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Prior knowledge
【I. mini-batch size】
▷Training datasets   
▷Deep Neural Networks’ parameter 
▷Empirical risk minimization problem （経験損失最⼩化問題）

where,                          is the loss function for the   -th training 
data      . 
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▷Deep learning optimizers are used to solve this problem.
▷Stochastic Gradient Descent (SGD)
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Prior knowledge
【I. mini-batch size】
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▷Stochastic Gradient Descent

▷Gradient Descent Method (最急降下法)
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Prior knowledge
【II. Generative Adversarial Networks (GANs)】

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

<latexit sha1_base64="ogd3SBKXP3QhNX9eoAyiqi3GwmM="></latexit>

[0, 1]

<latexit sha1_base64="Hlv4JBHUA9vK+5kONAnaJy1f3RA="></latexit>z
<latexit sha1_base64="jnGy2d/yANkomRUGMfVRNOvwqDk="></latexit>

G
<latexit sha1_base64="LQzK39vbH8ioFgDdWkuSciWrBhY="></latexit>

G(z)

<latexit sha1_base64="MytryU0PTzfMOANBLybnl9um4CQ="></latexit>x

<latexit sha1_base64="rRQAz3awRpci8fNHvIday0Eoqms="></latexit>

D生成器

識別器

実画像

生成画像
ノイズ

<latexit sha1_base64="6dwgunCOR+fQcgF9+A3TffuKwZc="></latexit>

2 Rd
<latexit sha1_base64="VZHrxPBnY2TqoDv16f9ydKjXbyc="></latexit>

2 Rl

<latexit sha1_base64="6dwgunCOR+fQcgF9+A3TffuKwZc="></latexit>

2 Rd



<latexit sha1_base64="ogd3SBKXP3QhNX9eoAyiqi3GwmM="></latexit>

[0, 1]

<latexit sha1_base64="Hlv4JBHUA9vK+5kONAnaJy1f3RA="></latexit>z
<latexit sha1_base64="jnGy2d/yANkomRUGMfVRNOvwqDk="></latexit>

G
<latexit sha1_base64="LQzK39vbH8ioFgDdWkuSciWrBhY="></latexit>

G(z)

<latexit sha1_base64="MytryU0PTzfMOANBLybnl9um4CQ="></latexit>x

<latexit sha1_base64="rRQAz3awRpci8fNHvIday0Eoqms="></latexit>

D生成器

識別器

実画像

生成画像
ノイズ

<latexit sha1_base64="6dwgunCOR+fQcgF9+A3TffuKwZc="></latexit>

2 Rd
<latexit sha1_base64="VZHrxPBnY2TqoDv16f9ydKjXbyc="></latexit>

2 Rl

<latexit sha1_base64="6dwgunCOR+fQcgF9+A3TffuKwZc="></latexit>

2 Rd

Prior knowledge
【II. Generative Adversarial Networks (GANs)】

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

Deep Neural 
Networks

Deep Neural 
Networks

<latexit sha1_base64="SumTUDHZS1BHgZN7pVnCQA8pU2c="></latexit>

wn+1 := wn + ↵D
n dD

n

<latexit sha1_base64="Ggj1/5rSbqEojLZf/ngS0PbVg+o="></latexit>

✓n+1 := ✓n + ↵G
nd

G
n

e.g. Stochastic Gradient Descent (SGD)

e.g. Stochastic Gradient Descent (SGD)



Prior knowledge
【II. Generative Adversarial Networks (GANs)】

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

<latexit sha1_base64="WcG8etyWzWLWlmg5PGcviloP5w4="></latexit>

min
G

max
D

V (D,G) := Ex[logD(x)] + Ez[log(1�D(G(z)))]

<latexit sha1_base64="ogd3SBKXP3QhNX9eoAyiqi3GwmM="></latexit>

[0, 1]

<latexit sha1_base64="Hlv4JBHUA9vK+5kONAnaJy1f3RA="></latexit>z
<latexit sha1_base64="jnGy2d/yANkomRUGMfVRNOvwqDk="></latexit>

G
<latexit sha1_base64="LQzK39vbH8ioFgDdWkuSciWrBhY="></latexit>

G(z)

