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ABSTRACT

Normalization is a key technique to improve the training of deep neural net-
works. However, the existing normalization methods often merely rely on the
back-propagation processes to learn the rescaling parameters. That is, the exist-
ing methods treat all different input features under the same distribution, which
may limit the feature expressiveness of the normalization module. We present
Associate Normalization (AssocNorm) to overcome the above limitation. Assoc-
Norm extracts the useful information from input features and associates them with
rescaling parameters predicted by an auto-encoder-like neural network. There-
fore, AssocNorm learns the rescaling parameters via both the back-propagation
and the association with input features. Furthermore, AssocNorm normalizes the
features of each example individually, so the accuracy is relatively stable for dif-
ferent batch sizes. The experimental results show that AssocNorm outperforms
the existing normalization methods on several benchmark datasets under various
hyper-parameter settings.

1 INTRODUCTION

The technique of normalization plays a key role to make gradient propagation more stable during
training a deep network. In practice, a normalization mechanism aims to normalize the output of
a given layer such that the vanishing gradient problem can be suppressed and hence to reduce the
oscillations in output distribution. In this way, speeding up the training process and improving the
generalization capability of the trained deep networks are available.

A normalization mechanism usually contains two stages: standardization and rescaling. The stan-
dardization stage aims to regularize the input feature map x with its mean p and variance -« by

X—p
Are (D

where x; is a standardized input feature map. At the rescaling stage, the standardized feature map
X is rescaled with the learned weight w and bias 3. The rescaling is used to map x into another
feature space by

Xs =

Xp =w X Xs+ 3, 2
where x,, is the final output of the entire normalization process. Notice that the learned weight w and
bias 3 are used to stand as the roles of mean and variance in Eq. (). The two-stage normalization
process is beneficial to the training of deep neural networks by making the network trainable and
the training process more stable.

The existing normalization mechanisms mainly focus on studying the standardization stage to tackle
the issues under various circumstances. In contrast, as far as we know, the rescaling stage is less
investigated and its related improvements remain to be explored. We observe that existing mech-
anisms for estimating the rescaling parameters often merely rely on the back-propagation process
without considering the association between the standardization stage and the rescaling stage. As
a result, the low association-quality causes information loss while data flow is passing these two
stages. We argue that the lack of this kind of association may lead to a performance bottleneck in
the normalization mechanism.

The proposed Associate Normalization (AssocNorm) aims to keep the association-quality across
the standardization stage and the rescaling stage. The design of AssocNorm is inspired by residual
networks (He et al.,|2016)), which use the previously visited feature map for guiding the learning of
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Figure 1: CIFAR-10 classification error rate against the batch size per GPU. The evaluation
model is ResNet-101. The result shows that the AssocNorm has the best performance on error rates
compared with the batch normalization and the group normalization.

the current feature map. Namely, the learning of weight w and bias 3 in AssocNorm is following
the clue from the input feature map in the standardization stage rather than merely relying on the
back-propagation as previous methods do. In practice, we set a shortcut between the input feature
map x with the weight w and the bias 3 in the rescaling stage.

AssocNorm normalizes the features within each example individually. This scheme is analogous to
Group Normalization (Wu & He}, [2018), which performs the normalization without using the batch
dimension. The advantage of this scheme is that, since the normalization is not related to the batch
size, the performance of AssocNorm more robust to various batch sizes.

An overview of the proposed AssocNorm normalization mechanism is shown in Figure 2] The
contributions of this work are summarized as follows:

1. AssocNorm provides a novel way to associate the rescaling parameters with the input fea-
ture maps rather than deciding the parameters merely from back-propagation.

2. The number of variables in AssocNorm is small and does not add too much computation
burden. For ResNet, the total number of variables would only increase at most 0.05% if
using AssocNorm.

3. The experimental results show that AssocNorm performs stably well under various batch
sizes.

4. We conduct extensive experiments on several datasets to analyze and compare the proper-
ties of AssocNorm with other normalization mechanisms.

