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Stochastic gradient descent (sgd)

• Minimize the expected loss over the training set:

θ̂ = argmin
θ

Ex∼D[`(x, θ)]

• Parameters update according to the gradient of mini-batches

θ ← θ − α

m

m∑
i=1

∂`(xi, θ)

∂θ

• Careful tuning of learning rates and initial parameters.
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Internal covariate shift

• Covariate shift: Changes of input distribution to a learning system

` = F (x, θ)

• Internal covariate shift: Extension to the deep network

` = F2(F1(u, θ1), θ2)

= F2(x, θ2)
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Reducing internal covariate shift

• Whitening the inputs to each layer:

x← x− E[x]√
Var[x]

However, gradient descent does not take into account the
normalization [Ioffe and Szegedy 2015].

• Mean and variance of an activation depend on model parameters

∂ E[x]

∂θ
and

∂Var[x]

∂θ
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Batch normalizing transform

4



Backpropagation with batch normalization

(a) (b)
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Training a batch-normalized network
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Experiments

• MNIST

3 fully-connect hidden layers with 100 nodes in each layer.
Sigmoid activation function.
Mini-batch size to be 60.

• ImageNet

The Inception network [Szegedy et al. 2014].
SGD with momentum [Sutskever et al. 2013].
Mini-batch size to be 32.
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Learning curve on MNIST [Ioffe 2015]
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Learning curve on ImageNet with single networks
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Classification results on ImageNet
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