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Increasing Momentum-Like Factors: A Method for Reducing Training

Errors on Multiple GPUs

Yu Tang, Zhigang Kan, Lujia Yin, Zhiquan Lai, Zhaoning Zhang, Linbo Qiao*, and Dongsheng Li*

Abstract: In distributed training, increasing batch size can improve parallelism, but it can also bring many difficulties to
the training process and cause training errors. In this work, we investigate the occurrence of training errors in theory
and train ResNet-50 on CIFAR-10 by using Stochastic Gradient Descent (SGD) and Adaptive moment estimation
(Adam) while keeping the total batch size in the parameter server constant and lowering the batch size on each
Graphics Processing Unit (GPU). A new method that considers momentum to eliminate training errors in distributed
training is proposed. We define a Momentum-like Factor (MF) to represent the influence of former gradients on
parameter updates in each iteration. Then, we modify the MF values and conduct experiments to explore how
different MF values influence the training performance based on SGD, Adam, and Nesterov accelerated gradient.
Experimental results reveal that increasing MFs is a reliable method for reducing training errors in distributed training.
The analysis of convergent conditions in distributed training with consideration of a large batch size and multiple

GPUs is presented in this paper.
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1 Introduction

Deep learning has made great progress in numerous
fields, such as object detection!”™!, semantic
segmentation/®®!, and image classification®'!l,
As the number of layers of neural networks continues
to increase and the scale of data continues to expand,
the training of deep neural networks has increased the
demand for computing power. The development and
application of Graphics Processing Units (GPUs) satisfy

existing requirements and facilitate the training of deep
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neural networks within an acceptable time. However,
factors, such as GPU memory, still limit large-scale
neural network training.

Distributed training architecture provides new ideas
for training deep neural networks, including new ideas
about distributed training!'>'#, Plenty of paralleled
work is proposed recently!!> 161 Parameter sever!!”! is a
new type of distributed training architecture, through
which we could achieve an ideal reduction of time
without compromising accuracy.

Stochastic gradient algorithms, such as Stochastic
Gradient Decent (SGD)!'8], are commonly used in deep
learning and even in certain nonconvex or nonsmooth
problems!'*!l, SGD utilizes a random subset of a
training dataset to update the weights of the loss
function. Batch size can affect training speed and exert
nonnegligible influence on the convergence of neural
networks. Nowadays, large-scale training has become
a research hotspot/??!. Large batch sizes can be used
to improve the parallelism of SGD and reduce training
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time!?>~2%! while small batch sizes may lead to enhanced
training performance at the cost of time.

To fully understand these issues and identify a method
to reduce the training errors in distributed training, we
train ResNet-502"! on CIFAR-10!?8! and conduct several
experiments. In this work, we show how the batch
size affects training performance and convergence in
a parameter server!!”l. We also analyze the influence
of the number of GPUs in a parameter server. In our
experiments, we fix the total batch size in a parameter
server. According to the experimental results, a large
batch size and a large number of GPUs adversely
influence distributed training performance. To address
this problem, we analyze the accuracy drop in distributed
training and identify a method related to “momentum”
in stochastic gradient algorithms. For convenience, we
define a new variable named Momentum-like Factors
(MFs), which are factors that control the influence of
former gradients on parameter updates in each iteration.
Stochastic gradient algorithms are commonly split into
first-order algorithms and second-order algorithms and
are presented in different ways by using MFs. On the
basis of our analysis, we change the MFs in different
optimizers, such as SGD, Adaptive moment estimation
(Adam), and Nesterov Accelerated Gradient (NAG), and
explore how they affect training performance. Moreover,
we train a Multilayer Perceptron (MLP) on MNIST and
a Long Short-Term Memory model (LSTM) on the Penn
TreeBank (PTB) dataset to investigate the influence of
MFs. We summarize our main contributions as follows.

e We present our analysis and prove the reason behind
the accuracy drop in a multi-GPU training process with
Batch Normalization (BN). To the best of our knowledge,
this analysis is the first one of its kind in the field of
multi-GPU training processes.

e We introduce MFs and explore how they affect
training performance in distributed training. We also
provide an explanation for the improvement of accuracy
after increasing MFs.

e Experiments are conducted on CIFAR-10 by using
SGD and Adam, and the influences of a large batch
size and different numbers of GPUs are compared.
Experiments are also executed on several datasets by
modifying the MFs from {0.9,0.95,0.975,0.99} on
different optimizers. Our experimental results further
verify that increasing the MFs can improve the training
performance of first-order and second-order stochastic
gradient algorithms, especially given large batch sizes
and multiple GPUs.

