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Abstract

Due to the high communication overhead when training machine learning models
in a distributed environment, modern algorithms invariably rely on lossy communi-
cation compression. However, when untreated, the errors caused by compression
propagate, and can lead to severely unstable behavior, including exponential diver-
gence. Almost a decade ago, Seide et al. [2014] proposed an error feedback (EF)
mechanism, which we refer to as EF14, as an immensely effective heuristic for
mitigating this issue. However, despite steady algorithmic and theoretical advances
in the EF field in the last decade, our understanding is far from complete. In this
work we address one of the most pressing issues. In particular, in the canonical non-
convex setting, all known variants of EF rely on very large batch sizes to converge,
which can be prohibitive in practice. We propose a surprisingly simple fix which
removes this issue both theoretically, and in practice: the application of Polyak’s
momentum to the latest incarnation of EF due to Richtarik et al. [2021] known as
EF21. Our algorithm, for which we coin the name EF21-SGDM, improves the com-
munication and sample complexities of previous error feedback algorithms under
standard smoothness and bounded variance assumptions, and does not require any
further strong assumptions such as bounded gradient dissimilarity. Moreover, we
propose a double momentum version of our method that improves the complexities
even further. Our proof seems to be novel even when compression is removed from
the method, and as such, our proof technique is of independent interest in the study
of nonconvex stochastic optimization enriched with Polyak’s momentum.

1 Introduction

Since the practical utility of modern machine learning models crucially depends on our ability to
train them on large quantities of training data, it is imperative to perform the training in a distributed
storage and compute environment. In federated learning (FL) [Konec¢ny et al., 2016, Kairouz, 2019],
for example, data is naturally stored in a distributed fashion across a large number of clients (who
capture and own the data in the first place), and the goal is to train a single machine learning model
from the wealth of all this distributed data, in a private fashion, directly on their devices.

1.1 Formalism. We consider the problem of collaborative training of a single model by several
clients in a data-parallel fashion. In particular, we aim to solve the distributed nonconvex stochastic
optimization problem

zER4

where n is the number of clients, z € R? represents the parameters of the model we wish to train,
and f;(x) is the (typically nonconvex) loss of model parameterized by the vector 2 on the data D;
owned by client 7. Unlike most works in federated learning, we do not assume the datasets to be
similar, i.e., we allow the distributions Dy, ..., D,, to be arbitrarily different.
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We are interested in the fundamental problem of finding an approximately stationary point of f in
expectation, i.e., we wish to find a (possibly random) vector # € R? such that E [||[V f(2)||] < e. In
order to solve this problem, we assume that the n clients communicate via an orchestrating server.
Typically, the role of the server is to first perform aggregation of the messages obtained from the
workers, and to subsequently broadcast the aggregated information back to the workers. Following
an implicit assumption made in virtually all theoretically-focused papers on communication-efficient
training, we also assume that the speed of client-to-workers broadcast is so fast (compared to speed
of workers-to-client communication) that the cost associated with broadcast can be neglected?.

1.2 Aiming for communication and computation efficiency at the same time. In our work, we
pay attention to two key aspects of efficient distributed training—communication cost and computation
cost for finding an approximate stationary point £. The former refers to the number of bits that need
to be communicated by the workers to the server, and the latter refers to the number of stochastic
gradients that need to be sampled by each client. The rest of the paper can be summarized as follows:
We pick one of the most popular communication-efficient gradient-type methods (the EF21 method of
Richtdrik et al. [2021] — the latest variant of error feedback pioneered by Seide et al. [2014]) and
modify it in a way which provably preserves its communication complexity, but massively improves
its computation/sample complexity, both theoretically and in practice.

2 Communication Compression, Error Feedback, and Sample Complexity

Communication compression techniques such as quantization [Alistarh et al., 2017, Horvéth et al.,
2019a] and sparsification [Seide et al., 2014, Beznosikov et al., 2020] are known to be immensely
powerful for reducing the communication footprint of gradient-type® methods. Arguably the most
studied, versatile and practically useful class of compression mappings are contractive compressors.

Definition 1 (Contractive compressors). We say that a (possibly randomized) mapping C : R — R?
is a contractive compression operator if there exists a constant 0 < o < 1 such that

E[lIC(z) 2|l <1 -a)llz]*,  VzeR" 2

Inequality (2) is satisfied by a vast array of compressors considered in the literature, including
numerous variants of sparsification operators [Alistarh et al., 2018, Stich et al., 2018], quantization
operators [Alistarh et al., 2017, Horvéth et al., 2019a], and low-rank approximation [Vogels et al.,
2019, Safaryan et al., 2022] and more [Beznosikov et al., 2020, Safaryan et al., 2021]. The canonical
examples are i) the Top K sparsifier, which preserves the K largest components of x in magnitude
and sets all remaining coordinates to zero [Stich et al., 2018], and ii) the (scaled) Rand K sparsifier,
which preserves a subset of K components of x chosen uniformly at random and sets all remaining
coordinates to zero [Beznosikov et al., 2020]. In both cases, (2) is satisfied with o = K/a.

2.1 Brief history of error-feedback

When greedy contractive compressors, such as Top/, are used in a direct way to compress the
local gradients in distributed gradient descent (GD), the resulting method may diverge exponentially,
even on strongly convex quadratics [Beznosikov et al., 2020]. Empirically, instability caused by
such a naive application of greedy compressors was observed much earlier, and a fix was proposed
in the form of the error feedback (EF) mechanism by Seide et al. [2014], which we henceforth
call EF14 or EF14-SGD (in the stochastic case).* To the best of our knowledge, the best sample
complexity of EF14-SGD for finding a stationary point in the distributed nonconvex setting is given
by Koloskova et al. [2020]: after O(Ga~te~3 + o?n~te~*) samples®, EF14-SGD finds a point x
such that E[||V f(z)]]] < €, where « is the contraction parameter (see Definition 1). However, such

>While this is a reasonable assumption in many practical situations [Mishchenko et al., 2019, Kairouz, 2019],
some works consider the regime when the server-to-workers broadcast cannot be neglected [Horvath et al., 2019a,
Tang et al., 2020, Philippenko and Dieuleveut, 2020, Kovalev et al., 2021, Fatkhullin et al., 2021, Gruntkowska
et al., 2022].

3For Newton-type methods, see [Islamov et al., 2022] and references therein.

“In Appendix A, we provide a more detailed discussion on theoretical develepments for this method.

Here o is the bound on the variance of stochastic gradients at each node, see Assumption 2. When referring
the sample complexity we count the number of stochastic gradients used only at one of the n nodes rather than
by all nodes in total. This is a meaningful notion because the computations are done in parallel.
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Figure 1: Divergence of EF21-SGD on the quadratic function f(z) = 1 ||z||?, # € R, using the Topl
compressor. See the proof of Theorem 1 for details on the construction of the noise &; weuse 0 = 1, B = 1. The
starting point is 2° = (0, — 0.01) ". Unlike EF21-SGD, our method EF21-SGDM does not suffer from divergence
and is stable near optimum. Figure 1b shows that when increasing the number of nodes n, EF21-SGD applied with
B =1 does not improve, and, moreover, diverges from the optimum even faster. All experiments use constant
parameters v = 7 = 9-1/y/7 = 10~>; see Figure 4 for diminishing parameters. Each method is run 10 times and
the plot shows the median performance alongside the 25% and 75% quantiles.

an analysis has two important deficiencies. First, in the deterministic case (when exact gradients
are computable by each node), the analysis only gives the suboptimal O (e ~3) iteration complexity,
which is suboptimal compared to vanilla (i.e., non-compressed) gradient descent, whose iteration
complexity is O(¢~2). Second, their analysis relies heavily on additional strong assumptions, such
as the bounded gradient (BG) assumption, E[||V f;(z, fl)|| | <G?forallz € RY, i € [n], & ~ D,
or the bounded gradient similarity (BGS) assumption, - Zz:l IV fi(z) — Vf(z)]|* < G? forall
x € R% Such assumptions are restrictive and somet1mes even unrealistic. In particular, both BG
and BGS might not hold even in the case of convex quadratic functions.® Moreover, it was recently
shown that nonconvex analysis of stochastic gradient methods using a BG assumption may hide an
exponential dependence on the smoothness constant in the complexity [Yang et al., 2023].

In 2021, these issues were partially resolved by Richtérik et al. [2021], who propose a modification
of the EF mechanism, which they call EF21. They address both deficiencies of the original EF14
method: i) they removed the BG/BGS assumptions, and improved the iteration complexity to O(e~2)
in the full gradient regime. Subsequently, the EF21 method was modified in several directions,
e.g., extended to bidirectional compression, variance reduction and proximal setup [Fatkhullin
et al., 2021], generalized from contractive to three-point compressors [Richtarik et al., 2022] and
adaptive compressors [Makarenko et al., 2022], modified from dual (gradient) to primal (model)
compression [Gruntkowska et al., 2022] and from centralized to decentralized setting [Zhao et al.,
2022]. For further work, we refer to [Wang et al., 2022, Dorfman et al., 2023, Islamov et al., 2022].

2.2 Key issue: error feedback has an unhealthy appetite for samples!

Unfortunately, the current theory of EF21 with stochastic gradients has weak sample complexity
guarantees. In particular, Fatkhullin et al. [2021] extended the EF21-GD method, which is the basic
variant of EF21 using full gradient at the clients, to EF21-SGD, which uses a “large minibatch” of

stochastic gradients instead. They obtained O(-1; —z T 53 64) sample complexity for their method.
Later, Zhao et al. [2022] 1mproved this result slightly” to (’)( —= + =51 ), shaving off one a in the

stochastic term. However, it is easy to notice several issues in ‘these results, which generally feature
the fundamental challenge of combining biased gradient methods with stochastic gradients.

o Mega-batches. These works require all clients to sample “mega-batches” of stochastic gradi-
ents/datapoints in each iteration, of order O(¢~2), in order to control the variance coming from
stochastic gradients. In Figure 1, we find that, in fact, a batch-free (i.e., with mini-batch size B = 1)

*For example, one can consider f;(x) = x| A,z with 4; € RdXd, for which BG or BGS assumptions hold
only in the trivial cases: matrices A; are all zero or all equal to each other (homogeneous data regime).
"The result was obtained under a more general setting of decentralized optimization over a network.



version of EF21-SGD diverges even on a very simple quadratic function. We also observe a similar
behavior when a small batch B > 1 is applied. This implies that there is a fundamental flaw in
the EF21-SGD method itself, rather “just” a problem of the theoretical analysis. While mega-batch
methods are common in optimization literature, smaller batches are often preferred whenever they
“work”. For example, the time/cost required to obtain such a large number of samples at each iteration
might be unreasonably large compared to the communication time, which is already reduced using
compression. Moreover, when dealing with medical data, large batches might simply be unavail-
able [Rieke et al., 2020]. In certain applications, such as federated reinforcement learning (RL) or
multi-agent RL, it is often intractable to sample more than one trajectory of the environment in order
to form a gradient estimator [Mitra et al., 2023, Doan et al., 2019, Jin et al., 2022, Khodadadian
et al., 2022]. Further, a method using a mega-batch at each iteration effectively follows the gradient
descent (GD) dynamics instead of the dynamics of (mini-batch) SGD, which may hinder the training
and generalization performance of such algorithms since it is both empirically [Keskar et al., 2017,
Kleinberg et al., 2018] and theoretically [Kale et al., 2021] observed that mini-batch SGD is superior
to mega-batch SGD or GD in a number of machine learning tasks.

e Dependence on «. The total sample complexity results derived by Fatkhullin et al. [2021], Zhao
et al. [2022] suffer from poor dependence on the contraction parameter . Typically, EF methods are
used with the TopK sparsifier, which only communicates K largest entries in magnitude. In this case,
a = K /4, and the stochastic part of sample complexity scales quadratically with dimension.

e No improvement with n. The stochastic term in the sample complexity of EF21-SGD does not
improve when increasing the number of nodes. However, the opposite behavior is typically desired,
and is present in several latest non-EF methods based on unbiased compressors, such as MARINA
[Gorbunov et al., 2021] and DASHA [Tyurin and Richtarik, 2022]. We are not aware of any distributed
algorithms utilizing the Top X' compressor achieving linear speedup in n in the stochastic term without
relying on restrictive BG or BGS assumptions.

These observations motivate our work with the following central questions:

Can we design a batch-free distributed SGD method utilizing contractive
communication compression (such as TopK) without relying on restrictive
BG/BGS assumptions? Is it possible to improve over the current state-of-the-
art O (a‘ls_z + 0204_26_4) sample complexity under the standard smoothness
and bounded variance assumptions?

We answer both questions in the affirmative by incorporating a momentum update into EF21-SGD.

2.3 Mysterious effectiveness of momentum in nonconvex optimization

An immensely popular modification of SGD (and its distributed variants) is the use of momentum.
This technique, initially inspired by the developments in convex optimization [Polyak, 1964], is often
applied in machine learning for stabilizing convergence and speeding up the training. In particular,
momentum is an important part of an immensely popular and empirically successful line of adaptive
methods for deep learning, including ADAM [Kingma and Ba, 2015] and a plethora of variants. The
classical SGD method with Polyak (i.e., heavy ball) momentum (SGDM) reads:

et =at ', W= (L' + V() 3)

where v > 0 is a learning rate and 7 > 0 is the momentum parameter.

We provide a concise walk through the key theoretical developments in the analysis of SGDM in
stochastic nonconvex optimization in Appendix A; and only mention the most relevant works here.
The most closely related works to ours are [Mishchenko et al., 2019], [Xie et al., 2020], and [Fatkhullin
et al., 2021], which analyze momentum together with communication compression. The analysis in
[Mishchenko et al., 2019, Xie et al., 2020] requires BG/BGS assumption, and does not provide any
theoretical improvement over the variants without momentum. Finally, the analysis of Fatkhullin et al.
[2021] is only established for deterministic case, and it is unclear if its extension to stochastic case can
bring any convergence improvement over EF21-SGD. Recently, several other works attempt to explain
the benefit of momentum [Plattner, 2022]; some consider structured nonconvex problems [Wang and
Abernethy, 2021], and others focus on generalization [Jelassi and Li, 2022].
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® This complexity is achieved by using a large mini-batch and communicating [ X/« coordinates per iteration, see Appendix A.

