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ABSTRACT

We propose a family of adaptive integer compression operators for distributed
Stochastic Gradient Descent (SGD) that do not communicate a single float. This
is achieved by multiplying floating-point vectors with a number known to every
device and then rounding to integers. In contrast to the prior work on integer
compression for SwitchML by Sapio et al. (2021), our IntSGD method is prov-
ably convergent and computationally cheaper as it estimates the scaling of vectors
adaptively. Our theory shows that the iteration complexity of IntSGD matches that
of SGD up to constant factors for both convex and non-convex, smooth and non-
smooth functions, with and without overparameterization. Moreover, our algo-
rithm can also be tailored for the popular all-reduce primitive and shows promising
empirical performance.

1 INTRODUCTION

Many recent breakthroughs in machine learning were made possible due to the introduction of large,
sophisticated and high capacity supervised models whose training requires days or even weeks of
computation (Hinton et al., 2015; He et al., 2016; Huang et al., 2017; Devlin et al., 2018). However,
it would not be possible to train them without corresponding advances in parallel and distributed
algorithms capable of taking advantage of modern hardware. Very large models are typically trained
on vast collections of training data stored in a distributed fashion across a number of compute nodes
that need to communicate throughout the training process. In this scenario, reliance on efficient
communication protocols is of utmost importance.

Communication in distributed systems. The training process of large models relies on fast syn-
chronization of gradients computed in a parallel fashion. Formally, to train a model, we want to
solve the problem of parallel/distributed minimization of the average of n functions:

min (f(@) < LY fi@)| . file) © Eelfilw;€)], (1)
zER? i=1

where we will compute the gradients of stochastic realizations f;(x;&). The two dominating pro-
tocols for gradient synchronization are all-reduce and all-gather aggregation, which may use either
Parameter Server or all-to-all communication under the hood. The core difference between them
lies in that all-gather communicates all vectors, whereas all-reduce only outputs their average. As
shown in previous works, current distributed deep learning algorithms predominantly use all-reduce
as it scales much better than all-gather (Vogels et al., 2019; Agarwal et al., 2021).

A popular way to reduce the communication cost of both all-reduce and all-gather primitives is to
use lossy compression of gradients (Ramesh et al., 2021). To study the benefit of lossy compression,
large swaths of recent literature on distributed training attribute the cost of sending a single vector

*Work done when the author was a research intern at KAUST.
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from a worker to the server to the number of bits needed to represent it. Based on this abstraction,
various elaborate vector compression techniques (see Table 1 in Beznosikov et al. 2020; Xu et al.
2020; Safaryan et al. 2020) and algorithms have been designed for higher and higher compression
ratios. However, in real systems, the efficiency of sending a vector is not fully characterized by the
number of bits alone, because:

* First, many compressors with high compression ratio (e.g., natural compression (Horvath
et al., 2019), quantization (Alistarh et al., 2017), top-k sparsification, sign (Bernstein et al.,
2018)) are not compatible with the efficient all-reduce primitive and require all-gather im-
plementation.

» Secondly, some compressors rely on expensive operations such as low-rank decomposi-
tion (Wang et al., 2018; Vogels et al., 2019) or bit-level operations (Horvéth et al., 2019),
whose computation overhead may outweigh the benefits of reduced communication load.

* Thirdly, algorithms with biased compressors such as Top-k SGD, SignSGD, PowerSGD
(Vogels et al., 2019), require the error-feedback (EF-SGD) mechanism (Stich et al., 2018;
Karimireddy et al., 2019) to ensure the convergence. Alas, error feedback needs extra
sequences that may not fit the low memory budget of GPUs. Moreover, to the best of our
knowledge, no convergence guarantee has been established for EF-SGD on the non-smooth
objectives with multiple workers.

SwitchML. Another approach to combating long communication times is to improve the hardware
itself. The recently proposed SwitchML is an alternative to the NVIDIA Collective Communications
Library (NCCL) on real-world hardware (Sapio et al., 2021). The first key component of SwitchML
is the in-network aggregation (INA) by a programmable switch. INA reduces the communication
cost and latency because the execution can be paralleled and pipelined. To be specific, it splits the
vector to aggregate into chunks and processes them individually by the switch pipeline. The advan-
tages of INA over parameter server and all-reduce in terms of latency and communication cost have
been theoretically and empirically justified by Sapio et al. (2021). The second key component of
SwitchML is stochastic gradient descent with integer rounding and aggregation. Instead of reducing
the data volume to exchange, the goal of integer rounding in SwitchML is to fit the limited com-
putation capability of the modern programmable switch, which only supports integer additions or
logic operations. To increase the rounding precision, the gradient g¥ on device i multiplies a positive
scaling factor a, known to every worker and then rounded to an integer number Znt(ay, o g¥). As
there is no additional scaling or decompression before aggregating the communicated vectors, their
sums can be computed on the fly. Then, each worker can divide the aggregated gradient by nay to
update the model.

However, Sapio et al. (2021) remark that the choice of the scaling factor o, requires special care.
In their presentation', one of the authors notes: “A bad choice of scaling factor can reduce the
performance.” To this end, they propose a heuristic-based profiling step that is executed before
the gradient aggregation and keeps the rounded integers small to fit in 32 bits. We refer to their
algorithm including the profiling step as Heuristic IntSGD. Unfortunately, no convergence guarantee
for that algorithm has been established. This is where our theory comes to the rescue. By rigorously
and exhaustively analyzing integer rounding based on scaling, we find adaptive rules for the scaling
factor o, that do not require the profiling employed by Sapio et al. (2021). As we will show in the
remainder of the paper, our algorithm is perfectly suited for both in-network aggregation (INA) of
SwitchML and for other efficient primitives such as all-reduce.

1.1 CONTRIBUTIONS

We summarize the key differences of our algorithm and prior work in Table 1, and we also list our
main contributions below.

o Adaptive IntSGD. We develop a family of computationally cheap adaptive scaling factors for
provably convergent IntSGD. It is a better alternative to the Heuristic IntSGD in Sapio et al. (2021)
that requires expensive operations and does not ensure convergence.

"https://youtu.be/gBPHFyBW VoM 2t=606
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Table 1: Conceptual comparison of our method to the related literature. If all-reduce is supported,
the method does not need any decompression. If all-reduce is not supported, the expensive all-gather
operation is required and decompression is slow. See also Section 5 for numerical comparisons.

Supports  Supports Provably Fast Works without

Algorithm all-reduce  switch works  compression error-feedback Adaptive Reference
IntSGD v v v v v v Ours
Fli;usri(:gc v X v v X Sapio et al. (2021)
(T:evﬁreifz) v X v p X X@ Vogels et al. (2019)
Fgg‘r'giscj? v X X Vo X X® Vogels et al. (2019)
NatSGD X v v X v N/A Horvith et al. (2019)
QSGD X X v v v N/A Alistarh et al. (2017)
SignSGD X X v v X N/A  Karimireddy et al. (2019)

M In theory, PowerSGD requires computing low-rank decompositions. In practice, an approximation is found by power iteration, which
requires just a few matrix-vector multiplications but it is not analyzed theoretically and might be less stable.

@ PowerSGD requires tuning the rank of the low-rank decomposition. Vogels et al. (2019) reported that rank-1 PowerSGD consistently
underperformed in their experiments, and, moreover, rank-2 was optimal for image classification while language modeling required

rank-4. Ramesh et al. (2021) reported that a much larger rank was needed to avoid a gap in the training loss.

o Rates. We obtain the first analysis of the integer rounding and aggregation for distributed machine
learning. For all of the proposed variants, we prove convergence rates of IntSGD that match those of
full-precision SGD up to constant factors. Our results are tight and apply to both convex and non-
convex problems. Our analysis does not require any extra assumption compared to those typically
invoked for SGD. In contrast to other compression-based methods, IntSGD has the same rate as that
of full-precision SGD even on non-smooth problems.

o IntDIANA. We observe empirically that IntSGD struggles when the devices have heterogeneous
(non-identical) data—an issue it shares with vanilla SGD—and propose an alternative method, IntDI-
ANA, that can provably alleviate this issue. We also show that our tools are useful for extending the
methodology beyond SGD methods, for example, to variance reduced methods (Johnson & Zhang,
2013; Allen-Zhu & Hazan, 2016; Kovalev et al., 2020; Gower et al., 2020) with integer rounding.
Please refer to Appendix A.2 for theoretical results and Appendix C.5 for the empirical verification.

