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Abstract

This article incorporates a comprehensive study of autoencoders’ applications related to
images. First of all, a vanilla autoencoder is described along with details of its architecture
and training procedure. Secondly, main methods for regularization of it are exposed, such as
dropout and additive gaussian noise. The applications of autoencoders such as image
morphing, reconstruction and search are shown. Then, the VAE (variational autoencoder) is
highlighted. Main applications of it such as outliers detection and image generation are
described. Finally, it’s shown that using warm-up for VAE with respect to KL loss gives
much more plausible results in terms of image generation.
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1. Introduction

Nowadays the family of machine learning algorithms called neural networks has become a first-
variant solution for a large set of problems, starting from image classification and ending with voice
generation. The advances in the subdomain of neural networks named deep learning made feature
engineering much easier, as a big number of nonlinear transformations in DNNs (deep neural
networks) serves as feature extractor. What is more, DNNSs are capable of finding the hidden structure
of the data and compressing it, saving the most relevant information. These capabilities made DNN’s
a nice choice for dimensionality reduction tasks. Moreover, if to compare dimensionality reduction of
DNNs and PCA[1], the first outperforms the last, as the nonlinearity of DNNs helps them to compress
data in a much more complex way. The capability of finding a hidden structure of the data comes with
a possibility to reconstruct data from it. This particular feature is the main aspect which provides us
with an opportunity to reconstruct corrupted data, generate new data samples and so on. In this article
the applications of autoencoders concerning image data are discussed. As image data is quite complex
in terms of the amount of features, the convolutional neural network architecture is used in
autoencoder. Despite the fact that autoencoder is trained for image reconstruction, it can be used to
tackle various domain tasks, such as image morphing, searching for similar images and transfer
learning. However, the vanilla autoencoder is not capable of image generation, as it is trained only for
data reconstruction from corrupted/non corrupted samples. For the purpose of image generation, VAE
(variational autoencoder)[2] is used. Along with GAN[3], VAE has become a very popular choice for
the generative procedure, as it manages to reconstruct the data with a high accuracy and also satisfies
the condition that all the compressed representations of data samples are as close to each other as
possible, while still being distinct. The mechanics of the autoencoder and VAE are exposed. The
experiments were conducted on a publicly available dataset named “Anime-Face-Dataset”’[4]. The up
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to date improvements and applications of generative models for images are left for further
discussions.

Though we didn’t focus on the comparative analysis of our model and existing implementations,
the analysis was conducted in terms of choosing the hyper-parameters, types of AE's model
architectures and training procedures.

2. Anime-Face-Dataset

The dataset, called “Anime-Face-Dataset”, on which experiments were performed consisted of
63632 RGB images of anime characters faces (Figure 1).
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Figure 1: Anime-Face-Dataset
The images were resized to 128x128 pixel size and normalized by max scaling in order them to be

in range from 0 to 1. Then, the data was randomly splitted into two subsets: train (75%) and validation
(15%), and used in the same way for all the experiments.

3. Autoencoder

3.1. General Overview

Autoencoder is an architecture of neural network which is used to reconstruct data. It consists of
two parts: encoder and decoder (Figure 2).
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The main goal of encoder is to compress the data in the way that main features of it are preserved,
thus helping a decoder to reconstruct data from the compressed representation. Autoencoders are
trained using back-propagation[5] algorithm in the way that the difference between original and
reconstructed data is minimized.

The obvious choice for a loss function to train such type of networks is MSE (mean squared error)
or MAE (mean absolute error) (1, 2).
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Figure 2: Autoencoder architecture

MSE = 2i=1N (Xtrue,i _NXreconstructed,i)z’ (1)

MAE = i=11v |Xtrue,i ;VXreconstructed,il ’ (2)

where Xy ; - is an input image and X, econstructea,i - 1S @ reconstructed image.