© Analysis requires a bounded gradient disimilarity assumption, i.e., L5 L IVfi(w) — V() II? < G? forall z € R?.
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@ Analysis requires a batch-size at least B > <%z for EF21-SGD and B > 2 for BEER.

Table 1: Summary of related works on distributed error compensated SGD methods using a Top K compressor
under Assumptions 1 and 2. The goal is to find an e-stationary point of a smooth nonconvex function of the form
(1), i.e., a point z such that E [||V f(z)||] < e. "Communication complexity": the total # of communicated
bits if the method is applied with sufficiently large batch-size; see Table 2 for batch-size. "Asymptotic sample
complexity": the total # of samples required at each node to find an e-stationary point for batch-size B = 1 in
the regime ¢ — 0. "No extra assumptions": ¢/ means that no additional assumption is required.

Summary of contributions. Despite the vast amount of work trying to explain the benefits of
momentum, there is no work obtaining any theoretical improvement over vanilla SGD in the smooth
nonconvex setting under the standard assumptions of smoothness and bounded variance.

e First, we establish a negative result for a simplified/idealized version of EF21-SGD, which
shows that this algorithm does not converge with constant batch-size, and that a mega-batch of
order Q(o%e~2) is required. This provides a strong indication that EF21-SGD method is inherently
sensitive to stochastic gradients, which is also confirmed by our numerical simulations.

e We propose a simple fix for this problem by incorporating momentum step into EF21-SGD, which
leads to our one-batch EF21-SGDM algorithm. By leveraging our new Lyapunov function construction
and new analysis, we establish O (a~'e™2 4 g%~ *) sample complexity in the single node case.

e We extend our algorithm to the distributed setting and derive an improved sample complexity
result compared to other methods using the TopK compressor without resorting to the BG/BGS
assumptions. In particular, EF21-SGDM achieves asymprotically optimal O (0°n~'e™*) sample
complexity. Moreover, when EF21-SGDM is applied with large enough batch size, we prove that it

reaches the optimal communication complexity O (Ko~ e~?); see Tables 1 & 2 for more details.

o Finally, we propose a double momentum variant of EF21-SGDM, and find that it further improves
the sample complexity of EF21-SGDM in the non-asymptotic regime.

We highlight that, interestingly, we prove that momentum helps: EF21-SGDM is theoretically better
compared to its non-momentum variant — large-batch EF21-SGD. We believe that our new technique
can be extended in many ways, e.g., to dealing with other biased compressors and other (biased) com-
munication saving techniques such as lazy aggregation of gradients, model compression, bidirectional
compression, partial participation, decentralized training, adaptive compression; other important
optimization techniques involving biased updates such as proximal SGD with momentum, gradient
clipping and adaptive step-size schedules. We also hope that our proof techniques can be useful
to establish linear speedup for other classes of distributed methods, e.g, algorithms based on local
training ProxSkip/Scaffnew [Mishchenko et al., 2022].

Additionally, we extend our results to the class of absolute compressors in Appendix H and study the
variance reduced variant of error feedback in Appendix I.

3 Main Results

Throughout the paper we work under the following standard assumptions.

Assumption 1 (Smoothness and lower boundedness). We assume that f has L-Lipschitz gradient,
ie, |Vf(x) =V < L|z—vyl| forall x,y € R% and each f; has L;-Lipschitz gradient,




ie, |Vfi(z) = Vi) < Li |z —yl| forall i € [n], z,y € R We denote L* := LS LA
Moreover, we assume that | is lower bounded, i.e., {* = inf cpa f(x) > —o0.

Assumption 2 (Bounded variance (BV)). There exists o > 0 such that
E|IVfi(2.6) = V@)’ <o VoeR’, Vi n), @
where &; ~ D; are i.i.d. random samples for each i € [n).

3.1 A deeper dive into the issues EF21 has with stochastic gradients

As remarked before, the current analysis of EF21 in the stochastic setting requires each client to
sample a mega-batch in each iteration, and it is not clear how to avoid this. In order to understand
this phenomenon, we propose to step back and examine an “idealized” version of EF21-SGD, which
we call EF21-SGD-ideal, defined by the update rules (5a) + (5aa):

et =at —qg', ¢ =13 g (52)

i=1
EF21-SGD-ideal:  ¢i™' = Vfi(z't)  +C (Vi €M) — Vi), (5aa)
EF21-SGD: ¢!t = gt +C (Ve gt — g9!). (5ab)

Compared to EF21-SGD, given by (5a) + (5ab), we replace the previous state g¢ by the exact gradient
at the current iteration. Since EF21-SGD heavily relies on the approximation g! ~ V f;(z*1), and
according to the proof of convergence of EF21-SGD, such discrepancy tends to zero as ¢ — oo, this
change can only improve the method. While we admit this is a conceptual algorithm only (it does not
lead to any communication or sample complexity reduction in practice)?, it serves us well to illustrate
the drawbacks of EF21-SGD. We now establish the following negative result for EF21-SGD-ideal.

Theorem 1. Let L, 0 > 0, 0 < v < /L and n = 1. There exists a convex, L-smooth function
f : R?2 — R, a contractive compressor C(-) satisfying Definition 1, and an unbiased stochastic
gradient with bounded variance o such that if the method EF21-SGD-ideal ((5a) + (5aa)) is run with
step-size 7y, then for all T > 0 and for all z° € {(0, $?2))T € R? |1‘?2) < 0}, we have

E|[V£@D)]*] 2 g min {02, [Vr @)}

Fix 0 < ¢ < L/v6o and 2° = (0,—1)". Additionally assume that n > 1 and the variance of

unbiased stochastlc gradient is controlled by o*/B for some B > 1. If B <
[HVf H] >eforallT > 0.

60 2 then we have

The above theorem implies that the method (5a), (5aa), does not converge with small batch-size
(e.g., equal to one) for any fixed step-size choice.” Moreover, in distributed setting with n nodes,
a mini-batch of order B = Q (°*/¢?) is required for convergence. Notice that this batch-size is
independent of n, which further implies that a linear speedup in the number of nodes n cannot be
achieved for this method. While we only prove these negative results for an "idealized" version
of EF21-SGD rather than for the method itself, in Figures la and 4a, we empirically verify that
EF21-SGD also suffers from a similar divergence on the same problem instance provided in the proof
of Theorem 1. Additionally, Figures 1b and 4b illustrate that the situation does not improve for
EF21-SGD when increasing n.

3.2 Momentum for avoiding mega-batches

Let us now focus on the single node setting'® and try to fix the divergence issue shown above. As
we can learn from Theorem 1, the key reason for non-convergence of EF21-SGD is that even if the
state vector g* sufficiently approximates the current gradient, i.e., g' ~ Vf(z'™!), the design of

8This is because full gradients would need to be computed and communicated for its implementation. Notice
also that if o = 0, this method becomes the exact distributed gradient descent.

°In fact, the example can be easily extended to the case of polynomially decaying step-size.

11n this case, we can drop index i everywhere and write g = g*, £ = ¢* forall t > 0.



this method cannot guarantee that the quantity ||g* — V f(z!)||* = ||C (V f(z", &) — Vf(z')| is
small enough. Indeed, the last term above can be bounded by 2(2 — )02 in expectation, but it is
not sufficient as formally illustrated in Theorem 1. To fix this problem, we propose to modify our
“idealized” EF21-SGD-ideal method so that the compressed difference can be controlled and made
arbitrarily small, which leads us to another (more advanced) conceptual algorithm,

v = T + T — T

L= V) + (V) = Vi),
g =Vt +¢C (’Ut+1 — Vf(:(;“l)) .

In this method, instead of using v'*! = Vf(2!*!, ¢1*1) as in EF21-SGD-ideal, we introduce a

correction, which allows to control variance of the difference V f(x!*!, £1H1) — V f(2!*+1). This
allows us to derive the following convergence result. Let 5y := f(2") — f*

Proposition 1. Let Assumptions 1, 2 hold, and let C satisfy Definition 1. Let g° = 0 and the step-size
in method (5a), (6) be set as v < /L. Let 2T be sampled uniformly at random from the iterates of

the method. Then for any 1 > 0 after T iterations, we have E [HVf(QET) Hﬂ < ,QYLTO +4n?02.

EF21-SGDM-ideal: (6)

Notice that if n = 1, then algorithm EF21-SGDM-ideal (5a), (6) reduces to EF21-SGD-ideal method
(5a), (5aa), and this result shows that the lower bound for the batch-size established in Theorem 1 is
tight, i.e., B = ©(o°/?) is necessary and sufficient'! for convergence. For 17 < 1, the above theorem
suggests that using a small enough parameter 7, the variance term can be completely eliminated. This
observation motivates us to design a practical variant of this method. Similarly to the design of EF21
mechanism (from EF21-SGD-ideal), we propose to do this by replacing the exact gradients V f (z'*1)
by state vectors v* and g* as follows:
ot = ot (W F (@t e = o),
EF21-SGDM: 1 . ! tf+(1 tf ) ) @)
gt =g +C (W —g")
Theorem 2. Let Assumptions 1, 2 hold, and let C satisfy Definition 1. Let method (5a), (7) be run
with g° = v° = V f(2), and 2 be sampled uniformly at random from the iterates of the method.

Then for all 1) € (0,1] with~y < 7o = min {587, 7+ } , we have E {HVf(fT)HQ} < O(% +no?).
The choice 1 = min {17 (%)1/2}, v =y results in E [HVf(:%T)HQ} <O(E + (%”2)1/2).

Compared to Proposition 1, where 7 can be made arbitrarily small, Theorem 2 suggests that there is a
trade-off for the choice of ) € (0, 1] in algorithm (5a), (7). The above theorem implies that in single

node setting EF21-SGDM has O(a%z + Lj ) sample complexity. For o = 1, this result matches with
the sample complexity of SGD and is known to be unimprovable under Assumptions 1 and 2 [Arjevani
et al., 2019]. Moreover, when a = 1, our sample complexity matches with previous analysis of
momentum methods in [Liu et al., 2020] and [Defazio, 2021]. However, even in this single node
(n = 1), uncompressed (o = 1) setting our analysis is different from the previous work, in particular,
our choice of momentum parameter and the Lyapunov function are different, see Appendix A and J.
For a < 1, the above result matches with sample complexity of EF14-SGD (single node setting)
[Stich and Karimireddy, 2019], which was recently shown to be optimal [Huang et al., 2022] for
biased compressors satisfying Definition 1. However, notice that the extension of the analysis by Stich
and Karimireddy [2019] for EF14-SGD to distributed setting meets additional challenges and it is
unclear whether it is possible without imposing additional BG or BGS assumptions as in [Koloskova
et al., 2020]. We revisit this analysis in Appendix K to showcase the difficulty of removing BG/BGS.
In the following we will demonstrate the benefit of our EF21-SGDM method by extending it to
distributed setting without imposing any additional assumptions.

3.3 Distributed stochastic error feedback with momentum

Now we are ready to present a distributed variant of EF21-SGDM , see Algorithm 1. Letting
8; := f(at) — f*, our convergence analysis of this method relies on the monotonicity of the following
Lyapunov function:

2

Api= b+ 2 3 llgh— ol + 25 3 ot = VA + 2 ®
i=1 i=1

gw—VMf»

''This follows by replacing o2 in the batch free algorithm by @°/ if the batch-size of size B > 1 is used.



Algorithm 1 EF21-SGDM (Error Feedback 2021 Enhanced with Polyak Momentum)

: Input: starting point 20, step size v > 0, momentum 7 € (O 1], initial batch size Bipi
. Initialize v) = ¢? = 1 Z " fi (2 75?7],) fori=1,...,n;¢°

Cfort—01.2,. . T do
Master computes 2ttt = 2t — v¢* and broadcasts z'*! to all nodes
for all nodes : = 1, ..., n in parallel do
Compute momentum estimator v/t = (1 — 7)ol + nV f; (2t ¢4
t+1

n =1 9;

TEYRe AN ELN 2

Compress ¢t = C(v!™! — g!) and send ¢/t to the master
Update local state gf“ =gl + cf“
end for
1 Master computes '+ = 2 571 | gl via gt = gt + LS50 oI
11: end for

e Convergence of EF21-SGDM with contractive compressors. We obtain the following result:

Theorem 3. Let Assumptions 1 and 2 hold. Let &7 be sampled uniformly at random from the T
iterates of the method. Let EF21-SGDM (Algorithm 1) be run with a contractive compressor. For all

n € (0,1] and Byt > 1, with v < min {QSLZ 2

E[Ivsani] <o (4 + 2

where Mg is given by (8). Choosing the batch size Bjniy = ’VLé —‘ and stepsize v = min { 507 7L }

, we have

). ©

R 2\ /4 1/3 /TS5 B
and momentum 1 = min {1, (LfS% ) , (ESe) / , (Edom) v , Lo Bui & 12 e get

Blvrenl] < oS+ (dnr) "+ (95) + (297)").

Remark 1. Note that using large initial batch size Bj,; > 1 is not necessary for convergence of
EF21-SGDM. If we set B,y = 1, the above theorem still holds by replacing 6o with Ag.