It is worthwhile to mention that AssocNorm is comparable or even surpasses Batch Normalization
in terms of validation error rates. Note that the performances of most example-independent normal-
ization methods, such as Instance Normalization, Layer Normalization, and Group Normalization,
are in general not as good as Batch Normalization when a large batch size is used.

2 RELATED WORK

2.1 NORMALIZATION IN DEEP NEURAL NETWORK

Gradient-based learning may suffer from the well-known problems of exploding gradient or vanish-
ing gradient, and it has been demonstrated that a normalization mechanism is an effective way to
control the degree of such problems.

Several well-known normalization mechanisms have been proposed with the development of deep
neural networks. AlexNet (Krizhevsky et al. 2012) and its follow-up models (Sermanet et al.,
2014} [Szegedy et al., [2015) adopt Local Response Normalization (LRN) (Lyu & Simoncelli, 2008;
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Jarrett et al.f |2009) to compute the mean and variance of the same spatial locations across several
neighboring feature maps for standardizing to the middle one. However, this kind of normalization
only focuses on the statistics in a small neighborhood per pixel.

As suggested by its name, Batch Normalization (BN) (loffe & Szegedy} 2015)) provides a batch-wise
normalization method that respectively centers and scales by mean and variance across the whole
mini-batch and then rescales the result. Decorrelated Batch Normalization (Huang et al 2018b)
improves Batch Normalization by adding an extra whitening procedure at the standardization stage.
For batch-wise normalization mechanisms, the calculation of mean and variance relies on the whole
batch. The effectiveness of normalization may degrade when the batch size is not sufficient to
support the statistic calculation. To ease the issue of degradation, Batch Renormalization (Ioffe}
2017) suggests adding more learnable parameters in BN.

Several normalization methods (Arpit et al.l 2016; Ba et al.,|2016; |Ulyanov et al., [2016; Ren et al.,
2017; Wu & He, 2018) inherit the notion of the Batch Normalization but focus on the manipulations
at the standardize stage. Layer Normalization (LN) (Ba et al., 2016) operates along the channel
dimension and standardizes the features from one single batch by the batch’s own mean and variance.
Instance Normalization (IN) (Ulyanov et al., 2016) standardizes each feature map with respect to
each sample. Group Normalization (GN) (Wu & He, [2018)) divides the feature channels within each
batch into several groups and then performs the standardization for each group.

Another way to do normalization is operating on the filter weights instead of operating on the feature
maps. For example, Weight Normalization (Salimans & Kingma, 2016) and Orthogonal Weight
Normalization (Huang et al.,[2018a) present this kind of normalization to address some recognition
tasks.

In sum, we observe that the existing normalization methods merely focus on manipulating the learn-
ing of parameters at the standardization stage. Without considering the association between the
standardization stage and the rescaling stage, the parameters learned for rescaling may have a low
correlation to the parameters for standardization.

2.2  STYLE TRANSFER WITH RESCALING PARAMETERS

The goal of a style transfer task is to transfer arbitrary visual styles from one image or video to
another. Likewise, domain adaption aims to enable a function learned from one domain to work
as well in another domain. One solution to this kind of task is manipulating the learned rescaling
parameters.

Adaptive Instance Normalization (Huang & Belongie, 2017) applies the rescaling parameters gen-
erated by another domain to the feature maps of the current domain via Instance Normalization.
Dynamic Layer Normalization (Kim et al., |2017) generates the rescaling parameters by different
speakers and environments for adaptive neural acoustic modeling via Layer Normalization.

The core idea of using the learned rescaling parameters to address the tasks of style transfer or
domain adaption is similar to the normalization process. The original distribution of one domain is
standardized and then mapped to the target distribution in the target domain. Hence, the rescaling
parameters learned from the target distribution can be used to recover the original distribution in the
target domain.

