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Abstract

In the last few years, various communication compression techniques have emerged
as an indispensable tool helping to alleviate the communication bottleneck in
distributed learning. However, despite the fact biased compressors often show
superior performance in practice when compared to the much more studied and
understood unbiased compressors, very little is known about them. In this work
we study three classes of biased compression operators, two of which are new, and
their performance when applied to (stochastic) gradient descent and distributed
(stochastic) gradient descent. We show for the first time that biased compressors can
lead to linear convergence rates both in the single node and distributed settings. Our
distributed SGD method enjoys the ergodic rate O (SLexp(=K)/, 4 (C+D)/K ),
where § is a compression parameter which grows when more compression is
applied, L and p are the smoothness and strong convexity constants, C' captures
stochastic gradient noise (C' = 0 if full gradients are computed on each node)
and D captures the variance of the gradients at the optimum (D = 0 for over-
parameterized models). Further, via a theoretical study of several synthetic and
empirical distributions of communicated gradients, we shed light on why and by
how much biased compressors outperform their unbiased variants, see Appendix [G}
Finally, we propose several new biased compressors with promising theoretical
guarantees and practical performance.

1 Introduction

In order to achieve state-of-the-art performance, modern machine learning models need to be trained
using large corpora of training data, and often feature an even larger number of trainable parameters
[L]. The data is typically collected in a distributed manner and stored across a network of edge
devices, as is the case in federated learning [2} 3,4} 5], or collected centrally in a data warehouse
composed of a large collection of commodity clusters. In either scenario, communication among
the workers is typically the bottleneck. Motivated by the need for more efficient training methods in
traditional distributed and emerging federated environments, we consider optimization problems of
the form

win { /0) =1 3= 1)} <1>
zeR? i=1

where z € R? collects the parameters of a statistical model to be trained, n is the number of
workers/devices, and f;(x) is the loss incurred by model x on data stored on worker 4. The loss
function f; : RY — R often has the form f;(z) := E¢p, [fe(x)], with P; being the distribution of
training data owned by worker i.

1.1 Distributed optimization. A fundamental baseline for solving problem (I) is (distributed)

k n
gradient descent (GD), with iterations z* 1 = 2% — 221 V fi(x*), where n¥ > 0 is a stepsize.
i=
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Table 1: Compressors described in Section With membership in B! («, 8), B2(7, 8), B3(4), U(C).
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Table 2: Complexity results for GD with biased compression. The identity compressor C(z) = x
belongs to all classes with « = 8 = v = ¢ = 1; all three results recover standard rate of GD.

Compressor  C € BY(a, 3 C € B*(v,8 CeB3(
Theorem Theorem Theorem Theorem
Complexity O (%2% log %) @) (g% log % o (5% log %

Several enhancements to GD have been proposed that can better deal with the communication cost
challenges of distributed environments, including acceleration [6, 7, 8], reducing the number of
communication rounds, and communication compression [9} (10, [11} [12, [13}[14} [15/[16], reducing the
size of communicated messages.

1.2 Contributions. In this paper we contribute to a better understanding of the latter approach to
alleviating the communication bottleneck: communication compression. In particular, we study the
theoretical properties of gradient-type methods which employ biased gradient compression operators,
such as Top-k sparsification [[17], or deterministic rounding [18]. Surprisingly, current theoretical
understanding of such methods is very limited. For instance, there is no general theory of such
methods even in the n = 1 case, only a handful of biased compression techniques have been proposed
in the literature, we do not have any theoretical understanding of why biased compression operators
could outperform their unbiased counterparts and when, and there is no good convergence theory for
any gradient-type method with a biased compression in the crucially important n > 1 setting.

In this work we address all of the above problems. In particular, our main contributions are:

(a) We define and study three parametric classes of biased compression operators (see Section [2),
which we denote B! («, 3), B%(7y, 3) and B?(J), the first two of which are new. We prove that they
are alternative parameterization of the same collection of operators (the last two more favorable than
the first), thus highlighting the importance of parametrization and providing further reductions. We
show how is the commonly used class of unbiased compression operators, which we denote U((),
relates to these biased classes. We also study scaling and compositions of such compressors.

(b) We then proceed to give a long list of new and known biased (and some unbiased) compression
operators which belong to the above classes in Section[3] A summary of all compressors considered
can be found in Table[Tl

(¢) In Section[d] we analyze compressed GD in the n = 1 case for compressors belonging to all three
classes under smoothness and strong convexity assumption. Our theorems generalize existing results
which hold for unbiased operators in a tight manner, and also recover the rate of GD in this regime.
Our linear convergence results are summarized in Table 2}

(d) Finally, we study the important n > 1 setting in Section [5]and argue by giving a counterexample
that a naive application of biased compression to distributed GD might diverge. We then design
a new distributed SGD method equipped with an error-feedback mechanism which can provably
handle biased compressors. In our main result (Theorem also see Table [3) we consider three
learning schedules and iterate averaging schemes to provide three distinct convergence rates. Our
analysis provides the first convergence guarantee for distributed gradient-type method which provably
converges for biased compressors, and we thus solve a major open problem in the literature.

1.3 Related work. There has been extensive work related to compression, mostly focusing on unbi-



Table 3: Ergodic convergence of distributed SGD with biased compression and error-feedback
(Algorithm|[T) for L-smooth and yi-strongly convex functions with K communications (Theorem [14).

Stepsizes  Weights Rate
O(3) Ok) OM/k* 4+ A/K)
O(1)  O(e™)  O(Azexp[~K/al] + 42/K)
O(1) 1 O (43/K 4+ As/VEK)

ased compressions [10] as these are much easier to analyze. Works concerning biased compressions
show strong empirical results with limited or no analysis [19, 20, [21]. There have been several
attempts trying to address this issue, e.g., [22] provides analysis for quadratics in distributed setting,
[23] gives analysis for momentum SGD with a specific biased compression, but under unreasonable
assumptions, i.e., bounded gradient norm and memory. The first result that obtained linear rate of
convergence for biased compression was done in [24], but only for one node and under bounded
gradient norm assumption, which was later overcome in [25]].

1.4 Basic notation and definitions. We use (z,y) = Z?zl x,;y; to denote standard inner product
of 2,y € R?, where x; corresponds to the i-th component of x in the standard basis in R?. This
induces the £>-norm in R? in the following way ||z|, == \/(z,z). We denote ¢,-norms as ||z||, =

(S°%, |2i|P) /7 for p € (1,00). By E[-] we denote mathematical expectation. Function f : R — R
is L-smooth if it is differentiable and f(y) < f(z)+(Vf(z),y—z)+ % ||y — |5, Ve, y € R Itis
p-strongly convex if it is differentiable and f(y) > f(z)+(V f(x),y—x)+5 |ly — zl|3, Ve, y € RY.

2 Biased Compressors: Definitions & Theory

By compression operator we mean a (possibly ramdom) mapping C: R? — R? with some constraints.
Typically, literature considers unbiased compression operators C with a bounded second moment, i.e.

Definition 1. We say that C € U(¢) for ¢ > 1if E[C(z)] = z, E [||c<;c)||§} < ¢ |lz|% vz € RY.

We instead focus on understanding biased compression operators, or “compressors” in short. We now
introduce three classes of biased compressors, the first two are new, which can be seen as natural
extensions of unbiased compressors.

Definition 2. We say that C € B!(«, 3) for some a, 3 > 0 if
allzl} < E[lc@)3] < BEC@)],2),  forallz e RY. @)

The second ineq. in () implies E {||C(x)||§} < p? ||1’||§
Definition 3. We say that C € B?(~, 3) for some v, 3 > 0 if

max {7 lzl|?, JE [HC(J;)HgH < (E[C(z)],z), forallz c R 3)
Definition 4. We say that C € B3(§) for some § > 0 if

1
E [HC(z) - :c||§] < (1 - 5) |z, forall z € R @)

This last definition was also considered in [26,27]. We now establish several basic properties and
connections between the classes.

Theorem 1 (Equivalence between biased compressors). Let A > 0 be a free scaling parameter.
IfC € BY(«, B), then (i) 3% > aand \C € B*(\2a, \B), (ii) C € B?(«v, B?) and %C € B3(3?/a).