Remark 2. In the single node setting (n = 1), the above result recovers the statement of

/4
Theorem 2 (with the same choice of parameters) since by Young’s inequality (L(fo‘f?/s) <

2/3T
1/2 2/3 1/2 ~
1 Lég 1 L5002 Légo 1 Lég 2 L500'2 _
2aT+2( T » \Var Ssar T35\ sand L = L.

e Recovering previous rates in case of full gradients. Compared to the iteration complexity
O(LmaG) of EF14 [Koloskova et al., 2020], our result, summarized in

Corollary 1. Ifoc =0, then E [HVf (27) H] <ceafterT =0 ( 52) iterations.

is better by an order of magnitude, and does not require the BG assumption. The result of Corollary 1
is the same as for EF21 method [Richtarik et al., 2021], and EF21-HB method [Fatkhullin et al., 2021].
Notice, however, that even in this deterministic setting (c = 0) EF21-SGDM method is different from
EF21 and EF21-HB: while the original EF21 does not use momentum, EF21-HB method incorporates
momentum on the server side to update x?, which is different from our Algorithm 1, where momentum
is applied by each node. This iteration complex1ty @) (as ) is optimal in both o and €. The matchmg
lower bound was recently established by Huang et al. [2022] for smooth nonconvex optimization in
the class of centralized, zero-respecting algorithms with contractive compressors.

e Comparison to previous work. Our sample complexity13

Corollary 2. E [|[V£(i7T)|[] < ¢ after T = © (M? e LL) iterations.

net

2In Appendix J, we show how to deal with time varying v; and 7;.
3Note that the initial batch size contributes to the sample complexity only an additive constant independent

2 2 . .
of €. Moreover, Binit = L“’—JO—‘ < [25%—‘ since, otherwise, | H < 2Ly < €2, and 2 is a solution. In

the following, we ignore the dependece on Biy; for a fair comparison with other works.



strlctly improves over the complexity O( GQLE'““ + :“jg" ) of EF14-SGD by Koloskova et al. [2020],
even in case when G < +o00. Notice that it always holds that o < G. If we assume that G =~ o,
our three first terms in the complexity improve the first term from Koloskova et al. [2020] by the
factor of /o, (<¢/5)/3, or a'/2. Compared to the BEER algorithm of Zhao et al. [2022], with
sample complexity (’)( Lac 4 L, ‘*"2 ), the result of Corollary 2 is strictly better in terms of «, n, and
the smoothness constants 14 In addltlon, we remove the large batch requirement for convergence
compared to [Fatkhullin et al., 2021, Zhao et al., 2022]. Moreover, notice that Corollary 2 implies
that EF21-SGDM achieves asymptotically optimal sample complexity (’)(

) in the regime ¢ — 0.

3.4 Further improvement using double momentum!

Unfortunately, in the non-asymptotic regime, our sample complexity does not match with the lower

bound in all problem parameters simultanuously due to the middle term % + W’ which can

a double-momentum methgfi, which can further improve the middle term in the sample complexity
of EF21-SGDM. We replace the momentum estimator v{ in line 6 of Algorithm 1 by the following
two-step momentum update

EF21-SGD2M: vt = (1 — p)vl + nV fi(x ), Wit = (1 —p)ul +poitt. (10)

We formally present this method in Algorithm 3 in Appendix G. Compared to EF21-SGDM (Algo-
rithm 1), the only change is that instead of compressing v! — gf, in EF21-SGD2M, we compress
ui — gf, where u; is a two step (double) momentum estimator. The intuition behind this modification
is that a double momentum estimator ! has richer "memory" of the past gradients compared to
v}, Notice that for each node, EF21-SGD2M requires to save 3 vectors (v}, ut, g¢) instead of 2 in
EF21-SGDM (v!, g!) and EF14-SGD (¢!, g!).!> When interacting with biased compression operator
C(+), such effect becomes crucial in improving the sample complexity. For EF21-SGD2M, we derive

Corollary 3. Let v! in Algorithm I be replaced by u! given by (10) (Algorithm 3 in Appendix G).
Then with appropriate choice of v and n (given in Theorem 5), we have E [HVf(ch) H] < € after

2/3 2 . .
T—0 (L50 4 Lo | Légo ) iterations.

ae? o2/3¢8/3 ned

4 Experiments

We consider a nonconvex logistic regression problem: filzr, ..., xe) =
-1 i1 log(exp(auxy”)/ Zy 1 exp(a”xy)) with a nonconvex regularizer h(zq,...,z.) =

)\Zyzl Zkzl[xy]k/(l + [2,]2) with A = 1073, where x1,...,2. € R', [ is an indexing
operation of a vector, ¢ > 2 is the number of classes, [ is the number of features, m is the size of
a dataset, a;; € R' and y;; € {1,...,c} are features and labels. The datasets used are MNIST
(with [ = 784, m = 60000, ¢ = 10) and real-sim (with [ = 20958, m = 72309, ¢ = 2) [LeCun
et al., 2010, Chang and Lin, 2011]. The dimension of the problem is d = (I + 1)¢, i.e., d = 7850
for MNIST and d = 41918 for real-sim. In each experiment, we show relations between the total
number of transmitted coordinates and gradient/function values. The stochastic gradients in each

algorithm are replaced by a mini-batch estimator & Zle V fi(x, &;;) with the same B > 1 in each

plot. Notice that all methods (except for NEOLITHIC)'® calculate the same number of samples at each
communication round, thus the dependence on the number of samples used will be qualitatively the
same. In all algorithms, the step sizes are fine-tuned from a set {2% | k € [—20,20]} and the TopK
compressor is used to compress information from the nodes to the master. For EF21-SGDM , we fix
momentum parameter 77 = 0.1 in all experiments. Prior to that, we tuned n € {0.01,0.1} on the
independent dataset w8a (with [ = 300, m = 49749, ¢ = 2). We omit BEER method from the plots
since it showed worse performance than EF21-SGD in all runs.

]4Lmax ‘= mMaX;e[n) L;. Notice that L < L < Lmax and the inequalities are strict in heterogeneous setting.

15See Appendix K for details on EF14-SGD. In contrast, EF21-SGD needs to save only one vector (g!).

!For NEOLITHIC, we use the parameter R = [d/K following the requirement in their Theorem 3.
Experiments in Huang et al. [2022] use a heuristic choice R = 4, and thus can show faster convergence.



4.1 Experiment 1: increasing batch-size

In this experiment, we use MNIST dataset and fix the number of transmitted coordinates to K = 10
(thus « > K/d ~ 1073), and set n = 10. Figure 2 shows convergence plots for B € {1,32,128}.
EF21-SGDM and its double momentum version EF21-SGD2M have fast convergence and show a
significant improvement when increasing batch-size compared to EF14-SGD. In contrast, EF21-SGD
suffers from poor performance for small B, which confirms our observations in previous sections.
NEOLITHIC has order times slower convergence rate due to the fact that it sends [4¢/x ] compressed
vectors in each iteration, while other methods send only one.

100 ¥——— _y— Neolithic: Step size: 0.125 i 10°8) ¥———— _y Neolithic: Step size: 1.0 i 10°P) y— ¥~ Neolithic: Step size: 1.0
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Figure 2: Experiment on MNIST dataset with n = 10, and Top10 compressor.

15 2.0
#bits / n

4.2 Experiment 2: improving convergence with n

This experiment uses real-sim dataset, K = 100 (thus o > K/q ~ 2 1073), and with B = 128 < m.
We vary the number of nodes within n € {1, 10,100}, see Figure 3. In this case, EF21-SGDM and
EF21-SGD2M have much faster convergence compared to other methods for all n. Moreover, the
proposed algorithms show a significant improvement when n increases. We also observe that on this
task, EF21-SGD2M performs slightly worse than EF21-SGDM for n = 10, 100 , but it is still much
faster than other other methods.

—¥— EF14-5GD: Step size: 64.0

A~ EF21-SGD: Step size: 8.0

—<— EF21-SGD2M: Step size: 32.0

A EF21-5GDM: Step size: 64.0
o

—¥— EF14-SGD: Step size: 128.0
4 A~ EF21-SGD: Step size: 64.0
~<~ EF21-SGD2M: Step size: 512.0
—>— EF21-SGDM: Step size: 512.0

—¥— EF14-5GD: Step size: 128.0

A~ EF21-SGD: Step size: 128.0
A —<— EF21-SGD2M: Step size: 512.0
—— EF21-SGDM: Step size: 512.0

00 05 10

75 10755 05 10

T5 20 30 T5 20 25 30 075505 10 .15 20 ;
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(@n=1 (b)yn =10 (c)n =100
Figure 3: Experiment on real-sim dataset with batch-size B = 128, and Top100 compressor.

In Section C, we present extra simulations with different parameters for above experiments. Addi-
tionally, we inlclude experiemnts on simple quadratic problems and perform training of larger image
recognition models. In all cases, EF21-SGDM and EF21-SGD2M outperform other algorithms.
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@ Analysis requires a bound of the second moment of the stochastic gradients, i.e., E [||V f; (2, &)||?] < G® forallz € R4,
® This complexity is achieved by using a large mini-batch and communicating [K/a] & d coordinates per iteration.
) Analysis requires a bounded gradient disimilarity assumption, i.e., £ S | |V fi(z) — Vi@)||? < G?forall z € R,
2, for EF21-SGD and B > 27 for BEER.

 For a fair comparison, we take the (minimal) batch-size for these methods which guarantees the reported communication complexity.
Table 2: Extended summary of related works on distributed error compensated SGD methods using a Top X'
compressor under Assumptions 1 and 2. The goal is to find an e-stationary point of a smooth nonconvex function
of the form (1), i.e., a point z such that E[|V f(z)]|] < e. "Comm. compl." reports the total number of
communicated bits if the method is applied with batch-size equal to "Batch-size" at each node. When Top K
compressor is applied, then o > K /d, and the comm. compl. of error compensated methods can be reduced by
a factor of ad/ K. "Batch-size for comm. compl." means the batch-size for achieving the reported "Comm.
compl.". "Asymp. sample compl." reports the asymptotic sample complexity of the algorithm with batch-size
B =1 in the regime € — 0, i.e., the total number of samples required at each node to achieve e-stationary point.
"Batch free" marks with ¢ if the analysis ensures convergence with batch-size equal to 1. "No extra assump."
marks with ¢ if no additional assumption beyond Assumptions 1 and 2 is required for analysis. We denote

Lnax := maX;c[n) L. Notice that it always holds I, < L < Luax and these inequalities only become equalities

in the homogeneous case. It could be that aL/Z < 1 making the batch-size of EF21-SGDM and EF21-SGD2M
much smaller than those of EF21-SGD and BEER. Symbol V denotes the maximum of two scalars.

@ Analysis requires a batch-size at least B > =5

A More on Contractive Compressors, Error Feedback and Momentum

Greedy vs uniform. In our work, we specifically focus on the class of contractive compressors
satisfying Definition 1, which contains a greedy TopK compressor as a special case. Note that
TopK is greedy in that it minimizes the error || TopK (z) — z||? subject to the sparsity constraint
IC(z)]lo < K, where ||ul|p counts the number of nonzero entries in u. In practice, greediness
is almost always!” very useful, translating into excellent empirical performance, especially when
compared to the performance of the Rand K sparsifier. On the other hand, it appears to be very hard
to formalize these practical gains theoretically'®. In fact, while greedy compressors such as TopK
outperform their randomized cousins such as Rand K in practice, and often by huge margins [Lin
et al., 2018], the theoretical picture is exactly reversed, and the theoretical communication complexity
of gradient-type methods based on randomized compressors [Alistarh et al., 2017, Mishchenko et al.,
2019, Horvath et al., 2019b, Li et al., 2020, Gorbunov et al., 2021] is much better than of those
based on greedy compressors [Koloskova et al., 2020, Richtérik et al., 2021, Fatkhullin et al., 2021,
Richtarik et al., 2022]. The key reason behind this is the fact that popular randomized compressors
such as Rand K become unbiased mappings after appropriate scaling (e.g., E[%RandK ()] = @),
and that the inherent randomness is typically drawn independently by all clients. This leads to several
key simplifications in the analysis, and consequently, to theoretical gains over methods that do not
compress, and over methods that compress greedily. Further improvements are possible when the
randomness is correlated in an appropriate way [Szlendak et al., 2021].

Due to the superior empirical properties of greedy contractive compressors, and our desire to push
this very potent line of work further, in this paper we work with the general class of compressors

""Greediness is not useful, for example, when D; = D; for all i,5 and when TopK is applied to the full-batch
gradient V f; (z) by each client. However, situations of this type arise rarely in practice.
¥No theoretical results of this type exist forn > 1.
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satisfying Definition 1, and do not invoke any additional restrictive assumptions. For example, we do
not assume C can be made unbiased after scaling.

Error Feedback. The first theoretical analysis of EF14 was presented in the works of Stich et al.
[2018], Alistarh et al. [2018] and further revisited in convex case in [Karimireddy et al., 2019,
Beznosikov et al., 2020, Gorbunov et al., 2020, Qian et al., 2020] and analysis was extended to
nonconvex setting in [Stich and Karimireddy, 2019]. Later, in nonconvex case, various extensions
and combinations of EF14 with other optimization techniques were considered and analyzed, which
include bidirectional compression [Tang et al., 2020], decentralized training [Koloskova et al., 2020,
Singh et al., 2021], server level momentum [Xie et al., 2020], client level momentum [Zheng
et al., 2019], combination with adaptive methods [Li et al., 2022b]. To our knowledge, the best
sample complexity for finding a stationary point for this method (including its momentum and
adaptive variants) in the distributed nonconvex setting is given by Koloskova et al. [2020], which is

(’)(% + 2 ). More recently, Huang et al. [2022] propose a modification of EF14 method achieving

net

@ ( L log(g) + 2 ) sample complexity by using the BGS assumption. When applied with Top K

ae? net

compressor, this method requires to communicate O (X/«) coordinates at every iteration. This makes
it impractical since when the effective « is unknown and is set to « = K/d, it means that their method
communicates all d coordinates at every iteration, mimicking vanilla (S)GD method. Moreover, their
algorithm uses an additional subroutine and applies updates with a large batch-size of samples of
order (’)(i log (g) ), making the algorithm less practical and difficult to implement. It is worth to
mention, that error feedback was also analyzed for other classes of compressors such as absolute (see
Definition 2) or additive compressors (i.e., C(z + y) = C(z) + C(y) for all z,y € R?) [Tang et al.,
2020, Xu and Huang, 2022], which do not include Top K sparsifier.

