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Résumé substantiel en francais

L’apprentissage continu, parfois aussi appelé apprentissage incrémental, désigne une procé-
dure d’apprentissage qui permet d’entrainer un modele sur une séquence de taches, et de
s’assurer que ce modele est capable d’obtenir de bonnes performances sur chacune de ces
taches apreés chaque phase d’apprentissage. La difficulté est que lors de I'apprentissage
d’une nouvelle tache, on suppose que le modele n’a pas acces aux données des taches
précédentes.

Une liste de critéres a été proposée par la communauté scientifique pour illustrer le

comportement d’une méthode idéale d’apprentissage continu :

e Une consommation de mémoire limitée : Puisque I'un des principaux objectifs de
I'apprentissage continu est d’éviter le stockage d’une grande quantité de données,
il est légitime de s’attendre & ce qu'un algorithme d’apprentissage continu puisse
limiter son impact sur la mémoire lors de ’apprentissage d’une nouvelle tache. Cela

peut se faire en fixant une limite au stockage des données ou a ’expansion du réseau.

o Pas d’identification de tache : L’algorithme doit pouvoir s’adapter quelque soit la
fagon dont il regoit les données d’entrainement, notamment dans le cas ou on ne

I'informe pas que les données fournies correspondent & une nouvelle tache.

e Transfert vers 'avant : Le processus d’apprentissage sur de nouvelles taches doit
bénéficier des connaissances acquises précédemment pour étre plus performant qu’un

simple apprentissage sur chaque tache indépendamment.

o Transfert vers l'arriére : On peut également s’attendre a ce que 'acquisition de con-
naissances avec les tdches suivantes améliore les performances sur les taches précé-

dentes.

e Indépendance de la taille de la tache : L’algorithme doit étre capable de fonctionner
dans diverses conditions, en particulier lorsque le nombre de classes dans une tache

peut étre aussi faible qu'une seule classe par tache.



La conception d’'un algorithme capable de répondre a toutes les exigences précédentes est
un défi ardu et sort du cadre de notre étude. Nous nous concentrerons essentiellement
sur le critére de la consommation de mémoire, puisque notre motivation est de produire
un algorithme qui pourrait étre utilisé sur des dispositifs embarqués, et sur le critere de
la taille de la tache pour nous assurer que notre algorithme soit capable de traiter des
taches composées d’une seule classe. Notre approche sera donc spécialement dédiée aux
problemes d’apprentissage continu classe par classe.

Apres avoir passé en revue les principales approches d’apprentissage continu de 1’état
de l’art, nous avons remarqué que les modeles basés sur le calcul de distance présentaient
des caractéristiques prometteuses pour relever les défis de I'apprentissage continu classe
par classe. Dans cette these, nous allons nous appuyer sur cette approche pour développer
des modeles plus performants. Ainsi, nous proposons de nous appuyer sur un extracteur
de caractéristiques fixe lors de 'apprentissage de nouvelles taches. De cette fagon, il nous
suffit de développer une stratégie pour exploiter, le mieux possible, les caractéristiques
extraites par ce premier modele.

La principale limite des modeles classiques basés sur le calcul de distance est qu’ils
reposent sur des mesures de distances basiques telles que la distance euclidienne ou la
similarité cosinus. Dans ce travail, nous proposons plutot de construire une séquence de
modeles, un pour chaque classe. L’objectif de chaque modele sera de calculer la proba-
bilité qu’un échantillon appartienne a la distribution de ses données d’apprentissage. En
particulier, I’entrainement de chaque modeéle reposera uniquement sur les données d’une
seule classe.

Pour ce faire, nous avons besoin d’un modeéle capable de construire une estimation
de la fonction de densité de probabilité des données pour chaque classe. Gréce a cette
estimation, nous serons en mesure de prédire a quelle classe appartient un échantillon
donné en identifiant la classe ayant la probabilité la plus élevée. La fonction qui mesure
I'adéquation d’un modele statistique a un échantillon de données est la vraisemblance.

Afin de calculer cette fonction, il faut s’appuyer sur des modeles génératifs :

e Les modeles basés sur I’énergie ont été étudiés depuis longtemps, mais ces approches

sont difficiles & passer a 1’échelle sur des ensembles de données complexes.



o Les réseaux adversariaux génératifs sont une architecture largement adoptée pour
générer des images réalistes, mais ils ne reposent pas sur ’estimation de la vraisem-

blance.

e Les autoencodeurs variationnels constituent un moyen simple et efficace de générer
des données, mais ils ne fournissent qu’une approximation de la valeur des variables

latentes.

e Les modeles autorégressifs permettent de calculer des densités de probabilité mais

ont un cotit de calcul élevé car ils nécessitent plusieurs itérations pour un échantillon.

e Les réseaux de neurones inversibles sont un modeéle récemment développé qui per-

mettent de calculer efficacement la valeur exacte de la vraisemblance.

Par conséquent, les réseaux de neurones inversibles semblent étre un choix favorable pour
notre objectif. Il existe plusieurs fagons de les implémenter. Le développement de ces
méthodes est un domaine de recherche tres actif encore aujourd’hui.

Dans nos premieres expériences, nous proposons d’entrainer pour chaque classe un
réseau de neurones inversible. A linférence, nous exécutons chaque réseau sur un échan-
tillon et celui qui présente la probabilité la plus élevée détermine la classe de I’échantillon.
Les méthodes pour lesquelles plusieurs modéles sont en concurrence pour identifier la classe
d’un échantillon sont connues sous le nom de stratégies “One-versus-All”. C’est pourquoi
nous avons nommé notre systéme OvA-INN pour One-versus-All Invertible Neural Net-
works.

La mise a jour d’'un modele complet avec de nouvelles données peut étre difficile avec
un acces limité aux données précédentes. Le modele peut avoir des performances réduites
sur les classes précédentes car la procédure de mise a jour ne peut pas s’appuyer sur toutes
les connaissances des données précédentes. Si cela n’est pas fait correctement, le modele
peut oublier completement comment traiter les classes précédentes, c’est ce qu’on appelle
I’oubli catastrophique. Mais dans notre cas, nous évitons ce probleme en entrainant des
modeles indépendants. Une fois qu’un modele est entrainé sur ses données, il ne sera plus

mis a jour par la suite.



Nous avons reproduit les protocoles expérimentaux utilisés par les approches d’apprentissage

continu de I’état de I’art en apprenant a reconnaitre des chiffres du jeu de données MNIST

(10 classes) et des images du jeu de données CIFAR-100 (100 classes). Nos résultats expéri-

mentaux ont montré que notre méthode était tres efficace par rapport a ses concurrents,

en particulier les méthodes basées sur le réapprentissage avec stockage partiel des données

précédentes (comme iCaRL, GEM et SupportNet) et les méthodes basées sur le pseudo

réentrainement avec des données générées (comme PGMA et DGR).

Dans nos expériences suivantes, nous étudions le colit en mémoire pour le stockage

des réseaux de neurones inversibles. Nous proposons une nouvelle stratégie pour améliorer

lefficacité de leur stockage en mémoire. L’idée est de factoriser les matrices des parameétres

du modele. Au lieu d’étre indépendantes les unes des autres, elles reposent sur une

représentation commune qui peut étre mise a jour avec chaque nouvelle classe apprise.

Cela nécessite d’ajouter une contrainte dans la fonction de cotit pour éviter une dérive des

parametres précédemment appris.

Nos résultats expérimentaux montrent un meilleur compromis entre la précision et la

consommation de mémoire pour l'apprentissage continu de CIFAR-100 par rapport aux

autres approches. Notre approche est méme plus efficace en mémoire qu’un simple modele

de plus proches voisins consistant a stocker la sortie moyenne de chaque classe.

Dans nos dernieres expériences, nous proposons d’étudier I'impact de 'extracteur de

caractéristiques pour 'apprentissage continu. Jusqu’a présent, nos travaux se sont en

effet appuyés sur un modele pré-entrainé pour extraire les caractéristiques pertinentes a

utiliser pour I'apprentissage continu. Alors que la plupart des travaux dans la littérature

sont consacrés a la conception de nouvelles stratégies d’entrainement pour mettre a jour un

extracteur de caractéristiques, nous nous intéressons davantage a comprendre ce qui fait

un bon extracteur de caractéristiques, sans qu’il soit nécessaire de le mettre a jour par la

suite. En d’autres termes, la communauté cherche généralement des réponses a la question

“Comment entrainer un réseau dans ces conditions 7”. De notre c6té, nous pensons qu'’il

est également essentiel de se demander : “Quel type de réseaux est compatible avec ce

style d’apprentissage 7”.

Les architectures neuronales typiques peuvent étre vues comme un empilement de
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transformations qui synthétisent des concepts de plus en plus abstraits a partir des don-
nées afin de répondre & un probléme (classification, segmentation, régression,...). Les
derniéres couches contiennent toutes les informations nécessaires a la réalisation d’une
prédiction. C’est pourquoi il est courant d’utiliser un modele pré-entrainé pour répondre
a un autre probleme, a condition que les données du nouveau probléme soient suffisam-
ment similaires aux données du probleme précédent. C’est une approche pertinente pour
les taches d’apprentissage traditionnelles, lorsque toutes les données sont disponibles des
le départ. Les réseaux neuronaux sont entrainés a découvrir des motifs pertinents dans les
données et a rejeter toute information ne permettant pas de répondre au probléme posé.
Cependant, cette stratégie semble limitée dans le cas de 'apprentissage continu, ou un bon
modele doit conserver autant d’informations que possible sur les données, car ces informa-
tions peuvent devenir utiles pour une tache future. Par exemple, si seule la détection de
forme est nécessaire & un modele pour classer un ensemble d’images, il n’apprendra aucune
caractéristique liée a la couleur. Ainsi, si nous devions introduire de nouvelles classes dans
cette tache de classification, et que ces classes nécessitaient des caractéristiques de couleur
pour les distinguer des anciennes classes, les caractéristiques précédemment apprises ne
seraient pas pertinentes pour cette nouvelle tache.

Pour rendre un extracteur de caractéristiques aussi efficace que possible pour 'apprentissage
continu, nous proposons de concevoir un modele qui rejette le moins d’informations pos-
sible. C’est également une propriété des réseaux neuronaux inversables. Cependant, on
ne peut pas simplement utiliser un réseau de neurones inversible comme extracteur de
caractéristiques, car il aurait un coit élevé en mémoire. L’espace des caractéristiques doit
étre réduit en empilant des couches de réseaux neuronaux inversibles les unes sur les autres
et en réduisant l'espace des caractéristiques entre chacune d’elles. Ce compromis permet
de garder I'information utile accessible tout en ayant un impact limité sur la mémoire.

Nos résultats montrent que le pré-entrainement de 'extracteur de caractéristiques que
nous proposons sur les 50 premiéres classes de CIFAR-100, puis 'apprentissage des 50
classes suivantes avec OvA-INN, conduit & de meilleures performances que d’autres ap-
proches dans ce contexte, en particulier PODNet, Rebalance et GFR qui reposent toutes

sur la mise a jour d’une architecture ResNet.
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Chapter 1

Introduction

By interacting with the world, humans are able to acquire new skills and new knowledge.
This ability to adapt a behavior to fulfill a need is readily available from birth and is
continuously operating throughout every moment of one’s life. We are constantly learning
things and changing our view of our world. Back in the mid-20*" century, early computer
science pioneers such as Alan Turing had already envisioned that machines could replicate
this learning process. Ever since, considerable effort has been invested to make computers
able to learn automatically. However, as most students or former students can relate,
it is not enough to acquire knowledge at a given point in time. Most of the challenge
consists in fact in assimilating and keeping available a previously acquired knowledge.
This thesis is dedicated to this second aptitude: make computers able to develop new

skills automatically, while maintaining their expertise on previously acquired skills.

18



1.1. QUICK OVERVIEW OF THE STATE OF THE ART OF DEEP NEURAL NETWORKS 19

1.1 Quick overview of the state of the art of Deep Neural

Networks

In the last decade, [Artificial Intelligence (AI) has gained major attention from the academic

community, the industrial sector, and also the general public. The Oxford Dictionary
defines [A]] as the theory and development of computer systems able to perform tasks
that normally require human intelligence, such as visual perception, speech recognition,
decision-making, and translation between languages. This field of study is, however, not
new. The term dates back to a conference at Dartmouth College, Hanover, in 1956. But
interest for this subject has encountered ups and downs because of the high expectations
from the investors and the hard technological challenges that needed to be solved. This
situation led to periods of limited funding and slower advances called ‘{Al] winters” from
1974 to 1980 and from 1987 to 1993.

The recent high degree of interest can be explained by three factors, namely:
e the availability of massive amounts of data,
e the progress in highly efficient computing systems,

o the broad accessibility of these technologies and knowledge.

These trends have greatly favored the development of [Machine Learning (ML), which

consists in designing algorithms that are able to solve problems by acquiring knowledge

from data and interaction with the world. Among the variety of [MI] algorithms,

[Learning (DL)| is currently one of the most successful approaches, as it has proven a

tremendously efficient ability to take advantage of the previous three factors. Starting in

2011, deep neural network models have won multiple computer vision challenges including

[[nternational Joint Conference on Neural Networks (IJCNN)| traffic signs, [[nternational

[Conference on Document Analysis and Recognition (ICDAR)| Chinese handwriting, and

[fmageNet Large Scale Visual Recognition Challenge (ILSVRC)| beating other approaches

by a large margin [IH3]. Since then, numerous advances have been made to improve those

methods and exploit their whole potential in various applications such as self-driving
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cars, virtual assistants, face recognition, colourisation of black and white images, speech

synthesis, protein structure prediction, automatic game playing, ...

