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ABSTRACT

Stochastic gradient descent (SGD) is the core tool for training deep neural networks.
As modern deep learning tasks become more complex and state-of-the-art architec-
tures grow as well, network training with SGD takes a huge amount of time; for
example, training ResNet on the ImageNet dataset or BERT pre-training can take
days to dozens of days. To reduce the network training time, distributed learning
using a large batch size for SGD has been one of the main active research areas in
recent years, but this approach entails a significant degradation in generalization.
To address this issue, in this paper, we propose a simple yet effective regularization
technique, GradientMix, for large-scale distributed learning. GradientMix can
enhance the generalization in large batch regimes by giving appropriate noise
through a mixup of local gradients computed at multiple devices, which is contrary
to the conventions that simply average local gradients. Furthermore, GradientMix
is optimizer-agnostic, hence can be applied to any popular optimization algorithm
as long as the overall loss is expressed as the sum of the subgroup losses. Our ex-
tensive experiments show the effectiveness in both small and large-scale problems,
and especially we consistently achieve state-of-the-art performance for various
optimizers on training ResNet-50 on the ImageNet dataset with 32K batch size.

1 INTRODUCTION

Stochastic gradient descent (SGD) is a classical training approach commonly used for training most
deep learning models, in which model parameters are updated in the opposite direction of the gradient
of the loss function computed on a mini-batch. The recent developments in hardware such as GPU
and TPU enables several complex and state-of-the-art models to be trained using large batch whose
gradient is computed efficiently via data parallelism. Unfortunately, however, it is known that large
batch training typically suffers from severe degradation in generalization compared to small batch
training. The reason for poor generalization of large batch training still has not been fully uncovered,
which leads many researchers to investigate this phenomenon actively in several directions.

For that reason, many efforts have been made to shed light on whether generalization has to do with
sharp minima in the perspective of loss landscape. As one of pioneering work, Keskar et al. (2016)
argued that the generalization gap is primarily due to the sharp local minima obtained from large
batch training. Another study He et al. (2019a) further showed that local minima as well as sharp
minima lie on an asymmetric valley and that a local minimum biased towards the flat side generalizes
better than the exact empirical minimizer. Despite some evidence of the relationship between sharp
minima and generalization, Dinh et al. (2017) substantiated that the performance degradation in large
batch training has nothing to do with sharp minima by showing that all minima of the neural networks
can be arbitrarily sharp according to the reparametrization that does not change the network output.

Given that there are limitations to enhance generalization using the curvature information of the
loss function, designing an optimization algorithm specific to large batch regime arises as another
dimension. The first representative in this line of work is LARS optimizer You et al. (2017), which
exploits the ratio of the parameter size to gradient size. Yet, as pointed out in Zhang et al. (2020),
LARS performs poorly for attention-based model such as Transformer on the ground that LARS is
an algorithm based on vanilla SGD. In order to address the issue, the second representative optimizer
LAMB is proposed in You et al. (2019), which inherits the spirit of LARS and one of the adaptive
gradient methods, Adam Kingma & Ba (2015). The aforementioned optimizers make it possible



Under review as a conference paper at ICLR 2023

to train ResNet-50 on the ImageNet dataset and BERT around an hour by scaling the batch size to
more than 32K. However, Nado et al. (2021) empirically confirmed that traditional optimizers such as
Nesterov can achieve as high performance as large batch optimizers (e.g. LARS, LAMB, AdaScale
SGD, and etc.) if one puts the same effort into the hyperparameter tuning for each optimizer. Owing
to such an observation, it is debatable whether the superiority of large-batch optimizers like LARS
and LAMB is due to their well-designed concepts or just merely due to dense hyperparameter tuning.

Last but not least, there have been several studies to elucidate how the noise can enhance generaliza-
tion. Bottou (1991); Neelakantan et al. (2015) showed that noise can play a significant role in training
neural networks although they do not focus on large batch training. In addition, Zhou et al. (2019)
theoretically demonstrated that adding noise to the gradient is helpful in circumventing a spurious
local optimum, thus allowing for converging to a global optimum, and Liu et al. (2021) showed that
noisy gradient descent finds a flat minimum in a non-convex matrix factorization. Smith et al. (2020)
empirically corroborated that noise in stochastic gradients can enhance generalization and Wen et al.
(2018) dipped into how injecting curvature noise can be useful in large batch training.

In the light of previous studies regarding gradient noise, one can say “certain noise can regularize the
gradient descent procedure well”. However, most of the aforementioned studies on gradient noise are
restricted to the Gaussian-type noise. Therefore, it is still questionable whether other types of noise
could be beneficial in the aspect of generalization especially for a large batch regime.

In this paper, we focus on the approach to improve generalization for large batch training with the use
of the mixup Zhang et al. (2018) technique that has been recently highlighted in the data augmentation
context. Toward this, we propose the novel way of adding noise for the optimizer by mixing up the
gradients and show that this technique in fact encourages convergence to a flat minimum.

Our main contributions with some details are as follows:

* We propose a simple yet effective regularization GradientMix for large batch training. Gradient-
Mix performs a linear combination of local gradients computed at each device (or each sample)
with arbitrary mixing rates. Our GradientMix is optimizer-agnostic, hence it can be applied to any
optimization algorithms including LARS or LAMB for large batch training.

