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Abstract

Stochastic gradient descent (SGD) is a prevalent optimization technique for large-scale
distributed machine learning. While SGD computation can be efficiently divided between
multiple machines, communication typically becomes a bottleneck in the distributed setting.
Gradient compression methods can be used to alleviate this problem, and a recent line of work
shows that SGD augmented with gradient compression converges to an e-first-order stationary
point. In this paper we extend these results to convergence to an e-second-order stationary point
(e-SOSP), which is to the best of our knowledge the first result of this type. In addition, we show
that, when the stochastic gradient is not Lipschitz, compressed SGD with RANDOMK compressor
converges to an e-SOSP with the same number of iterations as uncompressed SGD [Jin et al.,
2021], while improving the total communication by a factor of ©(v/de~¥*), where d is the
dimension of the optimization problem. We present additional results for the cases when the
compressor is arbitrary and when the stochastic gradient is Lipschitz.

1 Introduction

Stochastic Gradient Descent (SGD) and its variants are the main workhorses of modern machine
learning. Distributed implementations of SGD on a cluster of machines with a central server and
a large number of workers are frequently used in practice due to the massive size of the data. In
distributed SGD each machine holds a copy of the model and the computation proceeds in rounds.
In every round, each worker finds a stochastic gradient based on its batch of examples, the server
averages these stochastic gradients to obtain the gradient of the entire batch, makes an SGD step,
and broadcasts the updated model parameters to the workers. With a large number of workers,
computation parallelizes efficiently while communication becomes the main bottleneck [Chilimbi
et al., 2014, Strom, 2015], since each worker needs to send its gradients to the server and receive the
updated model parameters. Common solutions for this problem include: local SGD and its variants,
when each machine performs multiple local steps before communication [Stich, 2018]; decentralized
architectures which allow pairwise communication between the workers [McMahan et al., 2017] and
gradient compression, when a compressed version of the gradient is communicated instead of the
full gradient [Bernstein et al., 2018, Stich et al., 2018, Karimireddy et al., 2019|. In this work, we
consider the latter approach, which we refer to as compressed SGD.

Most machine learning models can be described by a d-dimensional vector of parameters x and
the model quality can be estimated as a function f(x). Hence optimization of the model parameters
can be cast a minimization problem miny f(x), where f: R? — R is a continuous function, which can
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be optimized using continuous optimization techniques, such as SGD. Fast convergence of compressed
SGD to a first-order stationary point (FOSP, ||V f(x)|| < €) was shown recently for various gradient
compression schemes [Bernstein et al., 2018, Stich et al., 2018, Karimireddy et al., 2019, Ivkin et al.,
2019, Alistarh et al., 2017]. However, even an exact FOSP can be either a local minimum, a saddle
point or a local maximum. While local minima often correspond to good solutions in machine
learning applications [Ge et al., 2016, Sun et al., 2016, Bhojanapalli et al., 2016], saddle points and
local maxima are always suboptimal and it is important for an optimization algorithm to avoid
converging to them. In particular, Choromanska et al. [2015] show that for neural networks many
local minima are almost optimal, but the corresponding loss functions have a combinatorial explosion
in the number of saddle points. Furthermore, Dauphin et al. [2014] show that saddle points can
significantly slow down SGD convergence and hence it is important to be able to escape from them
efficiently.

Since finding a local minimum is NP-hard in general [Anandkumar and Ge, 2016|, a common
relaxation of this requirement is to find an approximate second-order stationary point (SOSP), i.e. a
point with a small gradient norm (||V f(x)|| < €) and the smallest (negative) eigenvalue being small in
absolute value (Amin(V2f(x)) > —eg). When f has p-Lipschitz Hessian (i.e. ||[V2f(z) — V2f(y)| <
pllz—y|| for all z,y), a standard choice of e 7 is \/pe [Nesterov and Polyak, 2006, and such approximate
SOSP is commonly referred as an e-SOSP. While second-order optimization methods allow one to
escape saddle points, such methods are typically substantially more expensive computationally. A
line of work originating with the breakthrough of Ge et al. [2015] shows that first-order methods can
escape saddle points when perturbations are added at certain iterations. In particular, a follow-up Jin
et al. [2021] show that SGD converges to an e-SOSP in an almost optimal number of iterations.

In this paper, we show that even compressed SGD can efficiently converge to an e-SOSP. To
the best of our knowledge, this is the first result showing convergence of compressed methods to a
second-order stationary point.

1.1 Related Work

Escaping from saddle points While it is known that gradient descent with random initialization
converges to a local minimum almost surely [Lee et al., 2016], existence of saddle points may result
in exponential number of steps with non-negligible probability [Du et al., 2017|. Classical approaches
for escaping from saddle points assume access to second-order information [Nesterov and Polyak,
2006, Curtis et al., 2014]. Although these algorithms find a second-order stationary point in O(s~%/?)
iterations, each iteration requires computation of the full Hessian matrix, which can be prohibitive for
high-dimensional problems in practice. Some approaches relax this requirement, and instead of full
Hessian matrix they only require access to a Hessian-vector product oracle [Carmon and Duchi, 2016,
Agarwal et al., 2017]. While in certain settings, including training of neural networks, it’s possible
to compute Hessian-vector products (HVP) efficiently [Pearlmutter, 1994, Schraudolph, 2002|, such
an oracle might not be available in general. Furthermore, in practice HVP-based approaches are
significantly more complex compared to SGD (especially if the workers aren’t communicating in
every iteration in the distributed setting) and require additional hyperparameter tuning. Moreover,
HVP is typically used for approximate an eigenvector computation, which may increase the number
of iterations by a logarithmic factor.

Limitations of second-order methods motivate a long line of recent research on escaping from
saddle points using first-order algorithms, starting from Ge et al. [2015]. Jin et al. [2017] show that
perturbed gradient descent finds e-SOSP in 0(5_2) iterations. Later, this is improved by a series of
accelerated algorithms [Carmon et al., 2016, Agarwal et al., 2017, Carmon et al., 2017, Jin et al.,
2018| which achieves O (5_7/ 4) iteration complexity. There are also a number of algorithms designed



for finite sum setting where f(z) = >, fi(z) [Reddi et al., 2017, Allen-Zhu and Li, 2018, Fang
et al., 2018], or in case when only stochastic gradients are available [Tripuraneni et al., 2018, Jin et al.,
2021], including variance reduction techniques [Allen-Zhu, 2018, Fang et al., 2018]. The sharpest
rates in these settings have been obtained by Fang et al. [2018], Zhou and Gu [2019] and Fang et al.
2019).

Compressed SGD While gradient compression may require a complex communication protocol,
from theoretical perspective this process is often treated as a black-box function: a (possibly
randomized) function C is called a p-compressor if E [||x — C(x)||?] < (1 — p)||x|*. In a simplified
form, the update step in compressed SGD can be expressed as x;11 + x; — 7C(V f(x))!. Notable
examples of compressors include the following:

SIGN function C(x) = @sign(a:) is a 1/d¢-compressor [Bernstein et al., 2018]. Representation of
C(x) requires O(d) bits, but it is hard to compute in distributed settings: it’s not clear how to find
the signs of the coordinates without knowing the full vector, which requires each worker to send all
coordinates. A practical solution is for each worker to communicate SIGN of its local gradient, and
the final sign for each coordinate is selected by majority vote. Unfortunately, the resulting vector is
not necessarily a compression of the gradient.

QUANTIZATION [Alistarh et al., 2017| uniformly splits segment [0, ||x||] into s buckets of the

same size. Let ¢; = Lﬁj, then |x;| is randomly rounded to one of éi@ and (¢; + 1)”%” The
compressor returns non-zero coordinates after rounding. For s = 1, QUANTIZATION Q(x) can be
represented using O(v/d) bits. While it doesn’t fall into the compression framework, since ||Q(x) —x||
can be much greater than ||x||, it has a property E [Q(x)] = x, which allows one to show convergence.

TopPK function preserves only k largest (by the absolute value) coordinates of a vector and is a
k/d-compressor [Stich et al., 2018]. This compressor can be represented using O(k) bits, but similarly
to SIGN, it is hard to compute in distributed settings. To address this issue, Alistarh et al. [2018]
assume that TOPK of the average gradient is close to the average of TOPK of local gradients and
show that this assumption holds in practice.

Sketch-based ToPK |[Ivkin et al., 2019] is randomized communication-efficient compressor
based on Count Sketch, which recovers top-k coordinates in a distributed setting. It uses the fact that
Count Sketch is a linear sketch (and therefore it can be easily combined across multiple machines)
and can be used to recover top-k coordinates of the vector with high probability. Therefore, it can
be used as an efficient */d-compressor requiring O(k) communication.

RANDOMK compressor preserves k random coordinates of a vector. It is a ¥/d-compressor [Stich
et al., 2018| requiring O(k) communication.

While it is known that compressed SGD converges (e.g. Karimireddy et al. [2019] and the works
above), the convergence was shown only to a FOSP. The crucial idea to facilitate convergence is to
use error-feedback [Stich et al., 2018|: the difference between the true gradient and its compression
is propagated to the next iteration.

1.2 Our Contributions

Our main contribution is the analysis showing that perturbed compressed SGD with error-feedback
can escape from saddle points efficiently. Moreover, we show faster convergence rate for a certain
type of compressors and show that such compressors exist. Inspired by the ideas from Jin et al. [2021]
and Stich et al. [2018], we present an algorithm (Algorithm 1) which uses perturbed compressed
gradients with error-feedback and converges to an e-second-order stationary point (see Theorem 3.3).

!The actual update equation is more complicated, see Algorithm 1.



Our main results shows that compressed SGD with RANDOMK compressor achieves substantial
communication improvement:?

Theorem 1.1 (Informal, Theorem 3.4 and Corollary 3.5) Assume that f has Lipschitz gra-

dient and Lipschitz Hessian. Let o = 1 when the stochastic gradient is Lipschitz and o = d otherwise.