2 ADAPTIVE INTEGER ROUNDING AND INTSGD

By randomized integer rounding we mean the mapping Znt : R — Z defined by

Tnt(t) {[t] + 1, with probability p; ' ¢ — [t
t], with probability 1 — p,
where [t] denotes the floor of ¢ € R, i.e., [t] = k € Z, where k is such that k < ¢t < k + 1. Note that
E[Znt(t)] = (t = [t)([t] + 1) + (t] + 1 = t)[t] = ¢.
We extend this mapping to vectors 2 € R? by applying in element-wise: Znt(z); def Int(x;).

2.1 ADAPTIVE INTEGER ROUNDING

Given a scaling vector o € R with nonzero entries, we further define the adaptive integer rounding
operator @ : R — R? by

Q(x) def 1, Int(aox), (2)

where a o b def (arby,...,aqbq) € R? denotes the Hadamard product of two vectors a =
(al,...,ad) cR%and b = (bl,...,bd) € R4,
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Algorithm 1 IntSGD. Default setting for the tested problems: 3 = 0.9, e = 1078,

1: Params: Stepsizes 7y, scaling vectors oy, € R?
2: Init: 2% € R, 2t = 2% — o= D07 ¢?
3: fork=1,2,... do

4. foreachdevicei =1,2,...,ndo

5: Compute stochastic gradient g¥ (E [gF | 2] € 0fi(a*))

6: Maintain the moving average: r, = frp_1 + (1 — B)|lz% — 2%~ 1|2
. . o Nz

7 Compute the adaptive scaling factor: ay = N

8: Scale and round the local gradient Q(g¥) = Znt(ay, o gF)
9: end for
10:  Aggregate Q(g¥) by either all-reduce or in-network aggregation (INA)

11: foreachdevice: =1,2,...,ndo

12: Compute the (sub)gradient estimator: ¥ = n%% S QgF)
13: Update the model parameter 21 = z* — ), g*

14:  end for

15: end for

As we show below, the adaptive integer rounding operator (2) has several properties which will be
useful in our analysis. In particular, the operator is unbiased, and its variance can be controlled by
choice of a possibly random scaling vector o € R‘_f_ T

Lemma 1. For any x € R and o € RfiH_, we have

LoE[Int(aox)] =z, 3)
1 2 d

E [HEoInt(aol‘) — | } < _Zlg?, 4)
J= -

The expectations above are taken with respect to the randomness inherent in the rounding operator.

2.2 NEW ALGORITHM: INTSGD

We are ready to present our algorithm, IntSGD. At iteration k, each device < computes a stochastic
(sub)gradient vector g¥, i.e., a vector satisfying

E [gf | xk] € 8fi(xk). (5)

Prior to communication, each worker i rescales its stochastic (sub)gradients g¥ using the same vector
oy € R‘i - and applies the randomized rounding operator Znt. The resulting vectors Znt(ay, o a)

are aggregated to obtain ) ;" | Znt(ay, o g¥), which is also an integer. Each device subsequently
performs division by n and inverse scaling to decode the message, obtaining the vector

gk % Tik o XaInt(ak oghy=1 21 i o Int(ay o gF) @ 1 Z:lQ(gf)
Here oy is a random adaptive scaling factor calculated based on the historical information. We
left the design of « to Section 4. By combining (5) and (3), we observe that g® is a stochastic
(sub)gradient of f at 2*. Finally, all devices perform in parallel an SGD-type step of the form
P+ = gF —1,. ¥ and the process is repeated. Our IntSGD method is formally stated as Algorithm 1
with the suggested rule of a.

Relation to QSGD (Alistarh et al., 2017). QSGD bears some similarity to the IntSGD: Both of them
scale g¥ by a factor before the quantization (the scaling factor in QSGD is 1/||g¥|| for normalization).
However, some key difference makes the communication efficiency of IntSGD much better than that
of QSGD. It is worth noting that the normalization factors 1/||g¥|| in QSGD are different for various
workers. Then, the quantized values of various workers need to be gathered and decompressed
before aggregation. On the contrary, the scaling factor a, in our IntSGD is the same for all workers
such that the sum of integers can be computed on the fly. Thus, IntSGD supports the efficient all-
reduce primitive while QSGD does not. As seen in the experimental results in Section 5 , this
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makes a big difference in empirical performance. Moreover, the proof technique for IntSGD is also
intrinsically different from that of QSGD. Please see the next section for the details.

3  ANALYSIS OF INTSGD?

To establish convergence of IntSGD, we introduce the following assumption on the scaling vector
— T Rd
ap = (g1, 0k4) € Fe

d ‘
Assumption 1. There exists 3 € [0,1) and a sufficiently small € > 0 such that > E { i } is

2
j=1 L%

k-1
bounded above by n7e? + 2n(1 — 8) 3 B'E [[|zF~F — 2F 117
=0

While this assumption may look exotic, it captures precisely what we need to establish the con-
vergence of IntSGD, and it holds for several practical choices of ay, including the one shown in
Section 4 and more choices in Appendix A.1.

Challenges in IntSGD analysis. Although the Znt operation is unbiased and has finite variance
as shown in Lemma 1, we highlight that it is non-trivial to obtain the convergence analysis of IntSGD
and the analysis is different from that of QSGD and similar methods. Indeed, QSGD, Rank-k, and
NatSGD all use unbiased operators Q with variance satisfying E[||Q(g) — g||?] < wl|g||* for some
w > 0. For them, the convergence theory is simply a plug-in of the analysis of Compressed SGD
(Khirirat et al., 2018). However, the integer rounding operator Znt does not satisfy this property,
and the variance of the integer compressor will not decrease to zero when ||g||> — 0. Moreover, to
estimate oy, adaptively, we use the values of past iterates, which makes its value itself random, so
the analysis of Compressed SGD cannot apply. As shown in our proofs, an extra trick is required:
we reserve an additional term Zf:o E[||z*T! — 2!||?] to control the variance of the rounding. Fur-
thermore, the analysis of moving-average estimation is particularly challenging since the value of
oy, is affected by all past model updates, starting from the very first iteration.

3.1 NON-SMOOTH ANALYSIS: GENERIC RESULT

Let us now show that IntSGD works well even on non-smooth functions.

Assumption 2. Stochastic (sub)gradients g¥, ..., g* sampled at iteration k satisfy the inequalities

LS Eilgh]
=1

’ 2 1 S ]s_ L 2 2
= G w 2 B (l9# —Exlg!1]]*] < o2, (©6)

where the former inequality corresponds to G-Lipschitzness of f and the latter to bounded variance
of stochastic (sub)gradients.

Theorem 1. Let functions f1, ..., fn be convex and Assumptions 1 and 2 be satisfied. Then
oo |12 +2(G*+ 2+ 52 ) Thon?
E[f(z2%) — f(z*)] < —T
%)~ ()] < —— ,
where iF = ﬁ Zf:o ezt is a weighted average of iterates.
t=0 "It

3.2 SMOOTH ANALYSIS: GENERIC RESULT

We now develop a theory for smooth objectives.

Assumption 3. There exist constants £, 0, > 0 such that the stochastic gradients g’f, . ,gﬁ at
iteration k satisfy Ex[g¥] = V fi(«") and

n
i=1

%In our analysis, we use the red color to highlight the extra terms coming from our integer compression, in
contrast to the blue error terms, which come from SGD itself.

2

< L(f(a*) — fla®) + 2. )
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Assumption 3 is known as the expected smoothness assumption (Gower et al., 2019). In its formu-
lation, we divide the constant term o2 by n, which is justified by the following proposition.

Proposition 1 (Section 3.3 in Gower et al. 2019). Let f;(z) = E¢[fi(z;€)], gF = V f;(2*;F), and
fi(+; &) be convex and its gradient be L;-Lipschitz for any £. Then, the second part of Assumption 3

is satisfied with o2 % 2 5™ E.[||V fi(2*; €)[|2] and £ & dmax,—y,_, L.

Gower et al. (2019) state and prove this result in a more general form, so for the reader’s convenience,
we provide a proof in the appendix.

Theorem 2. Assume that [ is convex and Assumption 3 holds. If n, < ﬁ and ¢ =

1

S Zf:o nwt is a weighted average of iterates, then
t=0 "It

. a0~z 2+2( % +52 ) Thion?
E[f(&F) = f(z*)] < 2;’;0 2 ) .