IfC € B%(v, B), then (i) B > v and \C € B?(\vy, \B), (ii) C € B (42, 3) and %C € B3(8/9).

IfC € B3(), then (i) 6 > 1 and (ii) C € B* (35,2) € B! (15, 2).

With a proper scaling any unbiased compressor belongs to all the three classes of biased compressors.
Theorem 2 (From unbiased to biased with scaling). IfC € U((), then scaled operator XC belongs to

() B'O2, ) ifA>0, (i) BEANC) ifA >0,  (idi) B (m) if CA € (0,2).



3 Biased Compressors: Old and New

We now give some examples of compression operators belonging to the classes B!, B2, B and U.
Several of them are new. For a summary, refer to Tablem

(a) For k € [d] .= {1,...,d}, the unbiased random (aka Rand-k) sparsification operator is
defined via C(z) = % > icg Tiei, where S C [d] is the k-nice sampling; i.e., a subset of [d] of
cardinality & chosen uniformly at random, and ey, . . ., eq are the standard unit basis vectors in R<,
Lemma 3. The Rand-k sparsification operator belongs to U(%).

(b) Let S C [d] be a random set, with p; := Prob(i € S) > 0, Vi € [d] (such a set is called a proper
sampling [28])). Define biased random sparsification operator via C(z) := Y x;e;.

€S
Lemma 4. With q := min; p;, the biased random sparsifier belongs to B'(q, 1), B%(q, 1), B3(1/q).

(c) Adaptive random sparsification is defined via C(z) := z;e; with probability ﬁ

Lemma 5. Adaptive random sparsification operator belongs to B' (5, 1), B2(4,1), B3(d).
(d) Greedy (aka Top-k) sparsification operator is defined via C(z) := Z?: d—k+1 T(i)€(i), Where
coordinates are ordered by their magnitudes so that |z(y)| < [y < -+ < |z(g)l.

Lemma 6. Top-k sparsification operator belongs to B* (%, 1), B2(%,1), and B3().

(e) Let (ag)rez be an increasing sequence of positive numbers with inf a;, = 0 and sup ax, = co.
Then general unbiased rounding is defined as follows: if a;, < |z;| < ag1 for some i € [d], then

. ‘ . N ap1—|xil
Clw); — sign(x;)ag with probability ~ TH=—"2 5)
sign(z;)ar+1  with probability %

Lemma 7. General unbiased rounding operator (El) belongs to U((), where
(= iSupkeZ ( ot GZZI + 2)

Ak+1

Notice that ¢ is minimized for exponential roundings a; = b* with some basis b > 1.
(f) Let (ax ) ez be defined as in (e). Then general biased rounding is defined via

C(x); = sign(z;) argmin, e o, ) [t — [x4], i € [d]. (6)
Lemma 8. General biased rounding operator (6) belongs to B* (a, 8), B?(~, B), and B3(5), where

_ 2ak+1 _ 2ap ) _ (aptart1)?®
p= SUPkeZ @y Fapss v = infrez aktak+1’ a=7 0= SUPkeZ dapani:
2b 2

Remark 1. In the case of exponential rounding a; = bk | we geta = ﬁ, B = 0 Y = e

0= %. Plugging these parameters into the iteration complexities of Table , we find that the

3 o terati : B2 _p2s B _ (+1)?
class B° gives the best iteration complexity as =~ = b > 5= b>6d="p—.

when b = 2. Thus, C,,q € U (%) .
For base b > 1, we define general exponential dithering operator with respect to p-norm and
with s exponential levels 0 < b!7% < 75 < ... < b~ < 1as follows C(x) = ||z||, x sign(z) x

3 (%) , where the random variable £(¢) for ¢ € [b~%~1, b=%] is set to either b~*~1 or b=* with

p

Natural compression operator C,,,; [[16]] is the special case of general unbiased rounding operator
(5

probabilities proportional to b~% — t and t — b~“~! respectively, preserving unbiasedness.
Lemma 9. General exponential dithering operator belongs to U((p,) with

1 1
G =10b+1+2)+drd**min(1,drb' %), where r = min(p, 2). @)

(i) Natural dithering [16]] without norm compression is the spacial case of (h) when b = 2.

(j) Top-%k combined with exponential dithering. Let C;,, be the Top-% sparsification operatorand
Cait, be general exponential dithering operator with some base b > 1 and parameter ¢;, from (7).
Define a new compression operator as the composition of these two: C(z) := Cgjtp,(Crop(z)).

Lemma 10. The composition operator of Top-k sparsification and exponential dithering with base b
belongs to Bl(s, ), IB%Q(%, ) IB%B(%Q,), where Cp is as in (7).



4 Gradient Descent with Biased Compression (CGD)

We now consider the unconstrained optimization problem min,cga f(x), where f : R? — R

is L-smooth and j-strongly convex. We study the method | z*+1 = zF — nC*(V f(2")) |, where

CF : R4 — R? are (potentially biased) compression operators belonging to one of the classes B!, B2
and B? studied in the previous sections, and 7 > 0 is a stepsize. We refer to this method as CGD:
Compressed Gradient Descent.

4.1 Complexity theory. We now establish three theorems, one for each of the three classes B!, B2
and B3, Let &, = E [f(z")] — f(z*), with & = f(a°) — f(a).

Theorem 11. Let C € B'(a,(). Then as long as 0 < n < L%L we have &, <

, k
(1 — gnu(2 - nﬂL)) Eo. If we choose n = 4, then &), < (1 _ %%) £
Theorem 12. Let C € B2(y,B). Then as long as 0 <

IN

n ﬁ%, we have &, <
k

) &.

Theorem 13. Let C € B3(5). Then as long as 0 < n < +, we have &, < (1 — %nu)k&). If we

choose n = %, then &, < ( — %%)ké'o.

(I=n(2- nﬂ)L))k &o. If we choose 1 = BLL then &, < (1 —

™R
=

The iteration complexity for these results can be found in Table [2] Note that the identity compressor
C(z) = x belongs to B'(1,1),B?(1, 1), and B3(1), hence all these result exactly recover the rate of
GD. In the first two theorems, scaling the compressor by a positive scalar A > 0 does not influence
the rate (see Theorem [I)).

4.2 Classes B® and B? are better than B'. If C € B'(«, 3), then by Theorem 5C € Bs(%‘")
Applying Theorem we get the bound O (%2% log %) This is the same result as that obtained
by Theorem On the other hand, if C € B3(§), then by Theorem CeB! (&, 2). Applying
Theorem we get the bound O (1662% log %) This is a worse result than what Theorem

offers by a factor of 165. Hence, while B* and B> describe the same classes of compressors, for the
purposes of CGD it is better to parameterize them as members of B3.

S Distributed Setting

We now focus attention on a distributed setup with n machines, each of which owns data defining
one loss function f;. Our goal is to minimize the average loss (IJ).
5.1 Distributed CGD with unbiased compressors (DCGD). Perhaps the most straightforward ex-

n
tension of CGD to the distributed setting is to consider the method 2*** = z*F —p L 21 CE(V f:(zF)).
=

Indeed, for n = 1 this method reduces to CGD. For unbiased compressors belonging to U(¢), this
method converges under suitable assumptions on the functions. For instance, if f; are L-smooth and f
is p-strongly convex, then with a suitable stepsize, the method converges to a O (7P(¢—=1)/un) neigh-
borhood of the (necessarily unique) solution z* with the linear rate O ((L/n + L~ /un) log 1/e) ,
where D == 1/n 37 ||V fi(z*)|2 [29].

5.2 Failure of DCGD with biased compressors. However, as we now demonstrate by giving a
counter-example, DCGD may fail if the compression operators are allowed to be biased. In the
example below, DCGD used with the Top-1 compressor diverges at an exponential rate.

Example 1. Consider n = d = 3 (see[F.I|for an extension to this example) and define
A@) =(e,2)2+ 12l fola) = Ga2+1l2l3,  fsl@) = (e2)2 + 1 |2ll3,
where a = (—3,2,2),b = (2,-3,2),c = (2,2, —3). Then, with the initial point z° = (¢,¢,¢), t > 0
Vfi(z?) = %(—11,9,9)7 Vfo(z¥) = %(97 —11,9), Vfs(z¥) = %(9,9,—11).
Using the Top-1 compressor, we get C(V f1(2°)) = £(—11,0,0),C(V f2(z°)) = £(0,—11,0) and
C(Vf3(z°)) = £(0,0, —11). The next iterate of DCGD is

pl =20 =i Y7 C(Vfi(a%) = (14 52) 2.