3
Then SGD with RANDOMK compressor (which selects k random coordinates) with k = df/g converges

to an £-SOSP after O (?4) iterations, with O (%) total communication per worker.

Compared with the uncompressed case, the total communication improves by £~"/* when the
stochastic gradient is Lipschitz and by v/de="* otherwise (the sharpest results for SGD are by Fang
et al. [2019] and Jin et al. [2021] respectively). In Theorem 1.1, we heavily rely on the following
property of RANDOMK: when its randomness (i.e. sampled k coordinates) is fixed, the compressor
becomes a linear function. For other compressors, this property doesn’t necessarily hold; in this case,
we show convergence with a slower convergence rate:

Theorem 1.2 (Informal, Theorem 3.3 and Corollary 3.6) Assume that f has Lipschitz gra-
dient and Lipschitz Hessian. Let oo =1 when the stochastic gradient is Lipschitz and o = d otherwise.
Let C be a k/d-compressor requiring O(k) communication. Then SGD with compressor C with

3 ~ =
k= %\/%/4 converges to an e-SOSP after O (?4) iterations, with O (i_\gl‘//f) total communication

per worker.

Compared with the uncompressed case, the total communication improves by &£ \/34 when the

stochastic gradient is Lipschitz (note that this is the only setting where the convergence improvement is
conditional, requiring € = o(d~2)) and by e~%* otherwise. Table 1 in Section 3.2 shows communication
improvements for various choices of compression parameters. We outline our main techniques and
technical contributions in Section 3.3 and give the complete proof in Appendix A and B.

2 Preliminaries

Function Properties For a twice differentiable nonconvex function f: R* — R, we consider the
unconstrained minimization problem min,cpa f(x). We use the following standard [Jin et al., 2021,
Fang et al., 2019, Xu et al., 2018, Allen-Zhu, 2018, Zhou et al., 2018] assumptions about the objective
function f:

Assumption A [ is fiax-bounded, L-smooth and has p-Lipschitz Hessian, i.e. for all x,y:

1f(x) = fW)] < fmax, V() = VE@)I < Llix = yll, [IV2f(x) = V2F @)l < pllx — v

Assumption B Access to an unbiased stochastic gradient oracle VF(x,0), whose randomness is
controlled by a parameter 8 ~ D®, with bounded variance, i.e. for all x:

Eoup [VF(x,0)] = Vf(x), Egup [|[VF(x,0) — Vf(x)|?] < o?

“E.g. 0 is a minibatch selected at the current iteration

20 hides polylogarithmic dependence dependence on d and € and polynomial dependence on other parameters.



As shown by the above works, smoothness allows one to achieve fast convergence for nonconvex
optimization problems (namely, to use the folklore descent lemma). Similarly, Lipschitz Hessian
allows one to show fast second-order convergence, since, within a certain radius, the function stays
close to its quadratic approximation (see e.g. Boyd et al. [2004, Section 9.5.3]). As common in the
literature, in our convergence rates we treat L, p and o2 as constants. We also consider an additional
optional assumption (see [Jin et al., 2021] for a justification):

Assumption C (Lipschitz stochastic gradient, optional) For any x,y,0:

IVE(x,0) — VE(y,0)| < {|x—y|.

From machine learning perspective, Assumption C means that for the same mini-batch, if the
initial models are close, their updates are also close. For neural networks, since each network layer is
a composition of an activation function and a linear function, the assumption holds when activation
functions are Lipschitz (note however that ¢ may grow exponentially with the number of layers)

Gradient Compression Our goal is to optimize f in a distributed setting [Dekel et al., 2012,
Li et al., 2014]: given W workers, for each worker i we have a corresponding data distribution D;.
Then the each worker has a corresponding function f;(x) = Eg,~p, [F(x,6;)] and f = Zzl fi-Ina
typical distributed SGD setting, each worker computes a stochastic gradient VF;(x, 6;) and sends
it to the coordinator machine. The coordinator machine computes the average of these gradients
v = %221 VF;(x,0;) and broadcasts it to the workers, which update the local parameters
X < x —nv (7 is the step size).

With this approach, with increase of the number of machines, the computation can be perfectly
parallelized. However, with each machine required to send its gradient, communication becomes the
main bottleneck [Chilimbi et al., 2014, Strom, 2015]. There exist various solutions to this problem
(see Section 1), including gradient compression, when each machine sends an approximation of
its gradient. Then coordinator averages these approximations and broadcasts the average to all
machines (possibly compressing it again, see discussion on TOPK and SIGN in Section 1.1).

Depending on the compression method, this protocol results in different gradient approximation
and different communication per machine. There is a natural trade-off between approximation and
communication, and it’s not clear whether having smaller per-iteration communication results in
smaller total communication required for convergence. The approximation quality can be formalized
using the following definition:

KDeﬁnitign 2.1 (Stich et al. [2018]) Function C(x,0), whose randomness is controlled by a pa—\
rameter 8 ~ D% is a p-compressor if

By [Ix = COx )| < (1 ) x]2

“B.g. for RANDOMK, 6 is the set of indices of preserved coordinates.

- /

Section 1.1 provides examples of important compressors. In our analysis, we consider gen-
eral and linear compressors separately, and in the latter case, we show an improved convergence
rate.

CDeﬁnition 2.2 C is a linear compressor if C(-,é) is a linear function for any 6. )




One example of a linear compressor is RANDOMK, which sets all but k& coordinates of a vector to 0;
it’s a k/d-compressor [Stich et al., 2018| and can be computed easily in the distributed setting.

Stationary Points The optimization problem of finding a global minimum or even a local minimum
is NP-hard for nonconvex objectives [Nesterov, 2000, Anandkumar and Ge, 2016]. Instead, as is
standard in the literature, we show convergence to an approximate FOSP or an approximate SOSP,
see Section 1.

CDeﬁnition 2.3 If f is differentiable then x is an e-First-Order Stationary Point if |V f(x)|| < 5.)

An e-FOSP can be a local maximum, a local minimum or a saddle point. While local minima
typically correspond to good solutions, saddle points and local maxima are inherently suboptimal.
Assuming non-degeneracy, saddle points and local maxima have escaping directions, corresponding
to Hessian’s negative eigenvectors. Following Nesterov and Polyak [2006] we refer to points with
no escape directions (up to a second-order approximation) as approximate second-order stationary
points:

Definition 2.4 (Nesterov and Polyak [2006]) If f is a twice differentiable p-Hessian Lipschitz
function then x is an e-Second-Order Stationary Point if |V f(x)|| < & and Anin(V2f(x)) > —\/pE,
where Amin s the smallest eigenvalue®.

“While one can consider two threshold parameters — e, for Vf and e for V2 f — we follow convention of Nesterov
and Polyak [2006] which selects ey = —,/pe, which, intuitively, balances first-order and second-order variability.

An important property of points which are not e-SOSP is that they are unstable: adding a small
perturbation allows gradient descent to escape them [Ge et al., 2015] (similar results were shown for
e.g. stochastic [Jin et al., 2021| and accelerated [Jin et al., 2018] gradient descent). In this work we
show that this property holds even for SGD with gradient compression.

3 Algorithm and Analysis

Algorithm We present our algorithm in Algorithm 1, a compressed stochastic gradient descent
approach based on Stich et al. [2018, Algorithm 1|. In order to achieve convergence to a SOSP,
similarly to Jin et al. [2021], we add artificial random noise & to gradient at every iteration, which
allows compressed gradient descent to escape saddle points. At every iteration ¢, we compute the
stochastic gradient VF'(x¢, 6;). Then we add artificial noise &, compress the resulting value (Line 10)
and update the current iterate x; using the compressed value (Line 11). However, the information is
not lost during compression: the difference between the computed value and the compressed value
(Line 12), €441, is added to the gradient in the next iteration. Karimireddy et al. [2019] show that
carrying over the error term improves convergence of compressed SGD to a FOSP. Algorithm 1 sets
e; to 0 (Line 7) when conditions in Line 5 hold: either we moved far from the point where the
condition was triggered last time (intuitively, the condition indicates that we successfully escaped
from a saddle point), or we spent a certain number of iterations since that event (to ensure that the
accumulated compression error is sufficiently bounded).

Distributed Setting Algorithm 1 provides a general framework for compressed SGD in distributed
settings, with implementation details depending on the choice of the compressor function C. 6,
0; and & can be efficiently shared between machines using shared randomness. Each machine ¢



Algorithm 1: Compressed SGD

parameters: 7 — step size, T" — number of iterations, r“ — variance of the artificial noise, Z —
the number of iterations required for escaping, R — escaping radius

input :objective f, compressor function C, starting point xq

output : e-SOSP of f

2

1 ey < Od

2t +0

gfort=0...T—1do

4 // Reset the error after Z iterations or in case we moved far from the initial point

5 if t—t >7 or|xy— (x¢t—ne)| >R then

6 if f(x;) < f(xy) then x; < x; — ne; else x; + xy ;

7 t«—t, e « 07

8 end

9 Sample & ~ Ny(04,72), 0, ~D, 6, ~D
10 g, < Cler + VF(x¢,0;) + &, 9~t) // Compressed gradient
11 X1 ¢ X¢ — Nt // Compressed gradient descent step
12 €11 < e+ VF (x4, 0;) + & — gy // Update the error
13 end
14 return xp

maintains its own local egi) which can be computed as eﬁzl — e,gi) + VF(x¢,0) + & — ggi). Then

= % ZZVL egi). Finally, the norm in Line 7 of Algorithm 1 can be efficiently computed within
multiplicative approximation using linear sketches.

3.1 Convergence to an -FOSP

In the following statements, O hides polynomial dependence on L, p, fiax, O',g and polylogarithmic
dependence on all parameters. The first result is similar to that of Stich et al. [2018] (after
reformulation in terms of e-FOSP), but is more general: it covers the case when p is close to 0 and
doesn’t require any bounds on |VF(x, )| or ||V fi(x) — V f(x)]|, which are common assumptions in
the literature (see Section 1.1). The proof of the theorem is presented in Appendix A.