Momentum. The first convergence analysis of gradient descent with momentum was proposed
by B.T. Polyak in his seminal work [Polyak, 1964] studying the benefit of multi-step methods. The
proof technique proposed in this work is based on the analysis of the spectral norm of a certain
matrix arising from the dynamics of a multi-step process on a quadratic function. Unfortunately,
such technique is restricted to the case of strongly convex quadratic objective and the setting of full
gradients. Later Zavriev and Kostyuk [1993] prove an asymptotic convergence of this method in
nonconvex deterministic case without specifying the rate of convergence.

To our knowledge, the first non-asymptotic analysis of SGDM in the smooth nonconvex setting is due
to Yu et al. [2019]. Their analysis, however, heavily relies on BG assumption. Later, Liu et al. [2020]
provide a refined analysis of SGDM, removing the BG assumption and improving the dependence on
the momentum parameter 7. Notice that the analysis of Liu et al. [2020] and the majority of other
works relies on some variant of the following Lyapunov function:

t
Ay = f(Zt) _ f* + ZCT Hl,tfr _ xt7177—||27 (11)
7=0

where {z'},-, is some auxiliary sequence (often) different from the iterates {x'},~, and {c- }.  is
a diminishing non-negative sequence. This approach is motivated by the dynamical system point of
view at Polyak’s heavy ball momentum, where the two terms in (11) are interpreted as the potential
and kinetic energy of the system [Sebbouh et al., 2019]. In contrast, the Lyapunov function used in
this work is conceptually different even in the single node (n = 1), uncompressed (o = 1) setting.
Later, Defazio [2021] revisit the analysis in [Liu et al., 2020] through the lens of primal averaging
and provide insights on why momentum helps in practice. The momentum is also used for stabilizing
adaptive algorithms such as normalized SGD [Cutkosky and Mehta, 2020]. In particular, it was
shown that by using momentum, one can ensure convergence without large batches for normalized
SGD (while keeping the same sample complexity as a large batch normalized SGD). However, their
analysis is specific to the normalized method, which allows using the function value as a Lyapunov
function. High probability analysis of momentum methods was investigated in [Cutkosky and Mehta,
2021, Li and Orabona, 2020]. In the distributed setting, [Yu et al., 2019, Karimireddy et al., 2021]
extend the analysis of SGDM under BGS assumption. Later [Takezawa et al., 2022, Gao et al., 2023]
remove this assumption providing a refined analysis based on the techniques developed in [Liu et al.,
2020]. However, the algorithms in these works do not apply any bandwidth reduction technique such
as communication compression.
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We would like to mention that understanding the behavior of SGDM in convex case also remains an
active area of research [Ghadimi et al., 2015, Yang et al., 2016, Sebbouh et al., 2021, Li et al., 2022a,
Xiao and Yang, 2022] .
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B Variance Reduction Effect of SGDM and Comparison to STORM

Notice that the choice of our Lyapunov function A; (8), which is used in the analysis of EF21-SGDM
implies that the gradient estimators g¢ and v} improve over the iterations, i.e.,

gt — Vfi(ah), vl — Vfi(xh) for t — 0.

This comes in contrast with the behavior of SGD, for which the gradient estimator v} = V f;(z*, &)
does not necessarily tend to zero over iterations. Such effect of asymptotic improvement of the
estimation error of the gradient estimator is reminiscent to the analogous effect known in the literature
on variance reduction (VR) methods. In particular, the classical momentum step 6 of Algorithm 1
may be contrasted with a STORM variance reduced estimator proposed by Cutkosky and Orabona
[2019], which updates the gradient estimator via

wi T = VAETL G + (=) - V'), wl = Vi@"E) (12)

3

It is known that the class of VR methods (and STORM, in particular) can show faster asymptotic
convergence in terms of 7" (or ) compared to SGD and SGDM under some additional assump-
tions. However, we would like to point out the important differences (and limitations) of (12)
compared to the classical Polyak’s momentum used on line 6 of Algorithm 1. First, the estimator
w!™ is different from the momentum update rule v** in that it is unbiased for any t > 0, i.e.,
E [w;™ — Vfi(z!™)] = 0, which greatly facilitates the analysis of this method. Notice that,
in particular, in the deterministic case (¢ = 0, a = 1), the method with estimator (12) reduces to
vanilla gradient descent with wf = Vf;(2**1). Second, the computation of wf“ requires access
to two stochastic gradients V f; (z!*!, & 1) and V f; (2, 5;“) under the same realization of noise
§f+1 at each iteration, and requires the additional storage of control variate . This is a serious
limitation, which can make the method impractical or even not implementable for certain applications
such as federated RL [Mitra et al., 2023], multi-agent RL [Doan et al., 2019] or operations research
problems [Chen et al., 2022]. Third, the analysis of variance reduced methods such as STORM
requires an additional assumptions such as individual smoothness of stochastic functions (or its
averaged variants) (Assumption 3), i.e., |V f;(z,&) — Vfi(y,&)|| < 4 ||z — y|| for all z,y € RY,
& ~ Dy, i € [n], while our EF21-SGDM only needs smoothness of (deterministic) local functions
fi(x). While this assumption is satisfied for some loss functions in supervised learning, it can also be

very limiting. Even if Assumption 3 is satisfied, the constant ( (which always satisfies (> E) can be

much larger than L canceling the speed-up in terms of 1" (or €). For completeness, we provide the
sample complexity analysis of our error compensated method combined with estimator (12), which is
deferred to Appendix I.

"“Notice that E [w{ — Vfi(z°)] = 0. Let E [w} — V fi(z")] = 0 hold, then

E[w™ = Vfi(@@"™)] = (1= nE [wi - Vfi(a",&)] =0.
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Figure 4: Divergence of EF21-SGD on a quadratic function 3 ||||* with Topl compressor. See the
proof of Therem 1 for details on the construction of noise &, we use 0 = 1, B = 1. The starting point
for all methods is z° = (0, — 0.01) T. Unlike Figure 1, these experiments use time varying step-sizes
and momentum parameters y; = 1, = \/0%_ Each method is run 10 times and the plot shows the

median performance alongside the 25% and 75% quantiles.

C Additional Experiments and Details of Experimental Setup

Divergence of EF21-SGD with time-varying step-sizes. We complement our Figure 1 in the main
part of the paper, which shows divergence of EF21-SGD [Fatkhullin et al., 2021] with small (constant)
step-size. Here, in Figure 4, we see that the similar divergence is observed when using time varying

step-sizes vy = \/Ot%. Also, EF21-SGD with time-varying step-size does not improve convergence

when n is increased.

Implementation Details. The experiments were implemented in Python 3.7.9. The distributed
environment was emulated on machines with Intel(R) Xeon(R) Gold 6248 CPU @ 2.50GHz. In all
experiments with MNIST, we split the dataset across nodes by labels to simulate the heterogeneous
setting.

C.1 Extra plots for experiments 1 and 2

In Figures 5 and 6, we provide extra experiments for the setup from Section 4.
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Figure 5: Performance of algorithms on MNIST dataset with n = 100, and Top10 compressor.

C.2 Experiment 3: stochastic quadratic optimization

We now consider a synthetic A-strongly convex quadratic function problem f(z) = £ 3" | f;(x),
where the functions f;(z) = %xTQix — 2T}, are (not necessarily convex) quadratic functions

for all i € [n] and x € R?. The matrices Q1,--- ,Q,, vectors by,--- ,b,, and a starting point
20 are generated by Algorithm 2 with the number of nodes n = 100, dimension d = 1000,
regularizer A\ = 0.01, and scale s = 1. For all i € [n] and = € R?, we consider stochastic gradients
Vii(z, &) = Vfi(z) + &, where & are i.i.d. samples from N(0,0) with ¢ € {0.001,0.01}. In

22



—¥— EF14-SGD: Step size: 64.0
A~ EF21-SGD: Step size: 64.0
—<— EF21-SGDM: Step size: 128.0

—%— EF14-SGD: Step size: 8.0
A~ EF21-SGD: Step size: 8.0
—<— EF21-SGDM: Step size: 8.0

4 ¥ EF14:5GD: Step size: 1.0
A~ EF21-SGD: Step size: 2.0
| —<— EF21:SGDM: Step size: 1.0
R VR

4

o

25 10755 05 10 25 10755 05 10

10795 05 1o 15 20 530 T5 20
#bits / n le7 #bits/n

3.0 1.5 2.0 2. 3.
le7 #bits / n le7

(@n=1 b n=10 (¢)n =100
Figure 6: Performance of algorithms on real-sim dataset with batch-size B = 1, and Top100
COMpressor.

Figure 7, we present the comparison of EF21-SGDM and EF14-SGD with three different step sizes.
The behavior of methods for other step sizes from the set {2* | k € [—20, 20]} follows a similar trend.
For every step size, we observe that at the beginning, the methods have almost the same linear rates,
but then EF14-SGD gets stuck at high accuracies, while EF21-SGDM continues converging to the
lower accuracies.
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Figure 7: Stochastic Quadratic Optimization Problem with o = 0.001 (left figure) and o = 0.01
(right figure)

Algorithm 2 Quadratic Optimization Task Generation Procedure

1: Parameters: number nodes n, dimension d, regularizer ), and scale s.

2: fori=1,....,ndo

3: Calculate Guassian noises p; = 1+ s&; and pb = sebiid. £,& ~N(0,1)
4 by = Li(=1+4b,0,---,0) € R

5 Scale the predefined tridiagonal matrix

2 -1 0

w1 dxd
P = — cR
Q 4

end for
Find the mean of matrices Q = 2 3" | Q;
Find the minimum eigenvalue Apin(Q)
9: fori=1,...,ndo
10: Normalize matrix Q; = Q; + (A — Anin(Q))1
11: end for
12: Find a starting point 2° = (v/d, 0, - ,0)
13: Output a new problem: matrices Q1, - - - , Q,,, vectors by, - - - , b,,, starting point 2°

@ =RD

A procedure to generate stochastic quadratic optimization problems. In this section, we present
an algorithm that generates quadratic optimization tasks. The formal description is provided in
Algorithm 2. The idea is to take a predefined tridiagonal matrix and add noises to simulate the
heterogeneous setting. Algorithm 2 returns matrices Qq, - - - , Q,,, vectors by, - - - , by, and a starting
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Figure 8: ResNet-18 on CIFARI0 dataset with n = 5.

Algorithm Test Accuracy
SGD 81.5 %
EF21-SGD 82.5 %
EF14-SGD 83.1 %
EF21-SGDM 833 %

Figure 9: Accuracy on the CIFARIO test split.

point z° such that the matrix Q = % >, Q; has the minimum eigenvalue A\yin (Q) = A, where

A > 0 is a parameter. Next, we define the functions f; and stochastic gradients in the following way:

fi(z) = §xTin —x'h;

and

for all z € R? and i € [n]. The noises &; are i.i.d. samples from N (0, ), where o is a parameter.

C.3 Experiment 4: training neural network

We test algorithms on an image recognition task, CIFARI0 [Krizhevsky et al., 2009], with the ResNet-
18 [He et al., 2016] deep neural network (the number of parameters d ~ 107). We split CIFARI0
among 5 nodes, and take K = 2 x 10° in TopK. In all methods we finetune the step sizes. One can
see that our findings in the low-scale experiments translate into large-scale experiments in Figure 8.
With different batch sizes, EF21-SGD converges slower than EF21-SGDM and EF14-SGD, and our
new method EF21-SGDM improves over EF14-SGD in Figure 8b. We checked the accuracies on the
test dataset (see Table 9) and observed the same relations between algorithms (note that accuracies
are far from the real SOTA because we turned off all augmentations and regularizations in training).
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D Descent Lemma

Let us state the following lemma that is used in the analysis of nonconvex optimization methods.

Lemma 1 ([Li et al., 2021]). Let the function f(-) be L-smooth and let x'*1 = x* — ~g* for some
vector gt € R and a step-size v > 0. Then we have

L
f(l,t-s-l) < f(xt) . % HVf<gjt)H2 _ (217 _ 2) th+1 . xtHZ n % Hgt . Vf(xt)H2' (13)

E EF21-SGDM-ideal (Proof of Theorem 1 and Proposition 1)

We now state a slighly more general result than Theorem 1, which holds for EF21-SGDM-ideal
method with any 7 € (0, 1]. The statement of Theorem 1 follows by setting n = 1, since in that
case EF21-SGDM-ideal coincides with EF21-SGD-ideal (5a), (5aa). Recall that EF21-SGDM-ideal
(distributed variant) has the following update rule:

1 n
t+1 = t — t t = — t 14
x T =g, 9 == ;:1 9is (14

ot = t+1 pt41 1
EF21-SGDM-ideal: m = VA . 1) " n(vﬁ(f b t> . VIl (15)
=Vfi(z"™ ) +C (viT =V fi(="F ))
Theorem 4. Let Lo > 0,0 <~y < 1/L, 0 < n < 1andn = 1. There exists a convex, L-smooth
Sunction f(-), a contractive compressor C(-) satisfying Definition 1, and an unbiased stochastic
gradient with bounded variance o2 such that if the method (14), (15) is run with a step-size vy, then
forall T > 0 and for all z° € {(0,95?2 )T € R? |:,E < 0}, we have

E[HVf || } > —mm{n2a2,||Vf(z0)||2}.