* We mathematically investigate that the optimization with GradientMix could reduce the trace of
generalized Gauss-Newton matrix of the objective. Then, we provide the convergence analysis of
the optimization with GradientMix in a non-convex regime under the standard assumptions.

We validate the GradientMix popular problems in deep learning communities. Our extensive
experiments show that GradientMix could result in better generalization especially for the large
batch settings. Specifically, various optimizers with GradientMix consistently achieve state-of-
the-art performance on the task of training ResNet-50 on the ImageNet with 32K batch size.

2 METHOD

In this section, we introduce our main regularization technique, GradientMix. Then, we show that
GradientMix encourages reducing the trace of generalized Gauss-Newton (GGN) of the loss function.

2.1 GRADIENTMIX: MIXING GRADIENTS WITH RANDOM MIXING RATE

As a motivating example, we start from the distributed training with multiple GPU machines. Let
D be the training dataset with n inputs X = {z : (z,y) € D} and the corresponding labels
Y ={y: (z,y) € D}. We study solving the optimization problem under the distributed environment:

n

1
inimize L£(0) = — / i1 0), y; 1
minimize £(0) =~ ; (f(xi;0),v:) M
where § € R? is the model parameter and (7, y) denotes the instance-wise loss function between the
prediction 7 and the true label . Given K devices, the vanilla SGD updates the model parameter 6 as

1ol
Ghnal = 7= > {E > Ve, (f(e))}, Or+1 = Ot — 1t Yfinal (@)

k=1 b=1

local gradient



Under review as a conference paper at ICLR 2023

Algorithm 1 A general optimization framework with GradientMix

1: Input: Training dataset D, stepsize {1, }1_, variance x > 0, noise distribution P(7) satisfying
Eq. 12, and optimization algorithm A (e.g. SGD, Adam, ...), momentum parameter p € [0,1).

2: Initialize: Model parameter 6, € R<, (Nesterov) momentum v; € R<.

3: fort=1,2,...,T do

4: QH%e@t—l—uvt

5 forb=1,2,---,Bdo
6 Randomly sample a b-th datapoint xgb) from D > This can be done in a parallel way
7 gt(b) — Vgﬁ(ng); Or11) > Sample-wise gradient
8: end for
9 Sampling random noise from noise distribution, (71,72, - ,75) ~ P(7)
B
10: g > m,gt(b) > GradientMix in a sample-wise manner
b=1
2 )
11: Vi1 < g — 1 Do T V(01 1) > Nesterov momentum construction
b=1
12: 0111 < 0, — A(g1,92, - ,9;Mt) > Parameter update
13: end for

14: Output: 9T+ 1

where B is the local batch size for each device and k;, represents the b-th datapoint at device & (hence,
b € [B]). For convenience, we abbreviate the gradient V£(f(x;;0),y;) evaluated at the datapoint
(zi,y:) as VL;(f(0)). In Eq. 2, the local gradient computed at device k are averaged across all
devices to yield the final gradient. Inspired by several studies (Srivastava et al., 2014; Zhu et al.,
2019; Simsekli et al., 2019; Smith et al., 2020) on the importance of noise on generalization, we
propose mixing up local gradients at each device k. Toward this, we first generate the random noise
7, from some distribution IP(7) at each device k every iteration and perform linear combination of
local gradients using 75 as a mixing coefficient. In summary, the final gradient is computed by

K B
i ~ P(r) with E[ry] = 1/K Yk € [K],  grnar = D % > Vi, (£9)) 3)
k=1 b=1

Preserving the unbiasedness of the stochastic gradient, we further assume that each noise 7y, satisfies
E[r,] = 1/K in Eq. 3, for example, Gaussian distribution with mean 1/K.

In the one hand, the gradient mixing in Eq. 3 could also be applied in a sample-wise manner. Suppose
that the gradient is computed with the batch size B, then the sample-wise gradient mixing would be

B
my, ~ P(m) with E[m] = 1/B Vb € [B], gima = »_mVe(f(0)) 4)
b=1
where 7, is a sample-wise noise. The mixing gradients in a sample-wise manner Eq. 4 is a generalized
extension of the batch-wise version in Eq. 3. We call the procedures in Eq. 4 as GradientMix.

Note that GradientMix is optimizer-agnostic since it does not require any specific update rule;
therefore, it can be applicable to any popular optimizers such as Adam, LARS, LAMB, and etc. Thus,
we consider a unified framework for GradientMix. We let A be a randomized optimization algorithm
(e.g. SGD) and A(¢1, 92, - - ,g+) produce the update vector at time ¢ where g, means the gradient
computed at time 7. Algorithm | summarizes an optimization framework with GradientMix.

One of the important properties of GradientMix is that the variance of mixed gradient is always
higher than the traditional averaged gradient since the variance of mixed gradient in Eq. 4 is smallest
when the noise 7, in Eq. 4 satisfies m, = 1/B for all b € [B]. We will investigate how this noisy
property affect the loss landscape and the convergence of optimization in the following section.