Theorem 3.1 (Convergence to e-FOSP) Let f satisfy Assumptions A and B and let C be a
u-compressor. Then for Algorithm 1 with reset _error = false and n = 0 (min (62, \/{‘7—“5)), after

T = O(%) O ( + Y ) iterations, at least half of visited points are e-FOSP.

u€3

Corollary 3.2 For a 1/d-compressor with O( ) communication (polylogarithmic on all parameters),
the total communication per worker is (% + %) which outperforms full SGD communication

O (;%) by a factor of min (d,e_l),

3.2 Convergence to an e-SOSP

The next two theorems present our main result, namely that compressed SGD converges to an
e-SOSP?. The first theorem addresses the general compressor case.

3see proof sketch in Section 3.3 and the full proof in Appendix B



Theorem 3.3 (Convergence to e-SOSP for general compressor) Let f satisfy Assumptions A
and B, let C be a u-compressor. Let o = 1 when Assumption C holds and o = d otherwise. Then for

Algorithm 1 with n = O (min (%, \/’L (‘1‘ \uf )), after T = O( ) = O( + \/; + (62\[))

iterations, at least half points xq, ..., xp are e-SOSP w.h.p.

In general, convergence to an e-SOSP is noticeably slower than convergence to an e-FOSP. The
reason for such behavior is that, in the analysis of convergence to a SOSP, compression introduces
error similar to that of the stochastic noise. When the stochastic gradient is not Lipschitz (i.e.
Assumption C doesn’t hold), the number of iterations increases by a factor of d due to stochastic
noise. Unfortunately, in general the compression is not Lipschitz even for deterministic gradients:
consider a TOPK compression of a vector where each coordinate is 1 with small perturbations.
However, if the compressor is linear (Definition 2.2), we show improved convergence rate: the last
term in the number of iterations decreases by the factor of d.

Theorem 3.4 (Convergence to e-SOSP for linear compressor) Let f satisfy Assumptions A

and B, let C be a linear compressor. Let o = 1 when Assumption C holds and o = d otherwise. Then
0 . = . 2 2 =

for Algorithm 1 with n = O (mln (%, ‘l‘iu, ﬁf)), after T = O (%) =0 ( + ‘Mag + oz 52\[)

iterations, at least half of points Xq, ..., xp are e-SOSP w.h.p.

Since RANDOMK is a linear compressor, by balancing the terms we have:

Corollary 3.5 For RANDOMK compressor with k =

\F , the total number of iterations of Al-
gorithm 1 is O(g%) and the total communication per worker is O (53}{54). When Assumption C
holds, the total communication for RANDOMK decreases by the factor of ©(e="/*) compared with the
unconstrained case [Fang et al., 2019]. Otherwise, the total communication decreases by the factor of

O(Vde="*) compared with [Jin et al., 2021].

Compressed SGD in Distributed Settings Below we consider different scenarios to illustrate
how convergence depends on the properties of the compressor. Recall that sketch-based ToPK is a ¥/d-
compressor which requires O(k) communication. Selecting pu = /4, with k < d, by Theorem 3.3 we

have = O (min (52 ke k f)) Therefore, the total number of iterations is O (E% + % + ﬁ%)

o’ d>
and the total communication is O ( += ¢ + o2 \[)
Note that the above reasoning cons1ders a worst-case scenario. However, in practice it’s often
possible to achieve good compression at a low communication cost due to the fact that gradient

coordinates have heavy-hitters, which are easy to recover using ToPK. We formulate this beyond
worst-case scenario as the following optional assumption:

Assumption D (Optional) There exists a constant ¢ < 1 such that for allt, C(VF(xy, 0¢)+&+et)
provides a c-compression and requires O(1) bits of communication per worker.

In other words, Assumption D means that for all computed values, C provides a constant
compression and requires a polylogarithmic amount of communication. This assumption can be
satisfied under various conditions. For example, some methods may take advantage of the situation
when gradients between adjacent iterations are close [Hanzely et al., 2018|. In cases when certain
coordinates are much more prominent in the gradient compared to others, TOPK compressor will
show good performance.



Table 1: Convergence to e-SOSP with uncompressed SGD, with sketch-based ToOPK compressor,
with RANDOMK compressor, and with a constant-compressor requiring constant communication
(Assumption D, beyond worst-case assumption). We considered two settings depending on whether
the stochastic gradient is Lipschitz (i.e. Assumption C holds). For each setting we select the
optimal i based on our bounds. The results show that communication of SGD with RANDOMK
compression outperforms that of the uncompressed SGD by O(e‘l/ *) when Assumption C holds and
by O(\/Ziafis/ *) otherwise. Based on our results, since a constant-memory constant-communication
compressor is not necessarily linear, depending on d and ¢, it may converge slower than RANDOMK.

. . Total comm. Total comm.
Setting W Iterations .
per worker improvement
Uncompressed Yau 50 d
E [Fang et al., 2019] \[13/ O (z+) O () -
Sketch-based de’* ~ 1 ~( avd = (-1
E TorK (e = o(d™?)) O (z) 0 <a3+1/4) © ( vd >
E; RANDOMK /4 O (%) 0 (ggfw) O (e74)
—  Constant-memory ~ /1 d ~ /1 d ~ /. 1
C-COMPressor ¢>0 0 (?4 + 52\@> 0 (?4 + EQﬁ) © (mm(d, 75))
Uncompressed ~ ~ (2
f, d (CL) _
> [Jin et al., 2021] L O () O\=
N _ - - ~ -
EoSadiel o o) o) e
& =7 = = = -
ﬁ RANDOMK 7; O (%) (agﬁ) O (Vde 3/4>
g - ~ ~ ~
g Constant-memory >0 O (5%) O (5%) 8 (d)

c-compressor

Corollary 3.6 Algorithm 1 converges to e-SOSP in a number of settings, as shown in Table 1.

3.3 Proof Sketch

In this section, we outline the main techniques used to prove Theorems 3.3 and 3.4. A recent
breakthrough line of work focused on convergence of first-order methods to e-SOSP Ge et al. [2015],
Carmon and Duchi [2016], Jin et al. [2017], Tripuraneni et al. [2018], Jin et al. [2021] has developed
a comprehensive set of analytic techniques. We start by outlining Jin et al. [2021], which is the
sharpest known SGD analysis in the case when the stochastic gradient is not Lipschitz.

Let xo be an iterate such that Amin(V?f(x0)) < —/p¢, and v; be the eigenvector corresponding
t0 Amin- Consider sequences {x;} and {x}} starting with x¢ which are referred to as coupling
sequences: their distributions match the distribution of compressed SGD iterates (i.e. both sequences
can be produced by Algorithm 1), and they share the same randomness, with an exception that
their artificial noise has the opposite sign in the direction vqi. The main idea is that such artificial
noise combined with SGD updates ensures that projection of x; — X} on v; increases exponentially,
and therefore at least one of the sequences moves far from x. After that, one can use an “Improve
or localize” Lemma which states that, if we move far from the original point, then the objective
decreases substantially.

If we have an access to a deterministic gradient oracle and the objective function is quadratic,



then gradient descent behaves similarly to the power method, since in this case:
X1 = Xt — NV f(x) = x¢ = V2 f(x0)%x; = (I =V f(%0))%s-

Adding artificial noise guarantees that there is a non-trivial projection of x; — x} on direction vy,
and the power method further amplifies this projection. In general, the SGD behavior deviates from
power method due to: 1) the difference between f and its quadratic approximation and 2) stochastic
noise. Jin et al. [2021] show that the errors introduced by these deviations are dominated by the
increase in direction vi, and therefore SGD successfully escapes saddle points.

Outline of our compressed SGD analysis The analysis above is not applicable to our
algorithm due to gradient compression and error-feedback. Moreover, in the case of an arbitrary
compressor we change the algorithm even further by periodically setting e; to 0.

One of the major changes is that errors introduced by the compression lead to even greater
deviation of SGD from the power method, and this deviation can potentially dominate other terms:
if the compression error is accumulated from the beginning of the algorithm execution, then the
compression error can be arbitrarily large. Let €; be the compression error sequence corresponding
to x} such that e, = ep. The deviation of SGD from the power method caused by compression can
be expressed as:

t—1
n?V? f(x0) Z(I — V2 f(x0)) 7 (e; —€}). (Proposition B.12 and Lemma B.16)
i=1

It remains to bound ||e; —€}|| for all i. For Gy = e;+VF(x¢, 6;)+& (with G} defined analogously),
since €11 = Gy — C(Gy), by linearity of C we have:

E [llev1 — efl?) = E [I(G: — Gf) — (G - G, 0|

<(1-pE[|G: - Gi?]
= (1= pE [||(e; — €}) + (VF(x¢,0;) — VE(x},60,)) + (& — €)1 -

Since ey = €, after telescoping, |le;;1 — €}, | can be bounded using ||VF(x;,6;) — VF(x;,6;)]
and [|& — &|| for i € [0 : ¢] (Lemma B.17). In other words, when escaping from a saddle point, the
deviation can bounded based on gradients and noises encountered during escaping. Therefore it is
comparable to other terms and can be bounded with an appropriate choice of 7.

Unfortunately, for the arbitrary compressor case we don’t have a good estimation on &, since
in general we don’t have better bound on ||e; — €} than ||e;|| + ||€}|| (see proof of Lemma B.16).
Lemma A.5 bounds the compression error e; in terms of |V f(xo)l|, ..., [|Vf(x:)]:

=1 t—i
Efle?) < X2 Y (1- B) TR (vl + ).