Fix 0 < ¢ < L/V60 and 2° = (0,—1)". Additionally assume that n > 1 and the variance of

unbiased stochasnc gradient is controlled by */B for some B > 1. If B <
[HVf H] >eforallT > 0.

60 19 then we have

Proof of Theorem 1. Part 1. Consider f(z) = 5 %,z € R2. For each iteration ¢ > 0, let the
random vector £+ be sampled uniformly at random from the set of vectors:

e (VT e (V7 ()

Ao Vo P\ Vo P \-1) Vo
Define the stochastic gradient as Vf(z!, &%) = Vf(a!) + & = La' + €. Notice that
E[Vf(at, &) = Vf(a'), and E [\\Vf(a;t,gt) —Vf(xt)nﬂ — o2. The update rule of method

(14), (15) with such estimator is
t+1

T :xt—’ygtzxt—L“ﬂt—WC (n&t),

where we choose C(+) as a Top1 compressor. Notice that E [¢!] = (0,0) T, but

B[C(€)] = ny 22 0.1/3)7 £ 0,07

By setting the initial iterate to 2° = (0, 2{,,) " for any gy < 0, we can derive

(1—L7)$—n\/7()7jzoll—h
= o () () asa-mme (D) e

E [xT]



forany 0 < v < 1/L and any x(()Q) < 0. The inequality in (16) is because the first vector has strictly
negative component x(()z), and the second vector has non-positive second component when v > 0 and

o2 > 0. Therefore, since ||V f(z)||* = ||Lz||*, we have
2 2
E[IVfDIT] = E[|LeT|)]
|E (L] " +E [ - E [a™]|]']

v

I (L]

2
()

20.2
(L= L) [VF@)| + L1 - (1= L))

—~
.
N2

A
Vs
=

IV £ (@) 2o
30|V f(20)]* + 5202

for all T > 1, where in (i) we used the form of vector E [z”] in (16), in (ii) we drop a non-

negative cross term, and use Vf(z") = Lax®. The last inequality follows by lower bounding a
univariate quadratic function with respect to z := (1 — Lfy)T for 0 < z < 1, where optimal choice is

z=n%c%/(30 HVf(xO)H2 +n?0?). Itis left to note that 7% > § min{z,y} forall z,y > 0.

PartII. Fixn > 1 and B > 1. Let at each node ¢ = 1, ..., n, the random vectors ff be sampled
independently and uniformly form the set of vectors:

(2 302 {0 302 (=2 302
A=\ Vi 27 \1)Viop #*~\-1)Vion
Define a random matrix £¢ := (&4,...,&!) 7. Then E [||Vf(xt, & — Vf(xt)HQ] = %5. The update
of the method (14), (15) on the same function instance will take the form

n n
Pl — gt —W%ZQE =z — Lyat —’Y%ZC (7755)‘
i=1 i=1

Notice that in this case, we still have

I . 1< w302
n;cmml = Y E[emeN] =n\/ T 0.1/3)7 £ 0.0,

i=1

E

which is independent (!) of n. Therefore, by similar derivations, we can conclude that

2 1 . (n?c? 2
EIvsa)] = 60m1n{B, V56| } S,
where we use that B < %, e < L/V60,and z° = (0,—1)T.

Proof of Proposition 1. By smoothness (Assumption 1) of f(-) it follows from Lemma 1 that for
v < 1/L we have

) < 1) = S IVIE P+ 5 g = ViEh] (an

Now it remains to control the last term, which is due to the error introduced by a contractive
compressor and stochastic gradients. We have

i)

Elgt - vr@)F] € E[lc @t -vie)|*] CE[le((vViEt ) - viEh)|]
(4i4)

< 2E[[lc(n (VS €)= Vi) - (TS €)= Vi )|]
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+2PE [V A6t €) - Vi)

2(2 - a)PE[||V ('€ - V)]
< 477202

IN

where (¢) and (i7) use the update rule (6), (i¢7) holds by Young’s inequality, and the last two steps
hold by Definition 1 and Assumption 2.

Subtracting f* from both sides of (17), taking expectation and defining ¢, := E [f(2") — f*], we
derive

[va } 1 fa lE [va } %TO +47720'2.

=
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F EF21-SGDM (Proof of Theorems 2 and 3)

The statement of Theorem 2 follows directly from Theorem 3 and Remark 2. Let us prove Theorem 3.

Proof of Theorem 3. In order to control the error between g* and V f(z¢), we decompose it into two
terms

o' = VIO <2 ot [F 42t~ VO <21 3l —of]P 2ot~ s

i=1

and develop a recursion for each term above separately.

Part I (a). Controlling the error of momentum estimator for each v{ Recall that by Lemma 2-(24),
we have foreacht =1,...,n,andany0 <np < landt >0

E[[Joft! = VAE|P] < (=B [|lof - V@] + ZE[H:H“ 2] + 2o ()

Averaging inequalities (18) over i = 1,...,n and denoting P, := Lyt .E [||vf -V (xt)||2},
R;:=E {Hmt - xt““ﬂ we have

~ ~ 312 -
Pt+1§(1*n)Pt+TRt+nU-

Summing up the above inequality for ¢t = 0,...,7 — 1, we derive
T—1 T—1
1 ~ 3121 1 ~
=Y B<—F/=>) R ‘+ —h. 19
T 2 1S3 T; ¢+ 1o +77T0 (19)

Part I (b). Controlling the error of momentum estimator for v‘ (on average). Similarly by
Lemma 2-(25), we have forany 0 <n < landt >0

[ V)

2
E {H,UtJrl _ Vf(x”l)HQ] <(1- [Hv — V|| } [Hmt+1 _ thﬂ L e
where v’ := 1 3" 0! is an auxiliary sequence.

Summing up the above inequality for ¢ = 0,...,7 — 1, and denoting P, := E {Hvt — Vf(xt)||2},
we derive

ﬂ
L

Ly g R+ 4 L, 20)

3L2
PtSi
n”? T — nT

Nl =
'ﬂ

t

I
=3

Part II. Controlling the error of contractive compressor and momentum estimator. By Lemma 3
we have foreach?=1,...,n,andany0 <n < landt >0

E i o F] < (1-5)B{llef—utl*] + nE[Hv—sz Il

41?2

—&-JE [Hxﬁ—l — } + 0. @1
a

Averaging inequalities (21) over i = 1, ... ,n, denoting V; := L5 E [H gl — vf||2} , and summing

up the resulting inequality fort =0,...,T — 1, we obtain
T-1
82 1 =t 8L2 2 2ot 2
fZ S wT ZRt + V. (22)
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Part III. Combining steps I and II with descent lemma. By smoothness (Assumption 1) of f(-) it
follows from Lemma 1 that for any v < 1 / (2L) we have

fath < _7va H th+1_xt||2+%||gt_Vf(xt)||2 (23)

1 1 &
<wt>—%uw<xt>u2— et = I Dl ol I - v
i=1

IN

Subtracting f* from both sides of (23), taking expectation and defining 6; := E[f(z) — f*], we
derive

T-1
LT ()12 1 9
B[Ivs@l] = 7 X E[Ivs6l]
< %levm ZP ZR
= t T t — 2 59 T t
(i) 250 1677 1 -1 4o
= a2 T Z B+ Z P+ a
t=0
1 M =
2 o2
T2 7T >R
t=0
(@) 26 167730'2 47720'2 2770'2 4 ~
= = —V
- AT + a? + @ + n + T °
1 1642L%p%  69°L% 48422 L T 165 ~
2 a? n2 2
- = R —P ——P,
42 Z t—l-nT o+ o2 o
(ii) 9§, 1677302 477202 27702 %_ GV;L? . 64722[/2 . 1
< — _ @ -+ R
7 * a? + @ * n 2 T ; '
2 160 ~ 4
—F P+ —
torbot b+ TVO
200 | 161°0%  4n*o®  2no® | 2 167 4
NGl — P+ —FP+ —=W
7T+ a? + @ + +T0+oz2T 0—’_TO

where (7) holds due to (22), (1) utilizes (20), and (¢i¢) follows by 1 < 1, and the last step holds due
to the assumption on the step-size. We proved (9).

We now find the particular values of parameters. Since g; = v; for all ¢ € [n], we have Vo = 0. Using
Z "V iz ,fgj) foralli = 1,...,n, we have

Binit

Ry=E [0 - 6] < -

~and By = ZE ([0 = V5] < 3
We can substitute the choice of v and obtain

NI Léy, Ly n3o? e no? o? no?
slisenr] = o(f 32 - |
HVf(:C )H 0 ol + 7’]T + a2 + « + n + nanitT + QQBinitT

Since Bipi > , we have

—L6

T 3 2 2 2 2 2
E[va(ﬂ?T)HQ} = O<L5°+L5°+"U +1° +?70+770>.

ol T a? o n o2 BT

Notice that the choice of the momentum parameter such that n

INA
l\?/\
h
&
(=)
Q
N
N——
=
IS
3
|
—
h
=)
(=3
Q
SN—
=
w

1/2 — 3
n < (%)/ and n < aing“B‘““ ensures that "a‘; < f]‘gﬁ 7 < Log - mo” < Ldo apq

29



2
_mo®  ~ Lé
EBT = o Therefore, we have

T 3/4 /3 1/2
T2 Ly Légo?/3 Léoo Léoo? ov/Ldy
IE[ T } < 0= — .
HVf(x )H - (ozT + ( a2/3T \/’T + nT + a /BinitT
o2 52/3
L26 ) a\/L50T’ a4/'§T2/3(L50)1/37 azT

U Loy (Logo®\"*  [(Logo\7"* [ Logo?\ "
elivsanl] < oS (57) + (Ga) "+ (B) ).

. . . o2L o2/3 o2 o2
It remains to notice that {max{rmn{mé ' L(SOT, a4/3T2/3(L60)1/3’ 7 5 (] S 5 |-

Using Bjpit > min{ } , We obtain

F.1 Controlling the error of momentum estimator

Lemma 2. Let Assumption 1 be satisfied, and suppose 0 < n < 1. Foreveryi =1,...,n, let the
sequence {v{},~ be updated via

vi = v 0 (V' €) — v,
t

Define the sequence vt := * Zl L VL. Then for everyi=1,...,nandt > 0 it holds

E[[jof - VA@)|*] < (0= mE[[oi! - VA + 351@ (2 = &= *] + 1202, 4)

B [ - V56O7] < -k [ = 9s6 ] + 0k [l -t 7]+ L 9

Proof. By the update rule of v}, we have

E[llof = VA = E[flof - Vhi) +n(Vila', ) - M
= E[Ee [0 -m!™ ~ VA6 +n(Vhilat &) — Vhia))|]]
= W-0E[li™ - Viila H]+ﬁEMVﬁ< =~ Vi)

< = (14 ) B[l - VA
+<1+727)E{|‘Vfi(xt DY - Vfi(x H } +n?o?

2
%E [th _ xt+1||2:| + 1202,

IN

(L= nE [[oi™ = VAE] +
where the first inequality holds by Young’s inequality, and the last step uses smoothness of f;(+)
(Assumption 1), which concludes the proof of (24).

For each t 0,....,7T — 1 define a random vector &' := (&,... &) and denote by
Vf(xt 1 El L Vfi(z', &), Note that the entries of the random vector &' are indepen-

dent and ]Egt [_ Vf(zt, €Y = Vf(2*), then we have
= o (V1€ — oY),

where v’ := L 3" | ! is an auxiliary sequence. Therefore, we can similarly derive

E [0~ Vi) +n (Vi €) — o) ]
E[Ee: [0 =)™ = V1) + 0 (VF(a',€) = Vr @) |*]]

E o' - vs)]]
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= (L= [0 = VI + 0B VSt € - Vr@)]]
@=n?(1+3)E [0 - Vi )’]
+ (1 + f]) E [Hw(xH) - Vf(:ct)||2} + H

< e[ - v + 2R et H|ﬂ+$,

IN

where the last step uses smoothness of f(-) (Assumption 1), which concludes the proof of (25). [

F.2 Controlling the error of contractive compression and momentum estimator

Lemma 3. Let Assumption 1 be satisfied, and suppose C is a contractive compressor with a < %
For every i =1,...,n, let the sequences {v!},-, and {g!},~, be updated via

vf =0l 4+ (Vi &) — ol ™),

gi=g"+CWi—g7"),
Then for everyi = 1,...,nandt > 0 it holds

Eflol - otlf] < (1-2)E[lol - o] + 2k [t - VA
—&—ZLL%IE [th — act_lﬂz} +n?02. (26)
Proof. By the update rules of ¢! and v}, we derive
Ellgt =] = B[lo e+l - g )]

= E[Ee [[lc(v! - gi™) — (v —gi)]]

< (- B[l - o]

@ 1=k [ — g+ (VA H}

= 1—a]E[E [Hv (Y fi(at, &) ol H

= (1—04]E[va -9 +77(Vfi(f€t)—vtl)|”
+(1 - 0B [| Vit &) - Vi) ]

Y -+ B[t - IM (1=0) (14 p™)r’E [l = V(o
+(1 — a)n?o?

