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ABSTRACT

The state-of-the-art deep learning algorithms rely on distributed training systems
to tackle the increasing sizes of models and training data sets. Minibatch stochas-
tic gradient descent (SGD) algorithm requires workers to halt forward/back prop-
agations, to wait for gradients aggregated from all workers, and to receive weight
updates before the next batch of tasks. This synchronous execution model exposes
the overheads of gradient/weight communication among a large number of work-
ers in a distributed training system. We propose a new SGD algorithm, DaSGD
(Local SGD with Delayed Averaging), which parallelizes SGD and forward/back
propagations to hide 100% of the communication overhead. By adjusting the
gradient update scheme, this algorithm uses hardware resources more efficiently
and reduces the reliance on the low-latency and high-throughput inter-connects.
The theoretical analysis and the experimental results show its convergence rate
O(1/VK), the same as SGD. The performance evaluation demonstrates it en-
ables a linear performance scale-up with the cluster size.

1 INTRODUCTION

Training deep learning models using data parallelism on a large-scale distributed cluster has become
an effective method for deep learning model training. The enormous training data set allows a huge
batch of training tasks on different data samples running in parallel. The pinnacle of this method
reduces the training time of the benchmark ResNet-50 from days to a couple of minutes (Goyal
et al., 2017; [You et al., 2017bj; |Akiba et al.,|2017; |You et al., 2017a; Ying et al., [2018} |Goodfellow
et al.|[2016). During Mini-batch stochastic gradient descent (SGD), these workers have to halt, wait
for the computed gradients aggregated from all of the workers and receive a weight update before
starting the next batch. The wait time tends to worsen when the number of workers increases. As
the workloads are spread over a larger cluster, the computation time is greatly shortened and the
communication overheads take a larger portion of the overall cost.

System designers address this concern by improving inter-chip connects with higher throughput and
lower latency and refining network topology (Li et al.|[2019), such as NVIDIA DGX-1 (NVI,[2017)
and NVIDIA DGX-2 (NVS}2018). Additional care has been given to reduce the intermediate steps
that would increase communication latency. These methods effectively reduce the wait time during
Mini-batch SGD on a large-scale distributed system (Gaul [2019).

Communication efficient SGD algorithms (Lin et al.l [2017; [Wangni et al., [2018; |Alistarh et al.,
2018; | Dean et al., [2012} |Recht et al., 2011}; Zhang et al.,|2015; Wang & Joshi, 2018; Wang & Joshi,
2018 Lin et al., [2018) are proposed to reduce the communication requirements. A successfully
modified SGD algorithm shows their convergence rates comparable to Mini-batch SGD through both
theoretical analysis and experimental results. Another challenge is to demonstrate good performance
evaluation results based on the common large distributed training system setups.

A modern data center design prefers cost-efficient hardware blocks and a balanced configuration
for the typical workloads (Barroso et al.l 2018). Under these workloads, hardware resources are
utilized in a balanced fashion. A distributed training system works in the opposite manner. During
forward/back propagations, the computing resources are fully used while the system inter-connects
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are completely idle. During SGD, the computing resources are mostly idle while the system inter-
connects are throttled at the peak throughputs. The performance of distributed training systems may
be improved in addition to better hardware. That is, training workloads may be re-structured for
balanced utilization of the hardware resources.

Inspired by the modern system design practices, we propose DaSGD, a new SGD method, enabling
SGD running parallelly with forward/back propagation and balanced utilization of the hardware re-
sources. It replaces a Mini-batch SGD with Local SGD iterations. In a Local SGD (Lin et al.| 2018;
Wang & Joshi, 2018)), each worker evolves a local model by performing sequential SGD updates, be-
fore synchronizing by averaging models among the workers. DaSGD uses Local SGD to add weight
synchronization points and allows weights to be updated between Local SGD iterations. Based on
the network throughput and the model size, it schedules delayed model averaging for a defined num-
ber of Local SGD iterations, which allows workers to compute the next batch while the weights are
transferred over a large distributed cluster. The theoretical analysis shows its convergence rate is
O(1/VK), where K is the iteration step, same as Mini-batch SGD.

The main contributions of this paper are the following.

* We present DaSGD as an algorithm-system co-design method for a large-scale distributed
training system. It enables designing a more balanced and better-utilized system, more
than a new variant of the SGD algorithm. The discussions and analyses in this paper are
organized around its equivalency to the traditional SGD and its benefit from the system
design perspective.

* We provide the theoretical analysis of its convergence rate. It shows the convergence rate
at O(1/v K), the same as Mini-batch SGD.

* Qur experiments focus on the training progresses (in terms of loss and accuracy) at the
epoch level. It shows DaSGD allows the training converges at the same rate of SGD
epoch by epoch, which is a good indicator of statistical efficiency and the eventual time-to-
convergence. The experiments also explore the proper ranges of these parameters.

* A performance evaluation of real-life systems measures many performance issues in a sys-
tem, such as the reduction algorithm, GPU interconnect topology and throughputs, network
throughputs, which are out of the scope of our discussion. Instead, we abstract an analytical
model from the key performance parameters of the system configuration and the training
setup. The analytical model demonstrates DaSGD introduces a linear performance scale-up
with the cluster size.

2 BACKGROUND

2.1 STOCHASTIC GRADIENT DESCENT

Stochastic Gradient Descent (SGD) is the backbone of numerous deep learning algorithms (Ghadimi
& Lan, 2013). Supervised deep learning demands massive training datasets. Training a deep learning
model needs many epochs for training to converge. A variant of classic SGD, synchronous mini-
batch SGD (Bottou, [2010), has become the mainstream due to a faster convergence rate., supported
by prevalent machine learning frameworks, such as Tensorflow (Abadi et al.,|2016), Pytorch (Paszke
et al.l |2019), MxNet (Chen et al., [2015).

Mini-batch SGD as a weight update process is shown in Eq.

B
n )
Thil =Tk~ o > VF(?%vS;(f)) (65}
i=1

where z € R? is the weight of a model, 7 is the learning rate, B is the batch size, S is the training
dataset, s¥) © S is arandom sample, V F'(xy, s,(g )) is the stochastic gradient given the sample sgf ),
From a system perspective, a distributed training system may compute a batch of gradients on several
workers. At the end of a batch, a reduction operation is performed on the gradients on a worker first

and a worker sends out only a copy of local averaged gradients. Further reductions are performed on
gradients from different workers until a final copy of the averaging gradients is obtained. The above
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Figure 1: A timing diagram of DaSGD.

equation may be rewritten as

B
n i
Thil =Tk~ o > g(wk,Sfj)) )
=1

where M is the number of workers, g(zy, s,(f ))

locally for that batch.

is the stochastic gradient that worker j aggregates

B
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2.2 COMMUNICATION EFFICIENT SGD ALGORITHMS
2.2.1 ASYNCHRONOUS SGD

There are a few asynchronous training methods, such as Downpour SGD (Dean et al., [2012), Hog-
wild (Recht et al.|[2011)), Elastic Averaging SGD (Zhang et al.,2015). In these models, every worker
has its own copy of weights. A worker performs forward propagation and back propagation on its
partition of samples, and then sends the calculated gradients asynchronously to a pool of parame-
ter servers that manage a central copy of weights. The parameter servers update the central copy
and then send the new weights asynchronously to each worker. While each worker communicates
gradients at a different time and avoids congestions at worker inter-connects, the parameter servers
might be a performance bottleneck. For non-convex problems, ASGD requires that the staleness of
gradients is bounded (Lian et al., [2015) to match the convergence rate O(1/ VK ) of synchronous
SGD, where K denotes the total Iteration steps.

