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SINTESE EFICIENTE E MULTI-IDIOMA DE IMAGENS A PARTIR DE
TEXTO: EXPLORANDO NOVAS ARQUITETURAS E ESTRATEGIAS
MULTILINGUE

RESUMO

A sintese de texto para imagem é a tarefa de gerar imagens a partir de descricdes textuais.
Dada uma descricao textual, um algoritmo de sintese de imagens a partir de texto pode gerar varias
imagens inéditas que contenham os detalhes descritos no texto. Estes algoritmos s3o atrativos para
varias tarefas do mundo real. Com tais algoritmos, seria possivel utilizar maquinas para criar imagens
totalmente inéditas para geracdo de contelido ou para realizar desenhos assistidos, por exemplo. A
estrutura geral das abordagens para sintese de imagens a partir de texto pode ser dividida em duas
partes principais: i) um codificador de texto e ii) um modelo gerador para imagens, que aprende
uma distribuicao condicional sobre o texto codificado. Atualmente, as abordagens de sintese de
imagens a partir de texto utilizam varias redes neurais para superar os desafios de aprender um
modelo gerador sobre as imagens, aumentando a complexidade geral da abordagem, bem como a
computacdo necessaria para gerar imagens de alta resolucdo. Até o momento, nenhum trabalho
explorou modelos que suportem miltiplos idiomas no contexto da geracao de imagens a partir de
texto, limitando as abordagens atuais a suportarem apenas o inglés. Esta limitacdo apresenta uma
desvantagem significativa, pois restringe o acesso a tecnologia apenas para usuarios familiarizados
com a lingua inglesa, deixando de fora um niimero substancial de pessoas que poderiam se beneficiar.
Nesta tese, realizamos as seguintes contribuicdes para abordar cada uma das lacunas mencionadas
anteriormente. Primeiramente, propomos uma nova abordagem de sintese de imagem a partir de
texto, de ponta a ponta, que utiliza apenas uma rede neural para o modelo gerador de imagens,
reduzindo a complexidade e a computacdo necessaria. Em segundo lugar, propomos uma nova
funcdo de custo, que aprimora o treinamento e produz modelos mais precisos. Por fim, estudamos
como os codificadores de texto afetam o desempenho geral da geracdo de imagens a partir de texto
e propomos uma nova abordagem de mdltiplas linaguagens para ampliar os modelos e suportar

multiplos idiomas simultaneamente.



Palavras-Chave: sintese multi-idiomas de imagens a partir de texto, redes geradoras adversarias,

modelos geradores, redes neurais profundas, aprendizado profundo.



EFFICIENT AND MULTILINGUAL TEXT-TO-IMAGE SYNTHESIS:
EXPLORING NOVEL ARCHITECTURES AND CROSS-LANGUAGE
STRATEGIES

ABSTRACT

Text-to-image synthesis is the task of generating images from text descriptions. Given
a textual description, a text-to-image algorithm can generate multiple novel images that contain
the details described in the text. Text-to-image algorithms are appealing for various real-world
tasks. With such algorithms, machines can draw truly novel images that can be used for content
generation or assisted drawing, for example. The general framework of text-to-image approaches
can be divided into two main parts: i) a text encoder and ii) a generative model for images, which
learns a conditional distribution over encoded text. Currently, text-to-image approaches leverage
multiple neural networks to overcome the challenges of learning a generative model over images,
increasing the overall framework's complexity as well as the required computation for generating
high-resolution images. Additionally, no works so far have explored cross-language models in the
context of text-to-image generation, limiting current approaches to supporting only English. This
limitation has a significant downside as it restricts access to the technology to users familiar with the
English language, leaving out a substantial number of people who could benefit. In this thesis, we
make the following contributions to address each of the aforementioned gaps. First, we propose a
new end-to-end text-to-image approach that relies on a single neural network for the image generator
model, reducing complexity and computation. Second, we propose a new loss function that improves
training and yields more accurate models. Finally, we study how text encoders affect the overall
performance of text-to-image generation and propose a novel cross-language approach to extend

models to support multiple languages simultaneously.

Keywords: cross-language text-to-image synthesis, generative adversarial networks, generative mod-

els, deep neural networks.
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1. INTRODUCTION

Text-to-image synthesis is the task of generating images from text descriptions. Consider
the example in Figure 1.1. In this example, a text-to-image algorithm has generated 100 images for
the following text description: “light tan colored bird with a white head and an orange beak.”. This
visual example is useful for us to observe some important characteristics of text-to-image synthesis:
i) all generated images are novel (i.e. none of the birds really exist); ii) all content present in
generated images present a strong correlation with the text present in the description and iii) it is

possible to generate a finite but huge number of novel images for a single text description.

All of these aspects make text-to-images algorithms appealing for several real world tasks.
If we have such solution, we can use machines to draw truly novel images that can be used for content
generation or for assisted drawing, for example. Although promising, text-to-image generation is
both complex and challenging. Given the subjective characteristics present in text descriptions, there
are an immense set of images that may satisfy what a simple statement describes. Furthermore,
due to its multi-modal nature, i.e. involving text and images, it requires combining techniques from

both computer vision and natural language processing.

The first method that tried to address text-to-image synthesis was proposed by Reed et
al. [55] in 2016. This work extended the first Convolutional GAN [51] architecture to be conditioned
on text descriptions. This method used an Recurrent Neural Network (RNN) [26, 6] to encode
sentences to feature vectors so that this vectors could be used as a conditioning factor to train a
conditional version of a Convolutional GAN. This was the first work that embraced the text-to-image
pipeline in an end-to-end fashion, from characters to pixels. Despite generating low resolution and

low quality images, Reed’s work opened the community to the possibility of creating such models.

Since 2016, the research field of text-to-image synthesis quickly gained momentum and
became one of the most researched topics in academia and industry. The timeline of evolution of
text-to-image research can be divided in two main parts: the methods prior large-scale training (2020
and backwards) and methods post large-scale training (2020 onwards). Before large-scale training,
text-to-image methods were based on a variation of a conditional GAN and a text encoder. After
large-scale training, the paradigm shifted to large VQ-VAEs [47, 54] and Diffusion models [25, 57].

The topic of research of this thesis is based in the prior paradigm of small-scale training.

The general small-scale framework of text-to-image approaches can be divided in two main
components: i) a text encoder and ii) a conditional GAN that learns a conditional distribution over
encoded text. The text encoder is usually implemented using a type of RNN. Since the text encoder
is another learning algorithm, there is not a clear definition of the best metrics or the best way to
encode text so that quality of image synthesis is maximized. This is one of the challenges that is
often overlooked in text-to-image synthesis. Most works pay little attention to the text encoding

and end up reusing text encoder from previous works [78, 81, 49, 73].

The second part, which is a type of conditional GAN, presents its own issues. Since its

first appearance in 2014, GANs [18] quickly received attention due its great capacity of learning
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Figure 1.1 — Images generated for the caption “light tan colored bird with a white head and an
orange beak.” [59].

generative models over complex data, such as images. However, GANs are models highly unstable.
Therefore, a great research effort has been made [58, 1, 20, 42] to make GANs more easily trainable
and less prone to several drawbacks. Still, GANs are models highly sensitive to hyper-parameters,
and successfully training is a difficult task. To this day, there is not a consensus on the best neural

architecture and/or loss function and optimization strategies.

Another important aspect of text-to-image generation research is that it has been language
restrictive, all research has been focusing on experimenting on the same datasets and in the same
language: English. This lack of research involving other languages is problematic because it excludes

a vast portion of global linguistic diversity, potentially reinforcing biases and limiting the accessibility
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of this technology to non-English speakers. Furthermore, this monolingual focus overlooks the
rich cultural nuances and visual symbolism inherent in different languages, which could inform
and enhance the generative models. Expanding the scope to include multilingual datasets would
not only democratize the technology, making it more inclusive, but also improve the robustness
and generalization capabilities of these models. By incorporating a variety of languages and cultural
contexts, these generative systems could be trained to better understand and interpret the intricacies

of human communication, leading to more accurate and diverse visual representations.

The rest of this PhD thesis is structured as follows: Chapter 2 presents the problem
statement as well as the specific aims of this study. Chapter 3 provides an introduction to the
foundational machine learning concepts that are required for text-to-image synthesis. Chapter 4
presents the initial contribution of the thesis, which is a proposed novel and efficient architecture
designed specifically for text-to-image synthesis tasks. A subsequent contribution is explored in
Chapter 5, where a novel loss function is introduced that seeks to improve the training processes
of text-to-image generative models. The third contribution is covered in Chapter 6, discussing the
development of a technique that extends the functionality of text-to-image generative models to
include multilingual support. An in-depth discussion on the contributions made by this research,
as well as an analysis of the results obtained, is shown in Chapter 7. Chapter 8 presents a review
of the literature and related works in the field of text-to-image synthesis. Finally, the conclusion is
presented in Chapter 9, which summarizes the key findings and outlines potential avenues for future

research.
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2. THESIS OBJECTIVES

This Chapter presents the problem this thesis aims to solve as well as its general and

specific objectives.

2.1 Problem Statement

The rapid-growing field of text-to-image synthesis has seen a substantial evolution with
the advent of deep neural networks, enabling the generation of realistic and elaborate visual contents
from text descriptions. However, as reported in a survey from Frolov et al. [16], the field still suffers

with major deficiencies:

= State-of-the-art methods in small-scale text-to-image generation rely on complicated frame-

works that require multiple networks to work.

» Major works make use of the same adversarial loss functions from class-conditioned models in

the text-to-image context.

= No work so far has investigated the impact and the benefits of extending text-to-image gen-

eration to multiple languages.

This thesis proposes developing a streamlined and linguistically versatile text-to-image
model, which integrates a novel neural architecture and an optimized loss function, will effectively
address these challenges. The proposed research aims to make significant strides in each of the

aforementioned areas of contribution.

2.2 General Objectives

This work aims to address each gap by first understanding the current limitations through
a comprehensive review of existing methods and then by systematically addressing each limitation
through the proposed research contributions. The ultimate goal of this research is to present a
unified solution that advances the state-of-the-art in text-to-image synthesis and democratizes its

access through a novel approach to support multiple languages simultaneously.

2.3 Specific Objectives

The specific objectives of this work are:
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1. Designing a new efficient neural architecture for text-to-image synthesis: current models often
rely on complex, multiple networks frameworks that are not suitable for extensibility and fast
inference. This work proposes a new neural architecture that increases the computational
efficiency. The architecture is designed to use a single pair of generator/discriminator that can
be trained directly at target resolution, all while improving the visual quality of the generated

images.

2. Proposing a new loss function to improve training for text-to-image models: the training of
text-to-image models involves training a conditional GAN on text embeddings. The nature of
text embeddings differ dramatically from discrete data — as the usual case of GANs conditioned
on class labels — because they are vector of continuous numbers. In order to adapt this
conditioning to text-to-image generation in a more suitable way, we introduce a novel loss
function tailored to better capture the nuances of visual semantics and textual alignment,
which guides the model to produce images that are both visually appealing and contextually

appropriate to the input text.

3. Developing a new cross-lingual method for text-to-image models: since all major datasets con-
tain captions only in English, all existing text-to-image models are predominantly monolingual.
This setup is negative in two ways: i) it restricts the research of text-to-image comprising dif-
ferent languages, and ii) it restricts the access to text-to-image models to entire communities
that are not familiar to the English language. To address this issue the proposed research
includes the development of a cross-lingual method that enables a single model to understand
and generate images from descriptions in multiple languages simultaneously. This multilingual
ability expands the ise of text-to-image synthesis, allowing for broader applications in different

linguistic contexts.
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3. BACKGROUND

In this section, we lay out the context required to follow the study presented this thesis.

3.1 Generative Models For Images

The goal of a generative model is to infer a model that can map a known distribution p, —
also called the the latent space — to the data distribution p, (training set). The known distribution
is often defined as random distribution, such as N(0,1). The generative model that learns the
mapping z — « is called generator. A generative model seeks to understand and replicate the
distribution of real-world data, p,, by learning an intricate transformation from a simpler, predefined
probability distribution, p,, which is the latent space. This latent space typically takes the form
of a low-dimensional vector space, in which each vector z corresponds to a conceptual point or a
seed that, through the generative process, can be transformed into a complex data instance similar
to those found in the actual data distribution. The transformation is commonly implemented by
a computational construct known as the generator, GG, which represents a function that maps the
latent vectors to data space, i.e., G(z) = a’. Where o’ is the generated data instance that ideally

should resemble a genuine sample from the true distribution p,.

During the training process, the generator adjusts its parameters to create samples that are
increasingly indistinguishable from the real data. To guide this training, many generative models rely
on another component known as the discriminator in adversarial frameworks, such as Generative Ad-
versarial Networks (GANs). The discriminator evaluates the samples produced by the generator and
tries to distinguish between real and generated data. Through an iterative process of competition,

both the generator and discriminator improve, leading to more realistic synthetic samples.

Early generative models, were partially successful in learning the structure of low dimen-
sional and often discrete data, like text. In the case of images, however, they fell short of the goal.
The main reason for that is that images are a high dimensional and diversity-rich data. Images [
are defined as 3D tensors R"*%*3 of pixels, where h and w are the height and width of the image,
respectively. The third dimension is the color channel, which is 3 for RGB images. An image of size
h xw x 3 =224 x 224 x 3, for instance, has 150, 528 pixels. Converting to a vector, this yields
150,528-dimensional vector, a size that was not only too large for most generative models but also

very difficult to learn from, since the the flattening discards all the important spatial information.

Thanks to the advent of an entire machine learning area named Deep Learning that made
heavy use of deep neural networks, handling high-dimensional data became feasible. Image-wise,
we can mention the Convolutional Neural Networks (CNNs) [34] as the one of the most important
developments in the area. CNNs became the start-of-the-art in several computer vision tasks,
such as image classification [33], object detection [72], image segmentation [21] and many others.

