z1) + af(zs).

Convexity plays important role in different applications due to three important implica-
tions. The first states that any local minimum of a convex function is a global minimum as
well. This property is important as optimization tools in non-convex optimization are prone
to get stuck in local minima that can be sub-optimal |[Nesterov, 2014]. The second one is

the existence of sub-gradients, good surrogates of gradient of convex function [Nemirovsky
and Yudin, [1983].
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Definition 1.3. If f : X — R is a convex function, a vector g is called a subgradient at a
point x € X if for any y € X one has

fly) = f(x) = {9,y — ).

The final property is that while providing characteristics of optimization problems,
the property of convexity is flexible enough so that many machine learning tasks may be
formulated in terms of optimization of a convex objective, [see Boyd et al., 2004, Dattorro,
2010, Bubeck, 2014, and references therein|. For instance, the examples of popular loss
functions described earlier, that is squared error loss, hinge loss and logistic loss, are all
convex functions. Of course, if the loss function I(h(z, z),y) is convex for all (z,y) € Z x Y,
then both risks and are convex functions as well. The penalty function ¥ (x) is
also typically assumed to be convex, which is the case for the ¢,-norm with p > 1 or the
extended-valued penalty function of a convex set .

Definition may be strengthened with introduction of strong convezity.

Definition 1.4 (Strongly convex function). A function f : X — R defined on a convex set
X is called strongly convex with parameter p if Vo, 29 € X and Va € [0, 1] the following
condition holds:

po(l — )
2
First, strongly convex functions have unique optima. Second, one may verify by
comparing results of |[Lan, 2012] with [Ghadimi and Lan| 2013] that the strong convexity
property significantly improves convergence of optimization algorithms.E]
Another important notion, that arises throughout the thesis, is L-smoothness.

F(1 = a)ay +aws) < (1—a)f(z1) + af(e) — 21 — 225 (1.7)

Definition 1.5 (L-smooth functions). Assume that a function f : X — R is continuously
differentiable everywhere on X [Nemirovsky and Yudin, 1983], then it is called L-smooth
if its gradient is Lipschitz continuous with constant L, that is

IVf(x) =Vl <Lz -yl

The L-smoothness property allows to prove better theoretical convergence rates as we
will see later. This assumption is not strong, as many optimization objectives in machine
learning applications are L-smooth. For example, if f(x) is convex and twice continuously
differentiable, a sufficient condition would be an existence of an upper bound L for
eigenvalues of the Hessian V2 f(z).

Problem statement Finally, we give a formal description of the general problem
that we optimize throughout the thesis.

min { F(z) & f(z) + ()}, (1.8)

zeX

where X is a convex set, v is a convex, semi-continuous penalty function, not necessarily
differentiable, and f is (pu-strongly) convex and L-smooth.

1. This will also be shown in Section presenting theoretically optimal convergence rates for convex
and strongly convex optimization.
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1.2.4 Proximal operators

In order to incorporate the composite setting of (1.4)), one can introduce prozimal
operator associated with the penalty ¢(x) and the projection on the convex set X [Moreau,
1962|. Specifically, it is defined as

1
Prox,[u] £ argmin {mb(:v) + iﬂx — u||2} . (1.9)
zeX

The usage of a proximal operator allows to optimize composite F'(z) without querying
sub-gradient information on ¢ (x), when it is simple enough for to be computed in
closed form or by an efficient fast search routine |[Parikh and Boyd| 2014]. This is the
case, for example, for quadratic penalties, [,-norms (with p > 1) or an extended-valued
indicator function of a simple convex set [Agarwal et al., 2012b| Parikh and Boyd, 2014].
Due to the use of , the optimization methods applied to the pure risks and
are often generalizable to the composite setting with the same convergence guarantees [see
Beck and Teboulle] 2009, Lan| 2012, Nesterov, 2013].

1.2.5 Oracle complexity of optimization problems

A classical statement of optimization problem involves the notion of a black-box [Ne-
mirovsky and Yudin, [1983] Nesterov, [2014]. Black-box models suggest that one does not
possess any information about f(z), but rather accesses it by pieces through queries to
oracles. The most popular type is a first-order oracle that returns the gradient V f(z) at
any requested point .

The black-box model allows to build a meaningful definition of complexity of an
optimization method being the number of oracle calls requested in order to achieve an
g-accurate solution Z, that is f(#) — f* < e. This is also called analytical complezity
compared to arithmetical complexity defined as the number of arithmetic operations
requested by a method |[Nesterov, 2014]. Though the latter is a more ideal measure in
practice, we stick to analytical complexity, because it allows to obtain a complete theory
of convex optimization [Nemirovsky and Yudin, [1983] by providing concrete upper bounds
on complexities of methods that could be achieved. Moreover, arithmetic complexity can
usually be derived from it [Nesterov, 2014].

In the stochastic setting, an oracle can return noisy estimates g(x) of the true gradient
V f(x). Typically, in the literature [Nemirovsky and Yudin| 1983 Nemirovski et al., 2009,
Bottou et al., 2018], it is assumed that g(x) is unbiased g(z) = E [V f(z)] along with
introduction of the following important characteristic, called oracle variance.

Definition 1.6 (Oracle variance). Assume that there is an oracle that for each x € X
returns an unbiased noisy estimate g(x) of the true gradient ¥V f(z). The variance of this
estimate is denoted as o>

Vo e X El|g(x) - V)| <o (1.10)

In other words, the value of 02 is a measure of the oracle quality. The assumption
of boundness of the oracle variance is not a weak one. For example, the expected
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deviation E||g(x) — V f(z)||* may often be of the same order as ||V f(x)||?, and the latter
may be unbounded, which is the case, for instance, for the aforementioned squared hinge
loss I(h(z,z),y) = max {0, (1 —y - h(z,x))*}. However, some functions, such as logistic
loss, have bounded gradients over RP. Moreover, the minimization may be conducted over
a compact condition set X, so that the value of E ||g(x) — Vf(z)|” remains bounded.

1.3 Classical theoretical results on complexities of
optimization methods

Before we overview and develop algorithms, we discuss how fast these algorithms
may be in theory. In terms of analytical complexity, we are mainly concerned with the
optimal rates of methods applied to convex and strongly convex objectives. We assume
that an oracle in Definition is at our disposal and we express the optimal worst-case
convergence rates. Given an optimal rate, it means that there exists a function of the
considered class, which can not be minimized faster than with this prescribed rate. For
the rest of the manuscript, the convergence rates given in this section are referred to as
optimal and we refer to the algorithms that achieve them (either for o = 0 or o > 0)
as accelerated. All other rates are referred to as sub-optimal. In what follows, we often
represent the results in the O (-) notation for simplicity hiding the absolute constants.
Moreover, we introduce the notation O (1) that is essentially O (-) with probably a hidden
logarithmic factor in the problem dimension or condition number L/pu.

Convex case. Assume that the smooth part f(z) in the objective F'(z) of (1.8]) is convex,
but not strongly convex. According to [Nemirovsky and Yudin, [1983], for this class of
functions the best convergence rate is

. LR? oR
]E[F(xN)—F]gO<N2>+O<\/N>, (1.11)
bias variance

where R is an upper bound on ||zg — 2*|| with xy being the initial estimate and N is
the total number of oracle calls. In this statement, we highlight a classical bias-variance
decomposition of a convergence rate of a stochastic method |[Bach and Moulines, 2013,
Dieuleveut et all 2017]. The “bias” term expresses the “reaction” of an algorithm to the
“deterministic” component of random observations. It is associated with the Lipschitz
property of the gradient of f(x). The variance term expresses the effectiveness of treatment
of noise inherited by the oracle. In what follows, we distinguish preliminary and asymptotic
phases of convergence of a method, specifically for bias or variance domination in
respectively.

The deterministic case o = 0 was successfully solved in the seminal paper |[Nesterov,
1983], establishing an accelerated algorithm with the optimal rate. The stochastic case
o > 0, when neglecting bias, was considered in several papers [Nesterov and Vial, 2008
Nemirovski et al., 2009, [Xiao, [2010] yielding the optimal asymptotic rate O (1/v/N ) using
averaging techniques and decreasing step sizes. The overall universal case (|1.11)) then was
closed in |Lan, [2012], achieving optimal bias and variance.
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Table 1.1 — List of convergence rates to and corresponding complexities in different cases.
For brevity of presentation, every expression is given up to absolute constants.

Strongly convex case. Once an optimization problem is strongly convex with p > 0,
the best possible convergence rate of a method applied to minimize it can be significantly
improved. According to [Nemirovsky and Yudin|, [1983] |Agarwal et al., [2012a;, [Nesterov,
2014], for this class of problems, a method can not be faster than

E[F(zy) — F] < O(1) (1 - (1.12)

Y ) o
1) ) - )0 (40,
The deterministic case 0 = 0 was solved in |[Nemirovsky and Yudin, 1983]. As in the
convex setting, the stochastic case ¢ > 0 in the pure asymptotic regime was successfully
considered in [Nesterov and Vial, 2008, Nemirovski et al., 2009, Lacoste-Julien et al., [2012]
yielding the optimal asymptotic rate O (1/N) by decreasing step sizes accordingly O (1/N).
In the stochastic setting, the overall universal case then was closed in |Ghadimi and
Lanl [2013].

Terminology Throughout the thesis, we refer to different notions related to convergence
rates established above. Next, for such N that the bias is dominated by the variance part
of rate, we say that an algorithm has converged to a noise-dominated region. Another
important notion here is complexity, given in Section [I.2.5] Complexity of a method
is basically derived from its convergence rate, being the number of iterations required
to obtain a solution zy such that E[F(zy) — F*] < e for a given ¢ > 0. While the
convergence rate expresses an achieved accuracy via number of iterations, complexity does
an inverse task, defining the latter via accuracy, see Table for examples.

Main goal In the current thesis, we explore different ways to achieve both ((1.11])
and ([1.12)) simultaneously in the general stochastic composite setting. It is important
to note that by the term “simultaneously” we mean that, while the parameters of the

developed framework may change depending on pu, the same framework nonetheless
achieves either (1.11)) or (1.12)) through rather straightforward modifications.
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1.4 Stochastic algorithms and variance reduction

Before we give an overview of the methods developed for stochastic optimization
problems with inexact information (o > 0), we introduce two key paradigms for solving
them, based on two different Monte Carlo sampling techniques.

1.4.1 SA and SAA paradigms
The expected risk (1.2) and the empirical risk ([1.3)) are minimized differently in the

sense of the Monte Carlo sampling technique which is used to access the information.
Depending on which risk is minimized— or ([1.3)—an applied method can belong to
the stochastic approximation (SA) paradigm or the sample average approzimation (SAA)
paradigm respectively. Let us now describe each of them in details.

SAA methods are essentially two-step deterministic algorithms applied to (1.3). The
first step consists in construction of deterministic risk to be optimized. At the second
step, once all pairs {(z;,y;)},_, are sampled and bears no uncertainty, a deterministic
optimization algorithm is applied. While numerical complexity of the solution depends
on the optimization procedure used at the second step, the statistical properties are
completely defined by the sampling step [Candes et al., 2007, Negahban et al. [2012, Zhang
et al., |2014]. Nonetheless, different studies [Kleywegt et al., [2002, Shapiro, 2003, |Shapiro
and Nemirovski, |2005] Linderoth et al.; 2006] show that these techniques are quite efficient
from both theoretical and practical points of view [Nemirovski et al., 2009].

The first stochastic approximation method appears in the seminal paper [Robbins and
Monro, [1951]. SA methods directly target the expected risk processing incoming
data samples one by one in online manner. At the core of SA methods lies a simple
algorithm with iterative updates of low computational cost. This allows to significantly
reduce computational burden comparing to SAA, as experimenters do not need to store
and reuse the whole sampled pool of (1.3)).

For a long time SAA methods were considered superior to SA approaches [Nemirovski
et al., [2009], partially because the corresponding optimization routines may use the struc-
ture of the problem to solve. Another reason resided in poorly working step size strategy
established by classical theory |[Chung, (1954} Sacks|, [1958]. The first step in improvement
of SA approaches was done in [Nemirovsky and Yudin, (1983, |Polyak and Juditsky, [1992]
where longer step sizes were justified, so that the resulted algorithms are shown to be
competitive with classical SAA approaches. Since then, SA algorithms developed rapidly
and became a highly dynamic domain with numerous important contributions [Duchi
et al.| 2011} |Lan, 2012, (Ghadimi and Lan| 2013} |Kingma and Baj, 2014, to name just a
very few|. In what follows, we focus on algorithms of SA type. We start with a description
of a common example of SA algorithm.

1.4.2 Stochastic gradient descent

The gradient descent (GD) algorithm [Rumelhart et al., 1985 |Baldi, 1995, [Ruder} |2016]
is probably the most studied optimization method in the literature and widely used in
practice due to its simplicity. In a nutshell, this method boils down to a simple scheme:
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set up an initial estimation z, define a step size sequence (7;),_, and iteratively apply the
update rule for kK > 1

T = Tp—1 — MV f(Tr-1), (1.13)

(we will assume () = 0 and X = RP to start).] The main logic behind is that
locally the antigradient shows the direction of the steepest descent of f(z) [Nesterov, 2014].
The step sizes (7;),_, control how far the GD goes in its updates. There are many different
strategies on the choice of 7 [Duchi et al. [2011, Nesterov, 2014, Ruder, 2016], but in
any case, for L-smooth functions, there is a limit value for it. This value is found from
minimizing the right side of

fln) < flzry) + Vf(veo1) (zp — 21) + sﬂm — zy_1]3,

yielding finally 7, < 1/L. The inequality holds true for L-smooth functions due to Theorem
2.1.5 in [Nesterov}, 2014]. For the rest of the section, we assume that the step size is
constant n; = n for all i.

In the stochastic setting, we do not have access to the exact gradients V f(x) and
dispose of its stochastic estimates g(z) only. Therefore, the relation is rewritten as

T = Tp—1 — Mg (Tp—1) (1.15)

being the update of the well-known stochastic gradient descent algorithm. This update is
preferable in large-scale setting, because computations of g(z) may be performed much
faster than that of V f(z), [Zhang, 2004} Bottou et al., [2018]. We consider algorithms with
averaging of iteration trajectories |[Polyak and Juditsky, [1992], so that the approximate
solution at the step N is formed according to

1 N
Nz:: (1.16)

Define R as an upper bound on the initial approximation error ||zo — z*||. It is well-
known that the following bound holds for Zy in the case of a convex and L-smooth
objective |[Nemirovsky and Yudin, 1983, |[Nemirovski et al., [2009)

2
E[f(ix) - J7] < f\fn +2n0%, (117)

When the number N of performed iterations is known in advance (we refer to this setting
as finite horizon), the bound ([1.17)) transforms into

B[f(ex) = 1< S+ e (1.13)

2. In the case, when t(z) # 0, this update transforms into

xp = Prox,, ¢ [@p—1 — eV f(zr-1)]. (1.14)
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(by utilizing a proper choice of 7).
For p-strongly convex functions, ([1.17) becomes

nLo?

E[f(ow) = 1< (=)™ (Flwo) = 1)+ 757

, (1.19)

that may be found for example in Theorem 4.6 in [Bottou et al., 2018|. The variance is still
bounded, and the convergence of the bias terms becomes faster due to improved curvature
of f(z). The variance term in (|1.19) may be reduced by a specific restarting procedure
(see discussion after Theorem 4.6 in [Bottou et al 2018]). In a nutshell, this procedure
employs exponentially decreasing step sizes, that are reduced each time we decrease the
expected risk by a factor 2. Note that there are different other ways to obtain a converging
algorithm. For instance, one can consider the following scheme: (i) launch with a
fixed step size n = 1/L, (ii) reach a noise-dominated region f(ry) — f* < nLo?/u, (iii)
restart the algorithm with decreasing step sizes n, < min{n,2/uk}. The final rate of the
described procedure, according to Theorem 4.7 of [Bottou et al. 2018], is

L 202

- 1.20
N (1.20)

Elf(an) — £1< (1= £) (o)~ £+

This rate is not optimal as the variance depends on excessive factor (L/u) that could be
large in high-dimensional problems.

1.4.3 Stochastic Mirror Descent

To finish consideration of the SGD, we need to introduce its celebrated descendant,
called stochastic mirror descent. Let the SGD algorithm be applied to an optimization
problem with ¢ = 0 and constrained to a convex set X. Then, its update ([1.14) is as
follows

Tp = Projy [Te—1 — MV f(2p-1)],

with projy being the projection operator on X. This rule can be viewed as the minimization
of a quadratically penalized local Taylor expansion of f(x) around xj_q, that is

. 1
T = argmin {f(xkl) + (Vf(zp1),x — xp1) + o |z — xk,ng } (1.21)
zeX Nk

penalty
One may replace the Euclidean norm with a different regularizer to obtain a different

update rule of the algorithm.

Bregman divergence Let E be an Euclidean space and ¥ : E — R be a continuously
differentiable convex function which is strongly convex with respect to some norm |-| (that
is not necessarily Euclidean), i.e.,

(Vi(z) — VI('),x — ') > |v —'|*, V2’ € E.
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Following |[Nesterov, 2005, |Juditsky and Nemirovski, [2011a], we refer to ¢ as a distance-
generating function (for the examples of d.-g. functions for different norms |-| see [Nesterov,
2005, |Juditsky and Nemirovski, 2011a]). We define Bregman divergence associated with
the d.-g. function ¥ according to

V(z,z) =9(z) — Hx) — (VI (x),z —x), Vz,xeX. (1.22)

Being substituted into (|1.21)), it leads to the update

TE = arggl(in {f(azkl) +(Vf(rg_1),z —xp_1) + Z’i]kV(xkh z)}

= argmin {(Vf(xk_l), z) + 271%‘/(@_1, z)}

zeX
1 1
= arin;in {<Vf(xk_1) - %Vﬁ(xk_l), z> + 2%19(2)} : (1.23)

Finally, the exact gradient V f(z;_1) may be replaced by its stochastic observation gy, so
that we arrive to the update rule of the stochastic mirror descent algorithm:

zeX

1
T = argmin {(gk, Z> + %V(xk_l, Z)} . (124)
k

This optimization problem is solved at each iteration of the stochastic mirror descent
algorithm. In order to allow for the efficient implementation of the method, this problem
should be easy (for example, to admit a closed form solution or may be solved by a simple
linear search).

Note that the proximal operator considered here is substantially different from that
defined in Section [I.2.4] In Chapters [2] and [3| we use the notion of proximal operator as
defined in (1.9)), while in Chapter [4] the definition (1.24)) is used. It remains to note that
the convergence guarantees of the SMD algorithm are of the same type as those of the
SGD algorithm in the case of Euclidean norm.

1.4.4 Variance-reduced algorithms

In order to mitigate the impact of noise that comes from an inexact oracle, one may
exploit a particular structure of the optimization problem. A typical example is provided
by the finite-sum structure. A finite-sum optimization problem is as follows

n

mip { F2) 2 1)+ 000) £ 13 1)+ 0(0) | (125
The assumptions imposed on X, f(x) and () are the same as in (1.8). Let us assume for
now that the deterministic terms f;(z), same as f(x), are pu-strongly convex and L-smooth.

Because all (f;)!, are deterministic, the overall objective F(z) is deterministic as
well. Moreover, it is assumed that the oracles returning gradient estimations V f;(x) for
each ¢ and z € X are exact. This allows as well to calculate the full gradient V f(z) =
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(1/n) X7, f; and apply any deterministic procedure to (1.25). However, in large-scale
setting this strategy would be too expensive from a computational point of view. Therefore,
new optimization algorithms were proposed recently which utilize the finite-sum structure,
while maintaining computational speed and simplicity of SA approaches.

While the finite-sum setting is obviously a particular case of expectation with a
discrete probability distribution, the deterministic nature of F'(x) drastically changes the
corresponding performance guarantees. The stochastic gradient descent may be applied
to the minimization of a finite-sum objective when the random gradient realizations is
taken as g, = f;,, where i is chosen randomly from [1,n]. While the update is
computationally cheap, it does not explicitly exploit the finite-sum structure of f(x).
Therefore, the stochastic gradient descent, accessing only random unbiased gradient
realizations, can not improve on the O (1/N)-rates from (L1.12).

Nonetheless, linear convergence rates can be obtained if first-order methods operate not
on the estimates V f;(x), but rather on a refined version of them with a decreasing variance.
Such technique has been introduced by [Blatt et al. 2007, [Schmidt et al., 2017] under the
name of a variance-reduced algorithm to build proper unbiased estimates g(x) of V f(x)
with the variance E M gr(z) = Vf(x) ||2] decreasing over the iterations. Since then, different
versions of gi(x) were proposed leading to randomized incremental approaches with linear
convergence rates, such as SAG [Schmidt et al., [2017], SAGA [Defazio et al. 2014a],
SVRG [Johnson and Zhang) 2013|, Xiao and Zhang), [2014], SDCA [Shalev-Shwartz and
Zhang; [2016], MISO [Mairal, 2015], Katyusha [Allen-Zhu|, 2017], MiG [Zhou et al., [2018],
SARAH [Nguyen et all 2017a], directly accelerated SAGA [Zhou, |2019] or RPDG [Lan
and Zhou, 2018a).

The key idea used in building the estimate gi(x) in variance-reduced algorithms
is that given two random variables X and Y, it is possible to define a new variable
Z = X —Y 4+ E[Y] which has the same expectation as X but potentially a lower variance
if Y is positively correlated with X. For example, SVRG approach takes a gradient step
using the following estimate at a step k

gk = Vfi(xr1) = Vi, (2) + Vf(2),

where Z is an anchor point updated every n steps. The full gradient V f() is stored after
the update of #, and the calculation of V f;, (#) is cheap, so that the overall update is
cheap on average as well. The resulted convergence rate of the algorithm applied to
with exact oracles for (f;(z));; is

N

E[F(ay) - F] <0 (1= 1) (Fa) - 7). (1.26)
which is similar to the one obtained in |Defazio et al., 2014a), Shalev-Shwartz and Zhangj,
2016, Mairal, 2015, |Schmidt et al., 2017), while faster convergence rates were obtained in
[Allen-Zhu, 2017, Lan and Zhou|, 2018a, |Zhou et al., [2018| [Zhou, 2019]. To attain (|1.26))
one needs to conduct several passes over the data, so that N should be larger than n. All
these algorithms have about the same cost per-iteration as the stochastic gradient descent
method, being O (n) times lower than of SAA techniques. However, these results holds
only for the case when the terms f; are deterministic.
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1.4.5 Variance-reduced algorithms with perturbations

In this thesis, our objective is to provide a unified view of stochastic optimization
algorithms, with and without variance reduction, but we are especially interested in
improving their robustness to random perturbations. Specifically, we consider objectives
with an explicit finite-sum structure when only inezact estimates of the gradients V f;(x)
are available. In other words, there are n oracles f; of the general type for each of the
terms (f;); corrupted by random perturbations (p;);, and the smooth part f from (1.8)
may be written as

n

> file) with  fi(z) =B, [fi(z,p)]. (1.27)

i=1

1
fla) =
The described setting may occur in various applications. For instance, the perturba-
tions p; may be injected during training in order to achieve better generalization on the
test data |Srivastava et al., |2014], perform stable feature selection |Meinshausen and
Biihlmann, [2010], improve the model robustness [Zheng et al., 2016], or for privacy-aware
learning [Wainwright et al., 2012].

Such problems can not be addressed by algorithms of deterministic optimization, and
most of the aforementioned variance-reduction methods do not apply anymore. The
standard approach to address this problem is to ignore the finite-sum structure and use
variants of the SGD algorithms which were already seen to be sub-optimal. The reason
for this is that the variance of the gradient estimate for decomposes into two parts
0? = 02 + 62, where o2 is due to the random sampling of the index i}, and 6% < o, is due
to the random data perturbation in the terms (f;)?_,. The SGD algorithm preserves the
constant variance that depends on 2. And while variance-reduced algorithms manage to
git rid of it when 62 = 0, generalization to the case when 2 > 0 is still an open question
for most of them.

In this thesis, our objective is to achieve robustness to the noise 62 > 0, while preserving
a linearly convergent term, that is obtaining the following convergence guarantees

6.2

N
E[F(ay) - F1<0(0) (1-2) (Fa) - FY+0(0) -2 (128)
L uN
with the variance that is typically much smaller than ¢%/(uN). This is not a contradiction
with the theoretically optimal result stated in (1.12), as the assumptions about the oracles
are different. We adapt several incremental algorithms, including variance-reduced methods
such as SVRG, SAGA, SDCA or MISO, to stochastic optimization setting by providing a
unified common convergence proof for them. The main novelty is the modification to the
aforementioned algorithms that makes them robust to stochastic perturbations.

Note that the SAGA and SVRG methods were adapted for this purpose by [Hofmann
et al., 2015], although the resulting algorithms have non-zero asymptotic error. The MISO
method was adapted by |Bietti and Mairal, 2017] at the cost of a memory overhead of
O (np), whereas other variants of SAGA and SVRG were proposed by [Zheng and Kwok|
2018]| for linear models in machine learning. While non-uniform sampling strategies for
incremental methods are now classical |[Xiao and Zhang), 2014, Schmidt et al., 2015], the
robustness to stochastic perturbations has not been studied for all these methods and the
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aforementioned approaches have significant limitations. At the same time, they may be
useful, when the terms f; have different Lipschitz smoothness constants. In this case, for
example, a non-uniform strategy allows to express the convergence rate in terms of average
Lipschitz smoothness constant L = (1/n)¥", L;, and not in L = max; (L;), which is
larger. In this thesis, we adapt these strategies to work in the generalized stochastic
variance-reduced algorithms.

1.5 Accelerated methods

Optimal optimization methods—those having the optimal bias and variance convergence—
are of particular interest for practitioners. Let us start with consideration of fast optimiza-
tion methods for the deterministic setting.

A heavy-ball algorithm with the optimal convergence rate for the deterministic case was
introduced in [Polyak, (1964 for minimization of smooth strongly convex functions. Next,
using the ideas behind the conjugate gradient method, authors of [Nemirovsky and Yudin
1983| developed an algorithm with the optimal convergence rate for L-smooth functions.
Finally, [Nesterov, |1983] introduced the optimal algorithm of smooth optimization, now
known as the accelerated gradient method. Essentially, this method had the same worst-
case complexity with [Nemirovsky and Yudin, [1983]. While the ideas behind the algorithm
of [Nemirovsky and Yudin, |1983] are simple, the geometric interpretation of the accelerated
gradient method is still a question for community leading to several attempts to explain
it [Allen-Zhu and Orecchial, 2014}, Bubeck et al., [2015, |Drusvyatskiy et al., 2018]. This
algorithm was successfully generalized to composite problems in [Tseng, [2008|, Beck and
Teboulle, |2009, Nesterov, |2013]. Finally, [Lan| 2012 generalized the Nesterov’s method
to a composite optimization setting of minimizing objectives with smooth stochastic and
non-smooth components. Estimate sequences have already been used to analyze stochastic
optimization algorithms [Devolder et al., 2011} |Lin et al., 2014, Lu and Xiaol [2015]. In this
thesis, one contribution is development of a unified framework utilizing estimate sequences
for derivation and analysis of accelerated methods in the stochastic setting.

For the case of smooth strongly-convex stochastic optimization, the optimal method,
attaining the rate (|1.12)), was described in [Ghadimi and Lan, [2013] using a multi-stage
procedure built over the algorithm from |Ghadimi and Lan, 2012]. The idea of the
multi-stage procedure is simple. Given some base method M, we iteratively apply it to
the problem of interest. Each stage is a launch of M (for a certain number of iterates)
initialized from the last obtained solution. This scheme was successfully used to build an
optimal algorithm for stochastic strongly convex optimization.

A different multi-stage scheme called Catalyst was developed in [Lin et al., [2015]
for minimization of deterministic objectives. The Catalyst approach covers convex and
strongly convex finite-sum optimization problems, each along with their composite settings.
At the core of Catalyst lies the assumption that a base method M enjoys a sub-optimal
linear convergence when minimizing strongly convex objectives. Then, Catalyst builds a
sequence of fy-penalized, well-conditioned sub-problems, each of which is solved efficiently
by M up to a given accuracy. After each stage the extrapolation step is applied in order
to prepare the initialization for the next stage. The described multi-stage procedure
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is shown to derive meta-algorithms with near-optimal convergence rates for many base
approaches, such as gradient descent, block coordinate descent, SAG, SAGA, SDCA,
SVRG, Finito/MISO, mentioned earlier.ﬂ In this thesis, our objective is to generalize the
Catalyst approach to the stochastic case and achieve near-optimal convergence rates for a
large class of stochastic optimization methods.

1.6 Optimization methods for sparse recovery

Another way to mitigate the impact of noise that comes from an inexact oracle, is to
exploit a particular structure of the problem. One example of such structure is sparsity. For
instance, a data generation model is called s-sparse, if the driving parameter vector £* has
at most s non-zero components. Although, we generally aim at solving sparse stochastic
optimization problems of the general form (1.8)), in this section, we focus on sparse linear
regression and low-rank matrix recovery in order to simplify the overview. For sparse
linear regression models, the labels are generated according to

y={(¢,x") + o0&, (1.29)

where ¢ € RP and ¢ € R are typically i.i.d. random variables, and x* is s-sparse. The
low-rank matrix recovery model arises straightforwardly from ((1.29), that is

y=(®,X") + ot (1.30)

where (-, -) is the Frobenius inner product and @ is a matrix of regressors, and X* has
at most s non-zero eigenvalues. In this section and then in Chapter [, we explicitly
distinguish ||-||>-norm from other norms (like £,-norms, matrix norms) that are also
exploited.

Given a sparse linear regression model , one may try to recover x* by using the
least squared loss function and stating an optimization problem. For example, gives
rise to the following stochastic optimization problem

min {fSA(x) = ;EHyl — gblTtz} , (1.31)

zeX

where the minimization may be conducted, for instance, over the space X of s-sparse
vectors. Note that observations y; and ¢; provide us directly with unbiased estimates
= ¢; ((b:a: — yi) of the true gradient V fsa(x). Therefore, it is possible to address (|1.31
with methods of SA type.
Another type of loss is given by sample average approximation (SAA In thls Case we

» Y=
2
(y1, - - ,yN) , and D—the matrix with columns {¢1, ¢o,...,dn}. Then, the optlmization
objective becomes

sample N observations (¢;, y;) and define the following quantities f;(z

N
foaa(z ]1[221 2;7 Hy - DTJCHz , (1.32)

where the matrix D € RP*V is referred to as sensing or design matrix.

3. A convergence rate is called near-optimal if it is optimal up to factors which are logarithmic in the
condition number or dimension of the problem.
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1.6.1 Literature overview

Sparse recovery optimization problems have gained a lot of attention in the literature
from both practical and theoretical perspectives [Donoho et al., 2000, Bithlmann and|
Van De Geer}, |2011]. In order to recover sparse solutions we have to change somehow the
general problem statement and explicitly aim at exploiting its particular structure. In this
introduction, we overview several ways to induce sparsity that are particularly important
to us.

(1-minimization In order to exploit merits of convex optimization, one can use a
relaxation of the ¢y pseudonorm to its closest convex surrogate—the ¢;-norm (or a nuclear
norm in the case of matrix regressors ®). For the sparse linear regression, this approach
leads to the celebrated Lasso estimator

1
min{||y—<l>x||2+)\||x||1}. (1.33)

zeRP 2

and Dantzig Selector, see [Candes et al., 2006| 2007, Bickel et al., 2009, Van De Geer and|
Biithlmann| 2009, |Candes et al., [2009, Candes and Plan, [2011a), [Raskutti et al.l 2010] [Fazel
ket al, 2008, [Candés and Recht, 2009, [Candes and Plan, 2011b|, [Juditsky and Nemirovskil,
2011b} |[Negahban and Wainwright, [2011} |Koltchinskii et al.; 2011, |[Rudelson and Zhou,
2012, Dalalyan and Thompson), 2019].

Iterative thresholding In order to enforce sparsity of solutions, one can directly use
the ¢y pseudonorm either in the form of penalty or constraints. This essentially leads
to non-convex optimization problems. A standard technique to treat such problems is
iterative hard thresholding [Blumensath and Davies, 2009, [Jain et al., 2014] Bhatia et al.
2015|, [Liu et al., [2019, 2020]. At each iteration, this technique takes a gradient step and
then applies subsequent sparsification of the resulted estimate. In other words, these
algorithms apply the following general update rule

Gradient step: 2} = 2x_1 — 7V foaa(Tr_1), (1.34)

Sparsification: 2y = z},_; with s components largest in magnitudes left.

[Foygel Barber and Liu, [2019, |Zhao and Luo| 2019| replace hard thresholding with a
less conservative operator in order to improve convergence (see also references in [Zhao
and Luoj, 2019]). When applied to sparse linear regression, the convergence bounds for
considered algorithms are typically of the following form and hold with high probability

Fosali) = fian <O (1= 4) § =P o) (£) ZEDL 13y

where NN is the number of columns in the sensing matrix D, and + is a positive value. Thus,
in terms of prediction error, they obtain a linear convergence to some inevitable statistical
error, which is at least O ((L/p)so?/n) with n being the number of rows in D. This
statistical error O ((L/p)so?/n) coincides with classical bounds for Lasso problem [Bickel
et al., 2009, Zhang et al., [2014].
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The approaches based on iterative thresholding are SAA techniques that optimize (1.32)).
They operate on a sensing matrix and require full gradient computation at each iteration.
This makes them computationally expensive in large-scale setting unless s < p.

Sparse recovery by stochastic approximation In our thesis, we focus on first-order
methods of SA type aimed to solve in large-scale setting. Therefore, we consider
algorithms with convergence bounds which are “essentially independent” (logarithmic,
at most) in the problem dimension p. This requirement rules out the use of standard
Euclidean stochastic approximation algorithms. Indeed, typical bounds for the expected
risk E [f(zy) — f*] in SA contains the term proportional to o*E {H(blﬂg} and thus propor-

tional to p in the case of dense regressors with E {Hgbl ||§] = O (p). For example, [Bietti and
Mairal, 2017] succeed in derivation of a dimension-free bound for the variance convergence
at the cost of assuming that the regressors ¢; are bounded in the ¢;-norm. Therefore,
unless the regressors ¢ are sparse (or possess a special structure, e.g., when ¢; are low
rank matrices in the case of low rank matrix recovery), standard stochastic approximation
techniques have accuracy bounds which are proportional to p [Nguyen et al., 2017b]. In
other words, our interest is in non-Euclidean stochastic approximation procedures, such as
the stochastic mirror descent algorithm.

In particular, different forms of the SMD were extensively used in ¢; minimization
for deterministic and stochastic objectives. Authors of [Srebro et al.| [2010] establish the
following asymptotic bound for risks

E[f(ax) - £7] £ O (oy/slog(d)/N) (1.36)

in the sparse generation model. The obtained rate of convergence is often referred to as
“slow rate”, besides this, the considered algorithm does not yield the linear bias convergence
like in (1.35]). A similar rate was obtained in [Shalev-Shwartz and Tewari, 2011] for the

problem , that is
E[f(an) - 1] < O (nsy/log(@)/V) (1.37

where 7 is the magnitude of the gradient of the objective.

Local Strong Convexity In order to improve on slow rates of [Srebro et al., 2010,
Shalev-Shwartz and Tewari, [2011], one may use strong or uniform convexity of the problem
if there is one [Juditsky and Nemirovski, 2011al, Ghadimi and Lan| 2013, |Juditsky and
Nesterov}, 2014]. However, such assumptions do not generally hold in the problems such
as sparse linear regression problem. More generally, strong convexity of the objective
associated with smoothness is a feature of the Euclidean setup. For instance, the con-
ditioning of a smooth objective (the ratio of the Lipschitz constant of the gradient to
the constant of strong convexity) when measured with respect to the ¢;-norm cannot be
less than p [Juditsky and Nesterov, 2014]. Therefore, this notion is always replaced by
various “local” conditions [Negahban et al., 2012, Xiao and Zhang, [2013 Nguyen et al.,
2014} Loh and Wainwright| 2015, [Foygel Barber and Liu} 2019, Murata and Suzuki, 201§].
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In particular, strong convexity argument is replaced with Restricted (or Local) Strong
Convexity condition.

Definition 1.7 (Restricted Strong Convexity). A function f: X — R defined on a convex
set X satisfies an R-restricted form of strong convezity with constant u = u(R) if the
following bound holds

f(x1) = f(w2) +(Vf(x2), 21 — 2) + % 22 — z1]f3, (1.38)

for any x1, 29 € X with ||z1||; < R and ||xz]|; < R.

Condition (|1.38)) is equivalent to the standard definition of strong convexity
when R = oo. Definition may slightly change from paper to paper, but the meaning
remains the same: strong convexity is confined to some specific subset of the feasible set,
and the constant p becomes a function of the size of this set.

Multi-stage procedures The multi-stage procedures mentioned in Section are also
utilized in sparse recovery. In order to improve the convergence from O (sl orl/2 /\/N )
to O (sa?/N) for (locally) strongly convex objectives, the authors in [Agarwal et al., [2012b)
Steinhardt et al., 2014, [Sedghi et al.l |2014] propose an approach similar in spirit to multi-
stage procedures of [Hazan and Kale, 2010}, |Juditsky and Nesterov, 2010, Ghadimi and
Lan|, 2013]. In this approach, one iteratively forms a sequence of ¢; regularized objectives
A t
(min {#(2) 2 @)+ Al })
with decreasing penalties ();),~, and some constraint sets (€2;),~, with updated proximal
centers and decreasing radii. At each stage of the method, the new objective Fj(x) is
minimized using the stochastic dual averaging algorithm [Nesterovi 2009]. Comparing to
the hard thresholding approaches, [Agarwal et al. 2012b] do not use sparsification steps
and do not try to recover the solution, which is exactly sparse. As mentioned above, the
authors also assume the restricted versions of strong convexity along with smoothness of

the objective and sub-Gaussian stochastic gradients. At the end, they present asymptotic
convergence guarantees, which resume to

(1.39)

E [||37N—$*H§] <0 <83202>

N

for the case when the regressors ¢; are bounded, ||¢|, < B; this rate is known to be
unimprovable in a certain setting [Raskutti et al., 2009]. Notice that this result appears
only in one section of [Agarwal et al., 2012b], while the rest of the paper uses the following
definition of the variance
2 A2 2

Ve e X Elg(x)-Vf@)|, <5 > 07, (1.40)
where g(x) is a stochastic gradient. This is a more standard definition of the noise variance
in the literature on stochastic approximation, including the aforementioned works on
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multi-stage procedures. However, in general, the value of & is proportional to the diameter
of the feasible set and may be much larger than o2 (this will be explained in more details
in Section [4.1) of Chapter {4)).