Since the beginning of the [DI] era, it is often observed in experimental results that
those models tend to perform even better as the models gain in complexity and as more
data is provided to train them. Consequently, a tremendous amount of work has been
dedicated to improve their ability to scale in complexity, namely by designing methods
that allow the training of models with more and more parameters, reaching tens of billions
of parameters for natural language processing models (See Figure . Computer vision
models also provide unprecedented results on larger architectures such as Noisy Student [4]
with 480 million parameters or BiT [5] with 928 million parameters. At the same time,
a lot of effort has also been devoted to harvest the most resources from the Internet.
This can be achieved with a combination of weakly annotated data (using metadata) and
manually annotated data (using crowdsourcing), leading to gigantic databases such as

JFT-300M [6] with its hundreds of billions of images (See Figure [1.2).

On one hand, it is highly encouraging to see that those approaches produce better
results as we provide them more computing power and data. On the other hand, this
tendency is not sustainable in the long run [7]. While there is active research looking
at decreasing the training time by relying on a large-scale distributed training on a GPU
cluster, allowing the training of deep neural networks on ImageNet in hundreds of seconds,
these types of infrastructures are not within everyone’s reach [§]. Hence, for most users
and applications, it still requires several days or weeks to complete this kind of training

on a single GPU.

Furthermore, whether it was performed on a single machine or on several of them in
parallel, the training of large models can be prohibitively expensive in electricity (reaching
over 4.6 million US Dollars for a full training of the GPT-3 language model, as estimated
by [9]).

To avoid the burden of long and costly training phases, a widely adopted method
consists in using a pretrained network and slightly updating it to fit a new database (or
only retraining the last layers). This strategy, called transfer learning, works usually fine

on well-defined tasks. However, as soon as the task changes (with new classes to recognize
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Figure 1.1: Evolution of the architecture size of recent deep learning models.

for example), it is mandatory to adapt the model. This can be a limiting factor if the data
is continuously changing, or even a severe issue if previous data is no longer available. In
this last case, it is simply not possible with a traditional training to tune a network and
expect it to function correctly without the previous data. This limitation has motivated
researchers to investigate new ways of updating a neural network and guarantee that it

will continue to perform well even with limited or no access to previous data. This research

area is called |Continual Learning (CL)|

1.2 Continual Learning framework

Continual Learning, sometimes also called Lifelong Learning, or Incremental Learning,
designates a training procedure that allows a model to be trained on a sequence of tasks,
and ensuring that this model is able to perform well on each of these tasks after the training

phase. The difficulty is that when learning a new task, we suppose that the model has no
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access to the data from previous tasks.

This constitutes a very general definition of Continual Learning, and its underlying
problem can be addressed in various ways. Therefore, multiple PhD dissertations have
been dedicated to adapt the training procedure of Deep Neural Networks in order to
accommodate the constraint. We can notably cite the recent works of Aljundi [IT],
Lomonaco [12], Lesort [I3], and Liu [I4]. We can also notice a growing interest for
research in major conferences (See Figure .

1.2.1 Problem description
Formal definition

In a typical supervised classification setting, the goal is to learn a set of parameters
w using an independently and identically distributed (i.i.d.) labelled training dataset
D = {(z®,yM)} to predict p(y*|w,z*) for an unseen (z*,y*) pair. In a setting
however, members of D are not i.i.d. but can be considered drawn from different sets
Dy = {(mgi), ygl))} Each of these distributions is called a task. The goal is to be able to
perform well on every tasks after training sequentially on the data of each task individually.

Let us consider that we have previously learned T'— 1 tasks with parameters wy, ..wp_1
after each training update. Noting L the loss and f our model, we want to solve the

following optimization problem to find the parameters wr for the T task

T-1
argmin  L(fy,Dr) + Z i
w t=1
(1.1)
s.t. L(fw, Dt) S L(fwtaDt) + Mt \V/t S [1, T — 1]
ne >0 Vte[l,.T—-1],

where the 7); represent the error tolerance that we allow our model to have on previous
tasks, which should be as small as possible.

As we can observe, solving such an optimization problem appears fairly challenging
because, for a given task T, we cannot compute the constraints, since we have no access
to Dy for t < T. On the left side, we have a term corresponding to the plasticity of the

network, which is its ability to learn accurately a new task (L(fw,Dr)); and on the right
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side, we have a term corresponding to the stability of the network, which defines its ability

to retain previous knowledge (37" ).

Without an intelligent strategy to perform the training, this second term can be over-
looked in the absence of data for previous tasks. This will inevitably lead to a drastic
decrease in performance on the previous tasks, a phenomenon known in the literature as
catastrophic forgetting. The objective of adequately balancing between those two terms

is referred to as the stability-plasticity dilemma [I5].

Single-head and multi-head learning

Various contexts of [CI] can lead to different ways of evaluating a [CL] method. In the
literature, the two main performance evaluation criteria are called single-head and multi-
head situations. The distinction between both metrics lies in the knowledge of the task at

test time.

Specifically, multi-head learning relies on the assumption that when making a pre-
diction on a sample, the algorithm already know from which task the sample is sampled
from. By noting f : X — ) the prediction function and ); the classes of the task ¢, when
predicting the class of a sample from task ¢ among T tasks, in single-head learning we

have Y = JL_; J; and in multi-head we have Y = ;.

As an example, we can imagine a [CL] setting which would consist in two tasks with
labels Y1 = [0, y1] and V2 = [y2,y3]. After the algorithm has been trained on the whole
dataset, when predicting a sample with a ground truth label g, a single-headed algorithm
has to make a prediction among the classes yo, y1, y2 and y3, whilst a multi-headed algo-
rithm has only to choose between gy and ¥; since we allow it to know that the sample is

coming from ).

As one could expect, an algorithm designed for a multi-head goal cannot handle a
single-head goal in a straightforward way. Hence, it is important to take into account
for which metric each approach has been optimized, as otherwise the performances can

drastically drop (as suggested in [16]).
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Desiderata for practical implementation

In order to make such algorithms suitable for practical use, the community has come up

with a list of characteristics that illustrates the behavior of an ideal method:

o Limited memory consumption: Since one of the main purpose of [CL] is to avoid
the storing of large amount of data, it is legitimate to expect that a [CI] algorithm
can limit its impact on memory when learning a new task. This can be enforced by

setting a bound on data storage or on the network expansion.

e No task boundary: In the case where the data is not available by batches from only
one task and is also not independently and identically distributed like in conventional

training, the algorithm must be able to update itself accordingly.

e Forward transfer: The training process on new tasks should benefit from previ-
ously acquired knowledge to perform better than only training on each task inde-

pendently.

e Backward transfer: One could also expect that acquiring knowledge with subse-

quent tasks should improve the performances on previous tasks.

e Task size independence: The algorithm should be able to perform in various
conditions, in particular when the number of classes in a task can be as low as only

one class per task.

Designing an algorithm that is able to meet all the previous requirements is an arduous
challenge and is clearly out of the scope of our study. We will essentially focus on the
memory consumption criteria, since our motivation is to produce an algorithm that could
be used on embedded devices, and on the task size criteria to ensure that our algorithm

is able to deal with tasks consisting of a single class only.

1.2.2 Relation to cognitive science

Learning, the ability to acquire new knowledge and adapt a behavior as a result of expe-

rience, is a vital skill for animals. The organ responsible for such a task is the brain. It
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Figure 1.4: The Medial Temporal Lobe is the area of the brain responsible for memory
formation (reproduced from [17])

is the outcome of hundreds of millions of years of evolution. It has therefore always been
a source of inspiration for intelligent algorithms. We will subsequently present a quick
overview of some aspect of this complex biological structure that would allow us to draw
some analogies with our approach.

In his seminal work on memory, Tulving proposed to differentiate between episodic
memory, which would store information about temporally dated episodes and their re-
lations, and semantic memory, which would contain facts, ideas, meaning and concepts
about our general knowledge of the world [I8]. These two types of memory fall under the
category of declarative memory, which is the memory that can be consciously retrieved.
On the other hand, non-declarative memory is acquired and used unconsciously, and can
affect behaviour or produce spontaneous thoughts.

In the cognitive science community, experimental evidences have shown that the hip-

pocampus and the surrounding [Medial Temporal Lobe (MTL)|structures (See Figure

are the parts of the brain responsible for storing new information and managing short

term memory [I9]. This observation comes from studies of patients with hippocampal
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damage who had profound deficits in acquiring new information about their daily lives
and experiences but could still remember old memories [20].

Contemporary models of memory formation consider that new experiences are indeed
initially encoded in both hippocampal and cortical networks but that the dedicated cor-
tical connections are unstable at the beginning. Successive coordinated reactivation of
the hippocampal and cortical connections will lead to a progressive consolidation of the
cortical connections that will eventually become independent of the hippocampal connec-
tions. This explains the formation of long-term memories unaffected by hippocampus
impairments.

While the hippocampus and [MTT] are actively gathering information during wakeful-
ness, it has been observed that they shared reactivation patterns with cortical areas during

sleep time. More precisely, in the case of declarative memory, this happens during a spe-

cific sleep phase called |[Slow Wave Sleep (SWS)| that can last between 20 and 40 minutes

and is repeated for each sleep cycle. On average, normal subjects spend between 5 and
20% of their total sleep time in depending on their age and their gender [21].

By analogy, in the [CT] community, we can consider the learning of a classification task
as an update of the semantic memory. That way, we can see the hippocampus and [MTT]
structures as a temporary memory storage for data from one or a few classes. The learning

phase of a new batch of classes would be an implementation of the consolidation operated

during the [SWS)| phase.

1.2.3 Common benchmark datasets

The most common scenario for evaluating [CL] algorithms consists in training the model
on the sequence of tasks one after the other. After the learning is completed on one task,
we compute the accuracy of the model on a test set with all the previously encountered
tasks.

We will now present the two datasets that we will use throughout our study and discuss
other options. Note that even though it would be possible to adapt any classification
dataset to the task of [CI] it is important to carefully select the right datasets in order

to ensure fair comparisons with preexisting works and avoid datasets that would generate
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irrelevant difficulties for the current state of [CL] since it is already a quite challenging
task (as observed in [22]). In particular, datasets that would produce tasks with too small

amount of data are out of the scope of this study.

Modified National Institute of Standards and Technology (MNIST)

This dataset consists of 70,000 black-and-white images of size 28 x 28 pixels. There
are ten classes representing each of the ten digits. When the full dataset is available,
it is straightforward to achieve very good results, even with simple machine learning
approaches. However, training a model in a continuous fashion is still very challenging on

this dataset, hence the high number of benchmarks available in the literature.

Canadian Institute For Advanced Research (CIFAR)

[CTFAR}100 is a dataset conmsisting of 60,000 images of size 32 x 32 pixels. There are
100 classes, each of them containing 600 images. The categories of these images include

animals, flowers, fruits, vegetables, trees, household devices, and vehicles.

Other datasets

Finally, we discuss a couple of datasets that may be encountered in [CI] literature, but
that will be discarded from our study.

Permuted [MNIST]is a rather common benchmark for [CL] algorithms. It was introduced
in [23] where the authors propose to train a model on and consider that each
subsequent task consist in a permutation of the pixels of each digit. Hence, for each new
task, a new random permutation is drawn and applied to all images from that task.

Despite its popularity and its simplicity, this benchmark does not appear to be relevant
for evaluating methods for real world applications, as noticed in [22]. The limitation
comes from the observation that permuting pixels does not induce an ambiguity between
different tasks. In real-life situations, the distinction between two classes is more complex

than just a different ordering of the data.

[Continuous Object Recognition (CORe50)| has been introduced in [24]. The data

was gathered by filming 50 objects at 20 frames per second, for 15 seconds each, with a
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Microsoft Kinect sensor producing RGB-D frames of size 128 x 128 pixels.

Each object comes from one of ten categories: plug adapters, mobile phones, scissors,
light bulbs, cans, glasses,balls, markers, cups or remote controls. Each object was recorded
in 11 different sessions, which defines 11 different backgrounds.

We will not provide experimental results for this dataset because the diversity of repre-
sented objects is very low, which is very advantageous for specific [CL] algorithms, namely
exemplar-based ones.

[LSVRC}2012 is also sometimes used to illustrate the efficiency of [CL] methods over
a very long sequence of tasks 2012 features 1,000 classes). However, in these
cases, the authors usually choose to evaluate their approaches on batches of 100 classes to
avoid drastic loss in performance and to ensure that enough data is available to learning
anything properly. This behaviour makes comparison with the one-class approach pursued
in our work unfair. Furthermore, as our method will rely on a feature extractor pretrained
on this dataset (for the most part), it does not make sense to evaluate its ability on

the same dataset.

1.3 Relevance to industrial needs

Whilst the rise of [DI] has sparkled considerable interest from software technology giants
such as Google for text translation, or Facebook for image recognition, the demand is also
growing for a variety of actors with very specific needs. The domain of [CL]is no exception
for this trend: we can already envision cutting-edge applications of this field for some of

the most flourishing industries.

1.3.1 Self-driving cars

Since 2017, Waymo (a subsidiary of Alphabet Inc.) has been testing its autonomous cars
in the city of Phoenix, Arizona, USA. Over the almost 10 million kilometers of automated
driving, Waymo reported 18 cases of events involving contact with another object (none

of which resulted in severe injuries [25]). The Chinese company Baidu, with its fleet of
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300 autonomous vehicles, announced that it achieved over 2 million kilometers across 13
cities. Cruise (a subsidiary of General Motors) has also recently been experimenting its
self-driving cars in the streets of San Francisco, California, USA, whilst Tesla has released
a beta version of its software for full self-driving to a selected cohort of users.

The sector of autonomous driving is a fast-paced industry with colossal financial stakes.
Beyond the technical challenges to overcome to make this technology largely accessible,
public authorities are also concerned about the safety of such endeavour. Relying on an
external source to make a software operate implies security risks that urgently need to
be taken care of. This is typically relevant when an update of the software occurs: such
software modifications from the outside should be sparse to avoid any malicious attack
that would compromise the safety of the vehicle. The software should instead rely its
own sensors (as we can see in Figure to directly gather information from the outside
world and update itself accordingly. Those local modifications are critical for optimal
performances since each vehicle can evolve in very different contexts (weather, lighting,
road infrastructure) but all situations cannot be taken into account during simulations.