= (1-0)E [Hg vf_1||2} + Bn*E [va_l - Vfi(xt)Hz] + (1 —a)n?o?
< (-0 [[lgt =i *] +280°E ol - Vi Y)]
1207°E [|[V ia) ~ it |] + o
(1= 0 [[|g! " = o! 7 |*] +280E [||of ! = Vi) ]
+26Lf772E {Hwt — xt71||2] +77202,

IN

where (i ) is due to the definition of a contractive compressor (Definition 1), (i7) follows by the update
rule of v!, (ii7) and (v) hold by Young’s inequality for any p > 0. In (iv), we introduced the notation
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0:=1—(1—a)(1+p),and B := (1 —a)(1+ p~!). The last step follows by smoothness of f;(-)
(Assumption 1). The proof is complete by the choice p = «/2, which guarantees 1 — 0§ < 1 — /2,
and 28 < 4/a . O
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G Further Improvement Using Double Momentum (Proof of Corollary 3)

Algorithm 3 EF21-SGD2M (Error Feedback 2021 Enhanced with Double Momentum)

1: Input: starting point 2°, step-size 7 > 0, parameter 1 € (0, 1], initial batch size Bjp
2: Initialize u? = 0? = g9 = 4 Z "V fi(20,80 ;) fori=1,...,n; 9% = L3 g}

|n|l

3: fort=0,1,2,..., T — 1do

4: Master computes ¢! = 2! — v¢* and broadcasts 2**! to all nodes

5 for all nodes i = 1, ..., n in parallel do

6: Compute the ﬁrst momentum estimator v; L — (1 —n)vl + nV fi(ztH! ELH)
7 Compute the second momentum estimator u’“ (1—n)ul + l/vl+l

8: Compress ¢ = C(ult! — gt) and send cH‘1 to the master

9: Update local state gt+1 =gttt

10: end for

11:  Master computes g't1 = 1 3% | gl via gttl = gt + LS50 oIFT

12: end for

In this section, we state the detailed version of Corollary 3 in Theorem 5, followed by its formal proof.
Notice that the key reason for the sample complexity improvement of the double momentum variant
compared to EF21-SGDM (Theorem 3) is that in (27), one of the terms has better dependence on 7
compared to (9) in Theorem 3, i.e., n*02/a instead of %202 /a.. As a result, this term is dominated
by other terms and vanishes in Corollary 3.

Theorem 5. Let Assumptions 1 and 2 hold. Let T be sampled uniformly at random from the iterates
of the method. Let Algorithm 3 run with a contractive compressor. For alln) € (0,1] and Bipiy > 1,

with v < mln{60L, 1gL} , we have
3 2 4_2 2
E[[vsaD|] <o (;Il;l -+ "Z) , @7)
where Ug := 0o+ 1E [Hv = V() }—I—L’Q Lyt .E [Hv — Vfi(z)|| } Setting initial batch

size Binic = [ 5, _‘ step-size and momentum parameters
—mind -2 i {1, (Bt (Lo ) VI8 B (28)
fyi GOE’ 16L ) 777 ) O_2T ) O'ZT ) o )
we get
T—1 >~ 3/a 1/2
1 Léo Léoo?/3 Léoo?
< of =2 .
T ; [va ) } - (aT * ( a?/3T T\ T

Proof. In order to control the error between g* and V f ('), we decompose it into three terms

lo' = Vi < 8ll" = ut” 43 ]u’ ="+ 3]0 = Vi

IN

S%ZHgffuznmnut P 3 - )

where we define the sequences v* := L 3" vf and u’ := L 3" | w!. In the following, we develop

a recursion for each term above separately

Part I. Controlling the error of momentum estimator for each v! and on average for v'. De-
note P, = E [0 = VS (@)|*], P o= LS00 E (o} = VAEIP] By = E [at - 2.
Similarly to Part I of the proof of Theorem 3, we have
T-1 7 T-1
1 ~ 3L%1 1 ~
=Y B<—F/=>) R ’+—PR 29
T2 t_nQT; R (29)

33



5
L

—Z t+—+—Po (30)
= nT

i
2 T

Nl

t

i
o

Part II (a). Controlling the error of the second momentum estimator for each uﬁ. Recall that by
Lemma 4-(37), we have foreachi =1,...,n,andany0 <n < landt >0

[l o] < (- a8 [l — ol + 60 It~ VA
FOLIE [+ = o |*] + n20?, (31)
Averaging inequalities (31) over i = 1,...,n and denoting Q, := + 3" | E [||u;5 - vf||2} , we have

ét—i—l S (]. - ’f])@t + 67]]5t + 6Z277Rt -+ 77202

Summing up the above inequalities for ¢t = 0,...,7 — 1, we derive
1 T2 6 T=1 1 T2 1
N0 < =N B +6I2~Y R 24 —Q
TtZOQt < T; t + TZ t + 1o +1]TQO
6-3L2 ) 1 —
< ( 2 oL ) > Ry + o’ +—Qo+—PO
t=0
19L% 1 = 6
e Z Ry + Tno” + —Po, (32)
where we used (29), the bound n < 1, and ui = v? fori=1,...,n

Part II (b). Controlling the error of the second momentum estimator «* (on average). Similarly
by Lemma 4-(38), we have forany 0 <n < land¢ >0

B[t =017 < =B [Jad = o] + o0 ot — 1))
+6L°nE [thH — xtHQ} + H

Summing up the above inequalities for ¢t = 0,...,T — 1, and denoting Q; := E [Hut - vt||2} , we
derive

Nl
i{ng
o
A

—ZPt+6L2 ZRtJrno— +—Qo

6-3L2 f 7na 6
L? — —P
( A > ZO 5 Qo o7

T-1

Tno? 6
Z R+ 4 2R, (33)
77T

19L2

where we used (30), the bound n < 1, and ud = 20,

Part III. Controlling the error of contractive compressor and the double momentum estimator.

By Lemma 5 we have foreachi =1,...,n,andany0 <np < landt >0
41 )2 - ¢ t]|2 617 t_ ot)?
Elllg -] < (1-5)E ot -l + 22E |[laf - of|] (34)
4 2,4
g [|ot — it )I] + SR [t — ] 4 e
! @
Averaging inequalities (34) over i = 1, ... n, denoting V; := Lyt .E [||gf — uﬂﬂ , and summing

up the resulting inequality for ¢ = 0,...,T — 1, we obtain

1= 12021 o= ~ 1290 1 = ~ 12L2 113
— V., < — — P+ R

4 2
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1202 (192 1 2 | 12yt 3L2 =
< 77 (77 ZRt+7na 77 ZRtJrna
12L2 41 2'0> | 129"
Z Ry + 2T PO
121912 1 = 127802 12- 3L2 2] & 12n
S T p Rt Tt Z
t=0 t=0
+12E2n4 1 Tz:‘lR . 2nio? . 12774]3
a2 T — t o 2T °
276L2 1 8dndo?  12n°0%  2mte? 12t ~
— R P,
o2 T ; et o? + o? + o + 2T °

(35)

Part IV. Combining steps I, II and III with descent lemma. By smoothness (Assumption 1) of

f() it follows from Lemma 1 that for any v < 1/(2L) we have

A BN CO Y O]y
< f@h) -2 [IViE|
2l -

Subtracting f* from both sides of (36), taking expectation and defining J; := E [f(x

derive

E[Ivs@n)|7]

1 T-1
= ZE Vst

)7]

1 2 2

*EHl't‘Fl*l'tH +§Hgt*Vf($t)||
1 2

et )

ul 37 t_ oyt 37 4
R R e [

— Vi)

T-1
250 1 11
< Th3n th+3 ZQt+3 ZPt WT;Rt
© 25 3-276L% 1 (= 3. 84no? +3-12n502+3~277402
YA a? T = ¢ a? a? e
3.19L2 1 = 3. Tno?
? Tf%Rt
3021 no? 1 1
***Z 7*7?2
t=0 t=0
., 360" 18 3
P+ —Py+ —P,
2T 0+ T 0+nT 0
_ 260  3- 84n30?  3-12n°0? +3 2nto? 227702
~T a? a? « n
60L2 3-276L% 1 \ 1 «—
-—1=N"r
+ ( 72 + 02 272) T ; t
36m* 21
e
+ 2T 0+7)T 0
200 288302 6nto?  22n0%  36nt~ 21
— Py+ =P
T et et tarh gk

35

) = f*]. we



where (7) holds due to (30), (35) and (33), the last two steps hold because of the assumption on the
step-size, and 7 < 1, which completes the proof of the first part of Theorem.

Notice that it suffices to take the same initial batch-size as in the proof of the Theorem 3 in order
to "remove" Py and P, terms, since the power of n in front of Py is larger here compared to

Léga? ) Y4
9

the proof of Theorem 3. The choice of the momentum parameter such that n < ( T

n < (Lam)” Lo,

1/4
choice 7 = min { 2 Lo B (L‘Soo‘ ) , (Edom) / } ensures that

< %. Therefore, we can guarantee that the

02T 02T

2 Loy (Looo?*\"" [ Lo\
vl < o Zee (Hane) s (BT,

O
G.1 Controlling the error of second momentum estimator
Lemma 4. Let Assumption 1 be satisfied, and suppose 0 < n < 1. Foreveryi =1,...,n, let the
sequences {v!},-, and {u'},- , be updated via
v = 1+n(sz( LE) v,
u = u 4 n ( - f 1) .
Define the sequences vt = ZZ Lvband ut = 1 Zi:l ul. Then foreveryi=1,...,nandt >0
it holds
2 _ _1p2 _ RNIE
EM%—@H]SO—MEM%1—ﬁlﬂ]+%EMﬁ1—VﬁutWK
+6LIE [[|ot — t=1|*] + 20, (37)
E[[Juf = o'["] < (0 = mE [Jlu=" = o' |*] + 65 [o* " = Vs )]
2 2
+6L2E (||t — ot 7] + T (38)
n

Proof. By the update rule of v}, we have
Bl —otF] = B[Jul™ - ot 4l — )]

1= 0 [of |

( ;
(1= n)%E [ (1 = mpoi ™ + 19 fi(a', &) ut»-luz}
(1—17)215:H(uﬁfl—vf*lHn(v — Vfila'¢ H]
(1-n)%E :||<u$—1wf*)m@f‘l—vmxt»m(wx> Vit €
= (=R [Be [l = ol + (0l = Vi) + 0V i) - Vil
(
(
(

—
3

= (=) (B [[lut™ = ol (el = VE)[]] 0P [V it € -
< Q= [t = o T bl = V)] + re?
< = (14 5)E [[ut™ = o]

+ (1 + 727) [~ = Vfih)|*] + no?
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IA

(1= n)E [[u! _UHH? + 3B [[[of ™t = VA +9
ot = Vit >||2}
] + no?

ot = Vit |

+6L2771E [Hx ' 1” ] +n*o?,

(1= mE [[Jut ™ = o] + 60E

(2

IN

) [HVfl t-1

:h

Vfi(x

IA

(1—n)E HuH vl 1|| + 69K

7

where the first inequality holds Assumption 2, the second inequality holds by Young’s inequality, and
the last step uses smoothness of f;(-) (Assumption 1), which concludes the proof of (37).

For each t = 0,...,7 — 1, define a random vector & := (&, ... &) and denote by
Vf(zt ettty =1 El L Vfi(zt, &h). Note that the entries of the random vector £' are independent
and E¢: [V f(2f, {t)] V f(a'), then we have

o =0ty (Tt €) — v,

up =it (o) —uiT),
where v! = L3 ol o := L3 ! are auxiliary sequences. Therefore, we can similarly
derive
Efflut =[] = E[fju'"" = o +n@ —ut=)|]
= (=P [|l" — ]
= (L=n%E [[(L =)'t 49Vt g) - uH||2]
= (=R [ =)+ = VAt e)]]
— (1= [[|(u! + (' =V ))+n(Vf($t)—Vf(xt,ft))lﬂ
— (1-7)%E [Eq [|| o “>+n< — VF@) + (V") = V@' €[]
(

1= ) (B [[Jut = = o= = = V1) |*] + 0°E [Vt e - Y]]
(1=n)%E [[|u™" = o't 4 (™! = V)] + -
(L=n? (14 ) E[u=t =o|]
+ (1 + 727) 7R [0~ = V|| + 2 o

(1= [[|u=t = o' |*] + 3y [[[o=! = V)] + T2

B {flut= = o= *] + 65 [~ = V1Y
+6nE [||V /(") = V£ )] + @
(1= mE [[|u'=" = '] + 6nE [||o~ W(xt-l)HQ]

+OL2E [[|of — o' *] + iy

IA

IN

IN
_
|

IN

where the first inequality holds Assumption 2, the second inequality holds by Young’s inequality, and
the last step uses smoothness of f(-) (Assumption 1), which concludes the proof of (38). O
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G.2 Controlling the error of contractive compression and double momentum estimator

Lemma 5. Ler Assumption 1 be satisfied, and suppose C is a contractive compressor. For every
i =1,...,n, let the sequences {v},q, {ut},>( and {g}},~, be updated via

v = v+ (VL) -,
¢ 2 ),
g = gt +C(uf g7
Thenforeveryz':1,...,nandt201tholds
2
Eflg—utl’] < (1-5)E[lo —ut 7] + 2R [l - o] (39)

2,4
PO (ot = e ] + R [ — o)) 4 o,

Proof. By the update rules of ¢!, u! and v}, we derive

E ot —ut]’] = [Ilgt tub g — g7

||u§—1 g T = a4 A (Ve €)= o
= (= aE[flul ™ = g gl T (Vi) — ol
+*(Vfila', &) = VFila")|?]

— @)E[[Be [lluf ™! = g7t + (vl =l + AT fila) — i)
+12(V it €)= V fi(@) 2]

= (1= [[lu™ =g 4l —ul ) + (V) — o Y]

+H(1 = a)'E ||V fila', &) — V()]
L e

+(1— )1+ p7E [[|n(of ! —ui™) +nA (Vi) — o))

+77402

Y- OR [Jlut = g ] + 0o
+BE (i~ = ui ™) + A (VAET) = o) 4 (VA = V|
< - [l - g7 + 3677 o - ]
+380°E [t~ — Vil )]
+367°E |||V £i(a") = V] +n'o?
(1= OB [[Jut™ — gt~ "] +3807E [0t — ut™|]
+380°E [t~ — Vil )]

+38L2'E [th _ xt—1H2:| +nto?