2 Related Work

2.1 Stochastic gradient descent and its variants

SGD!"8! is one of the simplest first-order algorithms,
but it introduces noise into the gradient and blocks
optimization in the training progress'?®!. SGD randomly
selects one sample or a random sample set at one time
for parameter updates so that updating the parameters
does not create redundancy. When the data size is large,
SGD can effectively accelerate the training process.
Smith and Le®” stated that SGD should be interpreted
as integrating stochastic equations. They also presented
the scale of random fluctuations in the SGD dynamics as

gzé(%—l) (1

where £ is the learning rate, N is the size of the
training set, and M is the batch size. If we reduce the
learning rate &, the noise scale g drops, thus leading
to an improved training performance. If we keep the
learning rate ¢ constant, then we could also increase
batch size M to reduce the negative impact of noise
scale. By contrast, a small batch size increases the noise
scale and adversely affects the training performance.
According to Ref. [31], calculating the mean and
variance values over a batch makes the loss calculated
for a particular example dependent on other examples
in the same batch. Therefore, if the batch size is large,
a high dependency between samples in the batch limits
the training performance. This fluctuation scale g can
also be considered as a noise factor. When M < N,
applying a linear scaling rule!®?! maintains the mean
SGD weight update constant per training sample. A
specific description about the linear scaling rule*?! is
shown in Section 2.2.

SGD has several variants! . A common one is
SGD with momentum%!; specifically, Smith and Le*"
extended the traditional SGD to include momentum, and
found that the noise factor g changes into

o= (L) o
1—-m\M M(1 —m)

where m is the momentum. Equation (2) degenerates
into Eq. (1) when m = 0. If a linear scaling rule is
adopted, £/ M is constant. Then, we obtain g o< 1/(1 —
m). Increasing m results as g rises may cause a drop
in generalization performance. Adam!*”! combines the
advantages of two optimization algorithms, namely,
AdaGrad® and RMSProp!®). Adam evaluates the
first moment estimation of a gradient and the second
moment estimation and then calculates the update step.

33-35]
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This algorithm is a second-order optimization method,
which adjusts the learning rate for each parameter by
performing small updates for frequently used parameters
and large updates for seldomly used parameters. In the
vanilla Adam algorithm!®*”), B; and B, are set to control
the influence of gradients and the square of gradients on
the parameter update, respectively. They play a similar
role to momentum in the SGD method with momentum.
NAG!* is an improved method of momentum!*! and
a first-order optimizer. It updates with the gradient by
“looking ahead” instead of using the current gradient.
Moreover, it calculates the variance of gradients with
respect to the last one. By utilizing these values, NAG
updates the parameters in the training process.

SGD and its variants, known as stochastic gradient
algorithms, can be regarded as first-order or second-order
stochastic gradient algorithms, as shown in Algorithms
1 and 2, respectively.

Algorithm 1 First-order stochastic gradient algorithms with
MF

Input: 6; € R?, learning rate {&, },T=1 (we use a constant £ in
our experiments), momentum-like factor MF, batch size M, and
optimizer OP.

Output: 67

1: Init MF and vg = 0

2. fort =1to T do

3 Draw M samples B; from B

4: Compute g; < % Z VL:(;,xr)

XtE€B;

5: vy < MF-v,—1 + &g, = MF - v, 1+
G- Z VL; (0r.%¢)

Xt E€EBy
6: 0, <~ 9;_1 — V¢

7: return 07

Algorithm 2
with MF

Input: ; € R?, learning rate {Et};T=1 (we use a constant £ in
our experiments), momentum-like factors MF; and MF,, batch
size M, optimizer OP, and scaling function ¢.

Output: 67

1: Init MF{, MF;, mg = 0, and vg = 0.

2. fort =1to T do

3: Draw M samples B; from B

4: Compute g; < % Z VL;(0;,x¢)

X EBy

5: m; <~ MFy -m;—1 + (1 —MFq) - g¢
6: v; < MFy v, + (1 —MFy) - g7
7 0 < 6,1 —&-p(my, v, MF1, MF3)
8: return 07

Second-order stochastic gradient algorithms

2.2 Linear scaling rule

Assume a deep neural network model with parameters 6,
and its corresponding loss function L (). Thus, L(6) is
defined as the average of the total loss over the training
dataset. The formula is as follows:

| M

LO) =+ ; Li(®).
where L;(0) is the loss of the i-th training example. As
stated in Section 2.1, SGD uses one stochastic sample
or one stochastic sample set to obtain the approximation
of the gradient of the loss function L(#). For batch B
which includes m training examples, the batch size is m.
Its corresponding weight update rule is

Ok+1 = Ok + EAOL,

m
EAG, = —% > VoLi(6) 3)
i=1
where k is the k-th epoch.