For these reasons, [CL] appears as a necessary mechanism to ensure a safe experience

for users of autonomous vehicles.

1.3.2 Healthcare system

The use of [Allpowered software in healthcare environments has increased steadily in re-
cent years for various applications, including diseases diagnostics and prediction, living
assistance, biomedical information processing, and biomedical research [2§].

Currently, such software has to pass a series of tests in order to be approved for clinical
applications. This is a mandatory procedure to ensure that a software used with real
patients in real situations is reliable in regard to medical standards. However, these tests
can take several months and any modification implies a new evaluation. This setting is
particularly unsuited for [Al] algorithms, since they can usually provide better results when
provided with more data (new manual grading by medical professionals or new outcomes
over time) as explained in [29].

In light of these limitations, the [FDA]has released a new preliminary guidance on what
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Figure 1.5: Various sensors continuously collect data from all sources and all directions to
operate an autonomous car (reproduced from [26]). Typical autonomous cars do not rely
solely on motion sensors because they can be unreliable in some situations (bad weather,
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they call a “total product life cycle regulatory approach” (see Figure for continuously
updating clinical software [27]. It would allow future algorithms and their self-
updated versions to be certified without having to pass new tests. Although it would be
theoretically possible to retrain from scratch such algorithms with more data over time,
this operation would be very costly and may not be compliant with patient data protection
laws such as the American Health Insurance Portability and Accountability Act.

Hence, [CT] algorithms appear as a perfect fit for this kind of application by reducing
the computational cost and ensuring the privacy of patient data. In the long term, [CI]
may lead to efficient personalized medicine where each patient is associated with his own

algorithms continuously trained with his own data.

1.4 Thesis outline

This thesis will present our work toward more efficient methods of training neural networks
that are compliant with [CL] requirements. That is to say, we are interested in algorithms
for training neural networks on a sequence of tasks, each task to be trained solely with its
own data; the goal is to ensure that the learning of a new task does not interfere with the
knowledge acquired on previous tasks.

We will notably investigate the challenging case of single class incremental [CL] where
data is fed one class at a time: each task consists of only one class. The objective being
to be able to discriminate between several classes learned one by one.

In Chapter [2| we will present an extensive review of the current state of the art in [CL}
This study will allow us to discuss the limitations of each approach of the literature.

In Chapter [3| we will introduce the theoretical core of our approach. We will present
the framework of Invertible Neural Networks from a general standpoint, before showing
how to apply them in the context of [CL]in the next chapters.

In Chapter ] we will detail our main algorithm: OvA-INN. In this first set of experi-
ments, we will rely on a feature extractor pretrained on external data. The performances

will be compared with state-of-the-art methods on standard vision datasets.
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In Chapter |5, we will show a way to improve the memory efficiency of OvA-INN to
make it more compatible with embedded systems.

In Chapter[6], we will propose to apply OvA-INN in a setting without external data and
show that, even in this regime, it can improve the performance over standard approaches.

We will finally conclude the thesis with a discussion on the meaning of our results and

provide some insights for future research directions.
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1.5 List of publications

Peer-Reviewed International Conference Proceedings

e Guillaume Hocquet, Olivier Bichler, and Damien Querlioz
OvA-INN: Continual Learning with Invertible Neural Networks.
In IEEE 2020 International Joint Conference on Neural Networks (IJCNN)., doi:
10.1109/1JCNN48605.2020.9206766, preprint available at https://arxiv.org/abs/

2006.13772.

The conference, initially planned in Glasgow, UK, was held virtually in July 2020.

e Guillaume Hocquet, Olivier Bichler, and Damien Querlioz
Memory Efficient Invertible Neural Networks for Class-Incremental Learning.
In 2021 International Conference on Artificial Intelligence Circuits and Systems
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The conference, initially planned in Durham, North Carolina, USA, was held virtu-

ally in June, 2021.
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CHAPTER 1.

INTRODUCTION




Chapter 2

Background on Continual

Learning approaches

The research community has been very active in the |[Continual Learning (CL)| field for

the past five years and has proposed a variety of approaches to tackle this challenge
from different viewpoints. In this chapter, we will cover the spectrum of the different

approaches.

As was already observed in the previous chapter, the definition of [CL] is very broad.
In the interest of clarity, we will focus our review of the literature on algorithms that
are closely related to our current objective. In particular, we suppose that each task is
constituted of a batch of several labeled samples that we can iterate on. By doing so, we

will not consider “no task boundary” or “open world” approaches [30H32].

37



38 CHAPTER 2. BACKGROUND ON CONTINUAL LEARNING APPROACHES

2.1 Previous works

For each path of research, we will present its pros and cons and review the theoretical
aspects of the most popular methods. In particular, we will pay special attention to their

limitations and to the meaning of their assumptions.

2.1.1 Regularization-based approaches

Regularization-based approaches aim to mitigate the catastrophic forgetting effect by ap-
plying a constraint on the loss when learning new tasks. This constraint is designed to
prevent the weights of the updated network from becoming too different compared to the
weights of the previous network. The idea is that if the shift necessary to learn a new task
is as small as possible, the impact on the network should be negligible, and the network
should be able to perform almost as well as before being updated with a new task. A large
variety of such constraints have been proposed, we will present the most popular ones.

A simple constraint consists in computing the prediction of a pretrained network on
the new data, keeping the results only for the previous tasks and penalizing when the
prediction from the updated network on previous tasks deviate from the previously com-
puted results. This constraint is known as distillation loss and was proposed in “Learning
without forgetting” [33].

For k previously learned tasks, noting g, the predictions of the current network for the
old tasks, ¢, the predictions of the current network for the new task, ¥, the predictions of
the previous network for the old task and g, the ground truth of the new data, the goal

is to minimize:

k
Laist = —Yn log Jn — Z Yo log go. (2'1)
=1

As we can see, the new network is only required to memorize the predictions of the previous
network to compensate the penalty term.

In order to improve the constraint, a more sophisticated version consists in not only
recording the output but also the attention maps provided by Grad-Cam [34]. Those

attention maps indicate which input pixels are responsible for the prediction. This has
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Figure 2.1: In regularization-based approaches, the parameters ¢ are updated from 6% and
are constrained to stay in the domain of both tasks (red arrow). With a simple L2 penalty,
the parameters are constrained to stay close to 6 4 (green arrow). Whilst with no penalty,
the parameters would completely forgotten the previous task (blue arrow) (reproduced
from [36])

been proved even more efficient in “Learning without Memorizing” [35].

Other approaches are directly applying a constraint on weights deviation. The idea is
to find which weights have a low impact on the loss of previous tasks and which weights
have a big impact.

For k previously learned tasks, noting Ly the loss on the current task, 0 the pa-
rameters trained on the previous k tasks, 6 the current parameters and w®) the importance

of parameters, the loss to optimize is:

Limp = Lrt1 + sz(k) (9i - Qz(k)>2 (2.2)

Noting ¢ the output of the model and gp, the gradient of the loss with respect to the

parameter 6;, various approaches have been proposed to estimate w;:

o Elastic Weight Consolidation [36] proposes to compute an approximation of the

Fisher information matrix

wi = EoEy g9, (,9). (2.3)
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o Memory Aware Synapses [37] proposes to rely on the sensitivity of the last layer

Allg(=)|”

w H 0,

] . (2.4)

o Synaptic Intelligence [38] evaluates the importance of a parameter by computing

each parameter’s contribution to the change in the total loss between time 0 and T

T-1

wi =Y go, - (0:i(t +1) — 0,(1)). (2.5)
t=0

Although those three approaches are based on different motivations, it has been shown
theoretical and empirically in [39] that they are actually very similar and can be unified
in a common framework.

As can be noticed in Figure those methods can only be effective if one can find
an overlap between low error spaces of different tasks. Classifier-Projection Regulariza-
tion [40] proposes to add a regularization term to the importance based losses to promote
wide local minima. This way, the low error spaces are more likely to overlap for subsequent
tasks.

To conclude on regularization-based approaches, we would like to emphasize that those
methods have been originally designed for multi-head [CL], when the task identifier is known
at inference (see Section. Hence, they usually provide very limited results on single-
head [41].

In the next paragraph, we will present methods that build on these previous metrics

to overcome catastrophic forgetting in the case of single-head [CL]

2.1.2 Exemplar Rehearsal methods

Rehearsal techniques rely on the storage of a subset of previous data in order to mitigate
the catastrophic forgetting effect. In those approaches, the quality and quantity of stored
data, which are called exemplars, can have a strong impact on the final performances. For
these reasons, those approaches are usually compared for a fixed size of data storage.

Although some work has been proposed for exemplar selection [43], it remains very
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Figure 2.2: In exemplar rehearsal approaches, the network f is updated with all the data
from the current task, noted C, and with a subset of the data from previous tasks, noted

m. (from [42])

difficult to design a general procedure to choose which sample to keep and which to delete.
The most appropriate choice can indeed depend on the data or the learning algorithm.
That is why comparison between exemplar-based methods are often conducted with ran-

dom sampling [44].

[Incremental Classifier and Representation Learning (iCaRL)| [45] proposes to use a

distillation loss on exemplars predictions and a cross-entropy loss on the new data predic-
tions.

[CaRT]avoids the need of a classification layer by relying on a nearest-mean-of-exemplars
approach. This process consists in computing the mean of the output from exemplars for
each class y after a training phase on a network f

1
v =1p,

Z (2.6)
€Dy

and then to assign the class label from the closest u:

y* = argmin|f, (z) a3 (2.7)
y=1,...

[Pooled Outputs Distillation Network (PODNet )| [42] proposed to apply the distillation
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loss not only on the output, but also after each layer of the network. This improvement

indeed appeared very efficient in the single class incremental learning scenario.

End-to-end IL [46] is similar to but showed that a classification layer could be
used with a cross-entropy loss by carefully training the network on each task. Namely, the
authors of this technique first update the network with all available data (stored old data
and all new data) and then perform a second training phase with the old data and a subset
of the new data to enforce a balance between old and new data. This fine-tuning phase is
executed with a small learning rate and has proven useful in their ablation study. Other
additional methods have been proposed in Rebalance [47] to counteract the imbalance

between previous and new data.

Rather than relying on distillation, |Gradient Episodic Memory (GEM)| [48] proposes

to impose a constraint on the previous losses to prevent them from increasing. This can

be formulated by an optimization problem that can be solved using the stored exemplars.

The combination of two losses at the same time (optimizing the performances on
new data and ensuring that these modifications have a negligible impact on previous
performances) can lead to undesirable optimization behavior if one loss is more important
to optimize than the other. In TPCIL [49], the authors observe that, in the previously
proposed exemplar-based approaches, the first epochs are more focused on learning the new
data than preventing modifications to the previous network. They propose to implement
a smoother transition when learning a new task by relying on a graph that models the

feature space.

Variational Continual Learning [50] is an approach based on Bayesian inference. The
authors derive a regularization term to alleviate the catastrophic forgetting effect when
learning subsequent tasks. This regularization term can be computed without stored
exemplars but can also benefit from them if available. Although this approach appears
to perform well on small datasets with fully connected networks, there is still work to be
done to adapt Bayesian inference to more sophisticated layers that would be essential to

tackle more interesting computer vision problems.

Although [CT] is still challenging for rather small datasets, a direction of research has

been dedicated to scale up these methods to higher number of classes per task [6I]. In
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particular, the authors of [Bias Correction (BiC)| [52] noticed that the imbalance problem

between old and new data can be even more problematic in the case of tasks involving
tens of classes.

The authors of also proposed a two-step learning procedure. The first step is the
usual training with stored old data and new data. The second step is performed on a
held out set of old and new data, its goal is to fine tune a linear transform on the output
logits of the new classes to improve generalization performances on this small validation
dataset. As one can notice, this approach requires a significant number of samples in
order to construct a sufficiently consistent validation set. That is why it is only relevant
for tasks with several classes.

On a final note, after having presented a variety of approaches that take advantage
of exemplars to overcome catastrophic forgetting, we would like to emphasize that these
results should be taken with caution, since it has been shown, in a recent paper, that it
is possible to reach comparable performances without any continual adaptation! This is
achieved by GDumb[53], a very simple heuristic that retrains from scratch the network
with only the data from the new class and the exemplars. Such a result illustrates that
the previous approaches do not seem to provide any advantage over a simple retraining.

We can see that exemplar rehearsal methods have been extensively studied and their
comparative performances have been assessed in a variety of scenarios [4I]. However, for
many applications, these approaches cannot be satisfactory: it will often not be possible
to allow the storage of data because of privacy issues or memory limitation.

In the next paragraph, we will dive into a set of methods that are able to perform

rehearsal without storing real data.

In our experiments, we will compare our results to those of [GEM] End-to-
end IL, Rebalance and

2.1.3 Pseudo-rehearsal approaches

A promising research direction for [CI] consists in relying on generative models to produce

artificial samples of old data to update a network on a new task, a procedure called
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Figure 2.3: In pseudo-rehearsal approaches, a composed of a discriminator f and a
generator g is updated with all the data from the current task, noted C, and with data of
previous tasks sampled with g, noted G. (from [54])

pseudo-rehearsal.

|Generative Adversarial Networks (GANs)| are a commonly used generative models for

images and have naturally been used for the [CT] of image datasets. The idea is to train
a [GAN] alongside a classification network. When given a new task to learn, the [GAN] is
used to generate labeled samples of old data that will be added to the new data. With
this new dataset consisting of data from all the task seen to the point, it is possible to
update the [CT] network and the [GAN] to be respectively able to classify data from all the

tasks and generate data from all the tasks.