2.2 GRADIENTMIX CAN REDUCE THE TRACE OF GENERALIZED GAUSS-NEWTON MATRIX

In this section, we provide more intuition of GradientMix. To this end, we consider an L-layer deep
neural network following the notations in (Lee et al., 2019) defined by

RUAD = O (D) gD (1) — (D)
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forz(® = zand! = 0,1,---, L. Here, ¢(+) is an element-wise (non-linear) activation function
such as ReLU, W and b(®) are the weight and bias parameter of appropriate shape at I-th layer,
respectively. For simplicity, let § € R? be the vector of all network parameters and f(x;60) =
h(LH)(JU) € R* denote the network output (or logit). Under this setup, we first introduce the
generalized Gauss-Newton (GGN) matrix. Toward this, we revisit an optimization problem in Eq. 1:

mini@mize L(0) = %Zf(f(xue)’yz) = %Z@(f(m)

Thanks to (Schraudolph, 2002; Kunstner et al., 2019), the Hessian of the objective (with respect to 6)
can be written as

H(9) = V%E(G) = % Z 39 (xi)TV§c€i (f(@))jg (z;) + Remaining term 5)
i=1

G(9)
where je(l’i) represents the sample-wise Jacobian g—g evaluated at single datapoint (x;,y;) and
Vfc&» (f(6)) is the Hessian of ¢; with respect to the network output. The matrix G(6) defined in Eq. 5
is known to be the generalized Gauss-Newton (GGN) matrix. In case of convex loss £, the GGN is
always positive (semi)definite and well-justified approximation of the Hessian H (6) Kunstner et al.
(2019), so it is a popular curvature approximation in the non-convex problems.

We study the relationship between the GradientMix and the GGN matrix. The gradient of objective
function can be written as

VL) = - S Veli(£(6)) = - 0 To(w) VS ((9)) = Az ®)
=1 i=1

where A is the matrix of all sample-wise gradients A = [Vol1 (f(0)) | -+ | Voly (f(0))] € RT*"
and z = (1/n,---,1/n) = 11 € R™ is a vector of 1’s. Under this formulation, GradientMix in
effect replaces the deterministic vector z with the noisy one z as

VoL(0) = AZ 7

where the vector Z is a random variable satisfying E[z] = %1 for the unbiasedness of the gradient
estimator as in Eq. 3. We call Eq. 7 a mixed gradient.

In the optimization analysis, the convergence is generally measured by how fast the gradient norm
IV L(8)]||2 approaches to zero. GradientMix would change this convergence criterion to

IV6L(0)ll2 — 0. ®)
Plugging the mixed gradient Eq. 7 into Eq. 8, the convergence measure Eq. 8 is nothing but
E[ZTATAZ] - 0 ©)

Provided that Z satisfies Cov|[z] = x2I for some positive constant £ > 0, owing to Hutchinson’s
trace estimator Hutchinson (1989), Eq. 9 is equivalent to

Tr(ATA) =0 (10)

Rearranging the matrix in the trace operator, we finally arrive at the following:
Tr(ZJg(xi) Vit (F(0)V 14 (£(0)) Jg(xl-)> =0 (11
i=1

In case of a negative log-likelihood loss ¢ (as is many cases in deep learning problems), the matrix
in the trace in equation Eq. 11 is the GGN matrix G(6) (refer to Proposition 1 in Kunstner et al.
(2019)). Consequently, the convergence with GradientMix roughly boils down to reducing the trace
of GGN matrix, which could represents the shaprness of minima to some extent as in several previous
work (Zhu et al., 2019; Simsekli et al., 2019; Lin et al., 2020). Hence, it might be possible that
GradientMix could help to find the flatter solution than the one obtained via usual averaged gradient.
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Note that this equivalence does not rely on the batch size, but we expect that GradientMix would be
most helpful in a large batch regime, which is crucially vulnerable to the sharpness of the curvature.

The remaining question is that which noise class can reduce the trace of GGN matrix and whether the
gradient norm really goes to zero when the optimization is equipped with GradientMix. For the first
question, we already assume the mild conditions on the noise given the batch size B:

E[r] = %13 and Cov([w] = x*Ip (12)

where 15 € R” is just a vector of ones. There are several distributions that satisfy Eq. 12, and we
adopt two practical distributions: (i) Gaussian and (ii) Rademacher.

Based on our mathematical intuition, we give Taple : The trace comparison for trained ResNet-
the empirical evidence on the trace of GGN ma- 18 on CIFAR-10 dataset.

trix. We train ResNet-18 on CIFAR-10 dataset

with 8K batch size for large batch setting. The ~ Method || log(Tr(G(9)))
table 1 report the trace of GGN matrix of the -

final modepls trained with each method. As ex- SGD Baseline ! 587
pected, GradientMix indeed reduces the trace of =~ SGD + GradientMix (Gaussian) ‘ 4.21
GGN to a meaningful extent, which means that ~ SGD + GradientMix (Rademacher) 4.58
GradientMix could find a flatter solution than

the usual average approach with almost no additional computation overhead.

We show the effectiveness of GradientMix with these noise structures in large batch training in the
experimental section. Now, we answer the second question in the next section.

3 CONVERGENCE ANALYSIS

In this section, we provide the convergence analysis of optimization with GradientMix in Algorithm
1. Our goal is to find an e-stationary point for the problem Eq. 1. For this purpose, we need the
standard assumptions for the analysis in non-convex optimization:

(C-1) (L-smoothness) The loss function f is differentiable, L-smooth, and lower-bounded:
Va,y, |Vf(x) = Vf(y)| < L||x —yl| and f(z*) > —oo for the optimal solution x*.