3 ASSOCIATE NORMALIZATION

This section describes the proposed two-stage normalization mechanism: Associate Normalization
(AssocNorm). Figure2]shows an overview of AssocNorm. The first stage is standardization, which
regularizes the mean p and variance -y of the input feature map x for standardizing the distribution
of the feature map. The second stage is rescaling, which rescales the standardized feature map x for
recovering the representation ability of the feature map x. The rescaling stage uses an auto-encoder
to predict the rescaling parameters, i.e., weight w and bias 3, with respect to the input feature map
x instead of generating the rescaling parameter without reasonable grounding.
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Figure 2: An overview of the proposed AssocNorm normalization mechanism. AssocNorm divides
the C' channels of the input into groups for computing the mean and variance per group as the key
features p and «y. An auto-encoder is then used to associate the features p and -y of the input feature
map to the rescaling parameters w and 3 via its outputs D, and D.,.

3.1 STANDARDIZATION STAGE

The goal of the standardization stage is to regularize the distribution of the input feature map, which
is often done by forcing the distribution to have zero mean and unit variance. Existing normalization
mechanisms usually focus on designing this stage for fitting various circumstances.

AssocNorm adopts Group Normalization’s standardization process. ~Group Normalization (GN)
divides the whole layer into several groups along its channel axis, each group calculates its own
mean and variance for standardization. The reason we choose GN is that it not only has strong
ability on several visual tasks, but, moreover, maintains consistency with the way to extract key
features from input feature maps, which will be discussed in Section[3.3.1]

3.2 RESCALING STAGE

The goal of the rescaling stage is to recover the representation ability of the input feature map.
The parameters for recovering the representation ability are usually merely learned via the back-
propagation process. In contrast, AssocNorm suggests to predict the parameters with additional
association between the standardization stage and the rescaling stage. In the following, we detail the
process of extracting the key features of the input feature map x. The auto-encoder for predicting
the rescaling parameters will be presented in Section 3.3}

3.3 STAGE ASSOCIATION WITHIN NORMALIZATION

For keeping the association-quality between the standardization stage and the rescaling stage
with controlled computational cost, we implement AssocNorm with auto-encoder networks. An
overview of the components is shown in Figure 2] An auto-encoder is used to predict the rescaling
parameters w and 3 concerning the pre-computed mean g and the variance -+ of the input feature
map x. In comparison with the existing methods that merely learn the parameters w and 3 via back-
propagation, our experiments show that the parameter-learning characteristic with the additional
consideration of w and the 3 is helpful.
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3.3.1 KEY FEATURE EXTRACTION

AssocNorm uses an auto-encoder to predict the weights w and bias 3 as the rescaling parameters
for recovering the distribution of the feature map x. We have observed that directly encoding the
entire input feature map would degrade the prediction accuracy, which might be due to overfitting.
Instead of using the entire feature map x as the input for the auto-encoder, we suggest using the
mean g and variance 7y of x for characterizing it, since the mean and variance not only represent
some global statistics of input feature maps, but also share the similar attributes with the weights w
and bias 3 we seek to generate. Here we define the key features (characteristic features) as the mean
1 and variance -y extracted from the input feature map x. The experimental results demonstrate that,
AssocNorm, which uses a compact auto-encoder, is able to predict w and 3 well for recovering the
distribution of x.

Furthermore, for higher performance and lower calculation burden, we extract the key features from
each group of input feature maps rather than a single feature map. For a specific layer comprising

C channels as feature maps f1, fo, ..., fc, we evenly partition these feature maps into N groups
fi,f5, ..., fry. The mean and variance of the whole layer are hence denoted as a vector of length N,
namely p = [p1, pio, ..., un] and ¥ = [y1,72,...,7n]. AssocNorm computes the mean p,, and

variance -y, for a given feature-map group f,, as

1 H w i
[in = FXWRCIN 2o fef, 2?1 ngzl fi,
1 ..
Tn = HXWROTN 2o fety 2oimt 2ojet (7 — 1n)?,

where C/N is the number of feature maps in a group, f denotes a feature map of group f,,. Further
discussions for key feature extraction can be found in Section 4.3.

3)

3.3.2 ENCODER

The goal of the encoder in AssocNorm is to summarize the information of an input feature map x’s
key features through an embedding. Besides, we expect the subsequent rescaling parameters can be
jointly learned from the same embedded information.