2.2.2 LocAL SGD

Another set of methods targets at reducing the frequency of inter-worker communication and is
called periodic averaging or Local SGD (Wang & Joshi, 2018 Wang & Joshi, 2018} [Lin et al.,
2018). A worker performs SGD on its local copy of weights for 7 times, where 7 denotes the local
iteration steps. After 7 local updates, local copies are synchronously averaged across all workers
globally. Several works suggested that Local SGD incurs the same convergence rate O(1/v/K) as
SGD. The total number of steps to train a model remains similar but the total amount of inter-worker
communication is reduced by 7 times. This has a similar effect as training with a large batch size,
where the number of synchronizations decreases with an increase of batch size. With Local SGD,
SGD and forward/back propagations are still blocking while system resources are unbalanced.

3 DASGD

In this paper, we propose a new algorithm, called Local SGD with Delayed Averaging, DaSGD for
short. It aggregates gradients and updates weights in a relaxed manner, which helps parallelize the
computation of forward/backward propagation with two other execution components: the execution
of global weight averaging and inter-worker data communication.

Our algorithm was initially inspired by the Local SGD algorithm (discussed in Section[2). Although
Local SGD was designed to reduce communication and synchronization overhead, it still involves
a significant amount of communication overhead. To further decrease communication overhead,
even to zero, the proposed algorithm exploits a delayed averaging approach that makes two novel
improvements based on Local SGD. First, in order to merge remote weights by other workers with
local in a deterministic way, DaSGD serializes forward propagations and back propagations for dif-
ferent samples. Second, workers start with local computations for the next local batch while waiting
for the aggregation and synchronization of global weights. In this way, the global communication



Under review as a conference paper at ICLR 2022

L X /"“ , P X X ‘/"” . /\,
e . s *

& S NS
“ *’Y‘? wi g s

6

(a) Mini-batch §GD (b) Local SGD (c) DaSGD

Figure 2: Loss landscape of (a) Mini-batch SGD, (b) Local SGD, and (c) DaSGD. 12 samples are
updated on two workers. The orange and green arrows represent the updated loss function of each
sample, and the blue arrows describe the location of the updated loss function on the global model.

and synchronization overhead are hidden or overlapped by local computations at the cost of a de-
layed update of local weights. However, theoretically we will prove that the convergence rate is the
same as Mini-batch SGD. Furthermore, DaSGD parameterizes the overlapping degree so that when
a large training cluster requires a longer time to synchronize, a worker may perform more iterations
of local computations.

Fig. [T] illustrates the proposed algorithm by showing a wall-clock time diagram of 6 training iter-
ations. There are 2 workers, dividing a batch into 2 local batches. Each worker computes 6 local
batches. Each local batch contains B; samples. Each worker maintains a local copy of model. Ac-
cording to Local SGD, for a local batch, each worker operates B; forward/backward propagations
and then updates the weights of its local model. After 3 local updates, a worker synchronizes local
weights with the other workers, resulting in an AllReduce operation being generated to average the
model weights. In Fig. [1] all workers wait for, at local iteration 3, the global synchronization to be
finished and then start to operate on the next local batch each, in the scenario of Local SGD.

DaSGD implements a key feature by imposing delay update on Local SGD. As shown in Fig. [T}
a worker, at local step 3, broadcasts its local weights to the wild and then immediately starts to
compute on the next local batch, without waiting for the global synchronization to be finished. Later,
at local iteration 4, the worker receives all the other workers’ weights and then updates its local
weights. This design very efficiently overlaps the communication of weights and forward/backward
propagations of the next local batch.

In DaSGD, we use 7 to denote the number of local batches between two consecutive global syn-
chronizations. Therefore, 7 is a controlling parameter that quantifies the number of propagations
between weight averaging globally. During the delay update, both local computation and the global
communication of weights are executed in parallel. As long as communication time is no more than
the computation time of d local iterations, the communication time can be hidden in the overall
model training time. Careful tuning of d and 7 can realize full parallelism of global averaging and
local computations. Unlike Local SGD, 7 does not have to be large, as it is not only used to reduce
inter-worker communication overhead (Lin et al.,[2017).

In the following part of this section, in order to compare the proposed algorithm and traditional
SGDs, we start with the update framework of each algorithm, and then qualitatively analyze execu-
tion time. Finally, we discussed the updated rules and the convergence rate in detail.

3.1 UPDATE FLOW OF DIFFERENT SGD

Fig.[2 explains the mechanisms of weight update flows of Mini-batch SGD, Local SGD, and DaSGD
by taking an example of a 2-worker parallel training process that sets the batch size as 2 samples.
The 2 workers are distinguished by yellow and green arrows. In the Mini-batch SGD (as shown
in Fig. [2(a)), every worker updates its local weights once every mini-batch, which is computed as
the batch size divided by the number of workers. When both workers finish local updates for a
mini-batch, local weights are merged to compute their average (shown by blue arrows). Next, both
workers update their local weights with the average. Local SGD (shown in Fig. 2(b)) reduces the
weight aggregation times by letting every worker first update weights locally for continuous 7 local
batches in a row before a global merge is made. Local batch in the context of Local SGD is just a
synonym of the mini-batch in the context of Mini-batch SGD.

Same as the regular periodic averaging method (i.e., Local SGD), in the proposed algorithm, each
worker updates local weights for 7 local batches before a global aggregation. A novel change made
by the proposed algorithm is to delay weight update from global to local after the global averag-
ing. A worker may delay the update for d steps (i.e., samples) of local weight updates (d = 1 in
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this example, as shown in Fig. 2[c)). With this novel algorithmic design, the time of global weight
averaging can be hidden by parallelizing it with local computation by a worker, i.e., forward prop-
agation, backward propagation, and local weight update. Large d can be set if the time of global
weight aggregation is very long in a large-scale distributed training to shorten overall training time.

3.2 CONVERGENCE ANALYSIS

In this section, we provide a theoretical analysis of the DaSGD algorithm. We will prove the con-
vergence rate for DaSGD on non-convex problems and show that it converges at the same rate
O(1/vK) as Mini-batch SGD and Local SGD. To facilitate the convergence analysis, we firstly
introduce the assumptions.

3.2.1 ASSUMPTIONS

The convergence analysis is under the assumptions as the following, which are similar to the Local
SGD (Wang & Joshi, [2018)):

* Lipschitzian gradient: || 7 F'(z) — VF (y)|| < Ll||x — y||

* Unbiased gradients: Eg, |, [9()] = VF(x)

» Lower bounder: F(x) > Finf

* Bounded variance: Eg, |,||g(z) — VF(z)||* < 0?

* Independence: All random variables are independent to each other

* Bounded age: The delay is bounded, d < 7

where S is the training dataset, Sy, is set {321)7 e s,(CM)} of randomly sampled local batches, L is

the Lipschitz constant.

3.2.2 UPDATE RULE

(1-¢) Z [ G) nq< ;jld)]
. (m) (m)
§c+)1 = &Ek n?g ( (k +)1) mod 7 =d M @
mgvm) —ng ( (m)) s otherwise

where x,(cm) is the weights of worker m at k-th iteration, 7 the learning rate, M the number of

workers, and g(z,, (m )) the stochastic gradient of worker m. For every k that satisfies (k+1) mod 7 =
d, a global average is updated to local weights. Besides, ¢ is an auxiliary parameter to adjust the
weight of local weights in contrast to the global average when fusing them together.