From Eq. (3), we can obtain E{{A0} =
—£E{VyL(09)}, which denotes the average weight
update of SGD could be kept when changing the learning
rate proportionally. Thus, for batch B whose batch
size is m, the mean value of the SGD weight update
is proportional to &/m. Adopting the linear scaling
rule involves keeping the mean SGD weight update per
training example constant3!,

This linear scaling rule is adopted widely in Refs.
[30, 32, 41-43]. We apply the linear scaling rule to our
theoretical analysis of Algorithms 1 and 2 (Section 3.2).
This rule is an important foundation of our algorithms
and experiments.

2.3 Batch normalization

BN is commonly deployed in modern deep neural
networks. It has shown excellent achievements in
improving training performance. However, it also causes
performance decline in multi-GPU distributed training.
The standard BN is shown as follows.

For batch B = {x¢, x1,.
M, its mean value is

1M—1
,U~B=M ;xi,

where x; is one sample of batch B. Its variance is

1 M-1
=2 Y — )’ *
i=0

.., Xp—1} with batch size
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Then, the samples are normalized by
- Xi — KB

X = —/———
VOE + e

where i changes from 1 to M and € is a small enough to
avoid a zero denominator for Eq. (5). The mathematical
expectation is

(&)

= E@83) = (M — 1) (6)

After BN, the samples follow the normal distribution

whose variance is §2. These values are fed into several

layers in the deep neural network to achieve superior

training results. This analysis is important in multi-GPU
distributed training, as described in Section 3.1.

3 Algorithm

3.1 Multi-GPU training

As discussed in Section 2.3, the standard BN is
analyzed in this work. At this point, we consider
the training on multiple GPUs and explore how it
affects the performance with BN. Assume P GPUs
in the distributed training system and batch B =
{X0,X1,...,Xxs—1} whose batch size is M. The batch
per GPU is a subset of batch I3, and its batch size is
K=M/P. OnGPU j(j =0,...,P
value of its training samples is

lK—l
=X Y=
i=0

and its corresponding variance is
p M/P-1

K—-1
1
= E Z(xji _,LLj)2 Z (le l'L] )
i=0

where x;; is the i-th training sample on GPU ;. The
mean value of all samples of batch B is

=
s = P Z Hj-
j=0

The sum of each variance of all GPUs in the system is
P—1

— 1), the mean

p M/P-1

E Xjis

M
Se=Z—82=—282
Jj=0
The variance of all training batches among GPUs is
P-1 P—1
M . M .
Sa=D_ 5= i) =723 (4 —is)’
j=0 j=0
Thus, the total variance S; is
y Pl Wy Bl
St =Se+Sa=— Z 87+ Z(u;—;ﬁcg)z (7)
j=0
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When P =1, Eq. (7) degenerates into Eq. (4).
According to statistical knowledge, the expectation of
Eq. (7) is

M(P —-1)

E =E(S;) =M —1)8 + T(Sz (8)

By comparing Eq. (6) with Eq. (8), we obtain &, > &;
while ignoring the dependencies between training
samples if P > 1, in which case the input features
after BN decline in multi-GPU training. Therefore,
the variance of training on multiple GPUs results in
performance degradation in distributed training.

3.2 Momentume-like factor

As the variance of BN increases, the gradients calculated
on each worker in the parameter server tends to be
unstable. The gradients in multi-GPU training are more
updated than those on a single GPU. Herein, we explore
a new method to reduce the training errors on multiple
GPUs. We define the MF as a new variable that controls
the influence of the last gradient on the current parameter
update in each iteration. We formalize the stochastic
gradient algorithms, including the first-order and second-
order stochastic gradient algorithms, with MFs. The
two types of algorithms are abstracted into Algorithms
1 and 2. We apply the linear scaling rule!®?! to the two
algorithm types.

In general, the set of learning rate {&}7_, in
Algorithms 1 and 2 could contain more than one value.
However, we keep the learning rate constant in each
training process. Thus, the set of learning rate {&}7_,
changes into a constant . As we apply the linear scaling

rule, =—— = G remains unchanged in each iteration.

Let us consider training on multiple GPUs with MF
using first-order stochastic gradient algorithms with MF
(Algorithm 1). The MF update rule for the proportion of

the former gradient in the training process'® is
dL(6
AA=—-(1-MFA+ L )
dw
Aw = —A¢ (10)

where A denotes the “accumulation” and AA is its

variety while is the average gradient of per

training example. Increasing the MF can lower A A
and slow down the attenuation of weights. Therefore,
we obtain Aw, which is relatively small. This property
correspondingly reduces the training errors on multiple
GPUs in the same iteration.

Let us focus on Algorithm 1. For Line 5 in
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Algorithm 1, let us assume Z VL0, x;) =
Xt E€B;t
Z VL;—1(6¢—1,x;—1), that is, VL(6,x) is
Xr—1€Br—1
constant in each iteration. Therefore, increasing the

MF in Algorithm 1 results in an increase in v;. The
outcome leads to a small parameter update, which is the
same as that achieved in the previous analysis and leads
to good training performance.