In our implementation, the encoder comprises one fully connected layer and one activation function.
The fully connected layer can model not only the individual elements of the key features but also
the correlations between elements. Using an activation function allows us to extract non-linear
information. The embedded vectors, which encode the mean and the variance of the grouped input
feature maps, are obtained by
E,, =ReLUWp), @)
E, =ReLU(W;v),

where E,, and E. respectively denote the embedded vectors of p and -, ReLU(-) represents the
activation function, and the encoding matrix W; € RM*V with the embedded vector of length A/
and key feature vectors of length V.

3.3.3 DECODER

The decoder in AssocNorm aims to decode the embedded vectors E,, and E, into D, and D,
respectively. D,, and D., are treated as the contributions of original feature maps to the rescaling
parameters w and (3.

In our implementation, we use two different fully connected layers and two activation functions.
Using a fully connected layer for decoding is able to summarize the information-rich embedded
vectors for predicting the rescaling parameters. Accompanying the decoded vector with an activation
function translates the vector values into a suitable range. The decoded vectors, which decode the
mean and the variance of the embedded vector are obtained as

D,, = sigmoid(W2E,,), (%)
D+ = tanh(W3E,),

where both sigmoid(-) and tanh(-) represent the activation functions, and the decoding matrices
Wy, W3 € RVXM,
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Figure 3: Comparison of error rate (%) against the number of training epochs using the batch
size of 64. Both the training error and the validation error of CIFAR-10 are shown.

. Methods
CIFAR-10: Error Rate (%) g1 AgsocNorm | GN | TN | LN
value 6.43 6.19 7.02 6.54 9.98
vs. BN - 2024 | +0.59 | +0.11 | +3.55

Table 1: Comparison of the error rate (%) in CIFAR-10 using 350 training epochs.

3.3.4 BIAS

Notice that each decoded vector D,, or D., predicted from the auto-decoder needs to align with a
corresponding bias value. The bias term plays a similar role to the rescaling parameters in traditional
normalization module. It reflects the desirable distribution of the following layers, since its value
is independent with input feature and can only be learned by back-propagation, which makes the
information transfer more efficient. Therefore, the bias term is learned to align the decoded vectors
as

w:D“—f—Bw, (6)
B=Dy+Bj,

where B, and Bg denote the learned bias vector of w and 3, respectively.

4 EXPERIMENTS

We evaluate the proposed AssocNorm on CIFAR-10 and CIFAR-100 datasets. The AssocNorm is
compared with various state-of-the-art normalization methods for training deep neural networks,
including Batch Normalization (BN), Layer Normalization (LN), Instance Normalization (IN), and
Group Normalization (GN).

Implementation Details. AssocNorm built upon the ResNet-101 model (He et al.,|2016) for eval-
uating all experiments. We initial all parameters with standard normal distribution yet we initial all
rescaling weight w by 1 and bias 3 by 0. Unless otherwise stated, both GN and AssocNorm set the
number of groups equal to 32, batch size of all normalization methods euqal to 64 and we use only
1 GPU for training. We use SGD as the optimizer with momentum 0.9 and weight decay 0.0005.
Each normalization methods are trained with 350 epochs. The learning rate is initialized with 0.1
and decreased by 0.1 at 150-th and 250-th epoch.

4.1 IMAGE CLASSIFICATION WITH LARGE BATCH SIZE
4.1.1 CIFAR-10

In this section, we compare all normalization methods on ResNet-101 in CIFAR-10 dataset. The
CIFAR-10 dataset (Krizhevsky & Hintonl [2009; Torralba et al., [2008) contains 10 different classes
for the image classification task. Each class comprises 5,000 training images and 1,000 testing
images. The results are shown in Figure [3]and Table ]
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Figure 4: Comparison of error rate (%) against the number of training epochs using the batch
size of 64. Both the top-1 error rate and the top-5 error rate of CIFAR-100 are shown .

