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ABSTRACT

Local SGD is a communication-efficient variant of SGD for large-scale training,
where multiple GPUs perform SGD independently and average the model param-
eters periodically. It has been recently observed that Local SGD can not only
achieve the design goal of reducing the communication overhead but also lead
to higher test accuracy than the corresponding SGD baseline (Lin et al., [2020b),
though the training regimes for this to happen are still in debate (Ortiz et al.|
2021). This paper aims to understand why (and when) Local SGD generalizes
better based on Stochastic Differential Equation (SDE) approximation. The main
contributions of this paper include (i) the derivation of an SDE that captures the
long-term behavior of Local SGD in the small learning rate regime, showing how
noise drives the iterate to drift and diffuse after it has reached close to the mani-
fold of local minima, (ii) a comparison between the SDEs of Local SGD and SGD,
showing that Local SGD induces a stronger drift term that can result in a stronger
effect of regularization, e.g., a faster reduction of sharpness, and (iii) empirical ev-
idence validating that having a small learning rate and long enough training time
enables the generalization improvement over SGD but removing either of the two
conditions leads to no improvement.

1 INTRODUCTION

As deep models have grown larger, training them with reasonable wall-clock times has led to new
distributed environments and new variants of gradient-based training. Recall that Stochastic Gradi-
ent Descent (SGD) tries to solve mingega E,5[€(6;&)], where 6 € R is the parameter vector of

the model, ¢(6;¢) is the loss function for a data sample & drawn from the training distribution D,
e.g., the uniform distribution over the training set. SGD with learning rate 7 and batch size B does
the following update at each step, using a batch of B independent &; 1,...,&. g ~ D:

B
1
Orp1 < O, —ng;, where g, = 2W(0t;5m>- (1)

Parallel SGD tries to improve wall-clock time when the batch size B is large enough. It distributes
the gradient computation to K > 2 workers, each of whom focuses on a local batch of By, := B/K
samples and computes the average gradient over the local batch. Finally, g, is obtained by averaging
the local gradients over the K workers.

However, large-batch training leads to a significant test accuracy drop compared to a small-batch
training baseline with the same number of training steps or epochs (Smith et al.,[2020; [Shallue et al.,
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(a) CIFAR-10, B = 4096, ResNet-56. (b) ImageNet, B = 8192, ResNet-50.

Figure 1: Post-Local SGD (H > 1) generalizes better than SGD (H = 1). We switch to Local SGD at the
first learning rate decay (epoch #250) for CIFAR-10 and at the second learning rate decay (epoch #100) for
ImageNet. See Appendix [M.1|for training details.

2019; [Keskar et al.| [2017; Jastrzebski et al., |2017). Reducing this generalization gap is the goal of
much subsequent research. It was suggested that the generalization gap arises because larger batches
lead to a reduction in the level of noise in batch gradient (see Appendix [A]for more discussion). The
Linear Scaling Rule (Krizhevsky, |2014; |Goyal et al.| 2017} |Jastrzebski et al [2017) tries to fix this
by increasing the learning rate in proportion to batch size. This is found to reduce the generalization
gap for (parallel) SGD, but does not entirely eliminate it.

To reduce the generalization gap further, Lin et al.| (2020b) discovered that a variant of SGD, called
Local SGD (Yu et al, 2019 Wang & Joshil 2019; Zhou & Congl 2018)), can be used as a strong
component. Perhaps surprisingly, Local SGD itself is not designed for improving generalization, but
for reducing the high communication cost for synchronization among the workers, which is another
important issue that often bottlenecks large-batch training (Seide et al.l 2014; |Strom| 2015; |(Chen
et al.,2016; Recht et al.| |2011)). Instead of averaging the local gradients per step as in parallel SGD,
Local SGD allows K workers to train their models locally and averages the local model parameters
whenever they finish H local steps. Here every worker samples a new batch at each local step, and
in this paper we focus on the case where all the workers draw samples with or without replacement
from the same training set. See Appendix [C|for the pseudocode.

More specifically, [Lin et al.| (2020b) proposed Post-local SGD, a hybrid method that starts with
parallel SGD (equivalent to Local SGD with H = 1 in math) and switches to Local SGD with
H > 1 after a fixed number of steps 3. They showed through extensive experiments that Post-
local SGD significantly outperforms parallel SGD in test accuracy when t is carefully chosen. In
Figure[I] we reproduce this phenomenon on both CIFAR-10 and ImageNet.

As suggested by the success of Post-local SGD, Local SGD can improve the generalization of SGD
by merely adding more local steps (while fixing the other hyperparameters), at least when the train-
ing starts from a model pre-trained by SGD. But the underlying mechanism is not very clear, and
there is also controversy about when this phenomenon can happen (see Section [2.1] for a survey).
The current paper tries to understand: Why does Local SGD generalize better? Under what general
conditions does this generalization benefit arise?

Previous theoretical research on Local SGD is mainly restricted to the convergence rate for minimiz-
ing a convex or non-convex objective (see Appendix [A]for a survey). A related line of works (Stichl
2018 |Yu et al.l [2019; [Khaled et al., 2020) showed that Local SGD has a slower convergence rate
compared with parallel SGD after running the same number of steps/epochs. This convergence re-
sult suggests that Local SGD may implicitly regularize the model through insufficient optimization,
but this does not explain why parallel SGD with early stopping, which may incur an even higher
training loss, still generalizes worse than Post-local SGD.

Our Contributions. In this paper, we provide the first theoretical understanding on why (and
when) switching from parallel SGD to Local SGD improves generalization.

1. In Section we conduct ablation studies on CIFAR-10 and ImageNet and identify a clean
setting where adding local steps to SGD consistently improves generalization: if the learning
rate is small and the total number of steps is sufficient, Local SGD eventually generalizes better
than the corresponding (parallel) SGD baseline.

2. In Section[3.2] we derive a special SDE that characterizes the long-term behavior of Local SGD
in the small learning rate regime, as inspired by a previous work (L1 et al.,|2021b) that proposed
this type of SDE for modeling SGD. These SDEs can track the dynamics after the iterate has
reached close to a manifold of minima. In this regime, the expected gradient is near zero, but the
gradient noise can drive the iterate to wander around. In contrast to the conventional SDE (3)) for
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SGD, where the drift and diffusion terms are connected respectively to the expected gradient and
gradient noise, the SDE we derived for Local SGD has drift and diffusion terms both connected
to gradient noise.

3. Section[3.3]explains the generalization improvement of Local SGD over SGD by comparing the
corresponding SDEs: increasing the number of local steps H strengthens the drift term of SDE
while keeping the diffusion term untouched. We hypothesize that having a stronger drift term
can benefit generalization.

4. As a by-product, we provide a new proof technique that can give the first quantitative approxi-
mation bound for how well [Li et al.|(2021b))’s SDE approximates SGD.

Back to the discussion on the generalization gap between small- and large-batch training, we remark
that this gap can occur early in training when the learning rate is very large (Smith et al.,|2020) and
Local SGD cannot prevent this gap in this phase. Instead, our theory suggests that Local SGD can
reduce the gap in late training phases after decaying the learning rate.

2  WHEN DOES LOCAL SGD GENERALIZE BETTER?

In our motivating example of Post-local SGD, switching from SGD to Local SGD can outperform
running SGD alone (i.e., no switching) in test accuracy, but this improvement does not always arise
and can depend on the choice of the switching time point. Because of this, a necessary first step for
developing a theoretical understanding of Local SGD is to identify under what general conditions
Local SGD can improve the generalization of SGD by merely adding local steps.

2.1 THE DEBATE ON LOoCAL SGD

We first summarize a debate in the literature regarding when to switch from SGD to Local SGD in
running Post-local SGD, which hints the conditions so that Local SGD can improve upon SGD.

Local SGD generalizes better than SGD on CIFAR-10. |Lin et al.|(2020b)) empirically observed
that Post-local SGD exhibits a better generalization performance than SGD. Most of their exper-
iments are conducted on CIFAR-10 and CIFAR-100 with multiple learning rate decays, and the
algorithm switches from (parallel) SGD to Local SGD right after the first learning rate decay. We
refer to this particular choice of the switching time point as the first-decay switching strategy for
short. To justify this strategy, they empirically showed that the generalization improvement can be
less significant if starting Local SGD from the beginning or right after the second learning rate de-
cay. It has also been observed by |Wang & Joshi| (2021) that running Local SGD from the beginning
improves generalization, but the test accuracy improvement may not be large enough. A subsequent
work by |Lin et al.| (2020a) showed that adding local steps to Extrap-SGD, a variant of SGD pro-
posed therein, after the first learning rate decay also improves generalization, suggesting that the
first-decay switching strategy can also be applied to the post-local variant of other optimizers.

Does Local SGD exhibit the same generalization benefit on large-scale datasets? Going be-
yond CIFAR-10, [Lin et al|(2020b) conducted a few ImageNet experiments and showed that Post-
local SGD with first-decay switching strategy still leads to better generalization than SGD. However,
the improvement is sometimes marginal, e.g., 0.1% for batch size 8192. For the general case, they
suggested that the time of switching should be tuned aiming at “capturing the time when trajectory
starts to get into the influence basin of a local minimum” in a footnote, but no further discussion or
experiments are provided to justify this guideline. |Ortiz et al.| (2021)) conducted a more extensive
evaluation on ImageNet (with a different set of hyperparameters) and concluded with the opposite:
the first-decay switching strategy can hurt the validation accuracy. Instead, switching at a later time,
such as the second learning rate decay, leads to a better validation accuracy than SGDE] To explain
this phenomenon, they conjecture that switching to Local SGD has a regularization effect that is
beneficial only in the short-term, so it is always better to switch as late as possible. They further
conjecture that this discrepancy between CIFAR-10 and ImageNet is mainly due to the task scale.
On TinylmageNet, which is a spatially downscaled subset of ImageNet, the first-decay switching
strategy indeed leads to better validation accuracy.

!'This generalization improvement is not mentioned explicitly in (Ortiz et al., 2021) but can be clearly seen
from Figures 7 and 8 in their paper.
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Figure 2: Ablation studies on 1, H and training time in the same setting as Figure For (a)(d), we train from
random initialization. For (b)(c)(e)(f), we start training from the checkpoints saved at the switching time points
in Figure[T](epoch #250 for CIFAR-10 and epoch #100 for ImageNet). See Appendix [M.2]for training details.

2.2 KEY FACTORS: SMALL LEARNING RATE AND SUFFICIENT TRAINING TIME

All the above papers agree that Post-local/Local SGD improves upon SGD to some extent. How-
ever, it is in debate under what conditions the generalization benefit can consistently occur. We now
conduct ablation studies to identify the key factors so that adding local steps improves the general-
ization of SGD. We run parallel SGD and Local SGD with the same learning rate 7, local batch size
Bioc, and number of workers K. We start training from the same initialization and compare their
generalization after the same number of epochs. As Post-local SGD can be viewed as Local SGD
starting from an SGD-pretrained model, the initial point in our experiments can be either random or
a checkpoint of SGD training. See Appendix [C| for implementation details and Appendix for
more details about the experimental setup.

The first observation we have is that the generalization benefits can be reproduced on both CIFAR-
10 and ImageNet in our setting (see Figure[T). We remark that Post-local SGD and SGD in[Lin et al.
(2020b); |Ortiz et al.[(2021) are implemented with accompanying Nesterov momentum terms. The
learning rate also decays a couple of times in training with Local SGD. Nevertheless, our experi-
ments show that the Nesterov momentum and learning rate decay are not necessary for Local SGD
to generalize better than SGD. Our main finding after further ablation studies is summarized below:

Finding 2.1. Given a sufficiently small learning rate and a sufficiently long training time, Local
SGD exhibits better generalization than SGD, if the number of local steps H per round is tuned
properly according to the learning rate. This holds for both training from random initialization and
from pre-trained models.

Now we go through each point of our main finding. See also Appendix [F|for more plots.

(1). Pretraining is not necessary. In contrast to previous works claiming the benefits of Post-local
SGD over Local SGD (Lin et al.,[2020b; |Ortiz et al., 2021]), we observe that Local SGD with random
initialization also generalizes significantly better than SGD, as long as the learning rate is small and
the training time is sufficiently long (Figure[2(a)). Starting from a pretrained model may shorten the
time to reach this generalization benefit to show up (Figure 2(b)), but it is not necessary.

(2). Learning rate should be small. We experiment with a wide range of learning rates to con-
clude that setting a small learning rate is necessary. The learning rate is 0.32 for Figures[2(a)land[2(b)]
and is 0.16 for Figure[2(c)] As shown in Figure 2(d)] Local SGD encounters optimization difficulty
in the first phase where 7 is large ( = 3.2), resulting in inferior final test accuracy. Even for training
from a pretrained model, the generalization improvement of Local SGD disappears for large learn-
ing rates (e.g., n = 1.6 in Figure[5(d)). In contrast, if a longer training time is allowed, reducing the
learning rate of Local SGD does not lead to test accuracy drop (Figure [5(c)).

(3). Training time should be long enough. To investigate the effect of training time, in Fig-
ures and we extend the training budget for the Post-local SGD experiments in Figure
and observe that a longer training time leads to greater generalization improvement upon SGD. On
the other hand, Local SGD generalizes worse than SGD in the first few epochs of Figures [2(a)]

and[2(c)} see Figures and[5(b)| for an enlarged view.
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(4). The number of local steps H should be tuned carefully. The number of local steps H has
a complex interplay with the learning rate 7, but generally speaking, a smaller 17 needs a higher H
to achieve consistent generalization improvement. For CIFAR-10 with a post-local training budget
of 250 epochs (see Figure [2(e)), the test accuracy first rises as H increases, and begins to fall as H
exceeds some threshold for relatively large 7 (e.g., n > 0.5) while keeps growing for smaller ) (e.g.,
n < 0.5). For ImageNet with a post-local training budget of 50 epochs (see Figure 2(T)), the test
accuracy first increases and then decreases in H for all learning rates.

Reconciling previous works. Our finding can help to settle the debate presented in Section [2.1|to
a large extent. Simultaneously requiring a small learning rate and sufficient training time poses a
trade-off when learning rate decay is used with a limited training budget: switching to Local SGD
earlier may lead to a large learning rate, while switching later makes the generalization improve-
ment of Local SGD less noticeable due to fewer update steps. It is thus unsurprising that first-decay
switching strategy is not always the best. The need for sufficient training time does not contradict
with |Ortiz et al.| (2021)’s conjecture that Local SGD only has a “short-term” generalization benefit.
In their experiments, the generalization improvement usually disappears right after the next learn-
ing rate decay (instead of after a fixed amount of time). We suspect that the real reason why the
improvement vanishes is that the number of local steps H was kept as a constant, but our finding
suggests tuning H after 7 changes. In Figure we reproduce this phenomenon and show that
increasing H after learning rate decay retains the improvement.

Generalization performances at the optimal learning rate of SGD. In practice, the learning
rate of SGD is usually tuned to achieve the best training loss/validation accuracy within a fixed
training budget. Our finding suggests that when the tuned learning rate is small and the training
time is sufficient, Local SGD can offer generalization improvement over SGD. As an example, in
our experiments on training from an SGD-pretrained model, the optimal learning rate for SGD is
0.5 on CIFAR-10 (Figure 2(e)) and 0.064 on ImageNet (Figure 2(f)). With the same learning rate
as SGD, the test accuracy is improved by 1.1% on CIFAR-10 and 0.3% on ImageNet when using
Local SGD with H = 750 and H = 26 respectively. The improvement could become even higher
if the learning rate of Local SGD is carefully tuned.

3 THEORETICAL ANALYSIS OF LocAL SGD: THE SLow SDE

In this section, we adopt an SDE-based approach to rigorously establish the generalization benefit
of Local SGD in a general setting. Below, we first identify the difficulty of adapting the SDE
framework to Local SGD. Then, we present our novel SDE characterization of Local SGD around
the manifold of minimizers and explain the generalization benefit of Local SGD with our SDE.

Notations. We follow the notations in Section[I} We denote by 7 the learning rate, K the number
of workers, B the (global) batch size, Bl,. := B/K the local batch size, H the number of local

steps, £(0; () the loss function for a data sample ¢, and D the training distribution. Furthermore,
we define £(0) := E,_5[¢(0;&)] as the expected loss, £(8) := Cov,_5[V{(0;&)] as the noise
covariance of gradients at 8. Let {W,},>( denote the standard Wiener process. For a mapping
F : R? — R4, denote by OF(0) the Jacobian at 8 and 92 F(0) the second order derivative at 6.
Furthermore, for any matrix M € R4, §2F(0)[M] = Yield (88;; , M)e; where e; is the i-th
vector of the standard basis. We write 92(V.L)(6)[M] as V3L(6)[M] for short.

Local SGD. We use the following formulation of Local SGD for theoretical analysis. See also
Appendix [Cfor the pseudocode. Local SGD proceeds in multiple rounds of model averaging, where
each round produces a global iterate 8(*). In the (s + 1)-th round, every worker k € [K] starts with
its local copy of the global iterate 0(8) 0() and does H steps of SGD with local batches. In
the t-th local step of the k-th worker, it draws a local batch of By, := B/K independent samples

k t Lreves f k1.5, rom a shared training distribution D and updates as follows:
Bioc
(s) s
9;”+1<—9 ngéz, where g BIOCZW ) t=0,....,.H—-1. (2

i=1
The local updates on different workers are independent of each other as there is no communication.

After finishing the H local steps, the workers aggregate the resulting local iterates 0,(;}{ and assign

the average to the next global iterate: §(5+1) « L S 0,(3{
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3.1 DIFFICULTY OF ADAPTING THE SDE FRAMEWORK TO LOCAL SGD

A widely-adopted approach to understanding the dynamics of SGD is to approximate it from a con-
tinuous perspective with the following SDE (@), which we call the conventional SDE approximation.
Below, we discuss why it cannot be directly adopted to characterize the behavior of Local SGD.

AX (1) = ~VL(X)dt + /4= (X)dW,. 3)

It is proved by |Li et al.| (2019a) that this SDE is a first-order approximation to SGD, where each
discrete step corresponds to a continuous time interval of 7. Several previous works adopt this SDE
approximation and connect good generalization to having a large diffusion term \/% >'2dW; in
the SDE (Jastrzebski et al., 2017; [Smith et al., |2020), because a suitable amount of noise can be
necessary for large-batch training to generalize well (see also Appendix [A).

According to Finding[2.T] it is tempting to consider the limit 7 — 0 and see if Local SGD can also be
modeled via a variant of the conventional SDE. In this case the typical time length that guarantees a
good SDE approximation error is O(n~ 1) discrete steps (Li et al.,2019a;[2021a). However, this time
scaling is too short for the difference to appear between Local SGD and SGD. Indeed, Theorem [3.1]
below shows that they closely track each other for O(n~1) steps.

Theorem 3.1. Assume that the loss function L is C>-smooth with bounded second and third order
derivatives and that V{(0;€) is bounded. Let T > 0 be a constant, 8°) be the s-th global iterate
of Local SGD and w; be the t-th iterate of SGD with the same initialization wy = 0©) and same
1, Bioc, K. Then for any H < % and 6 = O(poly(n)), it holds with probability at least 1 — § that

forall s < an, 160¢) —w,g|l2 = O(,/nlog %)

We defer the proof to Appendix [} See also Appendix [D] for [Lin et al.| (2020b)’s attempt to model
Local SGD with multiple conventional SDEs and discussions on why it does not give much insight.

3.2 SDE APPROXIMATION NEAR THE MINIMIZER MANIFOLD

Inspired by a recent paper (Li et al., 2021b), our strategy to overcome the shortcomings of the
conventional SDE is to design a new SDE that can guarantee a good approximation for O(n~2)
discrete steps, much longer than the O(n~!) discrete steps for the conventional SDE. Following
their setting, we assume the existence of a manifold I" consisting only of local minimizers and track
the global iterate @) around T after it takes @(77’1) steps to approach I'. Though the expected
gradient V L is near zero around I', the dynamics are still non-trivial because the noise can drive the
iterate to move a significant distance in O(n~2) steps.

Assumption 3.1. The loss function L(-) and the matrix square root of the noise covariance Y 2(4)
are C*°-smooth. Besides, we assume that |V £(0;€)||2 is bounded by a constant for all 0 and &.

Assumption 3.2. T is a C>-smooth, (d — m)-dimensional submanifold of R?, where any { € T
is a local minimizer of L. For all { € T, rank(V2L(¢)) = m. Additionally, there exists an open
neighborhood of T, denoted as U, such that T' = arg mingey £(6).

Assumption 3.3. T is a compact manifold.

The smoothness assumption on L is generally satisfied when we use smooth activation functions,
such as Swish (Ramachandran et al.,2017), softplus and GeLLU (Hendrycks & Gimpel,2016), which
work equally well as ReLU in many circumstances. The existence of a minimizer manifold with
rank(V2£(¢)) = m has also been made as a key assumption in |[Fehrman et al.| (2020); [Li et al.
(2021b); LLyu et al|(2022), where rank(V2£({)) = m ensures that the Hessian is maximally non-
degenerate on the manifold and implies that the tangent space at { € I' equals the null space of
V2L(¢). The last assumption is made to prevent the analysis from being too technically involved.

Our SDE for Local SGD characterizes the training dynamics near I'. For ease of presentation, we
define the following projection operators ®, P¢ for points and differential forms respectively.

Definition 3.1 (Gradient Flow Projection). Fix a point 0,1 ¢ T. Forx € RY, consider the gradient
Sflow digf) = —VL(x(t)) with x(0) = x. We denote the gradient flow projection of x as ®(x).
®(x) = limy—, oo x(t) if the limit exists and belongs to T'; otherwise, ®(x) = O

Definition 3.2. For any ¢ € T" and any differential form AdW; + bdt in It6 calculus, where A
is a matrix and b is a vector, we use Pe(AdW, + bdt) as a shorthand for the differential form
0P (C)AdW; + (02(¢)b + 10%@(¢)[AAT]) dt.
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See @ksendal| (2013)) for an introduction to Itd calculus. Here Py equals ®(¢+ AdW; +bdt) — & (¢)
by Itd calculus, which means that P, projects an infinitesimal step from ¢, so that ¢ after taking the
projected step does not leave the manifold I'. It can be shown by simple calculus that 9®(¢) equals
the projection matrix onto the tangent space of I' at . We decompose the noise covariance 3(¢)
for ¢ € I' into two parts: the noise in the tangent space X)(¢) := 0®(¢)X(¢)0®(¢) and the noise
in the rest 3¢ (¢) := X(¢) — X)(¢). Now we are ready to state our SDE for Local SGD.

Definition 3.3 (Slow SDE for Local SGD). Givenn, H > 0 and {y € T, define {(t) as the solution
of the following SDE with initial condition (0) = (o

a¢(t) = Pe( J5B/ (QaWs =5 VP LO[So(Oldt - B VAL (Ot ). (4
—_———
(a) diffusion (b) drift-1 (c) drift-Il
Here $6(¢), ¥(¢) € R¥ gre defined as
36(€) == 220 1:(ni£0) V(A £0) TERS +A (Z6(¢),viv] Yvv] (5)

T o Y(nH-(Ai+A;

T(C) = X sopvin o) i (Zo (0, viv] ) viv] (6)
where {v;}_, is a set of eigenvectors of V>L({) that forms an orthonormal eigenbasis, and
A1,y ..., Aq are the corresponding eigenvalues. Additionally, ¥ (x) = e_t% for x # 0 and
(0) = 0.