Corollary 1 (Overparameterized regime). When the model is overparameterized (i.e., the losses can
be minimized to optimality simultaneously: o, = 0), we can set ¢ = 0 and obtain O () rate.

3.3 NON-CONVEX ANALYSIS: GENERIC RESULT

We now develop a theory for non-convex objectives.
Assumption 4. The gradient of f is L-Lipschitz and there exists ff € R such that fi*f < f(z)
for all z. Furthermore, for all 7 and £ we have

E [llg — VAi(e")?] <o ®)

Our main result in the non-convex regime follows.
Theorem 3. Let f be L-smooth and let Assumption 1 hold. If i, < ﬁ for all k, then

o2

in: 82
F@) =4 (25 ) T niL
Z?:o Mt ’

E [|V£(3*)]2] < 2

k

where &% is sampled from {x°, ..., x*} with probabilities proportional to 1, . . . , ..

3.4 EXPLICIT COMPLEXITY RESULTS

Having developed generic complexity results for IntSGD in the non-smooth (Section 3.1), smooth
(Section 3.2) and non-convex (Section 3.3) regimes, we now derive explicit convergence rates.

Corollary 2. For any sequence of scaling vectors «y, satisfying Assumption 1, we recover the fol-

lowing complexities:
llz®—a|

— 1
VE(G2to2/n) 0 (\/E) for

@) if f1,..., fn are convex, Assumption 2 is satisfied and 77, = n =
t=0,...,k, then

E[f(@") - f(2")] = O (%= + &) ©)

[ . . . 20 —2* ||
(ii) if f is convex, Assumption 3 holds and 7; = min { i, % }, then

51168~ 109} (5 + £572):

ceen - . . . [(f(x0)— finf)y,
(iii) if f is non-convex, Assumption 4 holds and 7, = min { i, % , then

0y ginf
E[IVF(@*)2] = 0 (gt + L0527

Based on Corollary 2, our IntSGD has linear speed-up in case (ii) and (iii).
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Comparison with error-feedback (EF-SGD). Distributed SGD with biased compressors (like
PowerSGD, SignSGD, Top-k SGD) requires the error-feedback modification to converge. In the

non-convex and smooth case, EF-SGD leads to the O (\/% + (%)2/3) rate in Koloskova et al.

(2019) when assuming the second moment of stochastic gradient is bounded by G2. Compared to
their result, our rate is never worse and does not require the second moment of stochastic gradi-
ent to be bounded, which is often violated in practice even for quadratic objectives and simplest
neural networks. The convergence guarantee of EF-SGD for the convex and non-smooth function

(Assumption 2) is even weaker: Karimireddy et al. (2019) show the O (ﬁ) convergence rate of

EF-SGD only for the single-worker case (n = 1), which is %—times worse than IntSGD (§ could

be fairly small, e.g., 6 = 1/d in Top-1 compression). To the best of our knowledge, there is no
convergence guarantee of EF-SGD for the non-smooth function when there are multiple workers. In
contrast, our IntSGD has the same rate as SGD under the same set of assumptions.

4 DESIGN OF SCALING FACTORS

4.1 ADAPTIVE SCALING FACTOR WITH THE MOVING AVERAGE AND SAFEGUARD

We now present an effective rule of adaptive o, (presented in Algorithm 1) that satisfies Assump-
tion 1 for the convergence rates listed in previous section. In the appendix, we provide more options
that also satisfy Assumption 1 and the proof still goes through. For simplicity, we assume that the
first communication is exact, which allows us to estimate «;, adaptively without worrying about .

o Vd
\/Qnrk/niJrEQ ’

Proposition 2. Assumption 1 holds if we choose 5 € [0,1), > 0 and oy, = where

i = Bre—1 + (1= B)[|a* — z* =12

Remark 1. Here 5 € [0, 1) is a constant factor to control the moving average update of rj, which
prevents the scaling factor oy, from changing too rapidly. £2 could be any sufficiently small number,
which serves as a safeguard to avoid the potential “divide by zero” error. We study the sensitivity of
our IntSGD to (8 and ¢ in Appendix C.4.

4.2 COMPRESSION EFFICIENCY

Let us now discuss the number of bits needed for the compressed vectors. Although the main
attraction of IntSGD is that it can perform efficient in-network communication, we may also hope to
gain from the smaller size of the updates.

Consider for simplicity the case where ||z* — 2¥~1|| a || g¥|| with some 4. The adaptive scheme

. . . . _ niVd ~ neVd _ _\d k _
with # = 0, e = 0 gives a, = Vanlah—ab 1]~ Vanle M=o . VanlgFl’ so that [|agg; [|eo =

Vd gl o~ VA . . Vb
van llgfll < NoTR Since we only use signed integers, we need at most 1 + log, N bits for each

coordinate. For instance, for d ~ 101 and n ~ 100, the upper bound is 1 + log, (V5 - 107) < 14
bits. The situation becomes even better when ||g¥|| = ||g¥ ||, i.€., When the stochastic gradients are
dense. This property has been observed in certain empirical evaluations for deep neural networks;
see for example the study in (Bernstein et al., 2018).

5 EXPERIMENTS

5.1 SETUP

We empirically compare our IntSGD algorithm with several representative and strong baselines:
SGD, Heuristic IntSGD (Sapio et al., 2021), SGD, PowerSGD + Error-feedback (EF) (Vogels et al.,
2019), NatSGD (Horvith et al., 2019), and QSGD (Alistarh et al., 2017). The experiments are
performed on 16 NVIDIA Tesla V100 GPUs located on 8 compute nodes of a cluster (2 GPUs per
node) following the PowerSGD paper. The compute nodes in the cluster utilize InfiniBand HDR-100
Director Switch at 100Gbps speed for network connection. The cluster also supports the NVIDIA
Collective Communications Library (NCCL).
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We consider two tasks: image classification by ResNet18 (He et al., 2016) on the CIFAR-10 dataset
and language modeling by a 3-layer LSTM on the Wikitext-2 dataset. The neural network architec-
tures and hyperparameters are from some public PyTorch implementations®. Our code is built on the
codebase of PowerSGD*. We also borrow their all-reduce-based implementations of SGD and Pow-
erSGD. It is worth noting that QSGD and NatSGD do not support all-reduce. Thus, we implement
their collective communications by all-gather. The implementations for compression and decom-
pression in QSGD and NatSGD are from the authors of NatSGD’. For the sake of comparison, we
also implement the all-gather-based SGD. We report the results of 3 repetitions with varying seeds.

Apart from the IntSGD with randomized integer rounding (IntSGD (Random)) analyzed in our the-
ory, we also consider the variant of IntSGD with deterministic integer rounding (IntSGD (Determ.))
which can use the PyTorch built-in function torch. round. For all IntSGD variants, we clip the
local stochastic gradients to ensure that each aggregated value fits in either 8 bits or 32 bits.

For more details of the experimental setup, please refer to Appendix C.1.

5.2 INTSGD vs. HEURISTIC INTSGD

First, we compare our IntSGD with the most related algorithm Heuristic IntSGD (Sapio et al., 2021).
For both algorithms, we consider two potential communication data types: int 8 and int 32. Note

that the rule of scaling factor in Heuristic IntSGD is o = HQQ:% where “nb” represents the number
of bits to encode each coordinate and “max_exp” is the rounded exponent of the largest absolute
value in the communicated package. Although this scaling rule is straightforward and avoids over-
flows, it cannot guarantee convergence, even with int 32 as the communication data type. Indeed,
the Heuristic IntSGD may fail to match the testing performance of full-precision SGD according to
Figure 1. On the contrary, our IntSGD can perfectly match the performance of full-precision SGD
on both image classification and language modeling tasks, which is in accordance with our theory
that IntSGD is provably convergent.

ResNet18 ResNet18 LSTM LSTM

—— SGD —— sGD
Heuristic IntSGD(32-bit) IntSGD(32-bit)

—— Heuristic IntSGD(8-bit) x10? —— IntSGD(8-bit)

@ ©

8 8
2

w o oa

x

)

Test Accuracy

Test Accuracy

Test Perplexity

Test Perplexity
;

—— SGD

—— SGD
Heuristic IntSGD(8-bit) IntSGD(8-bit)
—— Heuristic IntSGD(32-bit) —— IntSGD(32-bit)

=
5

2
60 10 10°
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 20 40 60 80 0 20 40

Epochs Epochs Epochs Epochs

60 80

Figure 1: Comparison among IntSGD (8-bit or 32-bit), Heuristic IntSGD (8-bit or 32-bit), and full-
precision SGD on the tasks of training ResNet18 and LSTM.

