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Abstract

In the realm of machine learning, the need for high-quality datasets for model training
is increasing, highlighting the issue of data scarcity. Generative models offer a potential
solution by creating synthetic datasets. However, current generative models often struggle
with out-of-domain data generation. Fine-tuning techniques can adapt generative models
to new domains, but their performance when training other models remains understudied.
This thesis aims to address this gap by examining how domain-specific synthetic datasets
can be used for model training.

To investigate the problem, we propose a two-way evaluation pipeline, which involves
training and testing two domain-specific classifier models (one trained on a synthetic dataset
and tested on a real-world dataset, while the other is trained on a real-world dataset and
tested on a synthetic dataset) and then compare their performance. Our experiments reveal
a trainability gap (T-Gap) between the effectiveness of training with synthetic data and the
fidelity of that data to the target domain. We introduce the fine-tune efficiency ratio (FTER)
metric to quantify this gap, with values closer to one indicating a smaller gap and better
model performance.

We apply this pipeline and metric to various experimental settings, focusing on tech-
niques for data selection and architecture improvements. Results show that integrating
an active-data selection architecture into the domain-adaptation model, along with cluster-
based training data pre-processing, yields the best performance under the 2-way pipeline
and FTER metric.
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Chapter 1
Introduction

This thesis is concerned around the problem of data paucity and data-efficiency problem
with current generative models and proposing a set of new metrics of measuring generating
tasks. The thesis begins with introducing a bried background around the research problem
the thesis targeted on. In this chapter, the thesis will also present an outline of the purpose of
our research, including our research question, and an overview of the results of our research.

We will start our thesis by discussing the background related to the topic of this thesis.

1.1 Background

Artificial intelligence has shown remarkable achievements in recent years. Generative
models, in particular, poss their outstanding ability to replicate high-quality synthetic im-
ages, text and even massive data, representing a capstone of generation of machine learning
models. Unlike discriminative models that focus on classification or regression tasks, gener-
ative models are machine learning models designed to understand, learn, model and generate
knowledge of complex datasets. They are able learn the underlying distribution of a dataset
by capturing its patterns and structures, and able to reproduce new sample from the learned
distribution.

There are several approaches to structure an generative model. One common approach is
using generative adversarial networks (GANs) [20]. GANs operate the training on two neural
networks, generator and discriminator, which generator generates samples from random noise
and discriminator learns to distinguish between the generated results and the real data
inputs.

Another approach in to use the probabilistic machine learning, where the model are
design in particular to learn and predict the distribution of the data and resample generated

results from the learnt distributions. Several common technique to achieve this include



autoregressive models, which the model predicts the probability distribution of each data
point conditioned on previous points, and variational autoencoders (VAEs) [34], which learn
a latent space representation of the data and then generate new samples by sampling from
this latent space.

Recently, in particular, latent diffusion models [58|, based on probabilistic machine learn-
ing, have offered impressive abilities to generate high-quality image gain attention. Diffusion
models are learning probability distributions through an forward diffusion process of gradu-
ally destroying the data disstribution and a reverse diffusion process of restoring the data
distribution [63|. Latent diffusion, in particular, learn through the forward process of adding
random noise to image dataset and the reverse diffusion process of learning to denoise to
produce high-quality images [58].

Such abilities in high-quality generation task has gained attention across various fields.
Currently, generative models already have a wide range of applications, including text, image
and speech generation, and continue to be an active area of research in machine learning and
artificial intelligence. Furthermore, generative models have shown remarkable capabilities in
tasks from general image generation to domain-specific medicine discovery tasks [37].

However, current powerful machine learning models trades high performance with the
massive size of its training data, posing the problem of data paucity. We will discuss the

problem in detail in next section.

1.1.1 Data Paucity

Generative models heavily rely on the amount of high-quality dataset to effectively learn
and reproduce the data distribution they are tasked with generating. Targeting improved
performance and outcome, increasingly massive scale of data are being used for training
large foundation models [54]. For example, the latent diffusion models 58|, one of the most
powerful image generation models currently, considered among the most powerful image
generation models today, draw its power by taking advantage of being trained on large-
scale, multi-modal dataset LAION-5B [60]|, which contains about 170M high-quality image
examples. Such instance underscores the "scaling law" for language models, where the more
data typically yield better training results [33|. There is a growing recognition of the critical
need for large-scale, high quality datasets for training machine learning models.

Nevertheless, acquiring such large-scale datasets can present significant challenges and
limitations. The process of collecting, annotating and meticulous labeling demands signific-
ant financial resources and human effort. Additionally, with growing concerns surrounding

data privacy, especially in the possible leaking of privacy information in generated results



[32], such problem can be more severe and present more limits in the performance of ma-
chine learning models in some specific domains. Particularly, in medical domain, where data
annotation can requires massive manual effort of well-trained expertise and patient inform-
ation can be rigorously protected, the dearth of high-quality, large-scale trainable data is
particularly acute. Even, the data for some diseases itself can be rare in the real-world,
while learning characteristics of those diseases using language models might help docter
learn more about those diseases. Therefore, the deficit of high-quality datasets emerges as a
a formidable obstacle [6].

To combat the problem of data paucity, generative models posses a "cheap" and zero-
privacy-concern solution of synthetic data generation as alternative extensive training data
for training machine learning models [65]. By generating high-quality synthetic datasets,
it becomes possible to train machine learning models effectively in multiple data-deficient
domains, enhancing human capabilities across various tasks.

Yet, the capabilities of current generative models, e.g. latent diffusion models [58], shows
domain limitation on generating tasks constrained by the domain of their training dataset.
The challenge of out-of-domain generation persist [67]. Gaps in distributions between train-
ing data and targeted dataset means the task requires transfer training between distributions
[52]. While the task of out-of-domain generation typically relates to domain with signific-
antly insufficient data, such as medical health, emerging the problem of transfer learning of
out-of-domain generation tasks. Techniques addressing such distribution gaps is necessary,

and one possible and popular solution is model fine-tuning [65].

1.1.2 Model Fine-tuning

Model fine-tuning is an essential technique in leveraging pre-trained models to adapt
specific tasks or domains, which significantly save the costs and limits of training from
scratch. For large foundation language models, fine-tuning technique usually involves taking
one pre-trained large language model, typical one robust model trained on a large dataset for
a general task (e.g. latent diffusion [58]), and perform some further training on a smaller task-
specific/domain-specific dataset to fit the model into certain task /domain, which the method
is also called the Universal Language Model Fine-tuning (ULMFiT) [27]. The process of fine-
tuning often includes replacing the output layer or adding task/domain-specific training or
attention layer to the pre-existing architecture, and updates the model parameter through
gradient descent optimization techniques to minimize a pre-defined loss function, which
usually designed to efficiently learn task/domain specific knowledge (e.g. Class-specific prior

preservation loss proposed in Dreambooth model [59]). Such process enables the model to



learn new distributions for specific tasks/domains and acquire task-specific knowledge, while
still benefiting from preserving knowledge encoded in the pre-trained parameters. Fine-
tuning process promotes more robust and efficient deep learning models [30].

Fine-tuning has found widespread application to transfer model training across various
domains [24, 27]. For instance, for the task of medical image generation (Chest X-rays in
particular), fine-tuned generation models (latent diffusion [58]) has proven to be effective in
generating high-quality realistic images |11]. The versatility and effectiveness of fine-tuning
make it a fundamental technique in modern machine learning workflows, empowering prac-
titioners to leverage pre-existing knowledge and adapt it to novel challenges efficiently. The
prospect of generating synthetic datasets as an alternative solution to address the training
data paucity problem holds promise for further advancements.

However, fine-tuning techniques still remain certain restrictions and challenges. One
critical aspect of fine-tuning is the balance between how much to pre-trained to preserve
and how much to adapt the model to the new task. One potential problem is the distortion
of pre-trained features, which can be beneficial knowledge to preserve, and underperform
the specific prediction task/domain of interest [38]. Also, overfitting to the target dataset,
where the model learns noise or reproducing results too similar to tuning set [26], is another
common challenge. In task in image generation in particular, though current fine-tuned
generative model are capable in generating high quality of synthetic images |24} |11], whether
the synthetic images are capable for training purposes still remains unclear, requiring further
research on the retrainability of synthetic datasets and thereby optimizing the fine-tuning

process for a wide array of applications and domains.

1.1.3 Efficiency

As the realm of machine learning develops, there exists an increasing pursuit for model
complexity and accuracy. Though current models has cracked a variety of complicated tasks,
including text generation, image generation and speech generation, model training nowadays
require incredibly large and even increasing computational and data resources. Consequently,
one critical concern has emerged: efficiency.

The efficiency problem revolves around the trade-off between model performance and
data and computational resource requirements. The pursuit of higher accuracy often ac-
quire complex architecture and large model size, which also requires massive training data
to build up the training for model parameters, dramatically driving up resource require-
ments. Though advancing hardware development continuously improving computational re-

strictions, computational resources are still expensive and hard to obtain. The accessibility



of computational or data resources determine the practical viability of deploying machine
learning models across various domains. Moreover, due to data paucity and accessibility
limitations, data resources available for model training present significant challenges, and
thus the task of efficiently maximizing training data utility has increasing importance [40),
1]. While better performance is desirable, in order to promote multiple usage of machine
models in diverse domains, efficiency is important problem to deal with. The task of model
fine-tuning is facing the same challenge. Even model fine-tuning has shown impressive res-
ults in adapting domain-specific generalization tasks [24} [11], it still remains a problem on
how to fine-tune efficiently.

There are several approaches in addressing the efficiency problem in machine learning
models. One avenue is compressing model architecture to reduce the size and computational
complexity of neural networks while not compromising performance significantly. Another
important approach in to make the model training more data-efficient. Data-efficient models
are capable to learn data feature with high ability and able to perform good results with
less training steps, and thus could significantly save computational and data resources [1].
There are two major approach for better data-efficiency models: one is to develop algorith-
mically more data-efficient architecture; the other is to get better quality data, which can

be efficiently learned, into training.

1.2 Research Goals

As stated previously, in the current landscape of machine learning, one fundamental chal-
lenge is the scarcity of massive, high-quality, trainable data across multiple domains, which
present a significant obstacle for the widespread application of machine learning models,
particularly in specialized fields such as medical health. Despite, in theory, model fine-
tuning, which is the technique of adapting robust pre-trained models to specific downstream
tasks/domains by leveraging existing knowledge and adjusting model parameters to learn the
features of the tuning dataset, posses a promising future solution to address the data paucity
problem by generating synthetic datasets and "feed" them to train of large machine learning
models, the practical implementation of model fine-tuning maintains significant challenges
and concerns. The quality and trainability of the synthetic datasets still remain uncertain.
The data scarcity problem continues to hinder progress, as even fine-tuning processes may
require the access of sufficient amounts of diverse data for effective out-of-domain model
tuning. Furthermore, the massive computational resource consumption of tuning large mod-
els with massive amount of parameters remains a critical concern. It then draws to the

concern of the model efficiency problem, particularly an increasing focus on data learning



efficiency of machine learning models. Therefore, robust methodologies for evaluating the
quality, suitability, trainability and efficiency of synthetic datasets for generative models are

essential.