The use of P¢ keeps ¢(¢) on the manifold I" through projection. EH (¢) introduces a diffusion

term to the SDE in the tangent space. The two drift terms involve EQ( ) and \i’( -), which can be
intuitively understood as rescaling the entries of the noise covariance in the elgenbasm of Hessian.

In the special case where V2L = diag(\1,---,Aq) € R¥*9 we have Eo i = +>\ Y045

U, ;= MZ 0,i,j- ¥(x) is a monotonically increasing function, which goes from 0 to 1 as
T goes from O to infinity (see Figure J)

We name this SDE as the Slow SDE for Local SGD because we will show that each discrete step
of Local SGD corresponds to a continuous time interval of 72 instead of an interval of 7 in the
conventional SDE. In this sense, our SDE is “slower” than the conventional SDE (and hence can
track a longer horizon). This Slow SDE is inspired by Li et al.| (2021b). Under nearly the same set
of assumptions, they proved that SGD can be tracked by an SDE that is essentially equivalent to (@)
with K’ = 1, namely, without the drift-II term.

a¢(t) = Pe( 5= (QaW: = 35 VP L) [0 (C)at ), ™
(a) diffusion (b) drift-I

We refer to ([7) as the Slow SDE for SGD. We remark that the drfit-II term in (@) is novel and is the
key to separate the generalization behaviors of Local SGD and SGD in theory. We will discuss this
point later in Section[3.3] Now we present our SDE approximation theorem for Local SGD.

Theorem 3.2. Let Assumptions to hold. Let T' > 0 be a constant and ¢ (t) be the solution
to @) with the initial condition {(0) = ®(0®) € T. If H is set to ¢ for some constant o > 0,

then for any C3-smooth function g(0), maXg< < T _ }E[g(fb(é(S))] C(sHn?) | = O(n°2),
— — Hn

where O(-) hides log factors and constants that are independent of 1) but can depend on g(@).
Theorem 3.3. For § = O(poly(n)), with probability at least 1 — 6, it holds for all O(L log %) <

s < O% that ®(0®)) € T and ||0) — ®(0))|, = O(,/anlog -5 )» where O(-) hides constants
independent of m, o and 6.

Theorem [3.2] suggests that the trajectories of the manifold projection and the solution to the Slow
SDE (@) are close to each other in the weak approximation sense. That is, {®(8(*))} and {¢(t)}
cannot be distinguished by evaluating test functions from a wide function class, including all poly-
nomials. This measurement of closeness between the iterates of stochastic gradient algorithms and
their SDE approximations is also adopted by [Li et al.|(2019a;[2021a)); Malladi et al.|(2022), but their
analyses are for conventional SDEs. Theorem further states that the iterate (%) keeps close to
its manifold projection after the first few rounds.
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Remark 3.1. 7o connect to Finding[2.1] we remark that our theorems (1) do not require the model
to be pre-trained (as long as the gradient flow starting with 8°) converges to T); (2) give better
bounds for smaller n; (3) characterize a long training horizon ~ 1n~2. The need for tuning H will

be discussed in Section[3.3.3]

Technical Contribution. The proof technique for Theorem [3.2]is novel and significantly different
from the Slow SDE analysis of SGD in|Li et al.| (2021a)). Their analysis uses advanced stochastic
calculus and invokes Katzenberger’s theorem (Katzenberger, |1991)) to show that SGD converges to
the Slow SDE in distribution, but no quantitative error bounds are provided. Also, due to the local
updates and multiple aggregation steps in Local SGD, it is unclear how to extend Katzenberger’s
theorem to our case. To overcome this difficulty, we develop a new approach to analyze the Slow
SDEs, which is based on the method of moments (Li et al.l 2019a) and can provide the quantitative
error bound (5(770'25) in weak approximation. See Appendix E| for our proof outline. A by-product
of our result is the first quantitative approximation bound for the Slow SDE approximation for SGD,
which can be easily obtained by setting K = 1.

3.3 INTERPRETATION OF THE SLOW SDES

In this subsection, we compare the Slow SDEs for SGD and Local SGD and provide an important
insight into why Local SGD generalizes better than SGD: Local SGD strengthens the drift term in
the Slow SDE, which makes the implicit regularization of stochastic gradient noise more effective.

3.3.1 INTERPRETATION OF THE SLOW SDE FOR SGD.

The Slow SDE for SGD (7)) consists of the diffusion and drift-I terms. The former injects noise into
the dynamics in the tangent space; the latter one drives the dynamics to move along the negative

gradient of 55 (VZL(C), f)@ (¢)) projected onto the tangent space, but ignoring the dependency of

EA)Q(C ) on ¢. This can be connected to the class of semi-gradient methods which only computes a
part of the gradient (Mnih et al.| 2015} |Sutton & Barto, [1998; |Brandfonbrener & Brunal, [2020). In
this view, the long-term behavior of SGD is similar to a stochastic semi-gradient method minimizing

the implicit regularizer 5= (V2L((), f]o (¢)) on the minimizer manifold of the original loss L.

Though the semi-gradient method may not perfectly optimize its objective, the above argument
reveals that SGD has a deterministic trend toward the region with a smaller magnitude of Hessian,
which is commonly believed to correlate with better generalization (Hochreiter & Schmidhuber,
1997; [Keskar et al., 2017} |[Neyshabur et al., 2017 Jiang et al., [2020) (see Appendix E] for more
discussions). In contrast, the diffusion term can be regarded as a random perturbation to this trend,
which can impede optimization when the drift-I term is not strong enough.

Based on this view, we conjecture that strengthening the drift term of the Slow SDE can help SGD
to better regularize the model, yielding a better generalization performance. More specifically, we
propose the following hypothesis, which compares the generalization performances of the following
generalized Slow SDEs. Note that (+, 5% )-Slow SDE corresponds to the Slow SDE for SGD (7).

B’ 2B
Definition 3.4. For k1, ko > 0, define (K1, k2)-Slow SDE to be the following:
A¢(t) = P (VARSI (Q)aWs — oV L(O)[So (C)ldt). ®)

Hypothesis 3.1. Starting at a minimizer {o € T, run (K1, k2)-Slow SDE and (1, kb)-Slow SDE
respectively for the same amount of time T > 0 and obtain {(T),¢' (T). If ko > kb, then the
expected test accuracy at ¢(T) is better than that at ' (T).

Due to the No Free Lunch Theorem, we do not claim that our hypothesis is always true, but we do
believe that the hypothesis holds when training usual neural networks (e.g., ResNets, VGGNets) on
standard benchmarks (e.g., CIFAR-10, ImageNet).

Example: Training with Label Noise Regularization. To exemplify the generalization benefit of
having a larger drift term, we follow a line of theoretical works (Li et al.,|2021b} |Blanc et al., 2020
Damian et al.| [2021) to study the case of training over-parameterized neural nets with label noise
regularization. For a C'-class classification task, the label noise regularization is as follows: every
time we draw a sample from the training set, we make the true label as it is with probability 1 — p,
and replace it with any other label with equal probability 5. When we use cross-entropy loss,
the Slow SDE for SGD turns out to be a simple deterministic gradient flow on I' (instead of a semi-
gradient method) for minimizing the trace of Hessian: d{(t) = — ;5 Vrtr(V2£(¢))dt, where Vr f
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stands for the gradient of the function f projected to the tangent space of I'. Checking the validity
of our hypothesis reduces to the following question: Is minimizing the trace of Hessian beneficial to
generalization? Many works prove positive results in concrete settings, including the line of works
we just mentioned. We refer the readers to Appendix [G|for further discussion.

3.3.2 LoCAL SGD STRENGTHENS THE DRIFT TERM IN SLOW SDE.

Based on Hypothesis [3.1] we argue that Local SGD improves generalization by strengthening
the drift term of the Slow SDE. First, it can be seen from (@) that the Slow SDE for Local SGD
has an additional drfit-II term. Similar to the drift-I term of the Slow SDE for SGD, thlS drift-II term
drives the dynamlcs to move along the negative semi-gradient of £=1(V2L((), (C )) (with the

dependency of lIl(C ) on ¢ ignored). Combining it with the implicit regulanzer induced by the drift-I
term, we can see that the long-term behavior of Local SGD is similar to a stochastic semi-gradient

method minimizing the implicit regularizer 55 (VZL((), 36(¢)) + EZH(VEL(C), T(¢))onT.

Comparing the definitions of () @) and T(¢) (6), we can see that W (¢) is basically a rescaling
of the entries of X, (¢) in the eigenbasis of Hessian, where the rescaling factor 1(nH - (A; + Aj))
for each entry is between 0 and 1 (see Figure [9] for the plot of /). When nH is small, the rescaling
factors should be close to 1(0) = 0, then \/I\I(C ) =~ 0, leading to almost no additional regularization.
On the other hand, when nH is large, the rescaling factors should be close to ¢(+00) = 1, so

T ~ ZAJO(C) We can then merge the two implicit regularizers as 25 (VZL(¢), 36(¢)), and @)
becomes the (5, 25 )-Slow SDE which is restated below: R

a¢(t) = Pe( 52/ (AW, — L5 T5L() (S0 (¢)ldt). ©)
From the above argument we know how the Slow SDE of Local SGD @[) changes as nH transitions
from 0 to +oo. Initially, when nH = 0, @) is the same as the (5, 5 )-Slow SDE for SGD. Then

increasing nH strengthens the drift term of @). As nH — +oc, (@) transitions to the (4, 2 )-Slow
SDE, where the drift term becomes K times larger.

According to Hypothe31s. the B ' 55 ) Slow SDE generalizes better than the (% 5135 L)-Slow SDE,
so Local SGD with nH{ = +oo should generalize better than SGD. When nH is chosen realistically
as a finite value, the generalization performance of Local SGD interpolates between these two cases,
which results in a worse generalization than 7/ = +o0 but should still be better than SGD.

3.3.3 THEORETICAL INSIGHTS INTO TUNING THE NUMBER OF LOCAL STEPS

Based on our Slow SDE approximations, we now discuss how the number of local steps H affects
the generalization of Local SGD. When 7 is small but finite, tuning H offers a trade-off between
regularization strength and SDE approximation quality. Larger o := nH makes the regularization
stronger in the SDE (as discussed in Section[3.3.2), but the SDE itself may lose track of Local SGD,
which can be seen from the error bound O(\/anlog(a/nd)) in Theorem Therefore, we expect
the test accuracy to first increase and then decrease as we gradually increase H. Indeed, we observe
in Figures and [2(f)| that the plot of test accuracy versus H is unimodal for each 7.

It is thus necessary to tune H for the best generalization. When H is tuned together with other
hyperparameters, such as learning rate 77, our Slow SDE approximation recommends setting H to be
at least Q(n~!) so that o := nH does not vanish in the Slow SDE. Since larger « gives a stronger
regularization effect, the optimal H should be set to the largest value so that the Slow SDE does
not lose track of Local SGD. Indeed, we empirically observed that when H is tuned optimally, a
increases as 7 decreases, suggesting that the optimal H grows faster than (n~1). See Figureﬁ

4 CONCLUSIONS

In this paper, we analyze the long-term generalization behavior of Local SGD in the small learning
rate regime by deriving the Slow SDE for Local SGD as a generalization of that for SGD (Li et al.,
2021b). We attribute the generalization improvement over SGD to the larger drift term in the SDE for
Local SGD. Our empirical validation shows that Local SGD indeed induces generalization benefits
with small learning rate and long enough training time. The main limitation of our work is that
our analysis does not imply any direct theoretical separation between SGD and Local SGD in test
accuracy, which requires a much deeper understanding of the loss landscape and the Slow SDEs and
is left for future work. Another direction for future work is to design distributed training methods
that provably generalize better than SGD based on the theoretical insights obtained from Slow SDEs.
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A ADDITIONAL RELATED WORKS

Optimization aspect of Local SGD. Local SGD is a communication-efficient variant of parallel
SGD, where multiple workers perform SGD independently and average the model parameters peri-
odically. Dating back to|Mann et al.|(2009) and Zinkevich et al.|(2010), this strategy has been widely
adopted to reduce the communication cost and speed up training in both scenarios of data center dis-
tributed training (Chen & Huo, |2016; Zhang et al.,2014; Povey et al., 2014; |Su & Chenl 2015)) and
Federated Learning (McMahan et al.| |2017; Kairouz et al 2021). To further accelerate training,
Wang & Joshi| (2019) and |Haddadpour et al.| (2019) proposed adaptive schemes for the averag-
ing frequency, and [Basu et al.| (2019) combined Local SGD with gradient compression. Motivated
to theoretically understand the empirical success of Local SGD, a lot of researchers analyzed the
convergence rate of Local SGD under various settings, e.g., homogeneous/heterogeneous data and
convex/non-convex objective functions. Among them, |Yu et al.[(2019); |Stichl (2018); [Khaled et al.
(2020); [Woodworth et al.|(2020a) focus on the homogeneous setting where data for each worker are
independent and identically distributed (IID). Li et al.|(2019b)); Karimireddy et al.| (2020); |Glasgow
et al.|(2022); [Woodworth et al.|(2020b); |Wang et al.| (2022) study the heterogeneous setting, where
workers have non-IID data and local updates may induce “client drift” (Karimireddy et al.| [2020)
and hurt optimization. The error bound of Local SGD obtained by these works is typically inferior
to that of SGD with the same global batch size for fixed number of iterations/epochs and becomes
worse as the number of local steps increases, revealing a trade-off between less communication and
better optimization. In this paper, we are interested in the generalization aspect of Local SGD in the
homogeneous setting, assuming the training loss can be optimized to a small value.

Gradient noise and generalization. The effect of stochastic gradient noise on generalization has
been studied from different aspects, e.g., changing the order of learning different patterns |L1 et al.
(2019a), inducing an implicit regularizer in the second-order SDE approximation|Smith et al.|(2021));
Li et al|(2019a). Our work follows a line of works studying the effect of noise in the lens of
sharpness, which is long believed to be related to generalization Hochreiter & Schmidhuber| (1997);
Neyshabur et al.| (2017). Keskar et al.|(2017) empirically observed that large-batch training leads
to worse generalization and sharper minima than small-batch training. [Wu et al.| (2018)); Hu et al.
(2017); Ma & Ying (2021) showed that gradient noise destabilizes the training around sharp min-
ima, and [Kleinberg et al.| (2018)); Zhu et al.| (2018)); Xie et al|(2021); Ibayashi & Imaizumi| (2021)
quantitatively characterized how SGD escapes sharp minima. The most related papers are Blanc
et al.[(2020); |Damian et al.| (2021); |Li et al.| (2021b), which focus on the training dynamics near a
manifold of minima and study the effect of noise on sharpness (see also Section [3.2). Though the
mathematical definition of sharpness may be vulnerable to the various symmetries in deep neural
nets (Dinh et al.,|2017), sharpness still appears to be one of the most promising tools for predicting
generalization (Jiang et al., 2020} |Foret et al., 2021)).

Improving generalization in large-batch training. The generalization issue of the large-batch
(or full-batch) training has been observed as early as (Bengio, [2012; [LeCun et al., 2012). As men-
tioned in Section [T] the generalization issue of large-batch training could be due to the lack of a
sufficient amount of stochastic noise. To make up the noise in large-batch training, Krizhevsky
(2014); |Goyal et al.| (2017) empirically discovered the Linear Scaling Rule for SGD, which sug-
gests enlarging the learning rate proportionally to the batch size. Jastrzebski et al.| (2017)) adopted
an SDE-based analysis to justify that this scaling rule indeed retains the same amount of noise as
small-batch training (see also Section[3.1)). However, the SDE approximation may fail if the learning
rate is too large (Li et al.,[2021a), especially in the early phase of training before the first learning
rate decay (Smith et al.| 2020). Shallue et al.| (2019) demonstrated that generalization gap between
small- and large-batch training can also depend on many other training hyperparameters. Besides
enlarging the learning rate, other approaches have also been proposed to reduce the gap, including
training longer (Hoffer et al., 2017), learning rate warmup (Goyal et al., 2017), LARS (You et al.,
2018), LAMB (You et al.| 2020). In this paper, we focus on using Local SGD to improve general-
ization, but adding local steps is a generic training trick that can also be combined with others, e.g.,
Local LARS (Lin et al.}2020b), Local Extrap-SGD (Lin et al., 2020a).
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B ADDITIONAL DISCUSSIONS

Connection to the conventional wisdom that the diffusion term matters more. As mentioned
in Section [3.1] it is believed in the literature is that a large diffusion term in the conventional SDE
leads to good generalization. One may think that the diffusion term in the Slow SDE corresponds to
that in the conventional SDE, and thus enlarging the diffusion term rather than the drift term should
lead to better generalization. However, we note that both the diffusion and drift terms in the Slow
SDEs result from the long-term effects of the diffusion term in the conventional SDE (Slow SDEs
become stationary if 3 = 0). This means our view characterizes the role of gradient noise in more
detail, and therefore, goes one step further on the conventional wisdom.

Slow SDEs for neural nets with modern training techniques. In modern neural net training, it
is common to add normalization layers and weight decay (L?-regularization) for better optimization
and generalization. However, these techniques lead to violations of our assumptions, e.g., no fixed
point exists in the regularized loss (Li et al.l 2020; |Ahn et al.| [2022). Still, a minimizer manifold
can be expected to exist for the unregularized loss. |L1 et al.| (2022) noted that the drift and diffusion
around the manifold proceeds faster in this case, and derived a Slow SDE for SGD that captures
(’)(% log %) discrete steps instead of (’)(n—lg) We believe that our analysis can also be extended to

this case, and that adding local steps still results in the effect of strengthening the drift term.
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C IMPLEMENTATION DETAILS OF PARALLEL SGD, LocAL SGD AND
PosT-LOCAL SGD

In this section, we present the formal procedures for Parallel SGD, Local SGD and Post-local SGD.
Given a training dataset and a data augmentation function, Algorithms [I] and [2] show the imple-
mentations of distributed samplers for sampling local batches with and without replacement. Then
Algorithms [3| to[5] show the implementations of parallel SGD, Local SGD and Post-local SGD that
can run with either of the samplers.

Sampling with replacement. Our theory analyzes parallel SGD, Local SGD and Post-local SGD
when local batches are sampled with replacement (Algorithm([T)). That is, local batches consist of IID
samples from the same training distribution D, where D serves as an abstraction of the distribution
of an augmented sample drawn from the training dataset. The mathematical formulations are given
in Section [T

Sampling without replacement. Slightly different from our theory, we use the sampling without
replacement (Algorithm [2)) in our experiments unless otherwise stated. This sampling scheme is
standard in practice: it is used by|Goyal et al.[(2017) for parallel SGD and by Lin et al.[(2020b); Ortiz
et al.| (2021) for Post-local/Local SGD. This sampling scheme works as follows. At the beginning
of every epoch, the whole training dataset is shuffled and evenly partitioned into K shards. Each
worker takes one shard and samples batches without replacement. When all workers pass their
own shard, the next epoch begins and the whole dataset is reshuffled. An alternative view is that
the workers always share the same dataset. For each epoch, they perform local steps by sampling
batches of data without replacement until the dataset contains too few data to form a batch. Then
another epoch starts with the dataset reloaded to the initial state.

Discrepancy in Sampling Schemes. We argue that this discrepancy between theory and experi-
ments on sample schemes is minor. Though sampling without replacement is standard in practice,
most previous works, e.g., [Wang & Joshi| (2019); |Li et al.| (2021a); Zhang et al.| (2020), analyze
sampling with replacement for technical simplicity and yields meaningful results.

Moreover, even if we change the sampling scheme to with replacement, Local SGD can still improve
the generalization of SGD (by merely adding local steps). See Appendix [F for the experiments. We
believe that the reasons for better generalization of Local SGD with either sampling scheme are
similar and leave the analysis for sampling without replacement for future work.
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Algorithm 1: Distributed Sampler on K Workers (Sampling with Replacement)

Require: shared training dataset D, data augmentation function A(§)
Hyperparameters: local batch size B

Function Sample () on worker k:

Draw Bj,. IID samples 517 o ,é B, from D with replacement ;
gb — A(éb) for all 1 S b S Bloc 5 // apply data augmentation
return (&1,...,¢p,..) ;

end

Algorithm 2: Distributed Sampler on K Workers (Sampling without Replacement)

Require: shared training dataset D, data augmentation function .A(&)
Hyperparameters: local batch size B

D
Constant: NIOC = \‘IJBJ J // number of local batches per worker per epoch
Local Variables: C(k) — NIOCBIOC for worker k // number of samples drawn in this epoch

Function Sample () on worker k:

if c(*) = Nio.Bio. then
// Now start a new epoch
Wait until all the other workers reach this line ; // synchronize
Draw a random permutation P of 1, ..., |D| jointly with other workers so that the same

permutation is shared among all workers ; // reshuffle the dataset

Qék) — P(k?*]-)NlocBloc‘f’j forall 1 < j < Nloc ) // partition the dataset
c®) 0,

end

fori=1,..., B do
éi < the Qiﬁz)_‘_i-th data pOiIlt of D 5 // sample without replacement
gi “— A(éz) ) // apply data augmentation

end

c® — ®) 4 B s

return (&1,...,¢p,..);

end
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Algorithm 3: Parallel SGD on K Workers

Input: loss function £(0; £), initial parameter 6
Hyperparameters: total number of iterations 7', learning rate 7, local batch size B

fort=0,---,T—1do

for each worker k do in parallel

(gk,t,h o 751@',15,3106) < Sample () ; // sample a local batch

Bioc
Gkt — % Zlil vg(at;fk t z) 5 // computing the local gradient
oc = 5ty
end
1 K

gt — K Zk:]_ gk,t ) // all-Reduce aggregation of local gradients
0111 < 0 —mige 5 // update the model

end

Algorithm 4: Local SGD on K Workers

Input: loss function £(8; £), initial parameter (%)
Hyperparameters: total number of rounds R, number of local steps /7 per round
Hyperparameters: learning rate 7, local batch size Bj,.

fors=0,...,R—1do

for each worker k do in parallel
0,(:_()) +— 6O . // maintain a local copy of the global iterate
fort=0,...,H — 1do
( 1(:271, e ’gl(:t),Bluc) < Sample O) // sample a local batch
g,(csz +— Blloc Zf:l"f Vﬂ(G,gft); ,(cst)l) ; // computing the local gradient
0,1(:2_~_1 — 0](:2 - 'f]g](:z 5 // update the local model
end '
end
Gt % Zszl 0,(:}1 ; // all-Reduce aggregation of local iterates

end

Algorithm 5: Post-local SGD on K Workers

Input: loss function £(0; £), initial parameter 6,

Hyperparameters: total number of iterations 7, learning rate 7, local batch size Bjo.
Hyperparameters: switching time point ¢y, number of local steps H per round
Ensure: T — ¢ is a multiple of H

Starting from 6y, run Parallel SGD for ¢, iterations and obtain 8, ;
Starting from 6, run Local SGD for % (T — to) rounds with H local steps per round ;
return the final global iterate of Local SGD ;
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D MODELING LOoCAL SGD WITH MULTIPLE CONVENTIONAL SDES

Lin et al.| (2020Db) tried to informally explain the success of Local SGD by adopting the argument
that larger diffusion term in the conventional SDE leads to better generalization (see Section [3.1]
and appendix [A). Basically, they attempted to write multiple SDEs, each of which describes the
H-step local training process of each worker in each round (from 0,(:_()) to 0,(;}{). The key difference
between each of these SDEs and the SDE for SGD (3) is that the former one has a larger diffusion
term because the workers use batch size B),. instead of B:

dX(t) = —VL(X)dt + Bizlﬁ(X)th. (10)

loc

Lin et al.| (2020b) then argue that the total amount of “noise” in the training dynamics of Local SGD
is larger than that of SGD. However, it is hard to see whether it is indeed larger, since the model
averaging step at the end of each round can reduce the variance in training and may cancel the effect
of having larger diffusion terms.

