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Abstract

In this thesis work, we are interested in Machine Learning, and more specifically in the
Deep Learning field, based on incomplete and multi-source data. We aim to propose inno-
vative approaches for dealing with incomplete data in Machine Learning, and more specifi-
cally when training Neural Networks. We also focus on maximizing learning performance on
multi-source data, by designing a new advanced Supervised Domain Adaptation approach.
The application of our work is part of the European research project QUALITOP, which aims
at improving the quality of life of patients suffering of cancer and undergoing immunother-
apy treatment. We aim to design predictive models that will be integrated within an open
smart digital platform to offer real-time recommendations to medical experts. Our predic-
tive models will provide a valuable help for medical experts, to personalize and optimize
treatment strategies for each patient, and help identify factors influencing patients health
status. Ultimately, those predictive models can lead to designing and providing more ef-
ficient and safer immunotherapy treatments, benefiting patients and healthcare providers
alike.

In this work, we are interested in maximizing predictive performance in the specific con-
text of incomplete and multi-source data. To achieve this goal, we have directed our atten-
tion towards addressing critical research challenges that are highly relevant to this learning
context and to the QUALITOP project. We first introduce a new innovative attribute noise
correction method, data Denoising and Imputation in One Step (DIOS). DIOS is the first ap-
proach in the Machine Learning literature that is able to impute missing values and correct
erroneous ones in a tabular dataset as a unique preprocessing step. We are then interested
in maximizing Neural Network learning performance when trained on completed data. In
this context, we propose two frameworks that can be used to account for imputation un-
certainty during Neural Network training, leading to better predictions, Single-Hotpatching
(S-HOT) and Multiple-Hotpatching (M-HOT). This work is a first step towards finding better
ways to deal with missing values imputation for training predictive models, in the hope that
it spikes the interest of other researchers throughout the world on this matter. Then we pro-
pose a new advanced Domain Adaptation (DA) method, Weighted Multi-Source Supervised
Domain Adaptation (WMSSDA). WMSSDA is able to extract valuable knowledge from several
labeled source datasets, to improve learning performance on a related target dataset. Our
proposed approach includes a new component that helps limiting negative transfer through
an adaptive scaling of the impact of each source on the training of the model. Finally, we
showecase the application of our complete work in a unified predictive pipeline, that we ap-
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Abstract I11

ply with great success in a real-world medical scenario, highlighting the pertinence of our
work for medical prediction and for the QUALITOP project.

Keywords. Attribute Noise, Imputation Uncertainty, Domain Adaptation, Machine Learn-
ing, Deep Learning, Medical Prediction.



Résumé

Dans ce travail de theése, nous nous intéressons a 'apprentissage automatique, et plus
particulierement au domaine de I'apprentissage profond, a partir de données incom-
pletes et multi-sources. Nous visons a proposer des approches innovantes pour le traite-
ment des données incompletes en apprentissage automatique, et plus spécifiquement
lors de I'entrainement de réseaux de neurones. Nous nous concentrons également sur
I'optimisation des performances d’apprentissage sur des données multi-sources, en con-
cevant une nouvelle approche avancée d’adaptation de domaines supervisée. Lapplication
de notre travail fait partie du projet de recherche européen QUALITOP, visant a améliorer la
qualité de vie de patients souffrant de cancer et suivant un traitement par immunothérapie.
Nous visons a concevoir des modeéles prédictifs, qui seront intégrés au sein d'une plateforme
numérique intelligente ouverte, afin d’offrir des recommandations en temps réel a des ex-
perts médicaux. Nos modeles prédictifs fourniront une aide précieuse aux experts, les aidant
a personnaliser et a optimiser les stratégies de traitement pour chaque patient, ainsi qu’a
identifier les facteurs influencant leur état de santé. En fin de compte, ces modeles prédic-
tifs peuvent conduire a la conception et a la prescription de traitements par immunothérapie
plus efficaces et plus sirs, bénéficiant ainsi aux patients ainsi qu’aux médecins.

Dans ce travail, nous nous intéressons a maximiser la performance prédictive dans le
contexte spécifique des données incompletes et multi-sources. Pour atteindre cet objectif,
nous avons orienté notre attention vers la résolution de probléemes de recherche critiques
et pertinents pour notre contexte d’apprentissage et pour le projet QUALITOP. Nous intro-
duisons d’abord une nouvelle méthode innovante de correction de bruit d’attributs, data
Denoising and Imputation in One Step (DIOS). DIOS est la premiere approche dans la lit-
térature de I'’Apprentissage Automatique capable d'imputer les valeurs manquantes et de
corriger les valeurs erronées dans un jeu de données tabulaires en une unique étape de pré-
traitement. Nous nous intéressons ensuite a maximiser la performance d’apprentissage des
réseaux de neurones lorsqu’ils sont entrainés sur des données complétées. Dans ce contexte,
nous proposons deux frameworks pouvant étre utilisés pour tenir compte de l'incertitude
d’imputation lors de '’entrainement des réseaux de neurones, conduisant a de meilleures
prédictions, Single-Hotpatching (S-HOT) et Multiple-Hotpatching (M-HOT). Ce travail est
une premiere étape vers la recherche de meilleures manieres de traiter 'imputation de
valeurs manquantes pour l'entrainement de modeles prédictifs, dans I'espoir de susciter
I'intérét d’autres chercheurs autour du monde sur cette question. Par la suite, nous pro-
posons une nouvelle méthode avancée d’adaptation de domaine, Weighted Multi-Source

v



Résumé Vv

Supervised Domain Adaptation (WMSSDA). WMSSDA est capable d’extraire des connais-
sances précieuses de plusieurs jeux de données labellisés, afin d’améliorer la performance
d’apprentissage sur un jeu de données similaire. Notre approche proposée inclut un nou-
veau composant aidant a limiter le transfert négatif grace a une pondération adaptative
de I'impact de chaque source sur l'entrainement du modele. Enfin, nous présentons
I'application de notre travail complet, unifié au sein d'un pipeline prédictif, que nous ap-
pliquons avec grand succes dans un scénario médical réel, soulignant la pertinence de notre
travail pour la prédiction médicale.

Mots Clés. Bruit d’Attributs, Incertitude d’Imputation, Adaptation de Domaine, Apprentis-
sage Automatique, Apprentissage Profond, Prédiction Médicale.
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Introduction

In our modern world, Machine Learning shines as a powerful force of change. In an era of
data abundance, it acts as a guiding light that helps us explore new areas of knowledge. Its
potential is especially exciting in the field of medical studies. Machine Learning can analyze
complex patterns in large datasets, revealing new insights into human health that were pre-
viously unknown and inaccessible. It holds the key to revolutionizing disease diagnosis and
personalized treatments. In this era of information, Machine Learning gives us the ability to
better understand the complexities of human health, bringing us closer to a future where the
advancements of Artificial Intelligence propel medical progress, enhancing the quality of life
for all.

Context and Motivations

This thesis is part of the European research project QUALITOP: Monitoring multidimen-
sional aspects of QUAlity of Life after cancer ImmunoTherapy - an Open smart digital Plat-
form for personalized prevention and patient management' ?. This project aims at improv-
ing the quality of life of patients suffering of cancer and undergoing immunotherapy treat-
ment. Cancer immunotherapy has significantly progressed in the treatment of cancer, show-
ing high efficacy in certain cancers, such as achieving up to a 60% objective response rate in
melanoma and an 80% complete response rate in acute lymphoblastic leukemia. Despite
those successes, immunotherapy is responsible for lots of Inmune-Related Adverse Events
(irAEs), spanning from benign reactions, such as fatigue or skin rash, to very severe and se-
rious reactions, such as strokes or myocarditis. Those adverse reactions can drastically im-
pact the quality of life of cancer patients, to the point where it might be better to stop the
immunotherapy treatment. In the worst cases, when irAEs are too severe, the patient sur-
vival may be at risk due to the treatment. The QUALITOP project aims to design a European
immunotherapy-specific open smart digital platform, that will offer real-time recommenda-
tions to enhance patient care based on patient profiles, and help identify the factors influ-
encing patients health status.

An official goal of the QUALITOP project is the following: “Using Machine Learning ap-
proaches, QUALITOP will provide real-time recommendations stemming from patient pro-
files and feedbacks via the Smart Digital Platform.” This thesis work aims at designing such

lhttps://cordis.europa.eu/project/id/875171
2https://h2020qualitop.liris.cnrs.fr/wordpress/index.php/project
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Machine Learning and Deep Learning tools, to predict the risks that a patient may face when
undergoing an immunotherapy treatment. In such a context, there are two main predictive
tasks of interest:

e Survival outcome prediction. The ability to evaluate the survival outcome of a can-
cer patient that would undergo immunotherapy is of critical importance. As it allows
medical experts to make informed and well-founded decisions regarding the patient
treatment and care. By accurately predicting the potential outcomes and risks asso-
ciated with immunotherapy for each individual patient, healthcare professionals can
choose the best suited treatment depending on each patient specific needs, maximiz-
ing the chances of positive outcome and maximizing the overall patient quality of life.
This information helps medical experts optimize treatment strategies, provide appro-
priate support, and improve as much as possible the patient quality of life throughout
their cancer journey.

e Immune-Related Adverse Events prediction. Similarly to survival outcome prediction,
the ability to predict the severity of adverse reactions that might occur because of an
immunotherapy treatment is extremely valuable. Indeed, at the moment, there are no
identified bio-markers that can help in predicting irAEs. Designing a Machine Learn-
ing model capable of predicting irAEs before they occur will not only help medical
experts take better and more informed decisions, but will also show that crucial bio-
markers actually exist within patients health data and can be exploited to anticipate
immunotherapy adverse events. Such a predictive model helps to take proactive mea-
sures to mitigate potential irAEs and significantly improve patient outcomes.

If we predict that a patient is likely to experience severe adverse reactions from im-
munotherapy treatment, or has a very low chance of survival, it is crucial to make optimal
decisions that prioritize and maximize the patient quality of life. In such cases, it may be
more beneficial to avoid treatments such as immunotherapy, that could potentially cause
additional discomfort and suffering, with limited potential for a positive outcome. Instead,
it might be more pertinent to provide care, and supportive measures aimed at reducing pain,
and improving comfort during the remaining time of the patient life. Such predictive mod-
els can uncover hidden patterns and bio-markers that offer crucial insights into a patient
response to immunotherapy, which can help medical experts to personalize and optimize
treatment strategies for each individual patient profile. Ultimately, those predictive models
can lead to designing and providing more efficient and safer immunotherapy treatments,
benefiting patients and healthcare providers alike.
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Research Issues

Within this specific applicative context, we identified three main research issues that must
be tackled. In our work, we addressed each of those research issues with the proposal of
several innovative scientific solutions.

Attribute Noise Must be Corrected. Missing and erroneous values are a common issue that
should be tackled as one, they are sometimes referred in the literature as attribute noise (Zhu
and Wu, 2004). The presence of missing values in tabular data is a significant challenge for
data analysis and the application of Machine Learning algorithms. From a practical point of
view, missing values are a nuisance, as most Machine Learning algorithms require complete
datasets for both learning and inference processes. Missing values are a recognized issue
in data science, as they are nearly inevitable in real-world scenarios, extensive efforts have
been made to address this issue in the Machine Learning literature. Erroneous values in tab-
ular data are similarly problematic and nearly unavoidable. Research suggests that standard
real-world datasets often contain around 5%, or more, erroneous values (Zhu and Wu, 2004).
Such errors can arise during manual data entry or manipulation, as well as due to measure-
ment tool inaccuracies caused by improper calibration, machine degradation, and other fac-
tors. These erroneous values can significantly degrade the quality of inferences, much like
missing values. Erroneous and missing values share similarities, they are both forms of data
corruptions, and need to be handled in order to maximize inference quality. While methods
to handle missing values, which are only a specific subset of attribute noise, have been, and
are still, extensively researched, very limited research has been conducted on designing er-
roneous values handling methods. More specifically, to the best of our knowledge, there is
currently an absence of method in the literature capable of handling attribute noise in its en-
tirety. Current literature often addresses missing values while neglecting erroneous ones or
assuming the absence of errors. In the rare cases where both erroneous and missing values
are considered, they are typically managed as distinct steps. To fill this significant gap in the
Machine Learning literature, we aim to develop an approach that can correct attribute noise
in tabular data as a unique preprocessing step.

Neural Network Training on Completed Data Leads to Biased Models. When dealing with
incomplete data, a naive and overly used framework is Single-Imputation (Rubin, 2004).
That is, to arbitrarily choose an imputation method, use it to impute the dataset, and then
treating the filled dataset as if it were the actual complete data for future analyses. When
training a Neural Network, or similarly strong learners, on completed data, these models can
usually generalize well enough to mitigate the bias introduced by imputation uncertainty.
This leads to good enough results so that researchers have not yet looked for better ways
to deal with missing values when training a Neural Network. Research even indicates that,
when employing strong inference models, almost any imputation approach tends to asymp-
totically lead to optimal predictions (Le Morvan et al., 2021). This probably contributes to
the lack of investigations for accounting for imputation uncertainty to improve generaliza-
tion of Machine Learning models, and thus, prediction results. Nevertheless, even in situa-
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tions where strong models achieve good prediction results, their predictions are still biased
by imputation uncertainty, meaning that their results can be improved ever so slightly. In
our work, we aim to show that accounting for this uncertainty during the training phase of a
Neural Network helps to reach even better prediction results.

Data Split Across Multiple Labeled Domains. The specific applicative context of QUAL-
ITOP involves health data being collected from various hospitals across several European
countries. When dealing with several similar but distinct datasets, a naive way of training
a prediction model would be by concatenating all datasets into one and train the model
in a standard way. But, this would lead to poor predictive results for all hospitals. Indeed,
when data is collected from distinct sources, we need to account for the domain shift that
exists between all sources in order to maximize learning performance. This is the specific
learning scenario of Multi-Source Domain Adaptation, where knowledge must be carefully
transferred from source domains to the selected target domain during training to maximize
learning performance. A well-known issue in Multi-Source Domain Adaptation is Negative
Transfer, where transfer of knowledge from a source domain negatively impacts the learning
performance for the target domain. This critical issue is still an open research question, and
it must be tackled when designing a Multi-Source Domain Adaptation approach to reach the
best possible results. In our work, we focus on designing such a Multi-Source Domain Adap-
tation approach that includes a component carefully designed to avoid Negative Transfer
during training.

Manuscript Outline

During this thesis, we were interested in addressing the research challenges previously
introduced, within our specific application context. Our work has led to several notable sci-
entific contributions to the field of Machine Learning, which are comprehensively detailed
in the following four main chapters of this manuscript.

Chapter 1: Background and Related Works. The opening chapter establishes the theo-
retical foundations necessary for the understanding of the research work presented in this
thesis, where we aim at contributing to the field of Machine Learning within our specific
context of medical application. We first explore fundamental concepts of Machine Learning
and Deep Learning, to better understand their evolution, core principles, and applications.
A global overview of missing values imputation techniques follows, exploring the various
approaches used to address incomplete datasets to improve predictive results. We are then
interested in the more generic field of attribute noise correction, where we explore method-
ologies for identifying and correcting both erroneous and missing data attributes. Finally, we
explore the field of Multi-Source Supervised Domain Adaptation, where we are interested in
maximizing the learning performance of a predictive model on a target dataset by transfer-
ring useful information from related source datasets. Through an extensive survey of litera-
ture across these fields, this chapter establishes a global understanding of the current state-
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of-the-art in each area, while preparing the reader for the novel contributions presented in
next chapters.

Chapter 2: Dealing with Attribute Noise. In this next chapter, we are interested in explor-
ing and finding better ways for preprocessing datasets afflicted by both missing and erro-
neous values, that is, datasets afflicted by attribute noise. We find that the Machine Learning
literature is missing a method that would be able to both impute missing values, and cor-
rect erroneous ones, simultaneously. We introduce a novel and straightforward approach
to correct attribute noise in one preprocessing step, called data Denoising and Imputation
in One Step (DIOS). We evaluate this new approach and compare its experimental results
to those of other state-of-the-art imputation and correction approaches. Our experiments
show that, not only does DIOS compete against existing approaches, but it also outperforms
them in many instances. To the best of our knowledge, it is the first attempt to perform both
erroneous values correction and missing values imputation in one preprocessing step in the
literature. Moreover, we are interested in improving the training process of Neural Networks
(NNs) when learning on completed data. We theorize that training a Neural Network while
taking account of imputation uncertainty should lead to a less biased model, that is, a NN
with a better generalization capacity. We design two new frameworks, Single-Hotpatching
(S-HOT) and Multiple-Hotpatching (M-HOT), that can be used to improve the training of
Neural Networks when learning on completed data, and experimentally show that they lead
to better generalized NINs, and so, to better inference results.

Chapter 3: Learning with Multiple Labeled and Imbalanced Domains. This next chap-
ter focuses on searching and proposing a Domain Adaptation approach that can be used to
maximize the learning performance of a predictive model on a target dataset in our multi-
source and imbalanced data application context. We introduce an innovative Multi-Source
Supervised Domain Adaptation approach, named Weighted Multi-Source Supervised Do-
main Adaptation (WMSSDA). Our proposed approach improves the learning performance
on a target domain by exploiting valuable information from related source domains dur-
ing its training. WMSSDA includes a component that helps preventing the transfer of detri-
mental information from source domains, which would negatively impact the learning per-
formance of the model. We experimentally show that our approach performs well under a
setting of limited and imbalanced data. Our experiments show that WMSSDA outperforms
other state-of-the-art Domain Adaptation approaches in most scenarios. An ablation study
is performed to evaluate the individual contributions of each component of WMSSDA.
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Chapter 4: Application for Survival Outcome Prediction for Covid Patients. The final
chapter showcases the entire application of our work, unified within a predictive Machine
Learning pipeline, applied on a real-world medical dataset. We design an advanced Machine
Learning pipeline, composed of several approaches proposed in this thesis: DIOS, S-HOT,
and WMSSDA. In addition to our proposed component, we add a final calibration compo-
nent, which drastically improves the pertinence and reliability of the obtained predictions.
This final element provides the assurance that medical professionals can place their trust
in the model output probabilities, so that they can use them as valuable guidance to in-
form their decisions. We show that the unification of our work leads to a pipeline that is
applicable and leads to very high quality results in a real-world medical survival outcome
prediction context. The application of this pipeline on this dataset shows the pertinence of
the proposed approaches in this thesis for our application context.
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In this thesis we are interested in contributing to the advancement of the Machine Learn-
ing (ML) scientific field in our specific medical context. This chapter introduces the vari-
ous fundamental concepts necessary to understand this manuscript. We first give a brief
overview of Machine Learning, introducing key concepts for the understanding of next sec-
tions and situating the Machine Learning and Deep Learning (DL) fields in relation to Ar-
tificial Intelligence (Al). Section 1.2 gives a detailed overview of the imputation literature
on tabular data, from statistical to Deep Learning methods, with a main focus on Machine
Learning approaches. We introduce the concept of attribute noise and the ways to deal with
itin a Machine Learning context in section 1.3. Finally, section 1.4 gives a global overview of
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the Domain Adaptation (DA) literature, with a particular interest for Multi-Source Domain
Adaptation (MSDA) on tabular data.

1.1 Machine and Deep Learning

Machine Learning is a sub-field of the Artificial Intelligence field. An Artificial Intelligence
can be defined as a system that is able to perform a task that is commonly thought to require
human-like intelligence. That is, any system able to demonstrate any intelligence. Note that
an intelligent system does not necessarily mean a system that learns. Some examples of
Al systems that do not rely on learning are: path-finding algorithms, expert systems, fuzzy
logic, etc. Those are rule-based systems, they rely on manually specified rules, for long they
have been used to solve problems and automate tasks that could only be solved by humans
beforehand. Defining the rules of such a system is hard, laborious and sometimes almost im-
possible. For example, defining a set of rules precise enough to perform image classification
quickly becomes impossible as any variance in the image set must be taken under account.
Machine Learning aims to automate the manual definition of those rules by learning them
automatically, it exclusively focuses on algorithms that are able to improve from experience.
A ML algorithm automatically learns common patterns in data and defines generalized rules
from them, it is then able to exploit its learned rules to make prediction on new data. ML al-
gorithms can extract more complex and abstract knowledge from data than can be manually
defined by humans, tasks that rule-based systems struggled with can be solved with ML. For
example, classifying images of handwritten digits is a task that is easy to solve with ML, but
very hard to solve with manually defined rules. In the following sections we will focus on,
and describe more precisely, the Deep Learning (DL) field, which is a sub-field of ML. Figure
1.1 illustrates where are ML and DL situated in relation to Al.

Artificial
Intelligence Machine

Any system able to perform a Learnlng Deep
task that requires human-like Learning

intelligence Any method able to improve from

experience
Any method that learns through

Deep Neural Networks

5

Figure 1.1: Fields of Artificial Intelligence, Machine Learning and Deep Learning.
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1.1.1 Machine Learning

In his book “Machine Learning”, (Mitchell, 1997) proposed the following Machine Learn-
ing definition: “A computer program is said to learn from experience E with respect to some
class of tasks T and performance measure P, if its performance at tasks in 7', as measured by
P, improves with experience E”. In our work we refer to those learning computer programs
as ML algorithms or models.

A ML modelis trained to perform a task on observed data, its goal being to obtain the best
possible results on this known dataset, to then be able to perform the same task on never
observed data. In Mitchell’s definition the experience E corresponds to the observed data,
which we call a training set. The training set is composed of examples that are assumed
to originate from a same distribution. It can be seen as a discrete sample of an underlying
distribution. We want the model to learn this distribution, as we assume that non-observed
data originate from the same distribution. We call the non-observed data the test set, on
which we want to perform the same task that the model learned on the training set. Since
the distribution between training and test data should be the same, by learning to perform a
task on training data, the model should be able to perform the same task on test data. Simply
put, the objective of a standard ML model is to learn generalizations from a training set in
order to maximize predictions quality on a test set composed of samples following the same
distribution but never observed by the model. Technical details on the learning process of a
ML model are given in the section 1.1.2 of this chapter.

There are three main learning settings in ML, they are divided depending on the nature of
the data (Bishop, 2006):

e Supervised Learning: In a supervised learning context, the training set is composed
of inputs associated to their output, this is called a labeled dataset, since the output is
known given the input. In this training set, the inputs are features, and their associated
outputs are the targets we aim to predict given the features. On the other hand, the test
set is composed of inputs for which the outputs are unknown. The goal is to learn the
mapping from input to output on the training data to predict outputs on test data,
assuming that test data originates from the same distribution as training data.

For example, we want to predict the survival outcome of a Covid patient given its health
data, figure 1.2 illustrates a possible training set in this context. In this example, a
training instance is composed of the patient’s health features (age, sex, weight, etc.) as
the input, and the binary survival outcome of this patient as the output. The training
set is composed of an important amount of such data points. In this case the test set is
composed of new Covid patients that are being treated, we aim to predict their survival
outcome given their health features. A ML algorithm is trained to learn the mapping
health features to survival outcome on the observed training data. Once trained, the
generalization capacity of the algorithm is exploited to predict survival outcome of
new Covid patients.

* Unsupervised Learning: In an unsupervised learning context, the dataset is only com-
posed of inputs without any corresponding target, this is called an unlabeled dataset.
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Age Sex Weight | ... Survival
7 Male 86 False
58 Female |54 True
26 Male 72 True
42 Female |65 False

Figure 1.2: Example of a supervised training set on fake Covid patients, patients health fea-
tures are age, sex, weight, etc. and the target output is the survival column.

The ML algorithm must automatically find patterns and correlations in the data with-
out relying on known targets. There are several possible goals in this learning setting
(Bishop, 2006), it might be to automatically organize the data in distinct clusters (Jain
and Dubes, 1988), to learn the underlying distribution (Knuth, 2006), or to dimension-
ally reduce the data while retaining as much knowledge as possible (Maaten and Hin-
ton, 2008).

* Reinforcement Learning: In reinforcement learning, an agent learns what the best ac-
tion to perform is by observing the consequences of its own actions in its environment
and learning through trial and error. The agent is given a reward in accordance to the
quality of its actions, the algorithm learns to maximize this reward by discovering the
association between its last observation and the best action to perform (Sutton and
Barto, 2018).

In this work, we almost exclusively focus on the supervised learning setting, although un-
supervised and reinforcement learning share key concepts that are important to be aware
of. In section 1.1.2 we formulate in greater details and more formally the supervised learn-
ing setting.

In the remainder of this manuscript, we deal with two classic supervised learning tasks,
namely classification and regression, which are illustrated through examples in figure 1.3:

* Classification: Classification aims at predicting a discrete target output given an input,
which is its category. In this case, data samples are classified in at least two separate
categories, the learning algorithm must learn the mapping from inputs to their class.
As this task is supervised, the training set is composed of labeled instances that the
algorithm learns from.

In our work, we ultimately want to predict survival outcome and Immune-Related Ad-
verse Events (irAEs) in cancer patients treated with immunotherapy, which we identi-
fied as a classification task (i.e. we aim to predict which adverse event(s) the patient is
most likely to develop). We present our classification system in detail in chapter 3 and
its application to our real-world medical data in chapter 4.

* Regression: Regression aims at predicting a continuous target output given an input,
which can be a score, a scale, etc. Here, training samples are labeled with the continu-
ous output value corresponding to their input and the algorithm learns to estimate its
value.
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In our work, before being able to perform prediction of survival outcome and Immune-
Related Adverse Events, we must first clean the data from missing and noisy values. We
propose to solve this problem through a regression task, we present our preprocessing
method in detail in chapter 2, and its application to our real-world medical data in

chapter 4.
Prediction
Age 32 Positive
Survival
Sex Male - SurVivaI
— i
Weight | 74 - outcome
Negative

(a) Classification task on the Covid example, prediction of survival is

discrete.
-3 weeks
Age 32
Sex Male - Ti me tO
—> i
Weight | 74 - recovery
Prediction
1.5 weeks
-1 week

(b) Regression task on the Covid example, estimation of time to recov-
ery is continuous.

Figure 1.3: Example of a classification task on top and a regression task on the bottom.

Similarly, ML algorithms are not trained or evaluated in the exact same way depending on
the task, in the following section we explain in more details how Neural Networks (NNs) are
trained in both classification and regression contexts.

1.1.2 Deep Learning

In this section, we describe in a more general way the field of Deep Learning and the re-
quired concepts for the understanding of the rest of this thesis manuscript.

Deep Learning relies on Deep Neural Networks to extract and exploit progressively higher
level features from raw data to perform a given task (LeCun et al.,, 2015). An advantage
of DL models over other ML ones are their capacity to handle raw data without requiring
much/any feature engineering. Deep Neural Networks (DNNs) are able to learn and extract
low to high level features from raw data, automatically learning to perform simple feature
engineering tasks such as feature selection, linear transformations, etc. DNNs lower layers
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are known to learn low level features, such as angles or edges in images, while higher layers
identify complex and abstract concepts that are useful for the task to solve. Thanks to their
high abstraction potential, DNNs can learn from highly dimensional data.

A Neural Network (NN) is a function approximator, it learns a continuous function given a
discrete sample from that function. In practice, we assume that our given data is a discrete
sample that originates from a unique distribution, every instance in the dataset is drawn
from this distribution, plus a certain amount of noise. We employ a Neural Network to ap-
proximately learn this underlying distribution from the accessible part of the data, that is,
our training set, and apply the trained NN to new data instances, that is, the test set.

The term “Deep” in Deep Learning refers to the number of layers used in DNNs through
which raw data is transformed. That is, DNNs apply a substantial amount of successive
transformations from input data to output. For a feed-forward Neural Network, that is, a
model in which information flows forward through layers from the input layer and through
each hidden layer until reaching the final output layer, this depth corresponds to the number
of hidden layers plus the output layer. There is not a precisely defined depth that differen-
tiates DNNs from shallow NNs, but a general consensus in the DL literature is to talk about
a DNN when the network depth is higher than 2. DNNs are known to reach better inference
results than shallow NNs by extracting higher level and more complex features from the data
thanks to their extra layers.

It has been mathematically proved that feed-forward NNs are universal approximators of
any continuous or discontinuous multivariate functions. The first pioneer paper in NN the-
oryis (Hecht-Nielsen, 1987), that proves that for any given continuous multivariate function,
there exists a three layer NN that can be constructed to model the function exactly. Soon af-
ter, (Hornik et al., 1989) extends the previous work and proves that a two layer feed-forward
NN with finite number of neurons is capable of approximating any continuous function to
any desired degree of accuracy. Very recently, (Ismailov, 2023) proved that a three layer NN
can represent not only any continuous multivariate function, but also any discontinuous
multivariate function. Other works have proved that NNs are universal approximators of
any multivariate function using various types of activation functions, such as with the for-
merly often used Sigmoid (Cybenko, 1989), or with modernly used unbounded activation
functions, such as ReLU (Sonoda and Murata, 2017). Though no universal rule exist that dic-
tates how to construct and train such Neural Network, those works prove that for any given
function there exists, theoretically, a feed-forward Neural Network that models it exactly. As
stated in (Hornik et al., 1989), this implies that failure in applying a NN necessarily comes
from inadequate learning, insufficient number of hidden neurons or a lack of deterministic
relationship between the input data and the target to predict.
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1.1.2.1 Problem Formulation

We formally describe the common problem of classification in a supervised learning con-
text, that will serve as a basis for the rest of this section and manuscript.

Let X € R? denote the input feature space, with d the number of features, and Y € {1,..., ¢}
the multi-class output label space, with ¢ the amount of classes. We note X = {x; € X };.1:1
the data sample, with n the number of instances in the dataset. We assume the associated
labels are constructed given the labeling function f: X — ) mapping from feature space to
label space. Thus, we note Y = {f(x;)}}_, the associated label sample. We assume that data
instances are drawn from the underlying marginal distribution noted P(X). Finally, we note
D = (P(X), f) the dataset from which instances and corresponding labels are drawn.

An instance x € X can be any type of data, such as tabular data, time-series, images, etc. In
a classification context the label y = f(x) corresponds to the index of a class corresponding
to the instance x, in a regression context y would be a continuous value.

In a supervised learning context, the goal is to learn the labeling function f, so that we
can predict the associated label of any data instance x € X'. This is based on the assump-
tion that test instances are drawn from the same marginal distribution as training instances,
P(Xtest) = P(Xtrain), and that the labeling function f remains identical between training and
test samples. A prediction obtained on a data instance x given the learned labeling function
fo is noted ¥:

V=rfo(x) (1.1)

Common practice is to note the learned labeling function fy, with 6 the parameters of the
model used for predictions. The model parameters 6 are learned during training based on
training data instances and associated labels drawn from the dataset D. The loss function
L(9,y) is used to measure the prediction error of the model between the true label y and
the predicted one j. The objective function 7 is the mean prediction error over the whole
training set.

1 n
J0)=— Y L(folxi), i) (1.2)
i=1

Model parameters are learned by minimizing the objective function J over the labeled
training dataset composed of n instances {(xi,y,-)}?zl, where {x1,...,x,} ~ P(X¢rain) and
yi = f(x;). Optimal parameters are noted 6*.

0" =argmin 7 (0) (1.3)
0

Where argmin is the function that returns the parameters for which the minimal value is
obtained.

The rest of this section will describe more precisely what are Neural Networks, how the
training phase leading to learned model parameters takes place, how loss functions are de-
fined, what kind of NNs can be used, etc.
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1.1.2.2 Neural Networks Architecture

Artificial Neural Networks are ML models inspired by the biological neural networks in
our brains. They are composed of units called neurons organized as a network, with several
layers composed of multiple neurons. The input of the model is fed through the network,
traveling from the input layer to the output layer. The obtained output corresponds to the
prediction of the model for the given input.

The Neuron: Unit Piece of a Neural Network. The unit piece of a Neural Network is the
artificial neuron, also called a perceptron, inspired by the biological neuron and originally
proposed in (McCulloch and Pitts, 1943). An artificial neuron is given a vector as input and
produces a single scalar as output, it operates a linear transformation of its input, followed
by an activation function, which adds a non-linearity to the output. Typically, artificial neu-
rons are organized as a network composed of multiple layers, that is, a feed-forward fully-
connected Neural Network, also called Multi-Layer Perceptron (MLP). Each neuron in one
layer is connected to all neurons from the previous layer and all neurons of the next layer
(fully-connected). Data instances are given as input vectors to the first layer, which is called
the input layer. The layer that produces the final result is called the output layer. All lay-
ers in-between are called hidden layers. Information is fed through the input layer and is
passed from one layer to the next until the final result is obtained from the output layer
(feed-forward). This is the most classic way of organizing the architecture of a NN, other
types of NN architectures exist and will be described in section 1.1.2.4.

We use the same notations as above, we consider a vector input noted x € R4, with d the
number of features. The neuron applies a linear transformation composed of a scaling with
a dot product between the input vector x € R and a weight vector w € R?, and a translation
with a bias b € R added to the previous result. The result of this linear transformation is
then fed through an non-linear activation function o, also called a non-linearity. We note
the neuron fy, with 0 = {w, b} the set of parameters of the neuron. The obtained output is a
single scalar y € R.

y=frx)=o(x-wl +b) (1.4)

Going from a single neuron to a layer of neurons, and from a vector input to a batch of in-
stances, is mathematically trivial. The weights of the layer neurons are noted W € R"™*¢ and
the biases are noted b € R, with m the number of neurons in the layer. Layer parameters
are @ = {W, b}. The input batch matrix is noted X € R"*¢, with n the number of instances in
the batch and d the number of features. Through the same equation 1.4, the obtained out-
put is a vector of m real values j € R™. Section 1.1.2.3 describes how parameters 6 are found.
Figure 1.4 shows a visual representation of the formal artificial neuron.
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Figure 1.4: Representation of the computational graph of an artificial neuron.

Activation Functions. In the previous section, we introduced the concept of non-linear
activation functions, in this section, we detail why activation functions are important and
give examples of the most commonly used ones.

Let’s consider a binary classification problem with bivariate data X € R"*2 thatis, a prob-
lem where we want to discriminate data instances between two possible classes ) = {0, 1}.
In such a context, a linearly separable problem is one in which it is possible to discrimi-
nate between the two classes by simply drawing a straight line between instances of one
class and others. Respectively, a non-linearly separable problem is one where it is not pos-
sible to discriminate between the two classes using just a straight line. In this non-linear
context, a linear model will not be able to properly solve the problem. As seen in the pre-
vious section, without activation functions, neurons apply only a linear transformation to
their input. A succession of linear transformations of an input necessarily leading to a sim-
ple linear transformation of the input, a Neural Network without activation function cannot
solve non-linearly separable problems. By adding a non-linear transformation to neurons
outputs, non-linear activation functions allow Neural Networks to solve non-linearly sep-
arable problems. Figure 1.5 shows the decision boundaries computed using a MLP on a
non-linearly separable binary classification problem. On the left of the figure the NN uses
no activation function, on the right a non-linear activation function is used (ReLU). As can
be seen, the NN is able to construct a non-linear decision boundary that correctly discrim-
inates between the two classes when using a non-linear activation function. This is what
makes Neural Networks a tool that is so powerful, as almost any complex non-linear prob-
lem can be solved using a properly dimensioned and trained Neural Network.

The choice of an activation function relies on some important points and empirical re-
sults. As seen previously, it is primordial for the function to be non-linear. We want the
activation function to be monotonic, that is, a function that only increases or decreases. It
is also important for the chosen function to be continuously derivable, or at least piece-wise
derivable, as the derivative of the activation function is used in the back-propagation phase,
which will be described in next section. We list some known and used activation functions,
their equations are given in Table 1.1 and Figure 1.6 shows their visual representation:

e Sigmoid: The sigmoid is one of the most known activation functions, it has been
widely used in NNs. It has several advantages, the sigmoid function is non-linear,
monotonically increasing, differentiable in all points, and bounded, output values are
within the range [0, 1]. It is less used in practice now that better results are reached in
most cases using the ReLU function.
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Figure 1.5: Decision boundaries computed using a MLP on a non-linearly separable binary
classification problem. On the left the NN uses no activation function, leading to a linear
decision boundary. On the right a non-linear activation function is used (ReLU), leading to
a non-linear decision boundary. The discrimination of the NN is symbolized by the color of
the corresponding class.

* Tanh: The hyperbolic tangent is similar to the sigmoid function, it has the same advan-
tages with the addition of being bounded in the range [—1, 1] and centered around 0. It
is most often used on the last layer of generative models, which are used to construct

synthetic data.

* ReLU: ReLlU stands for Rectified Linear Unit, it is defined as the positive part of its
argument. This function is also non-linear and monotonically increasing, but it is not
bounded and non-differentiable in 0. As it is piece-wise derivable, a common practice
is to arbitrarily chose its derivative at 0 to be either 0 or 1. It is now the most popular
and widely used activation function.

Name Function Derivative
Sigmoid | 0(x) = = o'(x)=0(x)(1-0(x))
Tanh | o(x) = tanh(x) = &% o' (x) =1-0(x)?

x ifx>0 , 1 ifx>0
ReLU o(x) =max(0,x) = . o'(x) = .

0 otherwise 0 ifx<o0

Table 1.1: Commonly encountered Sigmoid, Tanh and ReLU activation functions equations
with their corresponding derivative
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1.0 e function 1.00 | e function 1 2.00 e function
derivative 075 derivative 175 derivative
0.8
050 150
06 025 1.25
0.00 1.00

04 -0.25 0.75

-0.50 0.50

-0.75 0.25

-1.00 0.00

-8 -6 -4 -2 0 2 4 6 8 -4 -3 -2 -1 o 1 2 3 a4 -20 -15 -1.0 -05 0.0 0.5 1.0 15 2.0
(a) Sigmoid (b) Tanh (c) ReLU

Figure 1.6: Commonly encountered Sigmoid, Tanh and ReLU activation functions visual rep-
resentation with their corresponding derivative

1.1.2.3 Training a Neural Network

As formalized in section 1.1.2.1 and precised in section 1.1.2.2, a feed-forward Neural Net-
work fp takes an input vector x and information flows forward through the network to pro-
duce its output j. Information is initially provided by the input x, information is then prop-
agated from the input layer to the first hidden layer, and successively until the output layer is
reached and outputs y. This process is called forward-propagation, this is how we draw in-
ference from the model. During training, a loss function £ is used to compare the predictions
of the model y, to the target y. We note 7 (0) the objective function of the Neural Network
defined in equation 1.2 which computes the mean prediction error of the model over the
training data. In order to train the model, we aim to find the model parameters 8* that lead
to the lowest possible value of 7 (0) by solving equation 1.3. In practice, it is unfeasible to
find an exact solution to this equation, since there are as many unknown variables as there
are model parameters in the set 6. Instead, we aim to find parameters 8* that minimize
as much as possible the value of [7(0), in this section, we describe how such optimization
problem is solved using back-propagation and a gradient descent algorithm.

Back-Propagation. We aim to minimize the objective function .7 (0) value by optimizing
the model parameters 6. A way to solve this optimization problem is by computing the gra-
dient of the objective in regard to model parameters, noted Vg 7 (0), and then using a gradi-
ent descent algorithm to fit parameters 0 in accordance. The gradient is computed using the
back-propagation algorithm (Rumelhart et al., 1986). The term back-propagation only refers
to the algorithm used to compute the gradient, but is often confused with the entire learn-
ing algorithm, which would be the association of back-propagation and gradient descent
(Goodfellow et al., 2016).

The loss between the feed-forward Neural Network output j, given a data instance x, and
its associated target y, is computed as:

LGy =L(fo(x),y) = LOLOL-1(..01xW +by) ... W +b- )W/ +b1),y)  (L5)

With L the total number of layers in the Neural Network, o the activation function at layer
Land 0 = {Wy,...,Wy, by,..., b} the set of trainable parameters of the model. We note z; =
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211 WlT + b; and a; = 0(z;) the intermediary results obtained at layer / in equation 1.5.

The back-propagation algorithm works by computing the gradient of the objective func-
tion in regard to each model parameter using the chain rule. The gradient Vg7 (0) is the
Jacobian matrix composed of the partial derivatives of 7 (0) with regard to each parameter.
The gradient for a given parameter, say w, j  for the weight at position j, k inlayer 1, is noted

% and is computed in the following way:
I

0J () _0J©O) 0y day dz.  day 0z
owyjx 09 0ardzpdar—1 0z 0wk

(1.6)

Once the entire gradient Vy 7 (8) is computed we use a gradient descent algorithm to up-
date parameters in accordance.

Gradient Descent Algorithms. As we aim to minimize 7 (6), computing its gradient in re-
gard to model parameters Vg7 (0) gives the direction in which the function increases in re-
gard to each parameter. Necessarily, by updating each parameter in the opposite direction
than the one given by the gradient computed in regard to this specific parameter, we mini-
mize the global 7 (0) value. Figure 1.7 shows a simple visual representation of the optimiza-
tion process in regard to one parameter w.

RE NG /)

Vs
Vs
Vs

(a) Gradient % is computed (b) Update of w in opposite di- (c) Optimization of w until con-
rection vergence

Figure 1.7: Visual representation of 7 (0) in regard to parameter w, current value of w is
symbolized with the blue dotted vertical line, the corresponding value of 7 (0) is visualized
as the red cross. On (a) the gradient which points in the direction the 7 (6) curve increases is
visualized as the black arrow pointing to the right. On (b) the optimization process decreases
the value of w which in return minimizes the value of J(0). On (c) the same process is
repeated until convergence, that is, until a minimum is reached.

The gradient descent algorithm is an iterative algorithm that update each parameter given
the gradient Vy. 7 (0) computed using the back-propagation algorithm. Trainable parameters
of the model 6 are initially randomly defined. Parameters are updated in the following way:

041 =0,—nVoJ () (1.7)

The algorithm iteratively updates parameters until convergence, that is, until the objective
function 7 (0) stops decreasing or reaches a defined threshold value. The variable 7 is called
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the learning rate, this value defines the size of the corrective steps at which parameters are
updated. If n7 is set too high, it can results in too large updates, which facilitates fast learning
but may lead to instability and poor prediction quality. Conversely, if 77 is set too low, learning
may be slower, and there is a risk of becoming trapped in a sub-optimal local minimum,
which can also lead to poor prediction quality. To achieve the best possible inference results,
it is primordial to establish an appropriate value for the learning rate. The learning rate is a
hyper-parameter, a kind of parameter that is manually set before the training phase starts.
Hyper-parameters such as the learning rate and the number of neurons in hidden layers are
not learned during training, unlike model trainable parameters.

To apply back-propagation and gradient descent on the entire objective function at once,
the model is fed the complete training set and the gradient is computed in its entirety. This
process is highly impractical in practice as it quickly becomes too heavy when dealing with
large training sets and leads to overfitting issues (detailed in paragraph 1.1.2.3). In practice, a
commonly used approach is to use batch training, where small batches of randomly selected
training instances are used to compute a partial gradient and back-propagation and gradient
descent are performed on the loss computed from those instances only. The most basic
optimization algorithm that implements this principle is Stochastic Gradient Descent (SGD),
the process remains identical than with standard gradient descent but the gradient is only
computed on the randomly drawn instances. Using such algorithm is faster and yields better
results by encouraging generalization, avoiding overfitting.

SGD is the most basic gradient descent algorithm that is currently used when training
NNs. Much improvements and variations of this algorithm have been proposed in the lit-
erature to improve NNs learning performance. A popular practice is to linearly decay the
learning rate value until a determined iteration 7 (Goodfellow et al., 2016). This allows a fast
convergence at the beginning of the training, avoiding small local minimums, and a more
accurate and slow convergence at the end of the training, leading to more accurate results.
Another practice is to introduce momentum (Polyak, 1964) to accelerate training. Momen-
tum is accumulated in the average direction of past gradients and continues to move in their
direction, the momentum is added to the gradient when applying the parameters update.
The effect is a faster convergence when gradients remain in the same direction for several
iterations, and slower otherwise, improving the overall convergence by finding better quality
local minimums. An update of this concept have been proposed in (Sutskever et al., 2013),
as Nesterov momentum, which is commonly used in practice. Instead of adding momen-
tum to the gradient on the update, Nesterov momentum first applies an update in direction
of the momentum and then computes the gradient from this new point to update again the
parameters, which is slightly different and seems to lead to faster convergence overall. A
default practice is to initialize trainable parameters on a random uniform distribution, but
there are other possibilities, such as initializing parameters on a normal distribution. Ini-
tialization of the parameters is an important step that is not fully understood and still under
active research. Nowadays, the most commonly used optimization algorithms aim at auto-
matically adapting the learning rate during training in order to maximize convergence and
minimize the impact the initial  value has on training. The AdaGrad algorithm (Duchi and
Hazan, 2011) individually adapt the learning rate to each parameter by scaling the learn-
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ing rate value to the average gradient value of the corresponding parameter. A parameter
leading to high gradients will have a decrease in its learning rate, and inversely. RMSProp
(Hinton, 2012) is an updated version of AdaGrad designed to converge rapidly when applied
to a convex objective function. It is currently one of the most used optimization algorithms.
The Adam algorithm (Kingma and Ba, 2014) can be seen as a combination of RMSProp and
momentum, it is known as not being too sensitive in the set learning rate value, which sim-
plifies its usage. It is currently the most popular and used optimization algorithm. There is
currently no consensus in the literature as to how to choose the right optimization algorithm
(Goodfellow et al., 2016). Previously presented algorithms are all commonly used, with the
most popular one being Adam. The choice of the optimization algorithm largely depend on
empirical testing and personal preferences.

Loss Functions. Inorder to train a Neural Network to solve a supervised task, it is important
to use a well-adapted loss function £, that is, a function that will evaluate consistently the
NN capacity to succeed at the task on training data. As the partial derivative %}9) is required
to be computed for training it is important to choose a loss function that is continuously
differentiable. As for activation functions, it is possible to use a loss function that is piece-
wise differentiable, in this case, values at discontinuities are to be determined arbitrarily.

In the case of a binary classification task, we wish to discriminate data instances between
two classes. Thus, we wish to evaluate how close the model probability output y € [0,1] is
from the target label y € {0,1}. In this case the most commonly used loss function is the

Binary Cross-Entropy loss.

Lpce(@,y) =—(y-log() + (1 -y)-logl-) (1.8)

In the more general case of a multi-class classification task, we wish to evaluate how close
the model probability vector output j € [0,1]¢, is from the target vector y € {0,1}¢. In this
case, the most commonly used loss function is the general Cross-Entropy loss, the Binary
Cross-Entropy loss is in fact a special case of the general Cross-Entropy loss.

C
Lce@,y) ==Y yi-log(@i) (1.9)
i=1

In the case of a standard regression task, we wish to evaluate how close the output of the
model is from the target output, in this case, both model output and target have the same
format, and it is possible to simply evaluate the distance between the two. Let’s take the
example of a generative model that we train to construct target images of 28 x 28 pixels, in
this case we wish to evaluate how close the model generated output y € R?®?8 is from the
target image y € R?%28, In this case, the commonly used loss function is the Mean Squared

Error, that is, the square of the Euclidean distance (also called L,-norm).

Lyse(G,y) = G- y)* (1.10)
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Loss Regularization. The loss is what we use to control and point the learning in the right
direction. Adding other terms to previously presented loss functions can help to push the
model to respect a given constraint during its training. It is possible to add any regulariza-
tion term to the loss at the condition that this new term is also continuously or piece-wise
differentiable, and that some or all model parameters are included in the computation of the
term. Solving a regularized loss is a balance game, where both the original loss term and the
regularization term are minimized, common practice is to scale the regularization term with
a defined hyper-parameter A to limit its impact on learning. The number of regularization
terms that can be added to the loss term is not limited, but a simpler loss will lead to faster
convergence than a more complex one, and convergence might even be impossible if the
loss is overly complicated. Widely used constraints are the L, and L; regularizations of the
weights, their goal is to directly regulate the model parameters, to be as small possible in the
first case and as sparse as possible in the second.

The L, regularization, also commonly called Ridge regression or weight decay, is often
used to penalize the parameters of the model to get closer to 0. This has the effect of limiting
the overfitting of the model during training, more information are given about overfitting in
the next section. The objective function regularized with an L, regularization is noted .7 (6):

3 A
JO0)=70) +§||9||§ (1.11)

And its gradient is simply:
Vo (0) =V T ©6)+ A6 (1.12)

The L, regularization is also commonly used to penalize the parameters of the model to
become sparse, that is, as many parameters as possible will be set to 0 while the model learns
to solve the task. This leads to a model in which some connections are disabled, which is
often seen as a form of automatic feature selection. The regularized objective function is:

J©)=7J0)+All6lh (1.13)

With its gradient:
VoJ (0) = VT () + Asign() (1.14)

Other regularizations are often used to force a model to respect some given constraints
during its training, such as preventing the model from choosing a trivial solution that would
nullify the usefulness of the model, ensuring that a mathematical property is respected, etc.
When training several models it is also possible to include the loss term of other models in
one common loss to minimize, a common example are Auto-Encoders (AEs), such situation
will be encountered on many occasions in the following work.
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Under and Overfitting. A problem that is common to the training of any Neural Network
is finding a balance between under and overfitting. Simply put, underfitting is when the
NN has not yet or not been able to learn enough generalization from training data to be
applied successfully to test data, while overfitting is when the NN has learned over-specific
concepts on training data that are not true for test data. Underfitting usually occurs either
when the model has not been trained enough or if the model is not well dimensioned and
simply cannot learn interesting generalization about the data because of a limited learning
potential. Overfitting usually occurs when the model is trained for too many iterations or
trained on a limited dataset. Figure 1.8 shows a representation of under, good and overfitting
on a simple toy experiment where a MLP is trained on a simple 2D regression task using SGD.
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Figure 1.8: Toy experiment where a MLP is trained on a regression task using SGD, blue
points are the training instances, the dotted line is the target curve we want the model to
approximate. Training points originate from this distribution with an added random noise.
In (a) the model has not been trained enough (100 iterations), which leads to underfitting. In
(b) the model has been trained for a proper amount of iterations (2500 iterations) and leads
to relatively good generalization. In (c) the model has been trained too much (25000 itera-
tions) and has overfit training data.

An obvious way of reducing the overfitting risk and improving the generalization of the
model is to get access to more data. In such case the model is less sensitive to overfitting,
making it easier to obtain a well generalized and more accurate model. Figure 1.9 shows the
same regression example as above to illustrate the difference between the best fit obtained
with a limited training set and a better fit obtained with a larger training set.

In practice it is common to divide the training set in two, the most important part of the
split is used as training data, the other part is used as a validation set. The validation set is
used to regularly evaluate the model during training on data that is not used during training.
When using such technique it becomes possible to compare the evolution of the mean loss
value on the validation set compared to the training set. Intuitively, both losses decrease dur-
ing training, as the model learn generalization from training data. After a certain amount of
gradient descent iterations the validation loss starts to increase while the training loss keeps
decreasing, this is the moment where the model starts overfitting. The training loss keeps
decreasing since the model learns over specific concepts about training data, but validation
loss increases as the model loses its generalization capacity on unseen data. This is used as
an indication that the training must be stopped, this is called early stopping. Early stopping
is a good practice that most data scientists use when training any model.
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Figure 1.9: Toy experiment where a MLP is trained on a regression task using SGD, blue
points are the training instances, the dotted line is the target curve we want the model to
approximate. In (a) the model is trained using only 10 instances, leading to a poor fit. In (b)
the model is trained using 200 instances, leading to a well fit and more accurate model.

1.1.2.4 Types of Neural Networks

Previous sections present important Neural Network concepts that are important to un-
derstand the rest of this work. Until now, we mainly focused on feed-forward fully-connected
Neural Networks, also called Multi-Layer Perceptrons. MLPs are a kind of NN used to deal
with tabular data in a standard feed-forward manner, in this section, we present the other
mainly used network architectures in the literature.

Convolutional Neural Network. Convolutional Neural Networks (CNNs) are a kind of feed-
forward Neural Network, inspired by the way animal visual cortex works, that is specialized
to be applied on image data. CNNs have been first introduced in (LeCun et al., 1989) and ap-
plied on handwritten digits recognition. Since then, CNNs have been widely researched and
used on many different tasks (Li et al., 2022), such as image classification, object detection,
image segmentation, etc.

Main components of a CNN are the convolution operation, which replaces fully-
connected neurons presented earlier in MLPs, padding and pooling. The convolution op-
eration is the one in charge of extracting relevant features from the data, it is composed of
a set of convolution kernels (or filters), a dot product is applied between the input and each
kernel, the produced output is called a feature map. Kernels can be seen as windows that
are slid on the input from left to right and top to bottom until the whole input has been
processed, at each iteration an output is obtained by performing an element-wise product
between the covered part of the input and the kernel. Convolution kernels are trainable
spatial filters, those are the parameters which are learned during training. During the train-
ing phase, each kernel learns to extract one specific pattern from its input, lower layers in
the model are responsible for the extraction of low-level features (edges, angles, etc.) where
higher layers extract high-level features (abstract and complex concepts). Important infor-
mation might lie on the edges of an image, in such case applying a convolution kernel might
miss this information as it cannot be centered on an edge to compute a convolution in this
place. A common approach to solve this issue is to use padding, to add pixels out of the
edges of the image and allow the kernel to overlap on the edge. It is also common practice
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to use a pooling operation to dimensionally reduce the feature map obtained after convo-
lution, down-sampling the image size while preserving local image correlations. The most
usual kind of pooling is max-pooling, where the input is divided in squares of a given size
and only the maximum value in each square is preserved. Another common kind of pooling
is average-pooling, the process is the same except that the output value of each square is the
average value of all pixels inside. Figure 1.10 shows a visual representation of the succession
of a padding, a convolution and a max-pooling operation.

Input Padded Input Convolution Filter Feature Map Output
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Figure 1.10: Visual representation of the succession of a padding, a convolution (noted ®)
and a max-pooling operation.

One of the main advantages of CNNs are their capacity to model local correlations, such as
neighboring pixels, which is primordial in understanding images. Since convolution kernels
share the same parameters over the whole image they rely on less parameters than fully-
connected NNs, making them usable on much larger images than their counterpart. Some
variations of CNNs are used in other contexts than images, especially to handle time-series.
Indeed, it is possible to apply convolutions on signal for example, where local neighboring
values in time are relevant to be taken under account.

Auto-Encoder. AEs are often considered to be unsupervised models, indeed, they are
trained to reconstruct their own input (Li et al., 2023). But the way of training an AE is as
a supervised regression task, where the output target is identical to the input. The goal of an
AE is to learn a dimensionally reduced latent representation of its input, from which it can
be reconstructed as accurately as possible. It is composed of two parts, the Encoder part is a
feed-forward NN that encodes the input into a reduced meaningful representation, the De-
coder is a feed-forward NN trained to reconstruct the input from the latent representation
produced by the Encoder. Those two parts are trained simultaneously by minimizing the
same regression loss. As the training task to solve is a regression, the objective function of a
standard Auto-Encoder is defined as:

n
J0) = % Y Lumse(Dop (Egy (x7)), Xi) (1.15)
i=1

Where parameters to optimize are the set of Encoder and Decoder parameters, 6 = {6g,0p}.
The training process remains exactly the same as with a standard feed-forward model, such

as described earlier.
AEs are used for various applications in the literature (Bank et al., 2021). A common use of
an AE is as a feature extractor, where the model is trained to reconstruct its input, and then,
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the Encoder part is used as a feature extractor on which a classification model is plugged.
The classification model is trained to classify labeled data, based on the latent representa-
tion of the Encoder which has been previously learned on both labeled and unlabeled data.
This is especially useful in cases where a large part of the dataset is unlabeled, which would
have usually been useless to train a classifier. In such case, the learned representation of the
Encoder facilitates the classification task of the classifier. An obvious use of AEs is for dimen-
sionality reduction, as they naturally produce a reduced representation from input data. In
practice, many applications of AEs use this type of models to learn to produce an output that
is different from their input. In computer vision, AEs are commonly used to learn to improve
image quality, with tasks such as deblurring, upscaling, etc. In such case, the training pro-
cess remains identical, with the exception that the target is not set to the input of the model,
but to an improved version of the input depending on the task to learn.

One of the most famous and commonly used AE architecture is the U-Net, proposed in
(Ronneberger et al., 2015a). This convolutional model has been originally applied on a
biomedical image segmentation task, the model is trained to construct the segmentation
map associated with the given input. The architecture is symmetrical and shaped as a “U”,
with the Encoder part scaling down the information down to a bottleneck layer, from which
the Decoder constructs the output while dimensionnaly scaling up the information. They
introduce the important concept of skip-connections in AEs. In a symmetrical AE, a skip-
connection is a direct link from an intermediary layer of the Encoder to the corresponding
layer of the Decoder. The advantage of skip-connections in this architecture is that the out-
put is not solely produced from the reduced latent representation, which can be too limited.
Figure 1.11 shows the architecture of a U-Net.
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Figure 1.11: Architecture of a U-Net, from (Ronneberger et al., 2015a). The architecture is
symmetrical, information is scaled down to the bottleneck layer and up to the output. Skip-
connection appear in gray, they lead to less information loss and allow for a more accurate
output.

In this thesis, AEs are employed to propose a new Neural Network based mixed-type tab-
ular data imputation method.
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Adversarial Networks. Generative Adversarial Networks (GANs) are a kind of generative
DL model proposed in (Goodfellow et al., 2014) that rely on the simultaneous training of
two models, a Generator G and a Discriminator D. During training, the Generator NN is
trained to generate outputs that fool the Discriminator in failing to discriminate them. The
Generator input is a random noise vector, noted z, following the chosen prior distribution,
usually a normal distribution. The Discriminator is trained to discriminate between data
generated by the Generator and real data from the dataset. Both models are trained as a
minimax game, where G must maximize the loss of D, and D must minimize its own loss.
The objective function of the Discriminator is formalized as:

n
TOp) = —~ Y LceDy, (G, (1)), Do, (x:)) (1.16)
i=1
Where 0p are the parameters of the Discriminator, which are optimized by minimizing
J (0p). Note the minus sign in front of the objective function, the effect is that it inverses
the gradients, applying gradient descent will then lead to ascending the gradients, maximiz-
ing the capacity of the discriminator to differentiate generated data from real data.
The objective function of the Generator is formalized as:

n
T06) =~ 3" log(1 - Do (G, (2) (1.17)
i=1
Where 6 are the parameters of the Generator, which are optimized by minimizing 7 (6¢).
The Generator objective function corresponds to the second part of a Binary Cross-Entropy
loss. Minimizing this loss means that the Discriminator wrongfully assumes that generated
data is real data.

Both objective functions are minimized in parallel using gradient descent, leading to each
model pushing the limits of the other model in getting better at its own task. GANs have
been successfully applied in many image related tasks, as they excel at learning to generate
images which are almost indistinguishable from real images (Wang et al., 2022).

GANs are not the only possible application of adversarial learning, where two or more
models are trained in a competition against each other. Research in the field of Domain
Adaptation have led to the introduction of a gradient reversal layer in (Ganin and Lempit-
sky, 2016). The gradient reversal layer allows to train two adversarial models by minimizing
a unique loss, only the gradients of the adversary model are inverted during gradient com-
putation. Such process will be described more precisely in section 1.4.2.2, and used in the
following work to solve our Domain Adaptation problem.
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Neural Networks for Natural Language Processing. Some types of NNs are more useful
for a specific field, it is the case of the previously presented CNNs which excel when applied
to images. In the field of Natural Language Processing (NLP), the most common and best
performing NNs ones are Recurrent Neural Networks (RNNs), and those last years, Trans-
formers.

The RNN architecture is cyclic, allowing the NN to handle time-series data, by updating
its current state based on past and current input data (Yu et al., 2019). For example, when a
sentence is given as an input to an RNN, each word of the sentence is fed to the model in the
sequential order of the sentence. An RNN model takes two inputs and produces two outputs,
its outputs are the output that answers the learned task and a hidden state, its inputs are the
hidden state from the previous iteration and the current word to process in the sentence.
A common issue with the standard RNN model is information loss between the start of the
time-series and the end. Indeed, all information from the start of the time-series to the cur-
rent point is contained in the previous hidden state, as this hidden representation is limited
in size, old information is lost while processing the data. This problem has been identified a
long time ago, (Hochreiter and Schmidhuber, 1997) proposed the Long Short-Term Memory
(LSTM) model to solve it. Their contribution was to add a system of long-term memory to
the RNN in addition to the native short-term memory of such model. More recently, (Bah-
danau et al., 2014) introduced the concept of an attention mechanism in a Recurrent Neu-
ral Network. This attention mechanism allows the model to pay attention to words in the
input sentence that are relevant to the current word, no matter their position in the input
series, which drastically improves translation results. Even more recently, (Vaswani et al.,
2017) generalized the attention mechanism of (Bahdanau et al., 2014) and proposed Trans-
formers. The architecture of a Transformer is based on the combination and succession of
attention mechanisms. It is specialized in NLP, but dispenses with recurrence entirely, re-
placing recurrent layers with the proposed multi-headed self-attention. Transformers have
now become the best performing and most commonly used and researched models in NLP,
achieving state-of-the-art performance in most applications (Lin et al., 2022).

Neural Networks presented in this paragraph are not used in the rest of this manuscript,
but NLP is a very active and innovative research field, that it is primordial for a DL researcher
to explore to stay up to date.

1.2 Missing Values Imputation

Earliest imputation approaches have been developed in the early 1970s, initially based on
statistics, more and more Machine Learning based methods have been proposed since the
early 1990s. Even more recently, many Deep Learning methods have been introduced to im-
pute missing values as accurately as possible. Imputing missing values is an eternal problem
in data science, as it is usually not possible to avoid missing values in real-life, finding the op-
timal way to deal with them is an unsolved problem. In this section, we describe the missing
values problem, and common ways of dealing with missing data in the literature.

In this section, we first set the context of missing values, and present the mechanisms and
patterns of missing data. We then review the literature of imputation approaches globally,



28 Chapter 1. Background and Related Works

and propose a classification of imputation approaches based on their main associated re-
search field. We finish with a presentation and discussion of the commonly used and most
pertinent ways of evaluation the quality of imputation results.

1.2.1 Why are Missing Values an Issue?

Missing values in tabular data are an issue when it comes to data analysis, and thus, when
applying ML algorithms. From a practical point of view, missing values are a nuisance as
most ML algorithms require a complete dataset to both learn and infer. Figure 1.12 shows
an example dataset, with fake health data, that we use in the following to illustrate concepts
and issues about missing values.

Age Sex Weight Glucose | Insulin Pressure | Diabetes | Survival
7 Male 86 187 304 68 True False
58 Female 54 91 86 72 False True
26 Male 72 89 37 76 False True
87 Female 65 83 71 78 False False
46 Female 92 7 240 10 True False

Figure 1.12: Complete toy dataset (fake health data) used to illustrate concepts and issues
about missing values. The target output is the survival column, remaining features are the
patients’ health data.

We can compute simple descriptive statistics about the toy data in figure 1.12. For exam-
ple, we can compute the expectation (mean) of the insulin feature on patients that did not
survive, we get an expectation of w
computed statistics are as representative of the real data distribution as possible, given the
amount of available data. Now, let’s imagine that the insulin value of the patient on first line
is missing, a simple and naive way of dealing with such a situation would be to compute
the statistics while simply omitting the missing value. We reiterate the same calculation as
before in this context and obtain an expectation of % = 155.5. As we can see, the result
is drastically different from the one obtained when no value is missing, 155.5 is much lower
than 205 and conclusions drawn from descriptive statistics computed on data with missing
values might not be pertinent and representative of the real data distribution. ML models
learn by extracting statistical patterns and correlations within the data, thus, they are sen-
sible to such an issue. With this simple example we can understand that a model learning
on incomplete data might be biased by missing values and draw incorrect assumptions and
correlations, leading to a trained model that performs poorly for its application on test data.

In this example, we introduced the simplest and most naive way to deal with missing val-
ues, that is, list-wise deletion, also called complete-case analysis (Buuren, 2021). With this
approach, we simply delete all data instances that contain one or more missing values. An
obvious disadvantage of such an approach is that it deletes non-missing data by removing all
incomplete instances, which is wasteful. In medical datasets, as in many other fields, it is not

= 205. As no values are missing in this example,



1.2. Missing Values Imputation 29

uncommon for some features to be measured very infrequently, leading to a very high per-
centage of incomplete instances. In such a context, deleting all incomplete instances leads
to the loss of a large part of non-missing values, which strongly limits the potential for data
analysis. Another disadvantage is that list-wise deletion is simply unusable in contexts in
which test data are also incomplete, which is extremely common in real-world scenarios. In
such a context, we want to be able to draw inference for complete and incomplete instances
alike.

Instead of deleting incomplete instances, we might be able to guess plausible values that
could go in place of missing ones, based on correlations and assumptions drawn from non-
missing values in the data. In our example, we can observe a correlation between the insulin
feature and the glucose feature, a high glucose value seems to be correlated with a high in-
sulin value, inversely, a low glucose value seems to be correlated with a low insulin value.
Naturally, in the case of the insulin value of the first patient being missing, since we know
that the glucose is high it would be most plausible for the insulin value to also be high. Intu-
itively, we see that detecting such correlations in the data can help making educated guesses
to replace missing values with plausible ones. This is called missing values imputation.

Such linear correlations can be computed mathematically, for example, we illustrate pair-
wise linear correlations in the example dataset (figure 1.12) using Pearson’s Correlation Co-
efficient (Rodgers and Nicewander, 1988). We note p the Pearson Correlation Coefficient,
which can be used to measure the strength and direction of linear relationships between
pairs of variables. It is common practice to measure correlations between each pair of fea-
tures in a dataset and display the obtained results in a correlation matrix to find insights
about their relationships. Computed values range from -1 to +1, with 0 meaning no correla-
tion and 1/ — 1 meaning perfect positive/negative correlation between the two features. For
example, let’s compute the Pearson’s correlation coefficient between features “weight” and
“glucose” in our toy example, we note the weight feature X; and the glucose feature X». The
Pearson Correlation Coefficient is computed as:

cov(Xy, Xp)  E[(Xy —px,) (X2 — px,)]
0x,0X, 0x,0X,

le»Xz = (1.18)

With cov (X3, X») the covariance between the pair of features, ux and o x the mean and stan-
dard deviation of the corresponding feature respectively, and E the expectation. We recall

that the mean is computed as y = %Z?zl x; and standard deviation as o = \/ % Z;f‘zl (x; — w)?,
with n the number of values in X. We compute ux, = 73.8, ux, = 124.2, ox, = 13.8 and
O x, =45.11, which gives:

%Zzn:l(xl,i —73.8)(xp,; —124.2)
13.8x45.11

0X,.%, = ~0.8678 (1.19)
We obtain a positive correlation coefficient of about 0.87, which illustrates a high positive
correlation between weight and glucose features. We compute the correlation coefficients
between each pair of features in the dataset and display the results as a correlation matrix
for visualization in figure 1.13.
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Figure 1.13: Correlation matrix computed from the toy dataset in figure 1.12.