From equation 4} we can define the average weight and the average gradient
| M LM
- - @ - _ L (@)
e = M;xk Ok = M;g(ﬂsk )
Reformatting it, the update rule for the average weight is

T—1-d
Hr(k+1)+d = Hrk+d — 1] lﬁ Z Grk+d+i t Z ng+d+7]

i=T7—d

It is observed that the averaged weight pi(41)4q is performing a perturbed stochastic gradient
descent. Thus, we will focus on the convergence of the averaged weight fir(;11)1q, Which is a
common approach in the literature of distributed optimization (Wang & Joshi, |2018; Wang & Joshi,
2018). SGD can converge to a local minimum or saddle point due to the non-convex objective
function F'(z). Therefore, the expected gradient norm is used as an index of convergence.

3.2.3 CONVERGENCE RATE

The e-suboptimal solution of the algorithm is Ey, [ E |7F(u)||*| < €. The learning rate is

usually set as a constant and is decayed only when the tralmng process is saturated. Therefore, we
analyze the case of a fixed learning rate and study the lower limit of error at convergence.
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Theorem (Convergence of DaSGD). Under assumptions, if the learning rate satisfies 2Lnd¢? —
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where X, = [x,lc, e x}f] , H?, is the Frobenius norm.All proofs are provided in the Appendix.

Corollary. Under assumptions, if the learning rate is n = MJ\ZV W, % the average-squared gradient
norm after K iterations is bounded by

2[F(m)*me}+2LU2[§2d+‘r*d} M2 (1 V>46L2(1+§) =

K
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If the total iterations K is sufficiently large, then the average-squared gradient norm will be bounded
by
2[F(u1) = Fing] +2L0? [€2d + 7 — d]

s VME (£d + T — d)
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- Vi (pg
Kk:l *

Therefore, on non-convex objectives, for the total iterations K large enough, DaSGD converges
at rate O(1/+/K) consistented with the Mini-batch SGD and the Local SGD. Besides, it is worth
noting that these three introduced auxiliary parameters (7, d and &) are mostly in the high-order term
O(1/K?) and O(1/K?), which has little influence on the convergence of DaSGD.

3.3 GUIDELINES FOR USING DASGD

DaSGD is identical to Local SGD except that the global model is updated for delayed d local steps.
The tuning of the other parameters is the same as that of Local SGD. Therefore, in this paper, we
merely discuss how to set this key delay parameter.

In order to overlap communication with computation in DaSGD, the weight/gradient transfer time ¢,
across workers is required to be shorter than the time of d local iterations, thatis, ¢, < d x t,,, where
t, is the computation time of one iteration. For deep learning systems, the weight transfer time ¢,
across multiple workers is approximately calculated as t. = m x n,/BW, where n,, denotes the
number of parameters of the model, m the number of workers, and BW the bandwidth of the device.
The computation time ¢, of one local batch is approximately calculated as ¢, = B; x FLOP/FLOPS,
where FLOP denotes the floating-point operation counts of local computation, B; the local batch
size, FLOPS denotes the computation speed of the device in terms of floating-point operations per
second (FLOPS).

In a nutshell, the delay is given by d > % = %. Note that the delay is highly related to the

structure of neural network models, e.g., the number of parameters and FLOP, and the configurations
of deep learning training (local batch, worker number, bandwidth of the device and computation
speed). With the rapid improvement of the bandwidth and performance of distributed training, the
mode size of the neural network grows relatively slowly. As a result, in most cases, when the delay
is one single iteration, i.e. d = 1, the weight transfer can be processed completely in parallel with
local updates. In addition, as the worker number increases, the transfer time increases, and hence
the delay would increase moderately accordingly. The cooperative design of various parameters in
DaSGD and hardware is discussed in detail in the following sessions.
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Table 1: Validation Accuracy of DaSGD, Mini-batch SGD and Local SGD on CIFAR-10.

Model Validation accuracy after 50 epochs
Mini-batch SGD | 2*Local SGD | 2*DaSDG
32 batch 1024 batch

GoogleNet (Szegedy et al.,2015) 0.9467  0.9409 0.9468 0.9444
VGG-16 (Simonyan & Zisserman, 2014) | 0.9362  0.9264 0.9330 0.9343
ResNet-50 (He et al.[|2016) 0.9113  0.9037 0.9062 0.9088
ResNet-101 0.9116  0.9019 0.9061 0.9045
DenseNet-121 (Huang et al.,|2017) 0.9367 0.9332 0.9369 0.9357
MobileNetV2 (Sandler et al.,|2018) 0.9230  0.9304 0.9241 0.9304
ResNeXt29 (Xie et al.}2017) 0.9475  0.9403 0.9424 0.9415
DPN-92 (Chen et al.,[2017) 0.9507  0.9354 0.9513 0.9502
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Figure 3: Validation loss(dotted line), training loss, and validation accuracy(solid line) of different
models on the CIFAR-10 dataset.

4 EXPERIMENTAL RESULTS

In this section, we will first introduce experimental settings, then the comparison of convergence for
different models, and last the effect of different parameters for DaSGD convergence.

4.1 EXPERIMENTAL SETUP

We implemented our system based on the Fast.Ai (Howard, [2018)) platform upon CIFAR-10 dataset.
The learning rate is linearly increased from 0.0001 to 0.01 in the first 30% epochs and then decreased
from 0.01 to 0.0001 in latter 70% epochs, by respecting One Cycle Policy (Smith, [2017). A larger
learning rate prevents the model from falling in the steep area of the loss function to find a flat
minimum, while a smaller learning rate prevents training from diverging and converging to a local
minimum. The proposed learning rate method assists in realizing high validation accuracy quickly
(in a few iterations) so that we could only set total training epochs as 50 for a comparison between
DaSGD and two other alternatives, Local SGD and Mini-batch SGD. The weight decay (commonly
called L2 regularization) is 0.01. And the momentum of SGD, which accelerates gradients vectors
drops in the right direction, is 0.9.

4.2 CONVERGENCE RATE AND ACCURACY COMPARISON

We compare DaSGD with Mini-batch SGD and Local SGD in terms of convergence rate and accu-
racy upon a set of neural network models that are trained for 50 epochs for CIFAR-10 dataset. All
models are trained with 32 workers. For the three alternatives, the batch size is 1024 and the total
number of iterations is 2450. For Mini-batch SGD, according to data parallelism, the mini-batch
size of each worker is 32. For Local SGD and DaSGD, the local batch size B; is 32, which equals
to the mini-batch size of Mini-batch SGD [ﬂ For Local SGD and DaSGD, the number of local steps
7 is 4. For DaSGD, the delayed update steps d is 1.

TABLE (1| first demonstrates that high validation accuracy up to 0.9513 can be obtained with only
2450 iterations with 1024 of batch size, even without tuning hyper-parameters. For Mini-batch SGD,
due to large batch size, the hyper-parameters need to be tuned carefully. Large batch size training

!'The mini-batch size is a concept in Mini-batch SGD; the local batch size is a concept of Local SGD. They
equal to each other and are computed as the batch size divided by the number of workers.
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leads to great accuracy loss. The hyper-parameter recipe for large-batch training is complex and
tedious, and the algorithms based on local update (Local SGD and DaSGD) overcome this problem,
since the batch size in local updating is small (B/m), which is B in Mini-batch SGD. Thus, without
any hyper-parameter adjustment for large-batch training, in addition to MobileNetV2, the validation
accuracy of Local SGD and DaSGD is higher than that of the Mini-batch SGD. Fig. |3| shows this
more clearly. At the beginning of the training, since the batch size is large, the algorithm based on
Mini-batch SGD is usually very unstable, and the validation accuracy fluctuates greatly. And, the
convergence rate of Mini-batch SGD is slower than that of the Local SGD and DaSGD. At the end of
the training, although the training loss of Mini-batch SGD is smaller, Local SGD and DaSGD have
small test loss and higher validation accuracy. In addition, compared with Local SGD, the validation
accuracy of DaSGD is slightly reduced due to delayed averaging.