More formally, a complete modeling of Local SGD following this idea should view the sequence of
global iterates {6()} as a Markov process { X (*)}. Let Px (z, B, t) the distribution of X () in (3)
with initial condition X (0) = 2. Then the Markov transition should be X (**1) = L Zszl X ,gs) ,

where Xig}{, .. .,X};’H are K independent samples from Px (X ), By, Hn), i.e., sampling
from (T0).

Consider one round of model averaging. It is true that Px (X *), Bj,., Hn) may have a larger vari-
ance than the corresponding SGD baseline Px (X (*), B, Hn) because the former one has a smaller
batch size. However, it is unclear whether X (**+1) also has a larger variance than Px (X () B,H n).
This is because X (**1) is the average of K samples, which means we have to compare % times the
variance of Px (X(S), Byoe, Hn) with the variance of Px (X(S), B, Hn). Then it is unclear which
one is larger.

In the special case where H1 is small, Px (X ), By,., Hn) is approximately equal to the following
Gaussian distribution:

nH
N <X(S) —nHVL(X®), BE(X(S))> (11)
loc
Then averaging over K samples gives
n*H
N (X“) —nHVL(X™), BE(X“))) , (12)

which is exactly the same as the Gaussian approximation of the SGD baseline. This means there
do exist certain cases where |Lin et al.| (2020b)’s argument does not give a good separation between
Local SGD and SGD.

Moreover, we do not gain any further insights from this modeling since it is hard to see how model
averaging interacts with the SDEs.

E ADDITIONAL INTERPRETATION OF THE SLOW SDES

E.1 UNDERSTANDING THE DIFFUSION TERM IN THE SLOW SDE

So far, we have discussed why adding local steps enlarges the drift term in the Slow SDE and why
enlarging the drift term can benefit generalization. Besides this, here we remark that another way
to accelerate the corresponding semi-gradient method for minimizing the implicit regularizer is to
reduce the diffusion term, so that the trajectory more closely follows the drift term. More formally,
we propose the following:

Hypothesis E.1. Starting at a minimizer (o € T, run (K1, k2)-Slow SDE and (k1, k4)-Slow SDE
respectively for the same amount of time T' > 0 and obtain ((T'), (' (T'). If ¥) # 0 and k1 < K,
then the expected test accuracy at {(T) is better than that at {'(T).
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Figure 3: Reducing the diffusion term of the Slow SDE for Local SGD leads to better generalization.
Test accuracy improves as we increase K with fixed n and H to reduce the diffusion term while
keeping the drift term untouched. See Appendix [M.4]for details.

Here we exclude the case of 3 = 0 because in this case the diffusion term in the Slow SDE is
always zero. To verify Hypothesis[E.T| we set the product a := nH large, keep H, 7 fixed, increase
the number of workers K, and compare the generalization performances after a fixed amount of
training steps (but after different numbers of epochs). This case corresponds to the (ﬁ, ﬁ)-
Slow SDE, so adding more workers should reduce the diffusion term. As shown in Figure@ a higher

test accuracy is indeed achieved for larger K.

Implication: Enlarging the learning rate is not equally effective as adding local steps. Given
that Local SGD improves generalization by strengthening the drift term, it is natural to wonder if
enlarging the learning rate of SGD would also lead to similar improvements. While it is true that
enlarging the learning rate effectively increases the drift term, it also increases the diffusion term
simultaneously, which can hinder the implicit regularization by Hypothesis [E.T] In contrast, adding
local steps does not change the diffusion term. As shown in Figure[6(a)| even when the learning rate
of SGD is increased, SGD still underperforms Local SGD by about 2% in test accuracy.

On the other hand, in the special case of where 3 = 0, Hypothesis does not hold, and enlarging

the learning rate by /K results in the same Slow SDE as adding local steps (see Appendix for
derivation). Then these two actions should produce the same generalization improvement, unless
the learning rate is so large that Slow SDE loses track of the training dynamics. As an example of
such a special case, an experiment with label noise regularization is presented in Figure[§]

E.2 THE EFFECT OF GLOBAL BATCH SIZE ON GENERALIZATION

In this section, we discuss the effect of global batch size on the generalization of Local SGD. Given
that the computation power of a single worker is limited, we consider the case where the local batch
size B, is fixed and the global batch size B = K By, is tuned by adding or removing the workers.
This scenario is relevant to the practice because one may want to know the maximum parallelism
possible to train the neural net without causing generalization degradation.

For SGD, previous works have proposed the Linear Scaling Rule (LSR) (Krizhevsky, |2014; |Goyal
et al.| [2017; |Jastrzebski et al., 2017)): scaling the learning rate  — «n linearly with the global batch
size B — kB yields the same conventional SDE (3) under a constant epoch budget, hence leading
to almost the same generalization performance as long as the SDE approximation does not fail.

We show in Theorem [H.T|that the LSR does not change the Slow SDE of SGD either. Experiments
in Figure |4| show that the LSR indeed holds nicely when we continue training with small learning
rates from the same CIFAR-10 and ImageNet checkpoints as in Figure[2] Here we choose K = 16
and K = 256 as the base settings for CIFAR-10 and ImageNet, respectively, and then tune the
learning rate to maximize the test accuracy. As shown in Figures and[4(b)] the optimal learning
rate turns out to be small enough that the LSR can be applied to scale the global batch size with only
a minor change in test accuracy.

Now, assuming the learning rate is scaled as LSR, we study how to tune the number of local steps
for Local SGD for better generalization. A natural choice is to tune H in the base settings and keep
« unchanged via scaling H — H/k. Then the following SDE can be derived (see Theorem [H.2):

a¢(t) = Pe( J53/(QaWi =5 VL[S (Q)]at — =57V LO[F(O)at ). (13)
N————’

(a) diffusion (unchanged) (b) drift-I (unchanged) (c) drift-IT (rescaled)
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Figure 4: For training from CIFAR-10 and ImageNet checkpoints, Local SGD consistently outper-
forms SGD (H = 1) across different batch sizes B (fixing Bjo. and varying K'), where the learning
rate is scaled by the LSR 1 oc B. Two possible ways of tuning the number of local steps H are con-
sidered: (1). Tune H for the best test accuracy for K = 16 and K = 256 respectively on CIFAR-10
and ImageNet, then scale H as H « 1/B so that « := nH is constant; (2). Tune H specifically for
each K. See Appendix [M.5|for training details.

Compared with (d)), the drift-II term here is rescaled by a positive factor. Again, when « is large, we
can follow the argument in Section to approximate W (¢) ~ X (¢) and obtain the following

(%, =X)-Slow SDE:

A¢(t) = P (5= (QaW (1) - 55 VL) [So(())dt ). (14)

The drift term of the above SDE is always stronger than SGD (7), as long as there exists more than
one worker after the scaling (i.e., kK > 1). As expected from Hypothesis 3.1, we observed in
the experiments that the generalization performance of Local SGD is always better than or at least
comparable to SGD across different batch sizes (see Figures [4(a)] and (D).

Taking a closer look into the drift term in the Slow SDE (14), we can find that it scales linearly
with k. According to Hypothesis [3.1] the SDE is expected to generalize better when adding more
workers (v > 1) and to generalize worse when removing some workers (x < 1). For the latter
case, we indeed observed that the test accuracy of Local SGD drops when removing workers. For
the case of adding workers, however, we also need to take into account that the LSR specifies a
larger learning rate and causes a larger SDE approximation error for the same «, which may cancel
the generalization improvement brought by strengthening the drift term. In the experiments, we
observed that the test accuracy does not rise when adding more workers to the base settings.

Since « also controls the regularization strength (Section [3.3.3)), it would be beneficial to decrease
« for large batch size so as to better trade-off between regularization strength and approximation
quality. In Figures and A(d)] we plot the optimal value of « for each batch size, and we indeed
observed that the optimal o drops as we scale up K. Conversely, a smaller batch size (and hence a
smaller learning rate) allows for using a larger « to enhance regularization while still keeping a low
approximation error (Theorem [3.3)). The test accuracy curves in Figures f(a) and f(b)| indeed show
that setting a larger o can compensate for the accuracy drop when reducing the batch size.

F ADDITIONAL EXPERIMENTAL RESULTS

In this section, we present additional experimental results to further verify our finding.
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Supplementary Plot: Training time should be long enough. Figures [5(a) and [5(b)| show en-
larged views for Figures [2(a)] and [2(c)| respectively, showing that Local SGD can generalize worse
than SGD in the first few epochs.

Supplementary Plot: Learning rate should be small. Figure|5(c)[shows that reducing the learn-
ing rate from 0.32 to 0.064 does not lead to test accuracy drop for Local SGD on CIFAR-10, if the
training time is allowed to be longer and the number of local steps H is set properly. Figure [5(d)|
presents the case where, with a large learning rate, the generalization improvement of Local SGD
disappears even starting from a pre-trained model.

Supplementary Plot: Reconciling our main finding with Ortiz et al.| (2021). In Figure
the generalization benefit of Local SGD with H = 24 becomes less significant after the learning
rate decay at epoch 226, which is consistent with the observation by |Ortiz et al.| (2021) that the
generalization benefit of Local SGD usually disappears after the learning rate decay. But we can
preserve the improvement by increasing H to 900. Here, we use Local SGD with momentum.

Supplementary Plot: Optimal « gets larger for smaller 7. In Figure [5(f)] we summarize the
optimal « := nH that enables the highest test accuracy for each learning rate in Figure 2(f)] We can
see that the optimal « increases as we decrease the learning rate. The reason is that the approxima-

tion error bound O(, /anlog %) in Theoremdecreases with 7, allowing for a larger value of «

to better regularize the model.

H = 600
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(a) CIFAR-10, start from random.
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Figure 5: Additional experimental results about the effect of the learning rate, training time and the
number of local steps. See Appendix [M.2]for details.
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Figure 6: Additional experimental results on CIFAR-10. See Appendix [M.3]for details.
SGD generalizes worse even with extensively tuned learning rates. In Figure[6(a)] we run SGD
from both random initialization and the pre-trained model for another 3, 000 epochs with various
learning rates and report the test accuracy. We can see that none of the SGD runs beat Local SGD
with the fixed learning rate 7 = 0.32. Therefore, the inferior performance of SGD in Figures [2(a)]
and is not due to the improper learning rate and Local SGD indeed generalizes better.

(a) SGD with various 7.
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SGD with larger batch sizes performs no better. In Figure [6(b)] we enlarge the batch size of
SGD and report the test accuracy for various learning rates. We can see that SGD with larger batch
sizes performs no better and none of the SGD runs outperform Local SGD with the fixed learning
rate 7 = 0.32. This result is unsurprising since it is well established in the literature (Jastrzgbski
et al.l 2017; Smith et al.l |2020; [Keskar et al., [2017) that larger batch size typically leads to worse
generalization. See Appendix [A]for a survey of empirical and theoretical works on understanding
and resolving this phenomenon.

Sampling with or without replacement does not matter.  Note that there is a slight discrep-
ancy in sampling schemes between our theoretical and experimental setup: the update rules (I)) and
(2) assume that data are sampled with replacement while most experiments use sampling without
replacement (Appendix [C). To eliminate the effect of this discrepancy, we conduct additional exper-
iments on Post-local SGD using sampling with replacement (see Figure and Post-local SGD
significantly outperforms SGD.

G DiscussIoNS ON LoCcAL SGD WITH LABEL NOISE REGULARIZATION

G.1 THE SLow SDE FOR LoCAL SGD WITH LABEL NOISE REGULARIZATION

In this subsection, we present the Slow SDE for Local SGD in the case of label noise regularization
and show that Local SGD indeed induces a stronger regularization term, which presumably leads to
better generalization.

Theorem G.1 (Slow SDE for Local SGD with label noise regularization). For a C-class classifi-
cation task with cross-entropy loss, the slow SDE of Local SGD with label noise has the following
form:

tr(F(2HnV2£(<)))> at, (15)

a¢(t) = - 75 v (w(v2£0) + 0 - 1) 2T

where F(x) := foz ¥ (y)dy and is interpreted as a matrix function. Additionally, Vr f stands for the
gradient of a function f projected to the tangent space of I'.

Proof. See Appendix[[] O

Note that the magnitude of the RHS in (T3)) becomes larger as H increases. By letting H to go to
infinity, we further have the following theorem.

Theorem G.2. As the number of local steps H goes to infinity, the slow SDE of Local SGD with
label noise (I3)can be simplified as:

d¢(t) = —%thr(vzﬁ(@)dt. (16)

Proof. We obtain the corollary by simply taking the limit. By L’Hospital’s rule,
F(azx) . dF(ax)

L e PR
Therefore,
o (PRHDVELE)) oo
mgrfoo S =tr(V°L(Q)). (17)
Substituting into (T3)) yields (T6). O

As introduced in Section [3.3] the Slow SDE for SGD with label noise regularization has the follow-
ing form:

A(1) = — 33 Vrtr(VAL(O)r, (1)

which is a deterministic flow that keeps reducing the trace of Hessian.
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(a) ResNet-56 + GroupNorm. (b) VGG-16 w/o normalization.

Figure 7: Local SGD with label noise regularization on CIFAR-10 without data augmentation using
K = 32 ,Bj,c = 128. A larger number of local steps indeed enables higher test accuracy. For both
architectures, we replace ReLU with Swish. See Appendix [M.6|for training details.

As the trace of Hessian can be seen as a measure for the sharpness of the local loss landscape,
(18] indicates that SGD with label noise regularization has an implicit bias toward flatter minima,
which presumably promotes generalization (Hochreiter & Schmidhuber, 1997 [Keskar et al.| 2017}
Neyshabur et al.} 2017). More concretely, Blanc et al.| (2020) and [Li et al.| (2021b) connect mini-
mizing the trace of Hessian to finding sparse or low-rank solutions for training two-layer linear nets.
Damian et al.| (2021) empirically showed that good generalization correlates with a smaller trace
of Hessian in training ResNets with label noise. Besides, Ma & Ying| (2021) connect the trace of
Hessian to the smoothness of the function represented by a deep neural net.

From Theorems [G.T| and [G.2] we can conclude that Local SGD accelerates the process of sharp-
ness reduction, thereby leading to better generalization. Furthermore, the regularization effect gets
stronger for larger H and is approximately K times that of SGD. We also conduct experiments on
non-augmented CIFAR-10 with label noise regularization to verify our conclusion. As shown in
Figure [/} increasing the number of local steps indeed gives better generalization performance.

G.2 THE EQUIVALENCE OF ENLARGING THE LEARNING RATE AND ADDING LOCAL STEPS

In this subsection, we explain in detail why training with label noise regularization is a special case
where enlarging the learning rate of SGD can bring the same generalization benefit as adding local
steps. TWhen we scale up the learning rate of SGD n — k7 (while keeping other hyperparameters
unchanged), the corresponding Slow SDE is (T8) with time horizon 2T instead of T', where SGD
tracks a continuous interval of x2n? per step instead of 2. After rescaling the time horizon to T so
that SGD tracks a continuous interval of 1> per step, we obtain

2

d¢(t) = —:—vatr(v%(c))dt. (19)

Let kK = /K in (T9) and we obtain the same Slow SDE as (T6), which is for Local SGD with a
large number of local steps. In Figure[8] we conduct experiments to verify that SGD indeed achieves

comparable test accuracy to that of Local SGD with a large H if its learning rate is scaled up by v K
that of Local SGD.

H DERIVING THE SLOW SDE AFTER APPLYING THE LSR

In this section, we derive the Slow SDEs for SGD and Local SGD after applying the LSR in Ap-
pendix [E.2] The results are formally summarized in the following theorems.

Theorem H.1 (Slow SDE for SGD after applying the LSR). Let Assumptions to hold.

Assume that we run SGD with learning rate ' = kn and the number of workers K' =

kK for some constant k > 0. Let T > 0 be a constant and ((t) be the solution to

with the initial condition {(0) = ®(0y) € T. Then for any C3-smooth function g(@),

maXg< <~ |E[g(®(85)] — Elg(¢(sn?/k)]| = O(n/°2°), where O(-) hides log factors and con-
- —n

stants that are independent of ' but can depend on g(0).
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Figure 8: Local SGD with label noise regularization on CIFAR-10 without data augmentation using
K =4, Bj,. = 128. SGD (H = 1) indeed achieves comparable test accuracy as Local SGD with a

large H when we scale up its learning rate to v/ times that of Local SGD. See Appendix for
training details.

Proof. Replacing B with xB in the original Slow SDE for Local SGD (7) gives the following Slow
SDE:

A6(1) = Pe( 52 (Q)aW: — 515 VP L(Q) S0 ()t ). o)
(a) diffusion (b) drift-I

Note that the continuous time horizon for (20) is <7 instead of 7" since after applying the LSR, SGD
tracks a continuous interval of x2n? per step instead of n? while the total number of steps is scaled
down by x. We can then rescale the time scaling to obtain (7)) that holds for 7'. O

Theorem H.2 (Slow SDE for Local SGD after applying the LSR). Let Assumptions[3.1]to[3.3|hold.
Assume that we run Local SGD with learning rate f = kn, the number of workers K' = kK, and
the number of local steps H' = ﬁ for some constants o,k > 0. Let T' > 0 be a constant and
¢(t) be the solution to 1) with the initial condition ¢(0) = ®(8)) € T. Then for any C>-smooth
function g(8), max, . |E[g(®(8®)] — E[g(¢(sH'n?/k)]| = O(1/°-25), where O(:) hides

log factors and constants that are independent of 1y but can depend on g(0).

T
H'n'2

VBl

a¢(t) = Pe( B/ (QaWi = 5 VL[S0 (Q)at — =55 VL)t ). D)
M —
(a) diffusion (unchanged) (b) drift-1 (unchanged) (c) drift-11 (rescaled)

Proof. Replacing B with xB in the original Slow SDE for Local SGD (@) gives the following Slow
SDE:

a¢(t) = Pe( A=A (QaW, =515 VL[S0 (Q)at — S5 VL)t ). (22)

(a) diffusion (b) drift-I (c) drift-1T

Note that the continuous time horizon for @ is kT instead of T since after applying the LSR,
Local SGD tracks a continuous interval of x°n? per step instead of n? while the total number of
steps is scaled down by k. We can then rescale the time scaling to obtain (Z1) that holds for 7. [
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I PROOF OF THEOREM[3.1|

This section presents the proof for Theorem[3.1] First, we introduce some notations that will be used
throughout this section. For the sequence of Local SGD iterates {0,(:2 ke [K],0<t<H,s>0}
we introduce an auxiliary sequence {; }+cn, which consists of GD iterates from 0.

’ELO = 9(0)7 ﬁt+1 — 'lALt - nVE(ﬂt)

(s) (s) (s)

For convenience, let @;” := @spy¢ and 2z spyt == 2, ;. We will use @;” and @4+, z,(fz and

zj, sH+¢ interchangeably. Recall that we have assumed that £ is C3-smooth with bounded second
and third order derivatives. Let vo := supgega ||VZL(0)|2 and v3 := supgega | VEL(0)]|2. Since
V£(0; ¢) is bounded, the gradient noise z,(:t) is also bounded. We denote by 0,5 an upper bound

such that Hz,(:z l2 < omax holds for all s, k, t.

To prove Theorem we will show that both Local SGD iterates 8(*) and SGD iterates w7 track
GD iterates u,p closely with high probability. For each client k, define the following sequence

{ ZAM : ¢ > 0}, which will be used in the proof for bounding the overall effect of noise.

t—1 t—1
Zk,t = Z H (I — nVQL‘(ﬁl))] Zk,rs ZA;C70 =0, Vk € [K]
=0 Li=r+1

The following lemma shows that Z &+ 18 concentrated around the origin.
Lemma I.1 (Concentration property of {ZAkvt}). With probability at least 1 — 0, the following holds
simultaneously for all k € [K], 0 <t < L%j

; A 2T 2TK
HZk7t||2 < CiOmaxt| — IOg _,
n on

where Cy = exp(Tvs).

Proof. For each Zj +, construct a sequence {Zj ¢} _q:

t'—1 t—1
VAR Z < H (I - anE(ﬁz))> Z;(fi’ Zl(cst)o =0.

=0 \l=7+1
Since ||V2L(1;)||2 < vy for all I > 0, the following holds forall 0 < 7 <t —1and 0 < t < L%J

t—1

I a—nv2e()

l=7+1

< (14 pon)' < exp(Tws) = C1.

2
S0 {Z 1.0 }_, is a martingale with || Zy 1o — Zit—1ll2 < CrOmax. Since Zy; = Zj.11, by
Azuma-Hoeffding’s inequality,

—6/2

P(|Z ] —
2t (Cl Umax)

2> €) < 2exp

Taking union bound on all k£ € [K]and 0 < ¢ < L%j, we can conclude that with probability at least
1-19,

. N 2T 2T K
HZk,t||2 S C’la-max 710g
U on
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The following lemma states that, with high probability, Local SGD iterates 6,:2 and 60 closely
track the gradient descent iterates w,p for LHLWJ rounds.