It is important to note that the admissible values of s in [Agarwal et al., [2012b] are
bounded with O (,m /N/log p) . Indeed, their method requires to perform at least s log p/ >
iterations per stage, implying that the method in question can be used only if the number
of nonvanishing entries in the parameter vector does not exceed O (u\ /N/log p). However,
the corresponding limit is O (N pu/ log p) for Lasso [Raskutti et al. 2010] and iterative thresh-
olding procedures [Barber and Hal 2018, [Foygel Barber and Liu, 2019]). Therefore, there is

a gap for improvement of the condition s < O (,LM/N/ log p) to become s < O (Np/logp).



Chapter 2

Estimate Sequences for Stochastic
Optimization

In Section we overviewed various algorithms based on variance reduction tech-
nique applied to deterministic objectives with finite-sum structure. The success of these
algorithms is partly related to the possibility of keeping the step size constant while
still being able to decrease the variance of the gradient estimations “on the fly”. As we
saw in Section [I.4.4] there is a limitation of variance-reduced algorithms to objectives
with a finite-sum structure when the information about the terms f;(x) is perturbed by
stochastic noise. Another open question concerns the acceleration of these methods when
the objective is strongly convex.

In this chapter, we address these questions one by one. At the core of our framework
lies the concept of estimate sequences introduced by [Nesterov,, [2014]. For a long time,
the acceleration via this framework was known to be unstable in the stochastic case. By
extending this concept to minimization of stochastic objectives, we propose a unified view
of first-order methods for stochastic convex composite optimization. More precisely, we
interpret a large class of incremental approaches as procedures that iteratively minimize
some surrogate of the objective. As a result, we cover the stochastic gradient descent
algorithm and several incremental variance-reduced approaches like SAGA, SVRG, MISO,
Finito and SDCA. This point of view has several advantages: (i) we provide a simple
generic proof of convergence for all of the aforementioned methods; (ii) we naturally obtain
new algorithms with the same guarantees as the existing incremental methods; (iii) we
derive generic strategies to make these algorithms robust to stochastic noise, which is
useful when data is corrupted by small random perturbations. Finally, we propose a new
accelerated stochastic gradient descent algorithm and an accelerated SVRG algorithm
with the optimal complexity that is robust to stochastic noise.

This chapter is based on the following publications:

23
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e A. Kulunchakov and J. Mairal. Estimate sequences for variance-reduced stochastic

composite optimization. In Proceedings of the International Conference on Machine
Learning (ICML), June 2019¢c

e A. Kulunchakov and J. Mairal. Estimate sequences for stochastic composite
optimization: Variance reduction, acceleration, and robustness to noise. Journal of
Machine Learning Research (JMLR), 2020

2.1 Introduction

In order to be precise, we restate the exact optimization problem that we aim to solve
for each chapter throughout the thesis. In this chapter, we minimize objective functions of
the following form

n

wip { F0) 2 £(0)+ 00) £ 13 f0) + 00| 2.1)

p
z€R i=1

where f is convex and L-smooth, and we call 1 its strong convexity modulus with respect to
the Euclidean norm (if such p is positive). The function ¢ is convex lower semi-continuous
and is not assumed to be necessarily differentiable, with possible practical examples of this
penalty function given in Section[I.2.2] Each term f; is convex and L;-smooth with L; > pu.
Moreover, (f;);, are assumed to be given in the form of expectation f; = E,, [ filx, pz-)}, S0
that one accesses only inexact gradient information for each of them unless the variance of
the gradient estimate is zero. This statement gives a general setting which embodies
both minimization of the expected risk when n = 1 and and the classical empirical risk
when p; is deterministic. Therefore, the optimal convergence rate for solving can not
be better than for strongly convex problems and for non-strongly convex

ones.

Case with exact gradients Assume that we are in a high-dimensional setting when
either dimensionality of the problem p or the number of terms n is large. Then, the
optimization methods querying the full gradient of V f(x) are not applicable and one
standard approach is to operate on the gradients of the terms V f;(z) instead. First, we focus
on the deterministic case so that we have access to the true gradient estimations V f;(x) for
each 7. In this case, the stochastic gradient descent algorithm with step size proportional
to 1/uN enjoys the asymptotic convergence rate O (1/N) when n = 1. Even though
this pessimistic result applies to the general stochastic case, linear convergence rates are
obtained for the deterministic finite-sum setting in [Schmidt et al.| [2017] and plethora of
other incremental variants of the SGD algorithm. For example, these methods include
SAG [Schmidt et al., 2017], SAGA [Defazio et al.| 2014a], SVRG |Johnson and Zhang;
2013} Xiao and Zhang, [2014], SDCA [Shalev-Shwartz and Zhang), 2016], MISO [Mairal,
2015], Katyusha [Allen-Zhu, 2017], MiG |[Zhou et al.| 2018], SARAH [Nguyen et al., 2017a],
directly accelerated SAGA [Zhou, 2019] or RPDG [Lan and Zhou| 2018a]. All these
algorithms admit the same per-iteration cost as the stochastic gradient descent method,
since they access only a single (or two) gradients V f;(z) at each iteration on average.
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Moreover, sometimes they may achieve lower computational complexity than that of
accelerated gradient descent methods [Nesterov, 1983, 2013| |2014, Beck and Teboulle,
2009| in expectation, by exploiting the specific structure of the objective function. In this
chapter, one contribution is a framework that provides a unified view on many of the
aforementioned methods.

Case with inexact gradients One can weaken the assumption of being deterministic
imposed on the terms f;, and suggest that they are given in the form of (unknown)
expectation f; = E,, { ﬁ(:r, pl)} As a result, one has access only to noisy estimates of the
true gradients V f;(x) for each i. As we saw in Section this setting is common for
several applications.

Our objective is to investigate robustness to this inexactness in the gradient information
for the aforementioned variance-reduced approaches SVRG/SAGA/SDCA/MISO. The
original versions of these methods do not apply to this setting anymore, at least from
theoretical point of view, so that the standard approach to address was to ignore the
finite-sum structure and use SGD or one of its variants.

In order to establish robustness, we adopt the concept of estimate sequences introduced
in [Nesterov, 2014], which consists of building iteratively a quadratic model of the objective.
Typically, estimate sequences are used to analyze the convergence of existing algorithms or
to design new ones, in particular with acceleration. Our construction is however slightly
different than the original since it is based on stochastic estimates of the gradients. We
note that estimate sequences have been used before for stochastic optimization |[Devolder
et al., 2011} [Lu and Xiaol 2015| Lin et al., 2014], but not for the same generic purpose as
ours.

Additionally, we analyze the aforementioned approaches under a non-uniform sampling
strategy @ = {q1, ..., @} where g; is the probability of drawing example ¢ at each iteration,
the strategy that is quite common in literature. Typically, when the gradients V f;
have different Lipschitz constants L;, the uniform distribution @) of the sampling yields
complexities that depend on Ly = max; L;, whereas a non-uniform () may yield a smaller
quantity Lo = %Zi L;. This gain comes at a price of a larger variance convergence,
which is essentially multiplied by pg = 1/(nming;) > 1. Whereas non-uniform sampling
strategies for incremental methods are now classical [Xiao and Zhang, 2014, [Schmidt
et al., |2015], the robustness to stochastic perturbations has not been studied for all these
methods and existing approaches such as [Hofmann et al, 2015, Bietti and Mairal, [2017,
Zheng and Kwok, 2018|] have various limitations as discussed earlier in Section [1.4.4]

Finally, when making the aforementioned algorithms robust to stochastic perturbations,
we aim at obtaining the following worst-case iteration complexity for solving up to

o o). s

where Lo = max; L;/(¢;n) and pg = 1/(nming;) > 1. The term on the left corresponds to
the complexity of the variance-reduction methods in deterministic setting, and O (5%/ue)
is the desired sublinear rate of convergence for stochastic finite-sums optimization problems
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when the gradient estimates for each f; have the variance bounded with &2.[] Our next
contribution is a derivation of accelerated stochastic algorithms. In this direction, we
first show that our construction of estimate sequences naturally leads to an accelerated
stochastic gradient method with the iteration complexity for p-strongly convex optimization

problems
N 2
o s (")) =0 (),
1 € JLE

which was also achieved by [Ghadimi and Lan, 2013, (Cohen et al., 2018, |Aybat et al. [2019].
When the objective is convex, but not strongly convex, we provide a sublinear convergence
rate for a finite horizon setting. Given a budget of K iterations, our algorithm returns an
iterate xx such that

2L ||z —x"‘||2 8 ||z —x"‘||2
E|F - < —= _— 2.
[F(zk) | < (K + 1) +0o 1 (2.3)

This convergence rate is optimal for stochastic first-order convex optimization [Lan| 2012].
Second, we address the acceleration of variance-reduced algorithms and design a new
accelerated algorithm for minimization of large limit sums of stochastic functions based
on the SVRG gradient estimator, with complexity, for u-strongly convex functions,

ol () o). o

where the term on the left is the classical optimal complexity for deterministic finite
sums optimization, which has been well studied when 62 = 0 |Arjevani and Shamir, 2016)
Allen-Zhu, 2017 |Zhou et al., 2018, [Lan and Zhou, 2018a, Zhou, 2019} Kovalev et al.| |2020].
To the best of our knowledge, our algorithm is nevertheless the first to achieve such a
complexity when 52 > 0. Most related to our work, the general case 62 > 0 was considered
by [Lan and Zhou|, 2018b] in the context of distributed optimization, with an approach
that was shown to be optimal in terms of communication rounds. Yet, when applied
in the same context as ours (in a non-distributed setting), the complexity they achieve
is sub-optimal. Specifically, their dependence in 6% involves an additional logarithmic
factor O (log (1/pe)) and the deterministic part is sublinear in O (1/¢).

When the problem is convex but not strongly convex, given a budget of K greater
than O (nlog(n)), our algorithm returns a solution zx such that

18nLg ||zo — z*||
(K +1)?

PQ

2
9~ _ *
+95 |z — " | P2,

E[F(zk) - F'] <

(2.5)

where the term on the right is potentially better than the same in (2.3)) when & < . When
the objective is deterministic (6 = 0), the term 1} yields the complexity O (, /nLg/ \/E),
which is potentially better than the O (n\/f/ \/E) complexity of accelerated gradient

descent, unless L is significantly smaller than L.
Now let us finally summarize all contributions of this chapter in a compact list.

1. The more accurate expression for 5% will be given in (2.18) of Section m
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2.1.1 Contributions of Chapter 2|

e We revisit many incremental optimization algorithms, like SGD, SVRG, SAGA,
SDCA, MISO and Finito, and provide a unified convergence proof for these methods.
In addition, we show that they can be modified and become adaptive to the strong
convexity constant g, which may be important in applications where p is hard to
estimate.

e We improve these methods by making them robust to stochastic noise in the
terms f;. For strongly convex problems, we develop approaches with the following
worst-case iteration complexity for minimizing up to accuracy €

o) ol

where Ly = max; L;/(¢;n) and pg = 1/(nming;) > 1.
e We show that our construction of estimate sequence naturally leads to an accelerated
stochastic gradient method with the following complexity for p-strongly convex

objectives
B nt 2
ofes("25)) o ()
1 € LLE

When the objective is convex, but not strongly convex, we achieve an optimal
sublinear convergence rate for a finite horizon setting

2L ||zg — x*H2 8||zo — x*H2
E|F — < .
o) =F) s e T K

e We design a new accelerated algorithm for minimization of finite sums based on
the SVRG gradient estimator, with complexity, for u-strongly convex functions,

ol 5 o)

To the best of our knowledge, our algorithm is the first to achieve such a complexity
when &2 > 0.

When the problem is convex but not strongly convex, given a budget of K greater
than O (nlog(n)), the algorithm returns a solution zx such that

18nLg ||zo — =*||
(K +1)?

PQ
K+1

E[F(rx) — F'] < +96 [lzo — 27

The rest of the chapter is organized as follows. Section introduces the proposed
framework based on stochastic estimate sequences; Section presents a convergence anal-
ysis and Section [2.4] introduces accelerated stochastic optimization algorithms; Section

contains various experiments demonstrating the effectiveness of the proposed approaches,
and Section [2.6] concludes the chapter.
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2.2 Framework Based on Stochastic Estimate
Sequences

In this section, we present two generic stochastic optimization algorithms to address the
problem . Both algorithms are related to estimate sequence framework of [Nesterov,
2014] and could be seen as its generalization to the stochastic setting. After the algorithms
are introduced, we will show their relation to variance-reduction methods.

2.2.1 A Classical Iteration Revisited

Consider the stochastic gradient descent that performs the following updates:

xy, < Prox,, .y [Tp—1 — nege]  with  E[gg|Fr1] = Vf(xr-1), (A)

where Fj_; is the filtration representing all information up to iteration k& — 1, g is an
unbiased estimate of the gradient V f(x,_1), nx > 0 is a step size, and Prox,,|[.] is the
proximal operator of Section defined for any scalar n > 0 as the unique solution of

1
Prox,,,[u] = argmin {nw(m) + 3 |z — uHQ} . (2.6)
T€RP

The iteration (A)) of stochastic gradient descent is generic and encompasses many existing
algorithms, which basically differ in the way of g, is constructed. These algorithms will be
reviewed later. Key to our analysis, we are interested in a simple interpretation of this
update rule as iterative minimization of strongly convex surrogate functions.

Interpretation with stochastic estimate sequence. Consider now the function
« 10
do(2) = di + Ll — xo . (2.7)

with 79 > p and dj is a scalar value that is left unspecified at the moment. Then, it is easy
to show that x; in minimizes the following quadratic function dj, defined for £ > 1 as

i (Flons) +. 0 @ = 2is) + 5 o — a4+ () + 0/ (@) @ = 20)) . (29)

where 0y, v, satisfy the system of equations

o =meye and v = (1 — 0k) Y1 + wg, (2.9)

and

1
W(ﬂﬁk) = —(Th-1 — Th) — Gr-
Tk
We note that ¢'(z) is a subgradient in 9v(xy), see Definition [1.3] By simply using the
definition of the proximal operator (2.6) and considering first-order optimality conditions,
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we indeed have that 0 € z — xr_1 + Megr + MOV (k) and xy coincides with the minimizer
of di. This allows us to write d in the generic form

dy(z) = d;. + % |z — x4 for all k > 0.

The construction is akin to that of estimate sequences introduced by Nesterov| [2014],
which are typically used for designing accelerated gradient-based optimization algorithms,
as we have overviewed in Section [I.5] In this section, we are not interested in acceleration
for now, but instead we focus on stochastic optimization and variance reduction. One
of the main properties of estimate sequences that we will use is their ability do behave
asymptotically as a lower bound of the objective function near the optimum, like was
shown in Lemma 2.2.1 of |[Nesterov| [2014] for the deterministic case o = 0. Indeed, we have

where T'y, = [1%_,(1 — &) and F* = F(2*). The first inequality comes from a strong
convexity argument since E [g,;r(x* — xk,l)\fk,l} =V f(zp_1)" (2" —21_1), and the second
inequality is obtained by unrolling the relation obtained between E [dj,(z*)] and E [dy_1 (z*)].

When I'y, converges to zero, the contribution of the initial surrogate dy disappears and
E [di(x*)] behaves as a lower bound of F™.

Relation with existing algorithms. Now we can overview the body of algorithms
covered by the iteration (A). First, it encompasses such approaches as ISTA (proximal
gradient descent), which uses the exact gradient g, = V f(z4_1) leading to deterministic
iterates (xy)r>0 [Beck and Teboulle, 2009, Nesterov, 2013| or proximal variants of the
stochastic gradient descent method to deal with a composite objective [see Lan, 2012,
for instance]. Second, and of particular interest for us, the variance-reduced stochastic
optimization approaches SVRG [Xiao and Zhang), 2014] and SAGA [Defazio et al., [2014a]
also follow the iteration with a specific unbiased gradient estimator g, whose variance
decreases over time. Specifically, the basic form of these estimators is

A - ' - 1.
gk = szk (l'kfl) — Z,Z;il + Zk—1 with Zp—1 = E Zz,’g_l, (211)
i=1
where i, is an index chosen uniformly in {1, ..., n} at random, and each auxiliary variable z,

is equal to the gradient V f;(#%), where Z% is one of the previous iterates. The motivation
is that given two random variables X and Y, it is possible to define a new variable
Z = X — Y 4+ E[Y] which has the same expectation as X but potentially a lower variance
if Y is positively correlated with X. SVRG and SAGA are two different approaches to
build such positively correlated variables. SVRG uses the same anchor point i = 7 for
all 7, where T is updated every m iterations. Typically, the memory cost of SVRG is that
of storing the variable Z; and the gradient z;, = V f(Zy), which is thus O (p). On the other
hand, SAGA updates only zj* = V£, (x5_1) at iteration k, such that 2z} = 2} | if i # iy.
Thus, SAGA requires storing n gradients. While in general the overhead cost in memory
is of order O (np), it may be reduced to O (n) when dealing with linear models in machine
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learning [see Defazio et al., [2014a]. Note that variants with non-uniform sampling of the
indices i have been proposed by Xiao and Zhang| [2014], |Schmidt et al. [2015].

In order to make our proofs consistent for all considered incremental methods, we
analyze a variant of SVRG with a randomized gradient updating schedule [Hofmann et al.|
2015]. Remarkably, this variant was recently used in a concurrent work [Kovalev et al.,
2020] to get the accelerated rate when 62 = 0.

2.2.2 A Less Classical Iteration with a Different Estimate Sequence

In the previous section, we have interpreted the classical iteration (A]) as the iterative
minimization of the stochastic surrogate . Here, we show that a slightly different
construction leads to a new algorithm. To obtain a lower bound, we have indeed used
basic properties of the proximal operator to obtain a subgradient v’(x)) and we have
exploited the following convexity inequality ¢ (z) > ¥ (zy) + ¢'(21) " (x — x5). Another
natural choice to build a lower bound consists then of using directly v (x) instead of
¥(xy) + ' (x) T (x — x3), leading to the construction

() = (1= 64) dir(x) + 65 (f(a:kl) + o7 (@ — zet) + g |z — 2o |® + w(a:)) ,
(2.12)

where x;_; is assumed to be the minimizer of the composite function dy_1, 0y is defined as
in Section [2.2.1] and xj is a minimizer of dj. To initialize the recursion, we define then d,
as

- N
do(w) = co+ 2 lle = Zo|[* + () = dj + T |l — ol

with xg = Proxy/,,[Zo] is the minimizer of dy and dij = do(xo) = co + 5 [|x0 — Zol|” + ¥ (o)
is the minimum value of dy; ¢y is left unspecified since it does not affect the algorithm.
Typically, one may choose Ty to be a minimizer of ¢ such that zy = xy. Unlike in the

previous section, the surrogates d are not quadratic, but they remain ~;-strongly convex.
It is also easy to check that the relation (2.10]) still holds.

The corresponding algorithm. It is also relatively easy to show that the iterative
minimization of the stochastic lower bounds (12.12)) leads to the following iterations

Tp < (1 — ) To—1 + ppe—1 — Megre and = Proxy /s, (2] (B) ‘

where again g, is an unbiased gradient estimator E [gy|Fr_1] = Vf(zr_1). As we will
see, the convergence analysis for algorithm also holds for algorithm such that
both variants enjoy similar theoretical properties. In one case, the function ¢ (x) appears
explicitly, whereas a lower bound 1 (zy) + v¢/(xx) " (x — x3) is used in the other case. The
introduction of the variable x; allows us to write the surrogates dj in the canonical form

A7) = e+ 5 o = 2> + (@) = di + 3 o — .

where ¢, is constant and the inequality on the right is due to the strong convexity of dj.
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Relation to existing approaches. The approach is related to several optimization
methods. When the objective is a deterministic finite sum, it is possible to relate the
update to the MISO [Mairal, 2015|, and Finito [Defazio et al., 2014b| algorithms,
even though they were derived from a significantly different point of view. This is also
the case of a primal variant of SDCA [Shalev-Shwartz, [2016]. For instance, SDCA is a
dual coordinate ascent approach, whereas MISO and Finito are explicitly derived from the
iterative surrogate minimization we adopt in this chapter. As the links between and
these previous approaches are not obvious at first sight, we detail them in Appendix [2.B]

2.2.3 Gradient Estimators and Algorithms

In this chapter, we consider the iterations and with the following gradient

estimators.

— exact gradient with g = V f(x;_1), when the problem is deterministic and we
have access to the full gradient;

— stochastic gradient, when we simply assume that g has bounded variance.
Typically, when f(x) = Ee[f(x,€)], a data point & is drawn at iteration k and
gr = V[ (@, &)

— random-SVRG: for finite sums, we consider a variant of the SVRG gradient
estimator with non-uniform sampling and a random update of the anchor point Z;_1,
proposed originally by [Hofmann et al.| [2015]. Specifically, g is also an unbiased
estimator of V f(zx_1), defined as

1

q;,n

gk = (@fik@fk—l) - Z;i’“_l) + Zk-1, (2.13)

where i, is sampled from a distribution Q@ = {q,...,¢,} and V denotes that
the gradient is perturbed by a zero-mean noise variable with variance 62. More
precisely, if f;(z) = E,| fi(z, p)] for all 4, where p is a stochastic perturbation, instead
of accessing V f;, (x—1), we draw a perturbation p; and observe

Vi) = Vi@, px) = V i (@e1) + Vi, (@1, pr) — V fi (1),
Ck

where the perturbation ¢, has zero mean given Fj_; and its variance is bounded
by 62. When there is no perturbation, we simply have V = V and ¢, = 0.

Then, the variables z}, and z; also correspond to possibly noisy estimates of the
gradients:

o I R
2. =V [fi(Z) and Zzp = - >z,
i=1

where 7 is an anchor point that is updated on average every n iterations. Whereas
the classical SVRG approach [Xiao and Zhang, 2014] updates Z; on a fixed sched-
ule, we perform random updates: with probability 1/n, we choose ) = x; and
recompute z, = V f(#); otherwise 7, is kept unchanged. In comparison with the
fixed schedule, the analysis with the random one is simplified and can be unified
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Algorithm 2.1 Variant with random-SVRG estimator

1: Input: z, in R? (initial point); K (number of iterations); (nx)r>o0 (step sizes); yo > p

10:

11

(if averaging); )
: Initialization: 5]0 = C/(\,’O = Xy, 20 = = ?:1 sz(fi’o),
fork=1,...,K do

1
n

Sample 75, according to the distribution @ = {q1,...,qn};
Compute the gradient estimator, possibly corrupted by random perturbations:

1

q;,n

g = — (Vin(a1) = Vi (Bx1)) + Zs;

Obtain the new iterate

xy, < Prox,, ., [Th—1 — Mkgk) ;

With probability 1/n,
fk = Tk and Ek = — val(j:k)7

Otherwise, with probability 1 — 1/n, keep ) = Tx_; and zx = Zx_1;
Optional: Use the online averaging strategy using d; obtained from ([2.9)):

1
2 = (1 — 7)) &—1 + 7w, with 7, = min ((5]“ 5) :
n

end for
: Output: zx or Tg if averaging.

with that of SAGA/SDCA or MISO. The use of this estimator with iteration is
illustrated in Algorithm It is then easy to modify it to use variant instead.
In terms of memory, the random-SVRG gradient estimator requires to store an
anchor point Z;_; and the average gradients z;_;. The variables z} do not need
to be stored; only the n random seeds to produce the perturbations are kept into
memory, which allows us to compute zj* | = V fi,(Zr—1) at iteration k, with the
same perturbation for index i), that was used to compute Z;_; = - 37, zi _; when
the anchor point was last updated. The overall cost is thus O (n + p).

SAGA: The estimator has a form similar to but with a different choice of
variables zi. Unlike SVRG that stores an anchor point 7y, the SAGA estimator
requires storing and incrementally updating the n auxiliary variables 2 for i =
1,...,n, while maintaining the relation z; = %2?21 2. We consider variants such
that each time a gradient V f;(x) is computed, it is corrupted by a zero-mean
random perturbation with variance 2. The procedure is described in Algorithm
for variant when using uniform sampling. When 8 = 0, we recover indeed the
original SAGA algorithm, whereas the choice S > 0 corresponds to a more general
estimator that we will discuss next.
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The case with non-uniform sampling is slightly different and is descrlbed in Algo-
rithm . it requires an additional index j;, for updating a variable zi*. The reason
for that is to remove a difficulty in the convergence proof, a strategy also adopted
by Schmidt et al.| [2015] for a variant of SAGA with non-uniform sampling.
SDCA /MISO: To put SAGA, MISO and SDCA under the same umbrella, we
introduce a lower bound S on the strong convexity constant u, and a correcting term
involving (3 that appears only when the sampling distribution () is not uniform:

1

q;, M

G = (@fik (Zp_1) — z,i'zl) +Z1+ 8 (1 _ ) L1 (2.14)

q;, n

It is then possible to show that when () is uniform and under the big data condi-
tion L/p < n (used for instanced by Mairal |2015| Defazio et al.[2014b, [Schmidt
et al|[2017) and with 8 = p, variant (B]) combined with the estimator
yields the MISO algorithm, which performs similar updates as a primal variant of
SDCA [Shalev-Shwartz), 2016]. These links are highlighted in Appendix

The motivation for introducing the parameter § in [0, 4] comes from empirical
risk minimization problems, where the functions f; may have the form f;(z) =
¢la]x) + 2 |z||”, where a; in R? is a data point; then, § is a lower bound on the
strong convexity modulus p, and V f;(x) — B is proportional to a; and can be
stored with a single additional scalar value, assuming a; is already in memory.

Algorithm 2.2 Variant with SAGA/SDCA/MISO estimator and uniform sampling

1: Input: zy in RP; K (number of iterations); (nx)r>o0 (step sizes); 5 € [0, u]; if averaging,

A e

=

10:
11:

Yo = H-
. Initialization: 2} = V f;(xo) — Bz foralli=1,...,nand Zy = L 37 | 2.
fork=1,...,K do
Sample 75 in {1,...,n} according to the uniform distribution;
Compute the gradient estimator, possibly corrupted by random perturbations:
g = Vi (Tho1) — 214 + Zrs
Obtain the new iterate
xy, <= Prox,, .y [Tr—1 — Mkgk] ;
Update the auxiliary variables
2t =V (xr1) — Prpy and 2L =z | forall i# iy
Update the average variable z; = z,_1 + %(zi’“ — k).
Optional: Use the same averaging strategy as in Algorithm
end for
Output: zx or i (if averaging).
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Algorithm 2.3 Variant with SAGA/SDCA/MISO estimator and non-uniform sam-

pling
1: Input: xy in R?; K (number of iterations); (nx)k>o0 (step sizes); 5 € [0, u]; if averaging,
Yo = H- o .
2: Initialization: z{ = Vf;(z9) — fxo foralli=1,...,n and zy = %Z?zl 25,

3 fork=1,..., K do

4: Sample i, according to the distribution @ = {q1,...,qn};
5: Compute the gradient estimator, possibly corrupted by random perturbations:
g = 1 (?f(l’k 1)—Zik>+2k 1+ﬁ 1— 1 Tk—1,
Qikn 1k - k—1 - qan -1
6: Obtain the new iterate
T < PI‘OXnkw [xk,1 — ngk] ;
7: Draw ji from the uniform distribution in {1,...,n};
8: Update the auxiliary variables
A4 =Vfi(z) = Br, and 2l =z, forall j# ji;
9: Update the average variable z, = zx_1 + %(zi’“ — k).
10: Optional: Use the same averaging strategy as in Algorithm
11: end for

12: Output: zx or i (if averaging).

Summary of the new features. As we combine different types of iterations and
gradient estimators, we recover both known and new algorithms. Specifically, we obtain
the following new features:

— robustness to noise: we introduce mechanisms to deal with stochastic perturba-

tions and make all these previous approaches robust to noise.

— adaptivity to the strong convexity when ¢ = 0: Algorithms [2.1] and
without averaging do not require knowing the strong convexity constant p (it may

only need a lower-bound [, which is often trivial to obtain).

— new variants: Whereas SVRG/SAGA were originally developed with the itera-

tions and MISO in the context of , we show that these gradient estimators
are both compatible with and , leading to new algorithms with similar
guarantees.

2.3 Convergence Analysis and Robustness

We now present the convergence analysis for iterations (A) or (B]). In Section [2.3.1] we

present a generic convergence result. Then, in Section [2.3.2] we present specific results
for the variance-reduction approaches in including strategies to make them robust to
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stochastic noise. Acceleration is discussed in the next section.

2.3.1 Generic Convergence Result Without Variance Reduction

Key to our complexity results, the following proposition gives a first relation between
the quantity F'(zy), the surrogate di, di_; and the variance of the gradient estimates.

Proposition 2.1 (Key relation). For either variant or (B), when using the con-
struction of dj, from Sections or[2.2.9, respectively, and assuming m, < 1/L, we have
forall k > 1,

0k(E [F(zx)] — F*) + Eldy(2") — di] < (1= 0) E [dyr (27) — dj_y| + mebrw},  (2.15)
where F* is the minimum of F, x* is one of its minimizers, and wi = E [Hgk — Vf(xp-1) ||2}

Proof. We first consider the variant and later show how to modify the convergence
proofs to accommodate the variant .

dy, = di(xy) = (1 = 0x) di—1 (1) + Ok (f(ﬁkl) + gy (T — 2p1) + % s — x| + ¢($k))
> (1= ) iy + o = il 4+ 0 (f (i) + ] (= ) + 0e))

> (1= 60 diy + 00 (Fonma) + 90 o = 01ca) + 5 o = wuca o+ 0(an) )
> (1= 6) dj_y + 0 F (z1) + 0x(gx — V F(z1-1)) T (21 — 23-1),

where the first inequality comes from Lemma [2.61—it is in fact an equality when considering
Algorithm (A)—and the second inequality simply uses the assumption n, < 1/L, which
yields 6 = vme < Y%/L. Finally, the last inequality uses a classical upper-bound for
L-smooth functions presented in Lemma 2.4 Then, after taking expectations,

Eldy] > (1= 0x) E [d; ] + 0B [F(x4)] + 0E [ (98 — V. (4-1) T (@ — 741
= (1= G E [di_,] + OWE[F(x)] + %E [(9 — VF(w-1)) 2]
= (1= 0 E [y + GE[F(x)] + &E [(gs — V(wx1)) " (= wer)]
where we have defined the following quantity
wy—1 = Prox,,y [2r-1 — meV f(z1-1)] -

In the previous relations, we have used twice the fact that E [(91«: - Vf(xk_l))TyU:k_l} =0,
for all deterministic variable y given xy_1, such as y = x4_1 or y = wi_;. We may now
use the non-expansiveness property of the proximal operator [Moreau, [1965] to control the
quantity ||zx — wg_1]|, which gives us

E[di] > (1= 0 B [d_,| + 6B [F ()] — &E [llgi — V f(w1)l| e — wia ]
> (1= 6) B |di_y] + SE[F ()] — S [[lgx — V f ()]
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This relation can now be combined with (2.10)) when z = x*, and we obtain (2.15)). It is
also easy to see that the proof also works with variant . The convergence analysis is
identical, except that we take w;_; to be

wy—1 = Proxy, [(1— ) Te—1 + pere—1 — eV f(21-1)]

and the same result follows. O

Then, without making further assumption on wy, we have the following general con-
vergence result, which is a direct consequence of the averaging Lemma [2.12] inspired
by (Ghadimi and Lan| [2012], and presented in Appendix [2.A.3}

Theorem 2.1 (General convergence result). Under the same assumptions as in
Pmposz’tion we have for all k > 1, and either variant or (@,

)
Eby, (F(xx) — F*) + di(a”) — d < T, (do —di+ Z t?j““) , (2.16)
t=1 t

where 'y, = [1F_,(1 — ;). Then, by using the averaging strateqy &y = (1 — 6g) Fx_1 + Opxp
of Lemma for any point To (possibly equal to x), we have

B [0 (F(2) = F7) + dy(a”) — dj] < T (F( o) = F* + do(a) — df + Z} 5mtwt> '
(2.17)

Theorem allows us to recover convergence rates for various algorithms. Note that
the effect of the averaging strategy is to remove the factor 0y in front of F'(x;) — F* on
the left part of (2.16), thus improving the convergence rate by a factor 1/4;. Regarding
the quantity do(2*) — d§, we have the following relations

— For variant , do(x*) — d = (70/2) ||z* — o

— For variant , this quantity may be larger and we may simply say that do(z*) —
dy = Lja* — zoll” + ¥(x*) — ¥(wo) — ¥ (o) (wg — x*) for variant , where
Y (xg) = y0(xo — To) is a subgradient in Y (zy). Note that if Zo is chosen to be a
minimizer of 1, then do(z*) — d = (70/2) ||z* — zo|)* + ¥ (z*) — V(o).

In the next section, we will focus on variance reduction mechanisms, which are able to
improve the previous convergence rates by better exploiting the structure of the objective.
By controlling the variance wy of the corresponding gradient estimators, we will apply
Theorem to obtain convergence rates. Before that, we remark that it is relatively
straightforward to use this theorem to recover complexity results for proximal SGD,
both for the usual variant or the new one . Since these results are classical, we
present them in Appendix 2.C] As a sanity check, we note that we recover the optimal
noise-dependency [see Nemirovski et al.l 2009, both for strongly convex cases, or when

w=0.
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2.3.2 Faster Convergence with Variance Reduction

Stochastic variance-reduced gradient descent algorithms rely on gradient estimates
whose variance decreases as fast as the objective function value. Here, we provide a unified
proof of convergence for our variants of SVRG, SAGA, and MISO, and we show how to
make them robust to stochastic perturbations. Specifically, we consider the minimization
of a finite sum of functions as in (L.27), but, as explained in Section [2.2] each observation of
the gradient V f;(z) is corrupted by a random noise variable. The next proposition extends
a proof for SVRG [Xiao and Zhang, |2014] to stochastic perturbations, and characterizes
the variance of gy.

As we now consider finite sums, we introduce again the quantity 2, which is an
upper-bound on the noise variance due to stochastic perturbations for all z in R? and for
iin{1,...,n}k

52, (2.18)

E [H@fi(x) - Vfi(x)HQ] <57 such that 57 — LA

1

naz ain

where the expectation is with respect to the gradient perturbation, and Q = {q1,...,qn}

is the sampling distribution. As having the variance to be bounded across the domain of

x may be a strong assumption, even though classical, we also introduce the quantity

2 . Lo, 1 &1,

} with a related quantity &, = — Z o
no=y ain

(2.19)

B,%

52, =E ||[VAi") - Vi)

where z* is a solution of the optimization problem. As we will show, in this section, our
complexity results for unaccelerated methods when x> 0 under the bounded variance
assumption 62 < +oo will also hold when simply assuming 62 < +o0o at the cost of
slightly degrading the complexity by constant factors. The next proposition provides an
upper-bound on the variance of gradient estimators g, which we have introduced earlier,
as a first step to use Theorem .

Proposition 2.2 (Generic variance reduction with non-uniform sampling). Con-
sider when f is a finite sum of functions f = % 1 fi where each f; is convex
and L;-smooth with L; > p. Then, the gradient estimates g of the random-SVRG and
MISO/SAGA/SDCA strategies defined in Section [2.2.9 satisfy

n

* 2 ]‘ 7 7 ~
E|llge — V(xx1)llP] <4LQE[F(zx1) — ]+ =B |3 —luj_; — ul]|*| + 3pad®,

no; o N

(2.20)

where Lo = max; L;/(gin), po = 1/(nmin; ¢), and for all i and k, u}, is equal to zj,
without noise—that s

up, = V(i) for random-SVRG

ult =V (xr) — By and uwl, =l , if j#jx for SAGA/MISO/SDCA,

and v’ = V f;(z*) — Bx* (with 8 =0 for random-SVRG).
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If we additionally assume that each function f; may be written as f;(x) = E; {ﬁ(m, §)}
where fi(.,€) is Li-smooth with L; > p for all €, then

n

E [lgi — Vf(er-1)|I?] < 16LE [F(zy1) — F] + > [Z 1

n

i i
U1 — Uy

2 2
+ 6pQ0*.

(2.21)

i—1 Ndi

In particular, choosing the uniform distribution ¢; = 1/n gives Ly = max; L;; choosing
¢ = Li/ > ; L; gives Ly = (1/n)X; L;, which may be significantly smaller than the
maximum Lipschitz constant. We note that non-uniform sampling can significantly improve
the dependency of the bound to the Lipschitz constants since the average (1/n)>>; L; may
be significantly smaller than the maximum max; L;, but it may worsen the dependency
with the variance 62 since pg > 1 unless @ is the uniform distribution. The proof of the
proposition is given in Appendix 2.D.1]

For simplicity, we will present our complexity results in terms of 2. However, when the
conditions for are satisfied, it is easy to adapt all results of this section to replace 52
by &2, by paying a small price in terms of constant factors. Note that this substitution will
not work for accelerated algorithms in the next section. The general convergence result is
given next; it applies to both variants and .

Proposition 2.3 (Lyapunov function for variance-reduced algorithms). Consider
the same setting as Proposition . For either variant or (@ with the random-SVRG
or SAGA/SDCA/MISO gradient estimators defined in Section m when using the
construction of dy from Sections|2.2.1] or|2.2.3, respectively, and assuming vyo > p and
(Mk)k>0 is non-increasing with g < we have for all k > 1,

1
12Lg 7
1
—E [F(l‘k) — F*] -+ Tk < (1 — Tk) Tk—l + 3pQ77k5k&2 with T = min ((Sk, 5) s (222)
n

where

SN0 1K1
Ty = 5LombiE [F(ar) — F*] + E [dp(2”) — df) + 2% kE[Z |

2 n = qn

The proof of the previous proposition is given in Appendix From the Lyapunov
function, we obtain a general convergence result for the variance-reduced stochastic
algorithms.

Theorem 2.2 (Convergence of variance-reduced algorithms). Consider the same
setting as Pmposition which applies to both variants and (@ Then, by using the
averaging strategy of Lemma with any point 2o,

1 52 Fn,d
E[F(s) - F* + GTka} <0, (F(@O) ey Sy 18PQTiOT S t) o (2.23)
5 5 A6

where Oy, = [1F_,(1 — 7). Note that we also have
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The proof is given in Appendix [2.D.3] From this generic convergence theorem, we now
study particular cases. The first corollary studies the strongly-convex case with constant
step size.

Corollary 2.3 (Variance-reduction, i > 0, constant step size independent of ).
Consider the same setting as in Theorem where [ is p-strongly convex, vo = u, and

N = ﬁ. Then, for any point I,

Ban'Q

E[F(#:) — F* + aTi] < O, (F(#0) — F* + aTy) + 77
Q

(2.25)

with 7 = min (ﬁ,%ﬂ), Oy = (1 —7), and a = 6min< ,%). Note that T}, >

L|xy, — 2*||* and for Algorithm , we also have Ty < (13/12) (F(xo) — F*).