Research Questions: The two major questions the thesis is focused on are:
1. How to effectively evaluate trainability performance of synthetic datasets;

2. How to/what are methods to efficiently fine-tune image generation models for out-of-

domain tasks given fair trainable quality of synthetic datasets.

This thesis study aims to investigate the trainability performance of synthetic datasets and
efficiency performance of different methods of domain-specific fine-tuning for generative mod-

els, especially focusing on the domain of medical imaging.

This thesis proposes a two-way evaluation pipeline of judging the trainability performance
of synthetic datasets for generative models. Figure [1.1] shows the pipeline of our evaluation
task. One route trains a general classifier with synthetic data and test on real-world data.
Conversely, the other route trains the classifier with real-world data and test on synthetic
data. By then comparing the outcomes of these two routes, we seeks to gain insights into
the trainability of the synthetic datasets and the efficiency performance of the fine-tuning
model.

Along with the two-way pipeline, this thesis also proposed a new metric, Fine-tune Ef-
ficiency Radio (FTER), which measures the the gap, namely Trainablity Gap (T-Gap),
between the performance of synthetic datasets generated by specific models serve as training
set and as testing set. We explained this gap as the lack of ability in reproducing the variance
of the full underlying data distribution of the targeted domain. For future researches, we
foresee more use of the FTER metric to evaluate such gap and explain such gap.

This thesis finds that an active data-selection based fine-tuning approach combined with
some clustering data selection selection is a promising way to get more trainable synthetic

datasets and also reaching generally data-efficient training process.

1.3 Thesis Outline

Below, we present a brief outline containing the contributions of this thesis. We will first
briefly discuss related works around this topic. Then, we will outline the our methods for

our research in Chapter [3] Chapter [4] will be a detailed representation of the experiments
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Figure 1.1: Our proposed two-way evaluation pipeline

that we did, followed by a detailed discussion of our work and contributions in Chapter 5.

Our contributions and future directions for our work are summarized in Chapter [6]



Chapter 2
Literature Review

This chapter will be a literature review of related topics, including generative mod-
els, out-of-domain generation tasks, model fine-tuning and techniques to address data effi-
ciency problem, encompassing their theoretical foundations, methodological developments,

and practical applications.

2.1 Generative Model

Typically, in machine learning, models are divided into two categories: generative and
discriminative. Generative models generates new data instances, while discriminative models
discriminate /differentiate between different data instances. Our thesis will focus on gener-
ative models.

As briefly introduced in Chapter [I| generative models have accomplished remarkable
advancements in machine learning with its the excellent capability to generate synthetic data.
The foundational idea of generative model is learn and reproduce distributions of training
data. More mathematically, the models aim to learn and capture the joint probability
P(X,Y) given a set of data X and a set of labels YV (if any) [46].

There are several approaches for modeling such predictions. Classical approaches, in-
cluding Gaussian mixture models (GMMs) and Markov models, attempted to represent the
conditional probability of targeted data as a mixture of simpler distributions/probability.
However, those classical approaches present failures in modeling high-dimensional, complex
data. With the advance in the field of deep learning, modern approaches of constructing gen-
erative models include variational autoencoders (VAE) [34], generative adversarial networks
(GAN) [20], flow-based generative models [35|, generated pre-trained Transformers (GPTs)
[53] and latent diffusion models [58]. We will discuss those architectures in more detail in

the following subsections.



Generative models have found widespread applications across various domains. In com-
puter vision, generative image models have been used for high-resolution image synthesis
tasks. The impressing ability in text generative of generative models also being employed
in natural language processing. In drug discovery, generative models have been utilized for
molecular design and property prediction.

Overall, we foresee the potential of generative models to serve as essential tools to help

enhance human ability across multiple tasks.

2.1.1 Classical Approaches

Classical approaches of modeling a generative model usually start by representing tar-
geted data distribution/probabilities as an outcome of some distributions/probability. They
are usually modeled under specific assumptions on the structure of the data, and thus present

limitations based on their assumptions. Some essential classical approaches includes:

Mixture Models (MMs) are among one of the earlier approaches of generative models.
It is a latent variable model that assumes some distribution over the variables conditioned
on its latent space and try to represent the probability of targeted data as a mixture of some
distributions over the variables. Commonly, Gaussian distributions over the variables are
assumed, forming a type of mixture models called Gaussian Mixture models (GMMs).

For Gaussian Mixture models, symbolically, it predicted the probability of targeted data
X: P(X) = 2F, m;N(X|ui, ), given j; and ¥; as the mean vector and covariance vector
of the Gaussian distributions. Data is generated by sampling data point from the estimated
Gaussian distributions with differently sampled mixing coefficient pi given.

The parameters of the distributions in mixture models are usually estimated using Ex-
pectation Maximization (EM) algorithm, which involves a E-step and a M-step in its pre-
diction. In the E-step, the algorithm represent a likelihood estimation using the current
parameters sets. In the M-step, the algorithm updates parameters to that maximized the
likelihood estimation.

One important feature of MMs is that they assume all datas are drawn from some distri-
butions independently. This assumptions make MMs to perform moderately well in modeling
sequential data, such as time series and speech, where the assumptions are more likely to be
fulfilled. However, such assumption still present significant limitations, especially in model-

ing high-dimensional data [4].

Markov models are generative models based on Markovian process. They assumes a

Markovian process underlying the data generation, where sequences/states depends solely



on fixed number of previous states. The models aim to estimate the probability of targeted
data event as an outcome of previous given sequential data stages, modeling using Markov
Chain technique.

Markov models shows to be powerful tools in modeling and generating sequences of data,
such as text generative where it can learn the probabilities of words or characters given some
previous text sequences. By capturing the statistical dependencies between sequences and
states, Markov models can effectively reproduce features of the training data.

However, Markov models present restrictions based on the Markovian assumption. Markovian
process assumes data sequences are dependent to each other, which does not always hold
true for real-world datasets. Moreover, due to the Markov property, Markov models does
not memorize any past stages, while past stages can still matter or even alter outcome of
generation. Such property also leads to the limitations in learning high-dimensional and

complex data distributions [4].

Naive Bayes is a probabilistic generative model fundamentally based on Bayes’ theorem,
which computed probability of an event based on prior knowledge of conditions on related
events. Naive Bayes learns the probabilities of each feature conditioned on each class label
by analyzing and estimating likelihood estimations of these probabilities in the given training
data, and then they aim to find a class label that maximizes the probability of that class
given the data features. Techniques of modeling Naive Bayes usually involves maximum
likelihood estimation or Bayesian methods.

Naive Bayes uses the assumption that all data features are independent, given their class
label. Such assumptions allows the simplicity and efficiency for calculation for Naive Bayes,
especially in large high-dimensional datasets, and thus broadly used some classification tasks.
However, since Naive Bayes assumes the data are conditionally independent, they show

limitations in modeling data with correlations [4].

2.1.2 Variational Autoencoders

Variational autoencoders (VAEs), proposed by Kingma and Welling in 2013 [34], offer an
alternative approach to model generative models and gain their reputation by its promising
ability to generate high-quality synthetic data samples.

VAEs are based on autoencoders, where a typical autoencoder consisits of two neural
networks: an encoder and a decoder. The encoder compress input data to a smaller vector
space, and the decoder attempts to revert the compressed vector to its original representation.
Ideally, an autoencoder trains to learn to compress and depress data information with subtle

loss. However, the vector spaces that a standard autoencoder compressed into do not secure
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continuation, which repents a problem are generative models where drawing random samples
from a continuous latent space is desired.

VAEs, as a special kind of autoencoder, resolves the problem of latent space continuation
by enforcing a mapping on input data features to a probabilistic latent space that corresponds
to the parameters of a variational distribution. VAEs typically fulfill this by optimizing a
proabilistic lower bound on the log-likelihood of the data, making them more interpretable
and providing a principled framework for learning latent representations.

VAESs show their remarkable ability in generating diverse data, no matter continuous or
discrete, labeled or unlabelled, across multiple domains. However, VAEs remain one major
limitation in the blurry of the data sample thet generated [9], caused by the loss from the

process of compressing and recovering data distributions.

2.1.3 Generative Adversarial Networks

Generative Adversarial Networks (GANs), proposed by Goodfellow et al. in 2014 [20],
poss another powerful approach for generating synthetic data. The structure of GANs con-
sists of two neural networks: a generator and a discriminator. The generator aims to generate
data samples that attempts to resemble distributions of training data, while the discriminator
aims to distinguish between synthetic and real data samples. During the training process,
the generator and the discriminator compete against an adversary by performing a minimax
trick where the generator attempts to minimize the difference between the distributions of
synthetic and real data samples and the discriminator attempts to maximize its ability to
differentiate between synthetic and real data samples. This adversary in the training process
enables both the generator and discriminator learns to be robust. After the training process,
the discriminator is discarded and generator is kept to generate data samples.

GANSs are able to closely resemble the distributions of real data and generate high-quality
realistic data samples, gaining broad attention and broad uses across multiple domains, such
as computer vision and natural language processing. However, GAN models still represent
limitations. The discriminator in GAN only learns to differentiate between real and synthetic
data. It does not learn features of the data samples, resulting possibly synthetic data samples

with similar style compared to real data but not what actually exists.

2.1.4 Flow-based Generative Models

Flow-based generative models [35] |48] are generative models that model data distribu-
tions of given data utilizing the technique of normalizing flow, which targets to find invertible

transformations to map a simple base distribution, typically a Gaussian or uniform distri-
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bution, to the more complex target data distribution [57]. Since the transformations are
enforced to be invertible, it enables both data generation and likelihood estimation.
Flow-based models shows great ability to generate high-quality synthetic data samples.
Flow-based generative models find applications across multiple domains, including text gen-
eration, image generation, and speech generation. Unlike traditional generative models such
as Variational Autoencoders (VAEs) [34] or Generative Adversarial Networks (GANs) [20],
since flow-based models offer exact likelihood estimation, it enables better assessment of

uncertainty of the models and thus more stable results over the generated samples |7].

2.1.5 Generative Pre-Trained Transformer

Generative Pre-trained Transformers (GPTs) [53] represent a groundbreaking advance-
ment in natural language processing (NLP) and generative modeling. GPT models show
remarkably human-like ability in text generation. Especially in text prediction based on
given preceding text and showing, GPT models poss incredible ability to understand and
produce coherent and contextually relevant text based on given inputs of text sequences.
GPT models have been utilized across multiple domain for text related tasks, such as trans-
lation and question answering.