Lemma L.2. For § = O(poly(n)), the following inequalities hold with probability at least 1 — 0:

(s) A 1 T
HOk’t —u3H+t||2 SO?, nlog%, W{:E [K],OSS< \‘_H"OJ ,0§t§H,
_ R 1 T
0%) — G plle < Cay[nlog — VO<s< |—
169~ dunll < Coyfotog . W0 s < |71

where C is a constant independent of n and H.

and

Proof. Let A,(;z = 49,(c 2 a?) and A®®) .= 9(s) — ﬁ(()s) be the differences between the Local SGD

and GD iterates. According to the update rule for 0,(:2 and @,

ai(cst)ﬂ = Hl(cst) - Wﬁ("z(f,f) - nzl(jz (23)
alt), =a —gvea). (24)
Subtracting (23) by (24) gives
A = AL (VL) — VL) ~nz()
= (=L)AL — 0zl + o)), (25)
where 1;( ) is a remainder term with norm ||'f),(:t) 2 < % ||A,(;Z ||2. For the s-th round of Local SGD,

we can apply (23) t times to obtain the following:

t—1 t—1 [ t—1
Al = [H(I—WQE( “)))] AP0 Y [ 11 (I—nVQE(al(S)))] 2

=0 =0 Ll=7+1
T (26)
t—1 t—1
+0 > [ T =nv2e))og)
7=01=7+1
Here, 7 can be expressed in the following form:
R sH+t—1 )
T =2ZysHtt — l H (I —nV2L(w))| Zysn-
l=sH
Substituting in £ = H and taking the average, we derive the following recursion:
AG+D) Z Aé }{
ke[K
H—1
= lH (I —nV2L(a (S)))] A
7=0
n 77 (s+1)
K Z Zis+m t 52 Z H I NV2L(W)) | Zism
ke[K] €[K] l=sH
. H-1 H-1
+e 2 > I @ —nveea)e;). @7)

ke[K] 7=0 =741



Published as a conference paper at ICLR 2023

Applying (27) s times yields

s—1 H—1 sH
AV =2 > oo+ D> ][ 11 <I—nvzc<al>>]ﬁ,i’“l~ (28)

ke K] r=0 7=0 ke[
Substitute (28) into (26) and we have

sH+t—1
A,(fi = —% Z Zy s —NZksH+t +1 H (I - Tlvgﬁ(ﬁz))] Zy sH
k'€ [K] I=sH
s—1 H—1 sH+t—1
(33039 [ [ - wvic)| o,
r=0 7=0 k'€ l=rH+7+1
— sH+t—1
+nZ[ II <I—nv2£<m>>] o).
7=0 Ll=sH+7+1

By Cauchy-Schwartz inequality and triangle inequality, we have

A2 < 2 ST N Zwsnllz | + 0l Zestrsdlz +0C1l Zisrllz

K k' e[K]
(29)
77011/3 == (r) 7701V3 (r)
D > IAVLIE+ ZHA;”IIQ,
r=0 7=0 k’'€[K]
where C’l = exp(1.T).
Below we prove by induction that for § = O(poly(n)), if
. A 2T 2TK T
||Zk,t||2 S C'10-maux - IOg NN VO S t < \‘J ak S [K]a (30)
U nd 7
then there exists a constant Cy such that for all k € [K],0<s< LanJ and 0 <t < H,
- . 2TK
JAL < Coy[nlog = (31
; o
First, for all k € [K], ||A H2 = 0 and hence (3T) holds. Assuming that (3T) holds for all A(T?T

where k' € [K],O§r<S,OS7’SHandr—s,0§7'<t,thenby@),forallk6[ ], the

following holds:
(s . / 2TK . - 2TK
||A,(m)E lla < 3C%0maxy /2T log p”: + C1C2Tnws log s

Let Cy > 6C?0maxV/2T. Then for sufficiently small 7, (3T) holds. By Lemmau @ holds with

probability at least 1 — §. Furthermore, notice that 8*) — @,y = + >° ke[K] Al b Y. Hence we
have the lemma. O

The iterates of standard SGD can be viewed as the local iterates on a single client with the number
of local steps [%j Therefore, we can directly apply Lemma |[.2| and obtain the following lemma
about the SGD iterates w;.

Corollary I.1. For § = O(poly(n)), the following holds with probability at least 1 — §:

~ 1 T
stH - ’&/SHHQ < 03 7710g %7 V0 <s< Fn7

where C's is the same constant as in Lemma

Applying Lemma|[[.2]and Corollary [l.T|and taking the union bound, we have Theorem [3.1]
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J PROOF OUTLINE OF MAIN THEOREMS

We adopt the general framework proposed by [Li et al.| (2019a) to bound the closeness of discrete
algorithms and SDE solutions via the method of moments. However, their framework is not di-
rectly applicable to our case since they provide approximation guarantees for discrete algorithms
with learning rate 7 for O(n~—!) steps while we want to capture Local SGD for O(n~2) steps. To
overcome this difficulty, we treat Rgyp = Lﬁj rounds as a “giant step” of Local SGD with an
“effective” learning rate ' ~#, where 3 is a constant in (0, 1), and derive the recursive formulas
to compute the moments for the change in every step, every round, and every Ry, rounds. The
formulation of the recursions requires a detailed analysis of the limiting dynamics of the iterate and
careful control of approximation errors.

The dynamics of the iterate can be divided into two phases: the approaching phase (Phase 1) and
the drift phase (Phase 2). The approaching phase only lasts for O(log %) rounds, during which the
iterate is quickly driven to the minimizer manifold by the negative gradient and ends up within only

O(y/n) from I' (see Appendix . After that, the iterate enters the drifting phase and moves in the
tangent space of I while staying close to I" (see Appendix [K.6). The closeness of the iterates (local
and global) and I' is summarized in the following theorem.

Theorem J.1 (Closeness of the iterates and T'). For 6 = O(poly(n)), with probability at least 1 — 6,
forall Olog ) < s < |T/(Hn?)),

B _ _ 1
SOD) T, (09— @), =0 (,/nlog m) .

Also, for all O(log 1) < s < |T/(Hn?)], k € [K] and 0 < t < H,

9 o 1
166) — B(8)], = O <,/nlogn§) .

Here, O(-) hides constants independent of ) and .

To control the approximation errors, we also provide a high probability bound for the change of the
manifold projection within I4,, Tounds.

Theorem J.2 (High probability bound for the change of manifold projection). For § = O(poly(n)),
with probability at least 1 — 8, forall 0 < s < |T/(Hn?)] — Rgrp and 0 < r < Rgyp,

B 2O T [0(ECH) - (6] = 0 (150 flog ).
n

where O(-) hides constants independent of  and 0.

The proof of Theorems and [J.2] is based on the analysis of the dynamics of the iterate and
presented in Appendix [K.7

Utilizing Theorems [J.T|and[J.2] we move on to estimate the first and second moments of the change
of the manifold projection every Ry, |, rounds. However, the randomness during training might drive
the iterate far from the manifold (with a low probability, though), making the dynamics intractable.

To tackle this issue, we construct a well-behaved auxiliary sequence {é,(csz}, which is constrained
to the neighborhood of I' and equals the original sequence {0,(:’2} with high probability (see Defini-

tion [K.5). Then we can formulate recursions for the change of manifold projection of the auxiliary
sequence using the nice properties near I'. The estimate of moments is summarized in Theorem |K.2

Finally, based on the moment estimates, we apply the framework in|Li et al.[(2019a)) to show that the
manifold projection and the SDE solution are weak approximations of each other in Appendix [K.10}

K PROOF DETAILS OF MAIN THEOREMS

The detailed proof is organized as follows. In Appendix|K.I| we introduce the notations that will be
used throughout the proof. To establish preliminary knowledge, Appendix [K.2|provides explicit ex-
pression for the projection operator ®(-), and Appendixpresents lemmas about gradient descent
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(GD) and gradient flow (GF). Based on the preliminary knowledge, we construct a nested working
zone to characterize the closeness of the iterate and I' in Appendix Appendices to
make up the main body of the proof. Specifically, Appendices and [K.6|analyze the dynamics of
Local SGD iterates for phases 1 and 2, respectively. Utilizing these analyses, we provide the proof
of Theorems [J.T]and [J.2)in Appendix [K.7]and the proof of Theorem [3.3]in Appendix [K.8] Then we
derive the estimation for the first and second moments of one “giant step ” ®(8(Farr)) — H(H())

in Appendix Finally, we prove the approximation theorem 3.2)in Appendix

K.1 ADDITIONAL NOTATIONS

Let Riot := LHLUQJ be the total number of rounds. Denote by (;5(5) the manifold projection of the

global iterate at the beginning of round s. Let :B,(:Z = 91(:2 — @) be the difference between the

local iterate and the manifold projection of the global iterate. Also define :1‘:(;) =3 €K :c,(fzq

and 2§ = L3, K] :c,(:g) which is the average of w,(:i among K workers at step 0 and H. Then

forall k € [K], wfjg) = iés) = 0) — ¢(). Finally, Since V£(8; {) is bounded, the gradient noise

z,(ft) is also bounded and we denote by oy,., the upper bound such that Hz,(:t) ll2 < Omax, Vs, k, t.

We first introduce the notion of u-PL. We will later show that there exists a neighborhood of the
minimizer manifold I" where L satisfies p-PL.

Definition K.1 (Polyak-Fojasiewicz Condition). For p > 0, we say a function L(-) satisfies -
Polyak-tojasiewicz condition (abbreviated as j1-PL) on set U if

SIVE@)I3 > w(£(6) ~ jnt £(6)).

We then introduce the definitions of the e-ball at a point and the e-neighborhood of a set. For 8 € R?
and € > 0, B(0) := {0’ : |0’ — 0|2 < €} is the open e-ball centered at 6. For a set Z C RY,
Z¢ 1= Ugecz B(0) is the e-neighborhood of Z.

K.2 COMPUTING THE DERIVATIVES OF THE LIMITING MAPPING

In subsection, we present lemmas that relate the derivatives of the limiting mapping ®(-) to the
derivatives of the loss function £(-). We first introduce the operator V.
Definition K.2. For a semi-definite symmetric matrix H € R**9, [et Aj, v; be the j-th eigenvalue

and eigenvector and v;’s form an orthonormal basis of R, Then, define the operator Vgr : R¥*4 —

Rdxd as
1

X+ A

V(M) = Z

1,4: A0V A ;70

<M,viv;> viv;,VM e R%¥4,

T

Intuitively, this operator projects M to the base matrix Vv

and sums up the projections with
weights ﬁ
K J

Additionally, for @ € T', denote by Ty and T, GJ- the tangent and normal space of I" at 0 respectively.
Lemmas to are from [Li et al.| (2021b). We include them to make the paper self-contained.

Lemma K.1 (Lemma C.1 of Li et al.[{(2021b)). For any 6 € T and any v € Ty(T'), it holds that
V2L(0)v = 0.

Lemma K.2 (Lemma 4.3 of [Li et al.| (2021b)). For any 8 € T, 0®(0) € R¥* is the projection
matrix onto the tangent space Tg(T).

Lemma K.3 (Lemma C.4 of |Li et al. (2021b)). For any @ € T', u € R and v € To(T), it holds
that

D (0)[v, u] = —0P(0)V3L(0)[v, VZL(O)  u] — VZL(0) T V3L(0)[v, 0D (0)ul).
Lemma K.4 (Lemma C.6 of Li et al.| (2021b)). Forany 6 € T and ¥ € span{uu’ | u € T; (')},
(0°®(0),3) = —00(0)V>L(0)[Vy2s0)(X)].
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Lemma K.5. Forall @ € T, u,v € Ty(T'), it holds that
00(0)V3Livu'] = 0. (32)

Proof. This proof is inspired by Lemma C.4 of [Li et al.| (2021b). For any 8 € T, consider a
parameterized smooth curve v(t),t > 0 on I' such that v(0) = 0 and v'(0) = v. Let Py(t) =

0% (v(t)), PL(t) = I — 0®(v(t)) and H(t) = V2L(v(t)). By Lemma C.1 and 4.3 in Li et al.
(2021b)),

H(t) =P, (t)H(t).
Take the derivative with respect to ¢ on both sides,
H'(t) = PL(t)H'(t) + P () H(t)
= P|(t)H'(t) = P () H(t) = —Pj(t)H(t).
Att = 0, we have
Py (0)H'(0) = —Pj(0)H(0). (33)
WLOG let H(0) = diag(\1,- -+ ,Aa), € R4 where \; = 0 for all m < i < d. Therefore

P, (0) = {I(’)” g} ., Py(0) = [8 Id(jmil. Decompose P((0), H(0) and H'(0)as follows.

P 11(0) By 15(0) Hy,(0) 0 H;,(0)  Hiy(0)
P(0) = [[,11 |[,12 :| ,H 0) = |: 11 ] ,H/ 0) = |: 11 12 :| )
1) [P;,m(m P, HO= 170" o H'O =[5 0) Hy0)
Substituting the decomposition into (33), we have

w0 B0 [AOH© o

Therefore, H},(0) = 0 and

PIOH'0) = ~POH0) =~ ) o]

Any u € Ty(T") can be decomposed as u = [0, ’LLQ]T where uy € RY~™. With this decomposition,

we have P(0)H’(0)u = 0. Also, note that H'(0) = V*£(8)[v]. Hence,
0D(0)V3L(0)[vu’] = 0.

K.3 PRELIMINARY LEMMAS FOR GD AND GF

In this subsection, we introduce a few useful preliminary lemmas about gradient descent and gradient
flow. Before presenting the lemmas, we introduce some notations and assumptions that will be used
in this subsection.

Assume that the loss function £(6) is p-smooth and p-PL in an open, convex neighborhood U of
a local minimizer 6*. Denote by £* := L£(6*) the minimum value for simplicity. Let ¢’ be the

radius of the open €'-ball centered at @* such that B (8*) C U. We also define a potential function
U(0) :=/L(0) — L~

Consider gradient descent iterates {4 }+cn following the update rule ;1 = 4 — NV L(Gy). We
first introduce the descent lemma for gradient descent.

Lemma K.6 (Descent lemma for GD). Ifu; € U and n < % then
TIVL @) 3 < Llie) = Llies),
and

L(der1) — L5 < (1= pn)(L(ae) — L7).
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Proof. By p-smoothness,
o’
Ltr1) < L(A) + (VL(Ge), U — ) + = [|teg1 — 3
= L(d) —n(1 - *)IIVE( 3
N n
< L) — DIV L)l

By the definition of u-PL, we have
L(tyr) = L7 < (1= pm)(L(ae) — L7).

Then we prove the Lipschitzness of ¥(8).

Lemma K.7 (Lipschitzness of ¥ (8)). () is \/2p-Lipschitz for 8 € U. That is, for any 6y,
02 e U,

(W (6:1) — W(6:2)] < /20|61 — 022

Proof. Fix 61 and 0. Denote by 0(t) := (1 — t)@; + t0 the convex combination of ; and 6
where ¢ € [0, 1]. Further define f(¢) := ¥(6(¢)). Below we consider two cases.

Casel. IfVte (0,1), f(t) > 0, then f(¢) is differentiable on (0, 1).
|9(8:) = W(61)] = |£(1) = f(0)

fa
- / o
_ /0 (Vo )),02—01>dt‘

_ / <vc<o< ), 05 — al> dt‘
0 6(t)) —

VL(
162 — 612 / ”%HQ dt.
E*

IN

By p-smoothness of £, forall 8 € U,
IVLO)II3 < 20 (L(6) - L7).

Since 1/ L(6(t)) — L* > 0forallt € (0,1), % < +/2p. Therefore,

[U(82) — U(61)] < v/22(|02 — 1]
Case 2. If3t' € (0,1) such that f(¢') = 0, then
0(6) — U(8:)] = [£(1) — £(0)]

_ ‘ (-0 (f(t’) - f(O))‘
<max<f(1) f<o>>_
- 1—t

Since 6(t') minimizes £ in an open set, VL(6(¢')) = 0. By p-smoothness of £, for all 8 € U,

L)<+ Bl0-0w = we)< /51600
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Therefore,

10 < /2162 - 6001 = (1 - ), 216 - 6l
50 < /516~ 00112 = #5116, ~ 81z

(6,) — (6,)] < @nag 0.

Combining case 1 and case 2, we conclude the proof. O

Then we have

Below we introduce a lemma that relates the movement of one step gradient descent to the change
of the potential function.

Lemma K.8 (Lemma G.1 inLyu et al.|(2022)). Ifa; € U and n < 1/py then

W(ar) — Blig) > V| VL () o

Proof.
L) — L(d441)
U(d) + U(dy 1)
o L) — L(a)
20 (d1y)
o (1= pan/2)[ VL) 3
20 ()

() — U(tyyr) = =

)

where the two inequalities uses Lemma By p-PL, U(1) < ﬁ“v;ﬁ(ﬁtﬂlg. Therefore, we
have W (i) — W (tie41) > Y22 (1 — np/2)nl| VL i) ||2 > YFn]| VL (i) |2 O

Based on Lemma[K.8] we have the following lemma that bounds the movement of GD over multiple
steps.

Lemma K.9 (Bounding the movement of GD). If @y is initialized such that || — 0* |2 < 1, /2€,

P
then for all t > 0, 4; € B (6*) and

N . 8~ .
e — dtolls < \/;‘I’(uo)~

Proof. We prove the proposition by induction. When ¢ = 0, it trivially holds. Assume that the
proposition holds for w., 0 < 7 < t. For step ¢, since u, € B¢ (6*), we apply Lemma and

obtain
t—1 P } )
i~ ol < 0 3 (VLG < [ (¥aa) — Ban) < /S bGa).
7=0
Further by p-smoothness of £(-),

A 8= N X 1
||’U¢ — UOHQ S \/7\1/(’11,0) S 2\/?”11,0 -0 ||2 S *6,.
% % 2

Therefore, ||t; — 0% ||z < |G — Gol|2 + |0 — 0*||2 < €', which concludes the proof. O

Finally, we introduce a lemma adapted from Thm. D.4 of which bounds the movement of GF. Lyu
et al.[(2022).
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Lemma K.10. Assume that |6y — 0*||2 < \/%e’. The gradient flow 0(t) = —dﬁ(det(t)) starting at

6o converges to a point in U and

Proof. LetT :=inf{t:60 ¢ U}. Thenforallt < T,

0, — lim O(t)

t——+oo

2
< \/;\/.cwo) T <[00 6"l
2

d NV oy —1/2 de
G L0 = £ = cte) - ) (Vo). )
= (L(O) ~ L) VL)) 1

By u-PL, |[VL(8)|]2 > \/211(L£(0) — L*). Hence,

)l

&~

Integrating both sides, we have

T de 2
1T < e - £ <\ 210, =07 < ¢,

V2
where the second inequality uses p-smoothness of £. Therefore, ' = 400 and 6(t) converges to
some point in U. O

K.4 CONSTRUCTION OF WORKING ZONES

We construct four nested working zones (I'©, I'“* | T2, T'3) in the neighborhood of T". Later we will
show that the local iterates 91(:2 € T2 and the global iterates 8(*) € T'°° with high probability after
O(log %) rounds. The following lemma illustrates the properties the working zones should satisfy.
Lemma K.11 (Working zone lemma). There exists constants €9 < €1 < €2 < €3 such that
(Teo, Tt T2, T'3)) satisfy the following properties:

1. L satisfies u-PL in T'3 for some p > 0.

2. Any gradient flow starting in T2 converges to some point in . Then, by |Falconer|(1983), ®(-)

is C>® in T,
3. Any 0 € T* has an e1-neighborhood B (0) such that B+ (0) C T'2.

4. Any gradient descent starting in I'°° with sufficiently small learning rate will stay in T'°*.

Proof. Let 0(©) be initialized such that ®(0) e T. Let Z be the set of all points on the gradient
flow trajectory starting from 6(°) and Z¢ be the e-neighborhood of Z, where € is a positive constant.
Since the gradient flow converges to ¢(°), Z and Z¢ are bounded.

We construct four nested working zones. By Lemma H.3 in|Lyu et al.| (2022)), there exists an e3-
neighborhood of I', I'“s, such that £ satisfies u-PL for some 1 > 0. Let M be the convex hull of
I's U Z¢ and M** be the e4-neighborhood of M where €4 is a positive constant. Then M is
bounded.

Define ps = supgepea |[VEL(0)||2 and p3 = sup e, [|[V3L(0)]]2. By Lemma [K.10, we can
construct an ey-neighborhood of I" where e; < /p%é;; such that all GF starting in I'*> con-
verges to I'. By [Falconer| (1983), ®(-) is C? in I'*. Define v; = supgere; [[0P(0)]]2 and vo =

SUPgeres [|0>®(8)]|2. We also construct an € neighborhood of T', It where €1 < ez < 3,/ 4-€3
such that all @ € T"“! has an ¢; neighborhood where @ is well defined. Finally, by Lemma|[K.9] there

exists an €p-neighborhood of I' where ¢y < %, / [%61 such that all gradient descent iterates starting
in I'® with n < p% will stay in I'“1. O
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Note that the notions of Z¢, M, py, ps, 11, and v5 defined in the proof will be useful in the
remaining part of this section. When analyzing the limiting dynamics of Local SGD, we will show

that all 0,232 stays in ['“2, '&Es) € I'“1, 0) ¢ I'“0 with high probability after O(log %) rounds.

K.5 PHASE 1: ITERATE APPROACHING THE MANIFOLD

The approaching phase can be further divided into two subphases. In the first subphase, 8(°) is
initialized such that d)(o) e I'. We will show that after a constant number of rounds s, 6(50) goes
to the inner part of "0 such that [|@(*0) — (%) ||, < cey with high probability, where 0 < ¢ < 1 and
the constants will be specified later (see Appendix[K.5.2). In the second subphase, we show that the

iterate can reach within @(\/ﬁ) distance from I" after O(log %) rounds with high probability (see
Appendix [K.5.3)).

K.5.1 ADDITIONAL NOTATIONS

Consider an auxiliary sequence {'&t )} where uo =6 and u§+)1 = aﬁs nVE( ) 0<t<
H — 1. Define AECSZ = 0}(:2 ( ) to be the difference between the local iterate and the gradient
descent iterate. Notice that A,(;% =0, for all k£ and s.

Consider a gradient flow {u(t)};>o with the initial condition u(0) = 6(°) and converges to ¢(*) €
T". For simplicity, let u§5) := u(sa + tn) be the gradient flow after s rounds plus ¢ steps. Let sq be
the smallest number such that ||uéso> — ¢y < i\/%ﬁo . Note that s is a constant independent
of n.

In this subsection, the minimum value of the loss in Appendix corresponds to the loss value on
T, ie., L* = L(¢),V¢p €T.

We also define the following sequence {Z ,gst) ML | that will be used in the proof. Define

t—1 t—1
70=5 (T u-wew) . 200
7=0 \l=7+1

K.5.2 PROOF FOR SUBPHASE 1

First, we have the following lemma about the concentration of Z (S)

Lemma K.12 (Concentration property of {Z }t o)- Given 8®) such that i, ) e T U Z¢ for all
0 <t < H, then with probability at least 1 — 5

» . 2HK
1Z{) 12 < Cr0maxy/ 2H log s V0<t<Hke|K],

where C := exp(aps).

Proof. For each Zk +» construct a sequence {Zk t oMo

t'—1 t—1
Z,i“t’t, => ( I @-nvie “’))) ,g;, z,gfg,o —0.
7=0 \l=7+1

Since '&§ ) € T U Z¢, we have V2L(a S))||2 < po forall 0 <t < H. Then, for all 7 and ¢,

t—1

[T @ —av2c@))

=741

< (L+ pon)™ < exp(apz) = C1.
2
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Notice that for all 0 < t < H, {Z,St)’t,}ﬁ/:o is a martingale with HZ,ESt)t/ - Zz(jg,th 2 < C10max-
By Azuma-Hoeffding’s inequality,

—6/2 —6/2

P(|Z5))e = ¢) < 2exp | ———— | < 2exp | ————;
2t (C’lamax) °H (Clamax)

Taking a union bound on all £ € [K] and 0 < ¢t < H, we can conclude that with probability at least
1-96,

. . 2HK
1287}z < Cromay[2H10g =55, Y0 <t < H ke [K].

O

The following lemma states that the gradient descent iterates will closely track the gradient flow
with the same initial point.

Lemma K.13. Denote G := sup,~ || VL(u(t))||2 as the upper bound of the gradient on the gradi-
ent flow trajectory. If||ﬁ§s) — ugs) l2 = O(/n), then for all 0 < t < H, the closeness ofﬁis) and
ugs) is bounded by

@y — w2 < Cillay) —ul’|ls + CinG,

where C = exp(apy).