As for the second-order stochastic gradient algorithms
with MF; and MF, (Algorithm 2), the “accumulation”
update is

AA =—(2—-MF,; —MFZ)A+%I(Dm 1D
Then, the parameter update follows Eq. (10). In
Algorithm 2, ¢ is a function of my,v,, MF;, and
MF,. For example, in Adam, the function could be

ms+/1 —MF;
(/or + (1 — MFy)’
€ is a relatively small value, such as 1078, to avoid a
zero denominator.

By applying a linear scaling rule!*?! to Algorithm 2,
we obtain a constant G, which is similar to
the former one. Hence, we mainly focus on £ -
¢(my, v, MF1,MF;) in Line 7 (Algorithm 2). The
function ¢ plays an important role in this analysis.
Take Adam as an example, ¢ (m;, v;, MF, MF;) =

Mg A/ 1— MF2
(/or + (1 — MFy)’
than MF,, we can view all formulas with MF, and v; as
constants G; and G, respectively.

According to our analysis, increasing MF; in
Algorithm 2 has the same effect as increasing the
MF in Algorithm 2. The detailed analysis is shown in
Appendix A.

For ease of study, we present the influence of
increasing the MF value in stochastic gradient algorithms
in Figs. 1 and 2. With an increase in the number of
iterations, the training process tends to be stable, and

¢(my, v, MF,MF;) = where

If we only change MF; rather

gt

Fig.1 Parameter update change of increasing the MF value
when g, declines. If we want to obtain the same 6,1 given
the decline of gradients, namely, g,/< g,, we ought to increase
from the MF (the brown line) to the MF’ (the red line). This
method reduces the training errors accordingly.

Fig. 2 Parameter update change to increase the MF value
on the condition that the gradients do not change. Increasing
from MF to MF’ results in a new parameter update direction,
6,1 (the red one). This new direction could correct the error
caused by a large batch size or multi-GPU training.

the gradients in each iteration tend to decline. Therefore,
the change in gradients in the training process declines
either minimally, with the change almost left unseen, or
excessively. As shown in Fig. 1, 6, is the parameter in
the #-th iteration. Taking this situation as an example and
for the sake of simplifying, we use MF (the brown line)
to represent the updates resulting from the MF value
in the training process. The same is true for MF’ (the
red line). In Fig. 1, g, (the green line), (resp. g}, the
yellow line) marks the gradients calculated from the
samples in the ¢-th iteration with respect to MF (resp.
MF). In large-scale distributed training, we may obtain
g; < g: as aresult of a large batch size or multi-GPU
training. Therefore, if we want to obtain the same 6,1,
the parameter in the (¢ + 1)-th iteration (the purple line,
then we should change MF to MF'. In this situation,
we have MF' > MF. Therefore, increasing the MF
value could alleviate the drop in accuracy in distributed
training to some extent, that is, the training errors in
distributed training could be reduced, especially when
the batch size is large and when multiple GPUs are used
in the training process. In certain situations, we may
achieve a good parameter update (6,4 1) as a result of an
increase in MF values. Considering the slight decline of
the gradients, we arrive at the situation shown in Fig. 2.
The variables have the same meaning as those in Fig. 1.
In this situation, we might obtain a poor parameter
update (6;+1) as a result of the large-scale training or
training on multiple GPUs. Therefore, increasing the MF
value corrects the parameter update (6y1) and reduces
the training errors correspondingly.

3.3 Distributed algorithm

In this section, we present distributed algorithms. As we
use the parameter server architecture in our experiments,
we show the training algorithms of workers and servers
in Algorithms 3 and 4, respectively.
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Algorithm 3 refers to the training algorithms on
workers in the parameter server. In Algorithm 3, we
input all the hyperparameters needed by the experiments
and allocate P GPUs as workers in the initialization
phase. In the #-th iteration, the workers give the servers
the signals of Pull trigger and Pull last saved parameter
(0;—1). These parameters are fed into Algorithms 1
or 2 according to OP. Finally, workers send the Push
trigger and Push 6; to the servers. Algorithm 4 shows
the training algorithms on servers in the parameter server
architecture. It has the same initialization phase as
Algorithm 3 but a different process. In the #-th iteration,
when receiving the Pull trigger from the workers, the
servers Push 6,_1 to the workers. After receiving the
signal of Push trigger, the servers are responsible for
Pull 6; and save it locally.

Algorithms 1 and 2 are performed on the basis of the
first- and second-order stochastic gradient. All of our

Algorithm 3 Training algorithm-workers

Input: 0, € R4, learning rate £, momentum-like factors MF
for first-order stochastic gradient algorithms (MF; and MF; for
second-order stochastic gradient algorithms), the total batch size
M , optimizer OP (such as SGD), the number of GPUs P, iteration
number 7', and the number of nodes N (the scaling function ¢ for
second-order stochastic gradient algorithms).