Despite the fact that autoencoder resembles PCA algorithm, it’s much more powerful when
dealing with complex and nonlinear data due to nonlinearity of neural networks. While working with
image data, the convolutional architecture of encoder and decoder is usually used. This choice is
proven by the fact that convolutional layers tend to capture temporal and spatial dependencies in
image through learning relevant filters. Also, by increasing the number of convolutional layers, the
receptive field also increases, thus the last layers of convolutional neural network contain much more
complex features (it will be shown further in the paper). Max pooling layer, which main goal is
decreasing overfitting and feature map size and making model more robust to rotations of pixels, was
used after each convolutional one. In order to reconstruct data decoder uses transpose convolutions
that learn filters to perform upsampling operation (Figure 3).
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Figure 3: Architecture of convolutional autoencoder
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3.2. Experiments and applications

As the data was normalized in the range from O to 1, the function used in the output layer is
sigmoid. The vanilla autoencoder was trained for 10 epochs using Adamax[6] optimizer with batch
size of 128 samples. The same settings of batch size and normalization are used throughout the paper.
The results showed that vanilla autoencoder didn’t experience overfitting (Figure 4).
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Figure 4: Comparison of MSE loss on training and validation subset

However, the model trained in such a way produces quite blurry reconstructions, it still preserves
various attributes such as hair color, eyes size and so on. (Figure 5)

Real one Reconstruction
F
‘4'1 i
' \ B y ‘ .
T { To— "

Figure 5: Real image vs reconstruction

The interesting and fun application of vanilla autoencoder is so called “image morphing”. The gist
of it, is that the one can make the image which will have mixed attributes from two different images.
To achieve this, the one makes the linear combination of two image codes from encoder and passes it
to decoder (3) (Figure 6):

mixed image = decoder( code; * (1 — alpha) + code, * alpha), where 0 (3)

< alpha <=1,
where alpha € [0,1], code; and code, are outputs of encoder part of model for first and second
image.
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The one key property of autoencoder is that via training it for data reconstruction its encoder part
learns complex feature representations (Figure 7). This property makes an encoder part of a model a
nice candidate for such application as transfer learning[7]. What is more, using the encoder, the one
can seek for similar images by calculating the distance between image codes using KNNI[8] (Figure
8).

a=0.00 a=0.17 a=0.50 a=0.67 a=1.00
a=0.00 a=0.17 a=0.50 a=0.67 a=1.00

Figure 6: Image morphing with different values of alpha
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Figure 7: Visualization of last convolutional layer in autoencoder

Despite the fact that vanilla autoencoder has lots of applications, it’s never used for the goal it was
trained for: image reconstruction, as there is no logic in reconstructing an original good image into a
blurred version of it. However, what one can do is to train the autoencoder to reconstruct a corrupted
image into a good one. For achieving this goal, the data is usually augmented with noise/rotations/etc.
This trick also boosts regularization of a model, as now it has to deal with much more difficult task. In
this paper the denoising autoencoder is considered. It’s trained to reconstruct images with additive
gaussian noise with mean of 0 and standard deviation of 0.3 into original ones (Figure 9).

The other possible way to construct denoising autoencoder [9] is to corrupt data on the level of a
model, using a dropout layer (with rate of setting units to 0 equal to 0.3) right after the input one in
the encoder part of the network (Figure 10).

47



Original image

N

Dist=10.768 Dist=11.597 Dist=12.939

£ G

N,

Figure 8: Example of finding similar images using encoder part of the network

Clear one

Figure 9: Denoising images with autoencoder

Corrupted sample with dropout Clear one

i

Figure 10: Example of finding similar images using encoder part of the network

Though autoencoder can be used to make fascinating things, its reconstructions aren’t very
detailed and this kind of model isn’t able to generate new data samples. Further in the paper we will
consider a probabilistic model which gives an opportunity to produce new data samples from gaussian
noise.

4. VAE
4.1. General Overview

The task of understanding data is crucial for generative applications. If we think about generative
process in probabilistic setting, our goal is to model the distribution of our data, mainly p(x). Having
the model of data distribution, we can then sample from it to generate new data and detect outliers.
However, it turns out that modeling image data is quite a difficult task, as ordinary methods are
infeasible, too restrictive or too slow in terms of synthesizing new data. If we represent the model of
our data by marginalizing out latent variable t (where t is some latent variable, x is conditioned on),

we will arrive at the following integral: p(x) = [ p(x|t)p(t)dt which is intractable (thus, there is
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p(x[t)*p(t)