Proof. We prove by induction that

t—1

g™ — (|2 < (1 + pan)tl|as” — ulll2 + p2n?G Y (1 + pan)T. (34)
7=0

When ¢t = 0, (34) holds trivially. Assume that (34) holds for 0 < 7 < ¢, then
sa+(t+1)n
o0 - o7 o) (-

=i —u —n (VE@) - VL))

VE(u(v))dv)

a-+tn

_ /:a+(t+1)" (V‘C(U£S)) . Vﬁ(u(v))) do.

a+tn

By smoothness of L,
IVL(”) = VL(@)]2 < pollu® —u(v)|s

<o [ IV ado

a+tn
< panG.

Since p3n2G Y (1 + pan)™ < nG(1 + pon)' < exp(apa)nG, then [|ag” — il = O(/m),
which implies that @) € M¢. Hence, [|[VL(@\") — L(u$) |2 < pal @™ — ul?|,.

By triangle inequality,

@i, =l e < (1 + pom) 6l — iV |5 + pan®G

t
< 1+ pan) ™ — w2 + p2n?G Y (1 + pan)”,
=0

which concludes the induction step. Appling 1 + pan < exp(p2n), we have the lemma. [
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Utilizing the concentration probability of {Z Igsg }, we can obtain the following lemma which implies
that the Local SGD iterates will closely track the gradient descent iterates with high probability.

Lemma K.14. Given ') such that i ~( ) ey Ze forall0 <t < H, then for § = O(poly(n)),
with probability at least 1 — 6, there exzsts a constant Cs such that

) 1

165°) — ag™|l2 < Cs nlog s, VO<t<Hke K],
» (s - L
16¢+) — @' ||y < Cgy/nlog vl

Proof. Since @\” € T U Z¢ forall 0 < ¢ < H, we have |[V2L(@!”)||2 < p2. According to the

update rule for Gk’t and aﬁs),

and

O}y =01 —nVLO)) — 0z, (35)
al?, = al” —pvea). (36)
Subtracting (36) from (33) gives
AP, = AL - (VL) - VE@Y)) - )
= - nVQﬁ(ﬂt MAL) =0z + o)) 37)

Here, 1;,(C )= (1- (‘5 )0(5) + B,gét 11,(:15, where ﬂks) € (0,1) depends on 0,(;2 and @*). Therefore,
HU(S)HQ < oAl t||2 1f0 ) € Me. Applying (37) t times, we have

t—1 t—1 t—1
AP = |TTT —av2e@@) | AL~ T @ —aviLia?))=y)
7=0 7=0[=7+1
t—1 t—1
w0 [[ @ -avie@?))s)
7=01l=7+1

By Cauchy-Schwartz inequality, triangle inequality and the definition of Z ]gst), ifforall0 <7 <t-1
and k € [K], 0,(:3 € M*4, then we have

1A t||2<77||Z M2+ 77/)3201||A I3 (38)

Applying Lemma and substituting in the value of H , we have that with probability at least
1-94,

% . 2K
1ZE) ]2 < Cromax flog%, Vke K,0<t<H. (39)

Now we show by induction that for § = O(poly(n)), when (39) holds, there exists a constant
Cs > 20 axv/2aCy such that HA](CSZHQ < Coy/nlog 2:}“—51{.

When t = 0, Afjé = 0. Assume that ‘|A§;3—||2 < Oy, /nlog 2‘;;(, forallk € [K],0<7<t—1
Thenforall0 <7 <t —1, 0,(;2 € M. Therefore, we can apply (38) and obtain

t—1
A (s ~(s 1 ~ A (s
1AL e < nlIZE 2 + 5m0s Y CLIALB

- 20K 1~ =~ 2aK
< C10maxt | 2anlog oz + 7010220'31&)(04,0377 log a .
no 2 nd
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Given that C5 > 20maxv/2aCy and § = O(poly(n)), when 7 is sufficiently small, ||A,(:g||2 <

Cay/nlog 22K 20‘K

To sum up, for § = O(poly(n)), with probability at least 1 — d, ||A,(fi 2 < Cay/nlog 27‘;‘—51( for all
k € [K],0 <t < H. By triangle inequality,

(s (s ~ 2aK
6640 —ale < 2 3 ALY < Ca [nlog 2.
ke[K "

O

The combination of Lemma[K:13|and Lemma [K:T4]leads to the following lemma, which states that
the Local SGD iterate will enter ['“! after so rounds with high probability.

Lemma K.15. Given 8% such that (V) € T, then Jor 6 = O(poly(n)), there exists a positive
constant Cy such that with probability at least 1 —

[6t=0) — (0|, < \/*60+C4W710g e

Proof. First, we prove by induction that for 6 = O(poly(n)), when

2HK
1ZE) N2 < Cromaxy/2H log ; 0 Wo<t<Hke[K|,0<s<sy,  (40)
the closeness of 8(*) and u( *) is bounded by

19 — |, < ch <nG + Cs, [nlog 5) V0 < s < 5. (41)
=1

When s = 0, 800 = uéo). Assume that (#I)) holds for round s. Then by Lemma , for all
0<t<H,

Mﬁ—w%saw@—“%+am
= C~’ng(()S) - uO ||2 +CinG

< Z ciHt (nG + C~'3, /nlog ;(()S) +CinG.
=1

Therefore, for sufficiently small 7, a§5> € Z°,V0 < t < H. Combing the above inequality with
Lemma[K:14] we have

(s s+1 n(s s
19D — a2 = 64 —uip|;

S R e E
s+1

<ZC’lJrl <77G+031/7710g 5)
=1

Therefore, when @) holds, there exists a positive constant 6’4 such that

_ . 1

0>) — ul™) |y < Cyy [nlog —.

[ ug ]2 < Cayfn o8
160 — (V|5 < \/*60 +C4W710g*

Finally, according to Lemma[K:12] (@0) holds with probability at least 1 — 4. O

which concludes the induction.

By definition of uéso),

42



Published as a conference paper at ICLR 2023

K.5.3 PROOF FOR SUBPHASE 2

In subphase 2, we show that the iterate can reach within @(\/ﬁ) distance from T after O(log %)
rounds with high probability. The following lemma manifests how the potential function @(0_(8))
evolves after one round.

Lemma K.16. Given 85) € T, for 6 = O(poly(n)), with probability at least 1 — 6,

N L - 1
o) €T, U(6Y)) < T(O) +Csfulog s, VkE[K,0<t<H

) o B 1
60 e, W(O) < exp(—ap/DT(O) + Ty nlog .

where C5 is a positive constant.

and

Proof. Since 0(s) € T then for all 0 <t<H, ag‘“) € ' by the definition of the working zone.
By Lemma forn < p%,

claf) = £ < (1 ) (£O@) ~£7) < £(OW) - £*, Vo<t < H.
Specially, fort = H,
L) = £ < (1= ) (£OW) = £7) < exp(-ap) (L) - £7).
Therefore,

B(af) < exp(—au/2)8(6).
According to the proof of Lemma|K.14] for 6 = O(poly(n)), when

2c0 20K

1232 < Cromasy |- log = 5= VkEKLOSt<H, “2)

there exists a constant C’g such that

s ~ (s = 1
1657) — a2 < Cs plog 5 VOt < Hke (K],

s (s ~ 1
186+ —al|, < 03,/nlogn—5.

Since @;” € I, V0 < t < H,8¢) € I'> and 6)) € >, Y0 < t < H, k € [K].

and

By Lemma W(-) is \/2pa-Lipschitz in M€, Therefore, when @2) holds, there exists a constant
C5 := y/2p2Cj5 such that

T(6)) < W(ap”) + /20216 — a2

S ~ 1

< U(0W9) + Csy /nlog —

= ( ) + Cs4/nlog ’I’](S’
and

WOUH) < W(@l) + /202100 — a5
- ~ 1
< exp(—ap/2)¥(0®)) + Cs4 /nlog ol

Finally, by Lemma[K:12} #2) holds with probability at least 1 — ¢. O

43



Published as a conference paper at ICLR 2023

We are thus led to the following lemma which characterizes the evolution of the potential @(0_(3))
and \11(0(8)) over multiple rounds.

Lemma K.17. Given [6©) — ¢ ||, < 1, | Loeo, for 6 = O(poly(n)) and any integer 1 < R <
Ryiot, with probability at least 1 — 9,

(43)

Furthermore,

8\") e, xi/(a,(jg)g@(é<5>)+é5,/nlog%, VO<t<HO<s<RkelK]. (44

Proof. 'We prove induction that for 6 = O(poly(n)), when

2RaK
ne -’

||Z 2 < C10max nlog Vk e [K],0<t< H,0<s<R, (45)

then for all 0 < s < R, (@3) and (@4) hold.
When s = 0, 8(°) € T and @3) trivially holds. By Lemma K.16} [@4) holds. Assume that (@3]

and (@) hold for round s — 1. Then for round s, by Lemma[K.16] 8(*) € T2 and

W(O®) < exp(~ap/2W(0C) + Gy [nlog —o
n

< exp(—aps/2)¥(6) + m \/7710%]:;

where the second inequality comes from the induction hypothesis. By Lemma [K:10}

19 — ¢||2 < (9(3))

ME0) 2 A ploe 2
Sr‘l’“’ T o an2) Y s
1 2 ~ R
=20 o e Can)

Here, the last inequality uses ¥(8(?)) < /2Z(|0) — ¢(©||, < 1. /E¢,. Hence, when 7 is suffi-
ciently small, §*) € I'%0. Still by Lemma|K.16| 6°) € T2 and

W(0)%)) < W(0™)) + Cs nlog 7%

Finally, according to Lemma[K:12] (@3] holds with probability at least 1 — 4.

ﬁ\

The following corollary is a direct consequence of Lemma[K:17]and Lemma [K.10]

Corollary K.1. Let 51 := [ 2} log 1]. Given 09 — ¢ ||y < 3, [L-cq, for § = O(poly(n)), with
probability at least 1 — 9,

- - 1 _ ~ 1
U(0¢) < Coy[nlog —, (|00 — ¢tV |l < Cgy[nlog —, (46)
no no

where Cg is a constant.
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Proof. Substituting in R = s; to Lemma [K.17|and applying |[§() — ¢(®) ||, < \/%‘if(é(sl)) for

0(51) e o we have the lemma. O

Finally, we provide a high probability bound for the change of the projection on the manifold after
51 rounds [|p*1) — ¢O)5.

Lemma K.18. Let s; := [% log %] Given |00 — |, < 1, /;—‘260. For 6 = O(poly(n)), with

probability at least 1 — 6,
(s1) _ (0) S log 1
") — @'z < Cglog —4/nlog —.
U 10

Proof. From Lemma|K.17] for § = O(poly(n)), when

20 2s1aK
1Z{) N2 < Cromay | — log =,
n no

Vke[K,0<t< H0<s< sy, 47)

then 8(®) € T, forall 0 < s < s;. By the definition of I©, @\*) € T forall 0 <t < H,0 <
s < s1. By triangle inequality, ||¢(*1) — ¢(?)||5 can be decomposed as follows.

81—1

166 =602 < 3 g+ — o,
s=0

51—1 31—1
< N e@y) - e@§)llz + S [@(0FV) — b(@l)|..  @8)
s=0 s=0

By Lemma[K:T4] when (#7) hold , then forall 0 < s < s7 — 1,

(s ~(s = S1
186+ —al|l, < 03,/7710%.

This implies that 8+ ¢ B (a!?). Since for all @ € T2, ||0®(8)y < 11, then B(-) is v4-
Lipschitz in B¢ ('&(I;)) This gives

12(6C+Y) — (aly)lo < v [|6CTY — @l |

< 11nCy nlog ﬂ. 49)
\/ no

Then we analyze ||§(s+1) — ﬁg) ||l2- By Lemmaand the definition of I'°® and I'“!, there exists
@ € T such that & ~(8) € B (¢), V0 < t < H. Therefore, we can expand @(ugi)l) as follows:

o(ay))) = o(al” —nvL(ap?))
Cara® _(5) (s) f 2 (1 (5) _(s) _(s)
=d(u, ) —nod(u')VL(u;") + 5 0°0(u, ) [VL(u, ), VL(w;)]
2
~ (S n S) ~(S S ~ (S
o (@) + L% (cfa + (1 - ci al ) VL@, L@,

where cis) € (0,1). Then we have

o(af) - oas) < = Z||a2( D (= e IVEE®), VL@ 2

H-
77
S S Z IVL@)|3.
=0
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By Lemma ’7||V£( NR < (@) - E(uii)l) Therefore,
@) — ®(@l)ls < mra(L@) — L(al))
< s B(6)]2
o c2p
2exp(—asu)¥ 0 + 5
(Cas Y0+ T (a2

where the last inequality uses Cauchy-Schwartz inequality and Lemma Summing up (50) ,
we obtain

<

S1
log 2=
o8 5] . (50

8171 5171 ~2
- (s) - (s) 5 (@) 51057 S1
d(uy’) — P(u, < won |2V(0 exp(—aus) + log
~ 1 1
< C7nlog —log —, (51)
no - nd

where C5 is a constant. Substituting (#9) and (ST) into (@8], for sufficiently small 7, we have

- S ~ 1 1
[pt1) — |, < v1C3s14 [nlog 2L 4 Crnlog = log —
nd noond
~ 1 1
< Cslog —y/nlog —,
nV no

where Cy is a constant. Finally, according to Lemma [K.12] @7) holds with probability at least
1-46. O

K.6 PHASE 2: ITERATES STAYING CLOSE TO MANIFOLD

In this subsection, we show that ||a;,(;,)£H2 = O(yn) and |0+ — ) ||, = O(n°57058), w0 <
r < Rgyp with high probability.
K.6.1 ADDITIONAL NOTATIONS

Before presenting the lemmas, we define the following martingale {mgjg HL ) that will be useful in
the proof:

t—1
) = Zz,(fl, myo = 0.
7=0

We also define P : R? — R9%4 a5 an extension of O®:

o [0D(9), if6eT",
P(6):= {O, otherwise.

Finally, we define a martingale {Zt(s) :s>0,0<t< H}:

s—1 H—1 t—1
- 1 -
z® = — § >N P zk’3+f SN PO,z =0
ke[K]r =0 7=0 ke[K] 7=0

K.6.2 PROOF FOR THE HIGH PROBABILITY BOUNDS

A direct application of Azuma-Hoeffding’s inequality yields the following lemma.

Lemma K.19 (Concentration property of m(s)) With probability at least 1 — 0, the following holds:

s -1 1
lm)l2 < Coy /Elog%, VO <t < Hke[K],0<5< Rgp,

where Cy is a constant.
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Proof. Notice that ||m,(:i - mgfz |2 < Omax. Then by Azuma-Hoeffdings inequality,

2to2

max

() , 6/2
P(m) 2 > ¢) < 2exp ( — .

Taking union bound on K clients, H local steps and Rg, rounds, we obtain that the following
inequality holds with probability at least 1 — §:

s 2KHR,,
lm)l < Jmax\/ZHlog TP WOt S H k€ (K]0 < s < Ry
Substituting in H = & and R, = Lﬁj yields the lemma. O

Again applying Azuma-Hoeffding’s inequality, we have the following lemma about the concentra-
tion property of Z*).

Lemma K.20 (Concentration property of Zt(s)). With probability at least 1 — 6, the following in-

equality holds:
s ~ 1
1237l < Caan™®20%7 log sy V0 <5 < Ry,

Proof. Notice that ||Z§i)1 — 2z
By Azuma-Hoeffding’s inequality,

2 S VQO'maxavo S t S H-1 and ||Z(()S+1) - Z}(;)”Q S V20 max-

12
P Z(e) > ) <2 _ € .
(1272 = €) < 2exp < 2(sH + t) V302,

Taking union bound on Ry, rounds, we obtain that the following inequality holds with probability
atleast 1 — 4:

S 2R T
128, < omaxz/g\/zHRgrp log ; P V0 <5< Rgp.

Substituting in H = & and Ry, = Lﬁj yields the lemma. O

We proceed to present a direct corollary of Lemma [K.17| which provides a bound for the potential
function over Ry, rounds.

Lemma K.21. Given |8 — ¢, < O, /nlog% where Cy is a constant, then for 6 =
O(poly(n)), with probability at least 1 — 4,

_ - 1
0 e, W(OW) <Oy UIOg%a V0 < 5 < Rgrp, (52)

and

. o I
0’ e, \I/(G,SfZ)SOl,/nlog%, VO <5< Rgp,0<t<HkelK], (53)

where C1 is a constant that can depend on C,.

. ~ 1
(9 Bep)) < O log —
( ) = G4/ 7108 ’1767

where Cy is a constant independent of C}.

Furthermore,
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Proof. By py-smoothness of £, ¥((?)) < Coy/ "5 log . Substituting Ry = | ;5] and

T(0©) < Coy /152 log% into Lemma [K.17} for 6 = O(poly(n)), with probability at least 1 — J,
(32) and (53) where C is a constant that can depend on Cj.

Furthermore, for round (fere) |

U (9 Ferr)) < ollm 1 ng< 1
(67=r)) < exp(—O(n ))+1iexp Can2) Csy/nlog " Cm/nog vl

where Cy is a constant independent of Cl.

Lemma K.22. Given |0 — ¢, < Cj, /nlog% where Cy is a constant, then for § =
O(poly(n)), with probability at least 1 — 6, for all 0 < sy < Rgp,0 <t < H, k € [K],

s 1 (s 1

|@iille < Coyfulog —, @47 ll2 < Caq fnlog s,
s Nn(s 1 n(s n(s 1
||9z§2 — 61| < Coy/nlog s 6%+ — 6|, < Cay[nlog s

where Cy is a constant that can depend Cy. Furthermore,

~ 5 1
[|6Ftere) — p(Fare) ||, < Cyy 4 [log e

where Cy; is a constant independent of C.

Proof. Decomposing wﬁf% by triangle inequality, we have

2|2 < 11657 — 612 + 18 — 6.

We first bound [|8¢) — ¢(*)||,. By Lemma [K.21| for § = O(poly(n)), with probability at least
1-¢
27

- 2
P(O) < C1yfnlog 570 < 5 < Ry, oD

2
o) < Cryfnlog =, VO<s < Ryp,0<t < H, (55)
n

and

- 2

\il(é(Rg”P)) < Cho4/nlog %7 (56)

where C is a constant that may depend on Cjy and C1 is a constant independent of C;. When (>4)

and (36) hold, by Lemma[K:10]

_ 2. 2 2
16 — ¢@||, < /= T(O®) < Oy W, (57)
7 o mé

= 2. = ~ 2 2
|6 Fer) — el < \/;\If(emgfp)) S (58)

Then we bound ||01<€52 — 6()||5. By the update rule, we have
o) — nZVﬁ nZz(s =0 — nZVZ nmkz
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Still by triangle inequality, we have

t—1
1657 — 6% [l <0 S IVLEOC)) 2+ nllmy) -
7=0

Due to pa-smoothness of £, when (33) holds,

S X S 2
IVLO )2 < /2020(8)°)) < C1y[2p2mlog 5 (59)

By Lemma [K. 19} with probability at least 1 — 2,

~ 1 2
Il <09M, YO <t < Hke[K],0<s< Rgp. (60)

Combining (39) and (60), when (53)) and (56) hold simultaneously, there exists a constant C's which
can depend on Cy such that

S ~ 3 1
||9,§§—9<6>|\2g03,/n10g7§, Vk e [K],0<t<H. (61)
’ n
By triangle inequality,
_ _ 1
[0+ — 6|, < C34/nlog —.
nd

Combining (57), (38) and (61)), we complete the proof. O

Then we provide high probability bounds for the movement of ¢(*) within Rygyp rounds.

Lemma K.23. Given [|0(©) — ¢, < OOq/?’]lOg% where Cy is a constant, then for § =
O(poly(n)), with probability at least 1 — 6,

1
||¢(S) _ ¢(0)H2 < CunP70%8, Nlog —, V1<s< Rgrp.
nd

where Cy is a constant that can depend on Cj.

Proof. By the update rule of Local SGD,

B H-1 H-1
Oy =0 —n > VLOL) -1 =)
t=0 t=0
Averaging among K clients gives
H-1 H-1
gty =g — L VL) ~ & ).
=0 ke[K] t=0 ke[K]

By Lemma |[K.22] for 6 = O(poly(n)), the following holds with probability at least 1 — §/3,

S N 3 S
165°) — 8|5 < O, /nlog%, 0°) € B2 (¢), Y0 < s < Ryep, 0 <t < H, k € [K],
(62)

_ _ 3 _ _
106D — )|y < Coy/nlog s 6, 06t € B (¢)), V0 <5< Rgrp. (63)

49



Published as a conference paper at ICLR 2023

When (62) and (63) hold, we can expand ®(0+1)) as follows:

Pt = o) 4 53(9) (9D — §)) 4 %@2¢(é(5))[§(5+1) — ) g6+ — g¥)]

0B(8')VL(6])) —1-0B(8") Z Zz)

t=0 ke[K] t=0 ke[K

T T

n %a2®(a(s)é(s) + (1= a)gEHD) gl _ g() glatl) _ g(s)),

7—3(5)

where a(*) € (0, 1). Telescoping from round 0 to s — 1, we have
s—1 s—1 s—1
R A DI AED D AED I A
r=0 r=0 r=0

From (63), we can bound || 75|z by || 75|z < 3v2C3nlog 5. We proceed to bound 7).
When (62) and (63) hold, we have

0B(6)VL(;)) = 0%(0 ;bvc(e,ii) + 62 (6110370 — 6, VL(O))]

= P60 + (1= 1016, — 0¢), VL(OL),

where b,(fz € (0,1). By Lemma , with probability at least 1 — §/3, the following holds:

||V£( )HQ < 2/)2‘1/(9 ) < 01’/2p27’]10g 5 \V/k S [ ],O S t S H,O S s < Rgrp~ (64)

When (62), (63) and (64) hold simultaneously, we have for all 0 < s < Rgyp,

s 771/2 s 3
1Tl < Z 165°) — 02|V L(6L))]2

CYVQ\/2P201C2 1 log 3

K né’

Finally, we bound || Z:;é T;T) ||2. By Lemma , the following inequality holds with probability

atleast 1 — §/3:
. . 3
||Z§{)H2 < Cion %7705, Jlog s’ V0 < s < Rgrp. (65)

When (62), (63) and (63) hold simultaneously, we have

S
r s ~ _ 3
N T2 =012 12 < Cran® =% flog 5 V0S5 < Ba

r=0

Combining the bounds for || 7;*) |2, | S o T3 || and || 7 || and taking union bound, we obtain
that for § = O(poly(n)), the following inequality holds with probability at least 1 — §:

X _ 1
1) — ¢ < Cyn®>~058, [log 75 VIS8 < e

where C is a constant that can depend on Cj. L]
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K.7 SUMMARY OF THE DYNAMICS AND PROOF OF THEOREMS [[.T1]AND [I.2]

Based on the results in Appendix[K.5|and Appendix [K.6] we summarize the dynamics of Local SGD
iterates and then present the proof of Theorems [J.T|and [J.2]in this subsection. For convenience, we
first introduce the definition of global step and §-good step.

