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Abstract

Image inpainting is the task of filling missing regions in images with plausible and
coherent content. The usual process involves training a CNN on a large collection of
examples that it can learn from, to later apply this knowledge on new, unseen images with
areas to complete. One important consideration is that each training dataset has its own
domain, and domains in the image space are extremely diverse. For optimal results, the
user image at inference time should belong to the same domain as the training examples,
which greatly limits the range of inputs a trained network can be used for. Moreover,
collecting new data is hard, and training on different datasets requires a great amount
of computation power and time. In this thesis, we propose a test-time learning approach
for inpainting. More specifically, we train a CNN like described above, but in addition,
we use the user image with holes to build a new dataset, on which we continue training
the network for a small number of iterations during test-time training. To the best of our
knowledge, test-time training has never been done for inpainting. With this technique, our
hope is that the model will learn to fill holes that are specific to the user image better.
It also facilitates domain adaptation, which means that a wider range of input domains
at inference time can produce acceptable results when using the same pretrained model.
We obtain results demonstrating that even for a state-of-the-art model, our method can
achieve significant improvements, in particular for perceptual scores. Moreover, if used in
a software, it has the advantage of being optional, meaning that the user can choose to
keep the original result if there is no significant improvement, which makes our framework
beneficial in all situations.
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Chapter 1

Introduction

J

Figure 1.1: Inpainting example, taken from [35], figure 1.

Inpainting belongs to the domain of computer vision and is the task of filling holes in
images. More precisely, given an image, it aims to replace pixels indicated by the user
with new values that are consistent with the rest of the image. The concept of inpaint-
ing appeared in the 18th century, when museums started being concerned with restoring
damaged paintings and ancient texts. However, it is only in the early 2000’s that it gained
more traction with modern techniques based on diffusion [1] or patch filling [5]. Another
major breakthrough occurred in the 2010’s when convolutional neural networks (CNNs)
[17] achieved promising results. Since then, the amount of published work in this field has
multiplied, and today, CNNs largely dominate the podium of state-of-the-art results.
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1.1 Applications

Inpainting possesses a very wide range of applications, from object removal to super-
resolution. Although each problem might seem unrelated, they all boil down to completing
hidden pixels in an image, which can be achieved by strategically adapting the mask to
each situation. Indeed, users can designate regions they would like the network to complete
with a binary mask, where 1’s, for example, represent the corrupted area. Therefore, text
and object removal can be done by drawing a mask that covers the text or object that
should be replaced. Similarly, for image restoration, damaged portions to restore should be
highlighted by the mask. To a certain extent, inpainting can also be applied to denoising,
when the noise regions can be explicitly designated. In this case, the mask needs to be
accurate at the pixel level, and is used to indicate values that have the strongest noise.

Figure 1.2: Example of image inpainting applications, taken from [7], figure 1. Repre-
sented applications are, from left to right, filling square regions, text removal, denoising,
object removal, filling free-form regions, and image restoration.



Another, less conventional, but interesting, application of inpainting is super-resolution.
This problem deals with upscaling an image while preserving, or even enhancing, its clarity
and sharpness. There exist many algorithms and techniques for this task, and inpainting
can be applied to the problem by ingeniously drawing the mask. The steps for this process
are as follows. Considering a small image, all of its pixels can be distributed on a wider
surface such that they preserve their spatial order, while being equally distant from each
other. If the upscaling factor is large, this operation will produce a barely distinguishable
image, since pixels will be sparse. Figure 1.3(b) shows an example of this. Finally, the
mask is formed from the combination of all the regions between scattered pixel values
(1.3(c)). Formulated this way, super-resolution becomes an inpainting problem, and can
produce much clearer results than if an interpolation method had been used.

a) Low-resolution image b) Input ¢) Mask d) High-resolution result

Figure 1.3: Super-resolution with inpainting, taken from [19], figure 12.

While inpainting can be generalized to a great variety of tasks by carefully drawing the
mask, it does, however, often require great precision that can be hard to automate with
a computer. It makes sense for users to meticulously create masks that are tailored to a
specific use case. However, training CNNs requires a large amount of examples, which is
why most of them are trained on problems that do not necessitate manual labelling, like
filling square regions and free-from shapes, and later applied to more specific tasks like
text removal or denoising.

1.2 Training and evaluation

The training process for an inpainting model is straightforward since it usually does not
require any manual labelling. Once the dataset is selected, random portions of each image
are hidden by generating binary masks. Then, corrupted images and their respective mask



are stacked together and fed to the network. The mask is also part of the input to explicitly
indicate regions that are to be completed by the model. Finally, the original image, before
being tempered with, is used as the ground truth when computing the loss function.

Besides training, evaluation is a crucial component of deep learning because it quantifies
results, not only allowing models to be compared, but also guiding the network’s learning.
It is, nonetheless, one of the biggest challenges in inpainting, and what makes it such a
difficult problem. Unlike most computer vision tasks, there is often more than one possible
solution. For example, when trying to remove an undesirable object from the background,
there can be many plausible and visually pleasing ways of filling what goes behind it.
Moreover, in this situation, the ground truth does not provide any clue, since it contains
the object to remove. On one hand, this makes the task of the network easier because the
solution is flexible, but on the other hand, evaluation becomes harder because there can
be several good outputs.

Normally, results are evaluated by comparing the output to the ground truth, and
measuring the distance between the two, which encourages the model to produce a result
that is as similar as possible to the original image. In inpainting, this is done with losses
like L1 and L2, that consist in taking the sum of absolute differences or squared differences
at the pixel level. However, because of the non-deterministic nature of inpainting, metrics
that only evaluate the fidelity of the result with the ground truth are not sufficient, and
even, sometimes, misleading. For this reason, perceptual evaluation is often preferred.
This method aims to evaluate the plausibility of an image from a human perspective. In
other words, it tries to quantify how likely a human is to believe that the image is real.
Therefore, even if the result is dissimilar to the original input, it will not affect the score,
as long as it is credible.

Even though perceptual metrics and losses are not based directly on a pixel-to-pixel
comparison with the ground truth, they still utilize the original images by extracting
high-level features, and comparing them to those of the inpainted result. Indeed, only a
fraction of the input is masked, and high-level features are expected to be mostly consistent
even if the output result is slighlty different. The original images can also be used to
approximate the underlying data distribution that represents the training examples. Using
this knowledge, a discriminator [3], presented in section 2.4, can then try to distinguish
fake from real samples, which helps orient the network’s training.

Finally, inpainting is a non-deterministic problem, which means that it can have more
than one valid solution. Consequently, traditional forms of evaluation that insist on faith-
fully reproducing the original image may not be appropriate. Perceptual evaluation, on
the other hand, puts the emphasis on human perception and plausibility, which is well-



suited for multi-solution problems. Nonetheless, each type of evaluation can be preferred
in different contexts. Indeed, for image restoration and denoising, the output should be as
close as possible to the ground truth, while for object removal, it is the complete opposite.

1.3 Pluralistic inpainting

Figure 1.4: Sample outputs from a pluralistic inpainting model, taken from [30], figure
1. On the left is the input, where the dark region corresponds to the masked area. The
three other images on the right are completed outputs from the network.

More often than not, inpainting networks are designed to produce a single result. However,
as described above, inpainting is a pluralistic problem, since there can be many acceptable
answers. This is especially true when a large portion of the image is masked. In this case,
the valid context is not as restrictive, which grants more freedom to complete the hidden
area. Figure 1.4 shows an example, where only a tiny square of valid context is preserved.
Based on what it contains, the final output should probably feature a mountain on a cloudy
blue sky background; however, there exist many ways of representing this as shown by the
three results on the right.

Pluralistic inpainting, also called probabilistic inpainting, describes the task of out-
putting various completed results, when given a single image and mask as input. To
produce many results, conditional prior features of the image, set by the valid context, are
coupled with a random sample from a given distribution, such as a multivariate Gaussian
distribution, which provides the randomness needed to generate diverse images. The deci-
sion of building a pluralistic model rather than a deterministic one (single output) is based
on the context and expected use case. For example, when training with large masks, or
when giving the user multiple choices is important, pluralistic models should be preferred.



1.4 Contributions

In this thesis, we propose a method, applied to inpainting, to leverage the valid context of
the user input at test time, that we refer to as test-time training. Given a CNN trained
for this task on a large dataset, and a user image with holes, we propose to finetune the
given inpaining CNN for a small number of iterations on a dataset constructed from the
single image given by the user. Our motivation is that the user image itself likely contains
areas not covered by holes that are similar to the regions masked by the user. Therefore,
finetuning on a small dataset constructed from the user image will adapt the trained CNN
to the specific textures and structures present in the user image, making it more suitable
for filling holes in that particular image. We explain how to adapt standard loss functions
for image inpainting to our test-time training setting, in order to make the network focus
on learning only on the valid regions of the input image, i.e. regions that are not masked
by the user.

We also extensively test our framework and show that it is able to improve performance
of a state-of-the-art network. To test our framework, we run multiple experiments using
different assumptions and sets of parameters. Doing so, we are able to obtain a framework
that learns quickly, and that can be adapted to many different networks and types of
images.

1.5 Thesis organization

The first section of Chapter 2 gives a general overview of convolutional neural networks, how
they work, and their core components. The second part of Chapter 2 outlines important
work related to inpainting and the main breakthroughs of the last years. In Chapter 3,
we describe our finetuning framework, and the motivation behind it. Chapter 4 presents
how we tested this framework through extensive experimentation. For each experiment,
we explain what it aimed to test, discuss the results, and, show sample outputs at the end.
Finally, Chapter 5 is a summary of our work in this thesis, and it concludes with a few
possible ideas for future work.



Chapter 2

Related Work

In this chapter, we will describe the related work.

Existing algorithms for image inpainting can be divided into two main categories: se-
quential, and convolution-neural-network-based methods. While sequential methods, the
set of inpainting algorithms that do not make use of convolutional neural networks (CNNs),
have set the foundations for image inpainting in the early 2000’s, they were quickly out-
performed by CNNs a few years later.

Sequential-based methods can be further subdivided into diffusion filling [1] and patch
filling [5]. These approaches are built on two major ideas that form the core of image
inpainting. First, the valid pixels around the masked region can give valuable clues as to
how to complete it, and second, similar information to the one that is missing can often be
found somewhere else in the valid region of the same image. Nonetheless, for more complex
structures, and for missing regions that are different from the rest of the image, which is
often the case, these two assumptions will not hold, and consequently, diffusion and patch
filling will fail.

CNNs made their appearance in image inpainting as a more powerful alternative to
diffusion and patch filling because of their impressive ability to learn from examples. In
other words, even though similar information cannot be found in the valid region of the
same image, they are able to learn from other similar images, and extend that knowledge
to the current image. They are also good at exploiting the context given by the valid
regions surrounding the masked area.

However, the intrinsic difficulty of the problem, and the complexity of the underlying
image distribution made it hard for vanilla CNNs to achieve adequate results. An important



key to solving this problem revealed itself when Goodfellow et al. invented the Generative
Adversarial Networks (GANs)[3]. GANs are specifically designed to faithfully approximate
complex data distributions, thus becoming an essential tool in image inpainting with CNNs.

Still, it was quickly realized that CNNs and GANs had a great weakness that was
crucial to inpainting: long-range dependencies. Where patch filling methods succeeded
so well, CNNs and GANs were not particularly good at borrowing distant information
from the same image. In other words, even if the same repetitive pattern in the missing
region could be found in the opposite corner of the image (in the valid region), it was not
trivial for these algorithms to borrow that information. This led to another breakthrough
in image inpainting, contextual attention [34]. The main purpose of this mechanism is to
give CNNs the ability to explicitly borrow distant information in the same image.

In the next sections, we will first summarize how basic CNNs work, and then take a
deep dive into the core components of image inpaiting such as GANs, contextual attention,
and gated convolutions.

2.1 Convolutional neural networks

Convolutional neural networks belong to the family of artificial neural networks. They
represent one of the many models in deep learning, and are mainly used with images.
They were first introduced by LeCun et al. in 1989 in an attempt to classify hand-written
digits [18], but it was only later in 2012 that their usage became more widely adopted with
AlexNet, a deep learning model used for image classification [17]. This delay was largely
due to the fact that CNNs, just like artificial neural networks in general, perform well only
when given a lot of data. However, computers in the 90’s and early 2000’s were not fast and
powerful enough to cope with this enormous amount of data that would make CNNs the
powerful tool it is today. Their breakthrough, in 2012, can be attributed to their success
for image classification, the task of categorizing an image into different labelled categories.
However, they quickly emerged as the best approach in almost all cases for all types of
image-related problems, from classification to inpainting.

The prefix “convolutional” comes from the similarity with discrete convolutions in
mathematics. CNNs mainly comprise convolutional layers, which are functions that take
2D or 3D grids of numerical values as input. The output will vary according to the param-
eters of the layer, as well as the purpose of the model in which it is used. All the details
will be made explicit in the following sections.



2.1.1 Convolutional Layers

At the core of convolutional layers lies the convolution operation. Simply put, this oper-
ation corresponds to the sum of the elementwise product between two matrices, a filter
and an equal dimension window in the given input. More formally, let’s define G, a 2-
dimensional input, F', a m x n filter, and O, the resulting output. Then, a convolution can
be expressed as:

kn ke
Opy = Z Z Gotiy+i X Figs (2.1)
i:_kh j:_k'u

where x and y are the center coordinates of a given window in G, kj, = mT’l, and k, = "T’l
It is assumed that the center coordinates of F are (0,0) and that negative filter indices are

allowed. The equation above assumes that m and n are odd. If m and n were even, k;, and
k., would respectively become % and 7, and the lower bounds of the summations would

instead be —kj, + 1 and —k, + 1.

9oo | You | Yoz | Yo5t.Poa | 0 e

91,0 911 91,2 91,3 91,4 Joo | oo | foin 00,0 09,1 0,2

92,0 92,1 92,2 923 92,4 * fo,_l fo,o fo,1 = 010 01,1 012

-....9374 fl,—l f1,0 f1,1 0270 02,1 02,2

950 951 9s 2 9‘33-

g4,0 94,1 g4,2 g4,3 g4,4

Input Image (G) Filter (F) Output (O)

Figure 2.1: Illustration of the convolution operation using a 3x3 filter and a 5x5 input.
The result of this convolution on the top right corner of the input is o,,, and can be

mathematically formulated as follow: o,, = (f_l,_1 X go’z) + (f_l’o X 9073) + <f—1,1 X 90,4) +
(fO,—l X g1,2> + (fo,o X 91,3) + <f0,1 X 91,4) + (fl,—l X gQ,Q) + (fl,o X 92,3) + (fl,l X 92,4)'

From Equation 2.1 and Figure 2.1, it can be observed that a convolution is a many-to-
one operation. In other words, the values in the input window are multiplied by the filter



weights and then summed to return a single output value.

In Figure 2.1, the filter is applied only on the top-right corner of the input, returning
a single output value. Repeating this operation by sliding the filter across all coordinates
(x,y) in the input will return an output grid, where each value o,, is the result of the
convolution between the filter and the input window whose center coordinates are (z,vy).
This process is a convolutional layer in its simplest form.

So far, the input has been assumed to be 2D. However, most of the time it will be 3D.
The third dimension is usually referred to as the “channels”. Therefore, a 2D input can
be seen as a 3D input with only 1 channel.

The convolution operations in the case of 2D or 3D inputs do not differ much, with
the exception that the number of channels in the filter and the input must be equal.
Moreover, the summation and elementwise products will be done over all channels of the
input window, which means that, regardless of the number of channels in the input, the
number of channels in the output will always be one.