GPT-based models are build on transformer models [64]. GPT models typically em-
ploy a decoder-only transformer setup with multi-head self-attention layers augmented with
positional encodings to capture the sequential characteristics of input data and residual con-
nection among normalized layers. Then, GPT models gain its power in generation tasks
through pre-training on vast amounts of text data, enabling the model to learn patterns
and structures of language. For example, GPT-4 (one of the most notable iterations of
GPT models) has an unprecedented scale with 175 billion parameters. During fine-tuning
or inference, GP'T models autoregressively predict the next token based on the given data
sequence.

Beyond text generation, GPT-based models showed to be effective to be adapted into
other generation tasks, especially image generation |72, [75]. One example is the DALL-E
model [56], which treats pixels as sequential data and is then able to generate high quality
images from given text prompts, demonstrating the potential of GPT-based architectures

beyond tasks related to natural language.

2.1.6 Latent Diffusion

One of the most powerful image generation model nowadays is the latent diffusion models
[58], trained on large-scale, multi-modal dataset LAION-5B [60]. They have the ability to
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Figure 2.1: Architecture of latent diffusion models. Reproduced from .

generate high-quality, high-resolution, realistic image data samples, and thus is broadly
utilized in multiple domains.

Diffusion models are characterized by the diffusion process, which can be split into a
forward and a backward diffusion process. The forward diffusion process attempts to de-
construct the structure of the data distribution by gradually adding random noise to the
data distribution based on a certain schedule. After the forward diffusion process, we should
be able to get mimetic pure random noise. The reverse diffusion process, on the other
hand, attempts to restore the structure of the data distribution through gradually denoising
the random noise in a given timestep, which is shown to be efficient and relatively easy to
train [63]. The denoising model utilized a time-conditioned U-Net, augmented with cross-
attention mechanism conditioned on information of the data. Symbolically, for each input

y, the cross-attention blocks are conditioned on

QKT
Vd

where @) = Wg) ci(2Y), K = WI(;) ~19(y), V = W‘(,i) ~19(y), and @;(z) € RN denotes a
intermediate representation of the UNet implementing €y, and finally W‘(/i) € Rdxde WC(;) €

Attention(Q, K, V') = softmax( )V,

Réxdr and WI(;) € Rdr are three learnable projection matrices.

In Figure we show the full diagram for architecture of latent diffusion models [58].
Through training through the diffusion process, latent diffusion models gain the ability

to generate a variety of high-resolution synthetic image datasets, showing their tractability

and flexibility. They also present better quality synthetic data samples compared to VAEs

and GANs, due to its semantic compression which performs less information loss during the
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training process. Diffusion models represents an upper bound of current generative models,
and thus, for the purpose of this thesis, we focused on research latent diffusion models as a
focus for generative models.

Even though diffusion models shows impressive ability in generating synthetic images,

they still presents challenge in the data and computational resources required for training.

2.1.7 Restrictions

Though different generative model have shown promising future for the task of generating
synthetic data, limitations among different preserves. Moreover, another important restric-
tion of the current generated models is the domain of data which the models can generated.
The ability of high-quality generation for those models is strictly restricted by the domain
of the large-scale input datasets that are used to train those models |76]. However, the task
and ability of out-of-domain generation task is also important, which we will discuss in more

detail in section 2.3.

2.2 Data Efficiency

Though generative models have shown excellent generated results in text, images, videos
and etc., current generative models still present challenges and limitations in the data and
computational resources that they required to train on. For example, the powerful latent
diffusion model [58] (discussed in §2.1.6) is trained on the LAION-5B dataset |60, which
contains around 170M high-quality and high resolution data samples. Such large-scale data-
sets is almost impossible in multiple domains. Medical domain, in particular, might be
insufficient of 170M patient samples for some relatively rare disease diagnoses. Thus, there
is an rising importance in increase the efficiency in the usage of the limited data during the
training process [29]. There are several approaches to improve models’ data efficiency. We
will discuss two approaches in particular related to our thesis: a cluster-based approach and

active learning approach.

2.2.1 Cluster-based Approach

One way to improve data efficiency is cluster-based methods. Cluster-based methods
attempt to capture relationships and structure of data features, and then group "similar"
data samples together into clusters. In this way, cluster-based methods facilitate certain
data compression based on data features. Models take advantage of this by learning clusters

instead of individual data samples, and are able to achieve similar performance but trained
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Figure 2.2: Three main active learning approaches. Reproduced from [61].

on less data input. Such process largely simplified the learning task and enables a signific-
ant decrease in computational resources required for training, and also improving the data
efficiency for the overall model, especially shows to be efficient for dealing with large-scale
datasets. It also mitigates issues like overfitting and improves the generalization ability of
machine learning models. Such methods have already be shown to be efficient in improving
model efficiency among multiple machine learning models , .

2.2.2 Active-learning-based Approach

Another approach to improve data efficiency during training is though active learning
methods. They selectively select data samples to train on and to modify model parameters
instead of taking consideration of each data sample in a large-scale dataset. The fundamental
of active learning in machine learning is to train a model that can actively query an oracle
to label the most informative instances, thus saving training effort while maximizing the
model’s performance. Figure [2.2] shows the general process of active learning. The idea is
inspired my real-world active learning in classrooms, where students actively get feedback
from teachers to improve their learning outcomes.

The core algorithmic idea of active learning is to label and learn data samples nearer
best decision boundary the model currently learned. Figure illustrate a diagram for the
general idea of active learning.

There are three major approaches for active learning: 1) pool-based active learning, which
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the model has the query orable to tell the information usefulness of all data in the sample pool
and greedily select the top IV samples that are most informative; 2) stream-based selective
sampling, which is similar to pool-based active learning but the model also decides whether
to query for the ground truth label depend on its confidence threshold of the predicted label;
3) membership query synthesis, which models query on synthetic samples it generates [61].
Figure [2.4) depicts the methods and differences among these three approaches.

Moreover, active learning methods combined with clustering-based techniques also shows
improving the performance of multiple models across different tasks 5], which is also a
major approach this thesis will be taking. We will discuss our methods more in detail in
Chapter [3]

2.3  Out-of-domain Generation

The generated results of generative models (such as latent diffusion [58]) also has restric-
tions based on the source domain of their training set, which is a typical limitation of current
machine learning models [76, 45]. As mentioned above in section diffusion models [58]
are trained on LAION-5B dataset , which is a large-scale dataset but mainly contains
image of general purposes, indicating that the ability of generating images out of the do-
main of LAION-5B can be limited. Recent works has shown the failure of original latent
diffusion model in generating out-of-domain medical health images [11], while out-of-domain
generation can be essentially helpful. As mentioned in Chapter [1] (section , synthetic
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Figure 2.4: Three main active learning approaches. Reproduced from [61].

high-fidelity datasets have promising future use to augment machine learning models across
multiple domain and serve as a possible solution for the data paucity problem. The more
out-of-domain generation task the models can overcome, the more we can adapt machine
learning models into different domain. With the expectation upon the generalization of ma-
chine learning models to enhance human ability across multiple various domain, there exists

an increasing need to overcome the out-of-domain generation tasks.

2.3.1 Domain Adaption

One popular approach to overcome the challenges of out-of-domain generation tasks is
the domain adaption technique. It aims to transfer knowledge learned from a source domain
to one targeted not-leaned domain with the purpose to improve performance in the out-of-
domain tasks, helping to bridge the gap between the source domain and the targeted domain
[3, |18]. There are several approaches for domain adaption, which focus varies from data to
feature to model |74} [18].

Data-based Adaption is specifically concerned with the difference in distributions learned
due to difference in sampled data instances (e.g. due to sample selection bias [28]), and at-
tempts to align individual data instance into the targeted domain. Efficient methods of
implementing this can be data reweighting in the source domain to fit the targeted data
space |74}, 169].
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Figure 2.5: Some examples of domain specific synthetic images for adapting diffusion models
for specific downstream medical image generation task. Reproduced from [11].

Feature-based Adaption learns a transformation between the feature spaces of the

source domain and the targeted domain, and has shown to be efficient in transfer learn-

ing to targeted domains 41}, 39, [68].

Model-based Adaption directly adapt models’ parameters learned based on source do-
main to fit the targeted domain. A commonly used technique to implement this is through
model parameter fine-tuning, which usually implemented by neural networks , , and
showed powerful results in adapting different domains for generative tasks . Figure
[11] shows some examples of adapting diffusion models for the downstream task of medical
imaging (specifically frontal chest X-rays) generation. We will discuss more about models

for fine-tuning in more detail in section [2.3
All three listed approaches have shown promising results in the task of domain adaption.

However, it still remains a question on how to effectively adapt the domains of models, as
mentioned in section
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2.4 Model Fine-tuning

Fine-tuning is a commonly used technique to modify model weights to transfer learning
to a specific domain. Pre-trained large image models tends to lack the ability to produce
specific.

Fine-tuning in machine learning involves taking a pre-trained model and refining its
parameters to fit a specific task or dataset. This process is particularly useful when dealing
with limited data or when aiming to improve the performance of a model on a particular
task. Initially, a pretrained model trained on a large-scale general dataset is selected. Then,
the model architecture is modified to suit the requirements of the target task, which may
involve adjusting layers, activation functions, or the output structure. During training,
the parameters of the modified model are updated using a task-specific dataset, allowing
the model to learn task-specific features while retaining the knowledge gained from the
pre-training. Hyperparameters are fine-tuned to optimize performance, and the model’s
performance is evaluated on a validation set. Fine-tuning is an iterative process, often
involving multiple training cycles and adjustments to achieve the best performance. Fine-
tuning enables the transfer of knowledge from pre-trained models to specific tasks, resulting

in improved efficiency and effectiveness in machine learning applications.

2.4.1 Dreambooth

Our thesis focused on the use of fine-tuning for adapting model to out-of-domain gener-
ation tasks. One popular model to implement this technique is the Dreambooth fine-tuning
model, introduced by Ruiz et al. in 2023 [59).

The Dreambooth model enables fine-tuning large-scale text-to-image models to adapt
domain of input dataset for some downstream tasks within fewer input samples, which is
especially helpful for situations where data samples are limited.

The general pipeline of Dreambooth model functions as follows: The model takes in
input image data of domain we targeted to fine tune on paired with their text prompts, and
a text-to-image diffusion model. It then pairs a unique identifier with the text prompt and
perform Dreambooth training. The training outputs an fine-tuned text-to-image model that
encodes a unique identifier that refers to the tuning set. At the inference stage, we utilize
the unique identifier to generate data in our targeted domain. Figure [2.6] shows a graph of
how Dreambooth pipeline works.

During the training process, the models first take the given image-text pairs with the
unique identifier and fine tune the low-resolution text-to-image model while applying a class-

specific prior preservation loss, which allows the model to learn new data while preserving
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Figure 2.6: Pipeline for Dreambooth. Reproduced from [59].

pre-trained knowledge by utilizing the semantic prior that the model has. The model then
fine-tune the super resolution components of the model with pairs of low-resolution and high-
resolution images taken from our input images set. Figure shows a graph of architecture
of Dreambooth model.