The authors of [Deep Generative Replay (DGR)| [55] and [Parameter Generation and)

[Model Adaptation (PGMA)| have proposed approaches to update continuously a

but their results are limited to simple datasets such as MNIST, SVHN and CIFAR-10. It

is indeed a challenging task to ensure the stability of a [GAN] training phase, especially
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with complex data and in a [CL] setting.

MeRGAN [56] further improves on the previous approach using a conditional to
generate images from the LSUN dataset [57]. But the authors of this approach provide
results for only four sequential classes from this complex dataset. Even Lifelong [58]
which uses a sophisticated Bicycle [GAN] architecture is only evaluated on five classes for
complex datasets.

Whereas those approaches have only been evaluated on their ability to generate data,
the authors of Parameter Generation and Model Adaptation [59] proposed to evaluate
those generative models in a [CT] experiment. They trained a [GAN]| to sequentially learn
several tasks with the MNIST and CIFAR-10 datasets. But their results did not match
those from real exemplar based methods such as [45].

It seems in fact very unlikely that a[GAN] as sophisticated as it can be, could capture
all the variety and complexity of a natural dataset. However, this ability is crucial to
ensure an efficient learning for the subsequent tasks. The consequence of this lack of
quality in data generation over time has been highlighted in [60], where the authors used
a[GAN] to generate data along with a buffer of natural old exemplars. They showed that
even a small buffer of exemplars could significantly boost the performance.

A compromise between pseudo-rehearsal and regularization-based approaches has been

proposed in a model called [Generative Feature Replay (GFR)| [61]. The idea consists

in preventing the forgetting in the feature extractor using a distillation loss, while the
classifier is updated with feature samples generated by a [GAN| Likewise, FearNet [62]

uses a fixed feature extractor and produce feature samples with an autoencoder.

In our experiments, we will compare our results to those of [DGR] [PGMA] [GFR]

and FearNet.

2.1.4 Expandable models

All previously presented methods have considered a fixed model size. Some could have
increased memory usage for exemplars or data statistic storage, but all of them used a

fixed number of model parameters along their continual training. However, it seems only
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Figure 2.4: Progressive neural networks are an architecture designed to learn several tasks
by adding a new stack of layers connected with previous layers each time a new task is
presented in a multi-head setting. The parameters unrelated to the new task stay fixed
(dotted arrow), and intermediate layers noted a are added to ensure dimensional reduction.
(from [63])

natural that the more tasks a model learns, the more complex it must be to maintain its

performance.

Consequently, Progressive Neural Networks [63] have been proposed as a simple way
to grow a network with the number of tasks. The idea is to add new layers connected
to the previously trained layers. The new layers can be trained on the new task but the

previous layers remain fixed (See Figure .

Dynamically Expandable Network [64] performs a retraining of some of the parameters
of the network by exploiting task relatedness, while increasing its number of parameters

when necessary to account for new knowledge required when learning new tasks.

These approaches have been used in a multi-head setting, which is not as constraining

as a single-head setting. In this second scenario, [Random Path Selection for Incrementall

[Learning (RPSnet)| [65] proposes to add new modules for each task and freeze parts of the

network that will not be updated anymore. |RPSnet| also relies on exemplars to operate.
But its training cost is significantly higher than typical exemplar-based approaches in

order to accommodate the training of new modules and the choice of these modules.
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Figure 2.5: Each dot corresponds to the output of the prototypical network for a given
data point. The prototypes c; are defined as the means of the output of the data from
each class k (each class is represented by a color). Predicting the class of a new sample x
consists in finding the closest prototype ci. (from [66])

We can observe that expanding the size of a network to allow it to acquire additional
knowledge is not a straightforward operation in the single-head setting. Conversely, in
the next paragraph, we will present methods that try to update as little as possible the

network when presented with a new task to learn.

[ In our experiments, we will compare our results to those of

2.1.5 Distance-based models

The idea of distance-based models consists in learning an embedding network that will be
used to project samples into a low dimensional space where the similarity in this embedding
can be used to predict the label of a new sample.

This type of networks is commonly used in a related field called few-shot learning,
where samples from new classes have to be matched with other classes from a small set.
The challenge of few-shot learning is to design networks that are able to work with very

small amount of data from new classes. In such a setting, updating the network for each
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new class is not effective, hence the idea to rely on fixed embedding networks.
Matching Networks [67] embed a sample Z into a low dimensional space, in which the
predicted label § can be obtained by performing a generalized form of nearest-neighbours

classification following:

= Za(f,xi)yi, (2.8)

i=1
where (z;, y;) is a labeled samples from class ¢ and a(-,-) is an attention kernel. In the

paper, the authors propose a simple kernel:

A ec(f(2),f(x:)) )
a(®, x;) = Z?:l ec(f(@),f(x5))’ 29

where ¢ denotes the cosine similarity.

Subsequently, Prototypical Networks [66] have been proposed as a simplification of
the previous approach. It is based on the observation that samples from a given class
tend to form a cluster in the embedding space. After learning the embedding network,
they compute the mean of the data output for each class, which they call a prototype

(similarly to in equation [2.6). Classification is then performed by finding the

nearest prototype (see Figure [2.5]).

[ In our experiments, we will compare our results to a nearest-neighbours baseline. ]

2.2 Comparisons between the different approaches

In the previous paragraphs, we have observed that regularization-based approach and
expandable models provide a satisfying solution for the multi-head [CL] setting but are
very limited in a single-head setting. Updating model parameters without any samples
from previous class always results in some form of overfitting on new data. A simple fix
and very efficient solution consists in storing a few samples from previous data as proposed

by exemplar-based approaches. This way, the parameters of the whole model can be safely
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updated as long as the device capacity allows to store enough data to perform the rehearsal
procedure. Pseudo-rehearsal approaches have been explored to avoid the storage of data
and still allow rehearsal by generating samples of previous data but the results are still
limited because this method can lead to very unstable learning phases that will not provide
reliable sampling.

We have also noticed that distance-based models proved that it is not always required
to make significant changes to a model to make it usable on new tasks, nor it is required to
store previous data. While the current state-of-the-art methods in distance-based models
are usually focused on learning simple distances for few-shot learning, we can foresee a
potentially efficient strategy for single-head [CL] by learning a more sophisticated distance
metric. In few-shot learning, it is indeed assumed that very few data can be used to
learn new tasks, but in general single-head [CL] we can assume that we have access to a
substantially more significant set of data for new tasks, which would be very beneficial for

learning a better distance metric.

2.3 The special case of class-by-class learning

Throughout this chapter, we have presented a variety of approaches to alleviate the prob-
lem of catastrophic forgetting. We should however emphasize that although these ap-
proaches are usually assumed to work for any number of classes per task, they are most of
the time not tested in the harder case of single-class incremental learning. As a matter of
fact, when provided with data from only one class, learning algorithms are even more prone
to the effect of catastrophic forgetting. This setting is indeed not providing any negative
data. In such a training regime, artificial neural networks will typically degenerate and
blindly return the same answer whatever the input is. This behavior is caused by the fact
that with only data from one class, the optimal strategy is to systematically predict this
class without even looking at the input data. Also, for a fixed dataset, learning tasks with
fewer classes imply learning with less data, which can lead to other learning difficulties

such as overfitting,.
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The ability to update a network with only one more class is however not a simple corner
case but a rather highly relevant feature for some applications. Thus, it appears critical
to assert the behavior of learning algorithms in this particular situation. This evaluation
is even more significant since each approach can perform very differently in a single-class
incremental learning scenario. For example, distance-based models are invariant with the
number of classes since they do not require negative data during their training phase.
On the contrary, regularization-based approaches seem to completely degenerate in the
absence of negative data.

Because of these specific issues, the single-class incremental learning scenario has been
largely overlooked in recent research efforts. Our work aims to illustrate that we can

design very efficient learning processes that are also compliant with single-class tasks.



Chapter 3

Invertible Neural Networks: a

model for Continual Learning?

3.1 Introduction

In Section of the previous chapter, we reviewed the major state-of-the-art
approaches. We paid special attention to their application in the case of
single-class [CI] and noticed that distance-based models presented promising features to
tackle this challenge. In this spirit, in this thesis, we propose to rely on a fixed feature
extractor when learning new tasks. This way, we only have to develop a strategy to exploit,

as best as possible, the output of this feature extractor.

The main limitation of classical distance-based models is that they rely on simple
distance metrics such as Euclidean distance or cosine similarity. In this work, we rather

propose to build a sequence of models, one for each class. Each model task will be to

o1
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compute the probability that a sample belongs to the distribution of its training data. In
particular, the training of each model will rely solely on data from a single class.

In order to achieve this, we need a model that is able to construct an estimate of the
probability density function of the data for each class. With this estimate, we will be
able to predict to which class a given sample belongs to by identifying the class with the
highest probability.

A relevant approach for computing density estimation is a particular class of neural
networks called Invertible Neural Networks. In this chapter, we will present their proper-
ties and various ways of implementing them. More details on their use in a [CI] application

will be exposed in Chapter 4]

3.1.1 Why use Invertible Neural Networks?

In a typical classification problem, models are trained to estimate the parameters of a
decision boundary in order to predict the class of a sample. Such models are called
discriminative models; they are designed to compute the conditional probability of the
target y, given an observation z : P(y|z). In our case, we cannot rely on such models,
since the number of classes is continuously growing and we have no access to previous
data: it is unfeasible to estimate boundaries.

Instead, our objective is rather to train a model for each class that will output the
probability for a sample = to belong to a class y: P(z|y). The function that measures
the “goodness of fit” of a statistical model to a sample of data is the likelihood. Hence,
the ideal model for our purpose is a model providing exact and efficient estimate of its
likelihood on a data sample. This is one of the objectives of generative models.

Deep generative models are an active research field [68] and a variety of approaches

have already proved successful for different applications:

o Energy-Based Models [69] have been studied for a long time, but these approaches

are difficult to scale on complex datasets.

o Generative Adversarial Networks [70] are a widely adopted architecture for generat-

ing convincing looking images, but they do not rely on likelihood estimation.
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o Variational Autoencoders [71] are a simple but efficient way of generating data, but

they provide only an approximation of the value of the latent variables.

o Autoregressive models [72] provide a way of computing explicit probability densities,
but have a high computational cost, as they rely on several iterations to produce a

sample.

o [Invertible Neural Networks (INNs)|are a recently developed framework that is rapidly

gaining attention for its ability to provide a tractable access to the exact value of

the likelihood.

Therefore, appear as a favorable choice for our purpose. Before diving deeper
into the underlying theory of we will briefly review a few currently investigated

applications of those models.

3.1.2 Examples of application of Invertible Neural Networks

Although have only recently been actively adopted, and there is still important
ongoing research to improve their performances, we can already find very promising ap-
plications of this approach.

have been successfully applied in the context of image super-resolution. While
other generative approaches are only trained to provide a single high-resolution image for
a given low-resolution input, the based approach, SRFlow [73], is able to generate a
multitude of potential high-resolution images. Figure [3.I] presents a striking example.

In the domain of audio synthesis, the FloWaveNet approach [74] has been proposed as
a very efficient alternative to popular autoregressive approaches. By relying on the effi-
cient framework of [[NN], this model can provide real-time parallel audio synthesis without
depending on the costly training procedure of other comparable approaches.

have also been exploited in the field of memory-efficient training. They indeed
provide a way of propagating the gradient without the need to store the activations of
the intermediate layers [75]. These activations can be retrieved during the backward pass
using the inverse operation. In this way, the memory cost of the training phase is constant

regardless of the number of layers!
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Figure 3.1: By learning the conditional distribution of the output given the low-resolution
input, open the way to new applications. Here, SRFlow can produce several high-
resolution images corresponding to a low-resolution one (top left). (reproduced from [73])
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For image classification tasks, the authors of the i-RevNet [76] approach demonstrate

that it is possible to design a fully invertible [Residual neural network (ResNet)l with

performances approaching the original non-invertible one. Finally, for image generation

tasks, the Glow [77] approach was able to produce very convincing images.

3.2 Theory

The goal of is to model complex data in a way that ensures the access to density
estimation. In order to achieve this, this type of networks relies on a technique called
normalizing flow, which consists in modeling a complex probability density as an invertible
transformation of a simple base density. Namely, to compute an estimate of the intractable
probability density px(z) of a sample data x, the network is trained to transform x into
a different representation z in such a way that pz(z) is easily tractable and can be used

to recover px(z).

In the next section, we will provide a few definitions and present some properties that

will be useful to understand how work and can be implemented.

3.2.1 Mathematical tools
Jacobian Matrix

Given a function mapping a n-dimensional input vector x to a m-dimensional output
vector, f : R® — R™, the matrix of all first-order partial derivatives of this function is

called the Jacobian matrix, Jy where one entry on the ith row and j* column is Jij = Ofs

- 8:Ej .
[on  on .. 9h]
o1 Oz Ozn
Ofm  Ofm . Ofm
L 8$1 8932 an n
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Determinant

The determinant is a scalar value that is a function of the entries of a square matrix. For

a matrix A € R® x R", it is defined by:

n

det(A) = Z sgn(o) H A o) (3.2)

gESy i=1

where S, is the set of all permutations of the set set {1,2,...,n} and sgn(o) is the signature
of o, a value that is 1 whenever the reordering given by o can be achieved by successively

interchanging two entries an even number of times, and —1 otherwise.

Change of variable theorem

Let us consider a random variable X with a probability density function px(x) and a
bijective mapping f, we are interested in the probability density function of Z = f(X).

In the univariate case, it is given by

z) = 1z (2
pz(2) px(fT()I) (2 (3.3)
= px@)|(f7) ()
In the multivariate case, this result is generalized by
pz(z) = px(z)ldet(Jp-1(2))| (3.4)

We can see that the right hand-side involves a term called the Jacobian determinant:

det(J;-1(2)). This term can be expressed in a more convenient way

det(Jp-1(2)) = det[(J(z)) ]
— det(J;(x)"L.