Output: 07, Pull trigger, and Push trigger.

1: Init: allocate P GPUs as workers.

2. fort =1to T do

3: Send Pull trigger to servers.

4 Pull 0, from servers.

5 if OP is a first-order stochastic gradient algorithm then

6: Input 6,1, §, MF, M/ N, OP into Algorithm 1.

7 Get the output 6; of Algorithm 1.

8 if OP is a second-order stochastic gradient algorithm then

9: Input 6,—;, & MF;, MF,, M/N, OP into
Algorithm 2.

10: Get the output 8; of Algorithm 2.

11 Send Push trigger to servers.

12: Push 6; to servers.

13: return 07

Algorithm 4 Training algorithm-servers
Input: the iteration number T, Pull trigger, and Push trigger.

1: Init: allocate P GPUs as servers.
2: fort = 1to T do
3 if Pull trigger then

4: Push 6;_1 to workers.
5 if Push triggers then

6: Pull 0; and save.

7: return

experiments are based on these algorithms.

4 Experiment and Analysis

To explore the impact of batch size and the number
of GPUs on the performance of the algorithms in the
parameter server architecture, we conduct experiments
by using MXNet!** and train ResNet-50?7! on CIFAR-
10. We are aware that training performance may decline
as the batch size and number of GPUs increase. To
eliminate the negative impact of a large batch size
and multiple GPUs, we increase the MFs in different
stochastic gradient algorithms.

4.1 Experimental setup

4.1.1 Dataset

Experiments are executed on three different datasets,
namely, CIFAR-108,  MNISTH7],
Treebank (PTB)“8].

The CIFAR-10 dataset consists of 60000 natural
images in 10 classes of 32 x 32 resolution on Red,
Green, and Blue (RGB) scale; 50 000 of these images
are training images, and 10000 are test images!®3.
MNIST has 55000 training samples and 10000 test
samples and was first introduced in Ref. [47] to
train digital handwritten image recognition. The PTB
dataset comprises 923 000 training, 73 000 validation,
and 82000 test words*®), and it is a commonly used
dataset in the field of language models.

4.1.2 Setup

In our experiments, we train ResNet-50 on CIFAR-10
by adopting three optimizers, namely, SGD, Adam, and
NAG. We then set the batch sizes to 32, 64, 128, 256,
512, 1024, and 2048. The experiments are conducted
across multiple GPUs simultaneously by using 1, 2,
4, 8, 16, and 32 GPUs to evaluate the validation
accuracy of ResNet-50 on CIFAR-10 in the case of
different batch sizes and GPU numbers in the parameter
server architecture. The GPUs are Tesla K80. In these
experiments, we train 300 epochs and set MF = 0.9
in SGD and NAG, and MF; = 0.9, MF, = 0.999 in
Adam. We also set a default value of batch size = 128
and learning rate = 0.05. We also adopt a linear scaling
rule®?! in our experiments as well. The learning rates
corresponding to different batch sizes are displayed in
Table 1.

Inspired by Ref. [49], we focus on setting the
MFs to 0.9, 0.95, 0.975, and 0.99 in the first-order
stochastic gradient algorithms (MF in Algorithm 1)

and Penn
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Table 1 Learning rates corresponding to different batch
sizes.

Batch size  Learning rate Batch size  Learning rate
32 0.0125 512 0.2
64 0.025 1024 04
128 0.05 2048 0.8
256 0.1

and second-order stochastic gradient algorithms (MF;
in Algorithm 2). We then analyze how they influence
training performance given a large batch size of 1024. In
addition, we also train an MLP on MNIST™1, For the
sake of convenience, we use “momentum” to represent
MF in the corresponding optimizer.

4.2 Training ResNet-50 on CIFAR-10

We use two different optimizers, namely, SGD and
Adam, in training ResNet-50 on CIFAR-10. MF is set to
0.9 in SGD. As for the Adam optimizer, MF; and MF,
are set to 0.9 and 0.999, respectively. Figures 3 and 4
show the results of SGD and Adam, respectively. For
convenience, we omit in Fig. 3 the validation accuracy
of 0.199 given a batch size of 32 and 32 GPUs. These
values are also shown in Table 2. As for Adam, the
results of the training on multiple GPUs in the parameter
sever are summarized in Table 3.

4.2.1 Batch size

In distributed training, the choice of batch size is critical.
According to the curves in Figs. 3 and 4, a large batch
size causes the validation accuracy to drop given a
constant number of GPUs. As shown in Fig. 3, when
the batch size is 32 and the number of GPUs is 32,
the validation accuracy is 0.199, which means that in

0.92

o
©
o

Accuracy
o
3

0.86

32 128 256 . 512
Batch size

Fig. 3 Validation accuracy of Resnet50 on CIFAR-
10 of different batch sizes on multiple GPUs in the
parameter server based on SGD. In these experiments,
all hyperparameters, except batch size and number of GPUs,
are set to their default values.