4.3 PARAMETER EFFECTS OF DASGD

We evaluate the effects of 5 parameters with respect to the convergence rate and validation accuracy
for the ResNet-50 model based on DaSGD in Fig.[4] 5 parameters are the number of workers m, the
local batch size Bj, the number of local steps 7, the local update percentage ¢ and the delay factor
d. We study every parameter by only tuning one at a time, with the rest set as the baseline setting:
m=32,7=4,d=2, B =32,and £ = 0.25.

Worker number m. Fig.[{a) suggests that DaSGD has a fast convergence rate and high validation
accuracy in general for any number of workers tested. As the number of workers increases from 2
to 256, the convergence rate becomes lower and validation accuracy degrades. Since the local batch
size remains unchanged as 32, when the worker number is 256, the total batch size has reached
8192 (32 x 256), which results in a decrease of validation accuracy of around 2% and an increase
of training loss of 0.31. Since the number of local steps is 4, DaSGD communicates once for a total
number of samples of 32K (32 x 256 x 4). The CIFAR-10 dataset has only 50000 training samples,
so the number of communications is just 2 for this large number of workers.

Local batch size B;. Fig.[b) illustrates that DaSGD exhibits a good convergence rate with mod-
erate local batch sizes. When the local batch size is large as 256 or small as 8, the validation ac-
curacy is significantly reduced. Interestingly, the same observation is obtained in Mini-batch SGD.
The phenomena are attributed to that large local batch size, though reducing the overall iterations,
leads to poor generation ability, while small-batch size reduces the generalization error due to noise,
but requires a large number of iterations. Hence, the selection of the right local batch size is critical
to the performance of DaSGD. Based on our tests in Fig. Elkb), 32 or 64 of local batch size is the
setting of choice, resulting in the best validation accuracy and training loss when comparing to the
rest of values.

It is worth noting that the total batch size is computed as B = m x B;. When the worker number is
32 and the local batch size is 256, the total batch size rises to 8k, which faces the same challenge of
tuning hyper-parameters of large-batch training discussed above. To obtain a good convergence rate
for such a large batch size needs careful coordination between multiple impactful hyper-parameters.

Number of local steps 7. Fig. dc) shows that as the number of local steps increases from 4 to
32, the validation accuracy decreases slightly and training loss increases. This concludes that for
DaSGD, the number of local steps should be as small as possible, as long as 7 is large enough to
ensure parallel weight communication is totally overlapped by local computation.

Local update percentage. Fig.[[(d) shows that when combining the local weights with the average
global weights, different percentages of local updates have little impact on validation accuracy. From
the update rule equation[d] the local update proportion shares the same meaning as the momentum in
hyper-parameters. One cycle policy in Fast.Ai has shown that different momentum has little effect
on validation accuracy (Howard, 2018)).

Delay factor d. Fig. [dfe) tunes the delay factor from 0 to 7 by fixing the number of local steps
as 8, since the delay factor is bounded by the number of local steps. Results show that the delay
factor imposes little effect on the convergence rate. When the delay factor increases from 0 to 7, the
convergence rate slows down and the validation accuracy slightly decreases. Local SGD is just as
the delay factor of 0. Thus, DaSGD incurs slightly worse validation accuracy when using the delay
factor of 1, with the same local steps.
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Figure 4: Effect of different parameters of DaSGD based on ResNet-50. The value in legend is the
validation accuracy after 50 epochs.
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4.4 IMAGENET

We use Fast.Ai framework for training on ImageNet. The learning rate increases linearly from
0.0005 to 0.005 in the first 20% epochs and decreases linearly from 0.005 to 0.00005 in the last
80% epochs. The weight decay is set as 0.01, and the momentum of SGD is 0.9.

As shown in Fig. Eka), three algorithms, which are Mini-batch SGD, Local SGD, and DaSGD, are
trained in 20 epochs to compare the convergence rate and top-1/top-5 validation accuracy in ResNet-
18. All models are trained on 8 workers and the batch size is 256. For Local SGD and DaSGD, the
number of local steps 7 is 2. For DaSGD, the delayed update steps d is 1. The top-1/top-5 validation
accuracy of DaSGD (top-1 accuracy is 0.6461 and top-5 accuracy is 0.8582) is the same as that of
Local SGD after 20 epochs, and it is better than that of Mini-batch SGD. Although at the beginning
of training, the convergence rate of DaSGD is slower than that of Mini-batch SGD, after 15 epochs,
it is much faster. We also evaluate the effect of worker number in terms of the training/validation
loss and top-1/top-5 validation accuracy for the ResNet-18 model based on DaSGD in Fig. 5|b). It
can be found that the increase of worker number has almost no effect on the validation accuracy and
convergence rate, which also reflects the application potential of the DaSGD algorithm in large-scale
distributed training. Fig. [5|c) shows the results of DaSGD with different local steps and different
delays. The larger local steps and the larger delay converge faster at the beginning of training, but
the final accuracy is slightly poor.

5 CONCLUSION

In this work, we propose a new SGD algorithm called DaSGD, which parallelizes SGD and for-
ward/back propagation to hide communication time. Just adjusting the update schedule at the soft-
ware level, the DaSGD algorithm makes better use of distributed training systems and reduces the
reliance on low latency and high peak throughput communication hardware. Theoretical analysis

and experimental results clarify that its convergence rate is O (1 VK ) , which is the same as the
mini-batch SGD.
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A APPENDIX

CONVERGENCE ANALYSIS OF DASGD

A.1 ASSUMPTIONS

We define some notations. S is the training dataset, Sy, is set {sfcl), S£A4)} of randomly sampled

local batches at M workers in k iteration, L is the Lipschitz constant, d is the number of local
iteration that global weight updates are delayed, 7 is the number of local steps, x is the weight of
devices. The convergence analysis is conducted under the following assumptions:

* Lipschitzian gradient: || 7 F(x) — VF(y)|| < L||z — y||

* Unbiased gradients: Eg, |, [9(z)] = VF(x)

* Lower bounder: F(x) > Finr

* Bounded variance: Eg,|,||g(z) — VF(2)||* < o?

* Independence: All random variables are independent to each other

* Bounded age: The delay is bounded, d < 7

A.2 UPDATE RULE

The update rule of DaSGD is given by
x,(ﬁm) ng ( (m)) , otherwise

(m)

Tht1 = fx,gm) nég ( (m)> 75 ﬁ_/[: {xgj)d ng (;vfj)d)] (k+1—d) modT=0

where x,ﬁm is the weights at m worker in k iteration, 7 is the learning rate, M is the number of

workers, g(z ,i )) is the stochastic gradient of worker m, ¢ is the local update proportion, delayed
update is the case (k + 1 — d) mod 7 = 0.

