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Abstract

The last two decades have witnessed an unprecedented increase in computational power, leading to a
vast surge in the volume of available data. Datasets can include billions of observations, models can
involve millions of parameters. As a consequence, machine learning algorithms have evolved to adapt
to this new situation. Especially, stochastic algorithms, which were first introduced in the 1950s,
have recently received renewed attention due to their ability to handle large-scale datasets with
millions of parameters. These algorithms use first-order information to alleviate the computational
cost associated with high-dimensional data. Additionally, they efficiently process a large number of
observations by computing stochastic gradients. These methods are key to the remarkable progress
in machine learning over the last two decades.

However, many modern applications now use a network of clients to store the data and compute
the models: efficient learning in this framework is harder, especially under communication constraints.
This is why, a new approach has been proposed, federated learning, which considers a distributed
setting: the data is kept on the original server and a central server orchestrates the training process
across multiple clients.

This thesis aims to address two fundamental aspects of federated learning. The first goal is to
analyze the trade-offs of distributed learning with communication constraints, with the objective of
reducing its energy cost and environmental footprint. The second goal is to tackle problems resulting
from heterogeneity among clients, which hinders the convergence toward an optimal solution. This
thesis focuses on bidirectional compression and summarizes my contributions to this field of research.

In our first contribution, we focus on the intertwined effect of compression and client (statistical)
heterogeneity. We introduce a framework of algorithms, named Artemis, that tackles the problem of
learning in a federated setting with communication constraints. To alleviate the communication cost,
Artemis enables to compress the information sent in both directions (from the clients to the server
and conversely) combined with a memory mechanism. We highlight the key impact of memory on
convergence in the heterogeneous setting.

In our second contribution, we move the focus toward feedback loops to reduce the impact of
compression. We introduce an algorithm, coined MCM; it builds upon Artemis and introduces a
new paradigm that preserves the central model from down compression. This mechanism allows
to carry out bidirectional compression while asymptotically achieving the rates of convergence of
unidirectional compression.

In our third contribution, we go beyond the classical worst-case assumption on the variance of
compressors and provide a fine-grained analysis of the impact of compression within the fundamental
learning framework of least-squares regression. Within this setting, we highlight differences in
convergence between several unbiased compression schemes having the same variance increase.

Overall, this thesis proposes contributions to the field of federated learning by addressing
central challenges and proposing solutions for efficient and sustainable learning in a distributed
and heterogeneous framework. This work aligns with a global effort to make the use of large-scale
federated learning viable by minimizing its environmental impact. Although benefits are expected,
at least with respect to energy concerns, cautiousness is still required, as a rebound effect could
occur: having faster and less energy-consuming algorithms could lead to a sharp increase in their
applications, reducing or even canceling out the gains made by progress in their design.

Key-words: Federated learning, optimization, bidirectional compression, heterogeneity.



Résumé

Les deux derniéres décennies ont été marquées par une augmentation sans précédent de la puissance
de calcul et du volume de données disponibles. Les ensembles de données peuvent comprendre
des milliards d’observations et les modéles peuvent comporter des millions de paramétres. En
conséquence, les algorithmes d’apprentissage automatique ont évolué pour s’adapter a cette nouvelle
situation. En particulier, les algorithmes stochastiques, qui ont été introduits pour la premiére fois
dans les années 1950, ont récemment bénéficié d’un regain d’attention en raison de leur capacité
a traiter des ensembles de données a grande échelle comportant des millions de paramétres. Ces
algorithmes utilisent des informations de premier ordre pour réduire les cotits de calcul associés aux
données en haute dimension. En outre, ils traitent efficacement un grand nombre d’observations en
calculant des gradients stochastiques. Ces méthodes sont la clé des remarquables progrés réalisés au
cours des deux derniéres décennies dans le domaine de 'apprentissage automatique.

Cependant, beaucoup d’applications modernes utilisent désormais des réseaux de clients pour
stocker les données et calculer les modéles : 'apprentissage devient plus complexe, en particulier
en raison des contraintes de communication. C’est pourquoi, une nouvelle approche a été proposé,
I'apprentissage fédéré, ou les données sont gardées sur leur support d’origine tandis qu’un serveur
central est mis en place pour orchestrer I’entrainement.

Cette thése vise & aborder deux aspects fondamentaux de 'apprentissage fédéré. Le premier
objectif est d’analyser les compromis de 'apprentissage distribué sous contraintes de communication ;
le but étant de réduire le cotlit énergétique et 'empreinte environnementale. Le second objectif est
d’aborder les problémes résultant de ’hétérogénéité des clients qui complexifie la convergence de
I’algorithme vers une solution optimale. Cette thése se concentre sur la compression bidirectionnelle
et résume mes contributions & ce domaine de recherche.

Dans notre premiére contribution, nous nous concentrons sur ’effet entremélé de la compression
et de I'hétérogénéité (statistique) des clients. Nous introduisons un framework d’algorithmes, appelé
Artemis, qui s’attaque au probléme des cotlits de communication de 'apprentissage fédéré. Pour les
réduire, Artemis permet de compresser les informations envoyées dans les deux sens (des clients vers
le serveur et inversement) en combinaison avec un mécanisme de mémoire. Dans le cas de clients
hétérogénes, nous mettons en lumiére 'impact clé de la mémoire sur la convergence.

Dans notre deuxiéme contribution, nous mettons 'accent sur les boucles de rétroaction afin
de réduire I'impact de la compression. Nous introduisons un algorithme, MCM, qui s’appuie sur
Artemis et propose un nouveau paradigme qui préserve le modéle central lors de la compression
descendante. Ce mécanisme permet d’effectuer une compression bidirectionnelle tout en atteignant
asymptotiquement des taux de convergence identiques & ceux de la compression unidirectionnelle.

Dans notre troisiéme contribution, nous allons au-deld de ’hypothése classique du pire cas
sur la variance et fournissons une analyse fine de 'impact de la compression dans le cadre de la
régression des moindres carrés. Dans cette configuration, nous mettons en évidence les différences de
convergence entre plusieurs schémas de compression sans biais ayant pourtant la méme variance.

Cette thése apporte des contributions au domaine de 'apprentissage fédéré en relevant des défis
importants et en proposant des solutions pour un apprentissage efficace et durable dans un cadre
distribué et hétérogéne. Ce travail s’inscrit dans un effort global visant & rendre viable I'utilisation
de 'apprentissage fédéré a grande échelle en minimisant son impact sur ’environnement. Bien
que des bénéfices soient attendus, du moins en ce qui concerne les préoccupations énergétiques,
la prudence reste indispensable, car un effet de rebond pourrait survenir : disposer d’algorithmes
énergétiquement moins chers et plus rapides pourrait entrainer une forte augmentation de leurs

applications, réduisant voire annulant les gains réalisés par le progrés de leur conception.

Mots-clés : Apprentissage fédéré, optimisation, compression bidirectionnelle, hétérogénéité.
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Notations

Notations
= Defined as
1 Indicator /characteristic function
R, N, N*, Sets of real, natural number, and natural without zero
RY Set of d-dimensional real-valued vectors
(z,y) Inner product of vectors z,y € R?
TRy Kronecker product of vectors z,y € R?
Oy Element-wise product of vectors z,y € R?
T Ay Minimum of z and y in R?
llz|l Euclidean norm of vector 2 € R?
T 1:= Zf:iol xp/ K Average of any sequence of vector (zx)reqo,....k—1}
€; Vector in R? with zero everywhere except at coordinate i
Rrxd Set of real matrices of size n x d
S,(R) Set of real symmetric matrices of size d x d
ST(R),S;T(R) Set of real symmetric positive (semi)-definite matrices of size d x d
04(R) Group of orthogonal matrices
Iy Identity matrix of size d x d
AT Transpose of matrix A
At = AT(AAT)T Moore-Penrose pseudo-inverse of A in R¥*™ s.t. AAT inversible
Tr (A) Trace of matrix A
eig(A) Set of eigenvalues of matrix A
|Al|? := Tr (AT A) Frobenius norm for matrix A in R"*?
I|A]l := y/maxeig(ATA) Operator norm for matrix A in R"*¢
AXB B — A positive semi-definite (p.s.d.)
Al/? The p.s.d. square root of any symmetric p.s.d. matrix A
Jy The d x d diagonal matrix whose r first diagonal elements are equal
to one and all other matrix’s coefficients equal to zero
B(R™) Borel set of R™
P(A) Probability of an event A
E[X] Expectation of a random variable X
V[X] Variance of a random variable X
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X~P Random variable X has distribution P

Unif (&) Uniform distribution on set X’

Bern(p) Bernouilli distribution with parameter p

N(p,X) Gaussian distribution with mean p and covariance matrix X

Pr({1,...,n}) Set of all subset of {1,...,n} with k elements

LP(Q, A, P) Set of random vectors defined on the probability space (2,4, P)
such that E[|| X||P] < oo

€P(RY) Set of p times continuously differentiable functions from R? into R

VF Gradient function of F: R — R

V2F Hessian matrix of F': R = R

Cup> Cawn Uplink and downlink compressors

Wiy Optimal model minimizing F (if there exists at least one)

W, W}, Model held by the central server (resp. local client i in {1,...,N})

at iteration £ in N



Thesis outline

This summary assumes that the reader knows about optimization, federated learning and compression
mechanisms. The reader may choose to read the introduction (Chapter 1) first, and then come back
to this summary.

Chapter 1. The opening Chapter of this thesis provides an overview of the key areas that are
necessary for the understanding of the subsequent chapters. Firstly, we introduce the general setting
of statistical learning, including its historical development, mathematical formulation, and examples
of real-life use cases. We then delve into convex optimization, which is the cornerstone of the
theoretical findings presented in this thesis. We furthermore present the case of federated learning,
which is the main motivation of this thesis, and more particularly the bidirectional compression
setting which is the focus of Chapters 2 and 3. Next, we motivate our choice to analyze bidirectional
compression, highlighting its relevance in federated learning. As a conclusion of this introductive
Chapter, we provide a mathematical summary of the three Chapters of this manuscript and shed
light on the key messages of this thesis.

Chapter 2. In this Chapter, we focus on the intertwined effect of compression and client (statistical)
heterogeneity. We introduce a framework — Artemis — to tackle the problem of learning in a distributed
or federated setting with communication constraints. Several clients perform the optimization
process using a central server to aggregate their computations. To alleviate the communication
cost, Artemis allows to compress the information sent in both directions (from the clients to the
server and conversely) combined with a memory mechanism. It improves on existing algorithms
that only consider unidirectional compression (to the server), or use very strong assumptions on
the compression operator. We provide fast rates of convergence (linear up to a threshold) under
weak assumptions on the stochastic gradients (noise’s variance bounded only at optimal point) in
non-i.i.d. setting, highlight the impact of memory for unidirectional and bidirectional compression,
and analyze Polyak-Ruppert averaging. We use convergence in distribution to obtain a lower bound of
the asymptotic variance that highlights the practical limits of compression. We provide experimental
results to demonstrate the validity of our analysis.

Chapter 3. In this Chapter, we move the focus toward feedback loops to reduce the impact
of compression. We develop a new approach to tackle communication constraints in distributed
learning problems with a central server. We propose and analyze an algorithm that performs
bidirectional compression and achieves asymptotically the same convergence rate as algorithms using
only uplink (from the local clients to the central server) compression. This algorithm, MCV, is such
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that the downlink compression only impacts local models, while the global model is preserved. As a
result, and contrary to previous works, the gradients on local servers are computed on perturbed
models. Consequently, convergence proofs are more challenging and require a precise control of this
perturbation. To ensure it, MCM additionally combines model compression with a memory mechanism.
This analysis opens new doors, e.g. incorporating worker dependent randomized-models and partial
participation.

Chapter 4. In this Chapter, we go beyond the classical worst-case assumption on the variance of
compressors and provide a fine-grained analysis of the impact of compression within the fundamental
learning framework of least-squares regression (LSR). Within this setting, we underline differences
in terms of convergence rates between several unbiased compression operators, that all satisfy the
same condition on their variance, thus going beyond the classical worst-case analysis. To do so, we
analyze a general stochastic approximation algorithm for minimizing quadratic functions relying
on a random field. We consider weak assumptions on the random field, tailored to the analysis
(specifically, expected Holder regularity), and on the noise covariance, enabling the analysis of various
randomizing mechanisms, including compression. We then extend our results to the case of federated
learning.

More formally, we highlight the impact on the convergence of the covariance €,pia of the
additive noise induced by the algorithm. We demonstrate that despite the non-regularity of the
stochastic field, the limit variance term depends on Tr (Qaniaﬂgl) /K (where Hp is the Hessian of
the optimization problem and K the number of iterations) as opposed to the vanilla LSR case where
it is o?Tr (HpHy') /K = 02d/K [Bach and Moulines, 2013]. Then, we analyze the dependency of
Cania 0N the compression strategy and ultimately its impact on convergence.

Chapter 5. This Chapter concludes the thesis by summarizing our contributions and describing
possible extensions.

Publications and preprints related to this manuscript are listed below:

1. Chapitre 2 is based on Bidirectional compression in heterogeneous settings for distributed or
federated learning with partial participation: tight convergence guarantees |[Philippenko and
Dieuleveut, 2020].

2. Chapitre 3 is based on our work Preserved central model for faster bidirectional compression
in distributed settings [Philippenko and Dieuleveut, 2021] published at Neurips 2021.

3. Chapitre 4 is based on our work Convergence rates for distributed, compressed and averaged
least-squares regression: application to federated learning |[Philippenko and Dieuleveut, 2023|
submitted at JMLR.

In this thesis, I did not include my contribution to [du Terrail et al., 2022, published at Neurips
2022. This project was a collaborative effort involving researchers from various worldwide institutions.
The aim was to establish a benchmark for cross-silo federated learning with natural partitioning.
The resulting benchmark, called FLamby, is focused on healthcare applications and is available on
this repository. My contribution to the project consisted of two parts. First, I implemented some
classical federated algorithms, and second, I conducted an analysis of the heterogeneity of the Flamby
datasets, which can be found in Appendix M of the corresponding article.


https://github.com/owkin/FLamby

Vue d’ensemble de la these

Ce résumé suppose que le lecteur posséde une bonne connaissance de I'optimisation, de I'apprentissage
fédéré et des mécanismes de compression. Si nécessaire, le lecteur peut choisir de lire d’abord
Iintroduction (Chapitre 1), puis de revenir & ce résumé.

Chapter 1. Le premier Chapitre de cette thése donne une vue d’ensemble des domaines clés
nécessaires a la compréhension des chapitres subséquents. Tout d’abord, nous présentons le cadre
général de l'apprentissage statistique. Nous y incorporons une courte fresque historique de son
développement, une formulation mathématique du probléme et quelques exemples d’applications
réels. Nous nous penchons ensuite sur I'optimisation convexe, qui est la pierre angulaire des résultats
théoriques présentés dans cette thése. Nous présentons enfin le cas de 'apprentissage fédéré, qui
est la principale motivation de cette thése, et plus particuliérement le cadre de la compression
bidirectionnelle. Nous motivons dans la section suivante notre choix d’analyser la compression
bidirectionnelle et montrons sa pertinence dans le contexte de 'apprentissage fédéré. En conclusion
de ce Chapitre introductif, nous fournissons un résumé mathématique des trois Chapitres de ce
manuscrit et soulignons les messages clés de cette thése.

Chapter 2. Dans ce Chapitre, nous présentons Artemis, un paradigme permettant d’aborder le
probléme de 'apprentissage distribué ou fédéré avec des contraintes de communication. Plusieurs
clients effectuent un processus d’optimisation et communiquent avec un serveur central qui agrége
le résultat de leurs calculs. Pour réduire les cotits de communication, Artemis compresse les
informations envoyées dans les deux sens (des clients vers le serveur central et inversement) en
utilisant un mécanisme de mémoire, améliorant ainsi les algorithmes existants qui prennent en
compte uniquement la compression unidirectionnelle (vers le serveur central), ou bien qui utilisent
des hypothéses fortes sur les opérateurs de compression. Cela nous permet de fournir des taux
de convergence rapides (linéaires jusqu’a un seuil) sous des hypothéses faibles sur les gradients
stochastiques (variance du bruit limitée seulement au point optimal) dans un contexte non i.i.d., et de
mettre en évidence I'impact de la mémoire pour la compression unidirectionnelle et bidirectionnelle,
en outre, nous analysons le scénario ol nous utilisons la moyenne de Polyak-Ruppert. Enfin, nous
utilisons la convergence en loi pour obtenir une borne inférieure de la variance asymptotique, ce qui
met en évidence les limites pratiques de la compression. Nous fournissons des résultats expérimentaux
pour démontrer la validité de notre analyse.

Chapter 3. Dans ce Chapitre, nous développons une nouvelle approche pour faire face aux
contraintes de communication dans un probléme d’apprentissage distribué utilisant un serveur
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central. Nous proposons et analysons un algorithme qui effectue une compression bidirectionnelle
en atteignant asymptotiquement un taux de convergence identique & ceux d’algorithmes utilisant
uniquement la compression ascendante (des clients vers le serveur central). Cet algorithm, MCM, est
tel que la compression de la liaison descendante impacte seulement les modéles locauz, tandis que le
modéle global est lui préservé. Par conséquent, et contrairement aux travaux existants, les gradients
sur les serveurs locaux sont calculés sur des modéles perturbés. Pour cette raison, les preuves de
convergence sont plus difficiles & obtenir et nécessitent un controle précis de cette perturbation.
Pour garantir la convergence, MCM ajoute un mécanisme de mémoire lors de ’étape de compression
descendante. Cette analyse ouvre de nouvelles portes, par exemple 'incorporation de modéles
aléatoires qui dépendent des clients, ou le cas de la participation partielle.

Chapter 4. Dans ce Chapitre, nous allons au-deld de 'hypotheése classique du pire cas sur la
variance des compresseurs et fournissons une analyse fine de I'impact de la compression dans le
cadre de la régression des moindres carrés (LSR). Nous soulignons les différences en termes de taux
de convergence entre plusieurs opérateurs de compression sans biais, qui satisfont tous la méme
condition sur leur variance, allant ainsi au-deld de I'analyse classique du pire cas. Pour ce faire, nous
donnons une analyse générale d’un probléme d’approximation stochastique reposant sur un champ
aléatoire. Nous considérons des hypotheéses faibles sur le champ aléatoire (en particulier la régularité
de Holder en espérance) et sur la covariance du bruit, ce qui permet I'analyse de divers mécanismes
de compression. Nous étendons ensuite nos résultats au cas de 'apprentissage fédéré.

Plus formellement, nous mettons en évidence I'impact sur la convergence de la covariance €Capia
du bruit additif induit par I'algorithm stochastique. Nous démontrons, que malgré la non-régularité
du champ stochastique, le terme de variance limite dépend de Tr (@aniaHgl) /K (ou Hp est la
Hessienne du probléme d’optimisation et K le nombre d’itérations) par opposition au cas LSR
canonique ot il dépend de o?Tr (HpHy') /K = 0%d/K [Bach and Moulines, 2013]. Ensuite, nous
mettons en lumiére la fagon dont la matrice €5, dépend du choix du compresseur et enfin, la fagon
dont elle impacte la convergence.

Chapter 5. Ce Chapitre conclut la thése en résumant nos contributions et en décrivant des
extensions possibles.

Les publications et pré-publications liées & ce manuscrit sont énumérées ci-dessous.

1. Le Chapitre 2 se fonde sur notre travail Bidirectional compression in heterogeneous settings for
distributed or federated learning with partial participation: tight convergence guarantees |[Philip-
penko and Dieuleveut, 2020].

2. Le Chapitre 3 est basé sur notre article Preserved central model for faster bidirectional
compression in distributed settings [Philippenko and Dieuleveut, 2021] publié & Neurips 2021.

3. Le Chapitre 4 utilise les résultat de notre travail Convergence rates for distributed, compressed
and averaged least-squares regression: application to federated learning [Philippenko and
Dieuleveut, 2023] soumis a JMLR.

Dans cette thése, je n’ai pas inclus ma contribution a [du Terrail et al., 2022], publié¢ & Neurips
2022. Ce projet était une collaboration impliquant des chercheurs de diverses institutions venant du
monde entier. L’ojectif était de créer un benchmark pour 'apprentissage fédéré inter-silo avec des
jeux de données naturellement partitionné entre différentes entités. Ce benchmark, appelé FLamby,
est composé de données provenant du domaine de la santé ; il est disponible sur ce dépot. Ma
contribution au projet a consisté en deux parties : j'ai implémenté quelques algorithmes fédérés
considérés comme classiques, et deuxiémement, j’ai effectué une analyse de 'hétérogénéité des sept
jeus de données inclus dans FLamby qui peut étre trouvée dans I’annexe M de ’article correspondant.


https://github.com/owkin/FLamby

Introduction

“Luminous beings are we, not this crude matter.”

Yoda to Luke, Episode V: The Empire Strikes Back, George Lucas.

The opening Chapter of this thesis provides an overview of the key areas that are necessary for
the understanding of the subsequent Chapters. Firstly, we introduce the general setting of statistical
learning, including its historical development, mathematical formulation, and examples of real-life
use cases. We then delve into convex optimization, which is the cornerstone of the theoretical
findings presented in this thesis. We furthermore present the case of federated learning, which is the
main motivation of this thesis, and more particularly the bidirectional compression setting which is
the focus of Chapters 2 and 3. Next, we motivate our choice to analyze bidirectional compression,
highlighting its relevance in federated learning. As a conclusion of this introductive Chapter, we
provide a mathematical summary of the three chapters of this manuscript and shed light on the key
messages of this thesis.
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1.1 Statistical learning

“A computer program is said to learn from experience E with respect to some class of tasks T and
performance measure P, if its performance at tasks in T, as measured by P, improves with
experience E.” [Mitchell, 1997, see p. 2, chapter 1]

1.1.1 Historical overview

Statistical learning is the science of developing and analyzing methods for making predictions or
decisions based on data. Its roots can be traced back to the 19th century, with early pioneers
such as Legendre and Gauss, who introduced independently the method of least-squares regression
[Legendre, 1806, Gauss, 1809], or Laplace, who introduced the concept of conditional probability
[Laplace, 1820].

In the mid-20th century, the field of statistics experienced a surge of interest in machine learning
and artificial intelligence, with the development of methods such as the perceptron algorithm
[McCulloch and Pitts, 1943, Rosenblatt, 1958] and decision trees [Hunt et al., 1966]. However,
progress in statistical learning was hindered by the limitations of computing power and the availability
of large datasets, leading to a “Al winter” in the 1970s and 1980s.

The 1990s saw a resurgence of interest in statistical learning, with the development of new
methods that could handle large datasets and complex models. These methods include support
vector machines [Cortes and Vapnik, 1995|, boosting [Freund and Schapire, 1996], random forests
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[Breiman, 2001] and neural networks [LeCun et al., 1998, 1999]. The rise of the internet and the
availability of massive amounts of data then contributed to the growth of statistical learning.

Today, statistical learning is an extremely dynamic field, with applications in many areas,
including climate studies, finance, healthcare, robotics, social media, to name just a few. Researchers
continue to develop methods for analyzing data and making predictions, including deep learning
[LeCun et al., 2015], reinforcement learning [Sutton and Barto, 2018], explainable AI [Ribeiro et al.,
2016] and distributed learning [Kone¢ny et al., 2016, McMahan et al., 2017].

1.1.2 Supervised machine learning

In this thesis, we consider only supervised learning [Duda et al., 1973, Vapnik, 1982, 1999, Hastie
et al., 2009] and formalize the problem as follows. Suppose we have access to a pair (z,y) in (X x ),
where X and Y are supposed to be two measurable spaces. The vector z is the explanatory variable
or features, and y is the variable of interest or output. The set ), which describes the outputs, can
be either quantitative () C R), or categorical () is a finite set, typically {—1, 1} if there are two
possible categories). This leads to the two main tasks of supervised learning:

e Regression, when one predicts a quantitative outcome.

e Classification, when one predicts a categorical outcome, e.g., with Y = {—1,1}.

The aim of supervised machine learning is to find a predictor (a measurable function) f: X — )
which predicts an output y in Y for any new input x in X. The set of possible predictors is
denoted F(X,)).

Quality of the predictor. To measure the quality of a predictor we choose a loss function (or
cost function) £ : Y x ) — R, supposed measurable, such that, intuitively, for any (y,y) in V2,
L(y,y') is small if y and ¢y are similar, and large otherwise. For the two tasks above, classical loss
functions are:
e for regression, the squared loss {(y,y') = 3 (y — v')?,
e for classification, the logistic loss £(y,y) = log(1 + exp(—yy’)) (this model is know as logistic
regression) or the hinge loss £(y,y') = max{0,1 — yy'}.

We then define the risk R of a predictor f in F(X,)) as the averaged loss under the distribution D
of the observations:

R(f) = E(m,y)wD[g(f(x)vy)] :

The learning process seeks to find the best predictor f, that minimizes the risk R. Such a predictor
is called the Bayes predictor when it exists. In most situations, the quality of a predictor f is in fact
not measured w.r.t. its loss, but rather using the excess risk R(f) — R(fs«). To approximate f,, the
learning process consists first in choosing an (often parametric) family F C F(X,)) of predictors
and then minimizing the risk over it, hence finding fr = argminscr R(f).

Empirical risk minimization. In practice the observations’ distribution D is unknown and we
only have access to a dataset D of cardinal K, composed of pairs (z, yr)req1,.., x} in (X X WK,
This is why we define the empirical risk error (ERM):

K
Ric(h) = 7 S 7 (), i) (ERM)
k=1
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One approach is to minimize it instead of the true risk R, which leads to considering fx :=
argminser Ri(f). One of the major pitfalls of such an approach is overfitting: it corresponds to a
scenario where the empirical risk error is very low, but the excess risk is large. In this case, the true
risk is also called generalization error as it measures how accurately the predictor fx trained on a
dataset D is able to predict output values for unseen data.

1.1.3 Risk decomposition

Trade-off between approximation and estimation errors. The starting point of the learning
process is to choose a family F of candidate predictors and to find fx that minimizes the empirical
risk Ry . However, first, the optimal predictive function f, is unlikely to belong to the family F,
and secondly, the goal is not to find the predictor fx that minimizes Ry, but the predictor fr that
minimizes R over F. This is why, it is useful to decompose the excess risk error as follows [e.g.
Bottou and Bousquet, 2007]:

€ = R(fx) — R(f+) = R(fx) — R(fr)+ R(fr) — R(f.) -

estimation error approximation error

The approzimation error measures how closely functions in F can approximate the optimal solution
f«; it can be reduced by choosing a larger family of function F. The estimation error measures
the effect of minimizing the empirical risk Rx instead of the expected risk R. The estimation error
depends on the number of training examples and on the capacity of the family of functions; to
reduce it, one can increase the number of points or choose a smaller family of functions F. It thus
appears that large families of functions have smaller approximation errors (bias) but lead to higher
estimation errors (variance), therefore leading to the well-known “bias-variance” trade-off.

Optimization error. After having chosen a family F of predictors, the next step of the learning
process consists in approximating fx. Since fx is itself an approximation, there is no need to carry
out a minimization with the highest possible accuracy. Instead, all algorithms run the minimization
for several steps and then return a predictor fr. Therefore, an additional term R(fK) — R(fk)
appears in the decomposition of the excess risk £ = R(fK) — R(f.) |Bottou and Bousquet, 2007]:

& = R(fx) — R(f.) = R(fx) — R(fx) + R(fx) — R(fr) + R(fr) — R(f.) .

’
optimization error estimation error approximation error

This optimization error reflects the approximation made during the optimization process, when
minimizing the empirical risk. In this thesis, we provide bounds on the optimization error, either
computed using the excess risk Eqpt. := R(fx) — R(fK), either computed using the empirical excess

risk E(fét. = RK(]?K) — Ry (fk). These bounds guarantee the convergence of our algorithms.

1.1.4 Least-squares regression

One of the simplest models of supervised learning is least-squares regression (LSR). Suppose that we
have a dataset (T, Yk )req1,..., x} I (X ¥ R)X with K in N*. We consider the squared loss £ : (y,y') —
+(y — y/)?, and the parameterized family of functions Fp = {f,, : z = (¢(2),w) with w € R?} and
¢ : X — R? a function transforming the input features. It leads to the following ERM:

K
. 1 2
argmin R (f,) = arg min K Z (yk — gb(xk)—rw) .
Jw€Fy weRd 1
Noting ¥y = (y1,...,yx)" and ® in RE*? the matrix of inputs whose k-th row is ¢(x;) ", we can

rewrite the ERM as arg min,,cga 55 ||y — duw|?.
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(a) Object detection using YoLo V2, tested on James (b) Generated with Dall-E: “An old castle on a cloud
Bond (Skyfall) [YoloV2, 2023]. in a Miyazaki style” [Dall-E, 2023].

Figure 1.1: Some applications of machine learning.

When @ has full column rank, there exists a unique closed-form solution to this problem given
by the ordinary least-square (OLS) estimator: @ = (®'®)"'®"y. Geometrically, the vector of
prediction ®@ = ®(® @)~ 1® "y is the orthogonal projection of y in RX onto Im(®) c RX.

But in high dimension, this exact approach is computationally too expensive and cannot be
applied. This is why, in practice, LSR is solved using stochastic gradient descent, which is often
referred to as the Least-Mean-Squares (LMS) algorithm [Bershad, 1986, Macchi, 1995].

This framework will be the starting point of Chapter 4. We will consider a model where we have
access to K in N* i.i.d. observations (z, yk)ke{l,...,K} ~ D®K such that there exists a well-defined
model w, in R%:

Vk € {]-a s 7K}7 Yk = <¢($k)7w*> + €k, with e NN(OaUQ) ) (11)

for an i.i.d. sequence ((5k)ke{1,..,,K}) independent from ((~Tk)ke{17...,K})- We assume that the inputs’
second moment is bounded to define E[¢(z1) ® ¢(x1)] = H; it is the features’ covariance.

1.1.5 Real-life application of machine learning.

Supervised machine learning has applications in a wide range of domains; we provide a selection of
examples here.

Image recognition. It is one of the most popular applications of supervised learning |Felzenszwalb
et al., 2009, Krizhevsky et al., 2009, LeCun et al., 2010, Girshick, 2015, Simonyan and Zisserman,
2015, Szegedy et al., 2015, Ren et al., 2015, Xiao et al., 2017, Redmon et al., 2016, He et al., 2016,
Szegedy et al., 2016, Redmon and Farhadi, 2017]. From a dataset of labeled images, we train a
neural network to distinguish a picture from another; once trained to recognize particular items,
the model can be deployed in real-life applications. In Figure 1.1a, we give an example of object
detection tested on Jame Bond! based on version 2 of Yolo [Redmon et al., 2016, Redmon and
Farhadi, 2017], three known labels are being detected: ties, persons, and umbrellas.

Synthethic image generation. In the same vein, a recent line of work has focused on generating
synthetic images [Mirza and Osindero, 2014, Radford et al., 2015, Salimans et al., 2016, Arjovsky
et al., 2017, Karras et al., 2019, Goodfellow et al., 2020]. This field of research has enabled the
creation of high-quality and realistic images that can be used for a wide range of applications,
including art, entertainment, and scientific research. For instance, we provide on Figure 1.1b an
example of an image generated using Dall-E V2 with the prompt: “An old castle on a cloud in a

!'Screenshot from [YoloV2, 2023
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Miyazaki style”. Note that usually these techniques are considered to be unsupervised learning, but
they use a supervised loss as part of the training, hence their mention in this section.

Medicine. Supervised learning has also a major impact in medicine [Gulshan et al., 2016, Ting
et al., 2017, Rajkomar et al., 2019, Esteva et al., 2019, Choi et al., 2016, Shickel et al., 2017, Miotto
et al., 2016, Chen and Asch, 2017], for instance, to improve medical diagnosis, treatment planning,
or patient outcomes. A recent line of research [Sheller et al., 2020, Rieke et al., 2020, Dayan et al.,
2021, Pati et al., 2021, du Terrail et al., 2021, 2022| has additionally considered the case of private
and sensitive datasets that are split across various clients. These clients cannot share their data
but aim to collaborate with others to improve the training. This line of research has unlocked the
ability to take advantage of these previously out-of-reach datasets and doing so, to improve the
development of new clinical research.

Product recommendations. Recommender systems are ones of the most successful and widespread
applications of machine learning technologies [Resnick and Varian, 1997, Huang et al., 2004, Ziegler
et al., 2005, Bell et al., 2007, Koren, 2008, 2009, Zhou et al., 2010, Lii et al., 2012, Covington
et al., 2016, Cheng et al., 2016, Zhang et al., 2019]. Many companies rely on this business model:
Amazon, Google, Meta, Tiktok, Netflix, Criteo, to name just a few. The goal is to increase customer
satisfaction or consumption by analyzing their interests and extrapolating relevant information from
other people’s behavior. Such a framework requires two kinds of recommender models: (1) a global
one minimizing the empirical risk over all clients and (2) a personalized one that is adapted to each
user’s singularity.

Applications based on sensors. A wide variety of supervised tasks use datasets gathered from
sensors: cameras, microphones, accelerometers, thermometers... Considering that sensors are today
deployed at a large scale - for instance, in smartphones, buildings, cars, boats, drones, planes,
satellites - a lot of initiatives have emerged to benefit from these new sources of data. It has led, for
instance, to develop autonomous cars [Kanade et al., 1986, Campbell et al., 2010, Bitam et al., 2015,
Contreras-Castillo et al., 2017, Hussain and Zeadally, 2018, Badue et al., 2021] or smart buildings
[Morvaj et al., 2011, Albino et al., 2015, Ghayvat et al., 2015, Plageras et al., 2018, Brandi et al.,
2020].

All of these examples share two characteristics. First, the data may originate from various
sources, for instance, sensors, cameras, smartphones, hospitals, user accounts ... As a result, the
datasets are inherently heterogeneous, raising significant challenges in developing a general model.
Second, it might not be feasible to collect all the data from all these sources on a single server,
requiring the design of a distributed learning process and leading to a high cost of communication.

In this thesis, we focus on supervised learning problems where the dataset is heterogeneously split
across several clients. Our aim is to address the challenge of reducing the communication cost of
the training while finding a global consensus among these statistically heterogeneous data sources.

Therefore, we present in Section 1.2 the framework of optimization for machine learning which
allows finding a minimizer of the expected/empirical risk error. Then, we introduce the more specific
setting of interest, namely distributed and heterogeneous learning, in Section 1.3.

1.2 Optimization for machine learning

The goal of the learning process is to find a solution to the (ERM) problem, which corresponds to
a minimization problem. In order to solve it, we rely in this thesis on the widely studied gradient
descent (GD) procedure. We denote €7 (R?) the set of p times continuously differentiable functions
from R into R.
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1.2.1 Gradient descent

Let F a function from R? to R. The goal of optimization [see e.g. for introductory lectures, Nesterov,
2004, Boyd et al., 2004, Bubeck, 2015]| is to find an optimal point w, (not necessarily unique) that
minimizes F':

w, = argmin F(w) . (1.2)
weRd

Solving this problem with an accuracy £ > 0 means finding an approximate solution w after K in
N* iteration, such that the error F(w) — F(wy) is smaller than €. The relationship between the
number of iterations K is determined by the complerity function 7 : R +— N s.t. K = T (¢); we say
that the optimization error has a worst-case complezxity of O(T (g)). In other words, it represents
the maximum number of iterations K in N* to reach a given precision €. In the next chapters, we
analyze algorithms through the lens of convergence rate analysis, and use the results to get insights
into their practical performance.

In practice, to find the optimal point w, minimizing the objective function, we use a method that
is able to collect specific information about F' depending on its regularity. The process of collecting
this information is called an oracle. In accordance with the degree of smoothness of F', we can rely
on different types of oracles. Let w in R%,

1. zeroth-order oracle returns the value F(w);
2. first-order oracle returns the value F'(w) and the gradient VF(w), if F' is differentiable;

3. second-order oracle returns the value F(w), the gradient VF(w), and the Hessian V2F(w), if
F is twice differentiable.

Exhaustive-search — an example of zeroth-order method. A naive approach to find the
optimal point w, by using a zeroth-order oracle is to build a grid over the search-space and then
evaluate the function over each node of the grid. Of course, this approach is extremely costly. For
instance, suppose we want to find the optimum on a grid [0, 1]; to achieve an e-accuracy, we need
|1/¢] evaluations of F', but in dimension d, we need |1/¢]? evaluations! Thereby, this method is
never used in practice, except to tune the hyper-parameters.

Gradient descent — an example of first-order method. For F' in ©*(R?), first-order methods
rely on the gradient VF' and take advantage of the fact that gradients are orthogonal to the level
sets, therefore pointing toward the steepest direction. At each step, the algorithm’s complexity is
thus O(d) (cost of the gradient computation in R?). These algorithms start from a random point wy
and take repeated steps in the opposite direction of the gradient. Mathematically, its leads to a
sequence (wg)x>o defined by:

wg, = wi—1 — YVF (wg—1), (GD)

with v > 0 a step-size (also known as learning rate) that controls the update’s magnitude. The
choice of the step-size rate is fundamental and has been one of the most studied questions: taking
too small slows down convergence and v too big leads to divergence.

Newton method — an example of second-order method. For F in ¥?(RY), second-order
methods use the Hessian V?F to update the model, thus the complexity of the algorithm is now
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(a) Left convex function, right non-convex function. (b) Corresponding examples of gradient descent.

Figure 1.2: GD with a convex function and a non-convex function.

increased to O(d?) per iteration. Mathematically, the Newton method results to a sequence of model
(wg ) k>0 updated as follows:

Wi = Wk—1 — V2F(wk_1)_1VF(wk_1) ,

The intuition behind the second-order Newton method is to use the 2"d-order Taylor approximation
of the function to approximate it, and at each iteration to minimize this quadratic function.

The difficulty of the optimization process, i.e., of finding the optimal point w,, depends on
various properties that are verified or not by F. The knowledge of these properties has a key impact
on the choice of the optimization algorithm and on its convergence rate.

e Problem’s dimensionality. An evident difficulty comes from the problem’s dimensionality.
As the dimension d increases, the computational’s complexity of each iteration grows, making
it harder to retrieve the first and second oracles on the function F'. In high-dimension, the
prohibitive computational cost of Newton’s method makes it unusable.

e Dataset’s size. In supervised learning, we are optimizing not the expected risk R but the
empirical risk Rk, the objective function F' is hence defined by the dataset. It follows that
the complexity of evaluating the function, the gradient, or the Hessian is proportional to the
dataset size. This is why the cost of computing the oracle can become prohibitive if the dataset
size increases exponentially. To circumvent this issue, we will consider in Subsection 1.2.3 (and
throughout this thesis) an oracle g that computes an approximation of the gradient VF with
a computational cost independent of the dataset size K.

e Regularity of F'. The regularity of the objective function F' is important in optimization as
it ensures the success of learning and its speed, in particular, the (GD) method and Newton’s
method require respectively that I belongs to €' (R?) and €?(R?). In contrast, a non-regular
function may have discontinuities, singularities, or oscillations that can cause optimization
algorithms to get stuck or to converge slowly, see Figure 1.2 for illustration (more details
are given below). This is why, regularity is a desirable property for objective functions in
optimization; we provide additional details in Subsection 1.2.2.

1.2.2 Regularity assumption

An important regularity condition to guarantee the convergence of (GD) is the convexity of F'.

Assumption 1.1 (Convexity). F is differentiable and convex, that is for all vectors z,z' in Re, it
verifies:

F(Z)>F(2)+ (¢ —2)TVF(z).
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Figure 1.3: Illustration of the quadratic upper bound and lower bound provided respectively by
L-smoothness (in red) and p-strong-convexity (in orange) at a point zg for a function F'.

The main reason why convex functions are attractive in optimization is that every stationary
point is also a global minimum. This property ensures that the optimization process does not become
trapped in a local optima or saddle point. Note first that it does not guarantee the existence of a
global minimum (take for instance F': z — z) and secondly, that the existence of a global minimum
does not ensure its uniqueness.

On Figure 1.2a we give two examples of functions: on the left F : 2,y — z? + y? is convex, on
the right Fb : x,y — (1 — sin(x))? + cos(y) is not. Then on Figure 1.2b we run for each function a
gradient descent procedure using v = 0.1. Observe that for Fi, the gradient procedure converges
quickly to the optimal point while for F5 the gradient descent is stuck into a saddle point, illustrating
the difficulty of finding a local minimum in this setting.

A stronger assumption on convexity is to assume that the function is strongly-convex, which
in turn, guarantees the unicity of the optimal point w,. Geometrically, strong-convexity can be
interpreted as the possibility to lower bound F at any point with a quadratic function (see Figure 1.3).

Assumption 1.2 (Strong convexity). F' is differentiable and p-strongly convexr (with p > 0), that is
for all vectors z,2' in R%:

F() 2 F(2) + (' = )TVF() + 5112/ - 13-
Note that we recover the convex case if p = 0.

Additionally, a classical desirable property of F is its L-smoothness which corresponds considering
that F' can be upper-bounded at any point by a quadratic function (see Figure 1.3).

Assumption 1.3 (Smoothness). F is in €(R?) and is L-smooth (with L > 0), that is for all
vectors z, 2" in R%:

IVF(z) = VE()I < Lllz — 2.

Condition number k. Two quantities are then of particular importance when minimizing F': the
strongly-convexity constant p and the smoothness constant L. These two coefficients directly impact
the speed of convergence of algorithms based on gradient descent. This is why, under Assumptions 1.2
and 1.3, we define the condition number k = L/u: the bigger k, the slower the convergence towards
the optimal point. Note also that if F is in ¥?(R?), smoothness and strong-convexity are equivalent
to having for any point z in R%: uly < V2F(z) < Llg.
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These assumptions enable to give two theorems of convergence for (GD) in the smooth convex
setting, and in the smooth strongly-convex setting.

Theorem 1.1 (Theorem 2.1.15 from Nesterov [2004|). Consider Assumptions 1.2 and 1.3, the
sequence of iterates (wy)g>o produced by (GD) initialized at wo in R? and using a step-size v = 1/L
verifies for any K in N:

Fluwk) = Fw.) < (1 - 5~)% (Fuo) - F(w,)) .
Taking v =2/(u+ L) leads to a slightly more powerful result:

2
_1n2K L|lwo —w
Fwg) — F(ws) < (1 —2(k+1) 1) HOQ*H .
This theorem states that the sequence (wy)r>o converges at an exponential rate to the optimal
point w,, we say that the convergence of (GD) is linear. And in the smooth convex setting, we
obtain the following.

Theorem 1.2 (Corollary 2.1.2 from Nesterov [2004]). Consider Assumptions 1.1 and 1.3, the
sequence of iterates (wy )0 produced by (GD) initialized at wo in R and using a step-size v = 1/L
verifies for any K in N:

2L ||wg —w*H2
F — F(w,) < 22070~ 2L
(wK) (w ) - K +4

These two theorems show that the choice v = 1/L is very powerful as a unique algorithm is
adapted to both convex and strongly-convex functions, although the convergence is faster in the
latter case. Hence, this step-size does not require the knowledge of u which can be arbitrarily small,
as opposed to v = 2/(u+ L). Moreover, in the latter case, if u tends to zero, the algorithm does not
converge, since k tends to infinity.

1.2.3 Stochastic gradient descent

As mentioned earlier, one of the major difficulties of machine learning comes from the fact that the
dataset size can be extremely large, making it impossible to evaluate the function F'. Stochastic
gradient descent (SGD) introduced by Robbins and Monro [1951], solves this issue and has become
one of the most popular tools of machine learning because of its practical efficiency and its theoretical
performance. In this manuscript, we focus on stochastic methods and we consider that at any
iteration k in N*, we have access to an oracle g;, that evaluates an unbiased approximation of the
true gradient VF' (that is g, is a random field), hence updating (GD) as following:

wy, = wi—1 — Y8 (Wk—1) - (SGD)

In addition to the condition number &, two quantities dictate the behavior of SGD: the initial
distance (bias) [Jwo — w.||* and the variance o associated with the stochastic gradient, it leads to
a “bias/variance decomposition” [see Hsu et al., 2012, Bach and Moulines, 2013]. Therefore, we
consider the following assumption on the stochastic gradients.

Assumption 1.4 (Noise over stochastic gradients computation). The noise over stochastic gradients
is zero-centered and its variance is uniformly bounded by a constant o € Ry, such that for all k in N,

for all z in R we have: E[||g.(z) — VF(2)||?] < 2.

Using these stochastic oracles (gj,)xen+ of the true gradient VF leads to the below upper bound.
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Figure 1.4: Left: level set of F' and iterates (wy)gen+ resulting from the three gradient descents.
Right: logarithm excess loss w.r.t. the number of epochs.

Theorem 1.3. Consider Assumptions 1.2 to 1.4, the sequence of iterates (wy )k~ produced by (SGD)
initialized at wo in R and using a step-size v in R werifies for any K in N:

2
Yo
o —w.* < (1 =) [Jwo — w.|* + —

We illustrate Theorems 1.1 and 1.3 on Figure 1.4: on the left we represent the iterates (wy)ren=
obtained after some iterations and on the right the logarithm excess loss. The objective function
F is quadratic and the dataset is generated using Equation (1.1) with w, = (0,0.6)", 02 = 1 and
H = (% 110). We run GD with the two step-sizes proposed in Theorem 1.1: both converge linearly
to the optimal point, but we observe the superiority of choosing v = #J%L in the convex scenario.
On the contrary, SGD with constant step-size first converges linearly, and then saturates at a level

depending on ¢2. This is due to the oscillations of the iterates around the optimal point.

However, Assumption 1.4 is in fact very restrictive and is not verified even by the simple setting
of LSR (presented in Subsection 1.1.4). This is why we sometimes instead only assume that the
variance is bounded by a constant o2 at the optimal point w, (hence requiring its existence which
excludes non-convex setting). In Chapter 2, following the work of Gower et al. [2019], Dieuleveut
et al. [2020], Assumption 1.5 will result in a linear convergence rate up to a threshold proportional
to af.

Assumption 1.5 (Noise over stochastic gradients computation at optimal points). The noise over
stochastic gradients at the global optimal point is zero-centered and its variance is bounded by a
constant o, € Ry, such that for all k in N, we have: E[||g,(w.) — VF(w,)|? < o2.

But then instead of assuming the smoothness of F', we will assume the cocoercivity [see Zhu and
Marcotte, 1996, for more details about this hypothesis| of gradients, which implies the smoothness.

Assumption 1.6 (Cocoercivity of stochastic gradients (in quadratic mean)). We suppose that for all
k in N, stochastic gradient functions g, are L-cocoercive (with L > 0) in quadratic mean. That is, for
k in N, and for all vectors z, 2" in R?, we have E[||g,(2) — gx(2)||?] < L{VF(2) — VF(Z),z — 2/).

Using Assumptions 1.5 and 1.6 enables to recover the same results as Theorem 1.3 but with o2
replaced by o2 [Gower et al., 2019].

Note that various methods have been proposed to reduce the variance induced by the stochastic
gradient: Polyak-Ruppert averaging [Polyak and Juditsky, 1992, mini-batch or tail-averaging (see
for instance [Jain et al., 2018b, Muecke et al., 2019]), variance-reduction methods [Johnson and
Zhang, 2013, Schmidt and Roux, 2013, Defazio et al., 2014]. In particular, in Chapters 2 to 4, we
provide theorems on the Polyak-Ruppert iterate wx_1 = % ZkK:_Ol wyg. This iterate can be computed

online, since for any K in N*, we have:
1 K

WK = 7K+1wK+7K+1wK_1.
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Figure 1.5: Example of two topologies in distributed learning.

In this thesis, we design algorithms that are based on stochastic gradient descent. We provide
theoretical analysis in strong-convex, convex, and non-convex scenarios and give theorems
guaranteeing the convergence of the proposed algorithms.

We next introduce the setting of federated learning which is the main motivation of this thesis
and present the challenge of reducing the cost of communication.

1.3 Federated learning

Federated learning (FL) is a machine learning setting where many clients (e.g. mobile devices or
whole organizations) collaboratively train a model under the orchestration of a central server (e.g.
service provider), while keeping the training data decentralized. [Kairouz et al., 2019, see p.4]

1.3.1 Framework

In Sections 1.1 and 1.2, we supposed that the learning process has permanent access to a dataset D
and that at any moment, it can access any of its points. However, nowadays problems are often not
valid for such an assumption, considering that in most situations data are generated from various
sources (see examples given Subsection 1.1.5). In this setting, it is not always possible to centralize
the data coming from these different sources on a single server and to exploit them. This can happen
for various reasons.

e The datasets are too large to be stored on a single server.
e The cost/time of data communication is too high to send all at once.
e The datasets are private or sensitive and can not leave their source.

e The data is obtained in a streaming fashion and hence is constantly changing.

This is why a new approach has been developed in the last years and considers a distributed
setting instead. In such a setting, the data is kept on its origin server. We call client (or worker) a
server holding a dataset and participating in the training. Then, either a central server is put in
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place to orchestrate the training, this is federated learning (FL), either clients communicate in a
peers-to-peers fashion, this is decentralized learning. On Figure 1.5 we plot two possible topologies
of distributed learning. On Figure 1.5a we present a federated network with a central server, and on
Figure 1.5b we present an example of topology without a central server where clients are placed on
a grid and can communicate only with their neighborhoods.

In this thesis, we consider the FL setting [Kone¢ny et al., 2016, McMahan et al., 2017, Kairouz
et al., 2019], where N clients communicate with a central server that aggregates all updates and
then broadcasts back a message to all clients. Formally, we have a number of features d € N*, and a
convex cost function F : R? — R. We want to solve the following distributed convex optimization
problem using stochastic gradient algorithms [Robbins and Monro, 1951, Bottou, 2010]:

min F(w) with F(w) = ;VZFi(w) ,

wERY

where (F});cq1,... Ny are the local objective functions on client i in {1,..., N} (they could be either
the local empirical risk or the local expected risk).

The starting point of the algorithms presented in this thesis is Distributed SGD where at each
iteration k € N* and for each client 7 in {1,..., N}, a local gradient gzl, 41 is computed using a single
batch and then sent to the central server which aggregates the information from all clients before
updating the model. It results in the below update equation:

N
1 ; .
W41 = Wg — ’YN E glkﬂ(wk) . (Dist. SGD)
i=1

In this distributed setting, the main chal- Algorithm  1:
lenge is the communication cost which has been (FedAvg)
identified as an important bottleneck [e.g. Strom,
2015, Kairouz et al., 2019]. Firstly, exchanging
information can slow down the whole training
process. Secondly, sharing high volumes of data
can be problematic for the users in terms of band-
width usage (for instance ResNet-50 proposed
in He et al. [2016] has over 23 million param-
eters, and VGG16 designed by Simonyan and .
Zisserman [2015] has 138 million). Thirdly, the fifr:aizarclli;r; je;noékuzi](\)” clients)
energy cost of the communication process is also B; « (split dataset D; in batch of
significant and should be considered alongside
other classical constraints in machine learning,
as seen in studies such as Henderson et al. [2020]

Federated Averaging

Input: Initial model wg, number of
communication rounds K, local
epochs E, learning rate -y, batch
size b, and the proportion p of
active workers at each round.

Output: Global model wg

for k=1,2,..., K do

size b)
w' = wy_1
for each local epoch e =1,2,.... FE

or Anthony et al. [2020]. Three approaches can do

be used to reduce the cost: (1) increase the num- for cach batch B in B; do
ber of local updates, (2) reduce the frequency L L W = w' — gy (w)

of communication between the clients and the

central server or (3) compress the information | wi = w'
exchanged from the clients to the central server
and conversely.

1 —N ;
| W= D i MWy,

1. Local updates. Local update algorithms involve performing multiple updates on each client
before transmitting the final update to the central server; the server then applies these updates to
its global state, and the process is repeated [McMahan et al., 2017, Karimireddy et al., 2020, 2021,
Ghadikolaei et al., 2021, Koloskova et al., 2020, Lin et al.; 2018, Stich, 2019, Malinovskiy et al., 2020,
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Gao et al., 2021]. One of the most influential algorithms is FedAvg proposed by McMahan et al.
[2017], we give its pseudo-code in Algorithm 1 because of its founding role. It selects at each round
k in N* a random subset Sy C {1,...,N} of [pN| clients with p in ]0; 1]; each client i in Sy run E
in N* iterations of gradient descent by splitting their dataset D; in a set B; of batches of size b in
N*. We note giB the stochastic gradient computed on client 7 in {1,..., N} when using the batch B
in Bl

2. Partial participation (PP). In federated optimization, it is classical to consider that at each
round, all participants are not used for the training |e.g. Zhao and Zhang, 2015, Csiba and Richtarik,
2018, Mishchenko et al., 2018, Chen et al., 2020, Yang et al., 2021, Wang et al., 2022, Luo et al.,
2022, Wang and Xu, 2022, Jhunjhunwala et al., 2022, Eichner et al., 2019, Fraboni et al., 2021a,
2022, Yang et al., 2021, Rodio et al., 2023]. For instance, it is common to consider mobile devices to
be ready to participate only when idle, charging and connected to a fast network, leading a client to
be regularly switched on/off during the training process. This setting results in new constraints;
for instance how to synchronize the training, how to design efficient sampling strategies, how to
guarantee convergence to a global optimum ...

3. Compression. Compression is a critical aspect of distributed learning, as it addresses the three
issues mentioned above that hinder the practical implementation of distributed learning. Therefore,
compression for distributed learning is an important subject of research. It has led to a significant
effort of the community to design the best algorithms, either by compressing only the uplink channel
[Seide et al., 2014, Alistarh et al., 2018, Khirirat et al., 2018, Karimireddy et al., 2019, Wu et al.,
2018, Chraibi et al., 2019, Mishchenko et al., 2019, Horvath et al., 2022, Reisizadeh et al., 2020,
Gorbunov et al., 2020a, Li et al., 2020b, Haddadpour et al., 2021, Richtarik et al., 2021, Kovalev
et al., 2021, Li and Richtarik, 2021], either both uplink and downlink channels [Tang et al., 2019,
Liu et al., 2020, Zheng et al., 2019, Philippenko and Dieuleveut, 2020, 2021, Gorbunov et al., 2020b,
Sattler et al., 2019, Horvath et al., 2022, Fatkhullin et al., 2021].

In this thesis, we have considered the last solution, and in particular, we have designed two
algorithms doing bidirectional compression. Note that the scenario of partial participation is naturally
covered by our analysis by being considered as a particular case of compression where is sent either
the complete gradient, either 0. We give more details about compression and review related work in
the next Subsection 1.3.2.

1.3.2 Compression

We consider a compressor C : R* — R? as a random function that verify the below assumption:

Assumption 1.7 (Compression). There exists a constant w € R%_, such that the random operator C
satisfies for all z in R the following two properties:

EC(2)] =2 and  E[IC(2) - 2[*] S w]?.

In other words, the compression is unbiased and its variance is relatively bounded by a constant w.
Another common assumption, that is not considered in this thesis is that the compressor is contractive,
i.e. for any z in R?, [|C(2) — 2|2 < (1 — §)||2||? with § €]0; 1] [almost surely or in expectation, see
for instance Seide et al., 2014, Stich et al., 2018, Karimireddy et al., 2019, Ivkin et al., 2019,
Koloskova et al., 2019, Gorbunov et al., 2020b, Beznosikov et al., 2020, Richtarik et al., 2022]. We
use unbiased operators because they allow reducing by a factor N the variance, while the bias is
kept independent of N: suppose we have N clients compressing independently the same vector
z in R using compressors (C;))¥, that verify Assumption 1.7, then + Zf\i 1 Ci(2) also verifies this
assumption but with a constant w/N.
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In the following, we define several unbiased compression operators that verify Assumption 1.7.
These operators are classical in the literature and will be considered throughout this thesis.

Definition 1.1 (Compression operators). Let z in R%.

1. 1-quantization is defined as Cy(z) = | z|sign(z) ® x € R? with x ~ (Bern(|2z|/||z]l2))L; -

2. Rand-h is defined as Can(2) == £B(S) ® z with S ~ Unif(P,({1,...,d})) and B(S); = lics.
3. Sparsification is defined as Cs(z) = %B ® z € R with B ~ (Bern(p))L_, .
4

. Partial participation can also be seen as a technique of compression as it reduces the cost of

communication. We define Cpp(z) = %bz with b ~ Bern(p).

5. Sketching, also known as Random Projection, is defined as Co(z) = %@Tq)z, where h < d in

N, p = h/d and ® € R is a random projection matriz into a lower-dimension space.

While we consider only unidirectional compression (from clients to central server) in Chapter 4,
we focus on bidirectional compression in Chapters 2 and 3. It consists in compressing communications
in both directions between the central server and remote devices. We use two different compression
operators, respectively Cyp and Cqwn, to compress the message in each direction. In its simplest form,
Equation (Dist. SGD) becomes:

N
1 A
Wi+1 = Wk — YCawn (N ZCup(g2+1(wk))> - (1.3)
=1

From an abstract standpoint, we can introduce three quantities: (1) g,i = g}; 41 (wy) the gradient
computed at iteration & in N* on client ¢ in {1,..., N}, (2) g;, the effective gradient shared by
the client i to the central server, and (3) @k the effective gradient used to update the model wy.
In the context of bidirectional compression defined in Equation (1.3), we have: g = Cyp(g5) and

~ L N ,
G = den(ﬁ Zi:l Cup(gllf))-

One of the main challenges of compression is to attenuate its inherent error that might lead
the training process to diverge. For this purpose, two mechanisms have been introduced: (1)

error-feedback (EF) by Seide et al. [2014], and (2) memory by Mishchenko et al. [2019]. We briefly
describe hereafter how these choices affect §}g and Gj.

Error-feedback. Error-feedback (or error-compensation) is a mechanism that accumulates errors
of compression and corrects the gradient computation at each step. This approach was applied
mainly to biased operators of compression (which excludes the compressors considered in this thesis)
and has been successfully used in various works, for instance in [Seide et al., 2014, Stich et al., 2018,
Zheng et al., 2019, Karimireddy et al., 2019, Tang et al., 2019, Zheng et al., 2019, Beznosikov et al.,
2020, Liu et al., 2020, Stich and Karimireddy, 2020, Gorbunov et al., 2020b, Qian et al., 2021]. In
the setting of unidirectional compression, it is mathematically described as:
{ 9% = Cap(V9}, + €4) /7

eZ+1 =ej +7(9: —9}) -

In the context of double compression, it has been shown to improve convergence for a restrictive
class of contracting compression operators (which are generally biased) by Zheng et al. [2019], Tang
et al. [2019]. But for unbiased operators, it did not lead to any theoretical improvement [see Remark
2 in Sec. 4.1., Liu et al., 2020].

Memory. Memory has been introduced in Diana by [Mishchenko et al., 2019] for unbiased
compressors. It consists in compressing the difference between the gradients and a local memory
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term, making the compression error tends to zero, and thus improving the convergence. In the
setting of unidirectional compression, it corresponds mathematically to having:

{ g}i = qu(g/i; - hﬁc—l)'—i_ hi;,—l
i = hi1 + aCuplgh = hj—a) s

where « is the memory’s learning rate. It corresponds to a client-wise control-variate, as already
used by Schmidt et al. [2017] for variance-reduction.

This approach has later been analyzed in many papers. Horvath et al. [2022], Condat and
Richtarik [2022] have added a variance-reduction approach. It has been combined with acceleration
in the strongly-convex regime by Li et al. [2020b] and in the non-strongly-convex setting by Li and
Richtarik [2021]. Gorbunov et al. [2021] has used it to develop Marina an algorithm using a biased
stochastic estimator of the gradient in a non-convex setting. Memory and EF have been combined
together in the unidirectional case by Gorbunov et al. [2020b], and for bidirectional compression by
Liu et al. [2020]. Still in the bidirectional setting, Safaryan et al. [2021]| has developed an algorithm
based on Newton method to compress the Hessian shift. Zhao et al. [2021] have used successfully
memory to reduce client-variance in the case of partial participation. Li et al. [2022b] has used
memory to design an algorithm that applies compression directly to differentially-private stochastic
gradients. The memory mechanism has also been applied for @« = 1 to biased compressors by
Richtarik et al. [2021], Fatkhullin et al. [2021], Gruntkowska et al. [2022]. Memory-like ideas have
also been used beyond ERM, for instance for Langevin Stochastic Dynamics by Vono et al. [2022],
or for Expectation-Maximization algorithms by Dieuleveut et al. [2021].

Memory versus EF. Memory and EF are motivated by two different goals. EF is doing a
retro-compensation of the past errors of compression accumulated over iterations in order to remove
them, and thus (ex)ren tends to zero. Therefore, the quantity that is compressed corresponds
to a compensated gradient. Memory (aka “control-variate”) is put in place to compensate the
clients’ heterogeneity by learning the specificity of each client, thus all memories (h}c)fil tends to
(VE;(w.))XY,. Therefore, the quantity that is compressed with this mechanism corresponds to the
innovation of the new iteration. In other words, EF leads to a “feedback loop” providing information
from the past that helps to correct the drift induced by the error of compression, while on the other
hand, memory reduces the variance induced by the statistical heterogeneity of clients; this last point
being shown in Chapter 2.