Dreambooth model has been shown to be effective in adapting generative models and
transfer model learning for specific downstream generation tasks. For exmaple, Chambon et
al. show its effectiveness in adapting diffusion models into task of chest X-ray generation.

Examples shown in figure 2.5

2.4.2 Efficient Fine-tuning

As discussed in section [2.2] the efficiency of machine models remains a challenging but
important task. So as model fine-tuning. Multiple research approaches have taken efforts to
optimize the process of model adaption for efficient fine-tuning. Among all of the approaches,

our thesis is interested in whether more general approaches also works for fine-tuning.(such

as cluster-based methods and active learning as mentioned in section [2.2.1| and [2.2.2)). We

found cluster-based methods still efficient for increasing model efficiency under fine-tuning
background . More specifically, weight initialition of data points or clusters can also
alter the performance of efficiency of fine-tuning [16].

Also, active learning approaches are shown be an effective technique in improving fine-
tuning efficiency , . Specially, Bashar and Nayak proposed method of setting class

distance boundary and utilize the boundary threshold for active data selection during the
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fine-tuning process. This method has been shown to efficiently fine-tuning transfer learning
for downstream tasks . Figure shows the pipeline for an actvie-learned embedded fine-
tuning approach discussed in Bashar and Nayak’s paper . Our experiments get inspirations

from this architecture, which we will discuss in more detail in Chapter [3]and Chapter [4]

2.5 Open Challenges

As discussed in Chapter [T} our thesis is interested in investigating methods for out-of-
domain generation. In this chapter, we discussed different approaches in resolving out-of-
domain generation challenge. We found that model fine-tuning shows convincing power in
adapting domain-specific generation tasks and also present less limitations on data domains.
Also, current research seems to lack of discussing on how well synthetic data generated for
model after domain adaption techniques can be used for training purposes, while this task
present significant solutions to the data limitation or paucity in specific domains.

Moreover, fine-tuning large-scale models can still require massive scale tuning set, and the
data paucity problem in some domains can still block the way. The data efficiency problem

still requires concerns and researches.
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These collectively form the research question of thesis: How to evaluate how well a
synthetic dataset can be trained i.e. the trainability performance of a synthetic dataset, and
how to efficiently fine-tuning models for domain adaption for out-of-domain generation tasks
given fair trainability performance of the synthetic datasets. After confirming our research
question, we then proposed our research approaches and methods based on methods we found

effective in our literature review, which we will discuss in detail in next chapter (Chapter (3)).
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Chapter 3
Methods and Approaches

The problem and the main research purpose outline in Chapter [I] together described
the goal of this thesis: investigate methods for domain-specific/out-of-domain generation for
generative models, mostly focusing on better evaluated performance for model training. In
this chapter, we will discuss the research approaches and methods we used to investigate the

problem.

3.1 Domain Focus: Frontal Chest X-rays

As we are mainly interested in understanding efficient methods for model adaption for
out-of-domain generation tasks. Deploying machine learning models in medical domains
shows especially beneficial [62, |44], while current generation models does not seem to show
promising ability in generating medical domain-specific data, especially in medical imaging
domain [11]. For example, the left figure of figure presents an example of a synthetic
frontal chest x-ray generated by latent Diffusion model [58] without any domain adaption
technique. We see the model does not reproduce the exact features of realistic frontal chest
X-rays. However, when applying domain adaption techniques, such as model fine-tuning,
the model is able to generate realistic-looking frontal chest x-rays (see the right figure of
figure . Based on these facts, we foresee the application of generative model in medical
domain, specially in medical imaging on frontal chest x-rays.

Moreover, based on literature review (Chapter [2)) on related work in domain adaption in
medical imagining, we see previous researches showed promising results in using fine-tuning
model Dreambooth to adapt generative image model into frontal chest X-ray generation
tasks |11, |12]. Considering a promising future of deploying generative model in medical
domain-specific dataset generation tasks and also to get insights of our methods compared

other experimental results from previous researches, this thesis focused on a the specific
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Figure 3.1: Comparision of the result of chest X-ray images we generated: without fine-tune
(left) and with fine-tune (right).

domain of medical imaging generative of frontal chest X-rays.

3.2 Research Tools

As breifly discussed in Chapter [T, the thesis is interested in synthetic data generation
as a possible solution for the data paucity problem across different domains. It then be-
comes significant to measure how well a sythetic dataset are able to achieve similar training
performance compared to real datasets, which, in this thesis, refers to the trainability of
dataset (i.e. how the dataset can train a model). Yet, in our literature review and to the
author’s knowledge, not much research touched on measurements in the trainability of syn-
thetic datasets. In this thesis, we proposed a new evaluation pipeline along with a new

measureing metric to better evaluation the task the thesis focused to investigate on.

3.2.1 2-way Evaluation Pipeline

In our literature review, we found that most current research tested the quality of syn-
thetic dataset by training a classifier model, which has been proved to have good performance
in the classification task, to classify whether the synthetic data sample belong to the class
it was tasked to generate. They argue that the task can tell is synthetic images are able to
reproduce features of the targeted class . However, such evaluation task cannot avoid the
generative model simply overfitting the input data and simply reproducing features of input

images. And, as mentioned in Chapter [I] if we see the task of synthetic data generation as
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a solution to the data paucity problem in training machine learning models, we need to see
how well the performance of models trained on synthetic datasets can be.
Therefore, we proposed a 2-way evaluation pipeline for measuring the task of synthetic

dataset generation:

1. Train a classifier model using synthetic dataset, and then test the trained classifier

using real-world dataset.

2. Train a classifier model using real-world dataset, and then test the trained classifier

using synthetic dataset.

We then compare the resulting performance of the two classifier from the two pipes.

Figure presents the diagram of our evaluation pipeline. In this 2-way evaluation
pipeline, we are able to see and compare how well the synthetic images can be trained on,
while preserving the classical approach of observing how accurate the synthetic features
of the data samples performs. Good synthetic datasets should be able to reproduce the
distribution of real-world dataset close enough to perform relatively and similarly well in

both ways.

Classification Model: CheXNet

As mentioned above, our evaluation pipeline depends on the analysis of the compared
performance of the two classification models, one trained on synthetic images and one trained
on real-world images, to gain insights on the quality of synthetic dataset. The validation of
such analysis fundamentally based on the assumption on the robustness of architecture of
the classification model that the classification model is able to learn and classify well given
high-quality data. Therefore, deploying a robust classification model for the domain-specific
downstream classification in evaluation pipeline is extremely important.

Considering the domain of frontal Chest X-rays, our thesis deployed the CheXNet classi-
fication model [55]. CheXNet is classification model architecture specifically designed for the
task of differentiating 15 classes of frontal Chest X-rays, and have shown a high performance
in such task when trained on a high quality Chest X-ray dataset, NIH ChestX-rayl4 dataset
[70] (details on AUROC score presented in figure [3.2). CheXNet even shows better perform-
ance in F1 score for some classification tasks than the average of radiologist (details show
in figure [55]. Such high performance in classification tasks indicates the robustness of
the model architecture, and thus is a suitable model to deploy in our evaluation pipeline.
For the purpose of this project, we simply the CheXNet model to binary tasks which only
differentiate between health and unhealthy frontal chest X-rays, and deploy the model into

our evaluation pipeline.
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Pathology Wang et al. (2017) Yao et al. (2017) CheXNet (ours)

Atelectasis 0.716 0.772 0.8094
Cardiomegaly 0.807 0.904 0.9248
Effusion 0.784 0.859 0.8638
Infiltration 0.609 0.695 0.7345
Mass 0.706 0.792 0.8676
Nodule 0.671 0.717 0.7802
Pneumonia 0.633 0.713 0.7680
Pneumothorax 0.806 0.841 0.8887
Consolidation 0.708 0.788 0.7901
Edema 0.835 0.882 0.8878
Emphysema 0.815 0.829 0.9371
Fibrosis 0.769 0.767 0.8047
Pleural Thickening 0.708 0.765 0.8062
Hernia 0.767 0.914 0.9164

Figure 3.2: Performance of CheXNet: AUROC. Reproduced from [55].

F1 Score (95% CI)
Radiologist 1 0.383 (0.309, 0.453)
Radiologist 2 0.356 (0.282, 0.428)
Radiologist 3 0.365 (0.291, 0.435)
Radiologist 4 0.442 (0.390, 0.492)
Radiologist Avg. 0.387 (0.330, 0.442)
CheXNet 0.435 (0.387, 0.481)

Figure 3.3: Performance of CheXNet: F1 score compared to radiologist. Reproduced from
[55].

3.2.2 Metric: Fine-tune Efficiency Ratio

As mentioned in the above section, in our 2-way pipeline, we compare the resulting
performance of the two classifier (one trained on synthetic data and test on real-world data,
while the other trained on real-world data and test on synthetic data). Aside from accuracy
measures of the classifiers, to better compare the numerical results of the performance of the

two classificers. We proposed a new metric Fine-tuning Efficiency Ratio (FTER).

AUROC of classification task trained on synthetic data test of real-world data

FTER =
AUROC of classification task trained on real-world data test on synthetic data

FTER is the ratio of AUROC score of the two trained classifiers, where AUROC tells

how a trained model can make correct prediction on the classes [8]. High AUROC score
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and accuracy for a classification modes usually means that the model learns well in the
classification task. FTER compares how well the two classifiers perform. FTER can fell into

three cases:

1. FTER = 1. The two classifier make predictions perfectly similar. The synthetic data

perfectly learns the distribution of the real-world data.

2. FTER > 1. The classifier trained on synthetic images predicts better. This means that
the synthetic data not only capture the distributions of the real-world data. It also
learns a better distribution for dataset to trained on such tasks than our pre-existing

real-world dataset.

3. FTER < 1. The classifier trained on synthetic images predicts worse than classifier
trained on real-world data. The generative model might not well capture and reproduce
the distribution of real-world data. If the FTER is specifically low, it might indicate
that the model generates synthetic dataset not presenting full distribution of the real-

world data, and thus possibly overfitting input training sets.

For targeting good generative model for the task of synthetic dataset generation for model
training purposes, ideally we want models that have high accuracy and FTER score as close
to 1 as possible or even FTER > 1.

For our experiments, we ran our 2-way pipeline on different experiment scenarios, and,
for each experiments, we compute the FTER score. We aim to find methods for efficient

domain-specific fine-tuning with high accuracy and high FTER score.

3.3 Research Approaches

Based on our literature review, we concluded research approaches resolving related model

efficiency problems into two main categories:

1. Targeting on data input, which focuses on data processing (e.g. clustering-based meth-

ods) to improve the quality of overall training data to achieve better performance.