IN

where (i ) is due to definition of a contractive compressor (Definition 1), (i¢) follows by the update
rule of v! and w!, (ii7) and (v) hold by Young’s inequality for any p > 0. In (iv), we introduced
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the notation § := 1 — (1 — a)(1 + p), and 8 := (1 — a)(1 + p~'). The last step follows by
smoothness of f;(-) (Assumption 1). The proof is complete by the choice p = a;/2, which guarantees
1-0<1—-a/2,and 38 <6/ O
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H EF21-SGDM with Absolute Compressor

In this section, we complement our theory by analyzing EF21-SGDM under a different class of widely
used biased compressors, namely, absolute compressors, which are defined as follows.

Definition 2 (Absolute compressors). We say that a (possibly randomized) map C : R® — R is an
absolute compression operator if there exists a constant A > 0 such that

EflC(x) - $||2] < A? vz € R%. (40)
This class includes important examples of compressors such as hard-threshold sparsifier [Sahu et al.,

2021], (stochatsic) rounding schemes with bounded error [Gupta et al., 2015] and scaled integer
rounding [Sapio et al., 2021].

Algorithm 4 EF21-SGDM (abs)

1: Input: starting point z°, step-size v > 0, momentum 7 € (0, 1], initial batch size Bip
s 1 Binit : .
2: Initialize v{ = g9 = - > Vfi(xofgj)forz: Lo.onyg®=15" 49

Binit ~n

3: fort=0,1,2,..., 7 —1do

4:  Master computes z'*! = 2 — v¢* and broadcasts z**! to all nodes

5 for all nodes i = 1, ..., 7 in parallel do

6: Compute momentum estimator v ™' = (1 — n)vf +nV fi(xt+ €11

1t

7 Compress c’i“ =C (%) and send C:T+1 to the master

8: Update local state g! ™ = gt + ycit?

9: end for
i(l): dl\f{laster computes g'*1 = L3 gt via gttt = gt + L0 4ttt

. end for

To accomodate absolute compressors into our EF21-SGDM method, we need to make a slight
modification to our algorithm, see Algorithm 4. At each iteration, before compressing the difference
vf“ — gt, we divide it by the step-size v. Later, we multiply the compressed vector c§+1 by v, i.e.,

1t
V! — gt
9?1:95‘5‘76(1 ¥ gl).

Such modification is necessary for absolute compressors because by Definition 2 the compression

error is not proportional to ||z %, but merely an absolute constant A2, In fact, Algorithm 4 is
somewhat more universal in the sense that it can be also applied for contractive compressors.2’ We
derive the following result for EF21-SGDM (abs).

Theorem 6. Let Assumptions 1 and 2 hold. Let ™ be sampled uniformly at random from the iterates
of the method. Let Algorithm 4 run with an absolute compressor (Definition 2). For all ) € (0, 1] and

Binit > 1, with y < {5, we have

have

2
E[|vs@E)|*] <o (j’;l +17A% + ”Z) : (41)

where Uy 1= 0y + %]E [Hvo — Vf(:to)Hz} is a Lyapunov function. With the following step-size,

momentum parameter, and initial batch size

/3 /2 2

n . Lg(S() L(Son g
=2 = 1, ( e Binit = —— 42
Y 1L’ n mln{ ) <A2T> ) < 2T ) t L50n ( )

slieneni] < o5 ()" (42)).

21t is straightforward to modify the proof of our Theorem 3 for the case when Algorithm 4 is applied with a
contractive compressor.

we have
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Corollary 4. Under the setting of Theorem 6, we have E [HVf(ch)H] < € after T =

2 . .
o) (L% Adg aiLéo) iterations.

€2 g3 net

Remark 3. The sample complexity result in Corollary 4 matches the one derived for DoubleSqueeze
algorithm [Tang et al., 2020], which is different from Algorithm 4.

Proof. Similarly to the proof of Theorem 3, we control the error between g* and V f (x!) by decom-
posing it into two terms

1 n
o = VI 2l o+ 2 ot~ VIO <25 3 lof — et +2 ot - VI
=1

Again, for the second term above we can use the recursion developed for momentum estimator

. . 2
Lemma 2. However, since we use a different compressor here, we need to bound ||gf — v!||” term
differently, thus we invoke Lemma 6 for absolute compressor.

Part 1. Controlling the error of momentum estimator on average for v!. Denote P, :=
E ||t — Vf(a:t)||2], R, = E {th - ﬂ“”z}. Similarly to Part I of the proof of Theorem 3,
we have by Lemma 2

i

3L% 1

Nl

t

Il
o
o~
Il
<}

Part I1. Controlling the error of absolute compressor and momentum estimator. By Lemma 6
we have forany0 <n <landt >0

Vi ;gm [llgt —ot]”] < a2 (44)

Part III. Combining steps I and II with descent lemma. By smoothness (Assumption 1) of f(-) it
follows from Lemma 1 that for any v < 1/(2L) we have

1
Flah) < f(xt)_%va(xt)HQ_BthH_xtHQ"‘gHgt_vf(xt)Hz (45)
1 ~
< f(xt)—%va(fft)HQ—B|‘xt+1_xt||2+’yvt+ypt'

Subtracting f* from both sides of (45), taking expectation and defining §; := E[f(x?) — f*], we
derive

T-1
2fivrenl?] = 7 ZE(Ivser]

200 .1 ~ 1 11
< =+2=) Vi+2= ) Pi- o :
,YT T t=0 T t=0 27 T t=0
@) 25, ) 1 112
< 2v2A2 42N P, —
< S 42N+ 2 > P AT > R
t=0 t=0
@) 28 ., 62 1\ 1 Mmo? 1
< ZDaoA?y (- — ) =N"R —P
- fyT—’—,y + 72 22 T; et n +7]T0
260 9ra2  2no 1
< 22 49y2A —P
< 'yT+ Y + - + 740

(40)

where in (7) and (i2) we apply (43), (44), and in the last step we use the assumption on the step-size
v < n/(4L).
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77 < (L50n)1/2

02T

3 1/s
Setting v = 7%, and taking ) < (’Z;ﬁ}) we can ensure that

we have % < L—‘S“ Finally, by setting the initial batch-size to B;,;; = m, we have n%PO =

o2 Léo
TTnBiy < —T Therefore we derive
T-1
1 24, 2no? 1
E[[vF@)’] < Sp+22a2+ 2+ — R
t:O ~T n nT
8Ly n2A?  2po? o?

- nT + 8L2 n +77TBin»L‘t

o(mo by ' A% G(L%)l/z)

R (nT)"2
47)

H.1 Controlling the error of absolute compression

Lemma 6. Let C be an absolute compressor and gf“ be updated according to Algorithm 4, then for
t>0 wehave LY E {Hgf — vf||2] < A2AZ

Proof. By the update rule for gtJrl in Algorithm 4 and Definition 2, we can bound

t+1 _ ¢ 2
o[l -] = 2122 o]

Y
1 1 2

= ~E HC ( Vi _QL) _ v =gt < A2A2.
Y Y
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I EF21-STORM/MVR

Algorithm 5 EF21-STORM/MVR

1: Input: z°, step-size v > 0, parametern € (0,1], Byt > 1

2: Initialize wf = g9 = Bf“n Z " Vii(x ,f?,j) fori=1,...,n;¢9°=+3", g/
3: fort=0,1,2,...,T —1do

4: Master computes 2¢*! = 2t — v¢* and broadcasts 2**! to all nodes

5 for all nodes : = 1,...,n in parallel do

6: Draw ff“ and compute two (stochastic) gradients V f; (¢, ff“) and V f; (21, 5;“)
7: Compute variance reduced STORM/MVR estimator

8 /+1 =V/f; ( 41 £/+1) + (1 _ ,/)<, it Vj( ?t,fﬁl))

t4+1 C( t+1 t4+1

t+1

9: Compress c to the master

10: Update local state g;
11: end for

—g!)and send ¢

=gt + !

12: Master computes '™ = 1 3% | g viagttt =gt + 1 D it
13: end for
Assumption 3 (Individual smoothness®'). Foreachi =1,...,n, every realization of &; ~ D;, the

stochastic gradient V f;(x,&;) is {;-Lipschitz, i.e., for all x,y € RY
IV fi(2.&) = V fily, &)l < &illz —yll.-
We denote (% := Ly

Theorem 7. Let Assumptions 1, 2 and 3 hold. Let &7 be sampled uniformly at random from the
iterates of the method. Let Algorithm 5 run with a contractive compressor. For all n € (0,1] and

Binit > 1, with v < min {& va @} , we have

8L’ 607 8¢
Po?  no? 2
E||v/ET))’] so(“’;+ : +”§+”Z), (48)
where Wo := 0o + 1E MUO - 20)|| } + 3Lyt E [Hv — Vfi(2)]] } With the following

Step-size, momentum parameter, and initial batch size

~ 2/7 ~ 2/5 ~ 2/3
ey 2
v = min —Ci, —\/,(?7 —nj , M =min{ «a, 7%0@ , 76600{ , 7@50\/5 ,
8L’ 60 8 o2/nT o2 /nT 7T

2
and Bip;; = max { Toom ”T”} we have

~ ~ ~ 6/7 ~ N 4/s5 ~ 2/3
2] < @ £do 05003 06o0/? Looo
E {HVf(x ) } <0 aT + VvaT + a'3\/nT + a'/r\/nT + nT
Corollary 5. Under the setting of Theorem 7. we have E [HVf(:E‘T)H] < e after T =

= ~ 1 ~ 1. -
oo 50 ® 05007 Woo \ .
o (%2 t s st W + =205 | iterations.

Recently, Yau and Wai [2022] propose and analyze a DoCoM-SGT algorithm for decentralized
optimization with contractive compressor under the above Assumption 3. When their method is
specialized to centralized setting (with mixing constant p = 1), their total sample complexity becomes
o0 (asg + % + nsg) (see Table 1 or Theorem 4.1 in [Yau and Wai, 2022]). In contrast, the

sample complexity given in our Corollary 5 improves the dependence on ¢ in the last term and,
moreover, achieves the linear speedup in terms of n for all stochastic terms in the sample complexity.

2IThis assumption can be also relaxed to so-called expected smoothness.
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Proof. Similarly to the proof of Theorem 3, we control the error between g and V f (x?) by decom-
posing it into two terms

1 n
lg* = VIO < 2llg’ w42 ' = Vi) <203 |lgh - wi 42wt ~ ViE)]

i=1
In the following, we develop a recursive bound for each term above separately.

Part I. Controlling the variance of STORM/MVR estimator for each w! and on average w’.
Recall that by Lemma 7-(55), we have foreachi =1,...,n,andany0 <n < landt >0

E[[wf = VA ] < 0 =0k [[luf - VA@E)|?] + 26 [[of - 2] + 207, @49)

Averaging inequalities (49) over i = 1,...,n and denoting P, := Lyt .E [||wf -V (xt)||2},
R;:=E {Hmt - a:t“]ﬂ we have

P < (1=n)P, 4 202R, + 2102,

Summing up the above inequality for ¢t = 0,...,7T — 1, we derive
T-1 = . T—1
1 ~ 2071 1 ~
=N PB<—=) Ri+2no’+—h. 50
T r < T Z ¢+ 200 + a0 (50)

t=0 t=0

Similarly by Lemma 7-(56) denoting P; := E {Hwt — Vf(mt)Hz} , we have

1 2no? 1
= — 5. 51
T + n +77T 0 (5D

Part II. Controlling the variance of contractive compressor and STORM/MVR estimator. By

Lemma 8 we have foreacht=1,...,n,andany0 <n <landt >0
Lt |2 w! drp?
E (ot —wit 7] < (1= ) B[t - wll*] + 0 [Jlwt - VA
412
+ ( +£2> E [Ha:t“ —a!|*] + 2020 (52)
Averaging inequalities (52) overi = 1, ... n, denoting V; := Iyt E [Hgf — wf||2] , and summing
up the resulting inequality for ¢ = 0,...,T — 1, we obtain
T—1 T—1
1= 81° 1~ 5 , (80> 20
7LV < aaTZP”<a ZRt
t=0 t=0
8L2 202 1602\ 1 <=
( a? * o + o2 | T ; R

163 2 22 2 8 -
+— 7 7 LR, (53)
« a?T

(07

Part ITI. Combining steps I and II with descent lemma. By smoothness (Assumption 1) of f(-) it
follows from Lemma 1 that for any v < 1/(2L) we have

1
f(ﬂftJrl) < f(l,t)_%va(xt)H2_HHIHA_l_t||2+g||gt_vf(zt)”2 54)
~ 1 2 1 — 2 2
< 1) = FITIEIP = g o =P g D ok w97
i=1
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Subtracting f* from both sides of (54), taking expectation and defining §; := E [f(x

derive
) 1 Tl ,
E[lvrian)’] = fZEMWﬂfm}
250 1
< St Z Vi+2 Z Pi-33 T
() 26 1602 402 L 32 P2\ 1
2 L (B2, 2, ) S
~T « « —
32302 4n?0?  16n ~
P,
+ a? * a * 2T °
@) 25, 1612 402  32n02 A2
< =04 — - - =
AT a? a? nn
320302 4n?0?  4no? 167
+ a? * a * n + 2T
260 32n%0%  4n?0?  4no?  16p
< -
- AT + a? + a + a?T

22

1504—

T-1

1

)

0T

t

POa

") = f*]. we

where in (i) we apply (53), in (i4) we use (51), and the last step follows by assumption on the

step-size, which proves (48).

We now find the particular values of parameters.

W <~

n, we have

E [Ju - Vi@

i=1,...,

Py =

We can substitute the choice of « and obtain

E ||V

Since Binit > 75, we have

E[HW(@T)HQ} = (9(

Notice that the choice of the momentum parameter such that n < (G

50/10
2T

2/3
) ,and n < (

a? < 050
2Bm|T7\/ nT"

IR

Using Bipit >

n< (

and

L§0

E [va(j oT

, We obtain

E [HVf(ch)Hz] 0

- 2
£800® By /s
o2\/n

L50
aT fT

n30_2 ]2

O'
N n

n

: 0
Using w;

+—+

,,73

o2

Binit

andPO = ZE [Hw —Vfi(z

no?