The proof is given in Appendix [2.D.4] This corollary shows that the algorithm achieves
a linear convergence rate to a noise-dominated region and produces converging iterates
(zx)k>0 that do not require to know the strong convexity constant p. It shows that all
estimators we consider can become adaptive to . Note that the non-uniform strategy
slightly degrades the dependency in 62: indeed, Lg/pg = max;—; L; if @ is uniform, but if
q; = max; L;/ >; L;, we have instead L /pgo = min;—; L;. The next corollary shows that
a slightly better noise dependency can be achieved when the step sizes rely on p.

Corollary 2.4 (Variance-reduction, ;i > 0, py-dependent constant step size).
Consider the same setting as Theorem |2.4, where f is u-strongly convex, vo = u, and
N =1 = min (ﬁ, 5;%71) Then, for all Z,

E[F(iy) — F* + 6T} < O (F(2) — F* + 6Ty) + 18pgna>. (2.26)

The proof follows similar steps as the proof of Corollary after noting that we have
0 = T3 for all k for this particular choice of step size. We are now in shape to study a
converging algorithm.

Corollary 2.5 (Variance-reduction, p > 0, decreasing step sizes). Consider the
same setting as Theorem where f is p-strongly convexr and target an accuracy € <
24pond?, with n = min GlLQ, 5%” . Then, we use the constant step size strategy of
Corollary with To = xg, and stop the optimization when we find points Ty and xy such

that E[F (&) — F* + 6T} < 24pgna?. Then, we restart the optimization procedure with

1 1 2
12Lg 7 5un’ p(k+2

resulting number of gradient evaluations to achieve E [F(&}) — F*] < e is upper bounded by

o{fnr (=128 o (o)

Note that do(z*) — dfy < F(xo) — F* for variant (A).

decreasing step sizes mj, = min ( )) and generate a new sequence (Z))r>o. The
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The proof is given in Appendix and shows that variance-reduction algorithms
may exhibit an optimal dependency on the noise level 52 when the objective is strongly
convex. Next, we analyze the complexity of variant when p = 0. Note that it is
possible to conduct a similar analysis for variant , which exhibits a slightly worse
complexity (as the corresponding quantity do(z*) — d is larger).

Corollary 2.6 (Convergence of variance-reduced algorithms with constant step
size, u = 0). Consider the same setting as Theorem where [ is convex and proceed

in two steps First, run one iteration of (I) with step size 121LQ with the gradient estima-

tor (1/n) X1, Vfi(xo). Second, use the resulting point to initialize the variant with
the mndom SVRG or SAGA/SDCA/MISO gradient estimators, with a constant step size
n< 12L , Yo = 1/n, for a total of K > 5nlog(5n) iterations. Then,

In

<7.1'—$*2+366'2 .

. ., - o . 1 [|zo—2*]| n
If in addition we choose n = min (12LQ, oF o) |-

R . 108nL pon
EF(i) = F') S ey oo = a4 365 o a7l [557 2.27)

The proof is provided in Appendix [2.D.6] The second part of the corollary is not a
practical result since the optimal step size depends on unknown quantities such as 2, but
it allows us to highlight the best possible dependence between the budget of iterations K,
the initial point x(, and the noise 2. We will show in the next section that acceleration is
useful to improve the previous complexity.

2.4 Accelerated Stochastic Algorithms

We now consider the following iteration, involving an extrapolation sequence (yx)r>1,
which is a classical mechanism from accelerated first-order algorithms [Beck and Teboulle,
2009, Nesterov, [2013]. Given a sequence of step sizes (7 )g>o with n, < 1/L for all k > 0,
and some parameter 79 > u, we consider the sequences (6)g>0 and (7x)x>o0 that satisfy

O0p = /M ye forall k>0
Ve = (1 — 0g) Y1 + Oppr for all & > 1.

Then, for k£ > 1, we consider the iteration

T = Prox,, ¢ [yk—1 — mege]  with  E [ge|Fr1] = Vf(ye-1)
Ok (1 — 0k) Mt Q)

Yp = Tk + Be(Tr — k1) with B, = ;
( ) MOkt1 + 77k:+151%
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where with constant step size 1, = 1/L, we recover a classical extrapolation parameter of
accelerated gradient based methods |[Nesterovl 2014]. Traditionally, estimate sequences
are used to analyze the convergence of accelerated algorithms. We show in this section
how to proceed for stochastic composite optimization and later, we show how to directly
accelerate the random-SVRG approach we have introduced. Note that Algorithm ((C)
resembles the approaches introduced by Hu et al. [2009], Ghadimi and Lan| [2012] but is
simpler since our approach involves a single extrapolation step.

2.4.1 Convergence Analysis Without Variance Reduction
Consider then the stochastic estimate sequence for k > 1
dk(l‘) = (1 — 5k) dk_1($> + 5klk(l‘),
with dy defined as in (2.7)) and

k(@) = f(ye-1) + g (2 = Y1) + % 2 = yral* + o (e) + ' () (@ — ), (2.28)

and ¢/ (xy) = nik(ykq — 1) — gg is in OY(xy) by definition of the proximal operator. As
in Section [2.2] dj(z*) asymptotically becomes a lower bound on F* since remains
satisfied. This time, the iterate x; does not minimize dj, and we denote by v, instead its
minimizer, allowing us to write dj, in the canonical form

delx) = di + 2 llo = o

The first lemma highlights classical relations between the iterates (zx)r>0, (Yx)r>0 and the
minimizers of the estimate sequences dj, which also appears in [Nesterov, 2014, p. 78] for
constant step sizes . The proof is given in Appendix [2.D.7]

Lemma 2.1 (Relations between y;, x; and di). The sequences (xy)g>0 and (Yr)r>o
produced by Algorithm (@ satisfy for all k > 0, with vqg = yo = xo,

Ok Yk

= (1= O)a +0 th O = — 20k
o= (L Ot Gion - with O =2

Then, the next lemma is key to prove the convergence of Algorithm (C)). Its proof is
given in Appendix [2.D.§

Lemma 2.2 (Key lemma for stochastic estimate sequences with acceleration).
Assuming (zx)r>0 and (yx)k>o are given by Algorithm (Q). Then, for all k > 1,

B1F(0] < Eltn] + (5 - o) B 1] + e

with wi = E [HVf(yk,l) — gk\ﬂ and g = gr, + ' (Tp).

Finally, we obtain the following convergence result.
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Theorem 2.7 (Convergence of the accelerated stochastic optimization algo-
rithm). Under the assumptions of Lemma we have for all k > 1,

k 2

* " . w
B = F+ 5 W)—xn}<rkcw o) = F' 3 nx—»|ﬁ+§;ﬁy),
t=1 t

where, as before, Ty = >t (1 — ;).
Proof. First, the minimizer v, of the quadratic surrogate d, may be written as

1 — k) Ve ) Ok - 1—-9 . Ok -
Yk Yk Tk Yk Yk

Then, we characterize the quantity d;:
i = deysr) = 5 o = v
= (1= 6) dia () + e (gr) = 5 o =y
= (1= (s + 5 ot = el ) + i) = 5 s = g
—(1- ) di, + <’Yk1 (1 — k) (’Y;’y; (1 — k) ’Yk:l))

5 0p (1 =0 ~
e =0 Moy )

k-1 — Y1 |” + Ouli(ye_1)

52 R 0. (1 —9 1.
> (1= 6 diy + Guns) — 3 il + k(vﬁ%lﬂmn—%ly

Assuming by induction that E [d’,;fl} > E[F(zg_1)] — &1 for some &1 > 0, we have
after taking expectation
O = 2
Eldi] > (1= 6¢) (B [F(zk-1)] = &e—1) + OB [l (ye—1)] — 5~ || gl

2
0 (1 =90
+ ( k)7k1
Yk

E [Qk (Uk 1~ Yk— 1)}
Then, note that E[F(zy_1)] > E [lx(x1_1)] > E[li(ys_1)] + E [Q;(xk_l — yk_l)}, and
E (4] 2 Bllu(ueo)] — (1 60 6 - 5B ] +

(1—0)E [ i <6Wk ~(vk-1 = Y1) + (@51 — %1))] :

V&
By Lemma we can show that the last term is equal to zero, and we are left with

E[d] > E [h(yo_1)] — (uwmgl—;ﬁmuu
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We may then use Lemma [2.2] which gives us

* 2 Lnlz 5]% ~ 112
E[dy] > E[F(xg)] — (1 = 0g) &1 — mewi + | 0k — 2 oy E || gl

> E[F(z))] — & with & = (1= 0) &1 + 1oy,

where we used the fact that 9, < 1/L and & = /Y-
It remains to choose df = F'(zo) and & = 0 to initialize the induction at k = 0 and we
conclude that

E | F(xy) — F" + % lor — 2" *| < Eldi(2") = F*] + & < Til(do(a”) — F*) + &,

which gives us the statement of the theorem when noticing that & = I'y 2F , "’}“f O

Next, we specialize the theorem to various practical cases. For the corollaries below,
we assume the variances (w?),~, to be upper bounded by o2

Corollary 2.8 (Proximal accelerated SGD with constant step size, u > 0). As-
sume that f is p-strongly convex, and choose vo = p and n, = 1/L with Algorithm @
Then,

E[F(z) — F*] < (1 _ \/@k (F(xo) —F 4 b oy - x*H2) 4 \/(% (2.29)

We now show that with decreasing step sizes, we obtain an algorithm with optimal
complexity similar to [Ghadimi and Lan) [2013].

Corollary 2.9 (Proximal accelerated SGD with decreasing step sizes and p > 0).
Assume that f is p-strongly conver and that we target an accuracy € smaller than 202 /v/ L.
First, use a constant step size ni, = 1/L with vy = p within Algorithm (@, leading to
the convergence rate (2.29), until E[F(xy) — F*] < 202/\/uL. Then, we restart the

1 4
I W) and gene?’ut@ a new

sequence (Zx)k>0. The resulting number of gradient evaluations to achieve E [F(xy) — F*] <

€ 1s upper bounded by
B nt: 2
o(fes (")) -0 ()
L € JLE

The proof is provided in Appendix[2.D.9) We note that despite the “optimal” theoretical
complexity, we have observed that Algorithm with the parameters of Corollaries
and could be relatively unstable, as shown in Section 2.5 due to the large radius
02 /\/uL of the noise region. When p is small, such a quantity may be indeed arbitrarily
larger than F'(z) — F™*. Instead, we have found a mini-batch strategy to be more effective
in practice. When using a mini-batch of size b = [L/u], the theoretical complexity becomes
the same as SGD, given in Corollary [2.16] but the algorithm enjoys the benefits of easy
parallelization.

optimization procedure with decreasing step sizes M, = min
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Corollary 2.10 (Proximal accelerated SGD with with y = 0). Assume that f is
convex. Consider a step size n < 1/L and run one iteration of Algorithm with a
stochastic gradient estimate. Use the resulting point to initialize Algorithm (@ still with
constant step size 1, and choose o = 1/n. Then,

2 [|zo — z*||?
E([F(x,) — F* <2202 11
[F'(w) I=< (14 K)2n

If in addition we choose nn = min (i, \/ 2”“;2"”*”2 (K+11)3/2>, then

B[F(on) — F7) < 22000 =2 oy o |2 (2.30)
T — _— To — X g —_—. .
g = 1+ K)? 0 1+ K

The proof is given in Appendix [2.D.10] These convergence results are relatively similar
to those obtained in |Ghadimi and Lan| 2013] for a different algorithm and is optimal for
convex functions.

+o*n(K +1).

2.4.2 An Accelerated Algorithm with Variance Reduction

In this section, we show how to combine the previous methodology with variance
reduction, and introduce Algorithm based on random-SVRG. Then, we present the
convergence analysis, which requires controlling the variance of the estimator in a similar
manner to [Allen-Zhu, [2017], as stated in the next proposition. Note that the estimator
does not require storing the seed of the random perturbations, unlike in the previous
section.

Proposition 2.4 (Variance reduction for random-SVRG estimator). Consider
problem m) when f is a finite sum of functions f = %Z?Zl fi where each f; is L;-smooth
with L; > p and f is p-strongly convex. Then, the variance of gy defined in Algorithm [2.4)
satisfies

Wi < 2Lq | f(@r-1) = Fyr-1) = g8 (Frer = )|+ 3pod®,

The proof is given in Appendix [2.D.T1] Then, we extend Lemma [2.2] that was used in
the previous analysis to the variance-reduction setting.

Lemma 2.3 (Lemma for accelerated variance-reduced stochastic optimization).
Consider the iterates provided by Algom'thm and call a, = 2Lgni. Then,

E[F(zx)] < EfaxF(Zp-1) + (1= ar)le(ye-1)] +

- . Ln? . -
E {ard) (Yr-1 — To_1) + (;7'“ — m) ||9k||2] + 3pomid>.

The proof of this lemma is given in Appendix With this lemma in hand, we

may now state our main convergence result.
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Algorithm 2.4 Accelerated algorithm with random-SVRG estimator
1: Input: z in R? (initial point); K (number of iterations); (nx)r>o (step sizes); yo > p;
2: Initialization: Tg = vy = xo; Zo = V f(x0);
3 fork=1,..., K do
4: Find (dg, k) such that

Mk Vi
Ve = (1 —0k) Yk—1 + Ot and & = d ;
3n
5: Choose
Yp—1 = Gkvk_l + (1 - 9k>xk—1 with Gk = —lm
3 — Sy
6: Sample i, according to the distribution @ = {q1,...,qn};
7: Compute the gradient estimator, possibly corrupted by stochastic perturbations:
1 /= - ~ _
G = (sz'k (Yk-1) — sz'k(l’k—l)) + Zp-1;
di, M
8: Obtain the new iterate
Ty, < Prox,, [Yk—1 — MkGk] ;
9: Find the minimizer vy of the estimate sequence d:

) ) 0
Vp = (1 — M) Vp—1 + Myk_l + i(ffk: - ykz—l)§
Yk Yk VMK

10: With probability 1/n, update the anchor point
iy=mx, and Zz, = Vf(Z);

11: Otherwise, with probability 1 — 1/n, keep the anchor point unchanged Zj = &y
and Zk = Zkz—l;

12: end for

13: Output: zg.
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Theorem 2.11 (Convergence of the accelerated SVRG algorithm). Consider the it-
erates provided by Algom'thm and assume that the step sizes satisfy mi, < min (ﬁ, m)
for all k > 1. Then,

E|F(zp) — F* + 2 |lo — 2*||?

* * 3 G’ a

no =5l

Proof. Following similar steps as in the proof of Theorem we have

0 0 (1 =6 1.
dp > (1 —0k) dy_y + Opli(yp—1) — 2%;,6 G&ll” + 1 *y:) Tk L an (Vo1 — Ya1).

Assume now by induction that E {dZ—J > K [F(Z-1)] — &1 for some &_; > 0 and note
that 0, < 1’% since ap = 2Lgni, < % and 0 = 5?7% <1l < 1’% Then,

_3n_

B[] 2 (1 6) (£ [P(e0)] — 6er) + B [l )] — oL E [l

2y
L E [g; <5k (1 _,yik) Vi—1 (V1 — %—1))1
> (1= AV B[R]+ (6 B )] + 0 ()] -

;ka lgel*] + E [g,;r (5’“ 4 _W‘i’“) P gy — yk_g)] — (1= 0 &

Note that
E[F(Zg-1)] > E[lk(Tr-1)] > E[lk(ye-1)] + E [g;(i’k_l - yk—l)} :
Then,
Bl 2 (1- ) BRG]+ B )] - 2E [l

+E [Q; <6k u _Wik) Rl (Vk—1 — Y1) + (1 _nak - 5k) (Tp—1 — Zﬁc—l))] — (1 — 0k) Ep—1-

We may now use Lemma [2.3, which gives us

n

e S R G [ ) | EEREE)

B> (1- 1) BRG]+ SRl + (5 (n - 5F) - 35 ) & 1]
+

~2
with & = (1 — d) &k—1 + 30@%. Then, since d;, = \/@ and 7, < ﬁ < 3%7

1 Ln? 52 5 52
T PR} %k S TR 9%
n 2 27, — 6n 2y



2.4. Accelerated Stochastic Algorithms 47

and the term in (2.31)) involving ||gx||* may disappear. Similarly, we have

O (1 — 0k) Ye1 _ Ok — O
Ok (1 = 0k) Yeo1 + /1 — ke W/n — i
_3ndy /5 — Oppe 3n — Spy,
307 /5m, — Opp 3 — Sumg
and the term in (2.31]) that is linear in g, may disappear as well. Then, we are left with

E[d;] > E[F(2k)] — &. Initializing the induction requires choosing & = 0 and djj = F'(x).
Ultimately, we note that E [dy(2*) — F*] < (1 — 0x) E [dg—1(2*) — F*] for all £ > 1, and

— Vg,

E [F(jk) —F 4 B - vk||2] < E[dy(a”) — F7] + &

&y

<Ty <F(a70) —F 42

7" — woll*) + &,

and we obtain the statement. O

We may now derive convergence rates of our accelerated SVRG algorithm under various
settings. The proofs of the following corollaries, when not straightforward, are given in
the appendix. The first corollary simply uses Lemma [2.9

Corollary 2.12 (Accelerated proximal SVRG - constant step size - u > 0). With
M, = min (ﬁ, ﬁ) and vy = p, the iterates produced by Algom'thm satisfy

1 1
o Zf% — 1bun’

k
E[F(z) — F < 1 Flzo) — F* + B lzg — 27|?) + L7
P = 1)< (1 o) (P =P =) 2
— otherwise,
1\* L 2\ | 3pod
_ * < - _ * ~ _ * A
E(F() - £ < (1= 5-) (Fo) = 4 S oo 7)) + 22

The corollary uses the fact that Ty >F , n/I'; < n/6 = /3n1/5u and thus the algorithm

converges linearly to an area of radius 3pga?,/3n/5un = O (pQ62 min <\/1u_L’ Hln)>,
nulq

where as before, pg = 1 if the distribution @ is uniform. When 62 = 0, the corresponding

algorithm achieves the optimal complexity for finite sums |Arjevani and Shamir, 2016].

Interestingly, we see that here non-uniform sampling may hurt the convergence guarantees

in some situations. Whenever mal, = > 5#, the optimal sampling strategy is indeed the
X Lig un

uniform one. Next, we show how to obtain a converging algorithm in the next corollary.

Corollary 2.13 (Accelerated proximal SVRG - diminishing step sizes - y > 0).
Assume that f is p-strongly convex and that we target an accuracy € smaller than B =
3pQ(72\/77/7 with the same step size n as in the previous corollary. First, use such a
constant step size strateqy mp. = n with vo = p within Algorithm leading to the
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convergence rate of the previous corollary, until E[F(zy) — F*] < B. Then, we restart the
optimization procedure with decreasing step sizes n, = min (7, w(llfil'é)g
sequence (Zx)k>0. The resulting number of gradient evaluations to achieve E [F(xy) — F*] <

€ s upper bounded by

oo 2 (25 o).

The proof is given in Appendix Next, we study the case when p = 0.

) and generate a new

Corollary 2.14 (Accelerated proximal SVRG - p = 0). Consider the same setting
as Theorem where [ is conver and proceed in two steps. First, run one iteration
of with step size n < ﬁ with the gradient estimator (1/n) ", V fi(xq). Second, use
the resulting point to initialize Algorithm and use step size 1, = min (ﬁ, 15}““), with
Yo = 1/n, for a total of K > 6nlog(15n) + 1 iterations. Then

6nleo — 2*II°  3npgd2(K + 1)
E|F — <
Flaw) = F) < 2 .

If in addition we choose 1 = min (?)LlQ, %),

18Lgn [|lzo — a*|* | 66 [z — 2" || /Zpg
E|F —F* < . 2.32
Flaw) = Il < == oy VR (232

The proof is provided in Appendix [2.D.14 When 62 = 0 (deterministic setting), the
first part of the corollary with n = 1/3L¢ gives us the same complexity as Katyusha [Allen{
Zhu, 2017] and RPDG [Lan and Zhou, 2018a], and in the stochastic case, we obtain a

significantly better complexity than the same algorithm without acceleration, which was
analyzed in Corollary [2.6]

2.5 Experiments

In this section, we evaluate numerically the approaches introduced in the previous
sections.

2.5.1 Datasets, Formulations, and Methods

Following classical benchmarks in optimization methods for machine learning [see, e.g.
Schmidt et al.,[2017], we consider empirical risk minimization formulations. Given training
data (a;, b;)i1,.. n, with a; in R? and b; in {—1, 41}, we consider the optimization problem

1S T A 2
iy o =g el

where ¢ is either the logistic loss ¢(u) = log(1 4+ e™*), or the squared hinge loss ¢(u) =
max (0,1 —u)? Both functions are L-smooth; when the vectors a; have unit norm, we may
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indeed choose L = 0.25 for the logistic loss and L = 1 for the squared hinge loss. Studying
the squared hinge loss is interesting: whereas the logistic loss has bounded gradients on
RP this is not the case for the squared hinge loss. With unbounded optimization domain,
the gradient norms may be indeed large in some regions of the solution space, which may
lead in turn to large variance o? of the gradient estimates obtained by SGD, causing
instabilities.

The scalar A is a regularization parameter that acts as a lower bound on the strong
convexity constant of the problem. We consider the parameters y = A = 1/10n in our
problems, which is of the order of the smallest values that one would try when doing a
parameter search, e.g., by cross-validation. For instance, this is empirically observed for
the dataset cifar-ckn described below, where a test set is available, allowing us to check
that the “optimal” regularization parameter leading to the lowest generalization error is
indeed of this order. We also report an experiment with A = 1/100n in order to study the
effect of the problem conditioning on the method’s performance.

Following Bietti and Mairal| [2017], Zheng and Kwok| [2018|, we consider DropOut
perturbations |Srivastava et al., 2014] to illustrate the robustness to noise of the algorithms.
DropOut consists of randomly setting to zero each entry of a data point with probability
0, leading to the optimization problem

min 3B, [o(b(p 0 0) )] + 5 ol (2.33)

z€RP N, 4
i=1

where p is a binary vector in {0,1}” with i.i.d. Bernoulli entries, and o denotes the
element-wise multiplication between two vectors. We consider two DropOut regimes, with
9 in {0.01,0.1}, representing small and medium perturbations, respectively.
Then, we consider three datasets with various number of points n and dimension p,
coming from different scientific fields:
— alpha is from the Pascal Large Scale Learning Challenge websitef] and contains
n = 250000 points in dimension p = 500.
— gene consists of gene expression data and the binary labels b; characterize two
different types of breast cancer. This is a small dataset with n = 295 and p = 8 141.
— ckn-cifar is an image classification task where each image from the CIFAR-10
datasetf] is represented by using a two-layer unsupervised convolutional neural
network [Mairal, [2016]. Since CIFAR-10 originally contains 10 different classes,
we consider the binary classification task consisting of predicting the class 1 vs.
other classes. The dataset contains n = 50000 images and the dimension of the
representation is p = 9 216.
For simplicity, we normalize the features of all datasets and thus we use a uniform sampling
strategy @ in all algorithms. Then, we consider several methods with their theoretical step
sizes, described in Table Note that we also evaluate the strategy random-SVRG with
step size 1/3L, even though our analysis requires 1/12L, in order to get a fair comparison
with the accelerated SVRG method. In all figures, we consider that n iterations of SVRG
count as 2 effective passes over the data since it appears to be a good proxy of the

2. http://largescale.ml.tu-berlin.de/
3. https://www.cs.toronto.edu/~kriz/cifar.html
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Algorithm step size i Cor. Complexity O (.) Bias O (.)
SGD 2.15 Llog (%) Eal
SGD-d min ( (m)) .16 Llog (g) Iy 0
acc-SGD 2.8 % log (%) \Z%
acc-SGD-d min (L, M(m ) 9.9 Llog (%) + 2 0
acc-mb-SGD-d min (L, u(k+2 2) 2.9 %10g (%) + ?i 0
rand-SVRG 3L 2.3 (n + %) log (%) 5{
rand-SVRG-d | min (ﬁ, 5%”, ﬁ) 2.5 (n + %) log (%) + Z—i 0
acc-SVRG min (ﬁ, ﬁ) 2.12 (n + %) log (%) \/%“rnlt
ace-SVRG-d_ | min (570w saietay) | R3] (n+ 5 log (2) + 52| 0

Table 2.1 — List of algorithms used in the experiments, along with the step size used and
the pointer to the corresponding convergence guarantees, with Cy = F(xg) — F*. In the
experiments, we also use the method rand-SVRG with step size n = 1/3L, even though
our analysis requires n < 1/12L. The approach acc-mb-SGD-d uses mini-batches of size

[\/L/p] and could thus easily be parallelized. Note that we potentially have ¢ < o.

computational time. Indeed, (i) if one is allowed to store the variables z¥, then n iterations
exactly correspond to two passes over the data; (ii) the gradients V fz(:):k_l) Vfi(Zr-1)
access the same training point which reduces the data access overhead; (iii) computing the
full gradient z; can be done in practice in a much more efficient manner than computing
individually the n gradients V fi(z)), either through parallelization or by using more
efficient routines (e.g., BLAS2 vs BLASI routines for linear algebra). Each experiment
is conducted five times and we always report the average of the five experiments in each
figure. We also include in the comparison two baselines from the literature: AC-SA is the
accelerated stochastic gradient descent method of |(Ghadimi and Lan| [2013], and adam-heur
is the Adam method of Kingma and Ba/| [2014] with its recommended step size. As Adam is
not converging, we adopt a standard heuristics from the deep learning literature, consisting
of reducing the step size by 10 after 50 and 150 passes over the data, respectively, which
performs much better than using a constant step size in practice.

2.5.2 Evaluation of Algorithms without Perturbations

First, we study the behavior of all methods when 52 = 0. We report the corresponding
results in Figures 2.2 and 2.3] Since the problem is deterministic, we can check that
the value F* we consider is indeed optimal by computing a duality gap using Fenchel
duality. For SGD and random-SVRG, we do not use any averaging strategy, which we
found to empirically slow down convergence, when used from the start; knowing when to
start averaging is indeed not easy and requires heuristics which we do not evaluate here.

From these experiments, we obtain the following conclusions:

— Acceleration for SVRG is effective on the datasets gene and ckn-cifar except on alpha,

where all SVRG-like methods perform already well. This may be due to strong
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Figure 2.1 — Optimization curves without perturbations when using the logistic loss and
the parameter A = 1/10n. We plot the value of the objective function on a logarithmic
scale as a function of the effective passes over the data (see main text for details). Best seen
in color by zooming on a computer screen. Note that the method Adam is not converging.
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Figure 2.3 — Same experiment as in Figure with squared hinge loss instead of logistic.
ACC-SA and acc-SGD-d were unstable for this setting due to the large size of the noise

region 02/y/uL = \/10no? and potentially large gradients of the loss function over the
optimization domain.

convexity hidden in alpha leading to a regime where acceleration does not occur—

that is, when the complexity is O (nlog(1/¢)), which is independent of the condition
number.

— Acceleration is more effective when the problem is badly conditioned. When

A

1/100n, acceleration brings several orders of magnitude improvement in
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complexity.

— Accelerated SGD is unstable with the squared hinge loss. During the initial phase
with constant step size 1/L, the expected primal gap is in a region of radius
@ <02 / \/H> ~ \/no?, which is potentially huge, causing large gradients and
instabilities.

— Accelerated mini-batch SGD performs best among the SGD methods and is compet-
itive with SVRG in the low precision regime. The performance of Adam on these
datasets is inconsistent; it performs best among SGD methods on alpha, but is
significantly worse on ckn-cifar. Note also that AC-SA performs in general similarly
to acc-SGD-d.

2.5.3 Evaluation of Algorithms with Perturbations

We now consider the same setting as in the previous section, but we add DropOut
perturbations with rate ¢ in {0.01,0.1}. As predicted by theory, all approaches with
constant step size do not converge. Therefore, we only report the results for decreasing
step sizes in Figures 2.5 and We evaluate the loss function every 5 data passes
and we estimate the expectation by drawing 5 random perturbations per data point,
resulting in 5n samples. The optimal value F™* is estimated by letting the methods run for
1000 epochs and selecting the best point found as a proxy of F*.
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Figure 2.4 — Optimization curves with DropOut rate § when using the logistic loss and
A = 1/10n. We plot the value of the objective function on a logarithmic scale as a function
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The conclusions of these experiments are the following:
— accelerated mini-batch SGD performs the best among SGD approaches in general
except on alpha where Adam performs best.
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— accelerated SVRG performs better than SVRG in general, or they achieve the same
performance. As in the deterministic case, the gains are typically more important
in ill-conditioned cases.

— accelerated SVRG performs better than SGD approaches in the low perturbation
regime 0 = 0.01 and only on the alpha dataset when 6 = 0.1. Otherwise, the
methods perform similarly.

— not reported on these figures, high perturbation regimes, e.g., 6 = 0.3 make variance
reduction less useful since the noise due to data sampling becomes potentially of
the same order as %; Yet, benefits are still seen on the alpha dataset, whereas SGD
approaches perform slightly better than SVRG approaches on ckn-cifar and gene.

2.6 Discussion

In this chapter, we have studied simple stochastic gradient-based rules with or without
variance reduction, and presented an accelerated algorithm dedicated to finite-sums
minimization under the presence of stochastic perturbations. The approach we propose
achieves the classical optimal worst-case complexities for finite-sum optimization when
there is no perturbation [Arjevani and Shamir, 2016], and exhibits an optimal dependency
in the noise variance 2 for convex and strongly convex problems.

Our work is based on stochastic variants of estimate sequences introduced by Nesterov
[1983, |2014]. The framework leads naturally to many algorithms with relatively generic
proofs of convergence, where convergence is proven at the same time as the algorithm’s
design. With iterate averaging techniques inspired by |Ghadimi and Lan| [2013], we show
that a large class of variance-reduction stochastic optimization methods can be made
robust to stochastic perturbations. Estimate sequences also naturally lead to several
accelerated algorithms, some of them we did not present in this chapter. For instance, it is
possible to show that replacing in the lower bound () + ¢/ (xx) " (x — x1) by ¥(z)
itself—in a similar way as we proceeded to obtain iteration from iteration (A)—also
leads to an accelerated algorithm with similar guarantees as .

Possibilities offered by estimate sequences are large, but our framework also admits a
few limitations, paving the way for future work. In particular, our results are currently
limited to Euclidean metrics—meaning that our convergence rates typically depend on
quantities involving the Euclidean norm (e.g., strong convexity or L-smooth inequalities),
and one may expect extensions of our work to other metrics such as Bregman distances.
Estimate sequences admit indeed known extensions to such metrics, and can also deal
with higher-order smoothness assumptions than Lipschitz continuity of the gradient [Baes,
2009]—e.g., cubic regularization |[Nesterov and Polyak, |2006]. We leave such directions for
the future.

Another limitation we encountered was the inability to propose robust accelerated
variants of SAGA, MISO, or SDCA based on our stochastic estimate sequences framework.
To address this problem, we investigate in Chapter [3] a significantly different approach
based on the Catalyst method [Lin et al) 2018], allowing us to accelerate stochastic
first-order methods in a generic fashion, at the price of a logarithmic factor in the optimal
complexity—in other words, we were able to obtain for SAGA, MISO, and SDCA a
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complexity close to up to a logarithmic factor in the condition number Lg/u. We
believe that estimate sequences may be useful to obtain the optimal complexity without
this logarithmic term, but the construction would be non-trivial and would rely on a
different lower bound than the one we used in Section 2.4]

Finally, we note that the optimal complexities we have obtained with diminishing step
sizes for strongly convex objectives can also be achieved by using instead a constant step
size combined with mini-batch and restart strategies. As a constant step size yields a
linear rate of convergence to a noise-dominated region of radius O (6?), we can indeed use
the restart procedure described in Section of the next chapter, which would yield an
optimal or near-optimal complexity.






Appendix

2.A Useful Mathematical Results

2.A.1 Simple Results about Convexity and Smoothness

The next three lemmas are classical upper and lower bounds for smooth or strongly
convex functions [Nesterov} 2014].

Lemma 2.4 (Quadratic upper bound for L-smooth functions). Let f : R? — R be
L-smooth. Then, for all x,z’ in RP,

(@) = f@) = V(@) (@ = )| <

Lemma 2.5 (Lower bound for strongly convex functions). Let f : R? — R be a
w-strongly convex function. Let z be in Of(x) for some x in RP. Then, the following
inequality holds for all x' in RP:

@) > )+ 2T —2) + Dl — 2]

Lemma 2.6 (Second-order growth property). Let f : R? — R be a p-strongly convex
function and X C RP be a convexr set. Let x* be the minimizer of f on X. Then, the
following condition holds for all x in X:

f@) = fa*) + Slla = 7.

Lemma 2.7 (Useful inequality for smooth and convex functions). Consider an
L-smooth p-strongly convex function f defined on RP and a parameter 5 in [0, u|. Then,
for all x,y in RP,

IVf(z) =V f(y) = Blz = y)I” < 2L(f(2) = fly) = VI(y) "z —y)).

Proof. Let us define the function ¢(x) = f(z) — g ||||?, which is (1 — /3)-strongly convex.
It is then easy to show that ¢ is (L — )-smooth, according to Theorem 2.1.5 in [Nesterov,

o7
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2014]: indeed, for all z,y in R?,

6(2) = 1)~ 2 12l < ) + V1) (2= 0) + & e~ gl = 2 o]

= o) + Vo) "z — o)+ 2o e .

and again according to Theorem 2.1.5 of [Nesterov], 2014],
IV (x) = Vo)lI* < 2L(¢(z) — ély) — V(y)T (z —y))
= 2L (f(m) — () = Vi) (x—y) - g |z — yH2>
<2L(f(x) = fy) = VW) (@ =)

2.A.2 Useful Results to Select Step Sizes

In this section, we present basic mathematical results regarding the choice of step sizes.
The proofs of the first two lemmas are trivial by induction.

Lemma 2.8 (Relation between (6;)i>0 and (I'y, = [1F_,(1 — &;))r>0). Consider the
following cases:
— 6, =0 (constant). Then T}, = (1 —§)*;
— O =min(1/(k+1),0). then,
{ (1-0)" ifk<ho with ko=[}—1]
'y = ko .
Dro—1745  otherwise.

— Op = min(2/(k +2),0). then,

. (1—6)F if k<ko with ko= [2-2]
k= .
Fko_l% otherwise.
Lemma 2.9 (Simple relation). Consider a sequence of weights (6)g>0 in (0,1). Then,
ko, 1 R
oo 4l=— where Iy 2] -6). (2.34)
ol Ty i=1

Lemma 2.10 (Convergence rate of I'y). Consider the same quantities defined in the
previous lemma and consider the sequence Y = (1 — 0) Ye—1 + Okpt = Teyo + (L =)
with ~vg > p, and assume the relation op = vxn. Then, for all k > 0,

1

Besides,
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— when vo = p, then T'y = (1 — un)*.
— when pu =0, Fk:m.
Proof. First, we have for all k, v, > p such that 0, > nu, which leads then to I'y <
(1-— n,u)k. Besides, vy, > 'y and thus T'y = (1 —0x) Tro1 < (1 — Txyon) T'k—1. Then,
r- (1 =Twyn) > —, and

1 1

= >
Iy, —

+von > 1+ yonk,

=

k—1

which is sufficient to obtain (2.35). Then, the fact that o = u leads to T'y, = (1 — un)*
trivial, and the fact that u = 0 yields I'y, = m can be shown by induction. Indeed, the
relation is true for I'y and then, assuming the relation is true for £ — 1, we have for £ > 1,

1

D= (1 =0) D = (1= m) L1 = (1= m0l)To-1 2 (1 = 1m0l'%) 1+ yon(k-1)’
o (ke

which leads to I'j, = O

1
1+~onk

Lemma 2.11 (Accelerated convergence rate of I'y). Consider the same quantities
defined in Lemmal[2.9 and consider the sequence vy, = (1 — 8;) Y140kt = Typyo+(1 — Ty) p
with g > p, and assume the relation op = /Yen. Then, for all k > 0,

4
Iy <min | (1— o)k, ———— .
Besides, when vy = u, then Ty, = (1 — /un)*.

Proof. see Lemma 2.2.4 of [Nesterov, 2014]. O

2.A.3 Averaging Strategies

Next, we show a generic convergence result and an appropriate averaging strategy
given a recursive relation between quantities acting as Lyapunov function.