5.3 INTSGD VS. OTHER BASELINES

We also compare our IntSGD algorithms to the other baselines including the all-gather-based SGD,
QSGD, NatSGD and the all-reduce-based SGD, PowerSGD (EF) on the two tasks. See the test
performance and time breakdown in Table 2 and Table 3.

First, we can observe that the all-gather based SGD + compressors (e.g., QSGD, NatSGD) are indeed
faster than the all-gather based full-precision SGD, which shows the benefit of lossy compressions.
However, they are even much slower than the all-reduce-based full-precision SGD. Unfortunately,
QSGD and NatSGD) does not support the more efficient all-reduce primitive. Similar observation
can be seen in previous works (Vogels et al., 2019; Agarwal et al., 2021).

All of PowerSGD (EF), IntSGD (Random), and IntSGD (Determ.) are consistently faster than the all-
reduce-based full-precision SGD on both tasks. Compared to IntSGD (Determ.), IntSGD (Random)
leads to slightly more computation overhead due to the randomized rounding. However, IntSGD

SResNetl8: https://github.com/kuangliu/pytorch-cifar; LSTM: https://github.
com/pytorch/examples/tree/master/word_language_model

‘https://github.com/epfml/powersgd

Shttps://github.com/sands-lab/grace
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Table 2: Test accuracy and time breakdown in one iteration (on average) of training ResNet18 on the
CIFAR-10 dataset with 16 workers. All numbers of time are in millisecond (ms). In each column,
the best one is highlighted in black and the second-best one is highlighted in gray.

Computation

Algorithm Test Accuracy (%) Overhead Communication Total Time
SGD (All-gather) 94.65 + 0.08 - 261.29 £0.98  338.76 £ 0.76
QSGD 93.69 £+ 0.03 129.25 £1.58  138.16 = 1.29  320.49 £+ 2.11
NatSGD 94.57 £0.13 36.01+ 1.30 106.27 £ 1.43  197.18 £ 0.25
SGD (All-reduce) 94.67 £ 0.17 - 18.48 £ 0.09 74.32 £ 0.06
PowerSGD (EF) 94.33 £0.15 7.07 £ 0.03 5.03 £+ 0.07 67.08 £+ 0.06
IntSGD (Determ.) 94.43 +£0.12 2.51 £ 0.04 6.924+ 0.07 64.95 £+ 0.15
IntSGD (Random) 94.55 £0.13 3.20 + 0.02 6.21 + 0.13 65.22 + 0.08

(Determ.) fails to match the testing performance of SGD on the language modeling task. Compared
to PowerSGD (EF), our IntSGD variants are better on the task of training ResNet18 but inferior on
the task of training a 3-layer LSTM. Although IntSGD is not always better than PowerSGD (EF),
there are several scenarios where IntSGD is preferrable as explained in in Section 1 and Section 3.4.
In addition, as seen in Figure 3 of the Appendix C.3, PowerSGD (EF) converges much slower than
SGD and IntSGD in the first 150 epochs of the ResNet training (which has non-smooth activations).

Table 3: Test loss and time breakdown in one iteration (on average) of training a 3-layer LSTM
on the Wiki-text2 dataset with 16 workers. All numbers of time are in millisecond (ms). In each
column, the best one is highlighted in black and the second-best one is highlighted in gray.

Algorithm Test Loss COOTE:II:;E)H Communication Total Time
SGD (All-gather)  4.52 £ 0.01 - 733.07 £1.04  796.23 +1.03
QSGD 4.63+0.01 43.67£0.11 307.63+£1.16 399.10+1.25
NatSGD 452 +0.01 64.63+0.12 309.87 £1.32 42249 £2.15
SGD (All-reduce)  4.54 + 0.03 - 22.33 £0.02 70.46 £ 0.05
PowerSGD (EF)  4.52+£0.01  4.22 + 0.01 2.10 £ 0.01 54.89 + 0.02
IntSGD (Determ.) 4.70 £0.02  3.04 £ 0.01 6.94 + 0.05 57.93 £ 0.03
IntSGD (Random) 4.54 + 0.01  4.76 + 0.01 7.14 £ 0.04 59.99 £+ 0.01

6 CONCLUSION

In this paper, we propose the provably convergent and computationally cheap IntSGD algorithm for
efficient distributed machine learning. The core component of IntSGD is the adaptively estimated
scaling factor shared by all users, which makes it compatible with the widely used communication
primitive all-reduce and the recently proposed in-network aggregation (INA) (Sapio et al., 2021).
The convergence rates of IntSGD match that of SGD up to constant factors on a broad spectrum
of problems. Experimental results on two deep learning tasks show its promising empirical perfor-
mance. A limitation of our algorithm is that its compression ratio is bounded by 4, but we hope to
address this in a future work.
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Reproducibility statement. Regarding the theoretical results: We describe the mathematical set-
ting and algorithms in Section 1, 2, and Appendix A; Assumptions and the main theoretical results
are presented in Section 3; We provide the complete proof for those results in Appendix B. Regard-
ing the experimental results: We report the number of repetitions, the computing infrastructure used,
the range of hyper-parameters considered, and the evaluation metrics in Section 5 and Appendix C.1;
We attach our code in the supplementary material.
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Appendix

A OTHER VARIANTS OF INTSGD

A.1 OTHER CHOICES OF SCALING FACTOR «y,

In Section 4.1, we provide an effective scaling factor with the moving average and the safeguard.
However, there are other choices of scaling factor that also satisfy Assumption 1, and the conver-
gence proof still goes through.

Proposition 3 (Adaptive o). If we choose

npVd
O = —F7—7 37—
k= Tamller—ar 1)

then Assumption 1 holds with e = 0 and § = 0.

One can also consider applying an integer quantization with individual values of o, for each co-
ordinate or block, for instance, with an «; corresponding to the [-th layer in a neural network. It

is straightforward to see that this modification leads to the error » il d; —a"; , where B is the total
k,l
number of blocks and d; is the dimension of the [-th block.

Proposition 4 (Adaptive block ). Assume we are given a partition of all coordinates into B < d
blocks with dimensions d, ..., dp, and denote by (xk) ; the I-th block of coordinates of z*. Then
Assumption 1 holds with

_ N/ di _
() = ol @) — @] forl=1,...,B.

There are two extreme cases in terms of how we can choose the blocks. One extreme is to set
B = 1, in which case we have a single scalar for the whole vector. The other extreme is to use
B = d, which means that oy, = WM, where the division and absolute values are computed

coordinate-wise.

Algorithm 2 IntSGD: adaptive block quantization

1: Input: 2° € R%, B € [0,1),e > 0,z' =2% —noL 31" | g7 a partitioning of R? into B blocks

of sizes di, . ..,dp such that R? = R% x ... x R95
2: fork=1,2,...do
3 for each device: =1,2,...,n do
4: Compute independent stochastic gradients g~ (Ex[gF] € 0f;(2%))
5 Maintain the exponetial moving average: 71, = (751, + (1— )| (%), — (¥1);||? {for
eachblockl =1,..., B}
6: Compute the adaptive scaling factors: oy ; = ’“‘7‘/?1(]
7: Scale and round the local gradient (Q(gF)); = Znt(cu.i(gF)))

8: end for
9:  Aggregate Q(g¥) by either all-reduce or in-network aggregation (INA)

10:  for each devicei =1,2,...,ndo

11: Compute the (sub)gradient estimator: (§*); = nalk ; Z?:l(@(gf))l
12: ol =2k — gk

13:  end for

14: end for

Compression efficiency of IntSGD with adaptive block quantization. Our block-wise and
coordinate-wise compression can further benefit from reduced dimension factors in the upper

bounds, leading to the estimate of log, Q‘{/d% bits for block with dimension d;. However, for smaller

blocks it is less likely to happen that ||(z*); — (z*~1)|| & ||nk(g%): ||, so the estimate should be taken