The setting of clients’ statical heterogeneity setting is introduced in the following Subsection 1.3.3.

1.3.3 Client statistical heterogeneity

The natural setting of federated learning [see e.g. Kairouz et al., 2019] is the case of statistical
heterogeneous? clients, i.e., each client i in {1,--- , N} holds its own data distribution D; potentially
different from the others. Below, we use the following assumption to quantify the heterogeneity of
clients in the network; this assumption is considered in Chapter 2 for the convex setting.

Assumption 1.8 (Bounded gradient at w,). There exists an optimal parameter w, minimizing F
(not necessarily unique) and a constant B € Ry, such that

1 N
5 2 IVE W) = B,
=1

2Note that it can be found in the literature that clients are said heterogeneous when they face variability in
hardware (CPU, memory) and power (battery level). In this thesis are considered only statistical heterogeneity and
not a system heterogeneity.
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In fact, this is merely an assumption, but rather
a definition of the constant B. In the streaming
1.0.d. setting — Dy =---=Dyand F} =--- = Fy —
the assumption is satisfied with B = 0. On Figure 1.6,
we illustrate an example of three heterogeneous clients
with a local objective function of the form F; : w € *
R? = (w —wl) " Hp(w — wl) + F;(w?), i.e. with the
same Hessian Hp but with different optimal points
(wi)ie{17._.73}. In green, we represent the level sets of
the global objective function and its optimal point
wy,. The gradient of FY, Fy, F3 evaluated at w, are
not null.

. . . % Optimal point of F
In this scenario, as analyzed by Li et al. [2019b], Lovel st of F

the simple FedAvg algorithm works very poorly and % Optimal point of F; -
results to a model whose performance may vary signif- Levelseb of B2\ N\
icantly across the clients. Therefore, a lot of studies
are investigating this problem in order to find efficient
ways to handle it. To tackle this challenge, two strate-
gies can be considered: (1) finding a global consensus
between clients [Smith et al., 2017, Li et al., 2019a, quadratic. We represent the optimal points,
Karimireddy et al., 2019, Hsu et al., 2019, Li et al., the level set, and the opposite gradient at the
2022a, Marfoq et al., 2022, Pillutla et al., 2022a,b, ©Ptimal point.

Laguel et al., 2020, 2021, du Terrail et al., 2022, Caldas et al., 2019, Li et al., 2020a, Mitra et al.,
2021, Collins et al., 2021, Li et al., 2021, Mansour et al., 2020, Zhang et al., 2021] or (2) personalizing
the model for each client [Deng et al., 2020, Grimberg et al., 2020, Beaussart et al., 2021, Even et al.,
2022, Fallah et al., 2020, Li et al., 2021].

Figure 1.6: Illustration of heterogeneity on
three clients, the objective functions are

In this thesis, we focus on the first strategy and aim to design effective algorithms tackling the
clients’ heterogeneity. The challenge under this setting is to make the algorithm converge with the
best possible limit variance.

The goal of this thesis is to focus simultaneously on two challenges of federated learning: reducing
the cost of communication in a heterogeneous setting by doing bidirectional compression.

Next, in Section 1.4, we motivate our choice to analyze bidirectional compression rather than
simply unidirectional. Many research papers assume that downlink speed is higher than uplink,
therefore resulting in a lower communication cost that can be neglected. However, we show that this
is not the case in practice and we highlight scenarios where downlink speed should not be ignored.

1.4 Motivation of using bidirectional compression

There are several reasons to consider downlink compression, and not simply compressing the uplink
signal. First, the difference between upload and download speeds is not significant enough to ignore
the impact of the downlink direction (see Subsection 1.4.1 for an analysis of bandwidth). Moreover,
if we consider for instance a small number N of clients training a very heavy model — the size of
deep learning models generally exceeds hundreds of MB [Dean et al., 2012, Huang et al., 2019| — the
training speed will be limited by the exchange time of the updates, thus using downlink compression
is key to accelerate the process. Secondly, in a different setting in which a network of smartphones
collaborate to train a large-scale model in a federated framework, participants to the training would
not be eager to download hundreds of MB for each update on their phone. Here again, downlink
compression appears to be necessary.
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In Subsection 1.4.1, we present an analysis of the bandwidth speeds for download/upload on
fixed /mobile broadband relying on a study made in 2020 over the six continents by Index [2020)].
Then in Subsection 1.4.2, we show with the concrete example of quantization, how bidirectional
compression helps to reduce the communication cost compared to unidirectional.

1.4.1 Bandwidth speed

In a network configuration where download 907 e Download - Fixed |55
would be much faster than upload, bidirectional gl & Upload - Fixed

. . —&— Download - Mobile
compression would present no benefit over uni- «- Upload - Mobile 13.0

directional, as downlink communications would 01 ﬁ:&z i;:;:llle
have a negligible cost. However, this is not the

case in practice: to assess this point, we gathered
broadband speeds, for both download and up-
load communications, for fixed broadband (cable,
T1, DSL ...) or mobile (cellphones, smartphones,

N
o

[N}
o
ratio download/upload

tablets, laptops ...) from studies carried out in 30 L0
2020 over the 6 continents by Speedtest.net [see 01 o Lok
Index, 2020]. Results are provided in Figure 1.7, o] g e ) a..... q... .
comparing download and upload speeds. The : . 0.0
ratios (averaged by continents) between upload N " %00{‘:? e Tea™™ D v
and download speeds stand between 1 (in Asia, ® X Continents

for fixed broadband) and 3.5 (in Europe, for
mobile broadband): there is thus no apparent
reason to simply disregard the downlink com-
munication, and bidirectional compression is un-

Figure 1.7: Left axis: upload and download speed
for mobile and fixed broadband. Left axis: speeds
(in Mbps), right axis: ratio (green bars). The

: . . dataset is gathered from Speedtest.net, see Index
avoidable to achieve substantial speedup. More 2020].

precisely, if we denote vg and v, the speed of
download and upload (in Mbits per second), we

71 3 Fixed
typically have vg = pv,, with 1 < p < 3.5. Using | -\l
quantization with s =1 (see Definition 1.2), for N
unidirectional compression, each iteration takes Z, éé %l %I
O (%) seconds, while for a bidirectional one ;f é
it takes only O (M) seconds. A A \\\\(\(\‘“:H“m()t ania Burope

Figure 1.8: Distribution of the download /upload

In Figures 1.8, 1.9a and 1.9b, unlike Fig- speeds ratio by continents

ure 1.7, we do not aggregate data by countries
of the same continents. This allows us to analyze the speed ratio between upload and download
with the proper value of each country. Looking at Figures 1.8, 1.9a and 1.9b, it is noticeable that in
the world, the ratio between upload and download speed is between 1 and 5, and not between 1 and
3.5 as Figure 1.7 was suggesting since we were aggregating data by continents. There are only nine
countries in the world having a ratio higher than 5. In FEurope: Malta, Belgium, and Montenegro.
In Asia: South Korea. In North America: Canada, Saint Vincent and the Grenadines, Panama, and
Costa Rica. In Africa: Western Sahara. The highest ratio is 7.7 observed in Malta.

1.4.2 Communication cost: an example using the quantization scheme

In the following, we define the s-quantization operator Cs which we use in most of the experiments
in Chapters 2 and 3. After giving its definition, we explain [based on Alistarh et al., 2017| how it
helps to reduce the number of bits to broadcast at each iteration.

Definition 1.2 (s-quantization operator). Given z € R?, the s-quantization operator Cy is de-
fined by Cy(2) = sign(z) x ||z|]l2 x X. x € R? is a random wvector with j-th element defined as:

S


https://www.speedtest.net/global-index
https://www.speedtest.net/global-index
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(a) Mobile broadband. (b) Fixed broadband.

Figure 1.9: Upload/download speed (in Mbps).

slzl o

212 where the level | is such that B el l+1].
2

L I+ 1 with probability sl‘z—jl -1,
' l otherwise

The s-quantization scheme verifies Assumption 1.7 with w = min(d/s?,v/d/s). Proof can be
found in [Alistarh et al., 2017, see Appendix A.1].

Now, for any vector v € R?, we are in possession of the tuple (|[v]|?, ¢, x), where ¢ is the vector
of signs of (v;)? 1, and x is the vector of integer values (x;);j=1. To broadcast the quantized value,
we use the Elias encoding Elias [1975]. Using this encoding scheme, it can be shown (Theorem 3.2
of Alistarh et al. [2017]) that:

Proposition 1.1. For any vector v, the number of bits needed to communicate Cs(v) is upper

bounded by
(3 4 (3 + 0(1)> log, (M)) s(s + V) +32.

With s = 1, it means that we will employ O(\/&logQ d) bits per iteration instead of 32d, which
Vd
g2

reduces by a factor -

5 the number of bits used by iteration. Now, in a FL settings, at each
iteration we have a double communication (device to the main server, main server to the device) for
each of the N clients. It means that at each iteration, we need to communicate 2 x N x 32d bits
if compression is not used. Obviously, unidirectional compression can at best result in a factor 2
reduction in term of total number of bits, while for bidirectional compression, we need to broadcast
O(N+/dlog, d) bits using the Elias encoding [defined in Elias, 1975]. Denoting v4 and v, the speed
of download and upload (in bits per second), we typically have vy = pv,, 3.5 > p > 1. Then for

unidirectional compression, each iteration takes O (f—j + M) =0 (M> seconds, while for

Uy PUu
N+/dlog,(d) )
Vu

a bidirectional one, it takes only O ( seconds.

In other words, unless p is really large (which is not the case in practice as stressed by Fig-
ure 1.7), double compression reduces by several orders of magnitude the global time complexity, and
bidirectional compression is superior to unidirectional.

1.5 Summary of the contributions of this thesis

The naive way of doing bidirectional compression has been given in Equation (1.3), it consists in
simply compressing the local gradients, and then compressing their average on the central server

before using it to update the model: wgy1 = wr — YCqwn <J{, Zfil Cup(gil'cﬂ(wk))).
In a such setting — considering that the compressors are random processes whose variance are

constants wyp,wdwn — it is possible to prove that the variance of SGD iterates is increased by a
factor wyp X Wawn-
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In the next subsection, we summarize the key contributions of this thesis to address the challenge
of compression, we include the most representative theorems of each chapter. Our results are
validated by numerical experiments and the code is provided on our GitHub repositories:

e see this repository for the implementation of both Artemis and MCM used in Chapters 2 and 3,

e see this repository for the code of Chapter 4.

1.5.1 Contributions of Chapter 2

In Chapter 2, we propose Artemis, a framework that encompasses 6 algorithms (with or without
up/down compression, with or without memory), the update being given for any k& N* by:

Vi e [1,N], A}; =C,, (gi; — };_1) , and then hf = hy_1 + aAi ,
U = Cypn (7 T AL+ 1)
wg = wr—1 — Y -

Constants v, € R* x Ry are learning rates for respectively the iterate sequence and the memory
sequence (hi;) keN*ie{l1,..,N}- Lhe consequence of introducing the memory is that at iteration k in N*,
instead of compressing the gradient g;, which expectation tends to VFj(w,) # 0 (Assumption 1.8),
we compress a difference which tends now to zero in expectation like in the homogeneous scenario.
We provide a fast rate of convergence — exponential convergence up to a threshold proportional to
o2, the noise at the optimal point —, obtaining tighter bounds than in other works on compression.

Theorem 1.4 (Convergence of Artemis). Under Assumptions 1.2 and 1.5 to 1.8, for a step size
satisfying some conditions, for a learning rate ayp verifying some conditions, and for any k in N,
the mean squared distance of wy, to wy decreases at a linear rate up to a constant of the order of E:

2vE
E [lox = w1?] < (1= (o — |+ 29°C5%) + 22
for constants C and E depending on the variant (independent of k) of Artemsis.

We explicitly tackle heterogeneity using Assumption 1.8, proving that the limit variance of
Artemis with memory is independent from the difference between distributions (as for SGD). Indeed,
we prove that memory makes the saturation threshold E independent of B2. This is one of the first
theoretical guarantee for double compression that explicitly quantifies the impact of non-i.i.d. data.

We prove convergence in distribution of the iterates, and subsequently provide a lower bound on
the asymptotic variance. This sheds light on the limits of (double) compression, which results in
an increase of the algorithm’s variance, and can thus only accelerate the learning process for early
iterations and up to a “moderate” accuracy. It also means that the upper bound on the saturation
level is tight w.r.t. af,wup,wdwn, B2% N and 7.

Theorem 1.5 (Convergence in distribution and lower bound on the variance). Under Assumptions 1.2
and 1.5 to 1.8, for 7y, oy, B satisfying some condition, when k goes to infinity, the second order
moment E[||wy, — w||?] converges to a limit variance lower bounded by Q(vE/uN), with E depending
on the variant of Artemis.

1.5.2 Contributions of Chapter 3

Artemis has a drawback, in order to be able to broadcast back the aggregate of the received local
gradient, it compresses it before applying the update, resulting in a waste of valuable information.
The advantage is that the model held on the central server and the one used on the local workers (to


https://github.com/philipco/artemis-bidirectional-compression
https://github.com/philipco/structured_noise
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query the gradient oracle) are identical. However, this means that the model on the central server
has been artificially degraded: instead of using all the received information, it is updated with the
compressed information. We propose a new algorithm MCM which updates the global model w1
independently of the downlink compression, hence leading to a non-degraded update. MCM is
entirely defined by the following uplink and downlink equations.

“Server-to-client” equations “Clients-to-server” equations
Q= wp — Hi—1, Vi€ [1,N], A} = g;]%(@k—l) —hi_y
Wk = Hy—1 + Cawn (%) W = Who1 — 37 ity Cup(AF) + hfy
Hy = Hy—1 + cdwnCawn () hi = hi | 4 aupCup(AL).

This implies that the local models are different from the central model. The local gradients
are thus measured on a “perturbed model” (or “perturbed iterate”). Such an approach requires a
more involved analysis and the deviation between the local and global models must be carefully
controlled [Mania et al., 2016].

In this thesis, for the sake of simplicity, we summarize results in a homogeneous setting [see our
paper for results in heterogeneous setting, Philippenko and Dieuleveut, 2021, Appendix G|. Therefore,
we set ayp to zero; indeed we show in Chapter 2 that uplink memory is useful only in the heterogeneous
setting. Additionally, we choose atgwn = (8wawn) ! and denote ®(7) := (1 + wyp) (1 + 647Lw§wn).
We show that MCM achieves the same rate of convergence as single compression in strongly-convex,
convex and non-convex regimes. Note that this behavior has later been also recovered by Zou et al.
[2022| for the special case of Top-K compression. We consider Yyax and E, two constants defined in
Chapter 3, then we have the following bounds of convergence.

Theorem 1.6 (Convergence of MCM in the homogeneous and strongly-convex case). Under Assump-

tions 1.2 to 1.4 and 1.7 with u > 0, for k in N, if 02 = 0 (noiseless case), for Vi = Ymax we recover
; . _ 2 _ k _ 2

a linear convergence rate: E[||wg — wi||”] < (1 — Ymaxit/2)"||wo — wil*.

Furthermore, if o2 > 0, taking for all K in N, v = 4/(u(K + 1) + L), for the weighted
Polyak-Ruppert average wy = 25:1 Awg—1/ Zszl e, with A\, := (Y—1) "}, we have:

802 (1 + wyp)

E [F(x) — F(wa)] < 5 luo — ] + (1+%m< K+0)
K * _/,LK2 0 * ,LLK H s

UK N
where 0,0, 0" are three constants given in Chapter 3. 1 - so
—4— AI((«‘I(IH\
On Figure 1.10, we observe that MCM meets Diana (unidirec- ) __:: o,
- —— R-MCM

tional compression) while Artemis saturates at a higher level
(scaling as wyp X Wawn), wWhich illustrates the behavior stated

log(F(wy) — F(w,))

in Theorem 1.6. -3
We also propose a variant, Rand-MCM incorporating diversity
into models shared with the local clients and show that it —4
improves convergence for quadratic functions. Rand-MCM simply 0 50 100 150 200
consists in applying independent downlink compressions for Number of passes on data

each client.
Figure 1.10: MCM and Rand-MCM on

quantum, they achieves a rate of
convergence identical to unidirec-
tional compression.

Theorem 1.7 (Convergence in the quadratic case). Under
Assumptions 1.2 to 1.4 and 1.7 with p = 0, if the function is
quadratic, after running K > 0 iterations, for any v < Ymax,
we have:

_ |
E[F(ox) — Fi] < K N

with C = N for Rand-MCM and C =1 for MCHM.

[wo — w*H2 i vo?(1 + Wup) 14 4')’2L2wdwn( 1 @)
K C N ’
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1.5.3 Contributions of Chapter 4

The goal of this Chapter is to provide an in-depth analysis of compression within a fundamental
learning framework, namely least-squares regression (see Subsection 1.1.4), in order to highlight the
differences in convergence between several unbiased compression schemes having the same variance
increase. More precisely, we consider linear stochastic approximation recursion, to find a zero of the
linear mean field VF'.

Definition 1.3 (Linear Stochastic Approximation, LSA). Let wg € R? be the initialization, the
linear® stochastic approximation recursion is defined as:

wi, = wi—1 — YVEF (wg—1) + vk (wk—1 — wy), k€N, (LSA)

where vy > 0 is the step size and (&)gen+ 1S a sequence of i.i.d. zero-centered random fields that
characterizes the stochastic oracle on VF(-). For any k € N*, we denote by F, = o (&1,...,&k), such
that the filtration (Fi)k>o is adapted to (wg)k>0-

We assume that F' is quadratic, we denote Hp its Hessian. For any k in N, with np = wi — wy,
we get equivalently:

e =T —vHp)ne—1 + ve(Me—1), k€N,

Although there is abundant literature on the study of (LSA), the application to the case of
federated least-mean-squares poses novel challenges. Especially, most analyses of LSA assume
that the field &, is linear (i.e. for any 2,2’ € RY, &.(2) — & (7)) = & (2 — 2/)). More general
non-asymptotic results on stochastic approximation with a Lipschitz mean field (i.e. SGD with a
smooth objective) also assume that the noise-field is Lipschitz in squared expectation i.e. for any
2,2 € RUE[||&(2) — & (2)]1?] < C||z — #'||%. One major specificity and bottleneck in the case of
compression is the fact that the resulting field does not satisfy such an assumption. Instead, we
consider the following Holder-type assumption on the compressor:

Assumption 1.9 (Compression.). We suppose that there exists two constants w,§) € R%, such that
the random operator C satisfies for all z in R? the following property:

EfliC(z) — C(NII"]) < Qmin(|lz], [Z'Dllz = Il + 3(w + 1)l = /]

It enables to provide a non-asymptotic analysis of (LSA) under weak regularity assumptions of
the noise field (&x)x. We show that the asymptotically dominant term depends on the covariance
matrix Cania of the additive noise induced by the algorithm (nicknamed the ania’s covariance), as
expected from the classical asymptotic literature Polyak and Juditsky [1992]. The backbone theorem
of the chapter generalizes the results from Bach and Moulines [2013] obtained in the scenario of
centralized LMS. It shows that the variance term scales with Tr ((’:aniaHEl), which highlights the
interaction between the Hessian of the optimization problem Hp, and the ania’s covariance €upia.

We then consider the simple configuration of compressed central LMS, it enables to describe
the impact of the compressor choice on the dependency between the features’ covariance H (which
is also the Hessian Hp of the optimization problem) and the ania’s covariance €,pi,. Contrary to
the classical scenario without compression for which the noise is said to be structured, i.e., the
ania’s covariance is proportional to the Hessian Hp, applying a random compression mechanism
on the gradient breaks this structure. This phenomenon is noteworthy: for an ill-conditioned Hp,
it may lead to a drastic increase in Tr (@aniaHl?l) and thus, to a degradation in convergence. By
calculating the ania’s covariance for various compression mechanisms, we identify differences that
classical literature was unable to capture.

3While in LSA literature, both the mean-field VF and the noise-field (£) are linear, we do not here consider the
noise fields to be linear.
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Figure 1.11: Logarithm excess loss of the Polyak-Ruppert iterate after K = 107 iterations for a
single client (N = 1).

For instance, we show that Rand-h and partial participation (see definitions in Chapter 4) with
probability (h/d) satisfy the same variance condition. Yet the convergence of compressed least-mean-
squares for PP is more robust to ill-conditioned problems. To illustrate these findings, we run a
gradient descent on a LSR problem and plot the logarithm excess loss of the Polyak-Ruppert iterate
on Figure 1.11 in three scenarios: when the features’ covariance is diagonal or not in the case of an
ill-conditioned problem, i.e., with high eigenvalues’ decay (Figures 1.11a and 1.11b, u = 1078); when
the features’ covariance is not diagonal and with slow eigenvalues’ decay (Figure 1.11c, u = 1072).

Finally, we study the case of federated learning with heterogeneous clients. We examine two
different sources of heterogeneity. First, the case of heterogeneous features’ covariances (Hz)fi 1
(covariate-shift), second, the case of heterogeneous local optimal points (w?)Y ; (concept-shift). In
the covariate-shift case, most insights from the centralized case remain valid and we explain how to
compute the ania’s covariance. On the contrary, despite that the concept-shift scenario keeps the
noise structured (without compression), it hinders the limit convergence rate, suffering from the

dispersion of the optimal points.

1.5.4 Key messages of this thesis
Throughout the chapters of this thesis, three key take-away messages can be identified.

1. The relationship between compression and heterogeneity is non-trivial. Our research has shown
that the primary factor that affects convergence is the noise on the gradient computed on the
optimal point. Based on this finding, we have developed an algorithm that performs variance
reduction for compressed SGD in scenarios where clients are heterogeneous. Our algorithm
is specifically designed to cancel the impact of heterogeneity and improve the accuracy of
compressed SGD in these scenarios. With our algorithm, we aim to address the challenges
posed by the interaction between compression and heterogeneity.

2. During downlink compression, two quantities are typically observed: x in R? and Cqyn (),
however, only one of these quantities Cqyy () is transmitted. If Cqwn () is used to update the
central model, as in Artemis-like algorithms, it results in an increase by a factor wgwn of the
variance. If x is used to update the central model, it implies that the local models are different
from the central model. This leads to compute the local gradients on a “perturbed model”,
which is more challenging. Taking advantage of this scenario, we have developed an algorithm
that asymptotically cancels the impact of downlink compression.

3. Compression has a significant impact on the regularity of the optimization problem. For
example, quantization is neither linear nor Lipschitz in squared expectation. Despite this
challenge, we have conducted an analysis in the fundamental learning framework of LSR. Using
a Holder-type condition, we have identified differences in convergence rates between several
unbiased compression operators that all satisfy the same condition on their variance, thus
going beyond the classical worst-case analysis.
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“C’est la nuit qu’il est beau de croire a la lumiére.’

Chantecler, Edmond Rostand.

In this Chapter, we focus on the intertwined effect of compression and client (statistical)
heterogeneity. We introduce a framework — Artemis — to tackle the problem of learning in a
distributed or federated setting with communication constraints. Several clients perform the
optimization process using a central server to aggregate their computations. To alleviate the
communication cost, Artemis allows to compress the information sent in both directions (from
the clients to the server and conversely) combined with a memory mechanism. It improves on
existing algorithms that only consider unidirectional compression (to the server), or use very strong
assumptions on the compression operator. We provide fast rates of convergence (linear up to a
threshold) under weak assumptions on the stochastic gradients (noise’s variance bounded only at
optimal point) in non-i.i.d. setting, highlight the impact of memory for unidirectional and bidirectional
compression, and analyze Polyak-Ruppert averaging. We use convergence in distribution to obtain
a lower bound of the asymptotic variance that highlights the practical limits of compression. We
provide experimental results to demonstrate the validity of our analysis.

This chapter is based on our work Bidirectional compression in heterogeneous settings for
distributed or federated learning with partial participation: tight convergence guarantees [Philippenko
and Dieuleveut, 2021].

29
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2.1 Introduction

In modern large scale machine learning applications, optimization has to be processed in a distributed
fashion, using a potentially large number N in N of clients. In the data-parallel framework, each
client only accesses a fraction of the data: new challenges have arisen, especially when communication
constraints between the workers are present.

In this chapter, we focus on first-order methods, especially stochastic gradient descent |Bottou,
1999, Robbins and Monro, 1951] in a centralized framework: a central machine aggregates the
computation of the N workers in a synchronized way. This applies to both the distributed |e.g. Li
et al., 2014] and the federated learning [introduced in Kone¢ny et al., 2016, McMahan et al., 2017]
settings.

Formally, we consider a number of features d € N*, and a convex cost function F : R* — R. We
want to solve the following convex optimization problem:

. . 1 &
min F(w) with F(w) = & ; Fi(w), (2.1)
where (Fz)fil is a local risk function for the model w on the worker i. Especially, in the classical
supervised machine learning framework, we fix a loss £ and access, on a worker i, n; observations
(28 )1<k<n, following a distribution D;. In this framework, F; can be either the (weighted) local
empirical risk, w > (n; 1) S0, £(w, 23) or the expected risk w — E,p, [£(w, z)]. At each iteration
of the algorithm, each client can get an unbiased oracle on the gradient of the function F; (typically
either by choosing uniformly an observation in its dataset or in a streaming fashion, getting a new
observation at each step).

Our goal is to reduce the amount of information exchanged between workers, to accelerate
the learning process, limit the bandwidth usage, and reduce energy consumption. Indeed, the
communication cost has been identified as an important bottleneck in the distributed settings [e.g.
Strom, 2015]. In their overview of the federated learning framework, Kairouz et al. [2019] also
underline in Section 3.5 two possible directions to reduce this cost: (1) compressing communication
from workers to the central server (uplink) (2) compressing the downlink communication.

Most of the papers considering the problem of reducing the communication cost [Alistarh et al.,
2017, Agarwal et al., 2018, Wu et al., 2018, Karimireddy et al., 2019, Mishchenko et al., 2019, Horvath
et al., 2022, Li et al., 2020b, Horvath and Richtarik, 2020] only focus on compressing the message
sent from the workers to the central node. This direction has the highest potential to reduce the
total runtime given that (i) the bandwidth for upload is generally more limited than for download,
and that (ii) for some regimes with a large number of workers, the downlink communication, that
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corresponds to a “one-to-/N” communication, may not be the bottleneck compared to the “ N-to-one”
uplink.

Nevertheless, there are several reasons to also consider downlink compression. First, the difference
between upload and download speeds is not significant enough at all to ignore the impact of the
downlink direction (see Section 1.4 for an analysis of bandwidth). If we consider for instance a small
number N of workers training a very heavy model — the size of Deep Learning models generally
exceeds hundreds of MB [Dean et al., 2012, Huang et al., 2019] —, the training speed will be limited
by the exchange time of the updates, thus using downlink compression is key to accelerating the
process. Secondly, in a different framework in which a network of smartphones collaborate to train
a large scale model in a federated framework, participants to the training would not be eager to
download a hundreds of MB for each update on their phone. Here again, downlink compression
appears to be necessary. To encompass all situations, our framework implements compression in
either or both directions with possibly different compression levels.

Bidirectional compression (i.e. compressing both uplink and downlink) raises new challenges.
In the downlink step, if we compress the model, the quantity compressed does not tend to zero.
Consequently the compression error significantly hinders convergence. To circumvent this problem
we compress the gradient that may asymptotically approach zero. Prior to this work, bidirectional
compression had been considered by Tang et al. [2019], Zheng et al. [2019], Liu et al. [2020], Yu et al.
[2019]. In particular, Liu et al. [2020] developed (concomitantly and independently to our work)
an algorithm called Dore, which combines error compensation, a memory mechanism, and model
compression, and assumes a uniform bound on the gradient variance. In this chapter, we provide
new results on Dore-like algorithms, considering a framework without error-feedback using tighter
assumptions, and quantifying precisely the impact of data heterogeneity on the convergence.

Indeed, we focus on a heterogeneous setting: the data distribution depends on each worker (thus
non i.i.d.). We explicitly control the differences between distributions. In such a setting, the local
gradient at the optimal point VFj;(w,) may not vanish: to get a vanishing compression error, we
introduce a “memory” process [Mishchenko et al., 2019).

Assumptions made on the gradient oracle directly influence the convergence rate of the algorithm:
in this Chapter, we neither assume that the gradients are uniformly bounded [as in Zheng et al.,
2019] nor that their variance is uniformly bounded [Assumption 1.4, as in Alistarh et al., 2017,
Mishchenko et al., 2019, Liu et al., 2020, Tang et al., 2019, Horvath et al., 2022]: instead we only
assume that the variance is bounded by a constant o2 at the optimal point w,, and provide linear
convergence rates up to a threshold proportional to 02 (as in [Dieuleveut et al., 2020, Gower et al.,
2019| for non distributed optimization). This is a fundamental difference as the variance bound
at the optimal point can be orders of magnitude smaller than the uniform bound used in previous
work: this is striking when all loss functions have the same critical point, and thus the noise at
the optimal point is nulll This happens for example in the interpolation regime, which has recently
gained importance in the machine learning community [Belkin et al., 2019|. As the empirical risk
at the optimal point is null or very close to zero, so are all the loss functions with respect to one
example. This is often the case in deep learning [e.g., Zhang et al., 2017] or in large dimension
regression [Mei and Montanari, 2019].

Overall, we make the following contributions:

1. We describe a framework — Artemis — that encompasses 6 algorithms (with or without
up/down compression, with or without memory). We provide and analyze in Theorem 2.1 a fast
rate of convergence — exponential convergence up to a threshold proportional to o2, the noise at
the optimal point —, obtaining tighter bounds than in [Alistarh et al., 2017, Mishchenko et al.,
2019].

2. We explicitly tackle heterogeneity using Assumption 2.4, proving that the limit variance of
Artemis with memory is independent from the difference between distributions (as for SGD).
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Table 2.1: Comparison of frameworks for main algorithms handling (bidirectional) compression. By
“non i.i.d.”, we mean that the theoretical framework encompasses and explicitly quantifies the impact
of data heterogeneity on convergence (Assumption 2.4), e.g., Dore does not assume i.i.d. workers but
does not quantify differences between distributions. References: see Alistarh et al. [2017] for QSGD,
Mishchenko et al. [2019] for Diana, Horvath and Richtéarik [2020] for [HR20|, Liu et al. [2020] for
Dore and Tang et al. [2019] for DoubleSqueeze.

. Double Dist Artemis
QSGD Diana [HR20] Dore Squeeze EF-SGD (new)
Data i.i.d. non i.i.d. non i.i.d. i.i.d. i.i.d. i.i.d. non i.i.d.

: . . . . . o At optimal
Bounded variance Uniformly = Uniformly = Uniformly — Uniformly  Uniformly  Uniformly optim

point
Compression One-way One-way One-way Two-way Two-way Two-way Two-way
Error-feedback v v v v
Memory v v v
Partial part. v v

This is the first theoretical guarantee for double compression that explicitly quantifies
the impact of non i.i.d. data.

3. In the non-strongly-convex case, we prove the convergence using Polyak-Ruppert averaging in
Theorem 2.2.

4. We prove convergence in distribution of the iterates, and subsequently provide a lower bounds
on the asymptotic variance. This sheds light on the limits of (double) compression, which
results in an increase of the algorithm’s variance, and can thus only accelerate the learning process
for early iterations and up to a “moderate” accuracy. Interestingly, this “moderate” accuracy has

to be understood with respect to the reduced noise o2.

Furthermore, we support our analysis with various experiments illustrating the behavior of
our new algorithm and we provide the code to reproduce our experiments, see this repository. In
Table 2.1, we highlight the main features and assumptions of Artemis compared to recent algorithms
using compression.

The rest of the chapter is organized as follows: in Section 2.2 we introduce the framework
of Artemis. In Subsection 2.2.1 we describe the assumptions, and we review related work in
Subsection 2.2.2. We then give the theoretical results in Section 2.3, we present experiments in
Section 2.4, and finally, we conclude in Section 2.5.

2.2 Problem statement

We consider the problem described in Equation (2.1). In the convex case, we assume that there exist
at least one optimal point which we denote w,, we also denote hl, = VF;(wy), for 7 in [1, N]. To
solve this problem, we rely on a stochastic gradient descent (SGD) algorithm.

A stochastic gradient g}, is provided at iteration k in N* to the client ¢ in [1, N]. This function is
then evaluated at point wy_1: to alleviate notation, we will use gi = gi (wy_1) and g , = g (w,) to
denote the stochastic gradient vectors at points wi_1 and w, on client ¢. In the classical centralized
framework (without compression), SGD corresponds to:

N
1 4
Wk = Wk—1 — Ty E i (2.2)
i=1

where v is the learning rate.
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However, computing such a sequence would require the nodes to send either the gradient g,i or the
updated local model to the central server (uplink communication), and the central server to broadcast
back either the averaged gradient gi or the updated global model (downlink communication). Here,
in order to reduce communication cost, we perform a bidirectional compression. More precisely,
we combine two main tools: (1) an unbiased compression operator C : R — R? that reduces the
number of bits exchanged, and (2) a memory process that reduces the size of the signal to compress,
and consequently the error [Mishchenko et al., 2019, Li et al., 2020b]. That is, instead of directly
compressing the gradient, we first approximate it by the memory term and, afterwards, we compress
the difference. As a consequence, the compressed term tends in expectation to zero, and the error of
compression is reduced. Following Tang et al. [2019], we only broadcast gradients, or difference of
gradients, and never models. To distinguish the two compression operations we denote C,, and C, .
the compression operator for uplink and downlink. At each iteration, we thus have the following
steps:

1. First, each active local node sends to the central server a compression of gradient differences:
Al =C, (gi — hi_,), and updates the memory term hj, = h},_| + apA}, with ayp € R*. The
server recovers the approximated gradients’ values by adding the received term to the memories
kept on its side.

2. Then, the central server sends back the compression of the sum of compressed gradients: 2 =
Cron (% Efi 1 32 + h2—1)~ No memory mechanism needs to be used, as the sum of gradients
tends to zero in the absence of regularization.

The update is thus given by:

Vi e [1,N], i =C,, (g —hi_y)
Q. = Cyym (% S (AL + h}H)) (2.3)
W = Wg—-1 — ’}/Qk .

Constants v, ayp € R* X Ry are learning rates for respectively the iterate sequence and the memory
sequence.

Partial participation. As underlined in Subsection 1.3.1, an important setting of FL is the partial
participation (PP) of clients at each round: clients only participate in a fraction p of the training
steps. This can be addressed theoretically by modelizing it as a compression scheme Cpp, which
compresses a vector z as either z/p or 0. As such, our analysis of uplink compression naturally
encompasses the PP scenario. In the PP setting, the main difficulty is to keep all clients synchronized
when they return to the training process. This requires sharing any updates they missed or the
latest iterate, depending on which option is more efficient. This step is commonly referred to as a
“catching-up” process. This approach has also been proposed by Sattler et al. [2019, see the remark
preceding Equation (20) in Section VI.C| or by Tang et al. [2019, v2 on arxiv for the distributed case],
who use a buffer. We present the pseudo-code of Artemis with the catching-up step in Algorithm 2.

As a summary, the Artemis framework encompasses, in particular, these four algorithms: the
variant with unidirectional compression (wgwn = 0) w.o. or with memory (o, = 0 or ayp # 0)
recovers QSGD defined by Alistarh et al. [2017] and DIANA proposed by Mishchenko et al. [2019]. The
variant using bidirectional compression (wqwn 7 0) w.0 memory (o, = 0) is called Bi-QSGD. The
last and most effective variant combines bidirectional compression with memory and is the one we
refer to as Artemis if no precision is given. It corresponds to a simplified version of Dore without
error-feedback, but this additional mechanism did not lead to any theoretical improvement in the
case of unbiased compressors [Remark 2 in Sec. 4.1., Liu et al., 2020].

Remark 2.1 (Local steps). An obvious independent direction to reduce communication is to increase
the number of steps performed before communication. This is the spirit of Local-SGD [Stich, 2019].
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Algorithm 2: Pseudocode of Artemis — set ayp > 0 to use memory.

Input: Mini-batch size b, learning rates cuyp,y > 0, initial model wy € R?, operators C,, and
C,wns M1 and My the sizes of the full/compressed gradients.
Initialization: Index of last participation: k; = 0. Local memory:
Vi e {l,...,N},hi = gt (wp) (smart initialization). Central memory:
ho = iy hp/N.
Output: Model wg
for k=1,2,...,K do
Get the set of active devices S, C {1,..., N}
for each device 1 € S do
Catching up.
If k — k; > | My /M,], send the model wy_q
Else receive (ﬁj)é'c:kﬂrl and update local model: Vj € [k; + 1,k], w; =wj_1 —~8;
Update index of its last participation: k; = k
Local training.

Compute stochastic gradient gi, = g;(wy—1) (with mini-batch)
Set Al = gi — hi_,, compress it 32 = C,‘ip(Ai)

Update memory term: hfC = h};71 + aupAz‘

B Send ﬁ}c to central server

Compute g = hp_1 + % Zf\il 32;

Update central memory: hy = hp_1 + aup% Zf\il 32
Back compression: Q =C,__(gk)

Broadcast € to all workers.
Update model on central server: wg = wr_1 — ¥ 2k

It is an interesting extension to incorporate this into our framework. We do not consider it in order
to focus on the compression insights.

In the following section, we present and discuss assumptions over the function F', the data
distribution and the compression operator.

2.2.1 Assumptions

We make classical assumptions on F : R? — R.

Assumption 2.1 (Strong-convexity). F' is u-strongly-conves, that is for all vectors z,z' in R%:
F(2') > F(w) + (2 — 2)TVF(2) + [l — 2]3.

Note that we do not need each F; to be strongly convex, but only F. Also remark that we only
use this inequality for 2’ = w, in the proof of Theorems 2.1 and 2.2.

Below, we introduce cocoercivity [see Zhu and Marcotte, 1996, for more details about this

hypothesis|. This assumption implies that all (F;);c1, v are L-smooth.

Assumption 2.2 (Cocoercivity of stochastic gradients in quadratic mean). We suppose that for all
k in N, stochastic gradients functions (g}.)ic1,n] are L-cocoercive in quadratic mean. That is, for k
in N, i in [1, N] and for all vectors z, 2" in R, we have:

Elllgi(2) — gi()I*] < L{VFi(2) = VFi(2/),z = ') .



Chapter 2. Artemis: bidirectional compression with heterogeneous clients 35

E.g., this is true under the much stronger assumption that stochastic gradients functions
(gh.)ieq1,n] are almost surely L-cocoercive, ie.: ||g}(z) — g4 (2)[|* < L (g} (z) — gi(z'), 2 — ') . Next,
we present the assumption on the stochastic gradient’s noise. Again, we highlight that the noise
is only controlled at the optimal point. To carefully control the noises process (gradient oracle,
uplink, and downlink compression), we introduce three filtrations (H, Gk, Fi)r>0, such that wy is
‘Hi-measurable for any & € N. Detailed definitions are given in Section B.2.

Assumption 2.3 (Noise over stochastic gradients computation). The noise over stochastic gradients
at the global optimal point, for a mini-batch of size b, is bounded: there exists a constant o, € R,

s. t. for all k in N, for all i in [1,N], we have a.s.:E[Hg};’* — VE;(wy)||?[Hp_1] < %’%.

The constant o2 is null, for example, if we use deterministic (batch) gradients, or in the
interpolation regime for i.i.d. observations, as discussed in the Introduction of this Chapter. As we
have also incorporated here a mini-batch parameter, this reduces the variance by a factor b.

Unlike Diana [Mishchenko et al., 2019, Li et al., 2020b|, Dore [Liu et al., 2020|, Dist-EF-SGD
|Zheng et al., 2019] or Double-Squeeze |Tang et al., 2019|, we assume that the variance of the noise
is bounded only at optimal point w, and not at any point w in R?. Tt results that if the variance
is null (62 = 0) at the optimal point, we obtain a linear convergence while previous results obtain
this rate solely if the variance is null at any point (i.e. only for deterministic GD). Also remark that
Assumptions 2.2 and 2.3 both stand for the simplest Least-Square Regression (LSR) setting, while
the uniform bound on the gradient’s variance does not. Next, we give the assumption that links the
distributions on the different machines.

Assumption 2.4 (Bounded gradient at w.). There exists a constant B € Ry, s.t.:
L
5 2 IVEw)|? = B,
i=0

This assumption is used to quantify how different the distributions are on the different clients. In
the streaming i.i.d. setting — D1 =---= Dy and F} = --- = Fy — the assumption is satisfied with
B = 0. Combining Assumptions 2.3 and 2.4 results in an upper bound on the averaged squared norm

2 Uf 2
’kal] < T —|— B . In
2

of stochastic gradients at w,: for all k in N, we have a.s. & Zf\;l E[llgs .

fact, Assumption 2.4 only requires that for any i € [1, N], E[Hg};ﬁk — VEF(w)|]? | Hr1] < %, and
the results then hold for o, = % le\il O'zyi. In other words, the bounds do not need to be uniform
over workers, only the average truly matters.

Finally, compression operators can be classified in two main categories: quantization [as in
Rabbat and Nowak, 2005, Alistarh et al., 2017, Seide et al., 2014, Zhou et al., 2018, Wen et al.,
2017, Reisizadeh et al., 2020, Horvath et al., 2022] and random projection [as in Vempala, 2005,
Rahimi and Recht, 2008, Stich et al., 2018, Alistarh et al., 2018, Khirirat et al., 2020b|. Theoretical
guarantees provided in this chapter do not rely on a particular kind of compression, as we only
consider the following assumption on the compression operators Cyp and Cqyn:

Assumption 2.5. There exist two constants wup, wawn € R, such that for dir € {up,dwn}, the
compression operators Caiy verify the two following properties for all z in R%:

{ ElCain(2)] = =,

ElICair(2) — 2I1] < waie [|2]” -

In other words, the compression operators are unbiased and their variances are relatively bounded.
Note that Horvath and Richtarik [2020] have shown that using an unbiased operator leads to better
performances. Unlike us, Tang et al. [2019] assume uniformly bounded compression error, which is
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a much more restrictive assumption. We now provide additional details on related papers dealing
with compression. Also note that wyp/qwn can be considered as parameters of the algorithm, as the
compression levels can be chosen.

Remark 2.2 (I.i.d. compressions). Assumption 2.5 requires in fact to access a sequence of i.i.d. com-
pression operators Cyp/qwn,k for k € N; but for simplicity, we generally omit the k index.

2.2.2 Related work on compression

Quantization is a common method for compression and is used in various algorithms. For instance,
Seide et al. [2014] are one of the first to propose to quantize each gradient component by either —1
or 1. This approach has been extended in Karimireddy et al. [2019]. Alistarh et al. [2017| define
a new algorithm — QSGD — which instead of sending gradients, broadcasts their quantized version,
getting robust results with this approach. On top of gradient compression, Wu et al. [2018] add
an error-compensation mechanism that accumulates quantization errors and corrects the gradient
computation at each iteration. In the case of quadratic problems, Khirirat et al. [2020a] have further
shown that contrary to the simple error-compensation mechanism, it is possible, when considering
compressors with uniformly bounded variance, to remove all of the accumulated error using instead
a Hessian-aided error compensation mechanism. Diana [introduced in Mishchenko et al., 2019]
introduces a “memory” term in the place of accumulating errors. Li et al. [2020b| extend this
algorithm and improve its convergence by using an accelerated gradient descent. Reisizadeh et al.
[2020] combine unidirectional quantization with client sampling, leading to a framework closer to
federated learning settings where clients can easily be switched off. In the same perspective, Horvath
and Richtarik [2020] detail results that also consider PP. Tang et al. [2019] are the first to suggest
a bidirectional compression scheme for a decentralized network. For both uplink and downlink,
the method consists in sending a compression of gradients combined with an error compensation.
Later, Yu et al. [2019] choose to compress models instead of compressing gradients. This approach
is enhanced by Liu et al. [2020] who combine model compression with a memory mechanism and an
error compensation drawing from Mishchenko et al. [2019]. Both Tang et al. [2019] and Zheng et al.
[2019] compress gradients without using a memory mechanism. However, as proved in the following
Section, memory is key to reducing the asymptotic variance in the heterogeneous case. Beyond
compressing down communications, Grishchenko et al. [2021] proposed an algorithm that reduces
the down communication by using a proximal operator which, combined with a ¢;-regularisation
and a sparsification of ascending communications, produces sparse iterates after some steps of
communication.

We now provide theoretical results about the convergence of bidirectional compression.

2.3 Theoretical results

In this Section, we present our main theoretical results on the convergence of Artemis and its variants.
To ensure clarity, the most complete and tightest versions of theorems are given in Appendices, while
offering simplified versions here.

The main linear convergence rates are given in Theorem 2.1, and in Theorem 2.2 we show that
Artemis combined with Polyak-Ruppert averaging reaches a sub-linear convergence rate. We denote
52 = [lwo — w. .

Theorem 2.1 (Convergence of Artemis). Under Assumptions 2.1 to 2.5, for a step-size y satisfying
the conditions in Table 2.3, for a learning rate oy and for any k in N, the mean squared distance to
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Table 2.2: Details on constants C' and E defined in Theorem 2.1. C' = 0 for ayp = 0, see Th. B.2 for
ayp # 0.

oy E
0 (wdwn + 1) <(wup + 1 + Wup )
2
#0 F ((2wup + 1) (Wawn + 1) + 402,C(wip + 1) — 20,5C)

wy decreases at a linear rate up to a constant of the order of E:

2vFE

E [lw, — w.l] < (1= )" (8 +209°B2) + :—N ,

for constants C' and E depending on the variant (independent of k) given in Table 2.2 or in the
appendiz. Variants with oy # 0 require oy € [1/2(wup + 1), umax], the upper bound amax is given
in Theorem B.2.

This theorem is derived from Theorems B.1 and B.2 which are respectively proved in Subsec-
tions B.4.1 and B.4.2.

We can make the following remarks:

1. Linear convergence. The convergence rate given in Theorem 2.1 can be decomposed into
two terms: a bias term, forgotten at linear speed (1 — yu)*, and a variance residual term which
corresponds to the saturation level of the algorithm. The rate of convergence (1 — yu) does not
depend on the variant of the algorithm. However, the variance and initial bias do vary.

2. Bias term. The initial bias always depends on ||wy — w ||2, and when using memory (i.e. ayp 7 0)
it also depends on the difference between distributions (constant B?).

3. Variance term and memory. On the other hand, the variance depends (1) on both o2 /b,
and the distributions’ difference B? without memory (2) only on the gradients’ variance at the
optimum o2 /b with memory. Similar theorems in related literature [Liu et al., 2020, Alistarh et al.,
2017, Mishchenko et al., 2019, Yu et al., 2019, Tang et al., 2019, Zheng et al., 2019] systematically
had a worse bound for the variance term depending on a uniform bound of the noise variance or
under much stronger conditions on the compression operator. This work and [Liu et al., 2020] are
also the first to give a linear convergence up to a threshold for bidirectional compression.

4. Impact of memory. To the best of our knowledge, this is the first work on double compression
that explicitly tackles the non i.i.d. case. We prove that memory makes the saturation threshold
independent of B? for Artemis.

5. Variance term. The variance term increases with a factor proportional to wyp for the unidirec-
tional compression, and proportional to wyp X wawn for bidirectional. This is the counterpart of
compression, each compression resulting in a multiplicative factor on the noise. A similar increase
in the variance appears in [Mishchenko et al., 2019] and [Liu et al., 2020]. The noise level is
attenuated by the number of clients IV, to which it is inversely proportional.

6. Link with classical SGD. For variant of Artemis with oy, = 0, if wyp/dwn = 0 (i.e. no
compression) we recover SGD results: convergence does not depend on B2, but only on the noise’s
variance.

Conclusion: Overall, it appears that Artemis is able to efficiently accelerate the learning during
first iterations, enjoying the same linear rate as SGD with lower communication complexity, but it
saturates at a higher level, proportional to o2 and independent of B2.

The range of acceptable learning rates is an important feature for first order algorithms. In
Table 2.3, we summarize the upper bound ~pax on v, to guarantee a (1 —~yu) convergence of Artemis.
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Table 2.3: Upper bound on vpax to guarantee convergence. For unidirectional compression (resp. no
compr.), Wawn = 0 (resSp. wyp/dwn = 0, recovering classical rates for SGD).

Memory ayp =0 ayp # 0
1 1

N > wyp (Wawn + 1)L 2(wawn + 1)L
1 1

N =~ wyp 3(wawn + 1)L 5(wawn + 1)L
N N

wap > N 2wup(Wawn + 1)L dwyp(Wdwn + 1)L

These bounds are derived from Theorems B.1 and B.2, in three main asymptotic regimes: N > w",
N =~ w' and w* > N. Using bidirectional compression impacts ymax by a factor wqwn + 1 in
comparison to unidirectional compression. For unidirectional compression, if the number of machines
is at least of the order of wyp, then ymax nearly corresponds to ymax for vanilla (serial) SGD.

We now provide a convergence guarantee for the averaged iterate without strong-convexity.

Theorem 2.2 (Convergence of Artemis with Polyak-Ruppert averaging). Under Assumptions 2.2
to 2.5 (convex case) with constants C' and E as in Theorem 2.1 (see Table 2.2 for precision), after

2
running K in N* iterations, for a learning rate v = min (\/ %; ’ymax> , With Ymax as in Table 2.3,

we have a sublinear convergence rate for the Polyak-Ruppert averaged iterate Wy 1 = % Zi(:_ol W *

202E &2 2vmax O B2
E[F(Wk-1) — F(ws)] < 2max (@; 7mif{)+ Y KC .

This theorem is proved in Subsection B.4.3. Several comments can be made on this theorem:

1. Importance of averaging This is the first theorem given for averaging for double compression.
In the context of convex optimization, averaging has been shown to be optimal [Rakhlin et al.,
2012].

2. Speed of convergence, if 0, =0, B # 0, K — oo. For oy, # 0, £ = 0, while for ayyp = 0,
E o B2, Memory thus accelerates the convergence from a rate O(K~2) to O(K~1).

3. Speed of convergence, general case. More generally, we always get a K /2 sublinear speed

of convergence, and a faster rate K~ when using memory and if E < 3N/(2K~2,,,) — i.e. in the
context of a low noise 02, as E oc 02. Again, it appears that bi-compression is mostly useful in
low-02 regimes or during the first iterations: intuitively, for a fixed communication budget, while
bi-compression allows to perform min{wyp, Wdwn }-times more iterations, this is no longer beneficial

if the convergence rate is dominated by \/258E /NK, as E increases by a factor wup X Wawn-

4. Memoryless case, impact of minibatch. In the variant of Artemis without memory, the
asymptotic convergence rate is \/205 E/N K with the constant E o 02/b+ B?: interestingly, it
appears that in the case of non i.i.d. data (B? > 0), the convergence rate saturates when the
size of the mini-batch increases: large mini-batches do not help. On the contrary, with memory,
the variance is, as classically, reduced by a factor proportional to the size of the batch, without
saturation.

The increase in the variance (in Item 3) is not an artifact of the proof: indeed we provide a
corresponding (algorithm-specific) lower bound based on proving the existence of a limit distribution
for the iterates of Artemis, and analyzing its variance, see Theorem 2.3 in next Section.
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2.3.1 Convergence in distribution and lower bound

The increase in the variance (in Item 3) is not an artifact of the proof: we prove the existence
of a limit distribution for the iterates of Artemis, and analyze its variance. More precisely, we
show a linear rate of convergence for the distribution ©y of wy (launched from wy), w.r.t. the
Wasserstein distance W, [Villani, 2009]: this gives us a lower bound on the asymptotic variance.
Here, we further assume that the compression operator C is linear (i.e. for any z, 2’ in R, we have
C(z) —C(2') =C(z — 2'), it is the case for instance for sparsification, sketching, rand-h, PP).

Theorem 2.3 (Convergence in distribution and lower bound on the variance). Under Assumptions 2.1
to 2.5, for v, aup, £ given in Theorem 2.1 and Table 2.3:

1. There exists a limit distribution ., depending on the variant v of the algorithm, s.t. for any
k>1, Wa(Op,my) < (1 - y1)*Cy, with Cy a constant.

2. When k goes to infinity, the second order moment E[||wy, — w.||*] converges to Ewmr,, [lw — wy|?],
which is lower bounded by Q(vE/uN) as in Theorem 2.1 as v — 0, with E depending on the

variant.

Interpretation. The second point (2.) means that the upper bound on the saturation level
provided in Theorem 2.1 is tight w.r.t. o2 , Wup, Wdwn B2, N and . Especially, it proves that there is
indeed a quadratic increase in the variance w.r.t. wyp and wqwn When using bidirectional compression
(which is itself rather intuitive). Altogether, these three theorems prove that bidirectional compression
can become strictly worse than usual stochastic gradient descent in high precision regimes, a fact of
major importance in practice and barely (if ever) even mentioned in previous literature. To the best
of our knowledge, only Mayekar and Tyagi [2020] are giving a lower bound on the asymptotic variance
for algorithms using compression. Their result is more general, i.e., valid for any algorithm using
unidirectional compression, but weaker (worst case on the oracle does not highlight the importance
of noise at the optimal point and is incompatible with linear rates).

Proof and assumptions. This theorem also naturally requires, for the second point, Assump-
tions 2.3 to 2.5 to be “tight”: that is, e.g., Var(gi ,) > Q(02/b); more details and the proof are given
in Subsection B.4.4. Extension to other types of compression reveals to be surprisingly non-simple,
and is thus out of the scope of this chapter and a promising direction.

2.4 Experiments

In this Section, we illustrate our theoretical guarantees on both synthetic and real datasets. The
goal of this section is to confirm the theoretical findings in Theorems 2.1 to 2.3, and to underline
the impact of the memory. Therefore, we focus on five of the algorithms covered by our framework:
Artemis with bidirectional compression (simply denoted Artemis), QSGD, Diana, Bi-QSGD, and
usual SGD without any compression. In the end of this Section, we compare Artemis with other
existing benchmarks: Double-Squeeze, Dore, FedSGD and FedPAQ [see Reisizadeh et al., 2020]. In
the Appendix, we also perform experiments with optimized learning rates (Figure B.13).

In all experiments, we display the logarithm excess loss log;o(F(wi—1) — F(w,)) w.r.t. the
number of iterations k or the number of communicated bits. For w in R, in the case of linear
regression, we have F(w) = % Zf\il Z(w,y)eDi ' w — y, and in the case of logistic regression
we have F(w) = & Zfil > (w.)ED; log(Sigm(yx"w)). We use a quantization scheme (defined in
Definition 1.2, see Chapter 1) with s = 20, Curves are averaged over 5 runs, we plot error bars on
all figures. These error bars correspond to £ the standard deviation of the logarithm excess loss
over the five runs. For each figure, the model is initialized at zero and we plot the corresponding
excess loss such that all algorithms start at the same point.
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Figure 2.1: Left: illustration of the saturation when o, # 0 and data is i.i.d., right: illustration of
the memory benefits when o, = 0 but with non-i.i.d. data.
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Figure 2.2: Real dataset (non-i.i.d.): o. # 0, N = 20 workers, p = 1, b > 1 (150 iter.). X-axis in #
bits.

We first consider two simple synthetic datasets: one for least-squares regression (with the same
distribution over each machine), and one for logistic regression (with varying distributions across
clients). More details are given in Section B.1 on the way data is generated. We use N = 20 clients,
each holding 200 points of dimension d = 20, and run algorithms over 100 epochs.

To illustrate theorems on real data and higher dimension, we then consider two real-world
dataset: superconduct [see Hamidieh, 2018, with 21 263 points and 81 features| and quantum [see
Caruana et al., 2004, with 50 000 points and 65 features| with N = 20 workers. To simulate
non-i.i.d. and unbalanced workers, we split the dataset in heterogeneous groups, using a Gaussian
mixture clustering on the TSNE representations (defined by Maaten and Hinton [2008]). Thus, the
distribution and number of points hold by each worker largely differs between clients, see Figure B.6.

Convergence. Figure 2.1a presents the convergence of each algorithm w.r.t. the number of
iterations k. During first iterations all algorithms make fast progress. However, because o2 # 0, all
algorithms saturate; and the saturation level is higher for double compression (Artemis, Bi-QSGD),
than for simple compression (Diana, QSGD), or than for SGD. This corroborates findings in Theorem 2.1
and Theorem 2.3.

Complexity. On Figure 2.2, the loss is plotted w.r.t. the theoretical number of bits exchanged
after k iterations for the quantum and superconduct dataset. This confirms that double compression
should be the method of choice to achieve a reasonable precision (w.r.t. o), whereas for high
precision, a simple method like SGD results in a lower complezity.

Linear convergence under null variance at the optimum. To highlight the significance
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Figure 2.3: Artemis compared to other existing algorithms. v = 1/(2L), X-axis in # epoch
or in # bits.

of our new condition on the noise, we compare o2 # 0 and 02 = 0 on Figure 2.1. Saturation is
observed in Figure 2.1a, but if we consider a situation in which ¢2 = 0, and where the uniform
bound on the gradient’s variance is not null (as opposed to experiments in Liu et al. [2020] who
consider batch gradient descent), a linear convergence rate is observed. This illustrates that our new
condition is sufficient to reach a linear convergence. Comparing Figure 2.1a with Figure B.3a sheds
light on the fact that the saturation level (before which double compression is indeed beneficial) is
truly proportional to the noise variance at optimal point i.e. 2. And when o2 = 0, bidirectional
compression is much more effective than the other methods (see Figure B.3 in Subsection B.1.1.1).

Heterogeneity and real datasets. While in Figure 2.1a, data is i.i.d. on machines, and
Artemis is thus not expected to outperform Bi-QSGD (the difference between the two being the
memory), in Figures 2.1b and 2.2 we use non-i.i.d. data. None of the previous papers on
compression directly illustrated the impact of heterogeneity on simple examples, neither compared it
with i.i.d. situations.

Comparing Artemis with other existing algorithms. On Figure 2.3 we compare Artemis with
FedAvg, FedPAQ, Diana, Dore and Double-Squeeze. We take v = 1/(2L) because otherwise FedAvg
and FedPAQ diverge. These two algorithms present worse performance because they have not been de-
signed for non-i.i.d. datasets. We can observe that Double-Squeeze (which only uses error-feedback)
is outperformed by Artemis. Besides, we observe that Dore (which combines EF with memory)
has an identical rate of convergence than Artemis, which underlines that for unbiased operators of
compression, in a heterogeneous setting, the enhancement comes from the memory and not
from the error-feedback. FedPAQ (unidirectional compression) has a very fast convergence during
first iterations, but then saturates at a level higher than for Artemis-like algorithms.
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2.5 Conclusion

We propose Artemis, a framework using bidirectional compression to reduce the number of bits
needed to perform distributed or federated learning. On top of compression, Artemis includes
a memory mechanism which improves convergence over non-i.i.d. data. We provide three tight
theorems giving guarantees of a fast convergence (linear up to a threshold), highlighting the impact of
memory, analyzing Polyak-Ruppert averaging and obtaining lowers bound by studying convergence in
distribution of our algorithm. Altogether, this improves the understanding of compression combined
with a memory mechanism and sheds light on challenges ahead.



MCM: a preserved central model for faster bidirectional compression
in distributed settings

“Where sky and water meet,
Where the waves grow sweet,
Doubt not, Reepicheep,

To find all you seek,

There is the utter East.”

The voyage of the Dawn Treader, C.S. Lewis.

In this Chapter, we move the focus toward feedback loops to reduce the impact of compression.
We develop a new approach to tackle communication constraints in distributed learning problems
with a central server. We propose and analyze an algorithm that performs bidirectional compression
and achieves asymptotically the same convergence rate as algorithms using only uplink (from the
local clients to the central server) compression. This algorithm, MCM, is such that the downlink
compression only impacts local models, while the global model is preserved. As a result, and contrary
to previous works, the gradients on local servers are computed on perturbed models. Consequently,
convergence proofs are more challenging and require a precise control of this perturbation. To ensure
it, MCM additionally combines model compression with a memory mechanism. This analysis opens
new doors, e.g. incorporating worker dependent randomized-models and partial participation.

This chapter is based on our work Preserved central model for faster bidirectional compression in
distributed settings |Philippenko and Dieuleveut, 2021] published at Neurips 2021.

43
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3.1 Introduction

Large scale distributed machine learning is widely used in many modern applications [Abadi et al.,
2016, Caldas et al., 2019, Seide and Agarwal, 2016]. The training is distributed over a potentially
large number N of clients that communicate either with a central server [see Konecny et al., 2016,
McMahan et al., 2017, on federated learning|, or using peer-to-peer communication [Colin et al.,
2016, Vanhaesebrouck et al., 2017, Tang et al., 2018|.

In this work, we consider a setting using a central server that aggregates updates from remote
nodes. Formally, we have a number of features d € N*, and a convex cost function F : R* — R.
We want to solve the following distributed convex optimization problem using stochastic gradient
algorithms [Robbins and Monro, 1951, Bottou, 2010]:

N
1
min F(w) with F(w) = — Fi(w),
i ) with Fw) = 33w
where (F;)N, is a local risk function (empirical risk or expected risk in a streaming framework).
This applies to both instances of distributed and federated learning.