Lemma 2.12 (Averaging strategy). Assume that an algorithm generates a sequence
(g )k>1 for minimizing a convex function F', and that there exist non-negative sequences
(Tk)k>0, (0k)k>1 i (0,1), (Bk)k>1 and a scalar o > 0 such that for all k > 1,

—E[F(zy) — F* + Ty, < (1 = 0) Th1 + Br, (2.36)

where the expectation is taken with respect to any random parameter used by the algorithm.
Then,

k

E[F(zx) — F*] + 5ka < a—rk (Tg + Z > where Ty 2 1:[1(1 — 8). (2.37)
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Generic averaging strategy. For any point %y, consider the averaging sequence (Zy) k>0,

k <Q30 + Z Q?t) 1 — 5k> Tp_1+ 5k:ck (fOT k > 1),

then,
E[F(2x) — F* |+ aT), <T% (F( 0) — F*+aTly+a Z T ) (2.38)
t
Uniform averaging strategy. Assume that d;, = k%rl and consider the average sequence
Tk = %Zle x;. Then,
E[F (%) — F*]+ Ty < - <T0 + Z T ) (2.39)
t

Proof. Given that T, < (1 —0x)Tk_1 + Bk, we obtain - by simply unrolling the
recursion. To analyze the effect of the averaging Strategies divide now ([2.36]) by T':
O Tk Br
—E[F F*l+ —
al'}, F(we) = ]+Fk_rk1 Iy
Sum from ¢ = 1 to k£ and notice that we have a telescopic sum:

két

T,
~F+ 2 <Th+ .
a; ] r, = ° Zrt

Then, add (1/a)E [F(Zo) — F*] on both sides and multiply by al':
ayy R R 5 B

> T E[F(z;) — F*] + Ty E [F(&) — F*| + oT < T} aT0+E[F(:E0)—F*]+aZF— :
t = t

t=1

(2.40)

By exploiting the relation ([2.34)), we may then use Jensen’s inequality and we obtain ([2.38)).
Consider now the specific case 0y = g, which yields T, = =5. Multiply then

Eq. (2.40) by o/k and use Jensen’s inequality; we obtain Eq. ([2.39). O

2.B Relation Between lteration (B]) and MISO/SDCA

In this section, we derive explicit links between the proximal MISO algorithm [Lin
et al., [2015], a primal version of SDCA [Shalev-Shwartz, 2016], and iteration when
used with the gradient estimator (2.14)) without stochastic perturbations. Under the big
data condition L/u < n, consider indeed 5 = p, constant step sizes n = n = i, Vi = [,
and a uniform sampling distribution @); then, we obtain the following algorithm

Ty < (L= pn)Tp_1 + pnzg—1 —n (Vfik(iﬁk—l) —zr, + Zk_1> and  xy = Proxy, [Ty]
L T, i i
Zk = Zp_1 + H(Zkk —zr ) and zf =V (vp-1) — prg_1,

with 2o = 9 = 0. Then, since un = %, it is easy to show that in fact z; = pxy for all
k > 0. This is then exactly the proximal MISO algorithm [see Bietti and Mairal, 2017].
For the relation between primal variants of SDCA and MISO, see page 4 and Equation (3)
of Bietti and Mairal| [2017].
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2.C Recovering Classical Results for Proximal SGD

In this section, we present several corollaries of Theorem to recover classical results
for proximal variants of the stochastic gradient descent method. Throughout the section,
we assume that the gradient estimates have variance bounded by o?:

wy =E [||9k - Vf(ﬂﬁ‘k—l)“ﬂ <o’

Convergence results for the deterministic case 0? = 0 can be also recovered naturally
from the corollaries. We start by applying Theorem with a constant step size strategy
n. = 1/L, which shows convergence to a noise-dominated region of radius o?/L. In all the
corollaries below, we use the notation from Theorem [2.1

Corollary 2.15 (Proximal variants of SGD with constant step size, p > 0).
Assume that f is p-strongly convex, choose g = p and n, = 1/L with Algorithm
or (@ Then, for any point I,

2

E[F(3) — F* + dy(a*) — df] < (1 - g)k (F(i0) = F* +do(") — dg) + 7=, (241)

when using the averaging strategy from Theorem . Note that di(x*) —dj; > § ||7p — ||

for all k > 0 with equality for Algorithm (A).
Next, we show how to obtain converging algorithms by using decreasing step sizes.

Corollary 2.16 (Proximal variants of SGD with decreasing step sizes, y > 0).
Assume that f is u-strongly conver and that we target an accuracy € smaller than 202 /L.
First, use a constant step size n, = 1/L with o = p within Algorithm or (@, using
£y = o, leading to the convergence rate (2.41), until E[F (&) — F* + dip(z*) — d}] <

202/L. Then, we restart the optimization procedure, using the previously obtained %y, xy,
12

L p(k+2)
sequences (&), x} )k>0. The total number of iterations to achieve E[F (%)) — F*] < ¢ is

upper bounded by

@ (i log (F(IO) = "+ do(a) = d5>> +O (‘72) . (2.42)

e pe

as new initial points, with decreasing step sizes m, = min( ), and generate new

Note that do(z*) — dj = % ||z — *||> < F(xo) — F* for Algorithm .

2

Proof. Given the linear convergence rate ([2.41)), the number of iterations of the first the
constant step size strategy is upper bounded by the left term of (2.42). Then, after restarting
the algorithm, we may apply Theorem with E[F(2¢) — F* + do(z*) — df] < 20%/L.
With vy = p, we have 7, = p for all £ > 0, and the rate of I'y is given by Lemma [2.8|
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t=1
20’2 0'2 ko1 (515 k 25t
’“(L LT "t;kwmz)
ko(ko + 1) 202 Ro—l ko256,
— T r
Fingey (BTt T X )+ Y
k:0+1 o2 k25T
= r -T o
(k+ 1)(k +2) (’“01 -1) ) Zrtu(t+2)

S+ Dk +2) L D2 u(t +2)2
< ko 402 N 402
T k+D(k+2) p o ouk+2)

=ko+1

ko(ko+1) 202 1 (ti 4(t+1)(t+2))

where the second inequality uses the fact that (p/2) ||zg — 2*|° < F(xo) — F* < %, and
then we use Lemmas and 2.9 The term on the right is of order O (02/uk) whereas
the term on the left becomes of the same order or smaller whenever k > ko = O (L/p).
This leads to the desired iteration complexity. O

We may now study the case p = 0, first with a constant step size. The next corollary
consists of simply applying the uniform averaging strategy of Lemma to Proposition 2.1}
noting that 0, = k+1 for all K > 0 if 4 =0 and v = 1/n.

Corollary 2.17 (Proximal variants of SGD with constant step size, yu = 0).
Assume that f is convex, choose a constant step size np =n < % with Algorithm or (@)

with vo = 1/n.
Then,

do(z*) — dj

’ +no?, (2.43)

where &, = + Y8 z;. Note that do(z*) — dfy = % |zo — *||* for Algorithm .

The noise dependency is now illustrated for Algorithm in the next corollary,
obtained in a finite horizon setting.

Corollary 2.18 (Proximal variants of SGD with p = 0, finite horizon). Consider
the same setting as in the previous corollary. Assume that we have a budget of K iterations
for Algorithm (A]). Choose a constant step size

(1 [T _ | )
Ne = min (L’ Kc(;?) with T0:§||x0—m 7.
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Then, with o = 1/n and when using the averaging strategy from Corollary

E[F(ix) — F*]<LKTO+2 7[;“ (2.44)

This corollary is obtained by optimizing the right side of (2.43]) with respect to n under
the constraint n < 1/L. Considering both cases n = 1/L and n = \/TO/KO'Z, it is easy to
check that we have in all cases. Whereas this last result is not a practical one since
the step size depends on unknown quantities, it shows that our analysis is nevertheless able

to recover the optimal noise-dependency in O (01 [To) K ), [see Nemirovski et al., [2009).

2.D Proofs of the Main Results

2.D.1 Proof of Proposition [2.2]

Proof. The proof borrows a large part of the analysis of Xiao and Zhang| [2014] for
controlling the variance of the gradient estimate in the SVRG algorithm. First, we note
that all the gradient estimators we consider may be written in the generic form (2.14)),
with 8 = 0 for SAGA or SVRG. Then, we Wﬂl write @fzk (xk—1) =V fi, (xk 1)+ Ck, where
(x is a zero-mean variable with variance &2 drawn at iteration k, and 2} = u}, + (} for
all k,4, where ¢} has zero-mean with variance 6% and was drawn during the previous
iterations. Let us denote by w? = E[||gr — f(2x_1)]|?] and let us introduce the quantity

Ak :E %HC}JP . Then,
_(qzkn)

2
wp =E n (Vfik (wp—1) — Pr—1 — Zk’“_1> + Zy—1 + By — Vf(xr_q)
. | :
=E| = (Vfiulonr) = By = ) + 27+ By = V)
i
1 2
+E
qu-kn)? ” ]
1 . 2
< E’ wn (sz‘k (wp—1) — Prg—1 — Z;ﬁf_l) + Ag
i
11 r P
= ; ZZZI anE i sz(xk_l) — Bxk—l — ZkfIH :| + Ak
1& LT i i i |2
= — Z E Vfl(l’kfl) — B:ck,l — U, -+ U, — Zkle :| -+ Ak
n .- q¢n L
200 1 T L 2 l. 2
< n ; qu I Vfilzp-1) = Pop—1 — ug E g {sz—l — U, } + Ay
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<23 B[IV A - VAG) - Blois — )]
+ii§:1anE o = ] + 34
<03 B [f(m) - A7) - VA (@i - )
e
< ALGE [f(ri) — 1) — V) (s —2°)] + g:; anE [ — 2] + 344,

(2.45)

where the first inequality uses the relation E [HX —E[X ]Hﬂ <E [HX ||2} for all random
variable X, taking here expectation with respect to the index i; ~ Q and condltioning
on Fj_1; the second inequality uses the relation ||a+ b||> < 2]al|* + 2||b||*; the last
inequality uses Lemma [2.7]

We have now two possibilities to control the quantity A related to (. First, we may
simply upper bound it as follows

Asz[ 1GI1P | < pod®.
(qi,n)? Q

Then, since z* minimizes I, we have 0 € V f(2*) + 0 (x*) and thus —V f(2*) is a subgradi-
ent in O (x*). By using as well the convexity inequality ¢(x) > 1 (z*) — Vf(2*) T (z — x*),
we have

flar—) = f(@*) = Vf(a") (2p1 — 2*) < Flag) = F7, (2.46)
leading finally to .

The second possibility is to relate Ay to 52, under the assumption that each f; may be
written as f;(x) = Ee¢ {fz(x,f)} i€ [1,...,n] with f;(.,€) Li-smooth with L; > p for all £.
Then,

th e “C’“”] [@i:n)?

7 fulonn) = Vhionc )

1 = = * = *
=E (qikn)QHVfik(xkl) = V[, (z") + V fi, (z7)
— Vi) + Vi (2") = VS, mo(\]
1 = = * = * |2
<[t [ - V1) + 910 - V]
<2 [ L [[9utmn - 9 |
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L * 1 ~2
< 41K qlkn>2 (fzk(.ibk 1) f <Vf1k( ) Tp—1 — T >>] + 2K [(qikn>2gik’*]
<ALgE [ L (xr-1) — fi, = (Vi (@), 231 — x*))] + 2pg52

= 4Lo (f(zk1) = = (Vf(x*), 2p-1 — 2%)) + 2po77, (2.47)

where we use the relation E [||X — E[X]||?] < E[||X||?] for the first inequality, the well-
known inequality for a convex norm ||a + b||> < 2]|al|* 4+ 2 |b]|* for the second inequality
and the definition 6, = % Zf G2,

Then, we may combine with (2.45)) and use (2.46)) to obtain (2.21]).

2.D.2 Proof of Proposition [2.3]

Proof. To make the notation more compact, we call

1 "1

i=1 10

Joaf, — 2]

Then, according to Proposition [2.2] we have
wp < ALoFy 1 +2Ck_ 1 + 3pgd?,
and according to Proposition [2.1],
61 F) 4+ Dy, < (1 —61) Dy + 4Lomidr Fro1 + 20161,.Cr—1 + 3poniudnd>. (2.48)
Then, we note that both for the SVRG and SAGA/MISO/SDCA strategies, we have (with
g =0 for SVRG),
E [luf — wil?) = (1= ) B [y — Y] + SEIVilen) — Vila®) + Slan — )

By taking a weighted average, this yields

Ckﬁ(l—n)ck1 22

111

< (1-2) Gt 33 B [l — fle") = Vi) (o - a")

i=1 qin
2LoF;
(1_)Ck1 Qka
n

where the second inequality comes from Lemma[2.7]and the last one uses similar arguments
as in the proof of Proposition 2.2l Then, we add a quantity $;C) on both sides of the
relation (2.48)) with some S, > 0 that we will specify later:

E [V fi(zi) = Vfila") = Blax — 2")|]

2L
(5k - 5an>Fk + Dy, + BrCy

1 -
< (1 —=6;) D1 + <5k (1 - n) + 27]k5k> Chr1 + 4Lgnk0x Fr—1 + 3pgnidxd”,
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and then choose 5 /n = (5/2)nxdk, which yields
Ok (1 = 5Lgnk) Fi + D + BrCh

1 N
< (1 —6x) Dy—1 + Br (1 — 5n> Cr—1 + 4Lk Fr—1 + 3pgnidxd™.

Remember that 7, = min (5k, %), notice that the sequences (5k)k>0, (Mk)x>0 and (6x)r>o0
are non-increasing and note that 4 <5 (1 — %) for all n > 1. Then,
0k (1 = 10Lgnk) Fy + 5Lonidx + Dy + BrCl
Tk
< (1= 7%) (Dg—1 + Bro1Cho1 + 5LoMe— 1651 Fr1) + 3pgnkdrd?,

which immediately yields (2.22) with the appropriate definition of T}, and by noting that
(1 —10Lgmk) > +. ]

2.D.3 Proof of Theorem

Proof. The first part of the theorem is a direct application of Lemmal[2.12to Proposition 2.3
by noting that holds—when replacing the notation d; by 7; in ([2.36)—since for a fixed
number of iterations K, we have the relation %E [F(zg) — F*]+ T < (1 —73) Thm1 +
3ponidra? for all k < K. Indeed, 0), = % > % since the ratio ¢;/7; is non-increasing.
Then, we may now prove :

5npdo 1 < 1 ‘

To = 5L F — F* N —d*
0 = 5Lgnodo (F (o) ) +do(x") — d + 5 n;qm

< 5Lgnodo (F'(x0) — F*) + do(z™) — dj

i 577050} -~ 2L (fi(xo) — filz™) — sz‘@*)T(xO - x*))

2 nzqn

i=1 i
< 5Lgnodo (F(z0) — F*) + do(x*) — d + 5nodoLg(f (v0) — f(2*) — Vf(z*) T (2o — %))
< 10Lqmodo (F(zo) — F7) + do(a™) — d,

where the first inequality uses Lemma , and the second one uses the definition of Ly,

whereas the last one uses ([2.46)). O

2.D.4 Proof of Corollary 2.3

Proof. First, notice that 6 = mpy, = ﬁ and that o = 6;5%. Then, we apply Theorem
and obtain

18 52 Fno
E[F(Z) — F" + oTy] < 64 <F(ﬁ0) — F*+aTy+ PQTKO Ul t)

(Sk t=1 ®t

3 ~2 k
:@(F@g—W+an+ ”U§3“>

3
< O, (F(d0) — F* +aTy) + 2297
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2.D.5 Proof of Corollary 2.5

Proof. Since the convergence rate (2.26)) applies for the first stage with a constant step
size, the number of iterations to ensure the condition E [F(#;) — F* + 6T}] < 24npgd? is
upper bounded by K with

0 (o 22 g (FL2) = bl =)

when using the upper-bound (2.24)) on Ty. Then, we restart the optimization procedure,
using z, = 2 and 2} = &, assuming from now on that E [F(2) — F* + 6T}] < 24npgd?,

with decreasing step sizes 7, = min (ﬁ, 17). Then, since §, = un < 5%1, we have that

Tk = 0y, for all k, and Theorem [2.2] gives us—note that here I'y, = ©,—
i 1:0t i
E[F(#,) — F] <T% (F(:%) — F* + 6T} + 18pg5? Z F) with I’y = H(l — ).
t=1 ~t t=1
Then, after taking the expectation with respect to the output of the first stage,
- n:04
E[F(2},) — F*] < Ty [ 24pgne® + 18p05° > T )
t=1 ~t

Denote now by kg the largest index such that
Then, according to Lemma [2.8] for k& > ko,

T D +2) > n and thus kg = [2/(un) — 2].

ko=l 5 k 26
E[F(3.) — F* < T | 24pond? + 18p0n52 S 2L +18pp62 S — 1
[F(2) ] < k( pQN pQn ; r, T 1800 tZkO )

ko(ko + 1 ko=l §
o(ko +1) (Fko 124pQ770 —1—1877an | I Z t)

“(k+1)(k+2) I,
+90pqo tf,; 5tsz ) 2)
< e+ a0ngrt Y-
< yptined + (e =0 (ﬁ) |
which gives the desired complexity. 0

2.D.6 Proof of Corollary [2.6|

Proof Let us call xj, the point obtained by running one iteration of (A . ) with step size
n< 3o L and gradient estimator (1/n) X", V fi(xo), whose variance is 62/n. Then, since
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0 = I'y = 1/2, according to Theorem we have

* 1 *
E [F<xg> — 4 oy = o P

1 5  no?
< — -z —. 2.49
e (2.49)

Then, we consider the main run of the algorithm, and apply Theorem [2.2] replacing zo by

xy. With the chosen setup, we have ), = lerl and since K > 5n, we have dx = 7, such
that (2.23]) becomes

E[F (i) — F*] < Ok (F( o) — F*+ 6Ty + 18,0Qn&2z 5 )
t
and from ([2.24]), we have

(F(ah) — F*) + —

k 1 *
Ty < 10Lon(F(xy) — F7) + %lei) — 2" < 2

7 — =" 1%,

| Ut

which yields, combined with (2.49)),

6 ~2
E[F(x}) — F* + 6Ty] < 6E 2o

1 2| _ 3 2
F / _F* T /% < = %
() o g — ]| 1 <5 o — ™[I +

Note that Lemma [2.8| gives us that O = (1 — 1/5n)""1.2% < 3 for k > 5n and since

k+1 = k+1
1+¥8, & = é according to Lemma ,

. . 3 . 6152 L E S
E[F(ix) - F'] < Ok (n o — 21+ H17 4 18anaQZt)

<n([?+1)||930—1‘|| +6n0pQ@K( +3Z ~|—35nz:1 >
< W?"H) o — 2* |2 + 615pq (?f +3(1 - 0x) + 5;21 5t>
< s e — "+ 180%0g (14 22 loa(on) )
< s e — "+ 36m% g,
It remains to optimize it over 1 to get the left side of . O

2.D.7 Proof of Lemma 2.1

Proof. Let us assume that the relation y;_1 = (1 — 0x_1)xk_1 + Ox_1vx_1 holds and let us
show that it also holds for y;. Since the estimate sequences dj are quadratic functions, we
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have

_ J J )
v = (1 — 5k> L lkal + Mykfl - i(Qk + (xk))
Yk Yk

Vi
_ ) )
= (1 —6x) Tk up1 + Myi.c—l — " (ygy — 1)
Yk Yk YNk
_ ) )
— (1 &) 7:;}; (e — (1= O 1)y 1) + "%fyk_l (e — )
V-1 ) 1
=(1-9¢ 21— (1 —04_ _ —Yp—1 — —(Yp_1 —
( k) w01 (Yr—1 — ( k—1)Th—1) + o Yk—1 5 (Yr—1 — =)
1—90 _ ) 1 1—-90 (1 =0, 1
_ (( B) Vo1 +uk_> I S e/ B S
Vielre—1 Y o Ok VieOr—1 O
1-94 (1 — 6, 1 1—-9 (1 —6,_ 1
_ <1+ ( k)% 1( k 1) _ > b1 — ( k)% 1( k 1)%714_79”C
Vb1 Ok ViOr—1 O
Then note that 6, ; = —2%%=1_ and thus, ®=10=%=1) _ 1 5pq
k=1 = e i+ ! YOk —1 0k’
1
Vg = Tp—1 + 5*(.113]C - .Clﬁk_l).
k
Then, we note that x, — xp_1 = 1%;@ (vg — xx) and we are left with

1) )
Ur = Tk + Or(xp — xp-1) = fi :;kvk + (1 — fi §k> Tk.

Then, it is easy to show that

5, (1 = 0k) rr1Vk (1= 0r) Oppave (1 —0) Ok

k(Y1 + Ok ve) k(v + Okr1p) on
which allows us to conclude that y, = (1 — 0y )x + vy since the relation holds trivially

for k=0. O

2.D.8 Proof of Lemma
Proof.
E[F(z)] = E[f(zx) + ¢ (k)]
< B[ + 9 00) (01— ) + 5 o = a2+ 0]
= B [f1) + 0] (o — gn) G — i P 0

+E[(VF(ye-1) = gr) (@ — y51)]
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=B [y 1) + o] (o~ yir) + o i — P+ 0]
_ +E[(Vf (o) — ) ]
=B [y 1) + o] (o~ vir) + o i — il + )]
- +E [(Vf(yk_l-) — g¢) " (2 — wy)|
< [Flon 1) + 0 (o = yir) + o i — P+ o)
FEIVA (o) — gullo — ]
< E [flgen) + ol (z1 — ) + 5l — el + 9(e)

+E [l VS (gem) — gl1]

] I )
<E|f(yr—1) + g4 (% — yp—1) + §||$k — Yoot ||” + U(@p) | + mewi,

where wy, = Prox,, »[yx—1—1V f(yx—1)]. The first inequality is due to the L-smoothness of f

(Lemma; then, the next three relations exploit the fact that E [(V fyp—1) — gk)Tz} =0
for all z that is deterministic with respect to the algebra Fj_1; the third inequality uses
the non-expansiveness of the proximal operator. Using the definition for 1, we
proceed with

L
E [F(a)] < E |f(yes) + 07 (@ = yor) + 5 o = ol + 00o0) | +
~ L
= B () + 38 (@ = ) + 5 ow = i [ + st

Ln? R
< E [l (yr-1)] + (gk - 77k> E [”gkﬂﬂ + Mrwi,

where we use the fact that z, = yr_1 — nrgr and gx = gr + ¢’ (). O

2.D.9 Proof of Corollary 2.9

Proof. The proof is similar to that of Corollary for unaccelerated SGD. The first
stage with constant step size requires O (\/% log %)) iterations. Then, we restart

the optimization procedure, and assume that E {F(xo) — F*+ 8 z* - x0||2] < \2/‘:% With

the choice of parameters, we have v, = p and 6 = /Y7, = min ( g, kLH) We may
then apply Theorem where the value of I'y, is given by Lemma [2.8] This yields for
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Flao) = F* + 5 leg — 2"

u Mt
+ o? Z >
t=1 Iy
2072 o2 kol q k 4
<STh |l ——=+—> —+0*> ————
’“(\/;E L ;Ft tZ,;OFtuH?)?
ko(ko + 1 20% a2 ko1 1 k
VH —ko
k

k?o(k?o + 1) T 20'2 (1 T 0'2
)\ AL k1) N ~ t+2)

ko(ko +1) 202 ) 1 R4t + 1)(t 2)
S DG+ Vil T Dkt 2) t:%;l u(t+2)?
ko 40 40 8o

SGrnk+ x Tatkr Sakto

Tkt 1)k +2

where we use Lemmas [2.8] and 2.9 This leads to the desired iteration complexity. O

2.D.10 Proof of Corollary [2.10]

Proof. Let us call x}, the point obtained by running on step of iteration (A]), which according
to Theorem satisfies, with vo = 1/7,

1 1
E [mg) ~ P+ ol x*n?] < o leo =P 40

Then, we note that according to Lemma [2.11], we have

4
(2+ky7om) = (k)

Iy <

and we apply Theorem to obtain the relation

EIP(ex) - F) < TiE [Plcf) - F*+on—xuﬂ+anrxz

t

SFK<||JUO_x ” +7702>—|—0277K
2n
2

< x— 2P+ oK +1).
S YA |0 1 n( )

Optimizing with respect to 1 under the constraint n < 1/L gives (2.30)). 0
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2.D.11 Proof of Proposition 2.4

Proof.
~ . . 2
wp=E|— (V1) = Vi (@r1)) + VI @1) = V(1)
2
=FE n (Vi (p1) + G — G — Vi, (@r1) + V(@) + Gt — Vilye)|
2
<E q,ln (Vfir (k1) = Vi (F6-1)) + VI (@Fr1) + Go1 — Vi (uror)| + 200707,

where ¢, and ¢} are perturbations drawn at iteration k, and (s_; was drawn last time
Z1—1 was updated. Then, by noticing that for any deterministic quantity ¥ and random
variable X, we have E[| X — E[X] — Y|]?] < E[||X||*] + [|[Y]|?, taking expectation with
respect to the index i ~ ) and conditioning on Fj_;, we have

2
w,% <E ~1n (Vfi. (Y1) = Vi (Tp-1))|| +E [HQCAHQ} + 2pQ&2
< fz - LR IV i) — V) + 3p05?
i=1 1%
< - ! z": 2L [fz Fr1) — fi(yk-1) = Vilyr-1) " (@1 — ykfl)} + 3pgd”°

i=1 il

s - Z2LQE [fi(i"k—l) — filyn=1) = Vfi(gr—1) " (To—1 — yk—l)] + 3pgd°

1=1

= 2LgE {f(:i:k,l) — f(yr—1) = Vi (yrr) " (Fper — yk,l)} + 3poa°

= 2LQE | f(#5-1) = f(Us-1) — g8 (Fr-1 — Yx—1)| + 3po&”, (2.50)
where the second inequality uses the upper-bound E {HE HQ} = %2 < pgo?, and the third
one uses Theorem 2.1.5 in |[Nesterov, 2014]. O

2.D.12 Proof of Lemma 2.3
Proof. We can show that Lemma still holds and thus,

B P(ea)] < E )]+ (558 - ) B (1] + et

<E [lk(yk—l) + apf(Zr-1) — ax f(yr—1) + axgy (Y1 — jk—l)}

Ln N .
vE (5 =) 13| + 300m?
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Note also that

Le(yi—1) + f(Er-1) — flyea1) = (@) + ' (@) T (Y1 — 1) + [ (Tr-1)
< P(Fpo1) — V() T (Ere1 — 2p) + 0 (20)  (Yeo1 — 1) + f(Fr1)
= F(1) + ¢ (2)  (ypr — 1)

Therefore, by noting that lx(yx—1) +arf(Tr—1) — ar f(yr—1) < (1 —ap)lk(yp—1) + ax F(Tx—1) +
ar (1) " (yr—1 — T_1), we obtain the desired result. O

2.D.13 Proof of Corollary [2.13]

Proof. The proof is similar to that of Corollary [2.9)for accelerated SGD. The first stage with
constant step size n requires O ((n + 1/nLQ> log (W)) iterations. Then, we restart

the optimization procedure, and assume that E [F'(z¢) — F*] < B with B = 3pgd?\/n/un.

With the choice of parameters, we have v, = p and 6 = \/‘:’g‘% = min (‘/59%7’ ﬁ)
We may then apply Theorem where the value of I'y is given by Lemma [2.8] This

vields for k > ko = { %—2},

3 ~2 k
E[F(zy) — F*] < Ty (E F(xg) — F* + % g — P + 223 m)
n i—1 Ft
3on n 3an2 k 12n
<T,|2B
( + Z n ,Z,; 5C¢pu(t + 2)?

koll

ko(ko + 1) 3onn L 36000 §~ T
= I'v._12B T
krk+2) | 0T ot 2T By tzko Tyt + 2)2

~ ko(ko+1) 3PQ5277> n 36pq0” i L'y
(k+1)(k+2) N0k, S S Tt +2)?

o 2ho(ko + DB 8pgo? ( Zk: (t+1)(t+2))

<rk0_123 4 (1 =Tyt

“(k+1D)(k+2)  pk+1)(k+2) (t+2)?
_ 2B | Spgd”
“k+2  ulk+2)

t=ko+1

where we use Lemmas and Then, note that koB < 6pgd?/p and we obtain the
right iteration complexity. 0

2.D.14 Proof of Corollary [2.14]

Proof Let us call xj, the point obtamed by running one iteration of (Al . ) with step size
n<j LQ and gradient estimator (1/ n) ' | V fi(x), whose variance is 5% /n. Following the

proof of Corollary , the relation ) holds. Then, we consider the main run of the
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algorithm, and apply Theorem [2.11} replacing xo by z{,, which yields, combined with ([2.49))

1 3 ~2 k
E[F(xp) — F*] < Ty (F(g;g)) — F* 4 %ng _ |2 2P 77t>

1 52 3poot
<TIYy <2||956—$*||2+77+ a” m) .
77 n

3n 7 3n

k
Then, we note that 0, = min ( 5L 1) such that 'y, = (1 — %) for k < kg, where ky is

ko+1 k
the index such that (1 - 3%1) o < e < (1 - 3%) *, which gives us (3n — 1) log(15n) <

ko < 3n(log(15n)). For k > kg, we are in a constant step size regime, and we may then
use Lemma 2.17] to obtain

4 T 4 < 3n
2 = *ko 50, — _ 2°
(2 —myTr) ke R

Then, noticing that K > 2kq + 1, we have K — ky > (K + 1)/2, and we conclude that

'y =Tk,

E(F(ey) - ] < Slzo =21, Bnpgd® (K +1) _ Gnllzh —o"[[* | 3npod®(K +1)
O Ry T TS 1

Then, it remains to optimize with respect to 7, under the constraint n < 1/(3L¢), which

provides (2.32)). O



Chapter 3

A Generic Acceleration for
Stochastic Optimization

The convergence rate of a method is the central property of interest in many applications.
Consequently, arises a natural need for acceleration of optimization methods. In this
chapter, we consider acceleration in a generic fashion, meaning that one acceleration
framework is simultaneously applicable to many methods with various characteristics. In
contrast to direct acceleration approaches, which change existing methods from inside or
just recreate them from scratch, the task of generic acceleration is to use an optimization
method as a building block inside a meta-procedure that does not change the method from
inside. We refer to such building blocks as base methods. The theoretical convergence
bounds of such meta-procedures do not depend on the inner structure of base methods.
Yet, acceleration meta-procedures may require these base methods to possess specific
convergence properties in order to be able to accelerate them. For example, the Catalyst
approach [Lin et al., [2015], developed for optimization of deterministic L-smooth, convex
(or strongly convex) composite objectives, requires sub-optimal linear convergence of base
methods in order to accelerate them. At the output, it produces an accelerated meta-
algorithm with a convergence rate, which is essentially optimal up to factors which are
logarithmic in the condition number. For the sake of brevity, we refer to such convergence
as near-optimal in what follows.

In this chapter, we introduce various mechanisms of such generic acceleration that
operate on first-order algorithms and generalize them to stochastic optimization problems.
Specifically, we extend the Catalyst approach of deterministic optimization to the stochastic
setting with L-smooth, convex (or strongly convex) composite objectives. The principal task
here is to derive stochastic meta-algorithms with the optimal (up to a factor logarithmic in
the condition number) convergence, meaning that we preserve the deterministic acceleration
of the bias part (performed by the original Catalyst approach) and simultaneously achieve
robustness to noise which comes from inexact oracle. As the base methods are essentially
stochastic in our setting, the requirement of linear convergence imposed by Catalyst

75
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has to be refined. In particular, we preserve the assumption of linear bias convergence
of a base method, and additionally assume that its variance does not diverge. Under
this rather mild requirement, we show that our multi-stage procedure results in meta-
algorithms of near-optimal convergence rates. As the Catalyst approach is also applicable
to incremental variance-reduced algorithms from Chapter [2| when o = 0, we address their
generic acceleration for o > 0 as well.

This chapter is based on the following publication:

e A. Kulunchakov and J. Mairal. A generic acceleration framework for stochastic
composite optimization. In Advances in Neural Information Processing Systems

(NeurIPS), 2019

3.1 Introduction

In this chapter, we consider stochastic composite optimization problems of the form

min {F@)2 f(@) + o)} with [f(z) =E,[f(x,p)), (3.1)
where f is convex and L-smooth, and we call y its strong convexity modulus with respect to
the Euclidean norm (if such p is positive). The function 1) is convex lower semi-continuous
and is not assumed to be necessarily differentiable, with possible practical examples of
this penalty function given in Section [1.2.2] In addition, we separately consider the
optimization setting of Chapter 2] being

n

min { F0) 2 7o) 4 000) 2 L3 o)+ 010 32)

P
zeR i1

where the terms f; are L-smooth and convex. Moreover, we assume (f;)!_, to be given in
the form of expectation f; = E,, [ f; (z, pi)], so that one has access only to inexact gradient
estimations for each f;. Principally, in this chapter, we focus on solving optimization
problems of the form (3.1). The statement will be analyzed only in Section m
where we consider acceleration of stochastic incremental approaches from Chapter [2]
such as stochastic SVRG/SAGA /SDCA /Finito/MISO. The merits of consideration of
problems were given in Section , so that we focus further on the overview of
methods solving (3.2).

We have mentioned earlier that the deterministic nature of F'(z) could drastically
change performance guarantees of methods applied to minimize it. Yet, as noted in
[Bottou and Bousquet| 2008], one is typically not interested in such minimization with
high precision, but instead, one should focus on the expected risk involving the
true (unknown) data distribution. When one can draw an infinite number of samples
from this distribution, this true risk may be minimized by using appropriate stochastic
optimization techniques. Yet, standard non-accelerated methods of SA type admit optimal
“slow” rates that are typically O (1 /NN ) for convex functions and O (1/N) for strongly
convex ones without a simultaneous establishment of fast linear convergence of the initial
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error. At the same time, as mentioned in Section accelerated deterministic methods
do not straightforwardly apply to the minimization of the true risk. That is why better
understanding the gap between deterministic and stochastic optimization in terms of
acceleration is one goal of this chapter.

Specifically, we are interested in Nesterov’s acceleration of gradient-based approaches [Nes-
terovy, 1983 2014] Whereas no clear geometrical intuition seems to appear in the literature
to explain why such acceleration occurs, there are now well established proof techniques to
show accelerated convergence |Tseng, |2008| Beck and Teboulle, 2009 Nesterov,, 2014] and
extensions to a large class of other gradient-based algorithms [Nesterov, 2012, |Chambolle
and Pock|, 2015 Shalev-Shwartz and Zhang, 2016, |Allen-Zhu, 2017, [Lin et al., 2018|. Yet,
the effect of Nesterov’s acceleration to stochastic objectives remains poorly understood
since existing unaccelerated algorithms already achieve the optimal asymptotic rate. Nev-
ertheless, several approaches such as [Hu et al., 2009, Xiaol 2010, Devolder et al., 2011}
Ghadimi and Lan, 2012} 2013|, |Cohen et al.,|2018| |Aybat et al., 2019] have managed to show
that acceleration may be useful in order to reach faster a region dominated by the noise of
stochastic gradients. Then, “good” methods are expected to asymptotically converge with
a rate exhibiting an optimal dependency in the noise variance, but with no dependency
on the initialization. Therefore, there is a demand for accelerated stochastic methods
that perform in both these regimes optimally. In this chapter, we address this task by
developing a multi-stage procedure that takes non-accelerated methods—referred to as
base methods—as input and outputs meta-algorithms with a near-optimal complexity.

Throughout the chapter, we denote each base method as M and assume it to satisfy the
following property. Given an auxiliary strongly convex objective function h, a base method
M is able to produce iterates (z;);>o with expected linear convergence to a noise-dominated
region—that is, such that

E[h(z) — k'] <C (1 —71)" (h(z) — h*) + Bo?, (3.3)

where C, 7, B are positive, h* is the minimum function value, and o2 is an upper bound
on the variance of stochastic gradients accessed by M, which we assume to be uniformly
bounded, see Definition Whereas this assumption has limitations, it remains the most
standard one for stochastic optimization (see [Bottou et al., 2018, Nguyen et al., 2018] for
more realistic settings in the smooth case) with the class of methods satisfying being
relatively large. For instance, when A is L-smooth, the stochastic gradient descent method
(SGD) with constant step size 1/L and iterate averaging satisfies with 7 = p/L,
B =1/L, and C =1, see Corollary 2.15]

In order to build an acceleration framework for stochastic methods, we extend the
Catalyst approach [Lin et al., 2018] originally developed for optimization problems in the
deterministic setting. Let us briefly give a flavor of its scheme. In a nutshell, Catalyst is
based on the inexact accelerated proximal point algorithm [Giler, |1992], which consists in
solving approximately a sequence of sub-problems and updating two sequences (zx)r>0

and (yx)k>0 by

. K
Tp & argg{nn {hk<x> 2 Fx) + 9 |z — yk1”2} and  yy =z + Bp(zr — 2p-1),  (3.4)
rERP
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where 3, in (0,1) is obtained from Nesterov’s acceleration principles [Nesterovi 2014], and
k > 0 is a well chosen regularization parameter. The base method M to be accelerated is
used to obtain an approximate minimizer of hy by using an appropriate computational
budget. When M converges linearly (like in (3.3) when ¢ = 0), it may be shown that in
the deterministic setting ¢ = 0 the resulting algorithm enjoys a better worst-case
complexity than if M was used directly on f. Since asymptotic linear convergence is out
of reach when f is stochastic, a classical strategy consists in replacing F'(z) in by
its finite-sum approximation. Typically without Nesterov’s acceleration (with y, = xy),
this strategy is often called the stochastic proximal point algorithm [Asi and Duchil 2019|
Bertsekas, 2011} Kulis and Bartlett, 2010, Toulis et al., 2018, [2016].

The point of view we adopt in this chapter is different from stochastic PPA and is based
on the minimization of surrogate functions hy related to , which are more general
and may take forms different from F(z) + (k/2) ||z — yx—1||". Similarly to the original
Catalyst method, given a base method M that satisfies the condition ((3.3)), our procedure
is able to turn M into a converging algorithm M’ with a near-optimal worst-case iteration
complexity, being specifically
o2

E[F(zy) - F] <O ((1 - j’:j)N (F(z0) F*)> NG (uN> . when u >0,

where N is the budget of iterations and O (-) may hide some logarithmic factors in the
condition number L/u. These rates are achieved essentially due to improved analysis and
flexibility with respect to the choice of surrogate functions hy(z). The principal scheme of
the procedure looks similar to the one of the original Catalyst with the only difference
being the update for the extrapolated point g, which becomes

(n+ 7)1 = ax)

Y = o), + Op(Ty — xp—1) + (xp — ) (3.5)
where [, > 0 and 2 is the minimizer of a properly chosen surrogate function h;. When x;,
is not available, the scheme is just the same as in the original Catalyst approach.

To illustrate the versatility of our approach, we consider the stochastic finite-sum
problem ((3.2) which was reviewed in details in Sections and Whereas it was
shown in Chapter [2] that many variance-reduced algorithms, such as SVRG, SAGA, SDCA,
Finito or MISO, can be made robust to noise, the analysis conducted there is only able to
accelerate the SVRG approach. With our framework, all of the aforementioned incremental
methods can be accelerated to a near-optimal convergence rate. As well as for the Catalyst
approach, the price to pay compared to direct acceleration techniques of [Allen-Zhul 2017,
Lan and Zhou, |2018a] and Chapter [2]is a logarithmic factor.

In Table we present the complete list of transformations of complexities performed
by our framework. Note that even though in (3.3) we make assumptions about the
behavior of M when applied to strongly convex sub-problems, we also effectively treat the
setting where the objective is convex, but not strongly convex. In this case, base methods
still need to be defined on strongly convex problems and enjoy the convergence ,
even though they are applied to a non-strongly convex objective. For the cases when
a base method is not defined on strongly convex problems, we use a separate restart
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Table 3.1 — Complexity transformations performed by our acceleration framework. The
dash fields mean that the base method is an algorithm of one specific step. Here A is an
upper bound on the initial primal gap F(zo) — F*; Q? is an upper bound on the initial
approximation error ||zo — 2*||2; and ¢ is a targeted accuracy. All constants are omitted
for a simplicity and generality.