Matrix Representation. Define matrices Xy, G, € R%*M that concatenate all local models and
gradients in k iteration:

Xy, = [z}, 2], G = [g (371(@1)) e d (x’(cm))}

Then, the update rule is

X i f(Xk—’l’}Gk)—f'(l—f) (X}C,d—’l’]Gk,d)J, (/f-i-l—d/) mod 7 =0 )
1= X — nGy, otherwise
Update Rule for the Averaged Model. The update rule of DaSGD is given by
CUE: ™) ng( (m)) , otherwise
(rn) M
Tht1 = m _
" ex™ —ngg ( ( )) + 1€ 2 {:c,(j,) - (az,ﬁ”ld)} . (k+1-d) mod7=0

Here, we set

Hl
||

z% =130 (o)
=1
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The average weight on different workers is obtained by
P B /3 otherwise
ol §2 + (1 = §)Zh—a — Gk — (1 = §)g(2k-a), (k+1—d) modT =0
When z = 7(k + 1) for = mod 7 = 0, we have
Trh)+d = ETr(kt1)4+d—1 + (1= E)Zrgern)—1 — ENGr (k1) +d—1 — (1 = ENGr(ht1)—1

T—1 T—1-—d
= EZrhpa+ (1= OTrhpa =N Y Grkvari — (L—ON Y Grkrayi
=0 3

- T—1-d T—1—d
Trktd — 1] Z Grk+d+i — Z Grk+d+i | + Z Grk+d+i
i=0

i=0

T—1 T7—1—d

= Trktd — 1] l Z Grk+d+i + Z grk+d+z‘|
1=0
Ifweset K(k) =1k +d
T—1—d
Tr(k+1) = TRE) — lf Z 9K (k)+i + Z gK(k)+z‘|
i=7—d

s of

For the ease of writing, we first define some notations. Let S, denote the set {sk U

mini-batches at m workers in iteration k. Besides, define averaged stochastic gradient and averaged
full batch gradient as follows:

1 M T—1 T—1—d
Grk) = M [ Z 59( Tk:+d+’b) + Z 9( (T?J)rdﬂ)] (6)
m=1 Li=7—d =0
B i M 7—1 (m) T—1—d (m)
HKU‘?) - M Z g Y F (‘r‘rk-&-d-&-i) + VF( Tk+d+1> (7)
m=1 Li=r—d =0
MK (k) M Zx'rk+d 3

Then we have
HK(k+1) = MK(k) — UQK(k)

A.3 CONVERGENCE RATE

Theorem (Convergence of DaSGD). When the learning rate satisfies the following two formulas

at the same time
66 L2n%d + 6L%n2 (1 — d)

1-¢2
+6¢L*n%d 4+ 6L*n*(1 —d) <0

2Lnde% — € + +6£L2n%d <0

6£L%n%d + 6 L%n% (1 — d)
1- ¢

Then the average-squared gradient norm after K iterations is bounded as

1 K
Exw | 2 | VF ()|
k=1

20n(t —d) — &+

2[F() = Fing)  m2Lo?[Ed+7—d] = ,6L(1+¢) 1+g =l 26d§2L27-a (1+€)
SUK(Ed+r—d) T MEdrr—d " Tedtr Z z; €d+r—a)1 ¢

+ HF

12 12do” LPE2(r — d)(1 + €) 772 12L2d§2(7— 1+§ dz
K~ (d+7—d)(l-¢) M (€d+7—d) -
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where 1, = 4 Z le var I 7 is the Frobenius norm.

Corollary. Under sumptions, if the learning rate is n = % 7/ A—Ig the average-squared gradient
norm after K iterations is bounded by

%Z HvF(HK(k:))Hﬂ

k=1

2[F(p1) — Finy) N | 2Lo® [2d+ 7 —d]
“VMEK(d+7—d) VMK (€d+T—d)

M? V' 6L2(1+¢) 2 V" 6de2L%7r02(1 +€)
+K3<”M> fd+r—d ng ( M) €d+r—d1-&)

M V\ 1240’ L2E(r —d)(1+&) M 14 12L2d£2(r— 1+§
+K3(1 ) €d+r—d(1-¢) +K3(1+M> €dtr— ZHVF

Ex(x)

T

If the total iterations K is sufficiently large, then the average-squared gradient norm will be bounded
by
K 2 [¢2
1 9 2[F(p1) — Fing]l +2Lo% |&2d+ 7 —d
B| S IvFGml| < by - 207 |
Kk:1 MK ((Ed+1—d)

A.4 PROOF OF CONVERGENCE RATE

Lemma 1. If the learning rate satisfies n < min {Tldgv ﬁ} and all local model parameters
are initialized at the same point, then the average-squared gradient after K iterations is bounded as
follows

1 K
Exw | 2 | VF ()|

L2[F(n) ~ Fung] | 2Lno? [+ 7—d
K(§d+7—d) (fd-l—T—d)

K T—1—d
K §d+r kzmz

Z Ex (k) HMK(k) - ‘r‘(::—)i-d—&-i

1=0 i=7—d

Proof.

From the Lipschitzisan gradient assumption || 7 F(x) — VF(y)|| < L||lz — y

L
F(Xre(ern) = F(Xx9) < (VFXkm): Xewrn) = Xxw) + 5 [ Xy - Xxw |’
Ln? 2
=—n(VFXkw) Gxm) + —~ |G|
Taking expectation respect to Sk (x) on both sides of equation@ we have
L 2
Exry [F(Xxm+1))] = F(Xkk) < = nBxy [(VF (X k) Gry)] + TWEKU@) [HgK(k)HQ]

From the fact

(a,b) = 5 (Ilal* + [[o]|* = lla — b[*)

N | =

14

2 T—1
+& Y Exp HNK(!«) — 2 g

)7

T
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we have
Ln? 2
Exq [F(Xxw0)] = F(Xieg) < = nBxw (VFXicw), Gxw)] + Z3-Excw [[|Gxwl’]

Combining with Lemmas 4 and 5, we obtain
Ex @) [F(Xkps1))] — F(X k)

L 2
— By [(VF (Xieq9): Gieery)] + —3-Excary [ 9w ]

&d+17—-d Ln*c?

2
B S S L.y )
2d§2 T]f T—1 LT]2 r—d T—1—d
[ | T 1o sl + |G - IS o F (el
i=T7—d =0

[TzljdeF Xiw) - vF( o) € Z HvF Xico) = VF (5500 (2]
m=1 =0

&d+1
g—n——g——vaqu|r+ Tl e
I 2d ) I 2 d T—1—d
+[ e —”ﬂ S P Xeerarl [”(M— ] > IV Keppar) 7
0

i=7—d %

nL? & 2

T—1—d
(m)
+ W [ ; H“K(k) = Trktdti (10)

2 T—1
(m
+¢€ Z H“K(k) - xrkidJri
i=17—d

where equation[10]is due to the Lipschitzisan gradient assumption ||/ F(z) — 7 F(y)|| < L||z—yl|.
After minor rearranging and according to the definition of Frobenius norm, it is easy to show

¢d+7—d
petr—d

7 IV Qx|

Ln*s% .,
<F(prm) —Exw [Florwsn)] + i [d&* + 1 —d]

T—1—d

LpPde® e ] &R 2, [LP(r— 2
+[ TR 7zT:deF(XTkI+d+i)“F+ T Z IV Xrktari)lr

1=0

—1—d

T 7—1
77L m 2 2
T our Z [ Z H/”LK(’“) - xgkjrf“ri +¢ Z H/‘K(k) Tk+d+z 1
m=1 1=0 i=T—d