As can be seen from this matrix, diabetes is highly positively correlated with weight, glu-
cose, and insulin values. Which indicates that high values in those features are correlated
with a positive diabetes value, or inversely. We see that the survival outcome is very nega-
tively correlated with age, weight, glucose, insulin and diabetes on this toy dataset, which
means that high values in those features are correlated with a negative survival outcome (0).
Note that those coefficients only measure correlations, which do not imply causation, it is
not possible to draw conclusions about the causal link between variables from this correla-
tion matrix only. Insights can be drawn from such a correlation matrix, for example, if the
insulin value of a patient is missing, and we know that this patient suffers from diabetes, we
can guess with a high confidence that the missing insulin value must be high. Using other
correlated features in the dataset with non-missing values for this patient, we can sharpen
the value to impute to be as plausible as possible.

Advanced ways of dealing with missing values in the ML literature rely mainly on imput-
ing missing values with plausible ones, using the learning power of ML algorithms. While
the correlation matrix in figure 1.13 only represents linear correlations between each pair of
features in the dataset, advanced ML algorithms are able to detect and extract non-linear
correlations between features. Non-linear correlations between multiples variables in the
dataset that humans cannot even apprehend can be detected by ML algorithms. Most mod-
ern missing values imputation approaches in the ML literature are based on learning such
complex non-linear correlations in the data, to impute missing values as accurately as pos-
sible. In this missing values imputation background section we will present, describe, and
discuss, the various categories of imputation approaches in the ML literature.
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1.2.2 Missing Data Mechanisms and Patterns

Missingness mechanisms and missingness patterns are distinguished in the missing data
literature. Missingness mechanisms describe the relationship between missingness and the
variables within the data. While missingness patterns describe which values are missing or
observed in the data. In this section, we present and discuss those mechanisms and patterns.

1.2.2.1 Missingness Mechanisms

Missing data are caused by various causes, (Rubin, 1976) classified mechanisms that cause
missing data in three categories: Missing Completely At Random (MCAR), Missing At Ran-
dom (MAR), Missing Not At Random (MNAR). Some authors, such as (Seaman et al., 2013),
find Rubin’s definitions to be not clear enough, but the vast majority of practitioners in the
missing values imputation field still use the missing data mechanisms such as defined by
Rubin. In Rubin’s theory, each value in a dataset has a probability of being missing, we call
“missing data mechanism” the process that dictates those probabilities. In this section, we
are inspired by (Buuren, 2021) to define those three missingness mechanisms using our no-
tations, we keep the toy dataset from figure 1.12 to illustrate our points and discuss each
mechanism.

In the following, we note X € R"*4 the dataset composed of n instances and d features. We
note X, the non-missing values in X and X,,,;s; the missing values. We note M € R"*4 the
binary missingness indicator such as M; ; = 0if X; ; is observed and M; ; = 1if X; ; is missing.
The distribution of M is fully dependent of the missing data mechanism that caused missing
values. We define as P(M|X,ps, Xmis, W), the distribution of M given known and missing
values in X, with ¥ the parameters of the missing data model applying the missing data
mechanism.

Definition 1 (MCAR: Missing Completely At Random)

The data are said to be MCAR if the probability for a value to be missing depends only on
some parameters . P(M|X,ps, Xmis, W) = P(M|y)

We define MCAR using our notations in definition 1. In this case, the missingness proba-
bility is the same for all values in the dataset, which implies that causes of missing values are
not related to the data. An example of the MCAR mechanism in a real-life scenario would be
amachine that randomly does not record some values. Such a missing data mechanism does
not often appear in real-world data, as the causes of missing values are rarely unrelated to
the dataset itself and truly random. Figure 1.14 illustrates the MCAR mechanism on our ex-
ample dataset. As can be seen in this figure, missing values in measured health features seem
to be distributed uniformly randomly, in this context, no known nor unknown information
could be useful to explain missing values.

Definition 2 (MAR: Missing At Random)

The data are said to be MAR if the probability for a value to be missing depends on ob-
served values. P(M|X,ps, Xmis, W) = P(M|Xops, V)
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Age Sex Weight Glucose | Insulin Pressure | Diabetes | Survival
7 Male 86 NA 304 68 NA False
58 Female 54 91 NA 72 False True
26 Male 72 89 37 NA False True
87 Female 65 NA 71 NA False False
46 Female 92 7 NA 10 NA False

Figure 1.14: Toy dataset from figure 1.12 with missing values governed by a Missing Com-
pletely At Random (MCAR) mechanism.

We define MAR using our notations in definition 2. In this case, the missingness prob-
ability is dependent on known values in the data. Such a missingness mechanism is very
common in real-life situations. Figure 1.15 illustrates the MAR mechanism on our example
dataset. In this example, missing values in measured health features seem to appear more
often for older patients than for younger ones. In this context, known information within the
data can be useful to explain missing values.

Age Sex Weight Glucose | Insulin Pressure | Diabetes | Survival
7 Male 86 NA NA NA NA False
58 Female 54 NA 86 72 False True
26 Male 72 89 37 76 False True
87 Female 65 NA 7 NA NA False
46 Female 92 7 NA 10 True False

Figure 1.15: Toy dataset from figure 1.12 with missing values governed by a Missing At Ran-
dom (MAR) mechanism.

Definition 3 (MNAR: Missing Not At Random)

The data are said to be MNAR if the probability for a value to be missing depends on
observed but also on unknown values, P(M|X,ps, Xmis, ¥) cannot be simplified.

We define MINAR using our notations in definition 3. MNAR is used to refer to all cases
not covered by MCAR or MAR. In this case, the missingness probability can be dependent
on both known and unknown values in the data, missing values can also be caused by ex-
ternal factors that cannot be present in the data. This mechanism is the most commonly
occurring missingness mechanism in real-life data, and is known as the most complex case
of missingness (Baraldi and Enders, 2010; Buuren, 2021). Figure 1.16 illustrates the MNAR
mechanism on our example dataset. In this example, missing values seem to occur more
on instances that have a negative survival outcome. This could be explained by the fact that
health data are less recorded on people that are too sick. In this case, missingness proba-
bility is dependent on the survival outcome, which is not known at the moment health data
are last collected. In the previous example, we show an example of a missingness probability
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dependent of missing values, but as stated above, in the case of MNAR, missing values can
also be caused by external factors. A real-life example of such an occurrence would be when
amachine generates more missing values as it gets older. Such missing values are dependent
on an external factor, which is the age of the machine, but this information is not present in
the data.

Age Sex Weight Glucose | Insulin Pressure | Diabetes | Survival
7 Male 86 NA 304 NA NA False
58 Female 54 91 86 72 False True
26 Male 72 89 37 NA False True
87 Female 65 NA NA NA NA False
46 Female 92 NA NA 10 NA False

Figure 1.16: Toy dataset from figure 1.12 with missing values governed by a Missing Not At
Random (MNAR) mechanism.

In the missing values imputation literature missing data mechanisms are often simulated
on originally complete datasets to perform comparative studies of imputation approaches
in each possible missingness scenario. In almost any real-world situation MCAR can be em-
pirically rejected in favor of MAR or MINAR, as in most cases, missing values are caused for a
reason (Collins et al., 2001; Rubin, 1996; Schafer, 1997). Whether this cause is explainable or
not given the observed data determines if the mechanism is MAR or MNAR. Most real-world
scenarios are a combination of both MAR and MNAR mechanisms. It is often not possible
to determine a precise mechanism behind real-world missing values, since the distinction
between MCAR and MNAR depends on unknown information.

1.2.2.2 Missingness Patterns

We have seen the three possible mechanisms that govern missing data in previous sec-
tions. Given the missingness mechanism, missing values can appear in various patterns in
the dataset. The literature is not unified on this point and many authors use their own defi-
nitions, in the following we present and discuss the main recurrent patterns in the literature.

e Univariate/Multivariate patterns: Most authors make distinction between univariate
and multivariate missingness patterns, such as (Lacerda et al., 2007), (Little and Rubin,
2019) or (Buuren, 2021). The univariate missing data pattern is a case where only one
feature in the data contains missing values, whereas we talk of a multivariate pattern
when more than one feature contains missing values.

* Monotone/Non-monotone patterns: Distinction between monotone and non-
monotone patterns is also extremely common in missing data literature. As described
by (Horton and Kleinman, 2007), we talk about a monotone pattern when the dataset
can be rearranged in such a way that missing values are organized as a hierarchy. Such
as if a value in a previous feature of an instance is missing, then all following feature
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values are also missing. Inversely, the non-monotonous pattern is the case where the
dataset cannot be rearranged in such a hierarchical manner.

Missing by design pattern: Some authors describe the missing by design pattern,
some also call it missing by logic. This pattern is described by (de Leeuw et al., 2003) as
the case where some values are voluntarily not collected for some instances. In med-
ical studies, it is common to encounter variables that are only observed in a specific
category of patients and not others. For example, data related to pregnancies are usu-
ally not collected on male patients as it would be a waste of resources.

General or Arbitrary pattern: The general missingness pattern, sometimes called the
arbitrary missingness pattern appears frequently in the literature. It is described by
(Berglund and Heeringa, 2014) as the case in which there is no particular missingness
pattern that can be detected in the data. Missingness seems arbitrary, it is naturally a
multivariate, non-monotone missing data pattern.

Other missingness patterns: Other less common missingness patterns are also de-
scribed in the literature. In questionnaires it is common to encounter what (de Leeuw
et al., 2003) called partial non-response, that is, after some point in the questionnaire
all following data is missing, which is explained by the fact that the person stopped
answering questions. They also describe item non-response, in cases where a respon-
dent does not answer a specific question, which can be considered a form of general
missingness pattern in standard tabular data. (Buuren, 2021) defines connected and
unconnected patterns, where a missingness pattern is said to be connected if any non-
missing value can be reached from any other observed value given a sequence of hor-
izontal or vertical moves.

In this work we do not aim to redefine missingness patterns in our own way, nor to try and

unify all proposed terminologies. Indeed, missingness patterns are mostly relevant when
developing statistical imputation approaches, but advanced Machine Learning imputation
approaches are not sensible to such patterns. As stated in (Horton and Kleinman, 2007),
simpler methods can be used if the missingness pattern is monotonous which could moti-
vate the effort to identify such a pattern in used datasets, but a monotonous pattern is highly
unrealistic in real data. Therefore, in the rest of this work we assume that missing values in

our experiments are always organized following what is usually called a general or arbitrary
missingness pattern as it is the most often occurring and important one in real-world data.



1.2. Missing Values Imputation 35

1.2.3 Imputation Frameworks and Methods

Usually in the imputation literature no distinction is made between imputation frame-
works and imputation methods. We argue that this makes no sense as any imputation
method can be used based on any imputation framework, and comparing two imputation
methods that are not applied following the same framework is an unfair and non rigorous
comparison. In the following work, we will precisely distinguish between such frameworks
and methods, and will refer to both indiscriminately as approaches.

In the remaining of this section and manuscript, we note X € R"*4 the clean version of
the dataset, that is, the version without any missing values (which might not exist in a real-
world scenario). We note X the corrupted version of X, that is, the version with missing
values (which might be the only available one in a real-world scenario). Finally, we note X
the corrected version of X, that is, the version with imputations in place of missing values.

Definition 4 (Missing Values Imputation Framework)

An imputation framework is a defined procedure that makes use of an imputation
method to impute missing values and exploit imputations in a formalized way.

We propose a definition of an imputation framework in definition 4. Examples of an im-
putation framework are Single-Imputation (SI) and Multiple-Imputation (MI), that can be
applied using any imputation method to train any kind of model. We review imputation
frameworks in the following section.

Definition 5 (Missing Values Imputation Method)

An imputation method is a model fp, that is applied to the incomplete dataset noted
X e R"*4 and outputs a corresponding complete dataset X= fo (X), where missing values
in X are imputed with plausible values, leading to X.

Definition 5 gives a formal definition of an imputation method, we review imputation
methods in the following section.

In this section, we are interested in all tabular data imputation approaches, we will briefly
address the topics of imputation in time-series and images at the end of the section. Figure
1.17 illustrates the classification we defined to organize the following reviewing work, we
created our classification inspired by the one proposed in (Lin and Tsai, 2020).
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Figure 1.17: Statistical and Machine/Deep Learning Imputation Approaches Classification

1.2.3.1 Imputation Frameworks

There are very few tabular data imputation frameworks available and used in the literature,
in fact, to the best of our knowledge, there are currently only two: Single-Imputation and
Multiple-Imputation.

Single-Imputation. Sl is the default imputation paradigm that anyone uses, it has the ad-
vantage of being extremely simple and straightforward. It simply consists in choosing an im-
putation method, applying it to the incomplete dataset X, which yields a completed dataset
X where missing values have been assigned with new plausible values, and using X as one
would with any complete dataset (Buuren, 2021; Rubin, 1987). Obtaining a single completed
dataset is a huge advantage, as it is then possible to integrate SI into any existing pipeline or
system, making them usable with missing values without any needed modification (Josse
et al., 2019). However, SI presents multiple important drawbacks. Once the incomplete
dataset has been imputed, the imputed dataset X is treated as the new complete dataset,
this is a problem as all methods that exploit the completed dataset will treat missing values
as if they were known (Buuren, 2021; Rubin, 1987). In such case, the extra variability due to
the unknown missing values cannot be taken into account by inference methods applied on
X, thus, their inferences will be too sharp and overstate precision. As SI does not account
for the uncertainty about obtained imputations, it results in biased inference models which
lack generalization capacity. But since it outputs a unique imputed dataset that can be ex-
ploited as any complete dataset, it is extremely convenient and easy to use in any scenario.
This simplicity to use and convenience explains why such framework is so widely used in
practice, despite the fact that it is known not to be the best solution. Figure 1.18 illustrates
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this simple framework.
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Figure 1.18: Simple illustration of the Single-Imputation framework.

Multiple-Imputation. In (Rubin, 1987), Rubin proposes Multiple-Imputation, where each
missing values in X is replaced by a set of plausible values representing a distribution of pos-
sibilities, which represents the uncertainty about the right value to impute. This procedure
results in m imputed datasets, with X’ the i-th imputed dataset. In a Machine Learning con-
text, one learner is trained on each imputed dataset and the results from all the learners are
then pooled in an ensemble manner. An advantage of MI over SI is that each missing value
is represented by a sample of possible imputation values, which results in inferences that re-
flect the uncertainty level associated with each missing value (Buuren, 2021). Therefore, the
results pooled from the ensemble of learners will be less biased compared to those of each
learner taken independently. Applying the MI framework results in inferences that properly
reflects the uncertainty of imputations, leading to less biased inference results. The use of
the powerful ensemble paradigm helps to leads to significantly better results when using the
MI framework compared to SI. An obvious disadvantage of MI compared to SI is the com-
putational cost of such a framework, the ensemble training of the learners multiplies the
required amount of calculation time. While being quite an old and well-known framework,
MI is still not used in most cases, scientists and imputation methods users usually still rely
on SI. This can be partially explained by the computational cost of MI, which is high since it
requires computing m imputations of the same dataset and then training m inference mod-
els, which can be quite tedious and often inconceivable in practice. Figure 1.19 illustrates
the MI framework.
Incomplete Imputed Pooled
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Figure 1.19: llustration of the Multiple-Imputation framework.
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1.2.3.2 Statistical Imputation Methods

In this section, we present the most popular categories of statistical imputation methods,
roughly ordered by popularity and quality of results. As this thesis focuses on ML and DL
approaches, we review very briefly each statistical imputation category and describe a bit
more precisely ML based methods.

Simple Substitution. Mean substitution consists in replacing missing values with the
mean value of the corresponding feature. Respectively median substitution is the same us-
ing the median value, and mode substitution for categorical features consists in replacing
missing values with the most common value in the corresponding feature. Mean substitu-
tion is still a widely used method in practice, especially in the medical field (Armitage et al.,
2015; de Souto et al., 2015). Median substitution is also sometimes used as outliers might
drastically impact imputations when imputing with mean substitution. When imputing cat-
egorical features in this context it is common practice to impute missing values with the
mode of the feature (Buuren, 2021; Lin and Tsai, 2020).

It has been shown that mean imputation distorts the data distribution in several ways.
Mean substitution is known to produce unrealistic imputations by underestimating the vari-
ance, modifying feature correlations and biasing all other estimates than mean in an MCAR
setting and all estimates in the data in MAR and MNAR settings (Buuren, 2021; Emmanuel
et al.,, 2021). Median substitution might lead to better results than mean substitution when
original data distribution is skewed, but similar drawbacks are to be reported. Despite the ex-
treme simplicity to both implement and use such substitution methods, general consensus
in the missing values field has for a long time been to avoid using them in all circumstances
(Troyanskaya et al., 2001).

Hot Deck. The hot Deck imputation method is among the simplest imputation methods.
It consists in replacing missing values of an instance by observed values from a random or
a similar instance in the dataset with respect to commonly observed features in both in-
stances. Several versions of this algorithm exist (Andridge and Little, 2010). The simplest
form is to simply impute missing values using observed values from random instances in
which they are observed. Obviously this method leads to highly unrealistic and biased im-
putations and should never be used. More advanced methods aim to order the dataset in
regard to selected important features in the dataset, then we iterate though the dataset and
missing values from each instance are imputed with observed values from the closest in-
stance in which they are observed. This method is also used in longitudinal data, in which
it makes more sense, as we can simply impute missing values in an instance using the last
observed value for this same instance previously in time.

This method is known to impute highly biased values and leading to potentially false con-
clusions (Molnar et al., 2008). Similarly to simple substitution methods presented above, Hot
Deck was widely used in practice, but it is now of general consensus that this method should
not be used anymore, other more advanced imputation methods have been developed and
can be used to obtain far better results.
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Expectation Maximization. The Expectation Maximization algorithm to impute missing
values has been proposed in (Dempster et al., 1977). The algorithm iteratively computes the
maximum-likelihood estimates in place of missing values given all observed ones (the expec-
tation step), and fits model parameters to maximize the expected likelihood of the estimates
obtained from the previous step (the maximization step). This process is repeated until con-
vergence is achieved. Hidden Markov Models training is solved using the Baum-Welch al-
gorithm. This algorithm is generally considered superior to the naive list-wise deletion and
simple substitution methods under the MCAR and MAR assumptions (Musil et al., 2002).
This method is known to produce biased standard errors (Musil et al., 2002).

Many papers have used and proposed improved versions of Expectation Maximization for
missing values imputation (Emmanuel et al., 2021; Lin and Tsai, 2020). The recent paper
(Delalleau et al., 2018) proposes an improved version of the Expectation Maximization al-
gorithm to largely speed-up the algorithm training time on large dimensional tabular data.
They replace the originally used Hidden Markov Models by Gaussian Mixture Models and
develop a more efficient algorithm. They experimentally showed that imputed data using
their method lead to a large classification improvement over simple substitution methods.

This method is known to do well under MCAR and MAR settings, but is not efficient when
the missing data mechanism is MNAR (D.Allison, 2002), which is an important limitation
for real-world data. Overall, the Expectation Maximization algorithm provides better results
than simple substition methods, but general consensus seems to indicate that better impu-
tation methods have been proposed that can be used instead.

Single Value Decomposition. Single Value Decomposition can be seen as a method that
transforms a dataset with linearly correlated features into a set of uncorrelated features that
explain as much variance in the data as possible. We do not describe the mathematical pro-
cess of SVD as it is not relevant to this work, in-depth information can be found in the fol-
lowing tutorial (Baker, 2005).

Using SVD for imputation has first been proposed in (Hastie et al., 2001). They propose
two solutions, the first is to fit a SVD on the complete part of the dataset, assuming that
enough instances are fully observed, the second is a more advanced variant of SVD to ex-
ploit all available data. It has also been presented and used for comparison in (Troyanskaya
et al., 2001). More recently, (Mazumder et al., 2010) proposed Soft-Impute, an advanced
SVD based imputation method. They use the nuclear norm as a regularization and propose
a highly efficient algorithm that is able to scale to very large amounts of data. They obtain
mitigated results in terms of imputation quality but have the advantage of being able to out-
put satisfactory imputations in very reasonable running times for extremely large datasets.

One of the main limitation of such method is that it can only rely on linear correlations be-
tween features to compute imputations, which limits the relevance of obtained imputations.
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Principal Component Analysis. Principal Component Analysis has been originally devel-
oped as an exploratory tool for data analysis (Jolliffe and Cadima, 2016), the process is highly
related to Single Value Decomposition. The goal of a PCA is to compute principal compo-
nents, which can be seen as new features, that account for as much variance as possible
in the original data. Those principal components are computed as a linear combination of
the data features. These linear combinations are computed in such a way that new princi-
pal components are as uncorrelated as possible from all previously computed ones and that
each component accounts for as much variance as possible. This leads to a set of compo-
nents where the first ones explain most of the variance, and so, most of the useful informa-
tion about the data.

PCA has been used as an imputation method at several occasions. A Bayesian PCA based
imputation method has been proposed in (Oba et al., 2003) and applied to gene expression
profile imputation. The algorithm consists in the combination of a Bayesian PCA, which is
able to automatically determine the best number of principal components to extract, and
the Expectation Maximization algorithm to estimate imputations. More recently, (Josse and
Husson, 2012) proposed the iterative PCA, which is able to compute principal components
from incomplete data, and that imputes missing values in the process. As their algorithm is
based on principal components of the data, imputations naturally take account for features
linear correlations. They show that their method obtain better results than simple substitu-
tion methods.

As with Single Value Decomposition, one of the main limitation is that PCA imputation
relies solely on linear correlations between features to compute imputations. Statistical lit-
erature on PCA for imputation is very limited, most proposed methods are only compared to
simple substitution methods, which seems to indicate that imputation quality is limited.

k-Nearest Neighbors. The k-Nearest Neighbors method is usually considered as a ML ap-
proach in the literature. In this work we classified it as a statistical method as we consider
that ML methods are based on learning, which is not the case of the KNN method. As many
statistical imputation methods, KNN imputation first appeared in the medical field, applied
to gene expression profile missing values imputation in (Hastie et al., 2001) and (Troyanskaya
et al., 2001). Basically, missing values of an incomplete instance are imputed using the mean
value from the k closest complete instances in the data. The similarity distance between two
instances is computed between observed values of both instances. Various similarity func-
tions can be used depending on the application context of the algorithm, the most common
one being a simple Euclidean distance between features.

In their application to gene expression profile imputation, (Troyanskaya et al., 2001) re-
port that KNN imputation obtains better results than simple substitution methods. They
also show that KNN imputation shows less performance deterioration when the missing rate
increases when compared to previously presented SVD imputation. Overall, they show that
KNN imputation is more robust to the nature of data and less sensitive to parameteriza-
tion. More recently, (Armitage et al., 2015) also reported better KNN results on medical data
when compared to simple substitution methods which supports original claims. Limitations
to this method are similar to above mentioned methods in regard to linear correlations, the
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KNN algorithm is also known not to scale well as the amount of data increases. Indeed, com-
putation of the distance between each possible pair of instances in the data naturally leads
to a quadratic complexity. Despite those drawbacks KNN imputation is very commonly used
in practice as it is simple to use, relatively fast, and provides good imputations in most situ-
ations.

Linear/Logistic Regression. There are many different implementations of linear or logis-
tic regression in the missing values statistical literature (Lin and Tsai, 2020), most of them
have first appeared in the medical field and then been democratized to other scientific fields,
is one of the preferred statistical technique for handling missing values (Emmanuel et al.,
2021). Usually statistical regression methods are divided in two main phases, first a regres-
sion model is trained on all complete instances in the dataset, then the model is applied to
estimate missing values. The main limitation of such models is that they can only compute
missing values imputation based on a linear combination of observed values. This assumes
that missing values must be linearly explainable given non-missing values, which is not al-
ways the case.

Many linear regression methods have been proposed in the statistical literature, using dif-
ferent ways of performing regression. A main way of performing linear regression is using the
least squares method to produce missing values estimation by minimizing the error between
the measured and predicted values in observed values. In 2004, LSimpute have been pro-
posed (Bo et al., 2004), a missing values imputation method based on least squares regres-
sion. Least squares aims at finding the best possible linear fit that minimizes the variance:
the sum of squares of the errors. Such linear regression model is often noted y = a + fx + ¢,
with y the estimate of the missing value, x the observed features, € the error term for which
the variance is minimized and a and  the model parameters. (Kim et al., 2005) proposed
a method called LLSimpute: Local Least Squares imputation, applied to missing values in
gene expression data, that extends the previously proposed LSimpute. Instead of perform-
ing a global regression based on all observed values as in LSimpute, this method first selects
the k closest neighboring genes, either based on the L,-norm or on Pearson Correlation Co-
efficients, a local regression model is then fitted on those k selected genes. Many other vari-
ants of linear regression using various kinds of least squares methods have been developed
throughout the years (Lin and Tsai, 2020).

One of the most widely used and best performing statistical imputation method is MICE:
Multivariate Imputation by Chained Equation, which have been proposed in (van Buuren
etal., 1999). Ever since, it has been widely used in the medical field and many others (Buuren
and Groothuis-Oudshoorn, 2011), it can still be considered as a state-of-the-art imputation
method as it reaches excellent and highly competitive results. MICE is an iterative algorithm
that works in the following way:

1. Initially, missing values are imputed using a simple substitution method, such as mean
substitution.

2. One variable to complete is selected, usually base on the amount of missing values for
this feature.
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3. Observed values of the selected feature are used to fit a linear (if the feature is continu-
ous) or alogistic (if it is categorical) regression model. Any type of statistical regression
can be used in this method.

4. Missing values of the selected feature are replaced with the obtained predictions from
the regression model.

5. Steps 2 to 4 are repeated for each feature in the dataset that has missing values. The
algorithm iterates through those steps for a set number of cycles, each iteration leads
to imputations that reflect more the linear correlations between all features.

Many studies apply MICE to deal with missing values, and many others propose improved
versions of MICE. For example, (Khan and Hoque, 2020) proposed SICE, an extension of
MICE that is more pertinent to use in presence of a large amounts of data. (Burgette and
Reiter, 2010) proposed a MICE variant that uses classification and regression trees instead
of a standard linear/logistic regression model. The main advantage of such a method is that
it allows MICE to exploit non-linear correlations between features to perform imputation,
which automatically leads to superior results. An obvious disadvantage of this extension,
and of MICE in general, is that the method needs to fit one regression model per incomplete
feature at each iteration, which leads to important performance issues when dealing with a
dataset that has many incomplete features.

1.2.3.3 Machine Learning Imputation Methods

The main limitation of linear regression models and other previously presented statistical
methods is that they can only compute missing values imputation based on a linear com-
bination of observed values. This assumes that missing values must be linearly explainable
given non-missing values, which is not always the case. Advanced Machine Learning meth-
ods aim at finding and exploiting non-linear correlations in the data, which automatically
leads to improved inference results when compared to linear methods. In this section, we
review the most popular imputation methods in the ML literature.

Support Vector Machines. A once popular ML classification and regression method were
Support Vector Machines. Standard Support Vector Machines can be used to perform linear
classification, the commonly called kernel trick allows SVM to perform non-linear classifica-
tion and regression, which highly improves potential and performance of this method. Like
any supervised ML method, Support Vector Machines rely on learning generalizations from
a training dataset to then infer on never seen test data.

In standard linear SVM (Boser et al., 1992) we make the assumption that the data is lin-
early separable, that is, we can draw a line that separates all instances between two classes,
identified by —1 and 1 respectively. We note X € R"*“ the sample of training data, where n
is the amount of instances in the dataset and d the number of features, and Y € {-1,1}" the
associated labels. The i-th instance in the dataset is represented as x; = (x; 1,..., X; q) with
its label y;. In this simple binary classification context it is possible to find two hyper-planes
that satisfy: Wx—b = 1, where every point on this boundary or on one given side is of class 1,
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and Wx— b = —1, where every point on this boundary or on the other side is of class —1, with

W € R% and b € R. Figure 1.20 illustrates a hyperplane that maximize margin between two

classes on example data. The distance between those two hyperplans is computed as m,

therefore, to maximize this margin we can minimize ||W|| directly. Since we want to prevent
any point inside the margin we also need to ensure that:

{Wx,-—bzl ifyi=1

Vie(l,...,n) (1.20)

Wx;—b<-1 ifyiz—l
Which can be rewritten as y;(Wx; —b) = 1Vi € (1,...,n). In practice, in order to solve those

equations it is common to formalize it as an optimization problem, to find the best possible
solution given the data (Bishop, 2006):

n
%i?IIWII+Zmax(0,1—y,-(Wx,-—b) (1.21)
' i=1

- >

Figure 1.20: Support Vector Machines computed maximum margin hyperplane on example
data

In order for Support Vector Machines to be able to handle non-linear classification or re-
gression, (Boser et al., 1992) introduced the kernel trick, which maps the model inputs into
a much higher dimensional feature space, which is hoped to make separation linear in that
projection space. This trick is what makes regression possible using Support Vector Ma-
chines.

Handling missing values is not particularly close to the usual tasks performed by Support
Vector Machines, but SVM regression has been successfully used on several occasions to
perform missing values imputation. In their paper, (Wang et al., 2006) proposed an impu-
tation method based on SVM regression and compared it to previously presented statistical
methods KNN imputation, SVD imputation and Bayesian PCA, applied to gene expression
profiles. They experimentally showed that their SVM based imputation method was able to
compete and even outperform the above statistical methods in terms of imputation accu-
racy, they take advantage of the kernel trick to exploit non-linear correlations in the data to
outperform linear methods. More recently, (Yang et al., 2012) proposed another SVM based
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imputation method. Similarly to (Wang et al., 2006), they rely on SVM regression using fully
observed features to impute missing ones. They evaluate the quality of their imputations
with a prediction task and note an increase of 1 to 8% of accuracy.

The Support Vector Machine is one of the most basic ML algorithm, fundamental theoret-
ical principles used in this method are quite important as they are used in most other ML
methods. SVM based methods are not so popular nowadays because of their strong limita-
tions (Boser et al., 1992), more advanced ML and DL methods are used to overcome those
weaknesses. Indeed, SVM are not suitable to be applied to large datasets since the complex-
ity of the algorithm highly depends on data dimensions. They are also known not to perform
well on imbalanced datasets, where the computed hyperplane gets highly biased towards
the minority class, leading to poor classification or regression performance. The main ad-
vantage of SVM over simpler statistical methods is that we can use the kernel trick to exploit
non-linear correlations. Choosing the right kernel function to use is key, meaning that data
analysis must be performed in order to properly decide which non-linear kernel would be
the best in the given situation. Overall, those limitations make this method not obvious and
not easy to use for non-expert persons.

Clustering. Clustering methods are unsupervised ML methods that aim at dividing data in
separate clusters without relying on known labels. Clustering alone does not seem to be ap-
plicable to the imputation of missing values, but Clustering methods have been used several
times in combination to other ML methods to perform imputation in the literature.

In their papers, (Zhang et al., 2006) and (Zhang et al., 2008) propose a clustering based im-
putation method. They divide the dataset complete instances in clusters using the K-Means
method and associate each remaining incomplete instance to the cluster most similar to it.
They then use a kernel based method to impute missing values based on complete instances
in the same cluster. They compare their method with a Decision Tree imputation method
and obtain competitive results. More recently, (Rahman and Islam, 2016) proposed FEMI,
a fuzzy Expectation Maximization and fuzzy Clustering based missing values imputation
framework. It performs imputation in incomplete instances based on instances classified
in the same cluster. Clusters are obtained using a fuzzy Clustering method, and imputations
are performed using the proposed fuzzy Expectation Maximum algorithm. They compare
their methods to statistical imputation methods and one Decision Tree method and note su-
perior imputation quality. As they do not compare their method to modern and advanced
imputation methods it is not possible to conclude that FEMI would perform well when com-
pared to state-of-the-art methods.

Clustering application to the imputation field is limited and does not seem to be much
researched at the moment. Clustering based imputation approaches do not seem to lead to
better results than most currently used statistical, ML. and DL imputation methods.
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Decision Trees. Decision Trees are simple ML methods that can perform supervised non-
linear classification and regression learning (Twala, 2009). A Decision Tree is constructed as
a tree-like structure, each node of the tree represents an attribute on which a condition is ex-
ecuted, depending on the condition result, the node splits in two or more branches. The first
node of the tree is called the root node, from which the whole tree is constructed. Branches
of the tree are composed of decision nodes, each decision node applies a condition. At the
extremity of each branch of the tree we find leaf nodes, each leaf node corresponds to a de-
cision outcome. For a given data instance we can follow the conditions through the tree,
which ultimately leads to the predicted output. A big advantage of Decision Trees are their
easy interpretability, a reasonably dimensioned tree can easily be followed and understood
by a human. There are several possible ways to construct a Decision Tree (i.e. train the tree)
given training data. Most known tree training algorithms are ID3 (Quinlan, 1986), its succes-
sors C4.5 (Salzberg, 1994) and commercially marketed C5, and CART (Breiman, 2017), which
is the most known and currently used tree algorithm. Figure 1.21 shows a visual represen-
tation of an example toy Decision Tree on Covid complication risk with its main elements
illustrated.

[ Age of the patient ]

[ Comorbidities ]
: ' : Branch
No Yes : Plovenes ’

I
: O Leaf node
\

Decision node
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Figure 1.21: Example of a Decision Tree applied on complication risk assessment for Covid
patients.

Decision Tress have been used to perform imputation at several occasions in the litera-
ture. A recent approach is DIFC, which have been proposed in (Nikfalazar et al., 2020), it
is an imputation method that relies on Decision Trees and fuzzy Clustering. The dataset is
split between complete and incomplete instances. One Decision Tree is trained on complete
data for each feature with missing values. Values are imputed in the incomplete part of the
dataset using trained trees. Imputed values are improved repeatedly based on a proposed
iterative fuzzy Clustering algorithm. They only compare their DIFC to other non state-of-
the-art imputation methods, it is thus impossible to assess the quality of their results.

Decision Trees can lead to rather weak inferences, a more advanced and powerful ap-
proach is to use Decision Trees in an ensemble manner, where multiple trees are trained
on the same task and their results are combined through a majority vote, this is called a Ran-
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dom Forest. Random Forests leads to far better prediction results than individual trees, to
the cost of their interpretability.

The most known, used and performing imputation method using Random Forests is Miss-
Forest, proposed in (Stekhoven and Bithlmann, 2012). It is an iterative imputation method
relying on Random Forests that has been shown to outperform most other imputation meth-
ods, including the statistical state-of-the-art MICE method, at several occasions (Kokla et al.,
2019; Tang and Ishwaran, 2017; Waljee et al., 2013). In this algorithm, a Random Forest is
computed for each feature with missing values to impute. The process is very similar to the
MICE algorithm presented earlier. Missing values are initially imputed using a simple substi-
tution method. Each forest is trained and imputes missing values in their associated feature,
usually starting with the imputation of features with the most amount of missing values. The
process of forests computation and imputation is repeated until convergence.

MissForest can still be considered a current state-of-the-art imputation method as it leads
to competitive and often better results when compared to other currently state-of-the-art
methods. This method is able to exploit non-linear correlations between features to perform
high quality imputation, while using the powerful ensemble learning paradigm. The main
drawback of MissForest is its required running time which is highly dependant of the amount
of features in the dataset. Indeed, a separate forest of Decision Trees is computed for each
feature with imputation performed in a round-robin manner, with the whole process being
iteratively repeated until convergence (Tang and Ishwaran, 2017).

Genetic Algorithms. Genetic Algorithms are a type of exploratory algorithms inspired by
the theory of evolution, they are usually used to discover high-quality and complex solutions
to optimization and search problems (Katoch et al., 2021). Those algorithms are known to
come up with original solutions that humans would have struggled to find. A Genetic Algo-
rithm simulates a population and its evolution through generations towards better perform-
ing solutions, the evolution of the population is based on the concepts of natural selection
and reproduction.

Key elements of Genetic Algorithms are chromosome representation, fitness evaluation
function, chromosomal crossover and mutations. Typically, the procedure of a Genetic Al-
gorithm is as follows:

1. A population of individuals/entities (candidate solutions) is initialized, each entity
chromosomes are randomly generated. Those chromosomes are the characteristic of
each individual, they dictate their behavior.

2. The fitness (performance measure) of each entity is evaluated based on the defined
fitness evaluation function. Best candidate solutions get higher scores than worse so-
lutions. The fitness scores of individuals is used as weighting for the selection process
leading to reproduction.

3. A new population is formed through the reproduction process based on individuals
fitness scores, best performing entities have more chances of being selected. Each pair
of individuals chosen for reproduction generates an offspring, this offspring inherits



1.2. Missing Values Imputation 47

characteristics of both parents through a chromosomal crossover process. At the time
of reproduction, mutations can occur and affect the chromosomes of the offspring,
leading to new properties. Usually, the amount of entities remain constant from a gen-
eration to the next.

4. Steps 2 and 3 are repeated until a candidate solution reaches a fitness score above a
wanted threshold.

Chromosomes representation and the fitness evaluation function are specific to the task the
algorithm is aimed to solve, and have to be defined precisely in regard to the problem at
stake. The exploratory part of such algorithm is based on the random initialization of all
individuals in the population, and on the crossovers and mutations that occur during repro-
duction. This exploratory process is what allows Genetic Algorithms to find new interesting
solutions. As best candidate solutions are selected through generations, the whole popula-
tion average fitness score increases, leading to better performing solutions.

The use and research on Genetic Algorithms seems to have spiked the interest of some re-
searchers in the field of imputation those last years with very recent applications. In their
paper, (Shahzad et al., 2017) propose a straightforward implementation of a Genetic Al-
gorithm for imputation. They propose a fitness evaluation function based on Information
Gain, also commonly called Kullback-Leibler divergence, which is a measure of divergence
between two distributions based on correlation. This measure is used to estimate the ad-
ditional information captured in imputations throughout generations, leading to better and
more pertinent imputations. Another recent proposal for Genetic Algorithms based data
imputation is (Al-Helali et al., 2021). They propose a hybrid algorithm based on a Weighted
KNN method and a Genetic Algorithm. Weighted KNN is employed to select the k closest
instances to the incomplete instance of interest. The Genetic Algorithm is trained on those
k instances, weighted with the same weights as the KNN method. Each incomplete instance
in both training and test set are imputed in this manner, they show competitive results when
compared to other M. methods. Very recently, (Figueroa-Garcia et al., 2023) proposed MIGA,
a Genetic Algorithm for imputation with a new multi-objective fitness evaluation function.
Their fitness function is based on the Minkowski distance computed on the means, covari-
ances and skewness between available and completed values, with the goal to impute miss-
ing values without modifying those three statistical properties. The proposed fitness func-
tion is composed of three terms, one term for each statistical property to preserve. They
show that their method reaches good imputation results while preserving original statisti-
cal properties of the data. State-of-the-art results have been reported, the only method that
obtained better results than theirs on one dataset is CMIM, a clustering based imputation
method.

Modern imputation solutions based on Genetic Algorithms have been developed those
last years, with good imputation results reported when compared to other state-of-the-art
methods. Genetic Algorithms seem to be a newly active area of interest in the imputation
research field.
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Optimal Transport. Optimal Transport aims at solving the general problem of moving a
distribution of mass to another distribution in the most efficient way possible (Villani, 2009).
The usual example to explain the intuition behind Optimal Transport theory is the following.
Consider trying to fill a hole using sand from a pile of the same volume, while minimizing
the average distance moved. Optimal Transport aims at finding this minimal way of moving
each sand grain from the pile to the hole. This simply put problem sees applications in many
scientific fields, such as in mathematics, geometry, data science, etc. It is currently under
very active research.

Currently, and to the best of our knowledge, only one imputation method based on Opti-
mal Transport theory exists for tabular data imputation. We noted two other papers for im-
putation based on Optimal Transport but focused on time-series imputation, we talk more
about them in section 1.2.3.5. In their paper, (Muzellec et al., 2020) present two new inno-
vative imputation methods based on Optimal Transport theory. The first one is based on
the Optimal Transport Sinkhorn divergence measure, it aims at minimizing the Sinkhorn
distance between batches with respect to the imputed values. They formalize their theo-
retical problem as an optimization problem where the Sinkhorn divergence is to be mini-
mized and solve it through gradient descent, they apply the commonly used Adam optimizer.
This method is trained in a supervised manner on complete instances and imputes incom-
plete ones. They propose a second method where they address this limitation and train the
method on both complete and incomplete instance in a round-robin manner, which con-
sists in iteratively imputing over features in a cyclical manner as it is the case in the statisti-
cal method MICE. Their best performing method is the Sinkhorn based imputer without the
round-robin implementation. They obtain extremely good results when compared to other
state-of-the-art imputation methods, their Sinkhorn method can be considered a state-of-
the-art imputation method.

As applying Optimal Transport theory for imputation is very innovative and leads to highly
competitive and efficient methods, it is very probable that we might see more imputation
methods using advances in Optimal Transport in the years to come.

1.2.3.4 Deep Learning Imputation Methods

More recently, methods that rely on Deep Neural Networks have been researched in or-
der to improve the quality of produced imputations. As presented in section 1.1.2, Neural
Networks are a type of Machine Learning model that are organized as a succession of layers
composed of neurons. Deep Learning methods are able to exploit more abstract information
about the data than other ML methods, which explains why most currently used learning
methods are based on DNNs. The amount of proposed DL based imputation methods is still
very limited at the moment, this research field seems to get more active those last years with
recent interesting and promising proposals in the literature. In this section, we review the
most popular DL imputation methods.
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Auto-Encoder. AEs, presented in section 1.1.2.4, are a type of NN that are trained to repro-
duce their input. Standard AEs are limited in their usefulness for imputing missing values,
but some methods have been proposed in the imputation literature (Pereira et al., 2020b),
we present those works here.

In their paper, (Thinh et al., 2016) proposed U-AuCo, an imputation method based on an
AE for imputing missing quality of service values of web services. They propose a multi-
view AE, exploiting data from other views for training and inference, they do not describe
the way missing values are imputed. The authors in (Beaulieu-Jones et al., 2017) per-
form imputation based on an AE trained using a modified version of a Cross-Entropy loss:
L= xmg(ﬁ)m:ﬁn_(’%ogu_ﬁm. Where % is the reconstruction of x and m represents the miss-
ingness, with m; = 1 if x; is observed and 0 otherwise. This modified Cross-Entropy loss
is only computed between observed values, missing values are imputed by the AE depend-
ing on other observed values in the instance. They apply their approach to health data with
high amounts of missing values and show that their method performs well given any missing
data mechanism. Authors of (Zhao et al., 2018b) propose an imputation scheme based on
AE based fast-clustering and k-nearest neighbors. First, missing values are imputed using a
distinctive value, an AE is trained to reconstruct the initially imputed data. Then, fast clus-
tering is applied to the hidden representation obtained with the trained AE, using the high-
level features extracted by the AE. In each cluster, a k-nearest neighbors algorithm is used
to compute weighted imputation based on similarity between instances of the cluster. This
three steps process is repeated iteratively until convergence of obtained imputations. They
propose a very complete imputation approach, they compare their results to other state-of-
the-art related methods and demonstrate that they outperforms those other methods. Un-
fortunately they did not publish their code, rendering especially difficult to reproduce their
results given the complexity of the approach. Recently, (Lai et al., 2019) proposed the track-
ing removed Auto-Encoder (TRAE) architecture, which dynamically redesigns the structure
of hidden neurons. The method first imputes naively missing values. They base their ap-
proach on the observation that in a standard AE, when value X;, j is generated in the output,
it largely depends on value X;, j in the input, the correspondence between those two values
is said to be tracked in the model. In TRAE, to generate the prediction value X,-, j» the value
X;,j is removed from the input layer, largely weakening the role of X; ; on the estimation of
X; j and enhancing the cross-correlation between X; j and other attributes. The process is
performed in order to impute all missing values, and is then iteratively repeated until con-
vergence of imputed values. They evaluate their elegant solution against other NN based
imputation methods and demonstrate the capacity of their model to successfully impute
incomplete tabular data.

Other approaches relying on more advanced kinds of AEs have been proposed in the liter-
ature, the next paragraphs present imputation methods based on Denoising Auto-Encoders
(DAEs) and variational AEs.
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Denoising Auto-Encoder. DAEs are a special kind of AE model that aim to solve the limit
on the size of the bottleneck layer. Indeed, when designing an AE, hidden layers dimensions
are usually set to be smaller than the number of features in the input and output, the point
being to operate a dimension reduction to maximize model generalization. This comes with
the disadvantage that the model is limited in its learning. A naive approach to solve this limi-
tation would be to set the size of the hidden layers larger than the size of the input. This is an
issue as the model might then be able to simply learn to perform an identity function from
the input to the output, rendering the hidden representation void of any generalization and
the model useless in its application to test data. The goal of a DAE is to increase the model
learning potential by allowing hidden layers to be larger than the output. They prevent the
model from learning an identity function by randomly masking parts of the input and train-
ing the model to reconstruct the clean input from the corrupted one. DAEs are a popular
model in the DL literature as they come with the advantage of strongly limiting overfitting.
The fact that they are trained to reconstruct a complete output from a partially masked input
makes them extremely suitable models for missing values imputation.

Quite early-on, DAEs have been used to try to deal with missing data. In their paper, (Vin-
cent et al., 2008) propose a way of training a DAE while corrupting its input so that it be-
comes robust to missing values and able to naturally perform imputation on test data. The
implementation is straight-forward, the model is trained on the complete part of the dataset
to reconstruct a clean input based on a corrupted one using a reconstruction loss, such as
an MSE, and is then applied to the incomplete part of the data to impute missing values.
A limitation of this simple approach is that it can only be trained on complete instances,
which might not be a consequent part of a real-world dataset. More recently, (Lee and Lee,
2017) proposed imputation-boosted DAE (IDAE), for imputing missing values and learning
on the imputed dataset to perform top- N recommendation. They apply the model to a bi-
nary rating matrix X € {0,1}*¢ and use a Cross-Entropy loss to train the model. First, a
standard AE model is trained to reconstruct the incomplete data, missing values in X are im-
puted depending on the corresponding value in X based on a manually defined threshold.
Then, improved imputations are obtained by training a DAE, original incomplete instances
are used as a corrupted input and the model is trained to reconstruct the imputed output of
the first model. This second model leads to better rating predictions. They compare their
approach to other AE based imputation approaches applied to recommendation and show
that their approach outperforms other methods. Authors of (Ning et al., 2017) propose a
straight-forward implementation of a stacked DAE for imputation. A stacked AE is simply a
way of training a multi-layer AE, its training process is to train the first layer alone, then the
next one, and so-on until the deepest layer is trained. In their denoising version, the input of
each layer is corrupted during training, improving the overall stability of the learned repre-
sentation. Recently, (Gondara and Wang, 2018) proposed Multiple-Imputation using DAEs
(MIDA), to perform imputation on mixed-type tabular data. The architecture of the DAE in
MIDA sets larger hidden layers than the input/output size, improving the learning capacity
of the model while avoiding overfitting thanks to the corruption of the input. They train the
model by adding a corruption of 50% to the input and reconstructing the clean input. The
model has the advantage of being able to be trained on incomplete data. Extensive experi-
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ments on multiple mixed-type tabular datasets with many studied missing data mechanisms
shows that this model outperforms the statistical state-of-the-art approach MICE. In their
paper, (Sanchez-Morales et al., 2020) proposed SDAE, using stacked DAEs such as in (Ning
etal., 2017). They propose a slightly modified loss term in order to exploit all available values
in the data, the minimized reconstruction loss is £ = || (X — x) © m| Ig, with m the missingness
vector. Minimizing such loss makes use of all observed values in X while not computing a
loss value for any missing value. They then improved SDAE by proposing a complete impu-
tation scheme called CMSDAE in (Sanchez-Morales et al., 2021). This scheme makes use of
an intermediary classifier that is trained on a classification task given initially imputed data.
Each DAE layer is then trained to perform both reconstruction of the input and the previ-
ous classifier output, ensuring that high-level features are extracted and present in the latent
representation of each layer. They demonstrate better imputation results than MICE.

Variational Auto-Encoder. A Variational Auto-Encoder (VAE) is a kind of generative model
that is composed of an Encoder and a Decoder and is trained as a standard AE. The main
difference is that a VAE learns a mapping from the input to a multivariate normal distribu-
tion parameters ¢ and o, from which the output is constructed. Once trained, it is possi-
ble to generate any sample on the latent normal distribution given any p and o parameter.
Learning the multivariate normal parameters leads to the learning of a disentangled latent
representation, where close instances in the latent space are also close in the original data
space. Recently, several scientists have tried to exploit VAEs generative properties to perform
missing values imputation in tabular data.

In their recent paper, (Mattei and Frellsen, 2019) proposed the missing data importance-
weighted Auto-Encoder (MIWAE) bound, they use it to train a deep latent variable model to
perform imputation. They train a VAE on the naively imputed dataset using their defined
bound and generate imputations by using a Monte Carlo sampling approach. More recently,
(Pereira et al., 2020a) introduced VAE Filter for Bayesian Ridge Imputation (VAE-BRIDGE).
Their method uses a VAE to filter similar instances that are used to perform imputation,
based on a linear regression. A VAE is trained on all complete instances in the data, learn-
ing a multivariate normal distribution parameters that represents the data. Incomplete in-
stances are then fed to the trained VAE, their latent representation is used to determine how
similar all instances are from one another. For each incomplete instance, the k most similar
instances in the latent space are used to train a Bayesian linear ridge regression and perform
imputation of missing values. They show in extensive experiments that their method ob-
tains better results than other VAE and AE methods and MICE. Better results could certainly
be obtained if the authors had chosen a more advanced non-linear regression model. Au-
thors of (Nazabal et al., 2020) present HI-VAE, for handling incomplete heterogeneous data
with VAEs, which can be used to both learn directly on incomplete data or impute missing
values. They train their VAE model by optimizing a lower bound that is defined solely on ob-
served data. They compare their method to other state-of-the-art imputation methods and
show that their approach leads to competitive imputation results and similar classification
performances. In their paper, (Qiu et al., 2020) perform imputation on medical data using a
VAE approach. They propose a way of regularizing a VAE to correct the shift in distribution
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that appears between complete data and incomplete data in an MNAR case. They show that
VAEs easily lead to better imputation performance than standard AEs.

Variational Auto-Encoders have been recently explored and successfully used for missing
values imputation in mixed-type tabular data. The generative properties of VAEs make them
naturally inclined for imputation, leading to consistently better results than standard AEs.

Generative Adversarial Networks. Similarly to VAEs, Generative Adversarial Networks
(GANs) are generative models that can be used to learn a data distribution and generate
synthetic data samples on the same distribution. There exists many GAN based imputation
methods that can be applied to images but a lot less that can be applied to tabular data. In
this section, we review the few available GAN based tabular data imputation methods.

The most known and popular GAN based tabular data imputation method is GAIN, pro-
posed in (Yoon et al., 2018). The Generator takes an incomplete instance % € R? and a noise
vector z as input and outputs a completed instance % € R?. The Discriminator takes the im-
puted instance X and is trained to determine which of the d values is real and which is an
artificial imputation from the Generator. They improve the process by providing the Dis-
criminator with additional information about the missingness in the original instance X in
the form of a hint vector 4. The hint vector h is constructed from the missingness vector m
that indicates which values are missing in X, they propose a stochastic way to construct this
hint vector. This hint mechanism helps the Disciminator in its task to discriminate based on
the quality of the imputations. They obtain very good experimental results when compared
to other state-of-the-art imputation methods such as MIDA, MICE, MissForest, Soft-Impute,
etc. They evaluate their method both on the raw quality of their imputations compared to
the real values and on the predictive performance obtained when training a learner on the
imputed dataset. Following GAIN, (Zhang et al., 2018) extended the idea by using a Stack-
elberg GAN, that is, a type of GAN that contains multiple Generators. They use the input
of multiple generator to obtain better imputations. Recently, (Awan et al., 2021) proposed
CGAIN, a new imputation method based on a Conditional Generative Adversarial Network
(CGAN). A CGAN is a variant of a GAN in which a condition is given to the Generator to gen-
erate an output following the given condition, this is ensured during training by giving the
same condition to the Discriminator. The Discriminator learns to recognize if instances fol-
low the given condition or not, which forces the Generator to produce instances properly
constrained by the given condition. They base their method on the previously presented
GAIN, they give the label of the incomplete instance to both the Generator and the Discrim-
inator and propose a modified loss to train both models. They do not propose a way of im-
puting incomplete instances that are not labeled (test set). They compare their approach to
GAIN, MICE and MissForest and show very good results in term of imputation accuracy. In
parallel, authors of (Wang et al., 2021) proposed PC-GAIN a similar approach to CGAIN that
has the advantage of being applicable to incomplete and fully/partially unlabeled datasets.
First a standard GAIN model is trained to impute a part of the data that contain few miss-
ing values, a clustering method is used to cluster the imputed data, those clusters are used
as pseudo-labels which are learned by a classifier. Then, the PC-GAIN model is trained, the
conditional constraint is given by the previously trained classifier. This process makes it pos-
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sible to apply PC-GAIN on both labeled and unlabeled data. They compare their method to
other state-of-the-art method and show superior imputation accuracy results in most cases.
GANSs tend to lead to better results when applied to image data, more diverse applications
of GANs can be found in the image literature. GAIN is the most known GAN based method
for imputing tabular data, some authors have contributed to try and improve this method.

Graph Neural Networks. Graph Neural Networks (GNNs) are a kind of NN that were origi-
nally introduced in (Tian et al., 2014) to learn a non-linear embedding of a graph and perform
clustering on the latent representation, demonstrating that DI. methods could be employed
for graph clustering. Recently, innovative imputation methods based on GNNs have been
proposed in the imputation literature. Those methods rely on the transformation of the tab-
ular data to a graph, which represents the association between objects of the data. Most pro-
posed methods are applied to the completion of ratings matrices, which associates users to
items given the user rating, this kind of matrix is used in recommender systems. Some meth-
ods build a graph from tabular data where observations are linked to features, the weights
of the connections are the values of each features. In this last case, GNN based imputation
methods aim at predicting the weights of missing links in the graph.

Authors of (Berg et al., 2018) proposed graph convolutional matrix completion (GC-MC), a
graph based Auto-Encoder to impute a rating matrix. They transform the rating matrix into a
graph where users that rated certain items are linked to those items with a connection weight
equal to the attributed rating. Their method learns to predict links from users to items, those
predictions are used to perform imputation of missing ratings. They demonstrate that GC-
MC performs better than related methods in the recommendation field. Recently, (Spinelli
et al., 2020) proposed an adversarially trained GNN for tabular data imputation. Their ap-
proach resembles the previously presented GAIN, they base their method on a kind of graph
Auto-Encoder, that is used as a Generator, with a Discriminator that is used to determine
which values in a completed instance are real or imputed. They demonstrate good results
when compared to other state-of-the-art imputation methods on well-known benchmark
tabular datasets. In their paper, (You et al., 2020) proposed GRAPE, a GNN framework that is
able to impute missing values while performing classification. They solve both those tasks
by learning a prediction task, an edge-level prediction task to impute missing values, and
a node-level prediction task to predict labels. They obtain extremely good results on both
tasks.

GNN based imputation is a modern research field that will certainly see many interesting
new methods in the years to come.
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Transformer. Transformers are a recent kind of Neural Network initially proposed in
(Vaswani et al., 2017), that is solely based on attention mechanisms. In their paper, (Vaswani
etal., 2017) generalizes the attention mechanism first proposed in (Bahdanau et al., 2014) for
LSTM models, to propose the dot-product attention and multi-head self-attention layer. A
Transformer is composed of a succession of such layers, where learned parameters are used
to pay attention to part of their input. This kind of model is very widely used in Natural Lan-
guage Processing, where paying attention to a part of a sentence makes sense to perform
tasks such as translation, answering questions, etc. Similarly, Transformers can naturally be
used to learn on time-series data, but some researchers try to exploit the potential of Trans-
formers and apply them on tabular data.

To the best of our knowledge only one Transformer based imputation method for non-
longitudinal tabular data exists at the moment, that is (Wu et al., 2020). They propose an
architecture similar to an AE that relies on a modified dot-product attention. They han-
dle continuous and discrete variable separately, with a different loss to train the model in
both cases. The dot-product attention is central and used to learn a representation of both
continuous and discrete embeddings. They evaluate their approach on the quality of their
imputation and compare their results to other imputation methods, they demonstrate very
good performance on tabular data.

1.2.3.5 Imputation in Time-Series

Missing values in time-series data is a very common problem in real-world applications,
thus, imputation in such a context is a very active research area. Time-series data are ordered
by a temporal dimension, common examples are signals, which are a series of points evolv-
ing through time. As time-series are ordered through time, given enough readings, points
should follow a trend through time, making it possible to try and predict future values given
past points. When points are missing in the series it is possible to impute them based on
the observed trend in the surrounding, given that enough surrounding points are observed.
This area of research is well developed and many DL based imputation methods have been
proposed to impute time-series. Many DI based methods to impute missing values in time-
series have been proposed, based on RNNs, GANs, AEs and their variants, GNNs, Transform-
ers, and others (Du et al., 2023; Miao et al., 2021; Pereira et al., 2020b). All those methods
rely on the temporal dimension of the data to impute missing values in the series, despite
their similarities with other tabular data imputation methods, those cannot be used on non-
longitudinal data.
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1.2.3.6 Imputation in Images

In the image field, imputation of missing pixels is usually referred as inpainting. Imputing
missing pixels in an image is quite a different task than imputing missing values in tabular
data. In an image, neighboring pixels contain much information about close pixels, this in-
formation is invaluable to impute missing values with plausible values. Usually, missing val-
ues in images are not isolated pixels, but whole areas of the image that are missing. Inpaint-
ing methods are then used to reconstruct the missing area based on the known information
in the rest of the image. The term inpainting comes from the hand inpainting process, which
is performed by artists to restore damaged paintings.

Research to propose automatic methods for image inpainting have been researched for a
long time, with traditional methods dating from before the 2000s (Jam et al., 2021). With the
development of DL, image inpainting became an extremely active research field in the last
ten years, with many DL based methods proposed to solve this problem (Jam et al., 2021; Qin
et al,, 2021). Most inpainting methods rely on CNNs, as this type of NN is currently the best
kind of model to handle images. GANs, AEs, DAEs, and VAEs are widely used and explored in
this kind of work. More recently, Vision Transformers have been used to perform inpainting
(Pirnay and Chai, 2022).

There exists many DL based methods to perform image inpainting, those methods cannot
be used as is on tabular data, as neighboring instances and features in a dataset do not share
the same useful information as neighboring pixels in an image. However, some DL methods
for image inpainting can be inspiring to develop new innovative and interesting imputation
methods for tabular data.

1.2.4 How to Evaluate Imputation Methods

There are two main ways to evaluate the quality of the predictions obtained when apply-
ing an imputation method. The first way is to compare imputed values with the ground-
truth values. Obviously this method can only be used when new missing values have been
artificially inserted to a previously complete dataset, meaning that it is only useful in an
experimental setting. The second way is to impute a same incomplete dataset using each
imputation method to compare, train a learner on each imputed dataset and compare the
obtained inference results. Better inference results indicate that more meaningful informa-
tion has been captured in imputed values. Unlike the first, this second method can be used
in any real-world scenario.
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1.2.4.1 Evaluating Imputations Against Ground-Truth

The most popular and used method to compare imputation methods is to evaluate their
imputations against ground-truth values. This method can only be used in an experimen-
tal setting, where ground-truth values are known and missing values have been artificially
introduced in the originally complete dataset.

Commonly used metrics are the Mean Absolute Error (MAE) and Root-Mean-Square Error
(RMSE) (Buuren, 2021; Lin and Tsai, 2020). We note x; the i-th instance of the original com-
plete dataset, and X; the i-th instance of the imputed dataset, n is the number of instances
in the whole dataset, then, those metrics are defined as:
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Both those metrics are representative of how close imputations are from the real original
value.

This evaluation method is widely used in the imputation literature, most of the previously
presented papers rely on one or the other to evaluate their method and compare state-of-
the-art results. However, in the second chapter of his book (Buuren, 2021), Stef van Buuren
argues that using such an evaluation metric is not a proper way of comparing two imputation
methods. He shows that a linear regression model that obtains lower RMSE and MAE values
than the MICE method leads to more biased estimates and invalid statistical inferences. That
is because a linear regression model does not account for the uncertainty in missing values,
unlike MICE which performs MI iteratively to impute more relevant values. He concludes
that the RMSE metric is not an informative metric for evaluating imputation methods.

1.2.4.2 Evaluating Imputations on Inference Results

Another way of evaluating imputation results is to train a chosen inference model on the
imputed training data, and evaluate inference results on the test set. Better inference results
indicate better imputation quality. To obtain significant results, several inference models
should be trained on a same imputed dataset, with their inference metric results averaged
over all runs.

Any kind of metric that is commonly used to evaluate inference models can be used in
such context. When the inference model is trained on a classification task, the most popular
metric to evaluate the obtained results is the Accuracy:

TP+TN

ACC = (1.24)
TP+FP+TN+FN

Where TP and FP are the number of True Positives and False Positives respectively, and TN
and FN are the number of True and False Negatives. The Accuracy indicates the percentage
of right classification prediction over all made predictions. The higher the metric is, the most
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accurate the inference model is.

The Accuracy metric is not always perfectly representative of the quality of inference re-
sults, as it is not sensitive to the distribution of False Positives versus False Negatives. In
many situations it is preferable for an inference model to lead to as few false positives or
false negatives as possible, where a low amount of one is highly preferable to a high amount
of the other. For example, in a medical context where we want to predict if a patient is sick, it
is important to limit as much as possible the amount of False Negatives, that is, the amount
of patients that are predicted as healthy while, in reality, they are sick.

A metric can be used to evaluate the capacity of an inference model to limit the amount of
False Negatives, that is, the Recall:

TP
REC= ———— (1.25)
TP+FN

Inversely, another metric can be used to evaluate the capacity of an inference model to

limit the amount of False Positives, that is, the Precision:

TP

PRE= ——
TP+FP

(1.26)

As can be seen from the above example, the Accuracy metric alone might not always be
a relevant metric to evaluate the quality of an inference model. The specific situation in
which the model is employed must be considered to choose an adequate combination of
evaluation metrics.

A metric that is commonly employed when it is equally as important to minimize both
Precision and Recall is the F;-score. The F;-score is computed as the harmonic mean of the
Precision and Recall, it represents both those metrics in one:

PRE™'+REC™"\™' _ PRE-REC _ 2TP

2 ~"PRE+REC 2TP+FP+FN

1= (1.27)

Another widely used classification metric is the area under the Receiver Operating Char-
acteristic (ROC) curve, that is, the Area Under the Curve (AUC). The ROC curve is obtained
by plotting the Recall against the False Positive Rate FPR = %\, at various probability
thresholds. A random inference model leads to an AUC value of about 0.5, whereas a perfect
inference model gets a value of 1. In a binary classification setting, the AUC represents the
probability that a random instance of the positive class is positioned to the right of a random
instance of the negative class on the model output predicted probability.

There exists a lot more inference evaluation metrics, for classification and other super-
vised and unsupervised tasks, we only presented the most common ones that will be used
in the rest of this manuscript. When imputing values in preparation for the training of an
inference model, we argue that the most relevant metrics to use are those that evaluate in-
ference quality of the model trained on the imputed training data and evaluated on imputed
test data. Those are the only metrics that will be a real indication of the meaningful non-
linear correlations that have been captured by the model and transferred into imputed val-
ues, which can then be exploited to maximize learning capacity.
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1.2.5 Discussion

The imputation literature is an extensive and well-established research field, across the
years, researchers have contributed in enriching the field with the proposal of many innova-
tive approaches to deal with missing values in data science. Historically, imputation meth-
ods were mostly statistical methods, carefully design to exploit statistical properties of the
data to replace missing values with the most pertinent and probable values. A very limiting
factor of these approaches has been their limitation to only be able to impute missing values
as a kind of linear combination of observed values. Nowadays, most well-performing impu-
tation approaches are based on Machine Learning and Deep Learning, which both have the
advantage of being able to extract non-linear correlations from observed values to generate
more pertinent imputations compared to most statistical imputation approaches.

1.3 Attribute Noise Correction

In this thesis we are interested in improving the quality of the available data as much
as possible before using it for training Machine Learning models. As seen previously, this
means finding a proper solution to handle missing values. In this section, we will see that it
also means finding a solution to handle erroneous values. The presence of erroneous values
in real-world data is almost unavoidable, there are two main causes for this type of corrup-
tion (Zhu and Wu, 2004). Human errors during data entry or any other data manipulation
task, and errors introduced by measurement tools, due to improper calibration, machine
degradation, etc. Such erroneous values can have a highly negative impact on inference
quality, similarly to missing values. Erroneous and missing values are very similar, as they
are both corruptions of the data that need to be handled in order to maximize inference
quality. In the following work we will refer to those two types of data corruptions as “noise”,
such as in (Zhu and Wu, 2004).

In order to unify notations, in the rest of this work we note X € R"*“ the clean ground-
truth dataset, without any missing or erroneous values, that is, without attribute noise. Ob-
viously this ground-truth dataset is not always available, as real-world datasets are originally
corrupted.dataset that is available for training and must be corrected in order to maximize
future in- We note X € R"*“ the corrupted dataset, either naturally corrupted for a real-world
dataset or artificially corrupted from X by adding erroneous and missing values. This is the
dataset that is available for training and inference, and must be corrected in order to maxi-
mize future prediction results. We note X € R"*¢ the corrected dataset obtained by applying
a correction method to X.

nxd
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1.3.1 Two Types of Noise

It has been estimated that errors in a standard real-world dataset is typically around 5% or
more (Zhu and Wu, 2004). The quality of attribute (feature) values and class labels influences
drastically inference results. We distinguish two types of noise: attribute noise, which refers
to erroneous and missing values in the attributes, and class noise, referring to erroneous
values in the labels.

 Class noise: Class noise refers to contradictory and mislabeled instances. Contradic-
tory instances are instances that have identical attribute values but a different label
value. Mislabeled examples are instances that are not labeled with the right class.

e Attribute noise: Attribute noise refers to erroneous and missing values in the at-
tributes. An erroneous value can occur in many situations, such as a human error
when typing the value, or a machine issue when recording the value, etc. Missing and
unknown values that were reviewed earlier are just a special case of attribute noise.

Figure 1.22 shows an example dataset with both attribute and class noise. We observe
attribute noise, with entry errors, such as the glucose value of 890 for the third patient, that
is an example of a typing error, the right value should have been 89. Another erroneous
value example that could be due to a machine malfunction is the insulin value of 22 for the
last patient, which should be higher as this patient has diabetes and a high glucose level.
Attribute noise also refers to missing values, identified as NA, which have been extensively
reviewed in the previous section. We also observe class noise, where the labels of the first
and third patients are wrong.