It is usually desirable to have an output with more than one channel. Since any given
filter compresses the output channels to one, the key idea is to use as many filters as there
should be output channels. Therefore, each filter can be associated with precisely one
output channel, while still considering the entirety of the input channels.

In summary, a convolutional layer is a function. Its input can be a 2D or 3D grid of
values, whose third dimension is commonly referred to as the number of channels. The
function works by applying a series of convolutions between the filter and all possible equal
size windows in the input, and its parameters correspond to the values of the filter. The
first two dimensions of the output will be similar to those of the input (more on that in the
next sections), while the number of channels is controlled by the number of filters used.

2.1.2 Padding

One noticeable side effect of convolutions is the reduction of output dimensions. As il-
lustrated in Figure 2.1, G is 5x5, but O is only 3x3. This is because all windows whose
center coordinates are within a certain range of input borders cannot be used; otherwise,
the convolution would have multiplications that are out-of-bounds, meaning that a filter
value would be multiplied by a non-existing input value.

The number of unusable windows in an input will vary according to the dimension of
the filter. More precisely, the output dimensions will be

wo = wg — wg + 1, (2.2)

10



where w denotes the width. The same equation applies for the height (h). Therefore, the
wider a filter is, the larger the reduction in output size will be.

In many cases, it might be useful to preserve the input shape when applying a convo-
lution, which is done with padding. The two most common padding strategies are “valid”
padding and “same” padding. The first one means that no padding will be used, and only
the valid regions in the input will be considered, leading to a reduction in the size of the
output. The second method, same padding, refers to the action of adding extra values
around the input, such that the shapes of the input and output are equal.

Different strategies can be used to decide which values to employ for padding. In most
cases, a value of 0 is used, but there also exist many other methods such as reflective
padding that can be more appropriate based on the situation. When using padding, the
equation for the output dimensions becomes

wo = wg — wr + 2P, + 1, (23)

where P, represents the horizontal padding. The same equation applies for the height,
replacing P, by P,, the vertical padding.

2.1.3 Strides

Earlier, it was mentioned that a convolutional layer computes many convolutions by sliding
a filter across all possible coordinates of a given input. However, it is sometimes more
efficient and barely penalizing to skip some of them, especially in the case of large size
inputs. This is controlled by the stride, a parameter of the convolutional layer.

More precisely, the stride is an integer value greater or equal to one, and corresponds
to the number of coordinates to skip every time the filter is slid through the input. So far,
all the examples above have assumed a stride of 1, meaning that all patches in the input
will be considered. On the other hand, a stride of 2 means that the filter will be applied
to every other coordinate in the input, skipping one between each slide. Just like all the
other parameters mentioned so far, the stride has a horizontal and vertical component that
can have different values. Combined with padding, the equation for computing the output
dimensions when using a stride becomes

wo = L6 Wr+ 2 (2.4)
Sh
where S}, represents the horizontal stride. The same equation applies for the height, re-
placing P, and S, by P, and S,, respectively the vertical padding and stride.

11



2.1.4 Dilated Convolutions

Dilated convolutions are a variation of regular convolutions with enlarged receptive field.
They are often used because they facilitate the detection of long-range dependencies in
images, a key feature in inpainting, while also reducing the computational cost. This
process is controlled by the dilation rate, a parameter of the convolutional layer that
affects how filter values are multiplied with the input.

S

Figure 2.2: Illustration of dilated convolutions, from [0], Figure 5.1.

During a traditional convolution, each value of the filter is mapped to a value of the
input, by which it is then multiplied. The mapping rule is simply “both values should
have the same relative position with respect to their center coordinates”. For example,
let’s consider only the horizontal axis (the same logic applies to the vertical axis). In this
case, if a filter value is at v steps to the right of the filter center, then the input value by
which it is multiplied should also be at v steps to the right of the input center. For dilated
convolutions, however, if a filter value is at v steps to the right of the filter center, then the
input value by which it is multiplied should be at v x D}, steps to the right of the input
center.

In summary, a dilated convolution works just like a regular convolution, with the ex-
ception that the filter is not applied to adjacent values in the input. Instead, the dilation
rate, an integer value greater than one (one corresponds to a vanilla convolution), controls
the number of spaces to insert between kernel values before multiplying it with the input
window. Just like regular convolutions, dilated convolutions can have padding and strides.
In this case, the equation for the output dimensions becomes

= S’h

where D), represents the horizontal dilation rate. The same equation applies for the height,
replacing the horizontal components of P, S, and D by their vertical components.

wo +1, (2.5)
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2.1.5 Transposed convolutional layers

Convolutional layers will always produce an output whose width and height are smaller
or equal to those of the input. There are many instances where the inverse effect can be
desirable. For example, in image inpainting, many regular convolutional layers (RCLs) can
be chained and applied to the input, reducing its size. However, the final output is the
completed image, and thus, it should have the same shape as the initial input. It is therefore
crucial to be able to upsample the input back to its original shape. One way to achieve
this is by using some interpolation method to manually increase the dimensions. However,
interpolations use a fixed set of parameters, meaning that, unlike convolutional layers,
they cannot learn to adapt themselves based on the task at hand. Another option is to use
transposed convolutional layers (TCLs), which produce an effect similar to interpolation,
but with learnable parameters.

In essence, a TCL is an inverted RCL, which means that it expands the size of the
input, as opposed to reducing it. They both have the same parameters, but their effect
is, again, inverted. Because they are essentially the same operations, but reversed, the
equation for the output dimensions of a TCL can be obtained by inverting wo and wg in
Equation 2.4, and isolating we.

we = wo—wp+2Ph 11
Sh
<:>w():(wg—1)XSh—2Ph+wF (26)

An intuitive way to compute a TCL is by emulating it with a RCL. First, considering
I, an xninput and F, a m x m filter, Equation 2.6 can be used to obtain the expected
output size of the TCL. Equation 2.4 can then be used to derive the input size (1) of a
RCL with equivalent filter and output sizes. Because the TCL is emulated with a RCL
and because the output is supposed to be larger than the input in terms of height and
width, the computed input size (1) will always be greater than the actual input size n,
meaning that it will be necessary to inflate the input, spacing its values with 0’s. This
third step is the hardest one, since the 0’s need to be inserted in such a way that preserves
the connectivity pattern. For example, if the top-left pixel in the input is only connected
to the top-left pixel in the output for the RCL, it should be the same for the TCL. Once
the input is correctly inflated, the final step is to apply the RCL as usual.
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2.1.6 Pooling

The computational complexity of a convolutional layer is directly proportional to the input
size. Sometimes, only a small portion of the input is necessary or even beneficial to
the convolutional layer. In this case, it is highly desirable to quickly reduce the input
size, while preserving only the relevant information. For example, depending on what the
convolutional layer is trying to learn, the clarity of edges might be more important than
a high-resolution image, which might decrease the thickness of edges. A popular way to
achieve this goal is with pooling layers.

A pooling layer works by gathering all the values inside a window, whose size is deter-
mined by the pooling window size. The way values are gathered inside a given window
will vary according to the strategy. The most common ones are max pooling and aver-
age pooling. For max pooling, the maximum value is retained, while for average pooling,
the average is computed. All the parameters of a regular convolutional layer can also be
applied to a pooling layer.

90,0 | 90,1 | 90,2 | Y05 | 90,4 | Yo.5

g1,0 91,1 91,2 91,3 91,4 g1,5

920 | 92,1 | 92,2 | 92,3 | 92,4 | 92,5 05,0 | Q0,1

.93,0 gS,l g3,2 93,3 93,4 g3,5 01,0 01,1

9a0 | 941 | 9a2 | Ya5 | Ga,a | Gas

950 | Y951 | 95,2 | 955 | 95,4 | G55

Input Image (G) Output (O)

Figure 2.3: Illustration of a pooling layer, with O-padding and a stride of 3. For example,
0y = MAX (Gy 05 Jo11 Jo.2> 91059115 G100 Goo> Gars §a0) if @ max pooling strategy is used, and
000 = (9o + o1 T 902+ 910+ 11 T 912+ 9o + 9oy + 92,)/9 if an average pooling strategy
is used.
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2.1.7 Activation functions

So far, we have defined convolutional layers with multiplications and additions, two basic
arithmetic operations. With only these operations, a convolutional layer would be a linear
operation, which is not desirable because CNNs are often used to model phenomena that
do not necessarily have a linear behavior. Therefore, to ensure that convolutional layers
can also reproduce non-linear patterns, activation functions are utilized. These are non-
linear functions, applied to the output of a convolutional layer. Therefore, convolutional
layers can be non-linear if coupled with an activation function, or linear if not. Figure 2.4
displays some of the most common activation functions used, but there exist many more.

Sigmoid | Leaky ReLU
o(@) = i max(0.1z, z)

tanh Maxout |
tanh(z) & - max(w{ z + by, wa x + by)
ReLU ELU
max (0, z) o z20
. ae*—1) z<0
Figure 2.4: Most common activation functions in deep learning, from [14], figure 3.

2.1.8 Softmax

Neural networks are used for predictive modelling. In their simplest form, they predict the
outcome of a binary event, such as “will it rain (0) or not (1) tomorrow?” However, there
are many scenarios for which there are more than only two possibilities. For example, in
inpainting, the output is a map containing pixel value predictions at every location in the
image. Assuming that pixel values can range from 0 to 255, this means that there are 256
possibilities, making it a multi-class problem. Another simpler example is image classifica-
tion. In this case, the objective could be to classify an image into different categories such
as cat, dog, or plane.
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Unless using an activation function that outputs integer values, a convolutional layer
will output an array or a matrix of float values. However, it can be useful to normalize
these values into probabilities for multi-class problems. Indeed, float values can be hard to
interpret, especially small and high values, whereas probabilities have an intuitive meaning
and are easily comparable.

Softmax is a non-linear function used to normalize a vector into a probability distribu-
tion. More precisely, let’s define a vector ¥ of dimension n x 1. The softmax function will
then be (v)

. exp(v;
7O S enw)
where ¢ and j are respectively the i-th and j-th values of ¥. From the equation above, it
can be observed that > "  o(?), =1 and 0 < o(¥); < 1Vi, so that o(?) is a probability
distribution.

(2.7)

2.1.9 Training and Gradient Descent

The power of CNNs resides in their ability to learn and adapt to different tasks. Just like
simple linear functions, whose parameters can be derived with mean squared error such
that they best fit the underlying data, CNN parameters are optimized in order to return
the best possible results. Considering that CNNs often have millions of parameters and
are complex non-linear functions, it is usually impossible to find a closed-form expression
for the optimal parameters; instead, gradient descent is utilized.

CNNs can be in one of two states: training or inference. During training, the correct
result is known, and the parameters of the model are optimized in a way that minimizes the
difference between the true result and model output. To accomplish this, the first step is to
define a loss function that adequately captures the goal of the task. When considering an
image restoration task for example, it could be a mean squared error between pixel values
in the masked regions of the output image and ground truth. In this case, the desired
output should be as similar as possible to the original image, which is achieved by reaching
the minimum of the loss function. Therefore, the second step is to gradually update the
parameters, which, for CNNs, are filter values, in order to minimize the loss function.

Since the domain of the loss function is m-dimensional, with m usually greater than
one million, finding the minimum is not trivial, which is why the parameters are updated
by small increments over many steps. This whole process is called gradient descent.

The loss function variables are the input values, while its parameters are the filter
values. Gradient descent works by computing the derivative of the loss function with
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respect to every individual parameter and subtracting it from the current values of the
parameters. Let L be the loss function, 6 the set of parameters, and m the size of 6. Then,
the gradient will be a vector Vg of size m x 1, where (Vg); = dL/df; V0, € 6. In this case,
the parameters are updated with the following formula:

0n+1 == Qn - ann+1, (28)

where n and n+1 respectively denote the previous and current steps, Vg,1 is the gradient
computed at the n + 1 step, and « is the learning rate. The learning rate is a scaling
hyperparameter that controls the speed at which parameters are updated.

Once the model is finished training, the parameters are frozen at their current values,
and the state switches to inference. At this point, the true answer is not known, and the
model is used for prediction.

2.1.10 Common architectures in Image Inpainting

The main components of convolutional neural networks have been presented so far, without
formally defining CNNs themselves. In simple terms, a CNN is a combination of all the
elements presented above, built by chaining multiple regular and transposed convolutional
layers, pooling layers, activation functions, and softmax units. More formally, it is a
function that takes a 3D matrix as input, and returns another matrix, vector, or even
scalar, depending on how it is assembled.

The architecture of a CNN is usually heavily influenced by the nature of the task. In
inpainting, common architectures usually feature an encoder and a decoder. An encoder
mainly comprises regular convolutional layers as well as pooling layers. Its purpose is
to transform the initial input into its latent representation by extracting the relevant
information to the model. This is done by compressing the width and height of the initial
image, while expanding the number of channels. A decoder, on the other hand, is usually
built with a mixture of transposed and regular convolutional layers. It transforms the input
from its latent representation back to its original format, in this case an RGB image, by
expanding its width and height and compressing its channels. The rationale behind this
encoder-decoder strategy is that the latent space might be helpful to learn data features
and highlight similarities in data, which can then be used by the model during the decoding
stage.

It is common to see multiple encoder-decoder architectures chained together in image
inpainting. Indeed, one pair can work on obtaining a coarse, blurry result, while another
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Figure 2.5: Example of coarse-to-fine architecture in image inpainting, from [34], figure
2. The first encoder-decoder (denoted the “coarse network”) is used to get a coarse result,
a blurry approximation of what the pixel values should be inside the hole region. The
second pair of encoder-decoder, represented as the “refinement network”, uses the coarse
approximation to get a final, clear result.

pair works on refining that result into a clearer output. This way, the second encoder-
decoder has access to more information than simply black and white pixels. For example,
in Figure 2.5, even though the coarse result is extremely blurry, it is easy to see that
the color green is prevalent in the top left corner of the image, which tells the refinement
network that this area might be similar to the trees in the top-left region of the image.
Such architectures are commonly referred to as “coarse-to-fine”.

2.2 Residual learning

Intricate problems like inpainting usually have a more complex underlying distribution.
Consequently, they require more parameters to be adequately modeled, causing the network
to be deeper. Such models often struggle with vanishing or exploding gradients. As
explained in Section 2.1.9, training a neural network involves computing the derivative of
the loss function with respect to each parameter. For deeper models, these derivatives will
have more terms and more multiplications. For example, let’s consider a simple model with
n layers, where, at each layer, input value z is multiplied by parameter 6;, for 1 <1 < n.
The derivative with respect to §; will then be ([,-,,, j; 0;) X , and it is easy to see that,
for a large n, the result will be very large or very small if ; > 1Vi or 0; < 1Vi, respectively.
The former is called an exploding gradient, and the latter, a vanishing gradient.
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Figure 2.6: Building block of residual learning, from [10], Figure 2.

Residual learning, proposed by He et al. [10], is a framework that stabilizes the training
of deep neural networks. It works by concatenating the output of a layer with the output
of a deeper layer, and is implemented by stacking one or more residual blocks. Every block
features two layers, each activated with ReLU, and the input of the first is concatenated
to the output of the second, before its activation function. This concatenation, commonly
referred to as a “skip connection”, emulates an identity function by creating a “shortcut”
that allows the input to travel deeper into the network while retaining its original values.

Being able to simulate an identity function is crucial for deep models. Indeed, if no
further learning can be done before reaching the last layer, the model should be able to
copy the current output and ignore the next layers. However, this can be hard to achieve
through straightforward parameter optimization, which is why skip connections are so
powerful. Without them, the input is bound to be modified until the very last layer, even
if its optimal state has already been reached, which can only hurt performance. They
also help to avoid exploding and vanishing gradients, since the identity function does not
use any additional parameters, and consequently, the expression for the derivative will be
composed of fewer terms and multiplications.