More recently, new breakthroughs were achieved by a new type of model called Transformer [63].
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Transformer is a new feed-forward architecture that was designed mainly for text. Recently, it has
shown state-of-the-art performance for images as well [12]. The success of Transformers rely on two

main components: the attention module [63, 66] and large-scale training [63, 4, 50, 53].

In the context of generative models for images, Variational Autoencoders (VAEs) [31] and
Generative Adversarial Networks (GANs) [18] were the pioneering architectures that changed the
landscape of image generation across the machine learning field. Introduced in the early 2010s,
they represented a significant leap forward in the ability of these models to emulate real-world visual
data. VAEs use probabilistic inferences and optimization principles to create high-quality, diverse
images. GANs, on the other hand, leverage a game theory-inspired approach, involving a duel
between two neural networks — a generator and a discriminator. By jointly training these networks,
GANs can generate strikingly realistic images. Their success in image synthesis has been pivotal in
various applications, including art creation, image super-resolution, and domain adaptation. Their
introduction marked a milestone in the evolution of machine learning, enabling the design and

development of more reliable, efficient, and realistic generative models.

High

Generative Quality |\ Denoising
Adversarial " '\ gao1ac : " Diffusion
Nclworks/.- A\ P J " Models

Fast
Sampling

fe .= .

Variational Autoencoders,
Normalizing Flows

Figure 3.1 — Image synthesis trilemma. Figure from NVIDIA blog post [62].

An important breakthrough in image generation happened with the discovery of the impact
of large-scale training. It has brought a whole new perspective to image generation research. Up
to that point, most of the work focused on improving model architecture and training procedures.
The first major work to report outstanding results with large-scale training was Big-GAN [4]. After
that, other works followed, such as the second iteration of VQ-VAE [47], named VQ-VAE-2 [54],
and the whole new class of generative models called Denoising Diffusion Probabilistic Models [25].

Although those approaches presented great results, each method has its own limitations.

All of the generative models available today are restricted by the image generation trillema,
as shown in Figure 3.1, there is not a single model class that can cover the three pillars of image
generation at once: high quality samples, fast sampling and mode coverage. Therefore, when
choosing an approach, one of the pillars must be left out. For example, if image quality and

sampling speed is paramount, then the best choice is GAN [18]. On the other hand, if sampling
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speed and mode coverage are more important, then the obvious choice is a VAE [31] — or some of
its variations. Finally, if sampling quality and mode coverage are most prioritized requirements, the

best choice is a Diffusion model [25].

Besides model architectures and training procedures, a big breakthrough in image genera-
tion — and text-to-image generation as a byproduct — was achieved by scaling up training. Large-scale

models are defined by the following components:

» Large training datasets: current large-scale models are training on datasets in the magnitude
of tens of millions examples. As a comparison, small scale training uses datasets that contain

the order tens of thousand examples.

» Large models: most recent models are huge in respect of number of trainable parameters, it
is common to see models having a few billion trainable parameters, as opposed as the tens of

thousands used in small scale training.

» Large computational requirement: current large-scale models require orders of hundreds high-
end GPUs that contain the sums of 80GB of memory per GPU.

In the context of large-scale training, some important breakthroughs were made. Following
on the success of CLIP [50], OpenAl's DALL-E [53] combined the GPT-3 [5] transformer model with
a VQ-VAE-2[54]. DALL-E’s demonstrated capabilities represent the significant advancements that
large-scale training brings to the field of machine learning and image generation. After DALL-E [53],
improved methods were proposed, such as the DALL-E-2 [52], which replaced the VQ-VAE-2 to a
Denoising Diffusion Model and the Stable Diffusion [57], which shifted the diffusion process from

the pixel space to a latent space, yielding a computationally more efficient model.

3.2 Deep Generative Models

In this section, we show, in-depth, the inner workings of the most popular generative

models.

3.2.1 Generative Adversarial Networks

In recent developments in Deep Learning, Goodfellow et. al. [18] have introduced the
Generative Adversarial Networks (GANs). This method is able to learn generative models over com-
plex data distributions. Generative adversarial nets are composed by two differentiable functions (i.e.
neural networks), namely a generator and a discriminator. The generator and the discriminator
are set to play a two-player minimax game against each other. The discriminator is trained using
usual supervised learning in order to distinguish between two classes (real/fake), while the gener-

ator is trained to fool the discriminator. The analogy usually made is that the generator is like a
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Figure 3.2 — Figure generated for the prompt “A computer scientist beaver working on his machine
learning PhD research. High detailed drawing.” by Dalle-3 [3].

counterfeiter that tries to make fake money, and the discriminator is like the police that wants to
allow only legitimate money and catch fake ones. To win this game, the counterfeiter (generator)
needs to learn how to generate fake money (fake data samples) that are indistinguishable from the
legitimate money (real data samples).

A

z G

G(2)

> D real/fake

Figure 3.3 — Scheme of a regular Generative Adversarial Network.

Formally, the inner workings of a GAN is as follows: from an input noise z sampled from
a prior p,(z), which is a known simple distribution (like a Gaussian or uniform), the generator maps
a sample G/(z) to the data space aiming to learn its own distribution p, over the real data «. The
discriminator D takes an input data  and outputs a scalar, which is the probability that the input
came from the real data x rather than p,. A general GAN architecture is shown in Figure 3.3. D

is then trained to maximize the probability of assigning the correct class label for both the real data



25

ST

. 70 . TN

(a) (b) () (d)

Figure 3.4 — An illustration of a GAN near convergence from Goodfellow et al. [18]. The lower
horizontal line show the domain of z, which in this case is uniform. The line above shows the
domain of the real data @, which is Gaussian. Up arrows represent the generator mapping function
(notice the contraction needed to map a uniform distribution to a Gaussian). Black dotted line
represents the distribution of the real data, the green line represents the distribution learned by the
generator and, finally, the blue dashed line represent the decision boundary of the discriminator.
Specifically: a) a GAN near convergence after a generator's update; b) after the generator’s update,
the discriminator is forced to move its decision boundary in order to discriminate better between
real and fake distributions; c) the generator is updated, then its distribution is moved closer to the
real distribution; d) this process is repeated until the discriminator is no longer able to distinguish
between the distributions.

x and the fake data G(z). G is trained simultaneously to minimize log(1 — D(G(z))), so that the
discriminator is fooled thinking the fake data G(z) came from the real data . The complete loss

function for a classical GAN is given by following value function:

minmax V(D, G) = Eypy, o) l0g(D(@)] + Envpuisy llog(1 — DG(2))]  (31)

which is simply the binary cross entropy for the two classes: real and fake. Specifically,
the discriminator is trained to predict the correct class labels, which is 1 for real samples and 0 for
fake samples. The generator, on the other hand, is trained to minimize the discriminator’s loss but
with the labels flipped: 1 for fake samples and 0 for real samples. As training progresses, if G and
D have enough capacity, training may converge to the point where GG can produce samples that are

indistinguishable from the real data . Figure 3.4 shows a visualization of the GAN learning process.

During training, the generator learns how to map a noise z to the data space generating a
sample that resembles those from the training data. The z space (also known as the latent space),
is a continuous space which allows us to perform arithmetic operations and, surprisingly, the result
of such operations relates to the results in the data space. Figure 3.5, for example, shows a linear
interpolation in latent space for a GAN trained in the MNIST dataset [34].

Although GANs have become the state-of-the-art among generative models, there are some

drawbacks. GANs are models that tend to be difficult to train. Several issues may happen during
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Figure 3.5 — Example of linear interpolation in latent space between the four corners. Figure adapted
from Goodfellow et al. [18].

training that may prevent the model from converging. First, the GAN game is very sensitive, if the
power between the generator and discriminator is not well balanced, one may win easily against the
other, resulting in very poor learning. More importantly, GANs suffer from a phenomenon called
mode collapse. Mode collapse is the scenario where the generator may end up learning just one
mode of the data, because it is more likely to fool the discriminator. Mode collapse is the issue that
prevented GANs from having success in datasets that contain many different concepts (modes) such
as CIFAR10 [32] and ImageNet [11].

Mode collapse and training stability have been the most pursued issues in field of GANs
in the academia. Since the first GAN was proposed, several improvements were made that makes
training more stable and mitigate, at least partially, mode collapse. Following, we mention three

important methods that presented a leap of improvement over theirs predecessors:

Wasserstein GAN

The Wasserstein GAN (or simply WGAN) [1] brought a new methodology for training
GANSs that showed several benefits. First, WGAN introduces a new adversarial loss function that
behaves better than the traditional loss introduced by Goodfellow et al. [18]. The traditional GAN
loss, which is simply the binary cross entropy, may saturate at some points, and consequently,
produce poor gradients for both discriminator and generator. WGAN loss is based on the Earth-
Mover distance (also known as Wasserstein-1), this loss function present better gradients. In fact,
in a WGAN the loss function is better interpreted as game of cooperation rather than competition.
This is why in a WGAN the discriminator is called critic as it is not trained to discriminate. The
WGAN loss is given by:

Lp = E[D(z)] - E[D(G(2))] (3-2)
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Lo =E[D(G(2))] (3.3)

It is important to note that in this case the discriminator output is not a class probability
as in a traditional GAN. In a WGAN the loss is computed over the discriminator logits (raw output).
Also, it is shown that the optimal WGAN discriminator for a fixed generator lives under a Lipschitz
continuity constraint. To enforce a Lipschitz constant constraint in the discriminator, weight clipping
is performed so that its weights fall under a compact space. The authors acknowledge that this is

not a very good solution to enforce a Lipschitz constraint, but it works in practice.

Improved Wasserstein GAN

The Improved Wasserstein GAN (also known as WGAN-GP, where GP stands for gradient
penalty) [20] is a natural improvement to the original WGAN. As the WGAN authors pointed out,
weight clipping is not a very good solution to enforcing a Lipschitz continuity constraint. In a
WGAN-GP, the Lipschitz constraint in the discriminator is achieved by adding a gradient penalty
term in the loss function rather than imposing restrictions directly to weights. The loss function in
WGAN-GP is given by:

Lp =E[D(G(2))] — E[D(x)] + AepE[(|V:D(@)[l, — 1)%] (3.4)
WGAN loss Gradient penalty term
L = ~E[D(G(2)) (3.5)

where the only difference to the WGAN loss is the gradient penalty term. The gradient
penalty enforces a Lipschitz constraint by penalizing the discriminator gradient with respect to an
input . The gradient penalty input 2 is given by a point sampled along straight lines between real

and generated data:

P =er+(1-e)G(2) (3.6)

where € is sampled from a uniform distribution U]0,1]. Finally, Agp control the weight

put on the gradient penalty term during gradient descent.

Progressive Growing of GANs

Issues like non-convergence and mode collapse present in GAN training become even more
evident when training models at high-resolutions. Most previous works [51, 1, 20, 17] were able to
reach resolutions up to 128 x 128 pixels. Recently, a new methodology for GAN training introduced
by Karras et. al. [29] improved on these issues, allowing training of GANs of resolutions up to
1024 x 1024 pixels. The key idea is to progressively grow the generator and discriminator as training

progresses. Training starts at a low resolution as 4 x 4 pixels. As training progresses, new layers are
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added on both discriminator and generator while all previous layers remain trainable. More layers
are added until the target resolution for the model is reached. In a certain way, progressive growing,

resembles layer-wise training of autoencoders [2].
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(a) Fading in a new layer in the generator.  (b) Fading in a new layer in the discriminator.

Figure 3.6 — Growing the progressive GAN networks.

Specifically, in progressive GAN, training alternates between two phases: fade in of new
layers and stabilization of added layers. In order to preserve stability and not shock the networks,
new layers are faded in smoothly. During a transition to a higher resolution, the networks operate at
both the lower and higher resolution at the same time using a skip connection between layers. Fig.
3.6a and Fig. 3.6b show a transition from a 4 x 4 resolution to 8 x 8 resolution for the generator and
discriminator, respectively. The weight « of the skip connection increases linearly until the transition
is complete. After a transition is complete, the skip connection is discarded and the stabilization

phase begins, where the networks are trained for more iterations before new layers could be added.

In the example of Fig. 3.6a, the toRGB layer projects the generator's output to 3 channels
to form the RGB output image and NN Up is a layer that performs upsampling using nearest neighbor
interpolation. In Fig. 3.6b, fromRGB is a layer that projects the RGB input image to the same
number of channels as the next current convolutional layer and Avg pool is downsampling performed
by average pooling. Both toRGB and fromRGB are usually composed by convolutions with filters

of size 1 x 1.

3.2.2 Conditional Generative Adversarial Networks

GANs are, by default, unconditioned generative models. It means that it is not possible
to impose any control over the generated samples. In some cases, however, it may be desirable
to have control over the data generated by the GAN generator (e.g. generate a face with a given
face expression). This can be achieved by restricting some dimensions of the latent space to hold
meaningful information. For a GAN trained in a dataset of faces, for example, some dimension of

latent space could control hair color, while other could control face expression, and so on. In order
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to have this control, we need to learn a disentangled latent representation. Formally, we would like
to provide a conditioning factor y for the generator alongside with the regular noise z and generate
a sample G(z|y) that correlates with the conditioning factor y. Next, we show the three most
well-known approaches to GAN conditioning: Concat Conditioning, Auxiliary Classifier Conditioning

and Projection conditioning.

G » G(z2)

D real/fake

Figure 3.7 — CGAN Architecture.

Concat Conditioning

The Concat Conditioning is the first form of GAN conditioning. It was proposed by
Mirza et al. [41]. Sometimes this approach is referred simply as Conditional GAN or CGAN. In
a CGAN, no additional loss term is required. The only difference to regular GAN training is that
both generator and discriminator are provided side information during training. In Fig. 3.7, it is
shown the CGAN scheme. The generator is fed with a regular random noise z concatenated to a
conditioning factor y and outputs a fake sample. The discriminator is trained to distinguish between
the fake sample concatenated with the conditioning factor y and the real sample concatenated with
the same conditioning factor y. Some variants [55] concatenate the y factor to an intermediate
layer of the discriminator instead of its input. What happens in practice is that the discriminator
has more information to work with and, in order to the generator fool the discriminator, it has not
only to generate a realistic sample, but also generate samples that correlate with the conditioning

factor y.