Algorithm 1 Distributed SGD with Biased Compression and Error Feedback

Parameters: Compressors CF € B3(6); Stepsizes {1*}.>0; Iteration count K
Initialization: Choose 2° € R? and ¢{ = 0 for all i
for k=0,1,2,..., K do {In parralel on each machine}

Receive z* from server and perform G = CF(el + nFgF), e ™ = eb 4 nkgk — gk,
n
Send §¥ to the server, which aggregates all the updates: z¥+1 = 2% — 1/, 5~ gF
=1

end for

Output: Weighted average of the iterates: 7%

11n

5 )k 20, which diverges exponentially fast to 400 as 7 > 0.

Repeated application gives z* = (1 +

This example shows that the convergence guarantee cannot be established for problem (I)) if Dis-
tributed SGD with biased compressor is used as a solver and one needs to devise a different approach.
5.3 Error Feedback. We show that distributed version of Distributed SGD wtih Error-Feedback [24],
displayed in Algorithm |1} is able to resolve the issue. Moreover, this algorithm allows for the compu-
tation of stochastic gradients. Each step starts with all machines ¢ in parallel computing a stochastic
gradient gF of the form g¥ = V f;(z*) +¢F, where V f;(2*) is the true gradient, and ¢F is a stochastic
error. Then, this is multiplied by a stepsize 7* and added to the memory/error-feedback term e,
and subsequently compressed. The compressed messages are communicated and aggregated. The
difference of message we wanted to send and its compressed version becomes stored as 62“ +1 for
further correction in the next communication round. The output ZX is an ergodic average of the form
K = Hx Ef:o whzk, WK = ZkK:O wk.

5.4 Complexity theory. We assume the stochastic error £¥ satisfies the following condition.

Assumption 1. Stochastic error ff is unbiased, i.e. E [{ﬂ = 0, and for some constants B, C' > 0

Blllefl] < BIVAG@ |5+ ¢, forallic [n], k> 0. 8)

We can now state the main result of this section. To the best of our knowledge, this was an open
problem: we are not aware of any convergence results for distributed optimization that tolerate general
classes of biased compression operators and have reasonable assumptions on the stochastic gradient.

Theorem 14 (Main). Let {xk}kzo denote the iterates of Algorithm or solving problem (1)), where
each f; is L-smooth and p-strongly convex. Let x* be the minimizer of [ and let f* = f(x*) and

D =157 |V fi(z*) Hg . Assume the compression operator used by all nodes is in B3(5). Then
we have the following convergence rates under three different stepsize and iterate weighting regimes:
(i) O(1/k) stepsizes & O(k) weights. Let n* = 4/uu(x+k) be the stepsizes and w* = k + k be the
weights for all k > 0, where k = 56(20 + B)L/u. Then

E[f(@™)] - f* = 0 (M/K2 + 4/x) |,

where Ay = L*(26+B)?/,, on — x*Hz and Ay = C(1+%)+D(2B/n+35)/u.
(i) O(1) stepsizes & O(e~*) weights. Let n* = n < m be the stepsizes and w* =
(1 — pun/2)~*+V) be the weights for all k > 0. Then

E[f(z5)] — f* = O (Asexp [~ K/ai] + 42/K)

where Az .= L(26 + B) on - .T*”z and Ay = 28L(20+B)/,.
(i) O(1) stepsizes & equal weights. Ler n* = 7 < m be the stepsizes and w* = 1 be the
weights for all k > 0. Then, letting A5 = \/C (1 + /n) + D (2B/n + 36) on —z*

2

E[f(@")] = f* = O (4/K + 45/VE) |.

Experimental evaluation can be found in Appendix
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Figure 1: Comparison of empirical variance ||C(z) — :JcHg / Hx||§ during training procedure of
ResNet18, GoogleNet, and VGG19 on CIFAR10 dataset for two pairs of methods—deterministic with
classic/unbiased Cp,t, and Top-k with Rand-k, where k = 1/5d.

A Experiments

We conduct several experiments to support our theoretical results. We implement all methods in
Python 3.7 using Pytorch [32] and run on a machine with 24 Intel(R) Xeon(R) Gold 6146 CPU @
3.20GHz cores, GPU @GeForce GTX 1080 Ti with memory 11264 MB (Cuda 10.1).

As biased compressions were already shown to perform better in distributed settings [14}[12], we
rather focus on the reasoning why this is the case. We conduct simulated experiments on one machine
which enable us to do rapid direct comparisons against the prior methods. Another issue is that
for many methods, there is no public implementation available, which makes it hard to do a fair
comparison in distributed settings, thus we focus on simulated experiments.

Motivated by our theoretical results in Section |G| (Appendix), we show that similar behaviour can
be seen in the empirical variance of gradients. We run 2 sets of experiments with Resnet18 on
CIFARI10 dataset. In Figure[T} we display empirical variance, which is obtained by running a training
procedure with specific compression. We compare unbiased and biased compressions with the same
communication complexities—deterministic with classic/unbiased C, ¢ and Top-k with Rand-k with k
to be 1/5 of coordinates. One can clearly see, that there is a gap in empirical variance between biased
and unbiased methods, similar to what we have shown in theory, see Section@

As the next experiment, we further show that our predicted theoretical behaviour matches the actual
performance observed in practice. We run two regression experiments optimized by gradient descent
with step-size n = % We use a slightly adjusted version of Theorem

where

b IV f (@) 2

Note that this is the direct consequence of our analysis. We apply this property to display the
theoretical convergence. Firstly, we randomly generate random square matrix A of dimension 100

1 Jleviah) - ey

10



where it is constructed in the following way, we sample random diagonal matrix D, which elements
are independently sampled from the uniform distribution (1, 10), (1, 100), and (1, 1000), respectively.
A is then constructed using Q " DQ, where P = QR is a random matrix and QR is obtained using
QR-decomposition. The label y is generated the same way from the uniform distribution (0, 1). The
optimization objective is then

min ' Az —y ' z.

z€R?
For the second experiment, we run standard linear regression on scikit-learn datasets— Bosfon and
Diabetes. As the preprocessing step, we first do data normalization.
Quadratic, k = 1000

Quadratic, k =10 Quadratic, k =100
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Figure 2: Theoretical vs. Practical Convergence of Compressed Gradient Descent on Quadratics
problem with different condition number x for Top-5 and Rand-5 compression operators.
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Figure 3: Theoretical vs. Practical Convergence of Compressed Gradient Descent on Linear Regres-
sion problem for Boston and Diabetes datasets with Top-5 and Rand-5 compression operators.

Looking into Figures[2]and 3] one can clearly see that as predicted by our theory, biased compression
with less empirical variance leads to better convergence in practice and the gap almost matches the
improvement as predicted by our theory.

The next experiment shows the need of error-feedback for methods with biased compression operators.
Based on Example 1, error feedback is necessary to prevent divergence from the optimal solution.
Figure[ddisplays training/test loss and accuracy for VGG19 on CIFAR10 with data equally distributed
among 4 nodes. We use plain SGD with a default step size equal to 0.01 for all methods, i.e. Top-5
with and without error feedback, Rand-5 and no compression. As suggested by the counterexample,
not using error feedback can really hurt the performance when biased compressions are used. Also
note, that performance of Rand-5 is significantly worse than Top-5.

In Section 3| we gave a new biased compression operator, where we combined Top-k sparsification
operator with the general exponential dithering. Consider the composition operator with natural
dithering, i.e., with base b = 2. We showed that it belongs to B'(%, ), B*(%, 2) and B3(24).
Figure [6] empirically confirms that it attains the lowest compression parameter § > 1 among all
other known compressors (see (@)). Furthermore, the iteration complexity O ((5% log %) of CGD for
C € B3(6) implies that it enjoys fastest convergence.