0.8
>
O 0.6
©
—
>
o
< 0.4

0.2

32 64 128 256 512 1024 2048
Batch size

Fig. 4 Validation accuracy of Resnet50 on CIFAR-10 of
different batch sizes on multiple GPUs in the parameter
server based on Adam. The hyperparameters are set to be
the same as those in the previous SGD experiments.

Table 2 SGD’s validation accuracy for ResNet-50 on
CIFAR-10 of different batch sizes on multiple GPUs in the
parameter server.

Validation accuracy

1 GPU 2 GPUs 4 GPUs 8 GPUs 16 GPUs 32 GPUs
32 0928 0.923 0917 0910 0917 0.199
64 0928 0.924 0916 0908 0.891  0.839
128 0.923 0924 0917 0.906 0.896 0.870
256 0926 0914 0913 0901 0.891 0.878
512 0.925 0917 0907 0901 0.893  0.880
1024 0927 0916 0909 0.899 0.893  0.876
2048 0923 0919 0.906 0901 0.885 0.872

Batch size

Table 3 Adam’s validation accuracy for ResNet-50 on
CIFAR-10 of different batch sizes on multiple GPUs in the
parameter server.

Validation accuracy
1 GPU 2 GPUs 4 GPUs 8 GPUs 16 GPUs 32 GPUs
32 0.807 0.839 0.864 0.894 0.898 0.432
64 0.734 0.802 0.845 0.885 0.908 0.901
128 0.665 0.765 0.816 0.869 0.897  0.922
256 0.547 0.665 0.757 0.848 0.886  0.910
512 0492 0.583 0.562 0.794 0.871  0.902
1024 0399 0.329 0361 0.578 0.847  0.883
2048  0.173 0.177 0.103 0353 0.675  0.768

Batch size

distributed training, such a small batch size cannot make
the training process converge. In this case, the batch size
on each node is four. The batch size is too small for the
training process to converge. From Fig. 3, we observe a
downtrend when the batch size increases. When the
batch size exceeds 512, the effect of increasing the
batch size on the experimental results is small, and
the maximum drop is 0.008 (16 GPUs). Nearly the
same situation happens in Fig. 4. The setting causes a
bad validation performance under the condition with 32
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GPUs and a batch size of 32. Thus, we conclude that in
multi-GPU situations, a large batch size may increase
parallelism in distributed training, but the validation
accuracy tends to drop.

4.2.2 GPU

When the numbers of GPUs are 1, 2, and 4, we only
need to use a single node. According to Figs. 3 and 4,
when the GPU number changes from 1 to 4 within a
single host, the accuracy difference is relatively small.
In Fig. 3, the largest accuracy difference of 0.018 lies in
batch sizes 512 and 1024. When using multiple GPUs,
especially 32 GPUs, the accuracy drops by 0.069 (batch
size of 64) given a convergent training process. Nearly
for each line in Figs. 3 and 4, the validation accuracy
declines if the number of GPUs increases for a constant
batch size.

4.3 SGD versus Adam

4.3.1 Experimental result

In this section, we mainly focus on the influence of
different MF values on SGD and Adam. As discussed
previously, increasing the number of GPUs in the
parameter server causes a decline in training accuracy
when the batch size remains constant. To improve the
accuracy in this situation, we increase the MFs and
compare the improvements caused by different MFs
given a large batch size of 1024 and 16 GPUs.

We train ResNet-50 on CIFAR-10 by utilizing the
optimizers SGD and Adam. The batch size is 1024, and
the learning rate is set to 0.4 (Table 1). The validation
accuracy of SGD is illustrated in Fig. 5. When the batch
size is 1024 and the momentum is 0.9, the final validation
accuracy is 0.927 on 1 GPU and drops to 0.876 on 32
GPUs (green line). When the momentum is 0.95, the

Accuracy

0.89

0.88 1

4 8 32
Number of GPUs
Fig. 5 Validation accuracy of different MFs on multiple
GPUs utilizing SGD. In these experiments, we set the MF
values 0.9, 0.95, 0.975, and 0.99, respectively.

validation accuracies are 0.93 and 0.892 on 1 GPU and
32 GPUs, respectively (red line). Relative to those when
the momentum is 0.9, these accuracy values increase
by 0.003 and 0.016. When the momentum increases to
0.99, the accuracies are 0.904 on 1 GPU and 0.907 on
32 GPUs (purple line). Compared with that indicated
by the green line (momentum is 0.9), the accuracy
drops by 0.026 on 1 GPU but increases by 0.031 on
32 GPUs. For SGD, we find that increasing the MF can
effectively alleviate the accuracy degradation caused by
the increase in the number of GPUs in the parameter
server. The improvement is particularly obvious for
multi-GPU scenarios. Therefore, increasing the MFs
yields better effects in the first-order stochastic gradient
algorithms than in the second-order ones.