2.3 Mask generation

Mask generation is a central component of image inpainting since it influences how pa-
rameters are optimized during training. Indeed, the model learns by filling regions hidden
by the mask. Therefore, if the mask is biased in any way, it could negatively impact how
the network is trained. For example, if the hidden part of the image always exclusively
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contains trees, then the model will learn how to complete trees, but it will likely fail if
asked to complete an airplane at inference time. A sound mask generation strategy should
be adjustable and computationally efficient, while also producing masks that are similar
to real user inputs and diverse to avoid over-fitting [35].

2.3.1 Square masks

Square masks are the oldest and simplest variety. As their name suggests, they are used
to randomly hide square portions of the image. While being efficient to produce, square
masks do not mimic real user input. Moreover, if the user were to be limited to squares only
for designating the area to complete, the lack of freedom would likely lead to obfuscating a
larger area than necessary. In this case, important information that could have, otherwise,
been available to the model for learning would be hidden, thus hindering training. Also,
pixels closer to the center of a square are far away from the borders, meaning that they
will not have a lot of valid context available. Lastly, the diversity is limited to only one
shape.

Natural shapes other than squares, such as circles and ellipses, can also be used. Al-
though they are more flexible than square masks, they still share many of their flaws.

2.3.2 Free-form masks

Free-form masks aim to be a more plausible representation of real inputs. They are created
by randomly simulating brush strokes, which is likely how a user would indicate the regions
to fill, since brush strokes have a high precision and are customizable. Free-form masks are
diverse, plausible, and highly adjustable, but they come at a greater computational cost.
Algorithm 1 describes the generation process of free-form masks.
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Figure 2.7: Illustration of different mask generation strategies. Image and segmentation
mask were taken from DAVIS 2016 dataset [22].
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Algorithm 1: Algorithm for brush stroke masks.
Hyper-parameters maxVertex, maxLength, maxBrush-
Width, and maxAngle control the size of the generated
mask. Taken from [35], Algorithm 1.

mask = zeros(imageHeight, imageWidth);
numVertex = random.uniform(maxVertex);
startX = random.uniform(imageWidth);
startY = random.uniform(imageHeight);
brushWidth = random.uniform(maxBrushWidth);
for © = 0 to numVertezr do
angle = random.uniform(maxAngle);
if (i % 2 == 0) then
‘ angle = 2 * pi - angle;
end
length = random.uniform(maxLength);
Draw line from point (startX, startY) with angle,
length and brushWidth as line width;
13 startX = startX + length * sin(angle);
14 startY = startY + length * cos(angle);
15 Draw a circle at point (startX, startY) with radius

as half of brushWidth;

© 00 N O oA~ W N

- e
N = O

16 end

2.3.3 Segmentation masks

A very common use case for inpainting is the removal of an undesirable object from the
background. Although free-form masks imitate well the shape of hidden areas to com-
plete that would result from this task, they do not target a specific region; instead, they
randomly draw brush strokes across the image, often spanning multiple different objects.
Segmentation masks, on the other hand, precisely designate an area whose pixels all belong
to the same object, which simulates well the case of object removal. They are, however,
hard to obtain, since they require manual labelling. Moreover, they are much more pre-
cise than a real user input. For example, the hair of the bear on Figure 2.7(e) shows the
granularity and precision of the mask, which is unlikely to be the case for a user input.
Nonetheless, their usage can stabilize training and return a better evaluation of the model’s
performance.
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2.3.4 Parameters

Choosing a suitable mask generation strategy is a vital step in designing a good inpainting
model, and the shape of the mask is not the only factor to consider. Indeed, the percentage
of the image to hide should be selected carefully and right for the type of model used. For
example, larger masks are often more appropriate for pluralistic inpainting since the region
to complete is not constrained as much by the valid context [30]. Also, the masked area
percentage does not have to be constant over time; instead, a valid strategy is to initially
have the model focus on accurately learning details with small masks, and then gradually
switching to a more global understanding of the image with larger masks [29].

2.4 Generative adversarial networks

One prerequisite for completing images, in inpainting, is the ability to generate new con-
tent. Additionally, this content should be plausible for the final result to look realistic.
However, plausibility is a relative concept specific to each task. In inpainting, for example,
it means that the generated areas should have colors, structure, and texture similar to
the uncorrupted parts of the image. One possible approach to generalizing this concept
in deep learning is to consider generated samples plausible only if they are drawn from
the same distribution as the training examples. In computer vision, the data distribution
corresponds to the set of images on which the model is trained, and can represent, for
example, natural landscapes, human faces, or indoor architecture. Unlike for a Gaussian
distribution, randomly generating a sample that belongs to the set of natural landscapes is
not trivial. Indeed, this type of distribution is not well defined, and there is no closed form
formula to express it, making simple generating methods like inverse transform sampling
impossible to apply.

In 2014, Goodfellow et al. [¢] proposed a new framework called generative adversarial
networks, designed to generate random samples from complex data distributions using
neural networks. In essence, it is built with two networks competing against each other
in a minimax type of game. The generator, G, captures the data distribution, while the
discriminator, D, tries to detect if a given sample is drawn from the training data or
produced by G. This whole system is optimized with the following equation:

mGin max V(D,G) = Eppyora@log D(x)] + E.op_ ) [log (1 = D(G(2))], (2.9)

where z is a random n-dimensional data point sampled from a known distribution, p., and
Pdate 1s the training data distribution, or, in other words, the set of all training examples.
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D outputs a score indicating the likelihood that a sample originates from the training
data, where a high score corresponds to a high likelihood. At the beginning, when G is
still a bad estimate of pgqtq, D can easily distinguish a training example from the output
of G, given that the latter is mostly random data. Therefore, log (1 — D(G(z)) tends
to saturate, which is why, in practice, ming{log (1 — D(G(z))} is usually replaced with
maxg{log (D(G(2))}, which is equivalent and produces more stable gradients. Also, to
reduce the computational cost, and avoid overfitting, G is optimized every k steps, while
D is optimized at every step. Algorithm 2 describes the training process of generative
adversarial networks.

Algorithm 2: Algorithm for training adversarial neural net-
works with stochastic gradient descent. k is an hyper-parameter
that controls the number of steps between each optimization of
the generator. « and 3 are learning rates, two other hyper-
parameters. Taken from [%], Algorithm 1.

1 for n = 0 number of training iterations do

2 for k steps do

3 > Draw random sample z from distribution p,

4 > Draw random training example x from pg.s,

5 > Update discriminator using gradient descent:

6 D111 = ODiusny T Ve, [log D(x) + log (1 — D(G(2))]

7 end

8 > Draw random sample z from distribution p,

9 > Update generator using gradient descent:

10 9@n+1 = egn — /BVQG log (1 — D(G(Z)))

11 end

Note: any other standard gradient learning rule can be used to

update 6p and 5. 0p, and O, respectively denote the
parameters of D and G at step t. The update for G can be
equivalently replaced with 6g, ., = 6q, + Vg, log (D(G(z))) as
mentioned earlier.

In summary, generative adversarial networks employ neural networks to generate data
samples from complex distributions. Indeed, neural networks are not limited and can be
expanded to millions of parameters, which provides a good estimation for these complex
distributions. Moreover, because they are trainable, they can be adapted to a multitude
of different tasks.
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2.4.1 PatchGAN

As described above, D outputs a scalar that represents the likelihood of the input be-
longing to the training samples, pg.e. In inpainting, though, because the image has two
components, the masked region and the valid context, it is crucial to have the flexibility to
target different areas, and not just consider the input as a whole. In 2017, lizuka et al. [12]
proposed a network with two discriminators, one that looks at the image in its entirety,
while the other only considers the region to fill, enforcing global and local consistency
simultaneously. While this works reasonably well and allows to specifically target the area
to complete, it is only applicable to square masks. Indeed, it is straightforward to carve
out square shaped regions, and feed them to the second discriminator. However, in all
the other cases where the mask has a free-form shape, segmenting the area to inpaint will
result in a non-square form, which is an invalid input shape for CNNs, usually utilized in
computer vision to implement the discriminator.

In 2019, Yu et al. proposed SN-PatchGAN [35], a modified version of GANs that allows
attending to precise regions in the image, and works for masks of all shapes. Instead of
returning a scalar, the discriminator of SN-PatchGAN, S, is built to output a h x w X ¢
3-D map. The receptive field of each location (7, j, k) in this map is a spatial area of the
original input, and may or may not, depending on the stride and dilation rate used, overlap
with regions covered by other locations. Each output value represents the likelihood that
the area it covers is part of a real training example. In this case, Equation 2.9 has to be
applied h x w * ¢ times, once at every location, and the optimization rule then becomes

mcgn max V(S,G) = Eoppora(@) [ Z log ka(w)}
(i.5,k)EA

+Ezwpz(z)[ > 1og(1—si,j,k(G(z))}, (2.10)
'

where A is the set of all possible locations in the i x w x ¢ output map, and S; ; x(x) is the
score at location (i, j, k) resulting from applying S on input z.

One final consideration is the mask. If S needs to consider the corrupted regions
with greater attention than the valid context, then the number of masked pixels in the
receptive field of each output value can be counted and used to weigh log.S; ;x(x) and
log (1 —S;,x(G(2)) in Equation 2.10. This way, regions with no hidden pixels are multi-
plied by a weight of 0, and do not affect the training of .S.
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2.5 Contextual attention

Patch-based methods rely on the assumption that most, if not all, of the missing content
in a corrupted image is contained in the known regions of that same image. While this is a
reasonable hypothesis for images with repetitive patterns, it is often not true for complex
structures. On the other hand, CNNs, and particularly GANs, are great at hallucinating
new content for most type of images. Nonetheless, they do not excel in detecting long-
range dependencies. Contextual attention [34] aims to solve this flaw by taking the idea
behind patch-based methods, and integrating it to CNNs to improve their ability to borrow
information from distant spatial locations.

Deconv. for
Reconstruction

Input
Feature

Softmax for

Matching Comparison

Foreground

Figure 2.8: Illustration of contextual attention, from [31], Figure 3.

In inpainting, there are two parts to the input: the foreground, the area to inpaint,
and the background, the valid context. With contextual attention, the goal is to find
similarities between foreground and background areas, which is done using cosine similary:

f T,y bm’,y’

S =
svts' = T T Tow

(2.11)

where s, ., is the similarity score between foreground patch f, centered at coordinates
(x,y), and background patch b, centered at coordinates (2, 1/).

Let’s now define the whole process more formally. Let I be an n x m x ¢ input. The
first step is to extract patches of size p X p x ¢ from I. The total number of patches that
can be extracted is given by Equation 2.5. Indeed, multiplying wo with ho returns the
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number of output values from a convolutional layer, all channels included. Because each
output value is associated with a unique input window, and because all input windows
are considered, wo X hp also returns the number of patches that can be extracted from I,
which will be denoted by T

The next step is to compute similarities between patches and foreground values. This
can be done with a regular convolutional layer, using the extracted patches as filters, and
setting those that belong to the foreground to 0. This way, only similarity scores with
background patches will be greater than 0. Since there are T patches, each of size p x p X c,
the returned output shape will be wo x ho x T', where O, , , corresponds to the similarity
score between the input window centered at (x,y) and patch z. A softmax unit is then
used to normalize these similarity scores into probabilities called attention scores.

The final output is a sum of the extracted patches, weighted by their attention scores,
for every location (x,y). Since the foreground region can be of any shape, it is hard
to isolate foreground values from background values, which is why the weighted sum is
computed for all pixels in the input. However, only foreground values are retained, while
background values are set back to their original input value.

One obvious limitation of this module is the lack of reliable information for the fore-
ground area. Initially, values in this region are all set to 0, which makes it impossible to
compute similarity scores. This is why contextual attention is usually computed deeper
into the model, when the corrupted area has been filled with approximate values. Coarse-
to-fine architectures are especially useful in this context, since they produce an early coarse
result, which can be used as an approximation of the foreground region.

Contextual attention is also computationally expensive, which is why it is often used at
smaller scales to reduce the number of patches to compute similarities with. In this case,
the mask is downsized to the shape of the current input using an interpolation method or
average pooling to determine what regions belong to the foreground and background at
this scale.

2.6 Gated convolutions

As seen in Section 2.1.1, convolutional layers work by applying convolutions all over the
input. However, in inpainting, many pixels are invalid, and should not be treated like the
valid ones. Gated convolutions implement this idea by weighing input values differently
such that only uncorrupted pixels affect the output value. This is accomplished with
gating weights that are initially set to the mask values. There exists two types of gated
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convolutions: soft gating [35] and hard gating [19]. In essence, hard gating convolutions
either consider a pixel valid (1), or not (0), whereas soft gating also allows for partially
valid pixels (]0, 1[).

2.6.1 Hard gating

Let’s define X, the feature values of the current input window, G, its corresponding gating
weights, where 1’s and 0’s respectively indicate valid and invalid pixels, F', the filter of the
convolution, and o, the resulting output value. X, G, and F' are all m x n matrices, with
(0,0) as their center coordinates. Negative filter indices are allowed. Then, a hard-gating
convolution can be expressed as:

k ky i
0— _suml(a) 2ol by 2k, Frg X (Xig x Gig), i sum(G) > 0 (2.12)
0, otherwise

Just like for regular convolutions, kj, = mT_l, and k, = ”T_l for m and n odd. If m and
n were even, kj, and k, would respectively become 7 and 7, and the lower bounds of the

29
summations would instead be —k;, + 1 and —k, + 1.

The main difference with a regular convolution is that pixel values are not only multi-
plied by filter weights, but also by a gating weight; therefore, the output value will not be
a function of corrupted pixels given that they are set to 0. Also, since different windows
can have different gating weights, the returned value is an average instead of a sum; other-
wise, windows with fewer valid pixels would likely have a smaller output value. After each
convolution, the gating weights are updated with the following equation:

, (2.13)
0, otherwise

o - {1, if sum(G) > 0

This means that if an output value had at least one valid pixel used in its computation,

then it will be marked as valid for the next layer. Eventually, if the model is deep enough,

all the pixels will be marked as valid. In summary, a hard gating convolution, along with

its update rule, pushes the model to completely ignore corrupted pixels at first, and then
slowly trust them in deeper layers.
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2.6.2 Soft gating

Soft gating is built on the same idea as hard gating, but it instead uses learnable parameters
to update the gating weights after each convolution, and supports values between 0 and
1 to denote partially valid pixels. More precisely, the convolution is carried out as usual
on the input (batchsize x height x width x channels), but another convolution, with a
different set of filters, also happens in parallel on the gating weights (batchsize x height x
width x channels). The result of the second convolution is then activated with a sigmoid
function, mapping the values to the [0, 1] range, and multiplied with the output of the first
convolution. The result of this last multiplication is then passed to the next layer, along
with the gating weights resulting from the second convolution, and the whole process is
repeated.

With this technique, the model is able to learn a dynamic feature selection mechanism
that is specific to each channel and spatial location. The main downside of soft gating is
that it doubles the number of parameters to train because of the second convolution, thus
leading to a substantial increase in training time.

Output
Conv

Soft Gating  |----------- » Feature
Conv. Conv.

Soft Gating f---------- » IFeature
Conv. Conv.

Figure 2.9: Illustration of soft gating convolutions, from [35], Figure 2. The convolution
is applied on the input as usual, while an extra convolution is also applied on the gating
values, which are then activated by a sigmoid function and multiplied with the feature
output.
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2.7 Loss functions

Section 2.1.9 describes the training process of neural networks and explains why a good
loss function that captures the intricacies of the underlying task is crucial. The following
sections will present the most common components of loss functions for inpainting.