We also conclude an experiment which shows its superiority against current state-of-the-art for low
bandwidth approach Top-k for some small k. Figure [5] shows comparison of 5 methods—Top-k,
Rand-k, natural dithering, Top-k combined with natural dithering and plain SGD. We use 2 levels
with infinity norm for natural dithering and k£ = 5 for sparsification methods. For all compressors,
we train VGG11 on CIFAR10 using plain SGD as an optimizer with default step size 0.01. We can
see that adding natural dithering after Top-k has the same effect as the natural dithering comparing

11
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Figure 4: Training/Test loss and accuracy for VGG19 on CIFAR10 distributed among 4 nodes for 4
different compression operators.
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Figure 5: Training loss and test accuracy for VGG11 on CIFAR10 distributed among 4 nodes for 5
different compression operators.

to no compression, which is a significant reduction in communications without almost no effect
on convergence or generalization. Using this intuition, one can come to the conclusion that Top-k
with natural dithering is the best compression operator for any bandwidth, where we adjust to given
bandwidth by adjusting k. This exactly matches with our previous theoretical variance estimates
displayed in Figure 6]

Next, we compare two sparsification methods and show the significant empirical advantage of greedy
sparsifier against random sparsifier, where we assume that coordinates of to-be-compressed vector
are i.i.d. Gaussian random variables. We compare the savings s, and sF, ; of these compressors.
For random sparsification, we have

E[shq(2)] =k (0® + p?),

where i and o2 are the mean and variance of the Gaussian distribution. For computing E [sfop(x)} ,
we use the probability density function of k-th order statistics (see e.g. [33]]). Table[d]shows that Top-3
and Top-5 sparsifiers “save” 3x—40x more information in expectation and the factor grows with

k k
. . . . w. x
the dimension. Next we compare normalized variances l‘“;f’H(Q ) and wﬂ’;‘h(f) for randomly generated
“12 2

Gaussian vectors. In an attempt to give a dimension independent comparison, we compare them
against the average number of encoding bits per coordinate, which is quite stable with respect to the
dimension. Figurd7 reveals the superiority of greedy sparsifier against the random one. In addition to
assuming the gradient distribution, we obtained various gradient distributions via logistic regression
(mushrooms LIBSVM dataset) and least squares. The second moments, i.e. energy “savings”, were
calculated using formula for density function of k-order statistics, see [33]] for reference. We conclude
experiments for Top-5 and Rand-5, see Figure [§]for details.

B Basic Facts and Inequalities

B.1 Strong convexity

Function f is strongly convex on R? when it is continuously differentiable and there is a constant
1 > 0 such that the following inequality holds:

Elle =yll3 < £(@) — fy) = (V@) —y),  Va,y R ©)

B.2 Smoothness

Function f is called L-smooth in R? with L > 0 when it is differentiable and its gradient is
L-Lipschitz continuous, i.e.

IVi@@) = Vil < Lllz—yl,,  VYz,yeR™

12
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Figure 6: Comparison of various compressors with respect to the parameter § > 1 in log;, —scale
and the number of encoding bits used for each coordinate on average. Each point/marker represents a
single d = 10* dimensional vector = drawn from Gaussian distribution and then compressed by the

specified operator.

Table 4: Information savings of greedy and random sparsifiers for £ = 3 and k£ = 5.

Top-3 Top-5
d 102 | 103 | 10* 10° 102 103 104 10°
N(0;1) 3-(0?+p?) =3 5-(0?4+p?)=5
E [s},, ()] |18.65|31.10|43.98 | 57.08 |27.14| 47.70 | 69.07 | 90.85

N(2;1) 3-(0?4+p?) =15

5. (0% + pu?) =25

Stop

E [sk,,(x)] |53.45|75.27|95.81 | 115.53

81.60

118.56|153.13|186.22

If convexity is assumed as well, then the following inequalities hold:

o= IV7@) = V)2 < 7@) — 7o) — (VT ), — ),

By plugging y = z* to (I0), we get

IVf@)l5 < 2L(f(z) - f(z*)), Vo eR%
B.3 Useful inequalities
Forall a,b,z1,...,7, € R?and £ > 0 the following inequalities holds:
2
a
2ab) < 12 g2,

3

1
lla +bll5 < (1 + 5) lall3 + (1 +€) [1b1]5.

n
>
i=1

13

2 n
2
<n- Yl
2 i=1

Vz,y € R?

(10)

(1)

12)

13)

(14)
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Figure 7: The comparison of Top-k and Rand-k sparsifiers w.r.t. normalized variance and the number
of encoding bits used for each coordinate on average. Each point/marker represents a single d = 10*
dimensional vector drawn form Gaussian distribution and then compressed by the specified operator.
Plots for different d look very similar. Notice that, for random sparsification the normalized variance
is perfectly linear with respect to the number of bit per coordinate. Letting b be the total number of
bits to encode the compressed vector (say in binary32 system), the normalized variance produced by

random sparsifier is almost 1 — ﬁ . However, greedy sparsifier achieves exponentially lower variance
~ 0.86"“ utilizing the same amount of bits.
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Figure 8: Calculations of the Rand-5 and Top-5 energy “saving” for practical gradient distributions
((a),(b),(c): quadratic problem, (d): logistic regression). The results of Top-5 are 3—5 x better.

C Proofs for Section

C.1 Lemma

Lemma 15. For any z € R, ifE [||(1( )12 ] B(E[C(x)], ), then

B[lle@)3] < 821l (15)

Proof. Fix any z € R?. Applying Jensen’s inequality, the second inequality in (2) and Cauchy-
Schwarz, we get

[Be@]i? <E[lc@l] £ sEew].=) < SIE @I, .. (16)

If E [C(z)] # 0, this implies |E [C(x)]||, < 8 ||z||,. Plugging this back into (T6), we get (I3). If
E[C(x)] = 0, then from (@) we see that E [||C(:r)||§] = 0, and (T3) holds trivially. O

C.2 Proof of Theorem[]

Proof. Case C € B!(a, 3):

14



(i) Let us choose any x # 0 and observe that (Z) implies that E [C(x)] # 0. Further, from (2)
we get the bounds

E [||C(x)||§] s _E [IIC(x)IIE}
EC@la) =" T R
Finally,
(Ellc@id] ) Eflcwid]efle@id]  Eficwi]
> > 2 12 za Z o
E[C()],2) IE[C(@)]I ]2 IE [C()]I2

where the second inequality is due to Cauchy-Schwarz, and the last inequality follows by
applying Jensen inequality.

The scaling property AC € B! (a\?, S)) follows directly from ().
(i) In view of (i), \C € B (A%, AB). If we choose \ < %, then

B[Ixc@) -l = E[Ixc@I3] - 2EDe@)], ) + I3
2 (Br-2EP@)a) + ol
2 -2 el + hal

NS

(a)\2 - 2%)\ + 1) EE

Minimizing the above expression in \, we get A = %, and the result follows.

Case C € B2(v, B).

(i) Using (3) we get
@) BICOR]  mew)s
EE VEMamﬁ]m@ v%Mamﬁhmﬁ

where the first and third inequalities follow from (3) and the third and the last from Cauchy-
Schwarz inequality with Jensen inequality.

The scaling property AC € B2(\vy, A3) follows directly from (3).
Gi) 1fC € B2(~, B), then E [||C(x)||§} < B(E[C(2)], ) and

2ol 2 Ele@) ) < [BC@IIE el < E[lc@)3] =13,
where the second inequality is Cauchy-Schwarz, and the third is Jensen. Therefore, C €
B (v2, B).
Further, for any A > 0, we get

BlIxC(@) —al}] = E[Ixc@)I3] - 2BDC@)],2) + |3

= NE[lc@I}] - 2MEL@)],2) + |l

(&)
< (AB-2ME[C@)], ) + |l
If we choose \ = %, then we can continue as follows:
1
E[IX¢@) —aly] < —5EC@].a)+ ol

ING A

(1—2)%@,
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whence 5C € B*(8/7).
Case C € B3(9).

(i) Pick x # 0. Since 0 < E {HC(x) - a:Hg} < (1— 1) |jz||3 and we assume & > 0, we must
necessarily have § > 1.

(i) If C € B3() then
E [le@)] — 2B le@),2) + 5 =l < o,
which implies that
S lol2 < Ble@],2)  ad  B[lC@IE] < 2(BlC@)], 7).