2. Targeting on improving model data acquisition to improve efficiency for the training
process. For example, the active learning approach during model training aim to learn

more efficiency of the data.

Figure shows the graph of research approaches we mainly focus on.
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Though previous research does not agree with our focus, we gain insights on research
approaches we can take to investigate on improving fine-tuning efficiency for adapting out-
of-domain generation tasks. Thus, we take these two approaches to explore methods for
resolving our task. As discussed in section [2.5, we found that model fine-tuning shows to
an efficient method for adapting models for out-of-domain generation tasks. Among models
for fine-tuning, Dreambooth models stands out due to its proved ability of generating high-
quality datasets for specific domains (e.g. medical imaging ) Therefore, the thesis
will focus on taking Dreambooth models as a way for out-of-domain adaption tasks, and

investigate on how different methods under the two major approaches performs.

3.3.1 Aiming for Better Quality Data

Quality and quantity of the training data appears to have great impact on model per-
formance [43 [10]. The concept of "garbage in, garbage out" underscores the importance
of high quality datasets taken as inputs for model training. Generally, there are two ap-
proaches to make the training data to have higher quality. One is to collect better data from
source, which takes effort in manually identify high-quality data samples. The other is using
algorithm techniques to select high-quality data samples from a collected dataset and deploy
this higher-quality subset of data into training. One popular technique in this approach is

clustering, which is also one method this thesis will focus on.

Better Data from Source

One possible approach to take to aim for better quality data is to fine better quality
dataset from its source, where data quality in machine learning usually refers to how well
informative a data sample can be to the models . However, it remains a question on

what kind of data samples are more informative and easier to learn.
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Machine learning is often analogized to the task of educating a model. Then consider
the situation of real-world education. When students want to learn something, what might
be some of the more reliable and informative physical sources? One answer is simply text-
books. Textbooks are made of selected information by professional experts who think these
information can be more educational. Research also shows model training on textbook-based
datasets shows better performance on language models for code [23]. Now we narrow our
sight a bit into the image domain. For the images in textbooks, they are chosen possibly
because professional experts consider those image datasets as more useful, typical and char-
acteristic for educational purposes, which basically means more informative data samples.
Thus, if we collect image data samples from textbooks, we are able to form a high-quality
dataset.

In fact, during our research, we compared data samples in our collected textbook dataset
and the pre-existing Chest X-ray datasets (e.g. ChestX-rayl4 [70]). We found that pre-
existing dataset do have non-typical medical cases, which can be hard to learn for both
human and models.

Therefore, we manually collected over 1,000 images from medical Chest X-ray textbooks
and form our textbook dataset. We performed our pipeline and results on this dataset and

compared results. More experimental details will be presented in Chapter [4]

Cluster-based Data Selection for Training Data

Another possible approach to obtain better quality data is through clustering. Cluster-
based data selection involves presenting data samples in some vector space and then grouping
similar data points together into clusters based on features represented in the vector space.
Then, the model selects training samples from each cluster. In this way, models are able to
reduce the redundancy within the dataset and learn qualitatively less but more representative
data samples. Since cluster-based data selection methods only learn selected number of
data samples from each cluster (usually not the full dataset), models can significantly learn
less data points, saving computational and data resources and improving model efficiency.
Through balancing the number of selection selected from each cluster, models are able to
resolve possible imbalances of classes in the training set, avoiding over-biased model outcome.
Specifically, we deploy clustering models to cluster similar data points and pick samples from
each data point. Depends on the number of samples from each cluster, we manually attempt
to re-weight each cluster. Finally, we group the data together and put them into the stage of
fine-tuning. Figure shows the diagram for the process of our cluster-based data selection
method.

There are usually 2 ways to find clusters. One is to cluster data based on their real-world
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Figure 3.5: Diagram for the process of cluster-based data selection

sub-classes. In machine learning, this usually requires additional information on the dataset.
The other way is clustering algorithms, includes K-means algorithms and spectral clustering
algorithm. This thesis is curious in how these two approaches differ in our task settings, and

experimented on both approaches. Experiment details are represented in Chapter [4]

3.3.2 Aiming for More Efficient Data Acquisition

Optimizing the data acquisition for models is one important approach in improving ef-
ficiency and performance of machine learning models. More suitable data acquisition tech-
niques for downstream tasks usually secure better training performance. There are various
methods to improve the efficiency of data acquisition. This thesis focuses on active-data-

selection-based approaches.

Active Data-selection Embedded in Fine-tuning Model

As discussed in section [2.2.2] active-learning-based approach have been shown to improve
data efficiency for machine learning models. Active-learning based data selection methods
involve filtering most important data points based on annotation from third-party oracle, and
then only learn those important data points. This approach enhances model performance by
learning more important and less noisy data, and also improve model efficiency by training

on less data samples.
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Figure 3.6: Idea of our active learning for fine-tuning for generative model

Extending this principle to the task of domain adaptation for out-of-domain synthetic
data generation, we envision the application of active data selection among fine-tuning mod-
els to improve the models’ performance and efficiency. Traditionally, active-learning tech-
niques involve learning data closer to decision boundary so that the model can only learn
more important data points which the model might not be exactly confident on to shape
a more precise decision boundary. Under background of generative models, active learning
techniques take an opposite direction. Generative models actively learn on data samples
with distributions that are mostly unseen and unpredictable. That is generative models
learns data samples with the greatest variance compared to its learn knowledge of data dis-
tributions so that the model is able to learn to generate with more variety. Figure |3.6[shows
a disgram of the general idea of active learning for fine-tuning for generative models.

Similar approach would work for the task of domain adaption for generative models. We
want to actively tune with the data samples that can provide the greatest variance to alter
the pre-trained domain and adapt to the targeted ones. In practice, our thesis focused on
an shown-effective domain-adaption technique of Dreambooth fine-tuning model . We
embedded an active data selection layer to the Dreambooth fine-tuning model, enabling the
model to learn most various data samples. By deploying active data selection in Dreambooth
model, we aim to enhance the model’s ability to learn and to reproduce more diverse data
samples and then enhance its ability to adapt to diverse domains. Through this combination
of active data selection technique, we anticipate significant advancements in trainability of

synthetic datasets and model training efficiency. Figure [3.7 shows a diagram of the idea of
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Figure 3.7: Diagram of our active data selection embedded fine-tuning model

our active data-selection embedded fine-tuning model.
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Chapter 4
Experiments

Following presenting the methods deploys in this research, in this chapter, we will be
presenting our research experiments in detail. For each experiment, we will introduce its

experiment settings, then present the experiment results, and finally discuss the results.

The Blueprint Before diving into the experiment details of this research, we would like
to depict a broad view of the blue print of our research experiments.

As introduced in chapter [I], the technique of synthetic datasets might serve as a future
solution in solving the problem as data paucity for training massive models. In this blueprint,
we foresee the synthetic dataset to have the following characteristics: 1) able to be easily
generated; 2) able to represent correct information of the domain that the model is asked to
generate.

Character 2, in particular, infers that, for any given task (e.g. classification, regression
and etc.), synthetic datasets should be able to produce results similar to that of trained
on real-world dataset. The idea forms a partial outline for the evaluation task that we are
curious about: training some classifier model using synthetic dataset, and test using real-
world dataset. For good-quality, well trainable synthetic datasets, the results should perform
similar to a similar task but train on real-world data.

Researching the desired states can be hard, and more researches on characterizing the two
characteristics are in urgent need. In this thesis, we take an approach on experimenting and
measuring the two characteristics, and thus break down the task into the following research

questions:

e How to evaluate trainability performance of synthetic dataset produced by fine-tuned

generative model for out-of-domain generation.

e What are efficient methods of fine-tuning given relatively well trainability performance.
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Keep the two research questions in mind, we shaped our first experiment of our initial
thought on experimenting how well some random synthetic dataset can perform if it is

deployed into training a classification task.

4.1 Experiment 1: Initial Approach

The general idea of our initial experiment is simple. We want to get some insights
on how well synthetic dataset can performance when they are taken into training for some
classification tasks. The simple thought is to train it. As discussed in[3.1} frontal Chest X-ray
is one of the domains that are not yet learned by majority of pre-trained generative models
and requires domain-adaption techniques, such as model fine-tuning to transfer learning into
targeted domains. Therefore, we set our initial experiment as a simple task of testing domain
adaption using fine-tuning technique to generate synthetic images, and then train and test
on the synthetic images. The following sections will present the models we deployed, the

results we got and what we observed.

4.1.1 Experiment Setting

In our initial though experiment,m we fine-tuned the image generation model, latent
stable diffusion [58|, using Dreambooth fine-tuning model [59] with randomly picked 1,000
images from a frontal Chest X-ray dataset, NIH ChestX-rayl4 dataset [70]. Then, we gen-
erated 10,000 images with binary labels of either "Unhealthy" or "No finding" and put the
synthetic images into training a chest X-ray classifier. We then task the trained classifier to
classify real-world Chest X-rays and record their accuracy and AUROC score.

To set a control group for comparison, we want to see how original Diffusion model
performs on the task. We generated the same number of un-fine-tuned samples and put
them into same experiment setting. Moreover, we also trained the same classification model
with the same frontal Chest X-ray dataset and then test with the same set of synthetic frontal
chest X-rays, and record accuracy and AUROC score performance of this classification model.

We ran all of the experiments 5 times and took the average performance. The results are

presented as follows.

4.1.2 Results

Table shows the result of our initial experiment setting. With this random sampled

tuning set. We received pretty low performance in such classification task.
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Accuracy AUROC
Overall | Overall | Unhealthy | No Finding
No Fine tune 50% 0.397 0.421 0.371
1,000 54% 0.587 0.588 0.586

Number of Fine-tune Images

Table 4.1: Initial Experiment: Trained on synthetic data

Table shows the result of our control group of our initial experiment. Though not
perfectly performed, it presents a better performance for each of the metric we measured

compared to the classifier trained on synthetic dataset.

Number of Fine-tune Images Accuracy AUROC
& Overall | Overall | Unhealthy | No Finding
1,000 61% 0.677 0.686 0.669

Table 4.2: Initial Experiment Control Group: Trained on real data

4.1.3 Discussion

From the result of our initial experiment, we see that fine-tuning as a domain-adaption
technique to transfer learning weights from original model to targeted domain, as there
presents a significant increase in AUROC performance of the two classifiers. AUROC, in
particular, is one important metric to measure the accuracy and prediction performance of
machine learning models [8].

However, we also observed a gap of performance metrics between the classifier trained
on synthetic data and that trained on real-world data. This usually means that generative
model does not fully capture the distribution of target domain. Thus, such domain-adaption
technique can be insufficient or inefficient in generation tasks.