\ Value of p \ Original complexity of M \ Resulting complexity \
Deterministic case with ¢ =0 and n % 1
>0 (L/p)log (Ao/e) VL/plog (Ao/e)
p=0 LO? /e \/LQQ/E
Deterministic case with ¢ =0 and n > 1
j>0 (n+ L/p)log (Ao /e) (n+ /nL/u)log (Ao /)
Stochastic case with ¢ > 0 and n » 1
j>0 — VL/ilog (Aofe) + 0/ pe
=0 — \/LQ2/€+(UQ/€)2
Stochastic case with ¢ > 0 and n > 1
(n+ L/p)log(1/e) + o2 /ue
>0 or even (n + nL/,u) log(1/¢) + 02/ ue
(n+ L/p)log(1/e) biased as € > o2 /u

procedure, called domain shrinking, which was developed in |[Ghadimi and Lan, 2013|
louditski and Nesterov|, [2014]. Specifically, this procedure is aiming to convert convex
methods into strongly convex ones, thus changing sublinear bias convergence into the
linear one. Many resulting complexities also require the use of a special restart procedure
with exponentially increasing batches, which will be defined in the next section. The
empty cells in Table represent cases when the base methods consist of one step, so
that the overall meta-procedure may be seen just as a stand-alone algorithm.

Finally, let us now briefly overview the explicit list of the contributions presented in
the chapter.

3.1.1 Contributions of Chapter [3|

e We extend the Catalyst approach [Lin et al. 2018] to minimization of stochastic
objective functions. Under mild condition , our approach is able to turn a
base method into a converging algorithm with one of the worst-case convergence
rates or , depending on the value of pu.

e Beyond the ability to deal with stochastic optimization problems, our procedure
improves the Catalyst approach by allowing deterministic sub-problems of the
form (3.3) with o = 0 to be solved approximately in ezpectation, which is more
realistic than the deterministic requirement made in [Lin et al., 2018] and which is
also critical for stochastic optimization algorithms.
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e The original Catalyst approach is able to accelerate various incremental variance-
reduced methods applied to in the deterministic case 0 = 0. We generalize
this acceleration to the stochastic setting using the generalized versions of these
methods described in Chapter [2|

e A side contribution of this chapter is also a generic analysis that can handle inexact
proximal operators, providing new insights about the robustness of stochastic
algorithms when the proximal operator cannot be exactly computed. To the best
of our knowledge, the stochastic setting with approximately computed proximal
operators has never been analyzed in the literature.

The rest of the chapter is organized as follows. Section overviews two basic multi-
stage schemes, namely the domain shrinking and mini-batch restart procedures, which
both improve the worst-case complexities of different stochastic optimization methods. In
Section 3.3 we introduce the proposed acceleration framework along with its theoretical
guarantees and examples of acceleration. Section gives a slightly finer analysis to this
framework, which allows to accelerate stochastic incremental variance-reduced algorithms.
In Section [2.3] we present various experiments demonstrating the effectiveness of our
procedure.

3.2 Preliminaries: Basic Multi-Stage Schemes

In this section, we overview two simple multi-stage procedures aimed to improve the
worst-case iteration complexities of different stochastic optimization methods. Both of
them are used by our framework in some cases in order to achieve near-optimal convergence
rates for the accelerated methods.

Basic restart with mini-batching or decaying step sizes. Consider a base opti-
mization method M with a convergence rate of the form and assume that there exists
a hyper-parameter to control a trade-off between the constant term Bo? and per-iteration
computational complexity of M. Specifically, we assume that the constant term can be
reduced by an arbitrary factor n < 1, while paying the factor 1/7n in terms of complexity
per iteration (for instance, 7 may become 17 < 7 thus slowing down the convergence). For
example, this mechanism may be available in two cases:

— by using a mini-batch of size 1/n to sample gradients, which replaces o2 by no?;
— if the method uses a step size proportional to n that can be chosen arbitrarily small.

Then, consider a target accuracy ¢ and define the sequences 7, = 27% and ¢;, = 2Bn,0?
for £ > 0. We may now successively solve the problem of interest up to accuracy e,—e.g.,
with a constant number O (1/7) of steps of M when using mini-batches of size 1/n;, = 2~F—
and by using the solution of iteration k — 1 as a warm restart. This approach is expressed
explicitly in Algorithm

As shown in Appendix [3.B] this algorithm converges and the worst-case complexity to
achieve the accuracy ¢ in expectation is

o ( i g (C’(F(xz) —FY) ) | Bo* log(20)> | 5.

TE
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Algorithm 3.1 Mini-batch restart procedure

Input: objective F', optimization method M with convergence rate (3.3)); an initial
estimate x.
fork=1...K do

— Set up an oracle with mini-batches of size 1/n; = 2*;

— Launch the method M started from the last disposed solution xj_; for O (1/7)
iterations such that M reaches an (expected) accuracy E [F(z) — F*] < 2Bo? /2.
end for
Output: zg

This result opens doors for the following strategy. Let us consider the SGD algorithm
with a constant step size n from Corollary of Chapter [2, which has the following
convergence rate

E[F(#) — F*] <2 (1 _ g)k (F(o) — F*) + %

where o = zp and Zj is the estimate recursively obtained as & = (1 —dy) Zx_1 +
drxy (we have neglected all absolute factors for simplicity). This expression is of the
form (3.3) with B =1/L, C' =2, and 7 = pu/L. Then, when used as a base method in
Algorithm , it obtains the convergence guarantee with the left term being the
classical complexity O ((L/p)log(1/¢)) of the (unaccelerated) gradient descent algorithm
for deterministic objectives, whereas the right term is the optimal complexity for stochastic
optimization being O (¢%/ue). Similar restart principles appear for instance in [Aybat
et al., [2019] in the design of a multi-stage accelerated SGD algorithm.

Domain shrinking: from sub-linear to linear rate with strong convexity. A
natural question is whether asking for a linear rate in for strongly convex problems is
a strong requirement. Here, we show that a sublinear rate is in fact sufficient for our needs
by using the technique of domain shrinking developed in [Ghadimi and Lan, 2013} Touditski
and Nesterov, 2014]. Specifically, consider an algorithm M for stochastic optimization
with the following convergence rate

Dz — z*||*> Bo?
2t4 T
where D,d > 0 and z* is a minimizer of h. Assume now that h is p-strongly convex
with D > u and consider restarting s times the method M, each time running it for ¢’ =
[(QD Ju)Y dw iterations. This scheme is expressed explicitly in Algorithm .
It is shown in Appendix [3.B|that the resulted algorithm enjoys the following convergence
rate

E[h(z) = b"] < (3.7)

E [h(z0) — 1] < (h(z0) — ) (1 - (2’3)/) + B

which is essentially the desired relation (3.3) with C' =1 and 7 = 1/(2t') = L(u/2D)"/".
Therefore, if a mini-batch or step size mechanism is available, we may then proceed with
Algorithm [3.1 and finally obtain a converging scheme with the complexity (3.6)).
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Algorithm 3.2 Restart with domain shrinking

Input: optimization method M; an initial point zy in R?; target accuracy €; parameters
wand D, B, o from (3.7)).
for k=1...K = [log, (2Bc?/¢)| do

produce z; by running M with

t'=[(@D/u)"] (3.8)
iterations, being initialized at z,_1.
end for
Output: zg

Table 3.1 — Complexity transformations performed by the domain shrinking restart proce-
dure from Algorithm [3.2] when a base method M is defined only for non-strongly convex
problems. Here Q2 is an upper bound on the initial approximation error ||z — z*||§7 and ¢
is a targeted accuracy. All constants are omitted for a simplicity and generality.

’ B \ Original complexity of M \ Resulting complexity \ Use Algorithm ‘
Procedure from Algorithm [3.2

2 : 2 (L/p)log (Ao/e)
1/L LQ? /e with € > 0% /2L with & > 02/ 1no
1/L LO? /e with € > 02 /2L (L/u)log (Ag/e) + 0%/ e yes

2z with £ > o2 L/plog (Ao/e) o
1//uL | \/LO?/e with € > 02 /2y/uL v\v/ithaza2/\/u_L

1//uL \/LQQ/e with e > 02/2\/uL \/L/ulog(Ao/e)—i—aQ/,ue yes
Modified procedure from Algorithm according to |Ghadimi and Lan;2013z

LO?/e + (Qo/e) (L/u)log (Ao/e) + 0*/ e no

\/L§22/5+(Q<j/5)2 \/L/,ulog(Ao/e)—kUz/,ue no

According to |Ghadimi and Lan| 2013, it can also be shown that a slightly modified
Algorithm is also applicable to methods with convergence rates of the form

D ||z — z*|" I
2td Vit
having thus a typical rate for convex optimization problems. For this purpose, we need
only to change the expression for the number of iterations which becomes slightly
more complicated, so that we do not present it here and refer the reader to Equation (3.7)
of [Ghadimi and Lan, 2013]. Then, when a base method with convergence of the type

is wrapped by the modified Algorithm [3.2] it will eventually converge with the following
rate

E[h(z) — h] <

with d=1or 2, (3.9)

D ut’

Blh(e0) - 1] < (1) ~ 1) (1 - (’“‘)”‘l)t s
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with absolute constants omitted for simplicity.

For convenience, we present all complexity transformations performed by Algorithm
in Table [3.1] The bottom row demonstrates the transformation which is essentially the
one made in [Ghadimi and Lan| 2013].

3.3 Generic Multi-Stage Approaches with Acceleration

We are now in shape to present the main contribution of this chapter, namely a generic
acceleration framework that generalizes the Catalyst approach. First, we introduce the
concept of surrogate functions which is the key for this procedure.

Assumption 3.1 (Surrogate function). Assume that we have a base optimization method M
with convergence . Consider the k-th stage of some multi-stage procedure that forms
two two sequences (xg)k>0 and (Yr)r>o0. Given some parameters k > 0 and 6 > 0, we
consider a surrogate function hy that satisfies the following properties:

(H1) hy is (1 + K)-strongly convex, where p is the strong convexity parameter of f;

(Hy) B [hp(z)| Fici] < F(z) + (5/2) |z — yer]® for © = ap_1z* + (1 — ogpy) i1,

which is deterministic given the past information Fi_1 up to iteration k — 1 and

a1 is gwen further in Algorithm [3.5;

(Hs) M can provide the exact minimizer xj of hy and a point xy, (possibly equal to
xy) such that E [F(xy)] < E[hi] + 6 where hj, = min, hy(z) = hy(z}).

The parameter « from Definition [3.1] has the same meaning as the one from the Catalyst
approach, being essentially the constant smoothing parameter for the sub-problems. Note
that the conditions imposed on hy bear similarities with estimate sequences introduced
by [Nesterov, 2014]. Indeed, (#H3) is a direct generalization of (2.2.2) from |Nesterov)
2014] and (#Hz) resembles (2.2.1). However, the choices of h; and our proof technique are
significantly different, as we will see with various examples below. Note also that (Hjz) is
rather a definition for the parameter §; than a condition imposed on hi(z). In other
words, one may implicitly state that o = E [F(zy)] — E[h}]. At the moment, we assume
that the exact minimizer zj of h; is available, which differs from the original Catalyst
framework [Lin et al. 2018|. The case with approximate minimization will be presented
further in Section [3.3.1]

Now, we are able to present the scheme of our generic acceleration framework in
Algorithm Note that we do not need to know all of the surrogate functions (hk)le in
advance. We can construct them one per stage on the fly.

Note that the update rule for the extrapolation point becomes yy, =xy + Bi(zx —
xk—1) when z} = zj, being the update of the deterministic Catalyst approach and
the standard Nesterov’s extrapolation rule. In this sense, Algorithm can be seen as a
generalization of Nesterov acceleration, where gradient steps are replaced with full launches
of the base input method M. The convergence rate of Algorithm is expressed in the
following
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Algorithm 3.3 Generic Acceleration Framework with Exact Minimization of hy

1: Input: z( (initial estimate); M (optimization method); p (strong convexity constant);
k (parameter for hy); K (number of iterations); (0x)r>o0 (approximation errors);
: Initialization: yy = z¢; ¢ = ﬁ; ap=1if p=0or ag=./qif p # 0;
cfor k=1,...,K do
4: Consider a surrogate hy, satisfying (H1), (Hz) and obtain zy, x; using M satisfying
(Hs);

W N

5: Compute ay in (0,1) by solving the equation o} = (1 — ap)ai_; + qay.
6: Update the extrapolated sequence
(1 +K)(1 = o) . ap_1(1 — ap_y)
— * *_ _ — x th — .
o = o+ Bl = an) T ) with =T
(3.10)
7: end for

8: Output: z; (final estimate).

Proposition 3.1 (Convergence analysis for Algorithm . Consider the optimization
problem . Given a base optimization method with a convergence rate of the type ,
the scheme expressed in Algorithm has the following convergence rate

(1-va) (2(F@o) - P+ S5, (1= va) 7)) itnro
ﬁ (’f lzo — 2*|* + Z?:l 0;(j + 1)2) otherwise
(3.11)

E[F(zy) — F7] <

The proof of the proposition is given in Appendix This proof is based on an exten-
sion of the analysis of Catalyst |Lin et al., 2018]. As we see, these bounds depend on values
of (5]')?:1, which essentially express the “tightness” of the surrogate functions (h; (m))le
to the true objective function F(x).

Let us now present various application cases leading to algorithms with acceleration.

Accelerated proximal gradient method. Assume that f is deterministic and there
is an exact oracle for the true gradient V f(z), and the proximal operator ((1.9)) of ¢ can
be computed in closed form. Then, choose kK = L — p and define

() 2 1) + Vi) @~y 4 e =gl 0. (312)

Consider M that minimizes hj, in closed form: zj, =z = Proxy/p, [Z/k—l - %Vf(yk,l)]
Then, (#,) is obvious; (H3) holds from the convexity of f, and (H3) with dx = 0 follows
from classical inequalities for L-smooth functions [Nesterov, 2014]. Finally, we recover
accelerated convergence rates |Beck and Teboulle, 2009, |[Nesterov,, 2014]

E[F(z) — F*] < { 2(1=W/L) (F(eo) = F*) ifu#0 (3.13)

OL ||zo — x*||* /(k + 1) otherwise
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Accelerated proximal point algorithm. We consider hy given in (3.4]) with exact
minimization that is performed by a base method M in Ny = O (1) iterations. This is
an unrealistic setting, but still conceptually interesting. Given x = L — u, the assump-
tions (H1), (Hz), and (H3) are satisfied with d;, = 0 and we recover the accelerated rates
of [Guler, |1992].

k/No _
E[F(zy) — F] < { 2(1=\Ju/L) " (F(m) = ) ifp#0 (3.14)
oL ||z — x*||* /(k /Ny + 1)2 otherwise

Accelerated stochastic gradient descent with prox. A more interesting choice of
surrogate is

+
2

where £ > L — p and gy is an unbiased estimate of V f(yx_1) that satisfies

E[gilFicr] = VF(yr-r) and E[llgx = V()| |[Fica] < 0°

"l = g | + (), (3.15)

he() 2 Fer) + on (& — ypr) + 2

following classical assumptions from the stochastic optimization literature [Hu et al., 2009]
Ghadimi and Lan, [2012, 2013]. Then, (#;) and (Hs) are satisfied given that f is convex.
To characterize (H3), consider a base method M that minimizes hy in closed form in one
step:

. 1
x = oy, = ProxXy/(uix) [%—1 - 0t /{gk] )

and define

1
w1 £ Proxy(i4r) lyk—l - va(yk—l)] ’

which is deterministic given F;_;. Then, from (3.15)), we have

Flar) < hi(z) + (Vi (yro1) — g6) T (26 — ya—1) (from L-smoothness of f)
= hi + (Vf(yr-1) — i) (@x = we1) + (Vi (k1) — gk) " (ur—1 — ye—1)-

When taking expectations, the last term on the right disappears since E [gx|Fr_1] =
V[ (Ye-1):

E[f(zr)] < E[h] + E(llgr — VF (ye-1) [ |zx — we—1]l] (3.16)

02

ft

1
SEMH+;;;EM%—Vﬂ%4WﬂSEMﬂ+ (3.17)
where we used non-expansiveness of the proximal operator [Moreau, |1965]. Therefore,
(H3) holds with 0y = 0?/(p + k). The resulting algorithm is similar to Algorithm
from Chapter [2| and offers the same guarantees according to Corollaries and [3.2
Compared to Algorithm [ the novelty of our approach is a unified convergence proof for
the deterministic and stochastic cases.
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Corollary 3.1 (Complexity of Algorithm when p > 0). Consider the setting of
Proposition with hy defined in . When f is p-strongly convex, choose k = L — pu.
Then, the Algorithm[3.3 has the following convergence rate

0.2

BiFt) - 1< (1- %) () - 7+,

which is of the form |) with 7 = \/u/L and B = 0?/y/uL. Therefore, the optimal

complexity O (\/L/,u log((F(zo) — F*) Je) + 02/,u6> can be obtained by using the restart
strategy in Algorithm either with exponentially increasing mini-batches or decreasing
step sizes.

When the objective is convex, but not strongly convex, Proposition [3.1] gives a constant
bias term O (0?k /) that increases linearly with k. Yet, the following corollary exhibits an
optimal rate for the finite horizon setting, when both ¢ and an upper-bound on ||zg — z* ||2
are available. Even though non-practical, the result shows that our analysis recovers the
optimal dependency in the noise level, as in [Ghadimi and Lan| 2013], Chapter [2[ and
others.

Corollary 3.2 (Complexity of Algorithm [3.3| when p = 0). Consider the setting of
Proposition [3.1. Assume that we have a fized budget K of iterations of Algorithm with
hi defined in (3.13). When k = max(L,o(K + 1)*?/ ||zo — z*|)), the procedure has the
following convergence rate

_ 2L |z — || e
- (K+1) VK +1

While all the previous examples use the choice x;, = z}, we demonstrate in Section [3.3.2]
a situation where we need to choose x # x; even though x} is available. Now, we introduce
a variant of acceleration framework when we choose z; # x}, because x} is not known.

E[F(zk) — F"]

3.3.1 Variant with Inexact Minimization

In this variant, the minimizer z, is not available and we impose an additional assumption
on M to satisfy the following condition

(H4) the estimate xy provided by M in the condition (H3) satisfies E [hg(xy) — hi] < e
for some g, > 0.

Similarly to (H3), it is rather a definition for the parameter ¢, than a condition imposed
on hg(x). In other words, one may implicitly state that e, = E [hg(xx) — hj]. The modified
version of the framework is presented in Algorithm [3.4]

The next proposition gives us some insight on how to achieve acceleration, when xj, is
not available. The proof may be found in Appendix [3.C]

Proposition 3.2 (Convergence analysis for Algorithm . Consider the optimization
problem . Given a base optimization method with a convergence rate of the type ,
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Algorithm 3.4 Generic Acceleration Framework with Inexact Minimization of Ay

1: Input: same as Algorithm

2: Initialization: yy = z¢; ¢ = ﬁ; ag=1if p=0or ap = /q if p # 0;

3: for k=1,...,K do

4: Consider a surrogate hy satisfying (1), (#H2) and obtain z; satisfying
(Hg) and (H4);

5: Compute ay in (0,1) by solving the equation aj = (1 — ag)ai_; + qa.

6: Update the extrapolated sequence yy = xx + Si(x) — xx—1) with S defined in (3.10));

7: end for

8: Output: z; (final estimate).

the scheme expressed in Algom'thm has the following convergence rate for any v € (0, 1],

k i} —j . .

E[F(a) — F] < (1: ) (2 (F(a:(;) —F)+axh, (1-90) 7 (6 + Ja)) if w0
25 (e — 21 + A G+ 1%+ G+ 0P ey) =0,
From this result, we see that in order to maintain the accelerated rate, the sequence
(0x) k>0 needs to converge at a similar speed as in Proposition , but the dependency
in g, is slightly worse. Specifically, when f is p-strongly convex, we may have both (g)>0
and (0x)r>o decreasing at a rate O ((1 - p)k) with p > ,/q/2, but we pay a factor (1/,/q)
compared to (3.11). When p = 0, the accelerated O (1/k?) rate is preserved whenever
er, = O (1/k**) and 6, = O (1/k**7), but we pay a factor O (1/v) compared to (3.11)).

This is the price both for stochasticity in f and for not having (z})x>1 available.

Catalyst [Lin et al., 2018]. Let us show that in the deterministic case with o = 0 we
recover the convergence rates of the original Catalyst approach, when using a surrogate
function hy, = F(x)+(r/2) ||z — ye_1||* for k > 1. First, in such a case we can set up 6, = &
since E [F(zg)] < E [hg(xr)] < E[h}] + 0. Second, we demand that at the k-th stage of
Algorithm the base method M is initialized with the previous solution x;_;. This is
essentially the warm start strategy from [Lin et al., 2018], which allows to explicitly express
the number of iterations required by M in order to minimize hy(x) up to accuracy &y
sufficiently quickly. For this purpose we introduce the following proposition, which is
essentially a generalization of Proposition 12 from |Lin et al., [2018].

Proposition 3.3 (Warm restart for Catalyst). Consider Algorithm with hy defined
mn . Set up x_1 = xg. Then, for k > 2,

3ek—1

E [hr(ze-1) — hy] < + 54k max {|zx1 — 27|, lze—z — 2717, ans — 27},

The proof may be found in Appendix . Following [Lin et al., 2018], we may now
analyze the global complexity of Algorithm [3.4] when the base method M behaves as (3.3)).
For instance, when f is p-strongly convex, we may choose ¢, = O ((1 — )" (F(x) — F%
with p = ,/q/3. Then, it is possible to show that Proposition 3.2 yields E [F'(x)) — F™*] =
O (e1/q). Therefore, from the inequality (1/2) ||z — 2*||> < F(zx) — F* and Corollary ,
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we have E [hy(zr—1) — hi] = O (kex—1/(1q)) = O (€k-1/¢%). When ¢ = 0, the estimate zy
is obtained by M in O (log(1/q)/7) = O (1/7) iterations. This yields the global com-
plexity O ((1 /(7y/q)) log(1/ 5)) For example, when M is the proximal gradient descent
method, we have 7 = (u + k)/(L + k) and choosing k = L we obtain the global complexity

O (\/L/ plog(1/ 8)) of an accelerated method. Recall that O (-) notation may hide some
terms logarithmic in L and u.

In this deterministic case o = 0, our results improve upon Catalyst |Lin et al., 2018] in
two aspects that are crucial for stochastic optimization: (i) we allow the sub-problems to
be solved in expectation, whereas Catalyst requires the stronger condition hy(zx) —h} < ex;
(ii) Proposition [3.3| removes the requirement of [Lin et al. 2018] to perform a full gradient
step for initializing the method M in the composite case (see Proposition 12 in [Lin et al.
2018]).

Proximal gradient descent with inexact prox [Schmidt et al., 2011]. Assume
that we have the surrogate , but the proximal operator can not be computed
exactly, notwithstanding that ¢ = 0. In this case, it can be treated in the same way as
Catalyst above, which provides a unified proof for both problems. Then, we recover the
results of [Schmidt et al., [2011], while allowing inexact minimization to be performed in
expectation.

Stochastic Catalyst. With Proposition at hand, we are in shape to consider
stochastic problems with o2 # 0 when using a method M that converges as . As in
Section , we also assume that there exists a mini-batch/step size parameter n that can
reduce the constant bias by a factor n < 1 while paying a factor 1/ in terms of complexity
per stage. As above, we discuss the strongly convex case and choose the same sequence
(ek)k>o0 With e, = O ((1 — )" (F () — F*)) In order to minimize hy up to accuracy ey,
we set 7, = min(1, e, /(2Bc?)) such that n,Bo? < €;/2. Then, the complexity to minimize
hi with M when using the initialization z;_, becomes O (1/(n;7)), leading to the global
complexity for minimization of F'(x) up to accuracy e

O (T\l@log (W)) + qg‘:g. (3.18)

Details about the derivation are given in Appendix The left term corresponds to the
Catalyst accelerated rate, but it may be shown that the term on the right is sub-optimal.
Indeed, consider M to be ISTA with k = L — . Then, B =1/L, 7 = O (1), and the right

term becomes O ((\/L/ ,u) o?/ (,us)), which is sub-optimal by a factor /L/u. Whereas

this result is a negative one, suggesting that Catalyst is not robust to noise, we show in
Section how to circumvent this for a large class of algorithms.

Accelerated stochastic proximal gradient descent with inexact prox. Finally,
consider hy, defined in (3.15)) with o # 0 and let the proximal operator there be computed
approximately, which, to our knowledge, has never been analyzed in the stochastic context.

Then, it is shown in Appendix[3.B|that Proposition 3.2 holds with 8, = 2e,430%/(2(u + K)).
Then, an interesting question is how small should ¢, be to guarantee the optimal (or
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near-optimal) dependency with respect to o2 as in Corollary In the strongly convex
case, Proposition simply gives g, = O (\/502/@ - Ii)) such that 0y ~ ex/,/q.

3.3.2 Exploiting methods M providing strongly convex surrogates

Among various aforementioned application cases, we have seen an extension of Cat-
alyst to stochastic problems. To achieve convergence, the strategy was to use a specific
mechanism to reduce the bias Bo? in (3.3)), e.g., by using mini-batches or decreasing step
sizes described in Section . Yet, the approach suffers from two issues: (i) some of the
parameters are based on unknown quantities such as o?; (ii) the worst-case complexity
exhibits a sub-optimal dependency in o2, typically with an extra factor 1/ /¢ when g > 0.
Whereas practical workarounds for the first point are discussed in Section [3.4], we now
show how to solve the second one in many cases by using Algorithm [3.3]

Denote a sequence of surrogate functions (Hy),~, with Hy(z) = F(2)+(x/2) ||z — yr_1 |
for some positive smoothing parameter £ > 0. Consider a base method M with conver-
gence (3.3]), which is able, after T" steps, to produce a point xj such that for some &,_1 > 0
the following bound holds

E[Hy(z) — hi) < C (1 —1)" (Hy(x)1) — Hf + &_1) + Bo?. (3.19)

where Ry, is a function satisfying (H;), (Hz) that can be minimized in closed form. In
this sense, hy is a surrogate function for F'(x), because, given (3.19)), (H3) is immediately
satisfied with d; being the right side of (3.19)

op = C (1 —7)" (Hp(xper) — Hi + &4—1) + Bo®.

The value of §_; is typically chosen as &1 = O (E[F(24-1] — F*)). In this section,
the functions (hy),~, are assumed to be constructed explicitly by the base optimization
method M. Specifically, we will associate (hy,),~, with the estimate sequences (d),,
of Chapter 2] when accelerating the variance-reduced algorithms generalized there to the
stochastic setting. In a sense, hy may be seen as a supporting model of the function Hy(x)
with a “simpler form”.

Let us now explain the acceleration procedure of this section in more details. In a
nutshell, we apply Algorithm where the base method M is used to perform approzimate
minimization of Hy, = F(z) + (k/2) | — ye—1|°. However, at the post-processing step we
refer to another surrogate, namely hy, with closed-form minimizer. This function may be
provided by an oracle or constructed by M during the solving of the k-th sub-problem.
As the minimizer of hy is available, we are able to apply the update and finally
benefit from Algorithm [3.3] which has better convergence guarantees than Algorithm [3.4]

As shown in Appendix , even though the condition looks technical, a large
class of optimization techniques are able to provide a solution z; and surrogate hy(x)
satisfying it. The examples include many variants of proximal stochastic gradient descent
methods with variance reduction such as SAGA [Defazio et al., [2014a], MISO [Mairal,
2015, SDCA [Shalev-Shwartz and Zhang, [2016], or SVRG [Xiao and Zhang, [2014] due to
the theoretical results of Chapter . In this sense, the constructed surrogates (hy),~, may
be set up as the estimate sequences (dj,) }>1 from relation of Chapter
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Method M K B | q | Complexity after Catalyst
1 ~ L E 2
prox-SGD L—u R o]0 (0) +Z
L | L " € HE

SVRG/SAGA/MISO ctc.

of Chapter [2| with % > U —

e e

L 1| pun | ~ L Ey o
— — | 5| Oy/n=1lo ()—l—
n L | L ( 0 & € e
Table 3.1 — Meta-parameters 7 and B describing convergences of different methods
according to (3.3)) along with the practical choices of k and corresponding values of g.
This parameter description is accompanied with the final complexity of the methods
being wrapped by our accelerating framework. The value of Fy denotes the initialization

error F(xo) — F*, the values of 0* and 6* are defined in (1.10) and (2.18) respectively.
Once again, O (-) may hide some logarithmic factors.

Now, whereas seems to be a minor modification of , an important conse-
quence is that it will allow us to gain a factor 1/,/g in the variance complexity when
1 > 0, corresponding precisely to the sub-optimality factor. Therefore, even though the
surrogate Hy needs only to be minimized approximately, the condition allows us to
use Algorithm [3.3] instead of Algorithm Given that the dependency with respect to Oy
is better than ¢, (by 1/,/q), we have then the following result:

Proposition 3.4 (Stochastic Catalyst with Optimality Gaps, p > 0). Consider Algo-
rithm with a method M and surrogates hy, satisfying when M is used to minimize
Hj by using xp_1 as a warm restart. Assume that f is p-strongly convex and that there
exists a parameter n that can reduce the bias Bo? by a factor n < 1 while paying the same
factor in terms of complexity per stage.

Choose o, = O ((1 — \/5/2)’1C (F(x) — F*)) and n, = min{1,6,/2Bo?}. Then, the

complezity to minimize approximately Hy(z) and compute xy, satisfying is O (1/me7),
so that the global complezity to obtain E [F(xy) — F*] < ¢ is

o pm(H-5) - 22)

The term on the left is the accelerated rate of the Catalyst approach for deterministic
problems, whereas the term on the right is potentially near-optimal for strongly convex
problems, as illustrated in Table[3.1] We provide indeed practical choices for the parameters
K, leading to various values of B, T, ¢, for the proximal stochastic gradient descent method
with iterate averaging as well as for stochastic variants of SVRG, SAGA, MISO, SDCA,
Finito from Chapter 2| All the values below are given up to universal constants to simplify
the presentation.

The aforementioned incremental algorithms are applied to the stochastic finite-sum
optimization problem with n L-smooth functions . The corresponding values of 7
and B for them and for the proximal variants of SGD follow from Corollaries and
respectively. As well as in the deterministic case considered by [Lin et al., [2018],
we note that when L/n < p, there is no acceleration for the incremental algorithms
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since the complexity of the unaccelerated method M is O (nlog (Fy/e) + 0%/ pe), which
is independent of the condition number and already near-optimal, see Corollary [2.12]
In comparison, the logarithmic terms in L, u that are hidden in the notation O do not
appear for a variant of the SVRG method with direct acceleration introduced in Chapter
However, while we managed there to directly accelerate only the SVRG approach, our
approach developed in the current chapter is more generic. Note also that o2 for prox-
SGD is typically much larger than &2 for the incremental algorithms since the source of
randomness is larger for prox-SGD, see comparison of [1.28] with [I.12] in Section [I.4.5]

3.4 Experiments

In this section, we perform numerical evaluations by following the steps of Section
where we were able to make SVRG and SAGA robust to stochastic noise, and, in addition,
accelerate SVRG.

Formulation We consider /5-logistic regression and support vector machine with the
squared hinge loss. More specifically, given training data (a;, b;)i1...», with a; in R? and
b; in {—1,+1}, we consider the optimization problem

.1 & T A 2
min — ; (bia; @) + 3 |27,
where ¢ is either the logistic loss ¢(u) = log(1 + e™*), or the squared hinge loss ¢(u) =
1 max(0,1 — u)?, which are both L-smooth, with L = 0.25 for logistic and L = 1 for the
squared hinge loss. The scalar A is a regularization parameter that acts as a lower bound
on the strong convexity constant p of the problem. It is chosen among the smallest values
one would try when performing parameter search, e.g., by cross validation. Specifically,
we consider A = 1/10n and A = 1/100n, where n is the number of training points; we
also try A = 1/1000n in order to evaluate the numerical stability of methods on very ill-
conditioned problems. Studying the squared hinge loss is interesting since its gradients are
unbounded on the optimization domain, which may break the bounded noise assumption.
Following [Bietti and Mairal, [2017, [Zheng and Kwok, [2018] and Section [2.5] we consider
DropOut perturbations [Srivastava et al. 2014]. DropOut consists of randomly setting to
zero each entry of a data point with probability ¢, leading to the optimization problem

1 T A 2
min 3 E, [Bbi(poa) )| + 3 el (3.20)
where p is a binary vector in {0, 1}? with i.i.d. Bernoulli entries that are set up according
to probability §, and o denotes the element-wise multiplication between two vectors. We
consider DropOut perturbations with rates 6 = 0 (no noise), 6 = 0.01 and 6 = 0.1. The
purpose of using such perturbation is to manually emulate inexactness in the oracle.

Datasets We consider the same datasets used in Section with all points being
normalized to have unit fy-norm.
— alpha is from the Pascal Large Scale Learning Challenge website[] and contains

1. http://largescale.ml.tu-berlin.de/
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n = 250000 points in dimension p = 500.

— gene consists of gene expression data and the binary labels b; characterize two
different types of breast cancer. This is a small dataset with n = 295 and p = 8 141.

— ckn-cifar is an image classification task where each image from the CIFAR-10
datasetﬂ is represented by using a two-layer unsupervised convolutional neural
network [Mairal, 2016]. We consider here the binary classification task consisting
of predicting the class 1 vs. other classes. The dataset contains n = 50000 images
and the dimension of the representation is p = 9216.

Methods We consider the variants of SVRG and SAGA of Chapter 2 which use
decreasing step sizes when 6 > 0 (otherwise, they do not converge). We use the suffix “-d”
each time decreasing step sizes are used in order to designate curves on plots. We also
consider Katyusha |Allen-Zhu, 2017] when § = 0, and the accelerated SVRG method of
Section [2.4] from Chapter 2] denoted by acc-SVRG. Finally, SVRG-d, SAGA-d, acc-SVRG-d
are used with the step size strategies described in Chapter [2]

Practical questions and implementation. In all setups, we choose the parameter s
according to the theory, which are described in the previous section, following the Catalyst
approach. For composite problems, Proposition [3.3] suggests to use x;_; as a warm start for
the sub-problems. For the smooth ones, [Lin et al. 2018 shows that, in fact, other choices
such as y;_1 are appropriate and lead to similar complexity results. In our experiments
with smooth losses we use y;_1, which has shown to perform consistently better.

The strategy for n; discussed in Proposition suggests to use constant step sizes in
the first stages, typically of order 1/(x + L) for the methods we consider, before using an
exponentially decreasing schedule. Unfortunately, even though theory suggests a rate of
decay in (1—,/g/2)*, it does not provide useful insight on when decaying should start since
it requires knowledge of o2. A similar issue arises in stochastic optimization techniques
involving iterate averaging [Bottou et al., 2018]. We adopt a similar heuristic as in this
literature and start step size decaying after kg epochs, with ky = 30. Finally, we discuss the
number of iterations of M to perform per stage. When 7, = 1, the theoretical value is of
order O(1/7) = O(n), and we choose exactly n iterations (one epoch), as in Catalyst [Lin
et al., [2018]. After starting decaying the step sizes (n, < 1), we use [n/n;], according to
the theory.

Making plots. We run each experiment five times and average the outputs. We display
plots on a logarithmic scale for the primal gap F'(xy) — F* (with F* estimated as the
minimum value observed from all runs), and the z-axis denotes the number of epochs.
Note that for SVRG, one iteration is considered to perform two epochs since it requires
accessing the full dataset every n iterations on average. The colored tubes around each
curve denote one standard deviation across 5 runs.

Acceleration with no noise, § = 0. We start evaluating the acceleration approach
when there is no noise. This is essentially evaluating the Catalyst method |Lin et al., 2018]

2. https://wuw.cs.toronto.edu/~kriz/cifar.html
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in a deterministic setup in order to obtain a baseline comparison when o = 0. The results
are presented in Figures [3.1 and [3.2] for the logistic regression problem. As predicted by
theory, acceleration is more important when conditioning is low (bottom curves).

Stochastic acceleration with no noise, § = 0.01 and 6 = 0.1. Then, we perform a
similar experiments by adding noise and report the results in Figures [3.3] 3.5
In general, the stochastic Catalyst approach seems to perform on par with the accelerated
SVRG approach of Chapter [2land even better in one case, showing that generic acceleration
may be useful even in the stochastic optimization regime, consistently with Section [2.5]

Evaluating the square hinge loss. In Figure 3.8, we perform experiments using the
square hinge loss, where the methods perform similarly as for the logistic regression case,
despite the fact that the bounded noise assumption does not necessarily hold on the
optimization domain for the square hinge loss.

Evaluating ill-conditioned problems. In Figure|3.10| we study the methods behavior
on badly conditioned problems. There, acceleration seems to work on ckn-cifar, but fails
on gene and alpha, suggestions that acceleration is difficult to achieve when the condition
number is extremely low. However, we should note that the ill-conditioning obtained by
choosing A = 1/1000n is unrealistic in the context of empirical risk minimization
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Figure 3.1 — Accelerating SVRG-like methods for fy-logistic regression with A = 1/(10n)
(top) and A = 1/(100n) (bottom) for § = 0.
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Figure 3.2 — Same plots as in Figure when comparing SVRG and SAGA, with no noise
(06 =0) with A =1/(10n) (top) and A = 1/(100n) (bottom) .
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Figure 3.3 — Accelerating SVRG-like (top) and SAGA (bottom) methods for fy-logistic
regression with A = 1/(100n) (bottom) for 6 = 0.1.
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A =1/(100n) (bottom).
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Figure 3.5 — Same plots as in Figure for 0 = 0.01 with A = 1/(10n) (top) and

A =1/(100n) (bottom).
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Figure 3.6 — Same plots as in Figure for 6 = 0.1 with A = 1/(10n) (top) and
A =1/(100n) (bottom).
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Figure 3.8 — Accelerating SVRG-like methods when using the squared hinge loss instead
of the logistic for 6 = 0 (top) and ¢ = 0.1, both with A = 1/(10n).
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Figure 3.9 — Same plots as in Figure for SVRG and SAGA, with 6 = 0 (top) and
d=0.1for A=1/(10n).
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Figure 3.10 — Illustration of potential numerical instabilities problems when the problem
is very ill-conditioned. We use A = 1/(1000n) with 6 = 0 for the logistic loss (top) and
squared hinge (bottom).



Appendix

3.A Useful Results and Definitions

In this section, we present auxiliary results that are used in the subsequent proofs.

Lemma 3.1 (Convergence rate of the sequences (ag)r>0 and (Ag)g>o). Consider the
sequence in (0,1) defined by the recursion

a?=(1-ap)ad_; +qap with 0<q<1,

and define A, = T1F_,(1 — o). Then,
— if ¢ =0 and ag = 1, then, for all k > 1,

2
(k+2)2 —

— if ap = \/q, then for all k > 1,

Ay=01-VQ" and o= /7.
— if ag =1, then for all k > 1,

Akgmin<(1—\/§)k,(kj2>2> and akzmax<\/a,k\f2>.