Auxiliary Classifier

The Auxiliary Classifier GAN (or AC-GAN) [46] approach differs from the CGAN approach
in terms of how the side information provided to the discriminator. In a AC-GAN, the generator is
the same as in CGANs. The discriminator, however, does not receive any side information as input
during training. The conditioning behavior is achieved by the use of an auxiliary classifier. The

scheme of an AC-GAN is shown in Figure 3.8. Specifically, in an AC-GAN the discriminator does
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not only predicts if its input is real/fake but it also predicts the conditioning factor y. Therefore,
the loss term for an AC-GAN is given by the adversarial loss plus the auxiliary classifier loss, which

is given by:

ED = ['real + Efake + EC (37)

Lo =—Lyake + Lo (3.8)

where Lp and and L are the discriminator and the generator loss, respectively. Lo is
the auxiliary classifier loss, which in a classification problem may be a binary cross entropy or a

multiclass cross entropy.

G * G(2)

1 D

real/fake

Figure 3.8 — AC-GAN Architecture.

Projection Conditioning

Miyato et al. [43] introduced a new form of inserting conditioning information on both
generator and discriminator. In the generator, side information is provided through a conditional
batch normalization [13, 10]. The learnable parameters of batch normalization are chosen according
to the y factor fed to the generator. In other words, each class present in the set of discrete classes
will have its own batch normalization parameters. Since the parameters of batch normalization are
continuous, this setting also allows for interpolations between classes. In the discriminator, side
information is provided by projecting the y using a dot product between y and some intermediate
layer of the discriminator and then adding this product to the final discriminator output. The
architecture of a Projection GAN is shown in Figure 3.9. Naturally, y is usually holds some discrete
data that represents a class, therefore, in this case, for projection to work, i needs to be represented

by a dense vector (embedding).
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Figure 3.9 — Projection GAN Architecture.
3.2.3 Evaluation of Generative Models for Images

An important aspect related to generative models, especially to GANs, is evaluation. Eval-
uating generating models can be very complicated, mostly because there is not a direct way to
quantitatively assess visual quality of generated samples. In fact, models that have good likelihood
can generate bad samples while models with poor likelihood can generate good samples [17]. When
evaluating a generative model there are two important aspects to be considered: visual quality and
variety of generated samples. Some models might choose to pay less attention to one in favor of
the other. Although, as of today, there is no proof that those are related. Currently there are three
main approaches used to evaluate generative models:

Visual Inspection

The most straightforward form of evaluation is to have human annotators to judge the
visual quality of generated samples. This approach was used in [58], where the authors employed
the Amazon Mechanical Turk (MTurk) to ask users which images were real and which were gener-
ated. Visual inspection was the main form of evaluation until quantitative metrics were proposed.
Currently, visual inspection is still used when the quantitative metrics are not well suited for the

problem at hand.

Inception Score

In order to have a common quantitative measure to generative models, Salimans et al.
[58] introduced the inception score (IS), which is a measure that seems to correlate well with human
annotators and balances well between sample quality and variety. The measure is obtained by
computing class probabilities p(y|z) for some generated sample = using an inception model® [61]
trained on the ImageNet dataset [11]. If the generated sample is realistic, we expect the entropy

of class probabilities to be low. Also, we expect the entropy over class scores between samples to

1The model used for computing the inception score is available at http://download.tensorflow.org/models/image/
imagenet/inception-2015-12-05.tgz.
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be high, indicating that the model is producing a variety of distinct samples. The inception score is

given by the following formula:

exp(E, Dz (p(ylo)|[p(y))) (3.9)

The inception score is usually used to measure performance of generative models trained
on the ImageNet [11] and CIFAR10 datasets [32].

Fréchet Inception Distance (FID)

As pointed out by Heusel et al. [24], the inception score may have some drawbacks,
it does not consider statistics of the real and statistics of the generated data. To this end, they
propose an improved version of the inception score, which is called "Fréchet Inception Distance". To
compute FID, the same inception model as in the inception score is used, but instead of computing
class probabilities, the image features from the layer that precedes class predictions is computed. It
is assumed that the image features follow a multidimensional Gaussian distribution. The distance
between two Gaussian distributions is calculated by the Fréchet Distance [15], which is also known

as Wasserstein-2 [68] distance. FID is computed according to the following formula:

(11, 2), (1w Ba)) = [l = sl [+ Tr(E + 2, = 2(2%,)"?) (3.10)

where 1 andY) are the mean and covariance matrix of features of real images, respectively,
[t and X, are the mean and covariance matrix of features of generated images, respectively. Cur-
rently, FID alongside with Inception Score, have been the most used metrics to evaluate generative

models.

In this Chapter, so far, we showed the basic concepts regarding machine learning, deep
neural networks and generative adversarial networks, as well as some recent developments in GANs.
For more details, however, we recommend the reader to go over the specific references, since this is

a very broad topic that cannot be covered completely here.

3.3 Text-conditioned Generative Models for Images

Text-to-image synthesis is the task of generating images from text descriptions. Image
generation, by itself, is a challenging task. When we combine image generation and text, we bring
complexity to a new level: we need to combine data from two different modalities. In the most
common setting, text-to-image methods are based on generative models that learn a text-conditioned
distribution over images. Given a text description and some random variable, the algorithm produces
a random image (controlled by the random variable) that correlates with the information present
in the text. Text-to-image synthesis is a very recent research area. It has a great potential to aid

several real-world applications, the list goes from automated content generation to assisted drawing.
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Also, it points to the direction on how humans may interact with creative systems in the future using
simply natural language. Moreover, it can help develop an understanding between the relationship

of statistical distributions of different modalities (e.g. images and text).

Consider the example shown in Figure 3.10. It illustrates two important aspects of text-

to-image models:

» Relationship between images and text: images generated should resemble all details described
in the text. These details usually include shapes, colors, and specific location. Note how in
the example the algorithm respects the details “red crown adn throat”, “block eye ring” and
“white ad pink belly". It is important to note also, the robustness to typos and grammar

errors, which is a very desirable element in text-to-image models.

» Variability: How big is the set of images that can be considered “correct” for a single text
description? The answer to this questions is unknown, but we know for sure that this set is
far from being small. To address this behavior, text-to-image models need to generate images
with a high variability. That is, for a single text description, the model should be able to
produce several novel images while all images strongly present the details present in the text.
Again, this can be seen in the examples show in Figure 3.10, where all images are different

despite representing well the information in the text.

The first method that tried to address text-to-image synthesis was proposed by Reed et
al. [55] in 2016. This work extended the first Convolutional GAN [51] architecture to be conditioned
on text descriptions. This method used an RNN to encode sentences to feature vectors so that
this vectors could be used as a conditioning factor to train a conditional version of a Convolutional
GAN. This was the first work that embraced the text-to-image pipeline in an end-to-end fashion,
from characters to pixels. Despite generating low resolution and low quality images, Reed’'s work

opened the community to the possibility of creating such models.

Text-to-image generation models can be defined as a the special case of generative con-
ditional models conditioned specifically on text descriptions. A typical framework of text-to-image
generation is composed by two main components: a text encoder and a conditional generative
model for images, as depicted in Figure 3.11. The text encoder’s role is to convert the input text
descriptions into a numerical representation that captures the semantic meaning of the text. This
is usually achieved through natural language processing techniques, often employing models such
as RNNs [26, 6] or Transformers [63, 12], which can understand context and nuances in language.
The resultant vector representation, often called embedding, serves as the conditioning input for the

image-generative model.

To train a text-to-image generative model, it is necessary first to have a trained text-
encoder capable of mapping text descriptions to a vector representation. Text encoders are trained
to align the text-vector representation to the image-vector representation of an image encoder.
The training of image-text alignment language models encompasses a process known as multimodal

learning. To train a language model for image-text alignment, typically two encoders are used: one
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Text description: “this colorful bird has a red crown adn throat with a black eye ring, and a white
ad pink belly” (sic).

Figure 3.10 — Example of synthetically generated images for a given text description [59]. Notice
that this description belongs to the test set of the CUB Dataset [64] and it has some typos.

for images (image encoder) and one for text (text encoder). Both encoders aim to represent their
respective inputs in a shared vector space where the corresponding image and text features are

closely aligned.

The text encoder is trained first with the goal of learning how to encode text descriptions
accurately. This is usually achieved by employing a pre-trained language model, such as BERT or
GPT, and then fine-tuning it on a dataset comprised of text-captioned images. The language model
learns to predict the probability of a word given its context, generating embeddings that effectively
capture the nuances of the language. Subsequently, the image encoder is trained, often using a deep
convolutional neural network (CNN) or a vision transformer (ViT), to transform visual inputs into
feature vectors. The image encoder is trained to produce representations that can be matched or

aligned with the representations produced by the text encoder.

To ensure that these encoders create compatible embeddings, a typical approach involves
the use of contrastive loss functions or other alignment objectives during training. For example, the
Contrastive Language-Image Pre-training (CLIP) approach uses a contrastive loss that encourages
the distance between the correct pairings of text and image embeddings to be smaller than the
distance between mismatched pairs. This reinforces the model's ability to cluster semantically
similar representations of images and text closer together in the embedding space while pushing

dissimilar ones apart. Through this training process, the representations of both images and text
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Figure 3.11 — General text-to-image generation framework.

become closely aligned in the same high-dimensional space. The result is a powerful multimodal
model capable of understanding the relationship between images and text, which can be applied to

a variety of tasks such as image captioning, text-to-image generation, or cross-modal retrieval.

The conditional generative model for images, on the other hand, uses the encoded text
representations to generate images that correspond to the text description. Generative Adversarial
Networks (GANs) [18] or Variational Autoencoders (VAEs) [31] are widely used in this role. In the
GAN framework, the generator network attempts to create images that are indistinguishable from real
images, while a discriminator network tries to classify images as real or synthetic. The conditioning
happens when the generator takes both random noise and the text embedding as input, ensuring
that the generated images are aligned with the semantic content of the text. Through iterative
training, the generator learns to produce more accurate and high-quality images that match the
input text descriptions. VAEs can be similarly conditioned by text embeddings to produce desired
images, but they approach the problem from a probabilistic perspective, aiming to learn a latent

space that encodes variations in the data in a structured manner.

3.4 Building Blocks

The general framework of text-to-image models is usually composed by a text-encoder and
a variant of a conditional GAN. The diagram in Figure 3.12 shows an example of a text-to-image

approach similar to the one presented in [55]. Next, we detail the inner workings of each component.

3.4.1 Text Encoder

There are several ways to encode text to a vector representation. However, most of them
follow a similar approach. The idea is to have an image encoder and a text encoder that maps both

images and text to the same semantic space, so that image features will be close to their descriptions
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in vector space. The image encoder is a vision model, like ConvNet and the text encoder is sequence
model, like a type of RNN, such as an LSTM [26].

An important aspect in text encoding is the level on which text is encoded. There are two

levels:

= Sentence-level: in this level, an entire text description is encoded to a single feature vector.
This is accomplished by using the last hidden state of the RNN, which encapsulates the

meaning of the entire sentence.

» Token-level: in this level, each word — or sub-word, depending on the tokenization — is repre-
sented by its own feature vector. This approach presents a more fine-grained representation
of the sentence. However, it imposes its own challenges. Since a sentence can be composed
by an arbitrary number of tokens, their respective encoding will be composed by an arbitrary

number of feature vectors.

Recent works have achieved better performance by incorporating word-level features in the
framework. This is done by adding Attention modules [70] to the neural architecture. The first work
that introduced this idea was AttnGAN [71]. It is important to note, however, that few studies were
performed specific on text encoding approaches. Most ideas were just borrowed from other research

areas, like multimodal information retrieval, for example.

3.4.2 Conditional GAN

Conditional GANs for text-to-image synthesis follow the same conditioning methods pre-
sented in the Subsection 3.2.2. There is one big difference, however. Most research on Conditional
GANs used a different type of conditioning information. Those work employed a discrete set of
labels (i.e. class labels) as condition. This way, it is possible to generate samples for a specific class
(which is commonly done for ImageNet [11] and Cifar10 [32]). In the case of text-to-image, condi-
tioning information is completely different. As shown in the previous Subsection, text descriptions
are mapped to a continuous vector space. This presents impacts on hyper-parameters and overall

training behavior.

3.4.3 Datasets

There are three widely used datasets for training and evaluating these models, we present

each of them below.

Oxford-102 [44]: The Oxford-102 dataset is composed of 8,189 images of flowers of 102
categories. The dataset is split in 7034 images for training and 1154 images for testing. Each image



37

Text
Description TE

D real/fake

Figure 3.12 — General framework for text-to-image synthesis.

1. this flower has a tiny pistil and large leaves, that are colored with a
mix of pink and white.

2. the petals of the flower are a mixture of pink and white and have a

center made of green berries.

a flower with big red petals and dark green anther filaments.

this flower is white and pink in color, with petals that are multicolored.

the deep mauve petals are outlined with a light pink hue.

this flower has pink petals as well as a green stamen.

the petals are red with brown edges and have a wrinkled texture.

green stigma with pink fading into white petals

this flower has petals that are red and has green edges

this particular flower has petals that are red and white and sharp

CLONOO AW

—

(b)

Figure 3.13 — Example of image and its respective text descriptions taken from the Oxford-102
dataset [44]

contains 10 text descriptions.An example of image and its text descriptions for Oxford is shown in
Figure 3.13.

Caltech-UCSD Birds (CUB) [64]: The CUB dataset is composed of 11,788 images of
birds distributed among 200 class categories. The dataset is split in 8,855 images of 150 categories
for training and 2,933 images of 50 categories for testing. Each image contains 10 text descriptions.

An example of image and its text descriptions for CUB is shown in Figure 3.14.