Moreover, recent works have shown promising results in generating medical-imaging-
domain-specific synthetic images. For example, Chambon et al. presented a high perform-
ance statistics tasking frontal chest X-ray image classifier to classify and identify whether
the synthetic Chest X-ray generated from fine-tuned latent diffusion model correspond to
the label the generative model is asked to generate. Table shows the results from their
research. They concluded that a fine-tuning technique modeled with fine-tuning U-Net with
prior are able to research the best performance [11], which is the same fundamental archi-
tecture compared to Dreambooth fine-tuning model [59]. Such results may amplify the gap
between the classifier trained on synthetic dataset and the classifier trained on real data.
We figured more researches in such gap and ways to minimize such gap need to be done,

and ways to measure the gap are also required. Therefore, we proposed a new evaluation
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Method Prevalence AUC  Accuracy FI1Score Precision Recall

Original Model 0.5 0.514 0.500 0.167 0.500 0.100
Textual Projection (Doc.) 0.5 0.136 0480 0.000 0.000 0.000
Textual Projection (Token) 0.5 0582 0.540 0.489 0.550 0.440
Textual Inversion 0.5 0.742 0.610 0.381 0.923 0.240
U-Net, no prior 0.5 0459 0.500 0.000 0.000 0.000
U-Net, with prior 0.5 0984 0.950 0.947 1.000 0.900

Table 4.3: Previous research’s performance in classifying task using synthetic frontal chest
X-ray as test set [11]

pipeline along with a new metric to better numerically present the gap, and continued our
research on this topic by attempting to find efficient ways to minimize such gap. To simply

refer to such gap in performance, we refer such gap as the Trainability Gap (T-Gap).

4.2 Measurement 1: Evaluation Pipeline

The observation from previous experiment reveals the existence of Trainability Gap(T-
Gap). Good testing results on models pre-trained on real-world dataset tasked to classify
synthetic dataset does not necessary secure good performance when training a classifier using
synthetic dataset. However, as discussed in Chapter[2] one important use of synthetic dataset
is its promising future use as a cheap and easy-obtainable replacement of real-world dataset
to training large-scale machine learning models. Such utility requires good performance of
models trained on synthetic dataset. Minimizing the T-Gap for synthetic datasets is one
challenge. Research tools to resent and measure the T-Gap is in need. However, based on
the knowledge of the author, current research hardly touched on related topic.

Therefore, based on the simple need to presenting performance comparison between mod-
els trained on real-world data and models trained on synthetic data, we constructed a 2-way

evaluation pipeline constructs simple as follows:

1. Train a classifier model using synthetic dataset, and then test the trained classifier

using real-world dataset.

2. Train a classifier model using real-world dataset, and then test the trained classifier

using synthetic dataset.

Researchers are able to observe and compare the resulting performance (e.g accuracy and
AUROC) of the two classifier models to get insights on how much the T-Gap can be for the
synthetic dataset for model training purposes on the targeted domain. Figure presents

a diagram of flow of our new evaluation pipeline.
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4.3 Measurement 2: Fine-tune Efficiency Ratio

Now that we have methods to evaluate the performance of the two classifiers in the
evaluation pipeline and are able to observe the T-Gap by comparing resulting performance
of the two classifier. However, it still maintains unclear on numerical measurement of the
T-Gap. Therefore, we proposed a Fine-tune Efficiency Ratio (FTER) as follows to be able
to numerically compare and get insights about the T-Gap for synthetic datasets generated
through different methods.

AUROC of classification task trained on synthetic data test of real-world data
AUROC of classification task trained on real-world data test on synthetic data

FTER =

FTER compares the AUROC of the two classifier trained in the evaluation pipeline and
computes how similar the AUROC metric of the two models are. Recall that AUROC is a
good indication of a model’s performance in prediction [§8]. FTER tells how similar the two
models performs, and therefore tells how similar the model performance can be when trained
on a synthetic dataset verses trained on real-world dataset. Detailed general analysis of how
such FTER metrics work is shown in section [3.2.2

4.4 Experiment 2: Naive Baseline

While proposing new measuring pipelines along with new metrics in examining the task of
domain-specific synthetic dataset generation, this thesis is curious on how different methods
perform under such set of measurements. To start with the experiments, we begin with a
baseline as follows.

Recall that the goal of this thesis is to find efficient ways for generating domain-specific
synthetic dataset, and, based on our literature review (chapter [2)), model-fining is shown to
be an efficient way of transfer learning for pre-trained models for domain-specific generation
tasks. Then, we constructed a broad set up for our experiments. We fine-tune generation
models with some tuning set using some fine-tuning model. Next, with the fine-tuned model,
we generate 10,000 images with generated labels to train some classifier. Finally, we run
through our proposed evaluation pipeline and compare the performance of the two classifier
using the new metric, FTER, we proposed.

Such experiment set up greatly depends on the quality of some models (i.e. dataset,
generation model, fine-tuning model and classifier model) to get good and conclusive results
of the performance of each method. Based on our literature review, we picked a set of robust

dataset and models as follows for our experiments.
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Figure 4.1: ChestX-rayl14 dataset. Reproduced from .

NIH ChestX-rayl4 dataset The dataset we mainly focused (choose our data from) on is
the NIH ChestX-ray14 dataset (Figure , which contains 112,120 frontal-view X-ray
images of 30,805 patients. It is annotated by experts in frontal Chest X-ray domain with 14
different thoracic pathology labels and one no-finding label, along with some of the patient
information, such as ages and genders. To simplify the generation task, we reclassifiy the
X-rays dataset into a binary split with one label indicates some symptoms shown in the
frontal chest X-rays and one label indicates no finding.

With fine-tuning generative model on a subset of the ChestX-ray14 dataset, we are able
to reproduce relatively realistic results of frontal Chest X-rays. Figure shows an example
of comparison of synthetic Chest X-rays before and after we deploy fine-tuning technique on

the stable diffusion image generation model.

Generative Model: Latent Diffusion As this thesis focused on the domain of frontal
chest X-ray medical image generation, the task requires a robust pre-trained image generation
model. Based on literature review (Chapter, latent diffusion models show impressing ability
ability in generating high-quality and high-resolution synthetic images [58|, and researches
also shown effective in fine-tuning diffusion models for tasking frontal chest X-ray generation
. We utilized the latent diffusion model as our main generative model in our experiments.

Though some research reports that prompting-based approaches greatly effect models’
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performances 31|, from our experiment, we see that impact of good prompt does not show
a strong impact on quality of synthetic dataset. Therefore, in our experiment settings, we
stick with the single prompt formed as "an image of [label] chest X-ray" as the the tuning

text guidance and generation text guidance for our tuning and generation process.

Fine-tune Model: Dreambooth As discussed in Chapter 2] the task of out-of-domain
generation requires domain adaption technique, which model fine-tuning is one of the pop-
ular and efficient technique for such task. Among various models for fine-tuning, we found
Dreambooth model is shown to be efficient in our desired task of domain adaption of frontal
chest X-ray domain [11]. Thus, for our baseline, we integrate the Dreambooth model as our

domain adaption technique for generating out-of-domain image datasets.

Classification Model: CheXNet As discussed briefly in section for the task of
classifying frontal chest X-rays, the model CheXNet [55] is shown to be efficient with great
performance. Therefore, we implemented CheXNet as the classifier model in our evaluation
pipeline in our experiments. We modified the model into the classification task of binary

"Unhealthy" and "No Finding" cases for simpleness.

4.4.1 Experiment Setting

To begin our experiment with a baseline for comparison purposes, we started with a naive

random sampling approach. We models a naive baseline task as follows:

1. We randomly picked n number of domain-specific frontal chest X-ray images from the
recollected binary version (label of "Unhealthy" and "No Finding") of NIH ChestX-
rayl4 dataset.

2. We tune the latent diffusion image generation model with this set of data using Dre-

ambooth model.

3. We then generate 10,000 images for each class, "Unhealthy" and "No Finding" (use
word "Healthy" for prompting)), with the prompt of "a image of [label| chest X-ray".

4. Train a CheXNet model using the synthetic dataset. Test it using randomly picked
10,000 images from NIH ChestX-rayl4 dataset and record its performance.

5. Train a CheXNet model using the same number of images for each class. Test it
using randomly picked 10,000 images in total from the synthetic dataset and record its

performance.
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6. Compare and analysis the resulting performance of the two classifier.

Following the steps, we got the results as follows.

4.4.2 Results

We ran our baseline experiment based on steps above for 5 runs, and got the average

performance result as follows.

Number of Fine- Accuracy AUROC
tune images Overall | Unhealthy | No Finding | Overall | Unhealthy | No Finding
No Fine tune 50% 100% 0% 0.397 0.421 0.371
500 52.5% 90% 25% 0.541 0.5429 0.540
1,000 54% 34% 73% 0.587 0.588 0.586
10,000 51% 2% 31% 0.478 0.479 0.478

Table 4.4: Random sampled tuning set: result trained on synthetic Chest X-rays

Number of fine tune images | Accuracy | AUROC | FTER
500 54% 0.575 0.939
1000 61% 0.677 0.866

Table 4.5: Random sampled tuning set: result trained on real Chest X-rays

Table shows the resulting performance of the CheXNet classifier trained on synthetic
dataset. Table 4.5 shows the resulting performance of the classifier trained on real-world
data but test on the synthetic dataset.

4.4.3 Discussion

The results show a bell shaped curve with the best accuracy and AUROC score at around
1,000 random images for fine tuning. The results provide information that the size of the
fine tuning dataset matters for area specific fine tuning for latent diffusion models and it is
not naively "the more is better".

Such baseline experiment also confirmed our assumption with the existence of the T-Gap
between the train and test performance of the synthetic dataset. We see from Table and
Table that, when the tuning set is at 1,000, it reaches the highest average accuracy and
AUROC metric in the classification task. However, it also has the higher deviation on FTER
metric comparing to the perfect FTER of 1. This might be due to the reason that, when

taken in the tuning set of other sizes, the model performs worse off and more like random
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classifier. The image quality of the synthetic dataset is not high enough for a pretrained-
on-real classifier to identify the feature of its label class. As the quality of synthetic dataset
gets higher, the T-Gap might be more obvious. We need more experiment and analysis for

methods that can generate higher quality images.

4.5 Experiment 3: Spectral Clustering on Pixel

To touch on the problem of generating higher quality images, based on our literature
review (Chapter , we take two approaches from better tuning data and more efficient
model architecture to target the problem. We started with approaches on finding better
tuning set. Specifically, we first focused on applying clustering techniques to find more
efficient subset for task of domain adaption.

In terms of choosing the clustering algorithm, research show that spectral clustering
algorithm shows to improve the data efficiency of machine learning models, and therefore
resulting better model performance [36]. Thus, our experiment focused on the clustering

algorithm of spectral clustering.