p(x)
(thus, we can’t use EM[10] algorithm). One workaround is to model image distribution using VAE.
VAE is mainly a framework for efficient approximation of ML (maximum likelihood) or MAP
(maximum a posteriori) estimation for the parameters w (parameters of the decoder part of a model),
which gives a possibility to mimic the random process and generate artificial data. VAE fights the
intractability by approximating the intractable true posterior using a probabilistic encoder: q(t|x),
which produces the distribution over latent variables t given data x. In a similar way it represents
p(x|t) using decoder, as given latent code t it produces the distribution of corresponding values of x.
As VAE’s decoder and encoder are neural networks of some architecture, the whole model should be
trained using gradient based methods and back propagation algorithm w.r.t objective function which
involves gradients computation. However, it turns out that it’s infeasible to compute the gradient of
q(t|x, ), where ¢ is the parameters of the encoder part of the model. The solution proposed by
Kingma is to use a so called reparameterization trick[11], that changes sampling t; from q(t;|x;, ¢)to
t; =€ ©s; +m; (where € is arandom variable from standard gaussian distribution N (0, 1), s; and
m; are standard deviation and mean modeled by encoder) which is now deffirantiable. The overall
architecture of VAE looks the following way (Figure 11).
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Figure 11: Architecture of VAE

The objective function of VAE consists of two parts: reconstruction loss and regularization (4):

L = 2y Eglog p(x;lt;, w) — KL(q;(t)||p(t:)), (4)
where p(x;|t;, w) is a probability of image x; given latent code ¢; and decoder weights w, p(t) is a
prior distribution and g (t) is a posterior approximation.

The first term in objective is often replaced with the reconstruction loss from vanilla autoencoder,
MSE or MAE, however while experimenting with MNIST data, Kingma used to model reconstruction
loss as Bernoulli distribution (which is actually a convenient choice, as MNIST data is grayscale and
is often normalized between 0 and 1). For the case of RGB images, which is considered in this paper,
the reconstruction loss is modeled as Gaussian distribution (5).

1 (xi—u(t; ) )?
log p(x|u(t), o*(t)) = log [z ——=e 27°® ]
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202 (tl) 2 ’
where p(x;|u(t;), a2(t;)) is a probability of image x; i given u(t;) and a(t;) which are dependent
on latent code t;

Different from Kingma and following Doersch approach[12], o%(t) wasn’t modeled by a
decoder, but set as a hyperparameter which was then tuned in experiments. The second part of

N
Y log(2m) — Zj—4
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objective corresponds to Kulback - Leibler divergence[13], which is a measure of how one probability
distribution is different from a second (6).
®
KL@®Ilp®) = [ q(®)log? St (6)
Assuming that both prior p(t) and posterior approximation q(x) are Gaussian ((p(t) = N(0,1),
q(t) = N(t; u,a?)) the KL term can be integrated analytically (formula 7).

D KL@OIp®) = [ a@loghZ de=[  q(©)(logp(®) -

logq®)dt = [ q®logp®dt — [ q(D)log q(t)dt;
) [  q®logp®)dt =f  N(t;u,6%)log N(0,I) dt = —élog(Zn) -

1
S 2o = 05%);

@ | awiogawa = [ N@wo?logNEwo?) de @)

= —%log(Zn) - %Z‘]j:l(l + log (62));
®) KL@®|lp®) = —Llog(2m) — 3,1 (u? — 0;) + +1log(2m) +
~31(1+log (62)) =

=3 ¥n(+1log(c®) - = 0?),
where J - dimensionality of latent code t, u and o - mean and standard deviation which are produced
by model.

KL term serves as regularization as it forces synthetized data to come from the same distribution
(it encourages the approximate posterior to be close to the prior). As it will be shown further, with

time KL part of the loss starts to increase as VAE generates data samples that differ from each other.
4.2. Experiments and applications

The experiments were conducted with respect to variating o2(t). The architecture of VAE’s
autoencoder and encoder is the same as of discussed AE with small changes to fit the framework’s
mechanics. The results were validated due to the quality of VAE’s generative process. The way to
generate new samples using VAE (sample from p(x)) is fairly simple: during the inference only the
generative part of the model (decoder that learned mapping from latent space t to data x) is used, t is
modeled as standard normal distribution. Due to (6) a2 (t) is situated in the denominator, thus if its
value is close to 1, the overall reconstruction loss will be a classical MSE + constant. Whereas if its
value is close to 0, the loss will be infinitely large. According to these assumptions, a2(t) is
sometimes referred to as regularization hyper-parameter. Three different values of o2(t) were tried
out: 0.1, 0.01, 0.001; and each model was trained for 200 epochs (Figure 12).