Definition K.3 (Global step). Define T as the index set {(s,t) : s > 0,0 < t < H} with lexico-
graphical order, which means (s1,t1) =< (s2,t2) if and only if $1 < 9 or (s1 = sg and t1 < ta). A

global step is indexed by (s,t) corresponding to the t-th local step at round s.

Definition K.4 (0-good step). In the training process of Local SGD, we say the global step (s,t) <
(Rtot, 0) is 6-good if the following inequalities hold:

~(r) 6HRt0tK
\\Zk,7||2 < exp(apg)amax\/QH log —5 Vk € [K], (r,7) = (s,1),
(r) 6K HR;
> Umax - < ) 1) = ) )
[my e <o \/2H10g 3 Vk € [K], (r,7) = (s,1)
2
Z(T) 2 S OmaxV?2 2HR T log RtOt, Y0 S r<s.
H grp 5

Applying the concentration properties of Z ,ETQ, mgl and Zg) (Lemmas |K.20L |K.19| and |K.12I)

yields the following theorem.

Theorem K.1. For § = O(poly(n)), with probability at least 1 — §, all global steps (s,t) =
(Rtot, 0) are §-good.

In the remainder of this subsection, we use O(-) notation to hide constants independent of § and 7.

Below we present a summary of the dynamics of Local SGD when 0 is initialized such that
®(6)) € T and all global steps are §-good. Phase 1 lasts for so + s; = O(log %) rounds. At the

end of phase 1, the iterate reaches within O(4/nlog i) from I, i.e., [§(0Fs1) — glsotsn)l, =
O(4/nlog %) The change of the projection on manifold over s + s, rounds, ||¢(*1+50) — $(©)

is bounded by O(log %, /nlog 77—15)

After so + s1 rounds, the dynamic enters phase 2 when the iterates stay close to I' with 8(5) &
I'“2,Vsg+s1 < s < Riot and 0,(:2 e I'2, vk € [K], (so+51,0) = (s,t) < (Rtot,0). Furthermore,

Hm,(:znz and ||fig§) || satisfy the following equations:

lzi) 2 = O(y/nlog %), Vk € [K],0 <t < H, so+s1 <8< Reot,

15 |2 = O(y/nlog L), Vso + 81 < 8 < Rior.

Moreover, for so+ 51 < s < Riot — Rerp, the change of the manifold projection within R, rounds
can be bounded as follows:

||¢(s+r) _ ¢(s)||2 _ O(n0.5—0.5/3 log

25

1
nd
After combing through the dynamics of Local SGD iterates during the approaching and drift phase,
we are ready to present the proof of Theorems [J.1] and which are direct consequences of the

lemmas in Appendix [K.5]and [K.6]

Proof of Theorem[J 1] By Lemmas [K.15] and Corollary for § = O(poly(n)), when all
global steps are 6-good, 8(*) € T2 Vs + 51 < 5 < Ryor and 0,282 e I'2, ¥k € [K], (so + s1,0) <

(5,1) = (Riot, 0) and ||f’)

lzi)ll2 = O(y/nlog ), Vk € [K],0 <t < H,s0+ 51 <5< Riot,

125 1> = O(y/nlog %), Wso + 51 < 5 < Ruor.

51

), V1 <7 < Rgp.

2, ig‘;) |l2 satisfy the following equations:
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Hence ||5;8R°°t)\|2 = O(T(OF o)) = (||a: (Rror—1) ||2) = O(4/nlog %) by smoothness of £ and

Lemma According to Theorem[K.1] with probability at least 1 — 4, all global steps are J-good,
thus completing the proof. O

Proof of Theorem[J.2] By LemmalK.23| for § = O(poly(n)), when all global steps are 6-good, then
v50 +s51<s< Rtot - Rgrpa

¢t — )|y = O(n°5705F), W0 < r < Ry

Also, by Lemma K. 18] when all global steps are -good, the change of projection on manifold over
s0+s1 rounds (i.e., Phase 1), ||¢(*0+51) — (9|, is bounded by O( /7). According to Theorem
with probability at least 1 — 4, all global steps are d-good, thus completing the proof. Ol

K.8 PROOF OF THEOREM [3.3]

In this subsection, we explicitly derive the dependency of the approximation error on «.. The proofs
are quite similar to those in Appendix [K.5] and hence we only state the key proof idea for brevity.
With the same method as the proofs in Appendix we can show that with high probability,

16¢) — ¢)||2 < § /L after s;, = O(1) rounds. Below we focus on the dynamics of Local SGD

thereafter. We first remind the readers of the definition of {Z ,j’t}:

t—1 t—1
20 =% ( - nVQL(al(S)))) 20 200
7=0

l=7+1

We have the following lemma that controls the norm of the matrix product Hf;i I -
nV2L(w")).

Lemma K.24. Given ) € T'°, then there exists a positive constant C% independent of a such
that forall 0 < 17 <t < H,

t—1

[T @ —av2c@))

l=7+1

<
2

Proof. Since 0 ¢ I‘GO then u( ) € I't forall 0 < t < H. We first bound the minimum
eigenvalue of VQE( u, ) Due to the PL condition, by Lemma forn < pi

(@) = £7 < (1= )" (£0) = £7) < exp(—putn)(£(OV) ~ £%), Y0 <t < H.
Therefore,
B(al™) < exp(—ptn/2)¥(6®).

Let Cf = p3 %. By Weyl’s inequality,

Pamin (V2L (@) = X mm<v2c< ) = Amin(V2L(@ (@)
< psllV2L(a) - V2L(@(@)”))l2
< pslla” — o(@)|»

<p3\/36><p( ptn/2)(6))

< Cf exp(—utn/2)eo,
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where the last two inequalities use Lemmas[K.10|and [K.7]respectively. Therefore, forall 0 < ¢t < H
and0 <7 <¢t—1,
t—1 i
I TT @ =av2e@™)le < TT (4 a2 0a7))
l=r+1 =741

< T + 0l V2L
=0

< exp(neoCy Y exp(—pin/2)). (66)
=0

For sufficiently small 7, there exists a constant C} such that

exp(—puln/2) = —— < 22 (67)
; (Zuin/2) 1 —exp(—pn/2) = n
Substituting into (606), we obtain the lemma. O

Based on Lemma , we obtain the following lemma about the concentration property of Z ]gst) ,
which can be derived in the same way as Lemma

Lemma K.25. Given 8°) € T'“0 | then with probability at least 1 — §,

2 20K

||Zlgft)||2gcégmax WlogWa VOStSHake [K]a

where C% is defined in Lemmal[K.24}

The following lemma can be derived analogously to Lemma [K.14] but the error bound is tighter in
terms of its dependency on .

Lemma K.26. Given 8°) € T, then for § = O(poly(n)), with probability at least 1 — 6, there
exists a constant C} independent of o such that

657} — afllz < Oy Jomlog s VO <t < Ho k€ (K],
_ (s «
004D —alle < €y fanlog .

Then, similar to Lemma [K.17, we can show that for 6 = O(poly(n)) and simultaneously all s
sy + s where sf = O(Llog %), it holds with probability at least 1 — § that |[8(*) — ¢(3)||,

and

v

O(,/anlog %) Note that to eliminate the dependency of the second term’s denominator on « in

(#4), we can discuss the cases of & > ¢y and o < ¢y respectively where ¢y can be an arbitrary
positive constant independent of a. For the case of o < ¢y group [<2] rounds together and repeat
the arguments in this subsection to analyze the closeness between Local SGD and GD iterates as
well as the evolution of loss.

K.9 COMPUTING THE MOMENTS FOR ONE “GIANT STEP”

In this subsection, we compute the first and second moments for the change of manifold projection
every Ry, rounds of Local SGD. Since the randomness in training might drive the iterate out of the
working zone, making the dynamic intractable, we analyze a more well-behaved sequence {é,(jz :
(s,t) 2 (Riot,0), k € [K]} which is equal to {0,(;2} with high probability. Specifically, 0}:2 equal
to 0,232 if the global step (s, t) is n'°°-good and is set as a point ¢, € I' otherwise. The formal
definition is as follows.
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0 10 20 30

Figure 9: A plot of ¥ ().

Definition K.5 (Well-behaved sequence).  Denote by St(s) the event

{global step (s,t) is n'°°

-good}. Define a well-behaved sequence OASZ = 0,(:72 1. + ¢nul]]].g(s) ,
which satisfies the following update rule:

A(s)  _ pls)

0k,t+1 = 0k,t+1 ]]-gt(jr)l + (;bnull]]-gt(i)l (68)

= 017 = VL) —m2i) —Leco (017 = VL) = n2(7) + Lgco b (69)

By Theorem [K.1] with probability at least 1 — 7', () = "), Vk € [K],(s,1) = (Reor.0).
Similar to {0](:2 }, we define the following variables with respect to {é](fz :

1 N . X
05t = = 3 60 40 = 2(0)),

avg

A~ (s (s (s ~(s (s (s ~ (s 1 ~(s
80 im0 B0, 4l im0 0, &)=L Y 4l
ke[K]
Notice that :&E:'z) = ﬁcé‘f,?o for all k € [K]. Finally, we introduce the following mapping ¥(60) :
T — R4 which is closely related to W defined in Theorem
Definition K.6. For 0 c T, we define the mapping ¥ (0) : T — R¥4:
v () = Z V(nH (N + A;)) (2(6), viv;-r> vivj—-r,
i,j€[d]
where \;, v; are the i-th eigenvalue and eigenvector of V2 L(0) and v;’s form an orthonormal basis
of RY. Additionally, () := e_t% and ¥ (0) = 0; see Figure @for a plot.
Remark K.1. Intuitively, W(0) rescales the entries of () in the eigenbasis of V2L(0). When
V2L(0) = diag(A1, -+, Aa) € R where \; = 0 forallm < i < d, ¥(2¢);; = v(nH(N\; +
Aj))20,i,5. Note that W(0) can also be written as
vec(¥(0)) = Y(nH (V2L(0) & V>L(8)))vec(5(6)),
where @ denotes the Kronecker sum A® B = AQ I+ 1;® B, vec(+) is the vectorization operator
of a matrix and 1 (-) is interpreted as a matrix function.

Now we are ready to present the result about the moments of $(5+Rgrp) — (;AS(S).
Theorem K.2. For sg + 51 < 8 < Riot — Rerp and 0 < B < 0.5, the first and second moments of
@t Een) — $09) gre as follows:

B(3Hn) — g0 | 600 6] = L 503 [S(6) + (K - )1
+0(n"*7) + O(n),

(70)

. . . . . 1-p . - -
E[(0 7w — $0)) (U re) — )T | ), 0] = L3 (@) + O(n'7=2%) + O (o),
(1)

where @() hides log terms and constants independent of 1.
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Remark K.2. By Theorem and the definition of OAI(:E, (70) and (T1) still hold when we replace
&) with ) and replace s+ Bsw) with ¢(5+Fere),

We shall have Theorem [K:2]if we prove the following thegrem, whiPh direc}ly gives Theoren}@
with a simple shift of index. For brevity, denote by Ag®) = ¢(3) — p(0), 5y := 2(p®),
S0 =2 ().

Theorem K.3. Given \|é§32§ — O, = O, /nlog%), for 0 < B < 0.5, the first and second

moments of AJ)(Rg‘P) are as follows:

E[A )] = 82 (V) [ + (K — )T ()] + O(n**~2) + O(n),
E[A(ﬁ(Rgrp)Ag{)(Rgrp)T] _ %207” +@(n1.571.5ﬁ) +@(77)~

We will prove Theorem [K:3]in the remainder of this subsection. For convenience, we introduce

more notations that will be used throughout the proof. Let Hy : V2£(¢ )). By Assumptlon
rank(Hy) = m. WLOG, assume Hy = diag(\1, -, Ag) € R?*? where \; = 0 for all m <

i <dand \y > Ay--- > \p,. By Lemma 8@(({5(0)) is the projection matrix onto the tangent

space Ty, (') (i.e. the null space of V2L(¢©)) and therefore, d®(¢p(?)) = [8 IdO } Let

‘PH = 8(13(&(0)) and PL = Id — ‘PH

Let ALY, = E[& gsv)g H:fcév)g @l = ]E[:cgﬂsz] and B®) := E[ﬁ;,(f)iAqA&(S)T]. The latter two
notations are independent of k since 05? e OE;)t are identically distributed. The following lemma

computes the first and second moments of the change of manifold projection every round.

Lemma K.27. Given HBavg POy = O, /nlog%), for 0 < s < Rgyp, the first and second

moments of ¢(S+1) — (b(s) are as follows:
(s (s ~(s In (s 1 n A (s ~ —

E[¢H) — 60 = Py + 02(@")BR] + 507 AQ] + O 0).  (72)

E[(¢) — ¢))(HD) — ) T] = PIAG), Py + O(n' =0, (73)
Proof. By Taylor expansion, we have

Pt = <¢(8 Ae(a.f/)g H)

1 (s
= 6+ 00(@ )&,y + 3OS,y ) + Oy ull3)

= (2)(5) + 8(1)(¢(0) + Ad) S)) avg H T 562 (¢(0 + A¢ S))[ avg, Hégi{g7H]

+O(H ang” )
= 0+ P,y + PO, yASOT] 4 L)),y ]

+0(| AP 31125, 12 + A )H2||$avg7HH2 + &y ml13)-

Rearrange the terms and we obtain:
D = GO = Pl -+ PR [0), y AGT] 4 SPRG ), )]

+O(| A 31250 12 + I\A¢“)Il2l\wwg w3+ 125 l13)-

(74)

Moreover,

(PCHD — §) (gt — ENT = Pl & P+ O(|Ad® |28, 112, (75)
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Notlclng that 2°), A¢(*)T are identically distributed for all k € [K], we have E[2"), , A¢()T] =
= re(x) E[2 k,qu(ﬁ IT] = BS). Then taking expectation of both sides of @ glves

E[¢tD) — (9] = P‘.«ﬁ?wz (OB ’1+ ~0°D($)[AL)]
OE[ A 3125, 41112 ]+E[||A¢<>|| 125 112+ El&, 113D

Again taking expectation of both sides of (73) yields
E[(¢0+) — )¢+ — AT = PIAG), Py + O(E[| A |]|253), 1 113))-
By Lemmas and [K.23| the following holds simultaneously with probability at least 1 — 1'0°
1Ay = O@*5=098), (&8, ylla = O(0").

Furthermore, since for all k¥ € [K] and (s,t) < (Riot,0), 0,2 ; stays in ' which is a bounded set,

| Ag)| and ||:%§N)g g ||2 are also bounded. Therefore, we have

E[|A¢ 31125 2] = O'*~7), (76)

E[|A¢ ]| 25 4lI3] = O(n'2~07), 77

E[l|&0), ull3] = O ), (78)

which concludes the proof. O

We compute Ay, 1% and B{*) by solving a set of recursions, which is formulated in the following

lemma. Additionally, define A'*) := E[& ,(csz ,(csz—r] and M = E[& kst x, l] (k #1).

Lemma K.28. Given ||0§9,2§ dO||y = O(y/nlog %),forO <8< Rgrpand 0 < t < H, we have

the following recursions.

) = 6 —nHog” — yviL(o©)[BY 1 SL(@O)AP] + Om*F),  (19)
AP =AY — nH A —nAP H, D (n250-56), (80)
M, = NI — nHo M) — N Hy + 0(772'5 055, (81)
Bgi)l = (I —nHy)B{ + O(n*>~7). (82)

Moreover,
A, = LAY (- ), 83
Més-‘rl) _ Agsﬂ) _ PLA'(Lf,)gPL +0(n 1.5— 055) (84)
Q) = Pugy) - 0PR[BS - J0PR(6 )AL+ O ), (85)
B = PLBY) + PLAG), P+ O(n'*P). (86)

Proof. We first derive the recursion for dﬁs). Recall the update rule for é,(csz
Otin = 0100 — IVLOL)) — =) + e,
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Subtracting ¢(*) from both sides gives

NVLOY)) — 0z + O(ley)

&y~ 2)
= &) - (v%(w» ()4 S VL@ ]+ Ol >)
=z + O(é)]2)
=&y~ 1 (VL) + VL@ A + 0|26 |)) &)

= (VR + 0(1AG 1)) (221 ] — nzi) + Omll@f) I+ 1€f)2)
o)~ nHoa () — VL@ (@[ AdWT] - TVL(G >>[w$£w$£ J—nzsz

+ 0@ )13+ 1l AP a1 13 +nll A 131124712 + ef7 =), (87)

where the second and third equality perform Taylor expansion. Taking expectation on both sides
gives

~(s s n ~(s n n A(s
61 = (L= nH)gi” = nV3L(@)[g"] - TV L)AL
+ O (nE[I&{113] + nElIASS 2l 13] + nELIAG® 3|2 2] + Elei ] -
By Theorem with probability at least 1 — 7*%° é;m)f = 0,Vk € [K], (s,t) 2 (Rgrp,0). Also

notice that both OA,(:Z and ¢, belong to the bounded set I'“2. Therefore, Hé,(:z ||2 is bounded and we
have E[[|&}")||2] = O('%°). Combining this with (76) to (78) yields (79).

Secondly, we derive the recursion for Bf@. Multiplying both sides of (87) by AQB(S)T and taking
expectation, we have
By = (I - nHo)B}” + OE[|AG®||a]| &) 3 + A6 3]

Still by Theorem [K:1]and (76) to (78), we have (82).

Thirdly, we derive the recursion for A\*). By @, we have

Mz + llesl2]).

AD, = AY _H A gAY H,

(PE[| A5 + |12 2))

+ OME[|Z)3 + 120131 A ||2 )

(I nHo)A(S) g 20_~_(7)(772.5—0.5/3)7

loc

which establishes

Fourthly, we derive the recursion for M (®), Multiplying both sides of (§7) by a:l P +1 and taking
expectation, [ # k, we obtain

MYy = M — nHo M —nM(S)Ho+(9(77E[||w al2(7 2186 |2])
+ O(E[l|2 1311217 12 + 1€8)12]).
By a similar argument to the proof of Lemma[K:27] we have
E[ll&; 131217 1121 = O(n").
Elll&y) 121217 211 A0 2] = O(n'5~02),

which yields (8T).
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Now we proceed to prove (83) to (86). By definition of A3,

kE[K] ke[K]
1 ~(s) ~(s)T 1 ~(8) ~(s)T
=72 > Rl ydy ]+ 2 > E[m,&},ml(g, J
ke[K] k,€[K] k£l
A(s 1 “r(s
= —AY (- E)M}LI),

which demonstrates (83). Then we derive (84). By definition of q;;f,‘glo),

g0 = O+ @l 5 — (S + 2, )

$) +a) 1 — (9 + 0033, 4 + 012, )
ang '1ng avg,H 12

200 — (P + 00186 2)) 28, 4 + O35, 413)

P&, g+ O(l&i, 3 + &5, 121 A6)2). (88)

Hence,
MéSH) = A(SH) = E[C'};i)g of’égi)gTo]

= PLAG), Py + O(E[|&0), 4113+ 125, 13146 2]).
By (76) and (78], we obtain (84). By (74),
GO — ) = Pyl + O, 2l ASY 12 + 210 4113). (89)
Combining (88) and (89) gives
Bl o6 = 6)T) = PLAR, Py + O(n' > 0%7).
Therefore,

Byt = E@ST ) AGCTIT] = BT (A1) + ¢t — g0NT]
= P, BY) + PLAGLP 1+ O(n'5 7).

avg

Finally, we apply Lemma [K:27]to derive (83).

i =B = B2, — (o) - <is<5>>1
=4y — Pjgy) — 0*0(¢)[B] - 62 o($M)[AL)] + O(n5~7)
= PLgly) - P B - 50" o AL + Or2),
which concludes the proof. O

With the assumption that the hessian at ¢(©) is diagonal, we have the following corollary that for-
mulates the recursions for each matrix element.
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Corollary K.2. Given ||é;§9,)g — 0|y = O(,/nlog %),forO <8 < Rgrpand 0 <t < H, we have
the following elementwise recursions.

Ay = =+ A mAR), + g S0+ O(*>~0%), 90)
M 5= (1= O+ 0) )M, + O(n*57099), o1
BE, .= 1= p)BE). + 0n*5F), (92)
1 1 (s S “r(s
A(av)gz,] = E(A(I{,)Zj _MI(LI)'L',j)—i_M;I,)i,ﬁ (93)
- i AC) L O@s0%E), 1<i<m,1<j<m
M(5_+_1) — A(5+1) — avg,i,j ; Sts>m,l 7>, 94
0,29 0,27 O(nt-o=0-58), otherwise. 4
B+ AL, +O0mP), 1<i<mm<j<d,
B = LB+ o), 1<i<m1<j<m, (95)
0 nto=h), m < i<d.

Having formulated the recursions, we are ready to solve out the explicit expressions. We will split
each matrix into four parts and them one by on. Specifically, a matrix M can be split into P M P,

in the tangent space of I" at ¢A>(0), P, M P, in the normal space, along with PyM P, and P, M P
across both spaces.

We first compute the elements of P Ais) P, and P, Agf,)gP .

Lemma K.29 (General formula for PJ_AES)PJ_ and PJ_Agf;)gPJ_). Let Ry := [% log %] Then
for1 <i<m,1<j<mand Ry <5< Rgp,

i« L S 4 Oyl 5-0.58
i = g A K B0 O
(s 1Y (1= (Ai+X)n) U X 15
A(.).:— 1— — J Yo I S 3 P 1.50.5/3.
b ( K ) v+ 2)Bioe 0 T O A Broe 0 T ( )
For s < Ry, AES” O(n) and Agv)g i =0Mm).