An important issue of those frameworks is the high communication cost between the clients and
the central server [Kairouz et al., 2019, Sec. 3.5]. This cost is a concern from several points of view.
First, exchanging information can be the bottleneck in terms of speed. Second, the data consumption
and the bandwidth usage of training large distributed models can be problematic; and furthermore,
the energetic and environmental impact of those exchanges is a growing concern. Over the last few
years, new algorithms were introduced, compressing messages in the upload communications (i.e.,
from remote devices to the central server) in order to reduce the size of those exchanges [Seide et al.,
2014, Alistarh et al., 2017, Wu et al., 2018, Agarwal et al., 2018, Wangni et al., 2018, Stich et al.,
2018, Stich and Karimireddy, 2020, Mishchenko et al., 2019, Li et al., 2020b]. More recently, a new
trend has emerged to also compress the downlink communication: this is bidirectional compression.

The necessity for bidirectional compression can depend on the situation. For example, a single
uplink compression could be sufficient in asymmetric regimes in which broadcasting a message to
N clients (“one to N”) is faster than aggregating the information coming from each node (“N to
one”). However, in other regimes, e.g. with few machines, where the bottleneck is the transfer
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time of a heavy model (up to several GB in modern deep learning architectures) the downlink
communication cannot be disregarded, as the upload and download speed are of the same order (see
an analysis of bandwidth usage in Section 1.4) Furthermore, in a situation in which participants have
to systematically download an update (e.g., on their smartphones) to participate in the training,
participants would prefer to receive a small size update (compressed) rather than a heavier one. To
encompass all situations, we consider algorithms for which the information exchanged is compressed
in both directions.

To perform downlink communication, existing bidirectional algorithms [Tang et al., 2019, Zheng
et al., 2019, Sattler et al., 2019, Liu et al., 2020, Philippenko and Dieuleveut, 2020, Horvath and
Richtarik, 2020, Xu et al., 2021, Gorbunov et al., 2020b] first aggregate all the information they have
received, compress them and then carry out the broadcast. Both the main “global” model and the
“local” ones perform the same update with this compressed information. Consequently, the model
hold on the central server and the one used on the local clients (to query the gradient oracle) are
identical. However, this means that the model on the central server has been artificially degraded:
instead of using all the information it has received, it is updated with the compressed information.

Here, we focus on preserving (instead of degrading) the central model: the update made on its
side does not depend on the downlink compression. This implies that the local models are different
from the central model. The local gradients are thus measured on a “perturbed model” (or “perturbed
iterate”): such an approach requires a more involved analysis and the algorithm must be carefully
designed to control the deviation between the local and global models [Mania et al., 2016]. For
example, algorithms directly compressing the model or the update would simply not converge.

We propose MCM - Model Compression with Memory - an algorithm that 1) preserves the central
model, and 2) uses a memory scheme to reduce the variance of the local model. We prove that the
convergence of this method is similar to the one of algorithms using only unidirectional compression.

Potential Impact. Proposing an analysis that handles perturbed iterates is the key to unlock
three major challenges of distributed learning run with bidirectionally compressed gradients. First,
we show that it is possible to improve the convergence rate by sending different randomsized models
to the different clients, this is Rand-MCM. Secondly, this analysis also paves the way to deal with
partially participating clients: the adaptation of Rand-MCM to this framework is straightforward;
while adapting existing algorithms to partial participation is not practical (see the “catching-up”
process described in Section 2.2). Thirdly, this framework is also promising in terms of business
applications, e.g., in the situation of learning with privacy guarantees and with a trusted central
server. We detail those three possible extensions in Subsection 3.4.1.

Contributions. We make the following contributions:

1. We propose a new algorithm MCM, combining a memory process to the “preserved” update. To
convey the key steps of the proof, we also introduce an auxiliary hypothetical algorithm, Ghost.

2. For those algorithms, we carefully control the variance of the local models w.r.t. the global
one. We provide a contraction equation involving the control on the local model’s variance and
show that MCM achieves the same rate of convergence as single compression in strongly-convex,
convex and non-convex regimes. We give a comparisons of MCM’s rates with existing algorithms in
Table 3.2.

3. We propose a variant, Rand-MCM incorporating diversity into models shared with the local clients
and show that it improves convergence for quadratic functions.

This is the first algorithm for double compression to focus on a preserved central model. We
underline, both theoretically and in practice, that we get the same asymptotic convergence rate for
simple and double compression - which is a major improvement. Our approach is one of the first to
allow for client dependent model, and to naturally adapt to client dependent compression levels.
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Table 3.1: Features of the main existing algorithms performing compression. 62 (resp. E}) denotes
the use of error-feedback at uplink (resp. downlink). hi (resp. Hy) denotes the use of a memory
at uplink (resp. downlink). Note that Dist-EF-SGD is identical to Double-Squeeze but has been
developed simultaneously and independently.

Compr. e hi E; Hj, Rand. update point

Qsgd [AGL+17] one-way

ECQ-sgd [WHHZ18] one-way v

Diana [MGTRI19] one-way v

Dore [CL11] two-way v  / degraded
Double-Squeeze [TYL+19], Dist-EF-SGD [ZHK19] two-way v v degraded
Artemis [see Chapter 2] two-way v degraded
MCM two-way v v non-degraded
Rand-MCM two-way v v v non-degraded

The rest of the chapter is organized as follows: in Section 3.2 we present the problem statement
and introduce MCM and Rand-MCM. Theoretical results on these algorithms are successively presented
in Sections 3.3 and 3.4. Finally, we present experiments supporting the theory in Section 3.5.

3.2 Problem statement

We consider the minimization problem described in Section 3.1. In the convex case, we assume
there exists an optimal parameter w,, and denote Fy, = F'(w,). To solve this problem, we rely on a
stochastic gradient descent (SGD) algorithm. A stochastic gradient g}; 41 1s provided at iteration k
in N to the device i in [1, N]. This gradient oracle can be computed on a mini-batch of size b. This
function is then evaluated at point wy. In the classical centralized framework (without compression),
for a learning rate v, SGD corresponds to:

N
Wk = Wk—1 —’Y%Zg@(wk*l)- (3.1)
i=1

We now describe the framework used for compression.

3.2.1 Bidirectional compression framework

Bidirectional compression consists in compressing communications in both directions between the
central server and remote devices. We use two different compression operators, respectively Cyp, and
Cawn to compress the message in each direction. Roughly speaking, the update in Equation (3.1)
becomes:

N
1 .
Wi, = Wi—1 — YCdwn (N E Cup(g}g(wkl))> .
i=1

However, this approach has a major drawback. The central server receives and aggregates information
% sz\; 1 Cup (g (wg—1)). But in order to be able to broadcast it back, it compresses it, before applying
the update. We refer to this strategy as the “degraded update” approach. Its major advantage is
simplicity, and it was used in all previous papers performing double compression. Yet, it appears to
be a waste of valuable information. In this Chapter, we update the global model wy1 independently
of the downlink compression:

{ wE = Wp-1 =Yy it Cup EAY) (3.2)
’LDk = den(wk) .
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However, bluntly compressing wj in Equation (3.2) hinders convergence, thus the second part
of the update needs to be refined by adding a memory mechanism. We now describe both
communication stages of the real MCM, which is entirely defined by the following ‘“clients-
to-server” and “server-to-client” equations.

“Server-to-client” equations “Clients-to-server” equations
Qp =wp — Hi_1 Vi e [[17N]]7AZ :gzjl%(wk—l)fh}c—l. (3 3)
Wy, = Hy—1 + Cawn () Wy, = Wk—1 — % 2 i=1 Cup(Ag) + hi
Hj = Hy—1 + dwnCawn () t=hi |+ aupCup(AL).

Downlink Communication. We introduce a downlink memory term (Hy)g, which is available
on both clients and central server. The downlink memory term is initialized at the same point
on the server and the clients and then follows the same update process, therefore it does not lead
to any additional communication cost. The difference {2 between the model wy and the memory
Hj._1 is compressed and exchanged, and the memory term is then used to compute the model
Wk = Cawn () + Hy—1 held on each client. Next, the memory is updated with a learning rate aqyn
using the compressed term Cgywn (€2) sent from the server to the client, as given on the left part of
Equation (3.3).

Introducing this memory mechanism is crucial to control the variance of the local model wy.
To the best of our knowledge, MCM is the first algorithm that uses such a memory mechanism for
downlink compression. This mechanism was introduced by Mishchenko et al. [2019] for the uplink
compression but with the other purpose of mitigating the impact of heterogeneity, while we use it
here to avoid divergence of the local model’s variance.

Uplink Communication. The motivation to introduce an uplink memory term hfC for each
device i € [1, N] is different, and better understood. Indeed, for the uplink direction, this mechanism
is only necessary (and then crucial) to handle heterogeneous clients (i.e., with different data
distributions, see Chapter 2). Here, the difference Al between the stochastic gradient g (@wy_1)
evaluated at the local model w1 (as defined in Equation (3.3)) and the memory term is compressed
and exchanged. The memory is then updated as defined on right part of Equation (3.3) with a
rate agwn-

Remark 3.1 (Rate aqyn). It is necessary to use aqyn < 1. Otherwise, the compression noise tends
to propagate and is amplified, because of the multiplicative nature of the compression. In Figure 3.1
we compare MCM, with 3 other strategies: compressing only the update, compressing wy — Wi_1,
(i.e., agwn = 1), and compressing the model (i.e., H, = 0), showing that only MCH converges.

Remark 3.2 (Memory vs Error Feedback). Error feedback is another technique, introduced by Seide
et al. [2014]. In the context of double compression, it has been shown to improve convergence for a
restrictive class of contracting compression operators (which are generally biased) by Zheng et al.
[2019], Tang et al. [2019]. However, we note several differences to our approach. (1) For unbiased
operators - as considered in Dore, it did not lead to any theoretical improvement [Remark 2 in Sec.
4.1., Liu et al., 2020]. (2) Moreover, only a fraction (namely (1+wqwn) ") of the “error” wy, — by, can
be preserved in the EF term (see line 18 in algo 1 in Liu et al.). It is thus impossible to recover the
central preserved model as a function of the degraded model and the EF term. (3) Zheng et al. [2019]
consider a biased operator and the same compression level for uplink and downlink compression.
They also rely on stronger assumptions on the gradient (uniformly bounded) and only tackle the
homogeneous case.

In Table 3.1 we summarize the main algorithms for compression in distributed training. As
downlink communication can be more efficient than uplink, we consider distinct operators Cawn, Cup
and allow the corresponding compressions levels to be distinct: those quantities are defined in
Assumption 3.1.
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Assumption 3.1. There exist two constants wyp, wdwn € RY, such that for dir € {up,dwn}, the
compression operators Cai, verify the two following properties for all z in R: E[Cair(2)] = 2, and
E[l|Cair(2) — 2||?] < waic||z||?>. The higher is wair, the more aggressive the compression is.

In general, compression operators can be biased or unbiased, and their effects on convergence can
vary widely (a detailed analysis of the impact of compressors on convergence is given in Chapter 4).
For instance, algorithms with error-feedback may diverge if the operator is not contracting. While
Horvath and Richtarik [2020] have proposed a method to unbiase biased operators, and Beznosikov
et al. [2020] have conducted a general study of biased operators, our focus in this chapter is solely
on unbiased operators; which includes sparsification, quantization, and sketching.

The choice of the operator of compression is crucial when compressing data. Operators of
compression may be classified into two mains categories: quantization [as in Rabbat and Nowak,
2005, Alistarh et al., 2017, Seide et al., 2014, Zhou et al., 2018, Wen et al., 2017, Reisizadeh et al.,
2020, Horvath et al., 2022] and random projection [as in Vempala, 2005, Rahimi and Recht, 2008,
Stich et al., 2018, Alistarh et al., 2018, Khirirat et al., 2020b].

Remark 3.3 (Extension to biased operator of compression). Our analysis could be extended to
biased uplink operators, following similar lines of proof given in [Beznosikov et al., 2020]. However,
the extension for the downlink operator seems more difficult as our analysis relies on numerous
occurrences on the fact that the expectation of Wi_1 knowing wg_1 is Wy_1.

Remark 3.4 (Related work on Perturbed iterate analysis). The theory of perturbed iterate analysis
was introduced by Mania et al. [2016] to deal with asynchronous SGD. More recently, it was used by
Stich and Karimireddy [2020], Gorbunov et al. [2020b] to analyze the convergence of algorithms with
uplink compressions, error feedback and asynchrony. Using gradients at randomly perturbed points
can also be seen as a form of randomized smoothing [Scaman et al., 2018/, a point we discuss below.

Our approach can also be related to randomized smoothing. Formally, VF(@w;_1) can be
considered as an unbiased gradient of the smoothed function F), at point wy_1, with F, : w
E[F(w + Wg—1 — wg—1)]. Then E(VF(Wy_1),wp—1 —ws) = E(VF,(wr_1), wr—1 — wx). One key
aspect is that the condition number p,/L, of F, is always larger (better) than the one for F.
However, the minimum of F), is different and moving, thus the proof techniques from randomized
smoothing are not adapted to a varying noise which distribution is unknown. Providing a theoretical
result that quantifies the smoothing impact of MCM is an interesting open direction.

Randomized smoothing has been applied to non-smooth problems by Duchi et al. [2012]. The
aim is to transform a non-smooth function into a smooth function, before computing the gradient.
This is achieved by adding a Gaussian noise to the point where the gradient is computed. This
mechanism has been applied by Scaman et al. [2018] to convex problems. We consider in this work
a randomized version of compression: at iteration k£ in N each client i in [1, N] receives a noisy
estimate ﬁ?}c of the global model wy kept on central server. Thus, we compute the local gradient at a
perturbed point wy + 5};. Unlike the randomization process as defined by Duchi et al. [2012], the
noise here is not chosen to improve the function’s regularity but results from the compression.

3.2.2 The randomization mechanism, Rand-MCM

In this subsection, we describe the key feature introduced in Rand-MCM: randomization. It consists
in performing an independent compression for each device instead of performing a single one for
all of them. As a consequence, each client holds a different model centered around the global one.
This introduces some supplementary randomness that stabilizes the algorithm. Formally, we will
consider N mutually independent compression operators Cqyn,; instead of a single one Cyyn, and
the central server will send to the device i at iteration k£ the compression of the difference between
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Algorithm 3: Pseudocode of Rand-MCM - set v /qun > 0 to use memory

Input: Mini-batch size b, learning rates oup, &qwn,y > 0, initial model wg € R (on all
devices), operators C,, and C,_ .

Initialization: Vi € [1, N], hi) = g (wo) (smart initialization) and Qf | = H' | = wq

Output: Model wg

for k=1,2,...,K do

for each device i =1,2,3,...,N do

Receive ﬁ};_l, and set: w};_l = Q};_l + H,f/,_Q R

Update down memory: H}_; = H}_, + aqwn€2j,_;

Compute gi (w}_;) (with mini-batch)

Set Al = gt (w! ;) —hi_,, compress it: 32 :ACup(A};)

Update uplink memory: hj = hj_; + aypl],

Send 3;@ to central server

Receive (32)5\;1 from all remote clients

Compute G = 7 Ly A +hj_,

Update uplink memory: Vi € [1, N],hi = h}_| + aupﬁz
Non-degraded update: wy, = wr_1 — Yk

Down compression: Vi € [1, N], ﬁ% =C,i(wr — Hi )
Update downlink memory: H}C = H,i_l + adwnﬁz

Send (ﬁ}ﬁ)fi 1 to all remote clients

its model and the local memory on client i: Cqyn,i(wi — H,ifl). The trade-offs associated with this
modification are discussed in Section 3.4.

The pseudocode of Rand-MCM is given in Algorithm 3. It incorporates all components described
above: 1) the bidirectional compression, 2) the model update using the non-degraded point, 3) the
two memories, 4) the up and down compression operators, 5) the randomization mechanism.

3.2.3 The Ghost algorithm
To convey the best understanding of the theorems and the spirit of the proof, we define a ghost

algorithm (that is impossible to implement in practice). Ghost is introduced only to get some
intuition of the theoretical insight.

Definition 3.1 (Ghost algorithm). The Ghost algorithm is defined as follows, for k € N, for all
i € [1,N] we have:

N N
1 i~ ~ 1 G~
Wk = We—1 = Y37 E t(We—1) and W = wr—1 — YCawn (N § g%(wkﬁ) - (3.4)
i—1 =1

While the global model is unchanged (1° line), the local model Wy (2™ line) is updated using the
global model wy_1 at the previous step, which is not available locally.

3.3 Assumptions and theoretical analysis

We make standard assumptions on F : R? — R. We first assume that the loss function F' is smooth.
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Assumption 3.2 (Smoothness). F' is twice continuously differentiable, and is L-smooth, that is for
all vectors z,2 in RY: |[VF(z) — VF(2')|| < L||z — #'||.

Results in Section 3.3 are provided in a convex, strongly-convex and non-convex setting.

Assumption 3.3 (Strong convexity). F' is u-strongly convex (or convex if p = 0), that is for all
vectors z,2' in R%: F(2') > F(z) + (¢ — 2)TVF(2) + &||2' — |3.

Next, we present the assumption on the stochastic gradients.

Assumption 3.4 (Noise over stochastic gradients computation). The noise over stochastic gradients
for a mini-batch of size b, is uniformly bounded: there exists a constant o € Ry, such that for all k
in N, for all'i in [1, N] and for all w in R? we have: E||gl(w) — VF(w)|*] < o2/b.

Unlike in Chapter 2, we do not assume the noise over stochastic gradients to be bounded only at
the optimal point w,. However, our results could be extended to this setting.

To prove the convergence of MCM, we combine two results: a control of the variance of the
local model, E[||wy — @ ||? |wg]!, and then the convergence under this result. Proposition 3.1 and
Theorem 3.1 below provide those results for Ghost algorithm.

3.3.1 Theoretical results: Ghost algorithm

Proposition 3.1. Consider the Ghost update in Equation (3.4), under Assumptions 3.1, 3.2 and 3.4,
for all k in N with the convention VF(w_1) = 0:

2 2
N P w - Y wWawn (1l + wyp)o
€ [l — 41 | ecr] < 2men (14 42 ) [VE )| + Tl )

This proposition is proved in Subsection C.3.1. From Equation (3.4) and Assumption 3.1, it
appears that ||wy, — Wk||? < wawn |y Zf;l 84 (wp—1)||?: the result follows from controlling the variance
of g};(wk_l). The take-away from this Proposition is that we are able to bound the variance of the
local model by an affine function of the squared norm of the previous stochastic gradients VF(wg_1).
For Ghost only the previous gradient is involved, while for MCM, we obtain an additional recursive

process.

To obtain the convergence, we then follow the classical approach of Mania et al. [2016], expanding
Ellwg — w. %) as Ellfwn—1 — w. 2] — 29EL(V F (@ 1), wp1 — w.)] + 2 ?EllZ(@r—1)[2]: The critical
aspect is that the inner product does not directly result in a contraction, as the support point of the
gradient differs from wy_;. Using the fact that E [Wg_1 | wg_1] = wi_1, we further decompose it as

—2vE <VF<’L/U\]€,1), Wh_1 — w*> + 29E <VF('&J\]€,1) — VF(wkfl), Wg—1 — @k71> . (3.5)

The first part of Equation (3.5), corresponds to a “strong contraction” by (strong-)convexity, we
can upper bound it by —2v(u ||@g_1 — w.|/* + F(@r_1) — F.), which is on average larger than
—2y(p |wg—1 — wi||® + F(wy—1) — F,) (Jensen’s inequality). Moreover, as the function is smooth
and convex, it can also be upper bounded by —2v HVF(ﬁ)\k,l)HQ /L. This is a crucial term: we “gain’
something of the order of a squared norm of the gradient at wg_1, which will in fine compensate
the variance of the local model. The second part of Equation (3.5), corresponds to a positive
residual term, proportional to the variance of the compressed model, that can be controlled thanks
to Proposition C.1 (at wg_1!). Putting things together, we get, in the convex case (u = 0):

Y

'For clarity here, we use E[- | wr—_1] to denote the conditioning w.r.t. all randomness before wy_1.
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Theorem 3.1 (Contraction for Ghost, convex case). Under Assumptions 3.1 to 3.4, with p =0, if
YL(1 4 wyp/N) < %

Eflw, — w.l|” < E flw-y = wi|* = 1E(F(wg1) = F) = 5-E [ VF (@5-1)|P

5 (14 wup)a2

Nb (1 + 2’yLwdwn) .

w A
+ 2wl (14 2 ) EIVF(i-o)|* 4+

We can make the following observations:

1. At step k, the residual can be upper bounded by a constant times squared norm of the gradient
at point wg_o. When using recursively this upper bound, if 273wawnL(1 + wup/N) < v/(2L),
then these terms cancel out. This is equivalent to 2yLy/wawn (1 + wup/N) < 1. It is natural to
chose v < 1/(2Lmax(1 + wup/N, 1 4+ Wawn))-

2. The bound is in fact proved conditionally to wy_1, recursive conditioning is required to propagate
the inequality. We carefully handle conditioning in the proofs.

Theorem 3.2 (Convergence of Ghost, convex case). Under Assumptions 3.1 to 3.4 with p = 0
(convex case), for all k in N, defining Vi, := E [w, — wi] + %E[HVF(@k,l)HQ} + 2y LE[|| @y — wi|?],
we have:

Vo e9(y)

< Vi1 — YE[F(wi_1) — F(ws )
Vi < Vi1 —YE [F(wg—1) (ws)] + Nb

with ®9(7) := (1 + wup) (1 + 27 Lwgyn)-

3.3.2 Results for MCM

We here provide guarantees of convergence for MCM which incorporates an uplink memory term,
designed to handle heterogeneous clients. But to highlight our main contribution, that concerns the
downlink compression, we present the results in the homogeneous setting, that is with F; = F}; and
ayp = 0. In the heterogeneous setting, similar results (almost identical, up to constant numerical
factors) are obtained [see our paper Philippenko and Dieuleveut, 2021, Appendix G|. Experiments
are performed on heterogeneous clients. We provide here convergence results in the strongly-convex,
convex and non-convex cases.

Notations and settings. For k in N, we denote Ty = |lwy — Hy_1|?, and define Vj, =
E[||wi — w.|*] + 32vLw?  E[Tx], which serves as Lyapunov function. Vj is composed of two terms:
the first one controls the quadratic distance to the optimal model, and the second controls the
variance of the local models w;. For both theorems, we choose aqwn, = (8wdwn)*1. We denote
D7) = (1+wp) (L+647Lw3, ).

Limit learning rate. There exists a maximal learning rate to ensure convergence. More
specifically, we define Ymax := min(ymax, Yo%%, 7L ), where Yamax := (2L (1 4+ wyp/N)) ™! corresponds

max?
to the classical constraint on the learning rate in the unidirectional regime [see Mishchenko et al.,

2019, Philippenko and Dieuleveut, 2020], YI%! := (8 Lwqyn) ! is a similar constraint coming from

the downlink compression, and ’yglax = (SﬂLwdwn \/ 8wdwn + Wup/N )_1 is a combined constraint
that arises when controlling the variance term Y.2 Overall, this constraints are weaker than in
the “degraded” framework Liu et al. [2020], Philippenko and Dieuleveut [2020], in which Do <
(8L(1 + Wawn ) (1 —i—wup/N))_l. Especially, in the regime in which wyp qwn — 00 and wawn >~ wWup ~: w,
the maximal learning rate for MCM is (Lw?/?)~1, while it is (Lw?)~! in Liu et al. [2020], Philippenko
and Dieuleveut [2020]. Our yyax is thus larger by a factor \/w, see Table 3.2. We define L such that
Ymax = (2L)71_

2The dependency in w?/? is similar to the one obtained by Horvath et al. [2022] in unidirectional compression in
the non-convex case (Theorem 4).

2
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Theorem 3.3 (Convergence of MCM in the strongly-convex case). Under Assumptions 3.1 to 3.4
with p > 0, for k in N, for any sequence (Vi)k>0 < Ymax we have:

s 167)

Vi < (1= SRVt = ME [F@11) — Fluw)] + A8

(3.6)

Consequently, (1) if 0 = 0 (noiseless case), for v, = Ymax we recover a linear convergence rate:
Efllwi — wel’] < (1= Ymaxtt/2)*Vo;  (2) if 0 > 0, taking for all K in N, v = 4/(u(K + 1) + L),
for the weighted Polyak-Ruppert average Wy = Zle Awg—1/ Z?Zl e, with A\ := (ye_1)" %,

(u+ L)L
16K

E[F(0k) — F(w.)] < I

_l’_

852(1 256 Lw?
||U)0 — w, o ( +wup) <1 + wdwnl

KNG e n(u(K+1)+E)>.

(3.7)

Limit Variance (Equation (3.6)). For a constant 7, the variance term (i.e., term proportional
to 0?) in Equation (3.6) is upper bounded by % 1o (1 + wyp) (1 + 647 Lwi, ). The impact of the
downlink compression is attenuated by a factor 'y As v decreases, this makes the limit variance
similar to the one of Diana, i.e. without downlink compression [Mishchenko et al., 2019, Eq. 16 in
Th. 2|, and much lower than the variance for previous algorithms using double compression for which
the variance scales quadratically with the compression constants as 720%(1 4 wup)(1 + Wawn)/N:
(1) for Dore, see Corollary 1 in Liu et al. [2020] (who indicate (1 — p)™! > (1 + wup/N)(1 + Wawn)),
(2) for Artemis see Table 2.2 and point 2 of Theorem 2.3 in Chapter 2, (3) for Gorbunov et al.
[2020Db], see Theorem I.1. (with vD} o v202(1 + wup) (1 + wawn)/N).

Bound 3.7 has a quadratic dependence on wgwn, but the corresponding term is divided by an
extra factor K, the number of iterations. For example in experiments, for w8a using quantization
with s = 2°, we have wawn ~ 17, and after only 50 epoch with a batch size b = 12, we have K ~ 2500.
Hence, the term w?/K is vanishing through iterations and we asymptotically recover a rate of
convergence equivalent to algorithms using unidirectional compression.

Convergence and complexity: With a decaying sequence of steps, we obtain a convergence
rate scaling as O(K ') in Equation (3.7), without dependency on the wgyy in the dominating term,

which only appears in faster decaying terms scaling as K ~2. The iteration complexity (i.e., number

2
of iterations to achieve e expected error) is thus at first order 06%0(%) Again, this matches

the complexity of Diana [Horvath et al., 2022, see Theorem 1 and Corollary 1| and is smaller by a
factor 1 4+ wqwn than the one of Artemis, Dore, DIANAsr-DQ (see Corollary I.1. in Gorbunov et al.
[2020b]). Next, we give a convergence result in the convex case.

Theorem 3.4 (Convergence of MCM, convex case). Under Assumptions 3.1 to 3.4 with u = 0. For
all k > 0, for any v < Ymax, we have, for wy = % Zf:_ol

2 2 2
V22 ® () . Vo vo7@(y)
— w)| < Vi1 — —_— = - < =4+ —-. .
VE[F(wp—1) = F(wi)] < Vi1 — Vi + ND E[F(wr) — Fi] < " N (3.8)
Consequently, for K in N large enough, a step-size v = H%, we have:
I (14 wyp)o? _
E[F (0 | < 2\/”7“”0 d ]”VbK “u)O® L oK1, (3.9)

Moreover if 0? = 0 (noiseless case), we recover a faster convergence: E[F(wg) — F] = O(K™1).

Limit Variance (Eq. (3.8)). The variance term is identical to the strongly-convex case.
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Convergence and complexity (Equation (3.9)). The downlink compression constant only
appears in the second-order term, scaling as 1/K. In other words, the convergence rate is equivalent

to the convergence rate of Diana, in the non-strongly-convex. As K increases, this complexity scales

(1+wup)
ne?

as independently of the downlink compression. Again, for previous algorithms with double

compression the complexity is at least O (W) (see Corollary 1.2 in Gorbunov et al.
[2020Db]).

Control of the variance of the 2 i w—— 2 —— ArtomeND
local model. We here present the 7 T Mooy T 2 Noan

= —— MCM = —+— MCM
backbone Lemma of MCM’s proof. It & &
allows to control the variance of the lo- ‘Q 0 ,L\ 0
cal model E[||iy, — wy||* |wy] (which is = 5/_1
2 ~ —=
upper—boupded by wawnE[|| Tl |wk]) 5 E:
and to build the Lyapunov function -~ =2
defined in Theorems 3.3 and 3.4. 0 50 100 150 200 0 50 100 150 200
Number of passes on data Number of passes on data

This result highlights the impact
of the downlink memory term. With- Figure 3.1: Comparing MCM on two datasets (left quantum,
out memory, i.e., with agyn = 0, the right a9a) with three other algorithms using a non-degraded
variance of the local model ||y —wy|> update, v = 1/L. Artemis-ND stands for Artemis with a
increases with the number of iterations. non-degraded update.
On the other hand, if agyn is too large
(close to 1), this variance diverges. In fact, Theorem 3.5 states that agwn, must be lower than
Qmax = (8wWdwn) ! in order to obtain a (1 — agwn/2)-contraction, which later allows convergence.
However, it also involves an additional term E[||V F(@y_1)||?] depending on ag. which results in a
bound ~,F. on the admissible step-size. Therefore, this term must be as small as possible and we
chose agwn as the maximal possible memory’s learning rate. This is why, Theorems 3.3 and 3.4 are
presented with aguyn = (8wWdwn) ' This trade-off is illustrated on two real datasets on Figure 3.1.
This phenomenon is similar to the divergence observed in frameworks involving error-feedback, when
the compression operator is not contractive.

Theorem 3.5. Consider the MCM update as in Equation (3.2). Under Assumptions 3.1, 3.2 and 3.4
with 1 =0, if ¥ < (S8wawnLl) ™! and agwn < (8wawn) L, then for all k in N:

2 2
Wup ~ 2 27707 (1 + wup)
e [IVF @] + 2,

E[T4] < (1 - O‘G‘QW“) E[Ye-1] +29° <

Adwn

This bound provides a recursive control on Y. Beyond the (1 — aigywn) contraction, the bound
comprises the squared norm of the gradient at the previous perturbed iterate, and a noise term.

Summary of rates. In Table 3.2, we summarize the rates and complexities, and maximal
learning rate for Diana, Artemis, Dore and MCM. For simplicity, we ignore absolute constants, and
provide asymptotic values for large wyp, wawn, and complexities for e — 0.

The last important theorem of this section ensures the convergence of MCM in the non-convex
settings. The demonstration is given in Subsection C.4.4 and follows a different approach than the
one presented in Subsection 3.3.1.

Theorem 3.6 (Convergence of MCM in the non-convex case). Under Assumptions 3.1, 3.2 and 3.4

#, for any step-size v s.t. v < Ymax, ofter
wn

(non-convex case), for a learning rate cgwn 8w

running K in N* iterations, we have:

(F(wo) = F(wy)) Lo ™"V ()
vK Nb '

1 & 2
2
K IV F(we-)I?| <
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Table 3.2: Summary of rates on the initial condition, limit variance, asympt. complexities and Ymax-

Problem Diana Artemis, Dore MCM, Rand-MCM
Lymax 1/(1 4 wup) 1/(1 4 wup)(1 + Wawn) 1/(1 4+ wawn) /1 + wup A 1/(1 + wyp)
Lim. var. o (14 wyp) (1 + wup) (1 + wdwn) (1 +wup) (1 +vLwi,,)
v2o? Inx
Str.-convex Rate on init. cond. (1 —yu)F (1 —yp)* (1 —yu)k
(SC)
Complexity (1 + wup)/peN (1 4+ wawn) (1 + wup)/peN (1 + wup)/peN
Convex Complexity (wup + 1)/€2 (1 + wup) (1 + Wawn) /€2 (wup +1)/€2

with @M~ V¥(y) 1= (1 + wyp) (1 + 327Lw§wn). Consequently, for K in N* large enough, we have

taking 7 = |/ 2N Fe))

+O(K™Y).

K \/2L02(1 + wap) (F(wo) — F(w,))

1
K;E [HVF(wk—l)Hz} <2 NbK

Proofs. To convey the best understanding of the theorems and the spirit of the proof, we have
introduced the Ghost algorithm in Subsection 3.2.3. The sketch of the proof of Ghost and MCM are
similar. Proofs of Theorems 3.1 and 3.2 is given in Section C.3. Proofs of Theorems 3.3 to 3.5
are given in Section C.4. And Theorem 3.6 is proved in Subsection C.4.4. Note that the proof for
non-convex follows a different approach than the one in Theorems 3.3 and 3.4.

Proof in the heterogeneous case. To extend Theorems 3.3 to 3.5 in the heterogeneous
setting for a convex objective, as in Chapter 2, we assume that there exists a constant B in R,
st &SN IVE(w,)|? = B2, We further define Ty, = x5 S8, ||kl — VFi(w,)|?, where for all
i in [1, N]. This term is recursively controlled and combined into the Lyapunov function, as in
Chapter 2 For sake of the manuscript brevity, we have not included the demonstration and refer to
[Philippenko and Dieuleveut, 2021, see Appendix G].

Remark 3.5 (Communication budget). How to split a given communication budget between uplink
and downlink to optimize the convergence is an open question that is intrinsically related to the
situation. Indeed it depends on many factors like the selected operators of compression, the up-
load/downlink speed or the number of participating clients at each iteration. However, our approach
provides some insights on this question. Because asymptotically the impact of double compression is
marginal, for a fived budget, Theorem 3.4 suggests to strongly compress on the downlink direction
(which leads to a large wayn ), but to perform a weaker compression in the uplink direction.

As mentioned in the introduction, our analysis of perturbed iterate in the context of double
compression opens new directions: in particular, it opens the door to handling a different model
for each client. In the next section, we detail those possibilities, and provide theoretical guarantees
for Rand-MCM, the variant of MCM in which instead of sending the same model to all clients, the
compression noises are mutually independent.

3.4 Extension to Rand-MCM

3.4.1 Communication and convergence trade-offs

In Rand-MCM, we leverage the fact that the compressions used for each client need not to be identical.
On the contrary, it is possible to consider independent compressions. By doing so, we reduce the
impact of the downlink compression.
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The relevance of such a modification depends on the framework: while the convergence rate will
be improved, the computational time can be slightly increased. Indeed, N compressions need to be
computed instead of one: however, this computational time is typically not a bottleneck w.r.t. the
communication time. A more important aspect is the communication cost. While the size of each
message will remain identical, a different message needs to be sent to each client. That is, we go from
a “one to N7 configuration to N “one to one” communications. While this is a drawback, it is not
an issue when the bandwidth/transfer time are the bottlenecks, as Rand-MCM will result in a better
convergence with almost no cost. Furthermore, we argue that handling client dependent models is
essential for several major applications. Rand-MCM can directly be adapted to those frameworks.

1. client dependent compression. A first simple situation is the case in which clients are
allowed to choose the size (or equivalently the compression level) of their updates.

2. Partial participation (PP). Similarly, having N different messages to send to each client
may be unavoidable in the case of partial participation of the clients. This is a key feature in
federated learning frameworks, see Subsection 1.3.1. In the classical distributed framework (without
downlink constraints) it is easy to deal with it, as each available client just queries the global model
to compute its gradient on it [see for example Horvath and Richtarik, 2020]. On the other hand,
for bidirectional compression, to ensure that all the local models match the central model, the
adaptation to partial participation relies on a synchronization step. During this step, each client that
has not participated in the last .S steps receives the last S corresponding messages as long as it costs
less to send this sequence than a full uncompressed model, see the pseudo-code of Artemis given in
Algorithm 2 in Chapter 2.

On the contrary, Rand-MCM naturally handles a different model, memory, and update per client.
The adaptation to partial participation is thus straightforward, without the need to catch up on
missed updates or to synchronize memory. This is because the partial participation of clients is
modeled as a compression scheme Cpp, which compresses a vector z as either z/p or 0 (see Section 2.2).
Consequently, our theoretical analysis covers the case of partial participation. For sake of clarity, we
present below the equations defining the downlink stage of Rand-MCM.

Qp1 = wiy1 — Hy,

@yy = Hi + Cavni (i)

H} ., = Hj, + aqwnCawn,i (1)

Hy1 = Hy + % SN Cowmi(Qpet1)-

(3.10)

Remark 3.6 (Protecting the global model from honest-but-curious clients). Another business
advantage of MCM and Rand-MCM is that providing degraded models to the participants can be used to
guarantee privacy, or to ensure the clients participate in good faith, and not only to obtain the model.
This issue of detecting ill-intentioned clients (free-riders) that want to obtain the model without
actually contributing has been studied by Fraboni et al. [2021b].

3.4.2 Theoretical results

In this Section, we provide two main theoretical results for Rand-MCM. First, Theorem 3.7 ensures
that the theoretical guarantees are at least as good for Rand-MCM as for MCM. Then, in Theorem 3.8,
we provide convergence result for both MCM and Rand-MCM in the case of quadratic functions.

Theorem 3.7. Theorems 3.3 to 3.5 are valid for Rand-MCM

The improvement in Rand-MCM comes from the fact that we are ultimately averaging the gradients
at several random points, reducing the variance coming from this aspect. The goal is obviously to
reduce the impact of wqwn. Keeping in mind that the dominating term in the rate is independent of
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Wawn, we can thus only expect to reduce the second-order term. Next, the uplink compression noise
increases with the variance of the randomized model, which will not be directly reduced by Rand-MCM.
As a consequence, we only expect the improvement to be visible in the part of the second-order term
that does not depend on wy, (that is, the effect would be the most significant if wy,, is small or 0).

This intuition is corroborated by the following result, in which we show that the convergence is im-
proved when adding the randomization process for a quadratic function. Extending the proof beyond
quadratic functions is possible, though it requires an assumption on third or higher order derivatives of
F (e.g., using self-concordance [Bach, 2010]) to control of E [||[VF(@x—1) — E[VF (@p—1)]|[* | wk-1]-

Theorem 3.8 (Convergence in the quadratic case). Under Assumptions 3.1 to 3.4 with u =0, if
the function is quadratic, after running K > 0 iterations, for any v < Ymax, and we have

_ Vo | yo?@Rd(y)
E[F(og) — F] < -2 4172 )
(Flow) - ) < ~0 + 2700

with ®R4(y) = (1 + wyp) <1 + P Lwawn (L %)) and C = N for Rand-MCH, C =1 for MCH.

This result is derived in Section C.5. We can make the following comments. (1) The convergence
rate for quadratic functions is slightly better than for smooth functions. More specifically, the right
hand term in ® is multiplied by an additional ~y (é + %) (w.r.t. Theorem 3.4), which is decaying
at the same rate as . Besides, the proof for Rand-MCM is substantially modified, as E[V F(wy_1)] is
an unbiased estimator of VF(wy_1). (2) Moreover, the randomization in Rand-MCM further reduces
by a factor N this term. Depending on the relative sizes of wy, and N, this can lead to a significant
improvement up to a factor of V. In practice, the impact of Rand-MCM is noticeable, as illustrated in

the following experiments.

3.5 Experiments

In this section, we illustrate the validity of the theoretical results given in the previous section on
both synthetic and real datasets, on (1) least-squares regression (LSR), (2) logistic regression (LR),
and (3) non-convex deep learning. We compare MCM with classical algorithms used in distributed
settings: Diana, Artemis, Dore and of course the simplest setting - SGD, which is the baseline.

In these experiments, we provide results on the log of the excess loss F(wy) — F, averaged
on 5 runs (resp. 2) in convex settings (resp. deep learning), with errors bars displayed on each
figure, corresponding to the standard deviation of log;o(F'(wg) — Fy). On Figure 3.3, the X-axis is
respectively the number of iterations and the number of bits exchanged.

Each experiment has been run with N = 20 clients using stochastic scalar quantization [Alistarh
et al., 2017, w.r.t. 2-norm. To maximize compression, we always quantize on a single level (s = 2),
unless for neural network (the value of s depends on the dataset).

We used 9 different datasets.

e One toy dataset devoted to linear regression in an homogeneous setting. This toy dataset allows
to illustrate MCM properties in a simple framework, and in particular to ilustrate that when o2 = 0,
we recover a linear convergence®, see Figure 3.2b.

e Five datasets commonly used in convex optimization (a9a, quantum, phishing, superconduct and
w8a); see Table C.1 for more details. Experiments were conducted with heterogeneous clients
obtained by clustering (using TSNE |[Maaten and Hinton, 2008|, as in Chapter 2) the input points.

3Even stronger, we show in experiments that we recover a linear rate if we have o, = 0 (the noise over stochastic
gradient computation at the optimum point w.).
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Table 3.3: Summary of experiment results for MCM - convex experiments, b is the batch size

Excess loss after 450 epochs  SGD  Diana MCM  Dore Ref
a%a (b = 128) —3.5 —-2.7 —27 —1.8 Chang and Lin [2011]
quantum (b = 256) -34 =32 =32 —2.6 Caruana et al. [2004]
phishing (b = 64) —3.7 —-35 =34 —27 Chang and Lin [2011]
superconduct (b = 64) —1.6 —-16 —155 —145 Hamidieh [2018]
w8a (b = 12) ~35 —30 —25 —175 Changand Lin [2011]
Compression no uni-dir bi-dir  bi-dir

0 —+ sap — sGp
— Diana . Diana Diana
= — A > —— Artemis —+— Arte
&l I 3 . 0.0 + 00 4+ b
[ —— MCM I 2 —— MCM ?2 —+ MCM
| . —+= R-MCM -5 < —— R-MCM < —+— R-MCM
= L =05 =05
S N o = =
< | ST 210 F-10
S ° &
—+— RMOM L5 -1.5
107 10° 10° 10° 107 107 10° 107 107
Communicated bits Communicated bits Communicated bits Communicated bits

(a) 02 #0, y= (LVE)™*  (b) 02=0,y=L"'  (c) MNIST with a CNN (d) FEMNIST with a CNN

Figure 3.2: Convergence on synthetic datasets (left) and neural networks (right).
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— RMCM
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logyo(F(wy) — F(w.))

(a) a9a in #iter. (b) a9a in #bits (c) quantum in #iter.  (d) quantum in #Dbits

Figure 3.3: Experiments on real datasets with v = 1/L, quantization with s = 1 (LR, for LSR see
superconduct on Figure 2.2a).

e Four datasets in a non-convex settings (CIFAR10, Fashion-MNIST, FE-MNIST, MNIST); see
Table C.2 for more details.

All experiments are performed without any tuning of the algorithms, (e.g., with the same learning
rate for all algorithms and without reducing it after a certain number of epochs). Indeed, our goal is
to show that our method achieves a performance close to the unidirectional-compression framework

(Diana), while performing an important downlink compression. More details about experiments can
be found in Section C.1.

On Figure 3.3, we display the excess loss for quantum and a9a w.r.t. the number of iteration and
number of communicated bits. The plots of phising, superconduct and w8a are not provided but can
be found on our github repository. We only report their excess loss after 450 iterations in Table 3.3.

Saturation level. All experiments are performed with a constant learning rate v to observe
the bias (initial reduction) and the variance (saturation level) independently. Stochastic gradient
descent results in a fast convergence during the first iterations, and then reaches a saturation at
a given level proportional to o2. Theorem 3.4 states that the variance of MCM is proportional to
Wup, this is experimentally observed on Tables 3.3 and 3.4 and Figures 3.2 and 3.3: MCM meets
Diana while Artemis and Dore saturate at a higher level (scaling as wyp X wawn). These trade-offs
are preserved with optimized learning rates.

Linear convergence when o2 = 0. The six algorithms present a linear convergence when
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0% = 0. This is illustrated by Figure 3.2b: we ran experiments with a full gradient descent. Note that
in these settings MCM has a slightly worse performance than other methods; however, this slow-down

is compensated by Rand-MCM.

Deep learning. Table 3.4 and Figures 3.2c and 3.2d illustrate experiments with neural networks,
details on dataset settings and networks architecture are given in Subsection C.1.2. Again, MCM meets
Diana rates as stated by Theorem 3.6 (non-convex case).

Table 3.4: Accuracy and train loss in non-convex experiments, detailed settings can be found in
Table C.2.

Algorithm MNIST Fashion MNIST FE-MNIST CIFAR-10

Accuracy after  SGD: 99.0% 92.4% 99.0% 69.1%
300 epochs Diana: 98.9% 92.4% 98.9% 64.0%
MCM: 98.8% 90.6% 98.9% 63.5%
Artemis: 97.9% 86.7% 98.3% 54.8%
Dore: 97.9% 87.9% 98.5% 56.3%
Train loss after  SGD: 0.025 0.093 0.026 0.909
300 epochs Diana: 0.034 0.141 0.031 1.047
MCM: 0.033 0.209 0.030 1.096
Artemis: 0.075 0.332 0.052 1.342
Dore: 0.072 0.300 0.048 1.292

Impact of randomization. The impact of randomization is noticeable on Figures 3.2b and C.5b.
Randomization helps to stabilize convergence, it reduces the variance over the runs, and when o2 = 0,

it performs identically to SGD.

Overall, these experiments show the benefits of MCM and Rand-MCM, that reach the saturation
level of Diana while exchanging at 10x to 100x fewer bits. All the code is provided on our github

repository.

3.6 Conclusion

In this work, we propose a new algorithm to perform bidirectional compression while achieving the
convergence rate of algorithms using compression in a single direction. One of the main application
of this framework is federated learning. With MCM we stress the importance of not degrading the
global model. In addition, we add the concept of randomization which allows to reduce the variance
associated with the downlink compression. The analysis of MCM is challenging as the algorithm
involves perturbed iterates. Proposing such an analysis is the key to unlocking numerous challenges
in distributed learning, e.g., proposing practical algorithms for partial participation, incorporating
privacy-preserving schemes after the global update is performed, dealing with local steps, etc. This
approach could also be pivotal in non-smooth frameworks, as it can be considered as a weak form of

randomized smoothing.
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Convergence rates for distributed, compressed and averaged
least-squares regression: application to Federated Learning

“Boe yorce nomomy mHe Heobrodum, 4mo amo eduHCMBEHHOE CYULECTE0,
KOMOPOE MONHCHO 6EYHO M0bUMD ...”

Becw, Penop Muxaitnosua JlocToeBeknii.

In this Chapter, we go beyond the classical worst-case assumption on the variance of compressors
(Assumption 2.5 in Chapter 2 or Assumption 3.1 in Chapter 3) and provide a fine-grained analysis
of the impact of compression within the fundamental learning framework of least-squares regression
(LSR). Within this setting, we underline differences in terms of convergence rates between several
unbiased compression operators, that all satisfy the same condition on their variance, thus going
beyond the classical worst-case analysis. To do so, we analyze a general stochastic approximation
algorithm for minimizing quadratic functions relying on a random field. We consider weak assumptions
on the random field, tailored to the analysis (specifically, expected Holder regularity), and on the
noise covariance, enabling the analysis of various randomizing mechanisms, including compression.
We then extend our results to the case of federated learning.

More formally, we highlight the impact on the convergence of the covariance Capia of the additive
noise induced by the algorithm. We demonstrate despite the non-regularity of the stochastic field, that
the limit variance term scales with Tr (@aniaHgl) /K (where Hp is the Hessian of the optimization
problem and K the number of iterations) generalizing the rate for the vanilla LSR case where it is
o?Tr (HFHgl) /K = 02d/K |Bach and Moulines, 2013]. Then, we analyze the dependency of €,yuia
on the compression strategy and ultimately its impact on convergence, first in the centralized case,
then in two heterogeneous FL frameworks.

This Chapter is based on our work Convergence rates for distributed, compressed and aver-
aged least-squares regression: application to federated learning [Philippenko and Dieuleveut, 2023|
submitted at JMLR.
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4.1 Introduction

Large-scale optimization [Bottou and Bousquet, 2007] has become ubiquitous in today’s learning
problems due to the incredible growth of data collection. It becomes computationally extremely
hard to process a full dataset or even, to store it on a single device [Abadi et al., 2016, Seide and
Agarwal, 2016, Caldas et al., 2019]. This led practitioners to either process each observation only
once in a streaming fashion and to design distributed algorithms. This Chapter is part of this line of
work and considers in particular stochastic federated algorithms [Kone¢ny et al., 2016, McMahan
et al., 2017] that use a central server to orchestrate the training over a network of N in N* clients.

A well-identified challenge in this framework is the communication cost of the learning process
[Seide et al., 2014, Chilimbi et al., 2014, Strom, 2015| based on stochastic gradient algorithms. Indeed,
iteratively exchanging gradient or model information between the local workers and the central server
generates a huge computational and bandwidth bottleneck. To reduce this communication cost, two
strategies have been widely implemented and analyzed: performing local updates [see e.g. McMahan
et al., 2017, Karimireddy et al., 2020|, or reducing the size of the exchanged messages by passing
them through a compression operator, on the uplink channel [Seide et al., 2014, Alistarh et al.,
2017, 2018, Mishchenko et al., 2019, Karimireddy et al., 2019, Wu et al., 2018, Horvath et al., 2022,
Mishchenko et al., 2019, Khirirat et al., 2020a, Grishchenko et al., 2021, Richtarik et al., 2021], or on
both uplink and downlink channels [Harrane et al., 2018, Tang et al., 2019, Liu et al., 2020, Zheng
et al., 2019, Philippenko and Dieuleveut, 2020, 2021, Gorbunov et al., 2020b, Sattler et al., 2019,
Fatkhullin et al., 2021]. These two strategies, although typically analyzed independently, are often
combined. We focus on compression; to reduce the cost of exchanging a vector, three techniques
are combined: (1) sending the message to only a few clients, (2) sending only a fraction of the
coordinates, (3) sending low-precision updates.

Most analyses of the impact of compression schema rely on generic assumptions on the compression
operator C, typically either contractive, i.e. for any z in R%, ||C(2) — 2|| < (1 — §)]|z|| with 6 €]0; 1]
|almost surely or in expectation, see for instance Seide et al., 2014, Stich et al., 2018, Karimireddy et al.,
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2019, Ivkin et al., 2019, Koloskova et al., 2019, Gorbunov et al., 2020b, Beznosikov et al., 2020], or
unbiased with bounded variance increase, i.e., for any z in R%, E[C(2)] = z and E[||C(2) —z||?] < w]|z||?
for a parameter w > 1 [see among others Alistarh et al., 2017, Wu et al., 2018, Mishchenko et al.,
2019, Chraibi et al., 2019, Gorbunov et al., 2020a, Reisizadeh et al., 2020, Horvath et al., 2022,
Kovalev et al., 2021, Philippenko and Dieuleveut, 2020, 2021, Haddadpour et al., 2021, Li and
Richtérik, 2021, Khirirat et al., 2018]. Unlike biased — and often deterministic — operators, unbiased
operators typically benefit from a variance reduction proportional to the number of clients (e.g.,
Gorbunov et al., 2020b vs Horvath et al., 2019).

In parallel, a line of work has thus focused on the design of compression schemes satisfying one of
these two assumptions [Bernstein et al., 2018, Dai et al., 2019, Beznosikov et al., 2020, Horvath et al.,
2022, Xu et al., 2020, Leconte et al., 2021, Gandikota et al., 2021, Ramezani-Kebrya et al., 2021,
Horvath et al., 2022]. Two fundamental strategies are typically combined: (1) quantization [Rabbat
and Nowak, 2005, Gersho and Gray, 2012, Alistarh et al., 2018], and (2) random projection [Vempala,
2005, Rahimi and Recht, 2008, Nesterov, 2012, Nutini et al., 2015]. These methods are compared
based on (1) the number of bits required for storing or exchanging a d dimensional vector and (2)
the resulting variance increase w or contractiveness constant §. Consequently, convergence results
are worst-case results over the class of compression operators: two compression operators satisfying
the same variance assumption are regarded as producing the same convergence rate.

The goal of this Chapter is to provide an in-depth analysis of compression within a fundamental
learning framework, namely least-squares regression [LSR, Legendre, 1806], in order to highlight
the differences in convergence between several unbiased compression schemes having the same
variance increase.

Especially, this analysis will highlight the impact of (1) the compression scheme’s regularity
(Lipschitz in squared expectation or not) and of (2) the correlation between the compression of the
different coordinates. We highlight three examples of possible take-aways from our analysis, that
will be detailed in Section 4.3.

Take-away 1. Quantization-based compression schemes do not have Lipschitz in squared expectation
reqularity but satisfy a Hélder condition. Because of that, their convergence is degraded, yet they
asymptotically achieve a rate comparable to projection-based compressors, in which the limit covariance
15 stmalar.

Take-away 2. Rand-h and partial participation with probability (h/d) satisfy the same variance
condition. Yet the convergence of compressed least mean squares algorithms for partial participation
is more robust to ill-conditioned problems.

Take-away 3. The asymptotic convergence rate is expected to be at least as good for quantization
than for sparsification or randomized coordinate selection, if the features are standardized. On the
contrary, if the features are independent and the feature vector is normalized, then quantization is
worse than sparsification or randomized coordinate selection.

We consider a random-design LSR framework and make the following assumption on the input-
output pairs distribution

Model 1 (Federated case). We consider N clients. Fach client i in {1,..., N} accesses K in N*
1.1.d. observations (1’27%)1@6{1,...,1(} ~ DZ@K, such that there exists a well-defined client-dependent
model W :

Vke{l,....,K}, yi=(af,wl)+el, with €l ~ N(0,0%) , (4.1)
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for an i.i.d. sequence ((?Z)kE{,L--‘,K},iG{l,..-,N}) independent from (("LJ]:(;)ke{l,...,K},’ie{l,..‘,N})' We use
the generic notation (x',y",e") for such an input-output-noise triplet on client i. Moreover, we
assume that the inputs’ second moment! is bounded to define E[z* ® 2'] = H; and E[||z"||*] = R?;
such that E[||2%||?2* ® '] < R?H;. For anyi € {1,..., N}, we consider the expected squared loss on
client i of a model w as Fj(w) := %E(Iijyi)N'Di[(<xi, w) —y')3.

Remark 4.1 (Almost surely bounded features). In the case of linear compressors, we will also
assume that for each client i in {1,..., N}, features are almost surely bounded by R?.

This model is classical in the single worker case [e.g. Hsu et al., 2012, Bach and Moulines, 2013|:

Model 2 (Centralized case). We consider Model 1 with N =1 client. For simplicity, we then omit
the i superscript.

We focus on the problem of minimizing the global expected risk F : R — R, thus finding the
optimal model w, in R such that:

1 N
W, = argmin {F(w) = Z Fl(w)} . (OPT)

weR? i=1

The (F;)Y, are the squared loss defined on each client defined in Model 1. Note that we assume
that Span{Supp(z?),i € {1,...,N}} = R? to ensure the existence and uniqueness of w,.

The empirical version of the risk minimization admits an explicit formula, yet is computationally
too expensive to compute for large problems. This is why, in practice, LSR is solved using iterative
stochastic algorithms, for example Stochastic Gradient Descent [SGD, see Robbins and Monro,
1951]. SGD for LSR is often referred to as the Least Mean Squares (LMS) algorithm [Bershad, 1986,
Macchi, 1995]. Analysis of LMS [Gyorfi and Walk, 1996, Bach and Moulines, 2013] and its variants
received a lot of interest over the last decades. Indeed despite its simplicity, LSR is a model of choice
for practitioners because of its efficiency to train good and interpretable models [see e.g. Molnar,
2018, chapter 5.1|. Moreover, its simplicity enables to isolate and analyze challenges faced in specific
configurations, for instance, non-strong convexity [Bach and Moulines, 2013|, interaction between
acceleration and stochasticity [Dieuleveut et al., 2017, Jain et al., 2018a, Varre and Flammarion,
2022], non-uniform iterate averaging [Jain et al., 2018b, Neu and Rosasco, 2018, Muecke et al.,
2019], infinite-dimensional frameworks [Dieuleveut and Bach, 2016], biased compression and error-
compensation mechanism [Khirirat et al., 2020a], or over-parametrized regimes and double descent
phenomena [Belkin et al., 2019|.

Our approach follows this line of work: our goal is to analyze the impact of compression in FL
algorithms, by providing a careful study of compressed LMS, based on a fine-grained analysis of
Stochastic Approximation (SA) under weak assumptions on the random field. More precisely, we
consider linear stochastic approximation recursion, to find a zero of the linear mean-field VF'.

Definition 4.1 (Linear Stochastic Approximation, LSA). Let wg € R? be the initialization, the
linear® stochastic approximation recursion is defined as:

wg = wi—1 — YVF(wp_1) + vk (wp—1 —ws), k€N, (LSA)

where v > 0 is the step-size and (&)ken+ 1S a sequence of i.i.d. zero-centered random fields that
characterizes the stochastic oracle on VF(-). For any k € N*, we denote F, = o (&1,...,&k), such
that the filtration (Fj)k>0 ts adapted to (wg)g>0-

n the following, we may refer to this matrix H as the covariance (in the case of centered features, covariance is
equal to the second moment)

2While in LSA literature, both the mean-field VF and the noise-field (£) are linear, we do not here consider the
noise fields to be linear.
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We assume that F' is quadratic, we denote Hp its Hessian, R% = Tr (Hp) its trace and p its
smallest eigenvalue. For any k in N, with mp = wy — wy, we get equivalently:

me = (L= vHp)ne—1 + v&e(Me—1), k € N.

As underlined by Bach and Moulines [2013], (LSA) corresponds to a homogeneous Markov chain.
A study of stochastic approximation using results and techniques from the Markov chain literature
can be found for instance in Freidlin and Wentzell [1998] or more recently in Dieuleveut et al. [2020].

(LSA) encompasses three examples of interest, the first one is the classical LMS algorithm.
Indeed, with the observations in Models 1 and 2, for any client ¢ € {1,..., N}, any iteration k in
{1,..., K}, any model w € R?, ‘ ‘ o

gr(w) == ((z}, w) — yp )}, (4.2)
is an unbiased oracle of VF;(w). This can be used to define the following three algorithms.

Algorithm 1 (LMS). For LMS algorithm, with a single worker, we have for all k € N, wy, =

wi—1 — Y&k (wk-1) = w1 — Y({@k, wr—1) — yr)zk, thus equivalently & () = (zxpay — Efz12{])(-) +

((wa, Tk) — Yr) k-

Second, the case of a single client compressed LMS algorithm.

Algorithm 2 (Centralized compressed LMS). A single client (N = 1) observes at any step
kEe{l,...,K} an oracle gi(-) on the gradient of the objective function F, and applies a random
compression mechanism Ci(-). Thus, for any step-size v > 0 and any k € N*, the resulting sequence

of iterates (wy)keN satisfies: wy = wig—1 — YCr(gx (Wr—1)) -

And finally, the extension to the distributed case.

Algorithm 3 (Distributed compressed LMS). In our motivating example, each clienti € {1,...,N}
observes at any step k € {1,..., K} an oracle gfc() on the gradient of the local objective function Fj,
and applies a random compression mechanism Cy(-). Thus, for any step-size v > 0 and any k € N*,
the resulting sequence of iterates (wy)reN satisfies: wy = wy—1 — % Zf\il Ci (gt (wg—1)) (we consider
the randomization made on clients (Ci.(*))ief1... N} to be independent)

Remark 4.2. The analysis naturally covers any randomized postprocessing C};(-), beyond the com-
pression case.

Challenges, contributions and structure of the Chapter. Although there is abundant
literature on the study of (LSA), the application to Algorithms 2 and 3 poses novel challenges.
Especially, most analyses of LSA |Blum, 1954, Ljung, 1977, Ljung and Soderstrom, 1983| assume
that the field & is linear [i.e. for any z, 2’ € R, &(2) — & (2') = & (2 — '), see Konda and Tsitsiklis,
2003, Benveniste et al., 2012, Leluc and Portier, 2022]. More general non-asymptotic results on SA
with a Lipschitz mean-field (i.e. SGD with a smooth objective) also assume that the noise-field is
Lipschitz-in-squared-expectation i.e. for any 2,2’ € R E[||&x(2) — & (2')]1?] < C|lz — 2'||? [Moulines
and Bach, 2011, Bach, 2014, Dieuleveut et al., 2020, Gadat and Panloup, 2023|. One major specificity
and bottleneck in the case of compression is the fact that the resulting field does not satisfy such
an assumption. The rest of the Chapter is thus organized as follows:

1. In Section 4.2, we provide a non-asymptotic analysis of (LSA) under weak regularity assumptions of
the noise field (&)r. We show that the asymptotically dominant term depends on the covariance
matrix €,nia of the additive noise induced by the algorithm, as expected from the classical
asymptotic literature |[Polyak and Juditsky, 1992]. The backbone results of our Chapter are
Theorems 4.1 and 4.2 which generalize the results from Bach and Moulines [2013] for Algorithm 1.
The limit convergence rate term scales with Tr (@aniaHgl) /K, which highlights the interaction
between the Hessian of the optimization problem Hpg, and the additive noise’s covariance €,pjx.
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Figure 4.1: Flow chart summarizing our results.