(C-2) (Bounded variance) The stochastic gradient g, at time ¢ is unbiased and has the bounded
variance: B¢ [g:] = Vf(0,), Eelllge — Vf(6:)]|?] < o where £ represents the randomness
from data distribution.

The conditions (C-1) and (C-2) are standard in the analysis of non-convex optimization Ghadimi &
Lan (2013); Zaheer et al. (2018); Chen et al. (2019); Yun et al. (2022). Also, GradientMix preserves
the unbiasedness of the stochastic gradient, thereby satisfying the condition (C-2). Since Algorithm 1
presents the general framework with GradientMix, we specifically provide the convergence analysis
for vanilla SGD with Nesterov momentum, which is the state-of-the-art optimizer used in deep
learning communities. The update rule for SGD + Nesterov momentum with GradientMix would be

B
9t+% =0 + pvy,  Vip1 = pug — angb)Vfb(@H%), Opp1 = 0 + v 41 (13)
b=1
where 1 denotes the momentum parameter, 7Tt(b) is the sampled noise of b-th datapoint at time ¢
satisfying Eq. 12. We further define the quantities ; and 7 as

B () 1T—l
_ IR
%—B;(wt )2, V—T;%

where T is the total iterations. Note that the quantity +; roughly measures the total amount of noise
injected to the gradient at time ¢ and 4 means the average amount of noise over all time. Now, we are
ready to state our main theorem.

Theorem 1 (Convergence for SGD + Nesterov momentum with GradientMix). Let 0, denote an
iterate uniformly randomly chosen from {9%, Sy GT_% }. Under the conditions (C-1) and (C-2) with
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the stepsize n < i((%i)f) the Algorithm I with SGD + Nesterov momentum yields

LA(p® 4 1) 2L A2y ) (14

Ba IV £(60)IF] < O( 1w BTG w
where A = f(0y) — f(0*) with optimal point 6*.

Remarks. Our Theorem 1 is a generalized version of Theorem 4.2 in Lin et al. (2020). Importantly,
the second term in the upper bound in Eq. 14 is asymptotically dominant under the batch size

2 —

condition B = O (ﬁ X ”L?). In this regime, we can obtain a linear speedup as increasing
2 A =

the batch size with the total iteration of order O ( L <7B€§v) for e-stationary point. Note that the second

term in the batch size condition involves the average noise 7 attaining the smallest value 1 (so, 7 > 1)

when the sampled probability is 7Tt(b) = 1/B for all b and ¢, which corresponds to the traditional

averaged gradients. In other words, the mixed gradient with random noise wt(b) has always higher

value of 74 than the averaged gradient, which in effect allows larger critical batch size but with
requiring more iterations. For this reason, GradientMix might show performance degradation in a
tight budget of epochs, but tuning the variance « in Eq. 12, which affects 7 in result, can play a role
to balance the batch size and the number of total iterations.

Since GradientMix do not hurt the unbiasedness of the stochastic gradient but with a little higher
variance, one can easily show the convergence of each optimizer with GradientMix upon the previous
results. We defer the convergence analysis on LARS and LAMB with GradientMix in the Appendix.

4 RELATED WORK

Large batch training. Many researchers have paid attention to large-scale training to speed up
training and achieve as high accuracy as small minibatch training. To reduce the generalization gap,
Goyal et al. (2017) propose a linear scaling rule to increase the learning rate proportionally to the
minibatch size. As exploiting a large learning rate can cause a neural network to diverge, You et al.
(2017) suggest Layer-wise Adaptive Rate Scaling (LARS) to scale updates by multiplying the ratio
of the ¢5-norm of weights to that of gradients for each layer. Furthermore, You et al. (2019) apply
this strategy to the Adam optimizer (Kingma & Ba, 2015), which is called LAMB, so as to accelerate
training attention-based models, especially BERT, by using large batch sizes. In contrast to (You
et al., 2017; 2019), without any layer-wise normalization, Nado et al. (2021) show that standard
optimizers are enough for large batch training given sufficient hyperparmeter tuning. Apart from
them, in order to narrow the generalization gap, Lin et al. (2020) employ an extragradient technique
for smoothing and stabilizing optimization dynamics, and Johnson et al. (2020) propose AdaScale
SGD that reliably and automatically adjusts the learning rate depending on the variance of gradients.
However, all these methods mentioned above are based on the average of gradients, which is likely to
preclude the possibility of exploration during training.

Mixup. Mixup Zhang et al. (2018) is one of the popular methods for enhancing the generalization
and robustness of a neural network. Taking advantage of the beta distribution, Zhang et al. (2018)
interpolates two inputs and their corresponding labels linearly to generate new data, and Verma et al.
(2019) interpolates hidden representations linearly for a smooth decision boundary. Following these
works, several extensions Yun et al. (2019); Kim et al. (2020) have been proposed to substitute some
area of input for another input’s patch, but all the aforementioned studies are discussed only in the
context of data augmentation.

Benefit of noise for network training. In recent years, there have been several attempts to figure
out connections between noise and generalization. Zhu et al. (2019) showed that noise in stochastic
gradients helps escape from sharp minima and converge to flat minima which generalize well.
Simsekli et al. (2019) analyze the dynamics of stochastic gradient descent driven by noise and showed
that stochatic gradient descent prefers wide minima that performs better than narrow minima on the
test set. Smith et al. (2020) verify that the noise in the stochastic gradient can improve generalization.
Wau et al. (2020) showed that injecting multiplicative noise to the full-batch gradient generalizes as
the usual stochastic gradient evaluated on mini-batch, but the noise structure they consider is not
applicable to reducing the trace of curvature as we discussed in Section 2.2. Also, the effect of noise
on the generalization is guaranteed in theory only in terms of the linear regression.