Therefore, C € B? (55,2) C B! (532, 2).

25>
O
C.3 Proof of Theorem 2]
Proof. Let C € U(Q).
e Given any A > 0, consider the scaled operator A\C. We have
X2l = [EPC@IIE < B[IAC) 2] < X3¢l = A B e, 2),
whence C € B! (A%, \().
e Given any A > 0, consider the scaled operator A\C. We have
Mal; = (ERC@)],2),
BlIAC@I3] < 22zl =\ ENCE),2),
whence A\C € B2(\, \().
e Given A > 0 such that A\ < 2, consider the scaled operator A\C. We have
B|Ixc@) -2l}] = E[IXC@)I3] - 2EDC@)],2) + ol
< (CA2 =20+ 1) |lzfl3
whence \C € B? (m)
O

D Proofs for Section

D.1 Proof of Lemma [3; Unbiased Random Sparsification

From the definition of k-nice sampling we have p; := Prob (i € S) = % Hence

q d
inei =% Zpixz‘ez‘ = Z%‘ez‘ =z,
i=1 i=1

€S

a2 a2 & d & d
e fle] = 2 [t | - et - £3 752 Lt

which implies C € U(£).

EW@H:%E
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D.2  Proof of Lemma[4; Biased Random Sparsification

Let S C [d] be a proper sampling with probability vector p = (ps, ..., pq), Where p; := Prob(i €
S) > 0 for all 4. Then

d

E[C(x)] = Diag(p)x = Y_piwie; and E[[C(@)]3] = Zpl

=1

Letting ¢ := min; p;, we get

q||x||2<zpzx =E |[C@)l}] = (E[c@)],).

So, C € B'(g,1) and C € B?(q, 1). For the third class, note that

d
B[let) - ol3] = > (- pa? < (1 q) |2l

i=1
3L

Hence, C € B(;).

D.3 Proof of Lemmal[5} Adaptive Random Sparsification

From the definition of the compression operator, we have

B [le@)2] =& Z ol o Lol

||fv\|1 [

E[(C(z),z)] = E [¢?] = ||37||3

O llly

whence 3 = 1. Furthermore, by Chebychev’s sum inequality, we have

d d
# el ll2ll; = (Z;w) (Z; ) <D dleilaf = § lloll3
i=1 =1 i=1
which implies that « = %, § = d. So,C € B!(3,1),C € B?(3,1), and C € B3(d).

D.4 Proof of Lemma |6} Top-k sparsification

@5 = il g_gsr 28 and [C(x) — 2l = Y2 22, Hence

£ 1el3 < 1@ = (Ca)ah < ol 1ot ol < (1- 5 ) el

So,C € B(%,1),c e B*(%,1),and C € B3(£).

Clearly, ||C

D.5 Proof of Lemma([7; General Unbiased Rounding

The unbiasedness follows immediately from the definition ()

d d
:ZE[C( Zs1gn Z; ( W1 — |i] + apy1 il = a >ei2x¢eix.
=1 i=1

Ap4+1 — Qg Q41 — Ak
(17)

Since the rounding compression operator C applies to each coordinate independently, without loss of
generality we can consider the compression of scalar values z = ¢ > 0 and show that E [C (t)Q] <

¢ - t2. From the definition we compute the second moment as follows

aga1 —t t—ag
E[c(t)?] = aiaﬂi_ tag g = (ar +aps1)t — agpapsr = 2+ (- ax)(ars 1),
k+1 ag Ak+1 ag (18)

17



from which

E[C(t)? :
%:14—(1—%) (“’ft“ —1), ap <t < apir. (19)
Checking the optimality condition, one can show that the maximum is achieved at
2a0541 2
b = - T
ap + apy1 an + Y

which being the harmonic mean of a; and a1, is in the range [ag, ax+1]. Plugging it to the
expression for variance we get

E [C(t.)? 1 1

M:1+, 1_& M_l — &_,_@_FQ .
tz 4 k41 ag 4 A1 Qg

Thus, the parameter ¢ for general unbiased rounding would be

E[C(t)? E[C(t)?] 1
C:sup#:sup sup [g”—sup<ak+ak+1+2)21.
t>0 ¢ k€Z ar<t<an,. 1t 4 pez \ k41 ag

D.6 Proof of Lemma 8} General Biased Rounding

From the definition (6)) of compression operator C we derive the following inequalities

2ak 2
inf () ]2 < lC(@)]1

kEZ \ af + Qk4+1
2041
C(z)||2 < sup ———(C(z), z),
el < smp 2 0(e).)
2
inf ———||z[} < (C(x), ),
€7 A + Ak41
which imply that C € B!(«, 3) and C € B?(y, 3), with
2 2
B = sup —ktL ~y = inf — 22k a =~
kez Qi + Qp+1 k€Z ag + ap+1

For the third class B?(§), we need to upper bound the ratio ||C(x) — x||§ / ||x||§ Again, as C applies
to each coordinate independently, without loss of generality we consider the case when z = ¢ > 0 is
a scalar. From definition @, we get

C(t) —t)? 2 2
CO-D" _ i (k“i) ,(yak“) L ap <t < aper. (20)
12 t t
It can be easily checked that (1 — “T")Q is an increasing function and (1 — '“)%)2 is a decreasing

function of ¢ € [a, ag41]. Thus, the maximum is achieved when they are equal. In contrast to

unbiased general rounding, it happens at the middle of the interval,
g + Qg1
te = % € [ak, ak+1]-

Plugging ¢, into (20), we get

(Clts) —t.)* _ (ak+1 - ak>2

t2 Ap4+1 + ag

Given this, the parameter § can be computed from

1 C(t) —t)? —ap\?
o s swp (()Q)SHP(M)
0 keZan<t<amis t kez \ Ok+1 1 ak
which gives
0 = sup 7(6% * ak+1)2

> 1
kez  Aarapqq

)

and C € B3(§).
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D.7 Proof of Lemma[9; General Exponential Dithering

The proof goes with the same steps as in Theorem 4 of [16]. To show the unbiasedness of C, first we
show the unbiasedness of () for ¢ € [0, 1] in the same way as was done. Then we note that

Blo() = sante) x el < B & () | = sente) x el x (57 ) =

[l

To compute the parameter ¢, we first estimate the second moment of £ as follows:
i 1 1 : i i
§1(|l‘| Zb1—9><b++2) .1312+]1(|J)| <b1—s). |x|b1—s‘
[l 4 b 13 [l [l
1 2 ; i
<b+ +2) x2+1<”’| <b1‘5>- il s
[ [l [l
Then we use this bound to estimate the second moment of compressor C:

E{HC(x)Hg} = |zl ZE[ (|||xll||p>2]

1 1 a? |4 - E iy
< ol (3 (b g+ 2) e n (L <o) Ly
piz 4 b (4 B4 [l
1 1 | 1— 1—
= —(b+= +2> Izl + 1 < <b 8) x|zl F
4 ( b 2 Z lzlp ’
1 1 2 . —s —2s
< (0 2) ol + i (e = el 202>)
1 1 . —s —2s
< 3 (o 5+ 2) 13 min (0 ellal b, ael26)
1 1 Ur1l—s Yrpl—s 2
< 1 b+ - 2 +2 ) 4+d/7b"*min (1,d’"b l|lz||5
= Gz,

where r = min(p, 2) and Holder’s inequality is used to bound ||z||, < d”/»~"/?||z||, in case of
0 <p<2and ||z][, < |z, in the case p > 2.