2. In Section 4.3, we prove that assumptions made in Section 4.2 are valid for Algorithm 2 with
classical compression schemes. Although this single-client case is a simple configuration, it enables
to describe the impact of the compressor choice on the dependency between the features’ covariance
H (which is also the Hessian Hp of the optimization problem) and the additive noise’s covariance
Cania. Contrary to Algorithm 1, for which the noise is said to be structured, i.e. the additive
noise’s covariance is proportional to the Hessian Hp, applying a random compression mechanism
on the gradient breaks this structure. This phenomenon is noteworthy: for an ill-conditioned
Hp, it may lead to a drastic increase in Tr (QﬁaniaHgl) and thus, to a degradation in convergence.
By calculating the additive noise’s covariance for various compression mechanisms, we identify
differences that classical literature was unable to capture.

3. In Section 4.4, we study the distributed Algorithm 3 with heterogeneous clients. We examine
two different sources of heterogeneity for which we show that Theorems 4.1 and 4.2 remain valid.
First, the case of heterogeneous features’ covariances (Hl)fil in Subsection 4.4.1; second, the case
of heterogeneous local optimal points (wi)Y ; in Subsection 4.4.2.

These results are validated by numerical experiments which help to get an intuition of the
underlying mechanisms. The code is provided on our GitHub repository. We summarize the
structure of the Chapter in Figure 4.1.

Notations. We denote by < the order between self-adjoint operators, i.e., A < B if and only if
B — A is positive semi-definite (p.s.d.) and A X B if A< B and A = B+ O(3). We denote by A/2
the p.s.d. square root of any symmetric p.s.d. matrix A. For two vectors z,y in R%, the Kronecker
product is defined as ¢ ® y := zy ', the element-wise product is denoted as x ® y, and the Euclidean
norm is ||z]|? := Zf-l:l z2. For any rectangular matrix A in R™™ s.t. AAT is inversible, we denote
At := AT(AAT)~! the Moore Penrose pseudo inverse. For z,% in R?, we use « Ay for the minimum
between two values, and z < y if # <y and z =y + O(%). For any sequence of vector (z1)keqo,..., K}
we denote T _1 = EkK:_Ol z/K. We use e; to denote the vector in R with zero everywhere except
at coordinate i, and Oy4(R) the group of orthogonal matrices. Finally, all random variables are
defined on a probability space (2,4, P), E is the expectation associated with the probability P and
A is a og-algebra. We define the set of probability distribution function Pj; whose second moment is
equal to M in R¥4: Py, = {probability distribution pys over R? s.t.,Ecp,,[e¥%] = M} . Any such
distribution pjs is indexed with its matrix of covariance.

4.2 Non asymptotic convergence result for (LSA)

4.2.1 Definition of the additive noise’s covariance and assumptions on the
random fields

add

For any k in N*, we define the additive noise £;°“ and the multiplicative noise f,?ult(-).
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Definition 4.2 (Additive and multiplicative noise). Under the setting of Definition 4.1, for any k
in N*, we define:
€2dd .= ¢.(0) and &M 2 € R gy (2) — €249

Remark 4.3. Observe that (£299)en+ is an i.i.d. sequence of random variables and (&™) gens is

an i.1.d. sequence of random field. The following assumptions, made for k = 1, are thus equivalently
valid for any k > 1.

€344 qdmits a second order moment. We note A in R? s.t.

Assumption 4.1 (Second moment).
Efllf)?) < A.

Assumption 4.1 and Remark 4.3 enable us to define the covariance of the additive noise induced
by the algorithm.

Definition 4.3 (Additive noise’s induced by the algorithm’s covariance.). Under the setting of
Definition 4.1, we define the additive noise’s covariance as the covariance of the additive noise:
¢... =E add add

ania [51 ® gl ] .

Secondly, we state our assumptions on the multiplicative part of the noise, especially its regularity
around 0 (note that &M*(0) = 0).

Assumption 4.2 (Second moment of the multiplicative noise). There exist two constants My, Mo >
0 such that, for any n in R%, the following hold:

A4.2.1: E[|lEmlt(n)]12) < 2My||HY |2 + 4A.

A4.2.2: E[||&(n)[|2] < My [|HY 0] + 3Mo| HY *n||2.

The main originality of this section is the analysis under Assumption 4.2.2. This Holder-type
condition will appear naturally for compression in Section 4.3. Up to our knowledge, (LSA) has not
been analyzed under this particular condition.

Under these assumptions, asymptotic results from Polyak and Juditsky [1992]| can be applied.
Especially, we establish the asymptotic normality of (VK7 _1)x>0, with an asymptotic variance
equal to H;le:amaH;l.

Proposition 4.1 (CLT for (LSA)). Under Assumptions 4.1 and 4.2, consider a sequence (wy)keN=
produced in the setting of Definition 4.1 for a step-size (Vk)ken+ S.t. Y& = k=%, a €]0,1[. Then
(\/EﬁK—l)K>O is asymptotically normal and converge in distribution to N (0, HE:lCaniaHEl).

The proof of this result is almost straightforward and is recalled in Subsection D.1.3. In the
following, we establish non-asymptotic results in Theorems 4.1 and 4.2, that highlight the impact of
Assumption 4.2.2.

4.2.2 Convergence rates for (LSA), general case

In this section, we present non-asymptotic convergence rates for (LSA) under the assumptions above.
These results build upon the work of Bach and Moulines [2013]. Our first result is the main result,
under the Holder assumption on the noise field, it is demonstrated in Section D.2.

Theorem 4.1 (Non-linear multiplicative noise). Under Assumptions 4.1 and 4.2, consider a
sequence (wg)gen+ produced in the setting of Definition 4.1 for a constant step-size v such that
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v(R% + 2M3) < 1/2. Then for any horizon K, we have:

f 1 (1H: ol (ol — 1/a —
E[F(wK_l)—F(w*)]<2K< TR /\ﬁ+ Tr (CaniaHp ) + (10Ay) /" / Myip

2
+ (30.A47)"/? \/Mgu—1> .

The first two terms of the RHS correspond respectively to the impact of the initial condition ng
and the impact of the additive noise. The dependency on these two terms is similar to the one
established in Bach and Moulines [2013] in the case of LMS. Note that following Defossez and Bach

—-1/2
o2\ 1z *noll”
K V2 K?

[2015], we improve the dependency on the initial condition to . Regarding the noise

T €aniaI{_l . . . .
term, the dependency on w corresponds to the classical asymptotic noise term in CLT for

Stochastic Approximation [e.g., Delyon, 1996, Duflo, 1997, Gyérfi and Walk, 1996]. In fact, for a
sequence of step sizes 7, decreasing to zero, we recover the variance from Proposition 4.1. Remark
that in [Bach and Moulines, 2013| and several follow up works, the algorithm under consideration
is LMS (Algorithm 1, which enables to ensure that €upia < 0?Hp: the variance term thus scales
as 02d/K. On the contrary, Algorithms 2 and 3 do not always satisfy €ania < 02Hp: in such case,
Tr ((’Zaniaﬂgl) may scale as 1/p.

The third and fourth term, that scale respectively as ,/7/K and v/K, are asymptotically
negligible for v = 0(1). Those terms are proportional to the Holder-regularity constants Mj, Mo,
and also increase with p~!. The dominant term is M;(OTV. Interestingly, when - is constant (not
decreasing with K), then the limit variance of the algorithm is affected. Moreover, contrary to [Bach
and Moulines, 2013], we do not recover a convergence rate independent of p. This dependency is
un-avoidable as the multiplicative noise is only controlled around w,: without strong-convexity, the
iterates may not converge to w,. While these additional terms in the variance may be considered as
a drawback, it can be mitigated by taking a step-size  proportional to 1/K“ with o > 0 small (7 is
horizon dependent, but constant).

Corollary 4.1. Under the assumptions of Theorem /.1, with v =1/K%, and o €]0,1/2[, we have:

ElF (i) ~ Fluw)] < (Tr (Cansa ) +

| ol | MivA | Mo
K(172a) #KQ/Q pKe ’

The decrease of the second order terms is then optimized for a« = 2/5. To highlight the impact
of the non-linearity in compression schemes, we provide for comparison the result for a linear
multiplicative noise.

4.2.3 Convergence rates for (LSA), linear case

Alternatively, to cover the particular case of a linear multiplicative noise (e.g., to recover LMS or
projection-based compressed LMS) we make the following stronger hypothesis:

Assumption 4.3. The multiplicative noise is linear i.e. there exists a random matriz Z; in R4
s.t. for any 1 in RY, we have a.s. &M (n) = Z1n. Moreover E[||€ (n)||?] < MgHH}/anQ.

Remark 4.4. Note that Z; is not necessarily symmetric (in Algorithms 2 and 3, this results from
the compression).

In addition to Assumption 4.3, in the case of linear multiplicative noise, we also consider the
following assumption.
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Assumption 4.4. The following hold.

A4.4.1: There exists a constant® lygq > 0 s.t. Cania < MlaqqHp-
A4.4.2: There exists a constant Wl > 0, such that E [ElElT] <, uHr.

Remark 4.5 (Link between Assumptions 4.1, 4.2 and 4.4). Assumption 4.1 (resp. Assumption 4.2)
corresponds to an assumption on the second order moment of the additive noise (resp. multiplicative),
while Assumption 4.4.1 (resp. Assumption 4.4.2) is a (stronger) assumption on its covariance.

Theorem 4.2 (Linear multiplicative noise). Under Assumptions 4.1, 4.3 and 4.4, i.e., with a linear
multiplicative noise. Consider a sequence (wy)ken= produced in the setting of Definition 4.1, for a
constant step-size vy such that ’y(R% + Ms) <1 and Al gy < 1. Then for any horizon K, we have

= L (noll -1 1/2 ?
el ()~ F(0)] < g (V4 /T (i) + 2 o))

Theorem 4.2 generalizes Theorem 1 from Bach and Moulines [2013]. It also highlights the impact
of additive noise’s covariance, and the comparison between Theorem 4.1 and Theorem 4.2 shows
the advantage of linear compression schemes. Indeed the variance scales as K *1(Tr (QaniaHgl) +
4ydT ,qq M 1e). As before, the first term Tr (GaniaHgl) corresponds to the asymptotic variance
given in Proposition 4.1, and the second term is negligible: (i) for all 41T,y < 1 it can be
upper bounded by dIll,qq, and for LMS [see Bach and Moulines, 2013|, the variance term is
Tr (QmiaHgl) = do?, which is thus at least as large, (ii) it scales with v thus is asymptotically
negligible as v tends to 0. Overall, depending on €,ia, the algorithm may or may not suffer from the
lack of strong-convexity (u tending to 0). More precisely, in the case of linear multiplicative noise,
we can obtain a O(K ~!) rate independent of y if and only if €.ia < aHp, with a in R. The proof
of Theorem 4.2 is given in Section D.3, and follows the line of proof of Bach and Moulines [2013].

Conclusion: we established rates for (LSA) for both the Holder-noise case and the linear noise

case. In the former, convergence requires strong convexity while in the latter, we can achieve O(K 1)
. . . T €anial"l_l
for €ania < aHp. In both cases, the dominant term for an optimal choice of « scales as w

In the following section, we turn to the analysis of Algorithm 2: we show how the choice of the
compression impacts both the linearity of the noise and the structure of € yj,.

4.3 Application to Algorithm 2: compressed LSR on a single worker

In this section, we analyze Algorithm 2, i.e. compressed LSR. In Subsection 4.3.1, we introduce
the compression operators of interest and verify in Subsection 4.3.2 that Theorems 4.1 and 4.2
can be applied. Then, in Subsection 4.3.3, we provide explicit formulas of Tr ((’ZaniaH _1) for
various compression schemes. Finally, in Subsection 4.3.4, we validate our findings with numerical
experiments.

4.3.1 Compression operators

Our analysis applies to most unbiased compression operators.

Definition 4.4 (Compression operators). Let z € R?.

1. 1-quantization is defined as Cy(2) := ||z||sign(z) ® x with x ~ ®@%_; (Bern(|z|/| 2]l2))-

3This letter I is the Russian upper letter “sha’.
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Stabilized 1-quantization is defined as Csq(2) := U'C,(Uz2), with U € Unif(Oy).
Rand-h is defined as Cran(2) :== $B(S) ® 2 with S ~ Unif(Py([d])) and B(S); = lics.
Sparsification is defined as Cs(z) := ]%B ® z € R with B ~ ®%_, (Bern(p)) .

Partial participation is defined Cpp(z) := %Oz with by ~ Bern(p).

S v e e

Random Projection, also referred to as sketching, is defined as Co(z) := %@bez, where

h<deN,p=h/dand ® € R"™d is a random projection matriz onto a lower-dimension
space [Vempala, 2005, Li et al., 2006]. In the following, we consider Gaussian projection, where
each element i,j € [1,h] x [1,d] follows an independent zero-centered normal distribution.

We refer to the introduction for related work on compression. Operators Cqy, Csq are quantization-
based schemes while C;q1,Cs, Cpp,Csp are projection-based. Indeed sparsification can be seen as a
random projection (for h < d, p = h/d and h randomly sampled coordinates Z from [1, d] such that
for any i € Z, the it" lines of ® are equal to e; € R%, and equal to zero otherwise). For Cpp, the
motivation is distributed settings, in which the intermittent availability of clients prevents them
from systematically participating in the training. This can be modeled through partial participation:
clients only participate in a fraction p of the training steps. In theoretical analyses, this can be
handled as a compression scheme Cpp, in which the compression of a vector z is either z/p or 0.
Observe that in the centralized case, this is slightly artificial as it actually means that no update
is performed at most steps and that the step-size is scaled at the other steps. Finally, we denote
C,:z¢€ R? — 2 the operator that does not carry out any compression.

Remark 4.6. The analysis of random projection is related to Random features [Rahimi and Recht,
2008], usually used for Kernel learning in infinite dimensions. Nystrom method [introduced by Kumar
et al., 2009/ is another similar technique of compression often used in this setting, it consists of
removing a subset S C {1,--- ,d} of lines and columns in the kernel matriz K. Both techniques
have been extensively studied in the context of linear and non-linear kernel learning [Rudi et al.,
2015, 2017, Rudi and Rosasco, 2017, Lin and Rosasco, 2017]. Recently, the combination of SGD
and random features has been analyzed by Carratino et al. [2018]. However, their results cannot be
directly applied to our setting for two reasons. Firstly, their analysis is for infinite dimensions, where
they obtain a O(l/\/?) rate of convergence. Secondly, the compressions used in their approach are
not independent at each iteration.

Remark 4.7. Diffusion LMS (i.e. distributed learning without a central server) has also been studied
from the perspective of low-cost training by Arablouei et al. [2015], Harrane et al. [2018], but using
only clients’ partial participation or sparsification. Contrary to our work they use biased compression
and an adaptive correction step to compensate for the induced error. They provide results guarantying
asymptotic convergence [Harrane et al., 2018, see Equations (28)-(37)].

4.3.2 Applicability of the results on (LSA) from Section 4.2

We first show that our results from Section 4.2 can be applied for Algorithm 2 with a random
compression operator C, in the case of Model 2.

Lemma 4.1. For any compressor C € {Cq,Csq, Crdn,Cs,Ca,Cpp}, there exists constants w,) € R% |
such that the random operator C satisfies the following properties for all z,z € R,

L.1: E[C(2)] = z and E[||C(2) — 2||?] € w]|2||? (unbiasedness and variance relatively bounded),
L.2: E[||C(2) — C(Z")|*] < Qmin(||z||,]|2' D]z — 2|| + 3(w + 1)||z — 2/||? (Hélder-type bound),

with w = vd and Q = 12v/d (resp. w = (1—p)/p and Q = 0) for Cq and Csq (resp. Cran,Cs, Co,Cpp ).
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We note C the set of unbiased compressors verifying Lemma 4.1. Item L.1 is frequently established
in the literature and corresponds to the worst-case assumption, see the introduction for references.
On the other hand, Item L.2 is the Hélder-type bound, which is not used in the literature up to our
knowledge. The expected squared distance between the compression of two nearby points scales
with the non-squared norm of the distance. Moreover, the distance is multiplied by an unavoidable
coefficient scaling with z, z’. Remark that in Item L.2, we assume the compression randomness to
be the same for the compression of z and 2’: formally, we control W5 (C(2),C(2"))?, with W, the
Wassertein-2 distance. This lemma is demonstrated in Subsection D.5.1.

Remark 4.8. For a given w, note that the communication cost ¢ for quantization-based and
projection-based compressors is not always equivalent. For 1-quantization we have ¢ =~ %\/alogg d+32

while for projection-based we have ¢ ~ 32v/d, for Vd-quantization we have ¢ ~ 3d + 32 while for
projection-based we have ¢ = 16d.

Lemma 4.1 enables to show that Theorems 4.1 and 4.2 Algorithm 2 are valid in the context of
Model 2.

Corollary 4.2. Consider Algorithm 2 in the context of Model 2, with a compressor C € {Cq, Csq; Crdn, Cs,
Co,Cpp}. With Lemma 4.1 above, Assumptions 4.1 and 4.2 on the resulting random field (&k)ken~
are valid, with in particular Hp = H, R% = R, A= (w+ 1)R?0?, My = (v + 1)R?, My = QR?%0.
Therefore, it follows that Theorem 4.1 holds.

Moroever for any linear compressor C € {Cyan,Cs, Co,Cpp}, under Remark 4.1, we also have that
Assumptions 4.3 and 4.4 are valid with Ml,gq = o?Uly and Mg = R21 g, with g given below.
Therefore, it follows that Theorem 4.2 holds.

Compressor Crdn Cs Cep Co

h—1 h—1 (1-p) 1 -5 8
My pd-1) T -Gy 1+ pp s P Oép + 77
My (if H diagonal) ]l) % % O‘T?B + %

Where p=h/d, T = Tr (H) /1, and for sketching o = % and 3 = %.

This corollary is proved in Section D.4. We observe that a first difference in terms of convergence
exists between quantization-based compression and projection-based: for the former, only Theorem 4.1
can be applied and the lower-order terms always have a poorer dependency on p while for the latter,
Theorem 4.2 is applicable and lower-order terms do not necessarily depends on u. Indeed, the
constants 11y do not depend on u for Cpp, and for C,q1,Cs, when the features’ covariance H is
diagonal. On the contrary, there is always a dependency on p for Cg, and for C.q1,Cs when H is not
diagonal. In practice, this means that, among projection-based compressors, regarding lower-order
terms, the convergence is expected to be slower for random Gaussian projection.

We now turn to the analysis of the impact of the choice of the compression on the dominant
asymptotic term Tr (H;lcama).

4.3.3 Impact of the compression on the additive noise covariance

In this section, we illustrate how distinct compressors lead to different covariances for the additive
noise. This shows how Tr (H];l@ania) is impacted by the choice of a compressor.

First recall that for Algorithm 2 in the context of Model 2, with any compressor C, the additive
noise writes for any k € {1,..., K}, as:

ef. 4. algo eq. 4. mode
pdd AeLA2 0 0) M2 2 G R (w,) — gy (ws)) U= —Crl((h, wa) — yi)zr) ™= 7 Cr(enan,) -
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Also recall that Cania is defined as €unin = E[(£844)®?] = E[C(efxx)®?]. Moreover, note that
Clepzy) 2 €,C(xy,) for all operators under consideration (this is immediate for linear operators and
results from the scaling for quantization-based ones). Consequently

Conia = E[e2C(21)®?] = 02E[C(xx)®?], (4.3)

as E[e%|zy] = 0. Ultimately, we have to study the covariance of C(zy), for z; a random variable
with second-moment H.

We thus generically study the covariance of C(E), for E a random vector with distribution pys
with second moment* E[E®?] = M.

Definition 4.5 (Compressor’ covariance on pyr). We define the following operator € which returns
the covariance of a random mechanism C acting on a distribution pyr € Pas,

CXPM — RdXd
€, pm) = E[C(E)*?],

where E ~ pyr and the expectation 18 over the joint randommness of C and E, which are considered
Z‘ndependent, th,at 7;5 E fRd dpM( ) Normal distribution Diamond distribution

¢:

Using a compressor C € C, we therefore have by Equa-
tion (4.3):

Cania = O—QQ:(CapH)7 (44)
where py is the marginal distribution of xy (for any k).

Remark 4.9 (Dependence on pys, not only M). Note that, }
for C = Cq, there exist two distributions par, ph, with the Flgure 4.2: Illustration Of Remark 4.9

same covariance M, such that €(C,par) # €(C,p),). This is why we cannot simply denote €(C, M).

Indeed, consider d = 2 and (1) a normal distribution F; ~ N(0,13/2), vs (2) a diamond
distribution Eo ~ P, such that Po{(1,0)} = P.{(—1,0)} = P.{(0,1)} = P{(0,— )} 1/4,

and thus Cov [F] = Cov[E;] = I/2. Then Cov[E;] < Cov| ], but = [ thus
Cov [Es] = Cov | |. We illustrate this on Figure 4.2: we represent F; in blue and in
orange for i = 1 (left) and ¢ = 2 (right). We also represent the covariance matrices by plotting the
ellipses oy g, and , where £y = {z € R, 2T M~z = 4} (see Definition A.1)°.

We now compute for the compression operators, the value or an upper bound on €(C,pg).

Proposition 4.2 (Compression and covariance). The following formulas hold:

€(Cppym) = €(Cq, M) := M + /Tr (M)+/Diag (M) — Diag (M)
(with equality if ||E|| is a.s. constant under pyr)
€(Cs,pu) =M+ (1—p)p~'Diag (M)
_ —1\ Tr(M ) _
C(Coprpm) =" (55 + ha) M + ( - %) dS_Q)Id> , with dna = =Yy = O3)
C(Cogpornr) =p " (M + ( B %) Diag (M)>
Q:(CPPapM) = p_lM'
“Remark that we do not assume E[E] = 0. Indeed, all computations only depend on the second-order moment

M of E, not on its variance (and the convergence depends of the second-order moment H of x, not its variance).
It is clear, that E[C(F)®?] does not depend on the fact that E is centered: indeed, for R a Rademacher 1/2
independent of E, we have E[C(E)®?] = E[R?|E[C(E)®?] = E[(RC(E))®?] = E[C(RE)®?] and RE is (1) centered (2)
has the same second-moment as E. Remark that centering the covariates before learning does impact H: indeed
H = E[(2)®?] = E[(x — E[X])®?] + (E[X])®?). Centering subtracts (E[X])®? to the second moment, which is a rank-1
matrix, typically does not affect the smallest eigenvalue, but it can affect the top-eigenvalue.

5The constant 4 is chosen so that for Gaussian distributions, the expected fraction of points within the ellipse is
86, 4% ~1— FX2(2> (4)
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Conclusion and interpretation. Most compression operators induce both a structured noise
[Flammarion and Bach, 2015] which covariance scales with H and an unstructured noise, which
covariance scales with Diag (H) or Iy — thus corresponding to an isotropic noise.

From the convergence standpoint, the asymptotic convergence rate scales with Tr ((’:aniaH _1) =
o?Tr (@(C,pH)H_l). Therefore, the un-structured part in the noise is problematic as Tr (CaniaH_l))
will strongly depends on the smallest eigenvalue p. This comes from the fact that the compression
induces a significant noise in directions in which the Hessian curvature is very limited (thus directions
onto which the contraction towards the optimum in the algorithm is weak).

A particular case is when H is diagonal (e.g. the features are centered and independent), we get
the following corollary.

Corollary 4.3 (Compression and covariance, diagonal case). If M is diagonal, then Proposition /.2
is simplified to the following (with the same dpq):

¢(Cy,opm) =M C(Corpm) =p ((% +0na) M + (1 — %)sz%)ld)
€(Cppm) < /Tr (M)vVM C(CoqpspH) =p M
C(Cypm) =p'M C(Cpp,pm) =p M.

Remark 4.10 (Composition of compressors). For all compression schemes but Cq, we observe that
&(C,pm) is a function of M, which complements Remark 4.9. In that particular case, we can then
denote €(C, M). This means that the lemma can be extended to any composition of compression
schemes, for example to compute €(Cy o Ca, M) = €(C1,E(Co, M)).

From Proposition 4.2 and Corollary 4.3 we can deduce certain generic comparisons between the
asymptotic convergence rates, depending on the compression operator (for compression operators
having the same variance bound). They are proven in Subsection D.5.3. In the following, for
any a,b € R, we use the notation a < b, to denote a systematic inequality (i.e., @ < b) with a
negligible difference as d — oo (i.e., a = b+ O(1/d)), and similarly for any two symmetric matrices
A,B € SyR), AX B, for A< Band A= B+ 0O(1/d) as d — oc.

Proposition 4.3 (Comparison between Cpp,Cs,Crdn, Co, w = d/h — 1). We consider C € {Cpp,Cs,
Cran,Co} with p = h/d, such that C always satisfies Lemma 4.1 with w = d/h — 1. For any
matric M € RI*4:

1. If M is diagonal, then:
d Q:(CPFHPM) = Q:(CsapM) = Q:(Crdhva) = %M;
® Tr(Q(CPP/s/rdeM)Mil) <Tr (Q(C@PM)MA)'

This means that the asymptotic convergence rate does not depend on the choice of the compressor
between Cpp, Cs, Crq1 in the diagonal case.

2. Moreover, for any matriz M with a constant diagonal (e.g., we standardize® the data in the
pre-processing step, such that Diag (M) = 1), we have:

Tr(€(Cpp, pir) M ") < Tr(€(Co, par) M~ 1) < Tr(€(Cy, par) M~ 1) < Tr(€(Crgpyr par) M 1)

With strict inequalities if M is not proportional to 1;. This means that we expect the asymptotic
convergence rate to be faster for PP than Sparsification, Sketching, or Rand-h (illustrated in
experiments).

In the next proposition, we compare compressors Cs, Cpp to Cq for equal w = Vid (we exclude Cyqp,
and Cg for which A must be an integer and that are shown to be worse than Cq in Proposition 4.3).

5That means we center and rescale to get a variance of one for each feature.
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Sketching Sparsification Randl PartialParticipation

StabilizedQtz

0.0 28 55 55 28 0.0 28

Figure 4.3: H not diagonal. Scatter plot of (x4)% / (C(x)), with its ellipse Ecovlzy)/EcoviCar))-

1=

StabilizedQtz Sketching Sparsification Randl PartialParticipation

Figure 4.4: H diagonal. Scatter plot of (14)%  /(C(x)) | with its ellipse Ecovler]/ Ecov(C(ay)]-

Proposition 4.4 (Comparison between Cpp, Cq,Cs, w = Vd ). We consider C € {Cpp, Cq,Cs} with
p=(Vd+ 1)1, such that C always satisfies Lemma 4.1 with w = \/d.

1. For any symmetric matriz M diagonal, we have:

Tr (€(Cpppa) M) = Tr (€(C,par) M) *E < (1 + ;&) Tr (E(CQ,M)M—1> .

2. If M is not necessarily diagonal but with a constant diagonal (e.g., after standardization), then
i ’é(can) < Q:(Csva)

o T (Q:(Cpppr)Mil) < <1 + %) Tr <E(Cq, M)M*l)

This means that sparsification is expected to always result in a poorer asymptotic convergence rate
than quantization. Moreover, the upper bound on the covariance €(Cq, M) for quantization itself
leads to a worst bound than for PP.

We now propose a detailed illustration of the results of Proposition 4.2 and Corollary 4.3, first in
a low-dimensional setting (d = 2) and then in higher dimension on synthetic and real datasets.

4.3.3.1 Illustration of Proposition 4.2 and Corollary 4.3 in dimension 2.

In order to build intuition, we illustrate Proposition 4.2 and Corollary 4.3 in Figures 4.3 and 4.4,
showing how compression affects the additive noise covariance, in a simple 2-dimensional case, for
both a non-diagonal matrix M (Figure 4.3) and a diagonal one (Figure 4.4).

More specifically, we consider features (xx)geqi,... xk} sampled from N(0, M) where M = QDQ,
D = Diag(1,10) and @ is rotation matrix with angle 7/8 (resp. 0) in Figure 4.3 (resp. 4.4). We
represent the values of ), and C(x} ), unit-ellipses of the corresponding covariance matrices Ecoyly,]
and Ec (., (see Definition A.1 —recall that Ecoy,) C Ecovion, ) & Covlag] < Cov Clry)]), as
well as their two eigenvectors; we take p = (1 4+ v/d)~" = 0.41, hence for C € {Cq;Csq,Cs,Cpp } we
have w = 1.41 but for sketching and rand-1, we have p=1/2 and w = (1 —p)/p = 1.

We make the following observations:

"Note that the behavior for quantization, apart from the upper bound E(Cq, M) is not quantified, it is thus possible
that quantization performs even better than PP.
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Figure 4.5: Figures 4.5a & 4.5b: Eigenvalues of €(C,pu). Figure 4.5c:

Tr (€(C,pm)M ). K = 10*,w =10, M = @QDiag ((1/i*)¢_,) QT and Q =1, (on 4.5a & 4.5¢-1) or
Q ~ Unif(Oy) (on 4.5b & 4.5¢-r). Plain lines: empirical values; dashed lines: theoretical formula or
upper bound given by Proposition 4.2.

[Qtz] For quantization and stabilized quantization, in the non-diagonal case, the eigenvectors of
Eovlz,) and are slightly® different (as \/Diag (M) and M are not jointly diagonal-
izable, as well as if Diag (M) is constant, although this case is not presented here, but in
Figure D.5 in Subsection D.5.3). They are equal for the diagonal case (as y/Diag (M) and M
are both diagonal so the eigenvectors are aligned with the axis). In both cases, the eigenvalue
decay is reduced (from Ag/\; = 1/10 without compression to 1/4/10 with compression, which
visually corresponds to a “wider” ellipse).

This slower eigenvalue decay results from the unstructured-noise, i.e., large noise on the
weak-curvature direction, which is particularly visible on Figure 4.4. This is critical as it
results in a potentially much larger limit rate, as Tr ((’:(Cq,pM)M_l) ~ Tr (M_l/z).

[Skt] For sketching, the eigenvectors remain the same for £, and (as Iy and M are
jointly diagonalizable, see Corollary 4.3), both in the diagonal and non-diagonal case. However,
the isotropic noise with covariance Iy is visible (wide ellipse), also drastically impacting
Tr (€(Cppr par) M) o Tr (M),

[Sp|] For p-sparsification, eigenvectors are not aligned with the ones of M in the non-diagonal case,
but are in the diagonal case. In this latter case, the covariance €(Cg, pas) is proportional to M.

[Rd] Same remarks hold for Rand-1 than for sparsification. We see that &(C,4;, pas) is diagonal, as
expected. Again, both operators induce an unstructured-noise in the non-diagonal case.

[PP] For PP, the covariances are always proportional (with factor p~!), i.e., the ellipses have the

same axis and is a scaled version of gy, -

We highlight the following points regarding pairwise comparisons:

e In the diagonal case, as stated by Item 1 in Proposition 4.3, and
are identical. would have been identical too if p = 1/d (but here we observe
C(CrgprrMm) < C(CS/PP,pM) because the variance of rand-1 is smaller that for sparsifica-
tion/PP).

e In the non-diagonal case, from Item 2 in Proposition 4.3, we have Tr ((’:(CPP,pM)M_l) <
Tr (@(Cs,pM)M_l) however we do not have €(Cpp,prm) < €(C,,par), hence we can not
conclude anything on and

e In the non-diagonal scenario, we observe on Flgure 4.3, that €(Cy,pnm) < €(Cy,pur) (as in
Item 2 in Proposition 4.4).

4.3.3.2 Illustration of Proposition 4.2 and Corollary 4.3 in dimension d > 2

Another way of visualizing the structured and isotropic parts of the noise is by plotting the eigenvalues
of €(C,pyr) in dimension d = 100. This is done in Figure 4.5, in which we plot the eigenvalues in

80n the figure, there are nearly aligned, but actually differ.
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Figure 4.6: Tr (@(C,pM)M_l) w.r.t the level of w for quantum and cifar10. X/Y-axis are in log
scale. Note that the plots may have different magnitudes.

decreasing order for both M and €(C, pyy), with Gaussian py; = N'(0, M) and Sp(M) = {(1/i*)%_,}.
We see that in the diagonal case, in Figure 4.5a, all operators but Cq, Cs have a covariance proportional
to M (thus a slope —4 on a log/log scale), while C, is proportional to v/M (thus a slope —2) and
Cg has an isotropic component (thus eigenvalues not decreasing to 0). In Figure 4.5b we see that
only Cpp has a covariance proportional to M while all other ones have an isotropic component
(thus eigenvalues not decreasing to 0). We plot both empirical values and the ones obtained in
Proposition 4.2, which shows that the upper bound on quantization is reasonable in practice and
acts as a safety check for other compression schemes.

We plot on Figure 4.5¢ the theoretical and empirical Tr (Qﬁ(C,pM)M *1) again in two cases,
diagonal and non-diagonal. In the diagonal case, PP, sparsification, and rand-h have the same
behavior; their traces have the smallest value among all compressors. However, in the general case
of non-diagonal features’ covariance, all compression operators have similar slow performance except
for PP. For d = 100, all the compressors have w = 10, but Tr (C(C,pM)Mfl) varies by several orders
depending on the compressor, illustrating again that compressors satisfying Lemma 4.1 with the
same w may have vastly different behaviors.

Lastly, we perform the same experiments on Tr (Q:(C, py )M _1), but on non-simulated datasets,
namely quantum [Caruana et al., 2004] and cifar-10 [Krizhevsky et al., 2009]: in Figure 4.6 we
plot Tr (Q:(C, pv) M _1) w.r.t. the worst-case-variance-level w of the compression in three scenarios:
(top-row) — with data standardization, thus Diag (M) is constant equal to 1; (middle-row) — with
a PCA, thus with a diagonal covariance M (note that this is for illustration purpose: performing a
PCA would be more expensive computationally than running Algorithm 2); and (bottom-row)
— without any data transformation. As a pre-processing, we have resized images of the cifar-10
dataset to a 16 x 16 dimension. We adjust the level s € Cq, h € Ciqp,Cao, and p € Cpp,Cs to make w
vary.

Interpretation. (Top-row): with standardization, the order predicted from Proposition 4.3.2
(large w), and Proposition 4.4.2 (low w) is obtained for both quantum and cifar-10: Cpp < Cq <
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Cs ~ Crqn ~ Cp. For quantization, we observe two regimes: 1) when w tends to zero, quantization
and PP outperform sketching, sparsification, and rand-h, that are equivalent. 2) when w increases,
quantization changes from scaling as PP to scaling as the second group. (Middle-row): in the
diagonal regime, comments made for Figure 4.5¢-1 are still valid. (Bottom-row): We observe that
for a generic matrix M (obtained from raw-data) there is no systematic order between compression
schemes. This is un-avoidable as the order for a “M diagonal” and “M with constant-diagonal” is
not the same. We observe that:

e for quantum, Cpp < Cq % Cran € Cq < Co
e for cifar-10, Cpp < Cq < Cs ~ Crap ~ Cop.

We also observe that Cg, which is the only operator to always induce an isotropic component, may
be much worse than all other compressors (e.g., on quantum). Ultimately, the order depends on
the covariance matrix M. Here we observe that the raw-data behavior is close for cifar-10 to the
standardized version, while for quantum the order between compressors is the same for raw-data
and diagonal (although the ratios are different). In Subsection D.5.4 (Table D.3), we provide an
illustration of the covariance matrices, that supports such interpretation.

4.3.4 Numerical experiments on Algorithm 2

In this section, we run Algorithm 2 on both synthetic and real datasets to illustrate the combined
theoretical results of Sections 4.2 and 4.3. In Figure 4.7, we compare the compression operators to
the baseline of no-compression. We plot the excess loss of the Polyak-Ruppert iterate F(wy) — F(w),
versus the index in log/log scale. Each experiment is conducted 5 times, with a new dataset generated
from a new seed. The standard deviation of log,o(F(wy) — F'(w)) is indicated by the shadow-area.

Setting: (a) Synthetic dataset generation: The dataset is generated using Model 2 with K = 107,
0% = 1, an optimal point w, set as a constant vector of ones and a geometric eigenvalues decay
of Dy = Diag ((1/i*)&,) (resp. Dy = Diag ((1/i){,)). For i € {1,2}, the covariance matrix is
Hyy = QD{i}QT, where @ is either orthogonal matrix, or () = I; in the case of a diagonal features’
matrix. (b) Real datasets processing: We resize images of the cifar-10 dataset to a 16 x 16
dimension, and then for both datasets, we apply standardization. To compute the optimal point
(and so to compute the excess loss), we run SGD over 200 passes on the whole dataset and consider
the last Polyak-Ruppert average as the optimal point w,. (c) Algorithm 2: We take a constant
step-size 7 = 1/(2(w + 1)R?) with R? the trace of the features’ covariance, and wo = 0 as initial
point. We set the batch-size b =1 (resp. b = 16) and the compressor variance w = 10 (resp. w = 1,
thus a factor 4 compression for quantum and factor 2 for cifar-10) for synthetic datasets (resp. for
real datasets). For cifar-10 and quantum, we run Algorithm 2 for 5 x 100 iterations (it corresponds
to 100 passes on the whole dataset). These settings are summarized in Tables D.1 and D.2 in
Subsection D.1.1. Additionally, to illustrate Corollary 4.1, we plot on Figure 4.7d the final excess
loss after running Algorithm 2 with an horizon-dependent step-size v = K2/, computed for seven
values of K € {10%,i € [1,7]}.

Interpretation — H diagonal (Figure 4.7a). For sparsification, rand-h, and PP (linear
compressors), the rate of convergence is given by Theorem 4.2. As stated by Corollary 4.3, the
covariance €,pia is proportional to H leading to a O(1/K) rate. We indeed observe in Figure 4.7a
that excess loss is linear in a log/log scale.

For non-linear compression operators, the rate is given by Theorem 4.1. On the one hand,
1-quantization results in a slower eigenvalues’ decay, leading to a larger Tr (QaniaH _1), thus a slower
convergence than linear compressors. On the other hand, for sketching, covariance has a purely
isotropic part scaling with I, which causes Tr (@aniaH _1) to strongly depend on the strong-convexity
coefficient u resulting in an extremely large constant. Both behaviors are observed in Figure 4.7a.

Interpretation — H not diagonal (Figures 4.7b and 4.7¢e). In the case of the high eigenvalues’
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Figure 4.7: Logarithm excess loss of the Polyak-Ruppert iterate for a single client (N = 1).

decay of Hy (= 1078), the only compressor that shows in Figure 4.7b a linear rate of convergence
in the log/log scale is PP. All others exhibit a saturation phenomenon after a certain number of
iterations. This is again due to the unstructured part of the noise for all other compressors, as
given by Proposition 4.2. Besides, we also note an increase of the excess loss after some iterations
that is likely caused by the accumulation of noise on axis onto which the curvature of H is weak
(but the isotropic noise is not). However, taking the optimal horizon-dependent step-size given
by Corollary 4.1, we recover on Figure 4.7d for all compressor C the sub-linear convergence rate
of PP shown at Figure 4.7b, reducing by a factor 100 the excess loss w.r.t. to the scenario where
v =1/2(w + 1)R?). While using a small step-size is slightly worse for SGD, it reduces the second
and third term of the variance in Theorem 4.1 that depends on y for other compressors. And in the
scenario of a slow eigenvalues’ decay (1 = 1072), we observe on Figure 4.7e that all compressors
reach the sub-linear rate (same slope -1 on the log/log plot), but with different constants. This
illustrates Theorems 4.1 and 4.2 in the case of moderate coefficient © where we expect the second
and third parts of the variance term to be negligible.

Interpretation - real datasets (Figures 4.7c and 4.7f). We observe that quantization performs
competitively with PP and outperforms all other compressors. The asymptotic behavior is consistent
with Figure 4.6 (top-row) for w = 1, where the order Cpp ~ Cq < Cs ~ Cyap, ~ Co is observed. This
experience is going beyond Proposition 4.2 which only applies to 1-quantization.

4.3.5 Conclusion

In this section, we investigated how the compression scheme choice impacts the convergence rate, first
by showing that quantization-based and projection-based methods respectively satisfy Theorem 4.1
and Theorem 4.2, resulting in different non-asymptotic behaviors. In the asymptotic regime, in
both cases, the averaged excess loss scales as Tr (H _1€ania) /K. We then analyzed the impact of
the most-used schemes on this limit rate. Overall, it appears that all compression schemes typically
generate an unstructured-noise, which covariance does not scale with H, contrarily to the classical
un-compressed Algorithm 1. The one exception is PP, which corresponds (on a single worker) to
performing fewer iterations. For other compression schemes, we show the impact of the covariance H:
depending on the correlation between features (H diagonal or not) and on the pre-processing (e.g.,
standardization for which H has diagonal constant), the ordering between compression scheme varies.
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In many cases, this highlights the need for an additional regularisation when running Algorithm 2:
all compression schemes (but PP) result in a significant noise that accumulates along the low
curvature directions. Our results can be extended to the ridge (a.k.a., Tikhonov) regularized case [see
Dieuleveut et al., 2017], which creates an additional bias but changes the rate Tr (H _1¢ania) /K into
Tr ((H + )\I)*leﬁania) /K. The theoretical optimal choice for A depending on H and the compression
scheme could be obtained from our analysis but is left as future work.

We now turn to the distributed /federated case, which motivates the study of compression schemes
for practical applications.

4.4 Application to federated learning

In this section, we consider Algorithm 3 under Model 1, which corresponds to heterogeneous federated
learning on a network composed of N clients. We hereafter consider two particular cases of Model 1.
First, in Subsection 4.4.1, the covariate-shift case, i.e., Model 1 with w? = w, for all i (thus the
distribution of 3 conditional to 2 does not change between workers), but on the other hand, the
features’ marginal distributions are different, in particular, H; # H;. Second, in Subsection 4.4.2,
the optimal-point-shift case, i.e., for each client 4, j € {1,..., N}, their optimal points are different
wl # w!, but H; = H;. In the rest of the section, we denote H := % Zfil H;, R = % Zfil R?
and we have F(wg) — F(ws) = 5 (nr—1, Hng—1).

4.4.1 Heterogeneous covariance

In this section, we first show that Theorems 4.1 and 4.2 on (LSA) from Section 4.2 can be applied
to the federated learning case within the scenario of covariate-shift. Corollary 4.4 is proved in
Subsection D.6.1.

Corollary 4.4 (Algorithm 3 with covariate-shift). Consider Algorithm 3 under Model 1 with w! = wl
(and potentially H; # H;).

1. For a compressor C € {Cq,Csq,Crdn,Cs, Co,Cpp}, Theorem 4.1 holds, with Hp = H, R%, = R2,

.A (w + 1) 2/]\7 M2 = (w + 1) maxle{l N}( ?)/N, ./\/ll = Qo maxie{l,m’N}(R?)/N.

2. Moreover for any linear compressor C € {Cian,Cs, Co,Cpp}, Theorem 4.2 holds, with the
same constants and Mlqq = o2 max;e(y,. N} (g,)/N and Uy = maxeqr N} (R?ly,)/N,
with (W y,)N, given in Corollary 4.2.

The Hessian of the objective function is now H, and Theorems 4.1 and 4.2 still hold. The
proof consists in showing that with Lemma 4.1, Assumptions 4.1 to 4.4 on the resulting random
field (&;)ren+ are valid, with the constants given above.

In order to understand the impact of the compressor on the limit convergence rate, we establish
a formula for €.y, similar to Equation (4.4). In the setting of covariate-shift, we have for any clients
i,j €{1,...,N}, wl = wl, thus

N
dddf42 algo?) 1
ad 2 g 0) VFw*—NZzgzw*

N
i model 1 z
wk,w* — Yi)T%) = E Lkt
with w}k:w* i—1

||Mz
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Next for all operators under consideration we have Ci(ehat) = et Cl (%), thus, with py, denoting

the distribution of zj with covariance H;, we have:

1 N o indep. of (C})¢ 1 N
Carin = E [(611)?] = € <N Z%(szmm) LV S E [eieha)™]
=1 =1
02 N i ®2 Def 4.5 notation U i NN
= 2 2_E[Ci=}) Z@ Cioopr) "= S €((C o)) (4.5)
i=1

The operator €((C?, p,)Y.,) generalizes the notion of compressor’s covariance (Definition 4.5) to
the case of multiple clients, and Equation (4.5) corresponds to Equation (4.4).

Remark 4.11 (All clients use the same linear compressor). If for all i € {1,...,N}, C? D and
C € {Cpp,Cs,Cran,Ca }, leveraging Remark 4.10, we have

¢((C,pm)iE,) = €(C.H).

The analysis of (LSA) on a single worker made in Section 4.3 is still valid in this setting with now the
Hessian of the problem being equal to the average of covariance H. Corollary 4.4 and Equation (4.5)
prove that the case of covariate-shift is identical to the centralized setting with a variance reduced by
a factor N.

Remark 4.12 (Varying compressor, or compression level, or non-linear compression). In most
other cases, the computation of %Q((Ci,pm)fil) = ]‘\’/—z ZZ]\LI C(C, pm,) is possible using the results
of Subsection 4.3.3

Overall, in the covariate-shift case, most insights from the centralized case remain valid, especially,
client sampling (i.e., PP) is the safest way to limit the impact of compression. Moreover, the trade-
offs and ordering between compressors remain preserved, especially regimes in which quantization
outperforms other competitors.

4.4.2 Heterogeneous optimal point

Hereafter, we focus on the case of heterogeneous optimal points and consider that all clients share
the same covariance matrix, i.e. for any i,j € {1,..., N}, H; = H, but potentially w? # wi. This
can be seen as a case of concept-shift [Kairouz et al., 2019], and we also refer to the situation as
optimal-point-shift. This setting could eventually be combined with the covariate-shift case. Similarly,
Theorems 4.1 and 4.2 on (LSA) from Section 4.2 can be applied.

Corollary 4.5 (Algorithm 3 with concept-shift). Consider Algorithm 3 under Model 1 with H; = H;
(and potentially wt # wi).

1. For a compressor C € {Cq,Csq, Cran,Cs, Ca,Cpp}, Theorem 4.1 holds, with Hp = H, R?% = R?,
A = B (e (HCov [W,]) + 02) with Wi ~ Unif({wi,i € {1,...,N}}), My = (w+ 1)2/N,
and My = QR?a/N.

2. Moreover for any linear compressor C € {Cqn,Cs, Co,Cpp}, Theorem 4.2 holds, with the same
constants and 1,qq = o* Iy /N and My, = R20y /N, with Wy given in Corollary 4.2.

Corollary 4.5 can be proved reusing computation made for Corollary 4.4 and using below
Proposition 4.5. We next aim at computing the additive noise covariance. We note g,i’* = glk(w*)
the local stochastic gradient evaluated at optimal point w,. We have, in Model 1, for any w € R,
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Fi(w) := E({z},w — wi) — xiel)?, thus VF(w) = & SN H(w —wt), and we = NN wi/N. The
setting of Definition 4.1 is verified with Hr = H, and for any w € R?, that the random field & can
be computed as:

fk(w . w*) Def. 4.;&Alg.3 HF(’U) w* o Zcz z . thus gadd Def 42 1 Zcz

7

with g}‘;* = (2} ® 2})(w, — wl) + ztel. We thus have, for any k € N:

N ®2
Q:ania = |:(§add)®2:| VF(w* ( Z gk * VFZ (UJ*)>

Vij, Ci1C] 1 o i,
- N2 E k(93 - FZ *
EC} (94 )=V Ei(wy) N2 Z [(Ck:(gk,*) VF;(w )) }

N
ZQ(C 7p@i) - 7HZ(U}* - w*)®2H < ﬁe((clvp@i)iil)v

where pg, is the distribution of g,i , (for any k). In the last inequality, we simply discarded the

non-positive term —H Ef\i 1wy —w)®2H. For linear compressors, by Proposition 4.2, Capi, is a
linear function of 4+ Zf\i 1 ©; — the averaged second-order moment of the local gradients (g% ,)Y ;. In

order to bound this quantity, following Dieuleveut et al. [2017], we make the following assumption.

Assumption 4.5. The kurtosis for the projection of the covariates x% (or equivalently x% for any k)
is bounded on any direction z € R, i.e., there exists k > 0, such that:

Vie{l,...,N}, Vz ¢ R, E [<z,xi>4} < k(z, Hz)?

For instance, it is verified for Gaussian vectors with k = 3. By Cauchy-Schwarz inequality, it
implies that E[(z, 1:11>2 (28)%?] < w(z, Hz)H for all z € R%. We obtain the following proposition.

Proposition 4.5 (Impact of client-heterogeneity.). Let W* be a random variable uniformly distributed
over {wl,i € {1,...,N}}, thus such that, Cov [W,] = + LS (we — wi)®2, then:

— Z 0; < (KTr (HCov [W,]) 4+ 02) H .

Proof We have:

o (DL

©; = E[((z}, ® 2}) (wx — wl) + 2}, El(z}, ® a) (wse — wl)®? (2}, @ a},)] + 0 H

Ass. 4.5 . , .
SS# K <w* —wi, H(w, — wi)> H+ 0?H = kTr (H(w* — wi)®2) H+o’H .

In words, we have the following two main observations.

Remark 4.13 (Structured noise before compression.). Before compression is possibly applied,
the noise remains structured, i.e., with covariance proportional to H, in the case of concept-shift. As
a consequence, the rate for un-compressed Equation (LSA) will remain independent of the smallest
eigenvalue of H. This remark extends to the case where Cpp is applied.
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Remark 4.14 (Heterogeneous vs homogeneous case). Compared to the homogeneous case,

in which ©; = 0?H; and Canja = "—]\? ((Ci,pHi),fil), the averaged second-order moment increases
from 0?H to (kTr (HCov [Wy]) + 0%)H, showing the impact of the dispersion of the optimal points
(wi)f\il This corresponds to the typical variance increase in the compressed heterogeneous SGD case,
see Section 2.5.

Concept-shift thus hinders the limit convergence rate. To limit this effect, in Chapter 2, we
introduced a control-variate term (hj)ren+ie{1,. N}, that is subtracted to the gradient before
compression and asymptotically approximate VF;(w,) for any i € {1,...,N}. We explore the
impact of memory on the asymptotic convergence in Subsection D.6.2.

4.4.3 Numerical experiments

We support the theoretical results from Subsections 4.4.1 and 4.4.2 by performing experiments in
the FL framework that extend the ones from Section 4.3.

On figures Figure 4.8, we present the results of the excess loss of the Polyak-Ruppert iterate
F(wy,) — F(w,) versus the number of iterations in log/log scale. The experiments were run 5 times,
each time with different datasets (dispersion is shown by shaded area).

Settings. (a) Synthetic dataset generation: The dataset is generated using Model 1 with
N =10, K = 10° on each client, 02/N = 1. For any clients i in {1,..., N}, the covariance matrix is
H;, = QZ-DiQiT, where @; is an orthogonal matrix. For heterogeneous clients, the dataset generation is
as follows. Covariate shift: The rotation matrix @); is sampled independently for each client and the
diagonal matrix D; is Diag ((1/]'[31')?:1) where 5; ~ Unif({3,4,5,6}). Concept-shift: The optimal
models of the clients i € {1,..., N} were drawn from a zero-centered normal distribution with a
variance of 10014, that is, w’ ~ A(0, 100I;). We also take for all client i in {1,..., N}, H; = QDQ7,
with D = Diag ((1/j))?:1. (b) Real-dataset and covariate-shift: To simulate non-i.i.d. clients, we
split the dataset in heterogeneous groups (with equal number of points) using a K-nearest neighbors
clustering on the TSNE representations [defined by Maaten and Hinton, 2008]. Thus, the marginal
feature distribution significantly varies between clients, providing a covariate-shift, while keeping
the same distribution for the output conditional to the features on all clients. (c¢) Algorithm 3: We
take a constant step-size v = 1/(2(w + 1)R?) with R? = Tr (H) and wy = 0 as initial point. We set
the batch-size b = 1 for synthetic datasets and b = 16 for real datasets, the compressor variance is
w = 10. (d) Algorithm 3 vs Algorithm 4: We take a bigger constant step-size v = (2R?)~! in order
to emphasize the difference between the case w./w.o. control variate, we set wg = 0 as initial point
and the compressor variance is w = 10. We set the batch-size b = 32 for Figure 4.8c and b = K for
Figure 4.8f.

Interpretation — homogeneous case and covariate-shift case (Figures 4.8a, 4.8b, 4.8d
and 4.8¢). These experiments extend those presented in Subsection 4.3.4 in the case of a single
client. The observations made in the centralized case (Figure 4.7), especially on the impact of the
compressor choice on the convergence and the ordering between limit convergence rates remain valid.
This illustrates Corollary 4.4 and Remark 4.11: Theorems 4.1 and 4.2 hold in the case of homogeneous
client or in the case of heterogeneous covariance and the only compressor that ensures that the noise
is structured is client sampling (partial participation). On the real datasets, quantization is also
competitive.

Interpretation — concept-shift case (Figures 4.8c and 4.8f). These experiments extend
those presented on Figure 4.7¢ (slow eigenvalues’ decay with p = 1072) to the scenario of concept
shift. First, we observe on Figure 4.8c that for all compressors the convergence rate remains in
O(1/K), (though vanilla SGD converges faster during the first iterations). Second, we observe
that control-variates improve convergence for compressors inducing un-structured noise ; this is
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Figure 4.8: Logarithm excess loss of the Polyak-Ruppert iterate iterations for N = 10 clients.

predicted by theory, see Theorem D.3. Third, on Figure 4.8f, at each iteration k € {1,..., K}, we

use deterministic gradients gi = VF; which leads to having a.s. Szdd = 0, and in the absence of
compression, we obtain a O(1/K?) convergence rate for wx which corresponds in Theorem 4.1 to

—-1/2 2
the case where the dependency on the initial condition is dominated by ”1{1;271(;70”. Overall, these

experiments illustrate and support our theoretical insights.

4.5 Conclusion

Conclusion. In short, we investigate the impact of the choice of compression scheme on the
convergence of the Polyak-Ruppert averaged iterate. By analysing the case of compressed least-
squares regression, we shed light on the interplay between the Hessian of the optimization problem
Hp, the features’ distribution, the additive noise’s covariance €,n;,, and the compression scheme.
This shows fundamental differences between compression that deemed equivalent under the classical
worst-case-variance assumption. We extend our analysis to the case of heterogeneous federated
learning, a setting in which compression is widely used and its impact not fully understood.

More precisely, first, the analysis of the generic stochastic approximation algorithm (LSA)
provides (1) the fact that projection based compressions achieve a faster convergence rate than
quantization based, and that yet, their asymptotic rate is similar; (2) the analysis of quantization-
based compression requires introducing a new Holder-type regularity assumption for the analysis
of the stochastic approximation scheme, and showing that such an assumption is satisfied for
quantization.

Second, the computation of the additive noise’s covariance €,,i; reveals the impact of the
compression scheme and the data distribution on the asymptotically dominant term. We obtain
that (1) partial participation (i.e., client sampling in the federated case) is the only method that
systematically ensures a convergence without a dependency on the strong-convexity constant; (2)
other compressors may all induce an un-structured noise, with covariance scaling with I or v/H, that
strongly hinders convergence by accumulating noise on low curvature directions; (3) the relative
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performance or various schemes changes depending on the pre-processing applied to the data, making
quantization the best method (apart from PP) when standardization is applied, but one of the
worst (with random Gaussian projection) when the features are independent and the eigenvalues of
the covariance decay rapidly (4) in that particular last setting, all projection based methods (but
Gaussian projection) behave similarly.

Third, we discuss how these results apply to the federated case, that corresponds to the initial
motivation. We show that we encompass two particular heterogeneity situations and how our analysis
applies. Overall, these results are a step towards a better understanding of the impact of a widely
used tool.

Open directions. This analysis can be extended to include various aspects that are beyond the
scope of this work. First, one natural improvement for application in FL would be to consider also
the scenario where each client runs several local iterations [McMahan et al., 2017, Karimireddy et al.,
2020] before sending their updates, reducing further the cost of communication. Similar approach
can be used, although the additive noise field would be more complicated, which potentially implies
a different additive noise’s covariance. Second, as mentioned in Subsection 4.3.5, our analysis could
also be extended to the case of stochastic approximation with ridge regularization [e.g., following
Dieuleveut et al., 2017] which in practice is helpful to mitigate the impact of the lack of strong
convexity. Third, an obvious direction is to extend beyond quadratic functions and considering other
objective functions, such as logistic regression or even shallow neural networks. Several results in the
literature can be leveraged to tackle non quadratic but self-concordant losses Bach [2010], Gadat and
Panloup [2023]. Fourth, our analysis still only relies on second moments (variance and covariance) of
the stochastic field. One major drawback of partial participation is to induce a significant increase
on higher order moments. Incorporating higher order bounds may also bring novel insights to the use
of compression in FL. Finally, all our analysis is made in finite dimension and our asymptotic focuses
on K — oo: further works should analyze the case of infinite dimension: within the reproducing
kernel Hilbert space [Dieuleveut and Bach, 2016] framework or within the overparametrized setting
[Belkin et al., 2019].



Conclusion and perspectives

“Ev dpyfj fiv 6 Aoyog, xal 6 hAoyog Ny meog Tov Vedy, xal ¥eog fiv 6 hoyog.’

Texdvvny 1:1.

5.1 Conclusion

In this thesis, we investigated several aspects of stochastic optimization for federated learning with
the objective of reducing the cost of communication in a setting of heterogeneous clients.

In the opening Chapter of this thesis, we provide an overview of the general setting of statistical
learning, convex optimization, stochastic approximation, and federated learning, which is the main
motivation of this thesis. More particularly, we introduce the bidirectional compression setting,
which is the focus of Chapters 2 and 3, and highlight its relevance for distributed algorithms.

In our first contribution, we focus on the intertwined effect of compression and client (statistical)
heterogeneity. We introduce a framework — Artemis — to tackle the problem of learning in a
distributed or federated setting with communication constraints. To alleviate the communication
cost, Artemis allows to compress the information sent in both directions (from the clients to the
server and conversely) combined with a memory mechanism. We provide three tight theorems giving
guarantees of a fast convergence (linear up to a threshold), highlighting the impact of memory,
analyzing Polyak-Ruppert averaging, and obtaining lowers bounds by studying convergence in
distribution of our algorithm. Altogether, this improves the understanding of compression combined
with a memory mechanism and sheds light on the challenges ahead.

In our second contribution, we move the focus toward feedback loops to reduce the impact
of compression. We propose and analyze an algorithm that performs bidirectional compression
and achieves asymptotically the same convergence rate as algorithms using only uplink (from the
local clients to the central server) compression. This algorithm, MCM, is such that the downlink
compression only impacts local models, while the global model is preserved. As a result, and contrary
to previous works, the gradients on local servers are computed on perturbed models. Proposing
such an analysis is the key to unlocking numerous challenges in distributed learning, e.g., proposing
practical algorithms for partial participation, incorporating privacy-preserving schemes after the
global update is performed, dealing with local steps, etc.

In our third contribution, we go beyond the classical worst-case assumption on the variance of
compressors and provide a fine-grained analysis of the impact of compression within the fundamental
learning framework of least-squares regression. More precisely, we analyze a general stochastic
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algorithm for minimizing quadratic functions relying upon a random field. We consider weak
assumptions on the random field, tailored to the analysis (specifically, expected Holder regularity),
and on the noise covariance, enabling the analysis of various randomizing mechanisms, including
compression. It underlines differences in terms of convergence rates between several unbiased
compression operators, that all satisfy the same condition on their variance. We then extend our
results to two heterogeneous FL frameworks.

Overall, this thesis proposes contributions to the field of Federated Learning by addressing
central challenges and proposing solutions for efficient and sustainable learning in a distributed
and heterogeneous framework. This work aligns with a global effort to make the use of large-scale
Federated Learning viable by minimizing its environmental impact. Although benefits are expected,
at least with respect to energy concerns, cautiousness is still required, as a rebound effect could
occur: having faster and less energy-consuming algorithms could lead to a sharp increase in their
applications, reducing or even canceling out the gains made by progress in their design.

5.2 Perspectives

From a theoretical point of view, several questions were triggered by our results, I think they are
worth exploring in order to delve deeper into the understanding of the effects of compression in a
heterogeneous environment.