4 2
=0

but the bound depends on all gradients starting from the first iteration. To solve this problem,
we periodically set the compression error to 0 (Line 5 of Algorithm 1). Let ¢’ be an iteration such
that ey is set to 0: then, when escaping from x, we can apply Lemma A.5 with ¢ starting from
t’. This leads to major difference from the Jin et al. [2021] analysis: we need to consider large-
and small-gradient cases separately. When the gradient at xy is large (Lemma B.7), we show that
nearby gradients are also large, and the objective improves by the Compressed Descent Lemma A.7.
Otherwise, we can bound the error norm for the next few iterations (Lemma B.16).
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Figure 1: Convergence of distributed SGD (n = 0.1, batch size is 8 per machine) with RANDOMK
compressor when 100% (full gradient), 10%, 1% and 0.1% of coordinates are used. ResNet34 model
is trained on CIFAR-10 distributed across 10 machines: each machine corresponds to a single class.
SGD with 10% and 1% compression achieves performance similar to that of uncompressed SGD,
while requiring significantly less communication

Finally, the analysis uses not only the sequence of iterates {x;}, but also the corrected sequence
{y:} where y; = x; —ne; (similarly, y; = x; —ne}). Intuitively, e; accumulates the difference between
the communicated and the original gradient, and therefore the goal of y; is to offset the compression
error. Typically, x; is used as an argument of V f(-), while y; is used in distances and as an argument
of f(+), which noticeably complicates the analysis. In particular, if some property holds for x;, it
doesn’t necessarily hold for y; and vice versa: for example, since x; and y; are not necessarily close,
bound ||y; — y;|| doesn’t in general imply bound on ||x; — x}||. However, in our analysis, we show
that we can bound ||x; — x}||, which is required to bound ||V f(x;) — Vf(x})| in Lemma B.18.

4 Experiments

In our experiments, we show that noisy Compressed SGD achieves convergence comparable with full
SGD and successfully escapes saddle points. We perform our first set of experiments on ResNet34
model trained using CIFAR-10 dataset with step size 0.1. We distribute the data across 10 machines,
such that each machine contains data from a single class. We analyze convergence of compressed
SGD with RANDOMK compressor when 100%, 10%, 1% and 0.1% random gradient coordinates
are communicated. Figure 1 shows that SGD with RANDOMK with 10% or 1% of coordinates
compression converges as fast as the full SGD, while requiring substantially smaller communication.
In our second set of experiments, we show that SGD indeed encounters saddle points and noise
facilitates escaping from them. We compare uncompressed SGD, SGD with TorPK compressor
(0.1% of coordinates), and SGD with RANDOMK compressor (0.1% of coordinates) on deep MNIST
autoencoder?. In all settings, we compare their convergence rates with and without noise. Figure 2
shows that SGD does encounter saddle points: e.g. in Figure 2a, for SGD without noise, during
epochs 1-3, the gradient norm is close to 0 and the objective value doesn’t improve. However,
compressed SGD escapes from the saddle points, and noise significantly improves the escaping rate.

4The encoder is defined using 3 convolutional layers with ReLU activation, with the following parameters:
(channels=16, kernel=3, stride=2, padding=1), (channels=32, kernel=3, stride=2, padding=1) and (channels=64,
kernel=7, stride=1, padding=0). The decoder is symmetrical.
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Figure 2: Convergence of SGD (1 = 0.1, batch size is 64) without compression (left), with TorPK
(0.1% of coordinates) compression (middle), and with RANDOMK (0.1% of coordinates) compression
(right) on MNIST autoencoder dataset without noise (red) and with Gaussian noise (green, o = 0.01
for each coordinate). Data points correspond to average over 10 executions and error bars correspond
to 10%- and 90%-quantiles. The bottom row shows the norms of the stochastic gradients averaged
over the last 100 iterations. The figure shows that SGD encounters and escapes saddle points for all
compressors, and adding noise facilitates escaping from the saddle points'.

T For the sake of presentation, to ensure that gradient converges to 0, we decrease the magnitude of the artificial

noise at later iterations. With a fixed noise magnitude, as our theory predicts, gradient norm converges if a smaller
step size is used, but this requires significantly more iterations. Note that this modification only affects the gradient

convergence as the objective converges even with fixed noise and a large step size.

5 Conclusion

We give the first result for convergence of compressed SGD to an e-SOSP, and it’s possible that the
convergence rate and the total communication can be further improved. When Assumption C holds,
it is likely that the communication can be improved by an e~"/# factor using techniques from Fang
et al. [2019], which achieve O(e~35) convergence rate under Assumption C. Using variance reduction
techniques, which achieve 0(5_3) convergence rate, we expect e~ /2 improvement. Finally, it remains
open whether linearity of the compressor is required for Theorem 3.4: similarly to the stochastic
gradient case, it may suffice for the compressor to be Lipschitz.
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A Convergence to e-FOSP

In this section we prove Theorem 3.1, showing that Algorithm 1 converges to an approximate first-
order stationary point. Results and proofs are inspired by Karimireddy et al. [2019], with the key
difference in that we show how to avoid using the bounded gradient assumption: E [|VF|?] < G?
and handle the case of py-compressors with p < 1. Furthermore, Compressed Descent Lemma
(Lemma A.7) is a foundation for showing a second-order convergence.

Definition A.1 (Noise and compression parameters) We use the following notation:
o (; = VF(x4,0;) — Vf(x;) is stochastic gradient noise. This noise has variance o>
o & is artificial Gaussian noise added at every iteration. This noise has variance 12
o Uy = (; + & is the total noise. This noise has variance x? = 0% + r2.
o We assume that gradients are compressed using a p-compressor C.

For the sake of the analysis, similarly to Karimireddy et al. [2019], we introduce an auxiliary
sequence of corrected iterates {y;}, which remove the impact of the compression error.

Definition A.2 (Corrected iterates) The sequence of corrected iterates {y:} is defined as

Y = Xy —neg

Proposition A.3 For the sequence {y:}, we have yi11 —y: = —n(V f(x¢) + )
Proof : Recall that e,y1 = Vf(x¢) + ¢ + e, — g and g = C(Vf(x¢) + ¢y + e, 0;) and thus
C(VF(xe) + P + e, 0) = VI(x) + P + e — e

Substituting this into equation for y;1:

Yi+1 = Xi+1 — N€¢+1
=x; — nC(Vf(x¢) + U + e, 0;) — nerss (Since X441 = x; — NC(Vf(x;) + Uy + €4, 0;))
=x¢ — N(Vf(xt) + Y + e — ery1) — ner
=x¢ — nN(Vf(xt) + 1t +e)
=x¢ —ner — n(Vf(xe) + )
yt — n(Vf(xt) + )

O

In our derivations, we’ll often use conditional expectation with respect to current iterates.

Definition A.4 (Conditional expectation w.r.t. iterate) Let ¢ be an iteration and & be a ran-
dom variable. Then

E [f] = E(amét»&)»(etﬂ:ét-&-l,§t+1)7~-- [5 ‘ Xt’et]
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A.1 Compression Error Bound

Recall that the compression error terms e; in Algorithm 1 represent the difference between the
computed gradient and the compressed gradient. Similarly to how stochastic noise increases the
number of iterations compared with deterministic gradient descent, compression errors also increase
the number of iterations, and therefore it’s important to bound ||e||.

Lemma A.5 (Compression Error Bound) Let x;,e; be defined as in Algorithm 1 and let x? be
as in Definition A.1. Then under Assumptions A and B, for any t we have

=l t—i
Efle?] < 225 (1- ) TR (95l + ).

. 2
=0

In particular, by considering a uniform bound on E [V f(x;)[|?] and taking the sum of the
geometric series, we get a result similar to Karimireddy et al. [2019, Lemma 3]:

401

E [flef]|?] < uz“) (r%g}l@ 1V £ () 2] + x2>

Proof: The proof is similar to the one of Karimireddy et al. [2019, Lemma 3]. The main difference
is that we don’t rely on the bounded gradient assumption.
By definition of e;41:

E [[lec1)*] = E [le; + V£ (xt) + v — Cler + VF(x2) + ¢y, 01)[|]
< (1= pE [|ler + Vf(xe) + ve|]

By using inequality [ja + b||? < (1 +v)|la||® + (1 + 2)|/b||? for any v

E [llecs1l”] < (1= p)((1+v)E [llec]*] + (1 + %)E IV f () + wel1?])

< (1— ) a+) 1+ %)E [V f(xi) + 1/11"\2] (Telescoping)

M“

.

IN
N

(1 =@+ ) T E IV (xi) +vil?]

-

=0
L_u), we have (1 — p)(1+4v) =1 — 5. Therefore:

By selecting v = 50

E et 2] < 1S (12 BY T B 19 + ]

K =0 2
21 —p) ¢ Qo t—itl
T = (1_ 5) E [[IVf(x)]I* + x?] (E[x | xi] = 0)

For the sum of ||e;||2, we have the following, simpler expression:
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Corollary A.6 Under assumptions of Lemma A.5, we have

t

2_Efllerl] < WZG@ 1V £ 2] + )

7=0 =0
Proof :
t t T
S el < XSS (-4 s 19560+ )
7=0 7=0 i=0
2(1 — p) < ) ! Tt
37 E V7P +3°] 3 (1-5)
1= T=1
Bounding ) (1 — 2)T “1 With the sum of the geometric series %, we have:

t

D E(lleq]?] < 4(;“) STEIVA)IP + 17
=0

7=0

A.2 Compressed Descent Lemma

The following descent lemma is the key tool in the analysis as it allows us to bound gradient norms
across multiple iterations.

Lemma A.7 (Compressed Descent Lemma) Let f satisfy Assumptions A and B and x* be as

in Definition A.1. Forn < ﬁ min(\/%j, 1), for any T we have:

S E 1956l < ‘WO BV g (24 Wﬁ‘”)
=0 n L

Using this lemma, we’ll later show that for sufficiently large T', multiple visited points have small
gradients (note that by dividing the left-hand side by T' we obtain an average squared gradient
norm), making them e-FOSP. On the right-hand side the first term is bounded by 4fmax/n, while the
other two terms can be bounded by selecting a sufficiently small 1. The second term arises from
stochastic gradient noise, while the last term stems from the compression error.

Proof :  The proof is similar to the one of Karimireddy et al. [2019, Theorem II|. By the folklore
descent lemma, using notation E; [-] from Definition A.4:

Et [f(yt+1)]
< fye) (V) Be [yerr —ye)) + gEt [lye+1 — yell?]
2
= f(ye) = nEy, 5, (Vf(ye), Vf(x¢) + 1) | x¢, €] + LTnEgt,g} IV f(xe) + ¢il* | xi,€]  (Prop. A.3)

Ln?x?

