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Abstract

Lately, Convolutional Neural Networks have been successfully applied to solve several
kinds of tasks in the context of Supervised Learning. Labelled datasets are a crucial ele-
ment in those systems and, while the collection of unlabeled data is considered inexpen-
sive, their annotation is usually the most expensive part of the process. Active Learning
techniques aim to solve this problem by reducing the number of required annotations
to obtain the desired performance. The master thesis explores the state-of-the-art in
the domain of image classification, where most of the classical approaches are unsuc-
cessful because of the nature of input data. The proposed method combines both the
input space exploration, using CNN derived distance measure, and the refinement of the
decision boundaries, using uncertainty based techniques. Moreover, Active Learning
techniques have been integrated with Semi-Supervised Learning methods to improve
model accuracy and perform automatic labelization.



Sommario

Durante gli ultimi anni, le Reti Neurali Convoluzionali sono state utilizzate con suc-
cesso per compiere diversi tipi di compiti nel contesto dell’apprendimento automatico.
Un elemento cruciale in questi sistemi sono le collezioni di dati classificati e, mentre la
loro raccolta sia considerata come poco dispendiosa, I’annotazione manuale ¢ spesso la
parte piu costosa del processo. Le tecniche di Active Learning mirano a risolvere que-
sto problema riducendo il numero di annotazioni richieste per ottenere le performance
desiderate. Questa tesi esplora lo stato dell’arte nel contesto della classificazione di im-
magini, ambito nel quale, la maggior parte degli approcci classici non hanno successo a
causa della natura dei dati trattati. Il metodo proposto combina sia I’esplorazione della
varieta immagini presenti nella collezione, usando delle distanze derivate dalle CNN,
sia I’affinamento dei margini di decisione, utilizzando il valore di probabilita dato dalla
rete neurale durante la classificazione. Inoltre, le tecniche di Active Learning sono state
integrate con quelle di Semi-Supervised Learning per migliorare le performance della
rete neurale e annotare automaticamente delle immagini specificatamente scelte.
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Chapter 1

Introduction

Over the last two decades, Machine Learning has become the core technology in a lot of
intelligent systems. These algorithms make use of data jointly with statistical techniques
to give the system the ability to learn without being explicitly programmed. Machine
Learning techniques can be divided into three classes: Unsupervised, Semi-Supervised
and Supervised Learning. The three classes can be distinguished by the kind of data
required in the different cases. While unsupervised learning methods exploit data with-
out any additional knowledge, the supervised learning methods require supplementary
annotation associated to each sample, that will be used to teach the system. Finally,
using semi-supervised learning, annotated data are used to teach the system combined
with annotated data to gain additional knowledge.

1.1 Internship Context

This internship takes place in the computer vision R&D team of Atos in Grenoble. The
team is part of the Extreme Big Data (xBD) division of the company, created after the
acquisition of Bull, which specializes HPC (High-Performance Computing). The R&D
department is composed of 10 teams, among which there is the xBD team that create
and optimize Data Science tools to be used on supercomputers.

Recently, the team has been focused on the creation and improvement of computer
vision based systems. Most of the technologies used in the team-projects apply deep
learning methods and need valuable annotated data in order to have good performances.
From these considerations stems the need of state-of-the-art active learning system, ca-
pable of minimizing human efforts to create annotated datasets.
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1.2 Motivations behind Active Learning techniques

Recent approaches in machine learning are focused on learning from a massive amount
of data. Unfortunately, most of the data available today do not contain the additional
information needed by supervised techniques and so they require to be manually anno-
tated by a human agent. Active Learning, the subject of this master thesis, addresses this
problem trying to select the most informative samples (a subset of the complete dataset)
for the labelization, in order to reduce human effort and obtain a model that matches as
closely as possible the performance of the model trained on the fully-annotated dataset.

In the literature, there exists different applications for the active learning methods,
for example in the domain of speech recognition where these methods are widely used
and capable to obtain impressive results. Another classic but challenging application of
this technique is in the domain of image classification, where the annotation can be te-
dious, especially for a large quantity of data. For this master thesis, image classification
is the task that we address using deep neural networks' based classifiers. Most of the
existing literature on active learning makes use of different type of classifiers such as
SVMs?. The use of neural networks introduces new possibilities as well as new prob-
lems to take into account and they are detailed and addressed in this thesis.

A successful active learning method should be able to obtain a more accurate model
with the same amount of annotated data or should obtain the same performance of a
model learned using a larger amount of data. In this case, the reduction of the amount of
annotations will lead to a reduction in the time spent by humans (often domain experts)
to create competitive labelled datasets. Active Learning methods can be divided into
two main categories presented hereunder.

Pool-Based Active Learning: is an approach in which there is the availability of a large
pool of unlabelled samples. Active Learning algorithms, using a query strategy, itera-
tively select what are the best samples to teach the classifier.

'Neural networks are a set of algorithms that are designed to recognize patterns. They recognize numerical
patterns contained in vectors, into which all real-world data be it images, sound, text or time series, are encoded.

2SVM is an acronym standing for support vector machines, which are supervised learning models used for
classification or regression analysis
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Figure 1.1: Pool-Based Active Learning Workflow

The Figure 1.1 graphically shows the workflow followed in this approach. As can be
seen, the machine learning model is presented with a fixed pool of unlabelled instances.
On each step, using the chosen strategy, the procedure selects one or more samples
that it considers the most informative to speed up the learning. After being chosen, the
instances are submitted to a human expert (the oracle) who provides the correct labels.
The next step is to retrain the model, using additionally the newly available samples,
and reiterate these steps till a condition on the maximum number of annotations or on
the accuracy of the model is met.

Stream-Based Active Learning: is a slightly different approach with respect to the pre-
vious one. In this case, the learner is presented with a stream of unlabelled instances.
For each incoming instance the model, using a given decision strategy, chooses whether
to ask the oracle for annotation or not. The main difference is that, in the previous
case the data samples are fixed, while in this case, there is a stream of samples and the
learner should make a real-time decision on which samples could be useful to be part of
the learning dataset. The Figure 1.2 explains graphically the case.

The algorithms belonging to this family differs from the pool-based ones in the in-
formation at their disposal. In the case of a fixed dataset, in fact, there is the possibility
of ranking the samples and compare each one to the others while having a stream of
data processed one-by-one, does not allow such ranking.

The context of this project is more oriented towards the pool-based approach but,
some of the considerations can be extended to the stream-based methods. The next
section will introduce the contribution of this thesis and details the concerned parts of
the system.
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1.3 Contribution

This master thesis aims to explore state-of-the-art methods concerning the possible ac-
tive learning strategies in the context of deep neural network classifiers. To better ex-
plain the contributions of this thesis it is necessary to sum up the fundamentals elements
to define an active learning system, which are:

* The model (its class at least) used to perform the classification task.
* A dataset containing unlabelled samples.

* A query or decision strategy that is used to choose, between the unlabelled sam-
ples, the next one to be proposed to a human expert.

» The human expert (oracle) itself that will be used to obtain the correct labels.

Using a well-known architecture for the classifier and fully-labelled datasets for test-
ing, different strategies have been analysed. In addition, a new method has been pro-
posed that combines the information coming from different sources to create a unique
score, used to rank each sample, according to the predicted contribution to the learning
process. The methods will be validated by quantitative results on benchmark datasets.