Due to Figure 12 it’s obvious that the best value for o2 is 0.01, as it gives the most plausible
generation. With ¢? = 0.1 the left part of the objective function resembles the classical MSE loss and
the overall training converges to producing a picture which is just the average of samples in the
dataset. With a2 = 0.001 the left side of objective is too huge and it takes a lot to optimize it.

The other experiment which was performed is training a model with so-called KL loss warmup or
annealing suggested by Sgnderby et al[14]. The gist of the approach is in adding new parameter to our
objective called B, that is a multiplicator of KL part (8).

L =2y Eglogp(xlt,w)—B*KL(q:(t)|lp (t)), (8)
where 8 — annealing parameter.
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Apart from the approach suggested by Higgins et al[15], during annealing 8 isn’t set to constant,
but is increased from 0 to 1 during warmup epochs. According to Sgnerby the main logic behind such
an approach is the fact that variational regularization term causes some of the latent units to become
inactive during training. To tackle this problem we can smoothly switch from deterministic
autoencoder (with g < 1) to a variational one. Along with using KL warmup, batch normalization was
added after each convolutional layer of both encoder and decoder. The warmup was done for 40
epochs, after which the model continued to train for 200 epochs with the original objective function.
The comparison was done against the classical approach of training.

0 ¢t ot nd = g

Figure 12: Sprite of generated images for each value of g 2(t)
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Figure 13: KL loss during warmup period on logarithmic scale

According to Figure 13, KL loss tends to decrease as along with increase of £, its contribution to
the overall objective also increases. After 8 approaches 1, KL loss tends to increase as now our model
tries to generate distinct samples. As it’s shown on Figure 14 KL loss tends to increase both during
classical training and training with warmup. Compared to reconstruction loss related to classical
approach, the one related to training with warmup is lower on both training and validation subsets.

It’s really hard to tell the difference between samples generated by VAE with batch normalization
and warmup and classical VAE, but one can notice that samples generated by VAE with warmup and
batch normalization are sharper a bit and contain less artifacts (Figure 15). Another application of
VAE is outliers detection. By training VAE, we force it to learn the distribution of images in the
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observed data. Thus, using the encoder part of the network we can generate a distribution parameters
(mean and standard deviation) for any image, and then calculate the KL divergence for the
distribution of particular image versus prior one. If KL divergence is bigger than some predefined
threshold the image is an outlier. To calculate the threshold, the KL divergence for 10k samples from
the dataset was calculated, the median of scores was denoted as outlier threshold.
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Figure 15: Comparison of data synthesizing of two approaches
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Figure 16: Outliers detection with VAE

5. Discussion and further work

In this paper main applications of autoencoder and VAE in terms of image data were discussed.
The possibility of data reconstruction and modeling of its distribution opens doors to lots of
interesting applications, such as image morphing, image reconstruction, image generation and outliers
detection. Though the generative power of trained VAE isn’t brilliant, as images still aren’t that sharp
and some artifacts persist, training it for longer should enhance results. It was shown that using a
warmup of KL loss can give better results in terms of training and lead to better generative results in
perspective.

Nevertheless, a big part of applications was highlighted, with the improvements of technologies,
new usages of generative models arise. For example, Ma et al. uses a so-called Style-based VAE[16]
to tackle the problem of super-resolution, Larsen et al. [17] mixes VAE and GAN to replace element-
wise errors with feature-wise errors which leads to better data distribution learning. Recently, GANs
have attracted lots of attention. A proposed by Nvidia Style-GAN[18] gives a possibility to generate
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samples that are hard to discriminate from real ones even for a human. Although all the exposed
usages of autoencoders are related to image data, this framework is often used with other types of data
as text and signals.

The example of outliers detection with VAE is shown on Figure 16.
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