2.7.1 Ll and L2

Ly and L4 are two losses that enforce similarity at the pixel level between the reconstructed
and original images. More precisely, L is the sum of pixel-wise absolute differences between
ground truth and predicted images

rue redicte 1 rue redicte
L1<yt T dict d) = - Z |yztgk - ijJ(ci ' d|> (2.14)
(3,5,k)EP

while Ly is the sum of pixel-wise squared differences between ground truth and predicted
images

rue redicte 1 rue redicte
Lz(yt YP dict d) = n Z (yfjk - y};),j,l(j ' d)27 (2.15)
(¢,5,k)eP

where P, of size n, is the set of valid 3-D coordinates for pixels in yiue and Ypregictea- Each
coordinate is represented as (i, j, k), respectively the row, column, and RGB channel.

Ly is usually preferred over Ly for image reconstruction tasks. Indeed, because Lo
squares the error, it is greatly affected by outliers. Consequently, it overweights regions
where the difference of magnitude between pixels is large, usually around the edges, leaving
visual artifacts in flat areas [37].

2.7.2 Structural loss

When applied directly on pixel values, L; and Ly aim to replicate colors and texture of the
original image to the reconstructed areas. However, depending on the input, they can also
be used to enforce structural consistency. For example, gradient fields and edges provide
valuable structural information about an image. In 2020, Yang et al. introduced a pyramid
structure loss [33], in which gradient fields of the inpainted and ground truth images are
given as input to a Ly loss. They also add a regularization term to consider edges and
their immediate surroundings with extra weight. More formally, let’s define I, the input
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image, G, its gradient field, and F, its edge map. G can be computed using sobel filters,
while F is obtained with canny edge detector. Then, the loss can be expressed as

1 «
dicted true predicted
Laructural = — E Gree _ GPre +— E G -G X (2.16

structura n ’ 1,5,k 1,7,k ‘ sum(E') 4 | 3,9,k 1,5,k ‘ z]k7 )
(i.4,k)eP (i.,k)eP

where P, of size n, is the set of valid 3-D coordinates for pixels in Girye, Gpredicted, and
E’. « is a hyper-parameter used to control the weight of the regularization term. FE’ is
a dilation of the ground truth edge map obtained by convolving E with a 5 x 5 standard
Gaussian kernel, which is equivalent to blurring the edges, and causes values near edges to
be considered as well.

In summary, the pyramid structure loss is the sum of pixel-wise absolute differences be-
tween image gradients, where extra weight is added around edges through a regularization
term, and is concerned with faithfully reconstructing structural information.

2.7.3 Perceptual loss

So far, presented losses have been concerned with reconstructing an image as similar as pos-
sible to the ground truth. However, inpainting is not deterministic, but instead pluralistic.
Even though there exist multiple solutions, they should be coherent and consistent with
the surrounding context. Section 2.4 presents a first approach to defining these concepts,
in which an image is considered plausible if it is drawn from the same data distribution
than the training samples. Another popular method to measure and enforce plausibility is
the perceptual loss, introduced by Johnson et al. [15].

The perceptual loss uses a pre-trained model, such as VGG-19 [25], to extract high-level
features from the ground truth, y'"¢, and the inpainted result, yPdi®d Tt then compares
them using a L; loss, which penalizes the network if it produces a result with significant
feature differences.

Lperceptual - Z Ll true ¢(Z ( predicted))’ (217>

’LGN

where ¢ is the pre-trained model, ¥ is the activation map of its i-th layer, and N, of size
n, is the set of layers to compare.

The intuition behind this loss can be summarized as follows: given that the input is
only partially covered, the completed result should mostly contain the same features as
the original image. Therefore, if they are significantly different, the reconstructed region
is likely not coherent with the rest of the image, and thus, the model should be penalized.
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2.7.4 Adversarial loss

Section 2.4 explains why using a generator and discriminator can greatly improve per-
formance in inpainting, and gives the theoretical approach to optimizing the system via
Equations 2.9 and 2.10. However, under this setup, it is often hard to converge to the
optimal solution, which is why, in practice, the hinge loss is incorporated to stabilize the
training. Equation 2.10 then becomes

Lp =+ inea [max{0,1 = Dijx(x)} + max {0, 1+ Dy ;1(G(2))}]

Lg = %Zi,j,keA D; ;1 (G(2)),

where G is the generator and z is a random n-dimensional data point sampled from a
known distribution. D is the discriminator of SN-PatchGAN and returns a h x w x ¢ 3-D
map. A, of size n, is the set of all possible locations in this A X w X ¢ output map, and
D; k() is the score at location (i, 7, k) resulting from applying D on input x, where a
high score corresponds to a high likelihood of the input being sampled from the training
examples. The whole system can be optimized by minimizing Lp with respect to 0p, the
parameters of D, and maximizing Lg with respect to 0, the parameters of G.

(2.18)

Another common practice to further stabilize the training of D is to use the feature
matching loss [31]. Proposed by Wang et al. , this loss enforces consistency of discriminator
features. More precisely, it computes the L; difference between D’s intermediate activation
layers when given the ground truth of an input image, =, and its reconstructed counterpart

G(2).

N i i
Lpy = T;Ll(D()(ZE),D()(G(Z))), (2.19)

where D@ is the activation map of the i-th layer of the discriminator, and T is the total
number of layers. L), is minimized with respect to 6g, the parameters of G.

The objective of this loss is to stabilize the training by pushing discriminator features
of real and fake inputs close to each other in the latent space. Indeed, as explained in
Section 2.4, GG is only optimized every k epochs to reduce computational cost and avoid
overfitting. Consequently, the discriminator rapidly gains superiority over the generator
in the earlier iterations. If GG is not able to catch up, the system will likely not converge
to the optimal solution. The feature matching loss helps G to improve faster by giving it
insights as to what features the discriminator is looking for in an input to categorize it as
real, which stabilizes the whole system.
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2.8 Evaluation Metrics

As described in the introduction, evaluation of inpainting results is hard because there
exists more than one solution, and the quality of each is relative to the task considered.
The next sections will summarize a few common ways to evaluate inpainting results.

2.8.1 I,

As described in Section 2.7.1, L; measures the resemblance of the completed result to the
original image. The equation to compute this metric is given by Equation 2.14. L; is an
appropriate score for problems like image reconstruction, where the model should faithfully
reproduce pixels in the corrupted regions. However, it is not useful for pluralistic models,
or object removal, since the completed area is expected to be different than what it was
originally.

2.8.2 Peak signal-to-noise-ratio

The peak signal-to-noise-ratio (PSNR) is a metric based on the Ly loss (2.15), and is
used in computer vision to assess the similarity between two images. In essence, it is a
ratio between the maximum possible intensity of a signal, M AX;, and the noise affecting
the exactness of its representation, quantified using Ls. The peak signal-to-noise-ratio is
expressed as follows:

(2.20)

. MAX
PSNR(ytrue, ypredlcted) =920 1Og10 ( 1 ) ,

\/Lz(ytrue’ ypredicted)

true predicted
Y

where '™ and are respectively the original image and the inpainted result. The
log of the ratio is taken to normalize the results given that many signals have very different
ranges, and therefore, maximum intensities.

This ratio can also be seen as the number of times the completed image is better than
the worst possible case, normalized by taking the log. For example, for pixels in the range
[0,255], the furthest away two images can be from each other is if one is black (all 0’s) and
the other is white (all 255’s). In this case, the Lo difference will be 255% = 65,025, the
average squared difference between two pixels, and MAX;, 255, divided by the square root
of 65,025, will return 1, meaning that the reconstructed image is not better than the worst
output.
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2.8.3 Structural similarity index

Ly and PSNR are strictly numerical comparisons and do not take into account factors
perceived by the human eye, which is what the structural similarity index (SSIM), proposed
by Wang et al. [32], aims to do. Indeed, the human perception is largely influenced by
three main factors: luminance, contrast, and structure. Therefore, if the completed image
shows an abrupt difference in any of these three areas with the original image, it is likely
to be noticeable. The SSIM takes as input two images, x and y, and returns a score
that reflects how different they are in terms of luminance, contrast, and structure. Each
factor is calculated individually, and combined into a final SSIM score, where a high value
symbolizes a great similarity.

Luminance in an image is characterized by the average magnitude of pixel values.
Indeed, a dark image will have more pixels with value close to 0, whereas for a bright
image this value will be 255. Luminance is computed as follows:

2pigpy + 1

Iz, y) = : 2.21
() = S (221)

where 11, and p1,, are the average pixel values in x and y, respectively. ¢; is a small constant
to stabilize the division when the denominator is close to zero. It can be shown that the
maximum value for the luminance is 1, and is reached only if p, = p,,, meaning that the
two images are of equal brightness or darkness.

Contrast in an image is measured with the standard deviation of pixel values. A large
spread around the mean indicates that different regions in the image have very different
intensities, creating contrast. The equation for this factor is given by:

20,0, + Co

_— 2.22
02+ 02+ ¢y’ ( )

c(z,y) =

where o, and o, are the standard deviations of pixel values in z and y, respectively. c;
is a small constant to stabilize the division when the denominator is close to zero. It can
be shown that the maximum value for the contrast is 1, and is reached only if o, = oy,
meaning that the two images contain pixels equally spread around the mean.

Unlike luminance and contrast, structure uses the covariance to compare each pixel
individually, as opposed to comparing aggregate statistics. More precisely, the covariance
computes the difference in pixel intensity with respect to the image mean at a given location
for both x and y, and multiplies them together. This operation is repeated for every location
in the images, and combined into the structure score, s(z,y), to evaluate if the intensity
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variation is similar within each pair. This is particularly great to assess if two images have
matching structural patterns, since change of intensity usually happens around the edges.
The equation for structure is expressed as follows:

Ozy + C3
)
00y + C3

s(x,y) = (2.23)

where o, is the covariance of pixel values between images x and y. For computing o,,, two
pixels are considered to be a pair if they are at the same location, in different images. c3
is a small constant to stabilize the division when the denominator is close to zero. Again,
it can be shown that the maximum value is 1, and is reached only if z = y, meaning that
the two images contain pixels dispersed identically around their respective mean at every
location.

Finally, SSIM is obtained by combining Equations 2.21, 2.22, and 2.23 as follows:
SSIM(Z‘, y) = l(x,y) ’ C(l’,y) ’ S(xay)

2ttty + 1) 200y + ) (2.24)
(2 + 2+ cr)(02 + 0%+ ¢5)°

where SSIM(x,y) is a value between -1 and 1, with 1 being the highest score and meaning
that the two images are identical.

In summary, SSIM is a great metric for comparing two images similarly to how human
perception does it.

2.8.4 Fréchet inception distance

The Fréchet inception distance (FID), developed by Heusel et al. [11], is a perceptual
score employed to assess the quality of generated content, specifically designed to evaluate
GANs. More precisely, the FID compares the distribution of training examples used to
train the network, pqata, against the distribution of generated samples, p., in the following
manner:

d*((m, C), (M, Cy)) = Lo(m,my) 4+ Tr(C 4 C,, — 2(CC,)Y?), (2.25)

where m,, and C',, are the mean and covariance of the generated distribution, while m and
C are the mean and covariance of the original training examples distribution. Tr refers to
the mathematical trace.
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Both distributions are usually approximated with the pre-trained Inception v3 network
[20], selecting the last pooling layer’s activations as the observation features. Because this
layer returns 2,048 features, each image is represented by a 2,048-dimensional vector, and
consequently, m,, and m, the feature means, are 2048 x 1 vectors, while C', and C, the
feature covariances, are 2048 x 2048 matrices.

The 2,048 activation features returned by the Inception network are assumed to follow
a multi-variate Gaussian distribution, and are used to empirically estimate the first two
moments of the generated samples, m,, and C\,, and training examples, m and C'. There-
fore, Equation 2.25 evaluates how close the means and variances of the two distributions
are to each other. Consequently, a high score means that pg.i, and p, are dissimilar, based
on the distance between their two first moments.

In summary, the FID compares the means and variances to quantify how resemblant two
distributions are. One of its main advantages over other methods is its ability to efficiently
detect disturbances, while also being robust to noise and image distortions. Furthermore,
the Inception v3 model is known to produce features important to human perception, which
aligns the FID with human judgment.

2.9 Deep image prior

In 2020, Ulyanov et al. [28] showed that for image generation, training on a large number
of examples is not necessary to properly learn realistic image priors and low-level image
semantics; in most cases, the structure of the generator network, alone, is sufficient to
achieve this. The rationale behind their work is that a network can be trained to reproduce
the valid parts of a corrupted image, and doing so, it will likely learn sufficient low-level
semantics specific to that image to also be able to complete the corrupted regions. More
concretely, starting from a random input, and using the corrupted version of the image as
ground truth, this task is formulated as an energy minimization problem as follows:

0" = arg(gnin E(fo(2); x0), (2.26)

where 6 is the set of model parameters, xz( is the corrupted version of the image, z is the
a randomly-initialized 3D tensor of the same spatial dimensions as xy, f represents the
network, and FE is the energy function to minimize, which is specific to each application.

This idea of leveraging the network structure to learn image priors can be applied
to a wide range of image restoration tasks such as denoising, super-resolution, and even
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inpainting. When applied to inpainting, the energy function to minimize becomes
E(z;x0) = La(x © (1 —=m), 20 © (1 —m)), (2.27)

where @ is the Hadamard’s product, z = fy(z), and m is a binary mask, where 0’s and 1’s
respectively denote valid and masked pixels.

Minimizing Equation 2.27 pushes the model to learn how to exactly reproduce the pixels
of the valid context. Therefore, the network, instead of being an algorithm capable of
generalizing to many different images, is reduced to a function with millions of parameters
representing a portion of a given image. When the masked region is relatively small, the
expectation is that this function can be extended to the missing area, which is a reasonable
hypothesis, given that the content of this missing region will likely be consistent with the
rest of the image in terms of colors, structure and texture. This technique, however,
presents a few limitations. First, generating an output is extremely slow, given that the
model needs to be trained from scratch every time. This makes it a non-practical approach,
in the sense that it is impossible to use it in a photo editing software where users are
expecting an almost real-time experience. Second, the masked region needs to be relatively
small in comparison to the rest of the image for the network to capture its content. Third,
the model does not learn to be creative, and can only complete an image with the patterns
contained in it, which limits the usage of this approach.
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Chapter 3
Test-Time Training for Inpainting

In this chapter, we will describe our approach. Given a convolutional neural network
trained on a large dataset for the task of inpainting, we propose to finetune it on the test
image, which is the user-provided image that contains holes to be filled.

3.1 Motivation

Our motivation is as follows. The goal of inpainting is to fill in missing pixels with plausible
content. To this end, one can usually train a CNN on a large dataset of images. Then,
given an unseen image with holes, the network will ideally have learned how to complete
these missing regions from prior examples it has seen during training. Thereby, it is
advantageous to use a training dataset that contains examples similar in content to the
image a user provides. Indeed, when one needs to inpaint an image featuring faces, the
CelebA faces dataset [20] is typically used for training. Similarly, for completing indoor or
outdoor scenes, the Places2 dataset [38] is a very popular choice for training.

Given an image to fill, a possible approach is to find a similar one, for example by
Web search as in the work of Hays et al. [9], and transfer appropriate content from that
similar image to the user image. This technique, however, requires searching over a huge
image collection, and furthermore, finding suitable portions to transfer to the new image
is difficult. We observe that the user input itself typically already has a lot of content that
could seamlessly fit inside the holes. Indeed, to a certain degree, the user input to complete
is often its own most similar image, provided that the missing regions are not extremely
large.
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(a) Masked Image (b) Inpainted Image

Figure 3.1: Example of a corrupted image where missing content can be inferred from
valid context.