Methods
Top-1 Error Rate (%) —gN—TAssocNorm | GN | IN N
value 2628 | 2331 2694 | 26.08 | 41.61
5. BN - 2.97 +0.66 | 020 | +15.33
Methods
Top-5 Error Rate (%) —5N—T AssocNorm | GN | IN N
value 937 571 702 | 7.60 | 15.26
vs. BN - 3.66 235 [ <177 | +5.89

Table 2: Comparison of the error rates (%) in CIFAR-100 using 350 training epochs. The top
portion shows the top-1 error rate and the bottom portion shows the top-5 error rate.

Figure [3] shows the comparison of error rate against the number of training epochs using the batch
size of 64. In Fig. 3] AssocNorm outperforms than Group Normalization, Instance Normalization,
and Layer Normalization after training more than 100 epochs. Though the Batch Normalization,
which obviously prefers the large batch size as shown in Table[3] shows the outstanding performance,
AssocNorm surpass it eventually. Table [T|shows the error rate with 350 training epochs. Notice that
we show the relative difference w.r.t. BN in the last row of Table [T} and only AssocNorm can
surpass its performance. It is worthwhile to mention that no existing state-of-the-art normalization
methods can surpass the BN using a large batch size to reach such a low error rate in the CIFAR-10
classification task to the best of our knowledge.

4.1.2 CIFAR-100

In this section, we compare all normalization methods on ResNet-101 in the CIFAR-100 dataset
(Krizhevsky & Hintonl 2009; [Torralba et al.| 2008), which contains 100 different classes for the
image classification task. Each class comprises 500 training images and 100 testing images. We
train AssocNorm on the training set of 50,000 images and evaluate on the validation set of 10,000
images. The results are shown in Figure 4 and Table 2]

Figure [ shows the comparison of error rate against the number of training epochs. In Figure [4]
AssocNorm outperforms than Group Normalization, Instance Normalization, and Layer Normaliza-
tion after training more than 250 epochs. Table [2]shows the error rate with 350 training epochs. We
provide the relative difference w.r.t. BN in the last row of the both two portions in Table[2] Our
method surpasses the first runner-up in 2.77% (IN) and 1.31% (GN) on the top-1 and top-5 error
rate metrics, respectively.

In sum, the experiments of classification task in both CIFAR-10 and CIFAR-100 datasets demon-
strate that AssocNorm outperforms the state-of-the-art methods on the error rate. The performance
of the proposed normalization is evident.
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Batch Size
CIFAR-10: Error Rate (%) i gl 6 3 7 5
AssocNorm 6.19 6.49 6.64 6.70 7.05 711
GN 7.02 7.14 7.24 7.22 7.31 7.29
Methods BN 6.43 6.48 7.39 9.78 | 11.15 | 13.79
GN vs. AssocNorm | +0.83 | +0.65 | +0.60 | +0.52 | +0.26 | +0.18
BN vs. AssocNorm | +0.24 | -0.01 | +0.75 | +3.08 | +4.10 | +6.68

Table 3: Comparison of the error rate (%) against the number of batch sizes.

Increased-Parameter Ratio Model
ResNet-18 | ResNet-34 | ResNet-50 | ResNet-101 | ResNet-152
Group Normalization 0.03 % 0.03 % 0.04 % 0.04 % 0.05 %
Instance Normalization 2.79 % 2.46% 20.70% 20.31% 20.18%

Table 4: The number of increased parameters concerning the different key feature extraction
strategies.

4.2 IMAGE CLASSIFICATION WITH VARIOUS BATCH SIZES

We conduct the experiment to compare the error rate against the various batch sizes for comparing
AssocNorm to the state-of-the-art normalization methods in CIFAR-10. The experiment considers
batch sizes of {64, 32, 16, 8,4, 2} per GPU without changing the other hyper-parameters. The results
are shown in Figure[T]and Table

Figure[T| clearly shows that both AssocNorm and GN are not sensitive to the batch size. In contrast,
the BN obviously prefer a larger batch size. Table. [3] shows that the proposed AssocNorm has the
lowest error rates among all batch sizes except the batch size of 32, which is merely 0.01% worse
than BN. On average, AssocNorm has a lower error rate than GN in 0.51% and lower error rate than
BN in 2.47% among the testing batch sizes.