Under review as a conference paper at ICLR 2023

ResNet-18 on CIFAR-10 dataset

ResNet-18 on CIFAR-10 dataset

95.8
995.6 g 95.6
c c
© ©
(] ]
h= h=
L 95.2 v
a —— sGD a 05.2] + s
—$— SGD + GradientMix (Gaussian) \+ . —$— LARS + GradientMix (Gaussian) *
95.01 —+ SGD + GradientMix (Rademacher) —+— LARS + GradientMix (Rademacher)
0.2K 1K 2K 5K 0.2K 1K 2K 5K
Batch Size Batch Size
(a) SGD with momentum (b) LARS

ResNet-18 on CIFAR-10 dataset

ResNet-18 on CIFAR-10 dataset

095.4 o
o ©95.4
@®© @©
€052 £
] ]
"qc) "q:) 95.2
2 95.01 4 auam a —— LaMB

—+— Adam + GradientMix (Gaussian) —4— LAMB + GradientMix (Gaussian)

—4— Adam + GradientMix (Rademacher) 95.0 —4— LAMB + GradientMix (Rademacher)

94.8 :
0.2K 1K 2K 5K 0.2K 1K 2K 5K
Batch Size Batch Size
(c) Adam (d) LAMB

Figure 1: Results on training ResNet-18 on the CIFAR-10 dataset with GradientMix.
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Figure 2: Results on training ResNet-18 on the CIFAR-100 dataset with GradientMix.

For more exploration in large batch training, instead of the averaged gradients, our work is the first
in-depth study applying mixup to the local gradients using suitable distribution and we empirically
justify that injecting appropriate noise into the gradient can bridge the generalization gap with a large
batch as well in the next section.
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Figure 3: Results on training Transformer on Multi30k dataset with GradientMix.

5 EXPERIMENTS

We consider two sets of experiments. The first set aims to purely see the effectiveness of Gradient-
Mix on relatively small-scale problems and the second set is to evaluate GradientMix in a large scale.
The details on experimental settings are provided at each section.

5.1 CIFAR CLASSIFICATION

We train ResNet-18 He et al. (2016) on the CIFAR datasets using two sets of optimizers, which is one
of benchmark tasks in large batch training. The first set compares SGD with momentum and LARS,
and the second set compares Adam and LAMB since LARS and LAMB are extensions of SGD and
Adam respectively. For large batch training, the polynomial LR scheduling with gradual warmup
Nado et al. (2021) is recommended, so we follow the linear LR scaling Goyal et al. (2017) with the
base LR 7,5 = 0.1 for the batch size 200 for SGD and LARS. Similarly, we choose 7y, = 10-3
for the batch size 200 for Adam and LAMB. Throughout this experiment, we consider the total 200
epochs with 20 warmup epochs. In particular, the trust coefficient of LARS is fixed as 1073, While
our main goal is how much GradientMix can improve the performance in a large batch regime, we
also include the results on the small batch size for better understanding.

Figure 1 illustrates the results for the CIFAR-10 dataset. GradientMix shows the consistent im-
provement in generalization for all optimizers considered acrosss all batch sizes except the smallest
batch size 0.2K. The interesting point in Figure 1 is that for all optimizers, the performance with
GradientMix tends to increase slightly and then decrease (see 0.2K ~ 2K at x-axis) as the batch size
increases while the generalization of all baselines only gets worse as the batch size gets larger. At
large batch size such as 2K or 5K, which is our main focus, GradientMix show consistent superiority
to the baselines without overlapping error bars. This might be due to the fact that the small batch size
has already enough noise, in which GradientMix can interfere with model generalization.

The similar dynamics can be seen in Figure 2 for the CIFAR-100 dataset. Note that all the optimizers
with GradientMix achieve a great improvement over the baseline for the largest batch size 5K as
experiments for the CIFAR-10 dataset. Also, we can see the increase-then-decrease behavior in
Figure 2 (see 0.2K ~ 2K at z-axis) for all optimizers considered as in the CIFAR-10 experiment.

5.2 TRANSFORMER ON MULTI30K

In order to evaluate GradientMix on various problems in deep learning, we consider language
modeling task. To this end, we train Transformer base model (Vaswani et al., 2017) on Multi30k
dataset (Elliott et al., 2016). Following the experimental settings in Lin et al. (2020), we employ
the linear LR scaling and gradual warmup scheme (Goyal et al., 2017) with inverse square root
scheduling (Vaswani et al., 2017). The warmup step is set to 4000 for the base batch size 64 and
linearly decayed by the batch size. It is known that the adaptive gradient methods work well for
attention models, so we compare the Adam and LAMB optimizers for this experiment.