Let’s consider the example above in Figure 3.1. This hole could probably be filled in
a reasonable way by finding a picture on the Web of waves on a grayish sky background.
However, finding such an image could be computationally expensive, and there is no cer-
tainty that colors will match perfectly. Therefore, the network will have to learn where to
find the missing information, and how to adapt it. On the other hand, looking at the valid
context of the input image, it is easy to see that the missing content can be completely
borrowed from the valid context. In addition to removing the difficulty of finding a similar
example, it also reduces the complexity of the task, since colors are already consistent with
the rest of the image. As mentioned above, this is optimal when the masked area is not
too large, and also when the image structure contains a few repetitive patterns.

Thus, we propose a test-time training approach for image inpainting. Given a CNN
trained for this task on a large dataset, and a user image, we construct a small set of
examples from the user image, and finetune the given CNN with it for a few iterations.
We do not finetune for too long, because we want to avoid excessively suppressing what
the network has learned initially when trained on a large collection of images. Yet, by
training on a small number of images directly related to the user input, the hope is that
the network will learn to fill holes specific to the user image better.

3.2 Test-time training

Also referred to as online learning, test-time training is primarily used for domain adap-
tation. Let’s consider the fixed set of examples on which a CNN is trained. This set of
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examples forms an image distribution, and just like all other distributions, it has a do-
main. Domains in the image space, however, are extremely various and particularly hard
to bound. Thereby, it is very likely that images at inference time might not pertain to
exactly the same domain as training images, which can greatly degrade performance. A
possible solution is to have a dataset for each very specific domain; however, data collec-
tion requires considerable efforts, and the same CNN would need to be trained on each
single dataset, which would take an enormous amount of time. Instead, the user input at
inference time often carries valuable implicit information about its domain. Normally, this
is thrown away, hoping that the knowledge gained during training, alone, will be sufficient
for the task at hand. Test-time training, on the other hand, exploits that information to
adapt the CNN and the underlying domain of the data distribution on which it has been
trained.

Taking advantage of implicit clues found in the input at inference time can take different
forms. For example, let’s consider the problem of monocular video depth estimation, which
is the task of determining the depth of each pixel, for each frame of a video, based on 2-
dimensional images. Depth is usually straightforward to infer when there are two or more
views with different angles of the same objects, and when the camera’s location in space is
known. When all these conditions are met, depth can be retrieved in a rather simple way
using geometric constraints. The difficulty in monocular depth estimation therefore lies in
the absence of a second view. Because of the complexity of the task, CNNs are commonly
used to address it. However, they only leverage the information presented at training
time, discarding all additional clues the test-time input could contain. When considering
videos, it is reasonable to assume that two frames close in time will likely display the same
objects, while having different angles, but still with a similar camera pose. Leveraging
this, and with the help of test-time training, one can formulate a loss from geometric
constraints to quantify the exactness of the network’s output at inference time, and use
this to calibrate the parameters for the video at hand [21]. Other than monocular video
depth estimation, online learning can be applied to a wide variety of problems, such as
unknown object tracking in videos [16, 23], face identification [1], face detection [13, 30],
super-resolution [24], and inpainting. More generally, applications for which additional
and useful information can be extracted from the test-time input in an automatic manner
are particularly well-suited for online learning.

Traditionally, in inpainting, a region of the image gets masked, and the network tries
to fill it, guided by the knowledge it has gained from its training on a large number of
examples. However, even at test time, the valid context of the input image can be rich
in information, and relying solely on previous examples, the network might not be able
to take full advantage of it. Indeed, finding correspondences between different parts of an
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image is important for completing missing regions, and these relations can vary a lot from
one sample to the other. Inspired from work by others [21, 16, 23, 13, 27, 4, 36, 2, 3, 24],
we encourage the network to exploit the valid context of the test-time image by adding an
intermediate step between training and inference, during which the model further refines
its learning by looking at the known areas of the input. Therefore, our contribution can
be seen as a finetuning framework and an adaptation of online learning for inpainting.

3.2.1 Pre-trained model

Learning with a single example is not sufficient to comprehend the complexity of structures
and textures in images. Consequently, to apply test-time training, the first step is to train
an inpainting network as usual on a large set of examples. The exact details of how the
model is pre-trained for our experiments will be given later in Section 3.3. This backbone
network is crucial and should be able to generate plausible content where necessary, since
the valid regions of the test input might not be sufficient alone to complete the corrupted
areas in the case of complex structures.

3.2.2 Finetuning masks

A traditional inpainting network receives as input an image that contains two distinct
areas, that is, the valid and user masked areas. In the case of our framework, we also need
to define a third region. Indeed, the user masked region does not have a ground truth, and
thus, cannot be used to compute the loss and optimize the parameters. Instead, a subset of
the valid area is hidden with the help of an additional mask, and used for training at test
time. Throughout this thesis, we will refer to the mask provided by the user as user mask,
and the masks that we use to generate a finetuning dataset for inpainting as finetuning
masks.

Since pixels that are hidden by the user mask do not convey any useful information,
they should ideally be excluded from the input at test-time training. With square masks,
this can be easily achieved by taking square regions around the user hidden area, and
upscaling them to the original dimensions. Depending on the size of the user mask and
the dimensions of the square regions sampled, this will return many “new” images that
can be used for test-time training. However, most practical cases involve free-form masks,
for which this strategy does not work.

In the case of free-form masks, isolating an undamaged region that can be upscaled to
the original size is not trivial. Indeed, the mask can have any shape and span the image
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in any way. Because of this, finding regions with enough consecutive valid pixels is not

trivial.

(a) User Mask (b) Finetuning Mask
(c) Chiseled Finetuning Mask (d) Blended Finetuning Mask

Figure 3.2: (a) Mask provided by the user. (b) Randomly sampled mask. (c¢) Randomly
sampled mask with its areas overlapping test-time mask removed. (d) Result of (c) super-
imposed to test-time mask. The thin border of valid pixels between the yellow and gray
areas is due to a binary dilation applied on the user mask.

For our experiments, we chose to randomly sample new masks as described in Section
2.3.2, until they meet certain criteria. More precisely, let’s define U, the area covered by
the user mask provided at test time, and F’, the area covered by the finetuning mask
randomly generated. Then, F” is chiseled in a way to remove all overlaps with U, which
produces F. Formally, F' = F'\ U. Figure 3.2(c) shows an example. Furthermore, we
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apply a binary dilation on U, resulting in U’, to slightly expand the area covered by the
user mask on all sides. Consequently,

F=F\U. (3.1)

This adds a thin border of valid pixels between F' and U, which is important because
immediate valid pixels are usually the most informative to fill masked regions. The result
of this operation is shown in Figure 3.2(d). Finally, in our experiments, a sampled mask
is retained only if the area percentage of the image it covers, after removing overlaps with
U’, is between « and 3, two hyper-parameters.

Using the strategy described above, we are able to generate a finetuning mask that
hides a subset of the valid context, without overlapping with the user mask. Nonetheless,
pixels hidden by the user mask are still part of the input, which is not desirable because
they do not have a ground truth. Consequently, they cannot be used to guide parameters
optimization, and more importantly, they corrupt the image, affecting the model’s ability
to learn a proper representation and extract true features. To handle this, we fill user
masked areas with placeholder values, and guide the model not to consider these regions
through the loss function. More details will be given later in Sections 3.2.3 and 4.4.

3.2.3 Loss function and optimization

Another important consideration is the loss function. Normally, in inpainting, one con-
structs losses for the foreground and background separately, and then combines them into
a final result using a weighted addition. For our framework, we use F' as the foreground
(see Equation 3.1), and define the background as image pixels that are outside the user
and finetuning masks, that is

B=(FUU). (3.2)

In Figure 3.2(d), F' and B correspond to the blue and yellow regions, respectively. There-
fore, the region delimited by the user mask, U, is completely disjoint from both F and
B. This is intended, since we do not have a ground truth for pixels inside the user mask,
and thus we cannot optimize the model parameters based on these output values. Conse-
quently, even when applying the loss function on the foreground and the background, the
network does not learn to fill U.

For our experiments, we use the L1, structural, perceptual, and adversarial loss func-
tions as defined in see Section 2.7, and apply each of them separately on the foreground (F')
and background (B) regions. This is straightforward to achieve for the first two functions,
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since they consider each pixel individually; the last two, however, treat the image as a
whole.

To apply the perceptual loss on F' only, we replace pixels in F° with their original input
values before computing the loss. We call the result of replacing pixels in F° with their
original input value the completed output. Assuming the finetuning mask is binary, where
the values 0 and 1 respectively designate pixels in F'* and F', this can be expressed as

completed output = finetuning mask x output + (1 — finetuning mask) x input. (3.3)

Consequently, the loss considers F' exclusively, since only values within the region F' of the
completed output are a function of the model’s parameters; all others are constants whose
derivative is equal to 0, thus not impacting training. Following this logic, applying the
perceptual loss on B should be done by replacing pixels in F'U U with their original input
values. Again, assuming the user mask is binary, where the values 0 and 1 respectively des-
ignate pixels in U¢ and U, this can be expressed as (1 — (finetuning mask + user mask)) x
output + (finetuning mask + user mask) x input. However, we found out that looking
exclusively at the background produced unstable results for this loss. Instead, we only
replace pixels in U when applying the perceptual loss on B, which stabilizes training. We
refer to this as the raw output, and it can be defined as follows:

raw output = (1 - user mask) x output + user mask x input. (3.4)

Since we employ free-form masks in our experiments, we use a patchGAN discriminator
as defined in Section 2.4.1 to compute the adversarial loss. Consequently, the inputs for
this loss, the fake and real images, are divided into patches. For the real image, the
background-foreground distinction does not apply. Moreover, it contains an area masked
by the user. Therefore, we compute the adversarial loss on the real image by downscaling
the user mask with average pooling to the dimensions of the discriminator’s output, and
only selecting patches where more than 50% of the pixels are in U¢. On the other hand, for
the fake image, we can apply the background-foreground distinction. For the foreground,
we apply the discriminator on the completed output (see Equation 3.3), and similarly to
what is done for the real image, we downscale the finetuning mask with average pooling
to the dimensions of the discriminator’s output, and only select patches where more than
50% of the pixels are in F'. For the background, we apply the discriminator on the raw
output (see Equation 3.4), and select patches having more than 50% of their values in U*.

Finally, network parameters that should be finetuned need to be chosen carefully to
avoid forgetting prior training and overfitting to the known regions of the test image. We
experiment with different sets of parameters by freezing earlier layers of the model. Indeed,
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these layers are given an input that is still close to the original input image, and thus, they
focus on low-level features and granular details like colors, texture, and structure. These
characteristics can usually be handled similarly for all images of the same distribution.
On the other hand, later layers generally deal with a significantly modified input, called
the latent representation, which is better for analyzing and extracting high-level features.
These features are more specific to each image, hence why it is advantageous to finetune
parameters contained in later layers rather than those contained in earlier layers.

3.3 Model architecture and pretraining

To conduct our experiments, we use a simple, yet effective, three-scale attention network
paired with a patchGAN discriminator (see Section 2.4.1), inspired from [33]. The encoder
consists of 3 convolutions to downsize the input by 4, followed by 8 residual blocks, while
the decoder is built with 3 contextual attention layers, each followed by a convolution-
deconvolution duo to restore the original image dimensions. The discriminator comprises
5 convolutional layers, and returns a 32 x 32 x 1 output map when given an RGB image of
size 256 x 256 x 3 as input. The total number of parameters is 17,849,825. The input of the
generator is the concatenation, along the channel axis, of the image, edge map, mask, and
image gradients. Pixel values in the image are scaled to the range [-1, 1] for standardization.
The edge map is obtained with Canny edge detection, while image gradients are computed
with sobel filters. The network outputs the reconstructed RGB image. See Figure 2.7 for
all the details.

The model is pretrained on 100,000 256 x256 images of Places2 [38] (1000 images per
category, for the first 100 categories) for 20 epochs on a single RTX 2080 Ti GPU, for a total
runtime of 11 hours. Masks are randomly generated and of free-form shape. L1, structural,
perceptual, and adversarial losses are all applied on the background and foreground of the
final output with a respective weight of 1, 1, 0.1, and 0.4. The hyper-parameters of
the structural loss, a and [, are respectively 0.1 and 20. A constant learning rate of
1 x 1079 is used throughout all 20 epochs. The choice of hyper-parameters is based on the
implementation in [33].

We decided to use this model because it has a relatively small number of parameters
and simple architecture, while being easy to train and returning close to state-of-the-art
results. Moreover, during test-time training, the main objective is to establish relationships
between different parts of the image that can be reused to complete the user input. With
three attention layers, the model selected is the ideal candidate for this type of learning.
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Figure 3.3: Overview of our model architecture, inspired from [33]. The input is formed
by the concatenation of the masked image, masked edge map, mask, and masked gradient
fields. There are 6 image gradients in total, 1 per axis (vertical and horizontal) per channel.
They are downscaled in the above figure because of space constraints, but they are in reality
of the same size as the image. The output is the completed image, on which loss functions
are applied.
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Chapter 4

Experimental Results

In this chapter, we present the results of our finetuning framework for different experiment
setups. At the end, we also show a few visual outputs to demonstrate the improvements
that can be achieved with this technique.

To evaluate the results of our framework, we use the L1, PSNR, SSIM and FID evalu-
ation metrics, described in Section 2.8, that we compute every 5 steps for efficiency. For
consistency, we randomly simulate user masks at the beginning, one for each image, and
reuse them for every experiment. On average, these masks hide 28.86% of the image. For
the sections that follow, we define a finetuning step as the processing of one batch of 4 im-
ages. By “processing”, we refer to the task of computing the loss function on the network’s
output, and then updating parameters through gradient descent. Since our framework
finetunes on the input given at test time, the image is always the same for all steps; how-
ever, they each have their own finetuning mask, and can have different augmentations (see
Section 4.3).

4.1 Baseline

For our experiments, we use the Places2 dataset [38], which is a large collection of 10 million
scene photographs, representing different types of environments that can be encountered in
the real world. Each photograph is labelled with one of 365 scene semantic categories, which
can in turn be classified as either indoor, outdoor natural, or outdoor man-made. Unless
stated otherwise, we run the experiments of the next sections on 116 randomly selected
images from Places2 to allow efficient testing of many different settings. Depending on the

47



experiment, test-time training takes around 100 seconds per image on a single RTX 2080
Ti GPU.

As mentioned earlier in Section 3.3, the backbone model utilized is a network pre-trained
for 20 epochs on 256 x 256 x 3 images, whose input is the concatenation of the image, edge
map, mask, and image gradients. With it, we build our baseline in the following way.
The user masked areas are filled with random pixels. The learning rate is initially set to
1x 1075, and divided by 2 every 50 steps. Proceeding as described in Section 3.2.2, different
free-form finetuning masks are generated for all images, even those within the same batch.
We retain a sampled finetuning mask only if the area that it hides, after removing overlaps
with the user mask, is between 15% («) and 25% (3) of the total surface of the image.
Following our description in Section 3.2.3, we apply the L1, structural, perceptual, and
adversarial losses only on the foreground. Finally, test-time training is performed for 150
steps.

For all the experiments that will be presented below, we start from the baseline and
make small adjustments to test different assumptions and finetune specific parameters. At
the end, we present a few combinations that regroup modifications from our experiments
that returned the best improvements.

4.2 Finetuning mask generation strategies

Throughout prior experimentation, it has been found that inpainting networks, in general,
are very sensitive to the shapes and sizes of masks. In this section, we test different
finetuning mask generation strategies, and present the results below in Figure 4.2.