Age Sex Weight Glucose | Insulin Pressure | Diabetes | Survival
v Male 86 187 304 68 True True
58 Female 54 91 86 NA False True
26 Male 72 890 37 76 False False
87 Female 65 83 Al 78 False False
46 Female 92 17 22 10 True False

Figure 1.22: Toy dataset (fake health data) used to illustrate concepts and issues about noise.
Toy medical dataset with both attribute and class noise, the target output is the survival col-
umn, remaining features are the patients’ health data. NA refers to a missing values, red
values indicate noise.

It has been repeatedly stated that attribute noise occurs more often in real-world situa-
tions than class noise (Van Hulse et al., 2007; Yang et al., 2004; Zhu and Wu, 2004), meaning
that it tends to be more harmful and a more important matter than class noise. Despite this
fact, extensive research have been conducted to try and limit the impact of class noise (Gupta
and Gupta, 2019), while very limited attention has been given to attribute noise. This is often
attributed to the fact that handling attribute noise is reputed as harder than handling class
noise (Teng, 2000; Zhu and Wu, 2004).
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Similarly, methods to handle missing values, which are only a special case of attribute
noise, have been, and are still, widely researched, as can be seen from the previous section.
While we observe very limited research on erroneous values handling methods. More specif-
ically, to the best of our knowledge, there currently exist no method in the literature to handle
attribute noise in its entirety. Often, missing values are addressed, but erroneous values are
ignored, or it is assumed that there are no erroneous values in the data. And in the rare cases
where both missing values and erroneous ones are handled, they are handled in two distinct
steps. In the rest of this section and work, we focus on attribute noise handling methods, as
we focus on improving data quality as much as possible before training any future inference
model.

1.3.2 Ways of Dealing With Attribute Noise

Dealing with attribute noise in tabular data is usually performed in three different ways:
using robust learners, removing noisy instances detected with a filtering method, or cor-
recting erroneous values with a polishing approach (Van Hulse et al., 2007). Using a robust
learner to learn on noisy data is probably the most straightforward approach, as no specific
noise treatment is needed, the learner is trained on the corrupted data and used directly
for inference on test data. Robust learners are expected to learn to ignore noise in training
instances during training, but a corrupted training set can still lead to seriously degraded
inference performance (Zhu and Wu, 2004). On the other hand, filtering and polishing ap-
proaches are used in a preprocessing step, where any learner can then be used to be trained
on the cleaned data. Filtering methods aim at detecting noisy instances to remove them
from the dataset, while polishing approaches aim to correct erroneous values so that all in-
stances are kept in the dataset. Such preprocessing approaches have the advantage of sepa-
rating the task that is handling attribute noise from the inference task we ultimately aim to
learn. Furthermore, many learners have a higher learning potential but are sensitive to noise
(Van Hulse et al., 2007). To use such learners, it is important to get rid of noisy instances prior
to the learning phase.

As will be seen in this section, methods used to handle noise in data are only capable of
dealing with erroneous values, and unable to deal with missing values. This is an important
matter, as no method currently exist to handle attribute noise in its entirety.

Robust Learners. A commonly used tactic against attribute noise are robust algorithms.
Robust learners have the advantage of being less likely to be affected by noise in the data
(Van Hulse et al., 2007). Such model is trained directly on the corrupted version of the dataset
X and relies on its ability to ignore noise. However, relying on the sole ability of the learner
to avoid the influence of noise during its learning phase is very limited. Indeed, in addition
to its main learning task, the learning model is also given the burden of learning how to deal
with noisy attributes (Gupta and Gupta, 2019). In this way, there is no need to try to correct
erroneous values beforehand, which makes the whole process easier since it requires less
preprocessing. But, the whole weight of dealing with attribute noise relying on the learner
makes it harder for the model to focus on its main learning task, and can interfere with the
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quality of its results (Teng, 2004). One way for a robust learner to ignore noise is to prevent
overfitting. In this way the model cannot learn overly complicated concepts to try to repro-
duce the noise, but only generalizations about the data. An example of a robust learner is the
C4.5 decision tree algorithm, where statistically insignificant portions of the trees are deleted
to avoid overfitting the noise present in the data (Salzberg, 1994).

We are less interested in this category of noise handling methods, as learning from noisy
instances has the inconvenience of solely relying on the robustness of the learner against
noise, which limits Robust Learners in their capacity to give good results. Furthermore, many
learners are highly sensitive to attribute noise, and require data preprocessing to improve
overall data quality before training (Van Hulse et al., 2007). Therefore, in this work, we are
interested in handling data corruptions in a preprocessing step, before focusing on designing
an adapted inference model that will be trained on the preprocessed data.

Filtering. Filtering methods aim at detecting and deleting noisy examples from the training
set (Brodley and Friedl, 1999; Gamberger et al., 1999, 2000; Van Hulse et al., 2007; Zhu and
Wu, 2004). This preprocessing approach have the advantage of separating the task of dealing
with noise from the learning task, which makes it easier to achieve good inference results
for the final learner. Another advantage of such an approach is that, if the cleaned training
dataset still contains some noise after filtering, the learner will be able to deal with it more
easily and potentially obtain better results.

The idea behind filtering methods is that removing noisy instances from the training set
can facilitate learning and improve generalization on unobserved instances in the test set,
and so, inference results. According to research by (Yang et al., 2004), large datasets with
excess data can benefit greatly from noise filtering, as it enables the model to learn from a
noise-free, yet sufficiently large, training set. However, while most filtering methods address
class noise, only a few methods exist to filter attribute noise due to the high complexity of
such task (Gupta and Gupta, 2019). This section will concentrate solely on attribute noise
filtering techniques.

Authors of (Brodley and Friedl, 1999) proposed the Ensemble Filter (EF) approach, that
identifies and removes mislabeled instances in training data using the ensemble paradigm.
The EF method trains an ensemble of classifiers on subsets of the training data to filter out
noise from the training set, the authors call those classifiers filter algorithms. To identify
potentially noisy instances, EF applies k-fold cross-validation on the training data using m
classification algorithms, such as the C4.5 tree, 1 Nearest Neighbor, or linear regression, as
recommended by the authors. The EF algorithm works as follows: First, the training set is
split into k subsets. Each of the m filter algorithms is trained k times, using k — 1 subsets
as training data and being applied on the remaining one, leading to k classifiers for each fil-
ter algorithm. The k classifiers are used to label instances in the correspondingly excluded
subset. Classification results are used to determine instances that are mislabeled in most
cases based on a voting scheme with m votes. Instances that are mostly voted as noisy are
removed from the dataset. Authors show that applying this method on a noisy dataset could
drastically improve future prediction performance when training an inference model on the
filtered training set. The main drawback of this approach is that it relies on classifiers, mean-
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ing that it requires the dataset to be labeled in order to be applied. Around the same time,
(Gamberger et al., 1999, 2000) proposed the Classification Filter (CF) approach, that identi-
fies and removes mislabeled instances in training data in a similar way to EE The approach
works similarly to Ensemble Filter, but without using the ensemble voting scheme. Instead
of training m filter algorithms that are used in a voting scheme, only one is trained and its
results are directly used to filter out noisy instances. This method is simpler to implement
and faster to execute than EF but probably leads to less robust results. A very simple filtering
method was described in (Marcus et al., 2001), where filtering rules are manually defined
to detect outlier values in the dataset, instances that include outlier values can be filtered
out. An obvious disadvantage of such an approach is the laborious, and eventually impossi-
ble, task of manually defining a precise set of rules for each attribute of the dataset. Authors
of (Yang et al., 2004) propose Sifting, a filtering approach based on decision trees such as
C4.5, the method is equivalent to the Classification Filter approach. Lastly, (Van Hulse et al.,
2007) introduced the Pairwise Attribute Noise Detection Algorithm (PANDA), which outputs
a ranking of all instances of the dataset from most to least noise, with the advantage of not
requiring a labeled dataset unlike other filtering approaches. Most other filtering techniques
rely on a prediction performance to identify noisy instances, but such identification is not
necessarily reliable, as correctly predicted instances are not necessarily noise-free, and in-
versely. The PANDA algorithm aims to identify instances with significant deviations from
normalcy, given the values of a pair of attributes. When a group of instances shares similar
values for one attribute, large deviations for the second attribute can be considered suspi-
cious, with higher deviations indicating stronger evidence of noise. However, caution must
be exercised in interpreting this assumption, as the variance and distribution of the two at-
tributes may differ. To address this issue, PANDA standardizes all attributes in the data set.
The algorithm produces an ordered list of instances, with each assigned a Noise Factor score
to rank its noisiness relative to others in the data set. The Noise Factor computation process
is executed for each pair of attributes, and the results are aggregated to produce an overall
output score representing the amount of noise present in the instance. This last algorithm
has the advantage of being usable whether the dataset is labeled or not, to the best of our
knowledge, this is currently the last innovative attribute noise filtering approach that has
been proposed in the literature.

There are a few methods that can be used to detect noisy instances in a dataset. The pro-
cess of filtering aims at removing noisy instances from the dataset in order to improve the
overall quality of the dataset. The obvious disadvantage of such approach is that information
is lost. An analogous approach to imputation methods that can be used to exploit all clean
values in the data to correct erroneous ones is polishing, which aims at correcting noisy val-
ues, preserving all other values instead of deleting them.
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Polishing. Asstated above, removing instances from the training set can become a problem
if the dataset contains a limited amount of instances. For example, in a medical real-world
case where we are already limited by the number of patient who are part of the study, any
deleted data instance means that important information is lost. In that case, using filtering
methods would not be the best solution. Another way of dealing with instances detected as
noisy is to polish them, that is, correct erroneous values to replace them with more plausible
ones, maximizing the amount of retained information. That is very similar to imputation,
except in this case we do not know which values are erroneous and which are correct. This
constraint makes it harder to develop attribute noise polishing techniques compared to im-
putation methods.

Teng proposed the Polishing method in (Teng, 2000, 2003, 2004). This approach exploits
the correlations between attributes of the data to identify noisy instances and propose plau-
sible corrected values for noisy ones. By utilizing both the label and other features of the in-
stance to polish, the Polishing method predicts the value of the noisy feature. The first step
of the algorithm relies on a Filtering algorithm to detect instances that contain noise and
separate them from clean ones, this is the identification phase. Any Filtering method can
be used at this point, in her papers, Teng uses the Classification Filtering method. Then, one
prediction model is trained to predict each feature in the dataset, leading to d trained models
for a corrupted dataset X € R”*¢. Each prediction model f; is trained on the clean part of the
dataset based on all features except the i-th feature that it must predict. Models are applied
to the noisy instances to predict new values for all features, X; = f;((X1,..., Xi—1, Xi+1,--+, Xq)).
Attribute values of noisy instances are updated based on empirical thresholds and condi-
tions that must be manually defined. Originally, values of noisy instances are only updated
if the absolute difference between the predicted value X; and the original one X; is above
a set threshold. Intuitively, only original values that are drastically different from the pre-
dicted values, and so probably noise, are replaced with the prediction. Figure 1.23 shows an
illustration of the polishing process such as proposed by Teng.

More recently, (Shahzad et al., 2017), that proposed a Genetic Algorithm based imputation
method (cf. section 1.2), have listed in their future perspectives to research and apply their
imputation method to noise and erroneous values correction. At the moment, no follow-
ing paper have been found in the literature, but such a research work could lead to a new
interesting polishing method based on a Genetic Algorithm.

In their applicative paper on a real-world medical dataset, (Liebchen et al., 2007) showed
that employing the Polishing method in combination with the Classification Filtering ap-
proach leads to better inference results than removing filtered instances or not doing any
filtering. It has also been shown that the Polishing method improves classification accu-
racy more than using Filtering or Robust Learners techniques, but that it introduces addi-
tional noise in the dataset (Gupta and Gupta, 2019). This is similar to imputation methods
that lead to better inference results while leading to worse RMSE results as stated in section
1.2.4.2, which might not indicate poor correction, on the contrary.
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Figure 1.23: Polishing process. Noisy instances are identified using the chosen filtering
method. Clean instances are used to train one inference model to predict each data at-
tribute. Models are applied on noisy instances to predict values of corrupted attributes, at-
tribute values are updated if the difference between predicted and original value is above a
set threshold, leading to polished instances. The polished dataset is obtained by combining
clean instances with polished ones.

1.3.3 How to Evaluate Noise Correction Methods?

Evaluating noise polishing is quite similar to evaluating missing values imputation, as the
outcome to evaluate is the same: improving data quality by replacing corrupted data with
plausible values. Consequently, the two main ways to evaluate the quality of a polished
dataset are the same as when evaluating an imputed dataset: comparison against a known
ground-truth or evaluating the predictions of a learner trained on the corrected dataset.
Evaluating noise filtering methods can only be based on the evaluation of predictions ob-
tained by training a learner on the filtered dataset. Indeed, filtering removes noisy instances,
there is therefore no added information to compare to a known ground-truth.

In a situation where noise is artificially added to corrupt a dataset, as with missing values,
we can evaluate how close polishing results are from the ground-truth. Such evaluation is
performed using the same distance metrics as with imputation methods detailed in section
1.2.4.2: MAE, RMSE, etc.

Similarly, filtering and polishing results can be evaluated by evaluating a learner trained on
the filtered or polished dataset and applied to a test set, such as in (Brodley and Friedl, 1999;
Gamberger et al., 1999, 2000; Liebchen et al., 2007; Teng, 2004). In such case, any suitable
inference metric can be used to compare the obtained results, such as the Accuracy, AUC
or F;-score for classification. As for evaluating imputation methods, we argue that when we
apply a polishing method in preparation for the training of an inference model, then, the
most relevant metrics to use are those that evaluate inference quality of a model trained on
the corrected data. Indeed, those are the only metrics that give a real indication of the mean-
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ingful non-linear correlations that have been captured in corrected values and can then be
exploited to maximize learning capacity.

Other specific metrics are sometimes used in the specific literature of attribute noise han-
dling methods. In her paper, (Teng, 2000) proposed the Net Reduction metric, which is com-
puted as:

X, d(X, ) - d (X, &)
C YR, dGz)
with X; the original noisy instance i, X; its polished version, d a distance function, and zZ; and
z; the nearest neighbors of X; and X; respectively. It indicates how much noise there is in a
polished dataset compared to the original version of the data. It relies on the comparison be-
tween the original instance and its polished version with their respective nearest neighbors.
The NR value is close to 1 if the distance between X; and Z; is small, that is, if much noise
has been corrected in the polished instance. It is close to zero if d (%;, 2;) = d(X;, Z;), meaning
that the polishing process did not manage to properly reduce the noise of %;. It is negative
if d(x;,2;) > d(X;,Z;), demonstrating that the polishing process contributed to the addition
of more noise than what was originally present in X;. This metric has the advantage of being
calculable in real-world scenarios, where the only available dataset is the corrupted one X.

Other metrics that compare inference quality between two models, trained on X and X re-
spectively, are sometimes used. A disadvantage of those metrics is that they can only be used
in an experimental setting where the ground-truth version of the data is known and noise has
been artificially introduced into the data. For example, the Relative Loss of Accuracy (RLA)
has been proposed in (Sdez et al., 2011).

NR

(1.28)

ACCx — ACCy
ACCx

RLA= (1.29)
Where ACCy is the average accuracy obtained on the test set by the inference model trained
on the ground-truth data X and ACCj, is the average test accuracy obtained by the model
trained on the corrected data X. It measures the relative loss of accuracy between a noise
level of 0% in X and a noise level of x% in X , the lower the RL A value the better the correction
method worked.

1.3.4 Discussion

The attribute noise correction literature is extremely limited, as most researchers focus
on designing new imputation methods, while overlooking the issue of erroneous values in
tabular data. It has been shown that erroneous values in attributes of tabular data are a
serious issue, that drastically decreases the learning performance of M. models, while being
an almost unavoidable occurrence in real-world datasets (Zhu and Wu, 2004).

Our exploration of this neglected data science field highlights that no method currently
exists to both impute missing values and correct erroneous ones. A few methods exist to
deal with erroneous values in tabular data, those are robust learners, filtering approaches,
and polishing. Out of those three categories, only the polishing approach aims at correct-
ing erroneous values. Filtering approaches delete instances that are suspected to contain
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errors, reducing the size of the dataset, which can be an issue, as important information in
non-erroneous attributes is lost. Robust learners rely solely on the capacity of the learner
to ignore errors in the dataset, which is very limited and does not lead to the best possible
results.

Currently, the only way of implementing a complete attribute noise correction method
using existing components of the literature is by combining an imputation method with the
polishing approach. Research must be conducted in this field in order to propose innovative,
and well-performing, ways of dealing with attribute noise in its entirety as a preprocessing
step, paving the way for any kind of subsequent predictive model.

1.4 Domain Adaptation

In a standard Machine Learning setting, an inference model is trained to solve a specific
task on a training dataset, and is then applied to perform the same task on test data. That
is, the training and test data are assumed to follow an identical latent distribution, and the
training and test tasks to solve are identical. This standard learning setting can be used in
most cases, but there are situations where the available training data is slightly different from
the test data on which the model must be applied, or where the task that is learned on train-
ing data is not the same that will be applied on test data. Transfer Learning aims to maximize
learning and prediction performance in such contexts.

In Transfer Learning, we aim to exploit knowledge from one or multiple source dataset(s)
to enhance learning performance on a different target dataset. For Transfer Learning to be
effective, the source dataset(s) should exhibit sufficient similarity to the target dataset. A
source dataset that is not similar enough to the target dataset can negatively impact learning
performance and should not be used in this context. Examples of Transfer Learning prob-
lems are: the transfer of knowledge from source data to distinct target data, the transfer of
knowledge from a source task to a distinct target task, or a combination of both (Pan and
Yang, 2010; Wilson and Cook, 2020). Specifically, in this work we aim to learn an identical
prediction task, while exploiting knowledge from several different source datasets. The set-
ting of Transfer Learning where a model is trained to learn a common task by transferring
knowledge from one or more source domain(s) to a target domain, is called Domain Adap-
tation (DA) (Pan and Yang, 2010; Wilson and Cook, 2020; Zhuang et al., 2020).

Domain Adaptation is the process of adapting a model trained to perform a specific task
on one or several source domain(s) to perform the same task on a different target domain,
where each domain may have different statistical properties or distributions (Pan and Yang,
2010; Zhuang et al., 2020). DA can greatly enhance prediction performance on the target
domain by leveraging more knowledge from the source domain(s) than what is available in
the target domain. Obviously, as stated above, for DA to be effective, the source domain(s)
should be similar enough to the target domain, so that useful knowledge can be transferred
from source(s) to target. An example of a learning setting that can benefit from DA is to
use health data from patients suffering from a given pathology in a country A as a source
domain, to improve learning performance on data from patients suffering from the same
pathology in country B. In such a context, patients from the country A might have a different
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lifestyle from patients from country B. Thus, training a model on the first group of patients
and applying the model on patients of the second group might lead to poor prediction, as
data might be too dissimilar from one country to the other. Therefore, we are in a case with
two similar but different datasets (domains). Using Domain Adaptation can help to exploit
knowledge from dataset A to maximize prediction performance on dataset B.

Single-Source Domain Adaptation (SSDA) is the specific DA case where a single source
domain is used for knowledge transfer to the target domain. SSDA is a widely and actively
researched field, most DA applications fall under this setting (Ganin et al., 2017; Long et al.,
2015; Saito et al., 2018; Zhu et al., 2021). On the other hand, Multi-Source Domain Adaptation
(MSDA) is the DA case where multiple source domains are used for knowledge transfer to
the target domain. The MSDA field is a more complex and less researched area compared
to SSDA, but exploiting knowledge from several source domains can lead to better inference
results on the target domain than when using a single source domain (Peng et al., 2019; Zhao
etal., 2018a; Zhu etal., 2019b; Zuo et al., 2021). In the following work, we are more interested
in MSDA as we aim to exploit knowledge from several available source domains to maximize
inference performance on each target domain.

DA is often employed to enable prediction on a completely unlabeled target domain while
exploiting one or several labeled source domain(s), this is known as Unsupervised Domain
Adaptation (UDA) (Ganin et al., 2017; Long et al., 2015; Wilson and Cook, 2020). However,
in the context of this thesis, the focus is on Supervised Domain Adaptation (SDA), where the
target domain is also labeled and the goal is to exploit source domains to improve predictions
on the target. Despite being a common occurrence in the real world, Supervised Domain
Adaptation (SDA) remains an area with relatively less research attention than Unsupervised
Domain Adaptation (UDA).

We can also distinguish homogeneous Domain Adaptation from heterogeneous DA (Day
and Khoshgoftaar, 2017; Wilson and Cook, 2020). Homogeneous DA is when the feature
spaces of all source and target domains are identical, that is, data is represented by the same
features across all domains. On the other hand, heterogeneous DA is when the feature spaces
of all source and target domains are not identical. In such case, useful knowledge might be
available in the source domain(s), but it is represented differently than in the target domain.
Therefore, in such context, it is primordial to employ a tactic to bridge the gap between dif-
ferent feature representations for knowledge transfer.

1.4.1 Theory Behind Domain Adaptation

Here, we introduce definitions and concepts needed for the following, our notations are
inspired by the work of Cortes and Mohri (Cortes et al., 2019), we took liberties to adapt them
to better suit our specific setting.

Let X € R4 denote an input feature space, with d the number of features, and ) ={1,...,c}
a multi-class output label space, with ¢ the number of classes. We define a domain as a pair
formed by a marginal distribution over X and a specific labeling function mapping from &’
to Y. We note D = (P(Xp), fp) the domain D, with P(Xp) the marginal distribution of D over
X, and fp: X — ) the labeling function mapping from feature to label space. Xp is the data
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sample defined as Xp = {x; € X }?E’l, with np the number of instances in the data sample of
the domain D.

In a scenario of Single-Source Domain Adaptation, we are given a unique source domain
S, that is exploited to improve classification over one target domain, noted T. In a scenario of
Multi-Source Domain Adaptation, we are given s source domains, noted S; for i € [1, 5], that
we want to exploit to improve classification over the target domain T. A unique label space )
is shared across all domains, we note Ap the feature space of domain D. In an homogeneous

DA setting, the feature space of each domain must be identical, thatis, Xs, =--- = Xs = Ap.
In an heterogeneous setting, they can be different across all domains, that is, Xs, # ... #
Xs, # Ap.

In a scenario of Multi-Source Domain Adaptation, we have access to s labeled source
domains where S; = {(x?i,yf")};.zl, with {xlgi,...,xfii} ~ P(Xs,) and y?" = fgi(x?"). In an
Unsupervised Domain Adaptation setting, the target domain is unlabeled, it is defined as
T = {x}r}?ll, where {x],...,x} } ~ P(Xt). While in a Supervised Domain Adaptation setting,
the target domain is also labeled, which wenote T = {(x}r, }T)} 711, where {x}r, ety xET} ~ P(X71)
and y}T = f‘u'(x}—).

In a UDA setting, we want to exploit knowledge from the labeled source domains to make
learning possible on an unlabeled target domain T. While in a SDA setting, we want to ex-
ploit knowledge from the labeled source domains and the labeled target domain to improve
classification on an unknown and unusable part of T. In most DA scenarios, it is presumed
that the covariate shift assumption holds, that is, source domains and target domain share
the same labeling function, f = fs, =--- = fs, = fr. We want our Domain Adaptation model
to learn to estimate the labeling function f shared upon all domains, that is, the common

learning task.

1.4.1.1 Domain Shifts

Domain Adaptation is useful to use when there is a distribution difference between
source(s) and target domains. Here, we formally define the three possible distribution dif-
ferences that can exist between a pair of domains using our mathematical notations.

In their 2012 paper, to unify the terms and definitions used for the various domain shifts
that appear in Domain Adaptation literature and provide consistent terminology, (Moreno-
Torres et al., 2012) proposed the formalization of three types of shifts: covariate shift, prior
shift, and concept shift. More recently, (Kouw and Loog, 2019) reviewed those defined shifts
and provided more precise and up-to-date definitions. Figure 1.24 illustrates each of the
presented domain shifts.

Definition 6 (Covariate Shift between domains D; and D, Figure 1.24.a)

The data marginal distributions of the two domains are different, while their conditional
distributions are equal, P(Xp,) # P(Xp,) and P(Yp,|Xp,) = P(Yp,|Xp,).

A simple cause of covariate shift between two domains would be a different feature rep-
resentation from a domain to the other, that is, their feature spaces are different, Xp, # Ap,,
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Figure 1.24: Illustration of the three kinds of domain shifts.

naturally leading to different data marginal distributions, P(Xp,) # P(Xp,). In a medical con-
text, such situation can occur if features collected on patients from one hospital (D) are
collected differently in another hospital (D,), or if different features are collected between
hospitals. Another possible cause of covariate shift between domains is when there exists
a domain specific form of sample selection bias (Kouw and Loog, 2019). Sample selection
bias between two domains can be seen as an altered probability for an instance to be sam-
pled in one domain compared to the other domain. For example, in a medical context, co-
variate shift can occur between domains when representative patients of one domain are
selected on different health features than the ones of another domain. In this case both do-
mains share the same feature space (Xp, = Ap,) but there is a different sample selection bias
between the domains, leading to different data marginal distributions (P(Xp,) # P(Xp,)).
Under covariate shift, a classifier trained on one domain might struggle when applied on
another domain. This is a domain shift that is present in almost all DA applications and is
widely studied in the literature (Kouw and Loog, 2019).

Definition 7 (Prior Shift between domains D; and D,, Figure 1.24.b)

The label marginal distributions of the two domains are different, while their conditional
distributions are equal, P(Yp,) # P(Yp,) and P(Xp,|Yp,) = P(Xp,|Yn,)-

There exists a prior shift between two domains when the class balance is not the same
in each domain. This is a common occurrence that can happen when data from similar
domains are gathered differently (Redko et al., 2019), leading to different label marginal dis-
tributions between domains. For example, if we use medical data from a poor country as
source domain, to transfer knowledge to a target domain with data from a rich country, it is
very probable that the disease distribution will be widely different between the two domains
(P(Yp,) # P(Yp,)). This type of domain shift appears less often in the DA literature.

Definition 8 (Concept Shift between domains D; and D, Figure 1.24.c)

The conditional distributions of the two domains are different, P(Yp,|Xp,) # P(Yp,|Xp,).

There exists a concept shift between two domains when the decision boundary between
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classes is not the same from one domain to another, meaning that the causal relation be-
tween features and labels is semantically different from one domain to another. Concept
shift occurs between two domains when their joint distributions are defined on totally, or
partially, different label spaces, Vp, # Vb,. Meaning that some classes are not shared or have
a different semantic meaning between domains. Concept shift might occur between two do-
mains if classes are semantically inaccurate, which might lead to slightly differently labeled
data between them. In such a context, UDA is impossible, as it is not possible to know the
target decision boundary if there is a concept shift and no labeled instances in the target do-
main (Kouw and Loog, 2019). Only SDA is possible in such situation, as source knowledge
can be exploited and improve target prediction performance by using labeled instances in
the target domain.

1.4.1.2 Negative Transfer

The goal of Domain Adaptation is to exploit knowledge from one or several source do-
main(s) to improve prediction quality on a target domain. But a common issue with DA is
Negative Transfer (Day and Khoshgoftaar, 2017; Pan and Yang, 2010; Zhang et al., 2022). Neg-
ative transfer occurs in DA when transferring knowledge from a source domain to a target
domain harms the learning performance on the target. Consequently, instead of improving
the inference model performance, Negative Transfer leads to a decrease in prediction per-
formance on the target domain.

Negative Transfer can arise due to several reasons (Zhang et al., 2022). A common reason
a large dissimilarity between source and target domains. If a source domain is too different
from the target domain in terms of data distribution, feature space, or underlying charac-
teristics, the transferred knowledge may not be applicable or may even be misleading in the
target domain. Another factor contributing to Negative Transfer is the presence of conflicting
or irrelevant information in the source domain(s) that does not align with the target domain.
In such cases, the model might mistakenly rely on irrelevant information and fail to general-
ize well on the target domain. Insufficient, biased, or bad quality source and/or target data
can all lead to Negative Transfer. If the source data is limited or unrepresentative of the tar-
get domain, the transferred knowledge may not capture the necessary patterns required for
effective and useful knowledge transfer.

Negative Transfer is an important issue in the transfer learning field, and more specifically
in the Multi-Source Domain Adaptation field, where the use of several sources multiplies the
risk of Negative Transfer. In SSDA, Negative Transfer can be limited by choosing a source
domain as similar as possible to the target domain, which is harder in MSDA where we aim
to use several source domains which are not all equivalently similar to the target domain.
Limiting Negative Transfer is an important matter in the MSDA context, and more generally
in the DA context, it should be addressed when designing new DA approaches.
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1.4.2 Domain Adaptation Approaches

A naive way of performing Supervised Domain Adaptation is to use a Fine-Tuning ap-
proach, that is, to pre-train a model on source data and then fit the pre-trained model to
target data. Which should improve inference quality on the target domain if source data is
similar enough to the target domain. This is only possible when the target domain is la-
beled. In the case where the target domain is unlabeled, Domain Adaptation is employed
to make it possible to train a model on the target domain, which would be impossible with-
out labeled source data. Therefore, the goal of Unsupervised Domain Adaptation is usually
different from the goal of Supervised Domain Adaptation, in the first case we want to make
the learning task possible, while in the second we want to exploit knowledge from source
domain(s) to maximize the learning performance and prediction quality on the target do-
main. Most, if not all, modern Domain Adaptation approaches aim at training a ML/DL
model with a constraint to match the source domain(s) distribution(s) with the target do-
main distribution. That is, trying to find a domain invariant latent representation between
source and target domains. Several methods are employed in the literature to match source
and target distributions, the two main solutions are using a discrepancy measure to mini-
mize the discrepancy between source and target domains, or using adversarial training to
lose all domain discriminative information in the latent representation. Figure 1.25 shows
our classification of modern DA approaches, this list of papers is far from exhaustive and is
specifically oriented towards methods that are applicable to tabular data.
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Figure 1.25: Machine/Deep Learning Domain Adaptation Approaches Classification
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1.4.2.1 Adaptation Based on Domain Discrepancy Measures

A way of matching source and target distributions to perform Domain Adaptation is to
minimize a discrepancy measure computed between source and target distributions. The
discrepancy between two distributions refers to the difference or distance between them.
There are several ways to measure the discrepancy between two distributions. A well-known
discrepancy measure in Machine Learning is the Kullback-Leibler (KL) divergence, which
is used in Variational Auto-Encoders to match the latent representation of the VAE with a
normal distribution of parameters {y = 0,0 = 1}.

In DA, the most widely used discrepancy measure is the Maximum Mean Discrepancy
(MMD), which has been introduced in (Borgwardt et al.,, 2006). The MMD measures
the distance between two probability distributions by comparing their means in a high-
dimensional feature space. In DA it is common practice to embed source and target data
into a common high-dimensional feature space using a Neural Network fy. The MMD be-
tween source and target latent distributions is then computed as:

1
| Xs

1

1.30
| X7l (150

Y. folxs) -

xs€Xs

Y. folxm)

xTeXT

MMD(fy, Xs, XT) = ‘

F

Where || - || 7 is the Frobenius norm. The MMD can be considered as a distance between the
means of the two compared distributions in this feature space. A MMD value of 0 means that
the two distributions are identical, and the larger the discrepancy value is, the more different
the two compared distributions are. Therefore, a common way of performing DA in ML is to
minimize the value of the MMD between source and target data as a regularization during
training. This leads to a domain invariant latent space, that is, a latent representation that
do not contain domain specific information. Using such regularization allows to create a
domain invariant latent space, which provides a way to represent data from both the source
and target domains in a common and shared representation space that is independent of the
domains. By doing so, the domain specific information is separated from the domain invari-
ant information, making it possible to transfer knowledge from the source domain(s) to the
target domain. With this regularization, the inference model can focus on learning a latent
space that contains only features that are relevant for the prediction task and independent
of the original domains, and so, generalize better across different domains. The intuition is
that source domain specific information might be irrelevant to the prediction task as it is not
present in the target domain. Once the domain invariant latent space is learned, the trained
model can be used to perform predictions on the target domain, which should lead to better
inference results than without adaptation.

Among the first DA methods to use a discrepancy measure is Deep Domain Confusion
(DDC), introduced in (Tzeng et al., 2014). The goal of DDC is to learn a representation
that minimizes the distance between source and target distributions, a classifier can then
be trained on source data and applied on target data with minimal loss in accuracy. Their
method can be used in both unsupervised and supervised Domain Adaptation settings and
is designed for Single-Source Domain Adaptation. They are the first to propose the use of
the MMD measure as a regularization, which they call a domain confusion loss. They train
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a Neural Network to find a common and shared latent representation of source and target
data, minimizing the domain confusion term leads to finding model parameters that align
both source and target latent distributions. The loss term used to fit DDC is expressed as:

L = Lcp(fo(Xiap), y) + AMMD?(fp, Xs, X7) (1.31)

With L¢g the Cross-Entropy loss for the classification task and Xj,;, the labeled data. In an
unsupervised context X;,;, = Xs and in a supervised context X;,, = {Xs, X7}. The DDC loss
combines the task-specific loss, which is a cross-entropy in the case of classification, and
the domain confusion loss, that encourages the network to learn domain invariant features.
The authors apply their method on images in the original paper, but DDC can be used to
perform adaptation on tabular data as well. DDC is the simplest and most representative
DL architecture for Domain Adaptation relying on a discrepancy measure in the literature.
Figure 1.26 shows a representation of the DDC architecture.

Layer 1 Layer 2 Yy Layer k

T CLF L
Figure 1.26: Representation of the DDC architecture, with the source domain in green and
the target domain in orange. In a supervised context source and target data are used to com-
pute the classification loss with known labels. In an unsupervised context, the classification
loss is only computed on source data, with the only alignment being the MMD regulariza-
tion.

The concept of using MMD as a regularization to align source and target latent represen-
tation is a basis of DA approaches. Most other approaches in this category are inspired by
DDC and operate in a similar manner.

Authors of (Long et al., 2015) introduced Deep Adaptation Networks (DAN), a reference
approach in discrepancy based DA. They propose an SSDA approach to perform adaptation
on both unsupervised and supervised settings. They identify one of the main limitations of
DDC as the fact that it only adapts a single layer of the NN. This limitation might prevent
potentially valuable knowledge captured in other hidden layers from being transferred from
the source to the target domain. To solve this limitation, instead of minimizing the discrep-
ancy value on the last NN layer as in DDC, they minimize the multi kernel MMD (MK-MMD)
value on the last k layers of the NN, which improves features transfer. Leading to a loss term
expressed as:

1
[,:ﬁCLS+mZAiMMD2(f9,-,X§,XT) (1.32)
iek
With k the NN layers for which latent representations are aligned between source and target
domains, and fp; the latent representation at the i-th layer of the model.
In (Motiian et al., 2017), the authors propose a classification and contrastive semantic
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alignment (CCSA) loss for single-source SDA. The model architecture is equivalent to the
DDC architecture presented in figure 1.26. They define a three term loss that includes the
task-specific loss computed on both source and target instances, a distribution matching
MMD regularization computed on the last hidden layer, and the proposed class separation
term.

L=Lcrs+ Lymp +ALs(fo, Xs, XT) (1.33)

This class separation term L relies on labels to encourage class separation, that is, instances
with different classes should be mapped as far apart as possible in the latent representation.
A suitable metric that yields large values for two instances of different classes while yielding
small values for two instances of the same class must be used. The authors do not precise
the kind of metric they used for this term.

Instead of defining a NN architecture with shared layers between source and target do-
mains, as it is common practice, (Rozantsev et al., 2019) proposed a two-stream architecture
in which the model parameters between the two branches are regularized with an euclidean
distance. They propose their method for both unsupervised and supervised SSDA. The loss
term can be formalized as:

1
=3 Ail[ai6f + i~ 07, (1.34)

L=Lcrs+Lymp +
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With k the two-stream NN layers, 9? the parameters of the i-th layer in the source domain
branch and 6? the parameters of the i-th layer in the target domain branch. Parameters
of both branches are regularized in a way that ensures that latent representations between
domains are linear transformations of each others, a and f are parameters which are learned
during training.

In their paper, (Zhu et al., 2019b) proposed MFSAN, a discrepancy based adaptation
method for unsupervised Multi-Source Domain Adaptation. The goal of their approach is
to allow learning on a totally unlabeled target domain while relying on s similar source do-
mains. They design a NN architecture with a shared feature extractor, the architecture then
splits with one last hidden layer and one output layer for each source domain. They align the
target domain with each source domain using an MMD measure on the last hidden layer and
improve the alignment by regularizing the output layers with an L; term applied on target
data output representations, ensuring the same output probabilities for a same target input
instance. MFSAN is an important contribution in the DA literature as there exists few Multi-
Source Domain Adaptation methods and it shows an innovative way of exploiting multiple
source domains to allow learning on a totally unsupervised target domain. Figure 1.27 shows
the MFSAN architecture with MMD, L; and task-specific loss terms.

The authors of (Zhu et al., 2019b) propose to use a Conditional MMD to improve super-
vised SSDA performance with an architecture similar to DDC. They identify that an im-
portant limitation of MMD based approaches is that they do not explicitly take account
of classes when aligning domain distributions. They propose CMMD, to measure the dis-
crepancy between the class-conditional distributions between source and target domains,
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Figure 1.27: Representation of the MFSAN architecture, with s source domains in green to
blue and the target domain in orange. The common feature extractor creates a shared latent
representation from each domain, the architecture is then split with one feature extractor
for each source domain, shared between the specific source domain and the target domain.
The MMD regularization is applied between source and target data at this level. Then, the
latent representation is fed through the specific classifier layer, the supervised task-specific
loss is computed on source data, target data outputs are regularized with an L, loss to ensure
transfer of coherent features on the target domain. Inference on target data are obtained as
the average across all source domain specific classifiers.

defined as:
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With ¢ the amount of classes and x/ an instance of class j. The method can also be applied
in an unsupervised adaptation context by computing pseudo-labels of target instances be-
fore learning. CMMD has also been used in Deep Conditional Adaptation Network (DCAN)
introduced by (Ge et al., 2022).

After introducing CMMD, the authors of (Zhu et al., 2021) propose LMMD. They introduce
Deep Subdomain Adaptation Network (DSAN) with a similar architecture to DAN while us-
ing the newly proposed Local MMD as a discrepancy measure. LMMD is a direct extension
of CMMD with the addition of domain and class specific weights w that are learned with the
model parameters:

c . . . .

LMMD(fp, Xs, X7) = % Y Lj Y, wlfoxd)- Lj Y wlfolxeh) (1.36)
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This LMMD regularization improves domain alignment by locally aligning classes within

aligned domains. Similarly to their previously proposed approach, DSAN can used for both

supervised and unsupervised DA, in an unsupervised context pseudo-labels must be com-
puted to be used in the computation of LMMD.

Another kind of domain discrepancy measure has been proposed in (Sun and Saenko,

2016; Sun et al., 2016), that is, the CORAL loss. They introduced the simple concept of min-
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imizing the co-variance matrices between source and target latent representations to align
their distributions. They define the CORAL loss as:

1
Leorar = 77 llcov(Xs) - cov(X7)|5 (1.37)

Where d is the number of features and cov(Xs) and cov(X7) are the covariance matrices of
source and target domains respectively. The CORAL loss is used as a regularization in parallel
to the task-specific loss and must be applied to a high level feature representation, that is, to
the output of a hidden layer in the NN. The CORAL loss integrated to Deep Neural Networks
led to state-of-the-art results when it was proposed in 2016, with superior results compared
to DDC and DAN relying on MMD based adaptation.

Two years later, (Chen et al., 2018) proposed Joint domain alignment and Discriminative
feature learning for unsupervised deep Domain Adaptation (JDDA). JDDA uses the CORAL
regularization to align source and target domains and proposes a new regularization to fur-
ther improve the intra-class compactness and inter-class separability of instances in the
shared latent representation of source and target instances. Their proposed loss term can
be formalized as:

L=Lcrs+Lcorar+Lprs (1.38)

Where Lp;s is a proposed regularization term that aims at providing a latent representa-
tion of source samples where instances of the same class are as close from each others as
possible while samples from different classes are well separated. They propose to perform
discriminative feature learning, with the instance based discriminative. The instance based
discriminative loss between the latent representation of two source instances is defined as:

0,171 — hall2)? if y1 =
j(hbhz):{max( 171 = Rall2) if y1 = y2 1.39)

max(0,100 — || — hsl|2)?> otherwise

Where h; € R! is the latent representation of size [ of the i-th source instance and y; is the
corresponding label. They report better experimental results compared to DDC, DAN, and
CORAL, showing the interest of conditionally regularizing the latent space to cluster same-
class instances and separate different-class ones in the latent representation.

Other methods have been proposed in the literature to further improve domain alignment
using more advanced discrepancy measures. In Multi-Source Domain Adaptation a discrep-
ancy measure that seems to be more adapted and pertinent than MMD is the Moment Dis-
tance (MD) such as defined in (Peng et al., 2019). The authors propose M3SDA, a MSDA
approach that matches multiple source domains to the target domain using the MD. They
identify that a limitation of MMD is that it only compares the distance between the first
moment of two distributions, that is, their mean. They propose MD to further increase the
adaptation process by being able to match the k first moments of source and target latent
representations. The MD between one source domain and the target domain is defined as:

k

MD(fy, Xs, X1) = )_
i=1
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Which gives a discrepancy measure between two distributions based on their k first mo-
ments. Original authors set k = 2, which ensures to match both the mean and variance of
the source and target distributions. MD can be considered as an extension of MMD over the
k first moments of the distributions to compare. It has been demonstrated in (Peng et al.,
2019) that MD is more pertinent and leads to better learning performance than MMD in a
multi-source adaptation context.

More recently, (Zuo et al., 2021) proposed ABMSDA, a MSDA approach that introduces a
weighted version of MD (WMD) to avoid Negative Transfer by weighting each source domain
depending on its contribution to the adaptation process. They simply define WMD as:

1 | )
— Y folxs)' —— > folxn)'

k
WMD( 9’X§»X'|]') = Ws
f Z |X§| Xs€Xs |X—|]—| XTEXT

i=1

(1.41)
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With w € R®, s the number of source domains, ws is the weight that is associated to the
source domain S. Those weights are computed during training depending on the output
of a domain classifier that is trained to discriminate the domain of each source and target
instance. The output of the domain classifier is used as a domain similarity measure, with the
intuition that source domains that are most similar to the target domain should be attributed
a higher weight ws in the WMD computation. This is a way of avoiding Negative Transfer
during Multi-Source Domain Adaptation.

1.4.2.2 Adaptation Based on Adversarial Training

Another way of creating a domain invariant latent space in which relevant information
from diverse domains is encoded in the same way is through adversarial learning. Indeed,
a common method is to train a classifier to discriminate the original domain of an instance,
based on its latent representation, while training the encoder to fool the discriminator. In
that way, the discriminator improves in detecting from which domain the data originates
from, while the encoder improves in generating a domain invariant latent space.

The first Domain Adaptation approach to rely on adversarial training to ensure a domain
invariant latent representation is Domain-Adversarial Neural Network (DANN), proposed in
(Ganin and Lempitsky, 2016; Ganin et al., 2017). DANN can be used in both unsupervised
and supervised DA settings and is designed for Single-Source Domain Adaptation. It was
first specifically designed for image classification, but has been applied to many different
tasks and to tabular data with great success in multiple studies. The DANN architecture is
composed of an encoder, a task-specific classifier and a domain classifier. The encoder is
composed of several NN layers, either convolutional or fully-connected depending on the
data to be processed, and is used to transform source and target data to a common and
shared latent representation. The task-specific classifier is composed of one or more fully-
connected layers and is used to train the model on the specific task to learn. In a supervised
setting, the task-specific loss is computed on both source and target data, in an unsuper-
vised setting the task-specific loss is computed on source data only. The domain classifier
is trained to discriminate the domain from which the data originates from based on the la-
tent representation. A gradient reversal layer is placed between the encoder and the domain
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classifier to invert the domain classifier gradient during back-propagation. This inversion of
the gradient makes it possible to simultaneously train the encoder to maximize the domain
classifier loss while the domain classifier is trained to minimize its own loss. This adversarial
process ensures that the learned latent representation is domain-invariant, while preserving
as much task-specific relevant features that can be exploited by the task-specific classifier.
This proposed gradient reversal has been widely used in the DA literature based on adver-
sarial training. Formally, we note the encoder part of the architecture E(-), the task-specific
classifier C(:), the domain classifier D(-), while the gradient reversal layer is GRL(-). The loss
can be expressed as:

L= LCLS + GRL(ﬁDOM) (1.42)
where
Lcrs = Lce(C(EXiap), y) (1.43)
and
Lpom = Lce(D(E(Xs)),0) + Lep(D(E(XT)),1) (1.44)

Figure 1.28 shows a schematic representation of the DANN architecture.
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Figure 1.28: Representation of the DANN architecture. Source and target data are fed
through a common encoder that transform the data to a shared latent space. The latent
space is adversarially regularized through the domain classifier that aims to discriminate the
original domain of the data. While the encoder is trained to fool the domain classifier, lead-
ing to a domain-invariant latent representation. Simultaneously, a task-specific classifier is
trained to properly classify the data based on its latent representation, ensuring that rele-
vant task-specific features are properly captured in the latent space and transferred from the
source to the target domain.

In their paper, (Tzeng et al., 2017) proposed Adversarial Discriminative Domain Adapta-
tion (ADDA), a framework to perform UDA in a single-source context. The first step of the
approach is to train a model to perform the wanted task on source data, the model is com-
posed of an encoder Es(-) and a task-specific classifier C(-). The model C(Es(+)) is trained to
minimize the task-specific loss on labeled source data. The second step is to train a target
encoder ET(-) to transform target data to the same latent representation as the one built by
Es(-) on source data. This is done by adversarially training the target encoder Et(-) against
a domain classifier D(:), the domain classifier must identify if a latent representation origi-
nates from the source or the target domain, while the target encoder must fool the domain
classifier. This ensures that the target encoder Et(-) learns a mapping from target data to the
latent space created by the source encoder Es(-). The trained target encoder Et(-) can then
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be used with the previously trained task-specific classifier C(:) to obtain target inference.
This approach can only be used in an unsupervised and single-source setting, as adapta-
tion is performed by mapping target latent representation towards the previously obtained
source latent space using adversarial training.

In (Long et al., 2018), the authors introduced Conditional Domain Adversarial Network
(CDAN), which relies on multi-linear conditioning to improve the transfer of domain-
invariant and task-specific relevant features from source to target domain. CDAN is designed
to perform both supervised and unsupervised DA, in a single-source context. In addition to
a common adversarially trained domain discriminator as presented with the two previous
methods, CDAN uses known labels from both source and target data as an input for the do-
main classifier, improving its capacity to dicsciminate between domains, and so, improving
the domain-invariance of the constructed latent space. In an unsupervised context, pseudo-
labels must be computed on target data in order to use CDAN. They also improve the regu-
larization of the latent representation by not only regularizing the final output of the encoder
as other methods, but the concatenation of multiple layers in the encoder, ensuring a deeper
domain-invariance within the encoder hidden layers. They demonstrate that those simple
improvements over DANN lead to consistently better adaptation results.

To improve adaptation results over DANN, (Pei et al., 2018) introduce Multi-Adversarial
Domain Adaptation (MADA), an adversarial approach for single-source UDA. Their mod-
ification is similar to the one proposed in CDAN, as MADA aims to use the predicted la-
bels obtained with the task-specific classifier to improve the domain discrimination, and
so, to further align source and target latent representations. They base their method on
the same architecture as DANN. Their proposal is to use as many domain discriminators
Di()Vi € [1,...,c] as there are classes. The i-th domain discriminator receives as input the
latent representation of the data, weighted by the probability obtained by the task-specific
classifier for the i-th class. Using previously defined formulations when presenting DANN,
their modification leads to a loss of the form:

L=Lcrs+GRL(Lpom) (1.45)
where
Lcrs=Lep(CEXiap),y) (1.46)
and .
Lpom =Y. Lce(D'(H'E(Xs)),0)+ Lcp(D' (' E(XT)),1) (1.47)

i=1
where j = C(E(Xs))), and so, ' is the predicted probability for the input data to be from the
i-th class. Using c discriminators helps aligning classes within the latent space in addition
to aligning source with target domains.

To further improve inference results, (Saito et al., 2018) introduced the Maximum Classi-
fier Discrepancy (MCD) method, in which two task-specific classifiers are trained to learn
different high-level features. The architecture of MCD is identical to DANN, with the differ-
ence that there is not only one task-specific classifier, but two. The model is trained following
three steps:
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1. In the first step, the model is trained as DANN, where the outputs of both task-specific
classifiers are aggregated as the mean.

2. Then, the encoder is fixed and the two task-specific classifiers are trained to maximize
their discrepancy. This is simply done by maximizing the L, distance between the two
classifiers probability outputs.

3. Finally, the two task-specific classifiers are fixed and the encoder is trained to mini-
mize the discrepancy between the two classifiers, that is, minimizing the L; distance
between the two classifiers probability outputs.

Repeating those steps until convergence leads to a pair of task-specific classifiers that are
as discriminative as possible while capturing information as different as possible from one
another. This paradigm has been used in the DA literature to improve adaptation results,
such as in (Peng et al., 2019) where they propose a second version of their M3SDA approach
that implements this paradigm and obtains better inference results on target data.

In (Tang and Jia, 2020), the authors propose Discriminative Adversarial Domain Adapta-
tion (DADA), a SSDA for unsupervised adaptation. They propose a different adversarial ap-
proach compared to most other methods from this section. The DADA architecture is com-
posed of an encoder that projects both source and target data to a shared latent space, and
a classifier that outputs both the task-specific classification and the domain discrimination
as a unique output vector. They propose an adversarial objective that encourages mutual
inhibition between task-specific and domain prediction for all input instances.

Recently, (Chen and Hu, 2020) introduced Generative Attention Adversarial Classifica-
tion Network (GAACN), an approach for single-source UDA specialized for image data. The
GAACN architecture is composed of five main components, an encoder E(-), a task-specific
classifier C(-), a generator G(-), an attention module A(-) and a discriminator D(-). The en-
coder and task-specific classifier are trained together to learn on both source and target data
by minimizing a standard classification loss, such as L¢crs = Lop(C(E(Xj4p)),y). Domain
alignment of the latent representation obtained after E(-) is performed adversarially through
the remaining modules. The generator G(:) is trained to reconstruct images from the latent
representation that are able to fool the discriminator D(:) in thinking that they originate from
the source domain. The attention module A(-) is introduced in between G(-) and D(-) to focus
attention of the discriminator on transferable regions that are considered as discriminative
between source and target domains. Therefore, the latent representation obtained through
E(:) is indirectly regularized to become domain-invariant through the adversarial training of
G(:), D(-) and A(").

Most Domain Adaptation approaches based on adversarial training are focused on Single-
Source Domain Adaptation. In their paper, (Zhao et al., 2018a) proposed Multi-source Do-
main Adversarial Networks (MDAN), which is an adaptation of the DANN method to handle
multiple source domains. The approach is quite simple, instead of training one domain clas-
sifier to discriminate between a unique source domain and the target domain as in DANN,
MDAN trains s domain classifiers, one for each of the s source domains. The i-th domain
classifier is trained to discriminate between data from the i-th source domain and data from
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the target domain. Using source domain specific domain classifiers seems to improve re-
sults over using a single domain classifier that would be trained to discriminate the original
domain of all data points.

Despite dealing with a multiple source domains context, MDAN learns a shared latent
space over the s sources and the target domain, relying on adversarial training to regularize
the latent space to be domain invariant. In the unsupervised Multi-Source Domain Adapta-
tion context, some authors have tried to learn more than one domain invariant latent space.
It is the case of (Li et al., 2020), that proposed Mutual Learning Network for Multiple-Source
Domain Adaptation (ML-MSDA). Their architecture is composed of two branches:

1. The first branch learns a shared domain invariant latent space across all source do-
mains and the target domain, which is similar to MDAN.

2. The second branch learns one domain invariant latent space between the pairs of each
source domain with the target domain, similarly to MFSAN in discrepancy based ap-
proaches.

By jointly learning those multiple latent representations they obtain better experimental re-
sults than all previously presented MSDA approaches. Each domain discriminator in the
model is adversarially trained to discriminate between data that originates from source do-
mains and data from the target domain. One classifier is trained above each learned latent
space, leading to s+ 1 classifiers, which are trained on labeled source data with a standard
cross-entropy loss. Unlabeled target data is also used to train classifiers with an unsuper-
vised entropy loss, that is, a loss that maximizes the confidence of the model on the classi-
fication of target instances. Finally, in order to align classifiers predictions on target data,
they use a symmetric version of the KL divergence to minimize the discrepancy between the
classifier of the first branch and each classifier of the second branch.

More recently, (Xu et al., 2022) extended the work of (Li et al., 2020) by proposing a Mu-
tual Learning based Alignment Network (MLAN). They propose a simplified architecture
compared to ML-MSDA, they removed the KL based regularization and unsupervised cross-
entropy over target predictions. The architecture is composed of the joint alignment branch,
which is where the shared latent space across all source and target domains is learned, and
the separate alignment branch, where s latent spaces are learned, one for each pair between
the target domain and each source domain. Their contribution that differentiates the most
their approach MLAN from ML-MSDA is their proposed mutual learning module, that is
used to train the entire model. In the training of MLAN, the process alternates between ad-
versarially training each pair of classifier and domain discriminator of the model, and train-
ing the model with the proposed mutual learning process. The adversarial training of the
model ensures that each latent space is domain invariant and as discriminative as possi-
ble on the source and target domains. The mutual learning module is used so that the two
branches complement each other for better results on target data. This module minimizes
the combination of two loss terms:

Lyur =Lcar +ALroc (1.48)
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Where L 47 is the loss for categorical mutual learning, L;¢ is for logits mutual learning
and A is an hyper-parameter used to balance the two terms. The categorical mutual learning
assigns pseudo-labels to target instances using both the classifiers outputs and a K-means
clustering algorithm applied on latent representations, pseudo-labels are noted j.

N
Loar=LcEPjnn P+ Y Lcepi D) (1.49)
i=1

Where p ;. is the prediction output of the classifier of the joint alignment branch and p; is
the prediction output of the i-th classifier of the separate alignment branch. The logits mu-
tual learning loss is used to counter the negative effects that improperly assigned pseudo-
labels could have on the training, its loss term Lo is defined as a symmetric KL divergence
between pj,; and psep. With pjy; the prediction output of the joint alignment branch and
Psep the mean prediction output of the separate alignment branch. This logits mutual learn-
ing loss seems to be closely related to the KL based regularization used in ML-MSDA. With
MLAN, (Xu et al., 2022) currently obtains state-of-the-art results compared to other multi-
source and single-source models of the Domain Adaptation literature.

1.4.3 Discussion

In all previously presented approaches, transfer from source domain(s) to the target do-
main is realized through learning one or several invariant latent spaces, in which domain
specific information is lost, and discriminative information is maximized, maximizing target
domain learning performance. This is done in two ways, either by minimizing a discrepancy
measure to align source and target latent representations, or using an adversarial approach
with a domain discriminator that must be fooled, reducing domain specific information in
the latent space in return.

Our exploration of the Domain Adaptation field highlights that most innovations in this
field are focused on two categories: proposing a new DA loss, and/or, proposing a new neural
architecture. Most innovations in the proposal of new DA losses is either to use a discrepancy
measure that had not been used for this goal beforehand, or proposing a slightly modified
version of a well-known discrepancy measure to better match an application specific needs.
While most innovations in the proposal of a new neural architecture aim at creating an ar-
chitecture that learns interesting latent spaces, with the goal of transferring information that
could not be transferred with simpler architectures.

As can be seen from our exposition of a part of the DA literature, most papers focus on
Unsupervised Domain Adaptation, where the goal of the adaptation is to make the learning
task on an unlabeled target domain possible, with almost no papers interested in Supervised
Domain Adaptation. We believe that many real-world application scenarios fall under the
category of SDA, where the target domain is labeled and there exists other labeled datasets
related to the target that should be exploited in order to maximize performance on the tar-
get domain. In all those learning scenarios, we think that employing more advanced SDA
approaches, designed to carefully exploit source knowledge while avoiding Negative Trans-
fer, should lead to much superior prediction results compared to the naive application of
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a simple fine-tuning approach. Sadly, there is currently a lack of pertinent methods in the
literature for Supervised Domain Adaptation, despite the existing research issue.
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In this chapter, we are interested in finding better ways to preprocess data with missing
and erroneous values, and improving the learning of Neural Networks (NNs) on completed
data. The first section is an introduction about attribute noise, we present the problems we
aim to solve and introduce our main contributions. We then briefly present the related works
that are most relevant to this chapter work. We describe our proposals in the attribute noise
field in section 2.3. Section 2.4 shows the performed experiments to evaluate our proposed
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approaches. Finally, we give a global conclusion of our work on attribute noise and discuss
our main contributions in section 2.5.

2.1 Context and Introduction

Medical studies are particularly subject to outliers, erroneous, meaningless, or missing
values. In most real-life studies, not solely limited to the medical field, the problem of in-
complete and erroneous data is unavoidable. Those corruptions can occur at any data col-
lection step. They can be a natural part of the data (patient noncompliance, irrelevant mea-
surement, etc.) or appear from corruption during a later data manipulation phase (Yang
et al., 2004). Regardless of their origin, those corruptions are referred to as “noise” in the fol-
lowing work. Noise negatively impacts the interpretation of the data, whether for a manual
data analysis or training an inference model on the data. The goal of a Machine Learning
(ML) model is to learn patterns and generalizations from training data and use the acquired
knowledge to perform predictions on unseen test data later on. Thus, the quality of training
data on which a model is based is of critical importance, the less noisy the data is, the better
results we can expect from the model.

Noise can be divided into two categories, namely, class noise and attribute noise (Zhu and
Wu, 2004). Class noise corresponds to noise in the labels, for example, when data points are
labeled with the wrong class, etc. Attribute noise, on the other hand, corresponds to erro-
neous and missing values in the attribute data, that is, the features of the instances. Attribute
noise tends to occur more often than class noise in real-world data (Van Hulse et al., 2007;
Yang et al., 2004; Zhu and Wu, 2004). Despite this fact, compared to class noise, very limited
attention has been given to attribute noise (Zhu and Wu, 2004). We focused our work on
attribute noise to maximize prediction performance while trying to compensate for a lack of
appropriate methods within the literature.

Two types of variances occur when multiply imputing an incomplete dataset: the within-
variance and the between-variance. The within-variance corresponds to the variance within
each imputed dataset. The between-variance corresponds to the variance between all im-
puted datasets. In real scenarios, it is usually not possible to know the within-variance, as
most imputation methods estimate fixed values in place of missing ones, without outputting
any probability measure. However, the between-variance can easily be computed between a
set of completed datasets. In the following, we refer to the between-variance as imputation
uncertainty. As in our background chapter (Chapter 1), we differentiate imputation methods
(Definition 5), which aim to impute missing values in a dataset, and imputation frameworks
(Definition 4) such as Single-Imputation (SI) or Multiple-Imputation (MI), which rely on any
imputation method to train a ML. model when dealing with missing data.

When dealing with incomplete data, a naive and overly used framework is SI (Rubin, 2004).
That is, to arbitrarily choose an imputation method, use it to impute the dataset, and treat
the completed dataset as the new real dataset to perform any kind of future analysis. When
training a Neural Network or similarly strong learners on completed data, they are usually
able to generalize enough to limit the bias occurring due to imputation uncertainty. This
leads to good enough results so that one does not look for better ways to deal with missing
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values. It has even been shown that, when using strong inference models, almost any impu-
tation asymptotically leads to optimal prediction (Le Morvan et al., 2021). This is probably
one of the main reasons why accounting for imputation uncertainty has not been widely re-
searched. However, strong models might reach good results in such situations, but they are
biased by imputation uncertainty, in this chapter we show that accounting for this uncer-
tainty during their training phase helps to reach even better prediction results.

2.1.1 Problem Formulation

In a supervised learning context, the goal of learning a classification task is to learn a map-
ping function that maps input features to the corresponding set of output labels. In most
real-world situations, the input data might contain missing and/or erroneous values, which
could negatively impact the performance of the learning algorithm. In the following we de-
scribe in a formal way the problem of classification in a supervised learning context on a
dataset with corrupted instances, that is, a dataset with missing and/or erroneous attribute
values.

We note X € R? the input attribute space and ) € {1,..., c} the multi-class output label
space, with d the number of features and c of classes. Let X = {x; € X }?:1 be the ground-
truth instances, with n the number of instances in the dataset. We assume the associated
labels are constructed given the labeling function f: X — ) mapping from feature space to
label space. Thus, we note Y = {f (xl-)};?=1 the label sample associated to X. Ideally, we would
be given the pair {X, Y} to learn the mapping function f by training an inference model to
extract and exploit non linear correlations in the clean data X, to predict the right labels Y.

However, in a real-life scenario, it is very common for the input data to be corrupted, with
missing and/or erroneous attribute values. In such context we note X = {%; € X 4! the cor-
rupted version of X. In this context, the clean data X is not available, only its corrected ver-
sion X can be used to perform learning and prediction. We note M € {0, 1}nxd
missing values indicator matrix, where each element is either 0 or 1, and indicates whether
the corresponding element in X is missing or not. Unlike for missing values, positions of
erroneous values are not known. Therefore, we are given the set {X, M, Y} with the goal of
learning the labeling function f which associates Y to the ground-truth instances X. The
learned mapping function should be able to make accurate predictions for instances with
corrupted attribute values as for clean ones.

the boolean

From this problem formalization there are two possible ways of learning the mapping
function f. The first solution is to use a robust learner fjy, that is, minimizing an adequate
loss function between the predictions of the model over the corrupted dataset and the true
known labels £(f3(X),Y). This solution relies on the sole capacity of the model to learn to
handle and ignore missing and erroneous values during its training, which is limited and
even impossible with most ML models. The second solution is to perform data correction
before training an inference model, that is, to estimate plausible values in place of missing
or erroneous ones. A preprocessing correction method is used to find an approximation of X
from X, we note the corrected data instances X. Once data are corrected, the set {)0( ,M,Y}is
used to train an inference model to learn the labeling function f. This facilitates the training
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of the learning model fy which is relieved of the burden of dealing with corrupted attribute
values in addition to learning the classification task.

In this chapter, we focus on the second solution, we aim at designing a preprocessing
method to correct the attribute noise in the data, and finding new ways to maximize NN
learning performance in such a context.

2.1.2 Our Contributions in the Attribute Noise Field

Our first proposal in this chapter is a new attribute noise correction method based on
Auto-Encoders (AEs): data Denoising and Imputation in One Step (DIOS).

e We propose, to the best of our knowledge, the first method in the ML literature for han-
dling attribute noise in tabular data in its entirety (i.e. erroneous values and missing
values), in one preprocessing step.

e Our proposed method is able to impute missing values and correct erroneous ones by
learning on incomplete and noisy data, requiring no complete or clean instance in the
dataset.

* We conduct extensive comparative experiments and show that our proposed method
is able to compete with, and exceed, other state-of-the-art methods in both erroneous
values correction and data imputation tasks, on both benchmark and real-world med-
ical mixed-type tabular data.

Our second main contribution in this chapter is the proposal of two new imputation
frameworks that can be employed to train Neural Networks on imputed datasets while ac-
counting for imputation uncertainty to reduce the natural bias occurring when training on
completed datasets: Single-Hotpatching (S-HOT) and Multiple-Hotpatching (M-HOT).

* We propose Single-Hotpatching (S-HOT), a framework that aims at training a unique
Neural Network on multiply imputed data by taking account of the variance between
imputations to enhance the model generalization capacity.

* We propose Multiple-Hotpatching (M-HOT), an extension of the previous framework
that trains an ensemble of Neural Networks while taking account of imputation uncer-
tainty to reach extremely good prediction results, at the expense of a higher computa-
tional cost.

* We conduct extensive experiments to compare our proposed S-HOT and M-HOT with
the existing SI and MI frameworks, and perform a statistical analysis to assess the ob-
tained results, that shows that S-HOT and M-HOT compete against, and even outper-
form, existing imputation frameworks.

Our work lead to several scientific papers published in national and international confer-
ences, and an ongoing submission in a journal:
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T. Ranvier, H. Elghazel, E. Coquery, K. Benabdeslem. DIOS: data Denoising and Impu-
tation in One Step. IJDSA: International Journal of Data Science and Analytics, (Under
Review).

* T. Ranvier, H. Elghazel, E. Coquery, K. Benabdeslem. Accounting for Imputation
Uncertainty During Neural Network Training. DOI: 10.1007/978-3-031-39831-5_24.
DaWak 2023, 28-30 august 2023, Penang, Malaysia.

The complete results, supplementary material and source code used to conduct the
experiments of this paper are available at the following GitHub repository".

* T. Ranvier, E. Coquery, H. Elghazel, K. Benabdeslem. Considération de l'Incertitude
d’'Imputation pour I'’Apprentissage des Réseaux de Neurones. SFC 2023: Société Fran-
cophone de Classification, 6-7 juillet 2023, Strasbourg, France.

This paper is a French version of the paper published at DaWakK 2023.

* T. Ranvier, H. Elghazel, E. Coquery, K. Benabdeslem. Aufoencoder-based Attribute
Noise Handling Method for Medical Data. DOI: 10.1007/978-981-99-1645-0_18.
ICONIP 2022, 23-26 november 2022, New Delhi, India.

The complete source code used to conduct the experiments is available at the follow-
ing github repository®.

2.2 Related Works

In this section, we review approaches and concepts of the imputation and correction lit-
erature that are related to our work and important for the comprehension of this chapter.

2.2.1 Imputation Frameworks

Such as previously defined with definitions 4 and 5, we differentiate imputation frame-
works from imputation methods. We consider that an imputation framework is a precise
procedure that makes use of an imputation method to impute missing values and exploit
imputations in a formalized way. Whereas an imputation method is an algorithm that out-
puts a unique imputation value for each missing value in an incomplete dataset.

To the best of our knowledge, there are currently only two imputation frameworks that
have ever been proposed in the literature: Single-Imputation (SI) and Multiple-Imputation
(MI), which have been previously reviewed in section 1.2.3.1.