(3.5)

The first transformation comes from the inverse function theorem and the second
from a property of determinants. By induction, we can easily generalize this result for

compositions of bijective functions. Let us consider f = f,, o fn—1 o .... o f1, and noting
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x; = fio fi—10....0 fi(z) with z = z,, and x = zg

pz(2) = px, (xn-1)|det(Jy, (xn-1))7"
= px, o (Tn2)ldet(Jy,  (zn—2)) " ||det (T, (xn-1)) "] (3.6)
= px(z) [T [det(Jy, (zi1)) 1.

Kullback—Leibler divergence

The Kullback-Leibler divergence (KL divergence), or relative entropy, is a commonly used
measure that quantifies how much one probability distribution differs from another prob-
ability distribution. It is always non-negative, with a lower value for closer probability
distributions, and is equal to zero if and only if the two distributions are the same almost

everywhere. The KL divergence is defined for two distributions p and ¢ as
Dk1(qllp) = Ezngllog g(z) — log p(z)]. (3.7)

The KL divergence is an asymmetric measure: Dgr(q||p) and Dgr(p||g) are not, in

general, equal.

Maximum Likelihood Estimation

Maximum Likelihood Estimation is a method used to find the best parameters of a model
to represent a population. Noting ¢ the unknown real density and p its estimate, for a
model with parameters # and a population X of size N, it consists in maximizing the

following loss:

L(X:0) = % 3" log p(]6). (3.8)
rzeX

This term is actually a sampled approximation of the expected log-likelihood by the

law of large numbers:

L(0) = Eyrqlog p(z]0))]. (3.9)

Notably, this last expression is linked to the definition of the Kullback—Leibler diver-
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gence:
Dir(qllp) = Eungllogq(z)] — Epngllog p(x]0)]
= Epyllogg(x)] — L(0).

(3.10)

As can be observed, the first term in the right hand-side is independent of 8, so we can
conclude that maximizing the log-likelihood is equivalent to minimizing the KL-divergence

between the estimated density p and the real density gq.

3.2.2 Normalizing flow principle

To allow the computation of exact and efficient density estimation, follow a particular
architecture called Normalizing Flow. A normalizing flow is a process that transforms a
simple distribution px into a complex distribution px by applying a sequence of bijective

functions, as represented in Figure [3.2]

Noting g = g10g20....0g, the transformation from simple to complex, and its reciprocal
f = fno fa—10...0f1, we can use the change of variable formula (see Section |3.2.1) to

express the density of one distribution given the other:

p2(2) = px () [ 1det (T (zi-1))] (3.11)
=1

where x; = fio fi_10....0 fi(z), z = x¢ and z = x,,.

In the reverse way:

px () = pz(2) [ ] Idet(Jy, (z:))]- (3.12)

i=1
Usually, pz is chosen to be a standard normal distribution with independent compo-

nents. For d components, its probability density function is

d
1 1.2

z) = e_gzi. 3.13

pz(2) gm (3.13)

During the training phase, the network is optimized following the Maximum Likelihood

Estimation method (see Section [3.2.1]) to find the parameters that will best fit p; with
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Figure 3.2: A normalizing flow is a sequence of functions g; that transforms a simple
distribution pz intro a complex one px. (from [78])

data from a dataset X of size N:

L f) = O lospz(f(x). (314

rzeX

Interestingly, there are no constraint on the f functions, apart from being invertible.
Hence, it is possible to implement them as neural networks, which are then called Invertible
Neural Networks. In the next section, we will review different strategies to build the
invertible layers that will compose these

In practice, there are a few desirable properties that this type of neural networks should

satisfy to make them compatible with complex data:

o The output dimension has to be the same as the input dimension (otherwise it would

not be invertible).
o Each layer should be expressive enough to represent complex distributions.

e The inverse function and its Jacobian determinant should be efficiently computable.
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3.3 Different implementations of Invertible Neural Networks

A variety of approach have been proposed to implement We will describe the
most popular ones and analyze the computational efficiency of their inverse and Jacobian

determinant.

3.3.1 Elementwise Flows

The simplest form of invertible layer can be constructed with a bijective scalar function

h: R — R that we apply on each component:

g(x) = (h(x1), h(x2),...~A(xy)). (3.15)

The determinant and inverse are trivial to compute but the representation power of

this layer is very limited.

3.3.2 Linear Flows

A linear invertible layer can be built with an invertible matrix A:

g(x) = Ax +b. (3.16)

Notice that in this general form, the computations of the determinant and the inverse
are expensive, with a complexity of O(n?). To address this limitation, A can be constrained

to be a triangular matrix, whose determinant is obtained in O(n) and inverse in O(n?).

3.3.3 Coupling Flows

First introduced by [Non-linear Independent Components Estimation (NICE)|[79], coupling

flows consist in splitting an input z into two subvectors x1 and xzo of equal size; then
successively applying two (non-necessarily invertible) functions f; and f; following the
equation:

y1 = fi(z2) + 21 (3.17)

y2 = fa(y1) + 22,
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and finally, concatenate y; and ys.

The inverse operation can be computed with

x2 = Y2 — fa(y1) (3.18)

1 =y1 — fi(x2).

As we can see, the design of this layer ensures that the inverse can be very easily
computed and that the Jacobian determinant is constant (so it is not necessary to compute

it).

3.3.4 Autoregressive Flows

Let h(-;0) be a bijective scalar function h : R — R parameterized by 6. We call an
autoregressive [80] layer g a function that outputs y = g(x) conditioned on the previous

entries of the input such that

Yt = h(@e; Op(71:4-1)), (3.19)

where ©; are mappings from R!~! to the set of parameters, and ©; is a constant. While
it is possible to compute very efficiently the Jacobian and the forward pass, the invertible

pass is inherently sequential.

3.3.5 Continuous Flows

Neural ordinary differential equations [81] are a recent design of deep neural networks that
formulates the forward pass of a deep network as the solution of an ordinary differential
equation. Initial works were motivated by the similarity between the expression of a layer
of a[ResNef]and a step of an Euler solver for ordinary differential equation. They benefit of
various advantageous properties compared to classical neural networks, among them their
limited memory usage since several layers can be expressed with one set of parameters;
and a trade-off between prediction accuracy and speed of execution due to their execution
time flexibility. They are also invertible, making them a very promising tool for computing

normalizing flows.
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Notably, the authors of Free-form Jacobian of Reversible Dynamics (FFJORD) [82]

have proposed a very efficient way of computing the likelihood of a sample.

3.3.6 Others

A large variety of formulations of invertible layers have been proposed and their expressive
power is still under ongoing research. We should also mention Planar and Radial flows [83)]
that respectively allow simple non-linear scaling transformations with respect to a subspace
in the Cartesian coordinate system and to a point in the polar coordinate system; with
linear-time computation of the determinant. The authors of Emerging Convolutions [84]
also propose a way to formulate invertible convolutions that have receptive fields identical

to standard convolutions.

3.4 Discussion on Out-of-Distribution Data Detection

The computation of the likelihood is a key component for various tasks. Among them is

the detection of jout-of-distribution (OOD)| data, which consists in identifying if a given

sample belongs or not to the training distribution of a model. The idea is that a model
trained on data from a distribution should have higher likelihood on data sampled from this
distribution than from a different distribution. Our proposed approach for [CL] that will
be presented in the next chapter, heavily rely on the principle of

It has been observed that the general idea of data detection does not turn
out to be systematically true in practice [85]. Namely, a generative model trained on
pictures of clothing may assign higher likelihood to pictures of handwritten digits. The
precise reason for this phenomenon is still unknown and is not specific to [[NN] Several
potential explanations have been proposed including a limitation of likelihood computation
for high-dimensional data, a tendency of the model to learn low-level statistics rather than
high-level semantics.

Noticeably, when it comes to data generation, it has been observed that a model can

have poor likelihood and produce great samples, or have great likelihood and produce
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poor samples as shown in [86]. This is a counter-intuitive result, but future architectures
of may provide the inductive bias that would correct this mismatch between high
likelihood and good sample generation.

Although these observations seem to limit the relevance of [INNg| for [OOD] detection,

we should emphasize that it will not directly affect our approach since:

o Our are not trained directly on image data, but rather on extracted features.

This strategy allows for better detection as shown by the authors of [87].

o We do not use our to generate data, but only to compute the likelihood of

data samples.

« Each data distribution is represented by its own [[NN| This way, even if a network
assigns inadequately high likelihood on an|OOD|data sample, this data sample should

have even higher likelihood for the network of its corresponding class.
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Chapter 4

Applying Invertible Neural
Networks on Continual Learning

tasks

4.1 Introduction

In this chapter, we will present our first experiments to tackle the problem of

in the challenging case of single class incremental learning. Our approach is
based on the model of [[nvertible Neural Networks (INNs)] introduced in Chapter [3} which

presents particular properties that we will rely on to mitigate the catastrophic forgetting

effectl

This chapter is based on a publication published at the International Joint Conference on Neural
Networks, 2020 [88]

65
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4.1.1 Motivations and Challenge

We investigate the problem of training several datasets in a sequential fashion with batches
of only one class at a time. We have seen in Chapter [2] that most approaches of the state-
of-the-art rely on updating a feature extractor when data from a new class are available.
However, this strategy is unreliable in the special case that we are interested in, namely
batches of data from only one class. With few or no sample of negative data, it is highly
inefficient to update the weights of a network because the setting of deep learning typically
involves vast amounts of diverse data to be able to learn to extract valuable features.

Without enough negative samples, the training is prone to overfit the new class.

4.1.2 Out-of-distribution detection for Continual Learning

Our approach consists in interpreting a problem as several jout-of-distribution (OOD)|

detection problems. [OOD)] detection has already been studied for neural networks and can
be formulated as a binary classification problem which consists in predicting if an input
x was either sampled from the same distribution as the training data or from a different

distribution [89] 90].

This way, for each class, we can train a network to predict if an input z is likely to have
been sampled from the distribution of this class. The class that got the highest confidence
can be considered as the prediction of the class of x. This training procedure is particularly
suitable for [CL] as the training of each network does not require any negative sample. Our

approach can be seen as a One-versus-All method for multi-class classification based on

hence its name [One-versus-All Invertible Neural Network (OvA-INN)|

For a class i, we can train an[INN] f; to fit a prior distribution p and compute the exact

log-likelihood I; on a sample x

li(x) = log(p(fi(x)). (4.1)

As it is usually assumed in the literature, for computational efficiency reasons, we
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consider the case where p is a distribution with independent components py:

p(fi(x)) = [ [ pa(fia(z)). (4.2)
d

In our experiments, we considered py to be standard normal distributions. Although
it is possible to learn the parameters of the distributions, we found experimentally that
doing so decreases the accuracy of the results.

Under these design choices, the computation of the log-likelihood becomes

li(z) =Y log(pa(fia(x))
d
1 1
= zd: 5fi’d(x)2 + zd: log <\/ﬂ) (4.3)
= S IA@IE + 5

where 8 = —nlog (\/ 27r> is a constant term, with n the size of .
Hence, identifying the network with the highest log-likelihood is equivalent to finding

the network with the smallest output norm.

4.1.3 Our approach

As we have seen in Chapter [3| a variety of options for implementing is available.

In this work, we will rely on coupling layers, as proposed in the [Non-linear Independent|

[Components Estimation (NICE)| [91] approach. This choice is a simple yet very versa-

tile architecture that will allow us to compute the likelihood without the cumbersome
computations of the Jacobian determinant (see Section .

In this architecture, are obtained by cascading invertible blocks. An invert-
ible block (see Figure consists in splitting the input = into two subvectors x; and x9
of equal size; then successively applying two (non necessarily invertible) networks g; and
go following the equation:

y1 = g1(z2) + 11 (4.4)

Y2 = 92(y1) + 9,

and finally, concatenate y; and ys.
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e
o

Figure 4.1: Diagram of a coupling layer. z is split into z., /2 and z,,/3.,- g1 and g2 can be
any type of Neural Networks as long as their output dimension is the same as their input
dimension. In our experiments, we stack two of these blocks one after the other and use
fully-connected feedforward layers for g; and go.

We propose to specialize each [[NN] to a specific class by training each of them to max-
imize the log-likelihood on samples from their class. This goal is equivalent to outputting
a vector with small norm when an is presented with data samples from its class, as
showed in Equation Given a dataset X; of class ¢ and an fi, our objective is,

therefore, to minimize the loss

LX) = 7= > Ifil)]3- (4.5)
X

1

‘ Z‘ reX;
Once the training has converged, the weights of this network will not be updated when
new classes are added. At inference time, after learning ¢ classes, the predicted class y* for

a sample x is obtained by running each network and identifying the one with the smallest

output:

y* = argmin||f, (x)|3. (4.6)
y=1,...t

In theory, one could train a network end-to-end for each class. However, it is usually

unnecessary to retrain low level features to discriminate new classes, as those are general
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features. In some situations, it can be more efficient to apply a preprocessing step by
relying on a common pretrained feature extractor beforehand. Using a fixed pretrained
feature extractor allows saving computation time and memory when learning a new class.
This fixed representation of data can be transferred from a model trained on ImageNet
or from unlabeled data [92]. Noting ¢ this fixed pretrained model, the inference equation

can be expressed as

y" = argmin|| f,(¢(x))|3- (4.7)

y=1,...t

4.2 Experimental Results

We compare our method against several state-of-the-art baselines for single-head learning

on the MNIST and CIFAR-100 datasets.

4.2.1 Evaluation on MNIST

We start by considering the MNIST dataset [93]. MNIST is a canonical benchmark that
is now considered a particularly easy task. However, MNIST remains challenging in the

case of single-head [CT}

Topology of |OvA-INN| and implementation details

The used for training MNIST are obtained by cascading two invertible blocks
(see Figure . For MNIST, no preprocessing is used: the take the MNIST
data as a flattened input directly.