D.8 Proof of Lemma 10} Top-i Combined with Exponential Dithering

From the unbiasedness of general dithering operator Cg;;5, we have
E[C(z)] = E[Caitn(Ctop(x))] = Ciop(x),

from which we conclude (E [C(z)],z) = (Ciop(x),z) = HCtOp(x)Hg. Next, using Lemma|§|0n
exponential dithering we get

Blle@)I3] < G- Icop@l; = G- ElC@), ),

which implies 8 = (p. Using Lemma|§|we show v = & as (E[C(z)],z) = ||Ctop(a:)H§ >k ||x||§
Utilizing the derivations and it can be shown that E [||Cdith(x) H;} > ||x||§ and therefore

2 2 2
E[IC@I] 2 ICiop(@) I3 = & 1213
Hence, a = %. To compute the parameter § we use Theorem which yields § = % = %Cb-
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E Proofs for Section 4

We now perform analysis of CGD for compression operators in B!, B? and B2, establishing Theo-

rems [TT] [T2] and T3] respectively.
E.1 Analysis for C € B! (o, 3)

Lemma 16. Assume f is L-smooth. Let C € B'(a,3). Then as long as 0 < n < BAL for each
x € R? we have

B (« = 1T )] < 7o) - an (1= 55 ) 1975

Proof. Letting g = V f(x), we haveﬂ

BU (=10 < B |1(a)+ lo. =10 + 5 |-C(0) 1}

2
= f(@) B0+ ZIB lew)]
2
2 s -nElewl.o+ T B )9
— 1@ -n(1-"5F) © w0
L @G (1- 1) ol

Proof of Theorem 1]

Proof. Since f is p-strongly convex, ||Vf(x’“)”§ > 2u(f(«*) — f(2*)). Combining this with
Lemma 16|applied to 2 = z* and g = V f(2*), we get

E[f (" —nC(Vf(@))] = fa*) < f@a*) — fla*) - %W (2= nBL) (f(z*) = f(z"))

_ (1 - Sz nﬁL)) (F(*) - f(a).

E.2 Analysis for C € B?(v, 5)

Lemma 17. Assume f is L-smooth. Let C € B?(v,3). Then as long as 0 < n < ﬂlL’ for each
r € R% we have

B (@ = C(TFo))] < £(0) =0 (1= 225 ) [0,

1Alternatively, we can write

2

Bl @-nCo)] < f@) - B0+ LER[Ico)E]
2 5@ - LElIc@IE) + TER e
— 1@ -2 (1-BE) Blicw)]
2 s G (1155 ) a3,

Bot approaches lead to the same bound.
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Proof. Letting g = V f(z), we have

Elf (w—nClg))] < E{f(w)ﬂg,nC(g)>+L|nC(9)|§}

f(@) = (ELC(9), 0) + ’7 [||c< )I3)
) - (1- 55 ) e le

)= (1= 755 ) ol

INS

N

Proof of Theorem

|| > 2u(f(z*) — f(z*)). Combining this with
Lemma.apphed tor = 2" and g = V f ( ) we get

E[f (aF —nC(Vf(@a*)] = f(a*) < f(a") = f(2*) — pn(2 = nBL)(f(z*) — f(2*))
= (1 pyn(2—nBL)) (f(z*) - f(a*)).

E.3  Analysis for C € B?(J)

Lemma 18. Assume f is L-smooth. Let C € B3(5). Then as long as 0 < n <

we have
B[f (@ = nC(Vf(@)] < f(@) = 55 IVF @3-

%,for each r € R?

Proof. Letting g = V f(x), note that for any stepsize 7 € R we have
L
BU (@ = 0C@)] < B|fo) + (0. -C) + 5 |-0C@)1}
’L
f(@) = nEC)],9) + B [leo)l] @

Since C € B3(J), we have E {HC(g) - g||§] <(1-13) ||g||§ Expanding the square, we get

lol} - 2E (). 9)] + E [IC@IE] < (1- 3 ) ol

Subtracting || gH2 from both sides, and multiplying both sides by 7 (now we assume that 7 > 0), we
get

n 2 n 2
~n(BIC(9)],9) + TE [IC()I3] <~ llgl3 -
Assuming that L < 1, we can combine this with (ZI) and the lemma is proved.

Proof of Theorem

xk)Hg > 2u(f(2*) — f(2*)). Combining this with
Lemma|18|applied to = = z* and g = V f(a*), we get

E[f (2" —nC(Vf(")] = f(*) < f@¥) = fla") = L (f(a5) = F(a7)
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F Proofs for Section 5

F.1 Failure of DCGD with biased compressors: an extension to Example 1

Here we extend the example given in Section [5|showing a potential divergence of DCGD with biased
compression. Fix the dimension d > 3 and let n = (ddl) be the number of nodes, where d; < {%1
and dy = d — d; > d;. Choose positive numbers b, ¢ > 0 such that

—bdy +cdy =1, b>c+1.

One possible choice could be b = dy + g—’f, c=d; + i + 1. Define vectors a; € RY, j € [n] via
a; = Z(—b)ei + Z ce;,
i€l 1€[d]\I;
where sets I; C [d], j € [n] are all possible d;-subsets of [d] enumerated in some way. Define
o, Ly 2
filw) ={aj,2)" + S llzllz, € n]
and let the initial point be ¥ = te, t > 0, where e = Zle e; is the vector of all 1s. Then
V(@) = 2(aj,2°) - aj + 2° = 2t(~bdy + cda) - aj + te = t(2a; + e).
Since |2(—b) 4 1| > |2¢ + 1], then using the Top-d; compressor, we get
V) = 12 -1 Y e
il

Therefore, the next iterate of DCGD is

n

xlzxo—n%zﬂ:C(ij(xo))zxo—i— (26— 1) ZZel
j=1

j=1li€l;

0 n(2b— 1) d 0 n(2b — 1)d; 0
= A Su ) — (1 AT )
S PR L )

k
xk:(H”(?b—Udl) 20
411

Since 7 > 0 and b > 1, the entries of z* diverge exponentially fast to +oo.

which implies

F.2 Proof of Theorem [14](Main)

In this section, we include our analysis for the Distributed SGD with biased compression. Our
analysis is closely related to the analysis of [25]].

We start with the definition of some auxiliary objects:

Definition 5. The sequence {a*}>¢ of positive values is T-slow decreasing for parameter 7:

af Tt <aF, GFt? (1 + 217) >ak, VE>0 (22)
The sequence {a’“};@o of positive values is 7-slow increasing for parameter 7:
e > ak, s < ak <1 + 217_> , VE>0 (23)
And let:
k= —7261, Vk >0 (24)
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i=1
It is easy to see:
n
~k+1 _ k+1 Z k+1
T e;
L
Alg.[1] P R 1~ g k k k
- €T _7291 - E [ez +77 g; gl]
i=1 i=1
" <
= Ly
i=1

Lemma 19. Ifn* < m, Vk > 0, then for {i*} >0 defined as in 24),
2 77k k *
2]~ FE [ - ]

2 un - *
2} < (1 — 2) E {ka —x
o C +2BD

+ 3L0"E [[[* = 5[] + (")

“|xk+1 o

n

Proof. We consider the following equalities, using the relationship between 2541 and Ty:

w112

> ELE

k\2
2 n

2
I

+

Hi,k-‘rl _ l‘*

— 2k (gk, &% — %)

H:Ek -z

w112

- e

Taking the conditional expectation conditioned on previous iterates, we get

[ka-s-l o

2

5
=
E
8
*

Zsz

B W O

Za

()2 -E ||V + 2V f (@ Zsz

Given the unbiased stochastic gradient (E [¢F] = 0):
Bl# —a[3] = " —a|; - 20" (Vab), et — %)

955+ ( [ Zék

23

+ 20" (E [¢"] , 2* — &)

]+2n V()

(25)

(26)

27)

— 2 (g* =2ty + ()7 || g8 |ls + 20F (gF 2 — F).

o = llE = - 2R 6] ok — 2ty + )2 B {6 ] + 20M (B [6F] a* - 3)

] + 2n"( [gk] b =z,



Using that £ mutually independent and E [¢F] = 0 we have:
D ol - 2 (T
1< .
+(n’“)2-||Vf(x’“)!|§+(n’“)2~n SOE[|leF]5] + 20 (Vrah), ot - 7F)
i=1

2 > BT (ah), 2 — )
oy ||Vf(ﬂf’“)!|§ + 0L S o] + 02
)

D 0 (Vf(a*), 2" —x*>

+(")? - 2L(f () ~

Z B[V s3] + Uiy
+20F (V f (), 2% — ). ) (28)

All f; are L-smooth and p-strongly convex, thus f is L-smooth and p-strongly convex. We can

rewrite = ZHVﬂ H2
*ZHVJ% i, = fZHsz ~ Vi(x.) + Vi),
fZ(Hsz = Vi) + IV £ia)I3)