Slis probably the most commonly used framework for handling missing values in practice.
It simply consists in choosing an imputation method, applying it to the incomplete dataset
X, which yields a completed dataset X where missing values have been assigned with new

Ihttps://github.com/ThomasRanvier/Accounting_for_Imputation_Uncertainty_During_
Neural_Network_Training

2https://github.com/ThomasRanvier/Autoencoder-based_Attribute_Noise_Handling_Method_
for_Medical_Data
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plausible values, and using X as one would with any complete dataset (Buuren, 2021; Rubin,
1987). Performing imputation only once implies that the imputed values become the new
truth for any future analysis, which is problematic as it can lead to biased inferences, as
noted in (Buuren, 2021; Rubin, 1987). SI does not account for the uncertainty of the obtained
imputations, leading to biased inference models that lack the ability to generalize. However,
it produces a single imputed dataset that can be treated like any complete dataset, making it
very simple and convenient to use and integrate into any existing pipeline.

In order to overcome the limitations of SI, (Rubin, 1987) proposed Multiple-Imputation,
where missing values are imputed multiple times, leading to a set of plausible values repre-
senting a distribution of possibilities, representing the uncertainty about the right value to
impute. A learner is trained on each version of the imputed dataset and final inference re-
sults are pooled in an ensemble manner. Compared to SI, MI offers the advantage of repre-
senting each missing value by a sample of plausible imputation values. This results in pooled
inference results, that reflect the uncertainty level associated with each missing value, re-
ducing bias in the pooled results from the ensemble of learners compared to those of each
learner taken independently. Despite being an old and well-known imputation framework,
MI is still not widely used in practice, with many scientists and users of imputation methods
still relying on SI because of its simplicity of usage.

In the following work, we try to address main issues of both SI and MI frameworks in or-
der to propose a new alternative imputation framework that can be used to train a unique
learner, such as in SI, while conserving the advantage of taking account of the imputation
uncertainty of MI. We also propose a second better performing imputation framework that
trains multiple inference models in an ensemble manner to reach the best possible inference
results at the cost of a higher computational effort.

2.2.2 Missing Values Imputation Methods

There are two main ways of dealing with missing values to train an inference model. Using
a ML model that is able to handle missing values in its input, or artificially imputing missing
values with plausible ones in a preprocessing step before training any standard ML model on
the completed data. ML models that can handle missing values without explicitly imputing
them can be used to naturally handle missing values without requiring imputation, such an
approach has the advantage of handling missing data while learning the prediction task in
one step. Few ML models have the capacity of naturally handling missing values without
requiring prior imputation. In practice, imputation is the most common and by far the best
performing way of dealing with missing values.

Deep Learning (DL) based imputation methods rely on the abstraction capacity of NNs to
replace missing values with plausible ones. Most DL based imputation methods are based on
Auto-Encoders, as this kind of NN is well suited to reconstruct data and can be used to con-
struct a complete version of an incomplete dataset. As presented in section 1.2.3.4, several
ways have been explored in the literature to impute missing values using the reconstruc-
tion power of AEs. Using standard AEs for imputing missing values is quite limited, most
well performing AE based imputation methods rely on Denoising Auto-Encoders or Varia-
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tional Auto-Encoders. Denoising Auto-Encoders (DAEs) have the advantage of improving
the generalization capacity over standard AEs, while Variational Auto-Encoders (VAEs) have
a stronger generative potential. In this work, we propose a different way of imputing missing
values using DAEs, but instead of imputing missing values by reconstructing the input data,
we train the model to reconstruct a complete version of the data from pure noise. This is a
way of using DAEs as generative models. In this way, our method has the advantage of not
being limited to imputing missing values, unlike all other DL based imputation methods. It
can also correct erroneous values, making it the first attribute noise handling method in the
ML literature.

The most similar DL based imputation method to ours in the literature is probably MIDA,
Multiple-Imputation using DAEs, proposed in (Gondara and Wang, 2018). They use the ad-
vantage of DAEs over standard AEs to increase dimensionality of the latent representation
above the size of the input data, leading to enhanced generalization capacity. The archi-
tecture of MIDA is a Denoising Auto-Encoder composed of 5 hidden layers, with respective
dimensions: d + a, d +2a, d +3a, d +2a and d + a, with a a hyper-parameter that deter-
mines the number of neurons to add at each layer, set at 7 by default. Training MIDA requires
a complete dataset, therefore, the first step of the algorithm is to naively impute missing val-
ues using a Substitution approach. Once missing values have been naively replaced, MIDA is
trained to reconstruct the input while applying a random dropout operation with a dropout
rate of 50%. This means that, at each training epoch, half the input values are masked to
the model, and MIDA must learn to reconstruct the whole data from the partial input. The
process is iteratively repeated until convergence of the model. The authors compare their
experimental results with those obtained using the MICE algorithm on benchmark datasets,
evaluating the performance using the Root-Mean-Square Error (RMSE) metric. The find-
ings indicate that MIDA generally achieves better results in terms of Root-Mean-Square Error
(RMSE) when compared to the MICE algorithm. However, it is worth noting that the compar-
ison solely focuses on the performance of MIDA against the MICE imputation method. The
study does not assess whether the imputations made by MIDA lead to improved inference
results, which is a crucial aspect in the context of ML.

In our work, we propose an attribute noise handling approach based on DAEs, similarly
to MIDA. A notable difference of our approach with MIDA and other AE based imputation
methods is that we train our model to reconstruct a complete version of the data from pure
noise. By setting a loss term that computes the error on observed values only, we train
our method to reconstruct the corrupted data without requiring previous naive imputa-
tion, making it straight forward to apply our method for imputation. In our experiments, we
compare our attribute noise correction method on imputation tasks against well-known and
high-performing imputation approaches of most categories presented in section 1.2.3.2, on
both benchmark and real-world experimental settings. We assess the imputations generated
by the different methods using distance metrics, such as RMSE, to measure their proximity
to the ground-truth. Additionally, and arguably more importantly, we evaluate the inference
results obtained from our imputations using standard classification metrics to ensure that
our approach leads to improved predictions.
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2.2.3 Image Restoration

Image restoration is an active area of research that encompasses various applications,
such as image completion, denoising, super-resolution, enhancement, etc. State-of-the-
art approaches to image reconstruction often rely on deep Convolutional Neural Networks
(CNNs) (Qin et al., 2021), as this kind of NN is especially adapted to deal with images. In im-
age restoration, CNNs are usually trained on large image datasets to solve a specific image
correction task. The training phase of a deep CNNs to learn a specific task is time-consuming
and requires a significant amount of computing power and training images.

In response to those issues, an innovative and interesting approach has been proposed
by (Ulyanov et al., 2020), called “Deep Image Prior”. The method uses untrained CNNs to
reconstruct images by fitting the untrained generator model to a single corrupted image.
The CNN weights are randomly initialized and fitted to the image, and the network is given
random noise as input. During training, the CNN learns to approximate the image from the
noise and proceeds through a series of steps. The model output ultimately converges to the
corrupted image, passing through a phase during which the generated image is of better
quality than the original corrupted one, which is the goal.

This method is based on the simple observation that, in images, it takes more training
iterations for a Deep Neural Network (DNN) to learn to reconstruct noise than to learn to
reconstruct an image. It is therefore possible to obtain a reconstructed image cleaner than
the original when training a model to reconstruct a corrupted image, as the model will be
able to reconstruct the image content more easily than the parasitic noise during training.
The key idea behind “Deep Image Prior” is to use a randomly initialized DNN fjy, feed it pure
noise while training it to reconstruct the corrupted image, without requiring any other train-
ing data than the original corrupted image. The algorithm starts by initializing the weights
of the DNN randomly, and then iteratively updates the weights to minimize a loss function
that simply measures the difference between the restored image and the corrupted image.
The loss function to minimize in the original paper is an MSE defined as: L = || fp(Z) — X|I2,
where X € R¥*/*¥ s the corrupted image to restore, and Z € R3*"*¥ is the input noise, usu-
ally defined with identical dimensions to X. At each iteration, the algorithm uses the current
weights of the network to produce an estimate of the restored image, and then updates the
weights to improve this estimate. During training, the similarity of the reconstructed image
gets closer to the corrupted one, until total convergence, in order to obtain a corrected im-
age the training process must be interrupted at the right iteration, this stopping criterion is
manually defined. As this method does not require any pre-training, it is possible to apply it
to any image restoration task. For example, to perform an inpainting task the loss function is
redefined as £ = ||(fy(Z) — X) © M|, where o is the Hadamard product, and M € {0, 1}3*"*w
is the binary missingness indicator matrix corresponding to missing pixels in the corrupted
image.

This approach has shown promising results and competes with other state-of-the-art
methods for standard image processing problems, such as denoising, inpainting, super-
resolution, and detail enhancement. In the following work, we are inspired by this approach
to develop and propose a similar method that can be applied to tabular data for perform-
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ing both erroneous values correction and missing values imputation simultaneously, that is,
correcting attribute noise in tabular data.

2.2.4 FErroneous Values Correction Methods

As stated in Chapter 1, dealing with erroneous values in tabular data is usually performed
in three different ways: using robust learners, removing noisy instances detected with a fil-
tering method, or correcting erroneous values with a polishing approach. In this work we
focus on designing a method that is able to correct erroneous values before learning the tar-
get prediction task.

The two possible approaches to correct erroneous values in a preprocessing step are filter-
ing and polishing. While filtering approaches aim to detect and delete instances that contain
too much erroneous values, our proposed correction method aims to correct those erro-
neous values, preserving all instances in the dataset and limiting information loss. In that
way, our proposed correction method can be considered as a new polishing method, with
the advantage of also being able to impute missing values.

The most similar approach from our correction method in the erroneous values correction
literature is the Polishing method proposed in (Teng, 2000, 2003, 2004). As described more
precisely in 1.3.2, the Polishing method consists in exploiting the correlations between the
attributes and labels of the data to identify noisy instances and predict plausible corrected
values for noisy ones. The first step of the algorithm relies on a Filtering algorithm to detect
instances that contain noise and separate them from clean ones, this is the identification
phase. Then, predictive models are trained on non-noisy instances to predict plausible val-
ues for noisy instances. Attribute values of noisy instances are then updated based on empir-
ical thresholds and conditions that must be manually defined. The Polishing method relies
on a filtering method to detect instances needing correction, while our proposed correction
method naturally polishes outlier values more drastically than non-noisy values, making it
simpler to apply. The main limitation of the Polishing method is that rules must be man-
ually defined empirically to apply modifications to noisy instances. This makes it hard to
apply the Polishing method in many scenarios. With our proposed method, we found that
we can apply the method to the entire dataset and train inference models on the raw output
data to obtain better predictions.

In our experiments we compare our method to two versions of the Polishing method de-
scribed in (Teng, 2000, 2003, 2004). The first one relies on standard Classification Filtering,
proposed in (Gamberger et al., 1999, 2000), while the second relies on the PANDA algorithm,
described in (Van Hulse et al., 2007).
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2.2.5 Simulating Corruptions in a Tabular Dataset

To run imputation and error correction experiments, it is common practice to artificially
corrupt a clean benchmark dataset and correct it using various methods to compare ob-
tained correction results with the clean dataset. In this section, we review how to simulate
the three theoretical mechanisms that cause missing values, Missing Completely At Random
(MCAR), Missing At Random (MAR) and Missing Not At Random (MNAR), in order to ar-
tificially insert missing values in a dataset. We also define the process we follow to insert
erroneous values in a dataset. Artificially inserting both missing and erroneous values into a
dataset leads to simulating attribute noise in its entirety.

2.2.5.1 Artificially Inserting Missing Values to a Dataset

Introducing missing values to a dataset can be based on three mechanisms, such as de-
scribed in (Buuren, 2021). We use the term “masked” to refer to the artificially added missing
values.

To generate MCAR missing values, a straightforward method can be used: each value is
randomly masked or not, based on a uniform distribution and a predefined threshold, cor-
responding to the missing rate. A way to introduce MAR missingness, is to use a randomly
initialized logistic model, train it on a random subset of features that do not contain missing
values, and use its output to either mask or not mask values in the remaining features. In
our work we introduce MAR missing values following the implementation of (Muzellec et al.,
2020). To generate MNAR missingness, a similar process than for MAR can be used. Where a
logistic model is trained on a subset of features to mask random values of other features, and
random values of the training subset are then masked with an MCAR mechanism, leading to
missing values that were masked based on values that are also potentially masked.

2.2.5.2 Artificially Inserting Erroneous Values to a Dataset

Artificially introducing erroneous values in a tabular dataset to simulate natural erroneous
values mechanisms and patterns has been largely less researched than introducing missing
values. In their work, (Zhu and Wu, 2004) propose to introduce erroneous values in a tabular
dataset by replacing a certain amount of values with a random value drawn from a uniform
distribution. The amount of values to replace is defined as a noise level, for example, a noise
level of 10% will assign random values to 10% of the dataset values. In the following, we
artificially introduce erroneous values to tabular datasets in this way.
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2.2.6 Onthe Potential Bias of Rounding Categorical Missing Values Impu-
tations

When filling-in missing values in tabular data, the resulting predicted values are typically
continuous. For quantitative features, the predicted continuous imputation value can be
used as is, but in the case of categorical features such continuous imputation might lead to
unrealistic values. To address this issue, various methods have been developed, the most
commonly used is rounding the continuous imputation value to the closest observed value
in the dataset (Horton et al., 2003). In their paper, (Horton et al., 2003) showed that such
rounding approach for categorical features can introduce bias to the data, whereas leaving
the imputed continuous value as is avoids this bias.

When drawing imputation values from a continuous distribution for a categorical feature,
a standard practice is to round the continuous output to the closest observed value in the
corresponding feature. As most ML models are trained to learn a continuous distribution
from a discrete data sample, such practice is very common when applying ML and DL impu-
tation methods. In (Horton et al., 2003), authors show that for categorical features, round-
ing the imputation continuous value to the closest known one leads to introducing bias to
the data. They show that this bias phenomenon happens more when rounding imputations
for binary features and categorical features with few categories. Indeed, for discrete fea-
tures with many different possible values, the rounding impact is lower as rounded values
are closer from original predicted values.

In order to evaluate the pertinence of rounding or not rounding imputation values in cat-
egorical features we performed a very simple empirical experiment. We choose a simple
dataset containing 690 instances and 14 features, with 8 categorical features and 6 quanti-
tative ones. We call this dataset STATLOG, we detail it more precisely in section 2.4.1. We
artificially insert 50% missing values following a simulated MNAR mechanism such as de-
scribed in the previous section. We perform missing values imputation using the MISSFOR-
EST method, we keep the raw results as the not rounded completed dataset (No Round-
ing) and apply rounding to the closest known values for all categorical features to obtain the
corresponding rounded completed dataset (Rounding). As we are interested in maximizing
inference results on imputed data we evaluate the pertinence of rounding or not rounding
imputation values on an inference task.

We evaluate the quality of both imputations with and without rounding based on vari-
ous ML inference models: a Multi-Layer Perceptron (MLP), a KNN classifier and a Decision
Tree. Inference results are evaluated with a 5-fold cross validation and stochastic models are
trained 25 times to mitigate the randomness impact on final results. All models are instanti-
ated with identical hyper-parameters for each run. Table 2.1 shows the obtained results.

As can be seen in those results, both the MLP and Decision Tree models obtain better
results for all metrics when imputations are not rounded. The MLP model obtains largely
better Area Under the Curve (AUC) results when no rounding is applied, results with other
metrics are very close in both cases. The Decision Tree model obtains better results of about
1% for the three used inference metrics when no rounding is applied, those results are not
significantly better but still indicative of an improvement. KNN results on both rounding
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Model | Metric | Rounding No Rounding
bACC | 81.06% +2.71% | 81.31% +2.30%
MLP AUC 84.69% +1.24% | 86.75% +1.12%
K 79.31% +2.88% | 79.60% +2.39%
bACC | 80.15% +3.78% | 79.76% + 3.25%
KNN | AUC 84.25% +3.70% | 84.75% +2.17%
F 78.11% +4.11% | 77.70% + 3.56%
bACC | 72.98% +2.75% | 73.85% +2.37%
TREE | AUC 72.98% +2.75% | 73.85% £2.37%
F 69.56% +3.16% | 70.52% + 2.95%

Table 2.1: Simple experiment to demonstrate the bias occurring when rounding imputation
continuous values to the closest known value for categorical features. Column “Rounding”
shows inference results of M. models applied on rounded imputations. Column “No Round-
ing” shows inference results of M. models applied on not rounded imputations.

and not rounding are very close, with rounding being slightly better when evaluated with
balanced Accuracy and with the F;-score, while not rounding appears to lead to slightly bet-
ter results when evaluated with AUC. Confidence intervals in those results are quite high and
overlapping between results, no significant improvement can be determined from those re-
sults only, more extensive experiments would be required to do so. however, those results
seem to show that not rounding imputations of categorical features do not degrade infer-
ence results, and might even slightly improve them in most cases, which seems to be in ac-
cordance to (Horton et al., 2003) findings and comfort us in our choice not to round obtained
imputations. Thus, in the rest of this work we follow the advice of (Horton et al., 2003) and
do not round imputed values for categorical features to the closest known values for any
imputation method.

2.2.7 Noise Regularization

Numerous studies and papers have shown that adding noise to a Neural Network input
during training, known as noise regularization, can significantly enhance its generalization
performance and act as an effective overfitting regularization (Bishop, 1995; Sietsma and
Dow, 1991). The approach consists in introducing random noise into the training data dur-
ing the learning process to prevent the model from excessively fitting to individual data
points, ultimately improving the model ability to generalize (Bishop, 1995). To achieve this,
a random vector is added to each data input vector before being fed into the model, thereby
introducing new random noise to data points that have already been observed by the NN.

In the following, our proposed imputation frameworks can be compared to a kind of noise
regularization that is applied solely to missing values, while scaling the amount of noise to
the uncertainty level associated with each missing value. By acting as a focused noise regu-
larization our imputation frameworks lead to less biased Neural Networks capable of more
generalization, and thus, better inference results than using standard frameworks.
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2.3 Proposed Approaches for Handling Attribute Noise

In this section, we propose and present two contributions for better handling attribute
noise in a Machine Learning context:

1. We propose data Denoising and Imputation in One Step (DIOS), a method for correct-
ing attribute noise as a preprocessing step. DIOS is able to correct observed erroneous
values in the data while performing imputation of unobserved values. Our method
does not require to learn from clean data to correct the corrupted dataset, it learns
directly from the whole corrupted version of the dataset. It is also able to impute miss-
ing values without requiring any complete instance in the dataset. While it is easier to
reach optimal results in a supervised or semi-supervised context, the method can also
yield satisfactory results in a fully unsupervised setting. To the best of our knowledge,
this is the first method that can truly handle attribute noise in its entirety by perform-
ing both missing values imputation and correction of erroneous values on mixed-type
tabular data at the same time.

2. We propose Single-Hotpatching (S-HOT) and Multiple-Hotpatching (M-HOT), two
frameworks that can be used to account for imputation uncertainty during Neural Net-
work training, leading to better predictions. Those two frameworks take the between-
imputation uncertainty into account to improve the training process of NNs, leading to
an improvement in their generalization capacity. Those frameworks are based on the
computation of the between-imputation uncertainty, which corresponds to the stan-
dard deviation between imputed values of all completed datasets. This uncertainty is
then used as a scale to add stochasticity to the imputation of missing values directly
on batch extraction during training. It leads to a kind of noise regularization that takes
into account the imputation uncertainty, improving generalization capacity, and thus,
prediction results on unseen data. Those frameworks are to be used in different situ-
ations, S-HOT is adapted to train a unique and large NN, while M-HOT can be used
to train multiple learners in an ensemble way and reach extremely good prediction
results at the expense of a higher computational cost.

2.3.1 DIOS: data Denoising and Imputation in One Step

We propose data Denoising and Imputation in One Step (DIOS), a method based on
AEs and inspired from the recent image restoration technique called “Deep Image Prior”
(Ulyanov et al., 2020). In the context of image restoration, (Ulyanov et al., 2020) showed that
arandomly initialized DNN is able to capture relevant and useful information about an im-
age distribution without requiring any pre-training of the model on similar images. They
show that a DNN can be trained on a unique image to generate a corrected version X of the
corrupted image X. In a tabular data correction context, it is mostly not possible to learn
generalizations from other tabular datasets that could be useful to correct the corrupted
dataset. That is because, unlike images, tabular datasets do not share a uniform information
representation, or similar concepts. Instead, a tabular dataset contains data coming from
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a particular source, taken in a specific context, with its own data distribution. To solve the
attribute noise correction task we are interested in training a DNN on the corrupted dataset
only, with its erroneous and/or missing values, in order to correct them with the most ade-
quate values.

The intuition behind DIOS is to train a model to reconstruct the corrupted data from ran-
domly initialized noise. The model’s training process involves learning abstract features and
patterns from the data while disregarding any attribute noise in the original data. However,
as the training continues, the model may become excessively focused on fitting the data and
its attribute noise, leading to overfitting. Therefore, stopping the training before overfitting
occurs ensures that the model maintains a generalized understanding of the data. Conse-
quently, the model can generate credible missing values and eliminate any erroneous values
present in the observed values.

DIOS is based on a DNN that is trained to reconstruct the original corrupted dataset
X € R™“ from a random noise input Z € R"*?, The model we use has an AE architecture, but
since we feed it pure noise while training it to reconstruct data we can consider the model as
a deep generative network. A deep generative model typically generates samples by mapping
an input x through a function fp(-) with 0 representing the model parameters. Its output, de-
noted as j, is a generated sample obtained as j = fp(x). In the case of correcting corrupted
data X, we have X = fo(Z), where X € R"*4 ig the reconstructed data and Z € R"*? is the
noise input to the model. Unlike AEs, where the model would learn to reconstruct X from X
itself, we use a random noise input Z to avoid overfitting on the noise in X. By reconstructing
the corrupted data X from random noise, the model learns to reconstruct X without being
biased by erroneous values during the encoding phase. The model’s parameters 6 are up-
dated based on the error loss between X and the output of the model X, as shown in Figure
2.1. We note X the best obtained correction by DIOS, that is, X = fy«(Z) with 8* the best
found model parameters.

Model Model
input B LR output < Original
/ \ data

Figure 2.1: The model parameters are trained so that the model learns to reconstruct the
original corrupted data X. By stopping the training at the right moment, the reconstruction
X will be cleaner than the original data X.

DIOS model parameters are trained minimizing a task dependent loss term, that is, a loss
term specific to the task that must be learned. This is done by adjusting the model param-
eters 0, which are randomly initialized, using a gradient descent optimization method. Any
known optimization method can be used to minimize the objective function. The goal is to
find the best possible values of 6, noted 8, that result in the loss term reaching a local min-
imum. Once the desired loss value is achieved or another termination condition specified
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by the user is met, the training is complete, and the resulting best found reconstruction X is
saved.

Fitting a parameter set 0 of sufficient size (i.e. containing enough weights and biases orga-
nized as a logical architecture) can lead to overfitting and, consequently, exact reconstruc-
tion of the corrupted data X. To avoid such overfitting, it is crucial to feed random noise as
input to the generative model and not the the corrupted data X as we would with an AE. This
step prevents the model from being influenced by the noise present in X, forcing the model
to learn generalizations about the data content before overfitting, and so, reconstruction of
the noise in X occurs. It is thus essential to stop the training phase before overfitting hap-
pens. We describe more precisely how to detect the right step at which to interrupt training
in the next section.

The task specific loss term to use when correcting erroneous values in a corrupted dataset
that do not contain missing values is the following:

L=1X-X|? 2.1)

Since all values are observed in this scenario, we can calculate the Mean Squared Error loss
between the reconstructed data X and the original corrupted data X. By reconstructing the
data X without overfitting it, the model is forced to learn to extract and exploit abstractions
and generalizations about X without overfitting erroneous values, and so, replacing them
with more plausible ones in the output reconstruction. Consequently, reconstruction elimi-
nates outliers and noise and improves data quality. As a result, the best found reconstruction
X enhances future inference models capacity to learn from the cleaned data, leading to bet-
ter performance in tasks such as prediction and classification.

In a data completion setting, the binary missingness indicator matrix M € {0,1}"**¢ is
known, and so the model can be trained according to the following loss term:

L=|(X~-X)oM]|? (2.2)

Where o is the Hadamard product that is applied between the MSE loss and the missingness
indicator matrix M, where M;; = 1 if X; jis observed and M;; =0 if X; j is missing. By apply-
ing the mask to the difference between the reconstructed data X and the original corrupted
data X, only the observed values are used to compute the MSE loss. Consequently, the re-
construction is optimized to fit the known values while naturally inferring plausible values
for the missing ones based on the data distribution learned by the generative model. The
generative power of the model allows it to learn abstract knowledge and generalize from all
known values in the corrupted dataset, enabling it to identify specific correlations and links
between features and use them to complete the missing values. The result is a complete
reconstruction of the data with coherent imputations in place of the missing values.

Our approach has the capability to handle both erroneous values correction and missing
values imputation simultaneously. To achieve this, we can directly use Equation 2.2 as a loss
function, as it can impute missing values while naturally replacing erroneous values with
more plausible values. If the objective is solely to fill in missing values without performing
erroneous values correction, it is possible to use the missingness indicator matrix as a mask
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to replace missing values in X by the ones obtained in X while conserving all known values
in X unchanged. As mentioned in section 2.2.6, it has been stated in the literature that not
rounding imputed values of categorical features to the nearest known value leads to better
inference results, which we experimentally verified. Therefore, our method DIOS is naturally
able to handle mixed-type tabular data.

2.3.1.1 Generative Model Architecture

To perform data reconstruction, our method DIOS depends on the generative model ar-
chitecture. Hence, it is crucial to choose an architecture that suits the dataset we intend to
correct. Although any kind of DNN can be used, our findings suggest that for datasets with
numerous features, 1D fully Convolutional Neural Networks with skip connections lead to
superior outcomes. In contrast, for datasets with fewer features, small fully-connected NN
offer better and faster results.

In the case of datasets with large amounts of features, a generic fully convolutional ar-
chitecture with skip connections is used, which must be empirically dimensioned for each
dataset. The architecture that is used is an encoder-decoder model with skip connections,
similar to a U-Net (Ronneberger et al., 2015b). When working with images, it is common to
use 2D convolutions, as relevant local information is shared in neighboring pixels in both
the width and height axis that 2D convolutions are able to capture and learn. As we are in-
terested in a tabular data context, we use 1D convolutions. Indeed, in tabular data, each
element is defined by its features in the width dimension and is not associated with other
elements in the height dimension. We use 1D convolutions to capture general knowledge on
data elements features, while avoiding the capture of knowledge between arbitrary ordered
elements through the dataset which would be irrelevant and would encourage overfitting.

An important matter to consider is that using 1D convolutions could introduce bias during
the learning phase, as not all features may be related to their neighboring features, since the
order of features in the dataset is arbitrary, unlike pixels in an image. To address those inter-
rogations, we experimented by shuffling the order of the features in a dataset, we obtained
similar results when features are shuffled and when they are ordered as originally. Our ex-
periments show that it is easier and faster for our method to converge to satisfactory results
when features are ordered in a “logical” manner (i.e. when features are clustered depend-
ing on their nature) than when they are arbitrarily ordered, that is, shuffled. Nonetheless, if
the architecture is properly adapted to the dataset, satisfactory results can be achieved even
when the feature order is shuffled. It’s worth noting that feature order does not matter in
fully-connected architectures.

When working with datasets that have few features, we found that using a fully-connected
NNs produced similar results with both small (i.e. small enough so as to not be able to overfit
the data) and large architecture designs. One notable difference between fully-connected
and convolutional models is that for fully-connected NN, we found better results when using
the original corrupted data as input, which reduces the model’s generative task and allows it
to concentrate solely on learning patterns and generalizations from the data. In such case,
it is important to design the fully-connected model to be small enough so that it cannot
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learn an identity mapping from input to output, which would yield excellent loss results but
would prevent any abstraction and generalization learning for the model. We also noted
that it is easier to halt the training process at the appropriate training iteration with a smaller
architecture. Consequently, for datasets with few features, we suggest to use small fully-
connected architectures and using the original corrupted data as input, that is, Z = X.

More details about defining an adequate model architecture will be discussed in the ex-
perimental section, but it is worth noting that the best architecture for a given dataset can
only be determined empirically. Despite this, the generic convolutional and fully-connected
architectures that we designed and used in our experiments can be easily adjusted to suit
any mixed-type tabular dataset to correct.

2.3.1.2 DIOS Training

The goal is to correct and/or complete each instance in a corrupted dataset. To do so,
DIOS must learn generalizations from known values in the corrupted dataset in order to
properly correct each instance. The DNN parameters are learned using a gradient descent
optimization algorithm that applies the computed gradient based on the defined loss term.
To ensure that the model doesn’t overfit to the original corrupted data, we have integrated
an early stopping mechanism during the training phase. Moreover, between each epoch, we
fully shuffle the dataset instances and split them into mini-batches, which helps preventing
the model from overfitting the corrupted erroneous values.

Algorithm 1 is the pseudocode of our generic DIOS correction algorithm: which can either
perform erroneous values correction, missing values imputation, or both, based on the cho-
sen loss term. The optimal correction is determined by the minimum loss value or maximum
accuracy value, depending on user preference. In scenarios with full or partial supervision,
the best correction can be chosen by training a prediction model using the current correction
and evaluating its accuracy, or another chosen inference metric. However, in unsupervised
settings, the best correction can only be selected based on the loss value. The algorithm
takes multiple inputs:

o X € R™4: the original corrupted data.

fo(): the generative model.

Z € R"*4: the model input.

M € {0,1}"*4: the missingness indicator binary mask, which is only used when there
are missing values in X.

y € R™: the known labels, which are only used in a fully- or semi-supervised setting,
where the best correction is selected based on the accuracy obtained on the validation
set.

The algorithm outputs the best obtained correction X € R”*¢, which can be used raw if one
wishes a polished correction, or masked with known values in X if one wishes to only impute
missing values while conserving known values unchanged.
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Algorithm 1: DIOS Correction Algorithm
input : X, fo(), Z, M, y
output: X
for i =1 to max_iter do
Add small random Gaussian noise to Z as regularization;
7' — split(shuffle(Z, i), nb_batches);
X' — split(shuffle(X, i), nb_batches);
M' — split(shuffle(M, i), nb_batches);
for j =1 to nb_batches do
Xi=fo(z);
Compute loss between X ; and X ; using Equation 2.1 or 2.2;

Perform backward propagation on f using Adam optimizer;
end
X = unshuffle(X’, i);
if best correction selected on accuracy then
Compute accuracy on validation set using y labels;
X = X if accuracy is the highest ever obtained;
Break if accuracy did not improve since max_deter iterations;
else if best correction selected on loss then
X = X ifloss is the lowest ever obtained;
Break if loss did not decrease since max_deter iterations;

end

The user needs to define two variables, namely max_iter and max_deter. These variables
respectively determine the maximum number of iterations the algorithm will perform, as-
suming no breaking condition is met, and the maximum number of deteriorating iterations
that will lead to an early stop. Once the algorithm is stopped, the best obtained reconstruc-
tion X is returned.

We use the shuffle function, which randomizes the order of the elements in a given array
along its first dimension, based on a random seed. By using this function, we can apply the
same shuffling pattern to multiple arrays given a defined seed, ensuring that each line in a
shuffled matrix can be linked to the corresponding line in another matrix shuffled with the
same seed. We shuffle the input Z before splitting it into mini-batches, and do the same
accordingly to the model target X in order to reduce overfitting and produce better results.
The unshuffle function is applied to restore the original ordering of the elements in the ar-
rays, given the same seed as used to shuffle them. Lastly, the splitfunction generates an array
that contains a specified number of mini-batches from the given matrix.

At each iteration, a small random noise drawn on a Gaussian distribution is added to the
model input Z, this ensures that the training process of the model does not get stuck before
its convergence and avoids overfitting.
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2.3.1.3 When and How can DIOS be Used?

Our DIOS correction method can be used and applied in any supervision scenario, from
unsupervised to fully supervised. Unlike the polishing method presented in (Teng, 2004),
which incorporates labels in the data while polishing, leading to potential label leakage and
bias, DIOS does not use labels in its learning process. Instead, validation labels are only
employed to regularly evaluate the reconstructed data quality by training a learner on the
current data reconstruction and evaluating its inference results on the validation set during
training. This ensures that the training of our approach is unsupervised, based solely on
attribute values, thereby preventing overfitting the labels. Having at least some labeled el-
ements enhances the selection of the best data correction from DIOS, therefore, a semi- or
fully supervised setting helps DIOS yield good results. But labels are not required to train
DIOS, it is possible to get satisfactory imputation in a fully unsupervised setting if the archi-
tecture is properly designed.

DIOS is a preprocessing technique that should be applied to the entire corrupted dataset,
that is, the concatenation of all train and test data. As our method works very well in a semi-
supervised setting, our DIOS correction method is viable in most real-world contexts.

DIOS learning phase operates similarly to that of robust learners, in that it is trained to
learn abstractions and generalizations from the corrupted data, and the training is stopped
before overfitting occurs, which would mean overfitting the parasitic noise in the corrupted
data. However, unlike robust learners, DIOS only learns to reconstruct the data while ignor-
ing noise, it does not have the additional burden of learning to perform a prediction task
on the corrupted data. This makes it simpler to achieve good generalization, and so, good
attribute noise correction. Abstractions and concepts learned by DIOS can then be used for
erroneous values correction, similarly to the polishing method, with the advantage that it
can also impute missing values.

2.3.2 Accounting for Imputation Uncertainty During Neural Network
Training

Multiple-Imputation is a first step towards taking account of between-imputation uncer-
tainty. It naturally takes into account the uncertainty of imputed values through its ensemble
nature, but each inference model is still biased by being trained on an arbitrarily fixed com-
pleted dataset (Rubin, 2004). We propose two frameworks that take this between-imputation
uncertainty into account and show that Neural Networks trained using those frameworks
have better generalization capacity. Those frameworks are based on the computation of
the between-imputation uncertainty, which corresponds to the standard deviation between
imputed values of all completed datasets. This uncertainty is then used as a scale to add
stochasticity to the imputation of missing values directly on batch extraction during training.
It leads to a kind of noise regularization that takes into account the imputation uncertainty,
which improves generalization capacity, and thus, prediction results on unseen data. Those
frameworks can be used to train a Neural Network on any inference task.

We introduce the Single-Hotpatching (S-HOT) framework, that addresses the challenge of
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handling missing values in tabular datasets when training a Neural Network. Traditional ap-
proaches such as Single-Imputation and Multiple-Imputation have their limitations. Single-
Imputation is straightforward and fast, but it produces a biased learner by training only one
model on a single imputed dataset. On the other hand, Multiple-Imputation trains multiple
models on multiple imputations, resulting in better inference results but at the cost of in-
creased computational complexity. S-HOT addresses those issues by training a single strong
model while relying on multiple imputations, resulting in a less biased model and requir-
ing less computational time than MI. By using the uncertainty level of each imputed value,
S-HOT imputes missing values in a “hotpatching” manner during batch extraction, leading
to better generalization capabilities and more robust inference results. Our experimental
results show that S-HOT significantly outperforms SI, and leads to close results to MI while
necessitating much less running-time, making it an interesting approach to consider for sit-
uations where a single large model needs to be trained on incomplete tabular data.

The Multiple-Hotpatching (M-HOT) framework builds on the S-HOT approach to train
NNs on imputed tabular data by introducing the ensemble paradigm. Rather than relying
on a single strong model trained with multiple imputations, M-HOT trains as many learners
as imputations are performed. Each learner takes into account the between-imputation un-
certainty to reduce bias. Each learner in the resulting ensemble of Neural Networks is less
biased and capable of enhanced generalization than individual learners trained using MI.
Empirical results show that M-HOT consistently outperforms MI, while not being compu-
tationally more expensive, making it an attractive option for any situation in which several
Neural Networks can be trained using an ensemble approach.

2.3.2.1 S-HOT: Single-Hotpatching

Our Single-Hotpatching (S-HOT) framework is similar to MI, but has the advantage of
training only one strong model. This framework is named Single-Hotpatching because,
when using this approach, missing values are dynamically imputed directly during batch
extraction in a “hotpatching” manner.

Training multiple large Neural Networks in an ensemble manner is not always a viable
option, due to the substantial amount of time and resources required to train each model.
To address this issue, S-HOT aims at training a single model while relying on multiple im-
putations, such as MI. By doing so, S-HOT can train a less biased model than if it were
trained using SI, while also requiring less computational time than MI. Our experimental
results demonstrate that S-HOT achieves significantly better performance than SI for identi-
cal training times. Thus, S-HOT is a interesting approach to use in situations where a single
large model needs to be trained on imputed tabular data.

When we train a NN on a dataset with fixed imputed values that are most certainly non-
optimal, the model is repeatedly trained on wrong and imprecise data, leading to a biased
NN that cannot generalize well. To overcome this, we propose the S-HOT imputation frame-
work, which performs multiple imputations and calculates the between-imputation stan-
dard deviation associated with each imputed value, which we call the uncertainty level. We
draw random values from a normal distribution parameterized using the mean and stan-
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dard deviation computed between the imputations to train the model on a range of plausi-
ble imputations. The NN is trained on a span of plausible values in place of each missing
value during its training, leading to a less biased model with better generalization capabili-
ties. Once the NN is trained, prediction results are obtained by randomly patching missing
values in the test set using the same process for p iterations, leading to p predictions. The p
model output probabilities are pooled in an ensemble manner to obtain the final prediction,
making the inference results more robust than a single prediction. Figure 2.2 illustrates the
training and testing phases of a NN using the S-HOT framework.
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Figure 2.2: Single-Hotpatching. We perform m imputations and compute the means and
standard deviations of imputed values between the m sets, leading to two matrices of iden-
tical dimension than the corrupted dataset. Those two matrices are split between the train
and test sets. During training, every time a batch is extracted, missing values are drawn from
a normal distribution parameterized using previously computed means and stds. Once the
model is trained, the prediction probabilities are extracted by applying the same process p
times for each test instance, resulting in p predictions. The final prediction is computed as
the mean of the p output probabilities. The p value is set as a few dozen to obtain robust
prediction results.

Mathematically, we note X e R4 the original incomplete dataset, where each value X; j
is either observed or missing, with n and d the number of elements and features in X. We
perform m imputations, leading to m different completed datasets X', with X* € R"*¢ the
k-th completed dataset. Therefore, a missing value X;; is imputed with m different values
Xlljm Then, we compute the means p and standard deviations o of each value of the m
completed datasets, with

1 m Ok
==Y xr 2.3
Hij mkgl ij (2.3)
and
\/1 i L ,
mis Y

We note that values in X" that are observed in X have a mean of Mij = X; j and a stan-
dard deviation of o;; = 0/ Only missing values in X have a value o; j > 0. Then, we train a
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Neural Network by feeding it batches that are computed from p and o. To extract a batch
B e RP*4 with b the number of elements in the batch, we draw each value of the batch from
a normal distribution parameterized with mean y;; and standard deviation « - 0}, such as
Bij ~ /\/(,uij, a-0;j). Where «a is a scale hyper-parameter that can be set to 1 in most cases
and might need to be set lower depending on the average uncertainty level. If the used im-
putation method outputs imputed values with a wide uncertainty the a scale should be em-
pirically set lower than 1 to limit the stochastic impact induced by the approach. We never
found a situation that benefited from increasing the a value above 1. When a data point is
presented to the NN, observed values are set to X; j» and missing values are set to a random
value that follows the normal distribution of the m imputations. Thus, the NN is not repeat-
edly trained on arbitrarily fixed (and very probably non-optimal) imputations, as it would be
using SI or MI frameworks. Instead, it is trained on values that are randomly drawn from the
imputations distribution. This process operates as a noise regularization that takes into ac-
count the between-imputation uncertainty, resulting in a less biased and more generalized
NN.

Algorithm 2 shows the training phase of the S-HOT framework. X is the original incom-
plete dataset, m is the number of imputations to perform, impute(-) is the chosen imputation
method, normal(u, o) is the method that draws each value x;; on the normal distribution pa-
rameterized with u;; and 0, a is the hyper-parameter used to scale the standard deviation
parameter, and nb_batchesis the number of batches required to span over the whole dataset.

Algorithm 2: Training phase of the S-HOT framework

input : X, m, impute(-), normal(-,-), a, nb_batches
output: A trained Neural Network fp«
fori=1romdo
X! = impute(X);
end
Compute y and o from X'~ using equations 2.3 and 2.4;
Randomly initialize the Neural Network fp ;
while convergence is not reached do
for b =1 to nb_batches do
B = normal(u[batch_slicel, a - o[ batch_slice]);
Fit the Neural Network fp to extracted B;
end
end
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2.3.2.2 M-HOT: Multiple-Hotpatching

The Multiple-Hotpatching (M-HOT) framework extends S-HOT by using the ensemble
paradigm. This framework trains as many learners as imputations are performed, those
learners are trained while considering the between-imputation uncertainty, leading to less
biased individual learners. Our empirical findings demonstrate that using M-HOT to train
a NN leads to consistently better inference results than MI while not being computationally
more expensive. It is beneficial to apply the M-HOT framework in any situation in which one
can afford to train several Neural Networks in an ensemble manner.

The framework is similar to S-HOT with the main difference that we use the ensemble
paradigm such as in MI. We use the previously defined mathematical notations, X € R"*¢
is the original incomplete dataset, where each value X;; is either observed or missing. We
perform m imputations which leads to m different completed datasets X', with X* e R"*4
the k-th completed dataset. One learner is defined for each completed dataset, leading to
m models. We compute the standard deviations o in the same way as in equation 2.4 and
do not need to compute the means. Then, the Neural Networks are trained. To extract a
batch B¥ € RP*4 that will be fed to the k-th model, we draw each value of the batch from
a normal distribution parameterized with mean X lk] and standard deviation a - 0, such as

Bl{“j ~N ()0( l.k]., «-0;j). Thus, all Neural Networks are trained in an ensemble manner and
are seeing imputed values drawn from a normal distribution centered on the corresponding
computed imputation with added diversity during their training. This leads to an ensemble
of Neural Networks that are less biased and capable of more generalization than individual
learners trained with MI, as they take into account the between-imputation uncertainty with
M-HOT. M-HOT can be used as a substitute to MI in any situation in which MI is viable.
Figure 2.3 shows, in a more practical way, how Multiple-Hotpatching takes place during the
training phase of the Neural Networks.

2.4 Experiments

In this section, we present our experiments to evaluate our proposed approaches and
compare their performance against other well-known and state-of-the-art imputation and
erroneous values correction methods from the literature. We evaluate our approaches on
both widely used benchmark datasets and real-world medical datasets that share similari-
ties with our application context.
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Figure 2.3: Multiple-Hotpatching training phase. We perform m imputations and compute
the standard deviations of imputed values. We train m Neural Networks, when a batch is ex-
tracted from the k-th completed dataset, missing values are drawn from a normal distribu-
tion parameterized using previously computed standard deviations and values from the k-th
completed dataset as means. The process is repeated until all Neural Networks are trained.
Those can then be used to obtain predictions in the same way as with S-HOT but in an en-
semble manner.

2.4.1 Used Datasets

We are interested in using our approaches in a mixed-type tabular data medical context
with a limited amount of instances. In order to best evaluate our proposed approaches for
our applicative context, we choose several popular benchmark datasets and several real-
world medical datasets.

We performed our experiment on various benchmark tabular and mixed-type datasets of
various dimensions and various fields:

e STATLOG®: This dataset is composed of 690 elements with 14 features, 6 numerical
and 8 categorical. The goal is to learn a binary classification task. The dataset con-
cerns credit card applications, all features names and values have been changed to
meaningless symbols to protect confidentiality of the data.

» PIMA”: This dataset is from the National Institute of Diabetes and Digestive and Kidney
Diseases. It is composed of health data of female patients from Pima Indian heritage,
of at least 21 years old. The goal is to predict whether a patient suffers from diabetes
or not, based on several medical predictor variables, such as number of pregnancies,
blood pressure, insulin, etc. It contains 768 instances and 8 mixed-type features.

e ARRHYTHMIA®: This medical dataset contains 452 elements and 260 attributes, 206 of
which are numerical features and the rest are categorical features: it has been used for

3https://archive.ics.uci.edu/ml/datasets/statlog+(australian+credit+approval)
“https://www.kaggle.com/datasets/uciml/pima-indians-diabetes-database
Shttps://archive.ics.uci.edu/ml/datasets/arrhythmia


https://archive.ics.uci.edu/ml/datasets/statlog+(australian+credit+approval)
https://www.kaggle.com/datasets/uciml/pima-indians-diabetes-database
https://archive.ics.uci.edu/ml/datasets/arrhythmia
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arrhythmia analysis. We aim to learn a binary classification task, to predict whether a
patient suffers from arrhythmia or not.

» MFEAT®: This dataset consists of features that have been extracted from handwritten
digits: with 76 Fourier coefficients of the character shapes, 216 profile correlations, 64
Karhunen-Love coefficients, 240 pixel averages in 2 x 3 windows, 47 Zernike moments
and 6 morphological features. Once concatenated, this dataset contains 200 samples
per class for a total of 2000 elements with 649 features.

e ORL’: We used the multi-view ORL dataset generated by (Zhu et al., 2019a). The
original ORL dataset contains 10 different images of each of the 40 distinct subjects.
For each subject, the images were taken under varying lighting conditions with dif-
ferent facial expressions (open/closed eyes, smiling/not smiling) and facial details
(glasses/no glasses). Zhu et al. adjusted the image size to 48 x 48 pixels and extracted
three types of features: intensity (4096 dimensions), LBP (3304 dimensions), and Ga-
bor (6750 dimensions). There are therefore 400 elements and 14150 features in this
tabular ORL dataset.

« IRIS®: This very simple dataset is composed of 150 elements with 4 features and 3
classes.

« WINE’: This dataset is composed of 178 instances with 13 features and 3 classes.

« ABALONE'’: This dataset is composed of 4177 elements with 8 features. The goal is
initially to learn a regression task to predict the age of abalones, we transformed it into
a binary classification task in order to remain in the same experimental setting as with
other datasets.

In order to experiment with imputation methods and frameworks on benchmark datasets
it is needed to artificially introduce missing values at a chosen rate as described in section
2.2.5.1.

We also evaluate our approaches on three incomplete real-world medical datasets to
demonstrate the efficiency and relevance of our approaches in a context highly similar to
our application setting.

e COVID'': This dataset was publicly released with the paper (Yan et al., 2020), it con-
tains medical information collected in early 2020 on pregnant and breastfeeding
women. We based our data preprocessing on the one realized in the original paper,
the final preprocessed dataset is composed of 361 patients with 76 features, with about
20% missing data. The goal is to predict the survival outcome of patients.

Shttps://archive.ics.uci.edu/ml/datasets/Multiple+Features
"https://github.com/qinghai-zheng/MSCNLG
®https://archive.ics.uci.edu/ml/datasets/iris
dnttps://archive.ics.uci.edu/ml/datasets/wine
Whttps://archive.ics.uci.edu/ml/datasets/abalone
Uhttps://github.com/HAIRLAB/Pre_Surv_COVID_19/tree/master/data
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https://archive.ics.uci.edu/ml/datasets/wine
https://archive.ics.uci.edu/ml/datasets/abalone
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¢ NHANES'#: In the NHANES dataset, US National Health and Nutrition Examination
Surveys, we used data from studies spanning from years 2000 to 2008, with 95 features
and about 33% missing values. We aim to predict if a patient suffers from diabetes or
not.

e MYOCARDIAL'®: This medical dataset is composed of 1700 patients with 107 features,
with about 5% missing values. We aim to predict the survival outcome of patients.

2.4.2 Evaluating our Attribute Noise Correction Method DIOS

First, we evaluate our proposed attribute noise correction method DIOS, technical details
about the method and those experiments can be found in Appendix A, section A.3.

2.4.2.1 Experimental Protocol

We demonstrate the application of DIOS in both missing values imputation and erroneous
values correction settings, compared to state-of-the-art methods from both those fields.

The first experiment we perform is to evaluate DIOS performance compared to
other methods on an imputation task, both on benchmark and real-world datasets.
For benchmark datasets, we introduce missing values for each combination between
MCAR/MAR/MNAR mechanisms and missing rates of 25/50/75%, and evaluate perfor-
mance on balanced Accuracy and RMSE. For real-world datasets, missing values are natu-
rally present at various rates, we evaluate all methods based on their inference results using
the balanced Accuracy metric. Inference results are obtained through 5-fold cross validation
using a simple KNN classifier, with k =5 in all cases. We repeated each experiment 10 times
with 10 different stochastic seeds to obtain significant and consistent results with a mean-
ingful average and standard deviation for each method in each experimental setting. In that
way, each method is evaluated on the same 10 incomplete datasets at each erroneous values
rate, making the comparison fair and allowing evaluation of the robustness of each method.

Our second experiment aims at evaluating DIOS performance compared to other meth-
ods on an erroneous values correction task. We only perform this experiment on benchmark
data, as real-world datasets contains missing values. To evaluate our method on an erro-
neous values correction task, we artificially introduce erroneous values into the data at a
given rate. The erroneous values rate determines how many attribute values will be replaced
by a random value, such as described by (Zhu and Wu, 2004). For example, an erroneous
values rate of 10% will assign random values to 10% of the dataset values. We compared
the methods on erroneous values levels 0of 0/5/10/15/20/40/60% for all benchmark datasets.
Once again, each experiment was repeated 10 times, with 10 different random seeds, and at
each erroneous values rate, such as described above.

The third experiment aims at evaluating DIOS in a complete attribute noise correction
task on real-world medical data. We compare DIOS results to those obtained by the com-
bination of the best performing imputation method from previous experiments, followed

PZhttps://www.cdc.gov/nchs/nhanes/index.htm
13https ://archive.ics.uci.edu/ml/datasets/Myocardial+infarction+complications
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by each tested state-of-the-art erroneous values correction method. Missing values are
already present in used real-world datasets, we artificially add erroneous values at levels
0/5/10/15/20/40/60% in order to illustrate DIOS performance on a complete attribute noise
correction task.

Finally, we compare running-times between tested methods on both imputation and er-
roneous values correction tasks on all datasets. For this running-time experiment, we select
an arbitrary noise level or missing rate, as it does not influence the running-times of the
methods.

We have chosen eight methods from various categories with which to compare our results.
For simple algorithms such as Substitution (SUB) imputation, we used the “SimpleImputer”
class from the python library “scikit-learn”'*. We compared DIOS to the k-nearest neighbors
imputation (KNN) and Multivariate Imputation by Chained Equations (MICE) methods. We
used implementations from the scikit-learn library for both of them, the “KNNImputer” class
for KNN, and the experimental “Iterativelmputer” class for MICE. We implemented MIDA
from the author description made in the original paper, and from the code template sup-
plied by the author in the following public gist '°. We used the public implementations given
by the respective original authors'®!” for the SINKHORN and GAIN methods. For SOFTIM-
PUTE we used the public re-implementation by Travis Brady of the Mazumder and Hastie’s R
softimpute package'®. Finally, we compared our results to the MISSFOREST algorithm, and
used the “MissForest” class from the python library “missingpy”'”.

There are few attribute erroneous values correction methods in the literature, we imple-
mented four methods with which to compare our results. We compared our method to the
standard Filtering (SFIL) and Polishing (SPOL) methods described by Teng in (Teng, 2004).
We based our implementation of both methods on the original description from the paper.
We used the erroneous values detection method PANDA (Van Hulse et al., 2007) to create
improved versions of both Filtering (PFIL) and Polishing (PPOL) methods. Once again, we
based our implementation of the PANDA algorithm on the description made in the paper.

In order to statistically assess experimental results, we compute ¢-tests with a significance
level (p-value) of 0.05 between DIOS and every other compared method. The t-tests are
computed on the results obtained on the 10 runs for which we conducted our experiments,
with each method and for each setting. A global z-test is also computed globally on the com-
plete results with each evaluation metric. The results of these ¢-tests are symbolized in result
tables as either a bullet e, a circle o, or an equivalent symbol =. The bullet is used to signify
that our method is significantly better than the method we compared it to, the circle signifies
the opposite, and the equivalent means that there is no significant difference between DIOS
and the compared method. In the following sections, we will refer as “significantly better” all
results that have been evaluated using a t-test and that were classified as significantly better
in regard to a p-value of 0.05, and “significantly worse” the opposite.

Ynhttps://scikit-learn.org
Bhttps://gist.github.com/lgondara/18387c5f4d745673e9ca8e23f3d7ebd3
6https://github.com/BorisMuzellec/MissingData0T
https://github.com/jsyoon0823/GAIN
Bhttps://github.com/travisbrady/py-soft-impute
Yhttps://pypi.org/project/missingpy/
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Technical details about DIOS and the experiments we performed can be found in Ap-
pendix A, section A.3.

2.4.2.2 Comparative Study on an Imputation Task

This experiment evaluates DIOS performance compared to other methods on an imputa-
tion task, both on benchmark and real-world datasets. Complete results for this experiment
can be found in the Appendix A: Tables A.1, A.2, A.3, A.4, A.5, A.6.

We experiment on two benchmark datasets with large numbers of features (MFEAT with
649 and ORL with 14150), to demonstrate the capacity of our method to scale with dataset
dimensions. Complete ORL results can be found in Appendix A, in Table A.4. Results on
the ORL dataset show that DIOS obtains significantly better results than any other method
and in any case for both Accuracy and RMSE metrics. Several state-of-the-art methods were
not usable with this dataset because of scaling issues. Indeed, GAIN could not be executed
on our hardware because of a too high RAM usage, and MICE and MISSFOREST algorithms
complexities makes them unusable with a too large number of features as they require to
train one learner for each feature and iteratively repeat the process until convergence.

Model | Metric MCAR 25 MCAR 50 MCAR 75 MAR 25 MAR 50 MAR 75 MNAR 25 MNAR 50 MNAR 75
RMSE 136906 159547 206618 131042 149251 173816 137195 159608 205436
pIOS L +.000789 +.002225 +.004068 +.002204 +.001893 +.002857 +.001611 +.002029 +.002275
® [ace 98.29% 98.12% 96.91% 98.31% 98.28% 98.14% 98.31% 98.23% 97.02%
+£0.09% £0.07% +0.19% +£0.09% £0.09% £0.13% £0.05% 10.08% 10.20%
RMSE o | 019362 319532 319656 | 823797 | 324849 | 320267 | 322167 | 323362 | 324760
SUB +.000359 +.000171 +.000100 +.003016 +.003200 +.003431 +.000659 +.000454 +.000277
o 97.78% 96.24% 67.83% 97.91% 97.79% 97.31% 97.83% 97.00% 83.38%
ACC o) onaw *| w024%  * | £L8T% ® | 2013%  *| +021% | +032% | 2013%  °| £0.22%  ° | £1.44% *
RMSE o | 17165 TS50 [213410 (73200 [ dsi652 [ 196197 |[A72750 | Asd76s | 220040
KNN i +.000433 +.000194 +.000298 +.002162 +.002409 +.002762 +.000411 +.000307 +.000349
ACC o | 9TTI% L [9T% R L% L[ oTo0% L[ 9T30% L 97T L [ 9750% L [ 9559% .
! +0.11% +0.10% +0.23% +0.16% +0.19% +0.28% £0.14% +0.17% £0.30%
RMSE o | 209801 238102 (536074 | 307802 | 248680 [ 301710 | 268660 | 241067 | 554727
GAIN L +.001455 +.001020 +.005791 +.001784 +.002288 +.009960 +.001205 +.002235 +.003461
! ACC o | 975X L [T 0% L% L [T% L[ oTEs% L[ 9681% .| oTes% 9T L | 56.66% .
+0.13% +0.20% +1.60% +0.11% +0.13% +0.27% +0.15% +0.16% +0.91%
RMSE o | 259513 318562 [ 319520 [ 282678 [ 30mosd | 324491 290557 | 322264 | 324621 .
MIDA +.004842 +.000224 +.000099 +.005380 +.006300 +.004009 +.003724 +.000521 +.000282
o 97T1% 96.31% 68.13% 97.79% 97.74% 97.28% 97.7T% 97.00% 83.53%
ACC o) omw * | o23%  * | £1.92% *lx011%  *| +018%  °| +036% | +018%  °| £0.25%  ° | £1.49% °
RMSE o | 297167 31022 CI3s57ss 302048 [ 315895 [ 367079 | 300616 | 315058 | 389065
SOFT ’ +.000474 +.000676 +.001054 +.003227 +.003425 +.004706 +.001117 +.001206 +.001178
ACC o | 97T L [ 96.01% L% L [TOT% L[ T% L[ oT2T% L [ 97S0% L [ 9671% L [ 3150% .
‘ +0.13% +0.32% +2.16% £0.11% +0.19% +0.32% £0.14% £0.30% +1.18%
RMSE o | 428647 IUASTST 206923 _ | A27042 | A31368 157530 | 125361 | 146554 | 200260
MICE | +.000272 +.000250 +£.000577 | £.001405 +.001965 +.003018 +.000201 +.000298 +.000740
ACC o | 9800% R L 9T09%  _ [ 98.03% L[5 02% L[ 0TsI% L |98 08% L [ 97S6% L eTos%  _
+0.17% £0.11% £0.29% | +0.09% +£0.13% +0.17% 10.13% 10.10% 10.25%
RMSE o | 152032 195835 1220215 [ s5622 | 199430 [ 223433 [ .As4920 [ 200091 | .22642d .
SINK +.000293 +.000346 +.000355 +.002000 +.002217 +.002465 +.000370 +.000473 +.000519
o 97.TT% 97.08% 92.90% 97.90% 97.59% 97.24% 97.74% 97.18% 93.49%
ACC o) on% * | w0.24%  * | £0.45% ® | +019%  *| +018%  °| +026% | 2£009%  °| +£0.22%  ° | £0.54% *
RMSE o | 105808 131805 | 177283 | .101257 | .Ai7lez | .139133  _|.106212 | .1322d6 | .175603
AISS ’ £.000459 +.000367 +.000749 £.001610 +.002386 +.002813 +.000529 +.000835 +.001144
ACC o | 9797 L[ oTT0% .| 9622% L [ 9s0% REET L[ oTo% L [ 95.05% L [T . [ 96.40% .
! +0.13% +0.13% +0.33% +0.06% +0.15% +0.15% £0.08% £0.14% £0.24%

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table 2.2: Experimental results on an imputation task on the benchmark dataset MFEAT with
mechanisms MCAR/MAR/MNAR, at 25/50/75% missing rates.

Results for the MFEAT dataset can be seen in Table 2.2. DIOS leads to significantly better
inference results in almost all cases compared to other imputation methods. RMSE results
are significantly better in many cases, except compared to MICE and MISSFOREST methods
that lead to better RMSE results. Better RMSE results mean that the imputation method was
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able to provide imputation values closer from the reality. We believe that the better inference
results, but worse RMSE results, of DIOS, compared to MICE and MISSFOREST, is mainly due
to the erroneous values correction that DIOS performs in addition to imputation. Indeed, if
DIOS slightly modifies original values to improve the quality of the dataset, the RMSE value
naturally increases. To better assess RMSE results of all methods on the MFEAT dataset, we
display their results on a bar plot, in Figure 2.4. As can be seen from this graph, while MICE
and MISSFOREST lead to lower RMSE values, DIOS stands quite close behind, and more im-
portantly, other state-of-the-art imputation methods lead to very high RMSE values. This
seems to illustrate and confirm what was stated by Stef van Buuren and indicated in section
1.2.4.1: that the RMSE metric is not an informative metric for evaluating imputation meth-
ods. For the sake of conformity, we still use the metric as an indication in those experiments,
but we consider that inference metrics are a much more important indicator of good perfor-
mance.

0.6
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Figure 2.4: RMSE results on an imputation task on the benchmark dataset MFEAT with
mechanisms MCAR/MAR/MNAR, at 25/50/75% missing rates.

We also experiment on benchmark datasets with low numbers of features (STATLOG with
14 and PIMA with 8) to show that DIOS is also able to perform well on small datasets. Results
on the STATLOG dataset can be found in Appendix A, in Table A.2. As can be seen, results are
mitigated, DIOS leads to better predictions in most cases and worse RMSE results in most
cases. It is interesting to note that the simple SUB imputation method leads to lower RMSE
values than many state-of-the-art methods while leading to poorer predictions, which seems
to confirm that the RMSE metric is less pertinent for evaluating data imputation quality.
Figure 2.5 shows the accuracies of each imputation method in all missingness settings on
the PIMA dataset. As can be seen from this graph, DIOS leads to excellent predictive results
on PIMA, significantly better than all other imputation methods in any setting. Those results
on the PIMA dataset demonstrate the capacity of DIOS to lead to high quality imputations
on datasets with few features.

The ARRHYTHMIA dataset contains 260 features, which is a large number of features for
most fields, but quite a regular amount for medical datasets. Figure 2.6 shows the accuracies
obtained on a data imputation task on this dataset. DIOS obtains better accuracies than
most methods in almost all cases. In cases with a lot of missing values (75%), SINKHORN
and MISSFOREST algorithms obtain similar results to DIOS in terms of accuracies.

Table 2.3 shows our imputation experimental results on the three real-world medical
datasets. DIOS leads to very competitive prediction results on all datasets, and leads to sig-
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Figure 2.5: Accuracy results on an imputation task on the benchmark dataset PIMA with
mechanisms MCAR/MAR/MNAR, at 25/50/75% missing rates.
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Figure 2.6: Accuracy results on an imputation task on the benchmark dataset Arrhythmia
with mechanisms MCAR/MAR/MNAR, at 25/50/75% missing rates.

nificantly better inference results than all other compared methods in the vast majority of
cases. The only cases in which DIOS performs significantly worse are compared to KNN and
MICE on COVID data on the balanced Accuracy metric. This experiment demonstrates the
capacity of DIOS to compete and even outperform other state-of-the-art imputation meth-
ods on real-world medical mixed-type tabular data.

To conclude, when it comes to missing values imputation tasks, DIOS is able to provide
imputations that give drastically better predictive results in practice than any other method,
while RMSE results were sometimes worse than other methods. As discussed, we consider
that inference metrics are a much more important indicator of good performance, as an im-
putation can be evaluated as excellent in regard to RMSE while leading to very bad inference
results, as can be seen in the case of the SUB method on the STATLOG dataset.

2.4.2.3 Comparative Study on an Erroneous Values Correction Task

With this next experiment, we aim to evaluate our DIOS method on an erroneous values
correction task against other correction methods from the literature. We evaluate the meth-
ods on benchmark datasets only in this experiment as the three real-world medical datasets
contain missing values, which are not handled by correction methods from the literature.
Complete results for this experiment can be found in the Appendix A: Tables A.7, A.8, A.9,
A.10,A.11.

Table 2.4 shows the obtained Accuracy and RMSE values for DIOS and each correction
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Model | Metric | MYOCARDIAL | NHANES COVID
. 77.91% 64.17% 86.84%
HhACC o o 0
DIOS +1.12% +0.36% +£1.23%
Auc | 86.28% 69.92% 92.95%
+0.42% +0.56% +0.93%
77.30% 60.35% 85.91%
SUB PACC 1 16.00% =] +000% °|=x000% °
AvC | 09% L e60%  _ot20%
+0.00% +0.00% +0.00%
bACC | 68:83% L[ 6300% [ 8808% _
NN +0.00% +0.00% +0.00%
AU | T80% R/ T
+0.00% £0.00% +0.00%
63.89% 61.36% 85.14%
GAIN bACC | 15 919 ® | x053%  *| x001% °
Avc | TA2% L[ 6685% [ 9L36%
+1.11% +£0.40% +0.73%
76.55% 61.70% 87.93%
MICE PACC | L0.00% * | +0.00%  °| +0.00% °
AuC | SL39% JoTs0%  [92%
+0.00% +0.00% +0.00%
73.00% 61.40% 85.15%
MISS PACC ] Lo 87% *|+103%  °| +retn °
AvC | 8082% L[ 6648%  _[9L30%
+1.60% +0.90% +1.20%
77.24% 61.70% 84.48%
SOFT PACC 1 1 0.99% =1 +093% | =xo78% °
avo | S5% I TN/
+0.77% +£1.08% +0.85%
75.66% 60.77% 86.82%
SINK PACC | 1 999 ® | £0.98% | +149%
AUC | 53:26% IR/ T
+1.01% +1.18% +1.13%
75.09% 62.15% 85.55%
MIDA PACC | Lo.70% * 2% * | 41129 °
AU | 5287% L 6691%  _[9LeTh
+0.78% +£1.30% +0.62%

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table 2.3: Experimental results on an imputation task on three real-world medical mixed-
type tabular datasets.

method we tested, on an erroneous values correction task on the STATLOG dataset. The
model NONE corresponds to baseline results without applying any correction to the cor-
rupted data. In bold are the best obtained results for each metric at each rate. RMSE values
cannot be computed with filtering methods: as they just remove instances from the training
set, they do not change any values in the corrupted dataset. We can see that Filtering seems
to lead to slightly better inference results than Polishing in most cases. For this dataset,
PANDA does not seem to identify noisy instances consistently. Indeed, prediction results on
the corrupted data are better before applying PANDA-Filtering (PFIL) or PANDA-Polishing
(PPOL) than afterwards. DIOS leads to significantly better Accuracy results than any other
method in almost all cases, with the exception of Standard-Filtering (SFIL) and Standard-
Polishing (SPOL) at a rate of 60%, that obtained results close to those of DIOS, while remain-
ing slightly worse. This shows that our method is able to drastically improve the prediction
potential on this dataset, even when we add no erroneous values to the data. This last point
seems to show that this dataset naturally contains erroneous values that DIOS is able to re-
duce. When erroneous values rates are low, DIOS does not improve the RMSE compared to
when no correction is applied. However as the rate increases, DIOS RMSE results improve.
This can be accounted for by the fact that the dataset contains some natural erroneous val-
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ues. Thus, when we don’t add erroneous values, or add a few of them, DIOS is able to correct
most of the artificial and natural erroneous values, leading to cleaner data than the origi-
nal. Since the RMSE metric only accounts for differences between the original data and the
correction from DIOS, at low rates the RMSE is higher with DIOS correction.