Due to the bijective nature of the output size of invertible blocks of Figure
is the same as their input size. As the MNIST input data are vectors of size 784, g; and
go functions have to take inputs of half this size, that is n = 392.

It is, however, possible to choose the depth of the networks ¢g; and gs or to optimize

their number of parameters. In our experiments, we use fully connected layers for the
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MNIST
— — — _> output 1
input — — —
— — — ~>output 2
CIFAR-100
/ — — — s> output 1
inputz L] L] L]

— — — ~>output 2

T 0 0000000060600 000
©0000000000000 00
©0000000000000 00
© 0000000000000 00

Figure 4.2: This diagram illustrates our implementations of for our experiments.
We only represent the case of two classes. On top, the inputs are directly fed into the
each one being constituted of two blocks in cascade. The details of these blocks
are displayed in Figure On the bottom, we apply a pretrained feature extractor
represented by a rectangle filled with dots.
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networks g1 and go. To to reduce the memory footprint, we replace the square matrix of
parameters W of size n x n by a product of matrices AB of sizes n x m and m x n.

For all our MNIST experiments, we use m = 16.

The hyperparameters for the MNIST simulations are reported in Table No data

augmentation was used.

Methods

Our implementation is done using the Pytorch deep learning framework [94], and the
simulations are performed on single precision Nvidia Graphics Processing Units.
We use the adaptive moment estimation (Adam) optimizer [95] and a scheduler that

reduces the learning rate by a factor of 0.5 when the loss stops improving.

Baselines

We compare our approach with methods based on exemplars storage (detailed in Sec-

tion [2.1.2)) such as |Incremental Classifier and Representation Learning (iCaRL)| [45], Sup-

portNet [43], [Gradient Episodic Memory (GEM)| [4§] and [Random Path Selection for]

[[ncremental Learning (RPSnet)| [65]; and with methods based on generative models (de-

tailed in Section [2.1.3)) such as[Parameter Generation and Model Adaptation (PGMA )|

and |[Deep Generative Replay (DGR)| [55].

We report the results from the original papers; except for and SupportNet
where we use the code provided with the SupportNet paper [43] to compute the results
for MNIST. For these baselines, we use networks employing two layers of convolutions
with poolings and a fully connected last layer. We have also set the coreset size to s = 800
samples.

All the baselines use batches of two classes, as their performances would be drastically

reduced with batches containing a single class.

Results and analysis

We report the average accuracy over all the classes after the networks have been trained

on all batches (see Table [4.1]).
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Table 4.1: Comparison of accuracy and memory cost in number of parameters (and mem-
ory usage for storing samples if relevant) of different approaches on MNIST at the end of

the |C_]:l

Model Accuracy Memory Classes
cost per

batch

Parameter Generation and Model Adaptation| | 81.70% 6,000k 2 by 2

(PGMA) 9]

SupportNet [43] 89.90% 940k 2 by 2

Gradient Episodic Memory (GEM)| [48)] 92.20% 4,919k 2 by 2

Deep Generative Replay (DGR)| [55] 95.80% 12,700k 2 by 2

Incremental Classifier and Representation| | 96.00% 940k 2 by 2

Learning (iCaRL)| [45]

Random Path Selection for Incremental Learn-| | 96.16% 4,919k 2 by 2

ing (RPSnet)| [65]

Our approach: [One-versus-All Invertible| | 96.40% 520k 1byl1l

Neural Network (OvA-INN)




4.2. EXPERIMENTAL RESULTS 73

Table 4.2: Hyperparameters

(a) MNIST (b) CIFAR-100
Hyperparameter Value Hyperparameter Value

Learning Rate 2e-3 Learning Rate 2e-3
Number of epochs 200 Number of epochs 1000
Weight decay 0.0 Weight decay 2e-4
Number of invertible blocks 2 Number of invertible blocks 2
Compression factor m 16 Compression factor m 32
Patience 20 Patience 30

Our approach presents better results than all the other reference methods: the accuracy
reaches 96.4%, while the accuracy of the baselines ranges between 81.7% and 96.16%. This
is impressive, as our approach is the only one being trained by batches of a single class,
and it also features the lowest memory cost! uses 520,000 parameters, whereas
the baselines use between 940,000 and 12,700,000 parameters . These first
results suggest the high potential of the approach.

It should be noted that the obtained 96.4% accuracy remains significantly below the
MNIST accuracies obtained in a non context (that can reach 99.8% [96]). This differ-
ence highlights the difficulty of single-head [CL] even for a simple task like MNIST.

4.2.2 FEvaluation on CIFAR-100

It is now well known that impressive results obtained on the MNIST dataset do not
necessarily transfer to more sophisticated datasets. For this reason, we now consider a
more complex image dataset with a greater number of classes: CIFAR-100 [97], already
introduced in section This new benchmark allows us to make comparisons in the
case of a long sequence of data batches and to illustrate the value of using a pretrained

feature extractor for
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Topology of |OvA-INN| and implementation details

Preprocessing The CIFAR-100 images are first preprocessed through the convolutional

layers of a [Residual neural network (ResNet)| with 32 layers pretrained on ImageNet.

Rescaling As[ResNef}32 has been trained on ImageNet images of size 224 x 224 pixels,
we rescale CIFAR-100 images to match the size of images from ImageNet. For this pur-
pose, we use the resize transformation from the torchvision library, which employs bilinear

interpolation.

topology As in the MNIST case, the used for training CIFAR-
100 are obtained by cascading two invertible blocks (see Figure .

As the output of the convolutional layers of [ResNef}32 are of size 512, the g1 and g¢o
functions in the invertible blocks take inputs of size n = 256. As in the MNIST case, we
use fully connected layers for the networks g; and gs, and to reduce the memory footprint,
we replace the square matrix of parameters W of size n x n by a product of matrices of
sizes n X m and m x n. For the CIFAR-100 experiments, we use m = 32.

The hyperparameters for the CIFAR-100 simulations are listed in Table

Regularization When performing learning one class at a time, the amount of training
data can be highly reduced: only 500 training samples per class for CIFAR-100! To avoid
overfitting the training set, we found that adding a weight decay regularization could

increase the validation accuracy.

Methods

As in the MNIST case, our implementation is done using the Pytorch and single preci-
sion Nvidia Graphics Processing Units. We use the adaptive moment estimation (Adam)
optimizer, and a scheduler that reduces the learning rate by a factor of 0.5 when the loss

stops improving.

Baselines

We compare results with the following baselines:
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o FearNet [62] is based on a generative model. It uses a pretrained [ResNet{8 features
extractor. In their experiments, the authors rely on a warm-up phase. Namely, the
network is first trained with all the first 50 classes of CIFAR-100, and subsequently

learns the next 50 classes one by one in a continual fashion.

. [45], End-to-end IL [46] both use 2k exemplars from previous classes and
retrain a [ResNef32 features extractor respectively with a distillation loss and with

a cross-entropy together with distillation loss.

o [RPSnet|[65] also use 2k exemplars from previous classes but it trains several 8

in parallel and assign different paths for predicting each class.

e Nearest prototype is our implementation of the method consisting in computing the
mean vector (prototype) of the output of a pretrained [ResNetp2 for each class at
train time. Inference is performed by finding the closest prototype to the

output of a given sample.

Results and analysis

Fig. presents the CIFAR-100 [CL] results of and our baselines. Image data

are provided by batch of classes. When the training on a batch (D;) is completed, the
accuracy of the classifier is evaluated on the test data of classes from all previous batches
(Dq,...,D;). We report the results from the literature with various sizes of batch when
they are available.

uses the weights of a [ResNef}32 pretrained on ImageNet and never updates
them. FearNet also uses pretrained weights from a [ResNet] [CaRL] End-to-End IL and

[RPSnet|use a similar architecture but retrain it from scratch at the beginning and fine-tune
it with each new batch.

The performance of the Nearest prototype baseline proves that there is high bene-
fit in using pretrained feature extractor on this kind of dataset. FearNet shows better
performance by taking advantage of a warm-up phase with 50 classes.

We can see that is able to clearly outperform all the other approaches,

reaching 72% accuracy after training on 100 classes. This result is particularly impressive.
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Figure 4.3: Comparison of the accuracy of severalmethods on CIFAR-100 with various
batches of classes. In parenthesis is indicated the number of classes per batch. FearNet’s
curve has no point before 50 classes because the first 50 classes are learned in a non-
continous fashion. FearNet and Nearest prototype all benefit from a fixed pre-
trained feature extractor. and Nearest prototype are our own implementations,
the other results are reported from their original paper.
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For comparison, we were only able to reach 76% accuracy on a trained on all the
CIFAR-100 data at once.

We can see that the performances of methods retraining from scratch
End-to-End IL and quickly deteriorate compared to those using pretrained pa-
rameters. Even with larger batches of classes, the gap is still present. Notice that one
cannot simply adapt those methods by using them with a pretrained feature extractor
like we do. They are not design to take advantage of pretrained features. Their updating
procedure rely on carefully modifying a complex model to make it compatible with new
data. By only updating the last layers, their value is very limited. The authors of FearNet
have provided experiments that still show inferior performances for even with a
fixed feature extractor.

It can be surprising that at the end of its warm-up phase, FearNet still has an accuracy
bellow even though it has been trained on all the data available at this point.
It should be noted that FearNet is training an autoencoder and uses its encoding part as a
features extractor (stacked on the before classifying a sample. This can diminish
the discriminative power of the network since it is also constrained to reproduce its input

(only a single autoencoder is used for all classes).

4.2.3 Experiments in multi-head Continual Learning

We provide additional experimental results in the multi-head setting, which consists in
learning independent tasks as previously defined in Section [I.2.1] We propose to perform
the learning of CIFAR-100 with 10 tasks of 10 classes each. The results are displayed in
Table The training procedure of does not change from the usual single-head
learning but, at test time, the evaluation is processed by batches of 10 classes (instead of
the whole dataset). The accuracy score is the average accuracy over all 10 tasks.

We report the results from various methods of multi-head learning. Although our
approach is able to match state-of-the-art results in accuracy, it should be noticed that it

is drastically more memory and time consuming than some baselines. [OvA-INN| requires

to train entire new layers whilst [Dynamically Expandable Networks (DEN)|is optimized

to use as little additional parameters as possible to learn a new task. That being said,
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Table 4.3: Comparison of the accuracy of several multi-head methods on CIFAR-100
on 10 tasks of 10 classes.

Model Accuracy
Elastic Weight Consolidation (EWC)| [36] 81.34%
Progressive Networks [63] 88.19%
Dynamically Expandable Networks (DEN)| [98] 92.25%
Our approach: (OvA-INN 92.58%

none of the compared methods can be applied in the single-head setting.

4.3 Discussion

4.3.1 Visualization

To further understand the effect of an on the feature space of a sample, we propose

to project the different feature spaces in two dimensions. To perform this projection, we

rely on the [t-distributed stochastic neighbor embedding (t-SNE)| algorithm, which is a

non-linear dimensionality reduction technique commonly used for high dimensional data
visualization [99].

In Figure we project the features of the first five classes of CIFAR-100 test set.
The [i-SNE] hyperparameters used for obtaining this Figure are listed in Table {4 Each
class is represented with a different color.

The projection of features extracted by the is displayed on a single plot (Fig-
ure , since those features are computed from a single network. Cluster centers are
represented by black crosses. A sample closer to a cluster center indicates a higher confi-
dence of the network to predict the class corresponding to the cluster.

In the projections of Figure [{.4a] we can see that some samples appear in
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(a) (b)
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Figure 4.4: t-SNE projections of feature spaces for five classes from CIFAR-100 test set
(colors are given by the ground truth). (a): feature space before applying @ (black
crosses are the clusters centers). (b),(c),(d),(e),(f): each feature space after the [[NN] of
each class. The samples of a class represented by a network are clustered around the zero
vector (black cross) whilst the samples from other classes appear further away from the
cluster.
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a cluster of a different class. Those samples are likely to be misclassified by a distance-
based method since the dimensionality reduction did not manage to distinguish them from
samples of other classes.

For the we display the projection of features computed by each of the five

networks on separate plots (Figures {4.4bf |4.4c| [4.4d] {.4e} and [4.4f for networks 1, 2,

3, 4, and 5, respectively). In this case, we observe that classes that are already well
represented in a cluster with features (like the violet class) are clearly separated
from the clusters of On the other hand, classes represented with ambiguity by

features (like the light green and the red classes) are better clustered in the

space. Figure therefore, highlights the power of in a very visual manner.