Proof. We prove the three points, one by one.

First point. Let us prove the first point when q =0 and ag = 1. The relation Ay = a3
is obvious for all k > 1 and the relation o} < (9 +2 holds for £ = 0. By induction, let us

assume that we have the relation a2, § —— and let us show that it propagates for aj.

(k+1)

meaning that oy > (o) Then,

. . 2
Assume, by contradiction, that a; > - +2

(k+2)2 )

4 4k B 4 4
12 ht2)k+ 1?2 htk+2+D) " (hro

ap = (1—ap)ai_, < (1—ay)

97
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and we obtain a contradiction. Therefore, a < G +2)2 and the induction hypothesis allows
us to conclude for all £ > 1. Then, note |[Paquette et al.. |2018] that we also have for all

k>,

2 2 2
A’“:g(l_o‘t)th<1_t+2> " (k+ D)(k+2) = (k+2)2

Second point. The second point is obvious by induction.

Third point. For the third point, we simply assume ag = 1 such that oy > /q. Then,

the relation o > /g and therefore A; < (1 — \/ﬁ)k are easy to show by induction. Then,
consider the sequence defined recursively by ui = (1 — ug)ui_; with ug = 1. From the first
point, we have that k‘g <up < o +2 We will show that aj > uy for all £ > 0, which will
be sufficient to conclude since then we would have A; < thl( — ) < m. First, we
note that oy = wug; then, assume that ap_1 > up_1 and also assume by contradiction that
ay > u. This implies that

up = (1 —wp)up_; < (1 —wp)ai_, < (1—ap)aj_, <af,
which contradicts the assumption oy > ug. This allows us to conclude by induction. [

Lemma 3.2 (Convergence rate of sequences O = [I_,(1 — 6;)). Consider the sequence
0; = @ withy in (0,1]. Then,
eI <o, < 1. (3.21)

Proof. We use the classical inequality log(1 + u) > T forallu > —1:

k

k

J=1

when noting that the function g(z) = (1 + 2)™ — 2™ is greater than v for all z > 1,
since g(1) > 1 >« and g is non-decreasing. Then,

k
vy 1
—log(0) < z_:j— —1—7/ 1+7dx:fy+1—ﬁgfy+1.

Then, we immediately obtain ((3.21)).

3.B Details about Complexity Results

3.B.1 Details about (3.6)

Consider the complexity (3.3) with i = f. To achieve the accuracy 2Ba?, it is sufficient
to run the method M for ¢, iterations, such that

C(1— 1)t (F(x) — F*) < Bo”.
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It is then easy to see that this inequality is satisfied as soon as t; is greater than
21log(C (F(xz0) — F*) /Bo?). Since ¢ < Bo? and using the concavity of the logarithm
function, it is also sufficient to choose to = Llog(C (F(zo) — F*) /e).

Then, we perform K restart stages such that ex < e. Each stage is initialized with
a point xy, satisfying E [F(zy) — F*] < €;_1, and the goal of each stage is to reduce the
error by a factor 1/2. Given that 7 increases the computational cost, the complexity of
the k-th stage is then upper-bounded by % log(2C), leading to the global complexity

(@] (ilog <C<F($z) - F*)> + i 2:log (20)) with K = {log2 <2B€JZ>-‘ ,

k=1

and (3.6]) follows by elementary calculations.

3.B.2 Obtaining (3.6) from (3.7
Since h is p-strongly convex, we notice that (3.7)) implies the rate

D(h(z0) = ") , Bo?

E [h(zt) - h*] < ﬂ’td 2

by using the strong convexity inequality h(z) > h* 4+ &||zp — z*[|*. After running the
algorithm for ¢ = [(2D/p)"/4] iterations, we can show that

h(z) — h*  Bo?

Efh(z) =W = =5+ —

Then, when restarting the procedure s times (using the solution of the previous iteration
as initialization), and denoting by hg the last iterate, it is easy to show that

h —h* Bo? (521 h —h*
E[h(zs) — '] < (%o) + 22 Y| < hzo) = 17 + Bo®.
2s 2 (&2 2s

Then, calling t = st’, we can use the inequality 27 < 1 — % for w in [0, 1], due to convexity,
and

E[h(z) — h*] < (h(z) — h*) (2—1/t’)t + Bo® = (h(z) — h*) <1 - ;t)t + Bo?,

which gives us (3.3|) with C' =1 and 7 = 2%, It is then easy to obtain 1) by following
similar steps as in Section [3.B.1] by noticing that the restart frequency is of the same

order O (1/7).

3.B.3 Details about (3.18)

Inner-loop complexity. Since 7 is chosen such that the bias 7, Bo? is smaller than
€k, the number of iterations of M to solve the sub-problem is O (1/7) = O (log (1/q) /7),
as in the deterministic case, and the complexity is thus O (1/(nx7)).
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Outer-loop complexity. Since
E[F(zy) — F] < O (1= v/a/3)" (F(x0) — F") /q)

according to Proposition [3.2] it suffices to choose
1 F - F
K=0 <1Og <<x0)>>
Vi qe

E(F(ex) — FT]<e=0(ex/q) = O ((1 = a/3)" (F(zo) — F*) /a)

iterations to guarantee

Global complexity. The total complexity to guarantee E [F'(zy) — F*] < € is then

ol
(K K Bo®
=0 -
;;TjL;;T(l?)k(F(SUO)F*))
oA 1 o F(xy) — F” B
=0 T qlg( € >+T\/§<1\§)KH(F($0)F*))

_0 <110g <F(“’°) - F) L B ) ,

g3/ et

where the last relation uses the fact that e = O (e /q) = O <(1 — \/(‘1/3>K (F(xo) — F™) /q)

3.B.4 Complexity of accelerated stochastic proximal gradient
descent with inexact prox

Assume that hy(xy) — hj < ex. Then, following similar steps as in (3.17)),

(9 = V(1) (2x = yer)|
[ ()] + B [(9x = V f(y1)) " (20 — i)
(9 = V() (@n = 2)| + B (g6 = VI (gr1) " (27 — wir)]
{

0_2

[

(9 = VF(ye-r) " (= 23)] +
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E llge — VS -0l | (e +WE [z — sl o

<Elh +
s B+ =t 2 PR
. 302
< E[hi(zx)] + E [ha(zr) — hy] + )
0.2
< E[h} 2 _—
S B2t o)
30?2
And thus, . = 2 _
n us, Og €k+2(u—|—/<o)

3.C Proofs of Main Results

3.C.1 Proof of Propositions [3.1] and [3.2]

Proof. In order to treat both propositions jointly, we introduce the quantity

z, for variant A
Wy = )

xj, for variant B

and, for all £ > 1,

1—ay_
Vp = Wi + A(wk - l’k_l), (322)
a1

with vy = xg, as well as y, = O‘f_‘q‘l for all k£ > 0.
Note that the following relations hold for all £ > 1, keeping in mind that af =

(1 — ak)ai_l + qog:

1 — ay w+ k) (1 — ag)
o
ar—q _ o —qog ai 1 (1—ay) o,

I—gq ak_qak_ak_a?c—i_(l_ak)a%fl_a12c71+ak’.

Ve =

Then, based on the previous relations, we have

(4 #)(1 — ak)(

Yk = wi, + Br(wy — xp-1) + T — W)

ap—1(1 — ag_1)

= wy + (wp — 1) + (1 — ) (2 — wy)

ar |+ oy
B V(1 — ag—1)
= Wk + a—(wk — .’L'kfl) + (1 — "}/k)(.’ll'k — wk)
k—1

=y + (1 — )T,
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which is similar to the relation used in |Lin et al., [2018] when wy = xj. Then, the proof
differs from [Lin et al., [2018] since we introduce the surrogate function hy. For all z in RP,

hi(z) > hy, + m”x —a;||*  (by strong convexity, see H1) (3.23)
= b+ B e — w2+ B e = P+ (04 1) (@ — o we — ) (3.24)

—Ag(z)
Introduce now the following quantity for the convergence analysis:
Zp1 = 1 + (1 — ag1)ag,

and consider x = z;_; in (3.24)) while taking expectations, noting that all random variables
indexed by k — 1 are deterministic given Fj_1,

E[F()] SEB]+6  (by Ho) (3.25)
< B [elar1)] — B |57 s — wel?] + B [Au(a)] + 6 (3.26)

<E[F(z_1)] +E [;sz1 — yleQ} _

+
E |50 e — wnllP| + B A1) + 6, (327)

where the last inequality is due to (H2).
Let us now open a parenthesis and derive a few relations that will be useful to

find a Lyapunov function. To use more compact notation, define X = E [||z* — x1||%],
Vi = E[||lz* — v|?] and F}, = E[F(x;) — F*], and note that

pag—1 (1 — ap1)
2
E [ll2-1 — wel?] = af_,Va (3.28)

Xk

E {szq — Z/kﬂ”ﬂ < g1 (-1 — Ye-1) Xk—1 + —1Y6—1 Vi1

The first relation is due to the convexity of F'; the second one can be obtained from the
definition of v, in after simple calculations; the last one can be obtained as in the
proof of Theorem 3 in [Lin et al., [2018].

We may now close the parenthesis, come back to and we use the relations :

+ K)oz
(“;’“Vk < (1= opa) Feoy =

pag—1(1 —ag_1)
2

K K

50%—1(0%—1 — Y1) Xg—1 + 50%—1%—1%—1 + 0 + E[Ak(zr-1)] -

.+ Xp_ 1+

It is then easy to see that the terms involving X, _; cancel each other since 7, ; =
g1 — (u/k) (1 — ag—1).
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Lyapunov function. We may finally define the Lyapunov function

ROEVE

S = (1 — Oék)Fk + 9 V.. (329)
and we obtain
Sk
o < Sk1+ 0+ E[AR(2e-1)], (3.30)

For variant Algorithm [3.3, we have Ay(zx_1) = 0 since wy = z, and we obtain the
following relation by unrolling the recursion:

]131 i=1

S < Ay (SO + Z ) with A; = f[(1 — ;). (3.31)

Specialization to > 0. When p > 0, we have ag = ,/q and

S0 = (1= va) (F(ag) — F*) + SVIVIZD o e

2(1-4q)
= (1= ) (Fag) — 1) EENVIVIZD e
1
ey D e
<2(1- &) (F(a) - F"). (3:32)

by using the strong convexity inequality F(zo) > F* + (11/2) ||zo — z*||>. Then, noting
k

that E [F(xy) — F*] < lf—f/a and Ay = (1 — \/§> (Lemma , we immediately obtain

the first part of (3.11)) from (3.31)).

Specialization to ;= 0. When p = 0, we have ag = 1 and Sy = § [[z¢ — :L'*H2 Then,
according to Lemma and (3.31), for k > 1,

. S, K ||lzo — ¥ k8 AL
EF(r) - < < M0y g e (3.33)
and we obtain the second part of 1' noting that A,_; < (k+1)2 and that A; ; > (]+1) .

Then, Proposition is proven.
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Proof of Proposition . When wy, = xy, we need to control the quantity Ay (zx_1).
Consider any scalar 6 in (0,1). Then,

A(eir) = =B oy = 2 = -+ ) Gy — 0o i — )
__H ; P (4 K)ag_1 (" — vg, T — TF)
< B — ) (o mana e — wnlla — ai
< <91 > pots l|xr — kH + M || Uk:H2 (Young’s inequality)
< ( > (h(zw) — h2) + MH —wk|)*  (since 6, < 1)
< ( ~ 1) (uon) = ) + ulp ;(’i)f ) B |y — o)

Ok KoYk

<9k - 1) (he(zy) — hy) + 21— ap) (Bl

Then, we take expectations and, noticing that the quadratic term involving ||z* — vy|| is
smaller than 6;S;/(1 — ay) in expectation (from the definition of Sy in (3.29))), we obtain

1 0.5
E[Ap(z1)] < (0 _ 1) ep + KK

% 1—ay

and from ([3.30)),

Sk§m<skl+5k+<ell€_l>5k)-

By unrolling the recursion, we obtain

Sk<A7 (5’0+Z < j+:j>) with Aj:ﬂ(l—ai) and G)j:f[(l—ﬁi).

Specialization to ;> 0. When u > 0, we have a3, = /g for all k > 0. Then, we may
2 k

choose 0, = \[ then 1—-4q< (1 — g) and S—Z < (1 — g) for all £ > 0. By using

the relation , we obtain

sk§2<1—\f>k(1—f)(F(wo — ) i( \[)kHl(éj_gﬁ;)
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where the second inequality uses (1 — §>_1 < 2. Since (1 — \/5) E[F(xg) — F*] < Sk,
we obtain the first part of Proposition [3.2]

Specialization to u = 0. When p = 0, we have ap = 1 and Sy = & ||z — z*||*. We
may then choose 6, = H%)lﬂ for any v in (0,1], leading to e~ 1+v% < 0, <1 for
all k>0 according to Lemma Besides, according to the proof of Lemma (3.1}
(k+2 < A < k+2 for all £ > 1.

Then, from ((3.34)),

A, ]2 k 3 . )
BlP(n) - 7 < ot 5E RO (54 S )

@k 2 ) @kAjfl
2¢' (j +1)%7e,
< — P+ G+ )26 —e) A L
= (k+1)? (“HJUO Z H 3221 J ( gj) ~
which yields the second part of Proposition [3.2] O

3.C.2 Proof of Proposition [3.3]

Assume that for k£ > 2, we have the relation
E [hk_l(xk_l) — h;;—l} S Ek—1- (335)

Then, we want to evaluate the quality of the initial point x;_; to minimize hy.

hi(xp—1) — hy, = hy—1(2K—1) + 5 k1 — v — 5 k1 — ye_ol® — hi

= -1 (@h-1) = Moy + hyy = By 4 5 s — e |’ — 5 lr—1 = Yeall”
= hp—1(xr-1) — oy +hipy — hj—
K
K(Tp—1 — ylcfl)T<yk71 — Yp—2) — 9 Ye—1 — ykszQ- (3.36)
Then, we may use the fact that hj can be interpreted as the Moreau-Yosida smoothing of
the objective F, defined as G(y) = mingere F'(z) + 5||z — y||?, which gives us immediately

a few useful results, as noted in [Lin et al., |2019]. Indeed, we know that G is k-smooth
with VG (yx—1) = £(yx—1 — ) for all £ > 1 and

. K
r = G(yr2) < G(yr-1) + VG (k1) (Yr—2 — Y1) + 5 [P ——

* * /ﬁ;
= hi + k(Y1 — 23) T (Yb—2 — Y1) + 5 Yk—1 — yr—2|®. (3.37)
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Then, combining (3.36)) and (3.37)),

k(@i —23) " (o2 — Ya1)
< hpca(@imr) = by + K@y — 250) T (Wee2 — Y1) + 5 e — ye—al)”
. K " 2 3K
< hp—r (1) — hyp_y + 5 H$k—1 - %_1” 5 [F———(
3 . 3K
< 5(%—1(%—1) —hj_q) + ) lyk—1 — yk—2||2 ’

where the third inequality uses the non-expansiveness of the proximal operator; the fourth
inequality uses the inequality a'b < w + % for vectors a, b, and the last inequality uses
the strong convexity of hx_;. Then, we may use the same upper-bound on ||yx_1 — yg_2||
as [Lin et al| 2018, Proposition 12], namely

Iyt = yal® < 36 max {21 — 2" |*, lno — 2|, loxs — 277},

where we define z_; = xg if k£ = 2.

3.C.3 Proof of Proposition [3.4]

The proof is similar to the derivation described in Section [3.B.3]

Inner-loop complexity. With the choice of ., we have that &_; = O (51%1 /)
Besides, since we enforce E [Hy(x) — Hj] < d for all k£ > 0, the result of Proposition
can be applied and the discussion following the proposition still applies, such that the
complexity for computing x;, is indeed O(1/(n,7)).

Outer-loop complexity. Then, according to Proposition |3.1] it is easy to show that
k
E[F(z) - F*] <O ((1 — \/6/2) (F(z0) — F*))/+/q and thus it suffices to choose

ol

iterations to guarantee E [F(zx) — F*] < e.

Global complexity. We use the exact same derivations as in Section [3.B.3] except that
K

we use the fact that ¢ = O (5;(/\/6) =0 ((1 - \/6/3) (F(zo) — F*) /\/q) instead of

e = O (ex/q), which gives us the desired complexity.
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3.0 Methods M with Duality Gaps Based on
Strongly-Convex Lower Bounds

In this section, we summarize a few results from Chapter [2] for convenience and
introduce minor modifications to guarantee the condition . For solving a stochastic
composite objectives such as , where F' is p-strongly convex, consider an algorithm M
performing the following classical updates

2 < Prox,y [zp—1 —ng]  with  E[g|Fr—1] = Vf(26-1),

where 7 < 1/L, and the variance of g; is upper-bounded by o?. Inspired by estimate

sequences from |[Nesterov, [2014], in Chapter [2| we have built recursively a p-strongly
convex quadratic function d; of the form

d(z) = d; + & e = 2.
From the proof of Proposition 2.1 in Chapter [2| we then have
E[d;] > (1= np)E [d;_,| + npE[F(2)] — n*po?,
which leads to
F* = B{d]] + np(E[F ()] = F) < (1= ) [F* = di_| +n*uo?,

which is a minor modification of Proposition [2.1) in Chapter 2] that is better suited to our
purpose.

With constant variance. Assume now that o, = ¢ for all £ > 1. Following the iterate
averaging procedure used in Theorem which produces an iterate Z;, we obtain

E[F(2) - di] < (1 —np)' (F(z0) — dg) +no”, (3.38)

where dj can be freely specified for the analysis: it is not used by the algorithm, but it
influences d; through the relation E [d(2)] < T'ydo(z) + (1 —T)E [F(2)] with T'y = (1 —pun)*,
see relation (2.10]) in Chapter . In contrast, Theorem would give here

E[F(2) — F* +di(z") — d] < 2(1 —np)' (Fz0) — F*) + 0%, (3.39)

where z* is a minimizer of F', which is sufficient to guarantee (3.3)) given that d;(z*) > dj.

Application to the minimization of H,. Let us now consider applying the method
to an auxiliary function Hj from instead of F, with initialization xj,_;. After
running 7" iterations, define hy to be the corresponding function dr defined above and
xp = Zp. Hyp is (u + k)-strongly convex and thus hy is also (¢ + k)-strongly convex
such that (H,) is satisfied. Let us now check possible choices for df to ensure (Hs3). For
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2z =ap_ 12"+ (1 — ag_1)xp_1, we have E [dp(zx_1)] < Trdo(zi_1) + (1 — T'p) He(zk—1) such
that we simply need to choose dj such that E [dy(zx—1)] < E[Hg(zk-1)]. Then, choose

i = HE — Flapy) + F*, (3.40)
and
. + K " + K)ag_ X
o) = dy + B oy — P =y S
= dy+ & o — *|” < dy + Flagr) - F

= Hy < Hi(2),
such that (#H2) is satisfied, and finally becomes
E [Hy(xx) = hi] < (1= nu + )" (Hp(zg-1) = Hi + Fag) = F*) +no®,
which matches .

Variance-reduction methods. In Chapter [2] gradient estimators g, with variance
reduction are studied, leading to variants of SAGA |Defazio et al.| 2014a], MISO |Mairal,
2015], and SVRG [Xiao and Zhang), 2014], which can deal with the stochastic finite-sum
problem presented in Section . Then, the variance of o7 decreases over the iterations,
see Proposition 2.2] Chapter [2] and their convergence bounds have the variance established
in terms of 62 < ¢? from ([2.18)).

Let us then consider again the guarantees of the method obtained when minimizing F
with p/L < 1/5n. From Corollary we have

E[F(2) — F* 4+ dy(2*) — d;] < 8(1 — )" (F(xo) — F*) + 18157,
and (3.3) is satisfied. Consider now two cases at iteration T

— if E[dp(2*)] > F*, then we have E [F(27) — di] < 8(1 — un)" (F(zo) — F*)+18152.
— otherwise, it is easy to modify Theorem 2 and Corollary to obtain

E[F(2r) —d7] < (1= pm)" (2(F(x0) — F*) + 6(F* — dg)) + 1815°.

Application to the minimization of H,. Consider now applying the method for
minimizing Hy, with the same choice of djj as (3.40), which ensures (H,), and same
definitions as above for x; and hi. Note that the conditions on p and L above are satisfied
when k = (L/5n) — p under the condition L/5n > p. Then, we have from the previous
results, after replacing F' by Hj making the right substitutions

E [Hy(a) = hi] < (1= (u+ r)n)" (8(Hy(wx—1) = Hy) + 6(F (1) — F*)) + 18707,

and (3.19) is satisfied with 62 instead of 0. Therefore, we refer to 2 in Table for
variance-reduced methods.

Other schemes. Whereas we have presented approaches were d; is quadratic, in Chap-
ter [2] we also studied another class of algorithms where d; is composite (see Section [2.2.2).
The results we present in this chapter can be extended to such cases, but for simplicity,
we have focused on quadratic surrogates.



Chapter 4

Sparse Recovery with
Reduced-Variance Algorithms

One of the main contributions of Chapters [2] and [3| was development of various
algorithms, which are robust to stochastic noise. In particular, several approaches were
based on the variance reduction technique which utilizes finite-sum structure of optimization
problems. Another example of a structure, which allows to mitigate the impact of noise
that comes from an inexact oracle, is sparsity. From high-level perspective, an optimization
problem is called sparse if the signal to be recovered has a minor fraction of significant
components. Therefore, for sparse problems we may potentially reduce the noise effects
coming from insignificant components and decrease the overall variance.

As was mentioned in Section [1.6] this field is well studied with various optimization
methods of both SA and SAA types being developed. The latter include iterative thresh-
olding techniques, particularly widely studied Lasso estimator and Dantzig Selector.
Most of them inherit the computational burden typical to SAA approaches. At the same
time, some optimization algorithms of SA type with a lower per-iteration cost achieved a

slow rate of asymptotical error O (01/3 log(d)/N ), which was then eventually improved

to O (sa?log(d)/(uN)) by a multi-stage procedure.

In this chapter, our objective is to achieve the convergence rate O (so?log(d)/(uN))
for a larger class of noise models. At the same time, we establish linear convergence of
the initial error—the task which was not done in the papers on multi-stage procedures
overviewed in Section [L.6

To address these tasks, we develop a procedure called SMD-SR, which is based
on the SMD algorithm. Roughly speaking, the SMD-SR procedure is a multi-stage
hard thresholding stochastic approximation algorithm where the gradient step is
substituted with a full launch of the SMD algorithm. The main distinction of our procedure
from the other multi-stage routines is the use of hard thresholding operator between stages,
while we do not use projections on constraint sets and do not update the minimized
objective, like was was done, for instance, in [Agarwal et al. |2012b|, Steinhardt et al., 2014}

109
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Sedghi et al. 2014].
Though we solve sparse stochastic optimization problems of the general form (|1.8)),
our main focus in this chapter is on signal recovery in sparse linear regression ({1.29) and

low-rank matrix recovery ((1.30)).

This chapter is based on the following publication:

e A. Juditsky, A. Kulunchakov and H. Tsyntseus. Reduced variance algorithms of
stochastic approximation for sparse recovery. arXiv:2006.06365, 2020

4.1 Introduction

We consider stochastic optimization problems of the following form

min { f(v) = E |f(z,w)|} (4.1)
where X is a given convex subset of the Euclidean space E, the function f: X x Q — R
is a mapping, which is convex, finite and differentiable for all x € X, and E stands for the
expectation with respect to an unknown distribution of w € . The optimal value of f
is denoted as f* = f(z*) where the optimum z* is unique. In what follows, we assume
that &£ = R"™, unless stated otherwise. Note that, unlike previous chapters, we define n as
the problem dimension.

There are several distinctions between (4.1)) and the problem (|1.8)), which was solved
in Chapters [2] and . First, has a non-composite formulation. Second, we assume
that the optimal solution z* is sparse. The general notion of sparsity structure will be
given in Section [£.2.1] and comprises “usual” sparsity, group sparsity, and low rank matrix
structures as basic examples. For simplicity, in the introduction we stick to the “usual”
s-sparsity of vectors, being the property of having at most s non-zero components. Finally,
while the L-smoothness of f(z) in Chapters [2| and [3| was defined in the Euclidean norm, we
consider it with respect to a general norm ||-||. Specifically, we assume that the following
Lipschitz property is satisfied for f(-,w)

[V (e.w) - Vi )| < £w)lle -

where E [£L(w)] < v < oo for some positive v and ||-||, is the conjugate norm |z||, =
max {sz ] £ 1}. We also suppose that the gradient V f(z) of the expected function

is Lipschitz-continuous on X with the constant £ with respect to the same norm. The
norm |-|| will be usually chosen as [|-|| = |||, so that ||-||, = ||||..- Finally, we suppose
that f(z) satisfies a quadratic growth condition on X with respect to the Euclidean norm
Il being

f@) = f 2 (/2 |z —a*ll;, VaeX (4.2)

Apparently, a uniformly strongly convex function satisfies (4.2)).
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Sparse linear regression Sparse optimization problems have received a lot of
attention in the literature as we have already seen in Section In particular, they have
been studied in relation with the sparse linear regression problem (|1.29)), which can be
cast as minimization of either deterministic or stochastic objective function.
In this chapter, we focus on SA approaches which minimize the latter, while addressing
the reader to Section for the overview of SAA techniques. which minimize (|1.32)).
For convenience, we repeat here the statement of sparse linear regression problems

min { for(e) = 5B [ — 072}, (13
where 7= (¢,2") + ¢ (4.4)

with i.i.d. random variables ¢ € R™ and £ € R. The parameter ¢ stands for the
scale of noise, while the random variable ¢ is assumed to have unit variance. The
optimum vector x* is supposed to be s-sparse, and the minimization is conducted over
the set X of s-sparse vectors. For the general case of , the variance o2 would

_ 2
denote E HV f(z*,w) — Vf(z*)|| being the discrepancy measured only at the optimum
point 2*.[f| Apparently, this definition is consistent with (4.4).

Related work In Section we have overviewed the literature on solving (4.3). Let
us briefly recall the key points. The case of sparse regression was considered in [Srebro
et al., 2010} |Shalev-Shwartz and Tewari, 2011], establishing a slow asymptotic convergence

rate O (\/slog(d) /N ), while not obtaining the linear convergence (|1.35) of the initial
error specific to hard thresholding techniques of SAA type in the strongly convex setting.
However, this linear convergence is achieved by several multi-stage optimization procedures.
For example, in [Agarwal et al. 2012b] authors develop a multi-stage procedure, called
RADAR, which applies to . In the case of uniformly bounded regressors ||¢||, < B,
RADAR enjoys the following convergence rate

(4.5)

sB?a?logn
E|lzy —2*[3] <O <g> .

pEN

Notice that this result appears only in Section 3.2 of [Agarwal et al. 2012b|, while the
other results of this paper appeal to the other definition of o, being

Vee X E Hf(a:,w) — Vf(x)Hio <6 >0’ (4.6)

This is a more standard definition of the noise variance in the literature on stochastic
approximation. However, the value of & is generally much larger than of o. Indeed,
for example, in the setting of least-squares regression (4.3) with ¢ = 0, ||-]| = |||

and ¢ ~ N (0,I), we have
0 > E|Vf(z,w) - VI@)|_~Elz—a"|,[¢Te-1]_
~ e =2, EfoTo -1 _, (4.7)

1. Further, we give a precise definition of ¢2 for the general case in Assumption
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where ||z — z*||, is typically a large factor. In this chapter, we focus on the large-scale
setting where n > N. Therefore, we are looking for convergence bounds on the recovery
error that are independent (or logarithmic at most) in the problem dimension n. For this
reason, in the view of it is particularly important to refer in exactly to o2,
not to 62. We do not compare our results with other multi-stage procedures overviewed
in Section , because they express their convergence bounds in terms of 2. This
argument rules out the comparison with algorithms of the standard “Euclidean” stochastic
approximation as well.

Our approach Now, let us briefly describe the procedure—Stochastic Mirror Descent
for Sparse Recovery (SMD-SR)—developed in this chapter for the general stochastic
optimization problem and, in particular, for sparse linear regression . For now,
let us assume that the regressors ¢; are almost surely bounded ||¢;||,, = O (1) and the

covariance matrix ¥ = [E [gzﬁqu} satisfies X > pul. We also suppose that that we are given

R < 00, such that the initialization z, € R” satisfies Bz — 2*||> < R
The multi-stage SMD-SR procedure is based on the stochastic mirror descent briefly
introduced in Section [1.4.3, The procedure roughly follows the steps below

e The SMD-SR algorithm operates in stages divided into two groups—phases—named
preliminary and asymptotic. Each stage is basically a launch of the SMD algorithm,
after which we “sparsify” the resulted approximate solution, so that the next launch
is initialized at it. The sparsification step is done by zeroing out all but s entries of
largest amplitudes of the approximate solution.

e At each stage of the preliminary phase we perform a fixed number my = O (slogn/u)
of iterations of SMD so that the expected quadratic error E||gixy — 2*||5 decreases
linearly as the total iteration count N grows. The coefficient of this linear decrease
is proportional to — {égn. When the expected quadratic error becomes O (02s/p),
we pass to the asymptotic phase of the method.

e During the asymptotic phase, the number of iterations per stage m, grows expo-
nentiall; with the stage index k. The resulted expected quadratic error decreases

as O (" s log ") which corresponds to .

u2N

Now, let us explicitly present the list of main contributions of this chapter. Once again,
the notation O (1) is essentially O (1) that probably hides a logarithmic factor on n.

4.1.1 Contributions of Chapter 4

— The main contribution of this chapter is development of the SMD-SR procedure
with the following convergence rate

N *||2 2
H w0 —2*[l} | 5 80
E |||« —x*2<(1—(’)1> — 4+ 0(1) —=. 4.8
[l = 2"lI3] < OFS 5 tOW Ly 48
In particular, we explicitly establish that the algorithm converges linearly during
the preliminary phase eliminating quickly the initial error, when the variance part
is small. This convergence is similar to the deterministic gradient descent algorithm,
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when “full gradient observation” V f(x) is available. On the other hand, in the
asymptotic regime, SMD-SR attains the rate O (1/N) which is equivalent to the
best known rates in this setting .

— Another important notion concerns the admissible values of s. While the asymp-
totic rate of RADAR is optimal, it requires to perform at least s?log[n]/u?
iterations of the dual averaging algorithm per stage. Consequently, it can be used
only if the number of nonvanishing entries in the optimal solution x* does not

exceed O (,u,/N / log n) However, the corresponding limit is O (Nu/log[n]) for

Lasso |[Raskutti et al., [2010] and iterative thresholding procedures [Barber and Ha,
2018, |Foygel Barber and Liu, 2019]). In this chapter, we relax the condition on

admissible values of sparsity from s < O (/u /N/log n) of [Agarwal et al., [2012D]

to become s < O (Np/ log[n]).

— We establish the optimal asymptotic rate O (so?/u2N) for several different noise
models, not only for regressors ¢ bounded in the /,-norm. For example, these
models include sub-Gaussian, Rademacher, multivariate Student distributions and
scale mixtures. This amounts to derivation of the optimal asymptotic rate under
the model assumptions which are close to the weakest known today [Foygel Barber
and Liu, 2019| Raskutti et al.| 2010].

— We show how one can straightforwardly enhance reliability of the corresponding
solutions by using Median-of-Means like techniques [Nemirovsky and Yudin, 1983]
Minsker, 2015]. Although the convergence bounds obtained for the expected risks
do allow only for Chebyshev-type bounds for risks, their confidence can nonetheless
be easily improved by applying an adapted version of median-of-means estimate.

The rest of the chapter is organized as follows. We define the key assumptions and
introduce a general notion of sparsity in Section [4.2.1] The stochastic mirror descent is
analyzed in Section [£.2.2] The precise scheme and the analysis of the SMD-SR procedure
is presented in Section [4.3] Next, in Section we show how sub-Gaussian confidence
bounds for the error of approximate solutions can be obtained using an adopted analog
of Median-of-Means approach. In Section we discuss the properties of the method
and conditions in which it leads to a “small error” solution when applied to sparse linear
regression and low rank linear matrix recovery problems. Finally, Section contains
various experiments demonstrating the effectiveness of the proposed approach.

Notation In what follows, we use a generic notation C' for an absolute constant; notation
a < b means that the ratio a/b is bounded by an absolute constant, the norm ||-|| is not the
Euclidean norm by default anymore, and we explicitly distinguish fs-norm from other ¢,
norms. For @) € RP*? we denote ||Q||« = max;; |[Q)];;] and for symmetric positive-definite

Q € R™™ with x € R" we denote ||z|g = /27 Qz. Besides, |a] stands for the smallest
integer greater or equal to a, and |a[ stands for the smallest integer strictly greater than a.
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4.2 Prerequisites

4.2.1 Assumptions and sparsity

We start with formulating the key assumption about the structure of the gradient
estimates, that will allow us to perform the aforementioned decrease in the variance from 2

of ([4.6) to o? of (4.4).

Assumption 4.1. Let the function f(, w) be continuously dijj”erentiable on X for almost
all w € Q, and have the following Lipschitz property

HVf(x,w) — Vf(a:’,w)H* < L(w) ||z — 2|
with E[L(w)] < v < oo for some positive v. Denote ((z,w) = Vf(x,w) —Vf(z) and
*w) =B ||V fa,w) - V@]
Assume that there are constants 1 < », 3 < 0o such that the following bound holds:

A(z) < sev[f(x) = f* = (Vi@"), 2 — )]+ B [[|¢(a",w)|2] . (4.9)

=:Vy(z*,x)

:;gz

Essentially, this assumption is necessary to decompose the discrepancy () to two
parts. The first part Vy(2*, x) is then accumulated properly by our algorithm and decrease
with linear speed, and ¢? is the dimension-free variance that will appear in the final
convergence bounds. Several examples of models, which satisfy this assumption, will
be given further in Section £.4] For now, let us note that the relation is rather
characteristic to the case of smooth stochastic observation. Indeed, let us consider the
situation where the Lipschitz constant £(w) is a.s. bounded, i.e. L(w) < v. Using a
reasoning similar to the derivation of relation in Section , we obtain in this
case

F(x) <160 [f(a) — f* = (Vf(@"),z —a")] + 2.
The same strong assumption of uniform boundness L(w) < v was used by |Bietti and

Mairal, 2017] and in Proposition of our Chapter .

Sparsity structure. In what follows we assume to be given a sparsity structure [Juditsky;
et al [2014] on E, that is a family P of projector mappings P = P? on E with associated
nonnegative weights 7(P). For a nonnegative real s we set

Ps={PeP:n(P)<s}.

Given s > 0 we call x € F s-sparse if there exists P € P, such that Pz = z. We will make
the following assumption.

2. In what follows V f(-,w) replaces notation V, f(-,w) for the gradient of f w.r.t. the first argument.
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Assumption 4.2. Given v € X, assume that we can efficiently compute a “sparse
approximation” of x being an optimal solution xs := sparse(x) to the optimization problem

min ||z — z||, over s-sparse z € X (4.10)

where ||-||, is the Euclidean norm ||z||, = (z, 22, Furthermore, we assume that for any
s-sparse vector z € E the norm ||-|| satisfies ||z]] < /s ||z,

In what follows we refer to x, as s-sparsification of x. We are mainly interested in the
following standard examples:

1. “Vanilla” sparsity: in this case £ = R" with the standard inner product, P
is comprised of projectors on all coordinate subspaces of R", w(P) = rank(P),
and ||| =[],

Assumption clearly holds, for instance, when X is orthosymmetric, e.g., a ball of
¢,-norm on R™, 1 < p < oo.

2. Group sparsity: F = R", and we partition the set {1,...,n} of indices into K
non-overlapping subsets 11, ..., I, so that to every € R" we associate blocks z* with
corresponding indices in I, k =1,..., K. Now P is comprised of projectors P = P
onto subspaces E; = {[xl, s ZL‘K} € R™: 2% = 0Vk ¢ I} associated with subsets I of

the index set {1,..., K'}. We set m(Pr) = cardl, and define ||z|| = S5, ||lz1||,—block
ly/ly-norm.

Same as above, Assumption [£.2] holds in this case when X is “block-symmetric,” for
instance, is a ball of the block norm ||-||.

3. Low rank sparsity structure: in this example £ = RP*? with, for the sake of
definiteness, p > ¢, and the Frobenius inner product. Here P is the set of mappings
P(z) = PjxP, where P, and P, are, respectively, ¢ X ¢ and p X p orthoprojectors,
and [|-]| is the nuclear norm ||z|| = Y>{_; 0;(z) where oy(z) > 09(z) > ... > 0,(z) are
singular values of x.

In this case, Assumption [4.2 holds due to the Eckart—Young approximation theorem,
it suffices that X is a ball of a Schatten norm ||z||, = (37, o ()", 1 <r < .

In what follows we assume that the optimal solution z* to the problem is s-sparse.
As the true value of s is always unknown, we denote an upper bound s > s for the signal
sparsity. Our goal is to build approximate solutions Zy to the problem utilizing NV
queries to the stochastic oracle. We quantify the accuracy of an approximate solution =
using the following risk measures:

— Recovery risks: first, the maximal over z* € X expected squared error

Risk|(Z|X) = sup E “’f - x*ﬂ

€x
where | - | stands for ||||,- or ||-||-norm, and, second, the e-risks of recovery, being
essentially the smallest maximal over z* € X radius of (1 — ¢)-confidence ball of
norm | - | centered at Z:

Risk . (Z|X) = inf {7" : sup Prob|z —a*| > r < 8}

z*eX
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— Prediction risks: first, the maximal over * € X expected sub-optimality
Risk;(Z|X) = sul))(E[f(f)] - f
HANS
of Z, and, second, the smallest maximal over z* € X (1 — ¢)-confidence interval

Risky.(Z|X) = inf (r : sup Prob (f(Z) — f*>r) < 5) .

z*eX

4.2.2 Stochastic Mirror Descent algorithm

Let ¥ : E — R be a distance-generating function from Section [1.4.3] such that the
problem is easy (for example, admits a closed form solution or may be solved by a
simple linear search). From now on, w.l.o.g. we assume that ¥(z) > ¢#(0) = 0. We say
that © is the constant of quadratic growth of J(-) if

Ve e B Y(x) <Oz
We also utilize associated Bregman divergence
Vie(#,2) = (2 — x9) — I x — 29) — (VI(x — 20),2 — ), Vz,x,20 € X,

which is a slightly modified version of . The proximal operator is naturally
associated with V,, (z, z), and we note that it is different from the proximal operator (1.9))
used in Chapters [2] and [3] Here we denote this proximal operator for =,z € X, u € E,
and 5 > 0 as follows

Proxg(u, z; 79) = argmin {{u, z) + BV, (z, 2)}

zeX
= argmin {{(u — BV (z — ), 2) + S (z — x9) } . (4.11)
zeX
Then, for + = 1,2,..., we consider the following stochastic mirror descent recursion
x; = Proxg, , (Vf'(xi_l,wi), Ti1; a:o) , To € X, (4.12)
Here 3; > 0 is a step size parameter which is defined later, and wy, wo, ... are independent

identically distributed (i.i.d.) realizations of the random variable w from (4.1)).
The approximate solution to the problem (4.1)) after N iterations is defined as the
following weighted average

N
Iy = [Z ﬂi_ﬁ] >_ B (4.13)
i=1 i=1
The next result describes some useful properties of the recursion (4.12)).