Model | Metric NOISE 0 NOISE 0.05 NOISE 0.1 NOISE 0.15 NOISE 0.2 NOISE 0.4 NOISE 0.6
RMSE .114708 137553 162571 .186799 .211346 .277133 .332875
DIOS ) +.002194 +.001855 +.005927 +.008194 +.007440 +.002640 +.004374
ACC 87.48% 86.29% 85.25% 83.29% 81.90% 75.78% 67.55%
+0.25% +0.54% +0.70% +0.97% +1.09% +1.75% +1.12%
RMSE = .000000 o | -111065 o | 157520 o | 193922 o | 223263 o | 311895 o | 383534 .
NONE B ~ | £.000000 +.003219 +.002874 +.001858 +.001812 +.003253 +.003808
ACC . 84.06% . 83.80% o 82.22% . 80.88% . 78.78% . 71.13% . 63.46% .
+0.00% +0.73% +1.02% +1.38% +1.73% +1.63% +2.27%
RMSE ) B B B B B B
SFIL . [ 0; . 0; . 0; . 0; . 0y . 0; >’ 0
ACC . | 85:33% . 84.10% . 82.78% . 81.03% . 79.33% . 72.93% . 66.19% _
+0.67% +0.58% +1.25% +1.96% +1.51% +0.94% +1.94% B
RMSE o 130674 o | 108412 o | 199776 o | 226227 o | 249161 o | 320054 o | 378386 .
SPOL ) =+.000920 =+.002665 +.002339 =+.002091 +.002513 +.003182 =+.004059
ACC . 85.12% . 83.86% . 82.75% . 81.23% o 79.58% . 73.84% . 66.96% _
+0.60% +0.71% +1.06% +1.39% +1.39% +1.16% +1.56% B
RMSE ) B B B B B B
PFIL TS TG . 7 . 7 - 7 ST TR
ACC o | 34T5% o | 83:46% . 82.07% . 80.29% . 78.43% . 71.25% . 62.78% .
+0.61% +0.76% +0.84% +1.05% +1.64% +1.55% +1.27%
) _ | .103064 .156244 .187602 .215673 .238741 .313380 .376681
RMSE = o . . . . . . .
PPOL +.000793 +.002162 +.003251 +.001799 +.001937 +.003438 +.003125
ACC . 84.87% . 83.77% . 82.03% . 80.41% . 78.49% . 70.90% . 62.28% .
+0.66% +0.63% +0.55% +1.49% +1.43% +1.12% +1.24%

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table 2.4: Experimental results on a correction task on the benchmark dataset STATLOG,
with erroneous values rates 0/5/10/15/20/40/60%.

Figure 2.7 shows the Accuracy and RMSE values obtained at various erroneous values rates
for the ARRHYTHMIA dataset. On the left are the Accuracy values, the higher the curve the
better it is, while on the right are the RMSE values, the lower the curve the closer from clean
data the data correction is. The black curve corresponds to the results obtained on the orig-
inal corrupted data: most methods struggle to procure satisfying results as they are mostly
under the black curve on the left. On this dataset, DIOS obtains significantly better results
than all other methods in both Accuracy and RMSE values. As can be seen on the left plot,
DIOS leads to inference results that are drastically higher than any other method, even when
no artificial erroneous values has been added. This seems to show that the ARRHYTHMIA
dataset naturally contains a lot of noise and erroneous values. DIOS is able to correct those
values and maximize the data quality of the corrected dataset.

We were not able to execute the PANDA algorithm for both MFEAT and ORL datasets, as
they contain too many features. The complexity of PANDA being O(d?n) (Van Hulse et al.,
2007), where d is the number of features and 7 of instances, the execution time of the al-
gorithm is too long with those datasets. For the same reason we were unable to perform
Polishing on the ORL dataset. For the MFEAT dataset, DIOS obtained significantly better
results than SFIL and SPOL for both accuracies and RMSE values. For the ORL dataset, we
could only compare DIOS to SFIL: our method obtained significantly better results than SFIL
at any rate.

Our experiments showed that the Polishing method mostly obtained better results than
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Figure 2.7: RMSE and Accuracy evolution on a correction task on the benchmark dataset
ARRHYTHMIA, with erroneous values rates 0/5/10/15/20/40/60%.

Filtering methods at low erroneous values rates, though their results deteriorate consider-
ably as erroneous values rate increases, unlike Filtering methods. Globally, Filtering methods
obtained good results, especially on “smaller” datasets like STATLOG, PIMA and ARRHYTH-
MIA. We can see from our results that DIOS obtains better results than other correcting
methods in almost any case, and is able to improve data quality with low to high rates alike.

2.4.2.4 Comparative Study on a Complete Attribute Noise Correction Task

With this third experiment, we aim to evaluate our DIOS method on a complete attribute
noise correction task, first, compared with imputation methods only, and then, compared
with the combination of imputation and erroneous values correction methods from the lit-
erature. We perform this experiment on the three real-world medical datasets to best reflect
our specific application context.

We artificially add erroneous values to the already incomplete real-world data at various
rates: 0/5/10/15/20/40/60%, and evaluate each imputation method at each rate. Figure 2.8
shows AUC results obtained on NHANES and MYOCARDIAL datasets at each rate against
several imputation methods. In both cases, we note that our method globally obtains signif-
icantly better results than other methods. The performance of all methods drops when the
erroneous values rate increases, which is expected. On NHANES data, our method performs
largely better than others, until a noise rate of 60%, where the SUBSTITUTION imputation
gets similar results to ours. This can probably be explained by the fact that, with a rate that
high, it is nearly impossible to impute coherent values other than the median or mean value
for each feature. We can observe the same pattern on MYOCARDIAL data, with the differ-
ence that GAIN seems to have learned how to adapt to such an amount of erroneous values
in this case. Those results show that on low to high rates, our method can impute missing
values while correcting erroneous values. It provides better data correction than most other
methods. At extreme rates naive methods might provide better results.

The second step is to compare our method results to those obtained from the combination
of an imputation method, followed by a correction method. We chose MICE as the state-of-
the-art imputation method, since it obtains competitive results against ours in a not noisy
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Figure 2.8: AUC results on NHANES and MYOCARDIAL datasets for several imputation
methods, at various erroneous values rates compared to DIOS.

context. We then apply the four noise correction methods SFIL, PFIL, SPOL, and PPOL. Fig-
ure 2.9 shows AUC results obtained on COVID and MYOCARDIAL datasets at each rate. We
note that SFIL and SPOL perform worse than the PANDA alternative of both those methods
at all rates. We also note that for both datasets the other state-of-the-art correction methods
give very poor results when the rate reaches more than 5%, at higher rates the data quality is
better before correction than after. For COVID data, all methods yield similar results at low
erroneous values rates, with DIOS on top with a very slight advantage. At high rates, however,
DIOS leads to significantly better results than all other methods. For MYOCARDIAL data, the
opposite pattern can be observed, our method gives significantly better results up until a
noise rate of 40%, after which MICE imputation is slightly better. This experiment completes
the conclusions drawn from the previous one, DIOS provides very good data correction, up
until the erroneous values rate becomes too extreme, at that point, simpler methods can
achieve better results. The fact that the opposite is observed on COVID data is probably due
to a remarkable original data quality, which would explain why DIOS becomes significantly
better only at higher noise levels.

COVID 90 MYOCARDIAL
907 S0 t\"\\—» i
80 70- i
60 [ I I I 50 & | | | |

0 10 20 30 40 50 60 0 10 20 30 40 50 60
—— OURS MICE —— SFIL —— PFIL —+— SPOL PPOL

Figure 2.9: AUC results on COVID and MYOCARDIAL datasets for a pipeline of MICE and
each correction method at various erroneous values rates compared to DIOS.
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2.4.2.5 Running-Time Comparison

We performed an empirical comparison of the running-times of all tested methods on all
used datasets. Table 2.5 recapitulates our entire results.

Erroneous Values Correction Missing Values Imputation

Method DIOS | SFIL | PFIL | SPOL | PPOL | DIOS | KNN | GAIN | MIDA | SOFT | MICE | SINK | MISS
MFEAT 02:03 | 00:01 - 13:01 - 02:03 | 00:13 | 02:08 | 00:47 | 00:01 | 20:10 | 01:48 | 58:20
ARRHYTHMIA || 00:58 | 00:00 | 11:26 | 00:13 | 12:54 || 00:58 | 00:01 | 01:07 | 00:38 | 00:01 | 00:56 | 01:45 | 10:20
PIMA 00:06 | 00:00 | 00:01 | 00:00 | 00:01 | 00:06 | 00:00 | 00:24 | 00:35 | 00:01 | 00:00 | 01:22 | 00:26
STATLOG 00:14 | 00:00 | 00:03 | 00:00 | 00:03 | 00:14 | 00:00 | 00:23 | 00:36 | 00:00 | 00:00 | 01:23 | 00:47
ORL 16:08 | 00:02 - - - 16:08 | 00:17 - 05:26 | 00:01 - 02:10 -

NHANES 00:13 | 00:01 | 07:52 | 00:06 | 07:50 || 00:13 | 00:02 | 00:59 | 00:25 | 00:00 | 00:16 | 01:39 | 02:28

Table 2.5: Average running-time comparison between all tested methods on each dataset,
on an erroneous values correction task on the left and an imputation task on the right. The
format is “minutes:seconds”, the symbol “-” means that the method could not be executed
in this setting.

DIOS, GAIN, SINKHORN and MIDA methods are based on gradient descent optimization
and have benefited from GPU acceleration, while all other methods were executed on CPUs.
Running-time of the DIOS method remains identical between erroneous values correction
and imputation task as the training process is the same in both cases. Therefore, for a same
dataset and with identical hyper-parameters, DIOS execution time is the same for both tasks.

On an erroneous values correction task, we note that standard Filtering is very fast, with
a running-time of a few seconds at most on the largest dataset. As this method is based on
a KNN method to filter out outliers, we easily understand that it can scale well in terms of
number of features, but will struggle as the amount of samples in the dataset increases. The
standard Polishing method is also based on a KNN method and additionally trains as many
regression models as there are features in the dataset, which explains why its running-time
gets so high on the Mfeat dataset. For this reason, this method could not be executed on
the ORL dataset. Both variants using the PANDA algorithm in place of the KNN could not be
executed on both Mfeat and ORL. That is because the PANDA algorithm needs to compute a
noise score for each instance in the dataset by comparing each pair of features, which does
not scale well when the amount of features increases.

On a missing values imputation task, we see that the KNN imputation algorithm obtains
fast results in all cases. GAIN and MIDA methods are the most comparable to DIOS in terms
of running-times as they are all based on Neural Networks. GAIN obtains extremely similar
running-times to our method, it could not be executed on our machine for the ORL dataset
because of an out of memory error, but it would certainly lead to a similar running-time as
DIOS in this case too if it was executable on our available hardware. Our method takes longer
to run than MIDA in some cases as we perform regular supervised validation to chose an
early stopping step that maximizes the quality of the obtained imputation. This allows our
method to reach better results than MIDA at the cost of a more demanding computational
process. SOFTIMPUTE obtains extremely fast results, but as can be noted from our experi-
mental results, it can lead to bad results when the missing rate is too high. Some methods
do not scale well when the amount of features gets too large, it is the case of methods MICE
and MISSFOREST. That is because both those models rely on iteratively training one logis-
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tic model for each feature in the dataset, which does not scale well for datasets with lots of
features. For this reason, both those methods could not be executed in the case of the ORL
dataset. Finally, SINKHORN running-times do not vary much with the amount of features in
the dataset, it is slower than other methods on small datasets but quite fast on larger datasets.

As can be seen from our results, DIOS scales well when the amount of features in the
dataset drastically increases. As our method is based on a Neural Network it also naturally
scales well as the amount of samples in the dataset increases.

2.4.3 Evaluating our Imputation Frameworks S-HOT and M-HOT

Secondly, we evaluate the pertinence and usefulness of our proposed imputation frame-
works S-HOT and M-HOT.

2.4.3.1 Experimental Protocol

We apply the frameworks using five different state-of-the-art imputation methods to
demonstrate that our frameworks yield good results and are pertinent to use to improve gen-
eralization of Neural Networks in a context with missing values imputed with any stochastic
imputation method. We experiment with each imputation framework by training NNs us-
ing each stochastic state-of-the-art imputation method previously used in our experiments
with DIOS. Those are: MISSFOREST, SOFTIMPUTE, GAIN, MIDA, and SINKHORN. In our ex-
periments we treat MICE as an imputation framework, to which our frameworks results are
compared. Indeed, as described earlier, MICE perform Multiple-Imputation within its own
algorithm, it can be considered both an imputation method and an imputation framework.
In our experiments, we are not interested in comparing the performances of the imputation
methods, instead, we are interested in the results we can observe for the same imputation
method when applying each of the compared imputation frameworks.

As previously, missing values are artificially introduced in benchmark datasets with each
combination between MCAR/MAR/MNAR mechanisms and missing rates of 10/15/25%.
Our experiments aim to evaluate NN performances in a supervised learning setting to check
the bias and generalization capacity of the model. We use a simple Neural Network with the
scikit-learn library?’, parameterized using well-performing and identical hyper-parameters
for each dataset to ensure a fair and unbiased comparison. We used the Adam optimizer
with a default learning rate of 0.001. The used NNs are composed of two fully-connected
layers in all our experiments, for datasets IRIS, STATLOG, PIMA and ABALONE both layers
contains 32 units, for WINE, MYOCARDIAL and NHANES layers contain 64 and 32 units re-
spectively, for the COVID dataset layers are composed of 128 and 32 units. We evaluate NN
inference performance with the following classification metrics: balanced Accuracy, AUC
and F;-score.

We first perform a comparative study on benchmark datasets between the four frame-
works SI, M1, S-HOT, and M-HOT, using different imputation methods. We show that, no

2nttps://scikit-learn.org/stable/modules/generated/sklearn.neural _network.
MLPClassifier.html
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matter the used imputation method and missingness setting, our hotpatching frameworks
lead to consistent and good results. In each missingness setting, we ran 20 imputations us-
ing each of the tested imputation methods and then ran the four frameworks 200 times, each
run using a different random seed and train-test set to ensure the results are not biased by
the stochastic nature of NN training. Secondly, we compare our results to those of MICE,
an imputation method that takes into account imputation uncertainty within its own algo-
rithm, which we consider as a framework. We then experiment on three real-world medical
datasets containing missing values to evaluate our frameworks results in a real situation. Fi-
nally, we compare the required running time for each framework.

To better assess the obtained results we base our comparisons on the Friedman and Ne-
menyi statistical tests such as described in (Demsar, 2006). The Friedman test is first used
to check if the null hypothesis that all compared frameworks are statistically equivalent for a
given p-value is rejected or not. It ranks the compared frameworks for each dataset from best
to worst, ties are assigned an average rank. The average rank for each compared framework
is computed over all datasets and the Friedman test checks whether the measured average
ranks are significantly different from the mean rank by computing the Friedman statistic:

12N Kk k(k+1)?

2 2
- = ) - 2.5
AF k(k+1)(]§’1 I (25

derived in: )

(N-1)

Fp=—— M (2.6)
N(k-1)-x2

The Friedman statistic is distributed according to the F-distribution with k—1 and (k—1)(N—
1) degrees of freedom, with k the number of frameworks compared and N the number of
datasets. If the Friedman statistic is above the critical value of F(k—1,(k—1)(IN — 1)) given
the p-value, then the test shows a significant difference between the compared frameworks.
If that is the case, a post-hoc test is performed. We use the post-hoc Nemenyi test to compare
the frameworks to each other in a pairwise manner, two frameworks are considered signifi-
cantly different if their average ranks differ by more than the computed critical distance:

CD=q, klic+1) 2.7)
6N
where «a is the p-value, g, comes from (Demsar, 2006). The Nemenyi test can be easily visu-
alized through a simple diagram, which makes its results easy to analyze.

We choose to evaluate our experimental results with the Friedman and Nemenyi tests as
they are relevant to statistically assess the superiority of an approach based on the consis-
tency of the results. That is, those tests assess how many times an approach leads to better
results than another, even if the obtained results are close from one another. In the case
of results too close, a ¢-test would always conclude that the two approaches are equivalent,
even if an approach consistently leads to better results than the other. This is why it makes
more sense to use the Friedman and Nemenyi tests to assess the results in this context.



2.4. Experiments 121

2.4.3.2 Results on Benchmark Datasets

Complete results for this experiment can be found in the Appendix B: Tables B.1, B.2, B.3,
B.4, B.5.

The first step of this experiment is to compute m = 20 imputations with each tested im-
putation method on each dataset at each previously described missingness setting. Once
all imputations have been computed, we run the four compared frameworks SI, MI, S-HOT
and M-HOT, following the previously described experimental protocol. We base our analy-
sis for this experiment on the AUC experimental results. Table 2.6 shows AUC results when
applying the four compared frameworks with imputations obtained with the MISSFOREST
method. We do not observe any influence from the missingness mechanism or missing rate
on the obtained results, which seems to show that our frameworks are not sensitive to those
parameters, and so, can be used in any circumstances. We note that the M-HOT framework
obtains the best results in the vast majority of cases, while S-HOT consistently achieve better
results than SI.

We use the Friedman and Nemenyi tests such as described in our protocol to statistically
assess our empirical results. Using equations 2.5 and 2.6, we compute the Friedman statistic
on the average ranks for the results obtained using the MISSFOREST imputation method, we
obtain Fr = 344.07. The number of compared frameworks is k = 4, and number of experi-
mental settings is N = 5-9 = 45 for 5 datasets with 9 missingness settings for each. Under a
significance level of 0.05 the critical value of F(3,132) is 2.673, the null-hypothesis is rejected
since in our case Fr > F(3,132). We reiterate the same process to compute the Friedman
statistic for each of the other imputation methods used, and find that the null hypothesis is
rejected in all cases. Thus, we continue with the post-hoc Nemenyi test as described in our
protocol. We check the significant difference under a p-value of 0.05, given those values we
have g5 = 2.569 from table 5 in (Demsar, 2006). We find CD = 0.6992, meaning that two
frameworks can be considered as significantly different if their average ranks differ by more
than 0.6992. We repeat the exact same process with the four other used imputation methods
to obtain five Nemenyi graphs.

CD CD CD
| - ||
4 3 2 1 4 3 2 1 4 3 2 1
Sl J -_L M-HOT Sl J T l-\ M-HOT Sl J -_L M-HOT
S-HOT Ml S-HOT ™I S-HOT MI
(a) Using MISSFOREST average (b) Using SOFTIMPUTE aver- (c) Using GAIN average ranks
ranks age ranks
CD D
4 3 2 1
1 | | ) 4 3 2 1
S| — L—— M-HOT Sl J M-HOT
S-HOT —— L MI S-HOT —M8¥ — L—— MI
(d) Using MIDA average ranks (e) Using SINKHORN average ranks

Figure 2.10: Nemenyi tests comparing SI, MI, S-HOT and M-HOT frameworks using each
tested imputation method.
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Dataset | Pattern SI S-HOT MI M-HOT
10% || 0.9972681 (4) | 0.9973865 (3) || 0.9976699 (2) | 0.9976913 (1)
MCAR  15% | 0.9942281 (4) | 0.9944422 (3) || 0.9946880 (2) | 0.9947552 (1)
25% || 0.9835323  (4) | 0.9839692 (3) | 0.9841479  (2) | 0.9843596 (1)
10% || 0.9975236 (3) | 0.9974886 (4) || 0.9978336 (2) | 0.9978845 (1)
IRIS MAR 15% || 0.9970188 (3) | 0.9970006 (4) || 0.9973150 (1) | 0.9973097 (2)
25% || 0.9941960  (4) | 0.9943554 (3) | 0.9943643  (2) | 0.9943890 (1)
10% || 0.9972209 (4) | 0.9972343 (3) || 0.9973548 (1) | 0.9973011 (2)
MNAR 15% | 0.9937917 (4) | 0.9938451 (3) || 0.9941570 (2) | 0.9941622 (1)
25% || 0.9891964  (4) | 0.9902221 (3) | 0.9905233  (2) | 0.9907251 (1)
10% || 0.9105582  (4) | 0.9106386 (3) | 0.9132492 (1) | 0.9132475  (2)
MCAR 15% | 0.9060337 (4) | 0.9066862 (3) || 0.9091019 (2) | 0.9091584 (1)
25% || 0.9047888 (4) | 0.9059597 (3) || 0.9077214 (2) | 0.9078041 (1)
10% || 0.9127799 (3) | 0.9127328 (4) || 0.9144097 (1) | 0.9142985 (2)
STAT MAR 15% || 0.9079620 (3) | 0.9078667 (4) || 0.9093156 (1) | 0.9092031 (2)
25% || 0.8959471 (4) | 0.8968849 (3) || 0.8990894 (2) | 0.8992881 (1)
10% || 0.9070192  (4) | 0.9071004 (3) || 0.9095510  (2) | 0.9095576 (1)
MNAR 15% | 0.9040681 (4) | 0.9042151 (3) || 0.9061872 (1) | 0.9060699 (2)
25% || 0.8951658 (4) | 0.8967363 (3) || 0.8992252 (2) | 0.8992736 (1)
10% || 0.9987736 (4) | 0.9988008 (3) || 0.9989672 (2) | 0.9989811 (1)
MCAR  15% | 0.9955454 (4) | 0.9956407 (3) || 0.9960062 (2) | 0.9960307 (1)
25% || 0.9910498 (4) | 0.9914148 (3) || 0.9919927 (2) | 0.9923485 (1)
10% || 0.9961058 (4) ] 0.9961142 (3) || 0.9965056 (2) | 0.9965060 (1)
WINE | MAR 15% || 0.9977720 (4) | 0.9978677 (3) || 0.9982010 (1) | 0.9981809 (2)
25% || 0.9952116 (4) | 0.9959576 (3) || 0.9965157 (2) | 0.9968702 (1)
10% || 0.9987205 (3) | 0.9987058 (4) || 0.9988244 (1) | 0.9988131 (2)
MNAR 15% | 0.9974746 (4) | 0.9974850 (3) || 0.9976465 (2) | 0.9976683 (1)
25% || 0.9808498 (4) | 0.9822719 (3) || 0.9841291 (2) | 0.9844587 (1)
10% || 0.8193054 (4) | 0.8196586 (3) || 0.8211340 (1) | 0.8211193 (2)
MCAR 15% | 0.8073739  (4) | 0.8078378 (3) || 0.8095505  (2) | 0.8095824 (1)
25% || 0.8029002 (4) | 0.8043589 (3) || 0.8060367 (2) | 0.8065611 (1)
10% || 0.8238900 (4) | 0.8242472 (3) || 0.8257089 (1) | 0.8256414 (2)
PIMA | MAR  15% | 0.8045918  (4) | 0.8061503 (3) | 0.8080830  (2) | 0.8083194 (1)
25% || 0.8017568 (4) | 0.8025144 (3) || 0.8041203 (1) | 0.8040062 (2)
10% || 0.8280685 (4) | 0.8284115 (3) || 0.8302729 (2) | 0.8303076 (1)
MNAR 15% | 0.8279577  (4) | 0.8283792 (3) || 0.8298929  (2) | 0.8300464 (1)
25% || 0.8005008 (4) | 0.8021749 (3) || 0.8043448 (2) | 0.8047250 (1)
10% | 0.8737739 (4) | 0.8740180 (3) || 0.8748059 (2) | 0.8749393 (1)
MCAR 15% | 0.8714861 (4) | 0.8717831 (3) || 0.8725539 (2) | 0.8726250 (1)
25% || 0.8663833  (4) | 0.8666186 (3) | 0.8674332  (2) | 0.8675645 (1)
10% || 0.8742551 (4) | 0.8743399 (3) || 0.8751972 (2) | 0.8753671 (1)
ABAL | MAR 15% || 0.8720722 (4) | 0.8721856 (3) || 0.8731502 (2) | 0.8731739 (1)
25% || 0.8697060  (4) | 0.8699619 (3) | 0.8708046  (2) | 0.8709102 (1)
10% || 0.8760444 (4) | 0.8760447 (3) || 0.8768033 (2) | 0.8769350 (1)
MNAR 15% | 0.8753217 (4) | 0.8754605 (3) || 0.8763271 (2) | 0.8764456 (1)
25% || 0.8683507  (4) | 0.8690281 (3) | 0.8696780  (2) | 0.8697714 (1)
Average rank 3.8889 3.1111 1.7556 1.2444

Table 2.6: AUC results when applying imputation frameworks SI, MI, S-HOT and M-HOT
using the MISSFOREST imputation method on benchmark datasets. Bold values are the best
results between pairs of frameworks SI vs S-HOT, and MI vs M-HOT.

Figure 2.10 shows the obtained Nemenyi results for the comparison between SI, MI, S-
HOT and M-HOT frameworks, using each of the five tested imputation methods. The critical
distance for each imputation method is visualized on the top left corner of each diagram,
two frameworks can be considered significantly different if they are not linked by the same
black bar. We can see that in all cases the ordering of the frameworks from worst to best is the
same, SI performs the worst, then S-HOT, followed by MI, and finally M-HOT performs the
best. S-HOT obtains significantly better results than SI in four cases out of the five, showing
that it is a good alternative to SI when one wants to train a unique large model. We note
that M-HOT obtains consistently better results than MI despite not being significantly better,
which seems to show that it is always a good and viable alternative to MI.
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This experiment shows that our frameworks are not sensible to the missingness setting,
neither in the missingness mechanism nor in the rate of missing values. It shows that our
frameworks give consistent results no matter the imputation method used for the imputa-
tions. We can conclude that S-HOT and M-HOT are both viable, and almost always better,
alternatives to SI and MI respectively.

2.4.3.3 Comparative Study Between MICE and Imputation Frameworks.

In this experiment, we consider the MICE method as an imputation framework, as mul-
tiple imputations are performed within the method algorithm. We perform the same ex-
periment as above on the benchmark datasets and with each missingness setting, the best
performing imputation method from the previous experiment is chosen and used for each
dataset. Table 2.6 shows AUC results when applying MICE and the four compared frame-
works with the experimental protocol previously described. At the bottom of the table are
the average ranks used to compute the Friedman statistic, and in bold are the highest results
on each line. As previously, we observe that the M-HOT framework leads to the best infer-
ence results in most cases, while S-HOT leads to better results than SI and MICE in most
cases.

We reiterate the same calculations as in the first experiment to check if the Friedman test
rejects the null-hypothesis that all compared frameworks and methods are equivalent. We
find that in this case Fr = 81.74, we have k = 5 for four frameworks plus MICEand N =5-9 =
45. Under a p-value of 0.05 the critical value of F(4,176) is 2.423, since Fr > F(4,176) we find
that the compared frameworks and methods are not equivalent.

As before, we use the post-hoc Nemenyi test, we compute CD = 0.9093, figure 2.11 shows
the obtained Nemenyi results for comparison between the four frameworks and MICE. We
note that MICE performs better than the SI framework, despite not being statistically differ-
ent. Our S-HOT framework leads to significantly better inference results than SI and slightly
better results than MICE. Both MI and M-HOT frameworks are significantly better than the
remaining tested frameworks and methods, once again M-HOT performs better than MI
while both frameworks are statistically equivalent.
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Figure 2.11: Nemenyi test comparing the MICE imputation method with the best imputation
method for each dataset, CD =~ 0.9093.

This second experiment shows that our frameworks compete and even outperform MICE,
a very widely used, and one of the very few imputation methods that takes imputation un-
certainty into account.



124 Chapter 2. Dealing with Attribute Noise

Best Imputation Method
Dataset | Pattern MICE ST SHOT T HOT
10% || 0.9964543 (4) || 0.9958323 (5) | 0.9968544 (3) || 0.9973218 (1) | 0.9972525 (2)
MCAR 15% || 0.9916368 (5) || 0.9947010 (4) | 0.9961452 (3) || 0.9967011 (2) | 0.9967655 (1)
25% || 0.9878213 (5) || 0.9879101 (4) | 0.9920251 (3) || 0.9931490  (2) | 0.9933714 (1)
10% || 0.9963453 (5) || 0.9977831 (4) | 0.9980598 (3) || 0.9983718 (1) | 0.9983512 (2)
IRIS MAR 15% || 0.9968731 (3) || 0.9964883 (5) | 0.9966728 (4) || 0.9969672 (2) | 0.9970707 (1)
25% || 0.9972507 (1) || 0.9934700 (5) | 0.9937325 (4) || 0.9940230  (3) | 0.9940345 (2)
10% || 0.9973377  (3) || 0.9968828 (5) | 0.9969866 (4) || 0.9975337  (2) | 0.9975402 (1)
MNAR 15% || 0.9923837  (4) || 0.9922183 (5) | 0.9939836 (3) || 0.9953051 (2) | 0.9953053 (1)
25% || 0.9877847  (3) || 0.9800315 (5) | 0.9851027 (4) || 0.9893560 (1) | 0.9882223 (2)
10% || 0.9087270 (5) || 0.9105582 (4) | 0.9106386 (3) || 0.9132492 (1) | 0.9132475 (2)
MCAR  15% || 0.9038454  (5) || 0.9060337 (4) | 0.9066862 (3) || 0.9091019 (2) | 0.9091584 (1)
25% || 0.9013979 (5) || 0.9047888  (4) | 0.9059597 (3) || 0.9077214  (2) | 0.9078041 (1)
10% || 0.9058957  (5) || 0.9127799 (3) | 0.9127328 (4) || 0.9144097 (1) | 0.9142985 (2)
STAT MAR 15% || 0.9142847 (1) || 0.9079620 (4) | 0.9078667 (5) || 0.9093156 (2) | 0.9092031 3)
25% || 0.8976313 (3) || 0.8959471 (5) | 0.8968849 (4) || 0.8990894  (2) | 0.8992881 (1)
10% || 0.9085572 (3) ] 0.9070192 (5) | 0.9071004 (4) || 0.9095510  (2) | 0.9095576 (1)
MNAR  15% || 0.8998035 (5) || 0.9040681 (4) | 0.9042151 (3) || 0.9061872 (1) | 0.9060699 (2)
25% || 0.8998697 (1) || 0.8951658 (5) | 0.8967363 (4) || 0.8992252 (3) | 0.8992736 (2)
10% || 0.9987802 (3) ]| 0.9986694 (5) | 0.9987253 (4) || 0.9988537  (2) | 0.9988668 (1)
MCAR 15% || 0.9959565 (5) || 0.9975506 (4) | 0.9976749 (3) || 0.9979885 (1) | 0.9979830 (2)
25% || 0.9922771 (5) || 0.9947814  (4) | 0.9956436 (3) || 0.9958397  (2) | 0.9958428 (1)
10% || 0.9979961 (1) || 0.9963918 (5) | 0.9966461 (4) || 0.9968344  (3) | 0.9969354 (2)
WINE | MAR 15% || 0.9980099 (4) || 0.9978826 (5) | 0.9984737 (3) || 0.9986410  (2) | 0.9986593 (1)
25% || 0.9950532 (5) || 0.9966551 (4) | 0.9973227 (3) || 0.9976426 (2) | 0.9977587 (1)
10% || 0.9972888 (5) 1] 0.9990950 (4) | 0.9991137 (3) || 0.9991486 (1) | 0.9991412 (2)
MNAR 15% || 0.9991038 (1) || 0.9981937 (5) | 0.9982292 (4) || 0.9984342 (3) | 0.9984523 (2)
25% || 0.9953236 (1) || 0.9901818 (5) | 0.9940507 (4) || 0.9948135 (3) | 0.9948292 (2)
10% || 0.8195130 (4) || 0.8183348 (5) | 0.8207717 (3) || 0.8225089 (2) | 0.8225461 (1)
MCAR 15% || 0.8097860 (4) || 0.8060807 (5) | 0.8103984 (3) || 0.8123862 (1) | 0.8123352 (2)
25% || 0.7993334  (4) || 0.7932394 (5) | 0.8020177 (3) || 0.8040140  (2) | 0.8055621 (1)
10% || 0.8252737 (1) || 0.8201186 (5) | 0.8218285 (4) || 0.8235582 (2) | 0.8235392 (3)
PIMA MAR 15% || 0.8147294 (1) || 0.8078931 (5) | 0.8127261 (4) || 0.8143046 (2) | 0.8142421 (3)
25% || 0.8007801 (4) || 0.7989430 (5) | 0.8058399 (3) || 0.8072073 (1) | 0.8071192 (2)
10% || 0.8211049 (5) || 0.8250540 (4) | 0.8278898 (3) || 0.8299199 (2) | 0.8303720 (1)
MNAR 15% || 0.8157382 (4) || 0.8137489 (5) | 0.8189948 (3) || 0.8211264  (2) | 0.8213390 (1)
25% || 0.7972827  (4) || 0.7916129 (5) | 0.8011662 (3) || 0.8035721 (2) | 0.8036587 (1)
10% || 0.8732051 (5) || 0.8737739  (4) | 0.8740180 (3) || 0.8748059 (2) | 0.8749393 (1)
MCAR 15% || 0.8717183 (4) || 0.8714861 (5) | 0.8717831 (3) || 0.8725539 (2) | 0.8726250 (1)
25% || 0.8649143 (5) || 0.8663833 (4) | 0.8666186 (3) || 0.8674332 (2) | 0.8675645 (1)
10% || 0.8752625 (2) || 0.8742551 (5) | 0.8743399 (4) || 0.8751972 (3) | 0.8753671 (1)
ABAL | MAR 15% || 0.8716980 (5) || 0.8720722 (4) | 0.8721856 (3) || 0.8731502 (2) | 0.8731739 (1)
25% || 0.8680810 (5) || 0.8697060 (4) | 0.8699619 (3) || 0.8708046 (2) | 0.8709102 (1)
10% || 0.8748891 (5) || 0.8760444 (4) | 0.8760447 (3) || 0.8768033 (2) | 0.8769350 (1)
MNAR 15% || 0.8734301 (5) || 0.8753217  (4) | 0.8754605 (3) || 0.8763271 (2) | 0.8764456 (1)
25% || 0.8678228 (5) || 0.8683507 (4) | 0.8690281 (3) || 0.8696780  (2) | 0.8697714 (1)
Average rank 3.7333 4.5111 3.3778 1.9111 1.4667

Table 2.7: Comparison between MICE results and the results of the four SI, MI, S-HOT and
M-HOT frameworks, using the imputation method yielding the best results for each dataset.
Bold values are the single best inference results for each dataset and missingness setting.

2.4.3.4 Results on Real-World Medical Datasets

In this experiment, we compared inference results obtained after applying each of the four
frameworks on three real-world medical mixed-type tabular datasets that contains missing
values. Complete results for this experiment can be found in the Appendix B: Tables B.6, B.7,
B.8, B.9, B.10.

Table 2.8 shows the complete prediction results obtained by applying each of the four
compared framework using the SINKHORN imputation method. We confirm the results ob-
served on benchmark datasets, S-HOT leads to consistently better inference results com-
pared to SI, while M-HOT leads to better prediction results in most cases compared to M1

The complete results show that our frameworks perform well on real-world medical con-
ditions, leading to better prediction results than their counterpart in the vast majority of
cases no matter the used imputation method. S-HOT leads to consistently better predic-
tion results than SI, which seems to show that S-HOT is a good alternative to SI in most



2.4. Experiments

125

Dataset | Metric || ST S-HOT MI M-HOT
BACC 88.0521 88.7577 88.1914 88.5625
+2.7099 +2.4153 +2.444 +2.4207
0.954824 0.9625726 0.9624413 0.9630812
CovI AUC +0.0147369 | +0.0124882 || +0.0123389 | £0.012202
o 88.0857 88.8315 88.2002 88.5704
+2.7305 +2.3945 +2.4686 +2.4137
bACC 69.8555 70.0475 70.3021 70.4734
+2.7178 +2.6415 +2.5083 +2.5403
0.8158175 0.8188904 0.8447799 0.8456001
MYOC | AUC +0.0219278 | +£0.0214235 || +0.0186636 | =0.0184988
F1 85.1389 85.1642 85.9508 85.9812
+1.3661 +1.412 +1.3636 +1.3924
BACC 63.1886 63.3785 64.0025 63.9914
+1.5701 +1.5872 +1.5978 +1.6632
0.6926347 0.6965183 0.709166 0.7095322
NHAN | AUC +0.0176282 | £0.0174091 || +£0.0152069 | £0.0156614
o 62.9453 63.0783 63.7281 63.7012
+1.6887 +1.6842 +1.7522 +1.8955

Table 2.8: Experimental results when applying imputation frameworks SI, M1, S-HOT and M-
HOT using the SINKHORN imputation method on three real-world medical datasets. Bold
values are the best results between pairs of frameworks SI vs S-HOT, and MI vs M-HOT.

real-life scenarios. M-HOT also performs better than MI in most those real-world scenar-
ios. Overall, while no statistically significant difference can be noted between frameworks,
this experiment demonstrates the good capacity of our imputation frameworks in real-world
situations.

2.4.3.5 Running-Time Comparison

Finally, we compare the computational running-time required to execute each framework
in each of the tested scenarios. Table 2.9 shows the average running-times in seconds re-
quired to execute each framework. In each column, the left is the imputation time and the
right is the training+test running time, the training and test phases are independent of the
used imputation method.

Most of the computational time comes from computing the m imputations. SI benefits
largely from that point, the three remaining frameworks all require the same amount of time
to compute the multiple imputations. The difference in training+test running time between
SI'and S-HOT is negligible, the main difference is on the time required to compute the mul-
tiple imputations in the case of S-HOT, that is m times higher than for SI. In the case of MI
and M-HOT, the required time to compute the imputations is the same, and there is a small
difference in the training+test running times with M-HOT being very slightly slower than MI.
The overall difference in total running time between MI and M-HOT is negligible. When us-
ing a fast imputation method, such as SOFTIMPUTE, the imputation computational time is
almost negligible in all cases, using S-HOT over SI in this context leads to better results for
the same computational cost.
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Dataset | Method || SI S-HOT MI M-HOT
MISS 10.61 212.30 212.30 212.30 |
SOFT 0.02 ! 0.34 ! 0.34 ! 0.34 !

IRIS GAIN || 17.76 | 0.62 | 355.12 | 0.60 || 355.12 | 12.13 | 355.12 | 12.60
MIDA | 21.02 ! 420.40 ! 420.40 ! 420.40 !
SINK | 43.27 865.39 | 865.39 | 865.39 |
MISS 41.09 1 821.84 | 821.84 | 821.84 |
SOFT 0.01 | 0.14 | 0.14 | 0.14 |

STAT | GAIN || 25.58 1 0.29 | 511.67 1 0.31 || 511.67 1 4.82 | 511.67 ' 5.56
MIDA || 16.71 334.11 | 334.11 | 334.11 |
SINK || 46.62 932.40 | 932.40 1| 932.40 |
MISS 35.74 | 714.80 | 714.80 | 714.80 |
SOFT 0.01 1 0.13 | 0.13 | 0.13 1

WINE | GAIN | 21.48 | 0.58 | 429.58 | 0.60 || 429.58 | 12.30 | 429.58 | 12.51
MIDA | 16.89 | 337.80 | 337.80 | 337.80 |
SINK || 45.74 914.75 | 914.75 | 914.75 |
MISS 21.99 | 439.77 | 439.77 | 439.77 |
SOFT 0.01 | 0.18 | 0.18 | 0.18 |

ABAL | GAIN || 19.48 | 5.98 | 389.58 | 6.45 | 389.58 | 123.53 | 389.58 | 127.83
MIDA || 17.94 ! 358.85 | 358.85 | 358.85 !
SINK || 43.89 | 877.82 | 877.82 | 877.82 |
MISS 24.84 496.75 | 496.75 | 496.75 |
SOFT 0.01 | 0.12 | 0.12 | 0.12

PIMA | GAIN [ 20.87 | 1.31 | 417.40 | 1.33 | 41740 | 24.38 | 417.40 | 25.44
MIDA | 19.26 385.26 385.26 385.26
SINK || 46.61 ' 932.21 | 932.21 ! 932.21 |

Table 2.9: Average imputation (left) and training+test (right) computational times in seconds
for each framework on each benchmark dataset using each tested imputation method. The
missingness setting was arbitrarily chosen to be MNAR at 15%, as it does not impact running
times.

2.5 Discussion and Conclusion

In this chapter, we proposed an attribute noise correction method, data Denoising and
Imputation in One Step (DIOS), that can be used to both impute missing values and correct
erroneous ones simultaneously. To the best of our knowledge, DIOS is the first method able
to handle attribute noise in its entirety as a preprocessing step in the Machine Learning lit-
erature. We experimentally showed that DIOS competes and even outperforms other state-
of-the-art imputation and correction methods, and that it is pertinent to use in a real-world
medical application context.

We also proposed two new imputation frameworks, Single-Hotpatching (S-HOT) and
Multiple-Hotpatching (M-HOT), that aim to improve the training of one or several Neural
Networks when dealing with missing values. Those two frameworks aim to exploit the vari-
ance between multiple imputations in order to improve the training process of NNs by taking
account of the imputation uncertainty. Our work is a first step towards finding better ways to
deal with missing values imputation in Machine Learning. We hope that it spikes the interest
of other researchers throughout the world on this important, and often overlooked matter,
in the Machine Learning literature.
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2.5.1 Discussion and Conclusion on DIOS

There is currently a need, in Machine Learning, for an approach able to properly handle
attribute noise in its entirety. Such a method needs to be able to correct erroneous values
and impute missing values from a corrupted mixed-type tabular dataset. No method able to
fully handle attribute noise currently exists in the ML literature. Most existing methods are
able to impute missing values only. A few methods are able to correct erroneous values, but
most of them are focused on class noise. In this chapter, we proposed a novel approach, data
Denoising and Imputation in One Step (DIOS), the first attempt to perform both erroneous
values correction and missing values imputation in one preprocessing step in the literature.

Our method produces a corrected version of the original dataset by imputing missing val-
ues while correcting erroneous values without requiring any complete or clean instance in
the original data. Our experiments show that our method competes against and even outper-
forms other imputation methods on benchmark and real-world medical mixed-type tabular
data. In our applicative medical context, we will be able to employ DIOS to correct attribute
noise in our data as a preprocessing step, before training a model to predict survival outcome
or Immune-Related Adverse Events (irAEs).

DIOS relies on Denoising Auto-Encoders, it is therefore fundamental to define an architec-
ture that is adapted to the dataset to correct, and to find the best possible hyper-parameters.
This tuning phase is fundamental to obtain the best possible results. We were able to define
generic architectures that can easily be scaled to the specific dataset of interest, but finding
a well-suited architecture and hyper-parameters can be laborious and time-consuming. An
obvious resulting limitation is the computational running-time of the method, which can
get extensively long with larger datasets.

Since DIOS requires an empirical tuning phase, an interesting future work could be to de-
fine an algorithm able to automatically find an adapted architecture, depending on dataset
dimensions. Indeed, during our experiments, we found that the main difference between
our architectures depends simply on scaling the number of channels at each layer to the
amount of features in the corrupted dataset, which we think could be automatized with a bit
more research. This would highly improve the usability of DIOS, so that anyone could use
and apply the method on any tabular dataset. Finally, if we knew which values are erroneous,
or if we could consistently detect the most likely erroneous values, we could mask them as
missing. This would certainly highly reduce the overall noise in the corrupted dataset before
the learning phase of DIOS, which would yield better results.
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2.5.2 Discussion and Conclusion on S-HOT and M-HOT

Taking account of imputation uncertainty while training a Neural Network is not typically
researched. That is because stronglearners, such as NNs, are naturally able of enough gener-
alization to neglect the consequences of the bias induced by imputation uncertainty. In this
chapter, we introduced and proposed two new frameworks: Single-Hotpatching (S-HOT)
and Multiple-Hotpatching (M-HOT). Those can be used to improve Neural Network train-
ing when dealing with an incomplete dataset by taking account of imputation uncertainty,
leading to models able of more generalization and better inference results on unseen data.

An evident extension of S-HOT and M-HOT might be to use them in the context of han-
dling attribute noise. Where the between-variance can be computed between corrected val-
ues, and not only between imputed ones. Intuitively, in the exact same way as with imputed
missing values, this would lead to NNs that are less prone to overfitting and not biased by
the modifications performed by the correction method. In our applicative chapter (Chapter
4), we use the S-HOT framework as an attribute noise framework to train a unique Neural
Network with better generalization capacity. Successfully extending the imputation frame-
work concept to handling attribute noise. The only other existing correction method in the
literature (Polishing (Teng, 2004)) has only ever been applied using a straight forward frame-
work, analogous to the Single-Imputation framework from the imputation field. Therefore,
extending our frameworks to the correction field makes them the first attribute noise correc-
tion frameworks, that can be used to better train Neural Networks when dealing with missing
and erroneous values, that is, data with attribute noise.

In our frameworks, we assume a Gaussian distribution between imputed values. It leads
to good empirical results but a normal distribution might not always be pertinent, other
distributions might make more sense depending on the missing feature nature or used im-
putation method, future works should focus on this matter. It might be possible to auto-
matically adapt the distribution for each missing value, given the proposed imputations. We
have empirically shown that our new frameworks improve generalization capacity of Neural
Networks on imputed tabular data, future works could focus on experimenting with similar
frameworks on image or sequential data.

This work is a first step towards better ways of training Neural Networks on incomplete
data, we hope that it sparks the interest of other ML researchers throughout the world to
work on researching more advanced ways of taking account of imputation uncertainty dur-
ing training.
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In this chapter, we are interested in proposing a Domain Adaptation (DA) approach that
we can use to maximize prediction quality in the multi-source and imbalanced medical data
context of the QUALITOP project. We first set the context and gives an introduction of our
specificlearning scenario. Section 3.2 briefly presents the related works that are linked to our
work. Next, we describe our proposed approach to solve our Multi-Source Domain Adapta-
tion (MSDA) problem on limited and imbalanced data. In section 3.4, we show the per-
formed experiments to evaluate our proposed approach. Finally, section 3.5 gives a global
conclusion of our work and discuss our main contributions in Domain Adaptation.

129
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3.1 Context and Introduction

Learning from imbalanced data requires a specific learning approach in order to pay spe-
cific attention to the class distribution during the training phase. Deep Learning (DL) is no-
toriously hard when dealing with limited data. Indeed, if the data is too limited, it is impossi-
ble to properly train a deep model, and simpler Machine Learning (ML) approaches should
be preferred. When independent limited but similar datasets are available, it becomes ad-
equate and beneficial to use deep MSDA to improve predictions on the target domain (Day
and Khoshgoftaar, 2017; Kouw and Loog, 2019; Pan and Yang, 2010; Wilson and Cook, 2020).
Exploiting knowledge from several source domains can help to minimize the negative im-
pact of both limited data and class imbalance. In this chapter, we propose a new interesting
Multi-Source Supervised Domain Adaptation (MSSDA) approach, which we ultimately aim
to apply on real-world limited and imbalanced medical tabular data.

In transfer learning, we aim to exploit knowledge from one or several source dataset(s) to
improve learning performance on another target dataset. For transfer learning to be benefi-
cial, the dataset(s) used as source(s) should be similar enough to the target dataset. A source
that is not similar enough to the target will negatively impact learning performance, and
should not be used in this context. We talk about DA when we aim to learn a single and com-
mon task by transferring knowledge from one or several source domain(s) to a target domain.
A very well-researched area of DA is Single-Source Domain Adaptation (SSDA) (Ganin et al.,
2017; Longetal., 2015; Saito et al., 2018; Zhu et al., 2021), that is, when we use only one source
domain to transfer towards the target domain. A more complex and less researched area is
Multi-Source Domain Adaptation (Peng et al., 2019; Zhao et al., 2018a; Zhu et al., 2019b; Zuo
et al., 2021), where we use several source domains to transfer as much knowledge as possi-
ble to the target. Domain Adaptation can help largely improve prediction performance on
the target domain by exploiting more knowledge from source domain(s) than available on
the sole target domain. Domain Adaptation is often used to make prediction possible on an
entirely unlabeled target domain, that is, Unsupervised Domain Adaptation (UDA). In our
work, we are interested in a case where the target domain is labeled as any standard dataset,
in this case we talk about Supervised Domain Adaptation (SDA), which is a less researched
domain adaptation area, despite being a common real-world occurrence.

In this chapter, we propose a new original approach for MSDA in a supervised context,
and demonstrate its performance on limited and imbalanced data. Namely, Weighted Multi-
Source Supervised Domain Adaptation (WMSSDA). WMSSDA transfers knowledge from s
source domains to a similar target domain. It learns a domain invariant latent space, regu-
larized using both statistical and adversarial approaches, where shared knowledge across
source domains is transferred to the target domain, and s source domain specific latent
spaces, in which source specific knowledge is transferred. With such an architecture, our
proposed approach WMSSDA is able to exploit both common knowledge across all domains
and source specific knowledge that is useful for inference on the target domain. We com-
pute source domain specific transfer contribution weights during training, those are applied
during training to weight the importance of each source domain on learning, reducing as
much as possible Negative Learning, that unavoidably appears in MSDA. We conduct ex-
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tensive experiments to compare our approach with other baseline and state-of-the-art DA
approaches in a data-limited and class imbalance context. We show that WMSSDA outper-
forms other state-of-the-art DA approaches using statistical analysis on both image bench-
mark datasets and real-world medical tabular data. We perform an ablation study to validate
the pertinence and positive impact of each component in our method.

3.1.1 Domains Shifts in Our Adaptation Scenario

In our specific application context on QUALITOP data, we face different kinds of shifts be-
tween data from different hospitals, which we consider as different domains. It is important
to be aware of the various shifts between the available domains to ensure the proposal of an
adequate approach. We base our analysis on our previously provided shift definitions: 6, 7,
and 8.

Data from the QUALITOP project is collected in various hospitals from different coun-
tries. Those hospitals have different ways of collecting data, leading to heterogeneous fea-
ture spaces between domains, thatis, Xs, #... # X's, # A7. As data are collected on patients
from different hospitals, there is a high probability of the presence of a sample selection bias
(Kouw and Loog, 2019). Indeed, it is quite common to observe sample selection bias in a
medical context, that is, an altered probability for an instance to be sampled in one domain
compared to another. In this case, the data marginal distributions are different between do-
mains, P(Xs,) # ... # P(Xs,) # P(X7). The heterogeneity between domains feature spaces,
and probable sample selection bias, leads to a covariate shift between QUALITOP domains.
In such context, naively training a classifier on one domain to apply it to another might lead
to poor inference results. Such shift necessitates to rely on a DA method.

As defined in Definition 7, there exists a prior shift between two domains when the class
balance is not the same in each domain. In QUALITOP data, we observe different sur-
vival outcome and Immune-Related Adverse Events (irAEs) distributions between domains,
which is a perfect example of prior shift, P(Ys,) # ... # P(Ys,) # P(Yy). In this prior shift
context, the DA model must be carefully trained while taking account of the class imbalance
between domains.

In QUALITOP data, patients do not suffer from the same cancer types and are not treated
with the same immunotherapy treatments across hospitals. This is an issue as it leads to
a concept shift between domains, which means that the causal relation between features
and labels is semantically different from one domain to another, that is, P(Ys,|Xs,) # ... #
P(Ys | Xs,) # P(Y7|X7). Obviously, in our adaptation context, we hope that this concept shift
is limited between the domains. Indeed, a concept shift too large between two domains
leads to the impossibility to transfer knowledge between domains. In a case with a concept
shift, but similar enough data, it is still possible to perform Domain Adaptation from source
to target domain at the condition that the target domain is labeled, that is, in a context of
Supervised Domain Adaptation.
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3.1.2 Problem Formulation

We introduce definitions and concepts needed for the following chapter, our notations are
inspired by the work of (Cortes et al., 2019), we took liberties to adapt them to our MSSDA
context.

Let X € R? denote an input feature space, with d the number of features, and ) = {1,..., ¢}
a multi-class output label space, with c the total number of classes. We define a domain as a
pair formed by a distribution over X and a labeling function mapping from X" to ). We note
D = (P(Xp), fp) the domain D, with P(Xp) the marginal distribution of D over X, fp: X' — )
is the labeling function mapping from feature to label space, Xp is the data sample defined
asXp=1{x;e X }?El, with np the number of instances in the data sample of the domain D.

In the scenario of Multi-Source Supervised Domain Adaptation we consider, we are given
s source domains, noted S; for i € [1, s], that we want to exploit to improve classification
over one target domain, noted T. A unique label space ) is shared across all domains, fea-
ture space of each domain can be different from other domains, we note Ap the feature
space of domain D. In our scenario, we have access to s labeled source domains where

S; = {(x?f,y?i)}?il, with {xlgi,...,xi"} ~ P(Xs;), and y]si = fgi(X?i). We have access to a la-
beled target domain, similarly, T = {(x}r, y}r)};?ll, where {x{,...,x} } ~ P(Xy) and y}T = fﬂx}r).

We want to exploit knowledge from labeled source domains and the labeled target domain,
to improve classification on an unknown and unusable part of T. As we consider a scenario
in which the three types of shifts are present between domains, we consider that the co-
variate shift assumption does not hold, fs, # ... # fs, # fr. Solving such a problem is only
possible if the target domain is labeled, as it is necessary to rely on supervision to properly
align domains with concept shifts. Therefore, we want our Supervised Domain Adaptation
model to learn to estimate the labeling function fr, while exploiting knowledge from the
source domains through the learning of the different source labeling functions {fs,..., fs }.

3.1.3 Our Contribution in the Supervised Domain Adaptation Field

The main contributions in this chapter are as follows:

* We propose Weighted Multi-Source Supervised Domain Adaptation (WMSSDA), an
new innovative approach for Multi-Source Supervised Domain Adaptation that learns
both common and source specific latent spaces in two branches, by combining statis-
tical and adversarial learning to maximize domain invariance in the shared space.

* We propose to dynamically compute transfer contribution weights during training,
and apply them as a scaling of the source domains on learning. Increasing the trans-
fer contribution of relevant source domains while decreasing the contribution of less
related, or too dissimilar, source domains to maximize useful knowledge transfer to-
wards the target domain.

* We experimentally demonstrate the relevance and superiority of our approach on data
limited and imbalanced domains, an experimental setting close to the application set-
ting of QUALITOP.
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* We perform an ablation study to validate the relevance of each element in our method.

Our work has lead to the redaction and submission of a scientific paper at the following
international journal:

* T. Ranvier, H. Elghazel, E. Coquery, K. Benabdeslem. Deep Multi-Source Supervised
Domain Adaptation with Class Imbalance. DOI: 10.21203/rs.3.rs-3160713/v1. KAIS:
Knowledge and Information Systems, (Under Review).

The research work performed in the Domain Adaptation context during this thesis also
helped contributing to a research work in the field of multi-view Unsupervised Domain
Adaptation in collaboration with PhD. student Mehdi Hennequin, leading to the interna-
tional publication of the following research paper:

* M. Hennequin, K. Benabdeslem, H. Elghazel, T. Ranvier, E. Michoux. Multi-view Self-
attention for Regression Domain Adaptation with Feature Selection. DOI: 10.1007/978-
3-031-30105-6_15. ICONIP 2022, 23-26 november 2022, New Delhi, India, (Online).

3.2 Related Works

In this section, we review approaches and concepts of the Domain Adaptation literature
that are related to our work, and important for the comprehension of this chapter.

3.2.1 Domain Adaptation Approaches

Most DA approaches in the literature focus on learning a shared domain invariant latent
space between domains to capture shared information between source(s) and target (Wilson
and Cook, 2020). This leads to a latent space where instances of a domain are indistinguish-
able from instances of other domains, while classification relevant information is conserved,
leading to better inference results on the target domain. There are two main ways of reaching
this goal, relying on statistic distribution matching, or relying on an adversarial loss that en-
courages samples from different domains to lose all domain specific information. Adversar-
ial approaches are notorious for reaching better results than statistic distribution matching
in Domain Adaptation (Zhu et al., 2021).

We believe that learning a shared domain invariant latent space for Multi-Source Domain
Adaptation is limited, and that learning pairwise invariant latent spaces between the target
domain and each source domain allows for the capture and transfer of more useful infor-
mation between sources and target. Figure 3.1 shows an intuitive representation of why we
think learning pairwise latent spaces between the target domain and each source domain
is important, as it captures more relevant information than a shared invariant latent space
across all domains.

For this reason, in our proposed MSDA approach, we used an architecture where a shared
domain invariant latent space is learned across all domains in one branch, while s source
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fer between domains. knowledge transfer from sources to target.

Figure 3.1: When learning a domain invariant latent space between two domains, intuitively,
the only information that is captured within the shared representation is the common infor-
mation. Therefore, when building a shared representation across multiple domains, only the
common information across all domains is captured, which becomes a limiting factor as the
number of domains and the dissimilarities between them increases. This is why we believe
that learning several latent spaces in a pairwise manner between target and sources is perti-
nent in order to capture and transfer as much relevant information as possible.

specific latent spaces are learned between the target domain and each of the s source do-
mains in another branch.

There exist two MSDA methods in the literature that also rely on learning both a shared do-
main invariant latent space while also learning pairwise latent spaces between sources and
target domain: ML-MSDA (Li et al., 2020), and MLAN (Xu et al., 2022). Unlike us, their meth-
ods have been proposed and applied in a UDA context, which differs from SDA. As presented
in Chapter 1, Mutual Learning Network for Multiple-Source Domain Adaptation (ML-MSDA)
(Lietal., 2020) is composed of two branches. The first branch learns a shared invariant latent
space across all domains, while the second learns pairwise latent spaces between the target
and each source domain. By jointly learning those multiple latent representations, they ob-
tain better experimental results than all previously presented MSDA approaches. They rely
on adversarial learning to ensure the domain invariance of the learned latent spaces. Simi-
larly, (Xu et al., 2022) extended the work of (Li et al., 2020) by proposing a Mutual Learning
based Alignment Network (MLAN). The model architecture is identical to ML-MSDA, but is
trained slightly differently, through the proposed mutual learning module. The module re-
lies on pseudo-labeling of target instances to maximize target prediction performance. With
MLAN, (Xu et al., 2022) currently obtains state-of-the-art results compared to other multi-
source and single-source models of the Domain Adaptation literature.

In our work, we propose a MSSDA method with a two-branch architecture, similarly to
ML-MSDA and MLAN. We exploit the fact that we are working in a SDA context to train the
model on labeled instances from all sources and target domains.
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3.2.2 Negative Transfer

One of the most common reasons for Negative Transfer is a too large dissimilarity between
source and target domains (Zhang et al., 2022). This risk is multiplied in the Multi-Source
Domain Adaptation field, as multiple sources can contribute to Negative Transfer.

In their paper, (Zuo et al., 2021) proposed the ABMSDA method, which avoids Negative
Transfer by weighting each source domain depending on their similarity with the target do-
main. Their model architecture is composed of a domain classifier, a common feature ex-
tractor regularized using WMD (a modified version of Moment Distance), and a shared task-
specific classifier. They train the domain classifier, separately and prior from the rest of the
model, to predict the probability that target images belong to each source domain. They use
the probability output of the domain classifier as a metric that indicates the statistical sim-
ilarity between the target domain and each source domains, with the intuition that source
domains that are most similar to the target domain should be attributed a higher weight ws.
They apply those weights w when computing WMD:
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They also apply those weights when combining the probability outputs of the classifier dur-
ing training, leading to a classifier less prone to Negative Transfer. This is a way of avoiding
Negative Transfer during Multi-Source Domain Adaptation.

In our proposed approach, we compute transfer contribution weights with a discrepancy
measure, directly during training. Those weights are associated to each source domain,
based on supervised target domain results, and applied to scale the importance of source
instances during training. The goal being to increase the importance of instances from rele-
vant source domains, while decreasing the importance of instances from less related source
domains.

3.2.3 Learning With Imbalanced Data

Class imbalance occurs when the labels we aim to predict are not uniformly distributed
over the dataset, resulting in certain classes having a much higher, or lower, number of in-
stances compared to others. Figure 3.2 show examples of class imbalance in both binary and
multi-class settings. In the multi-class example, properly classifying instances of the tailing
classes (the classes with less occurrence on the right) would be harder, because of a high
bias towards more commonly represented classes. Similarly, in the binary imbalance set-
ting, a standardly trained inference model would be highly biased towards the positive class
“Alive”, and would miss-classify many patients that should be classified as in danger of death.
Such an example shows how important it is to train inference models in the less biased way
possible when in presence of class imbalance.

When trained on an imbalanced dataset, standard Machine Learning approaches will lead
to poorer results than when trained with a similar balanced dataset (Haibo He and Garcia,
2009). When dealing with class imbalance it is primordial to use approaches that help im-
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A Occurence A Occurence
Alive Dead Classes 1 2 3 4 5 6 7 Classes
(a) Binary class imbalance. (b) Multi-class imbalance.

Figure 3.2: Examples of class imbalance in both binary (left) and multi-class (right) settings

prove learning performance. Nowadays, two main ways are used to deal with imbalanced
data in the literature, sampling approaches, and cost-sensitive approaches (Wang et al.,
2016).

Sampling approaches aim to artificially adjust the class distribution, by either removing
instances the majority class(es), and/or adding more instances from the minority class(es).
Under-sampling aims to reduce the number of majority class instances to achieve a more
balanced class distribution. The simplest under-sampling approach that can be used to ar-
tificially re-balance a dataset is random under-sampling (Ferndandez et al., 2018; Krawczyk,
2016; Wang et al., 2016). With random under-sampling instances from the majority class(es)
are randomly removed until the desired class distribution is achieved. This simple approach
can lead to improved inference results but can also result in the loss of important informa-
tion from the majority class(es), and so, reduce the generalization ability of the model as it
misses crucial information. To assess this drawback more researched and advanced under-
sampling approaches have been proposed, such as: Condensed Nearest Neighbor (Hart,
1968), or Tomek Links (Tomek, 1976). Overall, under-sampling leads to improved inference
results but might also lead to losing important information for inference if the amount of in-
stances is too low to afford removing instance from the majority class(es). On the other hand,
over-sampling involves increasing the representation of minority classes by duplicating or
generating synthetic examples. The simplest over-sampling approach that can be used to
artificially re-balance a dataset is random over-sampling (Ferndndez et al., 2018; Krawczyk,
2016; Wang et al., 2016). Random over-sampling duplicates randomly selected instances
from the minority class(es) until the desired class distribution is achieved. As with random
under-sampling, over-sampling leads to improved inference results but highly increases the
risk of overfitting, leading to biased inference models that lack in generalization capacity.
The Synthetic Minority Oversampling Technique (SMOTE) method is the most popular and
most widely used advanced over-sampling method, it has been proposed in (Chawla et al.,
2002) and it is known to largely improve inference results on imbalanced data (Ferndandez
et al.,, 2018; Wang et al., 2016). SMOTE works by creating synthetic examples of the minor-
ity class(es) by interpolating between existing instances of the minority class(es). SMOTE
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is known to largely improve prediction results on imbalanced data. A known drawback of
SMOTE, and over-sampling in general, is the risk of leading to overfitting, and the risk of
generating synthetic examples that are unrealistic or less informative, leading to a limited
improvement in prediction quality.

Removing and generating synthetic data leads to improved learning results, but with im-
portant drawbacks. Removing data is often non viable in real-world scenarios with limited
data, and generating synthetic data comes with the disadvantage of potentially generating
implausible instances. Another approach that can be used in ML to deal with class imbal-
ance is cost-sensitive learning, where modifications are made to the algorithm, and/or to the
training process, to take account of imbalance and improve prediction results. It has been
shown in several empirical studies that cost-sensitive learning leads to superior inference re-
sults than sampling approaches on imbalanced data (Haibo He and Garcia, 2009; Kukar and
Kononenko, 1998). Therefore, cost-sensitive techniques are usually a better solution than
sampling methods. In Neural Network training, the most popular way of implementing cost-
sensitive learning is to adapt the error function to take into account the class cost of each
training instance during the learning phase, as defined in (Kukar and Kononenko, 1998). The
error function is corrected by introducing the cost factor of the class as a weight that is ap-
plied during training. Class weights applied to the loss function are commonly computed as
the inverse of the class distribution of training data, though other weighting techniques can
be used. This approach obtained by far the best results in (Kukar and Kononenko, 1998), it is
still a very commonly used approach as it is very easy to implement and use, and it reaches
better results than most other existing approaches to handle imbalanced data. This is why,
in this chapter, we use a cost-sensitive approach to account for the class imbalance between
domains to maximize prediction quality.

3.3 Proposed Approach for Learning with Multiple Super-
vised Domains

In this section, we describe in details our proposed approach: Weighted Multi-Source Su-
pervised Domain Adaptation (WMSSDA).

The idea behind WMSSDA is to create a common domain invariant latent space and s
source domain specific latent spaces, perform classification on each latent space, and draw
final weighted prediction results in an ensemble manner. The common domain invariant
latent space is trained on a label classification task on both source and target batches. Two
regularization techniques are employed to minimize domain-specific information into the
common latent space. First, by using a Moment Distance (MD) regularization to match the
distributions of source and target batches, and secondly, through the adversarial training of
a domain discriminator. For the s source domain specific latent spaces the ideology is the
opposite, we want each latent space to retain as much source specific information as pos-
sible. This is possible as in a Supervised Domain Adaptation context, the target domain is
labeled, it is therefore possible to train each classifier on a supervised classification task on
both source and target instances, leading to a pairwise fine-tuning between each source do-
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main and the target domain. Those specific latent representations are regularized using a
collaboratively trained specific domain classifier, while performing label classification, lead-
ing to latent spaces retaining as much domain specific information as possible. Using MSDA
naturally helps dealing with the class imbalance problem, as it increases the total amount
of available data for training. We further deal with the class imbalance in each domain us-
ing a cost-sensitive learning approach, by scaling the loss with a class weight, computed as
the inverse of the class distribution of training data. We use the output of the MD mea-
sure between the target domain and each source domain to determine transfer contribu-
tion weights, higher weights are attributed to source domains with closer latent distributions
compared to the target domain latent representation, and inversely. Those transfer contri-
bution weights are then applied to weight the classification loss on source instances, giving
less importance to less relevant source domains in training. Ultimately, the final predictions
for the target domain are obtained by passing a target batch through all trained modules.
The average of the outputs from all specific classifiers is computed and combined with the
outputs of the common classifier to obtain the final probabilities for the target classes. Figure
3.3 shows a simple representation of the architecture of the approach.
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Figure 3.3: Architecture of our approach WMSSDA, common modules appear in purple, i-th
source domain specific modules appear in the same color as the i-th associated source do-
main. Lines of color symbolize the data flow, each color corresponding to a batch of the
corresponding domain. Dashed red lines symbolize the computation and application of
transfer contribution weights, computed from the MD measure and applied as scaling in
the classification loss terms.

When training the approach, we iterate through one batch from each source domain for
each target domain batch. Batches are processed as a pair between the b-th target batch and
the b-th batch of the i-th source domain, which we will refer to as a pair of batches in the
following. Each pair of batches is fed through a common feature extractor used to extract
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low-level features on all domains alike. The approach architecture is then divided in two
main parts: common modules and source domain specific modules.

* Common modules. They are fed pairs of batches between the target domain and any
source domain. The first component of this part is a common neck, comparable to
the previous feature extractor, which extracts higher-level features on all domains. We
call the output of the previous component the common domain invariant latent space,
which we note Z7.o, and Zscom, for the target and source batch latent representations
respectively. To ensure that this latent space is domain invariant, we use both statisti-
cal distribution matching and adversarial domain discrimination.