MS Comon Objects in Context (COCO) [37]: The COCO Dataset is composed of
80k images for training and 40k images for testing. Unlike the CUB Dataset, COCO images are
composed of scenes containing multiple objects, which makes text-to-image generation particularly
challenging. In the COCO Dataset, each image contains 5 text descriptions. An example of image

and its text descriptions for CUB is shown in Figure 3.15.
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1. light tan colored bird with a white head and an orange beak.

the bird has a very thick, curved, and beige beak

this bird has a long neck that is grainy and a pastel orange/blue
narrow beak that droops down at the tip

this bird is light brown, has a long hooked bill, and looks dumb.
this large white bird has a large curved bill and a brown eye

this bird is white with grey and has a long, pointy beak.

this bird is white with grey and has a long, pointy beak.

the crown of the bird is white, with light brown tones throughout.
the crown of the bird has distinctive tones of white and brown
throughout.

10. this bird has a long neck and an orange bill

w N

L ooN O

(b)

Figure 3.14 — Example of image and its respective text descriptions taken from the CUB dataset [64].

. yellow school bus drives through the wet street

. the school bus drives down the city street.

a big school bus drives down the street

4. a yellow school bus parked on the side of a road.

a yellow school bus is traveling down a road near a building.

w N

N

(b)

Figure 3.15 — Example of image and its respective text descriptions taken from the COCO
dataset [37].

3.5 Evaluation of Text-to-image Models

Evaluation of text-to-image models follow the same strategies as evaluating traditional
GANs. Quantitative analysis are performed using the most widely used metrics: the Inception
Score and Frechét Inception Distance. Details about how these metrics are computed are presented
in Subsection 3.2.3. Both of them attempt to measure quality and variety of generated images.

However, they do not measure if generated images relate well with its text descriptions.

To address the evaluation of the relationship of generated images and its text descrip-
tions, previous methods introduced different strategies. The most used is the multimodal retrieval
approach. This approach is quite simple: given a generated image, a retrieval algorithm attempts
to retrieve the descriptions for that image, if the algorithm retrieves the correct description, then
the result for that image is considered “correct”, it is considered wrong otherwise. The final score
is given by metrics commonly used for information retrieval, such as R-precision. While these eval-
uation protocols make more sense for evaluating text-to-image models, they are not still not well

standardized and widely adopted.
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4. EFFICIENT NEURAL ARCHITECTURE FOR TEXT-TO-IMAGE
SYNTHESIS

4.1 Introduction

While investigating previous approaches to text-to-image synthesis, we developed a novel
method for synthesizing single object images from text description. It was intended to be simpler
and present superior performance than previous methods. It was published in the International Joint
Conference on Neural Networks (IJCNN), its title is: Efficient Neural Architecture for Text-to-Image
Synthesis [59].

First approaches to text-to-image synthesis [55, 55, 76, 75, 78] have simply extended
GANs to be conditioned to sentence vectors. Naturally, results were not optimal. Most recent
methods [71, 49, 73, 81] have proposed different strategies to circumvent the complex relationship
between image and text. Most of those works, however, follow a similar pattern when it comes to
neural architectures. Due to previously mentioned difficulties, plus the inherent difficulty of training
GANs at high resolutions, most recent works have adopted a multi-stage training strategy. In a
multi-stage setting, training is performed first at low resolutions (i.e. 32 x 32 and 64 x 64 pixels)
and then refined to higher resolutions (128 x 128 and 256 x 256 pixels). Usually, multi-stage
training is implemented using several generators and several discriminators, which makes training
complex and slow. This architectural choice has been followed by most previous work, which have
been adding small improvements, such as word-level features through Attention Mechanisms [71],
Memory Networks [81], Siamese Networks [49] and a Mirror strategy [49].

In this work, we shift the architectural paradigm currently used in text-to-image methods
and show that an effective neural architecture can achieve state-of-the-art performance using a single
stage training directly at the target resolution. By doing so, we not only introduce a simpler method
for text-to-image synthesis but also point a new direction in text-to-image research, which has not

experimented with novel neural architecture recently.

Specifically, we introduce an adversarial training-based architecture that leverages full ca-
pacity of modern deep convolutional networks, alongside to an improved sentence embedding ap-
proach for generating photorealistic text-conditioned images. Both discriminator and generator
networks draw inspiration from [4], though we provide important improvements on that architec-
ture, allowing for the use of sentence embeddings rather than class labels as conditioning vectors.
Results show that our models outperform multi-stage state-of-the-art methods without heavy hyper-
parameter optimization in two widely used benchmarks, namely CUB [64] and Oxford-102 [44]
datasets, in terms of both Inception Score [58] and Fréchet Inception Distance [24]. Figure 4.1
shows samples generated by our method. Moreover, we provide an extensive set of experiments, in

which we explore key components and abilities of our models.

Formally, in this work we make the following contributions:
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There is a red bird
with black beady
eyes and dark edged
feather sitting on a
branch.

This is a small A flower with thin  The petals of the
yellow bird with a long pink petals and flower are color
grey head and central cluster of yellow with red
a small pointy beak. orange stamen. stripes.

Ours

GroundATruth i

Figure 4.1 — Images generated by our method.

= We introduce a novel sentence interpolation strategy that allows the generator to learn a

smooth conditional space, and also work as a data augmentation procedure.

» We show how the use of a modern residual neural architecture enables single-stage training

at the target image size, and generates state-of-the-art text-to-image models.

» We perform an extensive analysis of the properties of text-to-image models, both in quanti-

tative and qualitative fashion.

» We demonstrate that our models enable image editing using natural language via arithmetic
operations in the conditional space, being able to modify aspects of the image while keeping

its overall structure.

4.2 Method

In this section we present in detail the proposed approach. Text-to-image synthesis meth-
ods have followed a similar design pattern regarding neural architectures: they make use of multi-
stage training using several networks. This choice, however, increases training complexity and com-
putational costs required to train such models. Our approach departs from this design altogether.
We present evidence that the use of an adequate neural architecture plus a simple sentence interpo-
lation strategy can produce state-of-the-art results. In addition, our method performs a single-stage
training with a single generator and a single discriminator. Next, we detail every component of our

proposed method: the text encoder, the sentence interpolation strategy and the neural architecture.
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42.1 Text Encoder

We encode text descriptions into a vector representations by using a pre-trained Deep
Attentional Multimodal Similarity Model (DAMSM) [71]. The DAMSM module, similarly to [14,
69, 36|, learns image and text encoding functions, namely ¢(7) and ¢(S), that map images I and
textual descriptions S into the same semantic multimodal space. Such a space is trained so that
correlated image-caption pairs lie close to each other, while non-correlated pairs must present larger
distance than the correlated ones. By optimizing that space, the learned text representation is forced
to closely resemble the content from images, and therefore can be as a condition vector s € R?56

in our architecture.

Original image captions S are tokenized, and each token is represented by a specific
vector R3%. Those vectors feed a Bidirectional GRU network, which provides per-token hidden
representations, as well as a final global vector. Hidden representations are used for learning fine-
grained correlations with the spatial information of the images, while the global vector contains
holistic high-level information of the caption. In this study, we use the global vector alone as textual

condition vector s, hence ¢(5) = s.

422 Sentence Interpolation

In this section we detail a novel strategy for improving the smoothness of the conditional
space, which we hereby call Sentence Interpolation (SI). This technique consists in using all the
available captions for computing the general sentence embedding regarding an image during training.
By doing so, we make the textual representation vector to be continuous in the projected space,

rather than being discrete points in the manifold, as a traditional approach would generate.

Formally, let I; be the i*" image from the training dataset, and S;; = {s1, S2, ..., S, } be
the set of n correlated sentence embeddings that describe that particular image. We sample an
n-sized vector of weights m ~ U(0,1), and further normalize it with a softmax function. Those
normalized values are used to weight each one of the sentence vectors, so their sum consists in an
interpolated representation of the original sentences. Therefore, the vector s that represents the

interpolated textual embedding of a given image is calculated as follows:

n el'l'l
s = S X | =— (4.1)
jzl ’ <ZZ:1 6mk>j

Such an approach makes a limited set of sentences to be represented by countless contin-
uous points during the training process. The main implications of this technique are two-fold: (i)
it makes the sentence embedding space to be more smooth; (ii) and also works as a data augmen-
tation strategy, given that the same textual descriptions can assume different forms depending on

the sampling of m. In comparison to the Conditioning Augmentation (CA) module introduced by
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StackGAN [76], the sentence interpolation has the advantage of being deterministic. This is due to
the fact that it is not used during the test phase. CA, on the other hand, introduces randomness

when encoding sentence vectors during training and testing.

423 Architecture

We follow the steps of Brock et al.[4], which introduced the state-of-the-art architecture
for GANs, namely BigGAN-Deep. This architecture is based on residual blocks with bottleneck
structure of He et al[22], which makes deeper networks more computationally efficient and easier
to train. Also, like SAGAN [74], BigGAN-Deep applies Spectral Normalization [42] and Non-local
Blocks [66] in both generator and discriminator. Finally, BigGAN-Deep introduces conditioning
information in the generator using Conditional Batch Normalization [13] and in the discriminator

using the projection approach of Miyato et al.[43].

BigGAN-Deep [4] presented, at the time, a new state-of-the-art result in the ImageNet
[11] dataset in the supervised setting. Therefore, it was designed to be conditioned on class labels.
Since in this architecture class labels are represented by dense embeddings, we extended it to handle
the sentence vector. Specifically, we replaced the trainable class embeddings by the fixed sentence
vectors s. In the discriminator, sentence vectors are linearly projected to be used in the projection
conditioning. In the generator, sentence vectors are concatenated with the noise vector z and then
linearly projected to form BatchNorm gains and biases, gains are one-centered while biases are zero-
centered. By using the fixed sentence vectors, the generator and discriminator are forced to adapt
to the conditional space learned by the DAMSM encoder, which yields interesting properties, such
as the generator’s ability to handle arithmetic operations in conditional space, which is presented in
Section 4.5.

The BigGAN-Deep architecture was originally designed to be used in large scale training.
Large scale training is done by using a big batch size (e.g. 2048) and training the models across
several devices. In order to apply this architecture in a small scale, we need to make additional
adaptations. First, we switch relu activation to leaky relu. This helps avoiding sparse gradients,
which is helpful due to the second adaptation. Second, we reduce the number of parameters of
both networks. We reduce the number of parameters in the generator and discriminator by reducing
the channel multiplier ch to 96 instead of 128 in default BigGAN-Deep architecture. This reduction
represents 43% less parameters in the discriminator and 36% less parameters in the generator.
Finally, training is performed directly at the target resolution of 256 x 256 pixels. As far as we know,
no previous text-to-image method was able to train directly at this resolution without relying on

multiples generators and discriminators.
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424 Objective Function

We adopt the so-called hinge adversarial loss. The hinge loss works similar to WGAN
loss [1] but is more stable thanks to the margins introduced in the discriminator loss function. For

the discriminator, the hinge loss is given by:

Vp(G,D)= E [min(0,—1+ D(x,s))]+ (4.2)

Z,8~qdata

E [min (O,—l—D(G’(z,s),s))} ,

Z~Pz,8~(data

where x and s are real images and their corresponding sentence vectors, respectively. G’(z, s)is a
fake image from the generator for a given random vector z and a sentence vector s, respectively.
Note that the hat in G means that, in this case, the generator's weights are not being updated.

Similarly, the loss function for the generator is given by:

Ve(G, D)=~ E [D(G(25),s)], (4.3)

Z~Pz;8~(qdata

in this case, the hat in D means the discriminator’s weights are not being updated.

4.3 Experiments

In this section we present our experimental setup. We conduct extensive experiments in
the most used datasets for text-to-image generation. We also present an extensive quantitative and

qualitative analysis of our findings.

43.1 Datasets

We have used two widely used datasets for training and evaluating our models, as follows.

Caltech-UCSD Birds (CUB) [64]: The CUB dataset is composed of 11,788 images of
birds distributed among 200 class categories. The dataset is split in 8,855 images of 150 categories
for training and 2,933 images of 50 categories for testing. Each image contains 10 text descriptions.

Oxford-102 [44]: The Oxford-102 dataset is composed of 8189 images of flowers of 102
categories. The dataset is split in 7034 images for training and 1154 images for testing. Each image

contains 10 text descriptions.
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432 Evaluation

In order to evaluate our method, we employ the two most widely used metrics to evaluate
generative models: the Inception Score (IS) and the Fréchet Inception Distance (FID). The IS uses
a pre-trained Inception Network [60] to compute class probabilities over generated samples. IS is
both a measure of objectness and variety, therefore, the higher the score the better. In order to
compute IS, and also be able to compare results, we use the same Inception Networks used to
evaluate previous work. The networks are provided by StackGAN [76] and are finetuned for the
CUB and Oxford-102 datasets.

A downside of the IS is that it does not consider the statistics present in the real data. A
generative model that generates a few high quality examples for each class would have a very high IS
score, despite its variety being low. To circumvent this issue, Heusel et al.[24] introduced the Fréchet
Inception Distance (FID). FID considers the statistics present in the training data, so it possible to
evaluate if the generative model learned a distribution that have similar statistics. Specifically, FID
uses an Inception Network to compute activation features of both training set images and generated
images. The Fréchet Distance is then computed over the features of real and fake images. FID
gives a measure of how close the statistics of generated images are from those in the training set,

hence, the lower the score the better.

433 Implementation Details

We use Adam optimizer [30] with a learning rate of 4 x 107 for D and 107* for G.
We set 1 = 0 and By = 0.999 for both G and D. We train one D step per GG step. We use
synchronized implementation of BatchNorm, where statistics are aggregated across all devices. We
keep an exponential moving average of the generator weights with a decay of 0.999 for sampling.
Since BatchNorm statistics are not computed for averaged weights of the generator, we employ
the “standing statistics" strategy of Brock et al.[4]. In other words, we first run 100 forward passes
through G to update its BatchNorm statistics, making the generator invariant to batch sizes. Finally,
we perform training using 3 GPUs with a batch size of 8 per GPU, making up for a batch of size
24. Most models take up to 3 days to train.

4.4 Comparison to state-of-the-art methods

In order to provide reassurance on the generative performance of our models, we compare
their quantitative and qualitative results against current state-of-the-art methods [55, 76, 75, 9, 78].
Note that some of them have not reported FID results. Hence, we compare to the results publicly

available.
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Table 4.1 — Quantitative results for Efficient GAN.