Dealing with a partially annotated collection of data, in order to improve model’s
performances, semi-supervised learning methods have also been used. Under these con-
ditions, multiple criteria have been used to choose and validate a set of pseudo-labelled
samples, starting from the un-annotated ones. In conjunction with the improvement ob-
tained using an efficient query strategy, those methods significantly improve the model’s
accuracy. Detailed and quantitative results can be found in chapter 5.

10
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1.4 Report Structure

The remaining part of this thesis is divided into five chapters, the structure and content
of which is detailed below:

* Chapter 2 is dedicated to an introduction of the context and an overview of the
related works about different strategies for the active learning.

* Chapter 3 contains the details about the possibilities and challenges addressed in
this project.

* Chapter 4 presents the proposed method along with the rationale for each choice.

» Chapter 5 is about the experiments and quantitative tests done to validate the de-
cision for the implemented system.

* Lastly, chapter 6 is dedicated to final considerations and future development of the
work done for this master thesis.

11



Chapter 2

Context and Related Works

As pointed out in the introduction, one of the most relevant aspects in active learning,
from a research perspective, are the query strategies. They define the methodologies
by which the samples are chosen from the full set of unlabelled ones. In the following
sections the context for this master thesis is defined and the existing strategies are in-
troduced, underlining their strengths and weakness in the context of deep learning and
neural network based classifiers.

2.1 Deep Learning

Deep learning is a subfield of machine learning that makes use of a set of algorithms
loosely inspired by the structure and function of the brain, called artificial neural net-
works. An artificial neural network is a collection of units called neurons linked by
connections that allow the transmission of the signals. The Figure 2.1 illustrates this
kind of architectures.

In the figure, the connections are represented (using black lines) and, in different
colours, the input neurons that correspond to the input signals (in red), the hidden (in
yellow) and the output ones (in blue). In this case, there can be one or several hidden
layers' defining the depth of the network.

2.1.1 Neural Networks

The artificial neural networks are made of different components, the following para-
graphs will introduce them in details.

LA layer is a set of nodes belonging to the same level in the network.

12
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Input nodes Hidden nodes [ Output nodes

Figure 2.1: General Architecture for an Artificial Neural Network.

Neurons The neurons are the entities that correspond to the computational units. They
receive the input signals (in the form of numerical vectors) and apply to them a trans-
formation given by the activation function f that transforms them to the output signals.
Input neurons have no predecessor but serves as input interface; similarly, the output
layer neurons have no successor and serve as output interface.

Connections The connections are the links between different neurons and let the signal
flow through them. Additionally, a weight w;; is assigned to each connection, where i, j
represent respectively the indexes of starting and ending neurons.

Propagation function: The propagation function is the function that computes the in-
put for the next neurons starting from the output of the previous one. In this case, it is
typically of the form p(t) = Y 0:(¢)w;;

Learning rule: The learning rule corresponds to the algorithm used to modify the pa-
rameters of the neural network, in order to make the classifier learn patterns from the
input data during the training phasewhich usually is the stage in which the network is
taught, modifying the weights and thresholds.

Artificial neural networks are widely used to build classification systems for Natural
Language Processing and Computer Vision. The project of this thesis is about this last
topic. Over the years deep neural networks have outperformed previous state-of-the-
art machine learning models in several fields and particularly in Computer Vision. In

13



2.1. Deep Learning

this case, the most used variants are the Convolutional Neural Networks that will be
introduced in the section below.

2.1.2 Convolutional Neural Networks

Not unlike traditional neural networks also Convolutional Neural Networks consist of
an input, an output and multiple hidden layers. The hidden layers in a CNN? usually are
of four different types, depending on the kind of operation they perform. The following
paragraphs will introduce the operation performed by the different layers. For more
details, the reader can refer to the Appendix A.

Convolutional Layers: The primary goal of this kind of layers, in the context of Com-
puter Vision, is to extract features from the input image by applying the convolution
operation over the input signals. In the case of CNNs, this type of layers consists of
a set of learnable filters, each of which is a small window (in width and height) that
extends through the full depth of the input volume. During the forward pass 3, each
filter is convolved across the width, height and depth of the input volume and compute
dot products between the entries of the filter and the input at any position.

Pooling Layers: This type of layers are often introduced between successive convolu-
tional layers. The pooling layers operate independently on every depth slice of the input
and resize it spatially. In the convolutional case, this layer can perform different opera-
tions using a sliding window of variable shape (usually squared). Common operations
are max(-) or avg(-) that usually reduce the dimensions of the input.

Dense Layers: This kind of layers (often named also fully-connected layers) have the
classic pattern that can be found also on regular neural networks. The neurons have
full connections to all activations in the previous layer. This type of layer is usually the
last one in a CNN. In the active learning strategy discussed in Algorithm algorithm 2,
the output of this layer is used to define the input space and so, to compute distances
between samples.

The categories above are the most used types of layers in the case of CNNs. This
class of networks are used, instead of the classic ones, because of the scaling problem
that CNNs resolve, in fact, using only the dense connection scheme, with the large size
of the inputs (considering the resolution of the images), the number of parameters to
handle can make the computational cost intractable.

2 Acronyms standing for Convolutional Neural Network.
3The stage in which an image is passed through the network.

14
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2.2 Learner’s committee

One of the earliest strategies to choose most informative samples from a given pool
makes use of a committee of voters and exploit their output to deduce that information.
In this context, the voters are represented by a group of classifiers that give a confi-
dence information for the input classification. The family of strategies called Query by
Committee[21] makes use of the principle of maximal disagreement to choose the next
sample to be labelled. The idea behind this technique is that the degree of disagreement
among a committee of voters can serve as an estimate of the informativeness value. It is
necessary to point out that more than one learner is required to implement this strategy
because it checks the degree of disagreement using multiple probability scores. More-
over, the members of the committee should be trained, at each iteration, with all the
available annotated samples.

The algorithm proceeds iteratively by selecting, each time, a single sample that max-
imizes the disagreement function, that can be defined in several ways. One of the most
used function makes use of the KL-Divergence * and choose the next sample to label x*
as:

C
x* = argmax _ 1 Z D(Py || Fc)
x ICl =

Where () represent one of the models belonging to the committee, C represents the
complete set of voters and D is the function associated to the KL-Divergence. Under
these circumstances, the most informative sample is the one that maximizes the average
divergence between any committee member and all the others.

The committee of classifiers can be created in different ways depending on their
type and on the resources available. In the context of neural networks, creating several
classifiers could be unfeasible due to their parallel training. For this reason, the work by
Ducoffe and Precioso [4] try to bypass the problem using a technique called batchwise
dropout. This approach proposes to create the committee of partial CNNs adopting a
version of the dropout’ that, using a unique bernoulli mask[9], discards neurons for
each sample in the batch. This technique allows a great reduction of the computational
cost with the positive side-effect of having a committee whose members share the same
architecture as the full network. Once having obtained the members of the committee,it

4Kullback-Leibler divergence is a measure used to estimate the difference between two probability distribu-
tions over the same variable.

>The dropout is a regularization technique for reducing overfitting in neural networks. The term refers to the
action of switching off neurons in the network.

15



2.3. Expected model change

is possible to use the classical disagreement functions to choose one or more samples
for the manual annotation. In the context of the cited work, each iteration chooses a
batch of samples because of the requirements of neural network classifiers. The batched
version is a straightforward implementation of the classic methods: choosing the first n
samples in the ranking, obtained ordering them according to the disagreement score.

2.3 Expected model change

Considering that the goal is to select the samples that contain as much information as
possible, some works focus on the estimation of the changes in the parameters of the
model for each sample, selecting for annotation the ones that maximize this change.