1. In Chapter 2, we have modeled heterogeneity by considering that local gradients evaluated at
the optimal point are not zero, which explicitly assumes the existence of such a point. This
raises three questions. Firstly, how to extend results on Artemis to non-convex scenarios where
such an optimal point does not exist? Following Karimireddy et al. [2020], an approach is to
consider bounded gradient dissimilarity which consists in assuming that there exist constants
B >0 and G > 1 such that for any w in R?, we have 3 SN IVE (w)|> < B2+ G?|[VF(w)|?.
Note that this recovers our Assumption 1.8 if F' is convex and if there exists at least one optimal
point w,. Secondly, is this assumption on the gradient relevant to describe any statistical
heterogeneity? Indeed such an assumption is closely related to the optimization process and
not to the dataset itself; for instance, in Chapter 4 we consider clients with heterogeneous
features’ covariances, yet simultaneously, we have VF;(w,) = 0 for any client ¢ in {1,..., N}.
In another example, in Chapter 4, we consider clients with heterogeneous optimal models,
which indeed leads to having VF;j(w,) # 0, but it also has an impact on the constant o, that
bounds the variance of stochastic gradient evaluated at optimal points (Assumption 1.5), it
depends on the distance [Jw, — w?|? between the global and local optimal models. Beyond
the scope of optimization, the question of statistical heterogeneity is complex as it may be of
different kinds [Kairouz et al., 2019], e.g., covariate-shift, concept-shift, prior-probability-shift,
or unbalancedness. Thereby, the issue of modeling all these types of heterogeneity is important
in order to design algorithms adapted to each scenario. Thirdly, from a practical point of
view, the question is next how to provide a measure that evaluates the type and degree of
heterogeneity within a network of clients in order to select the algorithm accordingly? Our
joint contribution to [du Terrail et al., 2022] which aims to provide such metrics, paves the
way to solve this challenge.

2. In Chapter 2, we have shown the key role of memory in the setting of heterogeneous clients,
and in Chapter 3 we have combined it with a model-preservation mechanism (corresponding
to a feedback-loop with three sequences (wg, Wy, Hi)ren), enabling to recover the rate of
convergence of unidirectional compression for unbiased compressors. But as model-preservation
mechanism is to be compared with the historical EF mechanism, a question triggered our
attention: what is the relationship between EF and model-preservation, and in which scenario,
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one will outperform the other? This question is open and emphasizes that the relationship
between these two mechanisms is not yet completely understood. A first answer can be given
based on Theorem 3.5 of Chapter 3 where we show that the third sequence (Hy)gen involved
in model-preservation (and not in EF) enables controlling the variance of the degraded model
(Wk)ken. However, a unified theory regrouping EF [Seide et al., 2014], EF 21 [Richtarik
et al., 2021, Fatkhullin et al., 2021], memory |Mishchenko et al., 2019] and model-preservation
[Philippenko and Dieuleveut, 2021] appears to be necessary in order to fully leverage the
potential of each of this mechanism and to understand the impact of each of the involved
sequence. Such an analysis could lead to the design of better algorithms taking advantage of
all the properties of these four mechanisms. This is a topic of great interest as underlined
by the recent works of Gorbunov et al. [2020a] and Condat et al. [2022], which propose a
unified framework recovering various algorithms (but not MCM), enabling their analysis under
very general assumptions [e.g., Gorbunov et al., 2020a, see Assumption 2.3, 4.1 and 4.2, see
Table 2].

3. In Chapter 4, we have provided a fine-grained analysis of the impact of compression within
the fundamental learning framework of least-squares regression, highlighting the key role of
the covariance induced by the additive noise. A relevant perspective would be to go beyond
quadratic functions. A first step could be to extend our analysis to logistic regression following
the line of proof given in Bach and Moulines [2013|. To extend the result of Chapter 4 to the
non-convex case (a starting point could be to consider a neural network with one hidden layer),
it appears necessary to investigate the distribution followed by the gradients evaluated at a local
optimum. In particular, it would be relevant to highlight the relationship between the features’
covariance, the structure of the network, the covariance of the stochastic gradients evaluated at
a local optimum point, and the compression scheme. The goal of such an analysis would be to
(1) generalize the results of Chapter 4 to neural networks, in particular, to describe the impact
of the covariances of the additive noise, and (2) select at each step the optimal compressor for
each layer. But then the results on asymptotic normality given in Proposition 4.1 can not be
applied anymore. To overcome this difficulty, one solution could be to take inspiration from
the recent work of Gadat and Gavra [2022] (Theorems 1 and 2). In this article, the authors
have studied asymptotic properties of adaptive algorithms (Adagrad and Rmsprop) in the
non-convex setting; their assumptions can be compared with those presented in Section 4.2.

4. Results presented in Chapter 4 can be extended to the ridge (a.k.a., Tikhonov) regular-
ized case [see Dieuleveut et al., 2017|, it creates an additional bias but changes the rate
Tr (H*1€ania) /K into Tr ((H + )\I)*lefania) /K. From our analysis, one could obtain the
optimal theoretical choice for A depending on H and the compression scheme. Adding regular-
ization will help in the case of ill-conditioned problems and will make quantization-based and
sparsification-based compressors compete with PP.

5. The analysis of compressors in Chapter 4 shed to light that PP is the most robust compressor to
ill-conditioned problems. This is due to the fact that, unlike other compressors, the coordinates
are not compressed independently. This property enables the induced noise to be structured
and suggests designing compressors where the compression of coordinates is not independent.
For example, for 1-quantization, a simple modification could be to choose the same seed for
each coordinate to build a coordinate-dependent compressor, but experimentally, we find that
this naive approach does not help in practice, leaving the door open for further refinements
and improvements.






Technical preliminaries

In this Chapter, we provide some classical results that are used throughout this thesis. In particular,
we recall some classical inequalities, or some classical results for random vectors and optimization.
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A.1 Identities and inequalities

In this Subsection, we recall some very classical inequalities; for all a,b € R?, 8 > 0 we have:

lal® | BlIblI”

< _ .
(@) < T+ H5 (A1)

b < (1+ 1y llal + (1 2 A2
[la+b[" < ( +B)HCLH + @1+ 8) llal” (A.2)
o+ ol” <2 (llal* + 61%) . (A.3)
| (a,b) | < |la|l - ||| (Cauchy-Schwarz’s inequality) (A.4)
mwy:%QmW+Hw?4m—bw) (Polarization identity). (A.5)

Inequality 1. Let N € N and d € N. For any sequence of vector (ai)ﬁ\il € R4, we have the following
inequalities:
N |2 N 2 N
Sl < (Sht) <3t
i=1 i=1 i=1

The first part of the inequality corresponds to the triangular inequality, while the second part is
Cauchy’s inequality.

Inequality 2. Let z in R and A in Mg q(R), then we have || Az| < || Al|||z]-
Lemma A.1. Let a € [0,1] and x,y € (R?)?, then:

laz + (1 = a)y||* = all* + (1 = @) lyl|* — a(l = a) = — y]* .
This is a norm’s decomposition of a convex combination.
Lemma A.2. Let X be a random vector of R, then for any vector x € R%:
E[|X — EX|*) = E[|X — 2] - [IE[X] - =|* .

This equality is a generalization of the well know decomposition of the variance (with x = 0). A
consequence is the next lemma which will be used several times in the proofs.

Lemma A.3. Let a probability space (2,.A, P) with Q a sample space, A a o-algebra, P a probability
measure, and F a o—algebra. For any a € R® and for any random vector in R% we have:

E [IX —Ex|P?] <E[Ix —al?] ,

indeed E[X] = argmin,cga E[|| X — a|?]. Similarly, for any random vector Y in R which is F-
measurable, we have:

E[lx—ELX | AP | F] <E[Ix-vIP | F] .
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In Chapter 4, we use ellipses to visual quadratic functions, therefore we provide in Definition A.1
the mathematical definition.

Definition A.1 (Representing positive matrices through ellipsoids). Any symmetric positive definite
matriz M in ST (R) defines an ellipsoid Ey = {x € R, 2T M~1a = 1} centered around zero. The
eigenvectors of M are the principal axes of the ellipsoid, and the squared root of the eigenvalues are
the half-lengths of these axes. The ellipse corresponds to the sphere of radius 1 associated with the

norm Nyj-1 = Vol M1z,

A.2 Classical results for random vectors

Below, we recall Minkowski’s and Jensen’s inequalities. Additionally, we recall the Cauchy-Schwarz’s
inequality for conditional expectations. Let a probability space (£2,.4, P) with 2 a sample space, A
a o-algebra, and P a probability measure.

Minkowski’s inequality. Let p > 1 and suppose that X, Y are two random variables in £LP(Q2, A, P)
(i.e. their p'" moment is bounded), we have the following triangular inequality:

E[IX + Y] < E[IXIP)P + ElY |77 (A.6)

Jensen’s inequality. Suppose that X : Q@ — R? is a random variable, then for any convex
function f : R? — R we have:

f(E(X)) <Ef(X). (A7)

Cauchy-Schwarz’s inequality for conditional expectations. Suppose that XY are two
random variables in £2(£2, 4,P) (i.e. their second moment is bounded), then for any o-algebra
F C A we have a.s.:

EIXY | FP<E[X*| FIE[Y?]| F]. (A.8)

Convergence in LP-norm. Suppose that (X,,),en is a sequence of random variables in £P (2, A, P),
and that X is a random variable in £P(£2, A,P). We say that (X, )nen converges in LP-norm
towards X, if the p-th absolute moments E(||X,[|P) and E(]|X]|?) of X, and X exist, and if
E(]| X5 — X||P) p—— 0. This type of convergence is denoted by:

X, 2 x. (A.9)

A.3 Classical results in optimization

In this section, we provide classical inequalities used in optimization that can be found in Nesterov
[2004]. We use these inequalities in the demonstrations given in Chapters B and C.

Proposition A.1. If F: X c R* = R is strongly convez, then the following inequality holds:
2
V(w,y) € RL(VF(z) = VF(y),z —y) > plle —y|* .
This inequality is a consequence of strong convexity and can be found in [Nesterov, 2004, equation

2.1.22|. The next proposition presents two inequalities used in Chapter 3 when invoking convexity
or strong-convexity.



Appendix A. Technical preliminaries 90

Proposition A.2. If a function F is conver, then it satisfies for all w in R? [Nesterov, 2004, see
equation 2.1.7]:

(VE(w),w —w.) > L(F(w) ~ Fw.)) + o= [VE@w)| (A.10)

If a function F is strongly-convex, then it satisfies for all w in R? [Nesterov, 2004, see equation
2.1.8 and 2.1.16):

(VE(w),w —w.) > L (F(w) = Fw) + 4w —w? + o= [VF@)? . (A1)

Polyak and Juditsky [1992] show the following theorem guaranteeing the asymptotic normality
of the Polyak-Ruppert iterate. This result is used in Chapter 4.

Theorem A.1. From Polyak and Juditsky [1992, see Theorem 1].

For k in N*, we denote np = wi, — wy and we define wy = wi_1 — Ve VE(wi_1) + v€(Mk—1). If
we assume that:

0 and v Yy — =
* W 0 and v (Y& — Y+1) WO oo(%)’

o I is strongly convexr and HVQFHOO < 00,

e the convergence in probability of the conditional covariance to a matriz ¥ holds, i.e. we have
a.s.:

E [t | Fe] —Low.

Then for any K in N*, we have the asymptotic normality of vV EKnfg_q:

VETix_ # N(0,5%) with S = {V?F (w.)} " S{V?F (w,)} ",



Appendix to Artemis

In this Chapter, we provide additional details to our work. First, in Section B.1, we present the
detailed framework of our experiments and give further illustrations to our theorems. Secondly, in
Section B.2, we define the filtrations used in the following demonstrations. In Section B.3, we gather
a few technical results and introduce the lemmas required in the proofs of the main results. Those
proofs are given in Section B.4. More precisely, Theorem 2.1 follows from Theorems B.1 and B.2,
which are proved in Subsections B.4.1 and B.4.2, while Theorems 2.2 and 2.3 are respectively proved
in Subsections B.4.3 and B.4.4.
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B.1 Experiments

In this section we provide additional details about our experiments. We recall that we use two kind
of datasets: 1) toy-ish synthetic datasets and 2) real datasets: superconduct [Hamidieh, 2018, 21263
points, 81 features| and quantum [Caruana et al., 2004, 50,000 points, 65 features|. The aim of using
synthetic datasets is mainly to underline the properties resulting from Theorems 2.1 to 2.3. We
estimate in Subsection B.1.3 the carbon footprint of the experiments presented in this chapter.

We use the same 1-quantization scheme (see Definition 1.2, s = 1 is the most drastic compression)
for both uplink and downlink, and thus, we consider that w., = wqwn. In addition, we choose

1
Qup = 2(1 4+ w"P)”

For each figure, we plot the convergence w.r.t. the number of iteration k£ or w.r.t. the theoretical
number of bits exchanged after k iterations. On the Y-axis we display log,o(F(wr—1) —F(ws)), with &
in N. All experiments have been run 5 times and averaged before displaying the curves. We plot error
bars on all figures. To compute error bars we take the standard deviation of log,(F(wk—1) — F(wy)),
we then plot the curve * this standard deviation.

All the code is available on GitHub.

B.1.1 Synthetic dataset

We build two different synthetic dataset for i.i.d. or non-i.i.d. cases. We use linear regression to tackle
the i.i.d case and logistic regression to handle the non-i.i.d. settings. As explained in Section 2.1,
each worker i holds n; observations (z})1<j<n, = (24, 4})1<j<n, = (X', Y") following a distribution
D;.

We use N = 20 devices, each holding 200 points of dimension d = 20 for least-square regression and
d = 2 for logistic regression. We ran algorithms over 100 epochs.

Choice of the step-size for the synthetic datasets. For stochastic descent, we use a decreasing

step-size v, = L%/E with k£ in N, and for the full gradient descent we choose v = %
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Figure B.1: Data distribution for logistic regression to simulate non-i.i.d. data. Half of the device
holds the first dataset, and the other half the second one.

For i.i.d. setting, we use a linear regression model without bias. For each worker i, data points
are generated from a normal distribution ($§)1§jgni ~ N(0,X). And then, for all j in [1,n;], we

have: y; = <w,x§-> + e; with e; ~ N(0,A?) and w the true model.

To obtain o, = 0, it is enough to remove the noise e; by setting the variance \? of the dataset
distribution to 0. Indeed, using a least-square regression, for all ¢ in [[1, N, the cost function evaluated
at point w is F;(w) = %||XiTw — Y?||2. Thus the stochastic gradient j in [1,n;] on device i in [1, N]
is gz(w) = (X]’:Tw - Y;)XjZ On the other hand, the true gradient is VF;(w) = EXiXiT(w —w*).
Computing the difference, we have for all device ¢ in [1, N] and all j in [1, n;]:

gh(w) — Fi(w) = (XiX! —EX' X" )(w —w,) + (Xi w, — Y]) X! (B.1)

N J/

multiplicative noise equal to 0 in wx ~N(0,A\2)

This is why, if we set A = 0 and evaluate Equation (B.1) at w,, we get back Assumption 2.3 with
o« = 0, and as a consequence, the stochastic noise at the optimum is removed. Remark that it
remains a stochastic gradient descent, and the uniform bound on the gradients noise is not 0. We
set A2 = 0(< 02 = 0) in Figure B.3. Otherwise, we set \? = 0.4.

For non-i.i.d. setting, we generate two different datasets based on a logistic model with two
different parameters: w; = (10, 10) and we = (10, —10). Thus the model is expected to converge to
w, = (10,0). We have two different data distributions z1 ~ N (0, %) and xo ~ AN (0,X2), and for
all i in [1, N], for all k in [1,n,;],y. =R (Sigm <<w(i mod 2)+1,x1& mod 2)+1>>) € {—1,+1}. That
is, half the machines use the first distribution N (0,%;) for inputs and model w; and the other

half the second distribution for inputs and model ws. Here, R is the Rademacher distribution and
em

1ot These two distributions are presented

Sigm is the sigmoid function defined as Sigm: x +—
on Figure B.1.

B.1.1.1 Least-squares regression

In this section, we present all figures generated using Least-squares regression. Figure B.2 corresponds
to Figure 2.1a.

As explained in Chapter 2, in the case of o, # 0 (Figure B.2), algorithms using memory (i.e
Diana and Artemis) are not expected to outperform those without (i.e QSQGD and Bi-QSGD). On
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Figure B.2: Synthetic dataset, Least-Square Regression with noise (o, # 0). In a situation
where data is i.i.d., the memory does not present much interest and has no impact on the convergence.
Because 02 # 0, all algorithms saturate; and saturation level is higher for double compression
(Artemis, Bi-QSGD), than for simple compression (Diana, QSGD) or than for SGD. This corroborates
findings in Theorem 2.1 and Theorem 2.3.
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—— BIQSGD
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0 25 50 75 100 10* 10° 10
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(a) LSR: 02 =0 (b) X-axis in # bits.

Figure B.3: Synthetic dataset, Least-Square Regression without noise (o, = 0). Without
surprise, with i.i.d data and o, = 0, the convergence of each algorithm is linear. Thus, in i.i.d. settings,
the impact of the memory is negligible, but this will not be the case in the non-i.i.d. settings as
underlined by Figure B.4.

the contrary, they saturate at a higher level. However, as soon as the noise at the optimum is 0
(Figure B.3), all algorithms (regardless of memory), converge at a linear rate exactly as classical

SGD.

B.1.1.2 Logistic regression

In this section, we present all figures generated using a logistic regression model. Figure B.4
corresponds to Figure 2.1b. Data is non-i.i.d. and we use a full batch gradient descent to get o, =0
to shed light on the impact of memory on convergence.

Figure B.5 is using same data and configuration as Figure B.4, except that it is combined with a
Polyak-Ruppert averaging. Note that in the absence of memory the variance increases compared to
algorithms using memory. To generate these figures, we didn’t take the optimal step-size. But if we
took it, the trade-off between variance and bias would be worse and algorithms using memory would
outperform those without.
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Figure B.4: Synthetic dataset, Logistic Regression on non-i.i.d. data using a full batch
gradient descent (to get o, = 0). The benefit of memory is obvious, it makes the algorithm converge
linearly, while algorithms without are saturating at a higher level. This stresses the importance of
using the memory in non-i.i.d. settings.
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Figure B.5: Polyak-Ruppert averaging, synthetic dataset. Logistic regression on non-i.i.d. data
using a full batch gradient descent (to get o, = 0) and a Polyak-Ruppert averaging. The convergence
is sublinear as predicted by Theorem 2.2 because o, = 0.
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(a) Quantum dataset: 20 clusters. Each (b) Superconduct dataset: 20 cluster.
cluster has between 900 and 10500 points Each cluster has between 250 and 3900
with a median at 2300 points. points with a median at 750 points.

Figure B.6: TSNE representations.
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Table B.1: Settings of experiments.

Settings quantum superconduct
references Caruana et al. [2004] Hamidieh [2018|
model LR LSR
dimension d 66 82
training dataset size 50, 000 21,200
batch size b 256 64
compression rate s 20 (i.e. two levels)

norm quantization |- ll2

momentum m no momentum

step-size 7y 1/L

B.1.2 Real datasets: Quantum and Superconduct

In this Section, we present details about experiments conducted on real-life datasets: superconduct
(from Caruana et al. [2004]) where we use least-squares regression, and quantum (from Hamidieh
[2018]) with logistic regression. All figures can be found in the notebooks provided on our GitHub
repository.

In the following, we present results on superconduct and quantum in the setting of full device
participation. Next, we address in Subsection B.1.2.1 the issue of the optimal step-size.

In order to simulate non-i.i.d. data and to make the experiments closer to real-life usage, we split
the dataset in heterogeneous groups using a Gaussian mixture clustering on TSNE representations
(defined by Maaten and Hinton [2008]). Thus, the data are highly non-i.i.d. and unbalanced over
devices. We plot on Figure B.6 the TSNE representation of the two real datasets.

There are N = 20 devices for superconduct and quantum datasets. For superconduct, there are
between 250 and 3900 points by worker, with a median at 750 ; and for quantum, there are between
900 and 10500 points, with a median at 2300. On each figure, we indicate which step-size v has
been used.

Convex settings are given in Table B.1. Experiments have been performed with 200 epochs in the
stochastic regime, and 400 epochs in the full batch regime. We use quantization [defined in Alistarh
et al., 2017] with s = 20 for all experiments.

Figures B.7 to B.10 underline the benefit of using memory in the stochastic and full batch regime for
non-i.i.d. datasets. Figures B.7 and B.9 correspond to Figure 2.2. We observe on these figures the
benefit of the memory. The level of saturation of algorithms using memory is much lower than those
without memory. Additionally, Theorem 2.1 highlights that the level of saturation (see constant
E of Table 2.2) is proportional to the level of compression wy, /dwn- This is indeed observed on
Figures B.7 to B.10.

In the case of the quantum dataset (see Figure B.7), Artemis is not only better than Bi-QSGD,
but in fact, as good as QSGD. That is to say, we achieve to make an algorithm doing bidirectional
compression, as good as an algorithm doing unidirectional compression.

On Figures B.8 and B.10, we run the five algorithms with full gradient descent, resulting in o, = 0.
In this case, as the dependency on B? is removed, Theorem 2.1 predicts that we must have a linear
convergence for algorithms using memory. This is experimentally observed.

Memory trade-off: batch size, noise at the optimum, and heterogeneity. Because the
variance of the algorithm (see constant E of Table 2.2) is divided by the batch size b, the choice of
this hyperparameter is not without importance. Indeed, reducing the batch size will increase the
impact of o, on the convergence’s rate, while the impact of B2 will remain constant. Thus, there is
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Figure B.7: Quantum. Least-squares regression, o, # 0, v = 1/L, b = 256, non-i.i.d..
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Figure B.8: Quantum. Least-squares regression, o, = 0, v = 1/L, full gradient descent, non-i.i.d..

a trade-off: if the batch-size is too small, the quantity o, /b will become larger than B2, and the
impact of the memory will be hidden by the second term depending on the dataset heterogeneity.
This will lead Artemis-like algorithms to fail: the memory term is canceled by the high heterogeneity.
On the other hand, if the dataset does not present enough heterogeneity, the constant B2, will be
negligible making memory useless, or even penalizing.

B.1.2.1 Optimized step-size

In this section, we want to address the issue of the optimal step-size. On Figure B.11 we plot the
minimal loss after 250 iterations for each of the 5 algorithms. We can see that algorithms with
memory clearly outperform those without. Then, on Figure B.12 we present the loss of Artemis after
250 iterations for various step-size: %, %, %, %, ﬁ, ﬁ, 8% and 16%. This helps to understand
which step-size should be taken to obtain the best accuracy after &k in [1,150] iterations. Finally, on
Figure B.13, we plot the loss obtained with the optimal step-size v, of each algorithms (found with

Figure B.11) w.r.t the number of communicated bits.

On Figure B.11, it is interesting to note that the memory allows to increase the maximal step-size.
So, the optimal step-size is yopr = % for Artemis , but is yopt = i for BiQSGD.

We plot the loss of Artemis after 250 iterations for different step-size on Figure B.12. As stressed
by Figure B.11, after 250 iterations, the best accuracy for both datasets is indeed obtained with
Yopt = % And we observe that (as for Vanilla SGD), the optimal step-size of Artemis decreases with
the number of iterations (e.g., for quantum, it is 1/L before 50 iterations and 1/2L after). This is
consistent with Theorem 2.1.
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Figure B.9: Superconduct. Least-squares regression, o, # 0, v = 1/L, b = 64, non-i.i.d..
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Figure B.10: Superconduct. Least-squares regression, o, = 0, v = 1/L, full batch gradiend descent,
non-i.i.d..
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Figure B.11: Searching for the optimal step-size v,,; for each algorithm. X-axis - value on
step-size, Y-axis - minimal loss after running 250 iterations
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Figure B.13: Optimal step-size for each of the algorithms. X-axis in # bits.

Figure B.13 plots the loss of each algorithm obtained with its optimal step-size « i.e. the step-size
that attains the lowest error after 150 iterations. For instance v = % for Artemis, but v = % for
SGD. For both superconduct and quantum datasets, taking the optimal step-size leads Artemis to
superior performance than other variants w.r.t. both accuracy and number of bits.

In conclusion of this subsection, Figures B.11 to B.13 allow to conclude on the significant impact of
memory in a non-i.i.d. settings, and to claim that bidirectional compression with memory is by far
superior (up to a threshold) to the four other algorithm: SGD, QSGD, Diana and BiQSGD.

B.1.3 CPU usage and carbon footprint

As part as a community effort to report the amount of experiments that were performed, we estimated
that overall our experiments ran for 220 to 270 hours end to end. We used an Intel(R) Xeon(R)
CPU E5-2667 processor with 16 cores.

The carbon emissions caused by this work were subsequently evaluated with Green Algorithm built
by Lannelongue et al. [2021]. It estimates our computations to generate 30 to 35 kg of CO2, requiring
100 to 125 kWh. To compare, it corresponds to about 160 to 200km by car. This is a relatively
moderate impact, matching the goal to keep the experiments for an illustrative purpose.

B.2 Filtrations

In this section, we provide some explanations about filtrations - especially a rigorous definition - and
how it is used in the proofs of Theorems 2.1 to 2.3. We recall that we denote by wyp, and wqw, the
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Figure B.14: The sequence of successive noises in the algorithm.

variance factors for respectively uplink and downlink compression.

Let a probability space (€2, .4, P) with Q a sample space, A a o-algebra, and P a probability measure.
We recall that the o-algebra generated by a random variable X : 2 — R™ is

o(X) = {X"1(4): A BR™)},
where B(R™) is the Borel set of R™.

Furthermore, we recall that a filtration of (£2,.4, P) is defined as an increasing sequence (Fy)nen of
o-algebras:
FoCFLCFyC--- CF.

Randomness in our algorithm comes from three sources, therefore, we define three sequences of i.i.d.
zero-centered random fields (& )ken ie(1,...N}: (€ )keNie(1,...N}» (€k)keN:

1. Stochastic gradients. It corresponds to the noise associated with the computation of the
stochastic gradient on device i at epoch k. We have:

vk eN*, Vi€ [0,..,N], g = VFi(wg1)+ & (wp1).

2. Uplink compression: this noise corresponds to the uplink compression when local gradients are
compressed. Let &k € N and i € [0, ..., N], suppose, we want to compress A}; € R?, then:

Vk e N*, Vi€ [0,..,N], AL =Al+e(AL) < G =g + el (AD).

3. Downlink compression. This noise corresponds to the downlink compression when the global
model parameter is compressed. Let k € N, suppose we want to compress g € R?, then:

Vk e N, Qp = Cs(gk) = Gr + ex(Gr) -
This “succession of noises” in the algorithm is illustrated in Figure B.14. In order to handle these
three sources of randomness, we define three sequences of nested o-algebras.

Definition B.1. We note (Fy)ken the filtration associated to the stochastic gradient computation
noise, (G)ren the filtration associated to the uplink compression noise and (Hy)ren the filtration
associated to the downlink compression noise. For k € N*, we define:

gk =0 (kala (5;?)’5\;17 (62)1]\;1)
Hy, =0 (Tro1, (E)11, (€)1, er)

with Ty = {(&))iep,N]> (€1)ieqi,N] € hepri and To = {2}

We can make the following observations for all £ > 1:

e From these three definitions, it follows that our sequences are nested.

FiCcG CHICFaC - CHy.
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e wy_1 is Hj_1-measurable.
e g, is Fr-measurable.
e g is Gi-measurable.
As a consequence, we have Propositions B.1 to B.5. Below Proposition B.1 gives the expectation

over stochastic gradients conditionally to o-algebras Hy_1 and Fy.

Proposition B.1 (Stochastic Expectation). Let k € N* and i € [1, N]. Then on each local device
i € [1, N] we have almost surely (a.s.) Elgi | F] = g and E[g., | Hg—1] = VF;(wg_1).

Proposition B.2 gives expectation of uplink compression (information sent from remote devices to
central server) conditionally to o-algebras Fj, and G.

Proposition B.2 (Uplink Compression Expectation). Let k € N* and i € [1,N]. Recall that
Gi = gi. + €., then on each local device i € [1, N], we have a.s. E[g, | Gx] = g and E[g}, | Fx] = g}

From Assumption 2.5, it follows that variance over uplink compression can be bounded as expressed
in Proposition B.3.

Proposition B.3 (Uplink Compression Variance). Let k € N* and i € [1, N]. Recall that A% =
gi + ht |, using Assumption 2.5 following hold a.s.:

—~
o
)

~

E 18] - AL | Fe] < wupllAl)?

(«— E [||/g\}b~C — g,i||2 } ]:k} < wup”giH2 when no memory ) .

—~
@
w

=

Concerning downlink compression (information sent from central server to each node), Proposition B.4
gives its expectation w.r.t o-algebras Gy and Hj.

Proposition B.4 (Downlink Compression Expectation). Let k € N*, recall that Qi = Cawn(gr) =
Ok + €, then a.s. E[Qg | Hi] = Qe and E[Q | Gk] = k-

The next proposition states that downlink compression can be bounded as for Proposition B.3.

Proposition B.5 (Downlink Compression Variance). Let k € N, using Assumption 2.5, we have
a.s. E [HQk —/g\kHQ ‘ gk] < wdwnH/g\kH2-

B.3 Technical results

In this section, we introduce a few technical lemmas that will be used in the proofs of Theorems B.1
to B.3. We first present lemmas common to the proofs with/without memory and which are needed
to prove the contraction of the Lyapunov function. Then, in respectively Subsections B.3.1 and B.3.2,
we give lemmas adapted to the cases without and with memory.

The first lemma is very simple and straightforward from the definition of A};. We remind that A?C is
the difference between the computed gradient and the memory hold on device i. It corresponds to
the information which will be compressed and sent from device ¢ to the central server.

Lemma B.1 (Bounding the compressed term). The squared norm of (A})ren= icq1,...N}, the term
sent by each node to the central server, can be bounded as follows:

vkeN*, vie [LN],  [JAL* <2 (llgk - pLlP + f15hs — i) -
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Proof
Let k € Nand i € {1,...,N}, we have by definition:

AR = llgk = i = l1(ok = h2) + (8% = i)

Applying Inequality 1 gives the expected result. |

Below, we show up a recursion over the memory term h2—1 involving the stochastic gradients. This
recursion will be used in Lemma B.8. This recursion has been first shed into light by Mishchenko
et al. [2019].

Lemma B.2 (Expectation of memory term). The memory term h}; can be expressed using a recursion
involving the stochastic gradient g,i :

Vk € N*, Vi€ [1,N], E[h} | Fx] = (1 — aup)hj_1 + qupgh -
Proof Let k € Nand i€ {1,...,N}. We just need to decompose h}; using its definition:

= hz 1+ O‘UpAk = hk 1+ aup( hk ) =1~ O‘up)h;‘c—l + O‘Upg;;w

and considering that E [§}‘g ‘ fk] = g}; (Proposition B.2), the proof is completed. |

In Lemma B.3, we rewrite ||gx||*> and | gr — hi||2 to make appears:

1. the noise over stochasticity,

2. |lgk — gr.x I|? which is the term on which will later be applied cocoercivity (see Assumption 2.2).
Lemma B.3 is required to correctly apply cocoercivity in Lemma B.9.

Lemma B.3 (Before using co-coercivity). Let k € [0, K] and i € [1, N]. The noise on the stochastic
gradients as defined in Assumptions 2.3 and 2.4 can be controlled as following:

1 N 9 9 N . . P

3 Skl [ 2] < %50 (B [lah - abel | 1] + (G4 80) . ()
i=1 —

! 3 E i hi 2 H < 2 ol E i i 2 % 0-3 .

N; [Hgk - *H ’ k—l] = N;( [Hgk—gk,*H ‘ k—l] +b> ) (B.5)

Proof Let k€ Nandiin {1,...,N}. We obtain Equation (B.4) using Inequality 1:
l9tl1” = llgk = ghe + ghal” < 2 (llgk — ghol® + lgia]”) -

Taking expectation with regards to filtration Hy_1 and using Assumptions 2.3 and 2.4 gives the first
result.

For Equation (B.5), we use again Inequality 1 and we write (by definition, hi = VF;(w.)):
gk = RL11° = 11 (ak = gi) + (ghs = VEw)|I” < 2(/lgk = ghl” + |9k — VEw)])
Taking expectation, we have:

€ [lgk— 1l | #eca] <2 (& [loh - ool | #ams] + € ks — VA | #eca])
<2 <E [Hg}C — g,i,*H ‘ ”Hk_l] + Uf) using Assumption 2.3.
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Demonstrating that the Lyapunov function is a contraction requires to bound || g;€||2 which needs
to control each term (||g||?)¥; of the sum. This leads to invoke smoothness of F (consequence of
Assumption 2.2).

Lemma B.4. Regardless if we use memory, we have the following bound on the squared norm of the
gradient, for all k in N*:

N
E [llgel? | #a] < leE gk = Bl | Ha] + L (VP (1), w1 — )

Proof
Let £ € N*, taking expectation w.r.t the o-algebra Hj_1:

ng VF;(wg—1) ZVF (wk—1)

E [HQkHQ ’ Hkq} = Hi-1

Decomposing the squared norm:

N
E [HngQ ‘ sz—l] =E H Z i(wr—1)

- N N
1 ; 1
+2E <N zE_ g, — VEFi(wg-1), N ;:1 VFj(wk1)> ‘ Hkl]

2
Hi—1

2

+E Hi—1

1 N
~ 2 VEi(wi-1)
=1

Moreover, Vi,j € {1,...,N}* E[(gi — VE(wy_1), VFj(wp-1)) | He-1] = 0 and VF(wy_y) is
‘Hp_1-measurable, hence:

2

E [lgell® | Hia] <E Moo | + VP>, (B.6)

1o
N > gk — VFi(wi_1)
i=1
To compute ||V F(wg_1)||%, we apply cocoercivity (Assumption 2.2):
IVF(wp—1)||* < L(VF(wp_1), wp_1 — w) .

. 2
We note O, = H% Zf\il g5 — VFi(wk,l)’ , then expending the squared norm:

E [ | o] = 3 i E [lgk — VF (e )|* | Her]
=1
> E[{dh - VEwi),g] - VE(we-)) | Heoa

(LN it _
=0 by independence of (gi)N

N
Z [tk = VE(w)) + (TFi(w.) = VR wn-1)|* | Hoa] -
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Developing the squared norm a second time:

1
EDk | Hi-1] = N 4

WE

E[Hgk VE;(ws) ‘”Hk 1}
1

.
Il

N
Z (9 — VFi(w.), VFi(w.) = VF(wi—1)) | Hi1]

N
Z IV Ei(wg_1) — VFi(w,)]?

QMZ uMz Z\H 2\

1 1 N 2
= F E [H — VF;(w,) ‘ Hi 1} N2 ; |V Ei(wi—1) — VEF;(w,)]|
< 72 X [lok = vAw | A

Recall that we note hl = VF;(wy), returning to Equation (B.6), we have:

€ [llge)? | Hi] < 57 i_vj € (llgh = il | #ar] + L (VF (1), g1 —wa)

which allows to conclude. [ |

B.3.1 Lemmas for the case without memory

In this subsection, we give lemmas that are used only to demonstrate Theorem B.1 (i.e. without
memory).

Lemma B.5 is used to remove the uplink compression noise.

Lemma B.5 (Expectation of the squared norm of the compressed gradient when no memory).
In the case without memory, we have the following bound on the squared norm of the compressed
gradient, for all k in N*:

€ Il | #ca] < 22 S [l | 5] + Ly S [l — 1407 | 0]

Proof Let k in N*, first, we write as following:
~ 112 ~ 2 ~ 2
191" = 19k — g&lI” + 2 (Gk — gk 9%) + |l gk
Taking stochastic expectation (recall that gy is Fi-measurable and that Hy_1 C Fy):

E[E (15l | 7] | Hir ]| =E[E[1G — aull® | 7] | i ]
+2 x E[E[(Gk — grs 9x) | Fil | Hi—1] (B.7)
+ B {lgwl?” | ] -
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We need to find a bound for each of the terms of above Equation (B.7). The second term is zero
in expectation and the last term is handled in Lemma B.4. It follows that we just need to bound

Gk — gi|l*:

2
~ 1
E (15— oell” | ] =E ||| Dok —ai|| |
i=1
1 N . 3 1 . o .
— 7 D E |9 - ai ‘ Fi] + 5D _E (5~ 95— o) ‘ il
i=0 i#]
=0 because (gi )Y ; are independents
1 N —~ il2
ZWZE[H%—%H ‘ fk} :
i=1

Combining with Proposition B.3, we hold that E [H’g\k — gl? ‘ Fk} < f\il Hg}CH2 Furthermore,
we have that:

e E[(gr — 9k, 9x) | Fx] = 0 (Proposition B.2)
o E [HngQ ’ kal} < ﬁ YioE [ng - hiHQ ‘ 7'(1@71}—|—L (VF(wg—1),wg—1 — wx) (Lemma B.4).
Thus, we obtain from Equation (B.7):
e (15017 | 1] < 22 S [abl® | 7] + -5 SO ok - [ e
N N* =

=1

+ L(VF(wp_1), wr—1 — W) .

Lemma B.6. In the case without memory, we have the following bound on the squared norm of the
local compressed gradient, for all k in N*, for all i in [1, N]: E[||gL|1* | Fi) < (wup + 1)|lg4 11

Proof Let kin N* and 7 in [1, N]:
e [kl | 7] = E[l15k - gk + okll” | 7]

e [lgk - ol | A+ 2E 1 - ok b | B +E Ikl | 7]

We obtain the result because Hgi”z is Fy41-measurable and using Proposition B.5. |

B.3.2 Lemmas for the case with memory

In this Subsection, we give lemmas that are used only to demonstrate Theorems B.2 and B.3 (i.e.
with memory).

In order to derive an upper bound on the squared norm of ||wy, — wy||*, for k in N*, we need to
control |[gx||*. This term is decomposed as a sum of three terms depending on:

1. the recursion over the memory term (%-1)
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2. the difference between the stochastic gradient at the current point and at the optimal point
(later controlled by co-coercivity)

3. the noise over stochasticity.

Lemma B.7. In the case with memory, we have the following upper bound on the squared norm of
the compressed gradient, for all k in N*:

=

~ 2(2 , .
e [l | #] < 2B DS e lgh - gf | 700

=1

o2 S iy | e
i=1

2(2wyp + 1)0o,

L(VF(wg_ 1 — Wy
(V (wk 1),wk 1 w>+ Nb

Proof

Let k£ in N*. We take the expectation w.r.t. the o-algebra Hy_1, with a bias-variance decomposition
and we obtain E[||gx||? | Hr—1] = E[llgxll® | Hr—1] + E[llGx — 9&lI* | Hr_1]. The first term is handled
with Lemma B.4:

E[Hgkwml}s;i E [llok = B | Hor| + LT (wr1), wpr = w2)

Furthermore, by the independence of the “N” compressions:

~ 1 N . N2
E [Hgk — gxl)? ‘ /ch—l} = FZE [HN - A} ‘ Hk:—l] :
i—1

because Hj_1 C F}, we can use Proposition B.3 to obtain E {Hﬁk — gl ‘ ’Hk_l} < Yup Zl 0 HA H

and next with Lemma B.1, we have:

N
E (15— gel® | ] < 2 S [k = i | 2] +E [[lnky — ) | o]
=1
At the end:

E [1a.12 _2Wup+1N SR YAIL: 2WupN i i|2
[Hng ‘ %k—l} = TZE Mgk — hi| ) Hk—l} T2 > E [Hhkz—l — K| ‘ 3%-1}
=1 =1

+ L{VF(wg—1), wp—1 — ws) .

We can now apply Lemma B.3 to conclude the proof:

N
E [\|§k||2 ‘ kal} < WZE {Hgi; —gii,*‘f ’ %kfl]

2wupz { th ‘Hk 1]

2(2wyp + 1)0y
Nb

L(VF(wp—1), wg—1 — wy) +
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To show that the Lyapunov function is a contraction, we need to find a bound for each terms.
Bounding ||w; — w,|?, for k in N, flows from update schema (see Equation (2.3)) decomposition.
However the memory term Hh}C — hi H2 involved in the Lyapunov function doesn’t show up naturally.

The aim of Lemma B.8 is precisely to provide a recursive bound over the memory term to highlight
the contraction. Like Lemma B.2, the following lemma comes from Mishchenko et al. [2019].

Lemma B.8 (Recursive inequalities over memory term). Let k € N* and let i € [1, N]. The memory
term used in the uplink broadcasting can be bounded using a recursion:

E [Hhi; - hiHQ ‘ Hk_@ < (14 208 wup + 205, — Bowp) || hhe—y — hin

+ 2(2a121pw‘lp + 2a121p - aup)E |:||gk - gk,*”2 ‘ Hk—l]

203
b

+ (2a121p(wup +1) — aup) -

Proof
Let k € N* and let 7 € [1, N], using Lemma A.2 we have:

e (I -7 | ) = IE | 2 - w)P +E [k~ E 1 | AP | 7]
and now with Lemma B.2:
i il)2 i i il|2 i i 2
E [l = B | F] = 110 = cup)hios + cupgh = R +E [|h ~ E [0 | A |” | 7] -

Now recall that hi = hifl + aupﬁi, with E[ﬁz | Fi] = A}; and h};fl being Fj-measurable:

Q'Fk].

i il|2 i i i iy||2 N i
E [k — Bl | Fe| = (101 = aup) (o — 1) + auplgi = | + 0% E [HAk - 4]
Using Lemma A.1 of Section A.1 and Proposition B.3:

E [[[1h = il | 7] < (0= aup) 1Py = ALY+ aup [lgk — AL
— ap(1 = auyp) Hh;sfl - 912“2 + alzlpwup HA}cHQ .

Because hi_, — gi = Al:
E [[l5k = Bl | 7] < (0= ) [[Bs = B + up gk = A1 + cup (@ (e + 1) = 1) | AL
and using Lemma B.1:
e [lIn = Bl | 7] < (0= o) 1By = B + g [l — 227
+ 20y (up(wup + 1) = 1) ([[B o = 5"+ [lgw = i)

< (1+ 202wy + 203, — Bawy) [|B_y — L

+ tup (20upwap + 200p — 1) [|g — RE||° -
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Finally taking expectation w.r.t. the o-algebra Hy_1 (Hr—1 C Fi) and using Equation (B.5) of
Lemma B.3, we have:

E [l = B | Hior] < (1+ 20200 + 203, — Baup) [Py — B[

+ 2(2a121pwup + 20[121p - aup)E |:”gk — k% 2 ‘ Hk*l]
202
+ 2 (204121p(wup +1) - aup) ,

which concludes the proof.

After successfully invoking all previous lemmas, we will finally be able to use co-coercivity. Lemma B.9
shows how Assumption 2.2 is used to do it. After this stage, proof will be continued by applying
strong-convexity of F.

Lemma B.9 (Applying co-coercivity). This lemma shows how to apply co-coercivity on stochastic
gradients. For all k in N*, we have % Zf\;l E {Hg}f — gk,*H2 ‘ Hk,l} < L(VF(wg—1), Wg—1 — Wy).

Proof Let k € N*, using Assumption 2.2, we have:

N N

1 o 1 o

v O_E [Hgiz — bl ‘ Hk—l} < 2 LE gk — g | Ham] swpmy — i)
i=1 =1

N
1
<L <N ;VFi(wkl) — VE(w.), wp-1 — w*> '

B.4 Proofs of Theorems

In this Section, we give demonstrations of all our theorems, that is to say, first the proofs of
Theorems B.1 and B.2 from which flow Theorem 2.1. Their demonstration sketch is drawn from
Mishchenko et al. [2019]. And in a second time, we give a complete demonstration of theorems
stated in Chapter 2: Theorems 2.2 and 2.3.

For the sake of demonstration, we define a Lyapunov function Vj [as in Mishchenko et al., 2019, Liu
et al., 2020], for k£ in N:

N
1 ; 112
Vi = llwg = will +29°C5 Y [|nk = i
i=1
with C'in R*. The Lyapunov function is defined by combining two terms.

1. The distance from parameter wj to optimal parameter w;.
2. The memory term, the distance between the next element prediction hf€ and the true gradi-

ent hl = VF;(w,).

The aim is to proof that this function is a (1 — yu) contraction for each variant of Artemis. To show
that it’s a contraction, we need three stages:

1. we develop the update schema defined in Equation (2.3) to get a first bound on |lwy, — w.||?,
2. we find a recurrence over the memory term Hh}c — hi‘ 2,

3. and finally we combines the two equations to obtain the expected contraction using co-coercivity
and strong-convexity.



Appendix B. Appendix to Artemis 109

B.4.1 Proof of main Theorem for Artemis - variant without memory

Theorem B.1 (Unidirectional or bidirectional compression without memory). Considering that
Assumptions 2.1 to 2.5 hold. Taking v such that

N
Wawn + 1) (N 4 2(wyp + 1))’

<
s L(
then running Artemis with oqp = 0 (i.e without memory), we have for all k in N*:

E
E [wg — w.]|* < (1= )" [lwo — wa ]| + 2N

(wup + 1)02
b

with E = (wdwn + 1) £+ wusz>. In the case of unidirectional compression (resp. no

compression), we have Wawn = 0 (Tesp. wyp/dwn = 0).

Proof

In the case of the variant of Artemis with oy, = 0, we don’t have any memory term, thus C' =0
and we don’t need to use the Lyapunov function.

Let k in N*, we start by writing that by definition of Equation (2.3):

lwg, = wi]|* = [Jwg—1 — ¥ — wi|?

= [Jwp—1 — w|* = 2y (Qpy wi—1 — wi) + 72 |

with Q = C,, () and g = %Zf\;l/j}g First, we have E[Q | Gx—1] = gx (Proposition B.4)
secondly considering that E[|| Q]| | Gr1] = V(Q%) + |IE[% | Ge—1]ll* = (wawn + 1) ||G&||* leads to:

E [l — wel® | Geor] = E [y = will® | G| = 25 (s wony = wa) + 92 @awn + 1) |36

Now, we take expectation w.r.t o-algebra Hy_1 C Gi_1, (with use of Propositions B.1 and B.2, we
obtain :

E [||wk — w2 ‘ %k_l} —E [Hwk_l —w? ] Hk_l} 2y (VF(whr), whoo1 — ws) (B.8)
+ 7 (wawm + DE [ 15l | i ] -

Lemma B.5 gives:

N N
~ . 1 i .
Ellgkl® | Hi1] < % ZE[HgiHQ | Hie—1] + NZE[H% - hiHQ | Hi—1]
i=0 =0

L (VF(wy 1), wh 1 —w.)

Lets introducing the noise at optimal point w, with the two equations of Lemma B.3:

N 2
e (1 | ] = 5 32 (E o il [ ]+ G 5)

1 X | - )
tar (& [k = g | 2] + %)

+ L(VF(wp—1), wg—1 — ws) .
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Invoking cocoercivity (Assumption 2.2):

Eﬂmw1ak43“%@“”§ﬁpxﬂ—ﬁwwl—wgwml]
=1
+ L(VF(wp_1), wp—1 — wy) + % <w + wup32>
< 2(%}\?—1)[/ (VF(wg—1), Wg—1 — Wx) (B.9)
LAV (g 1), w1 — )+~ <W + wupB2> .

Finally, we can inject Equation (B.9) in Equation (B.8) to obtain:

E [llwn = wl” | Hem | < oy —

L(wdwn + 1) (wup + 1 L{wawn +1
_27 (1_’7 (wd +N)(wp+ )_7 (wd2 -+ )) <VF(Wk_1),Wk_1—w*>

1 2
272(wdwn + 1) <(Wup _;; )U* + wupB2>
. B.10
+ N (B.10)

We note:

1_ ‘:’ — 1 _ ’YL(wdwn'i]'\})(wUPJ’_l) _ 7L(wd2wn+1)

2
2. E = (wqwn + 1) (W + wup32>.

We need O > 0 in order to further apply strong-convexity. However, in order to later obtain a
convergence in (1 —~yu), we will use a stronger condition and, instead, state that we need OJ > 1/2,
which is equivalent to:

Ly YL(wawn + Dlwwp +1) | vL(wawn +1) < N 7
2 N 2 L(wdwn + 1) (N + 2(wyp + 1))

Using strong-convexity of F' (Assumption 2.1), we rewrite Equation (B.10) as follows:
E
E |||wip — ws|)? ’ ’Hk_l} < w1 — wy||* = 2yp0 ||wp—1 — ws||> + 272N , equivalent to:

E
< (1 = 2yp0) [Jwp—1 — wil* + 272N :
To guarantee a (1 — yu) convergence, we need [J > 1/2, which is already verified, hence taking full
expectation, we are allowed to write:
2 2 2 &
Efllwr — will] < (1 = ym)Blllwp—1 — wil["T+ 27"
o B % 1— (1 —yp)*

— E —w |1 < (1 =)k —w|?+2
lwr — ws]|”] < (1 —=yp)" |wo — wy||” + 27 N o

E
= Elllwe —w’] < (1 —3)* [lwo — wil|* + 2N

and the proof is complete.
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B.4.2 Proof of main Theorem for Artemis - variant with memory

Theorem B.2 (Unidirectional or bidirectional compression with memory). Considering that As-
sumptions 2.1 to 2.5 hold. We use w, to indicate the optimal parameter such that VF (w,) =0, and
we note hl. = VF;(w.). We define the Lyapunov function for any k in N:

N
1 ‘ A
We defined C' € R*, such that:

Wup (Wdwn + 1) <C< N — vL(wawn + 1) (N + 2(2wyp + 1))
Qup (3 = 20p(wyp +1)) = 7 47y Loy (200p(wup +1) — 1) '

(B.11)

Then, using Artemis with a memory mechanism (ayp # 0), the convergence of the algorithm is
guaranteed if:

15— <y, < min 3 3N — YL (wawn + 1) (BN + 8wyyp + 6)
C 2w +1) T 20wup + 1) 2(wup + 1)(N — vL(wdwn + 1)(IV +2))
2.
1 3
2 ’ 8(4) +6 )
7 < min (wdwn + 1) (1 + N> L (den + 1) <3 + u]pv> L
N

(Wawn + 1) (N 4+ 2(2wup + 1)) L

And we have a bound for the Lyapunov function:

E
EVi < (1= )" (llwo = wel* + 209 B%) + 272G

o2
with £ = b ((2wup + 1) (wawn + 1) + 2C (2aup(wup +1) — aup)). In the case of unidirectional
compression (resp. no compression), we have wayn = 0 (T€sp. Wyp/dwn = 0)-

Proof Let k € N*, by definition of the update schema (Algorithm 2), we have: wy = wg_1 — ¥,
with Q, = C,.. (gr) and gx = hg—1 + %21{\;1 A}, thus |lwy —wi||? = |lwp_1 — we +YU|? =
| wi—1 — ws|| — 29 (Qp, wi—1 — wy) + 72 ||Q||*. Taking expectation w.r.t. the o-algebra Gj_1:

E (o — wall® | Gyo1] = B [lwpr = wal® | Geor] = 29 G w1 = w.) + 93 (wavn + D) 115
We take expectation w.r.t o-algebra Hi_1 C Gr_1 and invoke Lemma B.7:

E [Hwk — \ HH} < w1 — wsl® = 29E [(Grr wrer — ws) | H]

2(2wup + 1) (Wawn + 1)7° & S
n ( + ;\(ﬂd +1)y ZE[Hgk_gk,*HQ‘Hk:—l}

+ Ll 17 ZEM = P | ]

+ 72(wdwn + 1) <VF('IU]€,1), Wr—1 — ’LU*>

N 2(2wup + 1) (Wawn + 1)720
Nb '

(B.12)
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Note that in the case of unidirectional compression, we have Q0 = g, and the steps above are more
straightforward. Recall that according to Lemma B.8 (and taking the sum), we have:

1 & ; 112
vz 2 E (I =22 | e

N
1 . ,
< (L+ 203 wup + 203, = 3au) 5 O [[hho1 — ni|”
i=1 (B.13)
1 & ; ;2
+ 2(208 wup + 205, — aup)ﬁ Z E {Hg% — Ghx|| ‘ 7{14;—1}
i=1

20
Nb

~ (207 (wap + 1) — ongp) -
With a linear combination (B.12) + 272C (B.13):

E [k — el | Haa] + 2020555 SOE [~ P | 7]

N2

< lwp—1 — ws|* — 29E [(glmwkq —wy) | Hi—1]

42,2 Do+ 1+ 2C (2atypeoup + 200y — Qup) ZN: E [llgk — gk,ell | Hr—1]
i=1

N2
2~ (Wup(Wdwn + 1) 2 2 1 & i i )2
+27°C <0 + 1+ 202 wyp + 202, — 3aup> X <3 z; | hj_y — B
+ 7 (wawn + 1)L (VF(wj—1), wp—1 — ws)

2
+ 2% <b ((2Wup + 1) (Wdwn + 1) +2C ( (wup +1) - Oéup))) ‘

We transform || gt — 927*\|2 applying co-coercivity (Lemma B.9) and note:

o O=1—7vL(wdawn + 1)/2 — 7L ((2wup + 1)(wdwn + 1) + 20(2a§pwup + 2aﬁp — ayp)) /N

o O = %@ +1+ 2a121pwup + 2041211) — 3ayp

@\*qw

o E == ((2wup + 1)(wawn + 1) + 20 (202, (wup + 1) — ovyp)) -

Now, because E [gy | Hrp—1] = E [hk_l + % Zf\il 82 ”Hk_l] = VF(wg_1), we have:

E[Vi | Hi1] < [lwp—s — w*||2 — 2y0(VF (wy—1), wp—1 — wy)

2')’ % 2 29°E (B.14)
ZHh — BT+ =

Now, the goal is to apply strong-convexity of F' (Assumption 2.1) using the inequality presented in
Proposition A.1. But then we must have (1 > 0. However, in order to later obtain a convergence
in (1 —~yu), we will use a stronger condition and, instead, state that we need [ > 1/2, which is
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equivalent to:

waen +1 1 1
Wf + N ((2wup + 1) (wawn + 1) + 20(2a3pwup + 2aﬁp — aup)) < 277L
(1 = vL(wgwn + 1)) N

= (2wup + 1) (wawn + 1) + 20(204121pwup + 2a121p — op) <

N — yL(wawn + 1) (N + 2(2wyp + 1))

= C<
47y Loy (200p (wup + 1) — 1)

This holds only if the numerator and the denominator are positive:

N = 4L (wawn + 1) (N + 220 +1)) > 0 =7 < oy 52(2%13 )1
_ 1
2ap(wyp +1) =1 <0 <= ayp > o F 1)
strong-convexity is applied, and we obtain:
27200 o | 2 292E
2 2 2 g
E Vi | Hra] < (1= 29p0) oy — wa|” + = Z; Ry — R + ~ (B.15)
i

To guarantee a (1 — yu) convergence, constants must verify: (1) 0 > 1/2 and (2) {$ <1 —yu. The
first condition is already verified, and the second one leads to:

Wawn + 1
<1l —yu <= %wup < Bop — 2a121pwup — 20yp — Y
c> Wup(wdwn + 1)

atup (3 — 2aup (Wup + 1)) =y

In the following we will consider that 2—“}) = 00(1) which is possible because o is independent of

p (it depends only of wyp and wqwn) and it result to:

Qup (3 = 2aup (wup + 1)) — v M:O Qup (3 = 2ap (wyp + 1))

Wup (den + 1)
ayp (3 — 2ayp(wyp + 1

Thus, the condition on C' becomes 7) < C, which is correct only if o <

3 . : o )
How T 1) And we obtain the following conditions on C"
Wup (Wdwn + 1) <C< N — yL(wdwn + 1) (N +2(2wyp + 1))
onp (3 = 2aup(wup +1)) = 7 4y Lo (200up (wup +1) — 1)

It follows, that the above interval is not empty if:

Wup (Wdwn + 1) < N — yL(wgwn + 1) (N + 2(2wyp + 1))
ayp (3 — 2ayp(wyp + 1)) — 47y Loy (200p (wup + 1) — 1)

For sake of clarity we denote momentarily ¥ = (wgwn + 1)7L, hence the above condition becomes:

8tupwup (Wup + 1)7 — dwupy < 3N — 37 (N + 2 + 2(2wyp + 1)))
— 20up(wWup + 1N + 200py(wup + 1) (IV 4 2(2wyp + 1))
= 200p (wup + 1) (N = (N +2)) <3N —5 (3N + 8wyp + 6) .
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And at the end, we obtain:

< 3N — vL(wdwn + 1) (3N + 8(wyup + 6))
7 2(wup + DN — yL(wawn + D(N +2))

Again, this implies two conditions on ~:

3N — YL(wawn + 1) (BN + 8wyp + 6) > 0 = v < 3

Swyp + 6
(e +1) (3 22220 1

N — yL(wawn + 1N +2) > 0 <= v < L.
(wdwn+1) <1+N) L

The constant C' exists, and from Equation (B.15), taking full expectation, we are allowed to
write E[Vi] < (1 — yu)E[Vi—1] + 27%%. Unrolling the inequality we obtain:

E 1—(1—yp)"
E[Vi] < (1 —yu)FEVp + 292 = x ——— 12
[Vi] < ( ) N o

E
E[Vi] < (1 —vu)*Vy + 2v— .
= Vil < (1 —yp)"Vo + TN

Because Vg = E |lwo — wy||* + 2720+ SV HhiHQ < JJlwo — wy||* + 2Cy2B2 (Assumption 2.4), we
can write:

E
_ o k 2 2 n»2
E[Vi] = (1 —~yp) (Hwo —wi||” +2Cv*B > + QV—M .

Thus, we highlighted that the Lyapunov function Vj is a (1 —yu) contraction if C' is taken in a given
interval, with v and o, satisfying some conditions. This guarantees the convergence of the Artemis
using version 1 or 2 with oy, # 0 (algorithm with uni-compression or bi-compression combined with
a memory mechanism).

B.4.3 Proof of Theorem 2.2 - Polyak-Ruppert averaging

Theorem B.3 (Unidirectional or bidirectional compression using memory and averaging). Consid-
ering now that F' is convez, thus p = 0 and considering that Assumptions 2.2 to 2.5 hold. We use w;
to indicate the optimal parameter such that VF(w,) = 0, and we note hi = VF;(w,). A Lyapunov
function is defined for any k in N:

N
1 i il2
Vi = [Jwg — ws)® + 272(7N ; [
We defined C € R*_, such that:

Wup (Wdwn + 1) <0< N — yL(wawn + 1) (N + 2(2wyp + 1))
Qup (3 = 20up(wup +1)) = 7 4oy Loy (20p (wup + 1) — 1)

Then running the variant of Artemis with ayp # 0, hence with a memory mechanism, and using
Polyak-Ruppert averaging, the convergence of the algorithm is guaranteed if:
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1 < . 3 3N — vL(wdwn + 1) (3N + 8wyp + 6)
L Dy + 1) = Fop 1 <2(wup +1)" 2(wup + (N — 7L(wawn + 1)(N +2))
2.
1
2\ Bwap + 6 .’
y<min{ @am+1) (1 N N) L (waw 1) (3 * N) Lt (B.16)

N
(Wawn + 1) (N + 2(2wyp + 1)) L

And we have the following bound for the Polyak-Ruppert averaged iterate Wy 1 = 3 Zk —o Wk

2 2 D2
lwo = w-l” +2Cv°B° | , E (B.17)

E [F(wi1) — Fw.)] < e N

2
with E = U—b* ((2wup + 1) (wawn + 1) + 2C (202, (wup + 1) — aup) ). Equation (B.17) can be written

2
as in Theorem 2.2 if we take v = min < 2]\];50 ’Ymax), where Ymax s the mazimal possible value

of v as precised by Equation (B.16):

NE YK K

2 2 9
E[F (le)_F(w*)]SQmax< 200E. 9% ) | 21maxCB

Proof
Let k in N*, starting from Equation (B.14) from the proof of Theorem B.2, we have:

2 <> in2 2 2E
E[Vi | i) < llwney = wall® = 290 (VF (wyo), wpmr = ws) + ZHh — P+ =

But this time, instead of applying strong-convexity of F', we apply convexity (Assumption 2.1 but
with p = 0):

2 29°C< al i i]l? 2v°
EVk S Hwk,1 — ’LU*” — Q’yD (F(wk,l) - F(w*)) + T Z Hh‘kfl - h*H + WE (B18)

As in Theorem B.2, we want [J > 1/2, which is equivalent to:

% + N ((2wup + 1) (wawn + 1) + 20 (20, wup + 200, — ap)) < L
— C < N*/VL(wdwn+1) (N+8wup+6)

= 4yLoyp ayp(wyp +1) — 1)

(B.19)

It holds only if the numerator and the denominator are positive:

N
Wawn + 1) (N + 8wyup +6) L

N—’yL(wdwn+1)(N+8wup+6)>0<:>’y<(

1

2aup(wup+1)_1§0<:?0(up2m.

Returning to Equation (B.18), taking benefit of Equation (B.19) and passing F(wg—1) — F(w.) on
the left side gives:

N
AF (i) = Pln)) € ooy = o = Y oy - i) - BV 7B
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If & < 1, we have vE [F(wg_1) — F(w«)] < EVj_1 — EV}, + 292E/N, and summing over all K in N*
iterations gives:

1 & E
— EV, {—E 272 —
KZ<Vk1 Vk:+7N>

( ZE (wr—1) F(M)]) <
k=1
EVy — EV] E
< bk el £ (SR 2v2—  because E is independent of K.
K N
Thus, by convexity:
K K
1 1 Vo E
Fl| = 1] - O < = E[F —Flw)] < —+2v—.