12
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Algorithm 3 IntDIANA

1: Params: Stepsizes 7, scaling vectors ay, € R?
2: Init: 2% € R, 2t = 2% — o= 37 1 g%, 1 =0,h' =0
3: fork=1,2,... do

4 for each devicei =1,2,...,n do

5 Compute stochastic gradient g¥ (E [gF | 2*] € 0fi(z")).

6: Compute the adaptive scaling factor: oy = m’lki_\/;klu

7 Scale and round the local gradient Q(g¥) = Znt(ay, o (gF — hF))
8: Update the local shift h* ™! = h¥F + Q(gF)

9: end for

10:  Aggregate Q(g¥) by either all-reduce or in-network aggregation (INA)
11:  for each devicet=1,2,...,ndo ,

12: Compute the (sub)gradient estimator: g* = h* + =37 | Q(gf)
13: Update the model parameter 21 = z* — 1, g*

14: Update global shift k¥ = h* + 137" | Q(gf)

15:  end for

16: end for

with a grain of salt. We hypothesize that using ¢ as in Proposition 2 is required to make block com-
pression robust. Notice that if stochastic gradients have bounded coordinates, i.e., k oo < Goo

for all ¢, k, then we would need at most 1 + log, ‘[G“ bits to encode the integers. Since any

¢ < o + /nG does not change the rate in the non- smooth case (see Equation (9)), we get for free

the upper bound of 1 + log, \(FGCZO bits.

A.2 HANDLING HETEROGENEOUS DATA

INtSGD can be equipped with the full gradient or variance-reduced gradient estimator to enjoy faster

convergence than O (ﬁ shown in Corollary 2. For example, if we plug 0. = 0 (no variance) and

e < % (sufficiently small safeguard) into item 2 of Corollary 2, the convergence rate of IntSGD

is O (). However, when the data are heterogeneous (i.e., minimizing f(z) = £ Y% | f;(x) will
not make ||V f;(z*)|| = 0, Vi € [n]), the transmitted integer of INtSGD with o, = 0, ¢ = 0 can
be gigantically large, which leads to very inefficient communications or even exception value error.
E.g., if we choose the adaptive o, and the full gradient g¥ = V f;(z"), the largest integer to transmit

£ Kk h v IV fi () ]| oo
rom worker i to the master is ||z V f; (2%)] oo & [

numerator is nonzero as the iterate converges to the optimum. To alleviate this issue, one needs to
compress gradient differences as is done for example by Mishchenko et al. (2019) in their DIANA
method. By marrying IntSGD with the DIANA trick, we obtain IntDIANA (Algorithm 3).

where the denominator is O while the

For IntDIANA with adaptive oy, the largest transmitted integer from worker to the master is || vy, (g5 —

) oo = % We will show that both the nominator and the denominator are infinitesimal
when z* converges to the optimum, such that the issue mentioned above can hopefully be solved.

Note that we can either use the full gradient g* = V f;(2*) or the L-SVRG estimator Kovalev et al.

(2020)

9f = Vi@ &) = Vfiwi; &) + E [V fi(w];€)]
on the i-th worker. For the variance-reduced method, we further assume that f; has a finite-sum
structure, 1.€.,

filz) ==L fd( )

such that Vf;(x;&) = Vfu(z), E[Vfi(z;8)] = % >y Vfur(z) and [ is sampled from [m)]
uniformly at random by €.

WMg

Our main convergence theorem describing the behavior of IntDIANA follows:

13
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Theorem 4. Assume that f is p-strongly convex (> 0) and f(-; &) has L;-Lipschitz gradient for
any &, L Lef 4 max; L.

1. If u > 0O, the iterates of INtDIANA with adaptive o, = Mﬂf% satisfy
E [U*] < 6"0°.

e For IntDIANA with the GD estimator g¥ = V f;(z*), we have 0 4 hax {1—nu, 3} <

272 1
Land WF % |lah — 2t 4+l — o512 E ST (IhE = V()| where
i=1

T

e =n< m;

32n

e For IntDIANA with the L-SVRG estimator, we have 0 4 hax {1 — N, %, 1-— i} <1

8m
def % _ 2
and UF = |k — a* || 4 ok — 2P 4 S S0 S IV fu(wh) = fu(a) P+

n2
2r2
’74nL2 v ||RE =V fi(2*)]|, where p = L oandn, =n <

1
m 2(L+2L/n)"
2. If u = 0, the iterates of IntDIANA with adaptive o, = \ﬁl\ﬁ‘i—% satisfy

\IIO
= n(k+1)’

=
~
—
=
B
~—
[
=
—
8
*
N

| ko
where 3% = 5 > "

o IntDIANA with the GD estimator requires that N, = 1n < L

4(L+357)

o IntDIANA with the L-SVRG estimator requires that i, = 1n < m

The above theorem establishes linear convergence of two versions of IntDIANA in the strongly con-
vex regime and sublinear convergence in the convex regime.

Compression efficiency of IntDIANA. If p > 0, for IntDIANA with adaptive oy, and either GD
or L-SVRG estimator, both ||h¥ — V f;(2*)||? and ||z* — 2¥~1||? converge to O linearly at the same

k k
rate, while g¥ — V fi(x*). Thus, the largest integer to transmit is ||z (g% — hF)||oo ~ %

is hopefully upper bounded.

B PROOFS

B.1 PROOFS FOR INTSGD

In the section, we provide the complete convergence proof of IntSGD.

B.1.1 PROOFS FOR LEMMA 1

Proof. Take y = a o x and let p,, = y — [y], where [y] is the coordinate-wise floor, and p, is the
vector of probabilities in the definition of Znt(y). By definition it holds

E[Znt(y)] = py(lyl + D+ (A =py)lyl =py + Wl =y -yl + ] = .
Plugging back y = « o x, we obtain the first claim.
Similarly,

lly — Znt(y)|leo = jirll?.}.(,d’yj — Int(y;)| < I;’léiﬂi(maX(Z —[2],[e]+1—2) =1.
After substituting y = « o x, it remains to mention

1
<|Znt(aox) — a0zl max —.

1
—oInt(aox)—x
a j=1,end Qi

oo

14
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To obtain the last fact, notice that Znt(y) — [y] is a vector of Bernoulli random variables. Since the
variance of any Bernoulli variable is bounded by i, we have

2 d
122@1[5[(1’7%(%) Yj) SZ oz'

Jj=1 j=1

E

1
H oInt(aox)—=x
o

O

. : . . . def def
The staring point of our analysis is the following recursion. Let p* = ||2* — 2*||2, 6 = f(z*) —

F(z*)and ¢F =250 gk,
Lemma 2. Assume that either i) functions f1, ..., f,, are convex, or ii) f is convex and f1,..., fn
are differentiable. Then

]Ek[ k-l—l] <pk—277k(5k+Ak+Bk,

def 2 o
where A* %' 202, [¢F] and BF = & j . a’ — ||#**+1 — 2*||2 are the SGD and quantization

error terms, respectively.

B.1.2 PROOF OF LEMMA 2

Proof. The last term in the expression that we want to prove is needed to be later used to compensate
quantization errors. For this reason, let us save one ||z*+! —*||2 for later when expanding ||z*+1 —
z*||%. Consider the IntSGD step z**! — 2% =, L 3" Q(gF), where Q(gF) = a% oZnt(ayogh).
ka-&-l o [L'*HQ — ka o LL'*||2 + 2<xl~c+1 o xk,xk . $*> + ||{Ek+1 o {EkHQ

_ ka—l‘*||2+2<l‘k+1—l‘k,xk—l‘*>+2||l‘k+l— k||2_|| k+1 kHQ

ZQ gr)

* Nk
= ||lz* — *||? -2 Z@(Qz) ot —z*) + 23

i=1

k+1 k||2

(10)
Now let us forget about the first and last terms, which will directly go into the final bound, and
work with the other terms. By our assumptions, we either have E;[Q(g¥)] = Ex[gF] € Ofi(«*) or
L3 Ek[gF] = Vf(2*), so we obtain by convexity

Ex 2?Z<Q(gf),x’“w*>] 2 2B S Byl 0t — %) < —2u(f@h) — ("))

i=1 i=1

2

Moreover, using the tower property of expectation, we can decompose the penultimate term in (10)
n
k
- Z Q(g;)

as follows:
‘ 1
nia
21 ]

Ex Uii@(gf) =By |Eq
-, -HigEQ[Q(Q i
k

+Eq |1 3ot ~ Eelatab)

i=1

n 2
1 S g
n 4 v
=1

where in the last step we also used independence of the quantization errors (Q(g7) —
gr),- -+ (Qlgr) — gn)-

Next, we are going to deal with the quantization terms:

1« . .
+ 5 > B [[QgF) - ofI1P],
=1

n ] n 1
Z]Ek [HQ(qlk) - ‘J?HQ} = ZEk ["% o Int(ay ngly) — gf
=1 =1

Dividing both sides by n? and plugging it into (10), we obtain the desired decomposition into SGD
and quantization terms. O
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We now show how to control the quantization error by choosing the scaling vector «y, in accordance
with Assumption 1.