4.2.1 Augmented finetuning masks

The objective of test-time training is to adapt the model to the image it will later have
to complete. Here, we further orient its learning by also giving it explicit clues about
the shape of the user masked area. To do so, we enforce shape consistency between user
and finetuning masks by taking the former, which is always the same for all steps, and
augmenting it with random flips, translations and rotations to produce finetuning masks.
For an illustration of these augmentations, see Figure 4.6. Even though the resulting
finetuning mask is positioned differently than the user mask, and its shape might slightly
differ because of the chiseling operation, it remains a good approximation of the user
masked area’s shape. This not only allows the network to learn how it should use the
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available valid context, but it also allows it to learn how to deal with this specific user
mask shape.

The results presented in Figure 4.2 show that creating finetuning masks by augment-
ing the user mask, instead of randomly generating them, does not produce a significant
improvement. A possible explanation for this is that random rotations and the chiseling
operation excessively alter the user mask, which does not let the model recognize the shape
and learn from it.

4.2.2 Full-image finetuning masks

-

s &

Figure 4.1: Full-image finetuning masks for a single batch of 4 images. Together, yellow
regions cover the entire valid context area of the image. The thin border of valid pixels
between the yellow and gray areas is due to a binary dilation applied on the user mask.
The generated finetuning masks (yellow) are not perfectly square shaped. This is because
the backbone model was pre-trained with free-form masks, so we tried mimicking a similar
shape to avoid destabilizing the network by introducing new square shapes.



Ideally, our framework should gain a uniform understanding of the valid context during
the finetuning phase. However, because finetuning masks are randomly generated, the
same regions might or might not get hidden for many consecutive steps, which unbalances
the whole learning process by making the model overfit to one specific region, and then
shifting its attention to a different part of the image. To stabilize test-time training, and
also to make sure the network focuses on all available parts of the image, we use full-image
finetuning masks. In essence, we separate the image into 16 square parts of equal area, and
randomly hide 4 of them in each image of the same batch, such that the union of masks in
one batch covers the entire image. This way, the model is obligated to consider all pixel
values at every step, thus preventing overfit to one region and balancing the focus of the
network uniformly across all areas.

In Figure 4.2, we can see that this experiment produced poor results, below the baseline.
As stated previously, inpainting networks are very sensitive to the shapes and sizes of
corrupted areas. Using disjoint almost-square shaped finetuning masks that span the entire
image might be too different from the free-form masks that the model was accustomed to
see when pre-trained; therefore, its prior knowledge might not have been as useful as it
could have been.

4.2.3 Larger finetuning masks

The foreground loss, as defined in Section 3.2.3, only considers the values inside the fine-
tuning mask. For our baseline, we exclusively use this loss, which means that all the
parameters of the network are optimized based solely on the subset of values indicated by
the finetuning mask. An obvious downside of smaller finetuning masks is therefore that
only a small portion of the image dictates how all parameters should be optimized at each
step, which causes the gradient to vary a lot from iteration to iteration. In other words, if
the network is only given a small portion of the image, then it is easy to learn specifically
how to complete this area given that it doesn’t have too many values to predict, but this
might not be appropriate for the next portion. Indeed, small patches can be very different
from each other, even within the same image, and, therefore, the network constantly gets
adapted, and never converges to a global understanding of the image.

Instead, larger masks can help stabilize the gradient, and allow the model to better un-
derstand the global context of the image at each iteration. Because we are using relatively
small finetuning masks for our baseline (covering between 15% and 25% of the surface of
the image), this experiment tests larger finetuning masks by setting the hyper-parameters
a and f3, defined in Section 3.2.2, to 23% and 30%, respectively. As a result of this change,
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L1 and PSNR slightly decreased below baseline, while SSIM stayed roughly the same, and
FID improved (see Figure 4.2). The latter is expected, as perceptual scores like FID are
greatly affected by the coherence of the image at a global level, and small finetuning masks
do not allow the model to focus on large regions. A possible explanation for the drop in L1
and PSNR could be that since the network looks at more pixels at each iteration, it might
not be able to focus its learning on specific regions, and consequently, it fills the holes with
average values, producing less precise results.
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Figure 4.2: Evaluation of different types of finetuning masks. On the x-axis is the fine-
tuning step, while on the y-axis is the improvement over the original scores, in percentage.
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4.3 Random augmentations

CNNs need to be trained on a large number of examples to learn adequately. Nonetheless,
collecting and labelling data requires considerable manual effort, which is why it is a very
common bottleneck in deep learning, and one of the main reasons why neural networks took
so long to break through. Random augmentations are a direct solution to this problem.
They consist in small modifications to an image, such that the result still looks realistic and
could have been produced in practice under different viewing conditions, such as a varying
camera angle, zoom, or luminosity. This is very useful because it allows to artificially
create new examples that can be added to the dataset without any additional effort.

Random augmentations are well-suited for test-time training in inpainting, because
they help compensating the lack of data, and here the network is limited to a single image,
the user input. Indeed, we want the network to focus solely on the image it will have to
complete. Therefore, complementing the user input with other images should be avoided,
unless they are clearly related, since it would make the task of learning specific parameters
adapted for the image at hand harder. Instead, we randomly augment the user input. This
way, the network does not overfit to the valid context region because it is given a different
version of the same input at each step, and it learns only with relevant information since the
input is still similar to the original user image. In the next sections, we individually apply
each random augmentation and present how they affect our framework. More precisely,
we present the effects of random augmentations altering the appearance, and the effects of
random augmentations changing the positions of pixels. In all of the following experiments,
we apply the transformations to images whose pixel values have been scaled to the range [0,
1]. After augmenting them, we rescale them to the range [-1, 1] as is done for pretraining.

4.3.1 Random augmentations altering appearance
Random crop

Random crop consists in creating a “zooming” effect to a specific region of the input.
More precisely, it is achieved by randomly selecting a smaller square portion of the original
image, and upscaling it with an interpolation method to the original image dimensions.
For this experiment, we apply random crop 60% of the time, and use a square window size
of 128 x 128 along with nearest neighbor interpolation. We apply the same crop to the
user and finetuning masks, and retain the augmentation only if the surface of the cropped
area covered by the finetuning mask alone is greater than 10%, and the total surface of
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the cropped area covered by both the finetuning and user masks is less than 65%. If these
conditions are not met, we resample a new crop region.

Random brightness

Random brightness is the operation of darkening or brightening the image. It works by
scaling all pixel values by a factor close to 1, and then clipping them to the range [0, 1].
Therefore, if the factor is greater than 1, all values get closer to 1, which brightens the
image. Similarly, if the factor is less than 1, all values get closer to 0, which darkens the
image. For this experiment, we utilized random brightness 50% of the time, and randomly
sampled a factor between 0.7 and 1.3.

(a) Original Image (b) Random crop (c) Random brightness

(d) Random Gaussian blur (e) Random Gaussian noise

Figure 4.3: Example of random augmentations affecting the appearance of the image.
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Random Gaussian blur

As its name suggests, random Gaussian blur blurs the image by averaging the pixel value
at each location in the image with the values of neighbor pixels. This is implemented by
convolving a 2-D Gaussian kernel with the original image. The size of the kernel determines
how many pixels in the neighborhood of the location are considered, while o, the standard
deviation, controls the weight distribution, where increasing o increases the weight given
to neighbors and decreases the weight of the current pixel value. For this experiment,
we apply random Gaussian blur 50% of the time, where the kernel size and o are both
randomly sampled in the intervals [5, 8], and [3, 6], respectively.

Random Gaussian noise

Random Gaussian noise adds random values sampled from a Gaussian distribution to
each location in the image, which produces random and spontaneous variations of colors
and brightness at the pixel level. The parameters p and o of the Gaussian distribution
from which random values are sampled controls the intensity of these variations. For this
experiment, we used a mean (u) of 0, and a standard deviation (o) of 0.2.

Results

Figure 4.4 shows the results of individually applying random crop, random brightness,
random Gaussian blur, and random Gaussian noise to the input image during test-time
training. L1, PSNR, SSIM improved by a small amount, except for random Gaussian noise.
For random Gaussian blur, each resulting pixel contains, to a certain degree, information
about its neighbors, which can help the network to efficiently make use of the valid context.
Because of the upscaling, the output of random crop also contains blur, which, in a similar
way to random Gaussian blur, can explain the small improvement. For random brightness,
the proportions between pixel values are preserved, except for values going below 0 or above
1; therefore, it creates more examples, without requiring substantial adaptation from the
network, since it only needs to learn one additional parameter, the scaling factor. Finally,
the sudden shifts in pixel intensities that random Gaussian noise creates could explain why
L1 and SSIM underperformed in comparison to the baseline.

FID consistently did worse than the baseline. Indeed, FID tries to quantify how plau-
sible an image is to human eyes. However, these random augmentations all transform the
image in a way that looks less natural, thus negatively impacting FID. This is true even
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for random crop, since the interpolation produces blur, which is similar to the effect of
random Gaussian blur, but in a less pronounced way.

4.50% 1.4%
3.00% 1.0%
0.8%

2.25%
0.6%

0,
1.50% 0.4%
0.75% 0.2%
0.00% 0.0%

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
(a) L1 (b) PSNR
8.0% 0.7%
0,
6.0% 0.6%
0.5%
4.0% 0.4%
2.0% 0.3%
0.2%
0,
0.0% 0.1%
-2.0% 0.0%
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
(c) FID (d) SSIM
[l Bascline P Random blur

B Random noise [ Random brightness
] Random crop

Figure 4.4: Evaluation of random augmentations affecting image appearance. On the
x-axis is the finetuning step, while on the y-axis is the improvement over the original scores,
in percentage.
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4.3.2 Random augmentations changing the locations of pixels

(a) Original Image (b) Left-right flip (c) Random translation

(d) Random rotation (e) Random shear

Figure 4.5: Example of random augmentations changing the position of pixels in the
image.

Unlike the random augmentations presented above, random augmentations repositioning
pixels in the image do not modify pixel values in any way; they rather change their locations
in the image. These augmentations can be implemented with affine transformations. Affine
transformations are a very common technique in computer vision, defined as geometric
transformations that preserve parallelism and ratios of distances. In other words, even after
applying an affine transformation, parallel lines will remain parallel, and points pertaining
to the same line segment will stay at the same relative distances from each other. Affine
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transformations for 2-D images are characterized by a 3 x 3 matrix of the form

O e
o o o
=% 0

Consequently, there are 6 parameters that can be adjusted to produce different transfor-
mations. Once the parameters are set, the homogeneous 3-D location of each pixel in the
image, [x Y 1}T, is left-multiplied by this matrix, which returns a new location. Then,
pixel values are simply copied to their new locations, producing a general shifting effect,
while preserving the visual content.

Left-right flip

A left-right flip produces a mirror effect by inverting pixels across the vertical axis in the
center of the image. It can be done by applying an affine transformation whose transfor-
mation matrix is

For this experiment, we use a left-right flip 50% of the time.

Random translation

A random translation translates the image along the x and y axes. Its associated affine

matrix 1s
1 0 v,

0 1 vyf,
00 1

where v, and v, are respectively the distance of the shift in x and y. This transformation
brings some of the translated pixels outside of the image bounds, thus leaving borders of
empty values on two sides of the image. We fill those pixels with their original values,
which produces the effect of two replicas of the same image stacked on top of each other,
with one slightly shifted. For this experiment, random translation is applied 100% of the
time, with the shifts in z and y both randomly sampled in the interval [-12, 12], including
0.
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Random rotation

A random rotation rotates the image around its center origin (middle point) using the

affine matrix
cosf) —sinf 0

sinf cosf Of,
0 0 1

where 6 is the angle in radians. We apply two sets of random rotations. In the first
experiment, we apply random rotation 100% of the time, and randomly select a rotation
angle (in degrees) from the set {0, 90, 180, 270}, which means there is a 25% chance that
the image will stay the same if the angle 0 is chosen. For the second experiment, we apply
random rotation 50% of the time, and randomly select a rotation angle (in degrees) from
the set {30, 60, 90, ..., 270, 300, 330}.

Random shear

A random shear works by adding a multiple of the location of y, sh,, to the location of
x, and a multiple of the location of x, sh,, to the location of y. It is represented by the
following affine matrix:

1 sh, O
shy 1 0
0 0 1

For this experiment, we apply random shear 55% of the time.

One side effect of affine transformations is that they can map certain pixels to a location
that is outside of the image frame, thus leaving “empty” pixels inside the frame. For
random translation, we handle this by setting these empty pixels back to their original
value. For random rotation and random shear, we tested two different approaches. First,
we simply filled empty pixels with a value of 0, which is neutral, but at the same time
confusing for the network since pixels inside the finetuning mask also have a value of 0.
Thus the second approach was to fill empty pixels with random values, such that the
network could easily distinguish them from the ones indicated by the finetuning mask.
However, filling with 0’s outperformed random values, so the results presented below are
for the experiments where empty pixels are filled with 0’s.
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Figure 4.6: Evaluation of random augmentations changing the location of pixels in the
image. On the x-axis is the finetuning step, while on the y-axis is the improvement over
the original scores, in percentage.

Results

Figure 4.6 presents the results of applying each of these transformations individually to the
input at test time. The most noticeable effect is the deterioration of the FID. As explained
previously, FID quantifies the plausibility of an image, and small artificial changes like
random augmentations can only diminish it, since they usually produce images that are
less likely to have been produced in practice. Nonetheless, left-right flip produces plausible
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results, and yet, its FID score is much lower than the baseline. A possible explanation
for this would be the increase of the sample variance that results from artificially creating
new examples. Indeed, sample variance is defined as S? = Z(ﬁ"fffm, which means that
training on additional images that are different will increase the numerator, but because
the evaluation is still performed on the same number of examples, n stays the same. When
looking at Equation 2.25, we can see that the FID score gets worse as C', the covariance
matrix of features in the set of images on which it is computed, increases, and since C' is

directly related to the sample variance, it can explain why the FID score decreases.

For other metrics, the 90 degrees random rotation experiment is the one that performs
the least well, even worse than 30 degrees random rotations. This was somehow expected
as we are using natural images, for which ordering of colors is similar from one sample to
the other. For example, there is often blue at the top to denote the sky, while green and
brown, for the grass and ground, are commonly at the bottom. Random rotations reverse
this ordering, which can hinder the network’s ability to understand the global context of
the image based on its prior training. On the other hand, random translation shows the
best improvements, which could mean that it properly balances fidelity and novelty: the
transformed image remains similar enough to the original one for the model’s pretraining
to be relevant, while being different enough to be considered as another example. Finally,
for other experiments, results are very close to the baseline.

4.4 Filling user masked areas

It is important that our framework does not rely on the user masked area when learning to
complete finetuning masked regions. Indeed, there is no ground truth for the user masked
area, and it does not contain any additional information, which means that considering this
region at test time can only worsen the result. This can be partially achieved by defining
a loss function that explicitly excludes pixels outside the finetuning mask as described in
Section 3.2.3. However, this is not sufficient as the model contains many attention layers
that are aimed at considering distant information, and also because of the downsampling
happening in the encoder, which blends pixel information and makes it harder for the
network to distinguish user masked values from the valid values. Therefore, it is necessary
to teach the model to recognize user masked pixels and to not use them, which can be
done by adding explicit clues to the user input. For our baseline, we fill the user masked
area with new pixels that are randomly generated for each sample, which is fast and easy.
Consequently, the network learns that it should disregard these values, as using them in
any way does not produce consistent and plausible results. Nonetheless, a downfall of
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adding random pixels to an image, even just in a bounded region, is that it creates noise
at the global level and is detrimental for the perceptual scores. Below, we explore different
ways to fill user masked areas, with the intention to provide explicit clues to the network
without affecting evaluation scores.