Last step is to extract conditions over v and o from requirement < < 1:

2Wup (wdwn + 1)
2C

Wup(wdwn + 1)
tp (3 = 2aup (wWup + 1))

O <l =

< 3ayp — Qaﬁpwup —20yp = C >

and the second inequality is correct only if oy, < From this development follows the

3
2(wup +1)°
following conditions on C, which are equivalent to those obtain in Theorem B.2

Wup (Wdwn + 1) <0< N — yL(wawn + 1) (N + 2(2wyp + 1))
ap (3 = 2ap(wup +1)) © 7 4y Loy (20mp (wap + 1) — 1)

This interval is not empty:

Wup (Wawn + 1) < N — vL(wgwn + 1) (N + 2(2wyp + 1))
ayp (3 — 2ayp(wup + 1)) — 4y Lop (200p (wup + 1) — 1)
o BN =y L(wawn +1) BN + 8w + 6)
7 2(wap + (N — yL(wawn + 1) (N +2))

—

Again, this implies two conditions on ~:

3
8wy 6
(Wdwn + 1) <3+ w]pv—i_) L
1

(Wawn + 1) (1+§7) L

3N — vL(wdwn + 1) BN + 8wyp +6) > 0 <=7 <

N —~vL(wagyn + 1)(N+2) >0 <=~y <

which guarantees the existence of C' and thus the validity of the above development. In conclusion:

o \%Z wo — Wx||* + 2C 2p? E
E[F(wK,l)—F(w*)]<—0+2'y < Iwo I 7

O —
Sk TN S ~K TN
l|wo — w,]? E CB?
< —+2 .
=k TN TE
CB? CB?
Next, our goal is to define the optimal step-size 7op¢. With this aim, we bound 27 by 2Ymax 57— K

This leads to ignore this term when optimizing the step-size and thus to obtain a snnpler expression
of Yopt. This approximation is relevant, because B?/K is “small”. And we obtain:
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2 2
W — Wi E CB

e [F(wie) - Flun)] < P02 0 B, O

This is valid for all variants of Artemis, with step-size in Table 2.3 and E in Theorem 2.1. Subse-

quently, the “optimal” step-size (at least the one minimizing the upper bound) is

—_— 2 2 . . . .
resulting in a convergence rate as 24/ 2Hw°N;’?H E 4 27‘“‘"}"(03 , if this step-size is allowed. If
2 2
\/% > Ymax <:> 27”]‘\7"E < o —w | ), then the bias term dominates and the upper bound

“Ymax K

. —_ 2 - 2 . .
ig glwo—w.l” | Zym‘}"(CB . Overall, the convergence rate is given by:

'YmaxK

2|jwo — wi|*E _lwo — wel*| | 29maCB?
NK " Ymax K K ’

E[F(Wk_1) — F(ws)] < 2max \/

B.4.4 Proof of Theorem 2.3 - convergence in distribution

In this Section, we give the proof of Theorem 2.3. The theorem is decomposed into two main points,
that are respectively derived from Propositions B.6 and B.7, given in Subsections B.4.4.2 and B.4.4.3.
Throughout this Section, we consider a linear compression operator C, for instance, sparsification
(Definition 1.1), then for any z, 2’ € R%, we have that C(z) — C(2') = C(z — 2’). We first introduce a
few notations in Subsection B.4.4.1.

B.4.4.1 Background on distributions and Markov chains

We consider Artemis iterates (wy_1, (h},_;)ic[1,N])keN € RA(1+N)

with the following update equation:
= w1 — Cawn (7 SN, Cup (95, — I i

Wk Wk—1 — Yldwn | 77 Zzzl up (gk k:—l) + gy (B.20)

Vi€ [L,N], hi =hj_;+ owCup (95 — hi_1)

We see the iterates, for a constant step-size v, as a homogeneous Markov chain, and denote R, ,
the Markov kernel, which is the equivalent for continuous spaces of the transition matriz in finite
state spaces. Let R,, be the Markov kernel on (R !*N) B(R¥M1+M)) associated with the SGD
iterates (wg—1,7(hj_1)icq1, N k>0 for a variant v of Artemis, as defined in Algorithm 2 and with 7 a
constant specified afterwards, where B(R¥1+N)) is the Borel o-field of R¥+N) Meyn and Tweedie
[2009] provide an introduction to Markov chain theory. For readability, we now denote (h%_,); for
(hi;_1)z‘e[[1,N]]-

Definition B.2. For any initial distribution vy on B(RYFTN)) and k € N*, wkRE , denotes the
distribution of (wg—1,7(hj_q)i) starting at (wo,7(hy)s) distributed according to vy.

We can make the following comments:

1. Initial distribution. We consider deterministic initial points, i.e., (wo, 7(h);) follows a Dirac
not.

at point (wg, 7(h);). We denote this Dirac d,, ® ®f\;15m6 = 0wy @01 ® -+ ® (5Th(1)\7.
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2. Notation in the main text: In the main text, for simplicity, we used ©p to denote the
distribution of wg_1 when launched from (wo, 7(hj); ) Thus Oy, corresponds to the distribution
of the projection on first d coordinates of ((Jy,, @ @ 1071 )R’;)

3. Case without memory: In the memory-less case, we have (h;gfl)keN = 0, and could restrict
ourselves to a Markov kernel on (R?, B(R?)).

For any variant v of Artemis, we prove that (wg_1, (h_;)i)k>0 admits a limit stationary distribution
H’y,v = Ty v,w X Ty, (h) (B21)

and quantify the convergence of ((dy, ® ®£\L157h6 )RE)i>0 to I, in terms of Wasserstein metric
Wo.

Definition B.3. For all probability measures v and A on B(R?), such that [ |wl|? dv(w) < +o0
and g |w]|* d\(w) < 400, define the squared Wasserstein distance of order 2 between X and v by

W2\, ::'f/ —y||?¢(dz, dy), B.22
du) = _int [ llo = ylPc(dn,dy (B.22)
where T'(\,v) is the set of probability measures ¢ on B(R? x RY) satisfying for all A € B(RY),
C(A x RY) = w(A), (R x A) = A(A).

B.4.4.2 Proof of the first point in Theorem 2.3

We prove the following proposition:

Proposition B.6. Under Assumptions 2.1 to 2.5, for any linear compression operator C, for any
variant v of the algorithm, there ewxists a limit distribution 11, ., which is stationary, such that for
any k in N, for any v satisfying conditions given in Theorems B.1 and B.2:

W22((5w0 & ®i]\;15frh6)R§a H%v) <

U [ 1007000 = ') |l 1)
//e

Point 1 in Theorem 2.3 is derived from the proposition above using 7, = 7w, With 7, , ,, as in
Equation (B.21), the limit distribution of the main iterates (wg_1)ren and the observation that:

W22(®k7 ’/T%v> < WQQ(((SUIO ® ®ij\;15'rhl )R H )

¥,0
<Gt [ o, 7(h§):) — ' 7 (Y| LT oo, (1))
( /h/)eRd(1+N)
= (1 —yu)*Cy.
The sketch of the proof is simple:

and v§RE . and

e We introduce a coupling of random wvariables following respectively I/(C)LR v

show that under the assumptions given in the proposition:

W2( R’]:/m R";,v) < (1 - ’YM)W%(V R’]; ’Ul7V R’];;l)

¥,

This proof follows the same line as the proof of Theorems B.1 and B.2.

e We deduce that ((6,, ® @ 1071 ))wa) is a Cauchy sequence in a Polish space, thus the

existence and stability of the limit, we show that this limit is independent from (dy,, ®®f\;157h6 )
and conclude.
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Proof We consider two initial distributions ¢ and v§ for (wq, 7(h{);) with finite second moment and
v > 0. Let (w§, ™ (ho );) and (wO,T(hO )i) be respectively distributed according to v$ and v§. Let
(we, 7(he™))rs0 and (wh, 7(hi");) k>0 the Artemis iterates, respectively starting from (wd,7(hs");)
and (w$, 7 (hZ %),), and sharing the same sequence of noises, i.e.,

e built with the same gradient oracles gz’a = gzb for all k € N,i € [1, N].

e the compression operator used for both recursions is almost surely the same, for any iteration
k, and both uplink and downlink compression. We denote these operators C,,  and C,  the
compression operators at iteration k for respectively the uplink compression and downlink
compression.

We thus have the following updates, for any u € {a, b}:

v o 1 N i phu iu
| u)zku = wf;l VCom (N‘ Zz:;ucumk (gk hk—l) + hk—l) (B.23)
vie[n] B = by + aupCo (g — 1" ) -
The proof is obtained by induction. For a k in N, let ((w,‘;,T(hZ’G) ), (wh, 7(h b )) be a coupling

of random variable in T'(v¢ R Rgv) — as in Definition B.3 —, that achieve the equality in the

700 Y1
definition, i.e.,

W3 (Vg RE 1

bt = ||t i) ~ (koo ] (B.21)
Existence of such a couple is given by [Villani, 2009, theorem 4.1|. Then ((wk, (hl i), (Wb, T (hz b, ))

obtained after one update from Equation (B.23) belongs to I'(v3R” Rﬁm),

0 and as a consequence:

WS AR ) < E [t i) - i)
=E wkH}jLTQZ “
e ot - 425 S|

za zb

]

i,a ib
hk - hk

it

with 72 = 272%, where C depends on the variant as in Theorem 2.1. We now follow the proof of

the previous theorems to control respectively E[||w{ — w?||%] and E[Hh;g’a — hi’b 2]. First, following
the proof of Equation (B.12), we get, using the fact that the compression operator is linear, thus

that C(z) — C(y) = C(x — y):

2 2
€ ot - b 1ecs | <t -t - 2v<VF<wz,1> ~VE(uf ). uf - uf)

N 2(2wyp + 1) wdwn +1 i D

. 2
(wi_1) gi(w,ﬁ_l)“ Hk—l]

hi,a hl,b 2 H
k-1 Mg—1 k—1

2wyp (Wdwn + 1)y2
+ e Z E ||
=1

7 @awn + DL(VF(wiy) = VE(w} ), wf — wf).
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This expression is nearly the same as in Equation (B.12), apart from the constant term depending
on o2 that disappears. Note that with a more general compression operator, for example for
quantization, it is not possible to derive such a result. Similarly, we control E[||hp" — hszIQ] using
the same line of proof as for Equation (B.13), resulting in:

N N
1 ai b2 1 ai b2
D E “ het — pl ’ Hk_l] < (1+p (202 w0p + 203, — 3aup)) 75 Z E “ [ ‘ Hk_l]
=0 )
1 & 2
+ 2208 wup + 207, — N—Z [Hgk wi ) — gh(wh_ 1)” ' ’Hkl] .
=0

Combining both equations, and using Assumptions 2.1 and 2.2 and Equation (B.24) we get, under
conditions on the learning rates o,y similar to the ones in Theorems B.1 and B.2, that

W3 (Ve RE

F o ORE ) < (L= yu)Ws (Wi RE L v RE .

Vv

And by induction:
WQ( R"i v bR'li,v) < (1 - VM)kWS(Vg7 V(l)))

From the contraction above, it is easy to derive the existence of a unique stationnary limit distribution:
we use Picard fixed point theorem, as in Dieuleveut et al. [2020]. This concludes the proof of
Proposition B.6.

B.4.4.3 Proof of the second point of Theorem 2.3

To prove the second point, we first detail the complementary assumptions mentioned in the text,
then show the convergence to the mean squared distance under the limit distribution, and finally
give a lower bound on this quantity.

Complementary assumptions.

To prove the lower bound given by the second point, we need to assume that the constants given in
the assumptions are tight, in other words, that corresponding lower bounds exist in Assumptions 2.3
to 2.5.

Assumption B.1 (Lower bound on noise over stochastic gradients computation). The noise over
stochastic gradients at optimal global point for a mini-batch of size b is lower bounded. In other
words, there exists a constant o, € R, such that for all k in N, for all i in [1, N], we have a.s:

o2
E [lgk,. — VE @I | Haa] > 7
Assumption B.2 (Lower bound on local gradient at w,). There ezists a constant B € R, s.t.:

N

1

S IVE )| = B
=1

Assumption B.3 (Lower bound on the compression operator’s variance). There ezists a constant
w € R* such that the compression operators C,, and C,,  wverify the following property:

VA € Rd ) E[chp/dwn(A) - AH2] = Wyp/dwn HA”Q
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This last assumption is valid for sparsification, sketching, rand-h, PP.

Moreover, we also assume some extra regularity on the function. This restricts the regularity of
the function beyond Assumption 2.2 and is a purely technical assumption in order to conduct the
detailed asymptotic analysis. It is valid in practice for least-squares or logistic regression.

Assumption B.4 (Regularity of the functions). The function F' is also times continuously differen-
tiable with second to fifth uniformly bounded derivatives: for all k € {2,...,5}, supyegrd |[F® (w)]| <
0.

Convergence of moments.
We first prove that E[|lwy_1 — w.]|?] converges to Eymr, ,[lw — w.||?] as k increases to co.

We have that the difference satisfies, for random variables wy_; and w following distributions dy,, Rﬁ’v
and 7., and coupled such that they achieve the equality in Equation (B.22):

Ag g1t = Efwp—1 — we?] = Euwmr,, [0 — wi]?]
= Euy_yunmy [[[0k-1 = wil]? = lw — w.|?]
= Eupy vy o [(lwp—1 — wil] = [Jw = wil ) (lwp—1 = wl| + lw — w.]])]
1/2
(Euns,wmmn o [(lwr—1 = will = w = we])?] Euy o [(lwp—1 — wil| + w — wi]))?])

1/2

= @]
TNSHVNS

(Buems ey, [0t = w])?] Euy qwmey o [(lwr—1 = wi] + [lw — wi)?])

(Ewk_l,www,u [(Hwkfl - wH)ﬂ 2L)
1/2

—-
=

1/2

IN

< (W (00, RE, ! my0)2L)
W o,

—
=

Where we have used Cauchy-Schwarz inequality at line C.S., triangular inequality at line T.I., the
fact that the moments are bounded by a constant L at line (i), the fact that the distributions are
coupled such that they achieve the equality in Equation (B.22) at line (ii), and finally Proposition B.6
for the conclusion at line (iii).

Overall, this shows that the mean squared distance (i.e., saturation level) converges to the mean
squared distance under the limit distribution.

Evaluation of Eyr  [[[w — w?].
In this section, we denote &(wg—_1, hg—1) the global noise, defined by

N
1 i i i
§(wg—1,hk—1) = VF(wg-1) — Cawn (N Zcup(gk(wkfl) —hj_1) + hk—l) ;

i=1
such that wy = wp_1 — YVF(wi_1) + v§(wg—1, hi—1). In fact, (§)ren« is a zero-centered random

field characterizing the stochastic oracle on VF(+), same notation is used in Chapter 4.

In the following, we denote a®? := aa” the second order moment of a. We define Tr the trace
operator and Cov the covariance operator such that Cov(§(w,h)) = E [(£(w, h))®?], where the
expectation is taken on the randomness of both compressions and the gradient oracle. We make a
final technical assumption on the regularity of the covariance matrix.

Assumption B.5. We assume that:

1. Cov(&(w, h)) is continuously differentiable, and there exists constants C and C' such that for
all w,h € RUHN) "max, 1 93 Covi® (w, h) < C 4 C'||(w, k) — (ws, ha)| 2.
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2. ({(ws, hy)) has finite order moments up to order 8.

Remark: with the linear operators, this assumption can directly be translated into an assumption
on the moments and regularity of gll'ﬁ, this is done in Assumptions 4.1 and 4.2 in the setting of LSR.
Note that Point 2 in Assumption B.5 is an extension of Assumption 2.3 to higher order moments,
but still at the optimal point. Under this assumption, we have the following lemma:

Lemma B.10. Under Assumptions 2.1 to B.5, we have that

Ex,o [l = wal’] = 7Tr (4 Cov(E(w., b)) + 0(?), (B.25)
with A = (F"(w,) @ I + T ® F"(w,))~ L.
The intuition of the proof is natural: using the stability of the limit distribution, we have that if we
start from the stationary distribution, i.e., (wo, ho) ~ IL, 4, then (w1, h1) ~ IL, .
We can thus write:

Er,., [(w—w)®?] =E (w1 —wy)®?]
= E [(wo — ws — YV F(wg) + v (wo, ho))®?] .

Then, expanding the right hand side and using the fact that E[£(wg, ho)|Ho] = 0, then the fact that
E [(w1 — w.)®?] = E [(wo — wy)®?], and expanding the derivative of F around w, (this is where we
require the regularity assumption Assumption B.4), we get that:

Y (F"(w) @ I +1® F'(w:) +00)) Er,, [(w—w)®] = 7" Eupyem,, [€(w, 7).
Thus:
Er,., [0 = w)®] = yAE@m~m,, [0, )] +O0().
= Er, [l = w)l?] = 7T (ABquen, . [6w.0)%)) +0().

Finally, we use that E(y, p)~11, , [Cov(§(w, h))] =, Cov(&(ws, hy)) + O(y) (which is derived from
: —

Assumption B.5) to get Lemma B.10. More formally, we can rely on Theorem 4 in Dieuleveut et al.
[2020]: under Assumptions 2.1 to 2.5 and Assumptions B.4 and B.5, all assumptions required for the
application of the theorem are verified and the result follows.

To conclude the proof, it only remains to control Cov(&(wy, hy)). We have the following Lemma:

Lemma B.11. Under Assumptions B.1 to B.3, we have that, for any variant v of the algorithm,
with the constant E given in Theorem 2.1 depending on the variant:

Tr (Cov(£(ws, b)) = O (Zﬁ) . (B.26)

Combining Lemmas B.10 and B.11 and using the observation that A is lower bounded by ﬁ
independently of v, N, 0., B, we have proved the following proposition:

Proposition B.7. Under Assumptions B.1 to B.5, we have that

vE
Elluncs = wnlP], > En [l -] = 2 (25) + 062 (B.27)

where the constant in the Q is independent of N, o.,~y, B (it depends only on the regularity of the
operator A).

Before giving the proof, we make a couple of observations:
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1. This shows that the upper bound on the limit mean squared error given in Theorem 2.1 is
tight with respect to N, oy, ~, B. This underlines that the conditions on the problem that we
have used are the correct ones to understand convergence.

2. The upper bound is possibly not tight with respect to u, as is clear from the proof: the tight
bound is actually Tr (ACov(&(ws, hy))). Getting a tight upper bound involving the eigenvalue
decomposition of A instead of only u is an open direction.

3. In the memory-less case, h = 0 and all the proof can be carried out analyzing only the
distribution of the iterates (wg_1); and not necessarily the couple (wy—1, (hL_1)i)k-

We now give the proof of Lemma B.11.
Proof With memory, we have the following:
o
Tr (Cov(€(w-, hv))) = E ‘

N
1 i i i
Ciwn (N Zcup(gl(w*) —hi)+ h*>
i=1

N
i 1 ' ' .
2 (14 wann)E |55 D Cunleh(w) = B) + 1
i=1
N
i) (14 wn i i
@ (Lt eton) §™ e [ (eh () )]
=1

N
iii) (1 + wawn ' ‘
@) (L Gtin) §71 1 ) [y ) — 1 ]
i=1
2
(1 +Wup)&

(i>v) (1 +wdwn) &

- N
At line (i) we use Assumption B.3 for the downlink compression operator with constant wgyn-

At line (ii) we use the fact that Z 1h’ VF(w,) = 0, the independence of the random vari-
ables Cup(gi (ws) — i), Cup(gl(ws) — BL) for i # j and the fact that they have 0 mean. We use
Assumption B.3 for the uplink compression operator with constant wy, in line (iii); and finally
Assumption B.1 at line (iv) to lower bound the variance of the gradients at the optimum. This proof
applies to both simple and double compression with wqwn = 0 or not.

Remark that for the variant 2 of Artemis, the constant E given in Theorem 2.1 has a factor
a2 C(w+1): combining with the value of C, this term is indeed of the order of (1 + wdwn)(1 + wyp)-

Without memory, we have the following computation:

2
Tr (Cov(&(wy,0))) =E

1 & A
Cone (N ;cup@a(w*)))

2

==

@ (1 +wdwn E

N
Z gl wy)) hi

(i) (1 + wawn)
e

WE

E |:HCUP 811 wy)) — hi‘ﬂ

&
Il
—

(E) (1 + wdwn)
= 7]\[2

M-

@
Il
—

E [[|Cup (& () = ()| + | w2) = B ]
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At line (i) we use Assumption B.3 for the downlink compression operator with constant wgywy, and
the fact that Zfil hi = VF(ws) = 0, then at line (ii) the independence of the random variables
Cup (g4 (wy)) — hi with mean 0, then a Bias Variance decomposition at line (iii).

(iv) (1 4+ wawn) = i 2 i g2
Tr (Cov(E(w,0))) & =50 S E g [[(gh (w )| + [ () = 2]
=1
N
0 Q) §™ g o, (|h () — [+ 15517) + [ ) — ]

=1
2

vi 1 wn *
(vi) H]L\L;d) ((wup 4 1)% +wusz> ‘

Next we use Assumption B.3 for the uplink compression operator with constant wy, at line (iv).
Line (v) is another Bias-Variance decomposition and we finally conclude by using Assumptions B.1
and B.2 at line (vi) and reorganizing terms.

We have showed the lower bound both with or without memory, which concludes the proof. |



Appendix to MCM

In this Chapter, we provide additional details about our work. First, in Section C.1, we enlarge
figures provided in Section 3.5 and complete them with a comparison between MCM and other
algorithms using non-degraded updates. The next sections are all devoted to theoretical results.
In Section C.2, we detail some technical results required to demonstrate Theorems 3.3 to 3.5, 3.7
and 3.8, in Section C.3, we highlight the key stages of the demonstration in the easier case of Ghost,
in Section C.4, we completely prove the given guarantees of convergence in three regimes: convex,
strongly-convex and non-convex. In Section C.5, we show the benefit of Rand-MCM compared to
MCM in the context of quadratic functions.
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C.1 Experiments

In this Section, we provide additional details about our experiments. We first give the settings of
our experiments in Tables C.1 and C.2. Next, we describe the numerical results obtained on our 9
datasets. Finally, we provide an estimation of the carbon footprint required by this Chapter.

We use the same operator of compression for uplink and downlink, thus we consider that wy, = Wawn-

In addition, we choose ayp = gwn =

1
2(1 + wup/dwn) .

Convex settings are given in Table C.1. We obtain non-i.i.d. data distributions by computing a
TSNE representation |[defined in Maaten and Hinton, 2008] followed by a clustering. Experiments
have been performed with 200 epochs, we use quantization [defined in Alistarh et al., 2017] with

s =20

Table C.1: Settings of experiment in the convex mode.

Settings a9a quantum phishing superconduct  w8a
references [CL11] [CTL04] |CL11| [Ham18| [CL11]
model LR LR LR LSR LR
dimension d 124 66 69 82 301
training dataset size 32,561 50,000 11,055 21,200 49,749
batch size b 218 256 64 64 12
compression rate s 20 (i.e. two levels)

norm quantization |- [

momentum m no momentum

step-size y 1/L
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Figure C.1: Least-squares regression, toy dataset: v = (L\/E)_l, o # 0.

Deep-learning settings are provided in Table C.2. All experiments have been performed with 300
epochs

Table C.2: Settings of experiments in the non-convex mode.

Settings MNIST  Fashion-MNIST FE-MNIST CIFARI10
references [LBBH9S| [XRV17] [CIB+19] [Kri09|
model CNN Fashion CNN CNN LeNet
trainable parameters d 20 x 103 400 x 10? 20 x 103 62 x 103
training dataset size 60,000 60,000 805,263 60,000
compression rate s 22 22 22 24
momentum m 0 0 0 0.9
norm quantization Il 2

batch size b 128

step-size y 0.1

loss Cross Entropy

C.1.1 Convex settings

In this section, we provide the plot of excess loss for the toy dataset, for quantum and for a9a
datasets. For results on superconduct, phishing and w8a, see our github repository. For these last
three datasets, we give only the excess loss w.r.t. number of iteration in the basic settings of full
participation on Figure C.5. At the left side (resp. right side) we display the result w.r.t. the number
of iterations (resp. number of communicated bits).

We provide results on the log of the excess loss F(wy) — F, with error bars displayed on each figure,
corresponding to the standard deviation of logq(F(wy) — Fy). Figures C.1b, C.2b, C.3 and C.4
correspond to Figures 3.2a, 3.2b and 3.3 given in Section 3.5. Additionally, we provide results for the
synthetic dataset (Figures 3.2a and 3.2b) w.r.t to the number of iterations in Figure C.1 (stochastic
gradient) and Figure C.2 (full batch gradient). As predicted by Theorem 3.4, when o = 0, we observe
a linear convergence.

On Figure C.6, we present a9a, quantum and phishing with a different operator of compression
than in all other experiments. We use sparsification: each coordinate has a likelihood p = 0.1 to be
selected. Unlike experiences with quantization for which w = v/d, hence depending on the datasets’
dimensionality, we have w = (1 — p)/p = 9 for all datasets. A deeper analysis of the impact of each
compressor is given in Chapter 4.


https://github.com/philipco/mcm-bidirectional-compression
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Figure C.5: X axis in # iterations.
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Figure C.6: X axis in # iterations using random sparsification with p = 0.1.
C.1.1.1 Comparing MCM with other algorithm using non-degraded update

The aim of this section is to show the importance to set o < 1, for this purpose we compare MCM with
three other algorithms:

1. Artemis with a non-degraded update i.e. unlike the version proposed in Chapter 2, we do
not update the global model with the compression sent to all remote nodes. It means that we
compress only the update that has already been performed on the global server. It corresponds
to:

Vi € [1,N], A} = g1 (W) — b,

w1 = wg — 7 sy Cup(A}) + b,

Wht1 = Wi — YCawn (% it Cup(A}) + hi)
h;ﬂ»l = hi + aupCup(AL).

2. MCM with a = 0, thus without memory.

3. MCM with o = 1, in other words, for k in N* it corresponds to the case Hy 11 = Wiy1. Indeed
by definition we have Hy11 = Hy + aﬁkH, and furthermore, when we rebuild the compressed
model on remote device, we have: Wi11 = Qi1 + Hy. In this case, we use the compressed
model as memory.

Figures C.7a and C.7b clearly show the superiority of MCM over the three other variants. Some
conclusions can be drawn from the observation of these figures.

e MCM without downlink memory (orange curve, & = 0) does not converge. As stressed in
Subsection 3.2.1, this mechanism is crucial to control the variance of the local model wy41, for
k in N.

e Intuitively, while it appears reasonable to consider as memory the model that has been
compressed at the previous step, experiments (green curves) show that this is not the case in
practice and that o must be small enough to ensure convergence.

e Compressing only the update (blue curve) gives results similar to MCM with o = 1. It means
that combining model preservation and Artemis-like algorithms is not enough to guarantee
convergence.
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Figure C.7: Comparing MCM with three other algorithms using a non-degraded update, v = 1/L.
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1

loss after 250 epochs. In all other experiments, we choose aqyn = m(: Quyp)-

C.1.1.2 Impact of the learning rate «
On Figure C.8, we plot the value of the excess loss obtained after 250 epochs w.r.t. to the value of

W/d). We observe that if « is too big, MCM converges slowly; but after reaching a threshold,
up/dwn

the value of a does not impact anymore the rate of convergence. This confirms theory that suggests
to use the largest possible o, but smaller than a given value. The condition agywy < m
results from the proofs of Theorem C.3. But because the constant 4 is partially an artifact of the
proof, in experiments we used Qgwn, = L as in Chapter 2 (Theorem B.2), and this choice is

2(den‘f'l)
confirmed by Figure C.8.

C.1.2 Experiments in deep learning

In this section, we show the robustness of MCM in high dimension using more complex data and
applying the algorithm to non-convex problems (see Theorem C.6 for a guarantee of convergence in
this scenario). We carried out experiments on MNIST /FE-MNIST /Fashion-MNIST using a CNN
(Figures C.9 to C.11), and on CIFAR using the LeNet model (Figure C.12). We plot the logarithm
of the train loss w.r.t the number of iterations and the number of communicated bits. The accuracy
has been given in Section 3.5, see Table 3.4. Settings of the experiments can be found in Table C.2,
all experiments are averaged over 2 runs.

As for experiments in convex case, MCM presents identical rates of convergence than Diana but with
a small shift that makes Artemis better during the first iterations.
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Appendix C. Appendix to MCM 132

C.1.3 Hardware and Carbon footprint

As part as a community effort to report the carbon footprint of experiments, we describe in this
subsection the hardware used and the total computation time.

We have two kind of experiments : for deep learning models we ran experiments on a GPU, and for
linear/logistic regression on a CPU. We used an Intel(R) Xeon(R) CPU E5-2667 processor with 16
cores; and we used an Nvidia Tesla V100 GPU with 4 nodes.

To generate all figures in this chapter and in Chapter 3, our code ran (if run in a sequential mode)
for 150 hours on a CPU. In overall, we consider that the whole chapter writing process required
(code development, debugging, exploring settings ...) at least 600 hours end to end on the CPU.
The carbon emissions caused by this work were subsequently evaluated with the Green Algorithm,
built by Lannelongue et al. [2021]. It estimates our computations to generate around 100kg of CO2,
requiring 2.5MWh. To compare, this corresponds to about 570km by car.

Overall, we consider that the full chapter writing process required at least 280 hours end to end on
the GPU. The Green Algorithm estimates our computations to generate 220kg of CO2, requiring
5.7TMWh. To compare, this corresponds to about 1,270km by car.

C.2 Two lemmas

In this subsection, we give two lemmas required to prove the convergences of Ghost!, MCM and
Rand-MCM.

In Sections C.3 and C.4, for ease of notation we denote, for k in N*, g, = %Zf\il 8 (Wp—1).
Furthermore we use the convention VF(w_1) = 0.

The first lemma will be used to show that MCM indeed satisfies Theorem 3.5. The proof is straightfor-
ward from the definition of wy and Hj_1.

Lemma C.1 (Expectation of wy — Hg_1). For any k in N*, the expectation of (wy — Hy_1)
conditionally to wi_1 can be decomposed as follows:

Elwy — Hy—1 | wi—1] = (1 = aqun) (Wk—1 — Hy—2) = VE[VF(Wp—1) | wp—1] -

Proof Let k in N*, by definition and with Assumption 3.1:

Elwp — Hi—1 | wi—1] = E|wg—1 — 78 (Wk—1) — (Hp—2 + aawnC(wi—1 — Hy—2)) | wi—1]
= (wp—1 — Hy—2) — aqwnE [C (wp—1 — Hi—2) | wp—1] —YE [ | wi—1] ,

from which the result follows.

The following lemma provides a control of the impact of the uplink compression. It decomposes
the squared-norm of stochastic gradients into two terms: 1) the true gradient 2) the variance of the
stochastic gradient o2.

Lemma C.2 (Squared-norm of stochastic gradients). For any k in N*, the second moment and

1Ghost is defined in Subsection 3.2.3.
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variance of the compressed gradients can be bounded a.s.:

2
~ 2 | = Wup (14 wup)
E (I3l | @1] < (14 52) IVF(@-0)|” + =
- N 21 + wy
E [Hgk — VF(wk 1 ‘ Wi— 1} < — ||VF(wk 1)” + 7( Nb p) .

Interpretation:
o [fwyp =0 (i.e. no up compression), the variance corresponds to a mini-batch.
o [fo=0and N =1 (i.e. full batch descent with a single device), it becomes:
E [IC(VF(wy1)) = VE(wi1)?] < wop [VF(wy 1)),
which is consistent with Assumption 3.1.
Proof Let k in N*, then E [|/g? ] 1| = IVF(@r1) > +E [I8, — VF (@) ] .
Secondly:

E (I, ~ VF@r-)I” | @]

N 2
1 YN R o R R
=€ || 3 @ @) — @) + (@) — VE@rr)|| | @
i=1
- , N 9
=E ~ z; (8}, (W—1) — g (Wg—1)) Wh—1
1=

2

Wg—-1| »

N

1 P

NZ G (Wp—1) — VF (1))
—1

the inner product being null.

Next expanding the squared norm again, and because the two sums of inner products are null as the
stochastic oracle and uplink compressions are independent:

E [HE% — VF(@—1)|? ‘ 1%—1} =Nz ZE [Hgk (Wg—1) gi;(ﬁ}k—l)‘f ‘ {U\k—l]

N2 Z [Hg}c — VF (k1) 2 ’ @k,l] .
Then using Assumption 3.1 we have:
N
E (18 ~ VF@e)|? | @] = 52 S E b (@) | @]
= 2
Z [l (@e-1) — VF@ )| | @]

Furthermore E [Hgﬁg(@k,l)HQ ’ @k,l} =E [“%(@k,l) — VF(ﬁFk,l)H2 ’ @kfl] + HVF(@k,l)HQ, and
using Assumption 3.4:

02(1 + wup)

= _vre 12 | @] = YR g r@. 1
E (I8 — VE(@-0)|” | @t | = SB[ VF (@) P + =20
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from which we derive the two inequalities of the lemma.

C.3 Proof for Ghost

C.3.1 Control of the Variance of the local model for Ghost (Proposition 3.1)

The proof of Proposition 3.1 is straightforward using Definition 3.1 that defines the Ghost algorithm.

Proposition C.1. Consider the Ghost update in Equation (3.4), under Assumptions 3.1, 3.2 and 3.4,

for all k in N with the convention VF(w_1) = 0:

’72wdwn(1 + Wup)c’-2
Nb ’

[Hwk — W ||? ‘ W— 1} < Y Wdwn (1 + ) IV F(@_1)||* +

Proof The proof of Proposition C.1 is straightforward using Definition 3.1. Let k& in N, by
Definition 3.1 we have:

Taking expectation w.r.t. down compression, as 3 Zz 1 8 (Wp—1) is wy-measurable:

2

N
_ 1 i~ ~
E [k — @4l | wi] = ok ||| DB @) | wn] = 1w IEl?
i=1
and Lemma C.2 gives the upper bound E[||Z;||* | @x_1]- [ ]

Theorem C.1 (Contraction for Ghost, convex case). Under Assumptions 3.1 to 3.4, with p =0, if
YL(1 + wyp/N) < 3.

Ellfwn = w. ] < Elwe-s = w.|?) = YE[(F (we) = F)] = 5-E [V (@-1)?]
2yl (14 2 B[V F (o) ] + v(“j;b) (14 2 Lisgun)

We can make the following observations:

1. At step k, the residual can be upper bounded by a constant times squared norm of the gradient
at point wg_o. When using recursively this upper bound, if 27y3wawnL(1 + wup/N) < v/(2L),
then these terms cancel out. This is equivalent to 2yLy/wWawn (1 + wup/N) < 1. It is natural to
chose v < 1/(2Lmax(1 + wyup/N, 1 4+ Wawn))-

2. The bound is in fact proved conditionally to wy_1, recursive conditioning is required to propagate
the inequality. We carefully handle conditioning in the proofs.
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C.3.2 Convergence of Ghost, complete proof (Theorem 3.2)

In this Subsection, we provide the complete proof of convergence for Ghost. Thus, in the following
demonstration, we give the key concepts required to later prove the convergence of MCM.

Theorem C.2 (Convergence of Ghost, convex case). Under Assumptions 3.1 to 3.4 with =0
(convex case), for all k in N, defining Vi, := E[wy, — w,] —I—%E[HVF(@k,l)HQ] + 2y LE|[|| @y, — w ],
we have:

25209 ()

< — — F(w, :
Vi <Vp_1—1E [F(wkfl) F(w )] + N

with ®9(7) := (1 + wup) (1 + 27 Lwgyn)-

Remark C.1. This result is similar to Equation (3.8) but with a different function ®9 that has a
weaker dependency on Wawn -

Proof Let k in N*, by definition |jwy — w,]|* < ||wp—1 — w || =27 (Zp, wp—1 — ws) +72 ||8x|*. Next,
we expend the inner product as following:

lwy, = well* < [wy—1 = wa|* = 27 (G, Br—1 — w) = 2 (G, w1 — Dp—1) +7° 8]l -

Taking expectation conditionally to wy_1, and using E[g, | wp—1] = E[E[g, | Wk—1] | wr—1] =
E[VF(Wg_1) | wg—1], we obtain:

E |[|wy, — w.l® } wk,l} < wp—1 — wel? = B2y (VE(@p—1), D1 — W) | wy—1]
— 29E[(VF(Wk—1), wg—1 — Wg—1) | wg—1]

+E (|8l | wes ]

Then, invoking Lemma C.2 to upper bound the squared norm of the stochastic gradients, and
noticing that E [(VF(wk_1), Wg—1 — wg—1) | wi—1] = 0 leads to:

E [l = wol* | wpr| < wny = wal? = 29E (T (@h1), D1 = w2) | 1]

CME[(VF(@ 1) — VF(wp 1), wp 1 — @) | we]  (C.1)
++° <<1 - CL%Z)E [||VF(@k—1)||2 ‘ wk_1} + 702 (1]\;)qu)> .

In the upper inequality:

1. the term E [(VF (Wg—1), Wr—1 — w«) | wg—1] allows the “strong contraction”

2. the terms E [(VF(@—1) — VF(wp_1), Wy—1 — Wp—1) | wp_1] and E[|VF(@p_1)||* | wp_1] are two
positives terms that we treat as residuals.

3. the last term o2 (1 + wyp) /(IND) is due to the stochastic noise.
Now using Cauchy-Schwarz’s inequality (Equation (A.4)) and smoothness:
— B2y (VF(Wg-1) = VF(wi—1), Wp—1 — We—1) | w—1]
= 2E[(VF(Wg—1) — VF(wg—1), Wg—1 — wg—1) | wp—1]

< 29LE ||| @Wk—1 — wy_1]? ‘ wk—l} ,
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and thus:

E [l — wall® | whoa] <l = w? = 29E (TF (@), Bt — ) | wy1]

+2vLE [Hﬁ}kfl - wkleZ ’ wkfl] (C.2)

7202(1 + wyp)

N 72(1 i %)E [HVF(@k;—I)HZ ‘ wk—l} + Nb

Now, using convexity with Proposition A.2:

E [l = wl? | wea] < -y = w.?
- 1 -
E [(me - F(w) + \VF(w“)u?) 1 wm]

4 oyLE [H@H — w2 ‘ w,H}

’y202(1 + wyp)

n 72(1 I %)E [|yv1?(@k_1)ll2 ) wk—l} + Nb

Taking the full expectation (without conditioning over any random vectors), and because invoking
Jensen’s inequality (A.7) leads to E[F(wg—1)] > E[F(wg—1)], we finally obtain this intermediate
result:

E | llwk = wil?] < E [Jlwi-s = wilP] =7 € [F(wp-1)] - F(w.))

— B [IVF(@-)|?] (C.3)

2 2
~ o“(1+w
+2LE [Hw,H _ wk,1||2] p 17T Pup) (Nb wp)

where we considered that yL(1 4+ wyp/N) < 1/2, which implies that (1 —~L (1 + %)) > %

Remark that Equation (C.3) is valid for both Ghost and MCM, and that the proof of MCM will follow
C . . —~ 2 ~ 2 | ~
the same initial line. Now, because E “]wk_l — Wg—1]] ] =E [E [Hwk_l — Wg—1]| ‘ Wk_2:|:|, we can

use Proposition 3.1 which is specific to Ghost and we recover Theorem 3.1:
Ellw, — w.l|” < E w1y —wi|* = 1E(F(wg—1) = F) = 5-E [ VF (@-1)IP

(1+ wup)02

w N
+ 2y L (14 52 IV (o) [|* + 72—

(1 + 2’}/L"‘den) :
As a reminder, Proposition 3.1 gives the following contraction; we use it now to define a Lyapunov
function:

’Ydewn(l + wup)o'2

Nb

~ ~ w ~
E [l = @l | @] < v%aen (14 52) IVF@1))? + (C.4)

Defining Vj := E [wy, — w.] + 5 E [va(mk_l)nﬂ + CE[||@y — w||*] with C' = 2yL, and combining
this two equations as following (C.3) + C(C.4) leads to:
E [l —ws]?] + CE |1 — wia ] + 57E [IVF(@-1)]

< E [wn-s —wl] =7 (B [Flwr)] = Fw.))

7202(1 + wup)

+ 2y LE [y — wi|?] +

I x 72wdwn(1 + wup)02 '

w
VL x ~2 n(1 ﬁ) F(@_1)| + 2
+29L X 7 wawn (14 = |VF(wr—1)]|" + 2v Nb



Appendix C. Appendix to MCM 137

To ensure a contraction of the Lyapunov function we require:

1
72wdwn (1 + @) < e <— ~vL <
N 2L ) L Wup
“dwn( + W)

Under this condition, we obtain Vi, < Vi1 — vE [F(wg—1) — F(ws)] + %{’5(7) with ®9(y) :=
(1 + wyp) (1 + 2yLwdwn). By recurrence and for k = K:

K K

Vie < Vo= Y AE[F(wp1) = Flw,)] + )
k=1 k=1

V2o?®9(7)
Nb

which leads to: - S E[F(wp_1) — F(w.)] < V%}{Vk +27°270)  Finally, for any K in N¥,

with vL < min { 1 Tap Y 1 } we have:
*up w
2 (1+ N ) 2\/den (1+ %)

wo — wy|? 5230
;E[F(wt)—F(w*)]S” ' (! ]<1V>b<v)_

==

Note that the bound of vL encompasses the case wqwn = 0 (i.e. no downlink compression), but in the
general case of bidirectional compression, we nearly always have wqwy > 1, and thus the dominant
term is, in fact, . And by Jensen, it implies that:
w
2\/wdm (1+ )

—w,|? o2
E[F(wx) — F(w.)] < ”“’071{ | 2ot

with ®9(7) := (1 4+ wyp) (1 + 2wawnYL) -

C.4 Proofs for MCM (and Rand-MCM)

In this Section, we provide the proofs for MCM in the convex, strongly-convex, and non-convex cases
in respectively Theorems C.4 to C.6. The proofs for Rand-MCM (see Theorem 3.7) are identical and
only require to adapt notations as explained in Subsection C.4.5.

We denote for v in R, ®(y) = (14 wyp) (1 + %» for kin N, Ty = ||wy — Hy_1]|*> and we
define ymax such that:

1 1 1
YmaxL < min{ } .

8 w ) w )
v 2(1+%) 4\/“"“’n (1 +°"up>

Odwn \ ¥dwn N

Note that this is equivalent to notations given in Section 3.3 if we take aqyn = 1/8wdwn-
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C.4.1 Control of the Variance of the local model for MCM (Theorem 3.5)

In this Subsection, we provide a control of the variance of the local model for MCM, as done previously
in Proposition C.1 for Ghost: this corresponds to Theorem 3.5. The demonstration is more complex
than for Ghost and it highlights the trade-offs for the learning rate agwn. The demonstration builds
a bias-variance decomposition of ||Q|? = |jw — Hg||*. The variance is then decomposed in three
terms, as a result we will need to compute four terms:

|wy — Hy_1||* = Bias? 4 2¢%(Vary; 4 Varia) + 203, Vars . (C.5)

Theorem C.3. Consider the MCM update as in Equation (3.2). Under Assumptions 3.1, 3.2
and 8.4 with =0, if ¥ < (Swawnl) ™' and agwn < (Swawn) !, then for all k in N:

2 2
Odwn 9 1 Wup R 9 29707 (1 4+ wyp)
< _ ]
E [Tk] < (1 9 ) E [ | k:fl] + 2’)/ <adwn + —N ) E {” V F (wk,l)H + ND

Proof Let k in N, we recall that by definition:

Q= wi — Hp
Q= Cawn ()
Wi = Qp + Hi_q .

~ 2
We start the proof by introducing || ||*: E[|jwi — @] | wi] = E[HQk — QkH | wi] < Wy || %)
Next, we perform a bias-variance decomposition:
1% )1* = lwk — He—1||* = [lwg — He—y — E[wg — Hey | wy ]2
+ [|E [wr — Hy—1 | wi ]|
+ 2wy — Hp—1 — Efwy, — Hy—1 | wp—1] ,E[wg — Hp—1 | wi—1]) ,

taking expectation w.r.t. wg_1:

E [Ty | wp1] = E g — Hy1 = Efwn — Hyoy | gl | e ] + |E Ty = Hyoy | g

\7;" Bias?
The first term is the variance Var, and the second term corresponds to the squared bias Bias?.
Let’s handle first the variance, by definition:
Var = E [Hwk — Hy_1 — E[wy, — Hy_y | wpi]||? ) wk_l}
= E[||lwk—1 — 78, — Hr—2 — aqwnC(wr—1 — Hp—2)
—wy—1 — VE [8; | wi—1] — He—2 — aaqwnE [C(wi—1 — Hy—2 | wp_1])|1*|wr—1] -
After simplification and using Equation (A.3):
Var = E[|| = v (g + E[VF(Wk-1) | wr-1]) + cawn (C(wk—1 — Hy—2))
—(wy—1 — Hy—2)||*|wy—1]
< 2% |8 — EIVF (k1) | wna)ll” | weea]
+203,,E [C(wp1 = Hy2) = (wir = Hio)|* | wic
< 29%E (|8 — E[VF(@5-1) | wn )l | wn-1] +203 0 wawn lwg-1 = Hyal?

Varsg

Varl
< 29*Var; + 203, Vary .
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An interpretation of the above decomposition is that:

e Var; is the part of the downlink compression caused by the increment gy, it is similar to Ghost.
e Vars is the impact of the propagation of the previous noise.

We compute the first term by introducing VF (wk_1), the second being kept as it is:
Var; = E [Hgk — E[VF (k1) | wp—]|? ) wk—l}
—E [I[g — VF(@-1) + VF(@1) ~ EIVF(@-1) | wp-a]l” | wes]

= E |8~ VF(@r-1)* | wims] +E [IVF(@1) = E[VE@11) | wind]l® | wees]

Varii Vario

= Vary; + Varys,

the inner product is null given that E [VF(w;_1) — E[VF(Wg_1) | wg—1] | wk—1] = 0. Moreover:
Variy = E [ = VF(@x-0)|” | wer| = E [E [ = VF@k-0)|” | @] | wea]

2
so, we can use Lemma C.2: Var;; = E {Krb(l + wyp) + % |V E(@D—1)]? ’ wk_l] . And now we

use smoothness for the second term:
Varz =E [HVF(@’C—l) —E[VF(@-1) | wp]l? ‘ wk—l]
<E [HVF(@k—l) - VF(wkfl)Hz ’ wk,l} by Lemma A.3,

< I2E [ g1 — wp |

wk_l} using smoothness,

< L*wgwnYr—1 with Assumption 3.1.

At the end:

02(1 + wyp)
Nb

2
+ 20[dvvn(")dwn’rk—l .

Var < 242 ( + %E [||VF(@k_1)\|2 ( wk_l} + L2wdwnTk_1)

(C.6)

Now we focus on the squared bias Bias?, with Lemma C.1:
Bias® = ||E [wgy — Hg—1 | wi—1]|)?

= [|(1 — ctawn)(wp—1 — Hi—2) — ¥E[VF (k1) | wp—1]||>, and with Equation (A.2),

< (1 — agwn)? (1 + adwn) Tho1 +7%(1+ )[E[VE(@g—1) | we—1]|?

Adwn

And because (1 — agwn)(1 + aqwn) < 1, we finally get that:

Bias® < (1 — agwn)Yr—1 + 72 <1 + ) IE[VE(@D—_1) | we_1]]? - (C.7)

Odwn

Combining all Equations (C.6) and (C.7) into Equation (C.5):
1

dwn

2
o (1 + wy w ~
+ 292 (<p) + g {HVF(wk,l)H? ’ wle

E[Ts | wh1] < (1 agwn) Th_1 + 72 (1 N ) IE[VE (@5 1) | wei]|?

Nb
+ 272 (L2wdwn’rk71) + 20&gwnwdwn’rk,1 ,
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that is:
E [Tk | wi1] < (1 — Qdwn + 272 L2Wawn + 203 nwawn) lwi—1 — Hi—a|?

+ 42 (1 + ) |E[VF(@k-1) | wp—1]?

dwn
272 wup ~ 2 29%0% (1 4 wup)
R ||V F (@ ‘ - p)
+— IVF(we—1)|" | we—1| + ND
Next, we require:
2aglwnwdwn < iadwn < Qgdwn < m
272 1 _ 1 . _ 1 1
2v°L wdwn < 1®dwn = 32Wawn ' by taking aqwn = 8Wdwn 7 < Swawnl ’
1+ ad < ozd2 which is not restrictive if wqgn > 1.

Thus, it leads to:

*dwn 272 ~ 2
£ | wia] < (1= 55%) Yioa 4 1 [E[VE (@) | we]]

wn

272 wup 29202 (1 + wup)
N .

V(@) | wpa] +

_l’_

Next, we bound ||E [VF(@_1) | wp_1]||* with E[||VE(@Dp—_1)||* | wr_1], and we obtain:

Qdwn
E[Yr | wp—1] < (1— d2 >Tk1+272<

n 27202(1 + Wup)
Nb '

Wy o~
o S0 ) E[V (@) P | ]

Taking the unconditional expectation gives the result.

C.4.2 Convex case (Theorem 3.4)

In this section, we give the demonstration of MCM in the convex case (Theorem 3.4).

Theorem C.4 (Convergence of MCM in the convex case). Under Assumptions 3.1 to 3.4 with
uw =0, for a learning rate agyn < 2% for all k > 0, for any v < Ymax, defining Vi =
wdwn

Elllwr — w|?] + 32yLw} E[Yy], for wy = & Z 0 w;, we have:

0% |4 K
W:EW“’“‘F*] Y yote0)

E|F )= Flw)] < Vi1 —
YE [Fw—1) — F(wy)] < Vieey — Vi + < 0

lwo—w«||2Nb

(Ttwug)o?R and a learning

Consequently, for K in N large enough, a step-size v =

rate Ogyn = , we have:

8den

|lwo — w*|| (1 + wyp)o? 1
< .
E[F (wg 2\/ N +O(K™)

Moreover if 0? = 0 (noiseless case), we recover a faster convergence: E[F(wg) — F.] = O(K™1).
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Proof Let k in N*, the proof follows the one for Ghost, and we start from Equation (C.3):
i ~
E [l —w.l?] < E[llwps = wel| =5 (E[F(we-1)] = F(w.)) = J-E [IVF (@)

] N 7202(1 + Wup)

+2yLE [H@H —wpi|)? v :

with Assumption 3.1, it easily becomes:

E [l —wl?] < E[llwnor = wnl| =5 (E[F(we-)] = F(w.)) = J-E [IVF (@)

2 2
L+ w
2y L [0 ] 4 L)

Theorem 3.5 which is specific to MCM gives:

Odwn 9 1 Wup R 9 27202 (1 + Wap)
<(1- - 4w R S e A
E [Tk] < (1 > ) E [Tk—l] + 27 <adwn + N ) E [HVF(wk—l)H ] + Nb

Defining: Vj, :=E [Hwk = fw*||2} +vLCE [Y] with C' = 45;%, and, combining the two last equations:
E [y — wal?| +7LCE 4] <E [Jlug1 = w.|*] = 1E [F(wy 1) — F(w.)]
+ 2y LwgwnE [Yk—1]

2 2
i ~ 2 v o (1
- 57E [HVF(wk_l)n } + 17w

and reordering the terms gives:

« wn
Vie < E [llwn1 — wnlP] + (29w + (1= 222 ) yLO ) E g1 — Hea]?]

+ <273LC (adlwn + “};") - 27L> E [HVF(@kflwﬂ
— VB [F(wp—1) — F(w.)]

7202(1 + Wup)
Nb

+ (29LC +1)

We observe that:

vLC < ~LC <= C > ——— which is true by definition of C.

Adwn ) 4wawn
Qdwn

2y Lwdwn + (1 —
Secondly, to get the contraction requires

1

1 Wu
ALC | —— + p)
<adwn N

1

- Wdwn 1 Wup
4 -, Fwp
\/adwn <adwn + N >

1
273LC’< +°J‘“’>—7<0<:>72L§
Adwn N
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because C' = 4wgyn/. Thus, we have that Vi < Vi1 — yE[F(wg_1) — F(w)] + %, de-
noting ®(vy) = (1 + wyp) (1—1—%), and then for ¥ = K € N*, by recurrence: Vi <

2 3
Vo— 7K E[F(wp_1) — F(w.)] + %(I;(V), which implies:

Vo—Vic . Vo2 ® ()

| X
K Z E[F(wp—1) — F(ws)] <
k=1

vK Nb
. N . 1 1 1
Finally, by Jensen, for any K in N* such that vL < min { Seoawm 2(14 2 4\/den ( - +wup> }, we
Adwn \ *dwn N

2
have E [F(wg) — F(wy)] < ’YLIO{ + %{W’ which concludes the proof.

C.4.3 Strongly-convex case (Theorem 3.3)

In this section, we give the demonstration for MCM in the strongly-convex case (Theorem 3.3).

Theorem C.5 (Convergence of MCM in the strongly-convex case). Under Assumptions 3.1 to 3.}
with u > 0, for k in N, for a learning rate agyn < - for any sequence (Vi)k>0 < Ymax;
wn -

defining Vi, := E[||lwy, — w.||*] + 32yLw3, E[Tk], we have:

~ 2529
Vie < (1= vep/2) Vi1 — wE [F(Wg—1) — F(w)] + W :

Consequently,

1.if 62 = 0 (noiseless case), for yx = ~Ymax we Tecover a linear convergence rate:
Efllwi) — wel*] < (1 = Ymaxs) Vo,

2. if 02 > 0, defining L such that Ymax = (25)_1, taking for all k in N, v = 4/(u(k +1) + Z}),
for the weighted Polyak-Ruppert average Wy = Zle AWg—1/ Zle Ak, with A\ := ’y,;ll,
we have:

(1 + E)E

E[F(wx) — F(w.)] < 16,01

l[wo — w2 +

802(1 4 wup) ( - 256 L3 n

KNG e (u(K +1) + E)) .

Proof Let k in N*, the proof starts like the one for Ghost, and we start from Equation (C.2) but
we consider a variable step-size v, = 2/(u(k + 1) 4+ L) that depends of the iteration k£ in N.

E |l —wl?] < E|lwpmt = wnl| = 2B (VE (@), Bt — )

7,%02(1 + wWup)

o w ~
+ 29 LE [[[ @1 — wia|] + 97 (1+ 52 E [IVF (@) + =5

N

Now we apply strong-convexity (Equation (A.11) of Proposition A.2):

E [llwr — w.?] < E [y — w.l?] + 2 LE [| @1 — w1 )]

. . 1 .
~ WEF(@cr) = Fw)] = (101 = walP + L IVF(@)?)

2 9
2 wur)) [ ~ 2} Y50 (1 + wyp)
+ 7z (1 + N E||VF(wr_1)||"]| + Ny
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As vy, < 2 < %, and thus (1 — YL (1 + %)) > 1/2; this allows to simplify the
L~ ar(1+52)

coefficient of E[||VF(@y_1)|°]:
E [llwr = wil| < (1= 225 oy = wnl = E [F (@) = F(w,)
2 2
—~ - (1 + wy
LB IV F(@-1)IP] + 29 LE |[ @1 — wia|?] + ’Yk<Nbp)

2L

equivalent to:

E |l —we?] < (0= 25wy = wn | = E [F (@) = Fws)]

— 2 [IVF (@) 1] + 290 LvawnE [[loes — Hioa ]

L et (+ wup)
Nb

(C.8)

Theorem 3.5 adapted to the case of decaying steps gives:

Wup ~ 2 271302(1 + Wup)
+]V>EHVFWWMH]+ Lrew) (o)

*dwn 2 1
< _
BT < (1- 252 ) E[Tpo1] + 297 <a

dwn

Defining Vj, := E | ||wy — w*\ﬂ + v, LCE [T}] with C' = 4wqyn /e, combining the two later equations

(A.11) + 4, LC (C.9):
E ook = wal*| 43 LOE T4 < (1= T25) ooy = wil|® = E [F (@) = F(ws)]
o 202 (1 + wy
U [ F(@31) ] + 290 e [ s — Hyr 2] + KT o)

2L
. Adwn 3 1 @ ~ 2
+ (1 23) 9 LCE [Tha] + 297 LC <adwn + ) E[IVF (@)

N 292 Lo (1 + wyp)C
Nb

)

and reordering the terms gives:

Vi < (1= 225 gt = wa|* = E [F(@11) = Flw.)]
Odwn 2den 2
+ <1 5 T @ >’YkLCE [Hwk—l Hy || ]
1 Wy Yk ~
3 p\_ Tk 2
+ <27kLC <adwn + = > 2L) E [HVF(wk_l)H ]

2 2
1
(29 LC + 1) KT T W) (Nz Wup) ,

To reach a (1 — & )-convergence we first need (1 - % + QWCd’wn) WLC < (1 — %)y LC ie

_ Odwn 2Wdwn (]- - ’Yk/‘L/Q)/Yk:—l
1 — ypep/2 1 W« Ve :
We need that for all £ € N, Ve < VioT e - =< T but:
k—p+L
RLY L et s s Y Y e U
2 uk+ L
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and so, the inequality is always true. Thus we must have 2wgwn/C < @gwn/2 which is true by
definition of C. Secondly, it requires:

1
C< +WUP> T <) = L <
O dwn N 2L 40( 1 +wup>
Qdwn N

1

4 Wdwn ( 1 4 wup)
Qdwn \ ®dwn N

by definition of C. And it follows that the first part of the theorem is proved:

— L <

Yoo @)
Nb

Vi < (1— M)Vk: 1 — WE [F(Wg—1) — F(ws)] +

where ®(v;) := (1 4 wyp) (1 + %). We now prove the second part, which requires carefully

handling the term of noise. By definition ~y; = W, we denote A\, = yk__ll and we sum the
above equation weighted with the sequence of (A\x)5_;:
Zf 1 Ak o Z ME [F(Wg—1) — F(ws)] < 2511 Ak ; = nyYf/Q)/\k Vi1 — &Vk
ZkKl)\kZ ’YkU ‘1’ (k)
The weights are chosen to ensure that the sum of (Vk) ", is telescopic. Because %ﬂﬂ = 7,;_12,

we have:

K

1 1 1
)\kE wk - F Wy )| < Vk, — Vk
ZkK Lk Z U= ) S Ak ,; Yo Veo1 T Wk

K
1 ko2 D ()

term 2N N
k=1 Ak k=1 Nb
* 1 8
and because for K € N* big enough ~ < , it results that:
g enough s - = WK 1 1)K/8+ (LK)/4 ~ pK®'
K 2
Vo 8 Yo" P (k)
ME [F(Wg—1) — F(wy)] < + M. (C.10)
Zf = Z Yory-1pK? T pK? ; Nb

At the end, using the Jensen’s inequality - F(wy—1) = F(E [Wg—1 | wk—1]) < E[F(Wk—-1) | wk—1], see
Equation (A.7) - we have for all K in N:

S )~ Fn)

< V Z < 8F)/kLden> 7k02(1 + Wup)
Y0V~ 1MK2 K2 * Vk—1 Oldwn Nb

< Vo Z < 87kLwdwn> 02(1 + Wup)
YoY— IMKQ K2 A dwn Nb ’
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because for all k in N*, v < vr_1. We need to compute the following classical sum:

K 1

K

1 ~

E </ 7~dx§—ln<,u(K+1)+L).
1uk—i—1 Y+ L a=0 p(x+ 1)+ L H

At the end, using again the Jensen inequality, defining L = max {4L\/wd‘”“ (L + wN ) 4L (1 + L ) },

Odwn \ ¥dwn

taking for all £ in N, vy = 4(M(k+1)+zfl, forall kin N*, \p = 'yk__ll and denoting wx = %,
k=1"k

then for any K in N*, we have:

B (1 + L) 256 Lw? A\ 80%(1 + wyp)
E[F — F(w)] < T e — w, 14 22 dwn ) ( K+1 L) LT AT Cup)

C.4.4 Non-convex case (Theorem 3.6)

In this section, we detail the convergence guarantee given for MCM in the non-convex case. In this
scenario, the theorem hold on the average of gradients after K in N* iterations. The structure of the
proof is different from the one used for Ghost and MCM in convex and strongly-convex case. Instead,
the demonstration starts from the equation resulting from smoothness and use the polarization
identity to handle the inner product of gradients taken at two different points.

Theorem C.6 (Convergence of MCM in the non-convex case). Under Assumptions 3.1, 3.2 and 3.}

, for any step-size v s.t.

(non-convex case), for a learning rate agwyn = ﬁ
wn

1 1 L
8wdwn 2 (1+ 5)’ 8\/wgwn (8wdwn + “32)

~vL < min

)

after running K in N* iterations, we have:

3 2(F(wy) = F(w.)) | yLo*@"" ()

vK Nb ’

E [IVF (e )|] <

==

k=

—_

with PP~ VX(y) == (1 + wyp) (1 + 327Lw§wn). Thus, for K in N* large enough, taking v =
2Nb (F(wo) — F(wy)) |
o?L(1 4 wyp) K

L v 2L (1 + wip) (Flw) — F(w,)) .
7 2 [I9 P < 2\/ ) oK.

Proof Let k in N*, then smoothness (see Assumption 3.2) implies:

L
F(wg) < F(wg—1) + (VF(wg_1), w, — wg—1) + 3 |wi, — wi—1]?