As far as Adam, we change MF; from 0.9 to 0.95,
0.975, and 0.99 to explore the influence of such change
on distributed training given the same batch size and
learning rate. We display the validation accuracy of
Adam in Fig. 6. We observe that increasing MF;
can improve distributed training performance. The
improvements are not obvious in Adam. Moreover, we
spot trends that are not similar to those in Fig. 6. A
decline in accuracy occurs when MF; = 0.9, 0.95, and
0.975 when the number of GPUs increases from 1 to
4. When MF; is 0.99, such decline does not occur.
Increasing MF; still alleviates the negative impact of
multiple GPUs on accuracy and stabilizes the training
process on multiple GPUs in Adam. Therefore, the
influence of increasing MFs in second-order stochastic
gradient algorithms is not as obvious as that in first-order
stochastic gradient algorithms. Nevertheless, increasing
MFs remains effective and leads to a relatively stable
trend when the number of GPUs increases.
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©
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Fig. 6 Validation accuracy of different MF;s on multiple
GPUs utilizing Adam. In these experiments, we set the MF;
values 0.9, 0.95, 0.975 and 0.99, respectively.
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4.3.2 Convergent condition

In certain situations in Section 4.3.1, the results show
that the training process does not converge. In this
section, we provide our convergence analysis and
establish a number of convergent conditions in which
MFs are considered in distributed training.

As pointed out previously, we view the deep learning
problem as

n
min G(0) = E/@) =~ 3 £(6) (12
ferd n
where f(6) is a nonconvex loss function and each f; :
R? — R is a smooth and nonconvex function.
For the first- and second-order stochastic gradient
algorithms, we have the following assumptions.
e Al: The gradient of f is L-Lipschitz continuous,
ie. [V/i(x) = VAW < Llx = yl.Vx.y € R

L
Then we have G(x) < G(y)+(VG(y), x—y)+ 5 lx—

I
e A2: The minimum value of Eq. (12) is lower-

bounded, i.e., G* = mil} f(0) > —o0;
OeR
e A3: The gradient g, of f;(6;) is an unbiased

estimate;

e A4: The gradients are bounded, i.e., V f; < C;

e AS: The second-order moment of the gradient g; is
uniformly upper-bounded, that is to say, £||g/||*> < C.

In A4 and A5, C < +o0 and it is a constant. Such
assumptions are typical in the analysis of stochastic
gradient methods!>% 3!,

From A3 and A4, in each iteration, we have

1
7 Z f:(0;) < C, where Mg is the batch size
node
HeRrd

on each node in the distributed training system. Then,

we obtain 9
Mnode 2 ZQERdCft( t)

Formula (13) means that the training process is
convergent when M satisfies Formula (13).
As for the MF in the first-order stochastic gradient
algorithms, we could obtain
I1-MF T 4
I—MF ¢ (14
where T represents the number of iterations. The
mathematical derivation is shown in Appendix B.

As Refs. [51, 52] point out, a constant MF in the
second-order stochastic gradient algorithms will result
in divergence. Therefore, we establish our convergent
conditions for distributed training.

(13)

(1) The batch size M,,qe on each node in the
ZGERdCﬁ(Gt) < Mnode g

M, where M denotes the size of the training set;
(2) (a) For the first-order stochastic gradient

distributed training satisfies

) 1-MF T
algorithms, ——— < — and MF < 1;
1 — MF &
(b) For the second-order stochastic gradient

algorithms, MF < 1 and MF does not decrease!®?!.
4.4 Extended experiments on MF
44.1 NAG

We also conduct a number of experiments utilizing
another first-order optimizer, NAG. In Fig. 7, we show
the validation accuracy given a batch size is 1024 and
MFs are 0.9, 0.95, 0.975, and 0.99. From Fig. 7, we find
that when using a large number of GPUs in distributed
training, the validation accuracy drops when the MFs
are 0.9, 0.95, and 0.975. When the MF is 0.99, the
validation accuracy improves. A large MF helps alleviate
the negative influence of a large number of GPUs. This
result is consistent with that in Section 4.3.1.