Table 4.4: Hyperparameters

Hyperparameter Value

Perplexity 15.0
Principal Components 50

Steps 400

4.3.2 Limitations

A limiting factor in our approach is the necessity to add a new network each time one
wants to learn a new class. This makes the memory and computational cost of
linear with the number of classes. Recent works in networks merging could alleviate the
memory issue by sharing weights [100] or relying on weights superposition [101]. We will
propose our own method to further improve memory efficiency in Chapter [5

Another constraint of using is to keep the size of the output equal to the size of
the input. When one wants to apply a feature extractor with a high number of output
channels, it can have a very negative impact on the memory consumption of the invertible
layers. Feature Selection or Feature Aggregation techniques may help to alleviate this

issue [102].
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Finally, we can notice that our approach is highly dependent on the quality of the
pretrained feature extractor. In our CIFAR-100, we had to rescale the input to make it
compatible with Nonetheless, recent research works show promising results in
training feature extractors in very efficient ways [103]. Because it does not require to
retrain its feature extractor, we can foresee better performance in class-by-class learning
with as new and more efficient feature extractors are discovered. In this regard,

we will present results on feature extractor design in Chapter [6]

4.4 Conclusion

In this chapter, we proposed a new approach for the challenging problem of single-head
[CT] without storing any of the previous data. On top of a fixed pretrained neural network,
we trained for each class an to refine the extracted features and maximize the log-
likelihood on samples from its class. This way, we show that we can predict the class of a
sample by running each and identifying the one with the highest log-likelihood.
This setting allows us to take full benefit of pretrained models, which results in very
good performances on the class-by-class training of MNIST and CIFAR-100 compared to
prior works. The next chapters present two optimizations of the scheme to

enhance its applicability in real-life settings.
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Chapter 5

Memory Efficient Invertible

Neural Networks

5.1 Introduction

A consistent body of work has been dedicated to developing hardware accelerators to
improve the training efficiency of neural networks [104] [I05]. The goal of these works
is to allow the training procedure to be performed on devices at the edge, with limited
computational and memory resources. Most of the research has focused on optimizing the

representation of network parameters, but the cost of storing a sufficiently large database

to perform the training is also a critical issue. [Continual Learning (CL)| could provide a

very profitable solution for the training of neural networks on embedded deviced]

This chapter is based on a publication published at the International Conference on Artificial Intelli-
gence Circuits and Systems, 2021 [106]

83
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5.2 Related works in the circuits and systems community

The circuits and systems community is increasingly engaged in building efficient hardware
to make the training of neural networks at the edge a reality [I07HIT0]. Recently, the au-
thors of [I11] proposed to investigate the performance of quantization techniques for
and have simulated various bits representations for the weights, activations and gradients

values during training. In their experiments, they use the method proposed by

[mental Classifier and Representation Learning (iCaRL)l We can observe that this type of

quantized training regime can lead to inefficient learning for complex tasks in the case of
exemplars-based methods. Indeed, updating the whole network requires to be cautious
to avoid the collapse of previously acquired knowledge, but this objective is particularly

difficult to ensure with quantized gradient introducing noise in the training procedure.

Another approach has been studied, using self-organization neural networks, where a

[Field-programmable gate array (FPGA)| based custom hardware architecture is able to

dynamically grow additional neurons and connections to improve its knowledge represen-
tation when presented with new data [I12]. In particular, this system does not rely on
stored data from previous classes. The major limitation of this approach is that it is de-
signed to learn with batches of several classes, which can lead to poor performances with

batches of a single class.

In this chapter, we propose using [One-versus-All Invertible Neural Network (OvA-|

for at the edge. The largest challenge of this technique for embedded systems,
however, is that it requires storing each network, resulting in a high cost in memory. In
the following sections, therefore, we propose to reduce the impact in memory of networks
storage for By using an efficient factorization of its matrices, we show that
can have a significantly better trade-off between accuracy and memory usage
compared to other solutions such as FearNet and
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5.3 Memory impact analysis

The memory cost of depends on the number of invertible layers L per network,
the number of classes 7" and the matrix size N (for N x N weight matrices). Notice that
N depends on the data size and cannot be changed. Otherwise, the network would not be

invertible. A naive implementation would have a memory impact of

Mnaive = 2TL(N2 + N), (51)

expressed as a number of parameters.

In the previous formulation of (Chapter , the memory used is reduced by
using low rank matrices. Hence, each matrix of size N x N is written as the product of
two smaller matrices of size N x M and M x N (Figure top). The previous memory
cost is, therefore,

Moriginal = 2TL(2MN + N). (5.2)

To further decrease the memory cost to store the weight matrices, we propose to
represent them with two common matrices for each layer operation. Consider a given set
of matrices in a given layer (Figure bottom). We can write the associated matrices
for each class t as W; = AV;B where the V; are of size M x M, and A; and B; are the

common matrices. With this modification, the memory cost is now

Mefricient = 4NML + 2TL(M2 + N) (53)

We can see that this memory cost value features a first term independent on T and that
in the second term, the product N M has been replaced by M?, which is very advantageous.
M can indeed be chosen arbitrarily small, as long as the network is still able to perform

well. A simple illustrating case with L =1 and T' = 2 is represented in Figure [5.1

Since this matrix formulation implies to update all matrices, we had to add a new term
to the loss to limit the update on matrices of previous classes. When learning a new class

t, we store the weight matrices from the previous ¢t — 1 classes and label them as A°d, Bold
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Figure 5.1: Diagram illustrating the differences between the original implementation of
(top) and the optimized method (bottom). This figure only represents the case
of the sequential learning of two classes with one layer (with one operation for each class).
The fixed feature extractor is represented by the dotted rectangles. first update
the parameters for the class 1, then the parameters for the class 2 during a second step.
With this new approach, each network still has its own path but some parts are shared,
this implies that the whole network has to be updated during the second phase.
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and V9! for each i < t. These matrices will be used as a constraint when learning the
new class and will be discarded afterward. The weight for the new class W; will also be
discarded as we will use the newly computed V; (W is only used to stabilize the learning

process). The constraint term for a set of matrices S is then

t—1
£y =>"||AMVIMBOY — AV,B|? + |[W, — AV,B|. (5.4)
=1

As the network will update itself with data of new classes, the matrices A, B and V;
will slowly drift away from their initial values, especially for the earliest learned classes.
But if this constraint is enforced, the drift will be limited and it will have a negligible
impact on the network accuracy.

The constraint must be applied to all sets of matrices used in each layer, leading to

Ly =Y rf. (5.5)
S

The optimization loss LY for maximizing the log-likelihood of an [Invertible Neural|

[Network (INN)| f; with a feature extractor ¢ on a class t being:

£ =2 S A3, (56)

Z‘GXt
we can write the final loss when learning a new class ¢ with our proposed method as

L= L+ ML, (5.7)

where ) is a constant hyperparameter.

5.4 Experiments

We conduct our experiments on the CIFAR-100 dataset, as in Chapter [ The data for

each class is fed one class after the other and the final accuracy is reported on the CIFAR-
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100 test dataset. The implementation details and hyperparameters choice is similar to the

implementation proposed in previous chapters, and reported in Table

Table 5.1: Hyperparameters. Intervals indicate that various values have been chosen for
the experiments.

Hyperparameter Value
Learning rate 3e-3
Number of epochs 3000
Weight decay 2e-4
Batch size 125
Regularization term A 0.2
Number of layers L [1,2]
Matrix size N 256

Compression parameter M  [2...64]

Number of classes T' 100

5.4.1 Baselines

We compare the performances of our method with the original presented in
Chapter 4| Additionally, we report the performances from FearNet [I13], which generates
samples from previous classes to update itself. This generative process requires to store
statistics for each class and to have a consequently large model to ensure a sufficient
quality of generated samples. Those requirements have a significant impact on its memory
consumption. We also report the performances of [45] adapted with a fixed feature
extractor (taken from [I13]).

Finally, we add a simple baseline called Nearest Neighbour, which consists in computing
the mean of the extracted features for each class. By computing the features of a new

sample, the class can be predicted by finding the closest mean. No additional learning
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is required for this baseline and it only require to store the mean of the features of each

class.

5.4.2 Results

Figure [5.2] presents the accuracy results of our technique and of the baselines. Each point
corresponds to the final accuracy after learning 100 classes one by one for a given model
size, expressed in megabytes, and assuming four bytes by parameter. The weights of the

feature extractor are not counted in the model size, as they are common to all baselines.

For the based approaches, we vary the parameter M from 2 to 64, to get
different model sizes. We observe a natural trade-off between accuracy and model size.
We evaluate our approach in the case of one and two stacked invertible layers for each

class.

We can see that our approach is less affected by the decrease in accuracy with smaller
model size than the original For the smallest models, our approach can even
match the accuracy performance of the original, with a memory cost reduced by a factor
five. Our method has also a better accuracy than the Nearest Neighbour (62% against

56%) with almost the same model size.

The one-layer system has a trade-off between accuracy and model size that
is slightly better than the two-layers However, one-layer is limited

to an accuracy of 66%.

We can notice that [CaRT] performances are beneath the other methods. This approach
has indeed not been designed to take into account that the feature extractor is fixed. But
updating the feature extractor in a [CI] setting is a very costly operation and does not
scale efficiently when combined with weight quantization. Our experiments show that
approaches based on a fixed pretrained feature extractor are a promising candidate for

implementing more efficient and reliable [CT] algorithms on embedded systems.
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Figure 5.2: Comparison of the trade-off between accuracy and memory consumption of
various approaches for the single class incremental learning of CIFAR-100. All methods
use a pre-trained [Residual neural network (ResNet)B2 but its memory impact is not taken
into account for the model size in this figure. The original implementation of
uses two layers of But we can see that with our approach, for really small models
at a given model size, it is more efficient to use only one layer rather than two more
compressed layers. On the contrary, with bigger models the factorization proposed in this
article cannot compete with the original implementation.
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5.5 Conclusion

In this work, we have proposed a method for reducing the memory impact of training [[NN§|
in the case of single class incremental learning. We have conducted experiments on the
CIFAR-100 dataset to illustrate the trade-off between the final accuracy and the memory
cost of this implementation. Our results show that this approach is more efficient than
related state-of-the-art methods.

Because it does not require to update the entire network and does not rely on any
previous data, this implementation provides a promising solution for the [CL] of neural
networks on embedded systems. Future research could examine the impact of quantization

methods on this implementation and deploy it on a chip.
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Chapter 6

Learning a common feature

extractor for Continual Learning

In the previous chapters, we have been relying on a pretrained feature extractor as the basis

for the [One-versus-All Invertible Neural Network (OvA-INN)[approach. This technique

can be a very efficient way of training a model on a new database, especially when few

labeled data are available. However, it is not always straightforward to find a pretrained

model for any data type. End-to-end |[Continual Learning (CL)| is therefore also highly

desirable.

For this purpose, in this chapter, we explore what makes a feature extractor compliant
with [CI] The core idea of the chapter is to train a feature extractor on a subset of classes
from a dataset and subsequently learn the remaining classes in a continuous way without

updating this extractor.

We will first explain our intuition for using a model based on invertible layers as a

93
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feature extractor, then present an architecture suited for our purpose and finally provide

experimental results on the CIFAR-100 dataset confirming the viability of our approach.

6.1 Limitations of a pretrained feature extractor

Pretraining the model on external data, as we have done in the previous chapters, can

be a convenient approach for learning each class of a dataset one by one with batches of

limited size. However, pretrained feature extractor also bring some important challenges:

e Input preprocessing. As we have remarked in our previous experiments, we had

to resize the images from CIFAR in order to make it compatible with the pretrained

[Residual neural network (ResNet)l This had to be done since the CIFAR and Ima-

geNet data have very different scales. Such preprocessing steps can rapidly become

cumbersome, and they could be avoided with a suitable feature extractor.

Memory size. When importing a model from the literature, there only exists a
handful of possible models to choose from (unless we are willing to conduct new
experiments on the whole source dataset). This means that we may end up with
an unnecessary large model that requires large amount of memory to be stored.

Designing our own model can allow us to ensure an optimal use of available memory.

Computational cost. For the same reasons as the previous point, an unnecessarily

large model would require more computations than needed.

Features relevance. A model trained on external data may not provide the optimal
features for the data of the current task. Changes in scale, lighting or the way the

data is produced can have very negative impact on performances.

For all these reasons, recent research has taken interest in a very compelling alternative

setting, where we would be to have access to a pool of data from several classes for

training a first model and then have only access to future single-class batch one by one for

updating the model. This situation may allow harnessing the benefits of both pretrained
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and dedicated feature extractors: we can first train a model end-to-end on a set of multiple
classes, and then update it with batches of a single unseen class [42), 47, [53].

The work reported in this Chapter follows this trend and applies it to the case of

[[nvertible Neural Networks (INNs)|

6.2 Proposed architecture

As we have seen in the previous section, training a model end-to-end for [CI] is of high
interest. However, most of the work in the literature is dedicated to designing new training
strategies to tackle this challenge. In other words, they are looking for answers to “How
should a network be trained in these conditions?”. As for us, we think it is also essential
to ask for “Which type of networks are compatible with this style of learning?”. In the
next paragraphs, we will present our point of view on the potential limiting factors of

commonly used architecture for [CL] and propose a different approach.

6.2.1 Motivations and challenges

Typical neural architectures can be viewed as a stack of transformations that synthesize
increasingly abstract concepts from the data in order to answer a problem (e.g., classi-
fication, segmentation, regression,...). The last layers contain all the information needed
to make a prediction. That is why it is a common practice to use a pretrained model to
answer a different problem, provided that the data of the new problem is similar enough
to the data of the previous problem.

This is certainly a relevant approach for traditional learning tasks when all the data
is available from the start. Neural networks are trained to discover useful patterns in the
data and discard any information that cannot provide insights to answer the problem at
hand.

However, this strategy appears limited in the case of [CL] where a good model should
retain as much information about the data as possible, since this information may become

useful for a future task. For example, if only shape detection is necessary for a model
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Figure 6.1: Our proposed architecture of feature extractor is designed in a way to take
advantage of both standard non-invertible networks and

to classify a set of images, it will not learn any feature related to color. So, if we were
to introduce new classes to this classification task, and that these classes required color
features to distinguish them from old classes, the previously learned features would be

irrelevant for this new task.

Elaborating features without losing any information is precisely the goal of By
allowing the full recovery of the input given their output, they are indeed guaranteeing

that no information is discarded during the learning phase.

However, [NNg also have limitations as feature extractors. Requiring that an invertible

layer output must have the same size as its input implies two main drawbacks:

e The number of parameters of each layer depends on the size of the input, which can

be very high for large images.

e The output size of the feature extractor is the same as its input size. This can lead

to important memory consumption for the that will use these features.

It is therefore crucial to design an architecture that offers a good balance between invertible

and non-invertible networks (see Figure [6.1)).
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6.2.2 Components of the architecture

We propose a new architecture building on the recent (Generative Flow (Glow)| model [77].

As the first approach succeeding in synthesizing realistic images from large datasets,
[Glow] appears as a favorable choice for creating an efficient feature extractor.