IF] <

nn BiniT'

0.2

n’o?

’170'

Lsy 16 5

(%

2

n3o.2

(0%

n

ﬁ+\/aT+,/nnT+

Therefore, we have

2500'1/3
a'/3\/nT

5
fT

+ (
(600

(=

a'/3\/nT

5,

45

3 3 2
) ensures that -5

;

o?

< Lo

o

6/7 S
« n

= nnT’

6500'1/2
a'/*\/nT

2
o Bipi T

+—+

) 2

g

L S0 Y fi(a0,€0;) for all

o Blmt

no?

MM Binic T’

a?BinidT'

) |



I.1 Controlling the variance of STORM/MYVR estimator

Lemma 7. LetAvsumptlons 2 and 3 be satlsﬁed and suppose 0 < n < 1. Foreveryi=1,...,n,
let the sequence {w!}, o be updated via w} ™' =V f;(x' ™, &) + (1 — n)(w} — V fi(z*, & ))

Define the sequence w' := }L 21:1 wt. Then for everyi =1,...,nandt > 0 it holds

E[[[wf - VhiE ] < (- nE [of - V@) }+2€?]E ([l = 21| + 20202, (55)

E|[w' = V@)’ < (1= nE [t - vr@)]’] +7E [t — a1 ] + 227

Proof For each t = 0,. T — 1, define a random vector &' := (&f,... ¢) and denote by
Vit &) =130, v fz( ,&!). Note that the entries of the random vector &' are independent
and ]Egt [V f(a! ft)] V f(x!), then we have

2 U@t e + (1 — ) (wf — Vi e)
where w® = L 37" | w! is an auxiliary sequence.

We define
1 n
t._ (ot ety _ ot t._ - t
V; :=Vfi(a' &) — Vi), )% n;:lvz,

Wi =V fi(a') = Vi(a' €H) + V@S € = V), whi= % 2 W

=1
Then by Assumptions 2, we have
E[VI|=E W] =E V| =E [W'] =0, (57)
2
t]2 2 t |2 g
B[V <o’ B[] <% (58)

Furthermore, we can derive

n 2
B[] = ;;wf

n 2
> Wi
1=1
1 e 11
= SO B[+ 5 D E W)
i=1 i#j
@ 1 =g
9SS E[IF] + 5 S E )
i=1 i#]
1 & r 27
= B[]
=1

I =T
EZE ||Vf7:(xt“,§f“)fvfi(mt,éf“)ﬂz]
—~ 1

0 [larv -] = Sl -],

IN

IN

46



where (i) holds by the conditional independence of W! and th», and the last inequality follows by
the individual smoothness of stochastic functions (Assumption 3). Therefore, we have

B[] < e[|l -], B[] <2 ]E ettt =] 9
where the first inequality is obtained by using a similar derivation.
By the update rule for w?, we can also derive
oVt = (L) (wf - Vi) + (V6 - )
= (1-n) (' -V ))+n(Vf( TLET) = V()
+A =) ((VF(") = VF(' &) + V(¢ - V™))
(1—m) (w' = Vfz") + V™ + (1 - mW".

Therefore, we have

E[|lut* - Vi P < BB (|00 (! - V) + Vi + @ - owi]]]
— a- 2E[y|w = V] +E [+ =]
< n) |[w! = V@[ + 207 V4] + 28 [[[w]]

202n? 202 1 12
< (1-nE[[u! - V)] + T+ SE ot -]
where the last inequality holds by (58) and (59). Similarly for each i = 17 ...,n, we have
wi™ = Vi) = (1-n) (w] = Vfi(a")) + VT + (LW (60)

Thus,

E([[wt - ViEIP] < 0= nE [Juf - VAE|] + 20202 + 28R,

L2 Controlling the variance of contractive compression and STORM/MVR estimator

Lemma 8. Let Assumptions 1, 2 and 3 be satisfied, and suppose 0 < n < 1. Foreveryi =1,...,n,
let the sequences {w!},, and {g!},-, be updated via

wit™ = VAETLET) + =) (w - VA" ),
g™ = gi+C (Wit —gl).
Then for everyi = 1,...,nandt > 0 it holds

E ot~ < (1-F)E |l - tH]+*E[Hw V1]

+ (4L +£2> B[t - 2t|*] + 2n%*. (61)

Proof. By the update rule of w!, g, and definition of V!, W! given in the proof of Lemma 7, we can
derive

[Hgtﬂ z¢+1H2} _ ]E{HC(wf“ gy — (wi™t - H}

< (- |Juft 7gg||2}
(1-a)E [H(l —n) (wf - Vfi(xt)) + 77Vit+1 (1= W+ Vi (2D tH }
= (1-aE [Eéé“ Wl —n) (wf = Vfi(z") + gV + (L= )W} + Vfi(z") - gf||2H
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21— @E{la - (wf - VAED) + VEE) -]

(1 B[l + (1 - ]
= (- QE[|(wf - gl) + (TAE) ~ VAEH) —n (! - VEG)|]
(1= ) [l + (- ]
< (1-a) 1+ p)E [J|uf — o]
+(1=a) (14 p7 ) E[[[(V1ila*) = Vfila") = (w!
+2(1 = apE [[VEP] + 201 = a)(1 = m)E [i)7]
Y=o [lul - ol
BE [ (Vfila") = Vi) — n (w ~ Vfila))]
201 - ) [V 7] +20 - )@ — B |W]7]

- V)]

<=0 [[ut — g!]7] + 28778 [t - V()]

+28E ||V fi(a™+Y) = Vfi(at)|*] + 26 [[|o+! = o'|*] + 2070
< (-0 Jut - gt + 2677 [Jut - V6]
+ (2812 + ) B [[lo" = o' |*] + 20202,
where (i) holds by Definition 1, (ii) follows from (60), (iii) holds by unbiasedness of V! and W}
(57). In (iv) we use Young’s 1nequa11ty twice, in (v) we introduce the notation 6 := 1— (1 a)(1+ p)
and 3 := (1 — a)(1 + p~1), in (vi) we again use Young’s inequality and the bound (58) and (59).

The last step holds by smoothness of f;(-) (Assumption 1). The proof is complete by the choice
p = a/2, which guarantees 1 — 6 <1 — «/2,and 20 < 4/« . O
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J Simplified Proof of SGDM: Time Varying Parameters and No Tuning for
Momentum Sequence

In this section, we give a simplified proof of SGDM in the single node setting (n = 1) without
compression (o = 1). The following theorem shows that the momentum parameter can be chosen
in a parameter agnostic??> way as n; = 1/y/t + 1 (or n; = 1/4/T + 1), instead of being a constant
depending on problem parameters as it is suggested in our main Theorem 3. In other words, using
SGDM with time varying momentum does not introduce any additional tuning of hyper-parameters.

Theorem 8. Let Assumptions 1, 2 hold. Let n = 1 and Algorithm 1 run with identity compressor
C, i.e, a =1, and (possibly) time varying momentum n; € (0, 1] and step-size paramters vy = ~yn;
with v € (0,1/31)]. Let 2T be sampled from the iterates of the algorithm with probabilities

pe=1e/(X g M) then

R 2oy L + 202511
E[[vran|] < =02 2izo
Et o Mt

where A := f(2°) — f* ++E Mv —Vf(z H } is the Lyapunov function.

Proof. By Lemma 2 denoting P; :=E |||vt — V f(a! 2|, R, :=E |||zt — ztt! 2 , we have
y g

3L2
Pt-‘,—lSPt_ntPt"’TRt“"nfaz- (62)
t
By descent Lemma 1, we have for any y; > 0

b1 < 0 — 2B |[VH@)|*] - 5= (1= wL) R+ G P (63)

where &y := E[f(x?) — f*]. Define the Lyapunov function as A; = dy + vP;. Then summing up
(63) with a v multiple of (62) and noticing that v; < ~y, we get

1
Appr < Ay — [||Vf )| } 5 (1= 4L — 642L2) R, + yno

Since v < 1/(3L), we have 1 — yL — 672 L? < 0, and, therefore, by telescoping we can derive

(x0) Zz I976I]

2A0y~ +202 Zt 0 nt
Et o Mt

E[||vs@")]]

IA

O

The above theorem suggests that to ensure convergence, we can select any momentum sequence
such that 6% >°;° ' n? < oo, and Y_,= n? — oo for t — oo. The parameter , which determines the
step-size v; = 1, should be set to v = 1/(3L) (to minimize the upper bound). Let us now consider
some special cases.

Deterministic case. If o = 0, we can set it to be any constant 5, = n € (0, 1] and derive

26 Ls
E[[vsaD)’] < =0 <7ﬂ?> .

22That is, independently of the problem specific parameters
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Stochastic case. For o > 0, we can select time-varying 7; = —~— or constant 7y = ———, which

Vi+1 VT+1°
gives EtT:_Ol n? = O (log(T)), and ZtT:_Ol = (\/T) Thus

E[|vsGD|] = 6 (LAOJ;"Q) |

Notice that if we set 7, as above, we do not need any tuning of momentum parameter. Only tuning
of paramter v is required to ensure convergence with optimal dependence on 7, as in SGD without
momentum. Of course, this rate is not yet optimal in other parameters, e.g., o2 and L. To make it

LAo

optimal in all problem parameters, we can set = max {1, (02T

)1/ 2} similarly to the statement of
Theorem 2.
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K Revisiting EF14-SGD Analysis under BG and BGS Assumptions

In this section, we revisit the analysis of the original variant of error feedback (EF14-SGD) to
showcase the difficulty in avoiding BG/BGS assumptions commonly used in the nonconvex analysis
of this variant. In summary, the key reason for BG/BGS assumption is to bound the second term in
(67) or (68).

Recall that EF14-SGD has the update rule [Stich et al., 2018]

1 n
ot =gt — ¢t gt = - ng, (64)
i=1

t+1 = et +’)/sz(xt7§f) - gf’

EF14-SGD: € (65)
gt =C (et F AV fila™h ),
where {e!},-, are error/memory sequences with e = 0 foreachi = 1,...,n. Lete’ := 1 37" ¢l
The proof oﬂhis method relies on so called perturbed iterate analysis, for which one defines a "virtual
sequence": 7! := x' — et. Then it is verified by direct substitution that for any ¢ > 0
it zn: Vfi(z!
n 4 !
i=1
If follows from Lemma 9 in [Stich and Karimireddy, 2021] that for any v < 1/2z. and ¢ > 0
- 'yLo
E ()] < B[] - JE 976017 + 222 + De [l
Telescoping the recursion above and setting 5o := f(z") — f*, we have
469 2yLo? 51 '
—ZE[HVf ]<—T+ + 202~ ;E[He NE (66)
Now it remains to bound efficiently the average error term E {HetHQ} [H Ly et ]
Jensen’s inequality, we have
R
E||= t < Z { t 2}
Ll | <23 ]
=1 =1
and develop a bound for each E [||et I ] individually. Denote by z := el + vV f; (2%, £}), then
Efller)?] < Eflce) - #I7]
< (1) et +79/ila",€D)|]
o 2
< @-a)(1+ O[] + (1 ¥ a) E [Vt el
2
< (1= 9B [Jelf] + Lk Vet . (67)

where we used Definition 1 and Young’s inequality.

BG asssumption. If we assume bounded (stochastic) gradients (BG), i.e., E [||V filx, &) HQ} < G?
forall: =1,...,n, then using (67) we can derive

T-1

= =[] < ®
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Combining this bound with (66), we have

1 ZE [HVf } 70 2vLo? N 12L272G2.

T n o?

. . 1 (s /s 5o \ /2 125
The step-size choice v = min { +, (ng‘ 5 ) , (T"ng ) , allows us to bound the RHS by 7,

and guarantees
) Ly . (L&G\"* (L6
E “‘Vf(xT)Hﬂ =0 <TO + ( Oz; ) + (n']?) ) )

or, equlvalently, T=0 (L‘SO + LG L‘SO) sample complexity to find a stationary point. This

Taegd net
analysis using BG assumption and éerlved gample complexity is essentially a simplified version of
the one by Koloskova et al. [2020].2

BGS asssumption. If we assume bounded gradient similarity (BGS), i.e.,
L5 E {HVfZ(x) - Vf(m)||2] < G?, we can slightly modify the derivation in (67) as
follows

E|le] < (- ||lef +1Vsitat )]
= (1= [[lef +9VHE|] + (1 = ) ?E [||Vi(a", &) = T fila")|]
< (1-a)(1+ %)E [ledl*] + (1+ ) (v £t } + 4202
< () B[] + B [ aE)] + % (68)
Averaging the above inequalities over + = 1,...,n and using BGS assumption, i.e.,

iyt E [Hsz(x)HQ} < IVf(x)||* + G? , we can derive via averaging over t = 0,...,T — 1

= )
t
7 2 E [l
t=0
Combining the above inequality with (66), we have

12L2 2 5 vLo?  129212G2  402L202
(1 ) ZE“V}" } e .
n o o

62 1 6v2G?  2v%0?
O 2 E (e« S

IN

9

1/2 2 /s /3 121242
By setting v = mln{4L, (LT;‘ZOT) , (%) ; (nggT) }, we have (1 - Tﬂ) > 1, and

the RHS is at most %. Therefore,

2] oo (L8 (L&GN\T  (Loo 7 [ L&\

g;‘g L‘;OG + \L/‘z{’;’; L—‘so) sample complexity. Notice that in the single

net

or, equivalently, ' = O (

VoT = 3%aT T

2/3 /2
node case (n = 1), we have G = 0, and by Young’s inequality ( 2202 1L 4 5 (M)
Therefore, the above rate recovers the one by Stich and Karimireddy [2021] in the single node setting.

23Up to a smoothness constant and the fact that Koloskova et al. [2020] works in a more general decentralized
setting.
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