Figure 3 demonstrate the comparison of validation accuracy. Similar to the results in Section 5.1,
GradientMix tends to be more effective as the batch size increases for both optimizers Adam and
LAMB. Importantly, GradientMix achieve great improvements especially at large batch size such as
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Table 2: Top-1 accuracy with GradientMix using 32K batch size for training ResNet-50 on ImageNet.
Top-1 Accuracy (%) for 32K Batch Size

Optimization Algorithm

H Fine-tuned hyperparameters | Standard hyperparameters

with 64 epochs with 90 epochs
Noise Type || Nesterov | LARS | Adam | LAMB
No Noise (Baseline) || 75.93 003 | 76.15 oo+ | 76.13 £009 | 76.35 + 008
Gaussian (Ours) H 76.17 +o006 | 76.30 +00s ‘ 76.33 £ 006 | 76.50 +0.0s
Rademacher (Ours) 76.25 +0.04 76.36 +0.07 76.31 +0.10 | 76.47 +0.07

2K and 5K. Combined with the results in Section 5.1, we believe that GradientMix has the potential
to generalize better for other several tasks and optimizers in deep learning.

5.3 RESNET-50 ON IMAGENET WITH 32K BATCH SI1ZE

Training ResNet-50 on ImageNet has been considered as standard benchmark in large batch opti-
mization, so we evaluate our GradientMix on this task using various optimization algorithms. In
large batch training, several regularization techniques and hyperparameters should be considered
carefully in order to achieve the comparable performance of small batch training. Toward this, we
first introduce the experiment settings for each optimizer.

The recent study Nado et al. (2021) empirically shows that the traditional optimizers such as Nesterov
can achieve the competitive performance to the optimizer specifically designed for large batch training,
such as LARS or LAMB, with the same effort in the hyperparameter tuning. Inspired by this work, we
investigate whether GradientMix can further enhance the generalization even under highly fine-tuned
hyperparameters. Recommended in Nado et al. (2021), the weight decay should be applied only to
the network weight parameters except the bias and batch normalization parameters (You et al., 2017,
Goyal et al., 2017). One of the most essential tricks to improve the generalization (He et al., 2019b;
Nado et al., 2021) is to tune the initial scale parameter 7, of the final batch normalization layer of
each residual block (Goyal et al., 2017). We use the polynomial LR scheduling (Nado et al., 2021)
with tuning each hyperparameter. We summarize the hyperparameter details in the Appendix.

For Adam and LAMB, unfortunately, there is no previous reference using highly fine-tuned hyper-
paramaters for ResNet-50 training, so we follow the experimental pipelines in (You et al., 2019). We
use the momentum parameters (31, 32) = (0.9,0.999) with e = 10~ for both Adam and LAMB
optimizers as in (You et al., 2019) and the polynomial LR scheduling with gradual warmup (Nado
et al., 2021) is employed. The number of warmup epochs tyamup 18 set to 20 among total 90 epochs.

Table 2 illustrates the Top-1 accuracy of each method for 32K batch size. For all baseline optimizers,
GradientMix could successfully achieve the state-of-the-art generalization even under highly fine-
tuned hyperparameters (see Nesterov and LARS) as well as under standard hyperparameter settings
(see Adam and LAMB). As seen in Table 2, the performance gain for GradientMix with Nesterov
and Adam is slightly larger than that for GradientMix with LARS and LAMB respectively. This
might be due to the fact that LARS and LAMB algorithms are already optimized designs to some
extent specifically for large batch training, but our results prove that GradientMix is indeed optimizer-
agnostic. We emphasize that our improvement (without overlapping confidence intervals) is NOT
marginal since the performance of baselines is already highly optimized for ResNet-50 architecture.
Also, our improvements are bigger than the ones achieved in recent studies related to regularization
in a large batch regime such as Yuan et al. (2020); Huo et al. (2021).

6 CONCLUSION

We proposed an optimizer-agnostic and effective regularization for large-batch training, GradientMix,
which is the mixup of local gradients with arbitrarily sampled noise. We also show that Gradient-
Mix could reduce the sharpness of the loss landscape. Finally, we empirically verify the effectiveness
of GradientMix on various datasets/models and achieve state-of-the-art performance on the bench-
mark task, training ResNet-50 on ImageNet dataset. As future work, we plan to investigate how the
various type of noise affects the performance for large-batch training both in theory and practice.
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SUPPLEMENTARY MATERIALS

A  HYPERPARAMETER DETAILS FOR NESTEROV AND LARS IN SECTION 5.3

As described in Section 5.3, we follow the same hyperparameter settings in Nado et al. (2021) for Nesterov and
LARS optimizers. First, we employ the polynomial learning rate scheduling designed for large-batch training:

Pwarmup
Tinit + (npeak - ninil) (ﬁ) s t < twarmup

= ) (1s)
Mfinal + (Upeak - nﬁnal) m) , £ > twarmup

We train ResNet-50 on ImageNet dataset with the batch size B = 32768 (32K). We summarize the detailed
values for each hyperparameter introduced in Section 5.3 in the following table.