Lemma 3. If the assumptions of Lemma 2 hold together with Assumption 1, then

k k )
E [pF] < p — 220 nE[0'] + 2;0 nE[C + £ f; 7.

B.1.3 PROOF OF LEMMA 3

Proof. Firstly, let us recur the bound in Lemma 2 from & to 0:

k k n 2
1
E [[a** — 2*[P] < [2° — 2*[> = 2) " nE [f(z") — f(z*)] + 2D nfR Ezgf 1
t=0 t=0 i=1
1 E E 771% : E t+1 2
+ 5 B | | B [l -,
t=1 j=1 2 t=0

Note that in the bound we do not have o ; for any j as we assume that the first communication is
done without compression. Assumption 1 implies for the quantization error

ZZE[” z(ntw zm@nw )
—62277,5 1-5 Zk:(E“fctxtle]k_tﬂl)

t=1

<¢? Zm (1- i(E [l = 2*=1)1] iﬁl)

t=1

:5227;?+ZE[\|xt—xt*1||2]. (11)
t=1 t=1

It is clear that the latter terms get canceled when we plug this bound back into the first recursion. [

B.1.4 PROOF OF THEOREM 1

Proof. Most of the derivation has been already obtained in Lemma 3 and we only need to take care
of the SGD terms. To do that, we decompose the gradient error into expectation and variance:

] -|: gﬁk[gﬂ 2 k i}gf -l ]
_ Hiim[gﬂ 2]

2 n
1 k
szak[g
(6) o2

<G?+

n

%Z.@f

i=1

Ek; + Ek

— Ex[gf]

n
Thus, we arrive at the following corollary of Lemma 3:

k k 2 2
0Bt ot ] < a2 B L) ] +2 3 (64 T4 )
t=0

Furthermore, by convexity of f we have

1 k

k
> t=0 " =0

Plugging it back, rearranging the terms and dropping E [||z

f(@*) = f(@*) < n(f(a') — f(*)). (12)

F+1 — 2*||2] gives the result. O
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B.1.5 PROOF OF PROPOSITION 1

Proof. Fix any i. By Young’s inequality and independence of £¥, . .., ¥ we have

1 n N 2 2
Hngq ]:EU) Zsz b&5) ]
< 2E M sz €

2 n
= 3 D E[IVAi" €] +2E
=1

+ 2E

i=1

I
I

2> (At ) - iaseh)

i=1

Substituting the definition of o and applying Jensen’s inequality, we derive

1 n
k
n ;9;

By our assumption, f;(-;£) is convex and has L;-Lipschitz gradient, so we can use Equation (2.1.7)
in Theorem 2.1.5 in Nesterov (2013):

2E [V fi(2"; €F) — Vfi(a*; €0)11?] < ALE [fi(2¥;€F) — fi(a™; &) — <Vf1(95*;§f)737k —a*)]
= ALE [fi(z*) = fi(z") = (Vfi(z*), 2" — 27)]
< LE [fi(2%) = fi(z*) — (Vfi(a*), 2" — 27)] .

Taking the average over i = 1,...,n and noticing ., V f;(z*) = 0 yields

<2 Ei IV fi(ats €)= V fila*s €8]
= n vt 2 ySq [ 1 Sq .

‘ ] < Z 4 ES B[R - filt) - (VA2 - )]

2

= T 4 LE [f(ah) - "),

which is exactly our claim. [

B.1.6 PROOF OF THEOREM 2

Proof. The proof is almost identical to that of Theorem 1, but now we directly use Assumption 3
and plug it in inside Lemma 3 to get

k k
E 25— %] < lo® — 2| — 23 " mE [f(a") - F(e")] + 23 B [H Zgl
t=0 t=0

k ’ -
22 — 22 = 3" 2m(1 — nL)E [f(a") — ()] +2 ((;* " 4n) 2.

t=0 t=1
0 2 : t or | € 2
< e oI = om0 - 1) 42 (T ) Yo
t=0 t=1

Rearranging this inequality yields
: 0 2 k+1 2 o2 2\ ¢ 2
S mE[f(a) ~ )] <~ P - B [l o] 2 (T ) Y
t=0

2 2
<l - r2(Z 4 ).

To finish the proof, it remains to upper bound f(#*) using convexity the same way as it was done in
Equation (12). L]
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B.1.7 PROOF OF THEOREM 3

Proof. By L-smoothness of f we have

B/ (@) < J(0*) + Bel(V (), o+ — o) + SB[+ — o
(@) = S BV, Qo] + FElle — o

D £(ok) — VR + Sl o)

L
= f(@*) = m | Vf(2")||? + LE&[[|lz"** — 2*||*) - §Ek[l\w’“+1 — 2¥||?)

B[l

= f(&*) — VAP + LEs U' ZQ o)

Similarly to Lemma 2, we get a decomposition into SGD and quantization errors:

k[;zcng) b [Eg [H;zcz(gm H
i=1 L =1

1 n 2 1 n
=B |||=D_af| |+ 5 D EllQUe)) — o711
L i=1 i=1
n 2 d
1 b 1 1
<z |33+ w2
L i=1 j=1 k.J

K+l _ k2

We proceed with the two terms separately. To begin with, we further decompose the SGD error into

its expectation and variance:

n

1 :

=1

Ek: + Ek

|25 6t - mais)

=1

] - Higm[gﬂ 2

= VAP + 25 S B [llgf — VA
=1

T

(8) o2
L v+

Moving on, we plug it back into the upper bound Ej [f(z*+1)]. Assuming ), < 5%, we get
k+1 k kyj 2 L$ i L k+1
Ex, [f(2**1)] < f(a*) = me(1 = L) [V ()2 + nE L2 +T — = SE[ll2" -
ni Ak
d 2
Nk kyp2 L U L k+1 k2
< flay =T L— =N e 2R [t - .
< F) = BAVAI + LT+ 3 - Sl =
Finally, reusing Equation (11) produces the bound
k1 it o’ ¢ 2 e 2
E [f(z")] ZE [IVF @] + ;ZmL‘i‘*anL-
=0 t=0 t=0
Notice that by Assumption 4 f8f < f(z¥*1), so we have
k 0y _ finf 2
! £0) = 1 (54 5) Sheonl
P nE [[Vf()]?] <2
2 t—0 " =0 Zt ot

The left-hand side is equal to IE ||V £ (") ||?] by definition of #*, and we conclude the proof.
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B.1.8 PROOF OF COROLLARY 2

Proof. For the first part, we have

a0 - 2| +2 (G2 + & + 5) Th_o O( ! >:O<G+‘i}n€>'

2 Zt:o U

The other complexities follow similarly.