Proof. For1 <i<m,1<j<m,\; >0,); >0.By (©0),

t—1
Ai(fsz),J _(1_(A +/\) ) E)z) +Z(1_()‘1+)‘])77) B1 EOz,_j
=0
t—1
+ OO (1= (i + X)) >0
=0

1— (1= +)n)
()\z + >\j)B10c

= 1=+ X)n) AE)Z 15045 + O(nt5058),

where the second inequality uses "1 (1 — (A 4+ A;)n)™ = L-0—Qatd)m’ o 1 By ©1),

(AitA5)n = (Ni+Aj)n°
-1
Mt(sl)j—( — (X + X)) 0”4_(9(2(1_()\ )20
=0

= (1= (i + 2 AR + 02709,

v
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where the second equality uses M{* ™" = A" By (©3) and (94),
_1-A-itAm”

At = O A KBS0 (1= A X AT + O #7022,
1(s+1 s —0.
A((),i,j) A;vgzj +O( 0 05ﬁ)

1 (-t A

S0 Hj()
(Ai + Aj) K Bioc Mo+ (1= (it A)m7 Ao,

Then we obtain

i) _ sH (0) (=) rH
AO,i,j_(l_()‘i+>‘j) ) AO'Lj ()‘z+>\)KBloc EOZ,le_ )
s—1
+O0(n" 705N (1= (A + A,
r=Ro
Notice that |1 — (A; + A;)n| < 1 and
(1= (i + X)) <exp(—=(\; + Xj)nH) = exp(—(\; + \))a). (96)
Therefore,
s—1
L= (1= N+ ) H 1
L— N+ X)) = J < )
2= (et ™ = T BT S T e (e )

r=0
Then we have

AL, = (= (u A AR, + 1A= Qut g

180,45 + O(n*570F).

o 043 T T+ A K Buoe
Finally, we demonstrate that for s > Ry, /Algfz’j and Aé(wgl ; 1s approximately equal to
mzo,mw By (©6), when s > Ry, (1 — (A\; + Aj)n)*H = O(n'?), which gives
1 N
AL _ S04 4 O(nt5-0-58
i = (g A KB 0 O
1Y A= Qut+ )" U A 15—
A (1= i A S04 —— S+ O(y5058),
tt.g < K) ()\ + A')Bloc 20,5 ()\ + )\j)Bloc 0,isj + (77 )
For s < Ry, since A = :i:gf,)g o Agf,g 0=0(n), we have Aavg ;; =O(n) and Agi ,=0(m). O

Secondly, we compute P, AgS)PL and P’HA(af,)gPJ_.
Lemma K.30 (General formula for PJ_AES)PH and PJ_Agf,)gPH). For1<i<m,m<j<d,

(s 1—(1—X\n) ~
A() _ ( n) n20$i’j+0(n1.5—0453),

e /\iBloc
i(s) _ 1-(1-N\ )H 1.5—0.58
avg,i,j \; K Bloc 20 ij T O( )

Proof. Note that for 1 <i < m,m < j < dand \; > 0,\; = 0. By (90) and (94),

s 1 - (1 - Aﬂ])t
=(1- tAL) _
( ) 01] Ai Bioc
1—(1—Nm)*

LA e+ O,
X, Brog n%0,:,5 + O(n )

By (1) and @), M%), = O(n'-5-0-58). Then,

t,i,7
i _ 1= =xmf
avg,t,] >\ KB]OC

A

t,1,9

150,15 + O(n'5705F)

ZO i + 0( 1. 57().5B)'
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Similar to Lemma . we have the following lemma for the general formula of PHA,ES)P ', and
Pl AP
Lemma K.31 (General formula for PHAES)PL and H‘Agf,)gPL). Form<i<dandl<j<m,

(s 1—(1-=Xn)t = _
AE ) ( i) n%04 + O(nl.S 0.53)’

o /\jBloc
i 1— (1= xm)H A 15
A 2T T AN e G(pl5058)
avg,i, ] X K Bioc n¥o,i,; + O )

Finally, we derive the general formula for PHAES)PH and P, Agf,)gﬂ|.
Lemma K.32 (General formula for PHAES)PH and ﬂAgﬁLHp. Form <i<dandm < j <d,

Proof. Note that form < i <d,m < j < dand \; = \; = 0. (90) is then simplified as
2
s " n N
Ag-ir)lvi,j = Ag,i),j + ?E(),i,j + O(n>>70:58),
loc

Therefore,

2(s 2 (s 3 2 —
Ay = A+ jToas + O 0%), ©7)

According to (1), Mt(i)] = O(n"?=958) form < i < dand m < j < d. Combining ©OT), (©%)
and (97) yields
ORI L

(,,1.5—0.5
aveig = g 0 +OM %).

Now, we move on to compute the general formula for Bt(S).

Lemma K.33 (The general formula for PlBt(S)P”). Note that for 1 <1 < mandm < j < d,
when Ry 1= [)\}n—oa log %] < 5 < Rgrp,

: 1—N\im)* A0 15
B(S,),:(ilgi_ 1.5-6Y)
t,1,] K Blog n¥o,i,; + O )

Fors < Ry, B = O(n).

3,5

Proof. Note that for 1 <14 < m, \; > 0. By (92),

Bt(i)l,i,j =(1- /\m)Bt(i.)’j + OWP5P,
Hence,

B, = 1B + O
According to (93),

B =By, + AL+ O

0,4,5 2% avg, ,j
= (L= i) By + A5+ O 7).

0,4,5
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Then we have
s—1

BE), = =)™ B) + AL Z )™+ O3 (1= Aty 7)
r=0
1—(1—)\1*77) i(5) 5 15-
= (1= )\ sHB(O) A OB
( ) 0,2,7 + 1— (1 . )\zn)H avg, 1,] + (77 )
1— (1= ) 15—
= A 7).
1— (1 _ )‘ln)H avg, 1,] i + O( )
where the second equality uses (96) and the last inequality uses B((JO) = avg OAqb(O = 0. For
s > Ry, Agf,g i = %T}ZO,Z‘J + (7)(771'5_0'55), which gives
BY — 54O,
0,45 7 . KBloc 0.5 O )
Therefore,
~ 1—X\in)t
B ! 5 Anl5—B)
= SR By R0+ O
For s < Ry, fl;f,)g ;; = O(n) and therefore, B 2 =0(n). O

Lemma K.34 (General formula for the elements of P LBES)P ) For1 <i<mand1 <j<m,
B(S) _ @(771'575)

t,2,5

Proof. Note that for 1 <14 < m, \; > 0. By (92),

B, =0 = m)BY)

t,4,5

+ O(n*> ).
Hence,
B, = (4 ABE, 0014
By (93).
Bt — BS,)U + O P)

0,2,7

= (1= Am)" By}, + O(n'*7)
s—1

= (1= X" BgD); + O (1= Am) ' >~7)
r=0

= (1= )M + O 77)

= (7)(7715_5)7

where the last inequality uses B(O) =0. O

Lemma K.35 (General formula for PHB( ). Form < i<d, B® = O(n'>=h).

t’L]

Proof. Note that \; = 0 form < i < d. By (92) and (93),

B = B + 0w 0), B = 0(n3).

Therefore,

B =100 * %) + B = O(n** 7).
O

Having obtained the expressions for Bt(s), AES) and A;f,)g we now provide explicit expressions for
the first and second moments of the change of manifold projection every round in the following two
lemmas.
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Lemma K.36. The expectation of the change of manifold projection every round is

H I A 5—
E[(+) — ¢)] = {O’(in)a2 (PO)[Z + T (O] + O(n5B), 50<<Rz < Rgrp . (98)

where Ry := [)\10 log 1 W

Proof. We first compute E[q&(““) — qb(s) |. By (72), we only need to compute B ql(q) by relating it
to these matrices. Multiplying both sides of (79) by Py gives

~ S 77 S 5—
Pty = P —nP VL@ )BY) — SPVELGO)AT] + Ot ). (99)
Similarly, according to (83), we have
~(s n > (s 1 n _
Py = —P0*e(6)By) - SP0Pe(¢ V)AL + O, (100)
Combining (@9) and (T00) yields

H-1
L 2 (0)\[ A (s— n
Pigyy = S P 2(@ )AL - SR VL@ Y A
t=0

s (101)
— P VEL($O) — PPo(¢O)[BS V] + O(n'0).
t=0

By Lemmas |K.29L |K.32| and K.SOL fors < Ry = |2 log %j, AES) = O(n), Agi)g = O(n) and

Bgs) = O(n). Therefore, E[¢p(t1) — ¢()] = O(n). For s > Ry, Agigl) = Aa‘f,)g + O(n}-5-0-58),
Substituting (T0T)) into (72)) gives

B0 — 6] = S P00 ()AL + PLo*e(3O) B

T

—_

Ti
.
H—
PV L($ ) fZ B®+0(n'P).

l\D

J‘:M

T3
Below we compute 77 and 7 for s > R, respectively. By Lemma[K:3]

P 0*0(¢\")[PLAL) P|| = PL0*®(¢V) [P AL, PL] =0,
PLo*0(¢")[P|AL),P)| = 0*0(¢)[P AL, Py).
By Lemma[K:4]
P 5*d (¢<0>)[PLA<9)PL] 0.

Therefore, for s > R,

PJ_62 (¢(O))[A(5 ] _ 2;;{;2 62¢(¢§(0))¢)[20,H] _|_(/j(nl.5—0.5[3)7

avg
loc
where we apply Lemma[K.32] Similarly, for s > Ry,
PLO*0($) (B} = 0°8(¢) [P By Py] = O(n"*7),
where we apply Lemma[K:33] Hence,

7'1— 5 82 () [Zg ] + O(n'>=F). (102)
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‘We move on to show that

2 ) .
T2 = %62@(¢(0))[20 = S, + (K = 1)®(¢!)]. (103)

Similar to the way we compute A'*, A(Y, and B!*), we compute 73 by splitting 75 into four
matrices and then substituting them into the linear operator *77P\|V3£(¢(0))H one by one. First,
we show that

2
P VP LGONPLT P = 00§ [So.1 + (K — 1) (S0

+ 0P,

where () is interpreted as an elementwise matrix function here. By Lemmas and [K.34] for
1<i<m,1<j<mands> Ry,

(104)

A\ 1Y (1= i+ A)n) n - o
A(S?,(l) J S0 — S 4 O O.oﬂ,
b K ()‘1 + )‘j)Bloc 10,43 ()\7, + )‘j)Bloc 0.4, (77 )
By, = 0(m'oP).
Therefore,
H-1
Al 1Y 1-(1—=Ni+x)m" Hp R B
A() — (1 - — ¥ Z‘+ Z+O 0.5-8
— t,i,] ( K) ()\1 + )\]) Bloc 0,t,7 ()\z + )\J)BIOC 0.,2,7 (77 )

! Hn 1— (1= +x)m" - 05
A 1= Yo, + O .
< ) (A + Aj)Bioc { . 0,i,j +OM°77)

t=0
Then we simplify 7;. Notice that
(1 — (N + X)) = exp(=H(\i + \)n)[1 + O(Hn?)]
= exp(—H(X; + A;)n) + O(n).
Therefore,

Ta = (N +Aj)Hn) + O(n).

Substituting 7 back into the expression for Zf]: 61 AE? 5 gives
H-1
A (s Hy 1\ Hiyp((Ai + Aj)Hn) 3 (05—
A():—Ez | —— J Ez 00.5[3.
; bt K()\z + )\j)Bloc 0.3 F ( K) (>\z + )\j)Bloc 0,ij + (n )

Combining the elementwise results, we obtain the following matrix form expression:

A Hn? A
P VL) P T3P.] = —%H|V3£(¢(°))[VHO(20,L + (K = 1)3(30,1))]
+ @(771'575).
By Lemma [K.4] we have (104).

Secondly, we show that for s > Ry,

— PV L(@O)[PLTsP| + P T3P,
Hip® o 20 s (105)
= ?8 (e ))[EO,L,H + (K = 1D)y(Zo, )] + O™ -8y,
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where () is interpreted as an elementwise matrix function here. By symmetry of AES)’S and

V3L(p®),

H-1 H-1
1 In A (s A(s
SV [Z PLAPP + Y PAYP | =

t=0 t=0

— V3L($) [Z PA >P|]

Therefore, we only have to evaluate

H—-1
L(¢©) lZP (A 4+ B H+ZPHB( 1

t=0

To compute the elements of Zf: 51 P L(AES) + Bgs))P”, we combine Lemmas and to
obtain that for 1 < ¢ < mandm < j < d,

H-1 H-1
1(s 1—(1-— )\2 t ~ _
AR); = %ﬁzom +0(n°>77)
t=0 t=0 iPloc
Hn 1—(1—x ) s
= 0,65 — —E i B
)\iB]()C 0,4,7 )\QBIOC 0,,5 + O( )
Hn 1— (1= < o5
AiBioc < N.Hn 0., +O(n )
Hn A/, 0.5—8
= JH) Y00 . 7
)\iBlocd}()\’ o5 +O(n )
and
H-1 ( H- 1
B, 1504 + O(nt5=P
t=0 e Z )‘ KBloc 0.4.3 + ( )
1 — (1= xm)H -
= —E i O B
NR By, o 1O
el My 1— (1= Am)" A (05—
= T4 - . S0+ OO0
AiK Bioe 007 XN K Bioc ( NHn 04,5 + O )

Hny Hny A(,,0.5—
)\iKBloc 0,2,j )\iKBIOCQJZ}( 77) 0,%,j + O(T] )

Therefore, the matrix form of 37 ' Py (AL + Bt(s))P” is

H-1

s (s H A 0.5
> PUAY + BY)P = Wk, (Zo. + (K = Di(Z0,.1) + 00",
t=0

where 1)(+) is interpreted as an elementwise matrix function here. Furthermore, by Lemma [K.35|

f: o BE)ES) = O(n°5~F). Applying Lemma we have (T03). Finally, directly applying
Lemma[K:3] we have

1P\ VL) P T P] = 0. (106)
Notice that 1)(X ) = 0 where ¢)(-) operates on each element. Combining (T04)), (T03) and @

we obtain (T03). By (I02) and (I03), we have (©8).

Lemma K.37. The second moment of the change of manifold projection every round is

: R ; A5+ O 5=058) Ry<s<R
E[(¢GTD — ) (pGtD) — pNT) = ¢ "B <0l n ) 0= erp
( X =g o=

where Ry := [/\na og %l

Proof. Directly apply Lemma[K.32]and Lemma[K.27 and we have the lemma. O
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With Lemmas and [K:37] we are ready to prove Theorem [K.3]

Proof of Theorem[K.3) We first derive E[A¢(Fer)]. Recall that Ry, = Lﬁj = W + 0o(1)
where 0 < 8 < 0.5. By Lemma[K.36]

Ro Rgrp—1
E[pFer) — (0] = ZE[¢(S+1) — ¥ + Z E[pttD) — ¢
s=0 s=Ro+1

1-5 . N - ~
= L5 00 )[S0 + ()] + O *) + O,

Then we compute E[A¢(Fer) Agp(Rere) T,

Rgrp—1 Rgrp—1 T
Bl (3 @em g | [ S @ - 6o
s=0 s=0

Rgrp—1

= ST BB 0@ GONT] ¢ 3 B — GBS — )T
s=0 s#£s’
n'~f 5 .
= "5 2o +0m) + O *~17),
where the last inequality uses E[(¢(+D) — ¢)|E[(¢+D) — ¢())T] = O(5?). 0

K.10 PROOF OF WEAK APPROXIMATION

We are now in a position to utilize the estimate of moments obtained in previous subsections to prove
2
the closeness of the sequence {¢(*)} SE{)(H" ) and the SDE solution {¢ : t €[0,T]} in the sense of

weak approximation. Recall the SDE that we expect the manifold projection {®(6(*))} &Z{)(HWZ)J to
track:

() = Pe( 5=/ (QaW, — 35 VL[S0 (Qldt — B VPLO@(O)at ), (107)
(a) diffusion (b) drift-T (c) drift-IT

According to Lemma and Lemma the drift term in total can be written as the following
form:

1
(b) + () = 50" R(Q[R(¢) + (K = D¥(Q)).
Then by definition of P, is equivalent to the following SDE:

4C(t) = =0T AW, + Z0%0(C) [(B(0) + (K~ ()t (108

Therefore, we only have to show that ¢(*) closely tracks {{(t)} satisfying Equation . By
Lemma there exists an e5 neighborhood of T', T'“3, where ®(-) is C*°-smooth. Due to com-
pactness of I', T'® is bounded and the mappings 92®(-), 0®(-), B'/2(-), =(-) and ¥(-) are all
Lipschitz in I's. By Kirszbraun theorem, both the drift and diffusion term of (TO8) can be extended
as Lipschitz functions on R<. Therefore, the solution to the extended SDE exists and is unique. We
further show that the solution, if initialized as a point on I', always stays on the manifold almost
surely.

As a preparation, we first show that I" has no boundary.
Lemma K.38. Under Assumptions|3.1|to T has no boundary.

Proof. We prove by contradiction. If I has boundary 0I', WLOG, for a point p € JI, let the
Hessian at p be diagonal with the form V2£(p) = diag(A1,- -+ ,A\q) where \; > 0for1 <i <m
and \; =0form <i<d.
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Denote by x;.; := (x;, Ziy1, -+ ,2;) (¢ < j) the (j — ¢ + 1)-dimensional vector formed by the i-th
to j-th coordinates of x. Since (6v ﬁ(p ) — = diag(A1, -+ , A is invertible, by the implicit function

theorem, there exists an open ne1ghb0rh00d V of P14 such that VL(v) = 0, Vo € V. Then,
L(v) = L(p) = mingey £(0) and hence V' C T', which contradicts with p € 0T O

Therefore, I is a closed manifold (i.e., compact and without boundary). Then we have the following
lemma stating that I is invariant for (TO8).

Lemma K.39. Lez {(t) be the solution to (I08) with {(0) € T, then {(t) € T forall t > 0. In other
words, T is invariant for (108).

Proof. According to [Filipovic (2000) and |[Du & Duanl (2007)), for a closed manifold M to be viable
for the SDE d X (t) = F(X (t))dt + B(X (t))dW, where F : R — R? and B : R? — R? are
locally Lipschitz, we only have to verify the following Nagumo type consistency condition:

w(x) == F(x ——ZD (x) € Tp(M), Bj(x) € Tu(M),

where D[] is the Jacobian operator and B;(x) denotes the j-th column of B(x).

In our context, since for ¢ € T, OP(¢) is a projection matrix onto T4(I'), each column of

O®(¢p) /2 (¢p) belongs to Ty (T'), verifying the second condition. Denote by P, (¢) := I,—0® ()
the projection onto the normal space of I" at ¢. To verify the first condition, it suffices to show that
P (¢)p(¢) = 0. We evaluate > ; PL(cl))D[Bj(q’))]B(d)) as follows.

S PL()DIB; (¢ Z D[9®(¢) ()]0 ()} ()

fPL 262 )[Z}%(0),00() 2} *(¢)]

—§V2£<¢>+V3£(¢)[EH<¢)}, (109)
where the last inequality uses Lemma[K.3] Again applying Lemma[K.3] we have
1
PL($)F(¢) = —55VL(®) VL)) (). (110)
Combining (T09) and (TT0), we can verify the first condition. O

In order to establish Theorem it suffices to prove the following theorem, which captures the
closeness of ¢(*) and {(t) every Ry, rounds.

Theorem K4. If [0 — |y = O(\/nlog+) and ¢(0) = ¢©) € T, then for Ry, =

Lﬁj every test function g € C?,

Eg(¢" <)) — Eg(¢(nn"™))| < Cyn”* (10g )",

max
=0, [T /n®75

where Cy > 0 is a constant independent of 1 but can depend on g(-) and b > 0 is a constant
independent of n and g(-).

K.10.1 PRELIMINARIES AND ADDITIONAL NOTATIONS
We first introduce a general formulation for stochastic gradient algorithms (SGAs) and then specify
the components of this formulation in our context. Consider the following SGA:

Tpt1 = Tp + nch(wna gn);

where z,, € R? is the parameter, 7, is the learning rate, h(-,-) is the update which depends on
@, and a random vector &,, sampled from some distribution =(x,,). Also, consider the following
Stochastic Differential Equation (SDE).

AX (1) = b(X())dt + o (X () dW;,
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where b(-) : R? — R? is the drift function and o (+) : R¥*? — R9* is the diffusion matrix.
Denote by Px (x, s, t) the distribution of X (¢) with the initial condition X (s) = x.Define

A(m,n) = Xty — X, where X 41y, ~ Px (2,17, (n + 1)1c),
which characterizes the update in one step.

In our context, we view the change of manifold projection over Ry, = Lanl =] (B8 € (0,0.5))

rounds as one “giant step". Hence the ¢("F=») corresponds to the discrete time random variable
@, corresponds to and ¢ (¢) corresponds to the continuous time random variable X;. According to
Theorem [K.2] we set

ne=n' L b(Q) = RPN (B + (K~ DC). o(0) = —=00(0)3(C)
Due to compactness of I', b(-) and o (-) are Lipschitz on T".
As for the update in one step, A(-, -) is defined in our context as:
A(qﬁ, n) = Cnt1)n. — D where C(nq1)n. ~ Pe(P,nne, (n+ 1)) and ¢ € T
For convenience, we further define
A = G FDEarp) _ (0 Barp) A = A(dTer) ),
b = p(PpFerw)), o™ : = g (pFem)),

We use C, ; to denote constants that can depend on the test function g and independent of 1. The
following lemma relates the moments of A (¢, n) to b(¢) and o ().

Lemma K.40. There exists a positive constant Cy independent of n. and g such that for all ¢ € T,
‘ [N'(gba )]_ne z( )|<00ne> Vi<i<d,

‘E[A1(¢a )A m TL Wezazl Ul_] | < COUe? V1 S 7”] S da

6
B || 2 .m)
The lemma below states that the expectation of the test function is smooth with respect to the initial
value.

< Cond, V1 <y, ,ig < d.

Proof. Noticing that (i) the solution to (TO8) always stays on I" almost surely if its initial value ¢(0)
belongs to I, (ii) b(-) and o (-) are C*>° and (iii) I is compact, we can directly apply Lemma B.3 in
Malladi et al.|(2022) and Lemma 26 in L1 et al.|(2019a)) to obtain the above lemma. O

The following lemma states that the expectation of g(¢(t)) for g € C3 is smooth with respect to the
initial value of the SDE solution.

Lemma K.41. Lets € [0,T), ¢ € T'and g € C3. Fort € [s,T), define
(¢> S t) = ECf’VPc (¢,s t)[ (Ct)]
Then u(-, s,t) € C3 uniformly in s,t.

Proof. A slight modification of Lemma B.4 in Malladi et al.| (2022) will give the above lemma. [

K.10.2 PROOF OF THE APPROXIMATION IN OUR CONTEXT

For 8 € (0,0.5), define v = 2= 25772 = ﬁ7 andthen 1 < v, < 15,1 < 10 < 2.
We introduce the following lemma Wthh serves as a key step to control the approximation error.
Specifically, this lemma bounds the difference in one step change between the discrete process and
the continuous one as well as the product of higher orders.
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Lemma K.42. If |6 — ¢, = O(,/nlog %), then there exist positive constants C1 and b
independent of m, and g such that for all 0 < n < |T/n.],

1
EAM — A | g5 )| < C log 1) + Oz (log L), VI<i<d,
E[AMAT — AAM | gf" )| < oyt (log 1) + Crnd (log 1), V1 < i j < d.
2.
6
H | &5 | < O (log 1), V1 <iy, - ig < d,
"
H | &5 e | < O (log 1), V1< iy, - ig < d.

Proof. According to Appendix [K.7] we have

6
[T
s=1
Since 73 < 1.5 and 7> < 2, we can utilize Theorem [K.3] and conclude that there exist positive
constants C'y and b independent of 7, and g such that

[l — o™ | 6| < Cany (log 1) + Con log 1)1, V1 < i < d,

nRgrp A Q_
| &) | = O3,

(111)

n n nRgrp) ..
E[AT A —neza Vol | &5 )| < Cond* (log )P + Can22(log 1), V1 <dj < d,

=1
(112)
| &5 e | < O3 (log 1)?, VL <y, ig < d. (113)
Combining (TTT) - (@]} w1th Lemma [K.40| gives the above lemma. O

Lemma K.43. For a test function g € C?, let uy () := u(@, Ine, n0e) = E¢,wpe (1m0, [9(Ce)]-
If|0© — O], = O, /nlog%), thenforall 0 <l <mn—1land1 <n <|T/n.],
Efury1,n (@00 + AD) —wpyy (M) 4 AT | gHHare)]] < Cy (2 +m72) log(-)",

where Cy 1 is a positive constant independent of 1 and qAS(lefP) but can depend on g.
Proof. By Lemma|K.41| u; ,,(¢) € C? for all I and n. That is, there exists K(-) € G such that for
all I, n, uy ., (¢) and its partial derivatives up to the third order are bounded by K (¢).