Proposition 4.1. Suppose that the SMD algorithm is applied to the problem .
We assume that Assumption [{.5 holds and that initial condition xy € X is independent of
(w);>1 and such that E {on - x*||2} < R?%. Choose the constant step size

Bi=0>2xv, i=1,2,...,m.

Then the approximate solution ., = i > x; after m steps of the algorithm satisfies

B -1 < 2 (o0 50 ) + 22

(4.14)



4.3. Multistage SMD algorithm 117

4.3 Multistage SMD algorithm

We are using the stochastic mirror descent algorithm as the building block in the
iterative approach of [Juditsky and Nemirovski, 2011a;, [Juditsky and Nesterov, 2014] to
improve its accuracy bounds. The proposed Stochastic Mirror Descent algorithm for
Sparse Recovery (SMD-SR) works in stages, which are split into two groups—phases—
corresponding to two essentially different regimes of the method. We refer to the first phase
as preliminary, and refer to the second as asymptotic. Each stage consists of a launch of
the SMD algorithm initialized at some proper point and subsequent post-processing of
the resulted approximate solution. By the end of each stage, we have Risk.|(gx|X) being
halved in expectation. Then, we “sparsify” the obtained approximate solution by zeroing
out all but s entries of largest amplitudes. This sparse point is used then to initialize the
SMD algorithm at the next stage. At the preliminary phase we perform a fixed number my
of iterations of the SMD so that the expected quadratic error E||jy — 2*|> decreases
linearly. The asymptotic phase is dedicated to decrease the variance part, and we increase
exponentially the number of iterations per stage m;. The resulted asymptotic expected
quadratic error decreases as O (%) which corresponds to .

We are in shape to present the precise scheme of the SMD-SR procedure in Algorithm [4.1]
where we assume to be given R < oo and xy € X such that ||z* — 24| < R, along with the
problem parameters s, 5, v,¢2, u and an upper bound 5 for signal sparsity. The number

of steps of the SMD to perform locally (mk)kKlO and the step sizes (ﬁk)flo are chosen

such that Risk).(gx|X) is halved in expectation based on the convergence guarantees of
Proposition [4.1] Properties of the proposed procedure are summarized in the following
statement.

Theorem 4.1. In the situation of this section, suppose that N > mg so at least one
preliminary stage of Algorithm[{.1] is completed. Then there is an absolute ¢ > 0 such that
approximate solutions Ty and Yy produced by the algorithm satisfy

L uR? ( cNu ) 250
<= — :
Risk(Zn|X) < = exXp e +C N (4.15)
Risk (] X) < 2sRisk, (x| X) < 8sRisky (T X)
Nu O 252
< R? (— < ) S 4.16
~ TSP\ T gm0 W2N ( )

4.3.1 Enhancing reliability of SMD-SR solutions

In this section, our objective is to build approximate solutions to problem (4.1
utilizing Algorithm which obey “sub-Gaussian type” bounds on their e-risks. Note
that bounds and of Theorem [4.1] do allow only for Chebyshev-type bounds
for risks of yy and Zy. Nevertheless, their confidence can be easily improved by applying,
for instance, an adapted version of “median-of-means” estimate [Nemirovsky and Yudin,

1983} Minsker|, 2015].
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Algorithm 4.1 Stochastic Mirror Descent algorithm for Sparse Recovery [SMD-SR]

1: Input: xy in R? (initial point); N (budget of iterations);
2: Initialization:
Set yo = xg, Ry = R > ||zp — x*||, constant step size
Bo = 2xv, (4.17)
the number of steps of the SMD algorithm to perform locally
mo = |1617"5(80 + )| ; (4.18)

and the number of preliminary stages performed

_ 20 N _
K = J10g2 (%) { and K = min{{moJ ,K}. (4.19)
3: for k=1,..., K do stages of the preliminary phase
4: — Launch the SMD algorithm, initialized with y;_1, for my iterations with constant
step size parameter [3y. Obtain an approximate solution Z,,, (yx_1, 5o)-
5: — Define y;, as s-sparsification of Z,, (yx—1, 50), being yx = sparse(Z ., (Yx—1, 5o))-
6: end for

7: Output of the phase:
define gV = yx and 21 = 2, (yx_1, B).
8: Initialization of the asymptotic phase:
Set the remaining budget M = N — moK.
Set the number of steps of the SMD to perform per stage

Ty = J5128@””2ﬂ.

Ju

9: if m; > M then we do not have a budget for the asymptotic phase.
We output jy = gV and 2y = 2.
10: end if
11: Set g, = ) and B, = 2" and the number of asymptotic stages to perform

k
K/—max{k:: ZmZSM}

=1

12: for k. =1,..., K’ do stages of the asymptotic phase

13: — Launch the SMD initialized with y;,_,, for my, iterations and constant step size
parameter ;. Obtain an approximate solution Z,, (y,_1, Bk)-

14: — Define y;, as s-sparsification of Z,,, (yi._;, Bk)-

15: end for

16: Output: yy = yj and Ty = T, (Y1, Brcr)-
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Reliable recovery utilizing geometric median of SMD-SR solutions. Suppose
that available sample of length N can be split into L independent samples of length
M = N/L (for the sake of simplicity let us assume that N is a multiple of L). We run
Algorithm on each subsample thus obtaining L independent recoveries fg\lf, . A(L and
compute “enhanced solutions” using an aggregation procedure of geometric medlan -type.
Note that we are in the situation where Theorem [4.1] applies, meaning that approximate

solutions xgw), o x%ﬁ) satisfy

R? cMpu 250
ve E[fGO)] - < =B <— ) (op e 4.20
and so
RONE: 2 _ 25 _ R? My O35
V¢ E [H 2} <0y = #TM Sz er (5.5, + M (4.21)
We are to select among ES\? the solution which attains similar bounds “reliably.”
1. The first reliable solution Zy ;_. of z* is a “pure” geometric median of 9?5\14), ceey 2%?:
we put
Tni-e € Argmln Z H Y. (4.22)

and then define yy1-. = sparse(ZTy 1)

Computing reliable solutions Zy1_. and yn1_. as optimal solutions to amounts
to solving a nontrivial optimization problem. A simpler reliable estimation can be
computed by replacing the geometric median Zy ;_. by its “empirical counterparts”
(note that, number L of solutions to be aggregated is not large—it is typically order

of log[1/¢]).
2. We can replace Ty 1_. with

L
Thni_. € Argmin Z Hm — ZL‘(E)H

1) L)
{5(1»1’ 753\(1\/1 }

and compute its sparse approximation gy ;_. = sparse(Zy ,_.).

3. Another reliable solution (with slightly better guarantees) was proposed in [Hsu and
Sabato, 2014]. Let i € {1,..., L}, we set

ENPNO) A(]
7"1']' = H.Z'M

and denote 7{;) < r{y) < ... <7r{;_,y corresponding order statistics (i.e., r;’s sorted

in the increasing order). We define reliable solution 27, . = :zrg\}) where

i € Argmin T1L/2[ (4.23)
ie{l,...,L}

and put gy ,_. = sparse(Z ,_.)-
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Theorem 4.2. Let ¢ € (0,7], and let Ty (resp. Yy) be one of reliable solutions
Tien, Ty oy and By (resp., Yi-en, U1y and G ) described above using L =
Jalog[l/e“ independent approzimate solutions 3?5\14), ...,:’155\? by Algorithm . When

N > Lmg we have

Risk||,||7€(§N‘X) < \/%RiSkH-II2,€(?N|X) < \/gRiSk”.HwE(TN’X)

cNu G5 O log[l/e]
< - - - —ol7/A]
~ fexp ( O sy log[l/e]) * o N ' (4.24)

Remark. Notice that the term log[1/¢] enters the bound as a multiplier which is
typical for accuracy estimates of solutions which relies upon median to enhance confidence.
A better dependence on reliability tolerance parameter with the corresponding term
entering as in © + log[1/¢] may be obtained for algorithm utilizing “trimmed” stochastic
gradients |Juditsky et al., 2019].

Algorithm 4.2 Reliable aggregation

1: Input: approximate solutions of the first step 565\14), e 555\?; observation samples lengths

N and K; algorithm parameters € € (0,1], L' € Z; and m = K/L’ (for the sake of
simplicity we assume, as usual, that K = mlL’).

o~

2: Compute 7%, . = 555\24) the reliable solution as defined in (4.23) and denote I =

{i1, ..., 71 /2r}, the set of indices of |L/2[ closest to 2y ; . points among fﬁ), .

Comparison procedure:
!

3. Split the (second) sample w’ into L' independent subsamples (w(Z)l_l of size m.

4 Foralli el , compute the index

o oV
U; = max {medlan[vji] — pi]}

JEIL, j#i
where
o _ V& oA @) A0 £y A6 A0 /
Yji = Ez<vf(37M +t(Zy — Zhp ), wi), Tog _33M>» t=1,..,L,

k=1

are estimates of vj; = f(fg\’}) — f@g{}), t = %, k=1,...,m, and coefficients Pij > 0

to be defined depend on r;; = Hfﬁg\? — ZE%)H2

Output: We say that x%? 18 admissible if U; < 0. When the set of admissible :ES\Z)’S is
nonempty we define the procedure output Tyix 1. as one of admissible fs\})’s, and

_ ~(1 .
define Tnig1-c = azgw) otherwise.

3. The exact value of the numeric constant « is specific for each construction, and can be retrieved
from the proof of the theorem.



4.4. Applications 121

Reliable solution aggregation. Let us assume that two independent observation
samples of lengths N and K are available. In the present approach, we use the first sample
to compute, same as m the construction presented above, L 1ndependent ap rox1mate

SMD-SR solutions z xM, ¢=1,..,L, M = N/L. Then we “aggregate” ’x\M - —select

the best of them in terms of the objective value f (xgw)) by computing rehable estlmations

of differences f (A(i)) —f (A(j )) using observations of the second subsample.

The proposed procedure for reliable selection of the “best” solution x( ) i

Algorithm [4.2] Now, consider the following (cf. Assumption

is presented in

Assumption 4.3. There are 1 < x,x < oo such that for any x € X and z € E the
following bound holds:

E [{¢(e,w), 2)%] < 1212 [xLa (f(2) — £) +X'<7] (4.25)

where Ly s the Lipschitz constant of the gradient V f of [ with respect to the Fuclidean
norm,

IVf(z") = V@), < Loz’ —2"|,, Va',2" e X.

Theorem 4.3. Let Assumption[{.d hold, and let Ty; and 6y be as in and
respectively. Further, in the situation of this section, let e € (0,3], L =]alog[1/e]| for
large enough o, and let Ty, 1-- be an approzimate solution by Algorithm [{.3 in which we

set L' > J?log[Q/e] { and

Lox X
pig = 2rig\| == (7 (rig) + Tar) + 2rijsy [~
5 1/2
E /!
~y(r) = [41“\/ X2 T | +4rGay/ X . (4.26)
m m

Risk/ . (Tniri-o|X) < 7% =+ (80u),

where

Then

xLalog[l/e] Ny’

In particular, when K = mL' > cmaX{ } for an appropriate absolute ¢ > 0,

m 7 ©x's
one has
. _ uR? cNu s250¢ log[1 /€]
Risk . X)) S — — - .
iskpe(Tircr-elX) S s exp( @%sylog[1/5]> uN

4.4 Applications

4.4.1 Sparse linear regression by stochastic approximation

Let us consider the problem of recovery of a sparse signal x* € R", n > 3, from
independent and identically distributed observations

:¢?x*+051’ i:1,27...,N
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with ¢; and & mutually independent and such that E {qﬁiqﬁﬂ =X, usl ¥, and ||X||  <wv
with known s > 0 and v; we also assume that E[¢] = 0 and E[¢Z] < 1.

We suppose that x* is s-sparse. Furthermore, we assume to be given a convex and
closed subset X of R™ (e.g., a large enough ball of ¢;- or fo-norm centered at the origin)
such that z* € X, along with R < oo and zy € X such that ||z* — z¢]|, < R.

We are about to apply the SMD-SR approach from Algorithm To this end, consider
the following stochastic optimization problem

zeX

min { () = ;]E (= 6"} (4.27)

so that f(z,w) = (n — ¢Tx)? with w = [¢,n]. Note that 2* is the unique optimal solution
to the above problem. Indeed, we have

f(x) = ;E [[¢T(x* —x)+ 05]2] = ; (z — )2 (x — 2%) +;UQ.

2
=le—z*5

Observe that Vf(z) = X(x — 2*) = {Vf(a:, w)} where

Vi(r,w) = ¢o" (v — a) — ot (4.28)

and

((w,w) = V(z,w) = Vf(z) = |¢¢" = =] (z = 2%) = 00,

Further, the objective f is strongly convex with respect to the fo-norm, so that the
condition holds with the parameter y = py.. We set ||| = ||-||; with ||-]|, = |||, and
we use the “/;-proximal setup” of the SMD-SR algorithm with a quadratically growing
for n > 2 distance-generating function, see, for instance, Theorem 2.1 in |[Nesterov and
Nemirovski, |2013]

1 1
_ - nP—12=-p)/ i
(r) = gelogln) n VPP e} p=14 -

where the corresponding © satisfies © < %eQ log n.
Note that

(@) = ||V f(,w) - Vi@ | = B[|[o6" - 5] (2 — o) - oe][].

Therefore, in our present situation Assumption reads

E [H[qbng_Z} (x — 2¥) —aquH ] < m/||:1:—x 13+ <2 (4.29)

The following statement is a straightforward corollary of Theorems [£.1]and [£.2} it describes
the properties of approximate solutions obtained by Algorithm when applied to the
observation model in this section. We assume that the problem parameters—values
of s, v, us, 0? and an upper bound 5 on sparsity of z*—are known.
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Proposition 4.2. Suppose that holds.
(i) Let the sample size N satisfy

16vs

N > my :J (4e®sclog[n] + 1){

55

so at least one preliminary stage of Algorithm[].1) is completed. Then, approzimate solutions
Ty and Yy produced by the algorithm satisfy

) N ) N cN uy; vo?stlogn
Riskj. X) < 8sRisk;. X) < R? - 4.30
ik (In|X) < 8sRisky (Tn]X) S eXp< %Eylogn>+ AN (4.30)
2 N 253/ 1
Riskf(:ﬁN|X)§”E_R exp | ———HE ) | PO 5% 0BT
5 »svlogn s N

(ii) Furthermore, when observation size satisfies N > amglog|l/e| with large enough
absolute o > 0, 1 — ¢ reliable solutions Yn,1—. and Tn,1—. as defined in Section [{.3.1] satisfy

Risk) < (Gin,1-<| X) < V2sRisky ), < (Giv1-<| X) < 2V2sRisky, o (Zw1-2| X)

cNps a§\/ylog[1/5] logn (4.31)
»svlog[l/e]logn Us N ’ '

< Rexp (—

with Tl 1o, T 1_. and Yy 1_o, Yn1_. verifying similar bounds.

Note that Assumption [£.3]in the case of sparse linear regression holds when for some
1<y <o

Vee X,z eR" E|(:7¢)" (6" (x - m*)ﬂ < ;X 1212 01 (2) |z — 2|2 (4.32)

where 1(X) is the principal eigenvalue (the spectral norm) of ¥. Indeed, in this case we
have

B|("¢tew)’] =B (7 {[66" 2] (o ")~ oue})’
(7[00 - =] @ - )] + o [ (70)]

<E|(70)" (" =) ] + 2zl on()
1

<5 le =213 x I3 o (2) + o (£)o? 2113
| —

/@)1
implying Assumption {4.3| with ' = 01(X)/v .
The following result is a corollary of Theorem [4.3]

Proposition 4.3. Suppose that and hold true, and let

S b
N > c¢max {%VS log[1/¢] logn, Xo1(2) log[l/e]}
253 25>
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with large enough ¢ > 0. Then aggregated solution Ton 1. (with K = N) by Algom’thm
satisfies

RiSkﬁE (TQN,l_g ’X) S

ME_RQ o (_ eN s, > 02V§log[1/&?]logn‘ (4.33)

wsvlog[l/e]logn s N

Note that when o,(% ) = O (vlogn) and s and x are both O (1) bounds (4.31)
and hold for N > c* log[l/a] logn.

Remark. Results of Propositions and merit some comments. If compared to
now standard accuracy bounds for sparse recovery by ¢;-minimization [Candes, 2006, |2008|
Bickel et all 2009, Van De Geer and Biuihlmann| 2009, Raskutti et al., 2010, [Juditsky and|
Nemirovski, 2011b, Candes and Plan, [2011a, Rudelson and Zhou, 2012], to the best of our
knowledge, (4.29) and (4.32)) provide the most relaxed conditions under which the bounds
such as ([4.30)-4.33| can be established. One may notice a degradation of bounds ([4.31])
and (4.33) with respect to comparable results [Juditsky and Nemirovski, 2011b} Raskutti
et all) 2010, Dalalyan and Thompson, 2019 as far as dependence in factors which are
logarithmic in n and e~ is concerned—bound (4.24) depends on the product log[n]log[1/¢]
of these terms instead of the sum log[n] + log[~!] in the “classical” results.[] This seems
to be “an artifact” of the reliability enhancement approach using median of estimators we
have adopted in this work, cf. the comment after Theorem [£.2] Nevertheless, it is rather
surprising to see that conditions on the regressor model in Proposition [4.2] apart from
positive definiteness of regressor covariance matrix, essentially resume to (cf.

E ||os2|L| s vl vzern

Below we consider some examples of situations where bounds and - hold
with constants which are “almost dimension-independent,” i.e. are, at most, logarithmic
in problem dimension. When this is the case, and when observation count N satisfies
N > amglog[l/e|log|R/o] for large enough absolute «, so that the preliminary phase of
the algorithm is completed, the bounds of Propositions and coincide (up to already
mentioned logarithmic in n and 1/¢ factors) with the best accuracy bound available for
sparse recovery in the situation in question.ﬂ

1. Sub-Gaussian regressors: suppose now that ¢; ~ SG(0,5), i.e., regressors ¢; are
sub-Gaussian with zero mean and matrix parameter S, meaning that

'LLT U
E [e“Tﬂ < "= for all u € R™.

Let us assume that sub-Gaussianity matrix S is “similar” to the covariance matrix ¥
of ¢, i.e. S =X u¥ with some 1 < oo. Note that E [(ngTz)ﬂ < 16(27S2)? < 164 || 2|5,
and thus

E[("¢¢"x)’] <E[(z"¢)'| "E|(2"¢)"]
4. Note that a similar deterioration was noticed in ﬂCandes and Plan) 2011a).
5. In the case of “isotropic sub-Gaussian” regressors, see [Lecué et al.; 2018], the bounds of Proposi-

tion are comparable to bounds of |Lecué et al., 2020, Theorem 5] for Lasso recovery under relaxed
moment assumptions on the noise &.

1/2 1/2

<1627 Sz 27 Sz < 16p%01(2) || 2|3 ||z]|%
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what is (4.32) with y = 16u2. Let us put © = max,[S];;. One easily verifies that in
this case

v =R [|6]%] < 20(log[2n] + 1) < 2uv(log[2n] + 1),
and
E[ll6l] < 40%(log’[2n] + 2log[2n] + 2) < 4p*v? (log?[2n] + 2log[2n] + 2).
As a result, we have
o) =B l6" - Sl — a7) - ot
< [E 10l DYAE (6" (@ — ) )Y + o E [[1l12]))* + Vo e x*llz]z

\/SD(log[2n] +2) ||z —z"||g + U\/Qﬁ(log[Zn] +1) + Vol — 2™y i

2
<2 <m/8(log[2n] +2)+ 1> v |z — 2|3 + 4pv(log[2n] + 1)0.

whence, (4.3) holds with »v < p?vlogn, » <1, and ¢2 < pvo?logn.

2. Bounded regressors: we assume that ||¢;]| . < p a.s.. One has

<

*@) =E |[[6¢" - 2] (@ ~ #") - oto] ]
<E |6 (16" (e = a)] +0l¢]) + [Efo0” @ =2

< wE|[167 @ — ") +olél + v o — o]
< 2(u+ Vo) [l — 27|y + 2470

)

implying with s < 4(p + 4/v)? and ¢? < p?0?. In particular, this condition
is straightforwardly satisfied when ¢; are sampled from an orthogonal system with
uniformly bounded elements, e.g., ¢; = /nth., where {1;,7 = 1,...,n} is a trigono-
metric or Hadamard basis of R", and x; are independent and uniformly distributed
over {1,...,n}. On the other hand, in this case, for z = x = 1); we have

E|(z"¢¢"2)’] = E[(¢166"11)*| = n = nllenll; = n llll3 |23,

implying that (4.32)) can only hold with y = O (n) in this case.
Besides this, when ¢ is a linear image of a Rademacher vector, i.e. ¢ = An

where A € R™*" and 7 has independent components [n]; € {£1} with Prob{[n]; =
1} = Prob{[n]; = —1} = 1/2, one has ¥ = AAT, and

1/2 1/2

E[(z"¢¢" (@ —2")] <E[(z"9)"] "E[((x — %) )]

< 22782 (¢ — o)z — 2%) < 201(8) |25 2 — 27l
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implying (4.32) with Y = 4. On the other hand, E [(gzﬁTx)ﬂ <2 HATxH; (cf. the
case of sub-Gaussian regressors above), and, denoting ;» = max; ||Row;(A)|,, we get
Prob (H¢Hio > tu) < 2ne*/2, with

E[|Ig]%] < 2p°[log[2n] + 1] and E [[|¢]|2,] < 4p*[log*[2n] + 2log[2n] + 2],
Thus,
o) = Elo6" - Sl(a — a7) - ot
< [E IO AE [(67 (@ — ) )M + o (E [I612]) 2 + Vollz — a*lly)]”
< [V/aChoaf2n] + Do — "l + 0/2(hoa(2r] + e+ v o — 5]
<2 (uy/1ogl2n] +2) + V&) lle — [ + 42 logl2n] + 1)0?

what is (4.9) with s < p?logn + v, ¢ <1, and ¢2 < p?0?logn.

. Scale miztures: Let us now assume that

¢ ~ V2, (4.34)

where Z is a scalar a.s. positive random variable, and n € R" is independent of Z
with covariance matrix E [nnT] = Y. Because

2
e

. e

E[lg%] =E[ZE [Inl%], E

oo™ | =B [2*]E
and
% =] E [967] = E[Z]E "],

we conclude that if random vector n satisfies (4.29)) with g substituted for ¥
and E [Z?] is finite then a similar bound also holds for ¢. It is obvious that if 7

satisfies (4.32)) then

&=

[2°]
2]’

E[(:76¢"0)?2] = E[22) E[(:"mn"2)?] < o |12 1

=

E[Z2
2 ) =

=Yg (7]

E[Z?]
E[Z]*"
Let us consider the situation where n ~ N (0, %) with positive definite Xo. In this
case ¢ is referred to as Gaussian scale mixture with a standard example provided by n-
variate t-distributions t,(q, Xo) (multivariate Student distributions with ¢ degrees of
freedom, see [Kotz and Nadarajah, 2004] and references therein). Here, by definition,

and (4.32)) holds for ¢ with y replaced with x
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ta(q, X0) is the distribution of the random vector ¢ = v/Zn with Z = ¢/¢, where ¢
is the independent of 1 random variable following y2-distribution with ¢ degrees of
freedom. One can easily see that all one-dimensional projections e’ ¢, |le]|, = 1, of ¢
are random variables with univariate ¢,-distribution. When ¢; ~ t,,(¢, £o) with ¢ > 4,
we have for ( ~ Xg

2 2
IR
¢l q¢-2 ¢ (¢—2)(q—4)
so that ¥ = (1%220, and

*(2) = B [|lo6" - S)w - ") — ot

-2
<4 4vlog[n] |z — 2*|s, + o*vlogn

~Y

implying (4.9) with s, 5/ <1 and ¢? < o?vlogn. Moreover, in this case

E[2?]
E[Z]°

2 2 q—2 2 2
2[5 lz]l5 < 9q 1 () [I=ll2 [l

E {(quﬁ(bTx)ﬂ =E [Zﬂ E {zTnnTx)ﬂ <3

Another example of Gaussian scale mixture is the n-variate Laplace distribution
L, (A, o) [Eltoft et al., 2006 in which Z has exponential distribution with parameter
A. In this case all one-dimensional projections ¢, |le]|, = 1, of ¢ are Laplace
random variables. If ¢; ~ L, (A, ¥¢) one has

$*(z) Swvlogln] |z — x*|| + o*vlogn
and

E[(z"¢¢"2)’] S o1(D) 1213 ;-

4.4.2 Stochastic Mirror Descent for low-rank matrix recovery

In this section we consider the problem of recovery of matrix x, € RP*?, from indepen-
dent and identically distributed observations

N = <(bl,llf*> + Jgi, = 1,2, ceuy N, (435)

with ¢; € RP*? which are random independent over ¢ with covariance operator % (defined
according to X(x) = E [¢ (¢, x)]). We assume that & € R are mutually independent and
independent of ¢; with E[¢;] =0 and E [¢2] < 1.

In this application, F is the space of p X ¢ matrices equipped with the Frobenius scalar
product

(a,b) =Tr (aTb)

with the corresponding norm ||al|, = (a, a)'/?. For the sake of definiteness, we assume
that p > ¢ > 2. Our choice for the norm ||| is the nuclear norm |z| = |o(x)]|,
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where o(z) is the singular spectrum of x, so that the conjugate norm is the spectral norm
1yl = llo(y)llc. We suppose that

ps llzll; < (2, 2(2)) < vllz); Vo e R,

with known gy, > 0 and v, we write us/ < 3 < vl; for + € RP*? we denote ||z|y, =
(x,%(z)). Finally, we assume that matrix z* is of rank s < § < ¢, and moreover, that

we are given a convex and closed subset X of RP*? such that x* € X, along with R < oo
and g € X satisfying ||z* — z¢|| < R.
Consider the following stochastic optimization problem

min {f(a:) = ;]E [(77 - nga:)Q}} : (4.36)

zeX

so that f(z,w) = (n—¢Tx)? with w = [¢,n]. We are to apply SMD algorithm to solve (4.36)
with the proximal setup associated with the nuclear norm with quadratically growing
for ¢ > 2 distance-generating function

2

d(x) = 2elog(2q) [zq: aﬁ’”(m)] ” o= (121og[2¢]) ",

j=1

(here o;(x) are singular values of x) with the corresponding parameter © < C'log[2¢]
(cf. |Nesterov and Nemirovski, 2013, Theorem 2.3]). Note that, in the premise of this
section,

f() = SE[(0€ +(6,2° ~ 2)] = (e = 2*I% + o),
with

Vi(z) =Xz —2%) = El¢((¢, 2 — ") — o§)]

:Vf(x,w)

and

((z,0) = Vf(z,w) = Vf(z) = [6($,x — 2¥) = Sz —2")] - 0¢k.

Let us now consider the case regressors ¢; € RP*? drawn independently from a sub-
Gaussian ensemble, ¢; ~ SG(0,S5) with sub-Gaussian operator S. The latter means
that

E {€<x,¢>} < e3(@8@) vy c RPX

with linear positive definite S(-). To show the bound of Theorems 4.1 in this case we
need to verify that relationships (4.9) and (4.25) of Assumptions and are satisfied.

To this end, let us assume that S is “similar” to the covariance operator X of ¢, namely,
S = pX with some p < oco. This setting covers, for instance, the situation where the entries
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in the regressors matrix ¢ € RP*? are standard Gaussian or Rademacher i.i.d. random

variables (in these models, S = X is the identity, and f(z) — f(z*) = % [l — z*|12).

Note that, more generally, when S < p we have S < pvl with
E[Joll'] < C22(p+ )%,
cf. Lemma [4.3] of the appendix, and
E (¢, —2")"| <16 (z — 2", S(z — 27))* < 164* ||z — 2"|[3
for sub-Gaussian random variable (¢, z — z*) ~ SG(0, (x — x*, S(x — x*))). Therefore,
* *\ (|2 *\ |2 %12
E|ll¢(¢,x —a), — (@ — 2")|P] <2E [[l¢ (¢, — 2")|[] + 20 [lo — 273
1/2 oa11/2 .
<oE[lg:] "E[(¢,x — 2] + 20z — 273
< 8CE*(p+ v llo — 2" |5+ 2v o — 27l

Taking into account that v = E [||gb||ﬂ < Cpu(p + q) in this case, we have

(z) = E[[[¢(z,w)I2] < 2E[|l¢ (6,2 — 2*) — Sz — 2*)|I}] + 20°E [||¢]I?]
< 8(ACH (p + q) + D[ f(2) = ] +2Cuv(p + q)o”

implying (4.9) with s> < pand 5/ S 1.
Similarly, we estimate Vo € X, z € RP*9

E [(¢,2)"]

1/2 1/2

E [(¢,2)" (¢,2)°] <E|[(z,9)"] < 16(z,5(2)) (2, S(x)) < 16470 |1z |z,

so that

implying the bound with ¥ < u(p+¢)~tand ¥’ < p=(p+q)~!. When substituting
the above bounds for problem parameters into statements of Theorems we obtain
the following statement summarizing the properties of the approximate solutions by the
SMD-SR algorithm utilizing observations .

Proposition 4.4. In the situation of this section,

(i) let the sample size N satisfy

2 —
N>a [u u(p + Q)Slogq]

125
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for an appropriate absolute o, implying that at least one preliminary stage of Algorithm [{.1]
is completed. Then there is an absolute ¢ > 0 such that approzimate solutions Ty and Yy
produced by the algorithm satisfy

N 2 521
Risky.| (7] X) < 8sRisky, (Znx]X) < R?exp <_ > ) o”pv(p + q)5”log g

1*u(p+ q)sloggq (AN ’
R? N 2 51
Risk;(Zn|X) S “E_ exp <_ 5 ¢ Mz_ ) o’uu(p+q)s ogq
5 p*u(p + q)5logq (i N

(7i) Furthermore, when observation size satisfies

N> o luzv(p + q)5log[1/e]log q]

125>

with large enough o, 1 — ¢ reliable solutions Yni1—. and Tni—. defined in Section
satisfy for some ¢ >0

RiSkH-||,5(f/U\N71—a|X) S \/%RiSkH-HQ,s(f/U\NJ—AX) S Q@Risk”.”wg(i\]\[,l_‘gl){)
¢ Npys ) cf's\/uv(p+q) log[1/¢]log g

(4.37)

<R _ ,
~ eXp( p*u(p+ q)slog[l/ellogq )  px N

with solutions Ty, ., T 1. and Yy ., Yn1-. verifying analogous bounds. Finally, the
following bound holds for the aggregated solution Ton 1. (with K = N ) by Algorithm :

RiSkf7€<T2N71,E‘X) 5

pelt (_ ¢'Npus > o’ pv(p + g)5log[l/e]log g
p?v(p + q)slog[l/e]log g s N

Remark. Let us now compare the bounds of the proposition to available accuracy
estimates for low rank matrix recovery. Notice first, that when assuming that p < 1 the
bounds of the proposition hold if (the upper bound on unknown) signal rank s satisfies

5< Ny .
~ (p+q)vlog[l/c]logq

The above condition is essentially the same, up to logarithmic in 1/e factor, as the best
condition on rank of the signal to be recovered under which the recovery is exact in the
case of exact—mnoiseless—observation [Candes and Plan|, 2011b, [Recht et al., 2010]. The
risk bounds of Proposition can be compared to the corresponding accuracy bounds for
recovery Ty Lasso Py Lasso with nuclear norm penalization, as in [Koltchinskii et al., [2011]
Negahban and Wainwright|, [2011]. For instance, when regressors ¢; have i.i.d. A(0,1)
entries they state (cf. [Negahban and Wainwright, 2011, Corollary 5]) that the |||, , e-risk
of the recovery satisfies the bound

o*r(p+q)

RiSk”-HQ,s({U\N,Lasso'X) 5 N

for € > exp —(p + q). Observe that the above bound coincides, up to logarithmic in ¢
and 1/e factors with the second—asymptotic—term in the bound (4.37). This result
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is all the more surprising if we recall that its validity is not limited to sub-Gaussian
regressors—what we need in fact is the bound (cf. the remark after Proposition |4.3))

E[ll¢ (622 S @+a)lle—2"%. (4.38)

For instance, one straightforwardly verifies that the latter bound holds, for instance, in the
case where regressor ¢ is a scale mixtures of matrices satisfying (4.38) (e.g., scale mixture
of sub-Gaussian matrices).

4.5 Experiments

Here we present a small simulation study illustrating the performance of the SMD
algorithm.

Problem statement and model description We analyze the application of the SMD-
SR algorithm to sparse linear regression model of Section [£.4.1],

m=¢ra* + o0&, i=1,2,..,N.

The signal z* € R" is assumed to be s-sparse; we consider large-scale setting with
(N,n,s) = (100000, 100000, 50) of the case N < n. The random observations (¢;, &)Y | are
assumed to be mutually independent. In our first experiments, the noise terms (&)Y, are
standard Gaussian, and regressors (¢;)Y | are normally distributed with zero mean and
covariance matrix . Matrix X is diagonal with entries =31 <399 <--- <Y, ,, = 1.
The parameters (u, ) are specific for each experiment, while the rest (¥;;)7=,) are evenly
spaced in the segment [y, v]. The components of the optimal solution z* are evenly spaced
in [1,n] with the non-zero entries being sampled from the standard Gaussian distribution.
The number s of non-zero components is assumed to be known.
We consider the following stochastic optimization problem

3

with inexact gradients V f(z,w) = ¢¢” (x — 2*) — 0€¢ being accessible at each iteration.
We compare the SMD-SR procedure with the SMD algorithm having the same proximal
operator and with the coordinate descent algorithm (CDA) solving the Lasso problem

zeR? 2

min {f(x) = 1E {(n - <;§Tx)2

, 1 Y 2 . log(n)
min {2]\7 ; (m - gbfa:) + A ||a:||1} . with A = 2v20 N (4.39)

implemented in a Python package sklearn. The choice of A in (4.39)) is theoretically optimal
according to [Bickel et al., 2009, Koltchinskii et al., [2011]. The code of the SMD algorithm
is the same as the one used by the SMD-SR procedure.
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Algorithm 4.3 Asymptotic phase of Algorithm [4.1] when using mini-batches of exponen-
tially increasing sizes.

1: Initialization:
Set the constant step size By = 2xv,
and the number of steps of the SMD to perform per stage

my = J16/f1§(8@% + 1)V[,

and the coefficient for the mini-batch sizes i, = log(n).
2: for k=1,..., K’ do stages of the asymptotic phase
: — Launch the SMD, initialized with y;_,, for mq iterations with the constant step
size parameter 3y, using mini-batches with size I, = [;2*. Obtain an approximate
solution Zp,, (Yi_1, Bo)-
— Define y;, as s-sparsification of Z,,(y;_1, Bo)-
5: end for

6: Output: Yy = v and Ty = Ty (Yxr—1, Bo)-

Mini-batches in the asymptotic phase In our simulations, we use mini-batch im-
plementation of the asymptotic phase of the SMD-SR algorithm. It allows to reduce
the computational complexity of the method while preserving the convergence bounds of
Theorem [£.1] Mini-batch technique essentially amounts to averaging stochastic gradients
when staying at one point. Then the updates are made using the averaged oracle responses.
We use mini-batches of exponentially increasing sizes I, = 2¥ly, where k is the index of the
asymptotic phase of the algorithm. This allows to run the algorithm with the constant step
size parameter B = [y and constant number of steps per asymptotic stage my = mg. This
might significantly reduce the computational complexity of the algorithm in the case with
expensive computation of proximal mapping and/or in a distributed setting. The
updated scheme of the asymptotic phase with mini-batches is presented in Algorithm 4.3
The theoretical guarantees for approximate solutions by the Algorithm with mini-
batches are essentially the same as those of the standard implementation given in Algo-
rithm [4.1] We will assume that for mini-batch with size [ the following holds
1 ’

‘|l2<($awi)

=1

E <02l

*

for every x € X with the factor C' = C(n) depending on problem dimension.[| Let us then
set up lp = |C|.

Workarounds for SMD-SR. The choice of algorithm parameters given in Section
is derived from the theoretical worst-case perspective and is typically very conservative in
practice. We give a brief overview of the workarounds used in our simulations.

6. Note that the factor C(n) = 1 in the case of Gaussian regressors and is always bounded
with O (log(n)). For instance, C'(n) ~ logn in the case of Rademacher and bounded regressors.
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— First of all, the number of steps mg to be performed by the SMD algorithm on
each preliminary stage is taken as mo = |(1/2)sv(log(n) 4+ 1)|, which coincides
with in the case of u = 1.0.

— In our simulations, we apply the CUSUM test for monitoring a change detec-
tion [Ploberger and Kramer, (1992 Lee et al., 2003] to define the switching point
between the preliminary and the asymptotic phase of the algorithm. In any case,
we perform at least 4 preliminary stages: if we pass to the asymptotic phase slightly
lately, the SMD-SR procedure is fast to regain the pace even if there is an unstable
behavior at the end of the preliminary phase.

— We use mini-batches instead of the exponentially increasing my and S;. This allows
to significantly accelerate the method at the asymptotic regime alleviating the
computational burden of expensive prox-evaluations.

— Our step size strategy is to use variable step sizes 8; = o ||¢:]|%, with a constant
factor By = 1.0 both for SMD-SR and SMD. The optimal choice of 5, was made
in accordance with the condition 5y > v, neglecting the constants derived in the
theoretical analysis. In order to compute the current approximate solution, the
estimates of the SMD algorithm are then weighted according to the corresponding
step sizes f3;.

Setups We conduct comparisons of the SMD-SR procedure with the SMD algorithm
and with the coordinate descent algorithm for the Lasso version of sparse linear regression
problem. First, we consider four setups, each corresponding to a specific pair (i, o), where p
belongs to {0.1,1.0} and ¢ € {0.001,0.1}. We run 15 simulations for each combination
of parameters. On the figures below we present the median curve along with the tube of
25% and 75% quantiles around it. For the SMD algorithm we plot both the averaged and
the non-averaged solutions. Plots presented in Figure illustrate the improvement by
the SMD-SR procedure over the plain SMD algorithm in the considered settings. The
acceleration of the initial error convergence is clearly seen on the plots for o = 0.001.