23 PLUAGY - A6 — (T2 ) + V5

ING

NG

Using definition of D = £ S°7 | |V f;(2*)|[3:

*ZHV}% o < 4L(f(a") ~ V(") +2D 29)

Substituting (29) to 28):
B3 -ty = (|7 - - 20" (Vb * —fv>+(n’“)2-2L(1+2f> ((a*) = Fa*))
HorP 2R a9 k), o ) (30)

By (@) we have for f:

—2Vf(),ab —2%) < —pllet — 75 - 2f @) - ). G31)
Using (12)) with £ = 1/2L and L-smothness of f (T1):

2V f(a*), 7 — o S+ 2L||ah — ) < fla) - fr 4+ 2L |F - F . (32)

VD,

<5z
By (T4) for ||z* — x*||2, we get:

sl (33)
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Plugging (1). (32). (33) into (30):

k
P Hn - P 2B .
o -y < (1= ) et - ot 1=t (14 22)] (e - )
kN2 C+2BD
+n" (2L + ) ||xk — :1:k||2 + (nk)Qin
The lemma follows by the choice n* < 411:(%23/") and L > p. O

Lemma 20. n* < Vk > 0 and {(n*)?}1>0 — 26-slow decreasing. Then

14(25+B YL’

k k—j 3
= 49i ;;J/:SB [( ) (f(a) - f(x*))] + n’“% <2D + 2523) . (34)

2
E
2 320

n
1 § k+1
— €;
n i=1

Furthermore, for any 46-slow increasing non-negative sequence {wk}kzo it holds:

K

2 K
%Zef < %ZM(E [f(@™)] = f(z) + <35D + ?f> > whnk. (35)

i=1 9 k=0 k=0

K

3L~Zwk-E

k=0

Proof. We prove the first part of the statement:

n 2 n
Issgal'| @ L zuefHHi]
nia 9 i=1

Alg @ 1

ZH@ + g — gt

et ;;E[Hefﬂkgz‘“ e+ gl

B 1-1/6 <
< n/ ;Ev“e +n gk‘”

1-1/6 &
0SB [+ n V) + o]

i=1

Here we have taken into account that the operator of full expectation is a combination of operators
of expectation by the randomness of the operator and the randomness of the stochastic gradient, i.e.
E[] = Ec [Ev [']]. Given the unbiased stochastic gradient (E [¢F] = 0):

2

Bllaaen| | = SN [l e teaenl + e flatetl]
@ LS (et VA + 0 (B IV AGH]E +C)]

i=1
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Using (T3) with some &:
2
1~ gr1 1
E[n;eﬁ J < LEL
l n
< néz[<1+s>uefu§+<nk>2( £) VARG + @B VA + o

ZH@in)Hn) <1+ +B>< ZHV}Q HQ> ()20

3
i
+
—
[\
I—I

+ (1 - 1) [(n’ff (1 + % + B) (AL(f(2*) = f(z*)) +2D) + (nk)%}

Using the recurrence for = >° ||eﬂ|§ ,andlet = 2(6 7j- then (141/¢) < 24,and (1-1/8)(14¢€) =
i=1

(1 — 1/25) we have
E[ DI ] < oF [iuef+lr\§]
< (1 - (15) Z:(n‘)? [(1 _ ;) (1 +«5)} - <1 + % + B> (AL(E [f(a7)] — f(z7)) + 2D)

(g e

k k—j
< (1 - ) K (1 - 1) ((26 + B) (4L(E [f(27)] — f(z*)) +2D) + C) .
=0

For 25-slow decreasing {(1*)?} ;>0 by definition 22) we get that (p7)% < (n*)? (1 + 46) . Due
to the fact that (1 — 1/26)(1 + 1/45) < (1 — 1/45), we have:

E[ DY ] < Lo|Sjen]
o < (1(15) j}:(nkﬁ (1+415)M (1—%)“ (26 + B) (AL(E [(+9)] — f(z")) + 2D)
(DB b8 2
< oy (1-3) eo B)é [(1 - 415) AL (B [f())] - f(x*))]

+ ()2 (1—6>46[C+2D(25+B)]

As the last step, we use formula for geometric progression in the following way:

k k

S(-%) -x0-5) <5 (-5) -

Jj=0
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By observing that the choice of the stepsize n* < m:

2
1< 1| 2
3 IR St

2
-1/
49L(26 + B)

IA

25 — 1) c
k<\Y ) o
s <2D+26+B)’

which concludes the proof of (34). For the second part, we use the previous results. Summing over
all k:

K
Zwk -E
k=0

k [( ! ) (E [fah)] - f"))

Jj=

1 — 2
> el
LA
n
2

=1

(1-1/0) « 1\ kit .
2 491 2513 Zwkz( 45) (E[f@)] - (=)

K

2(6_1> C k. k—1
L7 <2D+25+B>kz_ow”

For 26-slow decreasing {(7*)?}1>0, it holds (n*~1)% < (n¥)?(1 + J5) which follows from (22) and
nF=1 < n*(1+ ) and for 45-slow increasing {w"*} ;>0 by @3) we have w* < w*=7(1 + &)’.

Then

K
Zwk -E
k=0

n

2
13

i=1 2

2(5 — 1) c 1) o 4 &
L <2D+26+B><1+45>an

_ 5 K k—1 k—j—1 ‘
2 49é 2611 B) > w Z (1 - ) (E [f(")] = f(«"))
k:() 0

k=0
(1-1/8) k=i 1\ ki 4 )
= L 2513 ZZ“’]( ) 1- 45) (E[f@)] = @)
k=0 j=0
0—1 c = k k
+ Y7 <2D 25+B>kzow n
1_1/5 K k-1 1 k—j ‘ )
= L2+ B) > w (1 5) (E[f@))] - f(=9))
k 0j=0
§—1 C K
+57 <2D+ 26+B> Z%w n
(118 & e 1\
< _ * _
= 49L(20 + B) kz Ut >>JZO(1 85)
45 1 C k, _k
L (2D+M>;)w -
Observing 72 (1 — 1/85)7 < 86 and using 9—1/25+B < 1/2 concludes the proof. O
g2 o1 —1/85) g p

Lemma 21 (Lemma 11, [23])). For decreasing stepsizes {n"* := ﬁ }kzo’ and weights {wy, ==

(k + k) }r>o0 for parameters k> 1, it holds for every non-negative sequence {r*} > and any a > 0,
¢ > 0 that

k 2,.0
Wk ak“r 4c
WKZ( (=)t = *C”w)< K K

where WE = Zk:o wk.
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Proof. We start by observing that

wk
nk

E—1 36
; (k+ 2. (36)

(1—a77k)’l"k=g(li+k‘)(l€+k‘—2) g((m+k—1)2—1)

1\3\9

By plugging in the definitions of 7* and w* in ¥X, we end up with the following telescoping sum:

@ 1 a(k —1)%2%  2¢(K + 1)
K _ 2, k1 <
Y R . ( (v k= 1P = Gl )*kzo aVE =T WK T T
The lemma now follows from (k — 1)? < k? and WX = Zfzo(/i + k) = w >
K(K+1) S K2 O]
2 =2

Lemma 22 (Lemma 12, [25]). For every non-negative sequence {rk}kzo and any parameters
d>a>0¢c>0 K >0, there exists a constant n < é, such that for constant stepsizes
{n* = n}eso and weights w* = (1 — an)~*+1) it holds

k
_ Wk _ 5 aK c
WKZ( 1 an) oz —l—cnw) O<droexp[ d}—’—aK)

Proof. By plugging in the values for * and w”, we observe that we again end up with a telescoping
sum and estimate

0

K
1 cn r r
\I/K k 1 k k k-‘rl < _ P(
TIWKZ )+ WK Z nWK+Cn_ neXp[ ank]+ e,

(=)

where we used the estimate W > w® > (1 — an)=® > explanK] for the last inequality. The
lemma now follows by carefully tuning 7. O

Lemma 23 (Lemma 13, [25])). For every non-negative sequence {r*} k>0 and any parameters d > 0,
c >0, K > 0, there exists a constant n < é, such that for constant stepsizes {n"* = N}e>o it holds:

K
1 1 —ank)rk  pktl d—a)r® 2V er9
vk — (( ;7 o . +an> < ( ) +
K+1kz0 s " K+1 K+1

Proof. For constant stepsizes 7° = 7 we can derive the estimate

UK = - i ((1 — an)rk — rk'H) +cn < m
n(K +1) &= o

Co . 0 .
We distinguish two cases: if 0(127“) < %, then we chose the stepsize n = 4 /0(127:_1) and get

\/7,70
q/Kgm(z- o(K +1)—aVr9),

on the other hand, if ;7 +1) > =, then we choose 77 = £ and get

0
x_r(d—a) (d—a)
<7
v + K+1

€
- K+1 d

IN

n Ver9
VK +1’
which concludes the proof. O

The proof of the main theorem follows
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Proof of the Theorem[I4} 1Tt is easy to see that 1/14(26+B)L < 1/aL(1+2B/n). This means that the
Lemmais satisfied. With the notation ¥ := E {Hi’”l - x*H;] and s* := E [f(zF)] — f* we
have for any w* > 0:

E @ ok k k
W Wl () Y 0y e pCT2BD g ey g
2 n 2 nk n

2

i=1

2

Substituting (35) and summing over k£ we have:

| K Wk 1E
k k+1 k. kA k _k
32 Z( (1_>r_nkr +nwc)+4zws.

whereé’:C(1+%)+D(%+35)'
This can be rewritten as
K K
B O . L PR W e -
WKZwSSWKZ(nk 1_77"_17 +an.
k=0 k=0
STerR)» Ui easy to see thatn* <
K 4 _4 1 1

<pl=_" <= =
T=T Tk = 56(20 + B)L | 14(26 + B)L

First, when the stepsizes n* = mi

Not difficult to check that {( )2} >0 is 20 slow decreasing:

(pk+1)2 k+k+1 1\’ 1\? M 2 1
CRE ek ) S\UTer) sU S Yseanr) ST w

Furthermore, the weights {w* = x + k}x>¢ are 45-slow increasing:

whtt k4 k1 1 1 U 1
- <14 =14— P14
T R— R s TR T s S T

The conditions for Lemma [21] are satisfied, and we obtain the desired statement. For the second case,
the conditions of Lemma[22]are easy to check (see the previous paragraph). The claim follows by
this lemma. Finally, for the third claim, we invoke Lemma@ O

G Superiority of Biased Compressors Under Statistical Assumptions

(d) We ask the question: do biased compressors outperform their unbiased counterparts in theory, and
by how much? We answer this question by studying the performance of several compressors under
various synthetic and empirical statistical assumptions on the distribution of the entries of gradient
vectors which need to be compressed. We quantify the gains of the Top-£ sparsifier when compared
against the unbiased Rand-k sparsifier, for example (see Section [G).

Here we highlight some advantages of biased compressors by comparing them with their unbiased
cousins. We evaluate compressors by their average capacity of preserving the gradient information
or, in other words, by expected approximation error they produce. In the sequel, we assume that
gradients have i.i.d. coordinates drawn from some distribution.

G.1 Top-k vs Rand-k

We now compare two sparsification operators: Rand-k which is unbiased and which we denote as C*

and Top-k which is biased and which we denote as Ctop
error of x via

] = (1-5) el

rnd’
We define variance of the approximation

wrknd(x) =E

|ctato) - o
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and ik
Kk 2 —
wtop = HCtOP xHQ = Zx(i)

i=1

and the energy “saving” via

2

k
bnalw) = Nl whoale) = B qum<> ]dﬂ@
2
and J
2
Sfop(x) - HxHQ - wtop = Hctop )HQ = Z x%z)
i=d—k+1

Expectations in these expressions are taken with respect to the randomization of the compression
operator rather than input vector x. Clearly, there exists x for which these two operators incur
identical variance, e.g. x; = - - - = x4. However, in practice we apply compression to gradients x
which evolve in time, and which may have heterogeneous components. In such situations, wfop(x)

could be much smaller than wm 4(x). This motivates a quantitative study of the average case behavior
in which we make an assumption on the distribution of the coordinates of the compressed vector.

Uniform and exponential distribution. We first show that in the case of uniform and exponentially
distributed entries, the difference is significant.

Lemma 24. Assume the coordinates of v € R? are i.i.d.
(a) If they follow uniform distribution over [0, 1], then

E[wécop] _ 17 k 17 k EI:S%OP] _ Sd
Ewk ] d+1 d+2)"  Elsl,, d+2

rnd

(b) If they follow standard exponential distribution, then
2

d d
1 1 1 1
P 5}:3 (}:J ~ O(log? d).

=1

E 1

Proof. (a) As it was already mentioned, we have the following expressions for w® , and wfop:

d d—k
k
dhal) = (1-5) ot byl = .
=1 =1

The expected variance E [w” ] for Rand-k is easy to compute as all coordinates are independent
and uniformly distributed on [0, 1]:

1
E [xf] = / 2 dx = / 2 dx; = %, (37)
[0,1]4 0

which implies
kNd d—k
E [w}q(2)] = (1—>ZE (1—d)3=3. (38)

In order to compute the expected variance E [wfop] for Top-k, we use the following formula from
order statisticsE] (see e.g. [33])

B CTE+20d+1) i+ 1)
B [x%l)} - /[0,114 7o v = LP@l(d+3)  (d+1)(d+2) >

’see https://en.wikipedia.org/wiki/Order_statistic, https://www.sciencedirect.com/
science/article/pii/S0167715212001940
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from which we derive

1 d—k
E [wh,] = ZE[ o] = @y 2D

B 1 (d=k)(d—k+1)(d—k+2) (40)
C (d+1)(d+2) 3

_dfkl k . k
3 d+1 d+2)/)°

Combining (38) and (0) completes the first relation. Thus, on average (w.r.t. uniform distribution)
Top-k has roughly (1 — k/4)? times less variance than Rand-F.

For the second relation, we use and for i = d and get

2 d(d+1)
E [s1,, ()] _ E [‘T/(d)} _ @ity 3d
Els)q()]  Elz7] 3 d+2

Clearly, one can extend this for any k& € [d].

(b) Recall that for the standard exponential distribution (with A = 1) probability density function
(PDF) is given as follows:

p(t)=e"", te0,00).

Both mean and variance can be shown to be equal to 1. The expected saving E [s}, ;] can be
computed directly:

E [s},q(z)] = E [23] = Var [z4) + E [z4)” = 2.
To compute the expected saving E [stop(x)] =E {x% d)} we prove the following lemma:

Lemma 25. Let x1, xo, ..., xq be an i.i.d. sample from the standard exponential distribution and
Y; = (d7i+1)(x(i)f:c(i_1)), 1<i<d,

where x gy = 0. Then y1, Yo, ..., ya is an i.i.d. sample from the standard exponential distribution.

Proof. The joint density function of z(y), . .., T(q is given by (see [33])

d
¢a:(1>,m,:r(d) (Ug,...,uq) = d!HqS(ul =d!exp ( Zul> 0<u; <...<wuy < oo.
i=1
Next we express variables z ;) using new variables y;
_u y _n, v
1‘(1)—d,.’L‘(2) d+d R s T(d) d+d_1+...+yd,
with the transformation matrix
L0 0
1 1
= = 0
A= (.1 d—1
1 1
E ﬂ .. 1
Then the joint density 1, .., (u) = ¥y, ..y, (u1, ..., uq) of new variables yi, ..., y4 is given as
follows
¢m( )ERREE) I( )(Au)
¢y1, yd(u) = lldCtAd_ll = |detA| ! ¢x(1)7~~,£(d) (Au)



d d
Notice that > u; = Y (Au); and |det A| = /41 Hence

i=1 i=1

1/)y1,..., = exXp < Z’lh) 0 <u < <ug < 00,

which means that variables ¥, . . . y4 are independent and have standard exponential distribution. [

Using this lemma we can compute the mean and the second moment of x(q) = Zle T as
follows
d d
E [y 1
E = Z
Y e[t -
d d
Var [y;] 1
Vi Vi = A7 - —
ar o) Z o | ] S
from which we conclude the lemma as
s 1 (&Y
E [si,,(2)] = E {xfd)} = Var[zy)] + E [z4)]” = Z Z T (Z z) O(log” d)
i=1 i=1
O
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