2
= Plug) < Fluy) 7 (VF(wi), B + 50 &P
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The inner product is not easy to handle because it implies two gradients computed at two different
points: wi_1 and Wg_1. To turn around this difficulty, we use the polarization identity, and so we
have:

—E[(VF(wi_1),8;) | wg—1] = — (VF(wy_1),E[VF(@g_1) | wr_1])
= % (— IVF(wg—1)||* — E {HVF(@k,l)HQ ’ wm}

+E [HVF(wk,l) V(@) ‘ wHD .

where we used the Polarization identity (Equation (A.5)), and next with smoothness:

~E[(VF(wr 1), ) | wnat] < 5 (= IVFCr I — € [IVF@e)]? | wns]

+LE [Hwk—l — W1 ||? ‘ wk—l]) :
Combining with Lemma C.2, we obtain:

Fwy) < F(wir) = 3 [VF(wp-1)|* = 3E [[VF@-1) > | wes
L? _
+ 2B [t = @ | ]

+% ((1+“’“") IV E (@)1 +2(1]\fb““l’)) .

Taking the full expectation and re-ordering the terms gives:

ElR(w) < E (F (i) - TE[IVF@I?] =3 (1=92 (14 52) ) E [IVF (@)

'y fyLXU(l-i-wup)
2 Nb '

[uwk 1= D] +

Exactly like the convex case, we consider that vL(1+wyp/N) < 1/2 and because E[[|wy_1 — @Wx_1]]*] =
E[E[||wp—1 — Dp_1]* | @Wr_2]] we can use Assumption 3.1:

E [F(wy)] < E[F(wy-1)] = 2E [IVF(wi-1)1?] = JE [IVF(@5-1)IP]
(C.11)

2 2 2
WawnYL YL o*(14 wyp)
WawnVE P oy .
T Tl + 5 —

Next, Theorem 3.5 gives:

_ Qdwn o 1 Wup N 21 2920 (1 + wap)
E[Yx] < (1 5 )E[kal] + 2y ( — t ) E [HVF(ka)” ] t———

We iterate over £ and compute the resulting geometric sum, it gives:

BTy < (1~ ad;”n)k I1Tol” + 292 <adlw + “?\‘[p) zk: (1- %)H E[IVF(@-1)I]

t=1

47202(1 + Wup)
qunND ’
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k
where we considered for the last term of the above equation that Zle (1 — Otden) < aden. This

is equivalent to:

k 2 2
1 Wy Qgwn \ F—t ~ (1 + wup)
e <2 (o4 52 ) 3 (1- 25m) e [Ivr@en ] + U,
Wi t=1 Wi

We apply this last result to Equation (C.11):

TE[IVF(we-)IP] < E[F (1) = Fwy)] = TE [IVF (@)

v L? 4den’7202(1 + Wup)
2 Nbagwn

—+

+2Wdwn > < aton wup) Z < adwn) E {HVF(@):I)Hﬂ)

t=1
’YZL 02(1+wup)
2 T Nb
< E[P(wi 1) - F(wp)] - 1€ [|VF (@5 1)|]

9 (42 3 (1 2) e 19 @]

dwn

202 L(1 + wap) " 4y Lwwn
2Nb Qldwn '

Summing this equation, for k in range 1 to K:

k=1 k=1

K k
1 w Q. k—t
3r2 up dwn ~ 2
9 P (o 52 ) 3050 (1 %52) e [IvF@l]

dwn

N ,)/QO'QL(l + Wup> 1+ 4’}/Lden
2Nb

We need to invert the double-sum and we obtain:

K

1 Wy ~
< Psun (o + 52 ) SO [IVF (@]

wn k'zl
2 2
Y2 o“L(1 + wyp) 4y Lwawn
+ 5ND 1+ ——— | K
< E[F(wo) — F(wg)]

K
Wdwn 1 w“
i (273L2d < P) — > ZE [IIVF Wi 1)”

Qdwn adwn

20‘2L(1 + U)up) 1+ 4"}/LCwan K
2Nb Odwn ’
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1 w

Now we consider that 27%?% (m + %) < 7/4, and because for all k in N, F(wg) — F(wg) <

F(wp) — F(wy):

N

Z [HVF wi1)l| ] 2 (F(wo) = Flw.)) Yo L(1 + wyp) <1+ 4’yLwdwn) |

k: ’)/K Nb A dwn

1 1 1

8Wdwn’ 2<1+W]1\1rp) 2\/2wdm< 1 +wup>

Finally, for any K in N*, such that vL < min

and agwn < &017, we have:

Q(Dnon—CVX(

K
;{ZE [HVF(wkfl)HQ} < 2 (F(wof)y]—( F(w,)) I vLo - ) :

denoting @M VX () := (1 4 wyp) (1 + %)

A dwn

Thus, for K in N* 1 h, taking v = , /220 d agyn = 1/ (Swayn):
us, for K in arge enough, taking \/ 27 (1 wup) and Agwn / (8wdwn)

Ly 2L0%(1 +wap) (Fluwg) = Fluw.))
K;E [HVF(wkfl)HQ} < 2\/ NIk L +O(K™Y).

C.4.5 Proof for Rand-MCM (Theorem 3.7)

The proof for Rand-MCM is almost identical to the MCM-scenario. It only requires to modify some
notations because each device 7 in [1, N] holds a unique model wj,_,.

For k in N:
1. g is now defined as g, = N Zl LB (@),
2. for all i in [1, N|, g,(@Wx_1) and VF(@)_1) must be replaced by g, (@} _,) and VF(@}_,),

3. instead of having a unique memory Hj, there is N memories (H fg)fvzl that keep track of the
updates done on each worker,

4. furthermore the notation wy_1 — Hp_o is no more correct as we have N different memories. Thus,
it must be replaced by % Zf\;l w1 — Hi .

C.5 Proofs in the quadratic case for MCM and Rand-MCM

In this section, for ease of notation we denote for k in N*, g, = N Zl 18 k(ﬁ)\}g 1)

MCM has a unique memory Hy, and Rand-MCM has N different memories (Hy)N ;. But for the sake of
factorization, we will consider that both algorithm have N memories, thus we will always consider the
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quantity % Zf\il Hwk_l - H}%ZH{ while we should consider the quantity % Zfil ||wi—1 — Hk_2||2
for MCM. However this notation is correct considering that for MCM, for all ¢ in [1, N], Hi = Hj.
Unlike the previous sections where the proofs for MCM and Rand-MCM do not require any distinction,
here in the quadratic case, we will on the contrary stress on the difference between the two.
The difference appears in Lemma C.3 and comes from the way we handle the expectation of
) 2

H% Zf\il VF(wj,_,) — VF(wk_l)H for k£ in N*. For this purpose we define a constant C such that
C =1 in the MCM-case and C = N in the Rand-MCM-case.

The proofs for quadratic functions relies on the fact that for any k in N*, E[VF(Wk_1) | wr—1] =
VF(wk_l).

Definition C.1 (Quadratic function). A function f : R? — R is said to be quadratic if there exists
a symmetric matriz A in Mgq(R) such that for all z in R%: f(z) — f(z.) = %(.I —z)TA(z — x.).
And then its gradient is defined for all x in R? as: Vf(x) = A(x — x.).

C.5.1 Two other lemmas

In this section, we detail two lemmas required to prove the convergence of MCM and Rand-MCM in the
case of quadratic functions.

The first lemma allows to factorize all the results obtained for both MCM and Rand-MCM algorithms.
For k in N* and 7 in [1, N], the difference between the MCM-case and the Rand-MCM-case results from
the tigher control of | "N | VF(@k ) — VF(wg_1)]*.

Lemma C.3. We define C such that C = 1 in the MCM-case and C = N in the Rand-MCH-case.
Then for any k in N*, we have:

2

n 1 N . 2
Wh—1 N Z |wk—1 - HIZc—ZH

—ZVF(@,@ ) = VE(wj_1)

Proof Let k in N*, we apply smoothness (Assumption 3.2), and then we upper bound the variance of
the quantization operator with Assumption 3.1. But we must distinguish MCM and Rand-MCM because
in the first case we have @!_, equal to @W,_ for all ¢ in 1, NJ.

In the MCM-case:

ZVF (@Wh_q) — VF(wp—1)|| | wk—1| = E[|VF(@p-1) — F(wp_1)|* | wp—1]

< L’E [H@k—1 — wy—q|? ‘ wk—l}

S szdwn HQkfl H2

because we consider that ||Qp_1]|* = ||wp—1 — Hp—o|* = % SV, || w1 — H,i_QHQ.
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In the Rand-MCM-case, by independence of the compressions on the downlink direction:

N 2

1 ~i

N Z VE(W),_y) = VF(wg-1)
i=1

E

N
wier| = g DB [|VF@_) ~ VF(uwi )| | we]
=1

2 X
< s Ll el

L?
< Sy ZHW 1~ Hi|”

L
wdwn ZHwk | — Hk 2H

We factorize the two results and define C such that C = 1 in the MCM-case and C = N in the
Rand-MCM-case, and the result follows.

L wn
ZVF @_y) = VF(w1)|| | wis = ZHwk L — Hi "

The next lemma replaces Lemma C.2 in the context of randomization and quadratic functions. Note
that the conditioning in Lemma C.2 is w.r.t. to wx_1 while here we take the expectation w.r.t. wy_1.
This is because we remove @;_1 from the gradient and give a result which depends of ||V F(wy_1)||*
instead of ||V F(@y_1)||>. This is made possible by the fact that for all k in N, for quadratic functions,
we have E [VF(Wi_1)] = VF(wg_1).

Lemma C.4 (Squared-norm of stochastic gradients). For any k in N*, the squared-norm of gradients
can be bounded a.s.:

E NZ;? 1 (@h_1) = VF(@W}_1) wip—1| < % HVF(wk_l)HQ 4 T“P
- (C.12)
+ = 2 ek — Hi|
i=1
o2
I Wu 14wy
E [HngZ ‘ wk—l} < (1+ P) IV F(wy_1) || + (Nbp)
(C.13)

+ L?Wwawn < qu) ZHwk  — Hi_ 2”

The demonstration will be in two stages. We first show Equation (C.12), and in a second time, we
show Equation (C.13).

Proof Let k in N*.
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First part (Equation (C.12)). We can decompose the squared-norm in two terms:

1
1 2
=E [ NZ (g’;c(ﬁ)\;cfl) gﬁg(ﬁ}\lchl)) Wk—1
i=1
1Y ?
+E ||| 5 22 (@h(@h) = VE@ 1) || | wer]
i=1

2

1 i g
E NZ(gk(wk 1) = VE(@_1))|| | wk—1
i=1
w al 0_2
<22 S ot I | ] +
=1

+ N
And again applying Assumption 3.4 on E [ng(ﬁ)\}c_l) - VF(@,i_l)H2 ‘ wk,l} for i in {1,--- N}:

N 2
NZ gk; wk 1) VF(wk 1))

N
= W LE[IVP@-| | ]
i=1

N 02(1 + Wup) .
Nb

Now, we have:
W ; 2 w N 2
s ; E [IVF@ | | wia] = ﬁ Z E [IVF(@}-1) — VF(we )| | wer]

N
(.U
upz [HVF wi—1)|” ’ wkfl] ;

using smoothness (Assumption 3.2) gives:

u u wnL 1 u
: "ZE[HVF A e Zuwk L= P+ 2 (9 F ()|

and putting everythings together allows to conclude for Equation (C.12).
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Second part (Equation (C.13)). We start by introducing ||V F (wj_1)]||*:

2 B N 2 7]
1 DY
ng P || =E {3 B @)~ V)| | v |+ VPl
1=
- X N 9 -
=E ||| 5 2B @) - VE@)| | wins
=1

ZVF @) — VF(wg_1)

Wk—-1

+ HVF(wk—l)H2

The second term of the previous line is controlled by Lemma C.3 which distinguish the MCM and
Rand-MCM-cases by defining a constant C such that C =1 for MCM and C = N for Rand-MCM:

2

1 Y ~q szdwnl al i 2
E N;VF(wkl)_VF(wkl> Wk-1| S —F N;Hw’fl_Hk2H

Thus, we have:

2 2

1 i~ 1 i (o .
E N,Z; W@ | wka| =E Nz;gz(w;_l) VE(@; )| | we
1= 1=
N
denL 1
C N;Hwk L= Hi |+ IVF ()2
and Equation (C.12) allows to conclude. [

C.5.2 Control of the Variance of the local model for quadratic function (both
MCM and Rand-MCM)

The next theorem replaces the Theorem 3.5 in the case of quadratic functions. The results are almost
identical except that in these settings we control the variance using non-degraded points (w;)ien-
This is necessary because, for quadratic functions, the analysis is slightly different. Previously, we
upper-bounded the inner product in the decomposition (Equation (C.1)) by a “strong contraction”
that was allowing to subtract |VF(@,_1)||* and an extra residual term. Here we instead directly
get a smaller contraction proportional to ||VF(wg_1)||* (but without any residual!). Indeed for all k
in N, we have E [VF(Wy_1)] = VF(wg_1). This difference will appear in Subsection C.5.3.

As a consequence, we need to also control the variance of the local iterates that will appear when
expanding the expected squared gradient E|| §;€||2 by an affine function of the squared norms of the
gradients at the non perturbed points. This is what Theorem C.7 provides.
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Theorem C.7. Consider the MCM update as in Equation (3.2) or the Rand-MCH update as described
in Subsection 3.2.2. Under Assumptions 3.1 to 8.4 with u =0, if v < 1
8 Ldwny/ (1/C + wup/N)

and ogwn < 1/(8wawn), then for all k in N:

1 N ; 2
~ 2 E{llon = Bl [ wne]

k 2 2
1 w Oldvwn ~ b 4y*0°(1 + wyp)
< 242 2N (1= =SB E ||V (wy 2‘ _] SRS 2
=<7 (Oédwn+ N > t:l( 2 ) ” (W)™ | we | + AgwnVb

Proof Let k£ in N* and ¢ in {1,... N}, from Theorem C.3 we have:

E[llwx, — Hj_1||* | wp_1] = Var + Bias? = 2¢y?Var; + 203, Vary + Bias?,

with )

Var, =E [HJ{, S B(@ ) + E [VF(@)_y) | wy] | wk_l]

)

Varg = wdwn% Zfil Hwk—l - HIZc—QH

Bias? = ||E [wy — Hy—1 | wp_1]|>
Recall that in the case of quadratic functions, we have for all i in [1, N]: E [VF(@}_;) | wy—1] =
VF(wg_1). And so, for the first term of variance, we can decompose as follows:
_ ) -
Var; = E ng Wi ) — VF(wp_1) Wh—1

S ) -
I o
=E NZ (@) = VF(@_y)|| | we—s

2

1
+Ew ;VF(“% 1) = VF(wg-1)|| | wr—1
The first part is handled by Equation (C.12) of Lemma C.4:
2 N
1 ~j WupwdwnL2 1 i 2
Elllw ;g (@h1) = VE(@_p)|| | wi—1| = —~ N ; |wk—1 — Hf_s||
2

Wup 9 O (1 + wup)
2UP T B (0 g 2T ®up)

+ 2 TR )|+ )

and the second part is tackled by Lemma C.3 where is defined a constant C such that C =1 in
the MCM-case, and C = N in the Rand-MCM-case: E[||+ ZZ L VE(@ ) — VF(wi—1)|* | wg-1] <

%sz‘:l |wi—1 — k72H :

Finally, given that Var = 2y?Var; + 2a3anar2 we have:

N

1 1 . A

Var < 29° L*wayn <C + Lj?) N § :Hwk—l - H;Lzﬂz + 203y Wawn || w1 — HxiszQ
=1

27202(1 + wup)

2'72Wup 2
—_— F _
+—x |VF(wy—1)||” + ND
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Now we focus on the squared bias Bias? exactly like in Theorem C.3 and we obtain:

Bias? < (1 — agun) |[wk—1 — Hj 5| ) IVF(w—1)”

dwn

In the end:

€ (s = i | wnca] < 2722200 (G + 22 ) Zuwm i

1 n 2wup
Adwn N

+97(1+ ) [V F(wy-1)|”

27202(1 + wyp)
Nb '

+ ((1 = tawn) + 205 mWawn) ||we—1 — Hi ||

Summing this last equation over the N devices gives:

LSl o]

1
< (1~ Gt + 203unsiann + L (5 + 52) ) zuwk |- H|

1 2wup 5 27%0%(1 + wup)
VF .
— o+ 2 7 P+ 2

Exactly like in Theorem C.3, we need and by taking agwn = 1/(8wdwn):

2 1 1
205 Wdwn Slzadzvun < Qdwn < eri ) .
2’)/QLQWde (é + %) < %adwn = 32den — <

8 Lwawn\/ (1/C + wup/N)

14+ -1 < 2 which is not restrictive.
Qdwn Qdwn

Thus, we can write:

N
1 .
NZE [Hwk — =iy’ ‘ wk—@ < ( adwn) ZHwk 1= Hi |’

27202(1 + wyp)
Nb '

Wy
+ ) [ VE (w1 | +

+ 2+2
( Adwn N

Finally, we take the full expectation without any conditioning, we iterate over k and compute the
geometric sums:

N 2 9
1 ; 2 Adwn \ k 2 47 g (1 +wup)
— E E [ — H; } <(1—-— —H_
N rew = Hia ) = g ) o e VD

k
1 Wy Oldwn \ fo—
+ 292+ ) Y (1= SER)E [V (wi) |

and the result follows.



Appendix C. Appendix to MCM 155

C.5.3 Proof for quadratic function (Theorem 3.8)

Theorem C.8. Under Assumptions 3.1 to 3.4 with u = 0, if the function is quadratic, for
v=1/(LVK) and a given learning rate aqwn = 1/(8wdwn), after running K iterations:

o lwo —wil L 0*®()
S = B e Y VR

with ® = (1 4+ wyp) (1 + 32 \;WJ‘ X \/» (& + w]‘\}p)> and C = N for Rand-MCH, and 1 for MCH.

The structure of the proof is different from the one used in Sections C.3 and C.4.

Proof Let k in N, by definition: |Jwy — w.||* < |Jwp—1 — wel|* — 29 (&, wi—1 — ws) + 2 |2 ]
Because F is quadratic, we have E [VF(wy—_1) | wg—1] = VF(wi—_1), thus taking expectation gives:

Elllwg — wall? | wh1] < et — wol? — 29 (VF(wi 1), w51 —w) + 2 E[ZN? | wes].
We can directly apply convexity with Equation (A.10) from Proposition A.2:
1
€ [l = I wica] < s = el =y (Flans) = Flw) + 7 IVF(we)lP)
+°E (I8l | wes ]
Now, with Equation (C.13) of Lemma C.4:
2 2 v 2
E [flwy — w.| M%q}sw%A—wm|—v@m%q)—me>—ZHVFww4w

+72 ((1+52) IV F(wi-)

+L2wdwn ( wup) ZHU}k I_Hk 2H 1+wup)> )

which gives:

EUW%—WNQM%A}SW%A—WMP—WFWMH—PWMD—%HVWWMDW
97 (14 52 [V ()P

1 u (14 wy
—i—’YzLdewn(C “ p> ZH’wk 1 — Hi_ 2H +_l:wp)

Taking full expectation, we use the inequality controlling % Zf\; Hwk—l — HlifQHQ (Theorem C.7):

E |l[wn = wil?] < E[llewn-1 —wl| =1 [F(wp-1) = Flw.)]

(e ) forem ]

k
1 w 1 w laY
2712 up 2 up dwn \k—t 2
L waw — 2 _t — E 1— —— E |||VF(ws_
T LW n<C + N > it <Oédwn + N > t:l( 2 ) I (wi-)ll
0272(1 + Wap) TN < 1 n wup> y 40—272(1 + Wyp)
wn .

+ Nb C Qdwn Nb

C N
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Next, we consider — as in previous proofs — that yL(1+wyp/N) < 1/2, and thus % (1 —~L (1 + Yup

%. Next we carry out the “top-down recurrence’

k k
E [l — w.l?] < flwo - w. —VZE[MH) — F(w)] = 3= Y E[IVF(wgs-1)IP

2L
J=1 Jj=1
i 1 w w A ad k—j—t
D2 Pt (4 52 ) (5 + IVE ()|
]:1 t=1
k- 9 2 2712
Yo (1 + wup) 4v* L wawn (1 wup
T T w) (g4 T 2 Wdwn e
+; Nb T em et

We invert the double-sum, it leads to:

k
E |l — wal?] < llwo = wel® = 7 Y E[F(wj—1) = Fw.)] = 5= [IVF(we-1)|?]

Jj=1

_l’_

2 1 w 1 w
2 4L2 wn ﬁ 1P E|: F _ 2:|
Oédwn % 7 wd <C - N > <adwn + N > ||v (’LU 1)”
1 w 1 w y
4712 - up up
+Z (adwn X 294 L2 Wawn (c + ) (adwn + 5 ) 2L) [HVF(wJ D ]

2 (1 + wyp) AV LPwagn (1 Wup
Nb = \ctx )"

472
Now, we consider that % (% + %) (adlwn + %) < %, thus we have:

C N

k 2 2 92 272

W — Wi c“(l1+w 4~* L4w, 1 w

%5 E[F(wi-1) — Fwy)] < o : ", 2 (Nb ) <1+7&d dw“( +“p>>.
t=1 wn

Finally, by Jensen, for any K in N*, taking v such that:

1 1 1

Swdwnm 2(14_%)’ i,/&udwn (C+wup)< 1 erup)

~vL < min

Adwn Adwn N

and with agwn

_ 2 25 Rd
< g we recover Theorem 3.8 E [F(wy) — Flw,)] < 1 —eell 300 0)
2712
denoting ®R4(v) = (1 + wyp) (1 + M% (% + “Jup>>



Appendix to Distributed, compressed and averaged LSR

In this Chapter, we provide additional information to supplement our work. We begin by detailing
technical results, by introducing an auxiliary lemma in Section D.1 and by proving Proposition 4.1
which gives a CLT for (LSA). Secondly, in respectively Section D.2 and Section D.3, we give the
proof of Theorems 4.1 and 4.2. Thirdly, in Section D.4, we verify that the setting of single-client
compressed LSR fulfills the setting presented in Section 4.2. In Section D.5 we prove that Lemma 4.1
hold and compute the compressors’ covariance to establish Proposition 4.2 and Corollary 4.3. Finally,
in Section D.6, we provide demonstrations for the federated learning case, including verifying
assumptions (covariate-shift scenario) on random fields in Subsection D.6.1, and proving a Central
Limit Theorem D.3 in Subsection D.6.2 for the concept-shift scenario.

157
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D.1 Technical results

Additional notations. We use the Frobenius norm ||A4||? := Tr (AT A), which is the same notation
as the vector euclidean norm (no ambiguity in general), J, to denote the d x d diagonal matrix
whose r first diagonal elements are equal to one and all the other matrix’s coefficients equal to
zero, 8§ (R) the cone of positive definite symmetric matrices, and £P(€2, A, P) the set of random
vectors defined on the probability space (£2,.4,P) such that E[||X|[?] < co. We define also the

operator norm || A[| := /maxeig(AT A).
D.1.1 Settings of experiments

In Tables D.1 and D.2, we summarize the settings of experiments presented in Subsection 4.3.4.

Table D.1: Settings of experiments for a single client (N = 1) on synthetic data (Figures 4.7a
and 4.7b).

Parameter K d eig(H); Wi o2 w 1 wy  Hruns

Values 107 100 1/ (DL, 1 10 2w+1DR* 0 5




Appendix D. Appendix to Distributed, compressed and averaged LSR 159

Table D.2: Settings of experiments for a single client (N = 1) on real data (Figures 4.7c and 4.7f).

Dataset d standardization b w vt wo Fruns reference
quantum 65 9 [CTLO4|
cifar-10 256 v 16 1 2w+DRE 0 g [Kri09]

D.1.2 An auxiliary inequality

In this Section, we provide an auxiliary lemma that is specific to the framework considered in
Section 4.2. It will be used in the proof of Theorem 4.1 and corresponds to an adaptation of Lemma
1 from Bach and Moulines [2013].

Lemma D.1 (Auxiliary inequality on 35, E[HH}U/QWHZ]/K). Under Assumptions 4.2.1 and 4.1,
for any K in N* and any step-size v € RT s.t. 'y(R% +2My) < 1, the sequence (wg)gen+ produced
by a setting such as in Definition 4.1, verifies the following bound:

1 KZI / [ 5A4
L Hl 2 —w, 0 .
K & Ell (wp —w) ] < 29K (1 — y(R% 4+ 2Ms)) 1 —~y(R% +2My)

Proof Let k in N*, we start writing that by Definition 4.1, we have wy = wx_1 — YVF(wg_1) +
¥&k(Mk—1). Thus taking the squared norm and developing it, gives:

i )l* = mk—1l® = 2y (e, VF(wi—1) — & (1)) + 7 | VE (w—1) — &x(np—1)|* - (D.1)

We need to bound the last term. By Definition 4.2, we have & (nx—1) = §m“1t (Mk—1) + fzdd, hence
using Inequality 1, we have:

2
dd
||

mult (

IVF(wr—1) — &k (k1) <2HVF wy_p) — Enult nk_l)HerQ‘

taking expectation w.r.t the o-algebra Fi_1, developping HVF(wk_l) Mi—1 H and because
E [&,?““ (Mk—1) ‘ fk,l] = 0 (the random fields (&)ren+ are zero—centered see Definition 4.1), we
have:

E [IVF (1) = &um)” | Feoi]

<2E [HVF(wk 1 ‘ Fre— 1} +2E [Hﬁmult Mh—1) ‘ Fre— 1] +2E[ €add ' Fr— 1] :

Now, we use Definition 4.1 and Assumptions 4.2.1 and 4.1: it leads to:

E [HVF(wk—l) — & (me—)|? ‘ ]:k—l] < 2R% HH;/2771§—1H2 +4My HH}/2771¢—1H2 +8A+2A4

2
2R+ 2Ms) [ HPmi || + 104

Because the sequence of random field (&)rxen+ is zero-centered (Definition 4.1), we have:

El(mk—1, VF(wr—1) — &(Me—1)) | Fre1] = k1, Hrm—1) = HH}J/an—luz :

hence back to Equation (D.1), we obtain:

2
E [mell® | Fioa] < P = 291 = (R 4+ 2M2) | B e+ 10492, (D2)
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It follows that if v(R% + 2M3) < 1, summing the previous bound and taking full expectation gives:

K 2 2
1 2 —E 5A
S| s I Ell® sy
K ~ 29K (1 —v(R% +2Ms)) 1 —~(Ry +2My)

which allows concluding.

D.1.3 Asymptotic results: central limit theorem for (LSA)

The demonstration of Proposition 4.1 uses the following theorem from guaranteeing the asymptotic
normality of the Polyak-Ruppert iterate.

Below we present our CLT that gives the asymptotic normality of (VKng_1)ken+ in the case of
strongly-convex case and decreasing step size, it is based on Theorem A.1 [Polyak and Juditsky,
1992].

Proposition D.1 (CLT for (LSA) in the strongly convex-case and deacreasing step-size). Under
Assumptions 4.1 and 4.2, consider a sequence (wg)gen+ produced in the setting of Definition 4.1
using a step size (Vi)ken+ St e = k™%, a € (0,1). Then (nx)k>o0 converges in L?-norm to 0,

i.€. T]K—>0
K—+o00

Furthermore, (VKT _1) k>0 is asymptotically normal with mean zero and covariance such that:

\/ﬁﬁK—l %} N(O, HEIQ:aniaHEI).
—+00

Proof

First, we have that in the case of decreasing step size s.t. for any k in N, 7, = £~%, we have:

NK K—> 0. This is a classical computation for SGD with bounded variance (Assumptions 4.2.1
—+o00

and 4.1.). Detailed computations are for instance given in lectures notes of Bach [2022, pages 164-167
and 182, and Kushner and Yin [2003].

To apply Theorem 1 from Polyak and Juditsky [1992, recalled in Theorem A.1], which gives the
desired result, it suffices to prove the convergence in probability of the covariance of the noise
Ek(nr—1) towards Cypia, as k — oo.

Lid

In the following, we show that klim E [fk(nk_l)fk(nk_l)T ’ ]-'k_l] Cania- We start writing:
—+00

S (me-1)&me-1) T = (G = & (e )) (M = &M (1))
_ ( add) é-addé-mult (nk—l) gmult (nk—l) (gadd) + é-mult (nk—1)®2 )

(i) First, from Definition 4.2, it flows that E [£84 ® £299 | F_1] = Cania.

(i) Second, we show that E[¢™ (1, _1)®? | Fy_1] converges to 0 in probability: it is sufficient to show
that: E[Hfmult (-1 |lr | Frei] = 0. To do so, we use the fact that || (n,_1)®* ||F =
+

Hfmult (Mk—1) H2, then with Assumption 4.2.2: E[Hgmult( —w)|? | Feei] < M1||H1/277k_1|| +

2
Mo||HY?5,_1||%. And we have the result as we showed that n,_; kL—> 0.
—+o00

1
(iii) Third, it remains to show that E[& (ny,_q) (€247 | Fy_4] ﬁ 0. We use the Cauchy-
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Schwarz inequality’s A.8 for conditional expectation:

E [l (mr) (€)W | Ficr] = E [l o) ol €%l | Fi]

<E (g () 13 | Fioa | B[22 | Fi ] -

The sequence of random vectors (fadd) ken+ is 1.i.d., and moreover we have shown previously that
E[[| € (1) ||? | Fr—1] tends to 0, hence E[EMW () (€249) T | Fj_1] converges to 0 in probability.

Consequently, we can state that E[¢;(np—1)%? | Fr_1] % Cania -
—+00

D.2 Generalization of Bach and Moulines (2013).

In this section, we give the demonstration of Theorem 4.1 which extends Theorem 1 from Bach and
Moulines [2013]; the demonstration is close to the original one.

D.2.1 Proof principle

For k in N*, the proof relies (1) on decomposing E[||Hllm/ QWK_1H2] in two terms using the Minkowski
inequality A.6 to make appear a recursion (ng)keN* without multiplicative noise, and another
(o) ken+ without additive noise, (2) on an expansion of 1) and 77 as polynomials in v, and (3) on
using the Holder-type Assumption 4.2.2 to bound «j. We define the sequence (17,8) keN+ such that it
involves only an additive noise:

= (Ia — vHp)np_y + &Y. (D.3)

Then, we decompose E[||H11m/ *Tx_1/1?] in the following way using Minkowski inequality A.6:

B B 1/2 B B 1/2\ 2
e (1 me 1) < (B (1P € [l - 0] ) 0

The goal is then to establish a bound for the two above quantities.

1. Bounding E[HH;:/ZW% KB

The bound on E[||H1/2*K 1I?] is given in Lemma D.2. For k in N*, the proof relies on an

expansmn of nk and nk as polynomials in 7. The recursion defining the sequence (Uk)keN* is
nY = (Ig—vyHp)n)_ | + fyﬁ,jdd If we denote M} = (I, — vHF)k  and MZ 1 — 1,, we have:

M = Ming + 72 M€
=1

For K in N*, it leads to 7%, = & K Mknd+ % 2K (ZZ M +1) add and with Minkowski
inequality A.6 to:

1/2 12 /2 K—1 27 1/2 1/2K 1K 27 1/2
E (I e l?] T <E || TE Y Mg Y Mg (D.5)
k=0 k=1 i=k
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Minkowski’s inequality

[”HF/277K 1l ] Equation (D.4)

Equation (D.8)

Assumption 4.2.2

and Lemma D.1

Equation (D.6)

Equation (D.7)
Theorem D.1

Figure D.1: Proof principle of Theorem D.1

The left term depends only on initial conditions 1) (= n9) and the right term depends only on the
additive noise. This is why, in the proof, we expend 17271 and ﬁgfl separately for the noise process
(i.e., when assuming 1y = 0) and for the noise-free process that depends only on the initial conditions
(i.e. when assuming that the additive noise (£299);en+ is uniformly equal to zero). In the end, the
two bounds computed separately may be added.

. 1/2/— ,
2. Bounding E[||H/* (., — 7 1)I1°)
The bound on E[HHII;,/Q(WK_l — % _1)|[] is given in Lemma D.3. For k in N*, the demonstration is

based on an exact expression of ap = n; — 77,2 and @y computed by unrolling the recursion from ay
to ap. Because ag = 0 and because there is no additive noise involved in ay, we obtain for K in N*,

an expression of @k _1 that depends only on the multiplicative noise at iteration k in {1,--- , K}:
- K-1
OK-1= 77 (Ig = (g = YHp) ") (yHp) 1™ (1) -
k=1

We then show (Equation (D.8)) that bounding E[\|Hllm/2(ﬁK_1 —7%_1)|I?] leads to bound the following

sum 7 St E[HH_1/2§mult(nk,1)H2 | Fr—1], and this bound is established using the Holder-type
Assumption 4.2.2; which concludes this part of the proof.

D.2.2 Two bounds

In this subsection, we give two lemmas that provide a bound on E[HHULK 1II?] and E[HH}?ﬂ(ﬁK_l -

7% _1)|[?]. These bounds are required due to the decomposition of E[||H F/ e 1[?] done in Equa-
tion (D.4).

e The bound on E[||Hllp/ 2ﬁ2||2] is given in Lemma D.2. It is established by decomposing the noise
process and the noise-free process. The bound on the noise process comes from Lemma 2 [Bach
and Moulines, 2013] and involves the additive noise’s covariance Cypiq.

e The bound on E[HH;/Q(WK —1%)|[?] is established in Lemma D.3.
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Note that in order to demonstrate Lemma D.3, we need to bound Z,If:l |]H}/2nk|]2/K. This is
done in Lemma D.1 which is an adaptation of Lemma 1 from Bach and Moulines [2013| to random
mechanisms. This auxiliary lemma holds for any kind of multiplicative noise — linear or non-linear.

Below lemma provides a bound on E[|]H1/2*k\| ].

Lemma D.2 (Bound on E[||H1/2*k|| ). Under the setting considered in Definition 4.1, under
Assumption 4.1, for any K in N* and any step-size v € RT s.t. yR% < 1, the sequence (U/g)keN*
defined in Equation (D.3) verifies the following bound:

1/2_ 2 _ 1 (I1HE mll, lne -
E (I 7] gJ?( j\/ﬁ A”ﬁ”+ Tr (CaniaHy') | -

Proof

The proof relies on the proof presented by Bach and Moulines [2013| and is done separately for the
noise process and for the noise-free process that depends only on the initial condition. The bounds
may then be added (see the discussion in Subsection D.2.1).

Noise-free process.

As in section A.3 from Bach and Moulines [2013], we assume in this section that the random
fields (§2dd)k€N* is uniformly equal to zero and that yR% < 1. We thus have for any k in N*

that n)) = (Iq — vHp)n)_;.

First inequality. By recursion, we have 772 = Iy —~vH F)kng, averaging over K in N* and computing
the resulting geometric sum, we have:

K-1
1 1 B ~ 1
M1 = Z Iy = yHp)* =la— e~ yHE) Y (vHe) 15 < V—KHFlng.
k:O
And because 7]0 =19, it gives E [<77K 17HF77K 1>] < %

Second inequality. From the expression of 772 flows:

EqlR11%] = Ellm-al*) = 2y (v, Hpng ) +9* (kv Hen o) -
Considering that Hp < Tr (Hp) Iy < R%1, (Deﬁmtlon 4.1) and that yR2% < 1, because nJ = 19, by
1/2_ 1/2
convexity we have: E[||H / 112 < % Ypy El| HE / 1] < ”;’%
Putting things together.

In the end, we take the minimum of the two above bounds and obtain that:

—-1/2
EE Pmoll® ol
v K? VK

El|H 7%, |I7) < (D.6)

Noise process.

We assume in this part that n) = 19 = 0. We apply Lemma 2 from Bach and Moulines
[2013] to 7Y ;. This sequence of iterates has an i.i.d. noise process (£844)ycn+ which is such
that E [fzdd ® §de] = Cania (existence guaranteed by Assumption 4.1). Therefore we have:

1/2_ Tr Qni H_l
EML@/n%_nP1s(3;P‘). (D7)
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Putting things together. We now take results derived from the part without noise and the part
with noise, and we get from Minkowski inequality:

1/2 2 _ 1 ([Hnll ol -
E |||HY 7% 1H] <% ;/E v Tr (Canin Hz') | -

Below lemma provides a bound on E[HH}; M —19%)]12]-

Lemma D.3 (Bound on E[HH}l, M — 1%)|1?]). Under the setting considered in Definition 4.1
with p > 0, under Assumption 4.1 , under Assumptions 4.2.1 and 4.2.2, for any K in N* and any
step-size v € RT s.t. ’y(R% +2Ms) < 1, the sequence (T, — ﬁg)keN* verifies the following bound:

1/4
E[HH;/%nK—n%)HﬂW]s1<W(1 2l ))

VK — y(R% + 2M;

15Ay 1/2
+/ Mop1 ( ) i
2T (RE + 2My)

Remark D.1. To demonstrate Lemma D.3, we use the Hélder-type Assumption 4.2.2. This is why
we obtain a term with a square root in the bound.

Proof

Let k in N*, we denote ap = np — 772, with ny = (Ig — YHr)ne—1 + vk (nk—1) and 772 = (I —
va)nk 1+ 'yfadd First, we write the exact expression of ay_1:

ap = (Ig — yHp)ag—1 + (& (m—1) — §49)

K
= (Ig — vHr)fao +7 Y (o — vHr) " (&(nic1) — §899),
i=1

and because 7 = 1o, it follows that ag = 9 — 1) = 0. Averaging over K in N*, we have the exact
expression of ag_1:

=

k

Z Ly = yHp)" " (&(nim) — €99)

=1

K1
(Z L —vHp)" > (&(mi1) — €299)).

k=i

a1 =

>
MI I

.

N\\’

=1

Computing the geometric sum results in:

N

Fie1 = 3 (U (=2 He) <) HE) ) — 6.
1

e
Il

And because for any k in N, 0 < (I; — vHp)* < I, we obtain:

1K1
ag-1 < ZHlékﬁkl — &),
K
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hence HH};/QEK 2 =% Zf? H71/2(§k(77k 1) — €249))12. We take full expectation, because
for any k in N*, by Definitions 4.1 and 4.2, §m“1t (Mk—1) = Ex(M—1) — de is Fr-measurable and

[{m‘ﬂt (Mk—1) ‘ ]-"k_l} = 0, we can unroll the sum and we have in the end that the variance of the
sum is the sum of variances:

K-

e[l ] < S e s e o 7] o)

Computing E[|H 1/2 mult (e 1) |2 | Fe—1] for k in N, we first have:

—1/2 ~mu —-1/2 mu
1H 26 () |12 < || HRY H| 16 (1) |17,

where we used Inequality 2. Because Hp is a symmetric semi-positive matrix, we have || H Y 2H|

1/p, hence: HH_I/2 mult () |2 < p7| € (np_1) ||2. Taking expectation conditionally to the
o-algebra Fj_1 and 1nvok1ng Assumption 4.2.2 gives:

ENHR 26 () [ | Frma] < o MU H ey |+ 3Me | H P |?). - (D9)

Combining equations D.8 and D.9, we obtain:

M, K= K
1/2_ 1 1/2 1/2
e I ]+ I e )
k=1 k=1
Now using Jensen’s inequality for concave function allows us to write:
1 & 1 &
1/2 1/2 1/2
2 D ElH (w —w)ll < *ZJE 1 (w0 = w2 < | 2 Y ENHL (w = w2,
k:l k=1
thus we have:
1 K—1 , K=
2_ 1/2
E[lHF x| /T 2 O EllH mea ) Y .
k:l =1

Using Lemma D.1 (with ng = 0), we finally obtain:

B 1 B 5A~ 15 Ay Mop™?
E[|HY ax 1)) < — [ Myp! + '
1HF okl < ( VTR 1 2Me) T 1A (RS + 2M)

In the end, we take the square root (and use that for any a,b in Ry, Va+b < /a + \/l;) which
allows concluding;:

E[HHzlr (Mg — 771( || } <1<W<1 5A~ ))1/4

VK — y(R% + 2M;

154y 1/2
+ vV Moap~! ( ) :
2 1-— ’y(R%w +2My)
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D.2.3 Final theorem

In this section, we gather the pieces of proof required to demonstrate Theorem 4.1.

Theorem D.1 (Non-linear multiplicative noise). Under Assumptions 4.1 and 4.2, considering any
constant step-size v such that v(R% 4+ 2Ms) < 1/2, then for any K in N*, the sequence (wy)gen
produced by a setting such as in Definition 4.1 verifies the following bound:

__ 1 ”H;l/zﬁo” [[70]] -1 1/4
E[F(Wk—-1) — F(w,)] 5 ( VK A N +4/Tr (QfamaHF ) + (10A7)Y* v/ Myp

2
+ (30.A4)"/? \/M2u—1> .

Proof

As explained in the discussion in Subsection D.2.1 (Equation (D.4)), we define the sequence
(nY)ken+ which involves only an additive noise n) = (Iy — YHp)n)_, + ’yf,?dd. Then, we decompose

E[||H}p/2ﬁK71 ||] using Minkowski’s inequality A.6:
1/2_ 1/2 1/2 1/2/— f 1/2\?
e (1 e 11 < (B [l o) € 1 - 0] ) . a0

First term.

To bound the first term, we use Lemma D.2 which gives:

7y vz 1 (1= noll ol -
E I 7] éﬁ(< v g TV Gt )

Second term.

From Lemma D.3, we have:

e [l e =] < T

15Ay 1/2
+ vV Mopu1 ( ) )
TR/ +2Mo)

Final bound. Hence, back to Equation (D.10), we get:

(5 )

—1/2
12 vz _ 1 (lHp "ol o _
E[|Hy nK_lyﬂ §@< j@ A HﬁH +/Tr (CaniaH ')

5“47 >1/4
1 —v(R% 4 2My)

154y 1/2
i ) )
T (R + 2 M)

and considering v(R% + 2M3) < 1/2, it concludes the proof because E[F (Wx_1) — F(w.)] =

+ Mlﬂ_l <
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El|H Y 7y ]I7)/2:

f 1 (IHZ 00l ol - 14
E|F _1) — Flwy)| < — A + 4/ Tr (ConiaH + (10A4 vV Miut
[ (QUK 1) (’LU )] ( ")/\/I? \/,7 r( F ) ( ’7) 1M

2
+ (30.A47)"/? \/MQM_1> .

D.3 Generalisation of Bach and Moulines (2013) for linear multi-
plicative noise.

In this Section, we give the demonstration of Theorem 4.2 which extends Theorem 1 from Bach and
Moulines [2013] to the case of linear multiplicative noise. The demonstration follows the same steps
as the one given by Bach and Moulines [2013]. The minor differences lie in the generality of the form
of the multiplicative noise in our approach. Bach and Moulines [2013] only analyse LMS algorithm,
while we here consider (LSA) with assumptions on the linear multiplicative noise process. Moreover,
our theorem decomposes into 3 terms instead of 2.

D.3.1 Proof principle

For k in N*, the proof relies on an expansion of 7 and 7, as polynomials in . Because we consider
a linear multiplicative noise, there exists a matrix Zj in R¥? s.t. for any z in R, £t (2) = =52
(Assumption 4.3); hence the recursion defined in Definition 4.1 can be rewritten as:

e =M1 = YVE (1) + 7E (1) + 76 = (Lg = vHr +7Ex) -1 + 76
We denote Mk (Ig—~vHp +7Ek)--- (Ig — vHF +7E;) and ]\Jf_1 =14, then we have that n =
MFno + in 1 +1§add-
For K in N*, it leads to jz_; = + Zf:_ol Mo+ 2 k 1 (Zl & Mk:+1) €244 and with Minkowski’s
inequality A.6 to:
97 1/2

+E

27 1/2

. (D.11)

1/2K 1

JElmea ] <2 || 5 i

H1/2 K-1 K
K{‘—' Z Z +1£add
k=1 i=k

The left term depends only on initial conditions and the right term depends only on the noise process.

This is why, in the proof, we expend n;_1 and 7j,_; separately for the noise process (i.e., when
assuming 1o = 0) and for the noise-free process that depends only on the initial conditions (i.e. when
assuming that the additive noise ({,"gdd) ken+ is uniformly equal to zero). In the end, the two bounds
computed separately may be added.

To study the noise process, inspiring from Bach and Moulines [2013], we define the following sequence:

O add
= (I;—~H +
{ ]: (Ig—~ F)nk 1+ (D.12)
U

=Ig—~vHp)n_1 + 'yfmu“ (U;Zj) with Vr>0,n5=0.
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Recursive expression Assumption 4.3 - Assumptions 4.3, 4.4.1 and 4.4.2
O Lemma D.4 Lemma D.5 O Lemma D.6

of (o} )keN,reN

Polynomial expension in vy
1/2_
E (16} *7c-a11?]

- - - Equation (D.11)
Minkowski’s inequality

Minkowki’s inequality

Equation (D.14)

Lemma D.5

Equation (D.13)

Equation (D.15)

Assumptions 4.3, 4.4

Equation (D.19

Assumptiohs 4.3, 4.4.2
and Lemyma D.6

Equation (D.20)

2 and Lemma D.6
Lemma 2 ffom BM2013

Equation (D.18) Equation (D.16)

Equation (D.21)
Theorem D.2

Figure D.2: Proof principle of Theorem D.2.

Then, we decompose E[||H;/ *Tk_1l1?] in the following way using Minkowski’s inequality A.6:

A T
\/ E |1 e I2] < EllEG Y wie o212 + ENHY e = Ym0 212
=0 1=0

The goal is then to establish a bound for the two above quantities.

D.3.2 Lemmas for the noise process

In this Subsection, we provide lemmas for the noise process, and thus we suppose that ng = 0. The
noise-free process is later considered in Subsection D.3.3 and puts together with the results of the
coming Subsection. The sketch of the proof relies on establishing two bounds.

e For r,k in N x N*, noting af =n; — >\, 7L, the first one is a bound on E[||H11,/2a7}<_1||2] that

tends to zero when r tends to +o0.

e The second one is on Y, E[HH};/ 277_1'K_1||2] and is established using Lemma 2 from [Bach and
Moulines, 2013]. It will correspond to the final variance term and it involves the additive noise’s
covariance Cupia.

In the following, we provide Lemmas D.4 to D.6. Let r, k in N x N*.

e Lemma D .4 builds a recursive expression of aj, =, — Y n,"c.
e Lemma D.5 provides a bound on E[HH}F/QETK_lH?] which involves E[|&™ () ||%.
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e Lemma D.6 bounds the covariance of 7;_,, this result will be necessary when computing the
expectation of ‘fmult (n,’;fl)@a.

Below, we provide the lemma that builds a recursive expression of ng — > 7 n,i, with k,r in N*.

Lemma D.4 (A recursion on n, — Y7 77};) Under the setting given in Definition 4.1, considering
that f,rgmﬂt (+) is linear (Assumption 4.3), for any k in N* and any step-size v > 0, considering (n},)reN
as gwen by Equation (D.12), denoting for r in N, of = n—> i, 77,2, we have the following recursive
expression for the sequence of iterate (aj,)ren:

Vr>0,0f = (Ig — vHp)aj_y + &M (af_y) + &M (i_y) -

Proof Let k in N*, the proof is done by recursion. For r = 0, by Definitions 4.1 and 4.2, we have
M = Tt — YV E (1) + 1€k 1) = (La — VHE)e1 + A€ + 7€ (), which gives:

ap =g —np = {(Id — YHp)g—1 + YEI 4 &M (1) } {(Id —yHp)np_y + Vfadd}

= (Lo — YHF) (=1 — mp_1) + ¥E™ (1)
= (Ig — YHp) (1 — np_1) +¥E™ (1 — mi—1) + & (nf_1)

which is possible because gmult is linear (Assumption 4.3). To go from 7 to r + 1, we have

T‘H =Nk — Z:Jrol ne=Mk— i — n};“ Then by definition of nT'H and using the hypothesis:

7”+1 (Id — ’}/HF (7714 1 — an 1) + é‘mlﬂt (nk 1— an 1) +,}/£mult ( )

1=0 =0
— (g — yHp)n =6 (n_y)

r+1 r+1
= (Io — vHp) (nk 1= ni 1> + (nk 1= i 1> +AgM (et

=0 =0

again by linearity. This concludes the proof. |

The next lemma is the adaptation to our settings of Lemma 1 from Bach and Moulines [2013]. We

give a bound on E[HHl/QE'“K 1I?] with a quantity that tends to 0. This result will be used in the
final demonstration of Theorem D.2.

Lemma D.5 (Bound on nx — Y.i_n% ). Under the setting given in Definition 4.1, considering that
5,2“““ is linear (Assumption 4.3), for any r, K in N x N* and any step-size v s.t. y(R% + Ms) < 1,
the recursion of =N — > i, 77}{ verifies the following bound:

K

K
—r —r i mu
Vr >0, (1 = 7(R% + Ma))E (@ _y, Hpatye_) < — Z Ell& (nr_q) 117
k=1

Proof Let r,kin N x N*, we denote of, =nr — >0, 77,1, then we have shown in Lemma D.4 that:

af = (Ig — vHp)aj_, + &M (0f_1) + gl (1) -

Taking the squared norm and developing it:

okl = [lafa |* + 27 {afr & (fioy) + & (vhr) — Hrafo )
+ PG (af_1) + gt (1) — Hrog_y|1?,
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and developing the last term with Inequality 1 leads to:
llI* < [Jef— 1H + 2y <ak LE (afy) + & () — HFOé271>

; 272{usmu“ () 12 + [ Hpal_y — € (af_,) |2}

Because o _; is Fj_i-measurable and E[¢™! (af ;) | Fy_1] = 0 (expectation of & (-) is zero,

see Definitions 4.1 and 4.2), taking expectation w.r.t. the og-algebra F;_1, using Assumption 4.3
and again Definition 4.1 gives:

El| Hrag_y — ™ (afioy) II° | Fror] = El| Hrag_1||* | Fii]
+E[IEM (afioy) 1P | Frea]
< (Rp + Mo)| Hy o, |-
Hence:
Elllaill? | Froa] < [laf_y]I* = 27(1 = y(RE + M2)) (o} 1, Hraj_;)
+ 297%™ (1) 17 | Feal,

which gives when taking full expectation and averaging over K in N*:

K
1 1
(1= (R + Ma) 1o > E (fy, Hrak) < o (ol = [laj ||
k=1

K
+ D Elle™ (v I

and by convexity <@’[’(71, HaTK71> < % Zszl <a2_1, Hpa2_1>, which allows to conclude as o = 0. B

In below lemma, we bound E [7],2_1 ® 7717;;—1] for r,k in N x N*. It is required because we will use
Lemma 2 from Bach and Moulines [2013] and apply it to the sequence (1} _;)ren+ren. The noise

process of this sequence is equal to ﬁmult (77]::%); and computing the expectation of its covariance
involves knowing E [nk—l ® nk—l]'

Lemma D.6 (Bounding the covariance of n;_,). Under the setting in Definition 4.1, under As-
sumptions 4.1, 4.3 and 4.4, i.e. considering that fmu“ (+) is linear, for any K in N*, any step-size
v >0, and for any r > 0, we have the following bound on the covariance of mj_,:

E i1 ®@mpq] < A T g T e T -

Proof

Let r > 0, we first prove by recursion that we have:

7 nr+1 _ ’YZ I, _,YHF)IC 1§mult( )

For k = 0, we indeed have 777’“ = 0. To go from k to k + 1:

it = (o — YHe)np ™ + € (i) by definition,

k
=7 (Ig—yHp) g™ (i) + y(1g — yHp) WD =gt ()
=1
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by hypothesis, which allows concluding.
We now prove by recursion the main result of the lemma.

Initialization. For r = 0, by definition, we have n) = (I — vHp)n)_, + Wﬁadd, unrolling the sum
gives n) = (Iy — vHp)*nd + 'nyzl(Id — yHp)F~i¢add Because we consider 1) = 0 and given that
the sequence of noise (§fdd)i€[[1’kﬂ is independent at each iterations, we have:

k
E [ @] = 2> (la = yHp) B [9 @ 9] (14 — y )
=1

Because the sequence of additive noise ({?dd)ieN*is iid., for any ¢ in {1,---,k}, we have that
E [f?dd ® ffdd] = Cania < MagaHF (Assumption 4.4.1), hence:

k
E[mon <7 Z(Id — yHp) " MaaqaHp(Ig — vHp)"
=1

These matrices commute:

k
E [772 ® 7],2] 11 Z(Id — 'yHF)Qk*Z"HF , and because it is a geometric sum:
i=1

< 72]-Hadd (Id — (Id — "}/HF)2k72> (Id - (Id - ’YHF)Q)_l HF

_ 1
< v ada (Id — (Ig —yHp)* 2) (2vHp —7*Hf)™ Hp
< ’yH_[addHﬁ:lHF because YHr < Iy,
< YHlagala -

Recursion. Let r > 0, to go from r to r 4+ 1, we start writing;:

k
7"+1 ® ,r,r—i-l 2 Z(Id _ ,YHF)kflfz zrnult( n_ 1) ® fmlﬂt(n;ﬂfl)(ld _ ,YHF)kflfi )
i=1

Now we use linearity of the multiplicative noise (Assumption 4.3), thus there exists a matrix Zj in
R¥*4 s t. for any z in R%, we have flrfnult(z) = =12, and it leads to:

k
mten T =92 (g — yHe) By @ nf_)E] (g — vHp)"~
=1

Taking full expectation, we have:

k
E [ @] =42 Yl — vHp) E B[Sy @ ni_)E | 0(E0)]] (a = vHR)

i=1
k
=923 (L= vHp) E [ZEWy @ iy | o@)IET | (L HR)
i=1
and because for any ¢ in {1,--- ,k}, /_; is independent of Z;, we have E [/_; @ n/_, | 0(Z:)] =

E [77{_1 ® 7]{_1] < fy"“H_IaddHI;mltId, where we use the hypothesis for ». We have in the end:

k

E [ @] <0 Maaal e Y (la = vHR) B [SE] | (Lo — yHp)*
=1
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Furthermore, by Assumption 4.4.2 we have E [EZEH < Mt H, thus:

k
E [77£+1 ® ,’724»1] =< T+3HI IH:’ntjt (Id _ ,_YHF)QIC—Q—Q’LHF
=1
<Y Py Hy  Hyp

because ) _1(Id — yHp)?=27% = (I, — (Is — vHr)?*) (2vHp — 72H%)71 < fyleEl. In the end,
we have E[n) ™' @ 7,71 5 4"+ 211L,qq 11171 | 15, which concludes the proof.

D.3.3 Final theorem

In this section, we gather the pieces of proof required to demonstrate Theorem 4.2. As done in
Section D.2, we consider separately the noise process and the noise-free process, then put them
together to obtain the final result.

Theorem D.2 (Linear multiplicative noise, convex case). Under Assumption 4.1, under Assump-
tions 4.3 and 4.4 i.e. with a linear multiplicative noise, considering any constant step-size v such
that ’y(R% + Ms3) <1 and 4’yH_Imu1tR% <1, then for any K in N*, the sequence (wg)gen+ produced
by a setting such as in Definition 4.1, verifies the following bound:

) 1/2 2
_ — Tr E — de_Ia I_H u /
E[F(@K 1) F(w < — (H OH ( . H ) ( dd m lt) )

)] T 2K \/> 1- V ’Y]—Hmult

Proof Let K in N*, the proof relies on the proof presented by Bach and Moulines [2013] and is
done separately for the noise process and for the noise-free process that depends only on the initial
condition. The bounds may then be added (see the discussion in Subsection D.3.1).

Noise-free process. As in section A.3 from Bach and Moulines [2013], we assume here that the
additive noise (£244);cn+ is uniformly equal to zero and that v(R% + . Mz) < 1. Using Definitions 4.1
and 4.2, we thus have for any k in N* that ny = ng_1 — YHprne—1 + vﬁm‘ﬂt(nk_l), it flows:

Elllmell®] = Elllm—11%] = 2vE[(m—1, Hrm—1)] + VE[ Hrme—1 — & (n—1) %]
= Ellm—1ll*) = 29E[(m—1, Hrm—1)] + 7 Ell Hpmp—1 %] + 2?E[ G (me—1) 1]

Considering that Hp < Tr (Hp) 1z < R%14 and using Assumption 4.3, we obtain:

1/2 1/2
Elllnkll?] < Elllme1l12) — 29BN H *ne1 %] + 42 (R + Mo)E[[H *ne 1|2

Because the step-size = is s.t. ’y(R%7 + M) < 1, we recover that in the absence of noise, we have:

2

1/2_ 2 [[70]]
El||H < . D.13
I e lP) < T (D13)

Noise process. Now, all the following results comes from Subsection D.3.2 where we assume that
N0 = wo — ws = 0, we start using Minkowski’s inequality A.6:

1/2 1/2

2Oy =Y e DI . (D14)

1/2_ 1/2 —q
e [ <e [|HF/ > Tl
i 1=0

First term.
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Let r € N, again using Minkowski’s inequality A.6, we have
T T
1/2 ™ =i 1/2—
Bl T P12 < S ElH e |22
i=0 i=0

1/2_4 1/2_4
E[|H 7% |12 1/2+ZE (1 H 7 |1212 (D.15)
=1

By Equation (D.12), we have 00 = (I; — vHp)n)_, +v£244, hence to bound the first term, we have
to apply Lemma 2 from Bach and Moulines [2013] to the sequence (79 _;)ren+ and we obtain

1/2— _
E[HHF/ 779(71”2] < Tr (caniale) /K (Dlﬁ)
Let ¢ in {1,--- ,r}, to bound the second term, we have to apply Lemma 2 from Bach and Moulines

[2013] to the sequence (1% _;)ren+. To do so, we bound the covariance of the noise which is here
equal to £MU (n2=1) (by definition of 77}_,, see Equation (D.12)).

Because the multiplicative noise is linear, using Assumption 4.3, there exists a matrix =, in R%*¢

s.t. §m‘ﬂt (7712_11) = Epn_ 1 It follows that taking the expectation w.r.t to the o-algebra o(Zj), and
because 7, _ 1 is independent of it, using Lemma D.6, we have:

B[y @0y | o@0)] =E 2 @iy < 9 aaalll o
Thus, the noise {m‘ﬂt (77,2:11) is such that:

Emult (77k 1) ® fmult (nllcill) | 0(Zk)] = E4E [nk 1 77k 1] S Y IHaddIHmult:k‘—‘k

Taking full expectation, we furthermore consider Assumption 4.4.2 which gives that: E [EZE:] <
I,,ut HE, hence:

E [&rﬂmﬂt ( ) ® émult (77114: 11)} < Y ]-HaddmmultHF . (D'17)

Using Lemma 2 from Bach and Moulines [2013] results to:

T T
SCENH R P2 <Y A M ga M, Tr (HpHE') /K (D.18)
3 =1

In the end, we obtain from Equation (D.15):

/ -1 r
[HHl/Q Z 1” 1/2 S Tr (Q:aniaHF ) + \ dmadd Z’YZ/QHIZ/2
VK VK =

mult
1=0

Tr (Q:aniaHEI) + ’Ydmaddmmult (1 - ('Ymmult)r/Q)
\/E \/? (1 - meult) .

IN

Second term.
If v(R% + Ms) < 1, Lemma D.5 gives:
K

E<77K—1—§77i(17 (Mx—1— ZWK 1 >§ (R%—i—M KZE {Hfmult (h-1) HZ} )

k=1
(D.19)
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Furthermore, H{mu“ (nk I)H = Tr( mult (nk 1)®2>, by reusing what has been written in the
previous paragraph (Equation (D.17)), we obtain:
Hfmﬂt (77k 1) H2 <4 ddmmuuTr (Hp)

< AL II7 L RE (Definition 4.1).

mult

It follows that we have:

B r y T+2H_I ddH—[rJrl R2
E <"7K—1 - 27721(—1: (M1 — ZUK 1 > = — (aR2 +m_/1\ll;2)) (D.20)
; F

Putting things together. In the end, from the Minkowski decomposition done in Equation (D.14), we
combine the two terms and it leads to:

1/2 1
_ _ 1/2 Y2 M gq I RY T (Cania )
E [(Tx—1, HFTK_1)] < ( (1—~(R% 4_/\1;2)) + VK
VI i M (1= (/o))
\/f? (1 — 'YIHmult) .

This implies that for any vIII,,,11 < 1, we obtain, by letting r tend to +oc:

’YdH—Iadd I-Hmult ) 1/2 >

(D.21)

\/E 1- V ’Y]—Hmult

Final bound. We now take results derived from the part without noise, and the part with noise, to
get:

1
E [<ﬁK—1aHFﬁK—1>]1/2 < —= < Tr (Q:aniaHEI) + (

L (lmoll L (g )2
E[(Tix—_1, Hrfig_1)]"/? < +/Tr (Cania Hp ') + :
[< K-1 K— 1> \/E \ﬁ ( aniadl p ) 1_ fyﬂlmult
which leads to the desired result considering that 4411, < 1. |

D.4 Validity of the assumptions made on the random fields

In this section, we verify that all the assumptions on the random fields done in Subsection 4.2.1 are
fulfilled in the setting of compressed least-squares regression analyzed in Section 4.3. To do so, we
first need to define the filtrations considered in this section.