Discussion. Table [3| shows that AssocNorm outperform than GN among all batch sizes. Since
we constraint all hyper-parameters of AssocNorm the same to BN, we think the performance gain
derived from the association, which is built upon our auto-encoder, between the standardization
stage and rescaling stage. As a result, while a normalization task learning the parameters of the
rescaling stage, it is helpful to leverage both the cross-stage association and the back-propagation
process.

In sum, the experiments demonstrate that AssocNorm has better performance than the state-of-the-
art methods on error rate and batch-size robustness. With the large batch size, AssocNorm can even
surpass the BN, which prefers a large batch size, to be the new state-of-the-art in the CIFAR-10
classification task.

4.3 ALTERNATIVE KEY FEATURE EXTRACTION

For representing key features, AssocNorm divides the input channels into groups for computing the
mean and variance per group. As mentioned in Section [2.1] the existing normalization methods,
such as Batch Normalization (BN), Layer Normalization (LN), Instance Normalization (IN), and
Group Normalization (GN), have their own way to extract the mean g and variance -« from input
x. To make our normalization mechanism robust to various batch sizes, the way in BN is out of
our consideration. Moreover, we also ignore using the LN’s method, since LN merely generates
one pair of mean and variance for all feature maps in a layer, such few data is not available for
training our auto-encoder-like network. Therefore, our key feature extraction strategy considers the
implementation as IN or GN. Figure [5] shows the comparison of error rate against the number of
training epochs using the key feature extraction strategy as GN or IN. Table [4] provides the number
of increased parameters concerning the different key feature extraction strategies.

Figure [5] shows that the performance using key feature extraction as the Group Normalization is
usually better than that using the Instance Normalization. From the perspective of the increased
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Figure 5: The error rate (%) against the number of training epochs concerning the different
key feature extraction strategies. This figure shows the CIFAR-10 validation error.

Error Rate (%) Methods
a(WE) [ «( WE+B) [ «(WE) xB | «(WE) + B
value 7.04 6.46 6.49 6.11
vs. a(WE)+B | +0.94 +0.35 +0.38 -

Table 5: Comparison of the error rate (%) using the decoded vectors and the bias term.

number of parameters, Table[d]provides the other information for choosing the strategy of key feature
extraction. In Table[d] the increased parameters using key feature extraction as GN is quite small.
The fewer parameters of GN is because it partition each input C channels into M groups, hence the
increased parameters depend on the small value of M instead of the big value of C'. In contrast, the
increased parameters of IN depend on the value of C'. Therefore, the matrices W1, Wy, and W3 in
the auto-encoder of AssocNorm benefit more from GN.

In sum, the experiments demonstrate that using the key feature extraction strategy as GN obtain not
only the lower error rate but also the fewer number of increased parameters.

4.4 BIAS TERM

As early mentioned in Section [3.3.4] the decoded vectors predicted from the auto-decoder has to
cooperate with a corresponding bias value for pursuing the better normalization performance. To
analysis the impacts of the decoded vectors and the bias term, we conduct the experiment to compare
with four combinations as the following settings: i) a(WE): ignore the bias term. ii) a( WE + B):
add the bias term before activation. iii) «(WE) x B: multiply the bias term. iv) a(WE) + B: add
the bias term as proposed. Notice that we use a(-) to denote an activation function.

In this experiment, the error rates using 350 training epochs of a«(WE), «(WE + B), «(WE) x
B, and a(WE) + B are 7.04%, 6.46%, 6.49%, and 6.11%, respectively. The result shows that
predicting the rescaling parameters with the aids of the bias term is evident, and the suggested
combination, i.e., a(WE) + B, outperforms the others.

5 CONCLUSION

In this paper, we have present AssocNorm extracting the key features and associating them with
rescaling parameters, that predicted by an auto-encoder-like neural network, for normalization task.
As a result, AssocNorm provides the way to learn the rescaling parameters via both the back-
propagation and the association with input features. The experiments demonstrate that a deep net-
work equips with AssocNorm can improve the performance and robust to various batch sizes with
quite a few increased parameters.
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