Taking the total expectation and averaging over all iterates, we have

d+7—d 1 &
U%EKU@) [K Z HVF(NK(I@))HQ]
k=1

F —F;, Ln2c2
< (MI)K L 2 [dg? +7—d]
Lp*de®  né Ko L2(r — d) K 7—1-d
+[ KM 2K Z Z ||VF(XTk+d+i)H?r+ f7avi 2KM Z Z IV F ( Tk+d+1‘)||2p
k=1li=71—d =1 i=0
K T—1—d
TIL2 ( 2
T okM Z Z [ HMK(’“) T’Hdﬂ +£ Z H/‘K 'rk+d+z
=1m=11"i=0 i=T—d
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Then, we have

2[F(p1) — Finy) 2Lno? [§2d - d]

| K
Erxcw EZ"VF(MK(k))"2 <

k=1 nK(&d+ 71— d) M(¢d+7—d)
K 7-1
2Lnde? — ¢ ,
E F (Xppdsi
+KM(§d+T—d)kz::“§d &) IVF Xrpgari) |z
K 7—1—d
2Ln(t —d) — & ,
E F (Xrppasi
KM(ﬁd-FT—d); 2, B IVF (Xrktari)l 7
2 K t—1-d M o ,
) OR e
K 7t—-1 M
L m |
" 2 2 Exwy HM{(’“) T Trktd+i
KM(Ed+1—d) &= &= £
(11
If the learning rate satisfies 77 < min { ﬁ, ﬁ } then
= 2 [¢2
! 2| _2[F(m) — Fing]  2Lno® [2d+7 —d]
E — F . <
KK K};Hv ()| ] SUK(Ed+r—d) | MEd+T—d)
L2 K 7—1-d M o ,
b v~ B
+KM(§d+7‘—d)kZ:1 ; m; K(k) ||BE(R) = Trpydri
K -1 M
L m
+ KM(¢d+1—4d) Z ZEK(k) H’uK(k) — Tokidei

Recalling the definition pif (1) = ﬁ Zf\il xf,2+d = Xk (k)1ar/M and adding a positive term to the

RHS, one can get

M 9 T—1
E (m) _ )
Z HNK(k) T Trkgdti|| E 1Xrbtad — Xrbtatill
i=T—dm=1 i d

We have

L2F(p) = Fing] | 2Lno? [§2d + 7 — d]
“nK(Ed+T1—d) M(Ed+ 7 —d)

s
Er (k) lK Z HVF(NK(k-))HQ
k=1

—

—d

L2 K 71— ;

" Ex k) [ Xrhtad = Xrhsari
KM(éd+T1 —d) kzzl 2, BE® Xt P

K 7-1

3% )

E X, X prdri
T RKMEdTT—d) ;m_d w0 | Xrktad = Xeppasil 7

Lemma 2.
2 2d£2 = 2(7__ d) T—1—d
[Hxoll” < T 20 IVF Krivasidlle + 37— > I9F Keraralle (12
i=7—d P
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Proof.
-1 ] Tl M 2
||HK(k)|| ||5 Z Z VF( Tk+d+l> M Z VE (xglrcljrdJri)
i=T—dm=1 i=0 m=1
2 2
2d. 2 T—1 9 —d T—1—d M
= 6 Z Z VF( Tk+d+1> + (;\42 ) Z VF( ‘(I'k-)‘rd-‘rl)

i=7—d =0 m=1

13)

2462 . 2 oy _g) Tlsd M -
< HE S S or () [+ 2 Y [ (1)

i=T—dm=1 =0 m=1
(14)
2d£2 T—1 (T*d) T—1—d )
= >0 IVF Kekrasi) 5 + i > IV Kekpari) 7
i=T7—d =0

where equation [13[is due to [|a + b]|*> < 2||a]|® + 2 [|b]|*, equation [14{comes from the convexity of
vector norm and Jensen’s inequality.

Lemma 3. Under assumptions Eg, |, [9(z)] = VF(z) and Eg, |, ||g(x) — VF(2)||* < 02, we have
the following variance bound for the averaged stochastic gradient:

2 2
Ex [|Gkm) — Hicw|®] < 77 [dg? +7—d (15)

Proof. According to the definition of equation[6] equation[7} and equation[8] we have

Exc [y = Hocow ]

2

= %EK(M ‘f Tzfdz:l :9 (xgg—)&-d—&-i) VF( (Tk}rdw)_ +T§%d§§1[ ( Tk+d+z) VF( S—k+d+2>}
i=r—dm i=0 m=
2 - 2
< oo 5 3 b6 ol )| | 33 bl -ortin)
i=r—dm im0 m=
(16)
T -1 M r—1-d M
= %EK(M ¢ Zdz:llg( ikidH) - VF (‘rg]:-)i,-d-t,-i) + z; 2”9( Tk+d+z> VF( Tk+d+z> ‘2
L i=7—dm= =0 m=
(17)
+52T§;§:< ( ‘rk+d+1) - VF (ff(frigidﬂ) 79( g—llz+d+3) VF( Tk+d+j)> (18)
j#i l£m
TS o () ~ 9 (55200) o8 (10 ~ 9 (a9
J#i l#Fm
2§2 T—1 m) T—1-d M - )
= lzT:de:lIEK k) HQ( Tk:+d+z) VF( -rk+d+z) ‘ Z Z Ex (k) Hg< T,Hdﬂ) vF( THdﬂ) ‘
(20)

where equationis due to [la+b|> < 2|lal* +2|6]%, equationis due to st are independent
random variables and the assumption Eg, |, [9(x)] = VF(x). Now, directly applying assumption

17
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Esyzllg(x) — VF(2)]|*> < 02 to equation Then, we have

T—1 9 T7—1—d M
K |9y = Hacw ] < Z Z e Z > o 207 47— d]
=0

ZTdml

Lemma 4. Under assumption Es, |, [g(x)] = 7 F'(x), the expected inner product between stochas-
tic gradient and full batch gradient can be expanded as

Exry) (VF(Xk®)) Grr))]

T—1—d
T X+ 5 [s S oF Kl nvmxTHdH)ufm]
i=7—d i=0
1 M [r—1-d )
o 3 [ ot - o () v 8 fororion o (ert )
m=1 =0 i=7—d
Proof.

Exky [(VF(Xk k), Gr )]

] TATd M
(vremed; & Soleie) v S o)

zrdml

M i <VF(XK(1€)) VF( Tk-)i-d+l)> +% _ i <VF(XK(I€))’VF( ‘(rk-)i-d-‘rz>>

- HVF(XK(k)) - VF ($'(1-1;;)Ld+i) ﬂ

2

’ 2

I r Gl + |97 (15,
=1

d

T—

—&-ﬁ Z f: [HVF(XK(k))HQ+ HVF (xgﬁdﬂ)

1—
=0 m=1

}

? (m)
’ - HVF(XK(k)) avad ('r-rk+d+i>

(22)

d+ T—1 T—1—d
= giTHVF (Xrw)||” o7 lﬁ S IVE Kexrasi)llp + > ||VF(XTk+d+i)||4

2 ,
i=7—d 1=0

M T—1—d
- i [ > fortw - 98 (#5a) [ +€ 3 [0Ptuw) - 98 (1500, ﬂ
m=1 1

i=0 i=7—d

where equationand equationcome from (a,b) = 3 (||a|[> + ||b]|* — [|a — b][?).