We regularize the latent representations by minimizing the standard Moment Dis-
tance, such as defined in (Peng et al., 2019; Zuo et al., 2021), between target and source
representation, L£yp = Zle ||ECZL,,,) —E(ZL

com com) | |]:

We use the output of the MD measure between the target domain batch and batches of
all source domains to compute transfer contribution weights. We note those weights
a € R*, with a; the weight associated to the i-th source domain. Those transfer contri-
bution weights are used to scale the classification loss of each source domains, giving
more weight to close and related source domains and less weight to less useful do-

mains. They are computed as:

s+1  ePimmax(D)

a; = _
l s Y eDi—max(D)

with D = {MD(Zs,com, quwm)}f:l the set of MD measures between the target domain
batch and each source domain batch. The weights are computed such as ¥.;_, a; = s,
which ensures that source instances are given as much importance as target instances
overall, while a different weight is given to each source domain.

We associate the MD regularization with the training of an adversarial common do-
main classifier applied to the latent space. This common domain classifier learns to
discriminate the domain from which originates each sample in the pair of batches,
while the common feature extractor and neck try to fool the discriminator, leading to a
domain invariant representation in this latent space. Parameters of the common fea-
ture extractor and neck are tuned to maximize the loss of the domain discriminator,
while the discriminator parameters are tuned to minimize their own loss. As it is hard
to optimize minimax problems using gradient descent algorithms, a common practice
in DA research is to use a gradient reversal operation, and apply it between the latent
representation and the domain classifier, such as defined in (Ganin et al., 2017). Which
solves the adversarial problem by minimizing a single loss. We note L,;, 4 the loss of
the common domain discriminator applied on the gradient reversed common latent
representation of the pair of batches.

We found that using both statistical and adversarial strategies simultaneously led to
better empirical results, which suggests that using both approaches cooperatively
leads to a better domain invariant representation.
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Finally, the latent representation is fed through a task-specific classifier that discrimi-
nates samples on their class label.

* Source domain specific modules. They are only fed pairs of batches between the target
domain and their associated source domain, that is, a pair of batches between the i-th
source domain and the target domain is fed to the i-th specific module. Each specific
module is composed of a specific neck, which extracts higher-level features, a specific
task-specific classifier that discriminates samples on their class label, and a specific
domain classifier that discriminates samples on the domain they originate from. In
the opposite way to the above, this specific domain classifier is trained collaboratively,
which pushes each specific latent space to retain as much domain specific information
as possible. The source and target batches are treated differently:

e The source batch from domain S; is fed through the i-th specific neck, the result-
ing latent representation is noted Zs;. The i-th domain classifier is fed Zs; and
is trained to recognize that those samples originate from domain S;. The i-th
task-specific classifier is fed Zs; and is trained to discriminate the class of each
sample.

* The target batch is fed through all specific necks, and the resulting latent rep-
resentations are noted {Zt,..., Z1s}. The i-th domain classifier is fed Zy; and
is trained to recognize that those samples originate from domain T. Each task-
specific classifier is fed Z7;, their outputs are noted Y1i,..., Y1 s}. Only the i-th
classifier is trained to discriminate the class of each target sample to avoid over-
fitting.

We note L, 4 the loss of the i-th specific domain discriminator applied on the i-th
latent representations of the pair of batches.

We note L, the global task-specific classification loss, which is the average between com-
mon and specific classification probabilities on the pair of batches. To take account of
class imbalance during training we compute class weights, noted W, that are applied in a
cost-sensitive learning manner during task-specific classification loss computation, they are
computed as the inverse of the class distribution observed in the training data of each do-
main: Wp = 1/P(Yp). Finally, the loss we minimize using gradient descent is computed for
each pair of batches in the following way:

L= ,Cy + Alﬁadv_d + Agﬁsp_d + ﬂgEMD

Where 11,12, A3 are hyper-parameters that are defined to balance each component of the
final loss.

Final prediction results are obtained by feeding target instances through all task-specific
classifiers, the average of source specific classifiers outputs is computed and averaged with
the output of the common classifier, leading to final class probabilities.

Pseudo-code 3 describes, in a more formal way, the training steps of the entire approach.
In this pseudo-code, model includes a common feature extractor model, common and spe-
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cific necks, and common and specific classifiers, com_cl f_d is the common domain classi-
fier and sp_clf_d is the set of i specific domain classifiers. We note adv(-) the gradient re-
versal operation, classification outputs are noted Yoeom Yo1,---, Yost and correspond to the
label probabilities obtained on the common latent representation and all specific represen-
tations of the domain D respectively. Latent spaces are referred to with the same notations as
above, Zp.om for the common latent representation and Zp; for the i-th specific latent rep-
resentation of domain D. Parameter E is the number of epochs to perform, s is the number
of source domains and A is the set of hyper-parameters used to balance all loss components
together. Finally, W are class weights specific to each domain computed as 1/P(Yp), W; for
the i-th source domain and Wt for the target domain.

Our proposal combines the advantages of a domain invariant latent space with a set of do-
main specific representations, with transfer contribution weights applied to minimize Neg-
ative Transfer during training, leading to a Supervised Domain Adaptation approach able to
transfer knowledge from multiple source domains to a target domain. Similarly to DANN
(Ganin et al., 2017), our proposed WMSSDA learns a domain invariant latent space on which
is performed classification and similarly to MESAN (Zhu et al., 2019b), WMSSDA builds s do-
main specific latent spaces. The main difference between the second part of WMSSDA and
MEFSAN is that MFSAN aims to match source and target distributions between all specific
latent spaces, which we find counterproductive as it means that all specific latent spaces are
pushed toward an identical latent space. We choose to combine both the adversarial and sta-
tistical approaches to regularize the common latent space, since we found better results in
this way, and could use the MD results to compute contribution weights. As in the two recent
Unsupervised MSDA approaches, ML-MSDA (Li et al., 2020) and MLAN (Xu et al., 2022), we
chose to organize our architecture in two branches, one to build a common latent space, and
the other to build s domain specific latent spaces. We do so as we believe that only learning
a shared latent space across all domains in a MSDA context prevents part of useful knowl-
edge to be transferred from source to target domain. We also noted superior experimental
results by using two branches instead of one. We choose to use the Moment Distance to
match both target and source common distributions, since (Peng et al., 2019) demonstrated
that MD is better suited as a statistical distribution matching approach for MSDA than the
most common Maximum Mean Discrepancy (MMD). We compute a scale variable y as de-
scribed in (Zhu et al., 2021), to scale the impact of the MD regularization throughout the
training. Its value starts at a 0 and increases logarithmically towards a value of 1 over the
total number of epochs, giving more importance to this regularization at the middle and end
of the training phase. We apply the computed transfer contribution weights from the MD
output on the classification loss of source instances, minimizing as much as possible Neg-
ative Learning during training. We apply class weights to scale the computed classification
loss to take account of class imbalance during training in a cost-sensitive learning manner.
Using a Domain Adaptation approach also naturally helps in dealing with limited data since
source domain knowledge helps improving the overall learning performance. Our proposed
Weighted Multi-Source Supervised Domain Adaptation approach allows the exploitation of
both common knowledge and source domain specific information that is useful for target
domain classification.
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Algorithm 3: WMSSDA Training Pseudo-Code.
input: E, s, model, com_clf_d, sp_clf_d, W, A
for epoch —1 to E do

Xt, Y7 < extract_batch(T);

fori —1tosdo
/I Feed target batch to model and compute target loss components

(Yrcom Y11, .., Y15} — forward(model, Xt);

Y1 — (Yrcom + Y11)/2;

Lty = cross_entropy (Y, Y1, Wp);

// Feed source batch to model and compute source loss components
Xs, Ys —extract_batch(S;);

(Yscom Ys1,..., Yss} — forward(model, Xs);

?S — (?gcom + ?§i)/2;

Lsy = cross_entropy(Ys, Vs, W));

/I Feed adversarially trained common domain classifier

{Y§adv7d: YTadv?d} —forward(com_clf_d, adv({Zscom, Zrcom}));
Lsady d — cross_entropy(ffgady_d, {i,...,1});

Ltadv d — cross_entropy(l?wd,,_d, {0,...,0});

£adv_d - (»CSadv_d + L'[I'adv_d)/Z;

// Feed i -th collaboratively trained specific domain classifier
{Y§sp_d» YTsp_d} — forward(sp_clf_d;, {Zssp;, Ztsp;});
Lssp d— cross_entropy(ffgspfd, {1,...,1});

Lysp_d— cross_entropy(f/mp_d, {0,...,0});

»Cspfd - (»CSspfd + E'I]'spfd)/Z;

// Compute MD regularization

Y <—2/(1+exp(—-10e/E))) - 1;

D; — MD(Zscoms Ztcom);

Lyp <y xDj;

a; — ((s+1)/5) — (ePi—max(D) 5~ pDi—max(D)y.

// Compute global loss and back-propagate

Cy — (L:'I]'y +a; X £§y)/(1 +a;;
L=Ly+MLagva+A2Lsp_a+A3Lyp;

Train model, com_clf_d and sp_clf_d by back-propagating L;
end

end

As we consider, in our learning scenario, that the covariate shift assumption might not
hold, meaning that there might be concept shift between domains, we implement a second
version of our method. In their paper, (Saito et al., 2018) proposed an interesting and easy-
to-implement way to allow Domain Adaptation approaches to handle concept shift by suc-
cessfully aligning conditional distribution between two domains P(Yp,|Xp,) = P(Yp,|Xp,).
Similarly to (Zhu et al., 2019b), we implement a second version of our method in which we
include this modification, we name this variation WMSSDA- 3. We replace each task-specific
classifier in WMSSDA-$ with a pair of classifiers and follow the following three steps in our
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training:

* We train our entire model as previously defined, where label probabilities are defined
as the mean of each pair of classifier outputs.

* We then fix the feature extractor and necks and train the classifier pairs to maximize
their discrepancy. The discrepancy between two classifiers C and C’ for an instance x
is defined as |C(x) — C'(x)|.

* Finally, we train the feature extractor and necks to minimize this same discrepancy
with fixed classifiers.

We repeat those steps until global convergence to simultaneously align both marginal and
conditional distributions, leading to successful domain adaptation given our scenario. This
B version of WMSSDA should be able to better handle concept shift than the standard ver-
sion, leading to better inference results when in presence of concept shift.

3.4 Experiments

This section presents the experiments we led to evaluate and compare our proposed ap-
proach WMSSDA to other state-of-the-art Domain Adaptation approaches in a data-limited
and class imbalance context.

3.4.1 Used Datasets

With our experiments we want to show that our method performs well compared to other
state-of-the-art approaches in an experimental setting close to the real application setting
of QUALITOP, on both popular benchmark DA datasets and a real-world medical DA dataset
composed of mixed-type tabular data, the Covid dataset. We are interested in comparing
state-of-the-art DA approaches in the context of limited data and class imbalance.

The 5-Digits multi-domain dataset is widely used in Domain Adaptation studies (Ganin
et al., 2017; Peng et al., 2019; Zhao et al., 2018a; Zhu et al., 2021; Zuo et al., 2021), it is com-
posed of five digits recognition datasets, with grayscale or color images of various sizes:

1. MNIST!, the widely known handwritten digit recognition dataset.

2. MNIST-M?, a more complex version of MNIST, created by combining MNIST images
with randomly extracted patches of photos of the BSDS500 dataset as their back-
ground.

3. Street View House Numbers (SVHN)?, a Real-World image dataset of house numbers
extracted from Google Street View images.

Ihttp://yann.lecun.com/exdb/mnist
Zhttps://www.kaggle.com/datasets/aquibigbal/mnistm
3http://ufldl.stanford.edu/housenumbers
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4. Synthetic Digits (SYN)?, synthetically generated images of digits with random back-
grounds.

5. USPS’, a handritten digit recognition dataset similar to MNIST.

The DomainNet dataset is a multi-domain dataset recently released with paper (Peng
et al,, 2019), and accessible at the following webpage®. It aims to provide a new difficult
and more advanced benchmark dataset for DA approaches. It is composed of six domains of
color images of various sizes, with a total of 345 common categories across all domains:

1. Clipart, a collection of clipart images.

2. Infograph, infographic images of specific objects.

3. Painting, artistic depictions of objects in the form of paintings.

4. Quickdraw, drawings of the worldwide players of the game “Quick Draw!”.
5. Real, photos and real-world images.

6. Sketch, sketches of specific objects.

The 5-Digits and DomainNet datasets are DA benchmark image datasets that are known
for their covariate shift between domains. We perform experiments on those two datasets
to demonstrate the capacity of our approach to perform well on known experimental DA
datasets. As we are interested in an experimental scenario with limited data in each domain
and class imbalance, we preprocessed the datasets to follow our setting of interest. We ran-
domly selected subsets of each dataset domain to create both a limited amount of data and
a class imbalance. After this selection step, the class representation in the 5-Digits dataset
spans from 4.22% (10 samples) for the least represented class to 21.09% (500 samples) for the
most represented class in each domain. For the DomainNet dataset, the class representation
spans from 1.1% (10 samples) for the least represented class to 13.33% (120 samples) for the
most represented class in each domain, out of 17 classes, leading to a total of 900 instances
in each domain.

The Covid dataset was provided by the Mexican government and is composed of health
data about patients that suffer from, or have symptoms that could be related to, Covid19. It
is downloadable from the following Kaggle repository’, it originally contains 1,048,576 sam-
ples from patients suspected of suffering from Covid19, with 20 tabular mixed-type (contin-
uous and categorical) features. The predictive task for this dataset is to predict the survival
outcome of patients. The dataset is naturally imbalanced, odds of survival to Covid19 being,
fortunately, higher than the odds of death. We used the categorical feature “Medical Unit”
to split the original data into 5 domains depending on the type of medical institution that
provided the care to the patient. We could not find more information about those kinds of

*https://www.kaggle.com/datasets/prasunroy/synthetic-digits
Shttps://wuw.kaggle.com/datasets/bistaumanga/usps-dataset
bhttp://ai.bu.edu/M3SDA/#dataset
"https://www.kaggle.com/datasets/meirnizri/covidi9-dataset


https://www.kaggle.com/datasets/prasunroy/synthetic-digits
https://www.kaggle.com/datasets/bistaumanga/usps-dataset
http://ai.bu.edu/M3SDA/#dataset
https://www.kaggle.com/datasets/meirnizri/covid19-dataset
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medical institutions, apart from their ID in the dataset, we consider in the following that
they correspond to different hospitals as we observe a covariate shift between the institu-
tions. During our preprocessing, we selected 800 unique patients per domain to simulate a
limited amount of training data, and we dropped two features containing almost only miss-
ing values. With the subtraction of the feature used to split the data into separate domains,
there remain 17 features after preprocessing. More information about our preprocessing,
along with an exploratory analysis of the dataset, can be found in chapter 4, where we base
the application of the entire work of this thesis on this real-world dataset. The exploratory
analysis of the Covid dataset shows that there is a covariate shift between the five domains.
We conclude that the covariate shift between Covid domains is certainly quite similar to our
QUALITOP context, as patients are also split between distinct medical institutions in QUAL-
ITOP data.

Table 3.1 shows the class representation in each domain of the Covid dataset, revealing a
prior shift between the domains of the dataset. Indeed, we can observe that the label distri-
bution is imbalanced in each domain and the representation is different from one domain
to the other, thus, P(Yp,) # P(Yp,) #... # P(Yp,).

Class Representation || Domain 1 | Domain 2 | Domain 3 | Domain 4 | Domain 5 || Overall

Negative Percentage 7.37% 12.37% 13.75% 10.5% 4.87% 9.78%
Samples Count || 59 99 110 84 39 391

Positive Percentage 92.63% 87.63% 86.25% 89.5% 95.13% 90.22%
Samples Count || 741 701 690 716 761 3,609

Table 3.1: Covid label distribution per domain, showing that there is a prior shift across do-
mains, P(Yp,) # P(Yp,) # ... # P(Yp,).

After the preprocessings described above for each dataset, we observe both covariate and

prior shifts in all datasets, with limited and imbalanced data in each domain. All datasets
might suffer from limited concept shift, in precaution, the f version of our approach is de-
signed to better handle concept shift. A summary of the details about the three DA datasets
are shown in Table 3.2.

Dataset 5-Digits DomainNet Covid

Data Type Image Image Mixed-Type Tabular
Context DA Benchmark | DA Benchmark | Real-World Medical
Domains ) 6 )

Classes 10 17 2

Samples per Domain || 2,370 900 800

Table 3.2: Multi-Source Domain Adaptation datasets technical details.
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3.4.2 Compared Approaches

We compared our proposed WMSSDA to four single-source and four Multi-Source Do-
main Adaptation state-of-the-art approaches. Most of those approaches are initially Unsu-
pervised Domain Adaptation approaches, that is, approaches that do not use labels from the
target domain. We modified those approaches to allow them to use target domain labels in
their training phase for a fair comparison. The modification for each method is usually as
simple as adding the supervised classification task on the target domain into the loss term
of each approach. This phase of adapting UDA approaches for the SDA context is crucial as
it would not be fair to compare our approach, that is able to use target domain labels in its
supervised learning, with UDA methods that are able to use them. This would lead to far
better inference results for our approach compared to unsupervised ones and would not be
representative of the real capacity of unsupervised approaches.

In our experiments, single-source approaches are evaluated using two settings, such as in
(Peng et al., 2019). In the single best setting, we evaluate the approach on all possible pairs
of domains as source and target and select the best-obtained results for each target domain.
In the source combine setting, we combine all source domains as one unique domain to
obtain only one source domain. We used the following single-source domain adaptation
approaches from the literature:

* DAN, Deep Adaptation Network (Long et al., 2015) is among the first deep learning Un-
supervised Domain Adaptation approaches to have been proposed. DAN uses multi-
kernel MMD to minimize the distribution divergence between features extracted on
the source and target data, fed through common layers followed by domain specific
classifiers. We based our implementation on the following PyTorch implementation®.

e DANN, Domain-Adversarial Neural Network (Ganin et al., 2017), a model that builds a
domain invariant latent space, using an adversarial domain classifier, on which clas-
sification is performed. We based our implementation on this PyTorch implementa-
tion”.

* MCD, Maximum Classifier Discrepancy (Saito et al., 2018), an approach that trains
a generator and a pair of classifiers by alternating between training the classifiers to
maximize their discrepancy, and training the generator to minimize their discrepancy.
We based our implementation on this PyTorch implementation'".

* DSAN, Deep Subdomain Adaptation Network (Zhu et al., 2021), a similar approach to
DAN that replaces the MK-MMD with a Local MMD that aligns the distributions of
the relevant subdomains. We based our implementation on this PyTorch implementa-
tion'!.

We used the following Multi-Source Domain Adaptation approaches from the literature:

®https://github.com/CuthbertCai/pytorch_DAN

dnttps://github.com/fungtion/DANN

Whttps://github.com/mil-tokyo/MCD_DA
Uhttps://github.com/easezyc/deep-transfer-learning/tree/master/UDA/pytorchl.0/DSAN


https://github.com/CuthbertCai/pytorch_DAN
https://github.com/fungtion/DANN
https://github.com/mil-tokyo/MCD_DA
https://github.com/easezyc/deep-transfer-learning/tree/master/UDA/pytorch1.0/DSAN

3.4. Experiments 147

* MDAN, Multi-source Domain Adversarial Network (Zhao et al., 2018a), a similar ap-
proach to DANN that uses as many adversarial domain classifiers as source domains.
We based our implementation on this PyTorch implementation'?.

e MFSAN, Multiple Feature Spaces Adaptation Network (Zhu et al., 2019b), the archi-
tecture of this model is composed of a common feature extractor followed by source
domain specific parallel layers blocks. Those layers are regularized using MMD and
domain specific classifier outputs are aligned with an L1 operation. Classifiers outputs
are combined in an ensemble way to obtain the final target prediction. We based our
implementation on this PyTorch implementation'®.

e M3SDA, Moment Matching for Multi-Source Domain Adaptation (Peng et al., 2019),
the architecture is composed of a common feature extractor followed by source do-
main specific parallel classifiers. The output of the common feature extractor is reg-
ularized using a moment-matching distribution distance between source and target
data. We based our implementation on this PyTorch implementation'*.

* ABMSDA, Attention-Based Multi-Source Domain Adaptation (Zuo et al., 2021), the ar-
chitecture of the model is comparable to that of M3SDA, the main difference is that
ABMSDA uses a common classifier instead of domain specific ones. ABMSDA com-
putes attention weights with a domain classifier that is fed raw data, the domain clas-
sifier outputs are used to derive weights that are applied to the moment matching reg-
ularization and to the training loss in an attempt to weight each source domain and
avoid negative transfer.

We also used two simple baseline approaches to get reference results:

* NN, a simple Neural Network, in the first evaluation setting, the model is trained only
on the target domain, in the second setting, the model is trained on all combined do-
mains, sources, and target domains alike.

* FT, a simple fine-tuning approach in which a Neural Network (NN) is pre-trained on
source data and is then fine-tuned on target data.

Zhttps://github.com/hanzhaoml/MDAN
Bhttps://github.com/easezyc/deep-transfer-learning/blob/master/MUDA/MFSAN
Yhttps://github.com/VisionLearningGroup/VisionLearningGroup.github.io


https://github.com/hanzhaoml/MDAN
https://github.com/easezyc/deep-transfer-learning/blob/master/MUDA/MFSAN
https://github.com/VisionLearningGroup/VisionLearningGroup.github.io
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3.4.3 Experimental Protocol

We performed three main experiments, one to evaluate our approach compared to other
DA methods on popular benchmark datasets, a second one to evaluate WMSSDA on a real-
world medical MSDA dataset in a very similar setting to the one of QUALITOP, and finally, an
ablation study to evaluate the impact and usefulness of each component of our method. We
evaluate all approaches on a Supervised Domain Adaptation classification task with limited
data and class imbalance, all UDA methods have been slightly modified to handle a labeled
target domain as described in the previous section. All our experimental results are com-
pared using the three following classification metrics: the balanced Accuracy (bACC), the
Area Under the Curve (AUC), and the F;-score.

All datasets are split between a training set and a test set, all approaches are trained on the
same training data and evaluated on the same test data. To obtain significant results we con-
duct each experiment 5 times and report the mean and standard deviation of each evaluation
metric. To be as fair as possible in our comparisons, in each experiment, we define the model
architecture for each approach as similarly as possible across them, while taking account of
their architectural differences. For image datasets, our feature extractor is a convolutional
network, and all other modules are fully connected networks, for the Covid tabular dataset
all modules are fully-connected. In the same line of thought, identical hyper-parameters,
tuned on the NN approach, are used across all compared approaches for each experiment.
All approaches are given the same class weights, those are applied in a cost-sensitive learning
manner during loss computation to better handle class imbalance. Those class weights are
computed, for each domain, as the inverse of the class distribution observed in the training
data: Wp =1/P(Yp).

To better assess the obtained experimental results, we statistically compare WMSSDA re-
sults to each of the compared state-of-the-art approaches using ¢-tests. The results of those
statistical tests are used to determine if our approach performs significantly better, even, or
worse than each other, based on a p-values set to 0.05. The results of the ¢-tests are symbol-
ized in result tables as either a bullet e, a circle o, or an equivalent symbol =. The bullet is
used to signify that our method is significantly better than the method we compared it to, the
circle signifies the opposite, and the equivalent means that there is no significant difference
between WMSSDA and the compared method. In the following sections, we will refer as “sig-
nificantly better” all results that have been evaluated using a ¢-test and that were classified
as significantly better in regard to a p-value of 0.05, and “significantly worse” the opposite.
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3.4.4 Comparative Study on Benchmark Datasets

This first experiment is a comparative study of several baseline and state-of-the-art DA
approaches to evaluate WMSSDA performance on benchmark DA datasets. We aim to show
that our approach is able to compete against, and even outperform, other state-of-the-art DA
approaches on well-known image benchmark multi-domain datasets in a context of limited

data and class imbalance.

Setting Method Metric || MNIST MNIST-M SVHN SYN USPS Avg
bACC || 84.74£0.29 e | 63.08£1.07 e | 46.36 &= 1.07 e | 61.72£0.70 e | 89.4940.53 e || 69.08 e
NN AUC .9915 £ .0004 e | .9353 +.0046 e | .8578 £.0081 e | 19333 +.0028 e | .9934 £ .0007 e || 9423 o
F1 83.85+0.35 e | 5898 £1.25 e | 31.47+£0.81 e | 56.77 £1.36 e | 88.91£0.40 e || 6400 e
bACC || 77.56 + 1.54 e | 53.95+2.10 e | 41.124+0.14 e | 56.46 £2.01 e | 7870+1.13 e | 61.56 e
DAN AUC .9832 £ .0005 e | .8963 +.0077 e | .8196 & .0036 e | 9073 £.0082 e | .9900 £.0010 e | 9193 e
F1 75.10 £ 2.15 e | 48.61 £2.61 e | 24.884+0.39 e | 49.47 £2.79 e | 76.74+1.58 e | 5496 e
bACC | 90.12 £0.51 e | 69.62+0.85 e | 69.37£0.53 e | 78.40+0.52 e | 96.02+0.24 e [ 80.71 e
DANN AUC 9967 £ .0002 e | .9622 +.0030 e | 9479+ .0013 e | 9734 4 .0008 e | .9989 £ .0002 e || 9758 e
Single F1 89.43+0.71 e | 68.38+1.14 e | 68.26+0.63 = | 78.06 +0.53 e | 96.21 +0.28 e || 80.07 e
Best bACC || 91.00 +0.25 e | 70.42£1.78 e | 67.57+1.03 e | 7730 £0.79 e | 96.30 £0.31 e | 8052 e
DSAN AUC 19971 £ .0001 e | .9549 £ .0052 e | .9394 £ .0022 e | 9669 £ .0022 e | .9988 £.0002 o | 9714 e
F1 90.73 £ 0.29 e | 69.44 £2.05 e | 67.52£1.04 = | 77.274+0.80 e | 96.35 +0.39 e | 8026 e
bACC || 88.95 £ 0.56 e | 68.11+£0.98 e | 59.32£1.97 e | 67.50+1.13 e | 93.91£0.34 e || 7556 e
FT AUC .9958 £.0002 e | .9568 +.0029 e | 9274 +.0049 e | 9562 % .0029 e | .9980 +.0002 e || 9669 e
F1 88.54 +0.67 e | 65.58 £0.97 e | 51.944+2.35 e | 65.03 £ 1.57 e | 94.104+0.26 o || 73.04 o
bACC || 92.47+1.00 e | 74.09 £2.43 e | 59.94+4.38 e | 76.84 £3.16 e | 94.954+0.28 e | 7966 o
MCD AUC .9968 £ .0005 e | 9666 £ .0084 e | .8972£.0178 e | .9665 £ .0081 e | .9982 +.0005 e || 9651 e
F1 92.25 +1.10 e | 73.32+£227 = | 58.00 4 4.22 e | 76.38+3.41 e | 94.81£0.29 e || 7895 e
bACC || 91.92 £ 1.00 e | 68.66 £ 1.78 e | 62.21 £1.05 e | 78.36 £0.76 e | 95.77£0.29 e[| 7939 e
NN AUC 9971 £ .0005 e | .9572 +.0029 e | .9354 £.0030 e | 97374 .0013 e | .9983 £ .0002 e || 9724 e
F1 91.57+1.19 e | 67.77T£1.52 e | 61.044+1.99 e | 7823+£0.74 e | 95.93+£0.34 e | 7891 e
bACC || 90.12 +1.62 e | 66.76 = 1.68 e | 54.77 £ 8.47 e | 73.98+3.86 e | 93.65+1.38 e | 7586 o
DANN AUC .9945 £ .0008 e | 9471 £.0038 e | 9078 £.0291 e | 9617 £.0090 e | 9971 £ .0009 e | 9616 e
F1 89.94 +1.62 e | 66.22+1.39 e | 54.63£7.70 e | 7397 +3.77 e | 94.06£1.13 o || 7576 e
bACC || 75.91 £1.34 e | 53.67T+£1.02 e | 4248 £1.48 e | 56.00 £0.69 e | 81.27£1.65 e || 61.87 o
DAN AUC .9847 £ .0017 e | .9018 £ .0056 e | .8449 +.0100 e | 9138 4 .0059 e | .9910 £.0013 e || 9272 o
Source F1 72.56 +1.96 e | 4778 £1.02 o | 24844+1.13 e | 48.14 £0.98 e | 79.884+2.36 e | 5464 e
Combine bACC || 94.11+0.54 e | 72.40£0.48 e | 65.76 £ 1.01 e | 80.41£0.29 e | 96.35+0.16 e || 8180 e
DSAN AUC 9978 £ .0003 e | 9608 £.0017 e | 9348 £.0018 e | .9730 £ .0005 e | .9986 +.0004 e | 9730 e
F1 94.02 + 0.57 e | 71.88+0.24 e | 63.40£1.08 e | 80.3940.31 e | 96.38 £0.25 e || 8121 e
bACC || 92.76 £0.47 e | 70.71 £0.55 e | 59.97£1.08 e | 73.49+0.22 e | 95.85+£0.26 e || 7856 e
FT AUC 9977 £ .0001 e | 9627 £.0013 e | .9296 £ .0032 e | 9671 £ .0009 e | 9985 £ .0002 e | 9711 e
F1 92.62 + 0.50 e | 69.38 £0.70 e | 52.48+1.26 e | 72.69 £0.30 e | 95.934+0.24 e | 7662 o
bACC || 93.33+£0.91 e | 64.97 £ 3.06 e | 51.9543.47 e | 70.68 £0.99 e | 93.71+091 o || 7493 e
MCD AUC 9950 £ .0016 e | L9067 +.0193 o | 8475+ .0236 e | 9315 £.0040 e | 9880 £ .0035 e || 9337 e
F1 93.33+0.91 e | 66.18 +2.56 e | 50.63 £4.02 e | 70.52+0.99 e | 94.22£0.78 || 7498 o
bACC || 87.63 £0.98 e | 53.44 £1.66 e | 4347£2.08 e | 60.64 £1.27 e | 87.58 £2.12 e || 6655 e
MDAN AUC 9946 + .0005 e | 9194 £+ .0036 e | .8925+.0113 o | 9469 £ .0042 e | 9946 £ .0016 e | 9496 e
F1 87.29+1.11 e | 49.77 £1.59 e | 26.624+1.26 e | 57.22+1.39 e | 87.854+2.02 e || 6175 e
bACC || 90.97 + 0.46 e | 70.75£1.19 e | 62.76 = 2.64 e | 75.06 £ 0.97 e | 95.87+0.34 e | 7908 o
MFSAN AUC 9970 £ .0003 e | L9607 £ .0055 e | 9378 ££.0050 e | 9734 £.0011 e | .9986 £ .0002 e | 9735 e
F1 90.67 £ 0.55 e | 69.45+1.30 e | 57.28£3.75 e | 7407+1.14 e | 96.10 £0.30 e || 7751 e
bACC || 92.38 £1.41 e | 65.45+1.19 e | 57.56 £2.61 e | 75.85+0.43 e | 94.69 £0.46 e | 7719 o
M3SDA AUC .9963 £ .0009 e | 9421 £ .0039 e | 9178 £+.0078 e | 9660 £ .0012 e | 9976 £ .0004 e || 9639 e
Multi F1 92.20 + 1.57 e | 64.67+1.46 e | 56.41 +2.87 e | 75.56 £0.39 e | 94.8440.52 o || 7674 o
Source bACC || 93.53 £0.50 e | 67.01£1.84 e | 53.47+4.63 e | 77.45£0.56 e | 95.234+0.77 e || 7734 o
ABMSDA AUC 9977 £.0003 e | 9471 +.0041 e | 9079 £ .0112 e | 96774 .0014 e | .9983 £ .0004 e || 9637 e
F1 93.37 £ 0.58 e | 66.78 £2.09 e | 52.12£5.24 e | 77.22+£0.62 e | 95.57£0.75 e || 7701 o
bACC | 95.30+0.21 75.05 +1.06 70.50 £1.21 82.85 4 0.49 96.77 £+ 0.30 84.10
WMSSDA AUC 9988 + .0001 9737 £.0017 9519 £ .0014 9838 £ .0005 9992 + .0001 .9815
F1 95.25 £0.21 74.62 £1.17 68.17 + 2.01 82.70 4 0.49 96.90 £ 0.29 83.53
bACC || 95.21 £0.53 7758 £1.75 71.83 £1.57 84.74 + 0.59 96.91 +0.24 85.26
WMSSDA-3 | AUC .9989 +.0001 19790 £ .0025 .9596 +.0027 .9876 £+ .0006 19993 +.0002 9849
F1 95.14 + 0.56 76.68 £+ 2.05 67.80 +1.95 84.60 + 0.62 97.00 + 0.22 84.24

WMSSDA is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table 3.3: Comparative Study on the 5-Digits Domain Adaptation Benchmark Dataset, with
Limited and Imbalanced Data. The best and second-best results for each metric and each
target domain appear in bold and underlined respectively. Results are evaluated on a multi-
class classification task using metrics: balanced Accuracy, Area Under the Curve (AUC), and
the F;-Score.

Table 3.3 reports our entire experimental results on the 5-Digits dataset, with visual in-
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dications of the results of the ¢-tests between our best-performing models and each com-
pared approach in all settings. As can be seen in the table, our two models, WMSSDA and
WMSSDA- B, perform largely better than other approaches in the vast majority of cases, ob-
taining the best or second-best result for almost all metrics and target domains. We note that
apart from our approach, other state-of-the-art multi-source approaches do not reach par-
ticularly better results than single-source approaches, we hypothesize that this is a manifes-
tation of Negative Transfer that multi-source approaches are not yet able to fully avoid. The
statistical comparison of the results on 5-Digits shows that our best-performing approach,
WMSSDA- B, obtains significantly better results in the vast majority of cases, with only a few
settings in which our approach leads to equivalent results to those of other methods. If we
consider average performance across all target domains, we can conclude that WMSSDA-
p obtains the best prediction results overall, with significantly better results than any other
compared approach.

Table 3.4 reports our entire experimental results on the DomainNet dataset. Prediction
results are overall quite low, as this dataset is notoriously hard. The fact that we drastically
reduced the amount of available training data worsens classification results, but this does
not affect the comparison potential of the results. We can see that our proposed WMSSDA-
B obtains the best or second-best results in the majority of cases, while WMSSDA obtains
overall good results but not better than other approaches. It is important to note that the
overall best prediction results for the Quickdraw domain are reached by a simple NN trained
on the target domain only. This means that no DA method is currently able to avoid Negative
Transfer enough to match those results, nor are they able to surpass them. This shows that
Negative Transfer in DA is still an open-problem, and that it is crucial to find better ways
of solving this issue. The second best results on the Quickdraw domain are reached by the
Fine-Tuning approach, followed by our WMSSDA-f approach, showing that our method is
currently the best-performing MSDA approach to avoid Negative Transfer. The simple Fine-
Tuning approach leads to significantly better average balanced Accuracy results than ours
and almost all other methods on both single best and source combine settings. This probably
shows that adding a short phase of pre-training to other state-of-the-art approaches would
drastically improve the overall results of all methods. Another well-performing approach in
this setting is MFSAN, which leads to significantly better balanced Accuracy than ours on
average. Overall, our two versions of WMSSDA lead to competitive experimental results on
this dataset, with WMSSDA- f leading to significantly better results than other approaches in
the vast majority of cases. When considering the average over all target domains, WMSSDA
obtains significantly better results than all other approaches on the three evaluation metrics
except for Fine-Tuning and MFSAN on the balanced accuracy metric.

We can conclude from this experiment on benchmark datasets that our proposed ap-
proach is able to compete, and even surpass, other baseline and state-of-the-art Domain
Adaptation approaches in our supervised multi-domain with limited and imbalanced data
context.
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Setting Method Metric | CLIP INFO PAINT REAL SKETCH QUICK
bACC | 27.434+0.90 = | 16.16 £ 0.81 = |23.14£0.19 e | 35.51£1.36 e [ 17.04£1.75 e | 4476 £0.77 o .
NN AUC 7466 £ .0044 e | 6283 £.0043 e | 7171 4 .0062 e | .8372+£.0063 e | .6489 £ .0086 e | .8707+.0052 o .
F1 22.854+0.94 e | 13.214+0.82 e | 21.224048 e | 32.26 £1.47 e | 14.76 £ 1.60 e | 39.89 £0.97 o .
bACC | 23.08+1.90 e | 13.78 £1.02 o | 17.78 £2.99 e [ 28.84+1.42 e [ 15.29+0.63 e | 36.08+£1.23 . .
DAN AUC 7072 £.0101 e | .6070 & .0152 e | .6504 & .0100 e | 77224 .0163 e | .6367 & .0060 e | .8129 4.0029 . .
F1 19.22 £2.11 e | 11.20+1.25 o | 14.01+4.13 e | 24.50 £0.91 e | 13.30£0.84 e | 29.57 £1.20 . D)
bACC | 28.37+0.33 = | 17.24 £0.77 = | 23.75£1.17 = | 37.22£1.09 e [ 19.02£1.42 e | 3412£1.65 . .
DANN AUC 7593 £ .0040 e | .6514 £ .0058 e | .7354 £ .0068 o | .8499 +.0054 e | .6849 £ .0082 e | 8188 £.0077 . .
Single F1 25.85+0.70 e | 16.394+0.64 = | 2242+097 e | 36.51£1.07 e | 17.41+1.26 e | 29.53 £ 1.67 . .
Best bACC | 5.90 £0.40 e | 5.88+0.00 o | 14.824+1.65 e [ 25.51£5.35 e | 5.8840.00 e | 18.57+2.51 . .
DSAN AUC 5741 £ .0105 e | .5465 £ .0061 e | 6466 +.0113 e | 7632 £.0443 e | .5444 £ .0027 e | 7574 £.0109 . .
F1 0.95 & 0.53 e | 0.65+0.00 e | 11144214 e | 21.23 £7.06 e | 0.65 4 0.00 e | 13.32£2.35 . .
bACC | 29.41+1.16 = | 16.29£1.16 = | 23.51£1.07 e | 37.37+£0.92 e [ 19.61£0.74 = | 4451£1.10 o o
FT AUC 7664 £.0077 e | .6446 & .0038 e | .7386 % .0069 e | .8513 £.0027 e | .6858 & .0055 e | .8663 & .0023 = .
F1 25.61 +1.21 e | 13.97+£1.20 = | 21.95+0.83 e | 34.63+1.21 e | 17.87+0.44 e [ 39.81+1.18 o .
bACC | 26.47+1.43 = | 16.90 £0.74 = | 21.90 £ 0.66 e [ 3494£0.83 e [ 19.96£1.03 = | 37.98 £0.86 . B
MCD AUC 7328 £.0142 e | .6389 £ .0056 e | .6952 £ .0055 e | .8216 4 .0039 e | .6667 £ .0046 e | .8253 £.0055 . .
F1 25.48 £ 1.07 e | 15.86 4+ 0.20 = | 20.85 £0.67 e | 34.27£0.57 e | 18.84£1.15 = | 33.68 £1.00 = .
bACC | 26.51 +1.60 = | 14.65 £1.22 = | 22.88+£1.48 e | 3467145 e [ 19.73£1.25 = 26.92+£0.98 . .
NN AUC 7451 £.0122 e | .6357 & .0075 e | .7103 & .0072 e | .8223 £.0098 e | .6903 £ .0085 e | 7518 .0083 . .
F1 25.78 +1.35 = | 14.52+£1.09 = | 22.08+1.32 e | 3478 £1.74 e | 18.25+0.72 e | 21.65+1.54 . .
bACC | 25.41+0.99 o | 1482+ 1.18 =|2210£1.44 e | 32.53£2.46 e [ 20.51£1.63 = | 27.98 £1.07 . .
DANN AUC 7344 £ .0031 e | .6324 & .0069 e | 7104 +.0126 e | .8073 £.0179 e | .6920 +.0061 e | .7465 £ .0161 . .
F1 24.79+1.16 e | 14.854+1.06 =|2115£135 e | 32.86 £2.76 e | 19424 1.77 =|2221+£184 . .
bACC | 21.67+1.02 o | 11.41+1.41 e | 16.78 £1.20 e | 28.75+0.77 e | 15.71+0.75 e [ 33.31+£0.94 . .
DAN AUC 6988 £ .0065 e | .5923 +.0160 e | .6602 % .0167 e | 77824 .0103 e | 6264 £ .0049 e | .7946 £ .0079 . .
Source F1 17.33 £1.23 e | 7.76 +2.36 o | 14.4940.79 e | 25.02£1.06 e | 12.56 +£0.97 e | 26.22 £0.65 . )
Combine bACC | 5.88 £0.06 e | 576 £0.11 e | 5.8440.05 e [ 59240.08 e | 5.8440.08 e | 5.8840.00 . .
DSAN AUC 5056 £ .0137 e | 5107 & .0115 e | 5153 & .0232 e | 4794 £.0377 e | .5054 £ .0096 e | 5037 £.0234 . .
F1 0.82+0.11 e | 0.68+0.06 e | 0.854+0.31 e | 0.73£0.15 e | 0.68 +0.06 e | 0.65=+0.00 . .
bACC | 29.76 +1.00 o [ 17.00 £ 0.58 = | 24.22£0.55 e | 38.69£1.04 =|20.71£0.72 = | 41.37£0.67 = o
FT AUC 7762 £ .0061 e | .6463 & .0050 e | 7362 £ .0053 e | .8567 £.0044 e | .6978 £.0092 e | .8431 £.0028 . .
F1 26.83 £ 0.68 = | 1549£0.28 = |2280+£0.31 e | 36.67£0.93 e | 19.08£0.72 = | 36.52+0.75 = .
bACC | 25.63 +£0.64 e | 13.04£0.78 o | 21.884+1.36 e [ 3347+£1.74 e [ 1818 £1.50 e [ 27.80+£2.22 . .
MCD AUC 7315 £.0076 e | .6166 & .0066 e | .6899 & .0116 e | .8050 £ .0161 e | 6542 £.0111 e | 7579 £.0111 . .
F1 25.14 £0.77 e | 12.5240.67 e | 20.3241.24 e | 32124207 e | 16.82+1.18 e | 23.50 248 . .
bACC | 27.88+0.89 = | 15.82£0.90 =|2243£0.32 e | 35.69 £ 1.41 e [ 18.73£0.85 e | 30.00 £2.42 e |[ 25.09 e
MDAN AUC 7789 £ .0074 e | .6515+£.0035 e | 7310+ .0111 e | .8560 £.0018 e | .6887 £.0083 e | .8269 £ .0094 e || 7555 e
F1 24.60 £1.31 e | 13454+ 1.06 e | 20.4040.72 e | 32.99 £ 1.46 e | 16.36 £1.08 e | 23144285 e || 21.82 o
bACC | 30.29+0.72 o [ 17.39+£0.50 o[ 26.16+0.41 = 51 £0.83 = | 21.96£0.75 = 36.41+1.01 e ([ 2845 o
MFSAN AUC 7708 £.0035 e | .6548 4 .0058 e | 7437 &+ .0057 e | .8379 £ .0042 e | .7066 £ .0072 .8104 £.0125 e || 7540 e
F1 26.43 £ 0.45 = | 15.69+£0.78 = |24.23+£0.51 = | 35.77£1.15 e [ 19.98+0.93 =|29.52+1.13 e |[ 2527 o
bACC | 26.14+1.19 e | 15.55+0.90 = | 2212£042 e 34244182 e [ 19.88£0.89 =|2310£1.70 e || 2350 e
M3SDA AUC .7386 £ .0070 e | 6342 £ .0056 e | 7102 +.0048 e | .8120 £ .0057 e | .6804 £ .0087 e | .7107 £ .0058 o | 7143 e
Multi F1 25.47+1.49 = |1542+£1.20 = |21.22£045 e | 3411£1.63 e | 18.84+1.08 =|16.84 £2.03 e || 21.98 o
Source bACC | 25.43 £1.50 e | 14.844+0.82 = | 21.73+0.71 e [ 3220£1.32 e | 19.80 £0.67 = | 24.94+2.02 e ([ 2316 e
ABMSDA AUC 7269 £ .0063 e | .6201 & .0024 e | 6991 £ .0046 e | 7966 & .0122 e | .6755 £ .0065 e | 7245+ .0129 e || 7071 e
F1 24.75 £ 1.55 e | 1487111 = | 20.80 £0.48 e | 32.03£1.34 e | 18.59 £0.76 =|19.24£2.14 e || 21.71 o
bACC | 29.84 +1.38 16.25 £ 1.19 24.96 £0.89 39.04 £0.70 22.02 £0.69 32.88 £2.08 27.50
WMSSDA AUC 7737 £.0103 6504 £.0078 7447 £ .0048 .8500 % .0059 .7044 £ .0094 .8007 £ .0088 7540
F1 28.31 +1.28 16.06 &+ 1.09 24.08 £ 0.87 38.87 £ 0.64 20.74 £0.74 28.08 £ 3.06 26.02
bACC | 28.18 £0.58 15.96 = 1.04 25.27 £0.70 39.29 £1.26 21.14£1.15 40.04£0.99 28.31
WMSSDA-3 | AUC 7971 +.0033 .6791 &+ .0055 .7663 + .0059 .8821 + .0036 7162 + .0063 8620 + .0045 7838
F1 27.28 £ 0.64 15.50 £ 1.11 24.45 £0.83 38.72 £ 145 20.17£1.25 34.85£1.48 26.83

WMSSDA is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table 3.4: Comparative Study on the DomainNet Domain Adaptation Benchmark Dataset,
with Limited and Imbalanced Data. The best and second-best results for each metric and
each target domain appear in bold and underlined respectively. Results are evaluated on a
multi-class classification task using metrics: balanced Accuracy, AUC, and the F;-Score.

3.4.5 Comparative Study on Real-World Tabular Medical Dataset

The second experiment is a comparative study between all tested DA approaches and our
proposed WMSSDA, on the real-world mixed-type tabular medical Covid dataset. We aim
to show that our approach can reach good results on mixed-type tabular data in addition
to image data. We also aim to show that WMSSDA competes and outperforms other DA
approaches in an experimental setting very close to the QUALITOP setting, that is, real-world
medical context with limited data and class imbalance.

Table 3.5 reports our entire experimental results on the Covid dataset. Results show that
both WMSSDA variations lead to the best or second-best results in most cases, and in all
cases on average. Those experimental results show that our approach can perform very well
on tabular data. In this particular setting, we note that it is our standard version of WMSSDA
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Setting Method Metric || 1 2 3 4 5 Avg
bACC || 86.15+1.15 e | 85.57 £0.46 e | 85.41£0.37 e | 83.47+0.30 e | 85,91 £2.92 e | 8530 e
NN AUC 9257 +.0083 e | 9145 £ .0042 e | .8983 & .0042 e | .8878 +.0066 e | .9621 +.0048 . 9177 e
F1 81.52+1.14 e | 82.06 +0.83 e | 80.79+1.00 e | 78.80+0.68 e | 81.79 £3.55 e | 8099 e
bACC | 87.09 £1.01 e | 80.96 £7.17 = | 79.50 & 4.82 e | 82.36+1.14 e | 9290 £1.20 e || 8456 e
DAN AUC 9261 +.0074 e | 9052+ .0079 e | .8910 % .0069 e | .8928 +.0055 e | .9646 = .0090 e | 9159 e
F1 85.64 £ 2.25 = | 75.02+£13.25 = | 71.73£9.18 e | 78.83£2.88 = | 92.00 +1.36 e || 80.64 e
bACC || 85.10+£0.82 e | 85.82+0.58 o | 84.44+0.97 e | 83.31+1.54 e | 92.63+1.05 e | 8626 e
DANN AUC 9331 4 .0021 e | 9210 £ .0011 e | 9047 £.0043 e | 9071 % .0043 = | .9701 £.0025 . 9272 e
Single F1 80.01£1.14 e | 81.68 +1.31 e | 78.74+201 e | 77.18+2.39 e | 90.60+1.35 o || 8164 o
Best bACC || 84.62£3.17 e | 8482+ 1.52 e | 82.99+1.32 e [ 83.30£0.62 e | 91.20+2.03 e | 8539 e
DSAN AUC .9146 £ .0089 e | 9112+ .0088 e | .8941 4 .0073 e | .8944 £+ .0067 e | 95754 .0088 . 9143 e
F1 81.45 +4.51 e | 84.56 +1.14 = | 77.884+2.07 e | 79.67+1.03 e | 90.94+2.63 e || 8290 e
bACC || 84.47 £0.97 e | 85.12£0.63 e | 84.43£0.61 e | 83.31£1.42 e | 90.17 £2.39 e || 8550 e
FT AUC 9311 £ .0040 e | 9179 £ .0022 e | 9061 +.0018 e | 9049 +.0018 = | .9689 £ .0014 e || 9258 e
F1 79.23 £1.03 e | 81.33£1.98 o | 78.70+1.02 e | 77.48+2.00 e | 86.71 £3.09 e || 80.69 e
bACC | 86.67+1.35 e | 85.49+£0.34 e | 85.23+0.40 e | 84.35+0.85 = | 91.82+2.42 e | 86.71 e
MCD AUC 9350 +.0016 e | 9207 +.0029 = | .9089 & .0014 e | 91144+ .0026 o | .9718 +.0010 . 9296 e
F1 82.38 £ 1.70 e | 8251 +£1.18 e | 79.79+0.64 e | 78.94+1.69 e | 89.26 £2.97 e || 8258 e
bACC || 87.93+0.44 e | 86.53 £0.22 e | 85.26+0.18 e | 83.90+0.34 e | 94.45+0.23 e || 8761 e
NN AUC .9389 £+ .0019 e | 9168 £+ .0033 e | 9111 +£.0037 = | .9036 £ .0031 = | .9751 £ .0009 e | 9291 e
F1 83.86 £0.77 e | 83.95+0.52 e | 79.07£048 e | 78.66+0.44 e | 93.94+0.28 e || 8390 e
bACC || 88.12+£0.27 e | 86.79 £ 0.40 = | 8541+£0.15 e | 83.98£0.32 e | 9478 £0.13 = 87.82 e
DANN AUC 9391 £+ .0023 = | .9188 +.0038 e | 9118 4 .0007 e | 9074+ .0016 = | .9747 £.0002 e || 9304 o
F1 84.34 £0.42 e | 84.27+0.51 e | 79.15+£0.28 e | 78.66+0.28 e | 94.05+0.16 o || 84.09 o
bACC | 87.40+1.23 e | 86.22+£0.22 e | 84.78 £ 0.75 e | 83.99+0.38 e | 94.25+0.24 e || 8733 e
DAN AUC 9306 +.0077 e | 9238 +.0023 = | .9078 & .0034 e | 9026 %+ .0029 e | 9726 +.0012 o | 9275 e
Source F1 84.57£1.18 e | 83.13+1.24 e | 80.11£1.31 e | 79.18 £0.73 e | 93.38+£0.83 = | 84.07 e
Combine bACC || 87.53 £1.02 e | 85.854+0.23 e | 85.67+1.02 o | 84.214+0.77 e | 92.274+1.70 o || 87.11
DSAN AUC 19307 £ .0027 e | 9197 £ .0052 = | .9069 £ .0046 e | 9053 £.0051 = | .9585+£.0082 o | 9242 o
F1 84.15+ 1.52 e | 84.15+0.89 e | 80.44+1.71 e | 78.76 +0.83 e | 92,11 £1.57 ® | 8392 e
bACC || 85.88 £0.52 e | 86.08 £0.50 e | 85.39+0.42 o | 84.43+1.12 = | 9243 £1.53 e | 8684 e
FT AUC 9358 £+ .0031 e | 9210 £ .0022 e | .9083 & .0030 e | .9055 % .0039 = | .9706 £ .0019 o | 9282 e
F1 81.00 £ 0.68 e | 82.40+0.72 e | 79.76 +0.78 e | 79.51+1.02 e | 89.73 +2.06 e || 8248 o
bACC || 84.74 £1.75 o | 84.25+1.73 e | 83.81£0.87 e | 83.59 £0.60 e | 90.98 £1.33 o || 8547 o
MCD AUC 9288 +.0028 e | 9103 £ .0094 e | 9060 % .0028 e | 9091 % .0027 = | .9674 £+ .0033 o | 9243 o
F1 79.64 £2.83 e | 80.80£1.98 e | 77.31 £1.40 e | 77.65+1.33 e | 88.38£1.78 e || 80.76 e
bACC || 66.96 & 7.40 e | 73.42+8.83 o | T7.47+2.40 e | 72.11£4.53 e | 71.34+£8091 ° || 7226 o
MDAN AUC .8415 £ .0451 o | 8474 +.0244 e | .8460 % .0285 e | .8215+£.0259 e | .8669 £ .0363 o || 8447 o
F1 52.83 £17.89 e | 65.41+£19.93 = | 72.76 £ 3.70 e | 63.68+11.61 e | 63.024+20.23 e || 63.54 e
bACC || 86.42+0.35 e | 85.22+0.39 e | 83.07+0.43 e | 83.75+0.77 e | 92.20+0.85 o | 86.13 e
MFSAN AUC -9300 £ .0035 e | 9196 £.0018 e | .9059 & .0027 e | .9108 & .0024 = | .9643 £ .0050 e | 9261 e
F1 82.82 £ 0.40 e | 81.87T+1.11 e | 76.25+0.84 e | 77.36 +1.10 e | 90.07+1.06 e || 8167 e
bACC || 86.45+0.73 e | 85.00£0.47 e | 84.51+£0.27 e | 82.92+£0.77 e | 93.70 £0.86 o | 8652 e
M3SDA AUC 9351 +.0022 e | 9174+ .0057 = | .9067 +.0015 e | 9010 % .0024 e | 9695+ .0022 e | 9259 e
Multi F1 82.24 £1.04 e | 81.22+0.76 e | 78.10+0.57 e | 76.76 +1.20 e | 92.85 £ 1.60 = | 8223 e
Source bACC | 86.78 +1.09 e | 85.88+£0.97 = | 83.66 £ 1.16 e | 81.00+0.93 e | 93.45+191 = | 8615 e
ABMSDA AUC 9281 +.0043 e | 9190 +.0033 e | 9068 + .0034 e | 9049 +.0021 = | .9695 £ .0022 e | 9256 e
F1 83.52 £ 1.48 e | 82.60 £2.07 e | 77.00+2.01 e | 73.44+£1.48 e | 92.08 £2.63 = || 8L73 e
bACC || 89.24 +0.30 86.97 £0.28 87.03£0.14 85.33 £0.24 94.88 £0.20 88.69
WMSSDA AUC 19413 4+ .0006 9240 + .0014 19147 +.0003 9074 £ .0016 9764 1+ .0006 .9328
F1 86.87 £0.37 85.65 £ 0.21 83.05 +0.33 81.32+0.26 94.34+0.13 86.25
bACC | 88.85+0.61 86.61 £0.17 86.29 £+ 0.24 84.60 £ 0.62 94.21 £0.27 88.11
WMSSDA-3 | AUC 9378 +.0027 19242 +.0017 9112 £ .0017 .9065 £ .0064 9735 +.0010 .9306
F1 85.31 +1.39 84.50 +£0.74 82.05 £ 0.89 80.36 £ 0.53 92.86 + 0.50 85.02

WMSSDA is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table 3.5: Comparative Study on the Real-World Medical Covid Dataset Dataset, with Lim-
ited and Imbalanced Data. The best and second-best results for each metric and each target
domain appear in bold and underlined respectively. Results are evaluated on a binary clas-
sification task using metrics: balanced Accuracy, AUC, and the F;-Score.

that performs the best, which is probably an indication that there is almost no concept shift
in this dataset, unlike with the two benchmark image datasets, rendering the f version of the
approach no better than the standard one. The results between the two versions of WMSSDA
are close, with slightly better results for our standard version, thus, we performed the statisti-
cal tests evaluation based on the standard version of WMSSDA. The statistical comparison of
the results shows that our approach WMSSDA leads to significantly better results than most
other approaches, in the majority of cases. Our approach leads to significantly better results
than any other state-of-the-art approach when considering the average performance over
all target domains.
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3.4.6 Ablation Study

Our method WMSSDA is composed of several important elements, in this section we per-
form an ablation study in order to evaluate the pertinence and usefulness of each compo-
nent of WMSSDA. An ablation study is a type of experiment that is conducted to investigate
the impact of removing, or disabling, specific components or features of an approach. To do
so, we eliminate parts of our model and evaluate the results to understand their individual
contributions to the overall performance and validate the pertinence of each component.

Approach Branches Regus Weights
WMSSDA-A | Common MD+ADV | No
WMSSDA-B | Specific - No
WMSSDA-C | Common+Specific | ADV No
WMSSDA-D | Common+Specific | MD No
WMSSDA-E | Common+Specific | MD+ADV | No
WMSSDA Common+Specific | MD+ADV | Yes

Table 3.6: Ablation study compared approaches.

In this ablation study we compare five ablated versions of our WMSSDA approach with
our complete method. Table 3.6 shows all WMSSDA versions compared in this study. In the
column “Branches” it is indicated if the method contains both the common modules branch
and the source domain specific modules branch, or only one of the two. Column “Regus”
indicates if both the statistical and adversarial regularizations of the common branch are
used, or only one of the two, or none in the case where only the specific branch is used.
Finally, column “Weights” indicates if transfer contribution weights are computed and used
during training to minimize Negative Transfer or not.

Method Metric || MNIST MNIST-M SVHN SYN USPS Avg
bACC || 94.95 £ 0.58 72.02+1.24 67.69 + 2.28 80.94 +0.49 96.57 £ 0.22 82.43
WMSSDA-A | AUC .9985 £ .0001 .9620 £ .0024 .9429 £ .0054 9783 £+ .0012 .9989 £ .0002 9761
F1 94.89 4 0.61 71.20 £ 1.35 65.64 + 2.70 80.63 + 0.53 96.83 £0.19 81.84
bACC || 93.77 £0.90 74.62 + 1.50 66.34 + 2.24 79.72 +£1.20 95.89 £ 0.35 82.07
WMSSDA-B | AUC .9980 £ .0003 9721 £ .0021 .9414 £ .0048 9805 £ .0013 9982 £ .0005 9781
F1 93.71 +£0.92 73.79+1.72 62.83 +2.40 79.48 +1.18 96.06 £ 0.47 81.17
bACC || 93.95£0.61 73.52+1.32 69.61 + 1.60 81.58 +0.95 96.60 + 0.16 83.05
WMSSDA-C | AUC .9982 £ .0002 9709 £ .0017 .9482 £ .0049 9813 £.0014 9984 £ .0004 9794
F1 93.79+0.71 72.98 +1.58 67.29 + 2.87 81.41 +0.99 96.73 £0.11 82.44
bACC || 95.01 £0.46 74.60 +1.33 69.27 + 2.05 81.87 +1.42 96.28 £ 0.21 83.41
WMSSDA-D | AUC 9988 £ .0002 9736 £ .0025 .9505 £ .0035 19828 £ .0019 9987 £ .0003 .9809
F1 94.93 £+ 0.50 74.19 +£1.40 67.16 & 2.34 81.70 £ 1.43 96.38 £0.14 82.87
bACC || 95.16 +£0.25 74.94 +0.76 69.20 + 1.17 82.60 £ 0.46 96.60 £ 0.28 83.70
WMSSDA-E | AUC .9989 £+ .0002 9737 £+ .0024 .9501 & .0016 9833 £ .0008 9987 £ .0003 .9809
F1 95.11 4+ 0.26 74.50 £0.88 67.11 £ 1.56 82.45 £ 0.43 96.65 £ 0.30 83.17
bACC || 95.30 £0.21 75.05 +1.06 70.50 +1.21 82.85+0.49 96.77 +£0.30 84.10
WMSSDA AUC .9988 £ .0001 9737 £ .0017 19519 £ .0014 .9838 +.0005 .9992 £ .0001 9815
F1 95.25 + 0.21 74.62+1.17 68.17 +2.01 82.70 +£0.49 96.90 + 0.29 83.53

Table 3.7: Ablation study results.

Table 3.7 shows our experimental results on the Covid dataset for this ablation study. We
compare our method with only the common modules branch with method WMSSDA-A and
only the source domain specific modules branch with method WMSSDA-B. In both cases, av-
erage results are similar, with slightly better results for WMSSDA-A, showing the importance
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of a shared latent space. Method WMSSDA-E contains both branches and obtains largely
better results than WMSSDA-A and WMSSDA-B, showing the pertinence of an architecture
combining both the common and specific branches to obtain the best possible results. We
believe that the two branches architecture naturally decreases Negative Transfer as classi-
fiers with higher confidence are given more importance in the ensemble pooling of results,
which highly contributes to improving prediction quality. We also evaluate the pertinence of
using both statistical and adversarial regularizations to learn a shared domain invariant la-
tent space, with method WMSSDA-C using only the adversarial regularization, and method
WMSSDA-D using only the statistical MD regularization. The results of WMSSDA-C and
WMSSDA-D show that using a statistical only regularization leads to slightly better results
than the adversarial one alone. This is contradictory with the actual consensus in the lit-
erature, that states that adversarial regularization is superior to statistical regularization for
learning a common domain-invariant latent space. This can probably be explained by the
fact that MD has been shown to be more pertinent and lead to better learning performance
than MMD in a Multi-Source Domain Adaptation context in (Peng et al., 2019), making it
slightly superior to adversarial alignment in this case. Method WMSSDA-E, which uses both
MD and adversarial regularization for its shared latent space obtains better results than both
WMSSDA-C and WMSSDA-D, showing that using both kind of regularizations allows to fur-
ther align the latent space and lead to even better adaptation results. Finally, we observe that
our complete WMSSDA approach leads to the best results overall, which seems to indicate
that our transfer contribution weights are useful to limit Negative Transfer during training
and have a positive effect on learning performance.

3.5 Discussion and Conclusion

In this chapter, we proposed an innovative MSSDA approach, Weighted Multi-Source Su-
pervised Domain Adaptation (WMSSDA), which we evaluate and compare to other state-
of-the-art approaches on limited and imbalanced data on both benchmark and real-world
medical datasets. Our proposed approach is composed of a two branch architecture, learn-
ing both a shared domain invariant latent space and source domain specific latent spaces.
The shared latent representation is learned and regularized both statistically and adversar-
ially, the statistical regularization relies on a MD measure between source and target do-
mains. The output of the MD regularization is used to compute transfer contribution weights
that are applied to weight the impact of each source domain during training, limiting Neg-
ative Transfer. We show that our proposed WMSSDA outperforms most state-of-the-art ap-
proaches on both image benchmarks datasets and a real-world tabular medical dataset. We
further analyze the relevance and importance of each component of our method by per-
forming an ablation study, validating the overall architecture of our approach.

Overall, our experimental results seem to show that most Multi-Source Domain Adapta-
tion approaches do not obtain significantly better results than single-source approaches in
our experimental scenario. This seems to show that despite researchers efforts, Negative
Transfer in Multi-Source Domain Adaptation is still an open critical problem that seems to
limit the overall potential performance of state-of-the-art Multi-Source Domain Adaptation
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approaches. Best performing DA approaches are still not able to fully avoid Negative Trans-
fer. In our proposal of a new MSDA approach, we tried to limit Negative Transfer through
the computation of transfer contribution weights that are applied as a scaling of the impact
of each source domain in the training of the entire model. Our experimental results and ab-
lation study show that this element of our approach is relevant and improves overall results.
But even with this component, our proposed approach is yet not able to fully avoid Negative
Transfer. Future works in the Domain Adaptation field should focus on finding better ways
to handle this important matter.

We have evaluated our proposed approach in a specific data limited and imbalanced set-
ting, as this is our setting of interest for the QUALITOP project. However, our approach
WMSSDA is a generic MSDA approach and should perform well under any amount of data
and class balance setting. An interesting perspective could be to evaluate the approach in a
more standard MSDA evaluation setting, unrelated to the medical field and without imbal-
anced and limited data, to show how it performs and compares to other state-of-the-art DA
approaches in such scenario.
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In this chapter, we showcase the complete application of this thesis work as a predictive
Machine Learning (ML) pipeline, on a real-world Covid medical dataset. First, we define the
application setting of the QUALITOP project. In section 4.2, we present the dataset on which
we apply our entire pipeline. We then detail the design of the complete prediction pipeline
that unifies the various works previously proposed within this manuscript. Section 4.4 shows
our application results, with the analysis and interpretation of various components of the
pipeline. We discuss how such a ML pipeline is to be deployed and integrated within a real
application in the next section. Finally, we conclude the chapter with a summary and dis-
cussion of our applicative work.
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4.1 The Application Setting of the QUALITOP Project

This thesis is part of the European research project QUALITOP: Monitoring multidimen-
sional aspects of QUAlity of Life after cancer ImmunoTherapy - an Open smart digital Plat-
form for personalized prevention and patient management' *. This project aims at improv-
ing the quality of life of patients suffering of cancer and undergoing immunotherapy treat-
ment. Cancer immunotherapy has significantly progressed in the treatment of cancer. But
immunotherapy is also responsible for lots of Immune-Related Adverse Events (irAEs), span-
ning from benign symptoms to life threatening reactions. The QUALITOP project aims to de-
sign a European immunotherapy-specific open smart digital platform, that will feature pre-
dictive Machine Learning models that will offer real-time recommendations to enhance pa-
tient care based on patient profiles, and help identify the factors influencing patients health
status.

Our main goal within the QUALITOP project is to design ML prediction models that will
be useful to provide real-time recommendations for a given patient that medical experts will
use to help in their decisions. This thesis work focuses on designing such ML and Deep
Learning (DL) tools, to predict the risks that a patient may face when undergoing an im-
munotherapy treatment. In such a context, there are two main predictive tasks of interest,
survival outcome prediction, and Immune-Related Adverse Events prediction. The ability to
evaluate the survival outcome of a cancer patient that would undergo immunotherapy is of
critical importance. Indeed, it allows medical experts to make well-informed decisions re-
garding the patient treatment and care. By accurately predicting the potential outcomes and
risks associated with immunotherapy for each individual patient, healthcare professionals
can choose the best suited treatment depending to each patient specific needs, maximizing
the chances of positive outcome and maximizing the overall patient quality of life. This infor-
mation helps medical experts to optimize treatment strategies, provide appropriate support,
and improve as much as possible the patient quality of life throughout their cancer journey.
Similarly, the ability to anticipate the severity of adverse reactions that might occur because
of an immunotherapy treatment is extremely valuable. Presently, there are no identified bio-
markers that can help in predicting irAEs. Designing a M. model capable of predicting irAEs
before they occur will not only help medical experts take better and more informed deci-
sions, but will also show that crucial bio-markers actually exist within patients health data
and can be exploited to anticipate immunotherapy adverse events. Such a predictive model
helps to take proactive measures to mitigate potential irAEs and significantly improve pa-
tient outcomes.