For k in N*, we note uy the noise that controls the randomization Ci(-) at round k. In Section 4.2,
we have denoted by Fy the o-algebra generated by (x1,e1,u1, -+ ,x, ;). In particular, wy and wy,
are Fp-measurable. We also consider the following filtrations.

Definition D.1. We note (Gi)ren the filtration associated with the features noise, (Hp)ren the
filtration associated with the output noise, and (Z)ren the filtration associated with the stochastic

gradient noise, which is the union of the two previous filtrations. Thus, we define Fy = {@} and for
ke N*:

Gk = 0 (Fr—1 U {z})

Hi = o (Fr—1 U {er})

Tk = 0 (Fr—1 U {zk,ex})
Fr =0 (Fr—1 U{zk, ek, ur}) .
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Note that there are two filtrations G and H for the two independent noises that are both involved
to compute the stochastic gradient. This will help us to compute the scalar product of these two
quantities.

We start by providing a bound on the distance between two compressions, this lemma will be used
to prove Property D.3.

Lemma D.7. For any compressor C in C verifying Lemma 4.1, for all z,y in R?, we have:

E[IC(x) = C)II"] < 2(w + 1) ||z +2(w + 1) ||y -

Proof Let a compressor C in C and z,y in R, using Inequality 1, we have that:

IC(z) = C)II* < 21IC@)I* + 2/IC(y)II* -
Taking full expectation and using Lemma 4.1 allows to conclude:

E [HC(fL‘) —CI?| < 2w+ 1) fl2l* + 2w+ 1) lly)* -

Now we prove that all the assumptions done in Section 4.2 are correct.

Property D.1 (Validity of the setting presented in Definition 4.1). Consider Algorithm 2 in the
context of Model 2, we have that the setting presented in Definition 4.1 is verified.

Proof From Algorithm 2, we have for any & in N* and any w in R? & (w —wy) = VF(w) —Cr(gy.(w)).
Because (g, )ken+ and (Ck)gen+ are by definition two sequences of i.i.d. random fields (Algorithm 2),
it follows that their composition is also i.i.d., hence (§k)ken+ s a sequence of i.i.d. random fields.

Taking expectation w.r.t. the o-algebra Zj, we have E [Cr(gy(w)) | Zx] = g, (w) (Lemma 4.1), next
with the o-algebra Fj_1, we have E[g,(w) | Fr—1] = VF(w) (Equation 4.2). Hence, the random
fields are zero-centered.

From Model 2, we have for any %k in N* and any w in R¢ that:
1 1
F(w) = 5E [ w) — )] = 5E [(w —we) (e 20) (w — we) — 2ex (a0 — w,) + ]

= L (w—w) Hw —w) +0%),

hence F is quadratic with Hessian equal to H whose trace is equal to R2. |

Property D.2 (Validity of Assumption 4.1). Considering Algorithm 2 under the setting of Model 2
with Lemma 4.1, for any iteration k in N*, the second moment of the additive noise £2dd can be
bounded by (w + 1)R%02, i.e., Assumption 4.1 is verified.

Proof Let k in N*. Because we consider Algorithm 2, with Definitions 4.1 and 4.2, we first
have €249 = —Cy (gx«), then with Lemma 4.1 we obtain E[||Cx(gr.«)||> | Zr] < (w + 1) [|gr.«]|*. Next,
we first have from Model 2 and Equation (4.2) that gy . = e, secondly because ((ek)ke{17.._,K}) is
independent from ((xx)keq1,.. k3) (Model 2), we have that E[||lepzx||*] < 0?R?, hence it results to:

E[G? | Fior] = E[IEY] < (w +1)0”R2.
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Property D.3 (Validity of Assumption 4.2.1). Considering Algorithm 2, under the setting of
Model 2 with Lemma 4.1, for any iteration k in N*, the second moment of the multiplicative noise

£milt (1p) can be bounded for any w in R by 2(w + 1)R? HH1/2(w — w*)H2 +4(w + 1)o?R2, ie.,
Assumption 4.2.1 is verified.

Proof Let k in N*, we note n = w — w,. First, because we consider Algorithm 2, with Definitions 4.1
and 4.2, we have &(n) = VF(w) — C(g,(w)) and €249 = —Cy(gx.«), hence:

R () = &) — G = VF(w) — Cilgr(w)) + Cr(gre)

thus developing the squared-norm of £t (y) gives:
&2 ()1* = IVE(w)|* + 2 (VF(w), Cr(gh.«) — Cr(gr(w))) + [ICk(gk ) — Ci(gx(w))]*

On the first side we have E [E [Ci(gk«) — Ck(gr(w)) | Zi] | Fr—1] = =V F(wg_1). On the second side,
we use Lemma D.7; this allows us to write:

E [1Ck(gk0) = Cilg(w))I* | Te] < 26w +1) lg(w)” + 20w+ 1) gh | -

Note that this bound is far from being optimal when gy (w) = gy« or if C is the identity. Next, we
decompose as follows:

E [Ch{gn+) — Crlgr (@) | Tu] < 26w +1) lgw) — gi.IP

4w + 1) (g (w) — G G + 4w + 1) [lgr]|” -

Taking expectation w.r.t. the o-algebra Gy, recalling that gi(w) — gx « is Gy-measurable (Defini-
tion D.1) and considering Model 2 allows to write:

E [ICk(gn+) = Culgr (@I’ | Ge| < 20w+ 1) lgke — g(w)| + 4( + 1)o* B2
< 2(w+ 1) |[(zk @ zp) et ||* + 4(w + 1)o?R?,
and now taking expectation w.r.t the o-algebra Fj_1 leads to conclude the proof:

ElIC(gk+) = Culgr(w)I? | Fioa] < 2w+ DR H(wy, —w.) || + 4w + 1)o?R?.

Property D.4 (Validity of Assumption 4.2.2). Considering Algorithm 2, under the setting of
Model 2 with Lemma 4.1, for any iteration k in N*, the second moment of the multiplicative noise
EMU (w) can be bounded for any w in R? by QR%c||HY?(w — wy)|| + 3(w + 1) R HY?(w — w.)||?,
i.e. Assumption 4.2.2 is verified.

Proof Let k in N*, we note n = w — w,. Because we consider Algorithm 2, with Definitions 4.1
and 4.2, we have the following decomposition:

&M () = [VF(w)|* + 2 (VEF(w), Ci(gr,«) — Cr(gx(w))) + ICh(gr,«) — Cr(gx(w))||”
We take expectation w.r.t. the g-algebra Z; and use Item L.2 of Lemma 4.1:

E [0 () | ] < IVF@)IP +2(VF(w), g — gelw))

+ Qmin(| gk« I

s gk (@)Dl gk« — g (W)l + 3(w + 1) |gk« — gi(w)
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Then, we have min(llge. |, lge(w))gks — ge(w)| < llgn-llgre — g,(w)ll, taking expectation
conditionally to the o-algebra Fj_1, applying the Cauchy-Schwarz’s Equation (A.8) and considering
Model 2, we have:

Ellgn 191 — gk (@] | Fior)® < Ellgcl® | FiorlEllgs — gelw)|> | Fioa)
< PRYH (w - w,)|.

Therefore,

E [ () | Fi] < — IVF @) + o BRI HY2(w = w.)| + 3w + DR H(w - w.)|,

which allows concluding. |

Property D.5 (Validity of Assumption 4.3). Considering Algorithm 2, under the setting of Model 2
with Lemma 4.1, if the compressor C is linear, then for any iteration k in N*, the multiplicative noise
f,?ult is linear, thus there exist a matriz =) in R such that for any w in R?, f}fult(w) = Zpw.
Furthermore, the second moment of the multiplicative noise can be bounded for any w in R? by
(w+1)R? HHl/z(w — Wy)

2 . . .
, hence Assumption 4.3 is verified.

Proof Let k in N*, we note n = w —w,. First, because we consider Algorithm 2, with Definitions 4.1
and 4.2, we have &(n) = VF(w) — Cr(gy(w)) and €844 = —Cy(gx«), hence:

P (n) = €(n) — €1 = VF(w) — Cilg(w)) + Culgr,) -

Because the random mechanism Cj, is linear, there exists a random matrix II;, in R4*? such that for
any z in RY, we have Cy(2) = I}z, it follows that:

& () = VE(w) + Cr(gns — gp(w)) = (H — (), @ )7 -

Hence, the first part of Assumption 4.3 is verified with = = H — I (2 ® x). Now, we compute
the second moment of the multiplicative noise. We start by developing its squared norm:

1€ () 17 = IVE(w)[* + 2{VF(w), Ci (g — g1(w))) + | Ch(gn, — g (w))[|* -
Taking expectation conditionally to the o-algebra Zj, and using Lemma 4.1 gives:
E 16 oI | Z] = IVP()? + 2 (VF(w), g = gi(w)) + (@ +1) llgn,e — g(w)]?
Finally, with o-algebra Fj_; and considering Model 2 we have:
E (g o) 12 | For| = = IVF@)I + (w + DEH(w - wl)|?,
which allows to conclude. |
Property D.6 (Validity of Assumption 4.4). Considering Algorithm 2 under the setting of Model 2

with Remark 4.1 and Lemma 4.1, if the compressor C is linear, then for any k in N*, there exists a
constant g > 0 s.t. Capia < 021y Hp and E [EkEg] < R’y H; Assumption 4./ is thus verified.



Appendix D. Appendix to Distributed, compressed and averaged LSR 178

Proof

Let k in N*, we note n = w — w,. We first need to compute Iy in R? for each compressor C in
{Cq;Csqs Crar,Cs,Ca, Cpp}, it comes from Proposition 4.2 which results having a constant Il s.t.:

C(C,pn) = Epmpy [C(E)®?] < 4 H . (D.22)

Indeed, Diag (H) car be bounded by Tr (H) 14, and then Iy by p~tH. This constant Il can be
computed from Proposition 4.2 for any compressor:

Compressor Cran Cs Cep Co

h—1 h—1 (1—p) 1 -5 Bt
Mn pan tA-gnp 1+, 54y
Iy (if H diagonal) % ]lg ]l? O‘T?B + %

Where p = h/d, 7 = Tr (H) /u, and for sketching oo = % and = %.

We now show that the two inequalities given in Assumption 4.4 are valid.
First inequality.

By Definition 4.3, we have €ania = E [ ® £244] = E [Cp(epar)®?], because ((ek)kefr,... k}) i
independent from ((l‘k) kel .., K}) (Model 2) and using compressor linearity and Equation (D.22), it
gives: Capig = o’E [Ck(a:k)®2] = U2€(C,pH) < O'2H_IHH .

Second inequality.

Using Property D.6, because the compressor C is linear, there exists two matrices ITj, =), in R¥*? s.t.
for any z in R%, we have Cy(2) = IIz and f}?u“(z) = Ejz, which gives that 2 = H — (2 ® o).
It follows that:

ExZp = HH' — HIly(zp ® a1) — Mg (2, @ @) H 4 (2 © ap) (2 @ 21T,
Given that the compression is unbiased (Lemma 4.1) we have E [Ty | Zx] = 1, hence:
E[=al] | T = HHT — (oo o) — (o 0 20 H + E [l © 2 (o @ o)1 | T
and now taking expectation w.r.t the o-algebra Fj_q:

E [EkEJI ‘ ]:k—1] =-HH' +E [Hk(l“k ® k) (Tk @ zp)II) ‘ fk—1} :

In the end, we have that E [EkE,;r ’ -Fk—l] <E [Hk(xk ® xg) () ® xk)H; ‘ ]:k_l], and if we consider
that the second moment of the features (zj)gen+ is almost surely bounded (Remark 4.1), we obtain:

E [Ekag ‘ fk,l} < R’E [Hk(;rk@xk)r[; ‘ I,H} < R%E [Cilz)®? | Fra] - (D.23)

Thus, using Equation (D.22), we can state that E [EkE,I ‘ ]-"k_l] < R’ H, which concludes the
second part of the verification of Assumption 4.4.

D.5 Compression operators

In this Section, we provide additional details about compression operators. First, we prove in Subsec-
tion D.5.1 that Lemma 4.1 hold and compute the compressor’s covariance given in Proposition 4.2.
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The specific computations for sketching are given separately in Subsection D.5.2 because they are
more complex. Third, it allows to prove Propositions 4.3 and 4.4 in Subsection D.5.3. And finally,
in Subsection D.5.4, we plot the covariance matrix induced by quantization and sparsification for
quantum and cifar-10.

D.5.1 Computation of the variance and covariance of the compression operators

In this Subsection, we first prove Lemma 4.1. Item L.1 is frequently established in the literature and
corresponds to the worst-case assumption, see the introduction for references. On the other hand,
Item L.2 is the Holder-type bound, which is not used in the literature up to our knowledge. Next,
we compute the compressors’ covariances that have been given in Proposition 4.2.

Lemma D.8. For any compressor C € {Cq,Csq,Cran,Cs,Ca,Cpp}, there exists constants w,§ € R,
such that the random operator C satisfies the following properties for all z, 2z € R%.

L.1: E[C(2)] = z and E[||C(2) — 2||?] < w]|2||? (unbiasedness and variance relatively bounded),
L.2: E[llc(2) = C()I7] < @min(|lz]], [|2'Dl|z = 2| + 3(w + D)l|z = 2'||* (Holder-type bound),

with w = v/d and Q = 12v/d (resp. w = (1 —p)/p and 2 =0) for Cq and Csq (resp. Cran,Cs, Co,Cpp ).

Proof

Value of w (Item L.1 of Lemma 4.1). For projection-based compressors, the proof is straight-
forward, for quantization-based, the proof can be found in Alistarh et al. [2017] and gives w = V/d.

Value of Q (Item L.2 of Lemma 4.1). For linear compressors, it is straightforward to obtain
Q2=0.

For quantization, we take x,y in R%, we note (ui)f:1 the vector controlling the randomness of
compression, and we write Cy(z) — Cq(y) = A+ B + C, with:

)
i

GG

1. A:= H:I:Hsign(:c)Bern( ) — ||z||sign(z)Be (
2. B :=||a||sign(z)Bern({5) — [l|sign(y)Bern(;

F@F&

y
3. C = |x|sign(y)Bern({4) — [lyllsign(y)Bern({4p).
We note || - || the 2-norm and || - ||; the 1-norm. By symmetry, we suppose that ||y > ||=||%.
First term. We have ||A]]? = Hﬂ:HQZ?ZI( <m‘} -1 <\Hzl\) llz||? ZZ 1 l\ﬁ,ul— <l because
lyl|? > ||]|?. Taking expectation, it gives E[| A|1?] = [l S0y (24 — (2 = |22l WLl Now

with triangular inequality, we have:

E AP < H |'|'|x|| ly — 2l < lelhlly — 2l < Valalllly — <]l

and by symmetry E[||A||?] < vdmin(||z|, [ly|))[ly — =]
Second term.

We have [BJ2 = |z]2 S0, (sign(i)L, _ .y — sign(u)1,

=yl

< sl )2' Let ¢ in [d]v if Sign(wi) = Sign(yi)a
=yl

then:

=]

E[IB]?] = [« ZE[ mintlzg il <, mox(lzl |yl>]
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- 81gn(yl)1 ;1 )2, we have:

Hyl STyl

If sign(z;) # sign(y;), developping (sign(z;)1

i<

|xl, ’yz . . min(|xil, ‘yll)
|B||7| = ||zl — 2sign(z;)sign(y;) —————
=l “‘Ejmn o] ) )

Hxll

Zmax |zl [9il) + 3min([zil, [i])

sign(z;)7sign(y;)
i) |,

Next, we have max(|z;|, |yi|) + min(|z;|, |vil) = |2i| + |vi i — ¥i|, which results to

d
EWBH]<§EMZﬁdm—xﬂSwmww—Mh§3¢WMWw—ML

Third term. We have ||C|? = (||| — |lyl)? 34, 12

<l , taking expectation, it gives:
= It

d
Yy
Eflc)?) = murM|§jHH_n nﬂﬂf<¢wx—m?
=1

Overall, using Inequality 1, we have:
El|Ca(x) — Cq(w)|I°] < 12Vdmin(|lz[|, [ly|) ]|« — y|| + 3Vd]z - y|?,

which allows to conclude that Q = 12v/d, and the Hélder-type bound is verified as for 1-quantization,
we have w = V/d. |

We now compute the compressors’ covariance given in Proposition 4.2 and Corollary 4.3. However,
sketching requires more involved computations, they are provided in Subsection D.5.2.

Proposition D.2 (Structure of the compressor’s covariance). The following formulas of compressors’
covariance hold:

o &(Cypm) =M

e &(Cyypm) < M—l—\/Tr )y/Diag (M) — Diag (M)

o ¢(Cy,pm) = M + 1 PDiag (M)

o &(Cp,pm) = 11)(( — B)M + BTr (M)1,) witha:% andﬁz%
. ¢(Crdh,pM) = (M + (§ — =) Diag (M)

P

Proof

In this proof, we denote F the o-field generated by the random sampling of £ ~ pys € Pas, and G
the o-field generated by the noise from the compression process. Let E ~ pys € Pay.

M

d
Quantization. By definition, we have C,(E) = || E||2sign(E) © x, with x = (Bern(”‘gﬁ' )) It
follows that C,(E)®? = || E||3sign(E)®? © x®2.

Because:

E [ | 7] -
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1 sign(E;)sign(E;)
and considering that sign(FE)®? = , we have:
sign(E;)sign(E;) 1
1Ell2 [Ei] if ©=7,

E[Cu(E)®* | F| =
EZ‘EJ‘ else.

Taking the complete expectation gives:

EMEN: [El] if i=
E [C(E)®?] =
M;; else.

Changing the diagonal to make appear M, we obtain:

E [C,(E)®?] = M +E || B|:Diag (|E:), | - E [Diag (52)!_] .

Furthermore, we first have that E [Diag (Ef)jzl} = Diag (M) and secondly, by Cauchy-Schwarz
Equation (A.8) that:

e [|1l:Diag (1B, < E [1E13] € [Ding (B2)(_, | = Tr (M) Diag (M)

which finally gives E [C4(E)®?] < M + \/Tr (M)+/Diag (M) — Diag (M) .
Sparsification. By definition, we have Cs(E) = 1B © E € R?, with B ~ (Bern(p));i:l, thus

Cs(E)®? = Z%B@@E@z. Taking the expectation w.r.t.pto the o-filtration F, we have E [C4(E)®? | F] =
p »’

I%P ® E®? with P = , because for all 4,7 in [1,d], we have E [BZ2 ‘ .7-"} = p and
»’ p

E[B;B; | F] = p?. This naturally gives: E [C,(E)®?]| = %P O M.

Sketching. The proof is more complex and therefore is given separately, in Subsection D.5.2.3.

Rand-h. By definition, we have Cyqp(E) 1= %B(S’) ©® E with S ~ Unif(Py([d])) and B(S); = lies,
thus Cpgp(F)®? = ]%B@ ® E®% (p = h/d). We have that for any i,j in {1,...,d}, B; and B;
are not independent and that B; ~ (Bern(p)), therefore we have that E[B?] = p and that: h? =
(= B,;)2 = YL, B? + Y., BiB;. Taking expectation, it gives h2 = h + d(d — 1)E[B;Bj] i.e.

E[B;B;] = ZEZ:B. Taking the expectation w.r.t. to the o-filtration F, we have :

dh —1) o2 (d _ d(h_l)> Diag (E%?) .

E[Can(B) | F] = 1) h h(d—1)

And taking full expectation allows conclusion.

Partial Participation. This result is straightforward.
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D.5.2 Variance and covariance of sketching

In this Subsection, we compute the expectation, the variance, and the covariance of sketching.
In Subsection D.5.2.1, we give the proof principle of our computation, in Subsection D.5.2.2, we
compute the expectation and the variance, and in Subsection D.5.2.3, we compute the covariance.

We thank Baptiste Goujaud (Ecole polytechnique, CMAP) who greatly helped to prove the following.

D.5.2.1 Proof principle

Let y in R? with ||y||* = 1, and 2 in R%. By Definition 4.4, for ® in R"*?, we have Cg(z) = %@Tq)m
with @7 = @T(®®T)~! and p = h/d.

To compute the expectation, the variance, and the covariance of Cy(x), the idea is to com-
pute E[y"Co(z)] and E[(y" Co(z))?] by establishing Equation (D.24) which allows controlling
the randomness of sketching by using Equation (D.25). To establish Equation (D.24), first observe
that pCs(- - -) is a projector into a subspace of dimension h, indeed we have (pCo ©pCs)(z) = pCs(z).
Then there exists a random matrix P in Oy s.t. pCg(z) = P J,Pz. It leads to:

1 1
y' Cyp(z) = E?JTPTJhPﬂU = E(P?J)TJh(Pm)-

Now we note X = Pz/|z|| and Y = Py, hence y' Co(z) = ”%”YTJ;LX, and because P is in Oy, we
have:

IXP-1

V1" = llyll” =1

(X,Y) = (z,9) /]l

Furthermore, P is a random projector, it follows that X and Y are sampled uniformly from the
zero-center sphere of radius 1; i.e. X ~ Unif(S4(0,1)) and Y ~ Unif(S4(0,1)). However, X and Y
are not independent, this is why, we consider that X ~ Unif(S4(0,1)) and write Y s.t. Y = aX +bu
with u a random vector in R? of norm 1 orthogonal to X, that is to say, u|X is uniformly sampled on
a zero-centered hyper-sphere of radius 1 orthogonal to the vector X (see illustration on Figure D.3).
It comes that:

]

] ]

y' Cp(z) = 7YTJhX = 7(aXT +oul) I, X = 7(aXTJhX +bu' J,X). (D.24)
Observe that for any ¢,j in {1,---,d}, X;, X; (resp. w;, u;) have the same law, it results to:
V(i,j) € {1,---,d}*, VK €N,  E[X}]=E[X}] and E[u]]=E[u}]. (D.25)

This property is the key to compute the expectation, the variance, and the covariance of sketching.

We now compute a and b. First, by definition, we have:

(z,y) _ (X,Y) =a||X|]* = a,

]

then we write that:

2 2
2y Y \ )
1=|Y|*= () 1X)1% + % ||ul|* = <||x”z + b2, P

l*

1 . <x7y>2

[

which gives b =
Figure D.3: Sphere zero-center
with radius 1: X and u are or-

At the end, we have: Y = aX + bu = few) x4 1 - <m’y>2u.
thogonal.

Izl
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D.5.2.2 Expectation and variance of sketching

In this Subsection, we prove that sketching verifies Item L.1 in Lemma 4.1; for this purpose, we show
that it is unbiased, then we compute its variance.

Proposition D.3. Sketching is unbiased and its variance is relatively bounded, i.e., it verifies
Item L.1 in Lemma 4.1 with w = (1 — p)/p where p = h/d.

Proof Starting from Equation (D.24), we have y'Cp(z) = H%”(CLXTJ;LX +bu' JpX). We first
compute the expectation w.r.t. the o-algebra o({X}) generated by the noise involved in the random
vector X, it gives:

Ely"Co(o) | ()] = 121 S™ aX? 1 BXE s | o((X))].

1=1

Because u is sampled uniformly from the zero-center sphere of radius 1 s.t. it is orthogonal to X, for
any 7 in {1,--- ,d}, we have E[u; | c({X})] = 0, hence taking full expectation, we obtain:

ehcoto - 121 Z X

Using Equation (D.25), we have E[X?] = & Z] | E[X7], next recalling that p = h/d and || X|* = 1,

it leads to E[y" Ca(2)] = allz|[E[Z]_; X7] = allz|E[IX]*] = allz|l. And because a = (z,y) /],
we have at the end that E[Cg ()] = . Now we compute the variance:

1
—E[z"P"J,Pz] =

E[Co(2) T Ca(z)] = ple[xTPTJhPPTJhPm] -

E[X T J,X] has been computed above and is equal to p, it results that E[Cq(z)T Co ()] = ||| /p.
In the end, sketching verifies Lemma 4.1 with w = (1 — p)/p. [ |

D.5.2.3 Covariance of sketching.

In this Subsection, we compute the covariance of sketching. For the sake of demonstration, we need
to compute the 4'"-moment of X; and the 2°%-moment of u;. For any i in [d] and any vector v in
R?, we note v_; = (vj)jeld) j2i 10 Rd-1

Computing the 4*"-moment of X;.

The marginal density of X1 is fx, : 7 +— B(%2, 3)71(1 — 22)(@=3)/2 where B is the beta function
defined as B : z,y — fol (1 =ty = 2]0”/2 in?*~1(t) cos®~1(t)dt. This result can be obtained
either by an application of the formula for the surface area of a sphere [Li, 2010, Sidiropoulos, 2014],
either by writing that X; = % with Z a Gaussian vector with d components. Therefore we have

that:

[ 2)(d- 3)/2(1;6 Q) 2 I cos4(t) sind—2(t)dt (i) Wa—g — 2Wa + Wayo
2f“/2 im—2(¢)t 2 J§7* sin = ()at e

E[X{] =

9

where at (i) we set x = cos(t) and at (ii) we make appears the Wallis’ integrals defined for any n in
N as W, = f /2 sin™(t)dt. Furthermore, we have the following recursion using integration by parts:
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Wago = %Wd, therefore, we have:

2d—1) (d—1)(d+1) 3
E[Xﬂ_<1_ i dd+2) )—d(d+2)' (D-26)

2nd

Computing the 2"“-moment of uy w.r.t the o-algebra o(X).

We define three (d — 2)-dimensional man-
ifolds, two parallel hyperplanes P, P’ and a
sphere S, as follows:

P={aeR¥|(i,X_;)=—X;u;}
P ={acR¥™|(4,X ;) =0}
S = 84-1(0, /1 — uf) " TN

e
B

A\

Obviously u_; is in PN S; then we decom- / Y

pose u_; in two terms n + v, with v ~ ,
Unif(P') orthogonal to X and independent Figure D.4: Parallel hyperplanes P and P’ with the

of u;: n is the center of the sphere SN P sphera 5.

and v is its radius, n corresponds also to the normal vector of both P P’ with norm equal to the

distance between the two hyperplanes, hence n = W‘X—Z = ﬂzX i

IIX
First, because u_; € S, we have ||n + v||? = 1 — u2, next by Pythagorean theorem this is equivalent
2
to ||UH2 =1- ul HnH2 X ||2
to say the probability den51ty function of u; | X is proportional to the number of possible values for
u_1, which corresponds to the surface area of the hypersphere P N.S. This surface is proportional to

the radius [|v||<* = (1 - )(4=9/2 given that PN S is a (d — 3)-dimensional manifold, therefore:

Second, because u_1 € P, we have u; = % that is

IIX 1||2

IXall 2 2 @9/ d—4)/2
et (- o) do ) X0 L g2 (1) dy
fJX—lH (1 _ ||Xx2~\|2)(d74)/2 de f_11 (1— y2)(d*4)/2 dy
2Was = War

Eluf | o({X})] =

(i)
= 1 X1l ,

where at (i) we set y = ﬁ and at (ii) we reuse the previous computations to make appear the
Wallis’ integral. In the end, we obtain:

2
Ehd | o({X))] = (1 - S 2yx 2 = 2= (D.27)

Note that this result is consistent with the fact that EZ LElu? | o({X})] = Zdille

can compute the covariance of the sketching operator.

= 1. Now we

Proposition D.4. Let x in pyy, the covariance of sketching is equal to:

E[Ca (2)°2)] = ;«a _B)M + BT (M)1,),

: h+2 d—h

Proof
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Let # in R? and y in R with ||y||? = 1, starting from Equation (D.24), we have:

(y' Co(2))? = ” H (aX T I X +bu' J, X)?

_ HxH2
=

<a2(XTJhX)2 +2ab(X T T Xu' Jp X) + bz(uTJhX)2> .

First term. Taking expectation, we have E[(XT.J,X)?] = Y, (E[X,fl] + Z?Zl,j# E[Xfo])

However:

h h h d
2v21 _ 2 2| @ 2 1 2
D EXEI=EIXE D X TEIXE D Gy 2 X
J=1j#i J=1,j#1 J=1j#i k=1,k#i
(ii) h

- d_lE[XiQ(l_XiQ)] 5

where we use at line (i) Equation (D.25) and at line (ii) 25:1 X2 =1. It follows that:

h
E[(XTJn X)) =) <Z — ?E[X{*] + %E [Xf])
=1
h
© hSl__lh) E[X{] + % S E (X
=1
(iii) h(d h) h(h — 1)
- d-1 ELXi] d(d—1)
cq. D26 3h(d— h) hh—1) hh+2)
T dd—Dd+2 Tda=1) " dd+2 ¢

Where we considered at line (i) that for any i in {1,--- ,h}, E[X}}] = E[X{], and at line (ii) that
h

Yini E[X?] = GElIX]?] = h/d.

Second term. We compute the expectation w.r.t. the o-algebra o({X}) generated by the
noise involved in the random vector X. It gives E [XTJ,Xu' J; X | c({X})] = 0, because
u|X is uniformly sampled on a zero-centered hyper-sphere, and thus for any i in {1,---,d}, we
have E[u; | c({X})] =

Third term. We have (u' J, X)2 = Y1 w2X2 + Z?:L#i u;u; X;X;. On one side, we compute the
expectation w.r.t. the o-algebra o({X}) generated by the noise involved in the random vector X:

h

h
SOE [ | o({X)) ZX2 o({(XD] 2 S X,
=1

=1

Taking full expectation, we have 2?21 Eu?X? = 75 Z?:l EX2(1-X2)] = ;% (3 —E[X{]), because
for any 4 in {1,...,h}, E[X}] = E[X{] and Z?:1 E[X?] = %E[HXHQ] = h/d.

Let 4 in [d], on the other side, we compute the expectation w.r.t. the o-algebra o({X,u;}) generated
by the noise involved in the random vector X and the random variable u;, hence we requires
to compute E[u; | o({X,u;})]. To do so, as before, we decompose u_; in two terms n + v (see
Figure D.4), with v ~ Unif(P’) orthogonal to X and independent of u;, hence E v | o({X,u;})] =

It gives that Efu—_; | c({X,u;})] = ”X ||2X_Z Thereby, replacing for any coordinate j # i in [d ]
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the value of u_; and taking expectation w.r.t. the o-algebra o({X}), we obtain:

h h h h
> Y XiXEluw | o(XDI= -3 Y o XEXERE | o((X))

i=1 j=1,j#i i=1 j=1,j#i

1=1 j=1,j#i
h
1 ,1— X:
e PO By
1=1 j=1,j#1i
. . h h B ‘PP h(h—1) d 4 :
Finally, we have: > ;" >0 i E[XiXjuu;] = — Ji1)? (1 =37, E[X}]). Putting together the
two terms, we have that:
h 1 h(h —1) eq. D26 h(d—h)
E|(u"JhX)?| = ——(5 —EX]]) - -5 (1 — dE[X{]) "= =
(7] a—1ta EED = g i dd-nd+2) 7

&

In the end, we have E[(y' Cp(1))?] = o

2 (a”a’ +°8'). And because [ly||* = 1, a = (z,y) /||=||

and b = \/1 — (z,y)? /||z||2, replacing them by their values gives:

2 2 2
yTE(Ca(a))®y = 121 (a*ﬁ;ﬁg L (yTy_ ﬁ;ﬁi ))

p

hence E[Cp(z))®?] = 1% (of =Bz + B |z|? Id>. To conclude, we consider that x is a random
variable sampled from a distribution pjs, then taking expectation on this random variable we have:

ECy(7)®? = %((a — B)M + BTr (M) 1), with a = % = % and 3 = % = %. [ ]

D.5.3 Proof of Propositions 4.3 and 4.4

In this Subsection, we give the proof of Propositions 4.3 and 4.4 which provides generic comparisons
between the asymptotic convergence rate of compressors. We first give a lemma resulting from the
Cauchy-Schwarz’s inequality necessary to establish these proofs.

Lemma D.9 (Cauchy-Schwarz’s inequality on matrices’ traces). For any matriz M in R™*?, we
have Tr (M) Tr (M_l) > d2, with strict inequalities if M is not proportional to 1. And if M is

with constant diagonal equal to ¢ in R, we have cTr (M*I) >d.

Proof Let M in R¥™¢ using the Cauchy-Schwarz inequality, we have:
2 2 12 7-1/2)2 &3 -1
42 = Tr (1) :Tr<M M ) < Te (M) Tx (MY

and we have equality if M is proportional to I;. |

Now we give the demonstration of Propositions 4.3 and 4.4. On Figure D.5, we complete the
numerical illustration provided in Subsection 4.3.3.1 by illustrating the scenario of standardized
features, i.e., when the diagonal of M is the identity.

Proposition D.5 (Comparison between Cpp, Cs,Crdn, Co, w = d/h — 1). We consider C € {Cpp, Cs,
Cran,Co} with p = h/d, such that C always satisfies Lemma 4.1 with w = d/h — 1. For any
matriz M € R¥¥4:
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Qtzd StabilizedQtz Sketching

Figure D.5: H not diagonal, scenario using features standardization. Scatter plot of (Tk)f‘zl
(Clrp)) s, with its ellipse ¢ ovizr]/ECoviCap)]-
1. If M 1is diagonal, then:
o &(Cpp:pur) = €(Cy,pir) = €(Cogppr) = 1M,
o Tt (€(Cppygjean )M ) < Tr (€(Co pa) M),
2. Moreover, for any matrizx M with a constant diagonal (e.g., after standardization), we have:
Te(€(Cpp, par)M ™) < Te(€(Coq, par) M ™1) < Te(€(Cy, par) M ™Y) < Te(€(Crap, par) M ).
With strict inequalities if M is not proportional to 1.

Proof
Let M in R™? and take p = h/d.

Proof of Item 1 in Proposition 4.3. In the diagonal case, the first equalities are straightforward

as we have €(Cpp,pm) = €(Cy,pm) = €(Coqy,PM) = %M. Next, we have (regardless if M is diagonal
or not):

B hal Tr (Iy) h—1 Tr(M)Tr (M)
— 1 I - -
Tr ((€(Capar) = €Crppar)) M) = (5 + 0ha = 1) S D oy
Lemma D.9 d (h+ 1 d h—1
naD9d (ht1 _
> <d+2+5hd d+2(1 d—1>)
=0.

Proof of Item 2 in Proposition 4.3. Suppose now that Diag (M) = clj, then we have
h—1 —

Q:(CPPva) = QM Qt(csapM) = M + (% - 1)CId> Q(CrdhapM) = ((d 1§M+ ( 7%)CId and

C(Cprrm) = z ((Zié Sha) M + (1 — %) dsr2)1d) Firstly, from previous item, we have

T (€(Cpp. pa) M) < Tr (€(Conpar) M

Secondly, we write:

Tt ((€(Coupar) = €Copa) M) = (7 4 5ha = )
cIr (M) (4 h—1 h
M <d—|—2(1_d—1)_(1_d)>
_dht1 o by (M) (d—2)(d-h)
=plage Ty, "d(d—1)(d+2)
Lemma D9 d (h+ 1 ho (d—2)(d—h)\
= p<d+2 hd_d_d(d—l)(d+2)>_0



Appendix D. Appendix to Distributed, compressed and averaged LSR 188

Thirdly, we have:

_ h—d d—h _
Tr ((Q:(CrdhapM) - Q(Csva)) M 1) = mTI‘ (Id) + mCTY (M 1)
Lemrr;aDBé h_d+d_h _o
~  h\d—-1 d-1)

Proposition D.6 (Comparison between Cpp, Cq,Cs, w = Vd ). We consider C € {Cpp,Cq,Cs} with
p=(Vd+1)"1, such that C always satisfies Lemma 4.1 with w = V/d.

1. For any symmetric matrix M diagonal, we have:

Tr (€(Cpppa) M) = Tr (€(C,par) M) *E < (1 + %) Tr (E(cq,M)M—l) .

2. If M is not necessarily diagonal but with a constant diagonal (e.g., after standardization), then
o &(Cq, M) < €(Cq,pur)
o Tr (€(Cpp, par) M) < (1 n %) Tr (E(Cq,M)Mfl) .

Proof

Let M in R%*? and take p =

1
14+Vd’

Proof of Item 1 in Proposition 4.4. In the diagonal case with p = 1+\f’ we have E(Cq, M) =
V/Tr (M)V/M and €(Cpp,py) = (1 + V/d)M, hence Tr( (Cq, M)M ) V/Tr (M)Tr (\/M—l)

and Tr (€(Cpp,pr)M 1) = (1 + Vd)d. Noting (Ai)icia) the eigenvalues of M, and using the
Cauchy-Schwarz inequality’s we have:

) (e e
e \Ig@ Z)\ 1/2 \/WTr(M—W) VaTy (€(Co, MM .

Which follows that Tr( (Cqy MYM~ ) > d%? = Vd(1 + Vd) "' Tr (€(Cpp, pr)M™1) and it allows
to conclude.

Proof of Item 2 in Proposition 4.4. Suppose now that Diag (M) = clg, then we have
C(Cpp,pm) = (Vd+1)M, €(Cq, M) = M + (vVd — 1)cly, and €(Cy, prr) = M + cV/dly. Firstly, it
follows that:

€(Cay par) — €(Cqy M) = (M + x/&cld) . (M +(Vd - 1)cld> —cly = 0,

Secondly, we have (1 + %)E(Cq, M) — &(Cpp,prr) = —(1 — )M + (Vd — %)cld, which gives:
1 (V= )8(C0 M)~ €Copopan) | M) = (VA= )eTe (307 = (1= ) Tr (1)
1 1
> (Vd — ﬁ)d —(1- ﬁ)d (Lemma D.9)
>d(Vd—1)>0
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Table D.3: (1) Data covariances for quantum and cifar-10. (2) Covariance €(C,;,pn) W./w.o.

standardization for quantization and sparsification; see Figure 4.6 to have the corresponding trace of

M Quantization Sparsification
standardized

quantum

cifar-10

And the proof is concluded.

D.5.4 Empirical covariances computed on quantum and cifar10

On Table D.3, for both quantum and cifar-10, we first plot the covariance matrix (1) without any
processing and (2) with standardization. In this latter case, we then plot the covariances induced by
quantization and sparsification for w = 1 and 8. For quantum, without standardization, only four
points are visible; it is caused by some rows having extremely large values at features 27 and 43,
resulting in a feature mean 100 times greater than the others.

Looking at the covariance induced by the compressors, we observe that for small w, quantization
better preserves the matrix structure compared to sparsification. This fact is consistent with
Figure 4.6 where is given the trace of €(C,,,py)M ! for these eight covariances: the traces for
quantization are indeed smaller than for sparsification. This is also consistent with Figures 4.7¢c
and 4.7f where w = 1 and where quantization outperforms sparsification.

D.6 Technical results on federated learning.

D.6.1 Validity of the assumptions made on the random fields in the case of
covariate-shift

In this Subsection, we examine the setting of federated and compressed LSR, under the scenario of
covariate-shift (Subsection 4.4.1). Specifically, we consider the case where for any 7,7 in [1, N], we
have heterogeneous covariances, i.e., H; # H;, but a unique optimal model i.e. wl = w,. We verify
that all the assumptions on the random fields done in Subsection 4.2.1 are fulfilled in the setting. For
this purpose, we redefine the filtration given in Section D.4 to align them with the FL setting. For k
in N* and for 7 in {1,..., N}, we note u}, the noise that controls the compression Cj(-) at round k.

Definition D.2. We note (Gi)ren the filtration associated with the features noise, (Hp)gen the
filtration associated with the label noise, and (Zy)ren the filtration associated to the stochastic gradient
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noise, which is the union of the two previous filtrations. For k € N*, we define Fy = {@} and

Now we prove that all assumptions done in Section 4.2 are correct in this setting.

Property D.7 (Validity of the setting presented in Definition 4.1). Consider Algorithm 3 in the
context of Model 1, we have that the setting presented in Definition 4.1 is verified.

Proof From Algorithm 3, we have for any k in N* and any w in RY, & (w — wy) = VF(w) —
% Zfil Ci (gt (w)). Because (gi)pen- ief1,n] and (C)pen ic[1,N] are by deﬁmtlon two sequences of
i.i.d. random fields (Algorithm 3), it follows that their composition is also i.i.d., hence (§)ken+ s a
sequence of i.1.d. random fields.

Taking expectation w.r.t. the o-algebra Ik we have E [C} (g} (w)) | Z1] = g (w) (Lemma 4.1), next
with the o-algebra Fj_q, we have E [g} (w) | Fr—1] = VF;(w ) (Equation (4.2)). And because
+ Zfil VF;(w) = VF(w), we obtain that the random fields are zero-centered.

From Model 1, we have for any %k in N* and any w in R? that:
1 , ,
F(w) = 5= Y E[({z},w) — y})?]
2N 4
— o SB[ w) ek ® sh)(w = w.) - 26} (hw - w.) + (c})?]
1 & .
T 9N Z(w wy) Hij(w —wy) +0 2((w w,) H(w —w,) + 02).

And we have from Model 1: Tr (H) = + SN T (Hy) = EZ | R? = : R®, which concludes the
verification. [ |

Property D.8 (Validity of Assumption 4.1). Consider Algorithm & in the context of Model 1 with
Lemma 4.1, for any iteration k in N*, the second moment of the additive noise fadd can be bounded

by (w+1)R 02/N i.e. Assumption 4.1 is verified.

Proof Let k in N*. Because we consider Algorithm 3, with Definitions 4.1 and 4.2, we first
have §add % Zfil C,i(gi .), hence taking expectation w.r.t the o-algebra 7, and because the N
compressions are independent (Algorithm 3), using Lemma 4.1, we have that:

e (1 | 2] = s SO [lekob | 2] + 2 3 ok )
=1 i

+1
Sw ZHgk*H +N22<gk*’gk*>'

i#]

Next, we first have from Model 1 and Equation (4.2) that for any ¢ in {1,..., N}, g};’* = —¢elal sec-
ondly because ((62)k6{17.._,K}7i€{17._.7N}) are independent from ((x;g)ke{l,...,K},ie{l,...,N}) (Model 1), we
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have that E[[|e} 2% [|?] < 0®R?, hence it results to E [|[£249]|? | Fr_q] = E[[|€29)?] = 45 N o?R%.
|

Property D.9 (Validity of Assumption 4.2.1). Consider Algorithm 3 in the context of Model 1 with
Lemma 4.1, for any iteration k in N*, the second moment of the multzplzcatwe noise §m“1t(w) can be

bounded for any w in R? by 2(w + 1) max;eqq,. N} (R?) HHI/2 W — wy) /N +4(w+ 1)R202/N i.e.

Assumption 4.2.1 is verified.

Proof Let k£ in N*, we note 7 = w — w,. Because we consider Algorithm 3, with Definitions 4.1
and 4.2, we write &M (n) = & SV §L’mult( ), where f;mult(n) = Hyn — C(g},(w)) + C(gj,,,) is the
multiplicative noise on client ¢ in {1,..., N}, hence developing the squared norm gives:

o - [-+5!
N2
=1

N Z é-z mult

)|+ s (6 g )
7]

Taking expectation w.r.t. the o-algebra Fj_1, using that the N compressions are independent
(Algorithm 3) and that for any i in {1,..., N}, E[€;™" () | Fr_1] = 0 (Lemma 4.1) results to have:

m 1
E[IE™ () 1” | Fr] =Nz ZE €™ I | Frea]
Next, we use the result of Property D.3 for each client 7 in {1,..., N} and we obtain:

N
e [l )12 | Fion] < 52 Z( w+ DRH(w = w,)|? + 4w + 1) E}o?)

2(w + 1) maxjeqr, .. vy (17)
N

4(w + 1)?202
N Y

1/2
E (w — w2 +

IN

which allows concluding.

Property D.10 (Validity of Assumption 4.2.2). Consider Algorithm 3 in the context of Model 1 with
Lemma 4.1, for any iteration k in N*, the second moment of the multiplicative noise fm‘ﬂt(w) can be

bounded for any w in R? by (Qo maxl-e{L_._,N}(R?)HH (w wy )|+ (w+1) max;eqy, . N}(R2)HH1/2(
ws)||?)/N i.e. Assumption 4.2.2 is verified.

Proof Let kin N*, we note n = w —w,. From Property D.9, taking expectation w.r.t. the o-algebra
Fr_1, decomposing the multiplicative noise results to have:

E[Ig™ () I | Fia] = 55 ZE E™™ (m1* | Fial

Next we use the result of Property D.4 for each client 7 in {1,..., N} and we obtain:

N

E[IER (n) |12 | Fier] Z R\ | (w — w)|? + (w + V)R HY(w — w,)2.
=1
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With Jensen’s inequality A.7 used for concave function:

mu 2 Qamaxi 1,...,.N (RZQ) 1 N
E[ka ") ‘f’f—l]ﬁ N I =)
=1

+1 i R}
L (Wt Dmaxicq, v Z)ZHHH?(w—w*)n?

N2
Qo max;c(q —1/2
< <. D I (0= wo)?
1
Fylo D) max }<R2>|1H”2<w —w)|?,

which allows concluding.

Property D.11 (Validity of Assumption 4.3). Consider Algorithm 3 in the context of Model 1 with
Lemma 4.1, if the compressor C is linear, then for any iteration k in N*, the multiplicative noise
f,‘cnult is linear, thus there exist a matriz =) in R such that for any w in R?, f}fult(w) = ZpWw.
Furthermore the second moment of the multiplicative noise can be bounded for any w in R by

_ 2
(w+1) maXiG{l,...,N}(RiQ) HH1/2(w —wy)|| /N, hence Assumption 4.3 is verified.

Proof Let k in N*, we note n = w — wy. Because we consider Algorithm 3, with Definitions 4.1
and 4.2, we write §mult( )=+ SV §i’mult( ), where fzmun(n) = Hn—C(gh(w)) + C(g};’*) is the
multiplicative noise on client 7 in {1,..., N}. And because for any clients ¢ in {1,--- N} the random
mechanism Cli is linear, there exists a random matrix H}; in R4 st. for any z in R?, we have
Ci(z) =11} 2, it follows that:

N . N
gmilt () = VF(w) — % > Cilgi(w)) + Cilgh.) = (H -3 2 ilwh @ xi)) n
i=1 =1

Hence, the first part of Assumption 4.2.2 is verified with = = % vazl H; —IIi (2 ® 2%). From
Property D.9, taking expectation w.r.t. the o-algebra Fj_1, decomposing the multiplicative noise
results to have:

2 1 Y
E [Hﬁz‘“ﬂt ()| ‘ fkl] =D E [
=1

g | 7

Next we use the result of Property D.5 for each client 7 in {1,..., N} and we obtain:

1/2 2

%

(w + 1)R? (w — wy)

||M2

e[t ]| 7ea| < %

(w+ 1) max;e(q, . N} (R?)
N2

IN

)

1o 1)
1
NE Hi/ (w — wy)
i=1

which allows concluding.
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Property D.12 (Validity of Assumption 4.4). Considering Algorithm 3 under the setting of
Model 2 with Remark 4.1 and Lemma 4.1, if the compressor C is linear, then for any k in N*,
we have Capia < 02 max;eqy, vy (g, ) H/N and E [ExEf] < maxi€{17._,’N}(RZ2LHHi)ﬁ/N, with
(IHHi)iE{l,...,N} given in Corollary 4.2. Owverall, Assumption 4.4 is thus verified.

Proof

First inequality.

By Definition 4.3, we have Copnia = E[2 @ 240 | 7] = 1 YL EC 1(91)%? | Fro1], because
for any client 7 in {1,..., N} ((6};);96{1,__7[(}) is independent from ((xZ)ke{l, ,K}) (Model 1) and
using compressor linearity and Equation (D.22), it gives:

_ o1 Y RN Y i o2 < o?max;eqy, Ny (I g,)
Cania = 0 WZE [Cr(z3,)?] = WZQ(C pH;) < ﬁZmHH < ~ H
i=1 i=1 i=1

Second inequality.

Using Property D.11, because the random mechanism C? is linear, there exists two matrices Hi‘, E}'c
n R4 gt. for any z in RY, we havg Ci(z) =1IIiz and flrcnult Y(z) =iz = (H; — IIi (2%, ® 2% )2, which
gives that =, = & Z,fil H; — I (2% ® xt). Tt follows that:

Taking the o-algebra Fj_1, using that the N compressions are independent (Algorithm 3) and
that for any 7 in {1,...,N}, E [§i’mult ‘ ]-"k,l} = 0 (Lemma 4.1) results to have E[E,E, | Fr_1] =
ﬁ sz\il E [( (:}C)T ‘ Fi-1]. Now, we can reuse the computations given in Property D.6 to
obtain E [( E}C)T ‘ Fr— 1] < Ry, H;. Therefore, we can state that E [:k:g ‘ fk,l] <
max;eq, . N}(R Iy, )H /N, which concludes the second part of the verification of Assumption 4.4.

D.6.2 Heterogeneous optimal point

In this Section, we explore further the scenario of concept-shift by adding a memory mechanism, as
in Section 2.3. Indeed, Theorem 2.1 shows that this mechanism improves the convergence in the case
of heterogeneous clients. We give below the updates equation defining the algorithm of distributed
compressed LSR with memory.

Algorithm 4 (Distributed compressed LMS with control variates). Each client i € {1,...,N}
maintains a sequence (h};)ie{17.._,N} in RY, observes at any step k € {1,..., K} an oracle gt (-) on the
gradient of the local objective function F; and applies an independent random compression mechanism,
C}g() to the difference g}'{ — h};. And for any step-size v > 0, any k € N*, the sequence of iterates
(wg)keN satisfies:

W = Wg—1 — Ci(gh(wi—1) — hj_1) + hj_4

2|2
Mz

(D.28)

=1
i = hi_1 + aCi(gh(wp—1) — hj,_1),

with o = 1/2(w + 1).
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The counterpart of adding memory is that the random fields are no more identically distributed,
thus Definition 4.1 is not fulfilled, and results from Section 4.2 cannot be applied, especially because
[{add §add] changes along iterations. To remedy this problem, we define here the limit of the

covariance of the additive noise i.e. €30, = hm E [£add ® ﬁadd] In the following result, we establish

an asymptotic result on the convergence, sumlar to Theorem 4.1.

Theorem D.3 (CLT for concept-shift heterogeneity). Consider Algorithm 4 under Model 1 with
p >0 and Lemma 4.1, for any step-size (yg)ren+ 5.t. 7 = 1/VEk. Then
__ L _
1. (VKTig_1)k>0 ——— N(0, H '€, Hi ),
K—+oo

anla

2. €X. = C((Ci,p@;)fy:l), where pey is the distribution of g?* — VF;(wy).

anlia
Theorem D.3 shows that when using memory, in the settings of heterogeneous optimal points (w )fv b
convergence is still impacted by heterogeneity but with a smaller additive noise’s covariance as
©! < ©;. In particular, in the case of deterministic gradients (batch case), we case ©) = 0. From a
technical standpoint, it shows that we recover asymptotically the results stated by Theorems 4.1
and 4.2 in the general setting of i.i.d. random fields (x(nx—1))ken+. To prove this theorem, we show
that the assumptions required by Theorem A.1 are fulfilled by this framework.

Proof

For the sake of demonstration, we define a Lyapunov function Vi as in Section B.4, with & in [1, KJ:

vk=||nk||2+2vkc ZHh ~ VF(w,)|’

)

with C' in R* being a Lyapunov constant that verifies some conditions given in Theorem B.2. For
any k in N, the Lyapunov function is defined combining two terms: (1) the distance from parameter
wy, to the optimal parameter w,, (2) for any client 7 in {1,..., N}, the distance between the memory
term h%_, and the true gradient VE;(w).

First, we have that in the case of decreasing step size s.t. for any k in N, v, = k7%, we
2 . 2
have g —=— 0 and hi, —=—— VF;(w,).
K—4o00 K—4o00
Let k in N*, from the demonstration of the Artemis algorithm with memory, we have from Theo-
rem B.2 that (1) combining Equation (B.12) and Equation (B.13) in the form (B.12)+2+7C(B.13),

(2) and applying strong-convexity, allows to obtain Equation (B.15) but adapted to decreasing
step-size:

27,30&
N )

2~2(C
E[Vi | Fror] < (1 — 2yup) [[wpey — w,|® + 2 Ozuhkl VE(w.)|” +

with Og, <, A being three constants in R whose exact expression is given in the proof of Theorem B.2.
Furthermore, in the same article, they verify that to obtain a (1 — ~y,u) convergence, the following
condition on O, &, A are fulfilled for any & in N*: O < 1/2 and < 1 — yp.

These properties are valid under some conditions on the Lyapunov constant C, the step-size 7, and
the learning rate «; these conditions are provided in the statement of Theorem B.2 and we don’t
recall them here. Hence, we can write that we have:

2 C 222N
€ 7)< 1= (o =l + 25 3 iy = ) 4 22
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and because for any k in N, the step-size is decreasing, we have v, < ~;_1, which makes to recover

2 .2
the Lyapunov function Vi_; at step k — 1: E[V | Fr—1] < (1 — yep) Vi1 + % Taking full
expectation and unrolling the sequence (V})ren, we obtain:

202 i i
EVk<H1—%uV0+ Zf IT =) (D.29)
J=1  i=j+1

To show that each part of the bound given in Equation (D.29) tends to zero when k grows to infinity
is classical computations and can be find for instance in lectures notes of Bach [2022, pages 164-167
and 182], and Kushner and Yin [2003].

To apply Theorem 1 from Polyak and Juditsky [1992, recalled in Theorem A.1], which gives the

desired result, it suffices to prove the convergence in probability of the covariance of the noise

Ek(nr—1) towards Capia, as k — 00.

In the following, we show that klim E [fk(nk_l)fk(nk_l)T ’ Fk_l] L ¢ Let k£ in N*, for
—-+o00

this purpose, we consider the following additive/multiplicative noise decomposition:

N
1 o
s =~y 2 Chlok — VFi(w.)
SN | L | (D.30)
& () = Hpy, — N chlc(g;f(wk—l) — hj_1) + N Zci(gk,* — VEj(w)) + hj_y .
=1 i=1

2
Furthermore, we have that §add kL—> §A because of the Holder-inequality (Lemma 4.1) and
+

because we shown that A% L, VF;(w,); thereby E[¢2dd @ ¢add] ﬁ 2. . Next, from

ania*
K—4o00

Equation (D.30), we write:

Eem—1)&k(Me—1) " = (G — N m—1)) (60 — & (1))
=&, 06, — G ) T — G 1) (o) T+ N (1) © & (1) -

(i) Developing the covariance of the additive noise and considering Model 1 and Algorithm 3 results
to E[f,ﬁ* ® 5,];* | Foe1] = 5z ZZ]\LI E[C gy — VFE;(w,.))®? | Fx_1]. For any iteration k in N* and
any client i in {1,..., N}, we note ©/ the covariance of gi , — VF;(w,), then g} , — VF;(w,) is an
i.i.d. zero-centered random vectors draw from a distribution per; hence we have for any iteration k
in N*, €%, = E[, ® & | Fio1] = €(C7, (po)iLy) -

(ii) Second, we show that E [51,;/[(77;@_1)@2 } fk—l] converge to 0 in probability: it is sufficient to show
that [|EM(nk—1)®?||F tends to 0. To do so, we use the fact that [|EM(nx—1)%%||F = [|EX (k—1)]]3, it
results to the following decomposition:

1< i
€8 o —) 22 < Bl Haoa | + 3 || Z (g (ws1) = hi—1) = CilGh = VE(wa)

2

th | — VEFi(ws)

2
Considering the Holder inequality given in Item L.2 from Lemma 4.1, because kL4> 0 and
—+o0

hi, e, VF;(w,), we deduce that E [} (ny,_1)%? ! Fk—1] tends to 0 in L'-norm.

k—+o00
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(iii) Third, it remains to show that E[¢M (nx_1)(€2,) T | Fr_1] kL) 0. We use the Cauchy-Schwarz
’ ——+o00

inequality’s A.8 for conditional expectation:
E M A N\T F 2 —E M A NT F 2
& e-1)(&ew) 117 | Fim1| =E & e—1)lI2[l(§k) " ll2 | Fr—1
< IE[EXtne)I3 | For]E IR TIE | Fica] -

The sequence of random vectors (fﬁ*)keN is i.i.d., and moreover we have shown previously that
EM(—1)®? tends to 0, hence E[f};/[(nk_l)(gﬁ*)T | Fr—1] converges to 0 in distribution. Consequently,
noting ©} = E[gi , — VF;(w.))®?] we can state that:

E [&(me—1)®* | Fr-1] ﬁ Conia = €(C, (por)iLy) -
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Résumé: Les deux derniéres décennies ont été
marquées par une augmentation sans précédent
de la puissance de calcul et du volume de
données disponibles.  En conséquence, les al-
gorithmes d’apprentissage automatique ont évolué
pour s'adapter a cette nouvelle situation. En par-
ticulier, beaucoup d’applications modernes utilisent
désormais des réseaux de clients pour stocker les
données et calculer les modéles : un apprentis-
sage efficace dans ce cadre est plus difficile, en
particulier en raison des contraintes de communi-
cation. C’est pourquoi, une nouvelle approche,
'apprentissage fédéré, a été développée au cours
de ces dernieres années : les données sont con-
servées sur leur serveur d’origine et un serveur cen-
tral orchestre I'entrainement. Cette thése vise a abor-
der deux aspects fondamentaux de I'apprentissage
fédéré. Le premier objectif est d’analyser les com-
promis de I'apprentissage distribué sous contraintes
de communication ; le but étant de réduire le co(it
énergétique et 'empreinte environnementale. Le sec-
ond objectif est d’aborder les problemes résultant
de I'hétérogénéité des clients qui complexifie la con-
vergence de I'algorithme vers une solution optimale.
Cette thése se concentre sur la compression bidirec-

Titre: Compression bidirectionnelle pour I'apprentissage fédéré hétérogéne

Mots clés: Apprentissage fédéré, optimisation, compression bidirectionnelle, hétérogénéité.

tionnelle et résume mes contributions a ce domaine
de recherche.

Dans notre premiere contribution, nous nous concen-
trons sur l'effet entremélé de la compression et de
I'hétérogénéité (statistique) des clients. Nous intro-
duisons un framework d’algorithmes, appelé Artemis,
qui s’attaque au probléeme des colts de communica-
tion de I'apprentissage fédéré. Dans notre deuxieme
contribution, nous mettons I'accent sur les boucles
de rétroaction afin de réduire l'impact de la com-
pression. Nous introduisons un algorithme, MCM,
qui s’'appuie sur Artemis et propose un nouveau
paradigme qui préserve le modele central lors de
la compression descendante. Ce mécanisme per-
met d’'effectuer une compression bidirectionnelle tout
en atteignant asymptotiquement des taux de conver-
gence identiques a ceux de la compression unidirec-
tionnelle. Dans notre troisieme contribution, nous al-
lons au-dela de I'hypothése classique du pire cas sur
la variance et fournissons une analyse fine de I'impact
de la compression dans le cadre de la régression
des moindres carrés. Dans cette configuration, nous
mettons en évidence les différences de convergence
entre plusieurs schémas de compression sans biais
ayant pourtant la méme variance.

Abstract: The last two decades have witnessed
an unprecedented increase in computational power,
leading to a vast surge in the volume of available
data. As a consequence, machine learning algorithms
have evolved to adapt to this new situation. Espe-
cially, many modern applications now use a network
of clients to store the data and compute the models:
efficient learning in this framework is harder, espe-
cially under communication constraints. This is why,
a new approach, federated learning, has been devel-
oped in recent years: the data is kept on the origi-
nal server and a central server orchestrates the train-
ing. This thesis aims to address two fundamental as-
pects of federated learning. The first goal is to ana-
lyze the trade-offs of distributed learning with commu-
nication constraints, with the objective of reducing its
energy cost and environmental footprint. The second
goal is to tackle problems resulting from heterogene-
ity among clients. This thesis focuses on bidirectional
compression and summarizes my contributions to this
field of research.

Title: Bidirectional compression for federated learning in a heterogeneous setting

Keywords: Federated learning, optimization, bidirectionnel compression, heterogeneity.

In our first contribution, we focus on the intertwined
effect of compression and client (statistical) hetero-
geneity. We introduce a framework of algorithms,
named Artemis, that tackles the problem of learning
in a federated setting with communication constraints.
In our second contribution, we move the focus to-
ward feedback loops to reduce the impact of com-
pression. We introduce an algorithm, coined MCV; it
builds upon Artemis and introduces a new paradigm
that preserves the central model from down compres-
sion. This mechanism allows to carry out bidirec-
tional compression while asymptotically achieving the
rates of convergence of unidirectional compression.
In our third contribution, we go beyond the classical
worst-case assumption on the variance of compres-
sors and provide a fine-grained analysis of the im-
pact of compression within the fundamental learning
framework of least-squares regression. Within this
setting, we highlight differences in convergence be-
tween several unbiased compression schemes having
the same variance increase.
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