Lemma 5. Under assumptions E |, [¢(z)] = VF () and E¢|,||g(z) — v F(2)||* < 02, the squared
norm of stochastic gradient can be bounded as

T—1 T—1—d

2d§2

K [ [Gxcewl } [d€2 +r—dl+

i=7—d =0
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Proof.
Exc [ |’]

Excg ||Gx09 — Exci Gl |*] + [ Greqol |
= Exe [[|Gxm — HrcooI”] + 1Hacow )

202 2d§2 T—1 (7_ T—1-—d

—d
< Fp e+ e 3 F Goal 2 S I F Kensanl

(23)
where equation 23] follows equation[2]and equation [I3]

Theorem 1 (Convergence of SGD). Under assumptions, when the learning rate satisfies the follow-
ing two formulas at the same time
6£L%n%d + 6L%n* (1 — d)

e +66L%%d < 0

2Lnde% — € +
6¢L%n%d + 6 L0 (T — d)
1-¢2

Then the average-squared gradient norm after K iterations is bounded as

2Ln(t —d) — £+ +66L%n%d + 6L*n* (1 —d) <0

1 K
B | 7 2 IVEF (o)

2[F(p) = Fing) | m2L0* [Edt7—d] | ,6L°(1+¢) Z Z it 6dg> L2702 (1 + €)

K(&d+ 7 —4d) M(&d+1—d) fd—i—T— - = (Ed+7—d)(1-¢&2)
7 12do* L% (1 — d) (1 + §) > 12L2d§2( 1+§ ZH X)|2
K (§d+7—d)(1—§2) KM (¢d+T1— E

where i, = - Z Tk+d, H? is the Frobenius norm.

Proof.

Recall the intermediate result equation[T1]in the proof of Lemma 1:

[F(,ul) _Finf] 2L770'2 [€2d+7'—d:|

Ex F(
K (k) KZHV (K (k) H 77K(§d+7—d) MEd T 7=
K 7-1
2Lndg* — ¢
E F(X, ;
+KM(§d+T—d)kz::“Zd k) IVF (Xrirasd) |7
K —d
2Ln(t —d) — & ,
E F (X, i
M(éd+ 7 —d) ; 2, Brw IVF (Xepesasi) e
L2 K 7—1-d
Bty [ Xrhtad = Xrkyarill?
T KMEd+r—d) ; ; Kk 1 Xrkrad = Xopparillz
K 7-1
3% ,
Ex k) | Xrk+ad = Xrprari
* KM(&d+1—4d) kZ:li:T_d K (k) I Xrrtad ftdtill 7
24
Our goal is to provide an upper bound for the network error term
K 7-1
> Ec(r) | Xrirad — Xrksaril| 7. First of all, let us derive a specific expression for
k=1li=7—d
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X k+dJ — Xrktd+i- According to the update rule equation E} one can observe that

Xrgt+ad — Xogtd+i

= XrpraJ—I) + 7 Z Gritdrj
=0

= £ (Xrhta1 = 1Griya—1) =D+ (1 =& Xk =0Gre) IT =1 + 0> _ Grryar;

j=0
T—1
= EXrk-1)+aJ — foZGT(k Drarid—1) +WZGTk+d+J
=0 7=0
2 71
= X, (h—2)+a(J 77225 Gr(k—j)+a+i(J = 1) +772G7k+d+;
j=11i=0

—

k T—
= MXI-D-n)_ eGTkHMJ—I)MZGTHM
7j=11=0 7=0
1

T

G jyrari =D +1)_ Grryar
7=0

k
= &' (Xa-1 = 1Ga-1) )=ny

Jj=11

M

Il
I M??‘ o
—_

T—1 7
¢X I -1) - n&’“ZG ) =Y D> G jyrari@ =D +1)_ Griray;
=0

J j=0

T—1

= —nkaGi(J ) =1 G jyrariT—T) +nZGTk+d+J (25)
=1

j:l 1=0 ] =0

where equation [23]follows the fact that all workers start from the same point at the beginning of each
local update period.
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Accordingly, we have

T—1

> Exgy 1Xrkrad = Xekparill 7
i=7—d
2
k 11 ) l
= Z Ex (k) || —n€"* ZG D =nY > G g jyrariT =D +1)_ Griyari
l=7—d j=1i=0 i=0 F
[ 2 k 7—1 2 7—1 l 2
§3772EK(I€) §2kd ZGi(J— ZZ T(kfj)erJri(J—I) + Z ZGrk+d+i
* F j=1i=0 g l=r—dlli=0 F
[ 2 k 7—1 2 7—1 2
§3772EK(16) fzkd ZGz +d Z f T(k—j7)+d+i + Z ZGrk+d+i (26)
i F j=11i=0 F l=7—d ||i=0 F
M d—1 2 kor—1 2
=3 Y |Exw&™d||[dg™)| +dExu ZZ (00 jyrard)| +Exw Z Zg 2 ard)
m=1 =1 7j=11i=0 l=7—d || i=0
M d—1 ( 2 M k T7—1 r—
Lk m 1 m
=3d | 3 Exas™ D)) + D Exw szg(ﬂfﬁ(ﬁ—mdﬂ dZ Z Ex k) ZQ L asi)
m=1 i=1 m=1 j=1 =0 m=11l=r—d
T T, Ts
27
where the equation [26]is due to the operator norm of J — I is less than 1.
For T'2, we have
2
M ko7l -
D Exio |28 D00y rard)
m=1 j=1 =0
2
M ko or—1 - k -
] m m
= Z Erw) 253 Z [g(m‘r(k*j)ﬂLdﬂ) V(@ r(k J)+d+i ] +ij ZVF #(h—g)+dti)
m=1 j=1 i=0 j=1 i=0
2 2
M -1 - ) M
<23 i |36 S (0687 puasd) = PG prand] | +232 B |36 ST
m=1 j=1 =0 m=1
T4 TS

For the first term T}, since the stochastic gradients are unbiased, all cross terms are zero. Thus,
combining with Assumption of bounded variance, we have

2

M k T7—1
_ j (m) (m)
Ty= 2 Z 2523 ZEK(k) Hg(xr(kfj)+d+i) - VF(m-r(kfj)erJri)
m=1 j—l i=0
2MTO'
2y Y @Y e W @9

m=1 j=1 1=0

where equation [28|according to the summation formula of power

252] < Z§2j

Jj=1
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For the second term 75, we get
2 (m) _ 2(k—r
2Z£]ZEHVF X"'(k J+d+1 ZZE ( )ZEHVF Tr+d+z

Substituting the bounds of 7} and T3 into Tg, we have

< ———— 2MTU ‘i‘Qng(k ')ZEHVF TT‘+d+’L
For T'1, we have
M d—1
Z EK(k)§2k g(z (m)
m=1 i=1
d—1 2

= Z Ex ()&

M

d—1
> [otel™) - vE@™)] + 3 vFE™)

+2 Z E ()2

m=1

<
Il
—

2

R

-1

9™ ~ (™))

1

<2 Z ]EK(k)£2

m=1

d—1
S vF@E™)
=1

T6 T7

3

For the first term 7§, since the stochastic gradients are unbiased, all cross terms are zero. Thus,
combining with Assumption of bounded variance, we have