. (E[¢:] = 0)

2
< flye) =0l V()P = (Y F(ye) = Vf(xe), V(i) + LTHHVf(Xt)H2 +

2.2
< sty = (1= 57 ) IVl + 5 = 9 030) = 7). 1 x0)
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2 2
Using inequality |(a,b)| < Ha2| + @ and smoothness, we have:

B [f(yer1) | Xe, €]

2.2

< s -u(1- LQ”) IV A6 2+ 2L 4 D9 () - )2 4+ 219500
2

< fly) —n (; - ) IV £ () 1% + L"QX "L L= (L-smoothness)
2 3712

< 160 -n (3 - 2) 19 sl + 2L ”QL Jedl? (Def. A2 of )

Using telescoping and taking the expectation, we bound f(y¢+1):

2,2 t
B ven)] < £l30) —u (3 - ) SRVl + A 12 R [l
=0

Bounding " |le-||? by Corollary A.6, we have:

E[f(y:)]
t—1 3 2
< 1) =1 (5 - 2) B [I9sGo] + 2 2L ZE 19 £l + )
=0
§ 372,201 _
Sf(y())—n@—LQn—an )ZE IV FG)|?] + Lx2nt+277LxM§1 p)t

Using that 7 < ;- min ( L 1), we bound the coefficient before 3% _E [V f(x-)[[?] with Z

t—1 2 —
B3] < J30) — 2§ SR (195G 4 (5 + 215 =1)
7=0

After regrouping the terms, we get the final result:

t—1 _ 2 —
ZE [va(XT)HQ] < 4(f(Y0) E [f(yt)]) + 77X2t <2L + 8L 77/(1/12 :U’)>
T7=0

Ui

0

When showing convergence to SOSP, we’ll need a generalization of this Lemma which start
tracking communication error from the last iteration when the error was 0:

Corollary A.8 Let f satisfy Assumptions A and B and x> be as in Definition A.1. If ty is an

iteration of Algorithm 1 such that e;, = 0 and n < ﬁ min(ﬁ, 1), then for any T we have:

T-1

— 2 —
SB[V (i) 2] < 2000 “EUGsn]) o <2L # SO )

7=0 n
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A.3 Convergence to c-FOSP

Theorem A.9 (Convergence to e-FOSP) Let f satisfy Assumptions A and B. Then for n =
0 (min (52, \/1“_75>>, after T = © (E% + V:;“) iterations, at least half of visited points are e-FOSP.

Proof : Proof by contradiction. For n < ﬁ min (\/1“_7, 1), if less than half points are e-FOSP,
then by Lemma A.7:

Te _ 4 frmax 8L2p(1 —
5 < LIV < o pper (24 B0
7=0

It suffices to guarantee that all terms on the right-hand side are at most %82:

Te? g2 -

2L *T < — < — = O(e?

TS == <> 1S (%)
2.2, 2 _ 2 ~

8Lx7772’(1 M)STf — < pe :@< pe )
W 6 V1 — uLxvV48 VIi—p
Afmax _ T€? 24 frnax ~ (1 (1 JT—=pn
n S5 T2, =) =% \at e
Therefore, after © (8% + V;EE“ ) iterations at least half of the points are e-FOSP. O
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B Convergence to e-SOSP

By rescaling we can assume that ¢ < 1. Recall that & = 1 when Assumption C holds and a = d
otherwise. We introduce the following auxiliary notation:

(Definition B.1 (Step sizes) B

62 82 \/p>6 = 52
E TR i ZY_0o(=
Li+do?) " (L(1+02)’ 2 ) (a)
max 7 for compressed SGD:
2 - 2
For a general compressor: 1, = min ( HE B ) -0 <min( JE wi\/e >>

VI—pLo’ (1-p)L2d VI—p (1= p)d

2 2
/0 ~
For a linear compressor: 1, = min <\/%L0" (1,u_ M/))L2> =0 (min <\/1Mi7u, ?ﬁ))

- %

Intuitively, selecting step size n < 7, suffices to show convergence of SGD [Jin et al., 2021|. In
addition, selecting n < 1), allows us to extend the results to compressed SGD.

max 7 for SGD n, =

~

KDeﬁnition B.2 Our choice of parameters is the following (cy,cz,cr,cF, ¢, hide polylogarithmic
dependence on all parameters, the conditions on them will be specified later):

Step size 1 = ¢, min(n,, 77u)
1

Iterations required for escaping 71 = cg

Escaping radius R = 073\/g
p

3
Objective change after escaping F = cr <
P
€
Noise standard deviation r = c,——
T LT]
- ” J

Recall that x? = 02 472 = 0% + % by Definition A.1 and fmax = f(x¢,) — f(x*). We will show
that after 7 iterations the objective decreases by F. Therefore, the objective decreases on average

by % = 9(5277) per iteration resulting in O <%) iterations overall. See Table 1 for the number of
n
iterations and total communication in various settings.

Intuitively, the motivation for this choice of parameters is the following. Let x be a point such

that Amin(V2f(x)) < —y/pe and ||V f(x)|| = 0.

e Our analysis happens inside B(x,R), and we want Apmin(V2f(2)) < —@ for all z € B(x,R).
By the Hessian-Lipschitz property, for z € B(x,R) we have |[V2f(x) — V2f(z)|| < pR. To
have pR < @, we choose R < %\/%

e Let —v be the smallest eigenvalue and v be the corresponding eigenvector of V f Q(XN). Assume

that our function is quadratic and, after adding noise, the projection on vy is O(1) (it is
actually polynomial or reverse-polynomial on all parameters, which doesn’t change the idea).

21



Table 2: Convergence to e-SOSP for full SGD and for constant-size compression (the choice of
parameters is not optimal; see Table 1 for the optimal choice). For any choice of x and n: T' = O(1/ne?),

R = 0(ye), F = O(Ve3).

Settings U n T r
Lphipvr O 06 0@n o
Lpeniavr 4 0(mn(25F)) 0(F2) ()
Li/;cNhDitszKF a O(mm<52’%’§>> O(ﬁ) O(%)
son Lot v 0 0(%) 0 (d=") 0(Va)
wontipaitn w4 O(mn(56)) 0() o(%)
noniﬁgiifffvp d O@m(%,%)) O(n1ﬁ> O(ﬁ)

Then after t iterations, this projection increases by the factor of (1 + ny)t. For every 1/ny
iterations, the projection increases approximately by the factor of e. Therefore, to reach R

. . 371N . . . s ~ 1
starting from O(1), we need O(nv) iterations, which is at most 0(77\//78)

e In a certain sense, the best improvement we can hope to achieve is by moving from x to
x + Rvy. If Vf(x) =0 and the objective is quadratic in direction v; with eigenvalue +y, the

objective decreases by YR? = Q(4/ %), which motivates the choice of F.

e Bound on r arises from the fact that x? ~ r? and that we want to bound the last term in
Lemma B.4 with F.

We formalize the first item in the following proposition:

Proposition B.3 Let x be a point such that Amin(V2f(x)) < —/pe. Then for any z € B(x,R),
Amin(V2f(2)) < —vPE/2.

B.1 Proof outline

Our proof is mainly based on the ideas from Jin et al. [2021]. We first introduce "Improve or localize"
lemma (Lemma B.4): if after the limited number of iterations the objective doesn’t sufficiently
improve, we conclude that we didn’t move far from the original point. Similarly to Jin et al. [2021],
we introduce a notion of coupling sequences: two gradient descent sequences having the same
distribution such that, as long as we start from a saddle point, at least one of these sequences escapes,
and therefore its objective improves. Since distributions of these sequences match distribution of
sequence generated by gradient descent, we conclude that the algorithm sufficiently improves the
objective.

Our analysis differs from Jin et al. [2021] in several ways. The first difference is that, aside
from {x,++}, our equations use another sequence {y¢,++} (X¢,++ mainly participate as arguments
of V£(-), while y,4+ participate as argument of f(-) and in distances). This leads to the following
challenge: if some relation holds for y¢ ¢, it doesn’t necessary holds for x;,,¢. For example, if we
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have a bound on ||y¢,1¢ — ¥4,1¢|/, We don’t necessarily have a bound on ||x4,4+ — X}, |, and it needs
to be established separately.

Another difference is that, for a general compressor, we have to split our analysis into two parts:
large gradient case and small gradient case. When our initial gradient is large, then we either escape
the saddle points or the nearby gradients are also large, and by Lemma A.7 the objective improves
(see details in Lemma B.7). If the gradient is small, we use "Improve or localize" Lemma as described
above. In the latter case, similarly to Jin et al. [2021], we have to bound errors which arise from
the fact that the function is not quadratic and gradients are not deterministic (see Definition B.11).
However, we have an additional error term stemming from gradient compression (see Definition B.11);
to bound this term (see Lemma B.16), we need bounded ||es,++||, and for that we use our assumptions
that gradients are small.