From the previous principle starts the idea of Freytag, Rodner and Denzler [5] that
uses the marginalized probability over all possible inputs and over its (yet unknown) la-
bels to measure the expected change of the model. Unfortunately, this idea has a myopic
approach, being able to select one instance at a time.

Another approach is the one named expected gradient length (EGL) that uses the
norm of the training gradient to choose the next sample to query x*. In this case, defin-
ing lg as the loss function® associated to the model and 7 as the previously annotated
training set, the selected instance satisfies the following equation:

L
x" = argmax ZPe(yi]x) || VIg(T U (x,y;)) ||

x I=1
Where, not knowing the correct label y, the expectation over all the possible ones
is considered. Moreover, the norm of the training gradient can be approximated as
Vig(T U (x,y;)) =~ Vlg({x,y;)) because the training instances are assumed to be inde-
pendent and, at query time, the value Vlg(T) = 0 since /g is supposed to converge at
the previous round of training. Similarly, the work of Cai et al. [2] extends this idea
selecting a batch of samples at each iteration. Their work aims to achieve a faster con-
vergence to the final expected model by selecting the points that significantly changes
the current parameters. They exploit the Stochastic Gradient Descent’ update rule, ap-
proximating the model change using the gradient of the loss function computed at the
candidate instance. Having multiple instances to annotate at each iteration could be

YA loss function is a function defined for an optimization problem that is used to approximate the cost associ-
ated with a given event.

7Stochastic Gradient Descent is an approximated algorithm derived from gradient descent method. This
iterative approach minimizes an objective function expressed as a sum of differentiable functions.

16
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valuable, not only for the statistical relevance of the batch using neural networks, but
also to parallelize the annotation (if multiple oracles available).

2.4 Expected Error Reduction

Following a similar principle of the previous class of algorithms other active learning
approaches target the reduction of the generalization error®. The idea behind this set of
algorithms is to estimate the error for each label assigned to each unlabelled sample. In
this case, the instance that minimizes the expected future error (also called risk) is cho-
sen. To achieve this result a loss function can be defined and minimized. Considering,
for example, the logistic loss is possible to formalize the problem as follows:

xlog—argmlnPg y,|x< ZZ 0+ (xy;) yj‘x ))logP, o+ (i) (y,\x ))

Where 610i) refers to the new model after being re-trained with the training tuple
(x,y;) added to the set of labelled samples, U is the set of unlabelled samples and L the
set of possible labels. It should be mentioned that, the true label is not known for each
query instance, so it is approximated using expectation over all possible labels under
the current model 6.

This family of algorithms have been widely explored starting from the work of Roy
and McCallum [16] because of the twofold advantage of being both near-optimal in
the choice of the samples and not dependent on the model class. Unfortunately, the
computational resources required for this kind of approaches makes them unfeasible
in most of the cases. More specifically, taking into account the complexity, these algo-
rithms require not only the estimation of the expected future error for each sample in the
unlabelled set but also the incremental retraining of the model for each possible label
assignment.

2.5 Confidence based techniques

Machine learning models, when predicting the label associated to an input instance,
are able to compute a posterior probability for a given sample and each possible label.
Another family of methods that has been widely applied in the literature, exploits this
confidence measure. The original idea derives directly from the work of Lewis and

8The generalization error is the measure that aims to estimate how an algorithm generalizes on real-world
data. Due to the fact that a learning system is learned on a finite set of samples, they can be subject to sampling
error and the accuracy on unseen data can significantly differ with respect to the one measured on training data.

17



2.5. Confidence based techniques

Catlett [13] that implemented a simple but effective algorithm. The following works
have defined different approaches to exploit this information and can be categorized as
follows:

* Least confident [3]: rank each unlabelled instance using its highest posterior prob-
ability and select the least confident example u € % (unlabelled set) to be an-
notated. Formalizing the method and defining y™ as the label with the highest
posterior probability under the model 0, the sample to annotate x* is chosen as:

yt = argmax Py (y|x)
y
x* = argmax (1 —Py(y*|x)) (2.1)

X

* Smallest-margin [17]: was introduced to take into account not only the informa-
tion about the most probable label but also the other ones. It uses, as score, the
difference between the most probable and second most probable label. Defining
yf“ and y; as the first and second most probable class labels, under the model 0, it
is possible to formalize the choice of x* as:

x* = argmin Py (y| |x) — Po(y5 |x) (2.2)

X

» Entropy [1]: is the most general uncertainty sampling strategy and is defined as:

x" = argmax (— Z Py(yilx)log Py (yix)> (2.3)

X e

Where % represents the set of all possible class labels and Py (y;|x) is the posterior
probability given by the model, associated to the label i given the sample x. It is
worth noting that the entropy-based approaches take all class label probabilities
into consideration such that an interesting sample for the learning is associated
with an high entropy value.

This family of approaches works well in a lot of cases but it is worth doing some

remarks about:

» The value given by the classifier for the confidence is not always accurate for the
active learning purposes.

18



2.6. Active Learning and Neural Networks

* Most of the applications for this method select only one sample for each iteration.
Creating a batched version of this kind of algorithm is not trivial. More details
about this problem are given in section 3.1.

* This kind of approach tends to concentrate the choice to the samples that rely
on the input space already explored by the labelled samples, choosing the most
controversial one. At the end of method’s iterations, in most of the cases, the
input space has not been completely explored. This topic is better detailed in
section 3.2.

The main drawback with respect to this method concerns the reliability of the confi-
dence score given by modern neural network classifiers. In this case, due to their archi-
tecture, is possible to obtain very high confidence for misclassified samples, especially
when the input space is not completely explored.

2.6 Active Learning and Neural Networks

In the last years, because of the success of these classifiers, a lot of works have been
proposed regarding active learning techniques applied to neural networks.

Deep-Bayesian Active Learning

A considerable work is the one of Gal, Islam and Ghahramani [7] where they focus
on high dimensional image data and a specific version of CNNs introduced for the first
time by Gal and Ghahramani themselves [6] called Bayesian Convolutional Neural Net-
works. Using this type of classifiers, the uncertainty measure is more reliable and they
obtain results that outperform the one obtained using the confidence score of standard
CNNe .

Unfortunately, this technique has not been further explored because it does not use
standard CNNs. Considering the type of classifiers used for this project and the con-
straint for which, in an active learning system, the used classifier should be as close as
possible to the one that will be used to perform the final task, further development of
this techniques will be unproductive for the project purposes.

Cost-Effective CNNs

The work of Wang et al. [24] proposes to apply standard uncertainty techniques to deep
neural networks using the confidence score given by the CNN. The proposed method
makes also use of unlabelled data using a pseudo-labelling technique embedded in the

19



2.6. Active Learning and Neural Networks

algorithm. This sub-procedure can be classified as belonging to semi-supervised ap-
proaches because of the use of samples without additional knowledge in conjunction
with already labelled instances. The complete method is illustrated in algorithm 1.

Algorithm 1: Cost-effective Active Learning procedure

1 function Cost-Effective-AL;
Input : Unlabelled samples set %,
Labelled samples set .Z,
High-confidence threshold ¢,
Decay rate d,
The number of maximum iterations M;,
The quota of manually labelable samples at each iteration g
Output: parameter of the neural network W
Updated labelled set .Z
Pseudo-labelled set .7
2 Initialization of the network using .
3 Initialization of 7 =0
4 do
5 . = Obtain g samples belonging to %/ ranking it using one of the confidence-based
formulas (2.1, 2.2 or 2.3)

6 Update .# asking the oracle for the annotation of samples in .

7 ¢ = Obtain high confidence samples (classification confidence greater than ¢)
belonging to %/ along with their predicted label.