Our strategy consists in stacking multiple blocks with [Glow] components and dropping
a part of the features after each block, as represented in Figure [6.2] This way, the output
size of each layer can be chosen as an hyperparameter of the model. Although dropping
features is detrimental to the invertibility of the network, each layer is still invertible on
its own. Our hypothesis is that even though some information is lost in this process,
the information remaining is still more valuable than in a conventional neural network
architecture.

We will now give a quick review of the components of [Glow] more detailed descriptions

can be found in the original paper [77].

o Actnorm is a normalization layer whose parameters are trained (not computed over

batches).

e Invertible 1 x 1 convolution is a layer that can be easily inverted and can be see

as a way to shuffle the channels.

o Flow is a block constituted by stacking a layer of Actnorm followed by Invertible

1 x 1 followed by a coupling layer.
o Split is a layer that separates its input into two halves along the channel dimension.

e Squeeze is a layer that reshapes a tensor of size H x W x C' into a tensor of size

H/2 x W/2 x 4C.

Furthermore, we replaced the activation functions of the original by Swish acti-
vations [I14]:

f(x) =z x sigmoid(z). (6.1)

This choice is favorable, as Swish activations do not rely on a threshold (unlike the

ReLU activations) and do not saturate (unlike sigmoid activations).
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Figure 6.2: The architecture of feature extractor used in our experiment. The non-
invertible operations are represented in blue. The sign x3 indicates that the corresponding
layer is stacked 3 times. The cross X indicates that half of the channels are being dropped
after a Split.
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6.3 Experimental Results

We propose to evaluate the performances of associated with this architecture
and compare them with the performances of associated with and other
approaches using (and updating it).

6.3.1 Experimental protocol

We will rely on the CIFAR-100 dataset. In this setting, the training is divided in two
phases. First, each method has access to the first 50 classes of the dataset and can
train on all of them together. Then, the next 50 classes are sent to be trained one by
one. Contrarily to the previous chapters, none of the approach are based on a pretrained
feature extractor,

During the first training phase with 50 classes, we stack a fully connected layer on
top of our proposed architecture, namely after the last Squeeze layer in Figure [6.2] The
loss used at this point is the cross-entropy. After the training has converged, we can drop
this layer and replace it with 50 different This way, the first are trained over
fixed feature, just like the next that will be leaned in a continuous fashion. Ensuring this
symmetry between the trainings is crucial to guarantee good performances.

To avoid losing performances when transitioning from fully connected to we
apply a sigmoid function on the features and constrain the linear layer weights to stay
in the interval [—1,1]. This makes the features easier to learn for the With these
modifications, we observe a reduction lesser than 1% in accuracy for the compared

to the fully connected layer.

6.3.2 Implementation details

We based our implementation on a github repository [I15]. The authors indicate that the
optimizer Adamax [95] provides optimal results, so we also used this optimizer.

The hyperparameters for the [CI] phase are similar to the ones previously used in
Chapter ] and the hyperparameters of the feature extractor training are summarized in

Table
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Note that unlike previous experiments, no scaling of the input images is necessary.
Namely, the network takes directly images of size 32 x 32 as input.

During the first training phase, with 50 classes, we rely on data augmentation to
improve the performances of the feature extractor. This includes standard augmentation
operations such as random cropping, random horizontal flipping and random rotations.
Since our [Glow}based model has a slightly higher number of parameters compared to
its counterpart, we additionally rely on a mixup data augmentation step for its

training [116].

Table 6.1: Hyperparameters

Hyperparameter Value
Learning rate 5e-3
Number of epochs 300
Weight decay 2e-4
Batch size 250
Actnorm scale 1.0

First convolution size Cy 16
Coupling layer type affine

Mixup parameter « 0.2

6.3.3 Evaluation on CIFAR-100

We reproduce the experimental setting proposed in [Pooled Outputs Distillation Network]

[42]. Tt consists in providing the network with the first 50 classes of CIFAR-100
as a pretraining phase, then update the network with batches of a single class. In their
work, all the baselines rely on a custom [ResNet32 feature extractor. This is a lighter
version of the original [ResNet] specifically made for CIFAR (see Section 4.2 of the [ResNet]

paper [117]).



6.3. EXPERIMENTAL RESULTS 101

Table 6.2: Here are displayed for each approach its feature extractor architecture, its train-
ing strategy and its mean accuracy. The performances of are greatly improved
by choosing our proposed feature extractor, allowing it to outmatch all baselines without
updating its feature extractor.

Method Feature Feature extractor training Mean
extractor accuracy
GFR) ResNet Trained on 50 classes, then partially | 54.97
updated with each class

OvA-INN ResNet Trained on 50 classes, then fixed 56.06

Rebalance ResNet Trained on 50 classes, then updated | 57.08
with each class

PODNet ResNet Trained on 50 classes, then updated | 61.44
with each class

OvA-INN||Glow| | [Glow}based | Trained on 50 classes, then fixed | 64.81

Some of the baselines rely on exemplars storage: |[PODNet| [42] and Rebalance [47].

While [Generative Feature Replay (GFR)| [61] use a generator to produce features for

replay. The various methodologies are summarized in Table [6.2] This table also displays
the mean accuracy, which corresponds to the mean over the performances after each of

the 50 phases of [CL]

Performance analysis

In Figure PODNet| and Rebalance results are reported from [42]; results are
reported from [61]. We display the performances of [OvA-INN| with a and with our
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new [Glowl based architecture.

We can see that with is one of the least efficient methods. The
[ResNet] indeed focused its representation capacities on the 50 first classes and those are
not reliable for learning the next classes. Other approaches are probably doing better
thanks to their ability to update their with stored data. Except for [GFR] which

does not store exemplars and ends up as the least efficient method in this setting.

However, we can clearly see that with our proposed architecture of feature
extractor is performing well above the others. This confirms our hypothesis that invertible
layers convey more useful informative features for future learning phases. Notably, we can
notice that this architecture is not simply more powerful for data discrimination than
the other. Its performances for the first 50 classes are indeed lower than all the other
baselines. By adopting invertible layers as feature extractor, we traded a small amount of

performances at the beginning for more sustainability during the following [CL] phase.

Memory impact

We did not use the memory optimization proposed in Chapter [5| but rather relied on the
original implementation. Our goal is not to study the trade-off between memory and
accuracy. We are interested in providing the best accuracy possible, but we emphasize

that it is always possible to decrease the memory impact of at the cost of a few

points in accuracy.

Still, our implementation remains competitive compared to the exemplars-based ones,
as shown in Table[6.3] The top layer parameters column represents the cost to store a fully
connected layer for and all the for the [Glow}based architecture. The Data
memory column indicates the cost of storing exemplars. In fine, our proposed architecture
is able to provide drastically superior performances with a lower memory impact compared

to the other baselines.
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Figure 6.3: Comparison between based and feature extractors. We can see
that the choice of feature extractor can be determinant for future performances in a [CI]

setting: clearly benefits from the proposed [Glow}based architecture compared
to a architecture.
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Table 6.3: Comparison of [ResNet| and |Glowtbased feature extractors in terms of memory
consumption and final accuracy.

Architecture | Method Network Top layer | Data Accuracy
params params memory
esNet] with | [PODNet
exemplars Rebalance
ResNet GFR)
ResNet OvA-INN

Glowlbased OvA-INN
Glow]




6.4. DISCUSSION 105

6.4 Discussion

The results of the experiments proposed in this chapter are strong arguments in favor
of exemplar-free methods for [CT] Whilst updating the feature extractor was considered
an efficient strategy thanks to the use of stored exemplars, we showed that an adequate
design of the feature extractor could ensure event better performances.

This is also an encouraging development for methods relying on fixed feature extractor,
the kind of It would indeed appear unlikely that methods updating the feature
extractor could benefit as much from invertible layers. Any update could have harmful
consequences on the performances of previous task. The whole point of using invertible
layer is indeed to benefit from previously learned feature for old classes; while still having
access to already useful features for the new classes without the need to make any update.

We should emphasize that these results are preliminary. There is still a lot to un-
cover about what makes a good feature extractor for [CL] This work is meant to foster
more research in this direction. We consider that there should be a trade-off between
the expressive power of a network for full batch learning, namely the first phase of the
experiment, and the expressive power for [CI] the second phase. This is clearly visible

in Figure [6.3] since [OvA-INN][Glow] is a little bit underperforming compared to the other

baselines for 50 classes but quickly compensates when provided with more classes in a[CL]

fashion.

6.5 Conclusion

In this chapter, we proposed a feature extractor architecture specifically designed for [CL]
tasks. We built our approach with invertible components from the [Glow] model of genera-
tive flows. We obtained noticeably good performances when pretraining this architecture
on the first 50 classes of CIFAR-100 before learning the next 50 classes in a [CL] fashion.
This work was a clear departure from the usual vision that a good model for full batch

learning should also be a good model for [CT] tasks.
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Chapter 7

Conclusion

7.1 Summary of our results

We started our study by illustrating how [Continual Learning (CL)|is a key component of

efficient and powerful deep neural networks training. With increasing opportunities for
application in a variety of fields and a growing in complexity of tasks to be learned, it is

clear that the challenge of learning in a continuous fashion is a subject of high in interest

for the future of [Machine Learning (ML)}

We presented a general definition of the goal of [CI] and insisted on the variety of ways
to address it. The literature is indeed filled with articles focused on different aspects of
the problem, under different assumptions (single-head, multi-head, single class, multi class,
without boundary,...). Each research team is tackling the problem from its own point
of view, sometimes with its own metrics, leading to a sprawling development. However,
recent effort have been made to unify the methodology of the community [41], [TT8].

We have proposed an extensive review of the literature in [CL] for deep neural networks.

107
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This allowed us to build our approach based on some limitations of the previous works.
The fundamental observation that we made was that retraining the entire model with each
newly added class was a very complex operation and was arguably unnecessary. So, we set
out to design a method based on a fixed feature extractor (either pretrained on external

data or a subset of the data at hand).

Before diving into the details of our approach, we dedicated a chapter to introduce

a modern neural network architecture with interesting properties. [[nvertible Neural Net-|

works (INNs)| recently gained a lot of interest in the deep neural networks community for
their mathematical grounding and computation efficiency. Notably, they are a reliable

approach for computing density estimations.

In the next chapter, we detailed our main contribution, |[One-versus-All Invertible Neu-|

[ral Network (OvA-INN)I which we used to tackle by relying on a set of independently

trained [[NN§| one for each class. At test time, each[[INN]is computed, and the one with the
highest confidence indicates the class of the sample. Our experiments, conducted on the
MNIST and CIFAR-100 datasets, showed superior results compared to other approaches

relying or not on a pretrained feature extractor.

Although we did ensure that our approach provided better performances compared to
other methods with a similar number of parameters, it was still a costly operation. To
improve this, we dedicated a chapter to the analysis of the memory impact of
and proposed a different training process to optimize memory usages. In our experiments,
we were able to illustrate a trade-off between the performances and the memory cost of
our approach. In particular, comparable performances with other approaches could be

attained with a significantly lower memory impact.

Finally, we investigated new ideas in support of a pretrained feature extractor for
[CI] Namely, we paid special attention to the architecture of the feature extractor to
make it more reliable for [CI] While commonly used neural networks appear prone to
overly specialize on original data, we hypothesized that it is possible to design neural
architectures that could extract more relevant features for the long term. To support
our claim, we proposed a new model of feature extractor based on [[INNs| components.

Experiments conducted on CIFAR-100 showed a clear advantage of our custom feature
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extractor compared to a [Residual neural network (ResNet) when used with [OvA-INN|

Notably, the combination of this model with was the best performing method

compared to all the other approaches.

7.2 Potential improvements to this work

While presents very convincing advantages for its ability to learn with a single
class batch and without stored data, we should also highlight some current limitations

that may serve as a starting point for future improvement.

7.2.1 Memory consumption

Although we put effort into making our approach as memory efficient as possible, the
memory cost is still linear with the number of classes. That being said, our optimization
strategy of matrix factorization remains applicable for any implementation of [NNg| leaving

room for improvement with more memory efficient networks such as continuous flows [81].

7.2.2 Architecture of the feature extractor

Our experiments in Chapter [6] showed that a feature extractor based on [[NNg components
appears highly beneficial for [CI] But these are only preliminary results that need more
theoretical investigation and empirical testing of other architectures. We think there is a
high potential for improvement in this direction. What makes a good multi-scale is

still an open question but progress is being made steadily [119].

7.2.3 Choice of the invertible neural network model

In this study, we chose to rely on coupling layers to build [OvA-INN] as it was a convenient
way to perform our experiments and demonstrate the validity of our hypothesis. We
would like to emphasize that, since the beginning for our work, have been greatly

improved over time and a lot of ongoing research is still happening to make them even more
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efficient [82, [120), 121]. There would be a clear benefit in using these new architectures in
our model. It may even be possible to design specifically optimized for the setting
of [OvA-INN

7.3 Future research directions

A main takeaway from our work is the high value of a carefully designed feature extrac-
tor associated with adequate density estimation methods. Although we have exclusively
investigated fixed feature extractors, there is still room for improvement by updating the
feature extractor. Notably, the generative ability of could be used to produce sam-
ples at the feature level or at the input level, allowing for modifications of the model much
like pseudo-rehearsal approaches [77].

Scaling our method to more complex datasets with higher number of classes is also
an important research avenue. In addition to the usual scaling challenges, an intelligent
strategy for choosing which to compute at test time should be proposed to avoid
unnecessary computations. In practice, it is indeed usually possible to divide a set of
classes into subsets of closed classes. By finding in which subset a sample belongs to, it
would be possible to avoid computing density estimations for the other subsets, a costly
and useless operation. More complex data may also require to identify features in a larger
dimensional space. Therefore, at some point, it will become crucial to rely on feature

selection [122] to avoid each to have to deal with all the features.
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