B.1.9 PROOF OF PROPOSITION 2

Proof. By definition of oy

k.j

B.1.10 PROOF OF PROPOSITION 3

Proof. Indeed, we only need to plug in the values of «, ;:

ZIEJ

B.1.11 PROOF OF PROPOSITION 4

Proof. Since the [-th block has d; coordinates, we get

ZEln’f] ZdE

k.j

k 0

Zf:ont vk
O
, k—1
ZEl 7k ‘| _nkE +2’NE[T’/§}_7],€E —|—27L1— Zﬁtuxk t k7t71||2.
CM
j=1 t=0
O
k—1
] — o [Hx k 1” ] 27L(1 o B) ZﬂtE [”‘,L,kft o :L,kft71||2] )
t=0
O
] = QnZE |(z | ] =2nE [Hx" ka*1||2] .
O

B.2 PROOFS FOR INTDIANA

Assumption 5. f;;(x) has L;;-Lipschitz gradient. We define £ def y maX;e|,) MaX;e[m] Lil-

Proposition 5. Suppose that Assumption 5 holds. Then, we have the following for IntDIANA and

any € R%:

n

1 m
%ZZIIVM

=1 =1

ISR

= Vial@)|* < 5 (f(2) = f(z")) (13)

Proof. Based on Assumption 5 and Theorem 2.1.5 Nesterov (2013), we have:

IV fia(x) = Va(a")* < 2La (fa(z) = fa(@”) = (Vfa(z"), 2 - a"))

Thus, double averaging leads to:

% YD IV alx) =V fulz)|?

i=1 [=1

9 n m
< %ZZLIl le

=1 =1

— fu(x™) = (Vfu(z"),z — 2%))

< 2maxmax Ly (f(w) P~ S Ve - x*>>

Considering that - S"" | S~ V f;(x

claim in the proposition.

i=1 [=1

*) = 0 and defining 4 max;¢,) Max;c}y,) Ly leads to the

O
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Lemma 4. For IntDIANA (Algorithm 3) and g% < LS (hF 4 Q(gF)), we have By [¢%] =

V f(z*) and:
2
1 . (14)
Proof. By definition, g* = L 3" (hF + Q(gF)), so

1 — 1 & 1 &
k}:%;hf+E;Ek[Q( iﬁ; + = Z]Ek g5 fth’“

1 1
||g H EZT

j=1 k.j

1 4
angz
1=1

Thus, we have shown that g* is an unbiased estimate of V f(2*). Let us proceed with the second
moment of g*:

2

B [lg*17) = B U’j@ (o oZntlano (ot = 1) - (ot - 1) + 5t )

A

n 2 n 2

®) 1 1 k k_ pk 1 k
D g, nig_;(akoznt(ako( SRR R | PO
1o 1 2 1N P
— k k k k k

=2 LB |15, o Tntlew o (ol =) — (of )| | + B ‘n;g ]

@ 1 1
S mar

j=1 kJ

1 n
k
;;97

!

Lemma 5. If L-SVRG estimator gF = V fi;(2%; ) — V fi(wF; €F) + uF is used in IntDIANA, we
have Ej, [¢¥] = V f;(z*) and

O

Hl Z lIE <2L + L) (f*) - f(a") + 2ok (15)
n P gi = n n 1>
By [1"'] <(1-pot+ % (f(*) = f(=7) (16)

where Ul — mn Zz 1 Zl 1 ”Vfll ) Vfil(x*)HQ'

Proof. Recall that E [|| X — E [X]||?] < E [||X]]?] for any random variable X. For the L-SVRG
estimator g¥ = V fi;(z%; £F) — V fu (wk; €F) 4+ uk, we have:
21

] - H;ETL:Vfi(xk Hrllf:(gf — Vfi(a"))

=1

1 n
3

2
+ Eg

SN 167 + 15 3 0 3| VIalat) = o) = 0 3 (V) - Ve
< 2L (f(H) ~ F@) + o 30— 3 [Valeh) - Vb
i=1 I'=1
<AL (M)~ @) + 2 SOS [V alet) - V)P 2SS |V falud
i=1 =1 i=11=1
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where of = L3570 S|V fi(wF) — fu(a*)||?. Based on the update of control sequence in
L-SVRG, we have:
By (o] = — = Y CIVFawh) = fa@)||" + 37D [Vl - fala)|
i=1 1=1 i=1 1=1
(13) pL .
< (1= ot 2E (1) - 1)
O
Lemma 6. Define o < L5 Ik =V fi(z*)|]. For IntDIANA algorithm, we have:
1
o5 *] ZEk lg = VEEIIP]+ D (17)
j=1 Yk,j
For the full gradient, we have £ Y1 | By, [||lgF — V fi(z*)||?] < £(f(2*) — f(z*)). For the L-
SVRG estimator, we have + lel Ex [llgF — V fi(z*)|1?] < 4ot + 3L(f (%) — f(z*)).

Proof. We define o e LS Ik — Vfi(z*)||%. Consider the step REFY = hF + Q(gF
where Q(gf) = - o Int(ay o (gf — hy)). Note that Ey, [(gf — hf,gf — 2V fi(z*) + hf)] =

Ex [|lgF — V fi(z*)||? — ||h¥ — V f;(z*)||?], which explains the last equality below:

]Ek [ k+1

Znh’“ Vii(x +Q(gl)||2]
:O'§+EZE]€
=1

1 & 1 1
Dok~ B [lgf - B +2- D (gF — hERE - V@) + Y
=1

2 .
i=1 j=1 ksJ

2
Hak oZInt (o o (gF — hf))

n 2% ZEk (Q(gE), hE =V fi(z"))]

1
<okt ZEk hE gf — 2V fi(x*) + hE)] +Za
]:1 1.]

1 n d
:5;& (gt = VEGE] +3- o

Jj=1

?ﬂo»—l

i, J

For the full gradient g¥ = V f;(z*), we have:
1 n
=2 B [llgr = Vil Z]Ek IVfia®) = Vila)P] < F () = f().
i=1

For the L-SVRG estimator, we have by Young’s inequality:

% E Eg [||gz sz E Eg ng Vfl E ||sz sz(x*)||2
i=1
< 23S IVula®) — VHawh) I+ £(f ) — Fa)
i=11=1

i=1 [=1 i=1 [=1

as k *
< 4ok +3L(f () — f(x¥)).
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Lemma 7. Suppose that Assumption 5 holds. Besides, we assume that f(-) is p-strongly convex

(e > 0). For IntDIANA with adaptive o, = ki‘/fklﬂ and GD gradient estimator, we have:

Vallz
Ei [lz"71 — 2] + B, [[la"* — 2]

< (1= mep)[la® = 2*|* + %Ill‘k — a2 = 29y (1 = 20k L) (f(2F) = f (),

B [o5*] < £

5 (F@®) = F(@™) +nfla® — 21
For IntDIANA with adaptive oy, and L-SVRG gradient estimator, we have:

Ek [”karl 7 LB*”Q] +Ek “|xk+1 . $k||2]
2

. 1 _ L . 4
< (U mlle = a4 gt o = o (12 (2 05 ) ) (R = ) + ot

B [0+ < (1- )Oi“+%£(f(w’“)—f(w*)),

Ei [o5""] < dof +3L(f(a") = f(2")) +nlla® — 212,

Proof. By p-strong convexity, we have:

£ -2 300t at - o1 2 2 S i)t )

n
i=1 i=1
< =2 (f(2") — f(z*)) — mplla® — 2*|.
< Nk Nk

k+1 _ kaQ’ SO

Besides, ||zF 1 — 2|2 = 2n2 g% |2 — [|&

Ek [”karl o :C*||2] +Ek [”karl 756’6”2]
= (1= me)le® = &% = 2mu(f (=) = f(2*)) + 202 [|1g" ]

(14) 2
2 (1= )l — 212 = 2 (") — F(a*)) + 202E [H >
=1

1 < n?
— ke
+ 2n Z ai
=1 kJ
Applying Proposition 3 to the obtained bound results in the following recursion

Ek [”karl . 1‘*”2] +Ek [”karl o $k||2]

< (= )l — a2 3B [l — 2] — 2 a®) — Sa) + 20 [H ,Zgl ]
With the GD estimator, the produced bound simplifies to

e 2 = 7] + By [Ja+! - 2|?]

< (1= mp)le® = 27+ Gk = 22— 201 = 2 D) () — ()
Based on Lemma 6, the following is satisfied for IntDIANA with GD estimator and adaptive

neVd
= Vnlleh—oF 1]

(f(@®) = f(2")) + nlla® — 272,

IA

In turn, Lemma 5 gives for L-SVRG estimator [E {H 1 i=1 9 || }
(2L + %) (f(xk) — f(:z:*)) + %af, so we can derive that

Ek [ka+1 _ x*HQ] +Ek [Hmk+1 _ kaQ]
2

gl = a2 o (1= 2 (4 05 ) ) () - 1) + ot

< (1= m) ¥ = 2| +

22



Published as a conference paper at ICLR 2022

Let us now combine Equation (16) and Lemma 6:

B [0 1] < (1L - p)ot + 22 (7a*) — 1))
Bi [0§"] < 4ok + L) — fa)) + nllat A2

O
Lemma 8. We define the Lyapunov function as U% %' [|lz% — 2|2 + ||2% — 2F=1||2 4 ¢yn2ok +
ankOQ. Assume that the conditions of Lemma 7 hold. If ;4 > 0, we have:
E [U*H] < 6E [¥*],
def 2
where 6 = max {(1 — nEp), %} cgt = 0, ¢ = % and 7 < m for IntDIANA
with GD estimator.  Alternatively, for IntDIANA with L-SVRG estimator, we have 6 def
max{ 1 —nk,u), D (1 — —)} and set ¢; = STm, cy = 4%, p = %, and 7 < 72(L+§£/n). If
= 0, we have
mE [f(") - f(2")] <E[¢*] - E [¢"],
1 : 1 :
where 7, < T for the GD variant and 7, < T2 for the L-SVRG variant.
Proof We define the Lyapunov function as ¥* lz* — 2|2 + ||2* — %1% + caniol +

cam?o’. For IntDIANA with GD estimator, we can set ¢; = 0 and derive the following inequality
from Lemma 7 and ng+1 < ng:

1
B [941] < (1 mk [l - o72) + (5 + cone ) E [Ja* - o)

— 2 (1 — 2 (L + CQ;)) E [f(z*) — f(z)].