8 Update W training the model using both the updated .# and the 7.

9 Update t =t —d - i, where i is the index of the current iteration.

10 while not reach the maximum number of iterations Mj;

1 Return W, %, 7

As can be seen from the pseudo-code, they propose a batched version of the standard
uncertainty sampling techniques, ranking the samples according to the confidence score
(obtained using one previously proposed methods) and selecting a batch of instances to
label in agreement with their rank. In this case, they also apply the pseudo-labelling
technique for the samples associated with an high-confidence score given by the clas-
sifier. This method, defining a minimum threshold ¢ for the confidence and its decay
rate d, allows the exploitation of not-annotated samples as part of the training set. The
parameters are chosen in order to perform well with the obtained range of scores at dif-
ferent iterations.
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2.6. Active Learning and Neural Networks

It is worth noting that, using this method must be admitted an intrinsic error on the
training data. For this reason, in the pseudo-code, the definition of .77 as a separate set
with respect to . is done to allow different operations. In this context, in order to avoid
error propagation, the pseudo-labelled samples are used during the current iteration and
their label is then removed for the next one, treating them as part of %/. It is interesting
that, despite the implicit error introduced using this procedure (maintaining it under a
reasonable value), the model benefits from those annotations and increases its accuracy
at each iteration.

Core-Set Selection

In the domain of image classification using deep neural networks, the recent technique
proposed by Sener and Savarese [20] has demonstrated the effectiveness of input space
exploration. The paper proposes the selection of a core-set of the input data such that, a
model trained on this subset performs as closely as possible to the model trained on the
entire dataset. The authors define a robust® version of the greedy k-centers algorithm
and achieved state-of-the-art results in this domain. It is worth mentioning that, in order
to define the space exploration, the authors defined as distance between samples the I,
distance between the activations of the final fully-connected layer for each image. For
more details about convolutional networks, the reader could refer to Appendix A. The
greedy k-centers algorithm performs the batch selection illustrated in algorithm 2.

The proposed method, at each iteration, choose one sample that maximizes the dis-
tance with its nearest labelled one. The distances are updated at each iteration such
that the samples already selected in previous iterations are considered as labelled. To
perform the active learning, the function proposed is iterated multiple times ¢ to choose
multiple batches, adding, at the end of the procedure, ¢ - s annotated samples to the train-
ing set. It is worth noting that, at each iteration of the procedure above, the model is
retrained using the updated set .Z.

°In this case robust refers to the fact that the method is not significantly affected by the problem of outliers.
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2.6. Active Learning and Neural Networks

Algorithm 2: Method used to choose the batch of samples using greedy k-centers method.

1 function Greedy-k-center;
Input : Unlabelled samples set %/,
Labelled samples set .Z,
The quota of manually labelable samples at each iteration g
Output: a batch of labelable samples b

2 Initialize s = ¥
3 Initialize b =0
do

i = argmax min je;A(x;,x;)
1S4

6 b=>bUi

[ BN

7 s=sUi

while |b| < g;
9 return s

®
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Chapter 3

Addressed challenges

3.1 Batch Acquisition

In most of the algorithm introduced in the previous chapter, the samples to be annotated
are selected one for each iteration, using a myopic approach. In the context of deep
neural networks instead, it is necessary to select, at each iteration, a batch of samples,
mainly for the following reasons:

* A single point has no statistical relevance for the learning due to the batch training
performed.

» Each selection iteration includes a training phase. It is infeasible to train as many
models as the number of annotated instances because of the scale of the data.

Most of the algorithms proposed in chapter 2 are not easily adaptable for a batched
version. The focus of this thesis, because of its context, is about batched active learning
methods, in which the query strategy needs to choose a set of instances at each iteration.
Moreover, choosing a batch of samples open the possibility of concurrent annotations,
in case of multiple oracles available, reducing significantly the time required for the
annotation phase.

3.2 Input space exploration

Because of the context of partially-labelled datasets, one of the most relevant challenges
is the one related to the partial exploration of the input data space. In this case, is pos-
sible that the labelled samples are not representative of the full dataset. Under these
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3.2. Input space exploration

circumstances, the most effective techniques are the ones that allow the classifier to bet-
ter cover the input space. In practice, to define the data exploration needs to be defined
a distance measure between the samples of the dataset.

To better explain the issue is worth to visualize an example case. For the sake of sim-
plicity, the following image represents data as 2D points, but the idea can be generalized
for the multi-dimensional case, removing also the facilitation of linear classifier.
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O Annotated samples O Not annotated samples Probable classifier

Figure 3.1: Exploration problem visualization

As visible in the chart, given that the annotated samples do not cover uniformly the
input space, the classifier can produce a linear separation that performs poorly in not
discovered spaces. Using an uncertainty-based technique as detailed in section 2.5 the
next samples chosen will be the one located next to the borders of the current classifier.
This type of techniques, in fact, are more suitable for the refinement of the classifier
rather than the exploration of the space. Under these circumstances, the approach, in
the first iterations, will not select samples in the unexplored zone and this will lead to
a slow improvement of the model. Intuitively, in the simple case illustrated above, the
classifier is unaware of the samples in red on the left-hand side of the image. Hav-
ing at disposal only the annotated samples, the classifier will associate to the instances
in the unexplored part of the space, the wrong label with an high confidence. In the
paper Learning Active Learning from Data, Konyushkova and Sznitman [11] show that
confidence-based methods become sub-optimal in case of partially explored input space.

Distance between images using CNNs Being in the domain of image classification and
needing the definition of a distance measure between samples, is possible to take ad-
vantage of the idea proposed by Sener and Savarese [20] that applied the concept of
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3.3. Decision boundaries refinement

space exploration in the case of CNNs. The authors suggest the exploitation of the /,
distance, not between two raw arrays representing the images but a transformed version
of them, obtained forward-passing the input image through the network by the output
of its last fully-connected layer. This choice is crucial because the output of the last
fully-connected layer will define the input space that needs to be explored.

3.3 Decision boundaries refinement

Even though is necessary for an effective technique to explore the full input space,
it is worth noting that very interesting results have been shown by confidence based
techniques. Intuitively, this kind of approaches performs well in case of good coverage
of the input space passing to the refinement of the decision boundaries, when it is worth
looking for the toughest samples to classify. A different data distribution, with respect
to the previous one in Figure 3.1 is shown in the image below:
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Figure 3.2: Refinement problem visualization

In this case, the input space is better covered by the labelled samples but, the classi-
fier is not accurate due to the samples that are located near to the borders of the classifier.
Under these circumstances, the uncertainty measure given by the network can be helpful
to choose the most significative samples for the learning.

At this point, can be seen that a balance between the exploration of the input space
and the refinement of the decision boundaries should provide a complete strategy for
both the cases. In this master thesis it is proposed a method that combines both in-
formation in a unique score associated with each sample. The method is detailed in
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3.4. Semi-Supervised Learning

section 4.1. It is necessary to remark that, the example above, is not realistic in the
context of this thesis and is used only to intuitively illustrate the problem. Dealing
with image classification, the type of data treated are of much higher dimension and the
obtained classifier will not be linear.

3.4 Semi-Supervised Learning

In the context of partially annotated datasets, semi-supervised learning approaches in-
clude the necessary methods to exploit both the annotated and not annotated samples.
In order to make any use of unlabelled data these approaches use at least one of the
following assumptions:

* Continuity assumption: instances which are close one to each other are more likely
to share a label.