44.2 MLP

We train MLP on MNIST of 30 epochs on 8 GPUs
to explore the influence of the values of MFs. We
use a simple MLP consisting of three fully connected
layers, that is, two activation layers and a softmax
layer, to identify the output of the MLP. We use the
SGD optimizer and set the batch size to 64 and the
learning rate to 0.05; the momentum in SGD selected
from {0.9,0.95,0.975,0.99}. Figure 8 shows the test
accuracy of the MLP in our experiment. We can identify
that the test accuracy increases as the MF increases to a

Accuracy
g

—— MF=0.9
— MF=0.95
0881 __ \F=0.975
—— MF=0.99
1 2

g 8 16 32
Number of GPUs
Fig.7 Validation accuracy of ResNet-50 on CIFAR-10 given
different batch sizes on multiple GPUs in the parameter
server based on NAG. The hyperparameters are set to be the
same as those in the previous SGD and Adam experiments.
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Fig.8 MLP test results on MNIST of different momentums.
The MLP comprises three fully connected layers: two
activation layers and a softmax layer.

certain degree. When the MF is 0.975, the test accuracy
on MNIST is the highest. However, when the MF is 0.99,
the test accuracy drops relative to those given MF values
of 0.95 and 0.975. We assume that this phenomenon is
caused by a small batch size of 64 and a lack of BN.

44.3 RNN

In this section, we present the results of the influence
of increasing the MF value in the RNN task. We train
LSTMP3! on the PTB dataset. We set the batch size to
64 and the learning rate to 0.01 and then use SGD. The
training and validation perplexities are then analyzed.
We present our results in Table 4. When MF = 0.975,
the smallest training perplexity of 13.40 is noted. When
MF = 0.95, the best validation perplexity of 155.31 is
observed. From Table 4, we can identify that increasing
the MF value within a specific range can reduce the
training errors introduced by multiple GPUs.

5 Conclusion

In this work, we discuss different types of stochastic
gradient algorithms and distributed algorithms used
in our experiments and explore the influence of batch
size and the number of GPUs on distributed training
performance. We train ResNet-50 on the CIFAR-
10 dataset under the parameter server architecture.
According to the experimental results, we find that
to some degree, we could increase the efficiency of

Table 4 LSTM'’s training and validation perplexity on PTB
of different MFs.

MF value Train perplexity Validation perplexity
0.9 29.93 161.98
0.95 17.04 155.31
0.975 13.40 158.72
0.99 17.84 173.88

distributed training and reduce the training time by
increasing the batch size and increasing the number
of GPUs. When the number of GPUs is increased to
achieve distributed training, the batch size increases
to ensure training convergence. On the other hand, we
conclude that for SGD-like optimizers, increasing the
MFs alleviates the performance loss caused by the
increase in the number of GPUs in distributed training
or even improves the accuracy. Increasing MFs not only
benefits first-order optimizers, such as SGD, but also
suits second-order optimizers, such as Adam. For small
tasks, increasing the MF values can relieve the negative
effects introduced by multiple GPUs.

Appendix

A Analysis of Increasing MF; in Algorithm 2
The detailed analysis of increasing MF; in Algorithm 2
is as follows. For convenience, we use ¢ to represent
¢(my, v, MF1, MF,) in Eq. (A1).

g g mVTHMR

P ol - ME)

m:Gy N
S G- MF)
Gi E(MFym—y + (1 — MF\)g,)
G, | — MF, B
% [—E(Aff‘ M”;tl‘l) +&- g,} (A1)
& - g; nearly has the same form as that analyzed in
Algorithm 1 in Section 3.2. It could also be viewed as
constant if we assume VL(0, x) constant. Therefore, the

whole focus is on . Hence, increasing MF; has

1
1 — MF,;
the same effect as increasing MF in the Algorithm 1 in
Section 3.2.
B Mathematical Derivation of Eq. (A2)
We show the mathematical derivation of Eq. (A2) here.
Considering v, in Algorithm 1, we have
vy = MF-v,—1 + g, =
MF - (MF Vi—2 + Sgt) + Sgt =
MF? v, 5+ MF-§g; + g/ =+ =

MF' v + MF' ™" - £g; + -+ MF-£g; + g (BD)
As vy is initialized commonly to 0, so we have
v = MF™'- g+ + MF-£g, + £g, =

MF™! ... MF+1)-£g, =
1 —MF
1-MF €81

According to A4 in Section 4.3.2, we have g, < C.

Therefore,



124 Tsinghua Science and Technology, February 2022,27(1): 114-126

1 — MF fg, < 1 — MF
—MF °*'ST_MF
The training process involves T iterations; thus, vy <
1 —MF7?

— . £C

1Fr(%[l the definition of v;, we have 0 < v; <t - C. This
definition is easy to understand. If MF = 1, then, we have
the entire gradient in the current iteration. However, such
scenario is not realistic in the stochastic gradient method
with MF. Therefore, ¢ - C is its upper bound. Then, we get

£C.

Vy =

_ eT
I ———§C KLt C<T-C
1 — MF
Finally, we get
1-MF' T
—<_’
1 —MF &

as shown in Section 4.3.2.
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