M d-1 M d-1
Ty =23 Y Exaoe® oa™) — vF@E™)|| < 26% 30 30 = 26% Mo
m=114=1 m=1i=1

For the second term 7%, directly applying Jensen’s inequality, we get

M
Tr= 23 Exgo ZvF | < deEK<k£ ZHvF | = 2d£2k2|lvF )z
m=1
Substituting the bounds of 75 and 7% into 77, we have
d—1
Ty < 28 Mdo® +2d€" Y [V F(X)| 7
i=1
For T3, we have
LMo ! 2
=13 B[S o6l
m=1l=7r—d i=0
LMo ! l 2
~ 4 Z Z Ex (k) Z(g(fﬂ(gcl}rdﬂ) VF(z (Tk:J)rdJm)) +ZVF(I‘S'7Z<i'd+i)
m=1l=7—d i=0 i—0
g M 71 l 2 g M Tl
< =33 Eway |3 (0680 — V@) | 23 Y B @) )
m=1l=r—d i=0 m=1l=r—d
9 M T1-1 l (m) 2 9 M T1-1 l m) 2
< g Z Z K (k) Hg Tk+d+1) VE@ i) T3 Z Z ZEK(k) HVF Tk+d+z)
m=1l=7—d =0 m=1l=7—d 1=0
g M o1 1 2 M
< g Z T3 Z Z ZEK k) HVF Tk-‘rd-‘rz
m=1[l=7—d i=0 m=1[l=7—d i=0
T—1 l M  T-1 l
oM 2 m 2
S D IPILLED I BP SN LTI
l=7—d i=0 m=11=r—d i=0
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Substituting the bounds of 77, T» and T3 into equation|7_7[, we have

T—1

> Exgo Xrktad = Xekyarill 7
i=7—d

2M7’02§ 2

e 208 S [ F(x, HF+2Z£““ZEHvF (X0

i=1

M T—1 l 2 M  T—1 l ( 2
il Z Z(f?—ka Z Z ZEK(k) HVF(xTTZJ)rdH) ]

l=7—d i=0 m=11l=7—d i=0

< 3nd |26** Mdo? +

And in the same way, we have

T—1-d

1
> Exo IXeksad = Xenpari|7
1=0

2 2k 2 2M75°€? 2kd71 2(k—r (m) 2
< 3P(r = d) |26 Mdo® + T+ 2 Y IvFX; HF+2Z§ Z]EHvF > S \
i=1
T—1—d 1 M 7—1—d 1
dz Z Z]EK(k HVF Tk+d+7 ]
=0 =0 m=1 i=

Then, summing over all periods from & = 0 to kK = K, where K is the total global iterations:

K 7-1
Yo Bk Xekvad = Xekrarillz
k=li=7—d
K d—1
< 3pPdy 262 Mdo? + PATTE +2d¢% 3 [V FX)|13 +2252 e T)ZIE FX™)
= 97 1— 52 V F Vv 7—7“+d+z
k=1 i=1
M T—1 l 2 M T-1 l (m)
Tl Y Y Ekw [vRER)
l=7—d i=0 m=1l=7—d i=0

d MK
6n2d—C [2Md02+2d2||vF(Xi)||% L G ”5 + 62 MK Z Za

- 1-¢ i=1 Co1-e I=r—d i=0
K k-1 5 K 7-1 |1
+6n%dy ]y e ”ZEHvF )|+ 6D S S By IV Xbar) I
k=1r=0 k=1l=7—d i=0
(29)
Expanding the summation, we have
K k-1
33 e ZE [orexan],
k=17=0
K T—1 K
< x( Envmxfwﬂ-)ni) (zgzw)]
r=1 i=0 k=r
K T—1
-y KZEIIVF sl ) ()]
r=1 =0
1 K 7—1
< DY EIVFXeppara)l7 (30)

52

>
Il

14=0
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And in the same way, we have

K 7-1
Z Z ZEHVF Thtdti ||F<dZZE||VF ), S || (€29)
k=1 l=r—d i=0 k=1 i=0

Plugging equation [30]and equation [31]into equation 29

K 7-1
SN Ergo 1Xrksad = Xepparills

k=1i=7—d
2 = d MK
< 6n2dlf§2 2Mdo” + 24 |[VF(Xo)% | + Gndro 22 + 62 ME Z Za
i=1 l=7—d i=0
67] d K -1 K -1
Z E(|VFXekpari)llp +60°d D> Y EIVFXrprars)l7
k=1 i=0 k=1 i=0
And in the same way, we have
K 7—1-d
D> Ex IXeksad = Xenparilz
k=1 (=0
2 d—1 2 242
6 —d MK
< 6n2(7—d)1§£2 2Mdo® +2d Y |V F(X)|% | + — r 132'25 + 6P MK Z Za
=1 —d 1=0
67]2(T—d)KT1 K 7—1-—d )
+ﬁZZEHVF( rhpats) |5+ 607 (1 — d Z Z E(|7F(Xrk+a+i)ll
k=1 =0 k=1 =0

Recall the intermediate result equation[TT]in the proof of Lemma 1:

1 K 2
Il

E g (r)

2[F(p) = Fing) | m2L0* [Edt7—d] | ,6L°(1+¢) Z Z i, 6d¢®L2702(1 + ¢)

K(¢d+ 7 —4d) M(&d+1—d) fd—i—T— - = (Ed+7—-d)(1-¢&2)
i 1240’ L2 (r —d)(1+€) | 7’ 12L2d§2( 1+§ ZH X2
K (d+r—d)(1—¢€) KM (€d+1-— F
| 2Lndg — e+ LA (=) 4 Ge 12y 2d§: Tzl B [F (rsain)
KM(Ed+7—d) Ly 2o Kk IV Th+d+i) |l p
| 2Dl = d) — ¢4 BTG IEE 4 G177 + 6L (7 — d) XK:T_ZHE (9F Kowas) 2
KM(Ed+ 7 —d) i K(k) IV Th+d+i) |l p

When the learning rate satisfies the following two formulas at the same time

6£L2n%d + 6 L%n2 (1 — d)

2Lndg* — € + e + 6L n*d <0
L2 2 L2 2 _
2L(r — d) — ¢ + LA Yf 52" (T =) | e+ 61202 (r — d) <0
And
K -1 K
S Bk IVF Kebpari)lls =Ex > IV F () I
k=1 =0 k=1
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Thus, we have

| X
Ex @) Ve Z |7 F (e (iy)
k=1

2[F(1) — Fing]  n2Lo® [£2d+ 7 — d] 26L 1+§ Z Z 2| 2 6de2L2To%(1 +€)
K(&d+71—d) M(&d+ 1 —d) §d+ - = (Ed+71 —d)(1—¢€2)

Xi)lI7

+112d02L2§2(T— d)(1+¢) 772 12L2d52(7— 1+5 Z”
K (Cd+7—d)(1-£) M (Ed+7—

Corollary 1. Under sssumptions, if the learning rate is = MJIV \/ % the average-squared gradient
norm after K iterations is bounded by

1 & )
Er KZHVF(MK(IC))H‘|
2 [F(m1) = Fing] 1 2Lo? [%d+ 7 —d]
“VMK(Ed+T1—d) VMK (€d+T—d)
M? VN 6LA(1+¢) o VA 6de2L2ro2(1 4 ¢)
i <1+M> sdar—d Zdzg ( M) (€d+7—d)(1-¢)
M2 (V' 12d0°L26(7 — d)(1+¢) v 12L2d€2(7— 1+5
s (HM) (€d+7—d)(1-8) *m( M> €d+7- ZHVF

If the total iterations K is sufficiently large, then the average-squared gradient norm will be bounded

by
1) — Fing] +2Lc? [§2d+ T — d}

1 & )| _ 21F(m)
E [K;nvmm ] < T
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