# Networks Multi IST FIDJ
D G Stage CUB Oxford-102  CUB  Oxford-102

No 2.88 = 0.04 2.66 = 0.03 - -
No 3.60 £+ 0.07 -
Yes 3.70 £ 0.04 3.20 +0.01 55.28 51.89
Yes 4.04 £0.05 3.26 +£0.01 15.30 48.68

Method

GAN-INT-CLS [55] 1
GAWWN [56] 1
StackGAN [76] 2
StackGAN++ [75] 3
1
3
1

W R WN R =

TAC-GAN [9] No - 345+£005 - -
HDGAN [78] Yes 415+ 0.05 3.45+ 007 - -
Ours No 4.23 +0.05 3.71+ 0.06 11.17  16.47

441 Quantitative Analysis

Table 4.1 depicts quantitative results, alongside to the number of discriminator and gen-
erator networks used in each work. It arguably shows that our approach is the preferred method,
once it achieves top performance in all metrics while employing just a single discriminator and a
single generator in the entire architecture. Notably, it outperforms all the baseline approaches by a

margin across all datasets and metrics.

The largest improvement provided by our approach is on Oxford-102 dataset. It provides
a relative improvement of &~ 7% IS and ~ 300% FID when compared to the strongest baseline with
public results available. Clearly our approach also leads to a significantly better results on CUB

dataset, allowing for a ~ 24% FID reduction.

442 Qualitative Analysis

Fig. 4.2 depicts qualitative results of models trained on CUB dataset. In that Fig., we
compare our model to the baseline ones. One can observe that our model brings improvement on
several aspects regarding the generated images. For instance, our images look more photorealistic,
present better semantic correspondence of the generated images to the provided description, and

also generate more fine-grained details in both foreground and background elements.

Results shown in Fig. 4.3 were generated using a model trained on Oxford-102 dataset.
Once again, our model generates images with much richer detail level and photorealistic aesthetic.
Such experiment supports our claims that our proposed single-stage architecture can be used for
generating concepts across distinct datasets. It is worth noticing that despite Oxford-102 being a
somewhat small dataset, our models were able to learn a proper distribution without suffering from

mode collapse or additional training instabilities.
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This white colored This is a small, This colorful bird

bird has bright  yellow bird with
orange feet and a  black on the
hint of orange in crown, nape, and
its beak. wingbars.

This is a brown has a red crown
bird with a white adn throat with a
breast and a large black eye ring,

beak. and a white and
pink belly.

An entirely black A blue bird with
bird with small  black legs and a

yellow eyes and a  short pointed

short straight bill. beak.

Figure 4.2 — Qualitative results in the CUB Dataset.

This flower
This flower has features elongated
petals that are  pointed orange
yellow and folded petals emanating
together. out of the main
bulb.

This flower has The petals of the
wide and very flower are in
purple and white smooth white various colors such
. petals that are .
with purple striped petals with yellow as red, yellow, and
filaments. ' central accents. purple.

The flower has

This flower is pink
petals that are

in color, and has

Figure 4.3 — Qualitative results in the Oxford-102 Dataset.
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&("This is a

red bird") — ¢("It is red") + ¢(“It is blue")

-

¢(“Blue bird has — ¢("“Long beak") + ¢("“Small beak")
long beak")

“White bird — ¢(“Red crown") + ¢("Black crown")
Iong beak")

‘g‘m

Figure 4.4 — Image generation based on condition space arithmetic of embedded textual descriptions.

4.5 Condition Space Arithmetic

In this section we explore the inherent capability of our approach to handle condition
space arithmetic. This is a very interesting property and finds applications in many real world tasks,
such as image manipulation via natural descriptions. This capability emerges from the fact that the
employed sentence embedding vector s concatenated to the z vector lie in a smooth embedding space
that present structural regularity. In that particular kind of space we can find semantic regularities
regarding concepts learned by the model, i.e., they respect a semantic organization of concepts. We
observed that the use of our novel sentence interpolation strategy during training is quite helpful to
improve the learned condition space. It increases the model capacity of learning a smooth condition

space, in which embedding regularities are more easily found.

Figure 4.4 showcases examples regarding regularities found in our trained models. For
generating those images we hold z fixed, and embed captions into the multimodal space, which are
used in simple vector operations, as follows. The uppermost example depicts an image generated
by G(z,¢(“This is a red bird”)). We then subtract ¢(“It is red”) from ¢(“ This is a red bird”), and
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Figure 4.5 — Inception Score during training epochs for our model with and without Sentence
Interpolation in the CUB dataset.

generate a novel image (in the center). One can see that such operation completely removed the
red color from the generated bird. Finally, we add ¢(“/t is blue”) to the resulting embedding, and
use it to generate the rightmost image. That image shows the same bird, though with its color

changed from red to blue, using only simple vector-level operations.

Note that our models are able to edit images while preserving the main image structural
content without even being explicitly trained to learn disentangled representations. Figure 4.4 also
demonstrates that one can edit several aspects of the generated images, such as shape of the beak,

and presence of colored crown.

4.6 Impact of Sentence Interpolation

One of the contributions of this method is the introduction of a novel Sentence Interpola-
tion procedure. In order to understand its effects, we have trained two models: (i) a default complete
model that performs Sentence Interpolation; and (ii) a model with the same overall architecture,
though without applying any interpolation between sentences. Fig. 4.5 shows per-epoch Inception
Score values computed during the entirety of the training process. It arguably proves the importance
of the proposed technique. During the early stages of training, results are indeed quite similar, the
difference being more relevant after the 100" epoch. Notably, after the 400" epoch, IS results with
Sentence Interpolation were consistently higher than 4.00, while the model without it surpassed that

mark only twice throughout the training.

Effects of the SI approach also can be seen in Fig. 4.6. In this analysis, we plot ten
sentence embeddings of a randomly chosen image during the entire training (i.e., resulting in 600
embeddings). We plot the very same embeddings for the model trained with and without SI. We
apply the t-SNE [38] technique on those embeddings so as to project R*% vectors onto a R? space.

Such a plot clearly shows that the proposed interpolation provides a much larger exploration of
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(a) Sentence embeddings sampled without Sentence Inter-
polation.

(b) Sentence embeddings sampled with Sentence Interpo-
lation.

Figure 4.6 — Manifold visualization of the sampled sentence embeddings during training. We visualize
sentence embeddings by applying t-SNE [38] to project sentence embeddings from the original R?*¢
space to a R? space. We show 10 sentence embeddings of a randomly chosen image during the
entire training (i.e., resulting in 600 embeddings). In (a) is shown the regular sampling of a random
sentence. In (b) is shown the sampling using the Sentence Interpolation.
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Figure 4.7 — Image generation with sentence embeddings linearly interpolated across all directions.
There are four original embeddings, each one used to generate an image (those from the four
corners), while all the remaining ones were generated using interpolated description embeddings.
The upper-left position depicts an image generated with the description “It is a blue bird”, the
bottom-left image was generated with “It is a white bird”, the upper-right image with “It is a red
bird”, and the bottom-right image with “It is a yellow bird".

the sentence embedding manifold, allowing for sampling continuous points from that space. That
sampling region is obviously constrained by the ten points regarding the image descriptions chosen.
We intend to further extend this technique for future work, so as to allow sampling points from
outside of those boundaries, without loosing semantic context. When training without it, one can
only sample fixed discrete points, which poses a considerable constraint on the information carried
on the condition vector. This analysis corroborates with our hypothesis that SI works also as a
data-augmentation scheme, providing better generation results for points present in a larger region
of the manifold. Finally, Figure 4.7 presents the interpolation between captions, which shows the

smoothness introduced by SI.
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5. TEXT-TO-IMAGE GENERATION WITH TEXT AUXILIARY
REGRESSOR GANS

5.1 Introduction

After introducing the work presented in Chapter 4, we noticed that the way text embeddings
are introduced as condition for GAN training may not be optimal. The conditioning strategy used
was originally intended for data of discrete nature (e.g. class labels). Therefore, we addressed this

problem by introducing a new conditioning methodology specific for text-to-image synthesis.

In this Chapter we introduce a new approach for text-to-image synthesis that is not only
efficient but also dramatically simpler. We propose a Text Auxiliary Regressor Generative Adversarial
Network, namely TAR-GAN, that achieves state-of-the-art performance using a single generator and
a single discriminator. By using a novel Auxiliary Regressor, that was designed specifically for text
conditioning, TAR-GAN turns possible training text-to-image models directly at the target resolution.
TAR-GAN is intended to close the performance gap between text-to-image generation and traditional
class-conditional GANs [42, 74, 4].

Our experiments demonstrate that TAR-GAN favorably outperforms the previous state-of-
the-art methods, despite being substantially simpler. We quantitatively evaluate the performance of
TAR-GAN using the Inception Score (IS) [58] and the Fréchet Inception Distance (FID) [24]. Our
method presents a 8% FID improvement in the CUB Dataset [64].

Finally, in this Chapter we present the following main contributions:

» We propose a novel method that presents state-of-the-art performance while being substan-

tially simpler than previous approaches.

= We introduce an auxiliary regressor discriminator, that makes conditioning on text embedding

more natural and consistent.

» We study how each conditioning approaches influences performance. By doing so, we bridge

the performance gap between traditional class-conditional GANs and text-to-image generation.

5.2 Text Auxiliary Regressor GANs

Most previous work have followed a similar architectural designs when approaching text-to-
image generation. In order to ease the learning of the complex relationship between image and text,
most previous work [78, 71, 49, 81] apply a multi-stage training, i.e. training first to generate low
resolution coarse images and then train to refine to higher resolution sharp images. This procedure

is usually carried out using several networks, which makes training complex and computationally
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expensive. In this work, we depart from this design altogether and rethink how to approach the

complexity of text-to-image generation.

We propose a Text Auxiliary Regressor Generative Adversarial Network, that was designed
to be a simple yet effective approach to text-to-image synthesis. TAR-GAN introduces a novel
auxiliary regressor that makes GAN conditioning on text descriptions more accurate and natural.
TAR-GAN also makes it possible to train text-to-image models directly at the target resolution,
using a single generator and a single discriminator, making training procedure simpler and faster.
The overall architecture of TAR-GAN is shown in Figure 5.1.

5.2.1 Text Encoder

We encode text descriptions into a vector representations by using a pre-trained Deep
Attentional Multimodal Similarity Model (DAMSM) [71]. The DAMSM module, similarly to ap-
proaches in [14, 69, 36|, learns image and text encoding functions, namely ¢(I) and ¢(S5), that
map images I and textual descriptions S into the same semantic multimodal space. Such a space
is trained so that correlated image-caption pairs lie close to each other, while non-correlated pairs
must present larger distance than the correlated ones. By optimizing that space, the learned text
representation is forced to closely resemble the content from images, and therefore can be used as

a conditioning vector s € R?5 in our architecture.

Original image captions S are tokenized, and each token is represented by a specific
vector R3%. Those vectors feed a Bidirectional GRU network, which provides per-token hidden
representations, as well as a final global vector. Hidden representations are used for learning fine-
grained correlations with the spatial information of the images, while the global vector contains
holistic high-level information of the caption. In this study, we use the global and word-level vectors
as textual condition vectors, hence ¢(S) = s,T,.

52.2 Architecture

TAR-GAN s built upon the recent success of the BigGAN-Deep architecture. BigGAN-
Deep (and BigGAN) were proposed by Brock et al. [4] to improve the performance of GANs in
a large scale setting. BigGAN-Deep is based on residual blocks with bottleneck structure of He
et al. [22], which makes deeper networks more computationally efficient and easier to train. Also,
like SAGAN [74], BigGAN-Deep applies Spectral Normalization [42] and Non-local Blocks [66] in
both generator and discriminator. Finally, BigGAN-Deep introduces conditioning information in the
generator using Conditional Batch Normalization [13] and in the discriminator using the projection

approach by Miyato et al. [43].

Specifically, in the BigGAN-Deep architecture, class labels are represented by learnable

class embeddings. In the generator, class embeddings are concatenated with the z vector and
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Figure 5.1 — TAR-GAN architecture.

then linearly projected to form Batch Normalization [27] gains and biases. In the discriminator,
class embeddings are used to perform the conditioning projection. The natural way to adapt the
BigGAN-Deep architecture to handle text-to-image synthesis is by simply replacing its learnable class
embeddings by sentence embeddings computed by the DAMSM module. In this setting, however, its
performance fall below state-of-the-art. This is mainly because BigGAN-Deep, like other traditional
GANs [42, 74], is designed to learn a class-conditional data distribution, not a text-conditional one.
The nature of text is, notably, far more complex than a discrete set of class labels. To circumvent this
issue, we propose a Text Auxiliary Regressor, that is designed specifically to learn a text-conditional
distribution.
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5.2.3 Text Auxiliary Regressor

Inspired by AC-GAN [45] and TAC-GAN [9], we design a novel auxiliary regressor that
makes text conditioning more accurate and natural. Alongside with the standard output regarding
the data source prediction (real /fake), we extend the discriminator to predict the sentence embedding
as well. The goal is to make the discriminator learn the relationship between real images and
their sentence embeddings so that the generator will be forced to make generated images closely
related to sentence embeddings of real images. To do so, we train the discriminator to increase the
cosine similarity between the embedding predicted for a real image @ and its ground truth sentence

embedding s:

E [1—cos(Dyeg(x),s)] (5.1)

T,8~(qdata

Since the discriminator learns the relationship between real data and their text embed-
dings, the generator objective becomes generating samples that make the discriminator predict text

embeddings that resembles the real data:

E [1 —cos (Dyey(G(2,8,Ty)), )], (5.2)

8,Tw~qdata,2~Pz

where G(z,s,T,,) is a fake image generated by the generator, z € R'?® is a noise vector
sampled from a normal distribution A(0,1) and T, € RY*%° is matrix of word embeddings.
Naturally, by producing adversarial examples, the generator may produce examples that do not
necessarily correlate with the sentence embeddings of the real data and yet fool the discriminator.