B.2 Improve or localize

We first show that, if gradient descent moves far enough from the initial point, then function value
sufficiently decreases. The following lemma considers the general case, while Corollary B.5 considers
the simplified form, obtained by substituting parameters from Definition B.2.

fLemma B.4 (Improve or localize) Let f satisfy Assumptions A and B and let yi,+¢ and x be\

defined as in Definition A.1. If ty is an iteration of Algorithm 1 such that e, = 0, then using
notation By [-] from Definition A.4, for n < ﬁ min(ﬁ, 1) we have

Eto [lyto+t — Yol 2(1 — p)L?n

F(yto) = Eto [f (Yto+e)] > — [ 087715 olF] Xt | L+ (MQ) —

\_ J
Proof :  Let ¢y = (; + &++. By Proposition A.3, yit1 = yio+i — 1(Vf(Xeo+i) + ¥i). Since noises
are independent:

Eq,

t—1 t—1 t—1
I Zwtw\l?] = By, [[ill?] = 31 =t
=0 1=0 =0

By Proposition A.3:

Bt [I¥to+t — Yeol*] = n°Ee,

t—1
1D (Y (xe014) + 1/)to+i)\|2]

1=0
t—1 t—1
<20%Bay |1 Vi) |I” + | Z¢to+i||2]
1=0 =0
t—1
<207 Y By [[IV £ (xa00) 1] + 207X
1=0

Since n < ﬁ mim(\/l"_fu7 1), by Corollary A.8:

Ero [yt041 — y1ol%] < 20t (4(f(yt0) - E;o [f (yto+1)]) o2t <2L . 8(1—N/2L)L277>> NN

B 2
< ot (4<f<yt0> By [f(yeese)]) + 7 <4L n W) n 4nx2>
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After regrouping the terms, we have:

E —yill? 2(1 — p) L2
F(5to) = Bty [f (ytse)] > — [Hym;;t yul'] x>t <L + (/j;)??) — x>,

O

Corollary B.5 Let ty be an iteration of Algorithm 1 such that ey, = 0. Under Assumptions A
and B, for F,I chosen as specified in Definition B.2, for any t < T we have:

pE
Eto [[¥t0+t = Yol ] = F

F(¥eo) = Eto [f (Yio+e)] = .
cT

Proof : By Lemma B.4, the first term on the right-hand side stems from ¢t <7 = nc—\/fp?. With our

choice of parameters, we can bound negative terms with F (recall that F = cr4/ %)

Bounding ny>2.

2 2 /=3 V3
9 9 9 € 9E o\ VES /e o\ VE
I =nom S egp e = (e a) s T s (e a) s

where we use that ,/pe < L, since otherwise all e-FOSP are e-SOSP.

Bounding 7?x*tL. Since T = cz—— and t < T:

UNIS
2.2 77X2L 2
XL < < nx’
/pe
and we use the estimation above.
Bounding n?y?t - 2(1—}1#217
X1 — L2 crn’x*(1 - p) L’ t<T—_T
12 - 1*\/pe T mVpE
2
I e N
X =0"+ —F—
1*\/pe Ln
czx(l—p) 2.9 o 2
< —5—= (L 0" + ey le (n < nu)
/.,Lg\/piﬁ ( 1 TR ) 12
Ved LUE /e
< 2eze) (u < ———— and 7, < £Y5)
K N b= 1= ulLo s
To guarantee that the sum of these terms is at most F, it suffices to select parameters so that
ey + 2 + cre, < cFfa. O

Corollary B.6 Let ty be an iteration of Algorithm 1 such that e, = 0. Under Assumptions A
and B, for F,R,Z chosen as specified in Definition B.2, if there exists t € [0,Z] such that

Eto [||Yto+t - Yto”2] > Rz; then f(Yto) - Eto [f(YtOth)] > F.
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Proof : By Lemma B.4, since R = cR\/% and F = cr,/ %:

VPER? Chen/pe e
—E > _F=RNE_ (R _1\F>F
F(yt0) = By [f (Yio+e)] = 8oy Sezip y— > F,
where the last inequality holds when 16¢czcr < c%. (|

B.3 Large gradient case: ||V f(xy)| > 4LR

In this section, we consider the case when the gradient is large, and therefore we can make sufficient
progress simply by the Compressed Descent Lemma. Note that the results from this section are only
required when the compressor is not linear.

Lemma B.7 (Large gradient case) Let ty be an iteration of Algorithm 1 such that ey, = 0.
Under Assumptions A and B, for F,R,T chosen as specified in Definition B.2, if |V f(x4,)|| > 4LR,

then after at most I iterations the objective decreases by F.

Proof: Using notation E¢ [-] from Definition A 4, if there exists ¢ < Z such that Ey, [||ys4++ — ¥sl/*] >
R2, then by Corollary B.6, the objective decreases by at least F.

Consider the case when Ey, [[lyy+¢ — ¥4, [?] < R? for all ¢. First, to bound the error term, we
show by induction that By, [||[V f(xt,+¢)[|?] < 4]V f(x4,)]1? for all ¢ < T.

IV f (xeo40) 1> = IV f (x¢0) — (Vf (xt0) = V f (xt044)) ||
< 2|V f(xe0) I + 2V f (x¢0) — V. f (Xeg44)|?

) lla+ 1> < 2(/lall* + [[b]*))
< 2|V f (%0 [I” + 207 [ x10 — Xt

)

)

Smoothness)
< 2[[VF (%t

(

(
12 + 4L ||yt — Yeortll> + 402 Vo4t — Xtgatl|?  (Same inequality and x4, = y,)
< 2|V f (%) I + 4L2[yto — Yiorell® + 4L 0 [|eso 44> (

Definition A.2 of yy,++)

By Lemma A.5 and the induction hypothesis, we have:
41 —p) =1 4(1 — p)
By [leegsal?] < 202 (e, 19 Grpin) ] +7) < 222 (@910 2+ 22).

~ s 2.2 2 V£ Gee) 112 :
and therefore for 7 chosen as in Definition B.2, L?n*Ey, [[les+¢|*] < 1 . By taking the
expectation in the equation above, we have:

V£ (xt)

2
Biy [[IVf (et ) II7] < 20V f (1) [I* 4+ ALPR? 4 T2 < 4[|V £ (3 )|

Given the bound on |les,+¢||, we can give a lower bound on gradient norm:

IV f (Xigr )P = IV £ (x25) = (Vf (x25) = Vf (xt910)) |2
> |V £ (xt) |12+ IV f (%t0) = VF (Xeg)[I* = 20V f (e | - [V f (3t0) — V f (Ktg42)
> IV eIV f (xe) || = 21V f (Yt0) = VI (Ytor)ll = 21V f (Yeo+t) — VI (Xto+0)]])

By taking expectations and using the fact that Ey, [||z]]] < /Ey, [||z]|?] and bound on ||+,
we have:

IV F (xt)

> 4L°R?
4 )_ R

Eo [[IVf (Xto4)I7] >V (x10) (I V f (x40 || — 2LR —
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By Lemma A.7, we know:

)HQ] < 4(f(yt,) — By [f(y1)]) + 77X2I <2L + 8(1 — /;)L277>
n %

A
ZEto [va(xto—&-ﬂ'
=0

Therefore:

2

) = Bu vzl 2 2 (4022 — (an + SR )

I
>nIL*R? - F (See proof of Corollary B.5)
2 L2
> I RLE £ (RZCR\FandIZ )
nVpPE P P UNIS
CIT 9 o .
> ——cpe” = F since L > /pe
R ( Vpe)
> F,
where the last inequality holds when czc% > 2cr. ]

B.4 Small Gradient Case: |V f(x,)| <4LR
Coupling Sequences

Let H = V2f(xy,), then g(x) = x" Hx is a quadratic approximation of f in the vicinity of x;,. Let
—~ be the smallest eigenvalue of H and vi be the corresponding eigenvector. Then we construct
coupling sequences X441+ and x; ., in the following way: x4, is the sequence from Algorithm 1;
X, 4+ has the same stochastic randomness 6 as x4, 1, and its artificial noise &;_ ,, is the same as &4+
with exception of the coordinate corresponding to vi, which has an opposite sign.

fDeﬁnition B.8 (Coupling sequences) For iteration to, given Xy, and e, the coupling sequences
are defined as follows (note the definition of § )

eéo = €4,
Etore ~ N(0,7%) Etort = Etort — 2(V1, &gt V1
Ottt ~ D, Oigrs ~ D Ottt = Ototts  Oigre = Orote
8tort = C(VF (Xtgrt, Ot+t) + ot + tort, Orort) vt = C(VE (X4 140 Ot9+1) + &gyt T €11t O+t
Yo+t = Xtg+t — N€to+t y1/€0+t = X20+t - 77920+t
X1 = Xeg+t — N8t X£+1 = XQOH — ng;

kezt+1 = VF(xto +t,0t4+¢) + Etort + €104t — Sto+t €11 = VE(}, Orge) + Efors + €4t — Stors )

A notable fact is that both sequences correspond to the same distribution.

Proposition B.9 For any tg and t, X¢y1+ and yi,++ from Definition B.8 have the same distribution
/ d /
as Xy 4y and yi g

Proof : By definition of y;,4++ and ygo 1¢, it suffices show that x4,y and e+ have the same

distributions as xj ., and e} ,,. Proof by Induction with trivial base case y;, = y;, = Xt, — n€t,-
We want to show that if the statement holds for ¢, then it holds for ¢ + 1. To show that x¢ 4¢+1

and x} ;. habe the same distribution it remains to show that g; and g; have the same distribution:
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e Since X441+ and x;_,, have the same distribution, VF(X¢y4¢, 0ty+¢) and VF(x}, 4, 04,1¢) have
the same distribution.
e Since N(0,72) is symmetric and &lort 1s the same as 14 with exception of one coordinate,
which has an opposite sign, &4+ and & ,, have the same distribution.
® e ¢ and e ., have the same distribution.
Similarly, e;41 has the same distribution as eg_H, since VF(X¢g+t, Otg+t)s Eto+t, €19+t and g have
the same distribution as VF(x} 1, 014¢), &ortr €101 and g;. O

Since our sequences have the same distribution, we have Eg, [f(x¢g4+)] = By, [f(x},1,)]. We want to
show that in a few iterations ygo 1t — Yo+t becomes sufficiently large and, therefore, at least one of
Yto+t and yi oy, is far from x4,. By applying Corollary B.6 we will show that the objective sufficiently
decreases.