4.5.1 Experiment Setting

We applied the experiment steps as described in Experiment 2 (section . The only
difference is that, instead of randomly sampling the tuning set from the binary ChestX-ray14
dataset, we applied clustering techniques. We first picked 10,000 random images from the
full binary ChestX-ray14 dataset. We then cluster the 10,000 images based their converted
RGB pixel representations using spectral clustering algorithm into 10 clusters for each label.
We then pick equal number of images from each cluster to form our final tuning set. If the
number of images of some cluster is not sufficient, we randomly duplicate the images in that
cluster in order to enforce equal weights for each cluster, which eliminate the bias of data in
some underrepresented clusters. Next, we put our picked tuning set into model fine-tuning,

and run the process of the evaluation pipeline. We got the experiment results as follows.

4.5.2 Result

We run our experiment for 5 runs, and here is the average performance we get.
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Number of Fine-tune | Accuracy AUROC

images for each label Overall | Overall | Unhealthy | No Finding
500 52.66% 0.572 0.572 0.570
1,000 50.33% 0.546 0.549 0.543

Table 4.6: Spectral Clustering on pixel: Classifier trained on synthetic data

Number of Fine-tune images Accuracy AUROC FTER
Overall | Overall | Unhealthy | No Finding | Overall

500 57.67% 0.706 0.731 0.680 0.810

1,000 55.33% 0.676 0.690 0.662 0.808

Table 4.7: Spectral Clustering on pixel: Classifier trained on real, test on synthetic

4.5.3 Discussion

From our result, we see that the synthetic dataset deploying cluster-based tuning set
selection based on RGB pixel representation of images in the fine-tuning process shows a very
subtle improvement. The accuracy does not change much, while the AUROC is improving a
bit, which might showing the model making slightly better predictions. However, the FTER
metric drops, indicating a possibility of a broadened T-Gap while generating higher quality
synthetic datasets.

We also see that, for different size of tuning set put into the fine-tuning model, FTER
does not change much, indicating that the fine-tuning efficiency ratio (FTER) is possibly a
model /method-wise metric that can used to examine how a generative model can generate
synthetic dataset that performs similarly in either taking into training or taking as a testing
set. More experiments on different methods and models are required. Desired model/method
should have FTER near 1 along with high accuracy and overall AUROC.

4.6 Experiment 4: Spectral Clustering on CLIP

Research shows that the performance of spectral clustering can be improved when clus-
tering on some deep embedding space [17]. From there, we shaped our next experiment.

Image embedding is one helpful technique for better performance in image clustering
tasks. Using image embeddings in machine learning provides a range of benefits over pixel-
based approaches. These embeddings distill semantic information from images into vectors,
enabling models to understand content and context more effectively [17]. There are various
different embedding spaces align with the image space. One of the most famous and shown
greatly efficient and effective one is the CLIP embedding [54].

By learning joint representations of images and text, CLIP embedding space facilit-
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ates cross-modal learning, improving generalization and robustness across tasks. Further-
more, pre-trained embeddings support transfer learning, enhancing performance with limited
labeled data. They reduced dimensionality, making models easier to learn (model usually
learns better in lower dimension tasks) and also more computationally efficient. Embed-
dings are also more robust to variations in model decisions. Overall, image embeddings
empower machine learning models with semantic understanding, cross-modal capabilities,
and enhanced efficiency, advancing their applicability across diverse domains |54].

For the reasons stated above, we applied CLIP embedding to the images, and perform

same method as Experiment 3 (secton [4.5).

4.6.1 Experiment Setting

We generally performed the same experiment technique as described in Experiment 3(
section . Instead of clustering the images based on their RBG pixel representations, we
first computed the CLIP embedding representation of the chosen images, and then perform

the clustering and picking steps to form the tuning set.

4.6.2 Result

We run our experiment for 5 runs, and here is the average performance we get.

Number of Fine-tune | Accuracy AUROC

images for each label Overall | Overall | Unhealthy | No Finding
200 54% 0.575 0.565 0.584
1,000 51% 0.541 0.548 0.535

Table 4.8: Spectral Clustering on CLIP: Classifier trained on synthetic data

Number of Fine Tune images Acouracy AUROC FTER
Overall | Overall | Unhealthy | No Finding | Overall

500 83% 0.935 0.940 0.930 0.615

1,000 79% 0.891 0.905 0.877 0.607

Table 4.9: Spectral Clustering on CLIP: Classifier trained om real, test on synthetic

We observe a slightly higher accuracy and AUROC for the classifier trained on synthetic
dataset, and a significant increase in the accuracy and AUROC metric for the classifier
trained on real dataset but test on synthetic data. The FTERs deviate more from 1, but are

still similar for different size of tuning set.

43



4.6.3 Discussion

The result shows a significant increase in both the accuracy (from ~55% to ~80%)and
AUROC (from ~0.68 to ~0.91) of the classifier model trained on real dataset and test on
synthetic dataset. This means that the classifier model is able to capture and classify syn-
thetic images based on the characteristic it generated. Therefore, the fine-tuned model is
generating better quality images.

The classifier trained on the synthetic images, on the other hand, also shows improvement
in the metrics, but the growth is a lot less compared to the classifier trained on real dataset.
This is also shown from the decrease in FTER, meaning that the T-Gap on the synthetic
dataset become bigger as the quality of synthetic images go up. We proposed that this might
be because, when generating domain-specific images, the fine-tuned model does not generate
datasets with various features that contains enough variations to train another model to
identify the underlying data distribution. The generated dataset might stick too much to
some tuning images. If this is the case, we may see better results when we modified the
fine-tuning process to let the model learn more on the variations of the dataset. This idea
shaped our experiment in section on active data selection to enforce model learning more
on variations of the tuning set.

For the result of this experiment, we see that FTER still does not change much with
different size of tuning set. We are more confirmed that FTER is a model /method-wise metric
that can be calculated to numerically value a model/method’s performance in synthetic

dataset generation for re-training purposes.

4.7 Experiment 5: Textbook Dataset

As mentioned in section [3.2.1] we aimed to find better quality data from source. To target
on the question of what data can have higher quality and be more informative to learn, we
made an assumption that more educational data in textbooks might be more informative and
thus possible can obtain better training performance. Therefore, we tested for an experiment

specially trained on our originally collected textbook dataset.

4.7.1 Experiment Setting

We manually collected over 1,000 frontal Chest X-ray image samples from 5 high-rated
textbooks on chest X-ray radiology ("The Chest X-Ray: A Survival Guide" [15], "The Unof-
ficial Guide to Radiology: 100 Practice Chest X-rays, with Full Colour Annotations, and Full
X-Ray Reports" [25]|, "Felson’s Principles of Chest Roentgenology: A Programmed Text"
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Figure 4.2: Example of Textbook we collected data from. Reproduced from [25].

21], "Chest X-Ray Made Easy" [14], "Muller’s Imaging of the Chest: Expert Radiology
Series" [66]), and made up our own textbook dataset. Figure shows an example text-
book we collected our data from. We collected image data as that on the center of the right
page into our dataset.

Limited to the author’s knowledge on medical text and chest X-rays, during our data
collection process, we do not manually differentiate between the labels of each chest X-ray
from the textbooks. Instead, we trained a ChestXNet classifier model with 90% of
the full NIH ChestX-ray14 dataset, which is around 100,000 image samples in total. We
tested the ChestXNet classifier’s performance on differentiating between real chest X-rays
and found a 93% accuracy in such task, showing effectiveness in deploying the classifier
model to label our textbook data. Thus, after we collectively capture all frontal chest X-rays
from the data, we utilized this pre-trained ChestXNet classifier to label the textbook images.
After labeling, we ended up with around 500 images for each of the label ("Unhealthy" and
"No Finding"). We then put all off the selected data into tuning the latent diffusion image

generation model and run through our evaluation pipeline.
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4.7.2 Result

We run our experiment for 5 runs, and here is the average performance we get.

Number of Fine-tune | Accuracy AUROC
images for each label Overall | Overall | Unhealthy | No Finding
~500 50% 0.567 0.567 0.567

Table 4.10: Textbook Dataset: Classifier trained on synthetic data

Number of Fine.t ) Accuracy AUROC FTER
HHILDE O FANCLUNE HNAGES Al orall | Overall Unhealthy | No Finding | Overall
~500 81% 0.893 0.899 0.887 0.635

Table 4.11: Textbook Dataset: Classifier trained on real, test on synthetic

We observe the slight increase in AUROC but also a slight drop in accuracy in the
classifier train on synthetic dataset compared to our baseline. For the model trained on the
real dataset but test on the synthetic images, we see a great increase in both accuracy and
AUROC score. The performance is reaching similar results as the result we get from applying
spectral clustering methods on CLIP embedding for selecting the tuning set (Experiment
. We know that the model is indeed generating images with better quality.

4.7.3 Discussion

Limited to the number of chest X-ray images we are able to collect from medical text-
books, we only performs this experiment setting with the fine-tuning set of around 500
number of images for each of the labels. But we can still get insights on how good quality
data matters in the task of synthetic dataset generation for re-training purposes. As we see
from the result of the classifier trained on real images, the accuracy and AUROC is pretty
robust there.

However, we met a same problem as that presented in Experiment [£.4, The perform-
ance of the classifier trained on synthetic images does not improve that much and even the
accuracy of the classifier drops. Though FTER get closer to 1, it is simply because the
classifier trained on real data performs a bit worse off in such experiment setting, which is
not the case we desired. We suppose that it might be because images chosen in textbook
are too much "typical" cases of frontal chest X-rays, which lack of certain variations cross
the dataset to let the fine-tuning model fully learn the distribution of targeted domain. This

confirms our thoughts on learning the maximum variations of the tuning set, and forms our
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next experiment on active data selection methods to enforce the fine-tuning model selectively

learn tuning data with most variations.

4.8 Experiment 6: Active Data Selection

As discussed in section and section [3.3.2] active data selection is one method that
can increase model efficiently by tasking a third-party oracle to label and select data taken
into training. With the experiment observations above, we found the possibility of model not
fully able to learn and reproduce data variations. Thus, we modeled an experiment setting
embedding a active-learning oracle enforcing model to learn data with more variation into

the Dreambooth fine-tuning model. Detailed experiment settings as follows.

4.8.1 Experiment Setting

Consider the general idea of active learning. During the training process, one oracle
decides whether a data will be taken into training. In our case, we want to use activate data
selection technique to enforce the model learning more cross the variation about the data,
which means we need to enforce the model to learn samples that it is currently unconfident
to generate. Ideally, we desire an oracle to query the current model state whether it know
about the current training batch of data. However, directly querying a model can be hard.
But what can be easily done to construct an oracle to compare the similarity of the generated
results of data of input labels of current training batch. The similarity can show how much of
the image might be able to be reproduce and thus might have been learned. Previous research
also shown that similarity-based learning is effective in improving model performance |51,
50]. When we know how similar the current knowledge and the training batch is, we may
set up a similarity threshold to decide whether to take the training batch will be taken into
training. Data above the threshold is categorized as too similar with less variance that has
higher probability that is learned, while data samples below the threshold is categorized as
unlearned data with more variance.