* Manifold assumption: the data lie approximately on a manifold of much lower
dimension than the input space.

* Cluster assumption: data tends to form discrete clusters, and points in the same
cluster are more likely to share a label.

For this project is assumed that there is continuity between samples. This choice
stems from the idea of having a valuable distance metric, based on the output of the last
dense layer of the CNN classifier. Moreover, in case of using confidence-based methods
(section 2.5), 1s possible to use this score to perform a pseudo-labelization as introduced
by Wang et al. [24]. Also in this case, the two pieces of information are used jointly in
order to reduce the possible error introduced in the set used to train the model. More
details on the methods used for the implemented algorithms can be found in section 4.2.

3.5 Discussion

Being in the deep learning context and having identified the possible problems that can
occur, the proposed idea is to create a method that can merge the two approaches. Intu-
itively, in the early steps, the methods should assure a proper coverage of the input space
and, subsequently, the method should prefer the refinement of the classifier. Concerning
instead semi-supervised techniques, they can be used to both improve model accuracy
and refine the choice of the samples to manually label.

The main constraint, using semi-supervised techniques, is to obtain qualitative model
and datasets. Choosing a pseudo-labelling procedure, it implicitly adds misclassified
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3.5. Discussion

samples in the training instances. For this reason, the goal is to create a procedure able
to minimize them, perhaps at the cost of the number of automatically annotated samples
. The complete procedure is explained in section 4.2.
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Chapter 4

Implemented methods

To meet the requirements and better explore the possibilities offered by active learning
algorithms, have been tested some methods that have been introduced in chapter 2 and
a new one proposed for this master thesis. After the first phase of study, the problems
related to input space exploration (section 3.2) were evaluated as prominent in this
domain. Moreover, the great results obtained by uncertainty-based techniques suggest
the integration of the two methods. The following section will introduce in details the
approach used to merge distance and uncertainty information.

4.1 Balanced Uncertainty Exploration

The idea behind this method is to combine distance and confidence-based information
to create a unique score able to adapt to the different conditions. At each unlabelled
sample is associated a value obtained using the two scores. The first contribution d; is
defined as the distance between the sample itself and the nearest annotated one. The
maximization of this value identifies samples that are located in parts of the input space
that are not explored yet.

The uncertainty score instead, is retrieved forward-passing each unlabelled sample
through the network. Doing so is retrieved the highest class probability for each sample
max(Pg(y|x)) and computed u; as follow:

u; = 1 —max(Py(y|x)) 4.1)

Defined in this way, the best sample to choose for the labelization is the one that max-
imizes both the values d; and u;. The contributions have been merged using a weighted
combination of them:

bue; = A u;+ (1—A)d;
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4.2. Pseudo-labelling procedure

Where bue; is the score associated with the i’ sample and A is the weighting pa-
rameter to which is possible to associate different functions. The primary idea is that
A should monotonically increase in order to give more weight to the confidence at each
iteration. Concerning the implementation, naming s the index of the current iteration
and g the number of total iterations, lambda is defined as:

A=s/q

Such that, for the first iterations the main contribution is the one associated to the dis-
tance, while during the last, the uncertainty score gives a higher contribution. It is worth
noting that, the distance score have been normalized (using min-max normalization) in
order to fall in the interval [0, 1], while the confidence, being a probability measure, is
retrieved from the network already in that range.

Intuitively, the idea behind the definition of this score is to start exploring the input
space and then, increasingly, give a greater weight to the confidence-associated value
choosing the toughest samples to refine the classifications. A related point to consider
is that lambda can be defined with several kind of functions, for example it can profit
from the information about the ratio of labelled samples in the entire dataset.

Distance computation: The proposed approach, as the Greedy K-Centers one, makes
use of the distance computation. This measure, as introduced before, is computed be-
tween the features extracted from the final dense layer of the network. It is worth noting
that, those features are the same used for the probability computation using the softmax!
function. For this reason, both pieces of information are derived from a common source
but treated in different ways. The output of the last fully-connected layer is the network
representation of the input according to the demanded task and so an effective method
to define the input space.

4.2 Pseudo-labelling procedure

Dealing with not completely labelled datasets and looking for a semi-automatic labeliza-
tion procedure, active learning techniques have been used in conjunction with semi-
supervised ones in order to improve the model performances and obtain more complete,
annotated data collections. The used approach is detailed algorithm 3.

I'The softmax is a function used to map a vector of real values into a vector of the same dimension where each
entry contains the corresponding value in the original vector exponentially normalized in the range (0, 1).
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4.2. Pseudo-labelling procedure

Algorithm 3: Procedure illustrating the automatic soft-labelization.

1 function Automatic-soft-labeling;
Input : Unlabeled samples set %,
Labeled samples set .Z
Minimum threshold for the uncertainty score ¢

2 ¢ = set containing unlabeled samples satisfying the condition on the minimum
threshold () with their associated label (given by the most probable one)

3 foriin £ do
4 n = obtain the nearest sample to i in %

5 Iy = get-label(Z, i)
6 I, = get-label(¥’, n)

7 if [; is equal to [, then

8 assign label /; to n

9 end

The procedure begins retrieving, for each unlabelled instance, its predicted label
given by the most probable one. The prediction is obtained forward passing each sample
into the network and needs to satisfy the condition concerning the minimum threshold
for the confidence. Naming this set %, for each labelled sample, the procedure continues
retrieving the nearest unlabelled one (n in the pseudo-code). At this point, the function
checks if the not annotated sample is present in 4 and if the predicted label matches
the one of the near labelled sample. In the event that the condition on the threshold is
not satisfied or the labels do not match, the pseudo-labelling is not performed for the
sample under consideration.

This procedure is named automatic soft labelling because the assignment is not per-
manent, it is used to train the model at the current iteration and, for the subsequent
ones, the samples are considered as not annotated. The labels automatically assigned
are stored only at the end of the procedure, where their amount should be greater and
the number of misclassifications lower. The choice to perform soft labelling is done to
avoid that misclassified samples produce an error propagation that degrades the model
performance. Referring to the introduction done in section 3.4 it is worth noting that,
in this case, is used the Continuity assumption, selecting the samples using the distance
with respect to the labelled one and validating the assignment of the label using the
uncertainty measure. Combining the two pieces of information the number of errors is
reduced obtaining more valuable annotated data.
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4.3. Solution Analysis

4.3 Solution Analysis

The implemented procedure makes use of the proposed query strategy and the semi-
supervised approaches detailed above. It distinguishes two training phases with respect
to the hyperparameters used to train the model, respectively /& and h; for the complete
and incremental train. In this case, those set of parameters contains the number of
epochs?, the learning rate and others.

Model training: Being the active learning an iterative procedure, is possible to proceed
in two different ways to train the classifier. The first one is to re-initialize the model and
proceeds with its training from scratch, while the second option is to perform an in-
cremental training, keeping the previous model weights. The procedure uses both the
approaches in different situations. The incremental training (fine-tuning the model) is
used after the manual labelization, in order to make the network able to exploit the new
annotated samples to refine the choice of pseudo-labelled instances. On the other hand,
the complete training is used, at each iteration, when the full set of current annotated
data is ready. The choice was guided by the fact that, doing an incremental training, in
this case, could lead to the overfitting® of the network on images already available since
the beginning of the active learning procedure.

The algorithm 4 illustrates the complete workflow applied using the selected active
learning strategy.