<latexit sha1_base64="MytryU0PTzfMOANBLybnl9um4CQ="></latexit>x

<latexit sha1_base64="rRQAz3awRpci8fNHvIday0Eoqms="></latexit>

D生成器

識別器

実画像

生成画像
ノイズ

<latexit sha1_base64="6dwgunCOR+fQcgF9+A3TffuKwZc="></latexit>

2 Rd
<latexit sha1_base64="VZHrxPBnY2TqoDv16f9ydKjXbyc="></latexit>

2 Rl

<latexit sha1_base64="6dwgunCOR+fQcgF9+A3TffuKwZc="></latexit>

2 Rd
実画像 生成画像



Prior knowledge
【III. Fréchet Inception Distance (FID)】
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Introduction
【Background】
▷[Heu+17] have shown that a two time-scale update rule (TTUR) 

is useful for training Generative Adversarial Networks (GANs) 
in theory and in practice.
▷TTUR implies using different learning rates for the generator 

and discriminator.
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[Heu+17] M. Heusel et al. “GANs Trained by a Two Time-Scale Update Rule Converge to a Local 
Nash Equilibrium”. In Advances in Neural Information Processing Systems, volume 30, pp. 6629–6640, 
2017. 
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Introduction
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【Motivation】
▷There is no convergence proof for TTUR with constant learning 

rates.
▷For DNN training, there is a critical batch size that is optimal 

for training in terms of computational complexity.  [Sha+19]

[Sha+19] C.J. Shallue et al. “Measuring the effects of data parallelism on neural network training.” 
Journal of Machine Learning Research, 20:1–49, 2019. 



Introduction
【Contribution】
▷We provide convergence for TTUR with constant learning rates.
▷We showed that there is a critical batch size for training GANs.
▷We also showed that the critical batch size can be estimated.

＊Note＊
Critical batch size implies the optimal batch size for training in 
terms of computational complexity.
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Mathematical Preliminaries
【Definition】

:  A set of synthetic samples        .
:  A set of real-world samples         .
: Mini-batch of     synthetic samples         at time     .
:Mini-batch of     real world samples         at time     .

: A loss function of the generator for                 and         .
: The total loss function of the generator for                 .

: A random variable that does not depend on                 and               . 
: The stochastic gradient of                   at                .

: The mini-batch stochastic gradient of                         .
N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”
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Mathematical Preliminaries
【Assumptions】
(S1)                                       and                                        are

continuously differentiable.
(S2) Let                                                  be the sequence generated by 

an optimizer.
(i) For each iteration     ,

(ii) There exist nonnegative constants        and       such that
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Mathematical Preliminaries
【Assumptions】
(S3) For each iteration     , the optimizer samples mini-batches

and                   and estimates the full gradient
and            . 

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

<latexit sha1_base64="s271n4n68cuhiNUVkAslUWBvLDs="></latexit>n
<latexit sha1_base64="rj5MXPWVpahoE05SmEMDBYWKj/4="></latexit>

Sn ⇢ S
<latexit sha1_base64="LOVqIK18WZFXJN5nVAm/CQmeuUg="></latexit>Rn ⇢ R <latexit sha1_base64="Ti0g3NlUlk+kI43Zb7s+UjE29l8="></latexit>rLG

<latexit sha1_base64="m7gCPk+4Tx3FUHJphAlAqDaF2a4="></latexit>rLD
<latexit sha1_base64="vOfLzRU8RasY+1ZfiFMhSNVXU08="></latexit>

rLG,Sn(✓n) :=
1

b

X

i2[b]

G⇠Gn,i
(✓n) =

1

b

X

{i : z(i)2Sn}

r✓L
(i)
G (✓n,wn)

<latexit sha1_base64="6bADZIljEwbTRyEZIDP67kv1nwY="></latexit>

rLD,Rn(wn) :=
1

b

X

i2[b]

G⇠Dn,i
(wn) =

1

b

X

{i : x(i)2Rn}

rwL(i)
D (✓n,wn)



Mathematical Preliminaries
【Problems】
▷Find a pair satisfying 
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Mathematical Preliminaries