Difference Between Coupling Sequences

In order to capture the difference between the coupling sequences, we introduce the following
notation:

Definition B.10 (Difference between sequences) Using notation from Definition B.8, we in-
troduce differences between the sequences:

o ! ~ ! Y|
Xtg+t = Xpgqt — Xeo+t €to+t = €44t — Cto+t Gt = Gort — Ctot+t

F / ~ /
to+t = &tott — Sto+t Vio+t = Yo+t — Yto+t

Definition B.11 (Error terms) Let §; = fol V2 flax} i+ (1 — a)xyyi)do — H. Then

t—1
At =0 Z(I — T}H)tiiilcsif(to_i_i
=0

t—1
& =1 Z(I —nH)" (@4 — €hrit1)
i=0
t—1 ‘
Zy=n> (I-nH)""" 0
i=0
t—1 ‘
Et=1 Z(I —nH) " 44,
k =0 /

PI‘OpOSitiOH B.12 For any t: )A(to_i'_t = —(At + 5t + Zt + Et)

In the simplest case, the objective is quadratic and we have access to an uncompressed deterministic
gradient. When it’s not the case, the introduced terms show how the actual algorithm behavior is
different:

e A, corresponds to quadratic approximation error.

e & corresponds to compression error.

e 7, corresponds to difference arising from SGD noise.

e =, corresponds to difference arising from artificial noise.
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Intuitively, Z; is a good term, and other terms are negligible (||A; + & + Zi|| < 3||1Z4])-
Proof :

Xio+i+1
= Xfo 41 — Kig 41
= Vi1 + M€t er1 — Veores1 + N€to4e41) (Def. of yio4t and yi )
= N€¢y+t+1 + (y1,50+t - Yt0+t)
- ((Vf(xgﬁt) - vf(xtoﬂ)) + (C£0+t - Ctoth) + (££0+t - fto+t)) (Upd. equation for Yt0+t)

= n(€rr1 — €4o1t) + Xegrt — 1 ((5t + H)Xtgt + ot + éto-i-t) (Def. of 6451+ and yio44)
= (€411 — €1t) + (I — nH)X4g1t — 1 <5tf<to+t + Crort + §t0+t>

= (I —nH)Xty4t — 1 (5tfito+t + (Etgtt — Cropt41) + Crott + éto-‘rt)

Using telescoping, we get the required expression. O
Since Yio+¢ = Xeg+t — N€4o+¢, We have:
Xigrt = — (D¢ + &+ Zi + 54) = Vgt = — (A + (& +n€4o14) + Z4 + Ey),

and we’ll use ||¥¢,+¢|| in Corollary B.6.

Bounding Accumulated Compression Error

Compared to SGD analysis, an additional term & + né;,4+; appears. This term corresponds to
accumulated error arising from compression, and we have to bound it. Motivated by Jin et al. [2021],
we introduce the following quantity:

~

7

Definition B.13 Standard deviation of sum of random variables with standard deviations (1 +n7y)!
1=0,...,t—1, 18

Br =
o /
Proposition B.14 (Jin et al. [2021], Lemma 29) If ny € [0,1], then for all t: B; < (12\/7%):
2. (1+n9)*
and for all t > ot B > Tor
Proposition B.15 For any t < I, where T is defined in Definition B.2:
t—1 2 )
11— CI/Bt
L+ < ==
Proof : By Cauchy-Schwarz inequality:
t—1 2 t—1 c /82
1 4 ny t—1—1 S t 1 + ny 2(t717i) S IﬂQ —_ TPt
(Zuem S+ p- ot
O
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fLemma B.16 (Bounding accumulated compression error) Let ty be an iteration such that\
ey, = 0 in Algorithm 1. Under Assumptions A and B, let x be as in Definition A.1, n and R as
in Definition B.2, & and €y,4++ be as in Definition B.11, and B¢ be as in Definition B.15 . Let
—vy < —VPE/2 be the smallest negative eigenvalue of V2 f(xy,). If By, [||yt0+t — yt0||2] < R? for all
t <T and ||V f(x¢,)|| < ALR, then using notation By [-] from Definition A.4, for t < T we have:

) 20czn® (1 — p) L*X* 57
Ey, [||5t + 779t0+t||2] < (MQ pZ :
N ‘ )

Proof : Expanding sum in & and using that &;, = 0:

t—1
E=n> (I—nH)" (@44 — rrit1) (By Definition B.11)
=0
t—1 )
= n(—&tort+ Y (I —nH)" ' ((I —nH) — I)é151:) (By telescoping)
=1
t—1 '
= —nétort + P H Y (I —nH)" ey 1
=1

We will now estimate Eq, [||& +néf ||| Since —v is the smallest negative eigenvalue of H, we
have || —nH| < (1+77).

Ey, [[I€ + néte])?]

t—1

= By, |In2H (1 - nH)t“étW-u?]
i=1

< 'L, (0 + m)t—l—inéwu)?] (By L-smoothness, Anux(H) < L)
i

< 2 12301+ ) max e [feng ol (Ery [ab] < max(Er, [a?] By, [17])

7
<2* L) (1 +ny) )2 max By, [l1€},45 — eto+ill’] (By definition of &)

1

< 4 P31 1) )2 max By [l + e all*] - (By Cauchy-Schwars)

)

< 87]4L2t(2(1 +ny)t 1Y) max Ev, [llet-+il%] (eto+i and € ,; have the same distribution)

)
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Similarly to Lemma B.7, we can show that Ey, [||V f(x¢+:)[|?] < 40L*R? By Lemma A.5:

Eio [lleto+t]|]

4(1 —
< M (e, 19501 45 (By Lemma A5
1% )
4(1 — p) 252 2 . 12 2152
< o (40L*R* + x°) (By assumption Eq, [||V f(x¢041)]|°] < 40L*R?)
1— 2
< M (Selecting sufficiently small c¢r in the definition of R)
,u

Substituting this result into the inequality for ||&; 4+ 1€ 44]):

1

2
) Ci) (1= p)x®  20eznt(1 — p)L2X2 67
Eio [[|E + n€1o+t 2 §4774L2t 1+77’7t 1= < )
o [l o+tl|”] > ( ) 2 NG

where we bounded the series using Proposition B.15. O
fLemma B.17 (Bounding accumulated compression error for linear compressor) Under\

conditions of Lemma B.16, additionally assume that the compressor is linear (Definition 2.2). When
N <N, fort <ZI:

. 9ezn® (1 — p)L2B2r?
Ety 1€ + nétyrel’] < RN :
N J

Note that, compared with Lemma B.16, the bound is improved by the factor of d.
Proof :

€lott+1 = €1otit1 — €1y 141
= VF(Xtg+t, Oto+t) + &ttt + €to+t — C(VF (Xtgtt5 Oto+t) + Eto+t + €10+t 9~m+t)
- (VF(XQOJA? Oro+t) + §£0+t + eéo-{-t - C(VF(XQOthy Oro+t) + €£0+t + e;0+tv §t0+t))
= (VE Xttt Otg+t) = VF (Xpg 440 0r0+)) + (Etort — Elgre) + (@tg+t — €4 14)

-C ((VF(Xt0+t7 Orgrt) — VF (X 44, Ot011)) + (Etore — Etgrt) + (€104t — €4y 10)5 éto+t>
= (VF(Rig 11, 01011) = VF (XG40, O1010)) + Erort + 811
- C ((VF(XtO+t7 0t0+t) - VF(X;0+t, 0t0+t)) + ét0+t + ét0+t7 ét0+t>

We estimating the norm of €, using linearity of C:

Eétoﬂ [HétHHQ ‘ Xto+t;eto+t79to+t]

=B, .. [”(VF(Xto-i—tv Orit) — V(X 11, Ot 41)) + Stove + o4
-C ((VF(Xto+ta Orot) — VE(X} 14 Orgrt)) + Etort + 1t 5to+t) ||2}
< (1 -k, ., [H(VF(Xto-&-tv Oro 1) = V(X st Oto41)) + oot + éto+tH2}
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Similarly to the proof of Lemma A.5, for any v we have:
Eio [l1+e+1]%]

1 A R
< (U By (14 T F Gty i) = VP 810400) + gl + (140 0

t
1 » .
<= (A= W+ V) T By |[(VF (g1 1) = VE K15 Ot 40) + sl
=0

o
2(1—p)

By selecting v = and computing the sum of a geometric series, we have:

t .
. 2(1 — t—i+1 ~
v, [ll€n+e1]°] < (MM) > (1 - H) B, [H(VF(Xtotha Oro+t) — VE(Xp 4, 0tg4+1)) + §t0+tH2:|

; 2
=0
2(1 — ,u) ¢ o\ il ’ 2 2
<Y (1-5) maxE [I(VF Gt o) = VF (Kl o)) + il
=0
41 —p) ¢ -
< (Mg) max By, [H(VF(Xto-i—h Ot+i) = VE(Xj 14 O104i)) + §t0+iH2}
41 —p) ¢ r? .
< ———max By, [IVF (Xt 14, Oro 1) — VF (X 40 0010 [17] + = + [|&s, ]I
9] =0 d

Substituting this into bound for £ + né,++ and bounding the series by Proposition B.15:

2
o _1—4 t—1 o
iy [I1€: + néyel”] < 20*L? (Z(l +y)t ’) max By, [||ér,+il|”]

i

8czn*(1 — p)L2B2 [ t-1 2
< N277\//7‘5 ! r?:ag(Eto [||VF(Xto+ia9to+i) - VF(X:tO—i-i:eto-l-i)Hz] + E

Depending on whether Assumption C holds, we consider the following cases:

When Assumption C holds, we bound Ey, [[[VF (x4, 0191i) — VF (X} 1, 045+4)[1*] with PRy, [1%]1?] <
40?R?. Since R = cn\/% and r = C”x/%n’ we can select constants cr, ¢, and ¢, so that the second
term dominates the first one.

When Assumption C doesn’t hold hold, we use the following bound:

Eio [[IVEF (Xtg+is Oto+i) — VF (X145 Oro+) %]
< 3By [IVF (Xtoti Oto+i) — V. (Xtori) |* + IV f (Ktg+i) — VI (Xpy 1) |12+ IV f (x4 15) — VE(XG 165 Or04i) ]
< 6(c* + L*R?)

as c¢(0? +R?). Using that n < n, < %, we again can select the constants so that the second term
dominates.