Reduction of Automatic Labelization errors: As introduced before, the automatic la-
belization is implemented in a soft manner, such that those labels are considered only
for the training of the model at the current iteration. In this case, is mandatory to con-
sider a margin of error of the classifier. To reduce the error propagation and to reduce
the influence of the previously auto-labelled samples, has been introduced a fine-tuning
section using only human-labelled samples. This phase is useful both to exploit the
lastly manually labelled samples and to reduce the cost with respect of a complete re-
training of the classifier.

In the context of the test performed for the project, the datasets are completely anno-
tated. For this reason, the tests have at disposal the true label and is simulated an ideal
oracle that does not make any error. In real applications the oracle could incorrectly

2 An epoch in the training phase of a neural network corresponds to a forward and backward pass over all the
training examples.

30verfitting, in machine learning, is a situation of a model when it becomes too specialized in the pattern
found on training that and fails in the generalization on real-world data.
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Algorithm 4: Pseudo-code for the implemented procedure.

1 function Active-Learning;

Input : Unlabeled samples set %,
Labeled samples set .Z,
Number of iterations 7,
Number of annotation for each iteration b,
Training hyperparameters for complete train 4,
Training hyperparameters for partial train 4;

Output: New set of model weights W,
Updated sets .Z, % , o/

2 Initialize the model and train it with previously annotated data (using parameters in /).

3 foriinrangeO ... ndo
4 2 = choose b samples to be annotated by the oracle using the chosen query strategy

5 Update . and % using the new labels given by the oracle
6 Train the model using parameters /; and the updated .
7 o/ = soft-label automatically using algorithm 3

8 Retrain the model using the parameters & and the updated sets . and ./

9 end

10 W = extract trained model weights
u return W, &, %, o
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classify some instances. Is worth noting that, even for the datasets used during the test
phase, the accuracy of a human classifier does not reach 100%.

4.4 Implementation tools

The methods introduced all along the thesis have been implemented using their the-
oretical definitions. The main programming language used is python. This language
combined with all the available extension packages allow the prototyping of all kind of
mathematical algorithms. For the project implementations have been used the following
libraries:

» Tensorflow[23] is the principal library used to implement the classifier. It is an
open-source project, initially created by Google that has rapidly become the most
used extension to create deep learning models. In this case, it is used as backend
for Keras[10], a higher-level library used to define the model architecture.

* Numpy[15] is a python package for scientific computing. It is used to define and
easily manipulate the input signals, treating them as vectors. Moreover, this is the
principal extension used for classical mathematical calculations.

* Scikit-learn[18] is one of the most widespread machine learning libraries in python.
In the context of the project, it is used both to compute the accuracy of the model
and, particularly, plays a key role in the distance computation, allowing its paral-
lelization and reducing the time required.

* Matplotlib[14] and Seaborn[19] are two python libraries dedicated to the visual-
ization. They support the creation of charts used to visualize the trend shown in
the test section.

Being one of the most customizable parts of the project, the dataset management in-
stead, has been done using standard parsing libraries and own-defined classes that allow
the retrieval and storage of annotations.

4.5 Computational resources

Being an iterative procedure which involves multiple training phases (expensive in deep
learning domain), the implemented procedure requires powerful computing systems.
The test presented in the next chapter have been conducted using the following hardware
configuration:
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4.5. Computational resources

* CPUs: Dual Intel®Xeon®E5-2690 v4*, having 28 core each.
* GPU: Single NVIDIA®Tesla®V100° in the 16GB configuration.
« RAM: 256GB

Those machines are dedicated to deep learning and used for the team purposes. It
is worth noting that, as introduced before, most of the computation is needed for the
training of the model, while, the remaining procedures do not introduce a significant
overhead.

4CPU reference page: https:/ark.intel.com/products/91770/Intel-Xeon-Processor-E5-2690-v4-35M-Cache-
2_60-GHz
SGPU reference page: https://www.nvidia.com/en-us/data-center/tesla-v100
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Chapter 5

Experimental Results

To test the effectiveness of the active learning methods, have been used some fully-
labelled datasets. In this case, for the training set has been chosen an initial part of
labelled samples and all the other ones have been considered as not annotated. The
methods implemented have been tested using the same initially annotated instances in
order to create tests as objective as possible.

5.1 Datasets description

To test the methods in different contexts have been chosen two standard datasets for
image classification that differs for the number of classes. The next paragraphs will
1llustrate their structure.

Cifar-10 The CIFAR-10 dataset [12] consists of 60000 32x32 colour images belong-
ing to 10 different classes. The classes are well balanced, in fact, there are 6000 images
per class. The dataset is divided into training and test set with respectively 50000 and
10000 images. The classification task consists in the identification of the class for each
image choosing between: airplane, automobile, bird, cat, deer, dog, frog, horse, ship
and truck. The classes are mutually exclusive so there is no overlap between them. The
image below shows some examples of images belonging to the dataset.

-7 airplane g@!- automobile ~-&  bird E cat deer

B3 AN e
h:! dog frog H horse ﬁ ship ﬂ truck

Figure 5.1: Examples of Cifar-10 images and their associated label
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Cifar-100 The CIFAR-100 dataset consists of 60000 32x32 colour images which, in
this case, belong to one of the 100 different classes. Also for this dataset, the samples
are exactly balanced between classes, in fact, there are 600 images per class (500 in the
training set and 100 in the test set). As in the previous case, the collection is split in two
part of 50000 (training set) and 10000 images (test set). Each sample of the dataset is
labelled with a superclass and a class. Each class belong to a superclass and a superclass
contains multiple classes. For example, a superclass is of the type aquatic mammals and
contains as classes beaver, dolphin, otter, seal, whale.

5.2 Evaluation methods

Dealing with fully-annotated datasets and willing to evaluate an active learning proce-
dure, they have been split using the following rules:

* The test set has been maintained annotated and used only to measure the accuracy
of the model at each iteration.

* The training set, considering N as its full size and » initially labelled samples, has
been split in two parts, respectively of size |.Z| = n (annotated) and |%| =N —n
(not annotated) using a uniform sampling procedure to select the initial set.

Under these circumstances, the only part of the dataset concerned by active learning
is the training set. The model used to evaluate the methods refers to the classical VGG16
architecture that is detailed in subsection A.0.4. The parameters used to train the model
are the same for all the test performed and are the following ones:

* The complete training is performed in e = 300 epochs, while the incremental one,
when performed, is done for e; = 50 epochs.

* The learning rate used is 1] = 10~ for both the fine-tuning phase and the complete
train.

* The percentage of used dropout is d = 25%.

* In the case of pseudo-labeling, the minimum threshold for the confidence score
has been fixed to t = 0.99.

In order to compare the effectiveness of the different sampling methods, the follow-
ing ones have been implemented and tested:

* Random Sampling, usually considered as the baseline, consists in choosing the
samples to label in a randomized manner among the ones in the unlabelled set.
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* Uncertainty Sampling, implements a batched version of the least confident case
(Equation 2.1), detailed in section 2.5.

* Greedy K-Centers Sampling that uses the method introduced in algorithm 2.

* Balanced Uncertainty Exploration Sampling, the proposed approach, illustrated
in section 4.1.

For each sampling method, at each iteration has been evaluated the test set accuracy
of the current trained model. The accuracy is computed as the ratio between well-
classified samples and the total number of classifications (the number of samples in the
test set). In both the case of Cifar-10 and Cifar-100 the conditions of the test are:

* The number of initially labeled samples is 5000, corresponding to the 10% of the
training set.