A crucial objective of QUALITOP is to collect and aggregate real-world data from diverse
European sources, to monitor the health status and quality of life of cancer patients undergo-
ing immunotherapy. Health data of cancer patients undergoing immunotherapy treatments
are collected at five partner hospitals within the European Union, in France, Spain, Portugal,
United Kingdom, and Netherlands. There are several practical particularities about QUALI-
TOP data that it is crucial to take account of in order to maximize predictive results of a ML

lhttps://cordis.europa.eu/project/id/875171
2https://h2020qualitop.liris.cnrs.fr/wordpress/index.php/project
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model:

e Attribute noise. As defined in chapter 1 and 2, attribute noise is the combination of
missing and erroneous values. As stated in previous chapters, missing and erroneous
values are an issue that is present in almost all real-world data, and especially in a
medical context. It is estimated that health features collected within the QUALITOP
study contain about 20% to 30% missing values. As health features are manually col-
lected and entered in the system, it is very probable that there are erroneous values in
QUALITOP data.

e Multiple domains. QUALITOP data is collected within five distinct hospitals, each
medical institution in a different European country. This is a real-world example of
a Multi-Source Domain Adaptation (MSDA) setting, where we want to exploit knowl-
edge from all sources in order to maximize inference results in each source, that is,
each hospital.

e (Class imbalance. QUALITOP data is imbalanced, whether we aim to predict the sur-
vival outcome of a patient or Inmune-Related Adverse Events. For example, benign
irAEs are much more common than severe ones. This must be accounted for when
designing a predictive model. Failing to account for this imbalance might result in a
predictive model that can only predict benign adverse events, while overlooking the
more serious and significant adverse reactions.

Those matters have all been addressed in this manuscript, the complete predictive ML
pipeline that is presented and applied in this chapter is the combination of all our previously
proposed and discussed approaches.

While working on the QUALITOP project, we encountered data sharing issues that were
not initially anticipated during project conception. Indeed, hospitals data sharing policies
are very strict, and even within the framework of the European QUALITOP project, it was
impossible to get access to other countries data before the end of this thesis. Therefore, we
searched for a real-world public medical dataset that would be as close as possible to the
real QUALITOP applicative setting. In this chapter, we unite our complete work within a
Machine Learning predictive pipeline, and showcase its application on a real-world medical
Covid dataset, in an applicative setting that simulates closely the QUALITOP context.

4.2 A Real-World Medical Dataset Close to QUALITOP Data

As we were not able to obtain access to QUALITOP data in time, we searched for a dataset
that would be as close as possible to our application context. We found a dataset provided
by the Mexican government that contains anonymized health data from an important num-
ber of patients that suffer from, or have symptoms that could be related to, Covid19. It is
downloadable from the following Kaggle repository’. A total of 1,048,576 unique patients

3https://www.kaggle.com/datasets/meirnizri/covid19-dataset
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suspected of suffering from Covid19 are included in this dataset, with 20 tabular mixed-type
(continuous and categorical) features. It is known that the majority of people that are in-
fected with Covid19 experience mild to moderate respiratory symptoms, which often resolve
without the need for specialized medical intervention. Those cases are characterized by mild
to moderate symptoms, such as fever, cough, fatigue, and shortness of breath. These indi-
viduals typically recover through supportive care and self-isolation, contributing to the rel-
atively low overall fatality rate of the disease. On the other hand, certain vulnerable groups
face a higher risk of developing severe illness, and so, a higher risk of dying. This is the case of
older individuals, and those with pre-existing medical conditions. This vulnerable popula-
tion includes patients with underlying health issues like cardiovascular disorders, diabetes,
chronic respiratory diseases such as asthma, and other chronic illnesses. This Covid dataset
includes indicators of such diseases, which are primordial information in order to evaluate
the risk an infected patient is facing. Having access to such an amount of Covid19 related
data is extremely valuable, as it allows researchers and healthcare professionals to gain sig-
nificant insights into the patterns, risk factors, and outcomes associated with Covid19. In
this application chapter, we will showcase the application of our complete Machine Learning
predictive pipeline on this real-world medical dataset, with a scenario that is closely related
to the QUALITOP medical setting.

This Covid dataset under consideration presents interesting similarities with QUALITOP
data. They are both medical datasets containing anonymised health data, with which we aim
to predict the survival outcome of individuals based on their actual data. Just like QUALITOP
data, the patients in this Covid dataset also originate from various distinct medical institu-
tions, making it a multi-source context. However, there are also some important differences
to account for between the two datasets. The first significant difference is the size of the
datasets. The Covid dataset is notably larger, as it includes a substantial number of patients.
In contrast, QUALITOP data includes only around 1,000 patients per medical institute. The
second major difference is in the presence of missing values. The Covid dataset contains al-
most no missing values. Whereas QUALITOP data exhibits an important amount of missing
values, estimated to be between 20% to 30% in health features. In order to align the Covid
dataset more closely with our scenario of interest, it requires additional preprocessing. This
preprocessing aims to simulate the limited number of patients, and relatively high amount of
missing value, observed in the QUALITOP data. Making the Covid dataset more comparable
to QUALITOP data, and suitable for the application of our ML predictive pipeline.

4.2.1 Preprocessing the Dataset

The first step is to split the datasets in domains, based on the medical institution in which
patients are treated. Initially, the medical institution of each patient is indicated in a cat-
egorical variable, we split patients in separate datasets grouped by domains. There are 13
distinct medical units in the original dataset. We choose to select 5 medical institutions out
of those 13, as there are five partner hospitals actively collecting cancer immunotherapy re-
lated health data in the QUALITOP project, leading to a total of 5 domains. We based the
selection of those medical units on an exploratory analysis of the dataset. We considered
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only medical institutions with more than two thousand patients, as we want at least 1,000
training patients and 1,000 test patients in each domain. We then selected the 5 institutions
showing the most feature distribution variability from one another, as shown in the next
subsection. This ensures that the domain shift is maximized across domains of the dataset.
Applying a well-performing MSDA approach to such a dataset would show a good capacity
at handling domain shift in a real-world setting. Finally, we randomly select 1,000 training
patients in each medical institute to align the size of the Covid dataset with the number of
patients included in QUALITOP data. We also randomly select another 1,000 patients for the
test set of each medical institution, which will be used for the evaluation of our predictive
pipeline.

The second step of this preprocessing is the injection of missing values within the Covid
dataset, to better align the application scenario with the QUALITOP one. It is estimated that
health features collected within the QUALITOP study contain about 20% to 30% missing val-
ues. Therefore, we inject missing values in the Covid dataset at a missing rate set to 25%. We
inject those missing values based on the Missing Not At Random (MNAR) mechanism, such
as previously described in chapter 2, as it is the most commonly encountered missingness
mechanism in real-life data, and the hardest to deal with. We choose not to include missing
values within the “Sex” and “Age” features, as missing values in such basic information are
rare or nonexistent in practice. Values of all other features have the same 25% probability to
be missing. This leads to a total amount of missing values of about 22% on average for each
domain.

4.2.2 Exploratory Analysis of the Covid Dataset

In data science, an important step is the exploratory analysis of the dataset of interest. It
consists in using various techniques and visualizations to examine the data, which helps to
gain insights, identify patterns, trends, and potential relationships between variables. In our
multi-source context, we are especially interested in detecting and evaluating the domain
shifts in the dataset.

Figure 4.1 shows the univariate marginal distributions of four features of the Covid dataset
across the five domains. Visualizing the univariate marginal distribution of a feature in each
domain visually highlights differences between domains. As the Covid dataset has been
anonymized, it is impossible to know the kind of hospital to which each medical institu-
tion corresponds. Visualizing the distribution of features can help better understand the
particularities of each domain.

The first visualized distributions, on the top left of the figure, are those of the “Sex” feature
across domains. We observe very balanced sex distributions across all domains, except for
domain 4, where there are considerably more males than females, with about 61.4% male
patients in this institute. This is a drastically different sex distribution compared to the other
four domains overall balanced distributions. On the top right of the figure, we visualize the
“Obesity” feature marginal distributions across domains. In domains 1, 2, 3 and 5, we ob-
serve a vast majority of non-obese patients, with less than 20% obese patients in those four
institutes. As previously, domain 4 exhibits a very different feature distribution, as there are
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Figure 4.1: Distributions of four binary features across the 5 domains in the Covid dataset.
We observe a covariate shift between the five domains, as univariate marginal distributions
are different across pairs of features. Therefore, P(Xp,) # P(Xp,) # ... # P(Xp,).

almost as many obese patients as non-obese patients in this medical unit. This might be
correlated to the fact that there nearly two thirds of patients are males in this institution.

On the bottom left of the figure, we visualize the “Care Level” feature distributions across
the five institutions. We note a higher proportion of patients in institutions 1 and 3 at a high
care level than in other domains, and note that most patients of institution 5 are at a low
care level, with about 66% of patients at a low care level. We then visualize the “Hospital-
ized” feature on the bottom right of the figure, where “yes” means that patients are being
hospitalized for their treatment, while “no” signifies that patients are sent home to recover.
The marginal distributions are relatively similar for most institutions, except for institution
5 that is largely dissimilar to others. In domain 5, almost 90% of patients are sent home to
recover, which seems correlated to the fact that most patients of institution 5 are at a low care
level. On the other hand, we also note that many patients in domain 1 are also sent home to
recover, while most patients are at a high care level. This might indicate that those patients
are treated more intensively despite being hospitalized from their home.

We do not know to which kind of hospital each medical institution corresponds, but we
observe different marginal distributions for most features between domains. This is proba-
bly due to a sample selection bias, and thus, different kinds of patients across institutions.

This simple visualization of the distributions across the Covid dataset domains is enough
to conclude that there is a covariate shift between the five domains. The covariate shift ob-
served between the domains of this dataset is probably very similar to the one existing be-
tween the medical institutions in our QUALITOP context.

There is no standard way of measuring covariate shift between multiple domains in the

literature. Therefore, we propose a way of measuring the covariate shift between each pair
of domains in the Covid dataset, relying on the normalized Fréchet distance (Dowson and
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Landau, 1982). It is noted and computed between two domains as:

AD1,D,) = ||up, — pip, |15 + tr(cov(D1) + cov(D2) — 2y/cov(Dy) - cov(Dy))

With cov (D) the covariate matrix of the data sample of domain D. The Fréchet distance is
a measure of similarity between two multivariate distributions, its normalized version is
the mean of the distance between each features in the data. The normalized Fréchet dis-
tance value between two domains does not make much sense on its own, as all that can be
concluded is that the further it is from 0, the most unrelated the two domains are. In our
proposed way of measuring the covariate shift, we first compute the normalized Fréchet dis-
tance between the train set and the validation set of each domain, which gives a reference
distance value for each domain, noted and computed as Ag(D) = A@¢rqin, Dyqar). Then, we
compute the normalized Fréchet distances between each pair of domains, and compute the
ratio between the mean of the reference values of both domains, and the normalized Fréchet
distance value between the domain and the compared one. We note A, (D1, D), the covari-
ate distance between domains 1 and 2, computed as:

A(Dq,Dy)
3+ (Ao(D1) +Ag(D2))

ACOU(IDL DZ) =

We consider that a covariate distance above 1 means that the two domains are different, and
the higher the value is, the more covariate shift there is between the two domains. Table
4.1 shows the results of our proposed way of measuring covariate shift between each pair of
domains on the Covid dataset.

Domain 1 | Domain 2 | Domain 3 | Domain 4 | Domain 5 || Avg
Domain 1 | 1 4.1353 6.6404 15.8727 9.4139 9.0156
Domain 2 | 4.1353 1 5.4521 12.9550 7.7180 7.5651
Domain 3 | 6.6404 5.4521 1 10.9721 19.7236 10.6970
Domain 4 | 15.8727 12.9550 10.9721 1 24.9527 16.1881
Domain 5 | 9.4139 7.7180 19.7236 24.9527 1 15.4520

Table 4.1: Covariate shift ratios between each pair of domains in the Covid dataset.

In each cell of this table, the covariate distance value can be understood as the amount of
times the covariate shift is superior between a pair of domains compared to the average ref-
erence shift that exists between the training and validation set of both domains respectively.
For example, we can consider that there is a shift about 15.9 times higher between domains
1 and 4 compared to their mean intrinsic shift between their training and validation sets. In
the last column we see the average of the covariate distances for each domain. This empha-
sizes the fact that domains 4 and 5 are the most different domains compared to the others,
with average distances much higher than domains 1, 2 and 3.

Table 4.2 shows the survival outcome distribution in each domain of the Covid dataset,
revealing a prior shift between the domains of the dataset. Indeed, we observe that the la-
bel distribution is imbalanced in each domain and the representation is different from one
domain to the other, thus, P(Yp,) # P(Yp,) # ... # P(Yp,;). For example, we observe a low
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mortality in domain 5, with 96% patients that survive, whereas we observe a relatively high
mortality in domain 3, with only 86.3% patients that survive. This highlights an important
prior shift, with a high class imbalance in all domains. Indeed, there is an average ratio of 9:1
patients that survive compared to those that do not survive. It is important to be aware of
such matter before applying a ML predictive model to such dataset, as imbalance needs to
be accounted for in classification tasks to ensure good inference results.

Class Representation || Domain 1 | Domain 2 | Domain 3 | Domain 4 | Domain 5 || Overall

Negative Percentage 8% 13.5% 13.7% 11.1% 4% 10.06%
Samples Count || 80 135 137 111 40 503

Positive Percentage 92% 86.5% 86.3% 88.9% 96% 89.94%
Samples Count || 920 865 863 889 960 4497

Table 4.2: Covid label distribution per domain, showing that there is a prior shift across do-
mains, P(Yp,) # P(Yp,) #... # P(Yp,).

We note from this table that patients from domain 5 have much higher chances of survival
compared to other domains, with only 4% patients not surviving. This seems correlated to
the fact that most patients in this medical unit are sent home for their treatment (feature
“Hospitalized” in figure 4.1). This probably means that patients in this medical institution
are low risk patients, we also note that domain 5 is the medical institution with the least
obese patients which further supports this theory.

4.3 A Complete Prediction Pipeline

In this section, we design a predictive Machine Learning pipeline that is the unification of
all the approaches proposed in this manuscript and that will be applied on the Covid dataset.
Figure 4.2 shows our entire Machine Learning predictive pipeline, from preprocessing of the
raw domains data to the final survival outcome prediction.

In this figure the raw domains of the Covid dataset are on the far left, those are noted
S1,...,S; for the s source domains, and T for the target domain. The pipeline must be
trained and applied once for each target domain. The first step in the pipeline is to apply
our attribute noise correction method, data Denoising and Imputation in One Step (DIOS),
m times per domain. Which leads to m corrected datasets per domain, noted ém, .. .,éi,m
for the i-th source domain, and 1°T1, . ..,f‘rm for the target domain. In order to take account
of attribute noise correction uncertainty we integrate our framework Single-Hotpatching (S-
HOT) into the training of the predictive model. Therefore, means and standard deviations
of the m corrections are computed for each domain, noted us; and o, for the i-th source
domain, and pt and o for the target domain. Then, during batch extraction for the train-
ing of the predictive model, corrected values are drawn on a Gaussian distribution, param-
eterized with the means and standard deviations of the corresponding domain. Based on
this batch extraction process, we train our MSDA predictive model, Weighted Multi-Source
Supervised Domain Adaptation (WMSSDA). This model exploits knowledge from source do-
mains in order to improve predictions on the target domain. Once the WMSSDA predictive
model is trained, its output probabilities are calibrated through a Dirichlet calibration (Kull
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Figure 4.2: Complete pipeline training and application.

et al., 2019), which improves the reliance and interpretability of the results. Finally, once the
entire pipeline has been trained for a target domain, high quality predictions can be obtained
for new patients.

4.3.1 Attribute Noise Correction

In chapter 2, we proposed and discussed an attribute noise correction approach, data De-
noising and Imputation in One Step (DIOS). This Auto-Encoder (AE) based approach is able
to impute missing values and correct erroneous ones in a dataset simultaneously. We exper-
imentally showed that applying such an approach as a preprocessing step could greatly help
a predictive model reach better inference results. In our pipeline, we apply DIOS m times to
each domain, leading to m corrections per domain. Applying DIOS m times is useful in the
next steps of the pipeline, where we want to train a predictive model while taking account
of correction uncertainty, that is, taking account of the variability in DIOS results from one
execution to the other.

In our pipeline, the architecture of DIOS is a fully-connected Neural Network (NN), with
dimensions {80, 80,2}, with an input of size 17 for each domain, the output is binary as the
pipeline is applied to a survival outcome prediction. DIOS is trained with a learning rate set
to 104, for a maximum number of 750 epochs.
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4.3.2 Multi-Source Prediction

In chapter 3, we proposed and discussed a Multi-Source Supervised Domain Adapta-
tion (MSSDA) approach, Weighted Multi-Source Supervised Domain Adaptation (WMSSDA).
WMSSDA isa NN based approach that improves predictions on a target domain by exploiting
related labeled source domains data. Itis composed of a two branch architecture, where both
ashared domain invariant latent space and source domain specific latent spaces are learned.
We previously evaluated our WMSSDA approach and showed that exploiting related source
domains data could drastically improve target domain predictions, which is highly pertinent
in our specific applicative setting.

In our pipeline, the architecture of the WMSSDA is composed of a fully-connected encoder
layer (size 128), followed by a neck layer (size 64), and the classifier layer (size 2). A batch
normalization operation is used in-between each fully-connected layer for better numerical
stability, a dropout of 20% is applied after the encoder output to improve the generalization
capacity of the predictive model and avoid overfitting. The model is trained for 100 epochs,
the learning rate is set to 107>, and the activation function applied after each layer is a Leaky
ReLU, with a slope coefficient set to 0.2. In our pipeline, the training of WMSSDA is based on
the S-HOT framework, this point is explained and discussed in the next subsection.

4.3.3 Improving Training by Taking Account of Correction Uncertainty

In chapter 3, we proposed and discussed a framework to take account of imputation
uncertainty during the training of a Neural Network to improve its generalization capac-
ity, Single-Hotpatching (S-HOT). This framework relies on computing m imputations of a
dataset, and draw imputed values on a normal distribution parameterized with the mean
and standard deviation of the m imputations during the training of a Neural Network. In
this application, we extend the S-HOT framework to an application in a complete attribute
noise correction. Thus, we compute m corrections of each domain of the Covid dataset and
apply S-HOT in the same way as above to train our WMSSDA model. Our results in the next
section show the successful application of the S-HOT framework to improve a Neural Net-
work prediction results by taking account of attribute noise correction uncertainty during its
training.

4.3.4 Improving Prediction Reliance With Dirichlet Calibration

It has been recently showed that modern NNs are poorly calibrated (Guo et al., 2017). In a
real-world situation, a NN prediction should be as accurate as possible, but also, the output
probabilities of the model should reflect how likely it is that the prediction is correct. Es-
sentially, the output probabilities of a predictive model should serve as an indication of the
model confidence. Despite their superior performance compared to older Machine Learning
models, modern NNs have been found to be poorly calibrated. In fact, they tend to overes-
timate their own confidence in the probability output. As a result, it becomes challenging
to estimate the likelihood of a correct prediction based on the provided probabilities. This
mis-calibration issue is critical across various applications, and it is especially concerning in
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a medical context. Making decisions based on model predictions in healthcare can signifi-
cantly impact patients health and overall quality of life. If a NN is poorly calibrated, it may
assign high probabilities to incorrect predictions, leading to misguided decisions in patient
care and treatment. To make predictive models usable and reliable in a medical setting, it is
essential that the model produces probabilities that better reflect the correctness of the pre-
dictions. A well-calibrated predictive model ensures that a medical expert can confidently
use the model predictions to make informed decisions.

Most existing solutions for ML. models calibration in the literature are post-processing ap-
proaches (Guo et al., 2017), which is a huge advantage as it is possible to apply such approach
to any trained ML model. Among calibration methods is the isotonic regression (Zadrozny
and Elkan, 2002), one of the most common non-parametric calibration method. It consists
in fitting a piecewise-constant function to the predicted probabilities. It adjusts the original
probabilities to be monotonically increasing, thereby improving calibration. In (Platt, 2000),
the authors propose Platt scaling, a parametric approach for calibration, where the output of
the model to calibrate is fed as input for a logistic regression model, which is trained to learn
probabilities on a validation set. Once the logistic model has been fit with the validation set,
it can simply be applied to calibrate the predictions obtained on the test set. More recently,
(Guo et al., 2017) proposed a simple extension of Platt scaling, namely, Temperature scal-
ing. Temperature scaling is based on the optimization of a temperature parameter 7, that is
applied to scale the model probabilities before the softmax operation. The parameter T is
found by minimizing the NLLloss over the validation set. As the scale T is applied to all prob-
abilities before the softmax operation, it does not affect the accuracy of the model, instead,
it only re-scales the probabilities to better reflect the model confidence. In paper (Kull et al.,
2019), the authors propose Dirichlet calibration, another post-processing approach that can
be applied both to binary and multi-class classification predictions. It consists in applying a
log transformation to the uncalibrated probabilities, followed by a fully-connected NN layer
and a softmax operation, leading to calibrated probabilities. Other calibration approaches
that are not applied as a post-processing step exist, such as (Lakshminarayanan et al., 2017),
where the authors propose a simple approach to model calibration based on uncertainty es-
timation from the training of an ensemble of models. Such an approach is very effective for
calibration, but is unusable in many real-world scenarios, as training multiple versions of a
DL model might take too much time.

In order to calibrate the probabilities output of our ML predictive pipeline, we use the
Dirichlet calibration implementation from (Kull et al., 2019)*. We choose the Dirichlet cali-
bration as it is a state-of-the-art post-processing calibration approach that is very simple to
use on any trained Machine Learning model. The method can be applied for binary classifi-
cation, as it is the case in our application on survival outcome prediction, but is also effective
in a multi-class context, as would be the case in an irAEs prediction context. By applying this
post-processing calibration technique, we aim to significantly enhance the relevance and
reliability of the model predictions, making it a better and more valuable tool for helping
medical experts in their decisions.

‘https://github.com/dirichletcal/dirichlet_python
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4.4 Results

In this section, we present our complete applicative results on the real-world Covid
dataset.

4.4.1 Application Setting

We apply several pipelines in a comparative and ablation study, to validate that all compo-
nents of our proposed pipeline play an important role in improving the overall predictions
quality. First, we define four baseline pipelines that are exclusively composed of components
from the literature.

e KNN-SPOL-NN. This baseline pipeline is composed of a KNN imputer (Troyanskaya
etal., 2001), that imputes missing values based on known values of closest instances in
the training set, followed by the standard Polishing method (Teng, 2004), that corrects
erroneous values such as described in chapter 2. Once raw data have been imputed
and corrected, a Neural Network is trained and applied on the target domain to obtain
final predictions.

* KNN-PPOL-NN. Similarly to the previous pipeline, this one is composed of a KNN im-
puter, which is followed by the PANDA-Polishing method (Van Hulse et al., 2007), a
more advanced polishing approach described in chapter 2. The last component of the
pipeline is a Neural Network trained and applied on the target domain to obtain final
predictions.

e MISS-SPOL-NN. This pipeline is composed of the MISSFOREST imputation method
(Stekhoven and Biihlmann, 2012), an imputation approach based on random forest
described in chapter 1, followed by the standard Polishing method, and a Neural Net-
work trained and applied on the target domain to obtain final predictions.

e MISS-PPOL-NN. This pipeline is composed of the MISSFOREST imputation method,
followed by the PANDA-Polishing method, and a Neural Network trained and applied
on the target domain to obtain final predictions.

Then, we define a similar baseline pipeline based on DIOS corrections, which shows the
advantage of using DIOS compared to a combination of an imputation and a correction ap-
proach from the literature. We extend this pipeline with the addition of a calibration com-
ponent, such as described in section 4.3.4.

* DIOS-NN. The first component of the pipeline is the application of our attribute noise
correction approach DIOS, which imputes missing values and correct erroneous ones
in one step. it is followed by a Neural Network, trained and applied on the target do-
main to obtain final predictions.

e DIOS-NN-CAL. This pipeline adds a calibration component to the previous DIOS-NN
pipeline, improving the overall prediction performance, the relevance and the reliabil-
ity of the obtained prediction probabilities.
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Finally, we define four Multi-Source Supervised Domain Adaptation (MSSDA) pipelines,
based on DIOS corrections.

« DIOS-M3SDA. This pipeline is composed of the application of DIOS, followed by the
multi-source approach M3SDA (Peng et al., 2019), which matches multiple source do-
mains to the target domain using a moment matching discrepancy, the Moment Dis-
tance (MD), described in chapter 1. This pipeline serves as a Domain Adaptation (DA)
baseline to compare the results obtained with our more advanced MSSDA pipelines.

* DIOS-WMSSDA. This pipeline is the equivalent of the previous one, where we replace
the M3SDA approach with our own WMSSDA approach. Comparing this pipeline re-
sults with those of the previous one will validate the fact that our proposed WMSSDA
approach is superior and more pertinent to use in our specific MSSDA context.

* DIOS-WMSSDA-SHOT. This pipeline is an improved version of the previous one, where
the WMSSDA model is trained through our S-HOT framework, such as described in
section 4.3.3. Results obtained with this pipeline will demonstrate the advantage of
taking account of attribute noise correction uncertainty during NN training for im-
proved inference results.

* DIOS-WMSSDA-SHOT-CAL. Finally, our final and complete applicative pipeline builds
on the previous one, with the addition of a calibration component, such as described
in section 4.3.4. This component acts to calibrate the confidence evaluation of the
results, and to improve the relevance of obtained prediction probabilities, increasing
the reliability of results for medical experts.

Predictive results are evaluated with three classification metrics: the balanced Accuracy,
which is indicative of the pertinence of the predictions per class, the Area Under the Curve
(AUC), which is indicative of the discriminatory power of the model, and the F;-score,
which is indicative of the balance between precision and recall. All pipelines are trained
and applied for a total of 10 times per target domain, to obtain consistent results and for
fair comparison. To better assess the obtained results, we statistically compare the results
of the DIOS-WMSSDA-SHOT-CAL pipeline to each of the compared pipelines with #-tests.
The results of those statistical tests are used to determine if the DIOS-WMSSDA-SHOT-CAL
pipeline performs significantly better, even, or worse than other pipelines, based on a p-
values set to 0.05. The results of the ¢-tests are symbolized in the result table as either
a bullet e, a circle o, or an equivalent symbol =. The bullet is used to signify that DIOS-
WMSSDA-SHOT-CAL is significantly better than the compared pipeline, the circle signifies
the opposite, and the equivalent means that there is no significant difference between the
two compared pipelines.
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4.4.2 Prediction Results

Table 4.3 shows the evaluation of the entire application results of all compared pipelines
for each target domain of the Covid dataset.

Setting Method Metric || 1 2 3 4 5 Avg

BACC || SORLEL74 o | 8H3LL14 e | 803L002 o | 7840L005 o | 83585285 | 70.87 e
KNN.SPOL.NN | AUC | 8772£.0116 o | .8353+.0206 o | 8454£.0058 o | .8352£.0072 o | 9201=.0126 o | .8644 o
F1 80.78+£2.38 o | 83.08+077 e | 77144117 o | 7813127 e |81.91+£443 e | 8021 e
DACC || 80.18E2.12 o [SL0GE00] = | 77.2L048 o | 8000061 8074331 o | 7068 s
KNN-PPOL-NN | AUC || .8868+.0008 o | .8838£.0031 o | 8413+.0053 o | .8493+.0062 o | .9391+.0206 o | .8801 e
F1 TT1944.09 o | 79264191 o | 74534109 e | 77844093 e | 74424475 e | 76.65 e
BACC || SLOSEL.07 e |S0.03L1.08 o | 60.80L3.10 e | 75.37£185 | 7870L3.70 | 7600 e
MISS-SPOL-NN | AUC | .8883+£.0054 o | .8841+.0050 o | .7628+.0264 o | .8155=.0124 o | 9103+.0265 o | 8522
) F1 7803+ 153 e | 79074122 e | 73714161 o | 7507196 e | 77084410 e | 7677 e
Basclines bACC |[ 7878 £2.25 o | 81.56 £ 0.88 = [ 75.31£0.89 o | 7854£0.72 o | 7740 £4.77 o || 7832
MISS-PPOL-NN | AUC || 8990 +.0063 o | .8800+£.0075 o | .8120+.0080 o | .8311+.0066 o | .8861=.0200 o | .8616 e
F1 73164318 | 80224135 o | 72914080 e | 7636+£140 e | 7691719 e | 75.91 e
BACC || 8220 £1.52 o | 7082123 o |SLI2L076 e | 70.14£085 e |8L44£3.10 | 80.74 e
DIOS-NN AUC | 8923+.0043 o | 8762+.0080 o | .8647+.0055 o | .8450+£.0064 e | .9261+£.0130 e | 8809 o
F1 78854337 e | 8064+ 111 e | 7673+ 110 o | 75ATE154 e | TRE5E451 e | 7807 e
DACC || 8238 E1.82 o [ 703E136 o |8LI2L006 o | W.I1L080 [ SI46E2.00  « | 8136 s
DIOSNN-CAL | AUC || .8023+.0043 o | .8762+£.0089 o | .8647+.0055 o | .8456+.0071 o | .9261+.0130 o | .8810 e
F1 8526+ 0.72 | 82484071 o | 79334054 e | 79014096 e | 8331169 e | 8290 e
BACC || 8226 £1.34 o | SI80E006 = | 70.20£206 | ©R40L1.36 e | S0R0EL1.60 o | 8231 e
DIOS-M3SDA | AUC || .9068=.0045 o | .8049+.0044 o | .8738+.0048 | .8598+.0044 o | .9608£.0006 o | .8092 e
F1 78324283 | 81414132 o | 7TL53+£3.90 e | TLSLE£271 e | 8767190 e | 78.09 e
DACC || 8557 E1.06 = [SI.67TE150 = |BL80L053 o | 8087L0.72 = 8001123 | 8308 s
DIOS-WMSSDA | AUC || 9118 +.0032 = | .8985+£.0050 = | .8799+.0028 = | 8679+.0036 | .0668-.0043 = | .9050 e
Domain F1 83021175 | 8400+0908 = |79.60+0.77 e |79.23+£072 e |9009£202 e | 8338
Adaptation || PACC [$526£0.03 = |SLOSELH = 82195035 = |SLS0L0.71 = | 90.58£060 = | SL31 e
JI0S-WN “| AUC || 9120+ .0026 = | .8996L.0041 = | .8798+.0052 = | .8711+.0021 = |.9700+.0044 = || .9067 o
SHOT F1 83744140 o |83.924056 = |7919+116 e |79.50£112 e | 91312092 = | 8353

- HACC || 85.50 £0.56 8197 £ 1.16 8247 £0.33 8120 £ 0.17 91.18 £ 0.82 84.50

DIOS-WMSSDA- | yyc || 9129 +.0026 8996 + .0041 8798 = .0052 8711 +.0021 19700 + .0044 L9067

SHOT-CAL F1 86.91 + 0.47 83.90 +0.23 80.55 + 0.30 81.18 £ 0.35 91.96 + 0.46 84.90

DIOS-WMSSDA-SHOT-CAL is: e significantly better, = equivalent, o significantly worse

Table 4.3: Evaluation of the entire application results of all compared pipelines for each tar-
get domain of the Covid dataset. Bold values are the highest value for each metric and each
target domain, while underlined values are the second best value for each metric and each
target domain. The first four pipelines are baselines composed of elements from the liter-
ature, with an imputation method, a correction method and a fully-connected Neural Net-
work for predictions. The fifth line is our baseline pipeline, composed of our DIOS attribute
noise correction approach, followed by a fully-connected Neural Network for predictions.
The sixth line is an extension of our previous baseline pipeline, to which a calibration com-
ponent is added. The seventh line is a Domain Adaptation baseline pipeline, composed of
DIOS and a state-of-the-art MSDA approach, M3SDA. The bottom three lines are our DA
pipelines, composed of all the proposed components in this thesis, DIOS, WMSSDA, and S-
HOT, with a Dirichlet calibration component added to the last pipeline. Our final and com-
plete applicative pipeline can be found on the last line, obtaining significantly better results
than all other compared pipelines.

First, we note that DIOS-NN results are overall better than other baseline pipelines. In-
deed, other pipelines rely on a combination of an imputation method and a polishing
method from the literature, which has been experimentally shown to be less effective than
applying DIOS in chapter 2. By both imputing missing values and correcting erroneous
ones, DIOS is able to better improve the data quality compared to a combination of impu-
tation and correction. The same fully-connected Neural Network is used for predictions in
all baseline pipelines, with dimensions {128,128,32,2} and batch normalization operations
in-between each layer, trained for 100 epochs on the target domain data with a learning rate
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of 1075, We also note that the DIOS-NN-CAL pipeline results are largely better than those ob-
tained without calibration. This establishes the fact that the calibration component has a sig-
nificant positive impact on prediction performance. The experimental results of those two
baseline pipelines show the pertinence of using DIOS as an attribute noise preprocessing
approach, as well as the positive impact of integrating a post-processing calibration compo-
nent to the pipeline. Our next pipelines will further improves those results by implementing
a Multi-Source Domain Adaptation process, they all rely on DIOS as a pre-processing step,
and our complete pipeline also includes a calibration component.

The bottom four lines of table 4.3 are all Multi-Source Supervised Domain Adaptation
pipelines, that is, pipelines that include a DA prediction model, which uses source domains
data to improve predictions on the target domain, drastically improving predictive perfor-
mance compared to a standard predictor trained on target data only. Logically, we ob-
serve that pipeline DIOS-M3SDA leads to significantly better inference results than all base-
lines, demonstrating the advantage of exploiting source domains data. When comparing
our pipeline DIOS-WMSSDA with DIOS-M3SDA, it is evident that our DIOS-WMSSDA leads
to significantly better results than the other, and thus, to significantly better results than all
baselines. Indeed, we note an increase of about 1.6% of balanced Accuracy and of more than
5% of F;-score on average for DIOS-WMSSDA compared to DIOS-M3SDA. This is a clear in-
dication of the pertinence of our proposed WMSSDA approach in our applicative setting,
that is able to learn both common and source domain specific information to improve target
domain inference, while limiting negative transfer, as showed in chapter 3.

Pipeline DIOS-WMSSDA-SHOT builds on pipeline DIOS-WMSSDA by training the
WMSSDA module using our proposed S-HOT framework, which has the advantage of im-
proving NN generalization capacity by taking account of corrections uncertainty during
training. Our application results show the pertinence of using the S-HOT framework in such
a context, as DIOS-WMSSDA-SHOT results are significantly better than those of pipeline
DIOS-WMSSDA on average.

Finally, the last line in table 4.3 shows the results of our complete application pipeline
DIOS-WMSSDA-SHOT-CAL. It is clearly apparent that this complete pipeline leads to better
results than all other compared pipelines, with pipeline DIOS-WMSSDA-SHOT being a close
second. This demonstrates that Dirichlet calibration helps improving prediction results in
addition to making probabilities more relevant for medical experts, next section will focus
on examining the positive effects of calibration on output probabilities.

In our complete pipeline, output probabilities are calibrated with a Dirichlet calibration
after each experimental run. In practice, it is possible to even further improve predictive
results by applying calibration on the average predictions over several runs of the pipeline,
essentially transforming the pipeline into an ensemble approach. Here, by applying Dirich-
let calibration on the average predictions probabilities over the 10 performed runs, we ob-
tain the following overall average metrics values, balanced Accuracy: 84.62%, AUC: 0.9094,
and F;-score: 85.10%. Those results are better than all obtained results in table 4.3, showing
that an ensemble approach maximizes results in practice. Obviously, training and applying
the entire pipeline several times is not always doable in practice, which is the main limit of
the ensemble paradigm. Nevertheless, if the necessary resources and time are available, an
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ensemble approach should be used to obtain the best possible predictions quality.

4.4.3 Examining the Impact of Calibration

In this section, we are interested in examining the impact of calibration on the output
probabilities. Calibration is performed with a Dirichlet calibration, such as described in (Kull
et al., 2019), which aims at aligning the confidence of the model with its accuracy. That is, a
well calibrated model confidence should be indicative of its accuracy. For a set of patients,
if the model predicts that they will survive with a confidence of 75% for all of them, the real
outcome should be the survival of about 75% of the patients in the set. A well-calibrated
model, with aligned confidence and accuracy, is said to be reliable.

To better visualize the calibration of a model, it is possible to plot a reliability diagram, as it
is common practice in the literature (Guo et al., 2017; Kull et al., 2019). A reliability diagram
plots the accuracy rate of the model on the test set as a function of the model confidence.
On such a diagram, a perfectly calibrated model should plot the identity function, where
the accuracy in a sample is always equal to the correspondingly outputted confidence of the
model. Any deviation from the identity function is a sign of miscalibration.

In figure 4.3, we plot the reliability diagrams of the uncalibrated and calibrated outputs of
pipeline DIOS-WMSSDA-SHOT, for target domains 1 and 5. In order to obtain such plot, the
outputs of the pipeline are grouped into interval bins based on their confidence level. The
balanced Accuracy value is computed for samples of each bin and plotted as a bar in the cor-
responding confidence bin. A perfectly calibrated model should obtain bars that end exactly
on the orange diagonal line, which is the identity function. The gap between the diagonal
and the actual model reliability bars is signified in red. As we are in a binary classification
context, the confidence of the model cannot be under 0.5, as in such a context, a confidence
of 50% means that the model output is equivalent to a random output. We display the num-
ber of elements in each bin above the corresponding bar, to show that the calibration process
improves the confidence of the pipeline while improving reliability of probability outputs.

It appears clearly that the DIOS-WMSSDA-SHOT pipeline is initially not well calibrated,
we note that there are no predictions with a confidence above 90%, and that there is an im-
portant gap between the confidence of the model and the real balanced Accuracy rate. As
can be seen in sub-figures 4.3a and 4.3c, most of the predictions are made with a confidence
in the range 70 — 80%, but real balanced Accuracy results are closer to 90%. This shows that
the confidence of the model should be higher for those predictions. On sub-figures 4.3b and
4.3d, after Dirichlet calibration, we observe far better calibrated results, with outputs rang-
ing from 50% to 100% of confidence and a better aligned balanced Accuracy rate. We note
that most predictions are now made with a high confidence, with most predictions at a con-
fidence of 90% or above, with a correspondingly matching high balanced Accuracy. The gap
between predictions and the identity function have been greatly reduced.

Applying Dirichlet calibration to our pipeline output greatly improved the reliability and
pertinence of the results by aligning the model confidence with its expected accuracy. Such
an alignment is crucial when deploying a ML model in a medical context, where model pre-
dictions hold a significant weight in the decision-making process of medical experts, as it
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Figure 4.3: Reliability diagrams of the uncalibrated and calibrated outputs of pipeline DIOS-
WMSSDA-SHOT ,for target domains 1 and 5, on the Covid dataset.

directly influences the level of trust and confidence that medical experts can place in predic-
tions.

4.4.4 Source Domains Transfer Contribution Weights

Our proposed WMSSDA approach computes source domains transfer contribution
weights during its training phase, those weights are dynamically applied as a scaling of the
impact of each source domain on the training of the model. The goal of computing and ap-
plying such weights is to reduce Negative Transfer as much as possible, that is, to prevent
transferring detrimental information from a source domain to the target domain. In this
section, we are interested in visualizing the evolution of those weights during the learning
phase of WMSSDA on the Covid dataset.
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Figure 4.4: Evolution of source domains contribution weights during training for target do-
mains 1 and 2.

Figure 4.4 shows the evolution of source domains contribution weights during the train-
ing phase of the DIOS-WMSSDA-SHOT pipeline for target domains 1 and 2. We observe a
very similar pattern in source transfer contribution weights for those two target domains,
sub-figures 4.4a and 4.4b respectively. Indeed, when domain 1 is the target, source domain
2 has a stable weight of about 1 for the whole training phase, and inversely. In both cases,
weights of other source domains follow an almost identical pattern, with source domains 3
and 4 contributing equally, with a weight decreasing throughout the whole training, while
source domain 5 seems to be more important in transfer contribution, with a weight dras-
tically increasing during training in both cases. We can conclude that domain 5 has a high
importance in transferring useful information towards domain 1 and 2, whereas domains 3
and 4 contain less interesting knowledge for adaptation towards domains 1 and 2.
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Figure 4.5: Evolution of source domains contribution weights during training for target do-
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Figure 4.5 shows the evolution of source domains contribution weights during training for
target domains 3 and 4. In both sub-figures, the weights of source domains 1 and 2 remain
stable around 1, meaning that both those source domains contribute equally to the training
phase for target domains 3 and 4. We note that in both cases, the weight of source domain
5 increases largely during training, reaching the highest transfer contribution across source
domains. This is interesting, because despite a huge covariate shift between domains 3 and
4 and domain 5 (covariate distance 19.7 and 24.95 in table 4.1), it seems to be the source do-
main with the most relevant information for transfer towards target domains 3 and 4. This is
an indication that it is not possible to judge the importance of using a source domain simply
based on the observed discrepancy between two domains, as two dissimilar domains can
contain crucial information for transfer towards the other. We think that this is an issue in
the ABMSDA method (Zuo et al., 2021), where source domains weights are computed based
on the output of a domain classifier used as a discrepancy measure, with source domains
that are most similar to the target domain being attributed higher weights in an attention
mechanism. Thus, those weights are computed based on a discrepancy measure effectuated
before training, attributing low weights to dissimilar domains, and preventing important in-
formation from dissimilar domains of being transferred to the target domain. We argue that
our dynamic mechanism that evolves during training allows for more pertinent information
transfer between domains while preventing Negative Transfer.

Source domains weights evolution for target domain 5
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Figure 4.6: Evolution of source domains contribution weights during training for target do-
main 5.

Finally, figure 4.6 shows the evolution of transfer contribution weights for target domain
5. We observe high transfer contribution weights for source domains 1 and 2 towards target
domain 5, whereas weights of source domains 3 and 4 are decreasing during training. This
correlates with covariate distances of the four source domains with target domain 5 in table
4.1, where we note a similar and moderate covariate shift between source domains 1 and 2
and target domain 5 (distance 9.4 and 7.7), while domains 3 and 4 are drastically different
from domain 5 (distance 19.7 and 24.95). The weights evolution shows that source domains
1 and 2 provide more valuable information to transfer towards domain 5 than the other two
source domains. In addition to providing an efficient mechanism to prevent Negative Trans-
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fer, our system of dynamic transfer contribution weights allows for a simple visualization of
the contribution of each source domain during the training of the model, providing valuable
insights on their respective importance.

4.5 Deploying the Pipeline

The goal of the QUALITOP project is to create a European immunotherapy-specific open
smart digital platform. Patients and medical experts will consult this platform to obtain var-
ious recommendations based on the outputs of several ML models, including the complete
predictive pipeline designed in this chapter. In this chapter we have presented the design,
training, and experimental application of our complete predictive pipeline. In order to de-
ploy such a pipeline into the QUALITOP open smart digital platform, there are further steps
to follow.

A common and effective way of integrating a ML model into an application is to deploy it
as an Application Programming Interface (API) endpoint hosted on a server. An API serves as
a simple interface that enables smooth communication between two separate applications,
through predefined and standardized guidelines. This allows two programs to communicate
with one another without the need to understand how the other program works. An API
endpoint is a specific address or location within the API that provides a specific function.
When an HTTP request is sent to an API endpoint, the associated function is executed, and
the response is sent back to the requesting application. In the context of deploying a ML
model, the model prediction endpoint receives an HTTP request containing the features of
one or several patient(s). The pipeline is fed the patient(s) features on the server, generating
output probabilities. These probabilities are then sent back to the application that initiated
the request. This approach presents a straightforward and standardized way of interacting
with the ML model. It makes easy the integration of the model across one or several front-
end application(s), irrespective of their specific functionalities or technologies. By deploying
the model as an API endpoint, any developer can seamlessly integrate the model predictions
into their application(s), without needing any understanding of its intricate workings.

There are two main approaches of deploying a ML model in a real-world application,
namely, online and batch processing. Each approach has its own advantages and consider-
ations, depending on the nature of the data, and the predictive task and usage of the model.

* Online Deployment. In online deployment, the ML model interactively processes data
when it arrives, making predictions in real-time. Data is processed as it is received,
without waiting for a full batch. The model interactively generates predictions for all
incoming data points, providing immediate results. Online deployment is best suited
for applications requiring immediate and up-to-date responses. A disadvantage of this
approach is that processing each data point individually can be resource intensive, as
the model is executed each time a user requests a prediction.

e Batch Deployment. In batch deployment, the ML model processes data in batches.
Data is collected and stored until enough has been collected. The newly collected
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data batch is fed through the model, and output probabilities are stored on the server.
When an end user requests access to a prediction, the stored probabilities are sent
back. This makes it very fast to obtain predictions, as the model is regularly executed in
background, last predictions of the model can be sent back instantly to the user with-
out requiring an intensive execution. The main disadvantage of batch deployment is
that predictions for newly added patients are only available once a full batch has been
collected, which can lead to an important delay depending on data arrival.

In the applicative context of the QUALITOP platform, the most pertinent choice is to
choose an online deployment for our pipeline. Indeed, this ensures to maximize interac-
tion with the user, as it is then possible to instantly obtain real-time predictions for a new
patient. A batch deployment would be less resource intensive, but predictions for new pa-
tients could only be obtained once a full batch of new patients is collected, the resulting
delay would render the usage of the model predictions impossible.

After deploying a ML model, it is absolutely essential to maintain vigilant performance
monitoring throughout its lifecycle. This observation is vital for identifying as soon as pos-
sible any potential issue that may arise, and that might necessitate an update of the model.
After being deployed to production, it is quite common for the performance of a ML model
to degrade over time. This is usually due to an increasing discrepancy between the data
that has been used to train the model and the real-world data that the model is continu-
ously being fed in production. This increasing discrepancy through time is known as concept
drift, which is exactly the same thing as the concept shift defined in chapter 1, except that
it appears and amplifies through time. Meticulously tracking aspects such as model perfor-
mance, data quality, API traffic, and more, can help determine when the deployed ML model
should be updated. There are many possible strategies that can be used to determine when
the deployed model should be updated. A performance threshold can be defined, the model
should be updated if its monitored performance drops below the defined threshold. An au-
tomatic concept drift detection between the data used for training and the data observed
in the application can be defined, once concept drift is detected, the model should be up-
dated. A threshold in the accumulation of newly collected data can be defined, if the amount
of collected data goes above the threshold, the model must be updated. Even more simply,
regular updates can be scheduled. Similarly, diverse policies can be used to determine how
the model should be updated. The model can be fully retrained on the concatenation of the
old and newly collected data, which is simple but slow and resource intensive. A less expen-
sive approach is to fine-tune the previous version of the model on the newly collected data,
which drastically reduces the required training time. This second policy is usually less ex-
pensive, faster, and leads to an updated model that should perform well again on real-world
data.

In this section we have explored ways of deploying our complete and best-performing
DIOS-WMSSDA-SHOT-CAL pipeline in the context of the QUALITOP platform. The most
simple and pertinent way of deploying our pipeline is as an API endpoint, hosted on a server.
When a user of the QUALITOP platform requests a prediction, the model deployed in an on-
line manner receives the patient data and sends back its probabilities output in real-time.
During the life-cycle of the deployed pipeline, automatic monitoring helps detecting perfor-
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mance drop and/or concept drift, triggering the retraining of the pipeline. The most per-
tinent way of retraining our pipeline is through fine-tuning, when the previous version of
the model is used as a pre-trained model, and the newly collected data is used to fine-tune
the model, optimizing the required time and resources. These policies ensure that the de-
ployed production model consistently delivers optimal and pertinent output probabilities,
successfully assisting medical experts in making informed decisions.

4.6 Discussion and Conclusion

In this application chapter, we demonstrated the practical application of the entire work
proposed and exposed in this thesis. The central focus is the design and application of a
Machine Learning pipeline, unifying all our proposed components. Its efficacy is showcased
by its application on a real-world medical Covid dataset. Data sharing issues are preventing
partner hospital of the QUALITOP project of freely sharing their data within the project con-
sortium. Consequently, the decision was made to demonstrate the application of our work
on a real-world Covid dataset. This dataset shares an extremely similar setting to the QUAL-
ITOP applicative setting, allowing us to demonstrate the pertinence of our work for survival
outcome prediction in a multi-source supervised medical setting.

Our application to the Covid dataset leads to impressively good prediction results, show-
ing the pertinence of unifying the various proposed approaches of this thesis within a uni-
fied pipeline. Our attribute noise correction method, DIOS, is used as the first component
of the pipeline, providing a robust foundation for following components by multiply cor-
recting the data. Applying the S-HOT framework for improving NN training while taking ac-
count of attribute noise correction uncertainty significantly improves inference results. This
successfully extends this proposed imputation framework as a more global and generic cor-
rection framework. The application of our pipeline shows the pertinence of using a MSSDA
approach in our supervised multi-source context, where important information lies within
labeled source domains and should be exploited to improve learning performance on the
target domain, leading to drastically better inference results. The last component of our
applicative pipeline is the Dirichlet calibration, which is used to significantly improve the
reliability and relevance of the pipeline output probabilities, aligning the confidence eval-
uation with the expected accuracy. This calibration step has shown to drastically improve
prediction results, while increasing the reliability of results for medical experts. In the last
section, we explained how the designed pipeline is to be integrated within the QUALITOP
immunotherapy-specific open smart digital platform, where patients and medical experts
will benefit from its predictive output. We define when and how the pipeline should be up-
dated, in order to maximize results quality at all times.

We have shown, in this chapter, that the unification of our work leads to an advanced Ma-
chine Learning predictive pipeline, that is applicable and leads to very high quality results in
a real-world medical survival outcome prediction context. The application of our pipeline
to the Covid dataset showed the pertinence of the proposed approaches in this thesis for our
application context. Once access to the data of all partner hospital within the QUALITOP
consortium will be granted, the transfer from our pipeline application on the Covid dataset
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to the application on QUALITOP data will be straightforward, as the applicative context is
almost identical. Integration of the pipeline results has already been demonstrated by de-
ploying our Covid prediction pipeline as an API endpoint, binding the predictive capabilities
of our pipeline to the QUALITOP web platform that is currently being developed . With the
objective of maintaining maximum predictive efficacy, the guidelines defined in section 4.5
will be followed to monitor and update the pipeline when required. By adhering to these
guidelines, we ensure the consistent delivery of output predictions that are not only optimal
in quality, but also reliable and pertinent throughout the entire lifespan of the QUALITOP
open smart digital platform.



Conclusion and Perspectives

In this thesis, we were interested in several research issues, that were all focused on im-
proving survival outcome and Immune-Related Adverse Events (irAEs) predictions for can-
cer patients treated with immunotherapy. We tackled different challenges, some we ap-
proached from a research point of view, by proposing innovative solutions, and others we
tackled from an engineering perspective, by applying the best possible existing solutions
from the literature for our specific needs. Our work led to the proposal of innovative ap-
proaches, insights, and frameworks, across various fields within the realm of Machine Learn-
ing.

Contributions

Several scientific contributions have been made to the field of Machine Learning during
this thesis.

Our first main contribution is the design of a new and innovative attribute noise correc-
tion method, data Denoising and Imputation in One Step (DIOS), a method based on Auto-
Encoders (AEs) and inspired from the recent image restoration technique called “Deep Im-
age Prior” (Ulyanov et al., 2020). This simple, yet effective, method is able to both impute
missing values and correct erroneous ones simultaneously, that is, it is able to correct at-
tribute noise in one preprocessing step. The intuition behind DIOS is to train a model to
reconstruct the corrupted data from randomly initialized noise. The model’s training pro-
cess involves learning abstract features and patterns from the data while disregarding any
attribute noise in the original data. However, as the training continues, the model may be-
come excessively focused on fitting the data and its attribute noise, leading to overfitting. To
avoid this, stopping the training before overfitting occurs ensures that the model maintains a
generalized understanding of the data. Consequently, the model generates credible missing
values and correct erroneous ones in the dataset. DIOS does not require to learn from clean
data to correct the corrupted dataset, it learns directly from the whole corrupted version of
the dataset. It is also able to impute missing values without requiring any complete instance
in the dataset. To the best of our knowledge, DIOS is the first method that can truly handle
attribute noise in mixed-type tabular data as a preprocessing step in the Machine Learning
literature.

Our second main contribution is the proposal of two frameworks that can be used to ac-
count for imputation uncertainty during Neural Network training, leading to better predic-
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tions, Single-Hotpatching (S-HOT) and Multiple-Hotpatching (M-HOT). Those two frame-
works take the between-imputation uncertainty into account to improve the training pro-
cess of Neural Networks (NNs), leading to an improvement in their generalization capacity.
S-HOT and M-HOT are based on the computation of the between-imputation uncertainty,
which corresponds to the standard deviation between imputed values of multiple imputed
datasets. This uncertainty is then used as a scale to add stochasticity to the imputation of
missing values directly on batch extraction during training. It leads to a kind of noise regu-
larization that takes into account the imputation uncertainty, improving generalization ca-
pacity, and thus, prediction results on unseen data. Those frameworks are to be used in
different situations, S-HOT is adapted to train a unique and large NN, while M-HOT can be
used to train multiple learners in an ensemble way and reach extremely good prediction re-
sults at the expense of a higher computational cost. Our work on the matter of improving
NN training by taking account of imputation uncertainty is a first step towards finding bet-
ter ways to deal with missing values imputation for training predictive models in Machine
Learning. We hope that it spikes the interest of other researchers throughout the world on
this important, and often overlooked matter, in the Machine Learning literature.

Another major contribution of this work is the design of an innovative Multi-Source Super-
vised Domain Adaptation approach, Weighted Multi-Source Supervised Domain Adaptation
(WMSSDA). WMSSDA is a predictor that exploits valuable information from multiple source
domains in order to improve learning performance on a related target domain. Our pro-
posed approach is composed of a two branch architecture, learning both a shared domain
invariant latent space and source domain specific latent spaces. The shared latent repre-
sentation is learned and regularized both statistically and adversarially, the statistical regu-
larization relies on a Moment Distance (MD) measure between source and target domains.
The output of the MD regularization is used to compute transfer contribution weights that
are applied to weight the impact of each source domain during training, limiting Negative
Transfer. We propose a new component for limiting Negative Transfer through the compu-
tation of transfer contribution weights that are applied as a scaling of each source domain in
its impact in the training of the entire model. Our ablation study highlights the importance
of this new element for the Domain Adaptation (DA) literature.

Finally, our last contribution is a practical one, it is the design and application of a Ma-
chine Learning pipeline, unifying all our previously proposed components. Its efficacy is
showcased by its application on a real-world medical Covid dataset, highlighting the per-
tinence of our work for survival outcome prediction in a multi-source supervised medical
setting. Our attribute noise correction method, DIOS, is used as the first component of the
pipeline, providing a robust foundation for following components by multiply correcting the
data. Applying the S-HOT framework for improving NN training while taking account of at-
tribute noise correction uncertainty significantly improves inference results. The predictive
model used in the pipeline is our proposed WMSSDA approach, that exploits important in-
formation from labeled source domains to improve learning performance on the target do-
main, leading to drastically better inference results. The last component of our applicative
pipeline is the Dirichlet calibration, which is used to significantly improve the reliability and
relevance of the pipeline output probabilities, aligning the confidence evaluation with the
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expected accuracy. This calibration step has shown to drastically improve prediction results,
while increasing the reliability of results for medical experts. With this last contribution, we
show that the unification of our work leads to an advanced Machine Learning predictive
pipeline, that is applicable and leads to very high quality results in an application context
almost identical to QUALITOP.

Perspectives

There are many possibilities to explore that could improve and build upon the work pre-
sented in this thesis.

Our method DIOS relies on Denoising Auto-Encoders, a crucial step of our approach is to
carefully design the best possible architecture for the dataset to correct, and to find hyper-
parameters leading to the best results. This is a highly limiting factor for anyone that would
be interested in applying our approach to their project. An interesting perspective would
be to define an algorithm able to automatically find a well-suited architecture, depending
on the particularities of the dataset to correct. Indeed, the best performing architectures for
each datasets were very similar in our experiments, we think that a kind of generic scaling
could be found and applied with good results with a bit more research. This would highly
improve the usability of DIOS, and facilitate the application of the method on any tabular
dataset.

Another interesting improvement would be to pair DIOS with a method able to detect
which values are erroneous and should be polished. Then, we would simply mask them
as missing, which would certainly reduce the overall attribute noise in the corrupted dataset
before the learning phase of DIOS, which would yield better results.

In our frameworks, S-HOT and M-HOT, we assume that the imputation uncertainty fol-
lows a Gaussian distribution. We designed our frameworks with this assumption in mind and
found good empirical results. However, assuming a normal distribution might work in most
cases, but it might not be pertinent in some others, depending on the missing feature na-
ture or used imputation method. An interesting perspective could be to try to automatically
adapt the distribution kind for each missing value, given the proposed multiple imputations.
An obvious complication to finding a distribution through regression based on imputed val-
ues is the very limited sample size, corresponding to the number of imputations performed.
Therefore, we believe that a theoretical work should be performed in order to determine dis-
tributions of interest, from which the most adequate distribution could be chosen based on
the observed distribution of imputation values.

We designed S-HOT and M-HOT with the goal to improve Neural Network training when
dealing with missing values in tabular data. Future works could focus on adapting those
frameworks to other data natures, such as sequential data or image data, where important
components, such as the time dimension and pixel neighborhood, should be taken under
account in the design of the approach.

With our approach WMSSDA, we proposed a new component to reduce Negative Trans-
fer during the training phase of the model. This component aims to dynamically scale the
impact of each source domain during the training of the complete method, to maximize the
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transfer contribution of important source domains, while minimizing detrimental transfer
towards the target domain. Despite this new component, and better performance than con-
curring approaches, our experiments have shown that our method is not able to fully avoid
Negative Transfer. Negative Transfer is still an open problem in the Domain Adaptation field,
future works should focus on finding better ways to handle this important matter.

In our last chapter, we have showcased the application of an advanced predictive pipeline
that unifies our work on a real-world medical dataset. The application of this pipeline led to
very high quality prediction results and showed the pertinence of the proposed approaches
in this thesis for our application context. As we were not able to get access to the complete
QUALITOP data in the time-frame of this thesis, we choose to apply our work on a real-
world application setting very close to the QUALITOP setting. An obvious perspective is the
application of this same pipeline on QUALITOP data once access will be granted. As the
applicative context is almost identical, the application and integration of our pipeline within
the QUALITOP platform will be straightforward.
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204 DIOS results

Model | Metric MCAR 25 MCAR 50 MCAR 75 MAR 25 MAR 50 MAR 75 MNAR 25 MNAR 50 MNAR 75
RMSE 147655 165753 184432 152351 162231 175626 153236 166068 185419
DIOS ) +.001417 +.002451 +.005150 +.007061 +.006476 +.007016 +.002157 +.001453 +.003252
: ACC 67.94% 66.35% 62.94% 69.30% 67.71% 66.68% 68.21% 66.35% 63.43%
| +£0.99% £1.29% +0.85% +£1.10% +1.38% £0.92% +0.98% +£1.17% +1.16%
RMSE  — | 161943 L | 161585 . | 162146 o | 168522 R .1@1‘{&1 _ ,1(;3995 o | 167514 L | 163280 . 1162401
SUB +.001601 +.000946 +.000396 +.006091 +.005278 +.005279 +.001698 +.000885 +.000708
* ACC o | 0052% o | 5TA9% . | 5622% . | 6187% . | 60.93% o | 6146% . | 60.12% o | 5T5T% . | 56.68% .
- +1.47% +1.86% +1.47% +1.33% +1.92% +1.49% +1.84% +1.38% +1.04%
RMSE o | 141457 o | 147778 . | 160626 o | 144766 o [ 145290 [ 148835 o | 146929 o | 150601 o | 163211 R
KNN +.001792 +.000896 +.000841 +.006077 +.004796 +.005163 +.001849 +.001383 +.001181
ACC o | 6298% o | 60.50% . | 5752% . | 6345% . | 6323% o | 6427% .| 6327% o | 59.86% . | 56:88% .
| +1.27% +2.51% +1.96% +0.96% +1.49% +£2.13% +0.93% +1.27% +1.11%
RMSE o | 317680 o | 443963 o | 480011 . | 351021 L | 389780 L | 460428 o | -352010 L | 457647 . | 512846 R
GAIN +.008408 +.010126 +.023880 +.011060 +.009296 +.017003 +.010999 +.007529 +.016024
ACC o | 60-03% . | 55.28% . | 5116% . | 60.19% . | 5725% . | 57T25% . | 58.18% o | 56.60% . | 51.03% N
+1.49% +2.24% +2.43% +1.83% +2.64% +2.88% +1.69% +2.12% +2.08%
RMSE o | 140998 o | 150938 o | 159915 o | 146081 _ | 151163 | 158124 o | 147166 NBEE) o | 160213 R
MIDA i +.001763 +.001048 +.000502 +.006059 T | £.005129 +.005419 +.001601 +.000929 +.000877
“ace . | 6240% o | 59.68% . | 57T 15% . | 6274% . | 6225% o | 6228% . | 62.58% o | 59.90% . | 5739% .
) +1.15% +2.01% +1.37% +0.85% +1.83% +1.73% +1.51% +1.43% +1.46%
RMSE o | 162199 L, | 188729 o | B18306  TTI67524 o | 182695 17261668 o | 167500 o | 190355 . .31981_3 .
SOFT +.001267 +.001550 +.002893 +.006668 +.004686 +.011991 +.001411 +.000792 +.002293
: ACC o | 00-70% L | 57A40% . | 517% . | 6212% L | 60.81% . | 60.85% o | 60.83% o | 58.07% . | 3111% N
+1.25% +2.35% +1.99% +1.25% +£2.12% +1.74% +1.41% +2.03% +1.01%
RMSE o | 146057 _ | 139764 o | 161761 o | 169247 L | 148322 . | 159073 . | 155295 _ | 140114 . | 161003 R
MICE +.003959 T | £.000973 +.001185 +.007783 +.006285 +.006032 +.006698 T | £.001137 +.001602
“lace o | 0424% o | 6373% . | 5973% . | 6358% . | 63.98% o | 6420% o | 6404% o | 6249% . | 6130% R
o +1.08% +1.93% +2.22% +1.03% +1.49% +1.92% +1.05% +1.15% +1.25%
RMSE o | 134969 [ 144074 L | 164820 | 138898 o[ 1412 | 140139 o | 139490 o | 146041 o | 165661 R
SINK ) +.001879 +.001081 +.000555 +.006151 +.005241 +.005583 +.001210 +.001143 +.001388
o ACC o | OETIR L | 64.38% . | 6197% _ | 6431% L | 6431% . | 65.04% o | 6451% . | 65.22% _ | 60.51%
| +1.33% +£2.11% +2.02% ~ | £1.15% +1.89% +0.85% +1.06% +£2.02% = | £2.05%
RMSE o | -108673 " .125300 | .155951 o |-109202  |.117619  [.131325  [.113913  [.126153 | .153473
MISS +.002941 +.001736 +.001637 +.005189 +.005420 +.006977 +.001589 +.002062 +.002002
ACC o | 05:02% o | 65.42% _ 63.63% _ | 64.48% . | 64.90% o | 65.55% o | 65.00% o | 6416% . | 62.94% _
. +1.73% +1.66% T £1.50% T | £1.01% +1.10% +1.28% +0.48% +1.19% +2.04% B

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.1: Experimental results on an imputation task on the benchmark dataset AR-
RHYTHMIA with mechanisms Missing Completely At Random (MCAR)/Missing At Random
(MAR)/Missing Not At Random (MNAR) at 25/50/75% missing rates.