(b) User mask

o

(d) Blck pixels (e) Ranom image (f) Coarse pproximation

Figure 4.7: Different techniques to fill the user masked area.

Black pixels

The first alternative we test consists in filling the user masked area with black pixels, which
is a naive and simple procedure. Unlike random values, it is neutral and does not add too
much noise to the image. However, because these values stay the same for each sample,
filling with black pixels does not provide good indications to the model. Instead, because
these values do not vary and are not marked by the given finetuning mask, the network
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is likely to mistake the user masked region for a real one, and think that such a sudden
cluster of black pixels is normal and expected in this image. Moreover, black pixels are
also used to fill the finetuning masked area during test-time training, which could confuse
the network even further.

Random image

As a second alternative, we fill the user masked area with a random image from the same
data distribution. This technique possesses the advantages of filling with black pixels and
random pixels, while still being efficient to apply. On one hand, it does not add excessive
noise since the content is real, and on the other hand, it is different for each sample, which
tells the network that it cannot trust this information to be reliable as it often changes
and is likely not compatible with the rest of the image. Nonetheless, this incompatibility
might alter the ability of the network to understand the global context of the image, as
there are two completely different scenes in the same frame.

Coarse approximation

Lastly, we also fill the user masked area with a coarse approximation, which is obtained
by applying the pretrained network on the user input, and carving out the region of the
output that corresponds to the user masked area. Assuming the user mask is binary,
where the values 0 and 1 respectively designate valid and hidden pixels, this operation
can be defined as mask x output + (1 — mask) x input. The coarse approximation is
computed with the current state of the network. Therefore, at step 0, the raw pretrained
network is used, and at step 20, the pretrained network finetuned for 20 steps is used.
This way, the network can learn incrementally by using the knowledge it has gained during
the last steps to gradually produce a more accurate approximation of the user masked
area. Nonetheless, computing a coarse result by running the model in inference mode is
computationally expensive. Moreover, it creates a loop of errors, in which the model is
more likely to reproduce the same mistakes as opposed to learning from them. Indeed,
there is a high chance that the coarse approximation will contain undesirable artefacts,
and since the model is not explicitly told that this is incorrect, it might treat it as valid
context, which adds bias to the output.
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Figure 4.8: Evaluation of different types of filling for the user masked area. On the x-axis
is the finetuning step, while on the y-axis is the improvement over the original scores, in
percentage.

Results

The results of applying these different types of filling for the user masked area are shown
in Figure 4.2. FID shows the biggest improvement when compared to the baseline. This is
expected as the baseline completes the user input with random values, which, even if only
applied to a targeted region in the image, adds noise at the global level causing perceptual
scores like FID to decrease. Among the three types of filling tested above, random image
performs the best for FID, which, again, is not a surprise, given that completing the
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input with a random image divides it into two parts that are real, and while they might
not fit together in terms of colors and texture, they are both plausible when considered
individually.

On the other hand, SSIM gets worse for all experiments, especially for black pixels.
Indeed, luminance, contrast, and structure of the filling used for the user masked area
can vary drastically from the rest of the image, and despite all our efforts to prevent the
network from considering this region during test-time training, it is still likely influenced
by what is used to fill the user masked area. In the case of random pixels, used for the
baseline, there is a very wide range of pixel intensities, which diminishes this effect of
variation between the valid context and filling. However, since the user mask covers less
than one third of the image in our experiments, the carved out portion of a random image
or a coarse approximation probably have a very steady luminance, contrast and structure,
all of which can be different than those of the valid context of the image, thus exacerbating
the variation between the valid context and filling. This is particularly true for black pixels,
which explains why it performs the worst.

The L1 score, which increases when color resemblance between the completed region and
its ground truth increases, greatly improves for random image and coarse approximation.
In fact, the two perform similarly well, which is unexpected. Indeed, as mentioned above,
it is reasonable to assume that the filling used to complete the user input affects the
network when completing the image. Coarse approximation produces similar colors that
can be borrowed by the network, which explains why its L1 score is above the baseline.
However, a randomly selected image can be completely different, and consequently might
not offer any similar colors to borrow; yet, random image still performs as well as coarse
approximation. One hypothesis to explain this would be that we ran this experiment on
a very small dataset of 116 samples, and for many of them, we might have inadvertently
sampled an image from the same natural scene category, thus increasing the chances of
finding similar colors in the filling. On the other hand, with black pixels, the model is
limited to borrowing black patches, which explains why it did not perform significantly
better than the baseline. Finally, for similar reasons than for L1, PSNR slightly improved.

4.5 Training parameters

In this section, we evaluate our framework when slightly adjusting what it learns and
how fast it does it. More precisely, we present the effect of increasing and decreasing the
learning rate, turning off the discriminator, freezing earlier layers, and using a background
loss.
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4.5.1 Learning rate

For all the experiments so far, we set the initial learning rate to the same value as when
pretraining the network, which is 1 x 107%. Here, we test different initial values for this
hyper-parameter, while keeping the division by 2 at every 50 steps. First, we increase it to
2% 107° to see if learning can be achieved more quickly. Then, we decrease it to 1 x 1077 to
see if training becomes more stable when optimizing the gradient in very small increments.

The results are presented in Figure 4.9. Decreasing the learning rate has the expected
effect, where the improvement curve is smooth and stable, but the final result is below the
baseline. On the other hand, increasing the learning rate makes the model learn faster in
the first 20 steps, but then, except for the FID, it becomes almost monotonically decreasing,
which implies that overshooting might be occurring. Even for the FID, we notice abrupt
spikes in the curve until the halving at epoch 50. We also tried a learning rate of 3 x 1076,
but this only exacerbated the effects already seen. This possibly means that there is not
sufficient additional information to learn, or in other words, that the state of the network
is already close to a minimum, either local or global. Even though increasing the learning
rate did not work well for this experiment, it might work better when applied jointly with
random augmentations, given that they add new examples to learn from. This will be
tested in Section 4.6.

4.5.2 Generator only

Our network is divided into two parts: the generator and discriminator. The task of the
discriminator, which is to determine whether a given image is real or not, is not an easy
one. When trained on a large dataset of examples, the discriminator needs to understand
well the semantics of images it is presented at a high and low level in order to make that
decision. However, if only given one example, the task becomes much simpler, and the
discriminator might learn that looking at only a few values is sufficient to tell if an image
is fake or not. For our framework, we primarily want the network to learn how to produce
content that can better complete the image at hand, which is the task of the generator.
However, since there is only one image, the discriminator might learn very quickly how to
make a choice with certainty, which could prevent the generator from learning adequately
because of the unbalance between the progression of the two components. Therefore, for
this experiment, we turn off the discriminator, and only finetune the generator. In other
words, at test time, we only optimize the subset of parameters pertaining to the generator.

The results are presented in Figure 4.9. Finetuning only the generator produces re-
sults that are almost identical to the baseline, implying that the discriminator does not
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necessarily learn more quickly than the generator as anticipated.

4.5.3 Freezing earlier layers

In Section 3.2.3, we mentioned that the last layers are usually more concerned with higher-
level semantics specific to each image, whereas earlier layers get an input that is still close
to the original image, and consequently they focus on low-level features like colors, texture
and structure. These low-level features should usually be handled similarly for all images
pertaining to the same distribution. Therefore, in the context of finetuning for a specific
image, it is more worthwhile to train later layers than earlier ones. We test this assumption
here, by only optimizing the parameters of the generator contained in the layers subsequent
to the residual blocks, composed of the three attention layers, the two deconvolutional
layers, and the last four convolution layers (see Figure 3.3). For the discriminator, we only
optimize the parameters of the last three convolutional layers. This decreases the number
of parameters to optimize from 17,849,825 to 7,574,817, thus considerably increasing the
speed of test-time training.

Results presented in Figure 4.9 demonstrate a similarity between freezing earlier layers
and decreasing the learning rate in that they both produce a much stabler training, but
achieve results that are below the baseline. Therefore, the lack of flexibility resulting
from freezing almost two thirds of the parameters seems to indicate that it does not let
the network reach its full learning potential, and thus, that even adapting the model’s
interpretation of low-level features can be beneficial in the context of test-time training for
inpainting.

4.5.4 Background Loss

Earlier, we described how losses in inpainting are usually applied separately on the fore-
ground and background regions. Here, following the process described in Section 3.2.3,
we apply the L1, structural, perceptual, and adversarial losses on both the foreground
and background regions, as opposed to only the foreground like is done for all previous
experiments.

Aside from the FID, the results in Figure 4.9 show a significant decrease when compared
to the baseline. A possible explanation for this is that the network now needs to focus on
the background as well, but is still given the same amount of time to learn. Therefore,
the attention of the network is distributed among more regions, thus making the output
globally more consistent, which is demonstrated by the increase of the FID in the first 50
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steps. Nonetheless, the network cannot as freely refine the regions inside the finetuning
mask, on which L1, PSNR, and SSIM are computed, because of the additional constraints
on the background, and consequently it performs below the baseline for these scores.
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Figure 4.9: Evaluating the results when changing what and how fast the network learns
during test-time training. On the x-axis is the finetuning step, while on the y-axis is the
improvement over the original scores, in percentage.
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4.6 Combinations

In the previous section, we individually applied different settings to our framework and
showed how they affected the evaluation scores. In this section, we combine these settings
together, and see if their interaction can produce better results. More specifically, we divide
this process into three sets. In the first one, we simultaneously apply all random augmen-
tations, and experiment with removing the learning rate adjustment and freezing earlier
layers. In the second set, we mainly test different combinations of random augmentations.
The third set is built upon the best combination of random augmentations found in the
second one, but uses more aggressive learning rates. For all these experiments, we fill the
user masked area with a random image as it performed the best in comparison to other
types of filling (see Section 4.4), and apply each random augmentation as is done in Section
4.3. Finally, we select the optimal settings that will be used to run the full evaluation, and
evaluate how relevant learning on prior examples is for our framework.

4.6.1 First set
Combination A

Here, we apply many random augmentations together to see if our framework can learn
better when the set of examples it is trained on is more varied. Therefore, we randomly
augment the input with a 60% probability, in which case we apply fixed Gaussian blur (with
a kernel size of 5 and o = 2) 30% of the time, random crop 40% of the time, left-right or
up-down flips 50% of the time, and random shear or random rotation with equal likelihood
40% of the time. Moreover, when one of the two flips, either left-right or up-down, is
applied, then the other is also applied with a 40% chance. We never apply random shear
and random rotation at the same time to avoid creating an example that is too different
from the original input.

Combination B

For this combination, we test the effect of a constant learning rate when applying random
augmentations to the input. The rationale is that more examples generate additional
cases to learn, which means that overshooting is less likely to occur, and it should be
safer to use the same initial learning rate without reducing it even in the later steps.
Therefore, we apply exactly the same random augmentations with the same probabilities
as for combination A, and remove the division by 2 of the learning rate at every 50 steps.

68



Combination C

For combination C, we start with the same settings used for combination B, and freeze
earlier layers like is done in Section 4.5.3, with the exception that we also freeze the third
convolutional layer of the discriminator, and only freeze the first four residual blocks of
the generator, as opposed to all eight, making the number of parameters go down from
17,849,825 to 11,775,009. With this, we hope to see if random augmentations can make
our framework perform above the baseline, even when only optimizing the later layers of
the network.
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Figure 4.10: Evaluation of the first set of combinations. On the x-axis is the finetuning
step, while on the y-axis is the improvement over the original scores, in percentage.
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Results

The results for this first set of combinations are presented in Figure 4.10. All combinations
of the first set outperform the baseline, with the exception of combination C that achieves
slightly inferior results for SSIM. This means that providing our framework with more
examples has the desired effect of making it learn more. As expected, combination B
performs slightly above combination A, which means that additional learning can be made
in later steps, and increasing the learning rate even at the beginning might be beneficial.
Finally, combination C produces a slightly less smooth curve than Experiment 4.5.3, which
is expected as fewer parameters are frozen. Moreover, even with a substantial decrease in
the number of parameters, it still performs similarly to combinations A and B, which
confirms that most of the learning tailored to a specific image happens in later layers.
Finally, unlike for Experiment 4.5.3, combination C produces results above the baseline,
thus suggesting that the network takes advantage of random augmentations.

4.6.2 Second set
Combination D

For this combination, we increase the number of steps from 150 to 300, and only adjust
the learning rate at step 150 by halving it. We also randomly augment the input with a
65% chance, in which case we apply random brightness 50% of the time, random Gaussian
blur 40% of the time, random crop 40% of the time, left-right flip 50% of the time, and
random shear 40% of the time. The objective of this experiment is to see if, when paired
with random augmentations, our framework can continue learning for longer. Moreover, we
only apply augmentations that keep the image in an upright position. Indeed, in Section
4.3.2, we found out that the network is very sensitive to rotations of the image, given that
natural scenes often offer the same ordering of colors from top to bottom, and therefore,
we try to mitigate this effect.

Combination E

For combination E, we keep the same settings as for combination D, but apply the random
augmentations like is done for combination A. The goal is to validate that augmentations
changing the orientation of the image, such as random rotation and up-down flip, indeed
affect the ability of the network to understand a natural scene. This validation is done by
comparing combination E to combination D, which doesn’t include such augmentations.
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This experiment also allows us to see if combination B can produce better results when
trained for longer.

Combination F

We again keep the same settings as for combination D, but include random translation in
the following way. If random crop is not applied (60% chance), then random translation
is applied instead with a probability of 80%. This adds one more possible augmentation,
and allows us to see how random translation interacts with all the other transformations.
We do not apply random crop and random translation simultaneously, since the former
already only retains 25% of the information, and with random translation, this percentage
would drop even further.

Combination G

So far, our process has been to generate a finetuning mask, and to augment it with the
same random augmentations as those applied to the image, except for random brightness,
random Gaussian noise, and random Gaussian blur. This increases the diversity of finetun-
ing masks, and also allows them to follow the transformation of the image, such that they
do not end up covering empty pixels (see Section 4.3.2). However, we found out that the
resulting finetuning masks have shapes that are not always well recognized by the network,
and also that, in the case of random crop or random shear, they are sometimes too small.
As mentioned in Section 4.2, inpainting networks are very sensitive to the shapes and sizes
of masks. Therefore, for this experiment, we use the same settings as for combination F,
but we do not augment the finetuning mask, which allows us to evaluate the impact on
the results of augmenting the mask in the same manner as the image.

Since the finetuning mask no longer follows the transformation of the image, we need to
include an additional constraint to decide if a sampled mask is retained or not (the current
process is described in Section 3.2.2). Indeed, for random augmentations that create empty
pixels, like random shear, it is undesirable to have the finetuning mask cover these pixels.
Therefore, we carve out the portions of the finetuning mask that overlap with empty pixels,
and make sure that it still covers at least 10% of the image after this operation; if it does
not, then we sample a new one.
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Figure 4.11: Evaluation of the second set of combinations. On the x-axis is the finetuning
step, while on the y-axis is the improvement over the original scores, in percentage.

Results

The results for the combinations of the second set, presented in Figure 4.11, are all very
similar, and well above the baseline. Other than for the FID, combination E outperforms
combination D, but it is not significant enough to confirm our hypothesis that augmen-
tations changing the image orientation have a negative impact on the result. Results for
combination F are all slightly below those of combination D, which suggests that random
translation is not beneficial when applied in combination with the other augmentations
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used. As for combination G, it performs relatively well, but again, the results are not
significant enough to support our assumption that augmenting the mask makes it less
recognizable by the network and is detrimental for the results.