By the law of total expectation and triangle inequality,

’E[UHM@URW + ADY — g (R 4 AD)] | LFare)

< ’E[UHLH(&)(ZR@-I)) + ADY g o (@URe) 1 ADY) | GLBer) glIFerw)]

A
+77100E[|Uz+1,n(¢3(mg”’) + A(l))\ | d;(lerp),g(()lerp)]
As
+n100E[|ul+1,n(¢;(1Rgm) + A(l))\ | é(zRgm),g—émgm)].
As
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We first bound Ay and Aj. Since ¢({F=e) € T, both ¢(Here) 4 AD) and ¢(Ferr) + AD belong to
I'. Due to compactness of I and smoothness of u;11 ,,(-) on T, there exist a positive constant Cy; o
such that Ay + A3 < C, o090,

We proceed to bound A;. Expanding w41 ,(-) at ¢(B=v) and by triangle inequality,

d
s au Mmoo 7 A n v
AP < D B[ (@00en) (A — AL | §tfen) g
i=1 o
B
1 Pursin R OAD _ AOKADY | AR, (IRgrp)
- E ap)) (ADAD _ ADAL (IRgrp) erp
+21<Z<d Faa0; @ ) (A0A - APAD) | g0, &)
WA
Ba
+ Rl + R,

where the remainders R and R are

1 Buigin - R )
R=G 2 Elgprsi (@0) + 0AMADAD | gl e,
1<4,5,p<d tIrIETe

51 sy ) AADYVADAD A 2 IRy
. E R YtLn (Rws) L GAOYVAD AD AW | §(Rarp) gtherp)
R va [8¢18¢Ja¢p(¢ + ) 2 7 yY |¢ 750 ]a

1<4,5,p<d

for some 6,6 € (0,1). Since P Berp) belongs to I' which is compact, there exists a constant Cy 3
suchthatforall 1 <4, <d,0<1<n—-1,1<n<|T/n],

|3Uz+1,n

O
By Lemma|[K.47]
d2
By < dCysCr(n* +n?)(log o), Ba < 5 Co.3C1(n" + 1) (log ).

2
8 ul+1,n

A(lerp) < q
(¢) )|7Cg,57 ‘ 6¢18¢J

(q?,(lerp)” < Cys.

Now we bound the remainders. By Cauchy-Schwartz inequality,

Pusin L sar VROIROING R (IRgrp)
E pgragsoq, @+ OADATATAY | ), £y
1/2
<|E aguH‘l’" (é(lerp) +9A(l)) ’ | é(lerp) g(nRgrp) / X
= 96:06;0¢, o

1/2
( [(A(l)A(l A l))2 | ¢(lerp 5(”Rgxp)]) )

Since qAb(lerP) and é(lefP) + A® both belong to I which is compact, there exists a constant Cy.a
suchthat forall 1 <4,5,p < d,0<!I<n—1land1<n <|T/n.],

3u 1,n n T 2
(Tmaﬁ;jé% (¢(le p) 4 QA(Z))) < 03’4
Combining the above inequality with Lemma[K.42] we have

]E[ 83ul+1,n
09:i0¢;0¢,
Hence, foralll <n < |T/n.|,0<1<n-1,

d3
R] < % CyaCrnd log(L )",

(QZ)(lerp) + QA(l))AEZ)Agl)AZ()l) ‘ J)(lerp)’ gélerp)} < Cg,4017731 log(i)b.

Similarly, we can show that there exists a constant Cy 5 such that forall 1 <n < [T/n.],0 <1 <
n—1,
5o & 10
R| < 609’501%71 log(7-)".

Combining the bounds on A; to A3z, we have the lemma. O
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Finally, we prove Theorem [K.4]

Proof. For 0 < [ < n, define the random variable é’l’n which follows the distribution
Pe(pBerw) 1 ) conditioned on ¢ Fsre) . Therefore, P(Cpp = @) = 1 and Co.n ~ Coune-
Denote by u(, 5, ) := B¢, wpe (,5.0)[9(C)] and Tiy1 = wi g1, (@ Fere) AW, (141)ne, ne) -
ul_,_l,n(qg(mgrp) + AD (14 1)ne, n1e).

[Elg(¢" )] — Elg(¢ (nm.))]|

< E[g(én,n) - g(éO,n) ‘ g(gnRgrp)] + 0(77100)
n—1
~ - nRgrp
< 3" [Elg(Gsrn) — o) 1 £ + O )
=0
n—1 R R
- Z E[u(¢((1+1)Rgrp)7 (L4 116, nme) — w(Crigr, (L+ 1)ne, nne) | gé"Rgrp)] +O(n'°)
=0
n—1
— Z E[Ti41.m | gé"Rgrp)}‘ + O').

Noticing that E[Tp4 1, | €] = E[E[Ti1, | $0Re), g F)] | £"Fe»)] we can apply

3

Lemma and obtain that forall 0 < n < |T/ne],
[Elg(" )] ~ Elg(C(nme))]| < nCoya (2" + 1) 0g 11"
<TCyn(n ™" + 12~ 1)(log --)".

Notice that 70* + 722 = n°*=# 4+ and T, Cy ; are both constants that are independent of 7. Let
B = 0.25 and we have Theorem O

Having established Theorem [K4] we are thus led to prove Theorem [3.2]

Proof of Theorem[3.2] Denote by scis = sg + s1 = O(log %), which is the time the global iterate
6) will reach within O(n) from T' with high probability. Define ¢(t) to be the solution to the
limiting SDE (T08) conditioned on 5(55“15) and ¢(0) = @), By Theorem we have

(nRgrp+5cis) _ o F (00,075 (Sc1s) e (Sc1s) 0.25 1\b
o max - [Elo(e ) = g&(nn 7)) | ¢5, £0°)| < Cyn®*(log L)Y,

where Ry, = Lﬁj Noticing that (i) g € C? (ii) b, o € C* and (iii) {(t), é(t) eTl,te0,00)

almost surely, we can conclude that given Eésds),

16() = C(#)l|l2 = O(y/m), vt € [0,T).

Then there exists positive constant b’ independent of 7 and g, and C; which is independent of 7 but
can depend on g such that

(nRgrp+5Scis)) _ 0.75 2 7..0.25 1\
e T o Elg(¢ ) = g(C(nn"™ " + sasHn))]| < Cgn™ > (log ;)" -

We can view the random variable pairs {(¢(fleotsee) ¢ ozs, Y in=0,---,|T/n°7]} as

reference points and then approximate the value of g(¢(*)) and g(¢(sHn?)) with the value at the
nearest reference points. By Lemmas@and@ for 0 <r < Rgpand 0 < s < Ryop — 7,

E[|¢ ) — ¢)[|5] = O(n°37).

Since the values of ¢(*) and ¢ are restricted to a bounded set, g(+) is Lipschitz on that set. Therefore,
we have the theorem. O
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L DERIVING THE SLOW SDE FOR LABEL NOISE REGULARIZATION

In this section, we formulate how label noise regularization works and provide a detailed derivation
of the theoretical results in Appendix

Consider training a model for C-class classification on dataset D = {(x;, y;)} X ;, where z; denotes

the input and y; € [C] denotes the label. Denote by A§ ™" the (C' — 1)-open simplex. Let f(6;z) €
Ag_l be the model output on input « with parameter 8, whose j-th coordinate f;(0;x) stands for

the probability of = belonging to class j. Let £(0; x,y) be the cross entropy loss given input & and
label y, i.e, £(0; x,y) = —log f,(0; x).

Adding label noise means replacing the true label y with a fresh noisy label ¢ every time we access
the sample. Specifically, 4 is set as the true label y with probability 1 — p and as any other label
with probability =, where p is the fixed corruption probability. The training loss is defined as
L(0) =+ Zszl E[¢(0; xi, §;)], where the expectation is taken over the stochasticity of ;. Notice
that given a sample (x, y),

E[t(6;.9)] = ~(1—p)log £, (6:) = 5= > log f;(6: ). (114)

J#y
By the property of cross-entropy loss, (I14) attains its global minimum if and only if f; = o
forall j € [C],j # y and f, = 1 — p. Due to the large expressiveness of modern deep learning

models, there typically exists a set S* := {0 | f;(8) = E[;],Vi € [N]} such that all elements
of §* minimizes £(@). Then, the manifold I" is a subset of S*. The following lemma relates

the noise covariance () := + >ien EI(VAO; i, §i) — VL(O)) (VO @i, §i) — VL))
to the hessian V2£(8) for all 6 € S*.

Lemma L.1. If f(0;x;, ;) is C*-smooth on R? given any i € [N], §; € [C] and S* # @, then for
all 6 € S*, 3(6) = V2L(8).

Proof. Since L(+) is C-smooth, VL(0) = 0 for all & € S*. To prove the above lemma, it suffices to
show that Vi € [N], E[VE(0;x;,9:)VL(O;2;,9;) ] = V2L(0). W.L.O.G, let y = 1 and therefore
for all @ € S*,

fi(0;x) =1—p=:a,

p . .
fj(0§$) = m =:a9,Vj>1,j€ [C}
Additionally, let h(x) := —log(x),z € RT. The stochastic gradient V{(6; z, §) follows the distri-
bution:
W(a)%r  wp.1—p
VO, x,y) = 59 T _
) {h'(@)aj;’ w.p. 573,V € [C],j > 1.

Then the covariance of the gradient noise is:

* * T
E[V(6;2,5)VE0;2,9) ] = (1 *P>(h'(a1))28‘g$ ! <agé€ )>

p(h'(a2))* — 01;(0%) (0f;(6)\"
e 2 e (ae*)'

And the hessian is:

9% f1 n ph'(a2) f;

002 C -1 & 002
7>1

V2L(0) = (1 - )l (@)

e

ofy (0fi\ " ph” Of; (OF:(0)\ "

ro-me (%) < ()
j>1
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Since 3 i) fi = L.

*fr % f;
907~ 2 o (115)
G>1
Also, notice that h/(z) = —%. Therefore,
ph'(az)

(1 =p)h'(a1) = o1 (116)

Substituting (TT3) and (TT6) into the expression of 7 gives 7 = 0, which simplifies VZ£(0) as the
following form:

Of (0£;0)\" | ph"(az) §~ 0f; (91:(6)

2 _ _ " YJL Y\ pPre \"2) J YJi\v)
VL) = (1= p)h (@) 5 ( o0 ) T o1 ;ae 06
Again notice that h”/(x) = h'(x) for all z € RT. Therefore, V2L(0) = (). O
With the property 3(0) = V2L£(8), we are ready to prove Theorem

Proof of Theorem|G.1} Recall the general form of the slow SDE:

_ 1 / € _
d¢(t) = @%(C)El H(OAW (#) + 550°2(C) [B(Q) + (K = )¥(Q)] dt, (117)
where W is defined in Deﬁnition Since for ¢ € T, (¢) = V2L(C), then
0%(¢)='*(¢) = 0. (118)

Now we show that
9?0(¢)[Z(¢)] = —Vrtr(V2L(Q)). (119)
Since V2L(¢) = 2(¢), 2z (¢)[E] = 31. By Lemma

P(Q[R(C)] = 5BV L) = — 5 Vetx(V2L(C))
Finally, we show that

*0(¢)[®(¢)] = tr(F(2HnV>L(C)))- (120)

Define ) == zp(x) = e ® — 1+ 2. By definition of ¥(¢), when X(¢) = V2L(¢),

h(x
U(¢) = 1[)(217HV2£(C)) where 4)(-) is interpreted as a matrix function. Since ¢(2nHV2L(¢)) €
spanf{uu’ |u € TC (T}, by Lemma

1
PR (Q)[W(Q)] = —50R(Q)try(2nHVZL(C)).
By the chain rule, we have (120). Combining (IT8),(TT9) and (120) gives the theorem. O
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M EXPERIMENTAL DETAILS

In this section, we specify the experimental details that are omitted in the main text. Our experiments
are conducted on CIFAR-10 (Krizhevsky et al.,2009) and ImageNet Russakovsky et al.|(2015)). Our
code is available athttps://github.com/hmgxr128/Local~-SGD. Our implementation of
ResNet-56 (He et al.|2016)) and VGG-16 (Simonyan & Zisserman, 2015)) is based on the high-starred
repository by Wei Yan and we use the implementation of ResNet-50 from torchvision 0.3.1. We
run all CIFAR-10 experiments with Bj,. = 128 on 8 NVIDIA Tesla P100 GPUs while ImageNet
experiments are run on 8 NVIDIA A5000 GPUS with B, = 32. All ImageNet experiments are
trained with ResNet-50.

We generally adopt the following training strategies. We do not add any momentum unless otherwise
stated. We follow the suggestions by Jia et al.| (2018) and do not add weight decay to the bias and
learnable parameters in the normalization layers. For all models with BatchNorm layers, we go
through 100 batches of data with batch size Bj,. to estimate the running mean and variance before
evaluation. Experiments on both datasets follow the standard data augmentation pipeline in|He et al.
(2016) except the label noise experiments. Additionally, we use FFCV (Leclerc et al., [2022) to
accelerate data loading for ImageNet training.

Slightly different from the update rule of Local SGD in Section[I] we use sampling without replace-
ment unless otherwise stated. See Appendix [C]for implementation details and discussion.

M.1 PoOST-LOCAL SGD EXPERIMENTS IN SECTION/I]

CIFAR-10 experiments. We simulate 32 clients with B = 4096. We follow the linear scaling rule
and linear learning rate warmup strategy suggested by|Goyal et al.|(2017). We first run 250 epochs of
SGD with the learning rate gradually ramping up from 0.1 to 3.2 for the first 50 epochs. Resuming
from the model obtained at epoch 250, we run Local SGD with 7 = 0.32. Note that we conduct grid
search for the initial learning rate among {0.005, 0.01, 0.05,0.1,0.15,0.2} and choose the learning
rate with which parallel SGD (H{ = 1) achieves the best test accuracy. We also make sure that the
optimal learning rate resides in the middle of the set. The weight decay A is set as 5 x 10~%. As for
the initialization scheme, we follow [Lin et al.| (2020b) and (Goyal et al.| (2017). Specifically, we use
Kaiming Normal (He et al.| 2015)) for the weights of convolutional layers and initialize the weights
of fully-connected layers by a Gaussian distribution with mean zero and standard deviation 0.01.
The weights for normalization layers are initialized as one. All bias parameters are initialized as
zero. We report the mean and standard deviation over 5 runs.

ImageNet experiments. We simulate 256 workers with B = 8192. We follow the linear scaling
rule and linear learning rate warmup strategy suggested by |Goyal et al.| (2017). We first run 100
epochs of SGD where the learning rate linearly ramps up from 0.5 to 16 for the first 5 epochs and
then decays by a factor of 0.1 at epoch 50. Resuming from epoch 100, we run Local SGD with
n = 0.16. Note that we conduct grid search for the initial learning rate among {0.05,0.1,0.5,1}
and choose the learning rate with which parallel SGD (H = 1) achieves the best test accuracy. We
also make sure that the optimal learning rate resides in the middle of the set. The weight decay
Xis set as 1 x 10~* and we do not add any momentum. The initialization scheme follows the
implementation of torchvision 0.3.1. We report the mean and standard deviation over 3 runs.

M.2 EXPERIMENTAL DETAILS FOR FIGURES[2]AND[3]

CIFAR-10 experiments. We use ResNet-56 for all CIFAR-10 experiments in the two figures. We
simulate 32 workers with B = 4096 and set the weight decay as 5 x 10~*. For Figures and
we set ) = 0.32, which is the same as the learning rate after decay in Figure[I(a)l For Figure[2(a)| we
adopt the same initialization scheme introduced in the corresponding paragraph in Appendix [M.1]
For Figures [2(b)l and we use the model at epoch 250 in Figure [I(a) as the pre-trained
model. Additionally, we use a training budget of 250 epochs for Figure 2(e)] In Figure [5(e)l we use
Local SGD with momentum 0.9, where the momentum buffer is kept locally and never averaged.
We run SGD with momentum 0.9 for 150 epochs to obtain the pre-trained model, where the learning

“https://github.com/bearpaw/pytorch-classification
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Figure 10: The learning curves for experiments in Figure 4]

rate ramps up from 0.05 to 1.6 linearly in the first 150 epochs. Note that we conduct grid search for
the initial learning rate among {0.01,0.05,0.1,0.15,0.2} and choose the learning rate with which
parallel SGD (H = 1) achieves the highest test accuracy. We also make sure that the optimal
learning rate resides in the middle of the set. Resuming from epoch 150, we run Local SGD H =1
(i.e., SGD) and 24 with n = 0.16 and decay n by 0.1 at epoch 226. For Local SGD H = 900, we
resume from the model at epoch 226 of H = 24 with n = 0.016. We report the mean and standard

deviation over 3 runs for Figures 2(a)] [2(b)] and [5(c)} and over 5 runs for Figure 2(e)}

ImageNet experiments. We simulate 256 clients with B = 8192 and set the weight decay as
1 x 10~*. In Figure , both Local SGD and SGD start from the same random initialization.
We warm up the learning rate from 0.1 to 3.2 in the first 5 epochs and decay the learning rate by a
factor of 0.1 at epochs 50 and 100. For Figures and[5(d)] we use the model at epoch 100
in Figure[T(b)|as the pre-trained model. In Figun% set the learning rate as 0.16, which is the

same as the learning rate after epoch 100 in Figure[I(b)] Finally, in Figures 2@ ) and[5(d)]
we report the mean and average over 3 runs.

M.3 DETAILS FOR EXPERIMENTS IN FIGUREI6]

For all experiments in Figure [6] we train a ResNet-56 model on CIFAR-10. We report mean test
accuracy over three runs and the shaded area reflects the standard deviation. For Figure[6(a)l we use
the same setup as Figures[2(a)|and 2(b)|for training from random initialization and from a pre-trained
model respectively except the learning rate. For Figure [6(b)] we resume from the model obtained
at epoch 250 in Figure |I(a)|and train for another 250 epochs. For Figure we follow the same
procedure as Figure cept that we use sampling with replacement. We also ensure that the
total numbers of iterations in Figures[[(a)]and [6(c)| are the same.

M.4 DETAILS FOR EXPERIMENTS ON THE EFFECT OF THE DIFFUSION TERM

CIFAR-10 experiments. The model we use is ResNet-56. For Figure 3(a)l we first run SGD
with batch size 128 and learning rate 7 = 0.5 for 250 epochs to obtain the pre-trained model. The
initialization scheme is the same as the corresponding paragraph in Appendix [M.I} Resuming from
epoch 250 with 7 = 0.05, we run Local SGD with K = 16 until epoch 6000 and run all other setups
for the same number of iterations. We report the mean and standard deviation over 3 runs.

ImageNet experiments. For Figures [3(b)] and ()] we start from the model obtained at epoch

100 in Figure In Figure[3(b)} we run Local SGD with K = 256 for another 150 epochs with
1 = 0.032. We run all other setups for the same number of iterations with the same learning rate.
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M.5 DETAILS FOR EXPERIMENTS ON THE EFFECT OF GLOBAL BATCH SI1ZE

CIFAR-10 experiments. The model we use is ResNet-56. We resume from the model obtained in
Figure[I(a)at epoch 250 and train for another 250 epochs. The local batch size for all runs is Bioc =
128. We first make grid search of 7 for SGD with K = 16 among {0.04, 0.08,0.16, 0.32,0.64} and
find that the final test accuracy varies little across different learning rates (within 0.1%). Then we
choose 1 = 0.32. For the green curve in Figure ()] we search for the optimal H for K = 16 and
keep « fixed when scaling  with K. For the red curve in Figure [4(a)] we search for the optimal H
for each K among {6, 12, 60, 120, 300, 750, 1500, 3000, 6000, 12000, 24000} and also make sure
that H does not exceed the total number of iterations for 250 epochs. The learning curves for
constant and optimal ¢ are visualized in Figures [I0(a)| and respectively. We report the mean
and standard deviation over three runs.

ImageNet experiments. We start from the model obtained at epoch 100 in Figure[I(b)|and train for
another 50 epochs. The local batch size for all runs is B, = 32. We first make grid search among
{0.032,0.064,0.16,0.32} for H = 1 to achieve the best test accuracy and choose H = 0.064. For
the orange curve in Figure we search H among {2, 4, 6,13,26,52,78,156} for K = 256 to
achieve the optimal test accuracy and the keep o constant as we scale 1 with K. To obtain the optimal
H for each K, we search among {6240, 7800, 10400, 12480, 15600, 20800, 24960, 31200} for K =
16, {1600, 3120, 4160, 5200, 6240, 7800, 10400} for K = 32, {312, 480, 520, 624, 800, 975, 1040,
1248, 1560, 1950} for K = 64, and {1, 2, 3,6, 13} for K = 512. The learning curves for constant
and optimal « are visualized in Figures and respectively. We report the mean and
standard deviation over three runs.

M.6 DETAILS FOR EXPERIMENTS ON LABEL NOISE REGULARIZATION

For all label noise experiments, we do not use data augmentation, use sampling with replacement,
and set the corruption probability as 0.1. We simulate 32 workers with B = 4096 in Figure [/|and
4 workers with B = 512 in Figure [§] We use ResNet-56 with GroupNorm with the number of
groups 8 for Figure[7(a) and VGG-16 without normalization for Figures [7(b)] and [8] Below we list
the training details for ResNet-56 and VGG-16 respectively.

ResNet-56. As for the model architecture, we replace the batch normalization layer in Yang’s
implementation with group normalization such that the training loss is independent of the sampling
order. We also use Swish activation (Ramachandran et al., 2017) in place of ReLU to ensure the
smoothness of the loss function. We generate the pre-trained model by running label noise SGD
with corruption probability p = 0.1 for 500 epochs (6, 000 iterations). We initialize the model by
the same strategy introduced in the first paragraph of Appendix [M.1} Applying the linear warmup
scheme proposed by |Goyal et al.|(2017)), we gradually ramp up the learning rate 1 from 0.1 to 3.2 for
the first 20 epochs and multiply the learning rate by 0.1 at epoch 250. All subsequent experiments
in Figure (a) use learning rate 0.1. The weight decay A is set as 5 x 10~* . Note that adding
weight decay in the presence of normalization accelerates the limiting dynamics and will not affect
the implicit regularization on the original loss function (Li et al.,|2022).

VGG-16. We follow Yang’s implementation of the model architecture except that we replace max-
imum pooling with average pooling and use Swish activation (Ramachandran et al.| 2017) to make
the training loss smooth. We initialize all weight parameters by Kaiming Normal and all bias param-
eters as zero. The pre-trained model is obtained by running label noise SGD with total batch size
4096 and corruption probability p = 0.1 for 6000 iterations. We use a linear learning rate warmup
from 0.1 to 0.5 in the first 500 iterations. All runs in Figures and [8] resume from the model
obtained by SGD with label noise. In Figure [7(b)] we use learning rate n = 0.1. In Figure[§] we set
7n = 0.005 for H = 97,000 and n = 0.01 for SGD (H = 1). The weight decay A is set as zero.
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