Table 3: The highly fine-tuned hyperparameter configuration for training ResNet-50 on ImageNet

dataset for Nesterov and LARS optimizers.

| Nesterov | LARS
Total steps (Corresponding to 64 epochs) 2512 2512
Twarmup 706 706
Puarmp 2.0 1.0
Ddecay 2.0 2.0
BatchNorm momentum 0.9 0.9
BatchNorm ¢ 1075 1075
Tpeak 7.05 29.0
Dfinal 6x1076 | 1074
Optimizer momentum 0.97603 0.929
Weight decay 58 x107° | 1074
Label smoothing 0.15 0.1
Initial scale parameter -y, of the final BN layer of each residual block 0.4138 0.0
Trust coefficient (only for LARS) N/A 1073

B PROOF OF THEOREM |1

Our analysis is based on the convergence proof of SGD + Nesterov momentum Lin et al. (2020). We first derive
the convergence for batch-wise GradientMix and then present the analysis for sample-wise GradientMix. Recall

that the iterate of SGD + Nesterov momentum with GradientMix is

K

GH_% = 0t +/A'Ut,
k=1 b=1

where ﬂt(k)

simplicity, we define the g; as

1 K B
k
9= 5 2 2 VIn (00

b=1

Then, the momentum update would become
Vt+1 = MUt — WQH%

We also define the quantities ¢; and ¢ as

13

B
Vt+1 = MUt — % Wt(k) vakb(et-l»%)? Or41 =0t + vita

means that the sampled probability of k-th device at time ¢ and p is the momentum parameter. For
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The main changes in our analysis is how to bound the term E[ Z llg, +1 [|*]. Toward this, we have

2 k
2y ] = [H S S V0| )
b=1
1 B 1 & B 2
k k
- Var(E Zﬂg "> Vhi6,y)) + ]E[E S Ve (00s1)] a7
k=1 b=1 k=1 b=1
Gt 2 2
=50 +||Vf(0,,1) (18)
Hence, we obtain
T-1 = T-1
1 2 ¢ o 1 2
E[T ; ‘ 9+ 3 } < EU + T ; va(eur%) ‘ (19)
Following the proofs in Lin et al. (2020), we define an auxiliary sequence y: as
T1 = o ift=0 20)
Yt = .
' ﬁewé - ﬁet—% + %gtfé ift>1

Lemma 1 (Lemma A.1 in Lin et al. (2020)). The sequence {y:} in equation 20 satisfies

yt+1—yt:—i
1—n

Lemma 2 (Lemma A.2 in Lin et al. (2020)). For a sequence {a:tJr% } fort > 0, the following holds
T—1 2 4 2 T—-1
©rn
> | < > |
=71 _ )4
= Sy D

Now, we derive the convergence bound. From smoothness condition, we have

gt+%

— 0,1
Yt t+3 gu_%

E[f(yer) — f )] < E[(VF (w0, gers — ) + 5 ess — well]

_E[—lnﬂHw(eHé)

2]

f_%Wf(yt)—w(r%)ﬂf(@t )+ 2H1 Pias:

by Lemma 1. Further we have

— u3/2
_ﬁ<vf(9t) — V(a1 V(01)) = < - fvi 5 (VI = Vi), mv]f(et+;)>

‘ 2

‘ 2

HVf yt Vf(wt+ )

2 3
n Ly
> 2L 3 + _M)Sva(et+%)

2(1
by the inequality (z,y) < 2(||z||* + [ly||*). Then, we get
E[f (ye+1) = £ (ye)]

< 5[ L vro.y R O

2
| + o 21— 1)

va yt Vf( t+1 )

2Lu

n n* Ly H 2 (- M)L’ 2 n’L 2
< _ RS i _ =
E[( -5 3= p ) VIO + 5 ||~ || + o = zll9es }
By telescoping over t = 0 ~ T — 1, we obtain
1 1
7 2 Blf (yen) = f(ye)] = ZELf (ye) — f(wo)]
t=0
T—-1 2 4 T—1
o Ly’ \ 1 H 2 (1—pLn* p* 1 ’ 2
< 1—p 2(1_M3> 2 Vf(et-&-%) +E 208 (1—M)4T; gt-&-%
T—1

14
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Here, we apply our derivations equation 18 then have

E[f (ye) — f(yo)]
n L’y n*L L |1+
s < —u 2(1 — p)3 + 2(1 — p)? + 2(1—u)3>T ; va(9t+%)

By rearranging all the items, we have

T; Vs

In order to get the final results, we need the following lemmas from Lin et al. (2020)

2 2 ~ 2
‘2 (2(177—LM)2 + 2(1Llinp)3) 2

1 1 nL  (o?
< A 2
‘ = 1 _ Lo+ (TlﬁM + 2(1—u)? B

2(1—p)2

Lemma 3 (Lemma A.4 in Lin et al. (2020)). For every non-negative sequence {r}+>0 and any parameters
d>0,¢>0,and T > 0, there exists a constant 1 < 1/d such that for any constant stepsizes 1. = n, it holds

S

Z( T4l +C77t) < UL +en @D

Then, using ¥/ := T#" + ﬁ CB in Lemma 3, we can arrive at the following results by case study

where LJAQ%T < 2 or > 2 similar to Lin et al. (2020),

ﬁ - O(L?(({L —J;)l) ;TL(? Cfi)) 22)

1 T-1
E[T ; va(et-}—%)

Now, if we replace the K = By and B = 1 for some batch size By, we obtain the convergence of sample-wise
GradientMix. Going further, for batch size By, the noise quantity ¢; in equation 16 should be at least of order
1/ By, in other words

Bo

G = (r")* > 1/Bo = Q(1/Bo)

b=1

since (; is smallest when all the noise satisfy wt(b) = 1/Bg (by Cauchy-Schwarz inequality). For clear analysis,
in order to remove the dependency on the batch size By, we newly define the following quantity

1 T-1
BO Z (b> R r-_y = f ZO "yt
t—

Then, the final convergence bound for Nesterov with sample-wise GradientMix would be

el 3 [ 76

for the batch size By (in effect, replaces ¢ with 7).