We present a comparison with the CDA for Lasso in Figure [4.2] in the case of
large noise, ¢ = 10.0. Due to memory limitations of the CDA, we consider the setup
with (N,n,s) = (10000, 50000, 50). The CDA is restarted for different sizes of the observa-
tion sample, each time the number of iterations of the algorithm is limited to N = 10000.
Same as in the previous comparison, we run 15 simulations; the plots represent the median
curve along with the tube of 25% and 75% quantiles.

While the coordinate descent algorithm outperforms the SMD-SR, procedure for smaller
values of (N,n, o), the proposed algorithm appears to be competitive in the large noise
setting. This improvement is especially notable in terms of the time of performance.

Similar results were observed when utilizing other distributions of ¢; and &;. For
instance, the results of simulations with regressors randomly drawn from the Hadamard
basis in R™ with n = 65536 = 2'¢ are presented in Figures 4.3 and

Finally, we consider the case of heavy-tail noises—we run simulations with ¢4-distribution
(multivariate Student distribution with 4 degrees of freedom) of the noise and regressors.
Regressors components were scaled in accordance with the diagonal entries of the covariance
matrix >. We present the results of the simulations in Figures and [4.6]
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Figure 4.1 — Comparison of SMD-SR and SMD for (N, n,s) = (150000, 100000, 50) in the
Gaussian setting. For all the plots, the prediction error is given on a logarithmic scale,
and the z-axis denotes the number of steps (oracle calls). The colored tubes represent the
25% and 75% quantiles.
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Figure 4.2 — Comparison of SMD-SR and CDA for (N, n,s) = (10000, 50000, 50) on the
Lasso problem in the Gaussian setting. For all the plots, the prediction error is given on a
logarithmic scale, and the z-axis denotes the number of steps (oracle calls). The colored
tubes represent the 25% and 75% quantiles.
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Figure 4.3 — Comparison of SMD-SR and SMD for (N, n, s) = (150000, 65536, 50), when
regressors ¢; constitute Hadamard basis and £ is a standard Gaussian noise. For all the
plots, the prediction error is given on a logarithmic scale, and the x-axis denotes the
number of steps (oracle calls). The colored tubes represent the 25% and 75% quantiles.
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Figure 4.4 — Comparison of SMD-SR and CDA on the Lasso problem with (N,n,s) =
(10000, 65536, 50), when regressors ¢; constitute Hadamard basis and € is standard Gaussian
noise. For all the plots, the prediction error is given on a logarithmic scale, and the z-axis
denotes the number of steps (oracle calls). The colored tubes represent the 25% and 75%
quantiles.
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Figure 4.5 — Comparison of SMD-SR and SMD for (N,n,s) = (150000, 100000, 50) in
the setting of t,-distributed noise. For all the plots, the prediction error is given on a
logarithmic scale, and the x-axis denotes the number of steps (oracle calls).
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Figure 4.6 — Comparison of SMD-SR and CDA on the Lasso problem with (N,n,s) =
(10000, 50000, 50) in the setting of t4-distributed noise. For all the plots, the prediction
error is given on a logarithmic scale, and the z-axis denotes the number of steps (oracle
calls). The colored tubes represent the 25% and 75% quantiles.



Appendix

4.A Proof of Proposition 4.1]

We start with a technical result on the SMD algorithm which we formulate in a more
general setting of composite minimization. Specifically, assume that we aim at solving the
problem

min {F(x) =E, {f(x,w)} + h(x) = f(z) + h(x)}, (4.40)

zeX
where the set X and the function f are as in Section and h is convex and continuous.

We consider a more general composite proximal mapping: for ( € E, z,xq € X, and g > 0
we define

Proxs((, x5 x0) : = argr;in{((, 2) 4+ h(z) + BV (2, 2)}

= argr?(in {{¢ = Y (z — x0), 2) + h(z) + pY(z — x0)} (4.41)
ze
and consider for ¢ = 1,2,... the stochastic mirror descent recursion . Same as
before, the approximate solution after NV iterations of the algorithm is defined as the
weighted average of (:Cz)fil according to . Obviously, one can recover the setting of
Section by putting h(z) = 0. Without loss of generality, we can assume that zg = 0
and denote V(x, z) = Vy(z, z). Besides, we denote

G = Vf(fzelywi) - Vf(ﬂh‘fl)

and
N 1
((@™.2) = 30 B (V). s — 2+ h(w) — () + 2V (@m),  (442)
i=1
with 2% = (z9,...,2y). In the sequel, we use the following result.

137
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Proposition 4.5. In the situation of this section, let §; > 2L for alli= 0,1, ..., and let
Ty be defined in , where x; are the iterations . Then for any z € X we have

[z; 6:11] [Flan) = PG < X0 F )~ F) < 0™

i—1 i—1

< V(ilf(),z) . V($N,Z) + i\[: [<C1725— $i71> + H%“*] (443)

Gir Zim1 — ®im1) | 3 IICiHQ]
< 2V (xo, 2) + [ + = =1, 4.44
N EL T A
where z; is a random vector with values in X depending only on xg, (i, ..., (.

Proof of Proposition 4.5, 1°. Let zq,...,xx be some points of X; let
€ir1(2) == (Vf (@), i1 — 2) + (B (@i41), w1 — 2) + LV (5, 341).

Note that V(z, 2) > § ||z — z||* due to the strong convexity of V(x,-). Thus, by convexity
of f and h and the Lipschitz continuity of V f we get for any z € X

F(zi) = F(2) = [f(zit1) = f(2)] + [A(zi41) — h(2)]
= [f(xit1) = flx)] + [f (@) — f(2)] + [A(2it1) — h(2)]
< [UVf(@i), wigr — @) + LV (25, 2i0)] + (V f(2), 25 — 2) + h(@i1) — h(2)
<AV (i) w1 — 2) + (B (@ig1), Tiga — 2) + LV (T3, Tig1) = €i41(2);

i.e., the following inequality holds for any z € X:
F(zi) — F(2) <eir1(2). (4.45)
2°. Let us first prove inequality . In view of , the optimality condition for ;4
in (4.12la) has the form
<Vf(xi,wi+1) + W (z541) + Bi[V (2541) — V' (24)], 2 — xi+1> >0, VzeX,
or, equivalently,
<Vf(xi, wit1) + 1 (Tig1), Tip1 — Z> < Bi (¥ (i) — V'(20), 2 — Tiga)
= 0i (V'(@i, Tis1), 2 — Tiga)
= Bi (V(2i,2) = V(@ig1,2) = V(05,741)), V2 € X[Z|
what results in

(V@) wipr — 2) + (W (i), Tia — 2) < B (V(2i,2) — V@i, 2) — Vg, 2iga)
—{(Gir1, Tig1 — 2) - (4.46)
7. The last equality follows from the following remarkable identity see, for instance, [Chen and Teboullel
1993]: for any u,u’ and w € X
(V' (u,u)yw—u") =V(u,w) —V(u',w) —V(iuu).
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It follows from (4.45)) and condition ; > 2L that

F(rip1) — F(2) < eia(2) <V (@), w1 — 2) + (B (@341), i1 — 2) + %V(% Tit1)-

Together with (4.46]), this inequality implies

1
V(x’ia 2) - V($i+17 Z) - §V($i7$i+1) - <C¢+1>$i+1 - Z) .

ir1(2) < B;

On the other hand, due to the strong convexity of V(z,-) we have

<Ci+17 Z— $i+1> - @V(:Eia -Tz‘+1) = <Cz‘+1, Z— Iz> + <Ci+1, T; — $i+1> - év(xi, $i+1)

2
2
< (Giv1, 2 — ) + M
Bi
Combining these inequalities, we obtain
2
Flains) = F(2) < 2ina(2) € AV (@102) = Vo, 2] = (G — 2} + 151 qaam)

for all z € X. Dividing by B; and taking the sum over i from 0 to N — 1 we
obtain (4.43)).

3°. We now prove the bound (£.44). Applying Lemma 6.1 of [Nemirovski et all, 2009
with zg = g we get for all z € X

N B 1 N B
Zﬁi}l (Civz — zim1) < V(xg,2) + B Zﬁi}l HQsz (4.48)
i=1 =1

where z; = argmin, . {—3;_4 (¢, 2) + V(2i_1,2)} depends only on 2,y ..., ¢;. Further,

N N
Y B Gz —wica) = By (G zica — @ica) + (G2 — 2im1)] <
i=1 1=1

N

_ L, _
< V(xo, z) + Zﬂi_ll <Ci, Zi—1 $i71> + 551'—21 HCsz

i=1

Combining this inequality with (4.43) we arrive at (4.44]). O

Proof of Proposition [4.1I} Note that, by definition, » > £ and 3 > 1, thus, Proposi-
tion [4.5|can be applied to the corresponding SMD recursion. When applying recursively the
bound of the proposition with z = z* and h(xz) = 0 we conclude that E [V, (x;, z*)]
is finite along with E {Hazl - x*]ﬂ, and so E[((41,2; —x*)] = 0. Thus, after taking
expectation we obtain

m

S (@0] — ') < PE[Viy(a0.2%) = Vil )] + 57 B [IGU1]

i=1
< E [V (20, 27) = Vo (#m, 7))

+57 i} (%V[E [f(xic1) = (Vf(z"),xim0 —2")] — ]+ %’gf) ,
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what, thanks to convexity of F', leads to

[1 - %”1 f:]E[f(x,;) — [+ BE [Vig (2, 27)]

6 i=1
o KV . g g, M
< BB Ve (20, 7)) + =5~ [B[f(20) = (VF(2), w0 = 27)] = 1+ —5=
Because, due to the convexity of f, we have f(Z,) < =™, f(z;) and
1 1
E[f(zo) = (Vf(a"), 20 = ")) = [* < SvE [ap — 2"|*] < SvR?
we conclude that when 8 > 2scv
2 245 2
B @] - £ < 2 (301 + B ) ) + 25
2R? se1/? 2572
=T (65 y w) T3
and we obtain (4.14)). O

4.B Proof of Theorem 4.1

We start with the following straightforward result:

Lemma 4.1. Let 2* € X C E be s-sparse, x € X, and let x; = sparse(x)—an optimal
solution to . We have

|z — 2| < V2s|lxs — 2", < 2v2s ||z —27,. (4.49)
Proof. Indeed, we have
|25 — 27|, < [los — ally + [lo — 2™, < 2|z — 27,
(recall that x* is s-sparse). Because xs — x* is 2s-sparse we have by Assumption
s — 27| < V2s ||z — 27|, < 2V2s [lz — 27|,
]

Proof of the theorem relies upon the following characterization of the properties of
approximate solutions yi, xy, =) and y.

Proposition 4.6. Under the premise of Theorem [.1]
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(i) after k preliminary stages of the algorithm one has

E [lye — 2*[°] < 25E [J|ys — 27[I3] < 27*R? + 355 (4.50)
N 2= v 3¢
pRy | 27

E [f(Zmo (Y1, 8))] — [ <2751 - (4.51)

wv

In particular, upon completion of K = K preliminary stages approzimate solutions )
and gV satisfy

2 25,/
E [Hg(” —z" } < 2sE My(l) — " } < 64227 : (4.52)
iz
432
E[f(z0)] _ < 2 453
@] - — (4.53)
(ii) Suppose that at least one asymptotic stage is complete. Letri = 27%r2 where ri= 64§*S%
Then after k stages of the asymptotic phase one has
E |[ly; — 2*|"] < 2B [llgp, - "] } <rp=27", (4.54)
4625/ 625
~ / _fx * —k+2 Sx
E [/ @ (i B)] = 7 = =5= <2700 (4.55)

Proof. 1°. We first show that under the premise of the proposition the following relationship
holds for 1 < k£ < K:

166,55
S Ry = R. (4.56)
VA

. 1
E [llyx —«7[*] < R} = SRy

Obviously, (4.56)) implies (4.50) for all 1 < k& < K. Observe that (4.56|) clearly holds
for k = 1. Let us now perform the recursive step k — 1 — k. Indeed, bound (4.14)) of

Proposition [4.1] implies that after mg iterations of the SMD with the step size parameter
satisfying (4.17) and initial condition xy such that E [||:E0 — x*||2] < Ry one has

E [f(@n,)] - fgidww+}R%+”e
< W}zz_l iy (4.57)
Note that when mg > 16p7'5(805¢ + 1) we have
85 [80s + 1Jv < 1
o mo -2
Therefore, when utilizing the bound of Lemma we get
165

E [l — "] < 258 [lgn = @ || < 85E [|@m, — a7[13] < == [E 1 (@mo)] - /]

<@ 80+ 1v
M 2mo

AW 1 166255«
YR+ V)SRz:—sz L+
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what is (4.56)). Finally, when using (4.57)) along with (4.50) we obtain
2

1Ry AT #S; < 9k- 4NR0 2%/§*

E Am -1 —f" S —

oo, 8] — 7 < P01 4 206 | 2
what implies (4.51)). Now, and (4.53) follow straightforwardly by applying (4.50)
and (4.51) with K K

2°. Let us prove . Recall that at the beginning of the first stage of the second phase
we have E [||go — x*||] < r2. Now, let us do the recursive step, i.e., assume that holds
for some 0 < k < K’, and let us show that it holds for & + 1. Because © > 1 and » > 1
we have 37 > 22 = 1,..., and, by ,

20
2r? sv? 242 400} 25<}
E[f(z, y’_,ﬁ _f*§H<@B+ )—l— = < k_l‘i— .
[ (Zrmy, (Y1 k))} kT 98, By My Br
roH P~ roH G
< 9 k0P | 9l=k T~ 9-k!0F ~ o—k+270 55 4.58
- 645 + 72 165 — »v ( )

Observe that

E [om, s, 60) — 2

so that by Lemma

E [l — 1] < 8B | fome (s Bo) = 0”

and (4.54)) follows. Now (4.55) is an immediate consequence of (4.54)) and (4.58)). O

]<2 7“0—7“,3,

Proof of the theorem. 1°. Let us start with the situation where no asymptotic stage
takes place. Because we have assumed that N is large enough so that at least one
preliminary stage took place this can only happen when either moK > % or my > % Due
to mog > 1, by we have in the first case:

326255

%4

E [lyx — «*[?] < Ry =27 ¥R} +

< 27 KR < R2exp <_ cNp )

Ossv

for some absolute ¢ > 0. Furthermore, due to (4.51]) we also have in this case

2 2
B 1, )] — < 2 2058 ool 0BG (N

s »v s s Osv
Next, m; > % implies that
3 cN
— >

i~ Oui

(4.59)

for some absolute constant ¢, so that approximate solution yx at the end of the preliminary
phase satisfies (cf. |4.52)

@ /22
E[lg -] < cﬂjj <O
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Same as above, using (4.52)) and (4.59)) we conclude that in this case

R %/§2 @%/§2§
Elf@) -/ <02 < 0%

2°. Now, let us suppose that at least one stage of the asymptotic phase was completed.
Applying the bound (4.54) of Proposition we have E [||y}( — ZL‘*HQ} < r2. When

M < N/2, same as above, we have

E[lgy - o] <78 < Rew (-1 )
and
E [f(Emy (i1, 8))] — 17 <E[f@)] - f* < “RO ep (-~ ). (4.60)

When M > N/2, since my, < C'my, where my, = 512%2’C we have

K’ _
]; <O < O, < 2K 5OV
k=1 H

We conclude that 278 < C’% so that

’ @%§2§2
~ *12| =~ %2 —K' 2 *
E [Igy = "] = E[lgx — "] < 27 < =52
Finally, by (4.53),
2,1 25,1
~ s _KI49Se K —racH
B [f (@ (a1, )] = f1 < 27K < 020
together with (4.60)) this implies (4.15)). 0
g p
4.C Proof of Theorem
1°. By the Chebyshev inequality,
We Prob {|[#} — 27|, > 20} < L (4.61)

applying [Minsker, 2015, Theorem 3.1] we conclude that
Prob {Hj’:N,l—a - ‘T*“Q > 2Oa9M} < e_L’l/J(a,i)
where

1—oz+ | a
alog —
1-p B

(o, B) = (1 — a)log (4.62)
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and C, \/% When choosing a = ‘/\% which corresponds to C, = 2 we ob-

tain ¢ (a, 1) = 0.1070... > 0.1 so that
Prob {H-/%'\N,l—a — [E*”2 Z 491\/[} S g

if L > 10log[1/e]. When combining this result with that of Lemma [4.1| we arrive at the
theorem statement for solutions Ty ;_. and Yy 1—_..

2°. The corresponding result for Zy, . and its “sparsification” ¢y, . is due to the
following simple statement.

Proposition 4.7. Let 0 < o < %, | -] be a norm on E, z € E, and let zp, { =1,..., L be
independent and satisfy

Prob{|zy — z| > 6} < 3
for some 6 > 0 and < a. Then for Z,
L
Z€ Argmin Y |u— zl, (4.63)
u€fz1,..,20} g=1

it holds
Prob{|z — z| > C!d} < o Li(a.p)

g I _ 24«
with C}, = 5=,

Proof. Without loss of generality we may put 6 = 1 and z = 0. Proof of the proposition
follows that of [Minsker, 2015, Theorem 3.1] with Lemma 2.1 of |Minsker} 2015] replaced
with the following result. 0

Lemma 4.2. Let zq, ...,z € E, and let Z be an optimal solution to . Let 0 < a < %,
and let |Z| > C!. Then there exists a subset I of {1,..., L} of cardinality card] > oL such
that for all ¢ € I |z > 1.

Proof. Let us assume that |z <1, ¢=1,...,L for L > (1 — a)L. Then

L
Z|z@—2| Z|Zg—2|+Z|Zg—Z|>L W — 1) +Z|Z€|_
—1

(<L 0>L >L
> > |2l + L(Ca = 2) + D |zt = (L= L)Ca
<L 0>L

> i o E(Ca—2)— (L~ D)C.

| \%

L L
ZZ[_Z:[‘_'_LQC —-2)— LC’a+L—1>Z]25—21
— =2

for L > LQ?gJFL L We conclude that 1 — a < 2(%*“1), same as C,, < fj—;; O
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For instance, when choosing o = 1/6 with C, = 13/4, and j such that C,/+/ = 10
we obtain ¥(«, 8) = 0.0171... so that for L =]58.46log[1/e]| we have Li)(a, 5) > log[1/e].

Because

Prob {H:ﬁ@) —

QM}
> Mb<p ¢=1,..,L,
2= /B <Pp

by Lemma [£.2] we conclude that

Prob {HE’I_QN -z

, > 100, } <e,

implying statement of the theorem for ) __ y and 7;__ y.

3°. The proof of the claim for solutions Z{__ v and gy __  follows the lines of that of |[Hsu
and Sabato|, 2014, Theorem 4]|. We reproduce it here (with improved parameters of the
procedure) to meet the needs of the proof of Theorem [4.3]

Let us denote I(7y) the subset of {1,..., L} U such that f(:fg\})) — f* < 27y and

*

thus H:’Eg&) —at||, < 20y for i € I(7pr). Assuming the latter set is nonempty we have for

all 4,j € I(Ta) Ha?‘;} — :?S\'QHZ < 460,;. On the other hand, using (4.61)) and independence of

7'} we conclude that (cf. e.g., |Lerasle and Oliveira, 2011, Lemma 23])
L/2] 1
Prob {|1] >]L/2[} > Prob {B(L, 1) >]L/2[} > 1 - exp (—w (%1 4))
where [a] is the largest integer strictly less than a, B(N,p) is a (N, p)-binomial random
variable, and (-, -) is as in (4.62). When ¢ < 1 and L =]12.051og[1/e]|> 16 we have

Prob{|I| >1L/2[} > 1 — e We1) > 1 — ¢ 008L > 1 _ ¢

Therefore, if we denote 2, a subset of QY such that |I(y)| > L/2 for w¥ € Q. we have
P{Q.} > 1 —¢. Let now w" € Q. be fixed. Observe that the optimal value 7 = i, -
of (4.23)) satisfies 7 < 460y, and that among |L/2[ closest to 'y ; . points there is at least

one, let it be f@ satisfying f(fs\?) — f* <27 and Hfg\? — 2"||, < 20n. We conclude that

whenever wV € Q one has

. (3

‘ TN — " ) < ‘ TNi—e — TM|[, T H/f\g\? — " ) < 40p + 205 <60y,
implying that
Prob (‘ TN e — x*H2 > 60M) <e
whenever L =|12.051og[1/¢]]|. O

4.D Proof of Theorem 4.3

1°. Let WV € ﬁa/g defined as in 3° of the proof of Theorem we choose L >
]12.0510g[2/¢]| so that Prob{Q. 2} < e/2. We denote 7 the optimal value of (4.23)); recall

that 7 < 46,,. Then for any ¢, € I we have
|25 — 25|, < 27 < 86ur. (4.64)
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and for some i € I we have
F@s) - <ot (4.65)

where 73, and 6, are defined in and respectively. W.l.o.g. we can assume
that 2\ is the minimizer of f(z) over 2\), i € I.

Let us consider the aggregation procedure. From now on all probabilities are assumed
to be computed with respect to the distribution P of the (second) sample w’, conditional
to realization w® of the first sample (independent of w’). To alleviate notation we drop
the corresponding “conditional indices.”

The proof of the theorem relies on the following statement which may be of independent
interest.

Proposition 4.8. Let U : [0,1] x Q — R be continuously differentiable and such
that u(t) = E[U(t,w)] is finite for allt € [0,1], convex and differentiable with Lipschitz-
continuous gradient:

W () —d (). <Mt —t], Vit €01

In the situation in question, let € € (0,%], J > J?log[Q/a] {, and t; = 2=1 i =1, m.

2m ’
Consider the estimate

U = median(t’], v/ = =Y U'(t;,w]) j=1,...J
J m iz

of the difference v = u(1) — u(0) using M = mJ independent realizations w!, i =
1,....om,5=1,...., L. Then

Prob{|0 —v| > p} <¢ (4.66)

where

p= 1 [VEMD) = )+ \2M((0) — )] + ;J SR [¢ (1))
(here and below, ¢7(t;) = U'(t;,w]) — u/(t;) and u, = ming<;<; u(t)).
In particular, if for p > M
E[[¢')7] < plu(t) — u,) + 6> (4.67)
then
Prob{[7 —v| > p} < ¢ (4.68)

where

ey

= 2\/5 [\/u(l) — Uy + \/u(()) - u*} + jgm
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We postpone the proof of the proposition to the end of this section. We now finish the
proof of the theorem.

2°. Denote 0j; = median,[05;]. For j € el,j#iletz(t) =20+ t( () xg\i[)) Note
that U(t,w) = f(z(t),w) and u(t) = f(z ( )) satisfy the premise of Proposition
with M = 7“]2.252 where r;; = HEE\Z) — :UE\]} = xLyr? r, and — X’gfrg— When applying
the proposition with e =¢/L, J = L/, and K = mlL' we conclude that

Vi€l j#i Prob{lo;— vl > e} < -

implying that

(4.69)

DN ™

Prob{ max |77ﬁ - Uﬁ‘ > Qﬁ} <

jelj#i

where

Lox ~(4) X'
ij = 27"3'2\/; [\/f(x -+ \/f J + 27536, o
Let now €2, C QF such that for all

max |’U - ]z| < Q]z? Vw S Q&‘/Z?
176361

by (4.69) Prob{€. /2} >1—¢/2.

3°. Let us fix Wi € Q2 j; our current objective is to show that in this case the set of

admissible x( )’s is nonempty—it contains xgw)—and moreover, all admissible x(J )

the bound f(z ])) < %(ry;) with y(r )deﬁned as in (4.26]).
Let a, 8,7 > 0, andlet v(y) = 7% — 72 = 2[a(y + 7) + B]; then v(y) > 0 for v >

\/(2a +7)2 + 4. Indeed, v(-) being nondecreasing for v > «, it suffices to verify the
inequality for v = \/(2a + 7)% 4 43. Because

s satisfy

2a+7+5/a>\/(2a+7)2+4ﬁ

we have

4a2+4a7'+25>2a(\/(2a+7)2+45+7),

and

() = [(20+7) + 48] — 72 — 20 (\/(Qa )2+ 48 +T) _28>0.

Applying the above observation to a = 27/ [’2X , B =27, \/%, and 7 = 1)y we conclude
that whenever f(2)) — f* >~ 2(rj7)

vi = F@D) — 1@ < 73 — 1@) < =205 (4.70)
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Therefore, for f ( ) > ¥ (r5)
mecelian[?)%] —pij = [met}ian[@fﬂ — vl + v — pi; < 05i — 205 — py; <0 YW € QL jo-
Furthermore, for f(2)) — f* < v*(rj;) we have
me(}ian[?)]%] —pi; <0, —pi; <0 VWK e QLo
and we conclude that f@ is admissible.
On the other hand, whenever f(2)) — f* > v*(r5;) we have v;; > 20;; (cf. [4.70)), and

me(}ian[ﬁfj] — pji = [me(}ian[@fg] — vy + v — piy > —oy + 205 — pi; > 0 Vwk e QL jo-

We conclude that JE( is not admissible if f ( ) > y*(r;) and W™ € QL.
4°. Now we are done. So, assume that [w",w"] € Q.5 x QL (What is the case with
probability > 1 —¢). We have r;; < 86, for 4, j G I by (4.64), and f( ) < 72, for some

admissible i € I by (4.65). In this situation, all 2} such that f(mM) [ =>~%(rp). j € I,
are not admissible, implying that the sub- optlmahty of the selected solution Ty 1_¢ is
bounded with 7?(86,), thus

Riskf7g(TN+K71_E|X> S ’72 = 72(80]\/1)

The “in particular” part of the statement of the theorem can be verified by direct substi-
tution of the corresponding values of m, 0, and 7, into the expression for 72 O

Proof of Proposition [4.8] Let us denote

) 1™
v=FE||?/| = — "(t;
v [U} m;u( );
we have
0 —ov| <|o—0]+|v—v]. (4.71)

1°. Note that
1 m
==Y U'(t;,w]) —u'(t;) =
m =1

and

E @ -0)] < E[[¢7(t)]] = o

ﬂMS

1
m?
By the Chebyshev inequality, Prob{|?’ — 17| > 20} < 1 and

Prob{median[t’] — v > 2v} < Prob{ Z W — 0> 20} > J/Q}
J ,

< Prob{B(J,%) > J/2} < oI < 014387
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where ¢ (-, -) is defined in (4.62). Because the same bound holds for Prob{median;[?’] —v <
—2v} we conclude that

Prob{|t — o] > 20} = Prob{| median[t?] — 5| > 2v} < 277 < ¢ (4.72)
J
for J > Tlog(2/¢). Furthermore, if (4.67) holds we have
. 1 1 §2 L -2
B[ =0 < —5 3" [nult) = 1) +6°] < o= [(u(1) = ux) + ((0) —w)] + > =0

=1

implying (4.72)) with v replaced with v:
Prob{|t — o] > 20} < 2" < ¢ (4.73)

2°. Next, we bound the difference v — v.
Let s; =i/m,i=0,...,m, and r; = u/(s;) — u'(s;—1). Let us show that

— 0 < g (VM) =) + 2M () — )]
Note that
0; = /:ll[u’(S) —u'(t;)]ds < Iri(s; — siz1) = (4m)tr,

so that
—v< iéi < (4m) /(1) — 4/ (0)].

Let now ¢, € [0, 1] be a minimizer of u on [0, 1]. Due to the smoothness and convexity of
u we have

[/(0) — u'(t)]* < 2M[u(0) — w, + ta' (1)) < 2M[u(0) — ]
and
[u/ (1) — o/ (t)]* < 2M[u(1) — uy — (1 — t)u' ()] < 2M[u(1) — ..
We conclude that
W(1) = (0) < /(1) — u/(t) + < V2M[u(0) — w) + /2M[u(1) — u,],

and

— 5 < (dm) (1) — w(0)] < 4;1 VM) — )+ y2MLu(D) — w]|.
The proof of the corresponding bound for v — v is completely analogous, implying that
v — 3| < 47171 {\/QM(U(l) — ) + 2M(u(0) - u*)} .
When substituting the latter bound and the bound into (4.71)) we obtain
Prob{|t —v| > 2v+v'} <e
for J > Tlog(2/¢), what implies (4.66). When replacing with in the above

derivation we obtain (4.68)). O
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4.E Proofs for Section 4.4.2
The following statement is essentially well known:

Lemma 4.3. Let ¢ € RP*? with q < p for the sake of definiteness, be a random sub-
Gaussian matriz ¢ ~ SG(0,S) implying that

Vo € R, E 9] < eal@), (4.74)
Suppose that S < 51 ; then
E[|g]2] <Csp+q) and E[|¢]] < C'S(p+q)?
where C' and C" are absolute constants.

Proof of the lemma.

1°. Let u € R? be such that ||ul|, = 1. Then the random vector ( = ¢u € RP is
sub-Gaussian with ( ~ S§G(0, @), that is for any v € RP

E[06] =[] =B [of79)] < e = b

where Q = QT € RP*P. Note that

Ty, - -
o, v QU = ax, (w”, S(w") < jmax {w, S(w)).

Therefore, we have @ = s, and Tr(Q) < sp.

2°. LetI'={ueR?: |ul|, =1}, and let D, be a minimal e-net, w.r.t. ||-|,, in I', and
let N be the cardinality of D.. We claim that

{'¢"¢pu<vvueD.} = {|¢7¢] <(1-20)"v}. (4.75)

Indeed, let the premise in (4.75) hold true; ¢'¢ is symmetric, so let © € ' be such
that o7 ¢T v = HngqﬁH . There exists u € D, such that ||v — u||, < &, whence

6"

= 10767 60] < 2670 17 — ull, + [WT 6 oul < 2676, e +v

(note that the quadratic form 27Qz is Lipschitz continuous on I', with constant 2 ||Q]|,
w.r.t. ||-|,), whence Hngng < (1—2¢) .
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3% We can straightforwardly build an e-net D’ in I in such a way that the ||-||,-distance
between every two distinct points of the net is > &, so that the balls B, = {z € RP :
|z —v|l, <e/2} with v € D’ are mutually disjoint. Since the union of these balls belongs
to B ={z¢e R?: |z], <1+¢/2}, we get Card(D')(e/2)9 < (1 4 €/2)9, that is,
N < Card(D') < (14 2/¢e)e.

Now we need the following well-known result (we present its proof at the end of this
section for the sake of completeness).

Lemma 4.4. Let ( ~ SG(0,Q) be a sub-Gaussian random vector in R", i.e.
VteR" E[e¢] <ext' (4.76)
where Q = QT € R™™. Then for all x > 0
Prob {|[¢[[3 > Tr(Q) + 2V/av + 224} < e (4.77)

where § = max; 0;(Q) is the principal eigenvalue of Q and v = ||Q||3 = ¥ 02(Q) is the
squared Frobenius norm of Q). Thus, for any a > 0

Prob {|[¢[l3 > Tr(@)(1 + ™) + (2 + a)aq} <. (4.78)
Utilizing (4.78]) with v = 1 we conclude that Vu € I' the random vector ( = ¢u satisfies
Prob {|¢|[ > 25p + 35} < e (4.79)

Let us set ¢ = ; utilizing (4.79)), we conclude that the probability of violating the
premise in (4.75) with v = 25p + 35z does not exceed exp (—x + qlog[l + 2¢71]) =
exp (—x + qlog9), so that

Prob {||¢"¢| > 25(2p+32)} < exp (—z + qlog9).

Finally, we obtain
E [lolll] = |67 9] =2 [ Prob {|l¢
< 2/000umin {exp (457;;“ +q10g9> ,1}du

5(4p+6qlog9) oo 4sp —
§2/ udu+2/ uexp( Sp_u+qlog9>du
0 5(4p+64qlog9) 65

< 5%(4p + 6qlog 9)* + 125%(4p + 6qlog 9) + 725% < C's*(p + q)*.

. Zu}udu

Similarly we get E [||qz5||ﬂ < Cs(p + q) for an appropriate C'.

4°. Let us now prove Lemma [£.4]

Note that for ¢t < 1/(2s) and n € R™, n ~ N (0, I) independent of { we have by
E [g((@} & {En [6\/?@777)” —E, {IE [e@«mﬂ <E, [et(msn)] —E, [et(man

=TI, {e"} =TI — 20s) /2

(2
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where D = Diag(s;) is the diagonal matrix of eigenvalues. Recall that one has, cf. [Birgé
et al 1998, Lemma 8|,

t2s? t2s7
l< 7 7 -

1
—5 log(1 — 2ts;) — ts

for t < 1/(25). On the other hand, Vt < 1/(25)
prob {115~ Te($) > up < & e (¢ 11 - S -] )
t? t*v
< — 2| = — .
_exp( tu+1_2tszi:31> exp( tu+1—2t5>

When choosing ¢ = v+\2/§5\/§ << %) and u = 2y/zv + 225 we obtain

Prob (||C||§ > Tr(S) + 2vav + 2x§) <e”

what is (4.77)). Because v < Tr(S)s the latter bound also implies (4.78]). O



Chapter 5

Conclusion and Perspectives

In this thesis, we discussed several frameworks addressing the issues of robustness and
acceleration of iterative algorithms in stochastic optimization.

Our first contribution consists of the development of a framework which provides a
unified way for analyzing many incremental approaches, including several variance-reduced
algorithms. First, this technique allows to make all these methods robust to stochastic
noise. Second, it also naturally allows to build new algorithms with theoretical guarantees
which are similar to those obtained for the existing methods. Finally, we have introduced an
accelerated stochastic gradient descent algorithm and a new accelerated SVRG algorithm
that is robust to stochastic noise. All of the developed algorithms support non-uniform
sampling strategies. We have also developed versions of these algorithms for the strongly
convex problems, which are adaptive to the value of the strong convexity parameter.

In our second contribution, we provide a solution to the problem of generic acceleration
generalizing the multi-stage approach called Catalyst, which was aimed originally to
accelerate deterministic methods. We improve its flexibility with respect to the choice of
surrogate functions minimized at different stages and successfully address the acceleration
of the stochastic methods, including the stochastic variance-reduced algorithms introduced
in the first part of this thesis. Besides this, we provide a unified analysis which sheds new
lights on the problem of robustness of stochastic algorithms when the proximal operator
cannot be exactly computed.

Finally, we have focused on stochastic sparse optimization, and our third contribution
amounts to development of a multi-stage procedure that effectively exploits the sparsity of a
problem. This procedure has theoretical guarantees, which are much better in terms of the
variance compared to the standard algorithms relying on Euclidean geometry. It improves
on the best known existing solutions in several aspects, including linear convergence at
initial iterations and enlarged class of considered models.

Perspectives The developed schemes and frameworks provide several perspectives for
future work.

153
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Given the framework developed in Chapter [2] the first interesting application, which
was not covered in the thesis, amounts to considering optimization problems with a
drifting optimum. Specifically, time-varying optimization problems require algorithms
which converge to a changing solution by catching the objective drift over time. This
general setting, though notably not the most frequent in the literature, can be found
in various applications, see [Simonetto, 2017, Hall and Willett, |2015, |Dall‘ Anese et al.,
2020 and references therein. This setting was especially well studied in the field of online
learning that typically deals with regret minimization [Hazan, 2019, Shalev-Shwartz et al.
2012, [Wilson et al.| 2018]. Another popular criterion to be minimized is called dynamic
regret [Shahrampour and Jadbabaie, [2017], and we can potentially address its optimization
in the large scale setting within our frameworks. The motivation lies in the simple intuitive
observation that the drifts could be seen as inexact computation of gradients. Moreover,
the construction of estimate sequences in non-composite cases is essentially quadratic, so
that the drift could be easily treated. Intuitively, we can expect that the time-varying
setting can be treated in a framework similar to the one developed in Chapter [2] Both
frameworks of Chapters [2|and [3| could be used to generalize existing time-varying first-order
optimization methods to the composite optimization setting.

Unfortunately, consideration of variance-reduced methods, like SVRG, SAGA, SDCA,
Finito or MISO, in the time-varying setting does not seem to be productive. The reason
for it lies in their common motivation, which was explained after Equation (2.11]), which
is to define a new gradient estimate Z = X — Y + E[Y]| which has the same expectation
as X but potentially a lower variance if Y is positively correlated with X. When there
is a drift in the objective, the positive correlation between Y and X is hard to maintain,
because it suffers from a quadratic dependency on the dimension p of the problem.

The framework developed in Chapter 4| may be useful in the analysis of the time-varying
setting as well. Although we do not state it explicitly, the SMD-SR algorithm is applicable
to optimization problems with approximately sparse solutions. Therefore, although the
drift of the solution might spoil the sparsity, we will still be able to address such cases
through approximate sparse optimization, for instance, when the drift is bounded in
the fo-norm. If successful, the SMD-SR algorithm could also potentially decrease the
influence of the drift by constraining it only to nonvanishing components of the optimum,
being especially useful in the high-dimensional setting.

We may also raise the question of generalization of the results of other chapters to
the non-Euclidean setting. This question might be especially relevant in the context of
Chapter [3] because the corresponding accelerating framework does not depend on the
inner structure of the base method, which thus might be non-Euclidean one. then, we
could apply the SMD-SR algorithm from Chapter [4, which itself does not depend on
the inner construction of the base method. This would lead to a natural application of
variance-reduced approaches to stochastic sparse optimization.

The variance-reduced algorithms can be analyzed in the context of online learning
algorithms. Although this idea has already appeared in [Cutkosky and Orabonal 2019|
Cutkosky and Busa-Feketel 2018], it might be interesting to analyze this setting using the
unified framework of Chapter [2| to provide a joint treatment to various variance-reduced
algorithms at once.

In Chapter [2, we were mainly interested in the case of bounded variance o. However,
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the proposed algorithm might be used in the case of unbounded variance of the gradient
estimations.

In Chapter [3| we have provided the generic acceleration framework with theoretical
guarantees that suffer from an extra logarithmic factor in the condition number. The task
of getting rid from this factor for SAGA/MISO/SDCA /Finito is open (the problem of
acceleration of the SVRG approach was solved in Chapter . We believe that estimate
sequences may be useful to obtain the optimal complexity without this logarithmic term,
but the construction would be non-trivial and would rely on a different lower bound than
the one we used in Section 2.4

Note that the original Catalyst approach [Lin et al. 2015] was successfully generalized
to quasi-Newton methods [Lin et al., [2019]. It is an open question if the analysis of
could provide a generalization of [Lin et al., [2019] to the stochastic case.
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