We first consider 4 > 0 case. Let c; = £, and 7, <5 We have E [UFH1] <
max {(1 — mep), 3} E [UF].

For IntDIANA with L-SVRG estimator, we have the following based on Lemma 7:

B [¥41] < (1= mB [Jo* — "] + (5 + cann ) B [Jo* — o117

4
+ 77;3 (n +4co + (1 — p)cl) E [aﬂ

— o (1 — o (L G Lopak 3025)) E [f(z*) - f(z*)]

2n 8 4

2 b . . .
Letc; = Sm ,Cy = i‘n, p= m, and 7, < m Plugging these values into the recursion, we

getE [\Ilk“] <max {(1—nep), 2, (1 - &) E[UF].

If p = 0, we instead let 7, < for the GD variant and 7, < for the L-SVRG

1
4(L+ 32n) 4(L+2L/n)

variant to obtain from the same recursions:
mE [f(z*) — f(z*)] <E[¥F] - E[wk+1].

C DETAILS AND ADDITIONAL RESULTS OF EXPERIMENTS

C.1 MORE DETAILS

Here we provide more details of our experimental setting. We use the learning rate scaling technique
(Goyal et al., 2017; Vogels et al., 2019) with 5 warm-up epochs. As suggested in previous works
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(Vogels et al., 2019; Alistarh et al., 2017; Horvath et al., 2019), we tune the initial single-worker
learning rate on the full-precision SGD and then apply it to PowerSGD, QSGD, and NatSGD.

For the task of training ResNet18 on the CIFAR-10 dataset, we utilize momentum S = 0.9 and
weight decay with factor 10~* (except the Batchnorm parameters) for all algorithms. All algorithms
run for 300 epochs. The learning rate decays by 10 times at epoch 150 and 250. The initial learning
rate is tuned in the range {0.05, 0.1, 0.2, 0.5} and we choose 0.1.

For the task of training a 3-layer LSTM, all algorithms run for 90 epochs. We set the size of word
embeddings to 650, the sequence length to 30, the number of hidden units per layer to 650, and the
dropout rate to 0.4. Besides, we tie the word embedding and softmax weights. We tune the initial
learning rate in the range of {0.6, 1.25, 2.5, 5} and we choose 1.25. For both tasks, we report the
results based on 3 repetitions with random seeds {0, 1, 2}. To measure the time of computation,
communication, and compression/decompression of the algorithms, we use the timer (a Python
context manager) implemented in the PowerSGD code®.

For PowerSGD, we use rank = 2 in the task of training ResNet18 on the CIFAR-10 dataset and rank
= 4 in the task of training LSTM on the Wikitext-2 dataset as suggested by Vogels et al. (2019). For
QSGD, we use the gradient matrix of each layer as a bucket and set the number of quantization levels
to be 64 (6-bit).

C.2 ToOY EXPERIMENT ON TIMINGS

8 Nodes x 2 GPUs/Node

—— FP32
Int8

=
o
-

10°

All-Reduce Time (MS)

106 10’
#Coordinates

Figure 2: Time of communicating FP32 and Int8 messages based on all-reduce.

Figure 2 shows the different manners of PowerSGD and IntSGD to save the communication time
based on the all-reduce compared to full-precision SGD: 1) IntSGD (8-bit) communicates the data
with int 8 data type but does not reduce the number of coordinates; 2) PowerSGD does not change
the data type but breaks one communication round of a big number of coordinates into three com-
munication rounds of much smaller numbers of coordinates.

C.3 CONVERGENCE CURVES OF THE DEEP LEARNING TASKS

Please see Figure 3 and Figure 4.

C.4 SENSITIVITY ANALYSIS OF HYPERPARAMETERS

We analyze the sensitivity of IntSGD to its hyperparameters S and €. As shown in Figure 5,
the performance of IntSGD is quite stable across the choices of 5 € {0.0,0.3,0.6,0.9} and
e € {107%,107%,1078} on the two considered tasks. Overall, 3 = 0.9 and ¢ = 1078 is a good
default setting for our IntSGD algorithm.

®https://github.com/epfml/powersgd
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Figure 3: Convergence curves of IntSGD (Random) and IntSGD (Determ.) and the baseline algo-
rithms on the task of training ResNet18 on the CIFAR-10 dataset.
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25



Published as a conference paper at ICLR 2022

Test Loss |

Test Accuracy (%) 1
-94.7

-4.600
N 457 4.58 4.57
2 50 e -4.595
_94.6
o o
- 945 o 4.585
- 94.6 94.5
4.575
3 ' : 94.3 943 o 460 4.60
© 4.570

1078 1076 1074

1078 1076 1074
€

Figure 5: Test accuracy (on the image classification task) and test loss (on the language modeling
task) of IntSGD under different hyperparameters 3 and . ™ or ““}” denotes the larger, the better or
vice versa.

C.5 LOGISTIC REGRESSION EXPERIMENT

Setup: We run the experiments on the /5-regularized logistic regression problem with four datasets
(a5a, mushrooms, w8a, real-sim) from the LibSVM repository7, where

f@) = 1> fitw)

and

l ¢ T A2 2

o) = 7 D loa( + exp(=A b)) + el
and z € RY, )\, is chosen proportionally to ﬁ and A;; € R¢, bi; € {—1,1} are the feature
and label of [-th data point on the i-th worker. The experiments are performed on a machine with
24 Intel(R) Xeon(R) Gold 6246 CPU @ 3.30GHz cores, where 12 cores are connected to a socket
(there are two sockets in total). All experiments use 12 cpu cores and each core is utilized as a
worker. The communications are implemented based on the MPI4PY library Dalcin et al. (2005).

The “optimum” x* is obtained by running GD with the whole data using one cpu core until there are
5000 iterations or ||V f(z)[|? < 10720.

Table 4: Information of the experiments on /5-regularized logistic regression.

Dataset #Instances N Dimension d Ao
aSa 6414 123 5x 1074
mushrooms 8124 112 6x 1074
w8a 49749 300 10~4
real-sim 72309 20958 5x107°

The whole dataset is split according to its original indices into n folds, and each fold is assigned to
a local worker, i.e., the data are heterogeneous. There are m = L%j data points on each worker.
For each dataset, we run each algorithm multiples times with 20 random seeds for each worker. For
the stochastic algorithms, we randomly sample 5% of the local data as a minibatch (i.e., batch size
T = | §5]) to estimate the stochastic gradient g¥ on each worker. We set p = - in VR-IntDIANA.

"https://www.csie.ntu.edu.tw/ cjlin/libsvmtools/datasets/binary.html
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Apart from IntSGD with gF = V f;(2*) (IntGD), we also evaluate IntDIANA (Algorithm 3) with the
GD or L-SVRG estimator (called IntDIANA and VR-IntDIANA, respectively).
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Figure 6: Objective gaps and the max integer in the aggregated vector > ;- Q(gF).

As shown in Figure 6, IntSGD with g¥ = V f;(2*) (IntGD) suffers from low compression efficiency

issue (very large integer in the aggregated vector ) ;- ; Q( g¥)) and IntDIANA can solve this issue and
only requires less then 3 bits per coordinate in the communication. IntDIANA with SVRG gradient
estimator (VR-IntDIANA) further improves IntDIANA with GD estimator in terms of gradient oracles.
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