As a result, we achieve the required bound:

901773(1 — ,u)LQ,Bfr2

p2d./pe

Ey, [II€: + Uéto+tH2] <
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Escaping From a Saddle Point

We now show that, if the starting point is a saddle point, we move sufficiently far from it.

fLemma B.18 (Non-localization) Let ty be an iteration such that e, = 0 in Algorithm 1. Under\
Assumptions A and B, let n and r be as in Definition B.2 and B be as in Definition B.13. Let
Y = —Amin(V2f(%4,)) > VP ind Ey, [||y£0+t — ytOHQ] < R? for allt <TI. Then for allt < I, for

2
Bin*r?
d )

some constant c:

Eto [1960+¢1%] = ¢

kwhere Yio+rt = Yigrt — Yto+t as in Definition B.10.

%

Proof : To simplify the presentation, we use ¢ to denote constants, and it may change its meaning
from line to line.

Ety [[I9t0+¢[°] > (max(0, Eg [|IZell — Al = 1€ + née+el| = [1Z:11))?

We show that E 2] = Q (ﬁt—\;g), and terms aside from Z; are negligible, namely that in

expectation By, [[|Adll], B [I1€ + neto+ll]  Eto [[| Ze]l] < 15E4 [Ze]l].° We prove the inequality by
induction. The inequality holds for ¢ = 0 since all terms are 0.

Estimating =;. Since Z; is a sum of independent Gaussians with variances 4(1 + n’y)2<t—i_1)#,
its total variance is

2.2 t-1 2,2

— nr i nr
E¢, [HEtHZ} =4 d (L4+ny)* = 47@27

I
=)

i
And since Z; is a zero-mean Guassian random variable, we know Ey, [||Z]|]* = 2y, [||Z¢]|?]. Note

. . .. A 2 - 12 n°r2p2
that from the induction hypothesis it follows that By, [[|y4,+¢]1?] < 2By, [[|Z¢]?] < 8T5-+.

Bounding A;. By the Hessian Lipschitz property, E¢, [[|6;]|?] < 4p*R?.Then for i <t and for 7
selected as in Definition B.2 (see proofs of Lemmas B.16 and B.17), by the induction hypothesis:

. 2 o 2 2 A 2 n’r? 57
Ero [[Rto+ill"] < 2Bt [[[F0+ill"] + 20" Erg [[|€01ill"] < em——
®Most of the proof can go through if we consider Ey, [|| - ||*] instead of Ey, [|| - [|]. There is only one place in the

estimation of ||A¢|| which requires the first momentum.
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Therefore:

Eyo [[|A]l]
t—1 ‘

=B, [In) (I - nH)t‘Z‘l&itoHII] (Definition B.11)
=0

-1
< N, [Z 11 =nH[" 6] - Hﬁtoﬂ‘H]
i=0

t .
<Y (497" By (116112 - Eeg [[%eg1l|?] - (Cauchy-Schwarz)

|
—

1=0
nr « j 2 2152 2 n’r? 67
< CUPRﬁEto () (Exo [[16:1°] < 4p°R* and By [[Reo+4lI°] < e7—7—)
=0
t—1 —1
nr (1+m)’ L
< cnpR—=E e (Proposition B.14)
NZa Zz; NGE
< cnpR%Iﬁt (Proposition B.14, another direction)
nr B e cg € er
<c—— npcR\/>' R:cR\/> and Z =
Vd ( p n\/pe) ( p 77\//)8)
nr B
< ccre ,
> CCRCT \/a

and it suffices to choose ccrer < 5 so that By, [[|A|] < 15K, [[IZ:]].

Bounding ||& + né4,+¢||. For a general compressor, by Lemma B.16 we know that

cern®(1 — p) L% B}
12/pe

Using x < 2r, to show that By, [||€ + néy+e[|]> < Ex, (1€ + nég+e ] < 155, [1Z¢]I]?, it suffices
to guarantee that

Eto (1€ + néty14l’] <

e’ INCS _ Bt e
p*\/pe - d ~ ezd(1 - p)xAL?
Using that y? < 2r? for sufficiently large c,, we have:
< C—MQ VP
= crd(1 — p)L?

For a linear compressor, By Lemma B.17 we have:

e’ (1= w28 _ Bin’r? <o 1/pe
prd,/pe - d ~ er(l—p)L?
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Bounding ||Z;|. First, we consider the case when Assumption C doesn’t hold (i.e. £ = +o0).
Since Z; is the sum of independent random variables:

t—1

i, [1Z:]7] <0 (1 + )2 V2’0 < 2% 820
=0

To prove that By, [[|Z]]* < Ey, [1Z:]1%] < 185K [IZ¢]I]?, it suffices to show that

2,922 2 2.2
472 2 Binr 2 2 € Cr€
n Bio <CT<:>U\/g§cr<:>ad§ccrL—n<:>n§002Ld,

which holds when ¢, < cc?, by Definition B.2. 3
Finally, we consider the case when Assumption C holds (i.e. £ < 400). Since stochastic gradient
is Lipschitz, we have ||(;|| < 2¢||Z;|| and:

t—1
B, [ Z:]1*] =By, |In> (I - nH)t“QyP] (Definition B.11)
=0
t—1
< n? Z]Eto [H(I - nH)t_i_1@-||2] (Noises are independent)
=0
t—1
<n? Z (1 +ny) 1% By, [H&Hz} (Since ~ is the smallest negative eigenvalue of H)
=0
t—1
<Y @+ P PEy [[%ep44]®]  (Assumption C)
=0
2,2 32
<en*Z % (See derivation for ||A;|| above)

Therefore Ey, [||Z:]|] < cngx/fﬁt—\/’g. To guarantee that Ey, [||Z¢]]] < 55Ky, [||4]]], it suffices to
show that

s =B _ rB 5 Gl PE
WIEE <2 = piVI<c — LT <¢ «— n<cd,
VI S g TS ViE =t

which holds when c%cn <ec. O

Theorem B.19 Under Assumptions A and B, for n as in Definition B.2, after T = O <fma">

iterations of Algorithm 1 at least half of points Xo, ..., xr are e-SOSP w.h.p. The condition in Line
is triggered at most O(f’"a") = O(%) = 0(e~?) tzmes.

Note that the fraction of e-SOSP can be made arbitrary close to 1: to achieve 1 — § fraction, we
show that at most /2 fraction has large gradients and ¢/2 fraction has Hessian with a large negative
eigenvalue. For simplicity, in the theorem we consider ¢ = 1/2.

Proof : As in the previous Lemma, c¢ is used to denote constants and may change its meaning
from line to line. On the high level, the proof is the following: to show that at least half of points are
e-SOSP, it suffices to show that at most quarter of the points have large gradient, i.e. |V f(xy,)]| > ¢,
and we show that at most quarter of the points have escape directions, i.e. Amin(V2f(x,)) < —/PE.
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By Corollary A.8, by Markov inequality, when at least quarter of points have |V f(x¢)|| > ¢, then
f(x0) — f(x7) > fmax With constant probability, which is impossible (setting the error to 0 can only
decrease E [|le/[|?] and E [f(x)], and therefore the Corollary holds).

It remains to show that there is at most quarter of points such that Amin(VZ(f(x¢))) < —/pe.
By Line 5 of Algorithm 1, and Proposition B.3, for any ' there exists ¢ty € [t' — Z,t'] such that
Amin(V2f(x4,)) < —VPE/2 and e;, = 0. We show that when compressed SGD starts from x;,, the
objective improves.

Proposition B.20 If Apin (V2 f(x4,)) < —@, then for some t <I:

J(¥eo) = Eio [f (Yeore)] = F

Proof : By Lemma B.18, we bound ¥+ = ¥, 1+ — Yo+t (Definition B.10):

. l32n2r2 1 + 7y 2t772 62 1 + 0y 225&.2
By, [[§e0sell?] > P 5 JAAmDT0E 27 A m)7e
d dny Ln dv[L

For t = Z, we have (14 nvy)% > (14 1,/pe)Z/"VP > 7. By selecting ¢z > clog % for some c,
we have Ey [||y4,+¢[/*] = 2R?, and therefore:

1
Eto [HYto - YIH2] = maX(Eto [”yto - yIHQ] 7Et0 [Hyw - y/IH]Q) > §Et0 [Hy/Z - yIHQ] > RQ

Since by Proposition B.9 y, ¢ and y, ,, have the same distribution, Ey, [[lyt, — yzll] = E¢, [|ye0 — 7],
and therefore
E [[lyeo — yzlI’] > R?,

and by Corollary B.6:
f(yto) = By [f (Yto+2)] = F.

0

(Proof of Theorem B.19 continued) Let t1,...,t; be the iterations where the condition at Line 5
of Algorithm 1 is triggered, and let ¢t = 0 and t511 = T. Consider iterations ¢ such that there
exists t' € [t;, ti11) with V2f(x¢) < —vPE/2 and ||V f(xy)|| < e. Therefore, by smoothness, for any
t € [ti,tig1) we have |V f(xe)|| < |Vf(xe)| + [[Vf(xe) — Vf(x¢)| < e+ 2LR. Moreover, since
Xt -1 € B(x4;, R), |V f(%x¢;5,-1)|| £ €+ 2LR and by our choice of 7, we have x;,,, € B(x4;,2R).

By Line 6 of Algorithm 1, f(t;4+1) < f(t;) for any i. On the other hand, by smoothness:

L
f( z+1) f( ) <vf(xtz+1)’xti+1 - Xti> - §||Xti+1 - Xti”Q

Y

f(xt;) —2(e + 2LR)(3R) — §9R2
f(x¢,) — 10LR?
f(xi;) = O(e)

Therefore, the objective decreases by at most O(e), and since f(x;, +1) < f(x¢,), the variance of

By, [f(xt,) — f(xt,,,)] is at most O(e).

Using the proposition above, we have:

E[f(yo) — f(yr)] > ZE [f(ye,) — Eio [F(yen)]] s

A\
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with total variance kO(g?). Therefore, by Chebyshev inequality, with constant probability we have

1T ¢ fmax\/PE [€3 _ ¢
_ >___F>_—= V' /> _

which is impossible by selecting a sufficiently large constant in the choice of T'.
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