Model | Metric MCAR 2% MCAR 50 MCAR 75 MAR 25 MAR 50 MAR 75 MNAR 2 MNAR 50 MNAR 75
RMSE 354791 359639 364581 364211 365042 365587 356339 7361909 367104
DIOS +.009764 +.007294 +.009414 +.034164 +.032360 +.032875 +.008528 +.008784 +.010949
acC ST.52% 75.99% 68.84% 84.83% 83.58% 81.97% 32.83% 78.48% T1.97%
v +1.03% +1.33% +2.28% +2.40% +£4.22% +5.57% +0.94% +1.58% £3.16%
RMSE o | 902278 _ | 35236 | 352639 o[ 360651  _ [ 360363  _ | 350879  _ | 351967  _ | .358703 | 353633 .
+.006048 | +.001980 +.002130 +.033761 | £.031252 | +.030958 | +£.005062 | £.004881 +.002795
SuB - 79.68% 73.38% 65.80% 83.01% — [ 80.01% [ 79.90% — [ 8L.09% 75.49% 68.61%
ACC ol inay % | isa%  ° | +236% % | £258% = | £466% = | £573% = | £090%  ° | +147%  ° | +2.68%  °
RMSE | 950052 _ | 308031 NEEED L[ ss:2 _[semIl  _ | 367190  _ | 364642 _ | 392008 R
KNN = | xo10771 T | +.004462 +.004524 +.031800  — | +.031148 | +.030804 | £.011342 — | £.019119 004233
ACC . | S022% L% . [5261% L[ 5329% — [ 3181% — [ 79.52% — [ 80.67% L% L [ 66.06% .
v +1.28% +1.38% +2.40% +2.13% | £405% | £6.03% | +1.37% +2.09% +3.53%
RMSE » | 073642 L | 583580 L | 568528 L | 78863 . | 630108 L | 596207 L | 681309 . | 600566 L | 5r6s6a .
GAIN +.012690 +.008805 +.010932 +.034236 +.037070 +.041304 +.012488 +.017407 +.011416
SN Nace . [ T830% L[ T% . [526% AL L[ 981% — [ 77.91% — [ 7883% L [TR% L[ 6L83% .
‘ +2.07% +2.54% +3.27% +2.68% £3.76% | £T.0T% | £221% +2.26% +2.87%
RMSE o | 998166 _ | 353261 | 352348 [ 355059  _ | .358202  _ | .358725  _ | 353342 _ | 353716 o[ 3s3433
MIDA +.009634 | +.004930 +.002132 +.034699 | £.030826 | +£.030234 | +£.010923 | +£.007260 +.003024
ACC e | BT [T L[ 65.% L[ S281% — — [ 7983% — [ 3L.09% L% L [6.8% .
abv +1.35% +2.07% +£2.50% +2.77% = a5 T | £148% +£1.62% +2.97%
RMSE o | 599457 L | 439985 L | 48818 . | 406362 L | 435163 RS L [ 399789 L | 435826 L | 485905 .
SOFT : +.010849 +.020144 +.011124 +.039287 +.050641 +.033540 +.012094 +.013690 +.008625
S ACC o | S033% L2 L [5297% L[ 5296% — [ 3L0T% — [ 79.13% — [ 8154% . | A% L | 66:33% .
‘ +1.30% +1.59% +£2.22% £1.99% | +422% T | 4565% | £0.91% +1.63% +3.73%
RMSE | SSTO0L | 37341l L | 368016  _ [ 336300  _ | 401930 L[ 3TBI6 351152 _ | 374sTS L[ 360021 _
MICE © T | £.023228 = | £.014028 +£.008155 | £.031014 | +.038811 +.041223 = | £.025579 | +.009909 +.008788
Y ace .| ST — [ 58%% — [ 66.14% L[ S% (2% — [ 30.19% — [ 8249% —|[TB% — [ 69.04% .
‘ +1.06% | +143% | +151% +1.86% | £322% | #5.06% | £1.19% | £1.09% | £2.48%
RMSE e | 418757 L | 418631 L | 422992 L [ AT7ies L | 413336 L [ 08270 L | 416659 L [ 22101 L | 18687 .
SINK o +.008199 +.005683 +.007348 +.050458 +.048295 +.050617 +.008568 +.009417 +.006926
> ACC e | 58T R L [oLR2% L[ 5320% — [ 7983% — [ 784% —[3017% L |3 I0% L [ 6329% .
‘ +1.66% +1.51% +1.32% £243% | #470% T | #6.95% | £1.46% +£2.05% +2.88%
RMSE | 320149 366880 | 26367 [ 321893 [ 362349  _ | 404430  _ | .316289 | 359462  _ | 412250 .
AMISS P = | 4008388 +.005811 +.007554 +.033098 +£.026773 | £.044979 | £.005318 +£.005009 | £.011455
o ACC o | 32:35% _ | 76.33% _ | 6387% o | 83.93% _ | 8241% _ | 7925% _ | 83.10% _ | 7T791% _ | 68.52% N
£1.18% | £1.34% | £277% £1.28% | £269% | £7.00% | £1.06% | £2.04% | £3.20%

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.2: Experimental results on an imputation task on the benchmark dataset STATLOG
with mechanisms MCAR/MAR/MNAR at 25/50/75% missing rates.
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Model | Metric MCAR 25 MCAR 50 MCAR 75 MAR 25 MAR 50 MAR 75 MNAR 25 MNAR 50 MNAR 75
RMSE .136906 159547 .206618 .134042 .149251 173816 137195 .159608 .205436
DIOS ) +.000789 +.002225 +.004068 +.002204 +.001893 +.002857 +.001611 4.002029 +.002275
ACC 98.29% 98.12% 96.91% 98.31% 98.28% 98.14% 98.31% 98.23% 97.02%
o +0.09% +0.07% +0.19% +0.09% +0.09% +0.13% +0.05% +0.08% +0.20%
RMSE o .319362 . .319532 . .319656 o .323797 . .324849 . .326267 . .322167 o .323362 o .324760 .
SUB ) +.000359 +.000171 =+.000100 +.003016 =+.003200 +.003431 +.000659 +.000454
h ACC R 97.78% R 96.24% R 67.83% . 97.91% R 97.79% R 97.31% R 97.83% . 97.00% . R
+0.12% +0.24% +1.87% +0.13% +0.21% +0.32% +0.13% +0.22%
RMSE o .]71r'16§ ) . .182051 . .213410 . .]732})0. . .]816?2 . .1961‘97” . 172750 . .18/176'8 . ! .
KNN +.000433 +.000194 +.000298 +.002162 +.002409 +.002762 +.000411 +.000307 +.000349
ACC . 97.711% . 97.43% . 95.84% R 97.82% . 97.69% . 97.30% . 97.74% R 97.50% R 95.59% R
’ +0.11% +0.10% +0.23% +0.16% +0.19% +0.28% +0.14% +0.17% +0.30%
RMSE o .269801 R .238402 R .536074 . .307802 R .248680 o .391710 . .268669 . .241067 . 554727 .
. ) +.001455 +.001020 +.005791 +.001784 +.002288 +.009960 +.001205 +.002235 4.003461
GAIN ACC R 97.57% . 97.40% . 79.17% o 97.73% . 97.58% . 96.81% . 97.68% . 97.47% . 86.66% .
o +0.13% +0.20% +1.60% +0.11% +0.13% +0.27% +0.15% +0.16% +0.91%
RMSE o .289513 . .318562 . .319529 o .282678 . 307984 . .324491 . .291557 o .322264 o .324621 .
MIDA ) +.004842 +.000224 +.000099 +.005380 +.006300 +.004009 +.003724 +.000521 +.000282
: ACC R 97.711% R 96.31% R 68.13% . 97.79% R 97.74% R 97.28% R 97.77% . 97.00% . 83.53% R
+0.11% +0.23% +1.92% +0.11% +0.18% +0.36% +0.18% +0.25% +1.49%
RMSE o .297167 R .310272 . .385783 . .302148 . .315895 o .367079 . .300616 . .315058 . .389065 .
SOFT +.000474 +.000676 +.001054 +.003227 +.003425 +.004706 +.001117 +.001206 +.001178
ACC . 97.78% . 96.04% . 69.45% o 97.97% . 97.73% . 97.27% . 97.80% R 96.74% R 84.80% R
’ +0.13% +0.32% +2.16% +0.11% +0.19% +0.32% +0.14% +0.30% +1.18%
RMSE o 124647 . 145737 . .206923 _ | 127042 . .131368 . 157530 . .125361 o .146554 o .209269 .
MICE +.000272 +.000250 +.000577 | £.001405 +.001965 +.003018 4.000201 4.000298 4.000740
’ ACC R 98.00% . 97.84% . 97.09% _ | 98.03% . 98.02% . 97.84% . 98.08% . 97.86% o 97.05% _
o +0.17% +0.11% +0.29% | £0.09% +0.13% +0.17% +0.13% +0.10% +0.25% o
RMSE o .182632 . 195835 . .220215 o .185622 . .199430 . .223433 . .184920 o .200091 o .226424 .
SINK i +.000293 +.000346 +.000355 =+.002000 +.002217 +.002465 +.000370 +.000473 +.000519
h ACC R 97.77% R 97.03% R 92.90% . 97.90% R 97.59% R 97.24% R 97.74% . 97.18% . 93.49% R
+0.19% +0.24% +0.45% +0.19% +0.18% +0.26% +0.09% +0.22% +0.54%
RMSE o .105803 . .131395 o 177283 o -101257 o 117162 o -139133 o .106212 o -132246 o -175603
MISS +.000459 +.000367 +.000749 +.001610 +.002386 +.002813 +.000529 +.000835 +.001144
" ACC . 97.97% . 97.70% . 96.22% o 98.05% . 97.88% . 97.65% . 98.03% R 97.74% R 96.40%
’ +0.13% +0.13% +0.33% +0.06% +0.15% +0.15% +0.08% +0.14% +0.24%

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.3: Experimental results on an imputation task on the benchmark dataset MFEAT
with mechanisms MCAR/MAR/MNAR at 25/50/75% missing rates.

Model | Metric MCAR 25 MCAR 50 MCAR 75 MAR 25 MAR 50 MAR 75 MNAR 25 MNAR 50 MNAR 75
RMSE -150895 -164328 -180357 -150250 -155772 -165047 -153728 -164754 .179688
DIOS +.002641 +.001631 +.001074 +.001979 +.001988 +.002045 i,002?47 4.001048 +.001020
ACC 91.28% 91.17% 90.25% 91.33% 91.12% 91.00% 91.42% 90.95% 90.30%
+0.24% +0.16% +0.30% +0.23% +0.20% +0.46% +0.45% +0.31% +0.33%
RMSE o .221428 o .221674 . 1222251 o .225217 o 1225188 . 1226367 . .224822 . 1224716 . .225798
SUB +.000130 +.000064 i.000\043 +.000231 +.000206 +.000209 +.000138 +.000102 =+.000087
ACC R 89.03% R 83.25% . 44.90% R 90.12% R 89.10% . 89.35% R 89.38% . 85.00% R 59.33% R
+0.56% +0.82% +1.94% +0.28% +0.56% +0.61% +0.65% +0.72% +2.36%
RMSE o 161034 . 171429 . 188205 . .165831 o 176910 . 192269 o .165285 . 176218 . .192501 .
KNN ) +.000213 +.000138 i.OOOvl 52 +.000410 +.000300 +.000269 +.000113 =+.000066 =+.000077
ACC . 89.45% . 86.92% o 84.10% . 89.80% . 88.25% o 86.65% . 89.22% o 87.45% . 83.60% .
+0.47% +0.72% +0.82% +0.22% +0.43% +0.28% +0.41% +0.52% +0.76%
RMSE ) B B ) B ) ) B )
GAIN - - = - = - = = -
ACC ] B i ] i ) ] i ]
RMSE o .222160 R .224138 . 1226495 . .225108 . .226363 . .228399 . .225200 . 1226842 . .229376 .
MIDA +.000246 +.000239 +.000265 +.000329 +.000316 +.000301 +.000268 +.000272 +.000379
h ACC R 88.45% . 83.62% . 46.05% . 89.38% . 88.88% o 89.17% . 88.78% . 85.78% R 60.73% R
| +0.62% +0.54% +2.54% +0.30% +0.64% +0.56% +0.38% +0.74% +2.37%
RMSE o .212770 . 1225273 . .300132 R .216074 o 1226427 . 1272862 R .215795 . .228053 . .302223 R
SOFT i.OU(llfﬂQ =+.000370 +.001366 +.000177 4.000238 +.000319 +.000127 iAUO[J'344 +.000150
ACC R 89.00% R 82.12% . 24.55% R 89.08% R 88.90% . 88.62% R 89.17% . 84.33% R 34.40% R
+0.58% +1.10% +0.95% +0.23% +0.44% +0.82% +0.63% +0.97% +1.21%
RMSE ) i B ) B ) B i )
MICE - = - - = - - = -
ACC ) i B ) i ) B B )
RMSE o 155776 o 167637 . 189442 . .159341 o 170726 . 187439 . 159377 . 171885 . .193548 .
SINK ) +.000291 +.000307 i.000§27 +.000382 i.OOO&Hﬁ i.000259 +.000316 i.OOD:S(il +.000439
ACC R 90.12% . 88.47% o 76.20% . 89.80% . 89.65% o 89.28% . 89.95% o 88.53% . 76.72%
+0.68% +0.74% +1.82% +0.61% +0.68% +0.94% +0.58% +0.85% +1.97%
RMSE ) B B ) B ) B B )
MISS . - - . - . - - .
ACC B B ) B ) ) B )

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.4: Experimental results on an imputation task on the benchmark dataset ORL with
mechanisms MCAR/MAR/MNAR at 25/50/75% missing rates.
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Model | Metric MCAR 25 MCAR 50 MCAR 75 MAR 25 MAR 50 MAR 75 MNAR 25 MNAR 50 MNAR 75
RMSE 179357 183667 187247 .181048 .180440 178010 179684 .181208 .184389
DIOS ! +.005146 +.005556 +.005486 +.009643 +.008267 +.006844 +.005332 +.004697 +.005870
- ACC 73.10% 70.04% 67.10% 74.41% 72.97% 71.21% 73.42% 71.12% 68.69%
+£1.28% +0.75% +0.63% +1.55% +1.55% +2.41% +£1.26% +£1.08% +£1.06%
RMSE o | 174523 _ | A73623 1173725 | .177390 _ | 175049 _ 173129 _ | 175769 _ | 176149 176457
SUB - +£.004774 T | £.001549 00378 +£.010051 | £.009208 T | £.007534 T | £.005101 ~ | £.003080 +.002658
ACC o | T0-24% o | 66.72% . | 63.62% . | TL05% . | 6919% . | 67T7T1% . | TLOT% . 66.08% R
o +1.07% +1.80% +1.93% +1.49% +2.02% +3.28% +2.00% +2.04%
RMSE o | 174144 o | 181033 _ | 181461 o | 167741 o | A71564 | .174089 _ | 189628 L | 188144 . | 180590 _
KNN +.004952 +£.001311  ~ | £.001623 +.011594 £.011021 | £.010412 | £.012075 +.003784 +.002672
ACC o | 10-28% . | 662 . | 63.63% .| TLIT% o | 70.06% o | 6751% . | 7021% o | 67.03% . | 64.49% N
+1.90% +1.57% +2.02% +1.26% +1.55% +2.99% +1.35% +1.66% +1.13%
RMSE o | 204705 L | 223014 . | 221218 . | 286876 . | 232601 . | 222677 . | 260687 L | 224324 . | 240855 R
GAIN +.004902 +.009764 +.008795 +.017126 +.008550 +.004746 +.008514 +.005695 +.024878
ACC o | T0.T0% o | 66:20% . | 6289% . | 70.68% . | 69.05% . | 66.72% . | 7048% o | 67.90% . | 6379% R
o +0.82% +1.23% +1.97% +1.57% +1.78% +3.11% +1.33% +1.66% +1.62%
RMSE o | 180314 _ | 178359 _ | 174592 . | 180846 _ | 174561 _ | A72014  _ | 179897 _ | 180030 _ | 177930 R
MIDA +£.012573 7 | £.006692 | £.003432 +£.012939 T | £.009621 | £.007672 ~ | £.011177 | £.008561 | £.005142
ACC o | 01T . | 66.80% . | 6323% . | TL56% . | 6931% . | 6759% . | 7046% . | 6812% . | 66.09% .
| +1.44% +1.59% +2.02% +1.40% +2.66% +3.29% +1.40% +1.84% +1.58%
RMSE o | 206956 L | 308334 . | 368544 . | 258113 . | 279084 . | 298164 . | 270694 L | 310358 . | 362265 R
SOFT +.019727 +.018194 +.007549 +.028138 +.025456 +.056538 +.029011 +.023320 +.008335
* ACC o | T016% o | 67.50% L | 8321% . | 074% . | 63.98% . | 67:83% . | T082% . | 67TT% . | 6410% R
o +1.12% +1.20% +1.40% +1.67% +2.52% +2.45% +1.63% +2.53% +2.37%
RMSE o | AD9770 "1 180242 _ | 179222 . | 160694 — "I81529 _ | 176488 _ | 169201 o | 182615 _ | 184273 _
MICE i £.006494 £.002994 | £.001852 +.009298 +.009714 7 | £.005994 T | £.009142 +£.004548 T | £.004195
ACC o | T0-02% o | 67:32% . | 6293% . | 7182% . | 6956% . | 6745% . | TL51% . | 68.58% . | 0523% R
o +1.09% +1.80% +1.77% +1.39% +1.92% +3.32% +1.94% +1.34% +2.07%
RMSE o | 179658 _ | 190006 . | 204615 . | 173807 _ | 180448 _ | 187591 . | 178070 _ | 190206 . | 204999 R
SINK +.003267 | £.002562 +.002847 +.012449  ~ | £.011600 | £.010050 +.005936 | £.003927 +.002906
: ACC o | T0.04% . | 6581% . | 61.02% . | 70.62% . | 6882% . | 6745% . | 7027% . | 65.49% . | 62.42% N
+1.06% +1.93% +1.64% +0.97% +2.47% +3.12% +1.71% +1.65% +1.63%
RMSE  — | 165444 o | 185626 _ | 201445 . | 164886 o | 179029 _ | 197582 . | 166607 [ 185163 _ | 199842 .
MISS P T £.005227 +.002332 | +.002156 +.012820 +.013580 | £.013769 +.009190 +.004316 | +.006875
ACC 70.19% 66.04% . | 6276% . | 071% . | 69.70% . | 66:56% . | T121% . | 6712% . | 63.69% .
oY ® | 21.41% * | +2.27% +1.19% +1.37% +1.94% +3.22% +0.91% +1.57% +2.48%

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.5: Experimental results on an imputation task on the benchmark dataset PIMA with
mechanisms MCAR/MAR/MNAR at 25/50/75% missing rates.
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Model | Metric | MYOCARDIAL | NIHANES COVID
bACC | TT91% 64.17% 86.84%
DIOS +1.12% +0.36% +1.23%
auC | 86:28% 69.92% 92.95%
+0.42% +0.56% +0.93%
77.30% 60.35% 85.91%
SUB bACC | L0 00% =] +000% °|=x000% °
AvC | $09% L o60%  _ort20%
+0.00% +0.00% +0.00%
bACC | 68:83% . |@00%  ss0s%
NN +0.00% +0.00% +0.00%
AU | T80% L oTT% [ 9m%
+0.00% +0.00% +0.00%
63.89% 61.36% 85.14%
GAIN bACC +2.21% * | xos3% ° +0.91% ¢
AvC | T422% RN
+1.11% +0.40% +0.73%
76.55% 61.70% 87.98%
MICE PACC | L0.00% ® | £000%  °| +000% °
AuC | SL39% L OT30%  [92m%  _
+0.00% +0.00% +0.00%
73.00% 61.40% 85.15%
MISS bACC | L0 87% ®l+1.03% | +167% °
AuC | S082% L [e6as%  [ors%
+1.60% +0.90% +1.20%
77.24% 61.70% 84.48%
SOFT PACC 1 0 99% =1 +093% °|=xo78n °
AvC | 5488% L o69s%  _[otiew
+0.77% +1.08% +0.85%
75.66% 60.77% 86.82%
SINK PACC T 11 999 ® | +£0.98% | +149%
AUC | 53:26% IR/ T
+1.01% +1.18% +1.13%
75.00% 62.15% 85.55%
MIDA bACC | L6 70% * | +1.26% | +112%  °
AvC | 8287% L[ 6691%  ToLeT%h
+0.78% +1.30% +0.62%

DIOS is: » significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.6: Experimental results on an imputation task on three real-world medical mixed-
type tabular datasets.
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A.2 Comparative Study on an Imputation Task

Model | Metric NOISE 0 NOISE 0.05 NOISE 0.1 NOISE 0.15 NOISE 0.2 NOISE 0.4 NOISE 0.6
RMSE .022217 .094868 117715 132717 .145746 .201759 .265438
DIOS ’ +.003364 +.001615 +.001888 i.002912 +.001884 +.003169 +.005044
ACC 69.09% 68.35% 67.04% 64.76% 63.96% 60.55% 59.41%
+1.09% +1.48% +0.88% +0.92% +1.56% +1.15% +0.60%
RMSE e .000000 107722 152856 187011 .215826 .305352 .374148 R
NONE £.000000 £.000852 +.000889 +.000792 +.000864 +.001080 £.000717
: ACC . 63.92% 60.10% 59.78% 58.41% 57.54% 55.59% 52.17% .
+0.00% +2.52% +1.64% +2.35% +1.06% +2.52% +2.35%
RMSE B B B B B B B
SFIL 6150 TE QR0 EE 9707 =E 000 v v 0 v G
ACC R 56.15% 55.95% 55.27% 55.09% 54.54% 54.72% 54.19% .
+0.73% +0.98% +0.90% +0.63% +0.50% +1.19% +1.68%
RMSE o 062775 131134 169402 197156 .220914 .300011 .365156 .
SPOL +.002273 +.002834 +.002560 +.002424 +.001850 +.001453 +.000946
ACC . 60.76% 54.06% 47.70% 48.07% 47.30% 48.74% 49.49% .
+1.03% +3.20% +1.67% +2.66% +1.88% +1.24% +2.17%
RMSE ) ) ) ) ) ] )
PFIL 62.50% 60.22% 59.94% 57.96% 56.62% 54.58% 53.42%
ACC . 2O (i . (] 2. 0 . (,7 20. (] Nl (1] B (] °
+1.20% +3.26% +2.01% +2.46% +1.13% +1.67% +2.14%
RMSE e .042325 130772 168084 195269 .219575 .301512 .367876 R
PPOL ’ i4000245 +.001476 +.001590 i.OOO?GO +.001124 +.001295 +.000736
ACC . 63.21% 60.99% 60.14% 56.71% 54.96% 52.50% 51.77% R
+1.24% +3.11% +1.99% +2.33% +2.18% +2.40% +1.91%
DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.7: Experimental results on a correction task on the benchmark dataset ARRHYTH
MIA with erroneous values rates 0/5/10/15/20/40/60%.

Model | Metric NOISE 0 NOISE 0.05 NOISE 0.1 NOISE 0.15 NOISE 0.2 NOISE 0.4 NOISE 0.6
RMSE .114708 137553 162571 .186799 .211346 .277133 .332875
DIOS +.002194 +.001855 £.005927 +.008194 £.007440 £.002640 £.004374
ACC 87.48% 86.29% 85.25% 83.29% 81.90% 75.78% 67.55%
+0.25% +0.54% +0.70% +0.97% +1.09% +1.75% +1.12%
RMSE = .000000 .111065 -157520 193922 .223263 311895 383534 .
NONE ~ | £.000000 +.003219 +.002874 +.001858 +.001812 +.003253 +.003808
ACC . 84.06% 83.80% 82.22% 80.88% 78.78% 71.13% 63.46% .
’ +0.00% +0.73% +1.02% +1.38% +1.73% +1.63% +2.27%
RMSE ) B ) ) ) ) )
SFIL . [ 0; . 0; . 07 . 0; . 0y . 07 >' 0
ACC . 85.33% 84.10% 82.78% 81.03 0 79.33% 72.93% 6619/? _
+0.67% +0.58% +1.25% +1.96% +1.51% +0.94% +1.94% B
RMSE e 130674 168412 199776 .226227 .249161 .320054 .378386 .
SPOL ’ +.000920 +.002665 +.002339 +.002091 +.002513 +.003182 +.004059
ACC . 85.12% 83.86% 82.75% 81.23% 79.58% 73.84% 66.96% _
+0.60% +0.71% +1.06% +1.39% +1.39% +1.16% +1.56% B
RMSE ) ) ) ) ) ) )
PFIL - . 9 . % . 07 - 07 - 507 . 7
ACC . 84.75% 83.46% 82.07% 80.29/? 78.43% 71.25% 62.78% .
+0.61% +0.76% +0.84% +1.05% +1.64% +1.55% +1.27%
RMSE = 103064 156244 187602 .215673 .238741 .313380 .376681 .
PPOL ~ | £.000793 +.002162 £.003251 +.001799 +.001937 +.003438 +.003125
ACC . 84.87% 83.77% 82.03% 80.41% 78.49% 70.90% 62.28% N
+0.66% +0.63% +0.55% +1.49% +1.43% +1.12% +1.24%
DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.8: Experimental results on a correction task on the benchmark dataset STATLOG
with erroneous values rates 0/5/10/15/20/40/60%.
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Model | Metric NOISE 0 NOISE 0.05 NOISE 0.1 NOISE 0.15 NOISE 0.2 NOISE 0.4 NOISE 0.6
RMSE 058886 .091930 .114757 .131610 .146440 .206205 .261981
DIOS +.003538 +.000620 +.000889 +.001119 +.001224 +.001301 +.001116
ACC 98.29% 98.25% 98.14% 98.08% 97.95% 96.35% 86.87%
+0.03% +0.05% +0.07% +0.09% +0.09% +0.17% +0.91%
RMSE o .000000 098293 .138905 . 170232 196622 . 278053 .340514 .
NONE 4+.000000 +.000295 +.000343 +.000340 +.000310 +.000229 +.000240
ACC . 98.15% 97.99% 97.83% . 97.86% 97.59% o 96.30% 85.75% .
+0.00% +0.10% +0.14% +0.14% +0.15% +0.26% +0.43%
RMSE ) ) ) ) ) ) )
SFIL . [ . 07 . 3 . 370, - . . [ 20
ACC . 97.81% 97.84% 97.67% o 97.67% 97.41% o 95.91% 85.26% R
+0.13% +0.24% +0.17% +0.12% +0.10% +0.24% +0.58%
RMSE e 018439 .100045 139794 . 170642 196761 . 276997 334571 .
SPOL +.000342 +.000308 +.000335 +.000328 +.000310 +.000216 +.000260
ACC . 97.97% 97.98% 97.92% . 97.80% 96.82% o 40.41% 54.22% .
+0.10% +0.22% +0.16% +0.11% +0.35% +3.04% +1.61%
RMSE ) ) ) ) ) ) )
PFIL - - - - - - -
ACC . ) ) ) ) ) )
RMSE ) ) ) ) ) ) )
PPOL - - - - . - -
ACC ) ) ) ) ) ) )
DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.9: Experimental results on a correction task on the benchmark dataset MFEAT with

erroneous values rates 0/5/10/15/20/40/60%.

Model | Metric NOISE 0 NOISE 0.05 NOISE 0.1 NOISE 0.15 NOISE 0.2 NOISE 0.4 NOISE 0.6
RMSE .072061 .097387 .118795 134184 148178 191014 .232878
DIOS 8 +.001482 +.001040 +.001724 +.001355 +£.001044 +.000643 +.001250
ACC 91.22% 91.12% 91.10% 91.05% 90.85% 89.72% 83.65%
+0.28% +0.28% +0.23% +0.33% +0.44% +0.61% +0.87%
RMSE = | -000000 .093711 132491 . | 162272 187342 .264980 .324528
NONE L +.000000 +.000108 +.000115 +.000090 +.000096 +.000093 +.000107
ACC . | 90.00% 90.00% 90.33% . | 90.15% 90.45% _ [ 8812% 71.80% .
+0.00% +0.46% +0.51% +0.28% +0.57% = | £0.85% +1.63%
RMSE . B B ) ) ) )
SFIL =0y [V 170 0 =0y 0; [4 (&
ACC . | T865% 78.62% 78.47% . | 895% 78.15% 74.08% 5175%
+1.09% +1.65% +1.21% +1.33% +1.56% +1.80% +2.27%
RMSE ) B B B ] ] ]
SPOL - - - - - - -
ACC . . B B ) ) )
RMSE . B . . ) . )
PFIL . - - - - - -
AcCcC ) B ) ) ) ) )
RMSE . B B ) ) ) )
PPOL - - - - - - -
Acc . . B ] ] ] ]

DIOS is: e significantly better,

= equivalent, o significantly worse, p-value: 0.05

Table A.10: Experimental results on a correction task on the benchmark dataset ORL with

erroneous values rates 0/5/10/15/20/40/60%.
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Model | Metric NOISE 0 NOISE 0.05 NOISE 0.1 NOISE 0.15 NOISE 0.2 NOISE 0.4 NOISE 0.6
RMSE .031102 .095970 129322 .145087 156343 191861 .226214
DIOS +.005485 +.002590 +.003464 +.004204 +.004610 +.003404 +.007582
ACC 76.04% 74.57% 73.58% 73.07% 71.68% 67.92% 65.44%
+0.35% +0.84% +1.01% +0.73% +0.85% +0.72% +1.17%
.000000 .095012 134108 .164000 .189278 .266476 1325244
NONE RMSE +.000000 +.003124 | £.003882 +.004345 +.004217 +£.002477  * | £.002492 *
ACC 73.05% 71.31% . | 70.14% 69.78% 68.70% 64.53% . | 61.84% .
+0.00% +1.02% +1.52% +1.43% +1.53% +1.38% +1.47%
RMSE
SFIL P [ [ [ 7 [7 [ 7
ACC 73.58% 72.42% . | TL5% 70.93% 69.45% 66.76% . | 64.73% _
+0.90% +0.98% +1.29% +1.17% +1.07% +0.96% +1.19%
RMSE .094054 131477 . | 155997 178815 .198886 1261991 . | -309920 .
SPOL ‘ +.002142 +.003677 +.003554 +.003774 +.003205 +.003733 +.003596
ACC 75.16% 73.59% _ [ 7225% 71.43% 69.13% 66.05% . | 6254% R
+0.68% +1.46% +1.26% +1.35% +1.50% +0.96% +1.49%
RMSE
PFIL 0 0 3 07 0, 07 Y Q07 10
ACC 71.49% 71.17/? . | 69.74% 69.79% 68.61% 64.23% . | 62.24% .
+0.63% +1.09% +1.73% +1.57% +1.09% +1.46% +1.18%
RMSE .084519 116449 . | 143318 165470 .184012 1249572 . | -304141 .
PPOL +.000933 +.002618 +.003361 +.003963 +.003601 +.002032 +.002363
ACC 72.44% 70.79% R 70.00% 69.48% 67.84% 64.15% R 61.64% .
+1.09% +1.42% +1.27% +0.91% +1.33% +1.60% +1.28%

DIOS is: e significantly better, = equivalent, o significantly worse, p-value: 0.05

Table A.11: Experimental results on a correction task on the benchmark dataset PIMA with

erroneous values rates 0/5/10/15/20/40/60%.
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A.3 Technical Details

During our tuning experiments to design the best possible architecture for DIOS, we found
that for datasets containing fewer features, using fully-connected architectures worked best.
We found that convolutional architectures tend to yield very unstable results on datasets
with few features compared to fully-connected architectures. Figure A.1 shows a compari-
son of the training phase of one convolutional and two fully-connected architectures on the
STATLOG dataset containing 14 features. The convolutional architecture training is shown
in (a), (b) is the large fully-connected architecture (dimensions: 64, 128, 32, 14), and (c) is the
small one (dimensions: 5, 10, 14). In both fully-connected cases, the input is set as the orig-
inal corrupted data X. While it takes essentially the same time to converge to satisfactory
results for both fully-connected architectures, a smaller architecture often leads to better
and more stable results, making it easier to find a good stopping point. We can see in this
example that the bigger fully-connected architecture obtains slightly worse results than the
smaller one in terms of Root-Mean-Square Error (RMSE), while the convolutional architec-
ture obtains very bad results. In both fully-connected cases, the model ends up overfitting
after a point but the smaller architecture takes more iterations to do so. This makes it easier
to stop training at the right time, maximizing the results for both the RMSE and Accuracy
metrics.
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(b) Dense large architecture (c) Dense small architecture

Figure A.1: Comparison between a convolutional (a), a large (b) and a small (c) fully-
connected architecture on the STATLOG dataset in MCAR 25% setting. The x axis is the
number of iterations (epochs), the yellow curve is the Accuracy evolution on the supervised
training set, the blue curve is the RMSE, dashed lines are baseline RMSEs, and the dotted
vertical line is the iteration at which we rolled back once the early-stop took place.

To obtain the best possible results it is important to stop the training before overfitting
on the training data starts. To stop at the right time, we implemented an early-stopping
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procedure. This stopping condition is defined as a degradation of the loss, accuracy, or an-
other metric defined by the user, for a set number of iterations. Once the training process
is stopped, we can simply rollback to the iteration that yielded the best result depending on
the chosen metric. In figure A.1 we can see the iteration at which we rolled back to in each
case, signified as a dotted line. In this case, the selection of the best imputation was based
on the obtained accuracy on the supervised training set. In the case of the convolutional ar-
chitecture the results are very unstable, resulting in an imputation of bad quality. However,
on both fully-connected architectures we can see that the maximum accuracy is obtained
roughly at the same step as the lowest RMSE. This shows that in a, at least partially, super-
vised setting, using the best obtained accuracy as a stopping point leads to very satisfactory
results and often almost to the best possible results.

Depending on the dimensions of the dataset to correct, it is important to define an adapted
architecture. As described earlier, we used either convolutional or fully-connected architec-
tures depending on the amount of features in the dataset. For the STATLOG dataset we ob-
tained the best results by using a fully-connected architecture with 3 layers of dimensions 5,
10, and 14. For the PIMA dataset we found best results using a fully-connected architecture
with 3 layers of dimensions 8, 16, and 8. For the COVID dataset a small fully-connected ar-
chitecture with 2 layers of dimensions 80 was used. We used the exact same convolutional
architecture for ARRHYTHMIA, NHANES, MYOCARDIAL and MFEAT datasets, the only dif-
ference being that we added more filters at each layer for the MFEAT dataset (which contains
more features). In those four cases, the architecture contained 4 layers and was based on
the generic convolutional architecture showed in figure A.2. For the ORL dataset containing
14150 features, we used a deeper version of the convolutional architecture by adding 3 ad-
ditional hidden layers to capture deeper knowledge about the data. While it is important to
define a good architecture to obtain optimal results, we found that very few changes to our
generic architecture were needed to obtain the best possible results on any dataset.

input d d; d,

d 2 Down layer:
d ! Conv
mmm) DownSample
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o
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Figure A.2: Generic convolutional encoder-decoder architecture with skip connections.

As can be seen in Figure A.2, the generic convolutional architecture we defined is orga-
nized as a U-Net, in an encoder-decoder manner: with down layers followed by up layers,
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and skip connections linking encoder with decoder layers so that higher and lower levels
of feature extractions can be merged and exploited together during the decoding phase.
In our architecture we used 1D convolutions, which allow for feature reduction, and thus,
extraction of knowledge and abstractions from the features, while keeping the initial ele-
ment dimension and organization from the original dataset. We reverse the process using
up-sampling layers to return to the original dataset dimensions. Skip connections make it
simpler for the model to keep track of the initial features without losing information, while
dimension reduction captures deeper knowledge. Extracted knowledge is then used in com-
bination with skip connections outputs to obtain corrected values, and impute values that
are missing depending on known values.

As can be seen in Figure A.2, down layers are composed of a convolutional layer, a down-
sample step, a batch-normalization, and a non-linearity. In our case, we used the natu-
ral down-sample of convolutional layers by setting a stride higher than 1. We found that
this simple mechanism gave better results than using a separate down-sample step such
as an average or max pooling. We found that using a batch-normalization layer at each
level in our architecture allowed us to reach more stable and more consistent results. As
for non-linearity, we used LeakyReLU, which gave better results than ReLU or other activa-
tion functions. We set all our paddings as zero paddings. Skip connections are based on
the same model as down layers, except that they do not perform any down-sampling as we
want to keep the same dimensions as the input. Up layers take the concatenation on the
channel dimension of the previous layer and the corresponding skip connection as inputs.
The up-sampling step is performed at the end of the layer: we used the up-sample nearest
neighbor mode. Finally, last layer gives the model output: this layer is composed of a con-
volutional layer followed by a Sigmoid. Sigmoids are often used in the last reconstruction
layer of encoder-decoders to yield stable and consistent results. The number of channels in
the encoder part (cy,...,cy) can expand at each level to capture deeper and more abstract
knowledge about the data. We found that setting a fixed number of channels for the skip-
connections gave the best results, usually between 4 to 8 channels. During our experiments,
we noted that to obtain the best possible results it seems important to minimize the dimen-
sion at the bottleneck part of the architecture so that the filters at this particular layer cover
the entirety of the feature map. For example, in the case of an architecture with 4 layers
such as in figure A.2 we want ds = d, with filters of dimension ds. In that way, we make sure
that the whole feature map is covered, which allows knowledge to be extracted and shared
between features that are not in a close neighborhood.

As discussed earlier, we set the net input Z as pure random noise when we use a convolu-
tional architecture, and we set Z = X, where X is the original corrupted data, when we use a
fully-connected architecture. In any case, we used a noise-based regularization that we ap-
ply to the net input Z at each training iteration. Thus, Z is slightly modified from its original
value at each iteration, which prevents the model from overfitting or getting stuck during its
learning phase. We used the Adam optimizer to train our models, all our experiments were
performed using the PyTorch deep learning library.

We used deep neural networks, either fully-connected or convolutional, for our experi-
ments. Training such models requires a large number of matrix multiplication operations:
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Graphics Processing Units (GPUs) are better suited to execute these operations than Cen-
tral Processing Units (CPUs). We ran all our experiments on a Tesla V100 PCIE 32GB, which
allowed us to drastically speed-up our training times, thus, enabling us to run all our experi-
ments for 10 runs in each setting.

Using the GPU described above, we were able to train our method for any used dataset
in a relatively short amount of time. Running DIOS on datasets with few features such as
the STATLOG dataset takes a few seconds to minutes at most, and the training phase on
the ORL dataset containing 14150 features could take up to 1 hour depending on chosen
parameters. Considering the fact that DIOS is a preprocessing method that will usually be
used only once before predictive methods, those training times seem perfectly acceptable
for most real-world applications.
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Dataset | Pattern ST S-HOT MI M-HOT
10% || 0.9972681 0.9973865 (3) || 0.9976699 (2) | 0.9976913
MCAR 15% || 0.9942281 0.9944422 (3) || 0.9946880 (2) | 0.9947552
25% || 0.9835323 0.9839692 (3) || 0.9841479 (2) | 0.9843596
10% || 0.9975236 0.9974836  (4) || 0.9978336  (2) | 0.9978845
IRIS MAR 15% || 0.9970188 0.9970006 (4) || 0.9973150 (1) | 0.9973097
25% || 0.9941960 0.9943554 (3) || 0.9943643 (2) | 0.9943890
10% | 0.9972209 0.9972343 (3) || 0.9973548 (1) | 0.9973011
MNAR 15% | 0.9937917 0.9938451 (3) || 0.9941570 (2) | 0.9941622
25% || 0.9891964 0.9902221 (3) || 0.9905233 (2) | 0.9907251
10% || 0.9105582 0.9106386 (3) || 0.9132492 (1) | 0.9132475
MCAR 15% | 0.9060337 0.9066862 (3) || 0.9091019 (2) | 0.9091584
25% || 0.9047888 0.9059597 (3) || 0.9077214 (2) | 0.9078041
10% || 0.9127799 0.9127328 (4) || 0.9144097 (1) | 0.9142985
STAT MAR 15% || 0.9079620 0.9078667 (4) || 0.9093156 (1) | 0.9092031
25% || 0.8959471 0.8968849 (3) || 0.8990894 (2) | 0.8992881
10% || 0.9070192 0.9071004 (3) || 0.9095510 (2) | 0.9095576
MNAR 15% || 0.9040681 0.9042151 (3) || 0.9061872 (1) | 0.9060699
25% || 0.8951658 0.8967363 (3) || 0.8992252 (2) | 0.8992736
10% || 0.9987736 0.9988008 (3) || 0.9989672 (2) | 0.9989811
MCAR 15% || 0.9955454 0.9956407 (3) || 0.9960062 (2) | 0.9960307
25% || 0.9910498 0.9914148 (3) || 0.9919927 (2) | 0.9923485
10% || 0.9961058 0.9961142 (3) || 0.9965056 (2) | 0.9965060
WINE MAR 15% || 0.9977720 0.9978677 (3) || 0.9982010 (1) | 0.9981809
25% || 0.9952116 0.9959576 (3) || 0.9965157 (2) | 0.9968702
10% || 0.9987205 0.9987058 (4) || 0.9988244 (1) | 0.9988131
MNAR 15% || 0.9974746 0.9974850 (3) || 0.9976465 (2) | 0.9976683
25% || 0.9808498 0.9822719 (3) || 0.9841291 (2) | 0.9844587
10% || 0.8193054 0.8196586 (3) || 0.8211340 (1) | 0.8211193
MCAR 15% || 0.8073739 0.8078378 (3) || 0.8095505 (2) | 0.8095824
25% || 0.8029002 0.8043589 (3) || 0.8060367 (2) | 0.8065611
10% || 0.8238900 0.8242472 (3) || 0.8257089 (1) | 0.8256414
PIMA MAR 15% || 0.8045918 0.8061503 (3) || 0.8080830 (2) | 0.8083194
25% || 0.8017568 0.8025144 (3) || 0.8041203 (1) | 0.8040062
10% || 0.8280685 0.8284115 (3) || 0.8302729 (2) | 0.8303076
MNAR 15% | 0.8279577 0.8283792 (3) || 0.8298929 (2) | 0.8300464
25% || 0.8005008 0.8021749 (3) || 0.8043448 (2) | 0.8047250
10% || 0.8737739 0.8740180 (3) || 0.8748059 (2) | 0.8749393
MCAR 15% || 0.8714861 0.8717831 (3) || 0.8725539 (2) | 0.8726250
25% || 0.8663833 0.8666186 (3) || 0.8674332  (2) | 0.8675645
10% || 0.8742551 0.8743399 (3) || 0.8751972 (2) | 0.8753671
ABAL MAR 15% || 0.8720722 0.8721856 (3) || 0.8731502 (2) | 0.8731739
25% || 0.8697060 0.8699619 (3) || 0.8708046  (2) | 0.8709102
10% || 0.8760444 0.8760447 (3) || 0.8768033 (2) | 0.8769350
MNAR 15% || 0.8753217 0.8754605 (3) || 0.8763271 (2) | 0.8764456
25% || 0.8683507 0.8690281 (3) || 0.8696780 (2) | 0.8697714
Average rank 3.8889 3.1111 1.7556 1.2444

Table B.1: Area Under the Curve (AUC) results when applying imputation frameworks Single-
Imputation (SI), Multiple-Imputation (MI), Single-Hotpatching (S-HOT) and Multiple-
Hotpatching (M-HOT) using the MISSFOREST imputation method on benchmark datasets.
Bold values are the best results between pairs of frameworks SI vs S-HOT, and M1 vs M-HOT.
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Dataset | Pattern SI S-HOT MI M-HOT
10% || 0.9799937 ) | 0.9817654 (3) || 0.9833994 (2) | 0.9840372
MCAR 15% | 0.9768163 ) | 0.9808358 (3) || 0.9823092 (2) | 0.9831680
25% || 0.9669967 ) | 0.9722641 (3) || 0.9761056 (2) | 0.9770136
10% || 0.9957063 ) | 0.9961878 (3) || 0.9965493 (2) | 0.9966640
IRIS MAR 15% || 0.9942239 ) | 0.9952689 (3) || 0.9960484 (2) | 0.9961207
25% || 0.9893513 ) | 0.9910596 (3) || 0.9915209 (2) | 0.9920205
10% || 0.9936567 ) | 0.9950805 (3) || 0.9956014 (2) | 0.9956776
MNAR 15% | 0.9724648 ) | 0.9761291 (3) || 0.9802625 (2) | 0.9819184
25% || 0.9412312 ) | 0.9464214 (3) || 0.9571874 (2) | 0.9600941
10% || 0.9080227 ) | 0.9102585 (3) || 0.9134026 (2) | 0.9137060
MCAR 15% || 0.8998590 ) | 0.9028497 (3) || 0.9064267 (2) | 0.9067930
25% || 0.8908900 ) | 0.8956605 (3) || 0.8980645 (2) | 0.8989371
10% || 0.9084245 ) | 0.9090188 (3) || 0.9112693 (1) | 0.9111061
STAT MAR 15% || 0.9051054 ) | 0.9063680 (3) || 0.9078594 (2) | 0.9078908
25% || 0.8991662 ) | 0.9027334 (3) || 0.9058215 (2) | 0.9061238
10% || 0.9030340 ) | 0.9040986 (3) || 0.9067615 (2) | 0.9071034
MNAR 15% | 0.9035329 ) | 0.9052432 (3) || 0.9079736 (2) | 0.9082962
25% || 0.8905727 ) | 0.8944715 (3) || 0.8966984 (2) | 0.8972140
10% || 0.9981833 ) | 0.9983207 (3) || 0.9985619 (2) | 0.9985971
MCAR 15% || 0.9962062 ) | 0.9971960 (3) || 0.9976257 (2) | 0.9976910 )
25% || 0.9904914 ) | 0.9934990 (3) || 0.9943642 (1) | 0.9942573 )
10% || 0.9943647 ) | 0.9948008 (3) || 0.9955126 (2) | 0.9957826 )
WINE MAR 15% || 0.9966424 ) | 0.9970709 (3) || 0.9974876 (1) | 0.9974503 )
25% || 0.9937316 ) | 0.9952213 (3) || 0.9956761 (2) | 0.9961109 )
10% || 0.9986522 ) | 0.9989077 (3) || 0.9989886 (1) | 0.9989613 )
MNAR 15% || 0.9970764 ) | 0.9974153 (3) || 0.9976771 (2) | 0.9976784 )
25% || 0.9868731 ) | 0.9913767 (3) || 0.9929763 (1) | 0.9929660 )
10% || 0.8064355 ) | 0.8108632 (3) || 0.8126446 (2) | 0.8147203 )
MCAR 15% || 0.7905122 ) | 0.7956762 (3) || 0.7985624 (2) | 0.8004567 )
25% || 0.7636735 ) | 07701991 (3) || 0.7740310 (2) | 0.7771393 )
10% || 0.8059250 ) | 0.8086973 (3) || 0.8113151 (2) | 0.8127776 )
PIMA MAR 15% || 0.7872220 (4) | 0.7918551 (3) || 0.7931241 (2) | 0.7958718 (1)
25% || 0.7785481 (4) | 0.7832708 (3) || 0.7866454 (2) | 0.7903447 (1)
10% || 0.8172368 (4) | 0.8209724 (3) || 0.8234770 (2) | 0.8245369 (1)
MNAR 15% || 0.8045201 (4) | 0.8093813 (3) || 0.8113161 (2) | 0.8130785 (1)
25% || 0.7636845 (4) | 0.7714932 (3) || 0.7734528 (2) | 0.7806867 (1)
10% || 0.8640126 (4) | 0.8656192 (3) || 0.8664509 (2) | 0.8665868 (1)
MCAR 15% | 0.8574107 (4) | 0.8602595 (3) || 0.8606084 (2) | 0.8607058 (1)
25% || 0.8414577 (4) | 0.8459436 (3) || 0.8464660 (2) | 0.8465174 (1)
10% || 0.8655842 (4) | 0.8664084 (3) || 0.8670096 (2) | 0.8670916 (1)
ABAL MAR 15% || 0.8589554 (4) | 0.8604022 (3) || 0.8613812 (2) | 0.8614189 (1)
25% || 0.8487023 (4) | 0.8521187 (3) || 0.8532367 (1) | 0.8530732 (2)
10% || 0.8646802 (4) | 0.8657062 (3) || 0.8670122 (2) | 0.8670726 (1)
MNAR 15% || 0.8592630 (4) | 0.8613171 (3) || 0.8625236 (2) | 0.8625561 (1)
25% || 0.8424408 (4) | 0.8449781 (3) || 0.8481797 (1) | 0.8481437 (2)
Average rank 4.0000 3.0000 1.8444 1.1556

Table B.2: AUC results when applying imputation frameworks SI, M1, S-HOT and M-HOT
using the SOFTIMPUTE imputation method on benchmark datasets. Bold values are the
best results between pairs of frameworks SI vs S-HOT, and MI vs M-HOT.
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Dataset | Pattern SI S-HOT MI M-HOT
10% || 0.9857773 0.9895060 (3) || 0.9925170 0.9924744 (2)
MCAR 15% | 0.9875209 0.9899045 (3) || 0.9909667 0.9916338 (1)
25% || 0.9836152 0.9869794 (3) || 0.9881549 0.9888826 (1)
10% || 0.9964254 0.9972233 (3) || 0.9977066 0.9977583 (1)
IRIS MAR 15% || 0.9959845 0.9967155 (3) || 0.9971628 0.9973015 (1)
25% || 0.9941741 0.9948820 (3) || 0.9949109 0.9952507 (1)
10% || 0.9931132 0.9951754 (3) || 0.9960869 0.9961488 (1)
MNAR 15% | 0.9882231 0.9913868 (3) || 0.9923640 0.9925256 (1)
25% || 0.9751727 0.9801958 (3) || 0.9824279 0.9839101 (1)
10% || 0.9020429 09123281 (3) || 0.9160128 09161932 (1)
MCAR  15% || 0.8856269 0.9045924 (3) | 0.9079333 0.9081124 (1)
25% || 0.8769033 0.8993412 (3) || 0.9020794 0.9025791 (1)
10% || 0.9087615 0.9145394 (3) || 0.9173822 0.9180998 (1)
STAT MAR 15% || 0.8998852 0.9082186 (3) || 0.9114664 0.9108804 (2)
25% || 0.8807372 0.8956080 (3) || 0.8983544 0.8977701 (2)
10% || 0.8935386 0.9006735 (3) || 0.9037203 0.9044389 (1)
MNAR 15% || 0.8939280 0.9030125 (3) || 0.9062339 0.9063437 (1)
25% || 0.8601279 0.8868338 (3) || 0.8908618 0.8913759 (1)
10% || 0.9983811 0.9986075 (3) || 0.9987367 0.9987216  (2)
MCAR  15% || 0.9966068 0.9976643 (2) | 0.9976465 0.9979061 (1)
25% || 0.9915570 0.9946475 (3) | 0.9947619 0.9951303 (1)
10% || 0.9965180 0.9975478 (3) || 0.9977893 0.9977813 (2)
WINE MAR 15% || 0.9970171 0.9975442 (3) || 0.9978439 0.9978859 (1)
25% || 0.9962614 0.9975461 (3) || 0.9977948 0.9979197 (1)
10% | 0.9983833 0.9986169 (3) || 0.9987648 09987725 (1)
MNAR 15% || 0.9975738 0.9977293 (3) || 0.9979271 0.9979903 (1)
25% || 0.9910734 0.9929808 (3) || 0.9934225 0.9936716 (1)
10% || 0.8127648 0.8193582 (3) || 0.8216261 0.8223632 (1)
MCAR 15% || 0.8058630 0.8116789 (3) || 0.8131427 0.8132622 (1)
25% || 0.8003100 0.8066228 (3) || 0.8081799 0.8080758 (2)
10% || 0.8155870 0.8189119 (3) || 0.8213601 0.8208527  (2)
PIMA | MAR  15% || 0.8036819 0.8082194 (3) | 0.8095054 0.8097639 (1)
25% || 0.7948673 0.8006539 (3) 0.8024029 0.8016825 (2)
10% || 0.8203723 0.8231400 (3) 0.8253893 0.8252170 (2)
MNAR  15% || 0.8199156 0.8240971 (3) | 0.8259666 0.8256314  (2)
25% || 0.7939407 0.7999276 (3) | 0.8020002 0.8018077  (2)
10% || 0.8648877 0.8670693 (3) || 0.8674506 0.8674665 (1)
MCAR 15% || 0.8629564 0.8653915 (3) || 0.8658764 0.8658450 (2)
25% || 0.8567035 0.8608724 (1) || 0.8607069 0.8606392 (3)
10% || 0.8657632 0.8673467 (3) || 0.8679247 0.8678653 (2)
ABAL MAR 15% || 0.8644014 0.8662844 (3) || 0.8666815 0.8666551 (2)
25% || 0.8593164 0.8617823 (3) || 0.8621055 0.8619164 (2)
10% || 0.8678301 0.8695650 (3) || 0.8699069 0.8699575 (1)
MNAR 15% || 0.8660991 0.8684580 (3) || 0.8690043 0.8689099 (2)
25% || 0.8569403 0.8595820 (3) | 0.8600201 0.8599013  (2)
Average rank 4.0000 2.9333 1.6444 1.4222

Table B.3: AUC results when applying imputation frameworks SI, MI, S-HOT and M-HOT
using the GAIN imputation method on benchmark datasets. Bold values are the best results
between pairs of frameworks SI vs S-HOT, and MI vs M-HOT.
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Dataset | Pattern ST S-HOT MI M-HOT
10% || 0.9554177 (3) | 0.9554087 ( 0.9580418 (2) | 0.9589565 )
MCAR 15% || 0.9530381 (4) | 0.9537060 ( 0.9550508 (2) | 0.9556869 )
25% || 0.9453838 (4) | 09467725 ( 0.9483980 (2) | 0.9495824 )
10% || 0.9905962 (4) | 0.9908503 ( 0.9912635 (2) | 0.9913792 )
IRIS MAR 15% || 0.9895670 (4) | 0.9901444 ( 0.9906208 (2) | 0.9911103 )
25% || 0.9852364 (4) | 0.9855719 ( 0.9863382 (2) | 0.9874122 )
10% || 0.9845493 (4) | 0.9847597 ( 0.9857842 (2) | 0.9862155 )
MNAR 15% || 0.9555301 (4) | 09561772 ( 0.9571348 (2) | 0.9576568 )
25% || 0.9308975 (4) | 0.9339321 ( 0.9372261 (2) | 0.9381131 )
10% || 0.9077575 (4) | 0.9082601 ( 0.9109495 (1) | 0.9108722 )
MCAR  15% | 0.9007673  (4) | 0.9010883 (3) || 0.9037409 (1) | 0.9035844 )
25% || 0.8931136 (4) | 0.8936269 (3) || 0.8962443 (1) | 0.8960913 )
10% || 0.9077300 (3) | 0.9076973 (4) || 0.9099291 (1) | 0.9097665 )
STAT MAR 15% || 0.9034708 (4) | 0.9036366 (3) || 0.9054812 (1) | 0.9053064 )
25% || 0.8998750 (4) | 0.9000970 (3) || 0.9030175 (1) | 0.9029715 )
10% || 0.9049275 (4) | 0.9052633 (3) || 0.9073643 (1) | 0.9073239 )
MNAR 15% | 0.9028127  (4) | 0.9029637 (3) || 0.9057320  (2) | 0.9058654 (1)
25% || 0.8902191 (4) | 0.8907920 (3) || 0.8927232 (1) | 0.8926771 )
10% || 0.9960665 (4) | 0.9964714 (3) || 0.9966659 (2) | 0.9967312 )
MCAR 15% || 0.9920738 (4) | 0.9927122 (3) || 0.9935617 (2) | 0.9935720 )
25% || 0.9851423 (4) | 0.9866744 (3) || 0.9874086 (1) | 0.9872919 )
10% || 0.9956389 (4) | 0.9962256 (3) || 0.9965696 (2) | 0.9965773 )
WINE | MAR 15% || 0.9918686 (4) | 0.9925073 (3) || 0.9929713 (2) | 0.9931399 )
25% || 0.9945250 (4) | 0.9948903 (3) || 0.9952987 (1) | 0.9952949 )
10% || 0.9978923 (4) | 0.9981631 (3) || 0.9982540 (2) | 0.9982850 )
MNAR 15% || 0.9974959 (4) | 0.9975922 (3) || 0.9978945 (1) | 0.9978659 )
25% || 0.9875513 (4) | 0.9883172 (3) || 0.9894476 (1) | 0.9893522 )
10% || 0.8019355 (4) | 0.8023523 (3) || 0.8049024 (2) | 0.8057123 )
MCAR 15% || 0.7873334 (4) | 0.7881910 (3) || 0.7913116 (2) | 0.7926936 )
25% || 0.7720143 (4) | 0.7724599 (3) || 0.7782346 (2) | 0.7813148 (1)
10% || 0.8005373 (4) | 0.8008901 (3) || 0.8035979 (2) | 0.8042388 (1)
PIMA MAR 15% || 0.7866671 (4) | 0.7867853 (3) || 0.7896857 (2) | 0.7906564 (1)
25% || 0.7748337 (4) | 0.7761880 (3) || 0.7792370 (2) | 0.7808444 (1)
10% || 0.8129813 (4) | 0.8135142 (3) || 0.8156111 (2) | 0.8163256 (1)
MNAR 15% || 0.7984465 (4) | 0.7989641 (3) || 0.8015427 (2) | 0.8024684 (1)
25% || 0.7695292 (4) | 0.7704833 (3) || 0.7753233 (2) | 0.7778510 (1)
10% || 0.8468388 (3) | 0.8465451 (4) || 0.8497579 (2) | 0.8499176 (1)
MCAR 15% | 0.8397988 (3) | 0.8393014 (4) || 0.8425319 (2) | 0.8427391 (1)
25% || 0.8263714 (3) | 0.8257296 (4) || 0.8295212 (2) | 0.8295821 (1)
10% || 0.8482142 (3) | 0.8476160 (4) || 0.8498965 (2) | 0.8501366 (1)
ABAL | MAR 15% || 0.8410048 (3) | 0.8408962 (4) || 0.8424528 (2) | 0.8425750 (1)
25% || 0.8348346 (3) | 0.8345719 (4) || 0.8368085 (2) | 0.8369419 (1)
10% || 0.8455356 (3) | 0.8445578 (4) || 0.8500263 (2) | 0.8501793 (1)
MNAR 15% || 0.8443605 (3) | 0.8437819 (4) || 0.8463715 (2) | 0.8464826 (1)
25% || 0.8247781 (4) | 0.8252351 (3) || 0.8283600 (2) | 0.8283827 (1)
Average rank 3.7778 3.2222 1.7333 1.2667

Table B.4: AUC results when applying imputation frameworks SI, M1, S-HOT and M-HOT
using the MIDA imputation method on benchmark datasets. Bold values are the best results
between pairs of frameworks SI vs S-HOT, and MI vs M-HOT.
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Dataset | Pattern SI S-HOT MI M-HOT
10% || 0.9958323 0.9968544 0.9973218 0.9972525 (2)
MCAR 15% || 0.9947010 0.9961452 0.9967011 0.9967655 (1)
25% || 0.9879101 0.9920251 0.9931490 0.9933714 (1)
10% || 0.9977831 0.9980598 0.9983718 0.9983512 (2)
IRIS MAR 15% || 0.9964883 0.9966728 0.9969672 0.9970707 (1)
25% || 0.9934700 0.9937325 0.9940230 0.9940345 (1)
10% || 0.9968828 0.9969866 0.9975337 0.9975402 (1)
MNAR 15% | 0.9922183 0.9939836 0.9953051 0.9953053 (1)
25% || 0.9800315 0.9851027 0.9893560 0.9882223 (2)
10% || 0.9004228 0.9099691 0.9122272 0.9119025 (2)
MCAR 15% || 0.8893594 0.9026763 0.9048134 0.9050871 (1)
25% || 0.8766682 0.8956989 0.8979225 0.8987079 (1)
10% || 0.9075065 0.9135148 0.9157279 0.9153541 (2)
STAT MAR 15% || 0.9002249 0.9072489 0.9083954 0.9085098 (1)
25% || 0.8919708 0.9009516 0.9031956 0.9033104 (1)
10% || 0.8966214 0.9043305 0.9067652 0.9076346 (1)
MNAR 15% | 0.8953022 0.9049765 0.9072963 0.9077530 (1)
25% || 0.8724639 0.8917990 0.8940123 0.8946876 (1)
10% || 0.9986694 0.9987253 0.9988537 0.9988668 (1)
MCAR 15% || 0.9975506 0.9976749 0.9979885 0.9979830 (2)
25% || 0.9947814 0.9956436 0.9958397 0.9958428 (1)
10% || 0.9963918 0.9966461 0.9968344 0.9969354 (1)
WINE MAR 15% || 0.9978826 0.9984737 0.9986410 0.9986593 (1)
25% || 0.9966551 0.9973227 0.9976426 0.9977587 (1)
10% || 0.9990950 0.9991137 0.9991486 0.9991412 (2)
MNAR 15% || 0.9981937 0.9982292 0.9984342 0.9984523 (1)
25% || 0.9901818 0.9940507 0.9948135 0.9948292 (1)
10% || 0.8183348 0.8207717 0.8225089 0.8225461 (1)
MCAR 15% || 0.8060807 0.8103984 0.8123862 0.8123352 (2)
25% || 0.7932394 0.8020177 0.8040140 0.8055621 (1)
10% || 0.8201186 0.8218285 0.8235582 0.8235392 (2)
PIMA MAR 15% || 0.8078931 0.8127261 0.8143046 0.8142421 (2)
25% || 0.7989430 0.8058399 0.8072073 0.8071192 (2)
10% || 0.8250540 0.8278898 0.8299199 0.8303720 (1)
MNAR 15% || 0.8137489 0.8189948 0.8211264 0.8213390 (1)
25% || 0.7916129 0.8011662 0.8035721 0.8036587 (1)
10% || 0.8655977 0.8707402 0.8707151 0.8707068 (3)
MCAR 15% || 0.8604767 0.8680851 0.8674447 0.8673406 (3)
25% || 0.8495787 0.8621626 0.8596208 0.8592872 (3)
10% || 0.8665143 0.8711025 0.8708308 0.8708024 (3)
ABAL MAR 15% || 0.8613696 0.8689452 0.8678045 0.8676311 (3)
25% || 0.8518054 0.8642873 0.8612268 0.8608408 (3)
10% || 0.8697805 0.8746136 0.8743051 0.8743183 (2)
MNAR 15% || 0.8651282 0.8728212 0.8716987 0.8715489 (3)
25% || 0.8518229 0.8642183 0.8614111 0.8609479 (3)
Average rank 4.0000 2.6000 1.7778 1.6222

Table B.5: AUC results when applying imputation frameworks SI, M1, S-HOT and M-HOT
using the SINKHORN imputation method on benchmark datasets. Bold values are the best
results between pairs of frameworks SI vs S-HOT, and MI vs M-HOT.



B.2. Experimental Results on Medical Datasets 221
B.2 Experimental Results on Medical Datasets
Dataset | Metric || SI S-HOT MI M-HOT
bACC 88.6725 88.6654 88.7365 88.7617
+2.5332 +2.7242 +2.557 +2.5724
COVI AUC 0.9614745 0.9620376 0.9627426 0.9628588
+0.0121358 | +£0.0119127 || £0.0115929 +0.0115969
F1 88.7026 88.7527 88.7615 88.7998
+2.5649 +2.7286 +2.6008 +2.571
BACC 70.7693 70.9092 71.3911 71.6052
+2.6293 +2.7726 +2.5436 +2.6053
0.8243456 0.8247766 0.8487178 0.8489546
MYOC | AUC +0.0221242 | +£0.0217767 || £0.0190603 +0.019136
1 85.7213 85.7094 86.4856 86.4783
+1.3505 +1.4744 +1.3564 +1.3795
BLACC 63.5868 63.7206 64.3151 64.3741
+1.6318 +1.7016 +1.5493 +1.6
0.7016346 0.7023302 0.7172432 0.7170467
NHAN | AUC +0.0171187 | £0.0175341 || £0.0152297 | £0.0158433
F1 63.3669 63.4867 64.0853 64.1244
+1.7352 +1.7925 +1.6477 +1.7684

Table B.6: Experimental results when applying imputation frameworks SI, M1, S-HOT and
M-HOT using the MISSFOREST imputation method on three real-world medical datasets.
Bold values are the best results between pairs of frameworks SI vs S-HOT, and MI vs M-HOT.
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Dataset | Metric || SI S-HOT MI M-HOT
bACC 87.8585 88.3732 88.1767 88.3682
+2.4947 +2.5208 +2.5231 +2.5538
COVI AUC 0.954733 0.9575914 0.9580374 0.9583938
+0.0140975 | +20.0135124 || £0.0133241 +0.0133435
1 87.9294 88.4383 88.2291 88.4105
+2.4903 +2.5006 +2.5398 +2.5544
bACC 68.9386 69.1718 69.694 69.8195
+2.6463 +2.6207 +2.6266 +2.715
0.8031829 0.8034473 0.8330273 0.8321686
MYOC | AUC +0.0243522 | +0.0228805 || =0.0188834 | 4+0.0192249
1 84.6802 84.7812 85.6378 85.6106
+1.4062 +1.3634 +1.4017 +1.4561
bACC 62.9123 63.1646 63.9159 64.0496
+1.6569 +1.673 +1.4439 +1.574
0.6919003 0.6973462 0.7115084 0.7135331
NHAN | AUC +0.0173845 | £0.0168397 || £0.0147607 +0.0152922
1 62.7138 62.9228 63.7059 63.796
+1.764 +1.7481 +1.5399 +1.7449

Table B.7: Experimental results when applying imputation frameworks SI, M1, S-HOT and
M-HOT using the SOFTIMPUTE imputation method on three real-world medical datasets.
Bold values are the best results between pairs of frameworks SI vs S-HOT, and M1 vs M-HOT.
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Dataset | Metric || ST S-HOT MI M-HOT
bACC 87.0045 88.4374 87.6717 88.4832
+2.6473 +2.5974 +2.6013 +2.4591
0.947926 0.9593048 0.9542347 0.9583125
CoVI AUC 4+0.0160487 | £0.0139753 || +0.015257 +0.0143513
F1 87.0508 88.4577 87.6887 88.4995
+2.6829 +2.5767 +2.6213 +2.466
bACC 68.8914 69.518 69.5851 70.0704
+2.5702 +3.0158 +2.6378 +2.6058
0.8073393 0.8144668 0.8474765 0.848819
MYOC | AUC 4+0.0232012 | £0.0226134 || +0.018576 +0.0191143
F1 84.8043 84.9436 85.8864 85.9842
+1.3901 +1.4807 +1.3565 +1.3692
bACC 62.608 63.8408 64.7467 64.8621
+1.8379 +1.5626 +1.616 +1.6765
0.6860431 0.7065677 0.7220923 0.7268964
NHAN | AUC 4+0.0191444 | £0.0165336 || +0.0160951 | £0.0163592
F1 62.452 63.5959 64.6042 64.672
+1.8951 +1.6702 +1.6478 +1.8169

Table B.8: Experimental results when applying imputation frameworks SI, M1, S-HOT and M-
HOT using the GAIN imputation method on three real-world medical datasets. Bold values
are the best results between pairs of frameworks SI vs S-HOT, and M1 vs M-HOT.
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Dataset | Metric || SI S-HOT MI M-HOT
bACC 88.1085 88.2243 88.4101 88.3932
+2.5899 +2.6737 +2.5023 +2.4882
COVI AUC 0.959175 0.9597053 0.9606792 0.9607641
+0.0131421 | +0.0127948 || £0.0127068 +0.0126721
1 88.1598 88.3403 88.473 88.4681
+2.6211 +2.6449 +2.4939 +2.4804
bACC 69.6988 69.8614 70.0331 70.2846
+2.7511 +2.746 +2.6288 +2.5858
0.8126983 0.8143542 0.8419529 0.8424803
MYOC | AUC +0.0228478 | £0.0210367 || £0.0187064 +0.0185702
1 84.9747 84.9862 85.6655 85.7106
+1.4696 +1.4871 +1.4259 +1.3629
bACC 63.4962 63.5197 64.2441 64.1943
+1.6211 +1.738 +1.6441 +1.6845
0.6982824 0.6984358 0.7141273 0.7137177
NHAN | AUC +0.0167148 | £0.0174299 || £0.0156205 | +0.0155668
1 63.2441 63.2592 63.9746 63.9232
+1.7827 +1.8971 +1.767 +1.8481

Table B.9: Experimental results when applying imputation frameworks SI, MI, S-HOT and M-
HOT using the MIDA imputation method on three real-world medical datasets. Bold values
are the best results between pairs of frameworks SI vs S-HOT, and M1 vs M-HOT.
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Dataset | Metric || ST S-HOT MI M-HOT
bACC 88.0521 88.7577 88.1914 88.5625
+2.7099 +2.4153 +2.444 +2.4207
0.954824 0.9625726 0.9624413 0.9630812
COVI AUC 40.0147369 | £0.0124882 || +0.0123389 | £0.012202
F1 88.0857 88.8315 88.2002 88.5704
+2.7305 +2.3945 +2.4686 +2.4137
bACC 69.8555 70.0475 70.3021 70.4734
+2.7178 +2.6415 +2.5083 +2.5403
0.8158175 0.8188904 0.8447799 0.8456001
MYOC | AUC +0.0219278 | £0.0214235 || +0.0186636 | +0.0184988
F1 85.1389 85.1642 85.9508 85.9812
+1.3661 +1.412 +1.3636 +1.3924
bACC 63.1886 63.3785 64.0025 63.9914
+1.5701 +1.5872 +1.5978 +1.6632
0.6926347 0.6965183 0.709166 0.7095322
NHAN | AUC +0.0176282 | £0.0174091 || +0.0152069 | £0.0156614
F1 62.9453 63.0783 63.7281 63.7012
+1.6887 +1.6842 +1.7522 +1.8955

Table B.10: Experimental results when applying imputation frameworks SI, M1, S-HOT and
M-HOT using the SINKHORN imputation method on three real-world medical datasets.
Bold values are the best results between pairs of frameworks SI vs S-HOT, and M1 vs M-HOT.
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