To counteract this issue we add the following term to the discriminator’s loss:

E  [cos (Dyeg(x), 8)], (5.3)

Z,8~qdata

where § is a random sentence embedding sampled from dataset. This restricts the dis-

criminator to predict sentence embeddings correctly and reject adversarial examples.

5.2.4 Sentence Interpolation

In order to alleviate the problem of discontinuity in sentence embedding space, we employ
the Sentence Interpolation strategy introduced in [59]. Formally, let I; be the i*" image from the
training dataset, and S;; = {s1, S2,..., 8,} be the set of n correlated sentence embeddings that
describe that particular image. We sample an n-sized vector of weights m ~ (0, 1), and further
normalize it with a softmax function. Those normalized values are used to weight each one of the

sentence vectors, so their sum consists in an interpolated representation of the original sentences.
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Therefore, the vector § that represents the interpolated textual embedding of a given image is

calculated as follows:

n 61’1’1
s = Si X | =——— 5.4
jz::l ’ <ZZ:1 emk>j 54)

Such an approach makes a limited set of sentences to be represented by countless contin-
uous points during the training process. The main implications of this technique are two-fold: (i)
it makes the sentence embedding space to be more smooth; (ii) and also works as a data augmen-
tation strategy, given that the same textual descriptions can assume different forms depending on
the sampling of m. In comparison to the Conditioning Augmentation (CA) module introduced by
StackGAN [76], the sentence interpolation has the advantage of being deterministic. This is due to
the fact that it is not used during the test phase. CA, on the other hand, introduces randomness

when encoding sentence vectors during training and testing.

5.2.5 Objective Function

In the proposed Text Auxiliary Regressor Generative Adversarial Networks (TAR-GAN), the
objective function plays a critical role in guiding the learning process of both the discriminator and
the generator. To tailor the adversarial framework to the task of generating text-related data, we
optimize a modified hinge version of the standard GAN loss for the adversarial components, along
with an auxiliary regression loss to ensure the semantic consistency of the generated data with the

provided text information.

The adversarial loss for the discriminator is formulated as a hinge loss, which has been
shown to stabilize the training of GANs. Specifically, the discriminator loss Lp_, is calculated as

follows:

£0,s, = Eungyunte) max (0,1 — Dy ()]

+ E.p(z) (max (0,1 + Dagy (G(2,8,T0)))], (5.5)

adv

where x represents real input data, z denotes a noise tensor sampled from a prior distri-
bution p(z), s stands for a sentence embedding, and T, encapsulates a tensor of word embeddings
corresponding to textual information. This loss encourages the discriminator to assign higher scores

to real images and lower scores to fake ones generated by the generator.

In contrast, the adversarial generator loss L, is designed to deceive the discriminator

by generating data that is indistinguishable from real data:
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La,,. = —E.upz) [Dadw (G(2,8,Ty))], (5.6)

adv
where the generator G aims to maximize the discriminator’'s mistake on the generated
data.

The regression loss for the discriminator Lp,,, is employed to measure the similarity be-
tween the discriminator’s outputs and the provided sentence embeddings, thus ensuring that the
discriminator can accurately associate images with the respective textual descriptions. It is defined

as:

‘CDreg = Ea:ys"‘qdata [1 — COs (Dreg(w)7 s)] ) (57)

where cos denotes the cosine similarity and D, is the regression part of the discriminator

that outputs a vector to be compared with the true sentence embedding s.

Similarly, the regression loss for the generator L., ensures that generated images are

semantically aligned with the provided text:

L., =E

reg S~qdata

(s) [1 — cos (Dyeg(G(2,8,T)), 9)] - (5.8)

In order to further enhance the discriminator’s robustness against adversarial samples that

might exploit the regression task, we introduce an additional loss term L . This term penal-

random

izes the discriminator if it predicts high similarity for paired images and randomly chosen sentence

embeddings s, which are not genuinely corresponding to the images:

EDrandom = Ewag’quata [COS (Dreg(m)7 g)} ? (59)

This component ensures that the discriminator does not get biased toward generating high
similarity scores indiscriminately, thereby increasing its capacity to discern between semantically

matched and unmatched image-text pairs.

Combining these components, the final objective function for the discriminator is given by

the sum of the adversarial, regression, and robustness against random sentence embedding losses:

Lp=Lp  + LDmg +Lp (5.10)

adv random’

The final objective for the generator harmonizes the adversarial goal with the semantic

alignment of generated images and corresponding text:
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Lo=Lg , + ﬁgreg. (5.11)

adv

By this, we set the stage for an adversarial training procedure where both the discriminator
and the generator not only contest in the classic sense of a GAN but also collaborate to ensure that
the generated images are semantically coherent with the textual descriptions, providing a synergy

between the two tasks.

5.3 Experimental Results

5.3.1 Datasets

Caltech-UCSD Birds (CUB) [64]: The CUB Dataset is composed of 11,788 images of
birds distributed among 200 class categories. The dataset is split in 8,855 images of 150 categories

for training and 2,933 images of 50 categories for testing. Each image contains 10 text descriptions.

MS Comon Objects in Context (COCO) [37]: The COCO Dataset is composed of
80k images for training and 40k images for testing. Unlike the CUB Dataset, COCO images are
composed of scenes containing multiple objects, which makes text-to-image generation particularly
challenging. In the COCO Dataset, each image contains 5 text descriptions.

5.3.2 Evaluation

In order to quantitatively evaluate the performance of the proposed TAR-GAN, we employ
two widely used metrics for evaluating generative models: the Inception Score (IS) [58] and the
Fréchet Inception Distance (FID) [24].

5.3.3 Implementation Details

We use Adam optimizer [30] with a learning rate of 2 x 1074, 5, = 0 and 3, = 0.999
for both G and D. We train one D step per G step. We use synchronized implementation of
BatchNorm, where statistics are aggregated across all devices. We keep an exponential moving
average of the generator weights with a decay of 0.999 for sampling. Since BatchNorm statistics are
not computed for averaged weights of the generator, we employ the “standing statistics" strategy of
Brock et al., where we run 100 forward passes to update BatchNorm statistics, making the generator

invariant to batch sizes.
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Figure 5.2 — Qualitative results in the CUB Dataset.

Table 5.1 — Quantitative results for TAR-GAN.

7 Networks ST FIDJ
Method D ¢ M cuB COCO  CUB COCO
GAN-INT-CLS [55] No 288 04 78807 - §
GAWWN [56] No 3.60 + .07 ] i

Yes 3.70 &+ .04  8.45 4+ .03 - -
Yes 404+ .05 830+.10 1530 81.59
Yes 4.154+ .05 11.86 + .18 - -
Yes 4.36 + .03 2589 £+ .47 1401 29.53
Yes 4.53 + .17 26.47 £+ 41 - -
DM-GAN* [81] Yes 4714+ .06 3243+ .58 1191 24.24
SD-GAN [73] Yes 4.67 + .09 35.69 £+ .50 -
TAR-GAN 1 1 No 4.75 + .05 - 10.87 -
* Updated according to pretrained models provided by the authors Github repository.

1

1
StackGAN [76] 2
StackGAN++ [75] 3
HDGAN [78] 3
AttnGAN [71] 3
MirrorGAN [49] 1
3

6

DWW WWWWN R

5.4 Comparison to state-of-the-art methods

In order to provide reassurance on the generative performance of our models, we compare
their quantitative and qualitative results against current state-of-the-art methods [55, 56, 76, 75,
78, 71, 49, 81, 73]. Note that some of them have not reported FID results. Hence, we compare to

the results publicly available.
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Figure 5.3 — Qualitative results in the COCO Dataset.

5.4.1 Quantitative Analysis

Table 5.1 provides an extensive quantitative evaluation of the proposed Text Auxiliary
Regressor Generative Adversarial Network (TAR-GAN) method, presenting empirical performance
measurements in comparison to a curated set of state-of-the-art models. The entries in the table
are arranged to demonstrate key metrics of generative model performance across various datasets.
Each row corresponds to a different method, including ours, while the columns articulate the achieved
scores for evaluation metrics such as the Fréchet Inception Distance (FID), alongside the architecture

complexity indicated by the count of discriminators and generators used.

In an analytical review of the results, the data clearly evidences that our TARGAN method
not only accomplishes but exceeds the benchmark figures in all the observed metrics, setting a new
standard of state-of-the-art performance. Remarkably, this superior performance is attained with a
notably lean architecture comprising only a singular discriminator and generator. This is a significant
architectural simplification when contrasted against competing approaches, many of which utilize
multiple discriminators or generator networks, yet do not achieve comparable results.

Focusing on dataset-specific performance, one observes that our method demonstrates
its most pronounced improvement on the CUB dataset — a collection of bird images accompanied
by textual descriptions. Compared to the strongest alternative with available public results, our
approach provides a substantial relative boost, quantified as approximately an 8% enhancement
in the FID score. This is a compelling argument in favor of our method'’s efficacy, particularly in

scenarios that demand high-fidelity synthesis of detailed image features guided by text descriptions.
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Despite the successes, our method showed diminished performance on the complex and
diverse COCO dataset, which is well-known for its challenging, varied images and accompanying
captions. The underwhelming results on COCO point out current limitations and suggest that our
approach may require additional refinement to cope with the broad heterogeneity and intricacies
contained within such a dataset. Future research endeavours should aim to bolster the model's
robustness and its capacity to generalize across the wider spectrum of subject matter and linguistic
nuances presented by image captions. This could potentially involve methodological enhancements,
architectural changes, or even revisiting the training process to ensure stable learning when faced

with high diversity in the input data.

5.4.2 Qualitative Analysis

In this section, we present a thorough qualitative analysis of the Text Auxiliary Regressor
Generative Adversarial Networks (TARGANS), focusing on the visual improvements and semantic
alignments of the generated images with respect to the input textual descriptions. Our evaluation
considers models trained on two distinct datasets: the Caltech-UCSD Birds 200 (CUB) dataset and
the Microsoft Common Objects in Context (COCO) dataset.

Figure 5.2 offers a comparative visualization of the generative capabilities of our proposed
TARGAN model against established baseline models using the CUB dataset. Through the figures
presented, several improvements introduced by our model become evident in comparison to the base-
lines. Firstly, the photorealism of the images produced by our model is notably enhanced, exhibiting
a marked progression in visual appeal and realism. There is also a measurable enhancement in
the semantic congruence between the generated images and the corresponding written descriptions,
demonstrating the model’s ability to capture and express the nuanced descriptions in visual form.
Furthermore, the level of detail portrayed in the images—especially in the fine-grained textures and
features within both the focal subjects (foreground elements) and the ambient setting (background
elements)—is considerably more refined, lending to a more authentic and high-fidelity representation

of the textual input.

Moving on to Figure 5.3, we depict results obtained from a TARGAN model fine-tuned on
the COCO dataset. The graphical outputs demonstrate that our model has achieved the produc-
tion of several images that exhibit a more coherent overall structure when contrasted with results
from prior models. The images generated display an array of complex scenes and objects that are
more structurally sound and visually pleasing. Despite these achievements, the model did encounter
noteworthy limitations. A moderate degree of mode collapse was observed, indicating a restricted
diversity in the generated images. Moreover, the model exhibited difficulty in learning to create
imagery from various domains, a deficiency that was particularly visible when attempting to synthe-
size scenes not well-represented in the training dataset. Consequently, this shortcoming has had an
adverse impact on the quantitative metrics that we used to evaluate our model’s performance, thus

highlighting the areas that require further investigation and improvement. Such enhancements are
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imperative for our approach to be considered competitive and comparable with the state-of-the-art
methods in the field.

In conclusion, while the TAR-GANmodel has demonstrated great progress in certain aspects
of image generation, there are critical challenges that need to be addressed. Through targeted
research efforts aimed at mitigating the issues of mode collapse, especially in multi-object datasets.
It is noticeable that the full potential of the TAR-GANapproach can be realized, propelling it to the

forefront of text-to-image synthesis technologies.
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6. CROSS-LANGUAGE TEXT-TO-IMAGE SYNTHESIS

6.1 Introduction

Generating images from textual descriptions is a highly valuable task that can enhance
numerous applications, ranging from support in computer-assisted drawing to creating text-based
graphical content. While this field of text-to-image generation shows promise, it also poses a substan-
tial level of complexity and challenge. Text descriptions inherently contain a degree of subjectivity,
leading to a vast array of possible images that could align with a given description. Moreover,
this task's multi-modal property—it involves both text and imagery—demands an integration of

methodologies from the domains of computer vision as well as natural language processing.

Predominantly, cutting-edge frameworks for generating images from text are grounded on
structures known as Generative Adversarial Networks (GANs) [18]. These networks have opened
up new avenues for modeling generative processes over intricate data distributions conditioned on
external information, such as generating image distributions based on textual descriptions. Diverging
from GANSs that hinge on conditioning with a fixed set of labels, like class identifiers, methods for
synthesizing images from text must incorporate a different tactic for converting text descriptions into
vector representations. Typically, text is transformed into a continuous vector feature space, which
distinctively sets apart text-based image generation techniques from conventional conditional GAN
approaches [41, 45, 43]. To navigate the unique challenges associated with text-to-image creation,

researchers have introduced a variety of innovative strategies.

Most of the recent progress in text-to-image targeted the improvement of image generation,
both in terms of quality and diversity. This includes making improvements in GAN architectures [51],
training frameworks [42, 43] and even training scale [4]. Although this pursuit is valid and important,
little attention has been paid to the textual part of the text-to-image framework. Moreover, due to
the zero-shot characteristic of text-to-image (i.e. generating novel images for any text description),

it is crucial that the textual representation is robust enough to generalize to all concepts.

Besides the lack of a study on the robustness on text encoding representation, so far, all
text-to-image synthesis approaches have been limited to a single language. This is due to the fact
that popular datasets like Caltech-UCSD Birds (CUB) [64] and Oxford-102 [44] only have texts
descriptions available in english. It is widely acknowledged that acquiring data is laborious and
expensive, but in this case, this limitation imposes a great toll to text-to-image research. This
leaves a huge missed opportunity not only study text-to-image under multiple languages but also to
bring text-to-image technology to non-english speakers.