* The oracle is asked to annotate, at each iteration, 5000 samples proposed by the
sampling strategy.

¢ The number of iterations is fixed to 4.

Apart from the initially labelled instances, the remaining ones are considered as
not annotated for all the sampling methods. For the conditions given above, the ratio
of labelled samples passes from 0.1 to 0.5. This choice was done to have, in the last
iteration, one-half of unlabelled samples, both to make tests in realistic conditions and to
allow the exploitation of semi-supervised techniques. Moreover, all the strategies have
been tested multiple times, using three different initializations of the initial labelled set,
in order to make as objective as possible the evaluation and not depending on the initial
choice.

5.3 Cifar-10 results

The following charts compare the methods and their accuracy evolution obtained on the
test set for Cifar-10:
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Cifar-10: test accuracy evolution and comparison of the implemented methods.

The images report the results obtained using only active learning techniques (Fig-
ure 5.2) or using active and semi-supervised learning (Figure 5.3). As can be seen in the
figures, Greedy K-Centers (GKC), Balanced Uncertainty Exploration (BUE) and Un-
certainty Sampling (US) methods obtain similar results that outperform the one obtained
using the random sampling. Interestingly, both in the supervised and semi-supervised
case, the straightforward implementation of Uncertainty Sampling performs well. The
accuracy gap between the random strategy and the other ones increases at each iteration,
showing that the other strategies allow a faster learning of the model.

5.4 Cifar-100 results

As in the previous case, the following charts show the accuracy trends in the supervised
(Figure 5.4) and semi-supervised case (Figure 5.5) on Cifar-100:
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Cifar-100: test accuracy evolution and comparison of the implemented methods.

In this case, the gap between the methods is not as remarkable as in the Cifar-10
case. Dealing with more classes, the distance and uncertainty scores seem to do not
represent well the informativeness of each sample. This consideration is validated by
the semi-supervised test, where, having at disposal more samples to learn from, the
gap between the baseline and active learning strategies increases, preferring by a small
margin the GKC strategy.

5.5 Complete contribution

To illustrate the complete contribution of this master thesis, Figure 5.7 and Figure 5.6 il-
lustrate the accuracy evolution of the different methods, in the fully and semi-supervised
cases, on both Cifar-10 and Cifar-100 datasets.

The graphs show the improvements obtained using the procedure detailed in algo-
rithm 3. Concerning Cifar-10, the accuracy on the test set outperforms by a consistent
margin the one obtained using labelled samples only. Regarding the proposed active
learning strategy, it performs similarly with respect to the other methods, specially in
the semi-supervised cases. The future improvement could touch upon the score defini-
tion. A possible idea is to determine the weighting parameter A (defined in section 4.1)
as a direct function of annotated samples percentage in the dataset.
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Figure 5.6: Cifar-10 complete test Figure 5.7: Cifar-100 complete test

5.6 Automatic Error Reduction

Since the goal is to obtain a semi-automatically annotated and qualitative datasets, some
tests have been done in order to report the error introduced by the pseudo-labelling pro-
cedure. For all the sampling approaches tested in this section, the used semi-supervised
technique is the one introduced in section 4.2. Moreover, as the tests in the previous
section, they have been performed, for each method, with three different initializations
of labelled instances. It is necessary to point out that, it was possible to perform these
tests because the benchmark datasets are fully-annotated.

Cifar-10 The Figure 5.8 shows the evolution of the average error for each implemented
method. The reported results show a decreasing monotonic trend for all the strategies
adopted, except for the random sampling technique. Being related both to the confi-
dence and distance metrics, the active sampling methods consistently improve the re-
sults obtained using the random technique. For this method, in fact, the graph shows
that the average error decreases at the first iteration but start to increase in the following
ones. Under these circumstances, the active learning methods improve significantly the
performances.

Cifar-100 The Figure 5.9 report the mean error for each implemented method. While
quantitatively the average error is higher than the one obtained in Cifar-10, its evolu-
tion reflects the same trend for all the techniques. This test validates, even more, the
hypothesis according to which, the proposed semi-supervised approach takes advantage
not only of the increasing accuracy but also of the distribution of the already labelled
samples. In the random approach, having been aimlessly chosen, the samples suffer the
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Figure 5.8: Cifar-10: From left to right, the pseudo-labelling average error respectively using
Greedy K-Centers, Balanced Uncertainty Exploration, Uncertainty and Random Sampling.

exploitation of distance and confidence based information.
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Figure 5.9: Cifar-100: From left to right, the pseudo-labelling average error respectively using
Greedy K-Centers, Balanced Uncertainty Exploration, Uncertainty and Random Sampling.

It is possible to remark that the quantitative results depend on the initially labelled
set of samples and on the learning performed by the network, in fact, due to the random
dropout introduced during this phase, the features extracted and the samples representa-
tion used for the distance computation can slightly differ, despite the convergence of the
model. For this reason, more than the quantitative results is more interesting to remark
the trends obtained.

41



5.6. Automatic Error Reduction

16000 mmm GKC mm GKC
s BUE 10000 mmm BUE
14000 ™= Random mmm Random
. US . US
8000
6000
8000
6000 4000
4000
2000
2000
0
1 2 3 4 1 2 3 4

= -
o N
S =3
S S
S} IS)

Pseudo-Labelled Samples
Pseudo-Labelled Samples

0

Iteration Iteration

Cifar-10 Cifar-100
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At this point, to better understand the proposed procedure is possible to report the
number of automatically labelled samples. The histograms in Figure 5.10 reports the
averaged results for each sampling method at each iteration. As can be deducted, the
number of soft-labelled samples grows at each iteration but,x the results differ on the
two datasets. Specifically, the random technique labels more samples than the others for
Cifar-10 as opposed to Cifar-100. This trend can be due to the representation learned by
the model using this technique. Also in the case of not uniform input space exploration,
having at disposal a lower-dimension vector as representation of the image, on Cifar-
10, this strategy will more likely select a sample that can be validated by the model
confidence, while in a 100-dimensional space, this is less probable. The other methods
have similar performances on both the datasets, with the respective difference in terms
of quantitative numbers.

Finally, merging the consideration about the percentage of mislabelling and the num-
ber of annotations assigned automatically, the random sampling is clearly the worst
technique using the proposed approach. The other methods under test have the same
performance with a slight preference towards the Greedy K-Centers algorithm.
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Chapter 6

Conclusion

In this thesis have been introduced the main active learning approaches in the image
classification domain. The human effort required and the deep learning models need
of large volume of annotated data has brought the focus to active and semi-supervised
techniques for the best exploitation of not annotated data. The new proposed proce-
dure tries to merge a new active learning strategy with a pseudo-labelization technique
to both minimize the human efforts and maximize the knowledge extracted from not
annotated data. The main goal was to obtain a unified procedure that is able to semi-
automatically label a given dataset.

The tests have shown that the baseline provided by the random sampling method
has been significantly improved by the proposed methods both in terms of model ac-
curacy and errors performing pseudo-labelization. The results obtained illustrate the
importance of using active learning strategy for image classification tasks and the bene-
fit provided by semi-supervised learning both to reduce human effort during labelization
and to, even more, increase the deep learning model performance.

The possible use cases of active learning methods are varied and comprehend:

* The standard annotation of unlabelled datasets, taken into account during the tests.

* The use of active learning techniques in order to speed up the adaptation of a
previously trained model in a real-world context.

* Change the intended purpose of an already existing dataset, in order to perform
a different type of classification with respect to the one for which it has been
conceived.