Finally, even though the increase is less substantial than during the first 150 steps, the
last 150 steps still show improvements, which means that the network is not done learning
at step 150. Nonetheless, it doubles computation time, which is why, in the next set, we
increase the learning rate to see if this additional learning can be achieved faster.

4.6.3 Third set

Combination H

Here, we use the same settings as for combination G, but do not apply random translation.
We make this change because combinations D and F demonstrated that adding random
translation to the set of augmentations applied on the input produces a decrease in the
results. Therefore, the goal is to evaluate the impact on the results of augmenting the
mask, when random translation is not used.

Combination 1
For combination I, we use the same settings as for combination H, but increase the initial

learning rate to 2 x 1075, We also reduce the number of steps to 150, and do not use any
learning rate adjustment. The objective is to see if learning can be achieved faster.

Combination J

Combination J is exactly the same as combination I, but it uses a higher initial learning rate
of 3 x 1075 to see how fast can our framework learn before we start noticing overshooting.

Results

Results in Figure 4.12 confirm that learning can be achieved faster, but at the cost of more
spikes in the evolution of scores over time, suggesting that overshooting starts to happen.
While combinations I and J produce very similar results, the former finishes slightly higher
(see Table 4.1), and contains smaller spikes for the FID metric. Finally, combination H
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is slightly above combination G, but it is not significant enough to confirm that random
translation has a negative impact. Nonetheless, since the gap between H and G is slightly
smaller than the gap between F and D, it could mean that not augmenting the finetuning
mask makes the network more robust to additional random augmentations, because there
is less diversity in the finetuning masks, and thus the network can focus more on adapting
to the image.
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Figure 4.12: Evaluation of the third set of combinations. On the x-axis is the finetuning
step, while on the y-axis is the improvement over the original scores, in percentage.
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4.6.4 Optimal settings

Now that we have evaluated each setting individually, and also their interaction when
combined, we are ready to select the settings that will be used to run our final evaluation
in Section 4.7. We base our decision on the evaluation metrics, i.e., L1, PSNR, SSIM, and
FID, but also on computation time. This is represented in Table 4.1, where better results
are at the top, and where purple highlighting indicates experiments that are run for 300
steps, while others are only run for 150 steps. Among the combinations trained for 300
steps, there is not a clear winner, since H, D, and E perform the best depending on the
metric. Moreover, training for 300 steps is computationally expensive. On the other hand,
among the experiments trained for 150 steps, it is easy to see that the best performing
combination is I. Indeed, its difference with the first contender for L1 is negligible, it
performs the best for PSNR, and is in second place for FID, with the first place being
occupied by an experiment run for 300 steps. As for SSIM, the results are all very close,
and except for combinations A and C, these differences are not significant. Therefore, since
combination I is only trained for 150 steps and outperforms or is close to outperforming
all of the other combinations, even those trained for 300 steps, we select its settings to run
the full evaluation. In the next sections, we will refer to the settings of combination I as
the optimal settings.

[ PSNR SSIM FID |
H (421%) 1 (119%) D (0.58%) E (6.17%)
I (420%) J (1.17%) 'E (0.57%) H (5.90%)
G (411%) D (1.10%) G (0.56%) 1 (5.90%)
J (4.02%) |F (1.04%) H (0.56%) J (5.83%)
D (391%) H (1.04%) E (0.55%) G (5.74%)
F (3.76%) E (1.01%) 1 (055%) B (5.54%)
E (3.62%) G (1.01%) J (0.54%) ['F(5:39%)
B (3.40%) B (0.94%) B (0.53%) |D (5.30%)
A (310%) A (0.86%) A (0.50%) A (4.81%)
C (280%) C (0.74%) C (0.48%) C (4.07%)

Table 4.1: Evaluation metrics of all the tested combinations, with the ones achieving the
best results at the top. Experiments highlighted in purple are run for 300 steps, while the
others with no color are run for 150 steps.
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4.6.5 Zero-shot learning

Before running the full evaluation, there is one more assumption that needs to be tested.
So far, we have assumed that prior knowledge gained from looking at other images could be
helpful when completing a new, unseen image. Consequently, we first pretrained a model
on a large set of known examples before using it as a starter point for our framework
when completing user masked inputs. In this section, inspired from [241], we apply our
framework without relying on a pretrained network. This technique is commonly referred
to as “zero-shot learning”. In our case, the objective is to evaluate how relevant is learning
from other examples prior to completing user inputs. In other words, given that our
framework is designed to handle a single image, we are wondering if the valid context of
the input at hand alone is sufficient to adequately complete the image. If it were the case,
our framework could be generalized to a lot more images. Indeed, one constraint of our
approach is that in order to obtain optimal results, the user input should be pulled from
the same distribution as the examples of the dataset on which the network was pretrained.
As mentioned before, gathering data is a long and hard task, which means that the type of
user inputs is limited to the image distributions available. It would also remove the need of
pretraining a network on each of these distributions, which requires a tremendous amount
of time.

To conduct this experiment, we use the optimal settings described in Section 4.6.4,
except for the learning rate, which we increase to 5 x 107%. We first use the same network
architecture, and apply our framework by randomly initializing its parameters as opposed
to restoring them to the state of the pretrained model. Then, we also evaluate zero-shot
learning by using a significantly smaller network architecture. The rationale is that the
more examples there are, the more parameters are needed to appropriately model all cases
that are seen. However, here we only need to learn how to fill one image, which greatly
simplifies the modelling task as there are far fewer cases to adapt to. We therefore only use
a small subset of the original architecture by removing 6 of the residual learning blocks,
and only downscaling the images to 128 x 128 as opposed to 64 x 64, which requires one
fewer downsampling and upsampling layer. Consequently, the total number of parameters
for this second part of the experiment decreases from 17,849,825 to 2,022,192.
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Figure 4.13: Evaluation of zero-shot learning. On the x-axis is the finetuning step. The
solid lines depict the improvement over the original score, in percentage, and are linked
to the left y-axis. The dashed lines represent the average value of the score, and are
associated with the right y-axis. The average is taken over all 116 images processed for

this experiment. For L1 and FID, lower scores are better, whereas it is the opposite for
PSNR and SSIM.

The results of this experiment are shown in Figure 4.13. We observe that the improve-
ment over the original scores is very high, and much above the improvement obtained with
the optimal settings using a pretrained network. This is expected as the original score is
based on a purely random completion of the image as the network is no longer pretrained,
which gives more room for improvement. In other words, when initialized, the network is
nowhere close to a minimum, which makes the optimization task easy at the beginning,
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and thus produces larger improvements. However, when looking at the dashed lines, we
can see that the evaluation scores are much worse for the zero-shot experiments than for
optimal settings using a pretrained network, which means that even though the improve-
ment is considerable, it is still not able to reach the accuracy of the pretrained network.
To handle this, we could always use a more aggressive learning rate, or finetune for more
steps, but Figure 4.13 shows that the derivative of the slopes at step 150 is close to 0,
meaning that it will probably soon reach a plateau, and thus that there is likely not much
additional learning that can be done. Another important observation is the proximity of
the curves for the two zero-shot experiments, which suggests that zero-shot learning with
a smaller architecture does not perform much worse than using the full size architecture.
Therefore, this supports our assumption that the network does not need as many parame-
ters when only adapting to a single image. Finally, visual results show that the completed
user masked region is almost exclusively random pixels, which concurs with the results and
allows us to conclude that prior knowledge is relevant, and that the valid context of the
user input, alone, is not sufficient to adequately complete the missing regions.

4.7 Full evaluation

So far, to efficiently test many different settings, we have only applied our framework to a
small set of 116 samples. In this section, we apply our framework to a much larger dataset
of 10,000 images randomly selected from Places2 validation dataset. The objective is to
confirm that the results obtained heretofore are reproducible at a larger scale, and also
that our framework generalizes well to other natural scene categories. To execute this full
evaluation, we use the optimal settings defined in Section 4.6.4.

4.7.1 Results

The results of this full evaluation are presented in Figure 4.14. One noticeable effect of
applying our framework on 10,000 images is that it creates a much stabler improvement
over time, demonstrated by the smoothness of the learning curves. This is expected, as the
more data points there are, the less impact outliers have, which creates an average that
is more consistent from step to step. Another side effect of this increase in the number
of images evaluated is the substantial improvement of the FID. This is very important
as perceptual scores are widely esteemed for evaluating inpainting networks. The fact
that our framework is able to achieve an improvement of over 15% is not negligible and
shows the potential it has. Moreover, using more samples produces a much more robust
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evaluation of the true value of the FID for our framework. Indeed, as previously explained
in Section 4.3.2, the variance and covariance between all existing image features in the
dataset are directly proportional to the FID. In statistics, it is well known that a smaller
sample is very likely to have more variance than a larger one. Therefore, using a large set
of 10,000 images to evaluate the FID reduces the sample variance and covariance, which
improves the score (the lower the FID is, the better) and gives a better approximation of
the improvement our framework is capable of achieving.
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Figure 4.14: Evaluation of the optimal settings on 10,000 images. On the x-axis is
the finetuning step, while on the y-axis is the improvement over the original scores, in
percentage.
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Even though the full evaluation leads to a much stabler improvement over time, it
produces results that are not as good as the initial experiment on 116 images for L1 and
PSNR. Nonetheless, L1 still performs significantly better than the baseline, while PSNR is
slightly above, which means that the results are satisfactory for these two metrics. In fact,
the original experiment on 116 images produced results above expectation. We explained
in Section 4.4 that it was unexpected for filling the user masked area with a random image
to produce similar results as filling it with a coarse approximation. This is because a patch
extracted from a purely random image can have completely different colors than the valid
context of the input, whereas a coarse approximation will always feature similar colors.
Nonetheless, we attributed this success to the low number of different categories of natural
scenes present in the dataset at test time, which consequently increased the likelihood of
filling user holes with an image from the same category having similar colors. However,
with 10,000 images, this coincidence is a lot less likely to occur, which is why the results for
L1 and PSNR, presented in Figure 4.14, are expected and satisfactory even though they
are not above those of the original experiment.

Finally, SSIM does not vary a lot from the baseline or the original experiment, and
does not seem to be a good indicator of the overall performance of our framework. Given
that the learning curves of all evaluation metrics are almost monotonically increasing, we
can conclude that our framework is stable, and that it can lead to improvements even at
a larger scale.

4.7.2 Individual improvements distribution
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Figure 4.15: Distribution of evaluation scores at step 150 for L1, PSNR, and SSIM. The
x-axis represents the number of samples in each bin of the histogram, whereas the y-axis
represents the final improvement after 150 steps of test-time training. The sudden increases
in the number of samples at both extremities of each histogram represent the outliers that
were clipped to fit in the figure.
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The results presented in Section 4.7.1 are obtained from taking the average score of the
10,000 samples at different steps during finetuning. However, considering just the average
does not give any insight into how each sample performed. In this section, we look at
the distribution of these scores at step 150 for additional clues, such as outliers skewing
the average, or even patterns indicating possible improvements for our framework. This
can only be done for L1, PSNR and SSIM, as FID is a sample score, and thus cannot be
computed for a single data point.

Figure 4.15 shows the distribution of individual scores at step 150 for L1, PSNR and
SSIM. We can observe that, while our framework does not perform well for some images,
it performs well for many other images. In addition, all the distributions are slightly
shifted to the right of 0%, which means that there are more images that get improved
than the contrary. The fact that our framework performs very well in some cases makes
it a great asset to integrate into inpainting software. With it, the user could choose from
the raw and finetuned output. This way, if the latter is worse or does not present any
major improvement, then the user can decide to keep the raw output. Used like this, our
framework could only be beneficial.

4.7.3 Visual results

In this section, we exhibit a few visual results that clearly demonstrate the types of improve-
ment our framework is capable of. These results are obtained using the optimal settings
described in Section 4.6.4, and are achieved on pictures taken from Places2 validation
dataset, which have not been used for pretraining the network.

The visual results are presented in Figure 4.16, where the raw and finetuned outputs
are put side by side. In the first row, the waves show how our framework can bring more
structural consistency and reduce the amount of undesirable artefacts. In the second row,
the side wall of the barn presents less color bleeding from the snow when completed with
our framework. In the third row, the color consistency of the yellow region of the field
is much better in the finetuned result. Moreover, there is also a more natural flow of
colors in the trees area. Finally, the cliff presented in row four demonstrates a better
structural completion of the forest, and also a reduction in artefacts and color bleeding
when completed with our framework. Additional results are also presented in Figures 4.17
and 4.18. We also include in Figure 4.19 a few examples for which our framework did not
produce an improvement.
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(a) Masked image (b) Raw (c) Ours (d) Original image

Figure 4.16: Visual results obtained with optimal settings. All of the images are taken
from Places2 validation dataset. The red bounding boxes indicate important areas of
improvement. “Raw” designates the pretrained network without any finetuning, whereas
“Ours” is for our finetuning framework.
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(a) Masked image (b) Raw (c) Ours (d) Original image

Figure 4.17: More results from our framework on images taken from the validation
dataset of Places2 (1).
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(a) Masked image (b) Raw (c) Ours (d) Original image

Figure 4.18: More results from our framework on images taken from the validation
dataset of Places2 (2).
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(a) Masked image (b) Raw (c) Ours (d) Original image

Figure 4.19: Visual results for which our framework did not produce an improvement.
Images are taken from the validation dataset of Places2.
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Chapter 5

Conclusion and Future Work

Image inpainting is the task of completing missing regions in images. Traditionally, a
CNN is trained on a large dataset of examples for many iterations before it can be used for
inference on new, unseen images. However, each image belongs to a certain domain, and in
the image space, these domains are extremely varied. Therefore, this adds the constraint
that, for optimal results, the image used at inference time should belong to the same data
distribution as the examples of the training dataset. In this thesis, we propose a test-time
learning approach for image inpainting. More precisely, we train a CNN for this task on a
large dataset as usual, but use the user image containing holes to generate a new dataset on
which we further finetune the CNN. With this, we hope to optimize the network such that
it learns to fill holes specific to the user image better, and also to allow a wider range of
image domains at test time to produce optimal results. When evaluated on 10,000 images,
taken from the validation dataset of Places2, with the most optimal settings found, our
method shows positive improvements on both visual results and evaluation metrics. This
is especially true for FID, where an improvement of more than 15% in comparison to the
original score is achieved. Moreover, this framework can easily be added to most existing
networks without any real drawback except for a longer computation time, since the user
can always select which image they prefer between the original one and the finetuned one.

In future work, we first plan on testing different backbone models to confirm that our
framework is compatible and that our results are reproducible. Second, we plan on testing
different architectures on top of the pretrained network. Indeed, in this work, we limited
ourselves to optimizing the parameters of the pretrained network during test-time training.
However, our framework might produce further improvements if we design a structure on
top of the network tailored to this finetuning task, and only optimize the parameters of this
smaller structure. With this, not only would we reduce computation time because there
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would be less parameters to optimize, but we would also have the flexibility of adding our
own layers as opposed to being obligated to reuse the ones of the backbone model. Third,
we found that using random images to fill user holes produced the best results. However,
because the image is randomly selected, it might be completely different than the valid
context of the user input, which might explain why our framework performed poorly in
some cases (figure 4.15). It would therefore be interesting to see if these results improve
when computing image similarities, and filling the user masked area with an image that has
similar colors, texture, and structure to those of the valid context. Fourth, a potentially
interesting idea would be to train a CNN by manually generating new composited images in
which a foreground object is pasted onto a background image, and then used as an object
to remove via inpainting. This would work well because the ground truth is available.
Finally, it would be interesting to exploit EXIF data in user images to find “companion”
images that were captured at roughly the same time and location. These “companion”
images would likely be similar to the user image, and could be used to complement the
dataset during test-time training.
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