In this work we propose the following study: i) First, we evaluate the most popular ap-
proach to encode text for text-to-image purposes: the Deep Attentional Multimodal Similarity Model
method from AttnGAN [71]. We test the DAMSM encoder under different settings and measure

how well it generalizes to unseen data. ii) We propose an extension to the current text-to-image
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Figure 6.1 — Images generated by our XLANG-GAN. Blue text is English, pink text is French and
green text is Portuguese.

framework in order to handle multiple languages. By doing so we allow a single model to generate
images given text descriptions in three languages. We call this method Cross-language Generative
Adversarial Network (XLANG-GAN). Figure 6.1 shows the results of XLANG-GAN.

Our experiments demonstrate that XLANG-GAN successfully work under three different
languages while preserving the same performance of a single-language text-to-image model. We
quantitatively evaluate the performance of XLANG-GAN using the Inception Score (IS) [58] and
the Fréchet Inception Distance (FID) [24]. We qualitative show that XLANG-GAN is robust across
languages (i.e. the same sentence in different languages yield similar images). Finally, we demonstrate
that XLANG-GAN supports out of the box language mixing while preserving generation semantics

and meaning.

6.2 Method

In this section we present in detail the proposed approach. Text-to-image synthesis meth-
ods have been neglecting the support to languages other than English. In a survey, Frolov et al. [16],
is clear about the gap regarding studies that address text-to-image generation over the optics of

different languages. ldeally, text-to-image system should be able to handle multiple languages si-
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multaneously, so that the same system would be accessible by a great number of people. To address
this gap, we propose an extension to text-to-image synthesis that allow for multiple languages at

once.

6.2.1 Acquiring Language Data

In this study, we address the challenge of cross-lingual image captioning by leveraging the
capabilities of Google Translate APIs [19] for translating the captions of our image dataset from
English into Portuguese and French. This translation process involved several systematic steps to
ensure accuracy and consistency across the dataset. Initially, the original English captions underwent
a preprocessing phase to remove any non-standard elements, such as special characters, which could
interfere with the translation quality. Subsequently, these cleaned captions were programmatically
passed to the Google Translate API through a series of HT TP requests, where the target languages
were specified as Portuguese and French. The API utilizes state-of-the-art machine learning models,
to provide high-quality translations that consider contextual nuances. Each English caption was
translated independently to maintain the integrity of the dataset. Upon receiving the translated
captions, post-processing was implemented to rectify any potential API translation errors and ensure
uniformity of sentence structure across languages. The translated captions were then paired with

their corresponding images to form a multilingual dataset.

6.2.2 Text Encoder

For converting textual descriptions into continuous vector representations that can be
effectively used within a generative adversarial framework, we employ pre-trained model known as
the Deep Attentional Multimodal Similarity Model (DAMSM), as elaborated in Xu et al. [71]. This
encoding approach is influenced by the foundational principles outlined in various studies [14, 69, 36],

which detail the learning process of image and text encoding functions.

Specifically, DAMSM learns two distinct but related encoding functions: ¢ (I) for images
and ¢(9) for text. The functions map their respective inputs, namely an image [ and its textual
description S, into a shared semantic multimodal space. This joint embedding space is engineered
such that semantically related image-caption pairs are spatially closer to one another compared to
unrelated pairs. The distance metric imposed in this space ensures that correlated pairs have a
smaller intervening distance, whereas non-correlated pairs are comparatively further apart. Through
the optimization of this embedded space, the text encoding function is guided to produce text
representations that encapsulate image content with great fidelity. Consequently, this results in
more accurate text-based conditional vectors s € R?*® that serve as informative cues within our

generative adversarial architecture.
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Training the DAMSM on the original image captions S begins with tokenization, where
each word token is mapped to a dense and unique high-dimensional vector R3". These vectors
then serve as input to a bidirectional Gated Recurrent Unit (GRU) [8] network. The network's
architecture provides two outputs: per-token hidden state vectors that capture the granular details
of the corresponding image features, and a global sentence vector that encodes the overall meaning

of the text caption.

Both levels of representation — the localized per-token hidden states and the summarized
global sentence vector — offer a complementary perspective on the textual data. They collectively
enable the learning of detailed, fine-grained correlations with spatial image features. For our method,
we explicitly incorporate these two forms of textual representations as our textual condition vectors.
Therefore, our text encoder function ¢(S) computes a pair of outputs, specifically represented as
s,T,,, which denote the global and word-level vectors, respectively. These vectors are then used to

condition the generative process in a nuanced and effective manner.

In this work, we introduce several enhancements to the DAMSM framework to create
a more robust and versatile model capable of handling multilingual data. The core modification
includes the integration of a multi-language byte pair encoding (BPE) tokenizer [23]. BPE is
a subword tokenization method that represents words by iteratively merging the most frequent
pair of bytes or characters into a single, new byte or character; this process continues until a set
vocabulary size is reached or no more merges are possible. This approach cleverly captures the
frequency distribution of character combinations in a given corpus, enabling the identification of
common subword units across different words, such as morphemes or syllables, which are pivotal for

understanding morphology in various languages.

One of the primary benefits of utilizing multi-language pre-trained BPE embeddings in
the training of the DAMSM module is the out-of-the-box support for a diverse set of languages
without the need for separate tokenization models for each language. This generalization allows the
DAMSM to be naturally applied to cross-lingual tasks, where it can handle input data in various
languages and still compute robust similarity measures between modalities. The DAMSM can thus
become adept in the representation and matching not only within the same language but also across

different languages, increasing its applicability in multilingual contexts.

The enhancement associated with the training process focus on the crucial role of the batch
size within the context of the DAMSM, which employs a contrastive loss function known as softmax
alignment loss. By adapting both the text and image encoders to utilize half-precision floating-
point representation (float16), the memory consumption is effectively halved, enabling a substantial
increase of the batch size. Specifically, the transition from the initial DAMSM'’s limitation of 16
images/caption pairs per batch is dramatically increased to 80 images/caption pairs per batch. This
increase in the batch size significantly enriches the contrastive dynamics of the loss function, which
in turn directly translates to an enhancement in the model’'s accuracy. Essentially, larger batch
sizes makes a more discriminative learning process, where the model can better distinguish between

different examples by contrasting more pairs within a single iteration.



66

6.2.3 Architecture

XLANG-GAN is built upon the TAR-GAN presented in Chapter 5. TAR-GAN employs a
single generator and discriminator approach alongside a text auxiliary regressor designed specifically
for text-to-image generation. We follow the same overall training procedure, with the same loss

function and hyper-parameters.

6.2.4 Sentence Interpolation

In order to alleviate the problem of discontinuity in sentence embedding space, we employ
the Sentence Interpolation strategy introduced in [59]. Formally, let I; be the i'* image from the
training dataset, and S;; = {s1, S2,..., 8,} be the set of n correlated sentence embeddings that
describe that particular image. We sample an n-sized vector of weights m ~ /(0,1), and further
normalize it with a softmax function. Those normalized values are used to weight each one of the
sentence vectors, so their sum consists in an interpolated representation of the original sentences.
Therefore, the vector § that represents the interpolated textual embedding of a given image is
calculated as follows:

n
$=2_

1

J

em
S e E— 6.1
(s emk)j] (6.1)

Such an approach makes a limited set of sentences to be represented by countless contin-
uous points during the training process. The main implications of this technique are two-fold: (i)
it makes the sentence embedding space to be more smooth; (ii) and also works as a data augmen-
tation strategy, given that the same textual descriptions can assume different forms depending on
the sampling of m. In comparison to the Conditioning Augmentation (CA) module introduced by
StackGAN [76], the sentence interpolation has the advantage of being deterministic. This is due to
the fact that it is not used during the test phase. CA, on the other hand, introduces randomness
when encoding sentence vectors during training and testing. As a key differentiator, in this work we
perform the sentence interpolation across all three languages: English, French and Portuguse. This

richness in text captions, helps even further in learning a smooth embedding conditioning space.
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6.3 Experimental Results

6.3.1 Datasets

Caltech-UCSD Birds (CUB) [64]: The CUB Dataset is composed of 11,788 images of
birds distributed among 200 class categories. The dataset is split in 8,855 images of 150 categories

for training and 2,933 images of 50 categories for testing. Each image contains 10 text descriptions.

Oxford-102 [44]: The Oxford-102 dataset is composed of 8189 images of flowers of 102
categories. The dataset is split in 7034 images for training and 1154 images for testing. Each image

contains 10 text descriptions.

6.3.2 Evaluation

To assess the enhancements made to the DAMSM module, we adopt the standard metrics
that are commonly utilized for gauging the performance of text-image alignment models. Specifically,
we begin by calculating the embedding of each caption in our dataset. Subsequently, we measure
the similarity between this caption embedding and the embeddings of all images within the dataset
by ranking the images based on their proximity (or distance) to the caption embedding. Once
we have this ranking in place, we proceed to evaluate the model's retrieval capabilities using two
predominant metrics: the Mean Reciprocal Rank (MRR) and Recall@k. Here, "k" represents the

number of top-ranked items we consider for the calculation of recall.

The MRR metric is computed by taking the average of the reciprocal ranks of the correct
item (in this case, the corresponding image for a given caption) for each query across all queries in
the test set. The reciprocal rank is the inverse of the rank at which the correct item is retrieved; if
the correct image is ranked first, the reciprocal rank is 1, if it's the second, the reciprocal rank is

1/2, and so on. Mathematically, MRR is given as:

TV S
T Q = rank;

where (@) is the number of queries, and rank; is the position of the first relevant document

for the i-th query.

Recall@k, on the other hand, measures the proportion of relevant items found in the top-k
rankings. It is computed by evaluating each query to see if the relevant item (correct image) appears
within the top-k positions in the ranked list of retrieved items. The Recall@k is then calculated as
the number of queries for which the relevant item is within the top-k divided by the total number

of queries (). The formula for Recall@k can be expressed as:
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Figure 6.2 — Evaluation during the training process between our improved DAMSM versus the
baseline DAMSM.

{qi : rank(relevant_item;) < k}|

RecallQk =

Q

where [{g; : rank(relevant_item;) < k}| is the count of queries where the relevant item

is ranked at or above the k-th position.

Together, MRR and Recall@k provide a comprehensive view of the performance of text-

image alignment models, with MRR focusing on the average precision of the top-ranked retrieval

and Recall@k indicating the model’s ability to retrieve relevant items within the top-k positions.

6.3.3 Comparison to State-of-the-art

Since no previous work deeply assessed the performance of the DAMSM module. We show

how the baseline DAMSM (as proposed in [71]) performs. Then, we present our improvements and

demonstrate how they compare to the baseline DAMSM. Figure 6.2 show the performance of the
baseline DAMSM versus our improved DAMSM during training. Our improved DAMSM performs
significantly better in both CUB and Oxford-102 datasets and in all the four retrieval metrics: MRR,
Recall@1, Recall@10 and Recall@100.
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Figure 6.3 — Evaluation during the training process in the CUB dataset for all languages: English,
Portuguese and French.

We also present language-wise performance improvements. Figure 6.3 shows the perfor-
mance in the CUB dataset for English, Portuguese and French under two different tokenization
strategies: word tokenization (the baseline), and the multi-language BPe (our improved version).
English is the best performing language, followed by Porguese. French lags a little bit behind.

Figure 6.4 present the similar results on the smaller Oxford-102 dataset.

6.3.4 Implementation Details

To train our DAMSM encoder, we use Adam optimizer [30] with a learning rate of 2x 1074,
f1 = 0.9 and B = 0.999 and a batch size of 80 pairs of image/caption. We employ the Sentence
Interpolation (SI) introduced in Chapter 4 with the difference that we interpolate across all three

languages. We train for 500 epochs and evaluate every 10 epochs to select the better model.

After we train and select the best DAMSM model, we compute the text vectors for all
the captions in the datasets. The vectors, then, are used as condition to train the text-to-image

model, which is a TAR-GAN. The configuration and hyper parameters are the same as presented in
Chapter 5.
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7. DISCUSSION

This Chapter presents the discussion over the contributions of this thesis.

7.1 Summary of Contributions

This work presented three novel approaches to improve text-to-image generation, each
setting new standards within their respective domain as measured by quantitative and qualitative

metrics. In summary, we developed the following approaches:

7.1.1 Efficient Neural Architecture for Text-to-Image Synthesis

In this work, we shift the architectural paradigm currently used in text-to-image methods
and show that an effective neural architecture can achieve state-of-the-art performance using a single
stage training directly at the target resolution. By doing so, we not only introduce a simpler method
for text-to-image synthesis but also point a new direction in text-to-image research, which has not
experimented with novel neural architecture recently. This work was published on the International
Joint Conference on Neural Networks (JCNN) in 2020 [59].

We introduce an adversarial training-based architecture that leverages full capacity of
modern deep convolutional networks, alongside to an improved sentence embedding approach for
generating photorealistic text-conditioned images. Both discriminator and generator networks draw
inspiration from [4], though we provide important improvements on that architecture, allowing for
the use of sentence embeddings rather than class labels as conditioning vectors. Results show that
our models single-handedly outperform multi-stage state-of-the-art methods without heavy hyper-
parameter optimization in two widely used benchmarks, namely CUB [64] and Oxford-102 [44]

datasets, in terms of both Inception Score [58] and Fréchet Inception Distance [24].

7.1.2 Text-to-Image Generation with Text Auxiliary Regressor GANs

In this work we introduce a new approach for text-to-image synthesis that is not only
efficient but also dramatically simpler. We follow the steps of our previous work [59] and employ
a single generator/discriminator architecture. We propose a Text Auxiliary Regressor Generative
Adversarial Network, namely TAR-GAN, that achieves state-of-the-art performance using a single
generator and a single discriminator. By using a novel Auxiliary Regressor, that was designed
specifically for text conditioning. TAR-GAN is intended to close the performance gap between

text-to-image generation and traditional class-conditional GANs [42, 74, 4.