H* (Lﬁ((f —+)1)+ Biéﬁg—zl))

(23)

B.1 CONVERGENCE ANALYSIS OF LARS WITH GradientMix

From this section, we analyze the convergence of LARS/LAMB with gradient mixup based upon the previous
analysis in You et al. (2019). Here, we make the conditions specific to LARS and LAMB as follows.

We assume that the loss function f(-) is L;-smooth with respect to the paramter of the I-th layer ") for I € [A],
which means

IVif(x,8) = Vif(y, )| < Lilla' =y, Vo, y € R?

where s represents a random datapoint from data distribution. We use L = (L1, - - - , Lh)T. We also assume the
bounded variance of stochastic gradient as

E[|V:f(z,s) = Vif(@)|’] < of, ¥z € R
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for all layer ¢ € [h]. Furthermore, as in You et al. (2019), we assume that
E[[Vf(z,5)l; = [VF(2));|*] <57,V € R?
for j € [d]. Under this condition, we use the following notation for simplicity as
T o~ = ~ \T
U:(Ulv"'70h)7 02(017"'7051)
Lastly, we assume the bounded gradient condition as [V f(z, 5)]; < G for all j € [d] and = € R,
Recall that the iterate of LARS You et al. (2019) is

6, =6 — (|6 )2 24)

l
llg ()H

for all layer [ € [L] and 95” represents the parameter of [-th layer at time ¢. The scaling function ¢(-) satisfies
a; < ¢(+) < ay and in practice we use just a clipping function ¢(z) = min{max{z, v}, v.}. Here, the
stochastic gradient g; with gradient mixup is computed as

B
= " w"Vf(0r,5) 25)

where s, denotes the b-th sample in a mini-batch of size B and {Trt(b> }2 | is a unit simplex at time ¢. Note
that this is more general setting of gradient mixup and datapoint-wise gradient mixup can surely cover the case
of minibatch-wise gradient mixup. Here, we define the following quantities (; and ¢ similarly as Nesterov

momentum
T

EA
Il
Pﬁ
ﬂ\

The main changes in our analysis is how to bound the term
E[llg” = vir o0l 6)

where V; f(0;) means the gradient of loss function computed at time ¢ with respect to the parameter (9§” of [-th
layer. The above term can be easily bound under the bounded varaince condition as

[Hg”’ V.6 ] [||Z7T<b>v F(0e, 1) — vif(et)”?} @7
[||Z7r<b> (Vif (0c,0) = Vil (0) ] (28)

—Var(ZTr(b) V f(0r,85) — Vif( 01 ) + HE[ZWM V f(0e,85) — vif(et))]HQ

0
29

= Go} (30)
Hence, we have
E[llg" = Vit @0)l] < Vo (31

We replace the inequality (6) in the Appendix A in You et al. (2019) with our equation 31. Then, the following
holds

h 2 2
E[f(0r+1)] < J(0) = nen Y 1V1f 00)]| + 2na/Cellolh + T IL ]

1=1
By telescoping over t = 1 ~ T', we have

T h
E[f(0r41)] < £(01) —nae Y S EIVif (0] + 2nTaulo]ls +

t=1 =1

i,
Now, we arrive at the final convergence rate as

A 20uC “
Z 1907 @0l < o 22l 0ty gy,

Tnoq [6%]

M=

t=1 [|=

where A = f(61) — f(6*) with the optimal point §™.
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B.2 CONVERGENCE ANALYSIS OF LAMB WITH GradientMix

In this section, we provide the convergence analysis of LAMB, which has the following update rule

B
ge =y " V(0 50)

me = Bime—1 + (1 — B1)gs
v = Bave—1 + (1= Ba)g?
me =ma/(1 - Bi)

UVt = 'Ut/(l - ﬁ;)
!

PO Ml

Vol +e
M _ 0 o6 o)
0, =0 — i< +260")

" + 20|

As in You et al. (2019), we deal with the case of 51 = 0 and A = 0, but 52 > 0. Then, the update vector would
be

U]
T,El):gti

WO 4

Similar to the convergence of LARS, the major changes in our analysis is in how to bound the following term
from inequality (7) in the Appendix You et al. (2019)

1< 03030 T2 (100 ¢ (9es 0 < )

=1 j=1

U]

—nZZ< (116" x [Vif(6.)); x Hj}l)”%(signwzf(et)m#mgn(ri@))

=1 j=1

h d;
03>y E oo < (1v:£ 00, x o)

1=1 j=1

h d;
—n)_ >

1=1 j=1

P(sign([V.f(6:)];) # sign(g."))

[Vif(0:)];

Here, the mixed gradient has a different bound with the averaged gradient as

BT <~y L0001 + 0SS s

=1 j=1

Therefore, we have

L(1

2 2
B (0u)) < £00 —nony P2 P2 190 4 mau/Gla + Tl

2

Telescoping over t = 1 ~ T yieids

EL (@) < 702) — oy PO P2 S 19 10012 4+ nrn il +

Finally, we have the following convergence guarantee of LAMB optimizer with gradient mixup as

L(1—B) 1 & o A aullFlh | ned
o S . VAl < = powsirint gy Jru
Vo T t}ﬂjEmw(e»n IS et T g I

2
T
v ||L
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