【Algorithms】
▷We use Adam, AdaBelief and 

RMSProp.
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【Problem 1】
▷Find a pair

satisfying 
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Theoretical Analysis
【Convergence Analysis】
▷For all              , all                , and all              , 
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▷For all              , all                , and all              , 
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Theoretical Analysis
【Relationship between    and     】
▷Suppose that the generated images achieves a low FID and the 

GAN’s training has been completed.
▷Let                      be sufficiently small positive numbers such that,

i.e.
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Theoretical Analysis
【Existence of a Critical Batch Size】
▷Stochastic First-Order Oracle (SFO) complexity is a 

computational complexity.
▷SFO can be defined by            .
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Theoretical Analysis
【Estimation of the Critical Batch Size】
▷The lower bound of      can be expressed as follows

(i) for Adam,

(ii) for AdaBelief,

(iii) for RMSProp,
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Theoretical Analysis
【Estimation of the Critical Batch Size】
▷The lower bound of      can be expressed as follows

(i) for Adam,

【Notation】
：the learning rate for the Generator
：parameters for the adaptive optimizer

：the dimensions of the Generator model
：the number of items in the datasets
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Theoretical Analysis
【Estimation of the Critical Batch Size】
▷The lower bound of      can be expressed as follows

(i) for Adam,
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▷This indicates that it is possible to estimate the critical batch 
size specific to the model-dataset-optimizer combination.



Numerical Results
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▷Training DCGAN on the LSUN-Bedroom dataset
▷Training WGAN-GP on the CelebA dataset
▷Training BigGAN on the ImageNet dataset 

▷LSUN- Bedroom dataset
▷Bedroom images
▷64×64 size
▷Nearly 3 million images

▷CelebA dataset
▷Human face images
▷64×64 size
▷About 170,000 images

▷ImageNet dataset
▷1000-class images
▷256×256 size
▷About 1.28 million images



Numerical Results
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▷Training DCGAN on the LSUN-Bedroom dataset (Section 4.1)
▷Training WGAN-GP on the CelebA dataset (Section 4.2)
▷Training BigGAN on the ImageNet dataset (Section 4.3) 

the dimensions of the Generator model →

the dimensions of the Discriminator model →
the number of items in the datasets →

Training 
DCGAN

Training 
WGAN-GP

Training 
BigGAN



Numerical Results
【Relationship between    and     】
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Numerical Results
【Relationship between    and     】
▷Training DCGAN on the LSUN-Bedroom dataset
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FID vs N graph

Numerical Results
【Relationship between    and     】
▷Training DCGAN on the Bedroom dataset
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Numerical Results
【Relationship between    and     】

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

<latexit sha1_base64="fbCiLlWDQWvYZQIUwXhl5A/rzNQ="></latexit>

b
<latexit sha1_base64="zFKTH816WqrfZfC1HBWqpBtr2U8="></latexit>

N

▷From our theory,            is monotone decreasing and convex
with respect to    .
▷ is the number of steps required for training to converge. 

<latexit sha1_base64="uDIdM/JD6C/LVZcD/zFRKkEjsDE="></latexit>

NG(b)
<latexit sha1_base64="fbCiLlWDQWvYZQIUwXhl5A/rzNQ="></latexit>

b
<latexit sha1_base64="uDIdM/JD6C/LVZcD/zFRKkEjsDE="></latexit>

NG(b)

<latexit sha1_base64="4FDmrhIy2Rwbm9l8qfc/hK1a0G4="></latexit>

⇡

is the number of steps required to achieve a sufficiently 
low FID.

is the number of steps required to achieve FID ≦ 70.