And many others that exist or may be required in the future. This technique, in fact,
aims to exploit or predict the situation under which the model is not well performing
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and, asking for human intervention could improve itself.

Lastly, it is possible to conclude these considerations, taking into account the re-
quirement to implement the proposed approach using already existing deep learning
models and datasets. In this case, relying only on standard methods such as the training
of the model, the prediction and the extraction of the output of an intermediary layer
should be not expensive to add a higher level system that, interacting both with the
model and with the human annotator bring the benefit illustrated all along this thesis.

Future works

Considering the rapid growth of deep learning application and the interest in this sub-
ject of many research centres and companies, this project can be further developed in
order to be tested in more contexts. Moreover, concerning the results obtained, the pro-
posed method can be improved making the score adaptable to different circumstances.
Specifically, we believe that the combination of multiple knowledge sources to define
the contribution of each sample can be the right way to enhance the existing techniques.

More in details, further investigation can be done for the weighting parameter as
introduced in section 4.1. This is a key component of the method and a possible idea is
make it dependent from an adaptive function that relies on the ratio of labelled samples
or on their distribution, in order to adjust, at each iteration, the correct balance between
the exploration of the space and the refinement of the classifier.

Furthermore, as possible research paths, two interesting possibilities have been iden-
tified:

* To improve data-efficiency, active learning techniques can be used to select a small
representative set of data and use them, in conjunction with GANs! to create many
similar samples for the learning of the network.

« Explore reinforcement learning? techniques to adapt the active learning strategies,
automatically, in several conditions. This idea is a higher level of abstraction that
can be identified as meta-active learning.

IGANSs, Generative Adversarial Networks, are deep neural net architectures that can learn to mimic any
distribution of data.

The reinforcement learning is an area of machine learning where virtual agents are learned to take the best
decision in order to maximize a previously defined reward function.
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It goes without saying that these are just two examples, but there exist more research
opportunities to develop the work done for this project.

Finally, this thesis has not analyzed the interaction between the human and the al-
gorithm. During the internship has been prototyped an interface, using web-based tech-
nologies, in order to make an annotator able to provide the label for the requested im-
ages. In this context, the front-end interface interacts with the algorithm to manage the
different phases of the procedure, opening the dataset, initializing the model and pro-
viding the possibility to contribute to the annotation. The system has been conceived
with the purpose of an easy integration with an existing deep learning model, acting as a
higher level interface and exploiting the standard functions provided. In the future, this
prototype can be further developed to create a collaborative platform, reducing the an-
notation time with multiple oracles available and maximizing the learning of the model
with the techniques proposed in this thesis.
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Appendix A

Convolutional Neural Network Detailed

This part of the thesis will introduce in details the Convolutional Neural Networks.
These models are often used in the frame of computer vision for their capability to ex-
tract relevant features from raw images, thanks to the convolution operation performed
in some of their layers.zzzz

A.0.1 Convolutional Layers

This type of layers gives the name to CNNs. The convolution operation is motivated by
its translation invariance. Each layer consists in a set of learnable filters with a small
receptive field that extends through the full depth of the input volume. The operation
computed consist in the swept of the filter over the image and, for each location, the out-
put is computed. To better understand the operation is possible to define the following
quantities:

* w, h and d respectively the width, height and depth of the input image (the dimen-
sions of the image will be w X h X d).

fws fn and f; respectively the width, height and depth of the considered filter.

* p as the pixel padding added at the borders of the input image. Usually, the litera-
ture refers to 0-padding or 1-padding in case O or 1 initialized pixels for padding.

* 5, and s;, the horizontal and vertical stride, that is the number of pixels of which
the filter is moved at each sliding operation.

At this point is possible to define the output of a generic convolutional layer using
the quantities defined above:

~w—fut+2p
e

Oy +1
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_h—fut2p
= .

In this case, O,, and Oy, represents the output width and height, while de depth re-
mains unchanged because its value should match in the input image and the considered
filter. The following picture visualizes the operations performed in the convolutional
layer:

Oy, +1

P v
Filter —> ...

h Input

Output

w

Figure A.1: Visualization of convolutional layer operation, in green, in this case, the result of
the convolution between the selected part of the input and the filter.

In this case, is possible to see that there is a local connection between neurons,
as happen for the human vision. These type of layers extract progressively more in-
formation about an image. The following image, using different colors for differ-
ent positions of the filter, illustrates the operation with an example, in the case of
sw=sp,=1,d=1, p=0, f,=fr=2andw=h=4:
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Figure A.2: A partial example of the convolution operation with a sliding filter over the input.

Given the parameters specified before is possible to compute the size of the output
image that will be O,, X O, xd =3 x3 x 1

A.0.2 Pooling Layers

In-between successive convolutional layers are often inserted Pooling layers that, as in
the previous case, operate with a sliding window that is swept over the full width and
height of the input. The operation performed is usually the computation of the average
or the max of the input numbers. Using the same definitions in subsection A.0.1 is
possible to illustrate with an example the case with s,, =2, s, =2, d=1, p=0, f, =
fpr=2andw=h=4:

stride
7
1 2 2 4 2 5
—Max— |::>
1 0 5 1 9 8
0 1 3 8 Filter Output
9 o 1 5

Input

Figure A.3: Example of the max-pooling operation with a sliding filter over the input.

As possible to infer from the image above, the size of the output is usually smaller
than the one of the input due to the nature of the operation. Also in this case is possible
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Fully connected Layer
Y

Figure A.4: Architecture and connections schema for a Fully Connected Layer.

to compute the output dimensions:

0, =YW= 4
Sw

o e
Sh

In this case, the output size will be O,, X O, X d =2 x 2 x 1, in fact, the depth do not
change and the filter should have the same depth of the input.

A.0.3 Fully connected Layers

As can be deduced from the name, in fully-connected layers (often named also dense
layers) each neuron in the previous layer is connected to the one of the next one. The
outputs of previous pooling or convolutional layers are high-level features that, this type
of layers, will use for the classification. The Figure A.4 shows the connection schema
highlighting the fully-connected layer.

If this type of layers are placed as the last in the CNN, usually the used activation
function is the softmax, and can be expressed as:

i
ZkK:1 ek

Using this function is ensured that the sum of the output probabilities from the fully
connected layer is 1.

o(z); , forj=1,...,.K

51



Bibliography Appendix A. Convolutional Neural Network Detailed

A.0.4 Used Architecture

The architecture used to conduct the experiments is the one introduced by Simonyan
and Zisserman [22]. The network was first introduced in 2014 and demonstrates how
the depth of the network is a crucial component for the performance. The image below
shows a schema of the architecture:

A

Max Pooling D Convolutional D Fully Connected Softmax

Figure A.5: VGG16 architecture schema with details of the layer types

This network was used because of its capability to generalize well on different
datasets. Passing to implementation details, the network uses convolutional layers with
3 x 3 filters and extends the depth of the network to 16 layers. Each convolutional layer
is designed to do not impact the width and height dimensions of the input, for example
using stride equal to 1 and 1 pixel of 0-padding. The pooling operation is designed to
halve the dimension of the input image using a 2 x 2 spatial window and a stride of 2
(similarly to the example in the figure A.3).

The stack of convolutional and pooling layer is followed by two fully connected
layers with a depth equal to 4096, followed by the last, the depth of which depends on
the number of classes in the considered dataset. Each layer of the network is equipped
with the ReLLU activation function, that had rapidly become one of the most used in
neural networks after the first introduction in deep learning context by Glorot, Bordes
and Bengio [8].
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