Therefore, the general idea of the algorithm is, for each batch, generate some samples of
the knowledge of model’s current state and then compute a similarity score with the current
training batch of data. If the similarity score is above a certain threshold, then we neglect
this training batch. In this way, the model can learn data batches in the dataset that are
unsimilar and thus with more vairance compared to its knowledge, and self-reweight the
training data to make the learning process more efficient.

Algorithm [1] shows a pseudocode of the idea of active data selection embedded Dre-
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ambooth model. In our experiment, we pre-applied the clustering on CLIP technique in
Experiment 4 (section {4.4)) for the tuning set, and we used cosine similarity score as our
similarity measure and threshold of 0.3, while other options for the set of measures (different

metric for similarity score and different thresholds) is available.

Algorithm 1 Active data selection embedded Dreambooth model idea
Data: Pre-processed tuning set using cluster on CLIP technique in Experiment 4
for each epoch do
for each batch of n data do > n is the size of each batch
CurGen « CLIP representations of n images generated by current model
DataBatch <« CLIP representations of the current batch
SimilarityScore < the cosine similarity of CurGen and DataBatch
if SimilarityScore > 0.3 then
The model continues without learning this batch.
else if otherwise then
Performs Dreambooth fine-tuning
end if
end for
end for

We implemented such algorithmical idea on Dreambooth model, and the following shows

the results of our experiment.

4.8.2 Result

We run our experiment for 5 runs, and here is the average performance we get.

Number of Fine-tune | Accuracy AUROC

images for each label Overall | Overall | Unhealthy | No Finding
500 60.33% 0.637 0.646 0.628
1,000 56% 0.591 0.595 0.587

Table 4.12: Active Data Selection: Classifier trained on synthetic data

44 of fine tune images Accuracy AUROC - FTER
Overall | Overall | Unhealthy | No Finding | Overall

500 89% 0.957 0.961 0.943 0.666

1,000 83.66% 0.923 0.930 0.916 0.640

Table 4.13: Active Data Selection: Classifier trained on real, test on synthetic

We observe increase in both accuracy and AUROC in this experiment. FTER is have

also increased compared to other methods, indicating such experiment model shows fair
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performance in the task of domain-specific synthetic data generation for model training
purposes.

Figure and Figure shows some examples of our synthetic frontal chest X-rays
deploying this active data selection approach. We see pretty decent results of high-quality

synthetic frontal chest X-rays.

Figure 4.3: Example of synthetic frontal Chest X-rays with active data selection method:
label "Unhealthy"

Figure 4.4: Example of synthetic frontal Chest X-rays with active data selection method:
label "No Finding"
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4.8.3 Discussion

From the experiment results, we see an increase in accuracy, AUROC and FTER metrics,
indicating that the model is more efficient and researching better performance under this
experiment set up. Thus, an active-data-selection based approach for domain adaption along
with a cluster-based pre-processing seems to be more efficient under our evaluation pipeline
and metrics for the task of domain-specific synthetic dataset generation for model training
purposes.

Such improvement in performance somehow confirms our idea that, on the task for fine-
tuning model for domain adaption for synthetic dataset generation for model training pur-
poses, better performance requires variance-emphasized training, which explicitly enable the
model to capture the variance across the underlying distribution of the target domain. The
increase in FTER shows that such approach can decrease the T-Gap of synthetic dataset.

In experiment, we also observe that, regardless of the tuning data size, FTER computes
fairly similar results depend on models. Recall the results from Experiment 2, 3, 4 (section
[1.4] (1.5 [£.8), for each of the experiment model set up, FTER gives similar results. Now
we are able to conclude that FTER is a model/method-wise metric that can be used to
identify and measure the model-wise T-Gap for the synthetic dataset generated by a specific

generative model on a specific domain.

4.9 Insights

After meticulously conducting and analyzing the outcomes of our six comprehensive
experiments, we confidently assert that employing an active-data-selection based approach
coupled with a cluster-based pre-processing technique constitutes a superior method for fine-
tuning models as a domain adaptation strategy. Specifically, this method proves highly ef-
fective in facilitating the adaptation of image generation models to specific out-of-distribution
domains, thereby enhancing synthetic dataset generation for the purpose of model training.

In addition to the aforementioned findings, our investigations reveal a distribution shift
when transitioning from a tuning set size of 1,000 to 500, particularly when comparing
against the naive baseline of random sampling. This shift underscores the tangible impact
of implementing various strategies aimed at improving model efficiency.

Moreover, the results shows effectiveness of our proposed new metric, termed Fine-tune
Efficiency Ratio (FTER), which presents a model-specific measure capable of efficiently
gauging the Trainability Gap (T-Gap) inherent within synthetic datasets targeted for gen-

erative models. The introduction of FTER represents a significant advancement, providing
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researchers with a valuable tool for precisely assessing and addressing the challenges asso-
ciated with the T-Gap phenomenon. We anticipate widespread adoption of our evaluation
pipeline and the utilization of FTER across diverse research endeavors, as they promise to
furnish invaluable insights and viable solutions for mitigating the T-Gap problem, thereby

advancing the efficacy and applicability of generative models in various domains.
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Chapter 5

Conclusions

5.1 Recap

Recap from the background and goal of this thesis. As, in the realm of machine learning,
model training requires more and more high-quality dataset to achieve better performances.
There reveals the problem of data paucity. As generative models shows their ability in
generating high-quality data pieces, synthetic datasets might be able to serve as a possible
solution for the data paucity problem. But there still remains a problem that current generat-
ive models has domain restrictions based on the domain of the dataset they were trained on.
Out-of-domain synthetic dataset generation still remains a challenge. There are techniques
as model fine-tuning that can efficiently transfer learning of generative models to adapt the
targeted domain, and have shown to produce synthetic data with high fidelity. However,
there is not much research focusing on how such out-of-domain synthetic dataset produced
with adapted generative model can perform when put into training other machine learning
models, which is the question that we care about to deploy synthetic dataset as a solution
to the data paucity problem in real world scenarios. This thesis targeted at this problem.
This thesis focuses on the research question on how domain-specific synthetic dataset can
be used for model training purposes.

To investigate on the problem, we proposed a 2-way evaluation pipeline, which involves
training and testing on two domain-specific classifier model (One is trained on synthetic
dataset and test on real-world dataset, while the other is trained on real-world dataset and
test on synthetic dataset.) and comparing their performance. Such comparison can tell
how the synthetic dataset performs when deployed as train set and as test set. From our
experiments, we observed the existence of a difference/gap between the two pipes. Classifiers
trained on synthetic dataset generally performs worse off, indicating the synthetic dataset

produced by adapted model does not fully reproduce the underlying distribution of the
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targeted domain. There is a gap between how well synthetic datasets can be trained and
how well synthetic datasets can reproduce the features of targeted domain. We termed such
gap as Trainability Gap (T-GAP).

To numerically evaluate the T-Gap, we proposed the Fine-tune Efficiency Radio (FTER)
metric, which is the ratio of AUROC metric of the two domain-specific classifier in the 2-
way evaluation pipeline. FTER can tell how similar the performances of models are when
taken the synthetic dataset as train set and test set. The closer FTER is to 1, the higher
the similarity is in their performance. FTER is a model /method-wise metric, which means
that it can tell the performance of adapted generative model in the task of domain-specific
synthetic dataset generation. Good models should have high accuracy in the domain-specific
classifier along with FTER close to 1.

We deploy the 2-way pipeline and FTER metric to examine on different experiment
setting to figure out which methods can be more efficient in increasing performance and
efficiency of domain-adapted generative models. We targeted on the approach of better
data, which focused on cluster-based preprocessing of training data and collecting better
data from source, and better architecture, which focused on active-learning-based methods.
From our experiment results, we find out that an approach of embedding a active-data
selection architecture into the domain-adaption model along with a cluster-based data pre-
processing produces shows to be most efficient with best performance and less training data

under the 2-way pipeline and FTER metric.

5.2 Limitations

In this thesis, we present limitations pertaining to both the dataset employed and the
model utilized. These constraints warrant careful consideration to accurately interpret and
contextualize our findings.

First, regarding the domain of the dataset, one prominent limitation lies in its size and
representativeness. This thesis focused on the domain of medical imaging, in particular
about frontal chest X-rays. Though we observed a good outcome of our method, it is still
unclear if the results is also application to other domains. This limitation might constrain the
applicability of our findings in diverse domains. More investigation cross different domains
is needed.

Second, the model we deployed present certain limitations. This thesis specifically focused
on methods around the image generation model latent diffusion and the fine-tuning model
Dreambooth. As discussed in Chapter [2, there exists various options for generative models

and domain adaption techniques. Though our experiment results shows existence of T-Gap
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and present efficient methods in minimizing such gap, whether such solution is a model-
specific or transferable remains still unclear. More research and experiments cross different
models is required.

Moreover, for the methods of touching the task of efficient fine-tuning, this thesis only
touched on several selected approaches, which presents limitations as more efficient ap-
proaches out of the scope of this thesis may exist.

In conclusion, while our research endeavors have yielded valuable insights on how well
synthetic dataset can be used for model training, it is imperative to acknowledge and address
the inherent limitations associated with the dataset and model employed in our experiments.
By transparently delineating these constraints, we can enhance the credibility and utility of
our research outcomes while paving the way for future investigations to build upon our work

and overcome these limitations.

5.3 Future Research

For future researches in the short run, it is evident that further research is imperative to
advance our understanding and address the limitations inherent in our current study. This
necessitates exploring additional datasets focusing on diverse domains, researching of such
task deploying different generative models, and featuring such result with more approaches
in efficient fine-tuning. The above three aspects serve as fundamental ways to touch on the
limitations of this research thesis and produce a broader view of the phenomenon of existence
of T-Gap.

Moving more forward, in addition to diversifying domain-specific datasets and models,
future research should prioritize enhancing interpretability of the existance of T-Gap. By
leveraging more domain-specific data into such task taking the advantage of the 2-way eval-
uation pipeline we proposed, researches are able to investigate more around T-Gap between
synthetic dataset for training and testing, and enhance the validity and reliability of their
analyses of the quality of the synthetic dataset. Then, with more results, researchers should
be able to get more understanding on such complex phenomena, and then propose better
possible reasons and solutions to resolve it.

Once the T-Gap is reasonably diminished, we foresee the efficient application of utiliz-
ing domain-adaption techniques to adapt power pre-trained generative model into specific
domain (e.g. medicine, finance, etc.) and generate high-quality synthetic dataset that are
able to train machine learning models with fair performance. Since the task of generating
synthetic dataset is low-cost, such synthetic datasets can greatly expand our existing dataset

and resolve the massive data requirement to train some powerful machine learning models,
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especially on domains that is currently lack of data. This means that, envisioned within this
framework is the prospect of training and deploying machine learning models across multiple
domains, heralding a transformative paradigm shift in enhancing human capabilities across

a myriad of domain-specific tasks.
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