<latexit sha1_base64="uDIdM/JD6C/LVZcD/zFRKkEjsDE="></latexit>

NG(b)

<latexit sha1_base64="uDIdM/JD6C/LVZcD/zFRKkEjsDE="></latexit>

NG(b)
<latexit sha1_base64="4FDmrhIy2Rwbm9l8qfc/hK1a0G4="></latexit>

⇡

<latexit sha1_base64="VE4UKcJhXeoXCPP/eGCArHbsmq0="></latexit>

NG(b) =
AGb

(✏2G � CG)b�BG



Numerical Results
【Relationship between    and     】
▷Training DCGAN on the LSUN-Bedroom dataset
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Numerical Results
【Relationship between    and     】
▷Training WGAN-GP on the CelebA dataset

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

<latexit sha1_base64="fbCiLlWDQWvYZQIUwXhl5A/rzNQ="></latexit>

b
<latexit sha1_base64="zFKTH816WqrfZfC1HBWqpBtr2U8="></latexit>

N



Numerical Results
【Relationship between    and     】
▷Training WGAN-GP on the CelebA dataset
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Numerical Results
【Relationship between    and     】
▷Training WGAN-GP on the CelebA dataset
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Numerical Results
【Relationship between    and     】
▷Training BigGAN on the ImageNet dataset
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Numerical Results
【 Existence of a Critical Batch Size 】
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▷From our theory, SFO can be defined by             .            
▷Also,              is a convex function. 
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Numerical Results
【 Existence of a Critical Batch Size 】
▷Training DCGAN on the LSUN-Bedroom dataset
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▷Measured
▷Adam:
▷AdaBelief:
▷RMSProp:
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Numerical Results
【 Existence of a Critical Batch Size 】
▷Training WGAN-GP on the CelebA dataset

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

Nb vs b graph

▷Measured
▷Adam:
▷AdaBelief:
▷RMSProp:
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Numerical Results
【 Existence of a Critical Batch Size 】
▷Training BigGAN on the ImageNet dataset
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Nb vs b graph

▷Measured
▷Adam:
▷AdaBelief:
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Numerical Results
【 Estimation of the Critical Batch Size 】
▷From our theory, Adam’s the lower bound of critical batch size 

can be expressed as follows

▷From the measured critical batch size;     , the            can be 
back-calculated as follows
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Numerical Results
【 Estimation of the Critical Batch Size 】

▷Using this ratio, we can estimate other optimizer’s critical 
batch size. 
▷For example, for AdaBelief in training DCGAN,
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Numerical Results
【 Estimation of the Critical Batch Size 】
▷Training DCGAN on the LSUN-Bedroom dataset

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

▷Estimated
▷Adam:
▷AdaBelief:
▷RMSProp:
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▷Measured
▷Adam:
▷AdaBelief:
▷RMSProp:
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Numerical Results
【 Estimation of the Critical Batch Size 】

▷Using this ratio, we can estimate other optimizer’s critical 
batch size. 
▷Moreover, this ratio can be appropriated for another GAN’s 

training, as long as the model used is the same.
▷For example, for Adam in training WGAN-GP on the CelebA 

dataset,

N. Sato, “Existence and Estimation of Critical Batch Size for Training GANs with Two Time-Scale Update Rule”

<latexit sha1_base64="0cyq9KGEn0SEpbsZoyH3oXR8/GI="></latexit>

�2
G/✏

3
G  788.7.

<latexit sha1_base64="Uszpqm+vzFCs+8MpHl0ZWh/QkPk="></latexit>

b?G � 788.7⇥ 0.0001

(1� 0.5)3 ⇥
q

3576704
1�0.999 ⇥ 1

3033042

⇡ 1.7



Numerical Results
【 Estimation of the Critical Batch Size 】
▷Training WGAN-GP on the CelebA dataset
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▷Measured
▷Adam:
▷AdaBelief:
▷RMSProp:
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▷Estimated
▷Adam:
▷AdaBelief:
▷RMSProp:
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Numerical Results
【 Estimation of the Critical Batch Size 】
▷Training BigGAN on the ImageNet dataset
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▷Measured
▷Adam:
▷AdaBelief:

▷Estimated
▷Adam:
▷AdaBelief:
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Conclusion
▷We performed a theoretical analysis of TTUR with constant 

learning rates.
▷We examined the relationship between      and     .
▷We showed that there is a critical batch size minimizing the 

SFO complexity.
▷We also showed that we can estimate the critical batch size 

specific to the model-dataset-optimizer combination.
▷Our experiments showed that the estimated and measured 

critical batch size are close.
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