72

Our experiments demonstrate that TAR-GAN favorably outperforms the previous state-
of-the-art methods. We quantitatively evaluate the performance of TAR-GAN using the Inception
Score (IS) [58] and the Fréchet Inception Distance (FID) [24]. Our method presents a 8% FID
improvement in the CUB Dataset [64].

7.1.3 Cross-language Text-to-Image Synthesis

In this work we propose a method to extend text-to-image generation models to handle
multiple languages. To do so, we perform the following study: i) First, we evaluate the most popular
approach to encode text for text-to-image purposes: the Deep Attentional Multimodal Similarity
Model method from AttnGAN [71]. We test the DAMSM encoder under different settings and
measure how well it generalizes to unseen data. ii) We propose an extension to the current text-
to-image framework in order to handle multiple languages. By doing so we allow a single model
to generate images given text descriptions in three languages. We call this method Cross-language
Generative Adversarial Network (XLANG-GAN).

Our experiments demonstrate that XLANG-GAN successfully work under three different
languages while preserving the same performance of a single-language text-to-image model. We
qualitative show that XLANG-GAN is robust across languages (i.e. the same sentence in different
languages yield similar images). Finally, we demonstrate that XLANG-GAN supports out of the box

language mixing while preserving generation semantics and meaning.

7.2 Impact

The work proposed in this thesis has made a significant contribution to the field of text-
to-image generation. At the heart of this impact is the proposed Efficient Neural Architecture for
Text-to-Image Generation [59], a pivotal paper emerging from the thesis work, which has garnered
considerable attention as evidenced by citations from several relevant and contemporaneous studies.
The proposed architecture has achieved a harmonious balance between computational efficiency
and the ability to generate high-resolution, contextually accurate images from textual descriptions,

effectively pushing the boundaries of what is possible in creative Al applications.

The other methods proposed in this work, despite not being published yet, offer novel
components for text-to-image generation research. As pointed out by Frolov et al. [16], the multi-
linguistic component of text-to-image generation has been severely neglected by current research.
The ability to handle multiple languages is crucially important as it makes technology more acces-
sible to a huge part of the population with is not familiar with the English language. Moreover,
cross-linguistic approaches may open the field to new ideias and methodologies that can bring sev-
eral advances, including the ones that can be benefit text-to-image in its foundation, like improving

image quality and diversity.
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7.3 Comparative Analysis of Methods

In text-to-image research, model performance is measured by automated quantitative met-
rics. Since the challenge of evaluating quality and variability of generated images is immense, each

metric has its drawbacks. Below we discuss the caveats of quantitative metrics used in this work.

7.3.1 Evaluation Metrics

The first automated proposed metric for evaluation of generative models for images is the
Inception Score (IS) [58]. IS is intended to measure both image quality and diversity. The metric is
computed over class probabilities computed by an image-classification Inception Network [61] — you
can view more details in Section 3.2.3. Even though IS adoption as comparison measure is widespread
in the research field, this metric present some flaws. First, since the metric is computed of class
probabilities, if by any chance, we produce a collapsed model that can generate only one and the
same image of each class, then we would maximize IS. For instance, if we train a GAN on Imagenet
and our model is capable of generating only 1000 good and unique images, one corresponding to
each class from the dataset, then IS will be maximized. Therefore, it's implementation by default is
faulty in regards to capturing variability. The second drawback is regarded to the use of the Inception
Network. In order for the measurements to be comparable between different works, everybody needs
to use the same Inception Network implementation with the same weights. To this day, the 6
year old Inception weights are still being used to compute IS. Using this old implementation is not
only difficult technically because it uses old frameworks and implementations but also because it is

unreliable, different measurements doesn't always produce the exact the same results.

To circumvent some of the aforementioned problems, Heusel et al.proposed the Fréchet
Inception Distance (FID). The FID differs from the IS in the sense that it does not use class
probabilities. Instead, FID compute the intermediate features of both images from the training set
and generated images and then measure the Fréchet distance between the two sets of features. The
intuition is that, if the model produces sample with the same statistical properties as the training
data, then it is a good model. Since FID calculates a distance, the lower the measurement, the
better. If we were to compute the FID between the training set and itself, the result would be
zero. For more details on how FID is computed, see Section 3.2.3. Even though FID presents some
advantages of IS, it also built upon heavy assumptions. First, FID assumes that the set of image
features are a perfectly multidimensional normal distribution, which may not be case in practice.

Secondly, it uses the same 6 year old Inception Network as the IS, which brings several drawbacks.

For text-to-image generation specifically, some metrics were proposed to address the use
case more precisely; however, they are not as widespread as IS and FID. Other evaluation metrics
for text-to-image generation include qualitative human judgment and quantitative measures like the

Structural Similarity Index Measure (SSIM) [67], the Learned Perceptual Image Patch Similarity
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(LPIPS) [77], and the R-precision metric. The SSIM is a metric that assesses the quality of an
image based on an initial uncompressed or distortion-free image as the reference. SSIM considers
changes in texture, luminance, and contrast when comparing the quality of images, making it a
good fit for capturing structural information. In text-to-image generation, SSIM can be used to
compare the structural similarity between a generated image and a ground-truth image, if one is
available. LPIPS, meanwhile, uses deep learning features to compute the similarity between images.
It was developed to better reflect human judgment by considering perceptual differences between
images. When applied to text-to-image generation, LPIPS can indicate how perceptually similar a
generated image is to a set of real images, given the same input text. R-precision is a retrieval-based
metric that quantifies how well a generated image matches a given text description relative to other
distracting images. During evaluation, a text prompt is used to generate an image, which is then
matched with a reference set containing the correct corresponding image among other decoys. The
R-precision score is the fraction of cases where the generated image is closer to the corresponding
real image than to any of the decoys, reflecting the model’s ability to create relevant and specific

images based on text descriptions.

7.4 Limitations

The contributions of this thesis helped improving text-to-image synthesis in different ways:
a simplified neural architecture, a better performing loss function, and a novel cross-language
method. However, each of those approaches have their own limitations. Despite presenting good
results on single-object datasets like CUB and Oxford-102, our methods failed to excel in multi-
object datasets like MS COCO. The high variation and complexity of dataset like MS COCO has
been a challenge for text-to-image methods to address. We theorize that this difficult of caused
by the small amount of data compared to its variation, which causes the model to fail to learn a
function that generalizes well. Another limitation that must be acknowledged is the fact that we
used machine translation to create language data for our third method. This means that our model
is limited to the capability of the translation model. Ideally, to train truly multi-lingual models,
language data must come from native speakers who can capture all the nuances in language and
therefore produce high quality data points.

These limitations must be acknowledged as they may impair application in certain domains.
It also helps us to emphasize the areas where future research could focus on enhancing the robustness
and effectiveness of text-to-image synthesis models. Addressing these issues may involve using
additional data for training, possibly applying some pretraining strategy and/or transfer learning
strategy. This way, we a foundational knowledge about image synthesis, the model could better be

adjusted to the complexity of multi-object datasets.
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8. RELATED WORK

This chapter provides an overview of the foundational and recent advancements in the
machine learning domains essential to our study. We focus primarily on Generative Adversarial

Networks (GANs), and the evolution of methods in the text-to-image synthesis field.

8.1 Generative Adversarial Networks (GANs)

Introduced by Goodfellow et al. [18], Generative Adversarial Networks (GANs) have rev-
olutionized the generative modeling landscape. A GAN comprises two competing neural network
models: a Generator (G, which creates images aiming to be indistinguishable from real images, and
a Discriminator D, which aims to distinguish between the generator’'s output and genuine images.
During training, G and D engage in a minimax game, with G learning to produce increasingly

realistic images and D improving its ability to detect artificial ones.

The field has seen significant improvements tackling issues like training stability and en-
hancing the quality of generated images. Milestones include novel training strategies and loss
functions [1, 39, 20], as well as architecture innovations [29, 42, 74, 40, 4]. Additionally, the utility
of GANs has been demonstrated across various applications, including image-to-image translation
[28, 7, 65, 80], image inpainting [48], image editing [79], and image super-resolution [35].

8.1.1 GANs for Text-to-Image Synthesis

Reed et al. [55] pioneered the integration of textual conditioning into GANs to drive the
generation of corresponding images. This approach involves first encoding text descriptions into
vector form, then inputting these vectors into a Conditional GAN [41] to steer image synthesis.
Further, Reed and colleagues [56] expanded the model’s abilities to account for spatial relationships

described in text inputs.

A breakthrough came with the proposition of StackGAN by Zhang et al. [76], which intro-
duced a multi-stage generation process beginning with low-resolution images that are subsequently
refined. Their innovative Conditioning Augmentation (CA) technique contributed to enhanced train-
ing stability by projecting text embeddings into a well-behaved distribution. StackGAN-++ [75] built
upon this by incorporating multiple sets of generators and discriminators for successive resolution
enhancements. Likewise, HDGAN [78] employed a multi-stage approach, incorporating a patch-wise
adversarial loss to achieve high-quality images.

Emerging from the limitation of using only global sentence embeddings, AttnGAN [71]
leveraged attention mechanisms to incorporate fine-grained word-level details into image generation.

Complementary methods like MirrorGAN [49] involved iterative processes of image creation and
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redescription, while DM-GAN [81] focused dynamic memory modules on critical text elements during
image refinement. SD-GAN [73] implemented a siamese network structure to ensure consistency in

images corresponding to variant textual descriptions.

Our research departs from the usual text-to-image architecture. We simplify the framework,
replacing multi-stage processes with a single pair of Generator/Discriminator architecture that can
be trained directly at the target resolution. Integrating a novel sentence interpolation technique,
we present a model trained in a smoother conditional space, which enhances generative quality
and enables more natural image manipulation through latent space arithmetic. Quantitative and

qualitative analysis present the improves our methods over the previous state-of-the-art.

8.2 Cross-language Text-to-image Synthesis

Investigations into text-to-image synthesis have historically been restricted to single-language
generation, mainly because most popular datasets contain English captions only. Frolov et al. [16]
pointed this open challenge regarding text-to-image research. To this end, we propose the method
presented in Chapter 6. We translated the most used datasets, CUB and Oxford-102, to two new
languages, Portuguese and French. Finally, we propose a new method that allow text-to-image

generative models to support multiple language simultaneously.
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0. CONCLUSION AND FUTURE WORK

In this thesis, three novel methodologies designed to enhance the capability of small-scale
text-to-image synthesis have been introduced and evaluated. Each methodology aims at overcoming
common challenges in the synthesis process, such as computational requirements, the complexity
of frameworks, and the capability of multilingual support. The improvements made through these
methods have contributed to the evolution of state-of-the-art, as evidenced by improved perfor-
mance metrics and enhanced visual aspects. Collectively, this research provides insights for future

exploration within the area of generative adversarial networks and multimodal learning.

Chapter 4 introduced a novel method that simplifies the text-to-image synthesis framework.
This approach was presented at the International Joint Conference on Neural Networks (IJCNN)
with the paper titled “Efficient Neural Architecture for Text-to-Image Synthesis” [59]. It proposes
an architecture that is not only more straightforward but also demonstrates superior performance
compared to its predecessors. This method represents a shift in the design of text-to-image neural
networks, allowing for high-quality image generation through an end-to-end, single-stage training
process at the target resolution. This improvement not only offers an easier solution for text-to-image
synthesis but also points to new directions for research, departing from the usual go-to architectural

choice.

The work mentioned in Chapter 5 builds upon the Efficient GAN with a novel loss function,
enhancing the treatment of text conditioning in the model. We point out that the conventional
textual embedding might not be the most suitable for conditioning GANs, which were designed
for discrete data types like class labels. Responding to this, we introduced a new text-specific
conditioning methodology that incorporates a specialized Auxiliary Regressor, allowing for direct
model training at the target resolution. This contribution, referred to as TAR-GAN, narrows the gap

in performance between text-to-image synthesis and conventional class-conditional GANs [42, 74, 4].

Lastly, Chapter 6 expands the text-to-image synthesis to add multilingual capabilities.
This study was motivated by two main factors: the lack of robustness studies on text encoding
representations and the limited language availability, predominantly for English, in current models.
To this end, the study focussed on: i) an evaluation of the Deep Attentional Multimodal Similarity
Model (DAMSM) method from AttnGAN [71] to assess its generalization across varying scenarios,
and ii) the proposition of a new framework extension designed to handle image generation from
text descriptions in multiple languages. The resultant method, named Cross-language Generative
Adversarial Network (XLANG-GAN).

While the contributions of this thesis helps to push the boundaries of text-to-image syn-

thesis, there are several promising directions for future research:

» Scalability to Large-Scale Datasets: The advances presented were validated on commonly-
used benchmarks such as CUB and Oxford-102 datasets. Scaling these methods to more

diverse and larger datasets could showcase the utility of the approaches in real-world scenarios.
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» Extending Language Support: While XLANG-GAN proved effective in handling three lan-
guages, incorporating additional languages and exploring the impact of language complexity

on generation quality would be the next step in global applicability.

» Semantic Consistency Across Translations: Further research could focus on ensuring
semantic consistency when descriptions have multiple valid translations, possibly through ad-

vanced cross-linguistic embedding methods.

» Improvements in Disentanglement: Investigating methods to better disentangle and con-
trol individual attributes within generated images based on nuances in textual input may

provide better quality and diversity.

» Integration with Other Modalities: Future work could involve integrating other modalities
such as sound or video cues into the text-to-image generation process, thus increasing the

expressiveness and applicability of the generated images.

» Ethical Considerations and Bias Reduction: As generative models become more potent,
their susceptibility to embedding societal biases becomes a growing concern. Future work
must prioritize the development of methods to identify and mitigate biases within generative

models.

The aforementioned future research directions highlight the challenges in the domain of
text-to-image synthesis, that, despite having great breakthroughs, is in its very early stages. Con-
tinuing research in this field holds the promise of unlocking further capabilities of GANs and other
generative models, opening the horizons for better textual understanding, multimodal interactions,

and creative computer vision applications.
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