Technische Universitat Berlin

Faculty of Electrical Engineering and Computer Science
Dept. of Computer Engineering and Microelectronics
Remote Sensing Image Analysis Group

Technische
Universitat
Berlin

Collaborative Learning Models for Classification of
Remote Sensing Images with Noisy Labels

Bachelor of Science in Computer Science
November, 2020

Ahmet Kerem Aksoy

Matriculation Number: 391954

Supervisor:  Prof. Dr. Begiim Demir

Adyvisors: Dr. Mahdyar Ravanbakhsh, Tristan Kreuziger



Eidesstattliche Erkliarung

Hiermit erklédre ich an Eides statt, dass ich die vorliegende Arbeit selbststindig und
ohne fremde Hilfe angefertigt habe. Sadmtliche benutzten Informationsquellen sowie
das Gedankengut Dritter wurden im Text als solche kenntlich gemacht und im Lit-
eraturverzeichnis angefiihrt. Die Arbeit wurde bisher nicht verdffentlicht und keiner
Priifungsbehorde vorgelegt.

Hereby I declare that I wrote this thesis myself with the help of no more than the men-
tioned literature and auxiliary means.

Berlin, 17.11.2020

Ahmet Kerem Aksoy



Acknowledgements

Foremost, I would like to express my deepest gratitude to my supervisor Prof. Dr. Begiim
Demir for her continuous support and invaluable advice. I would also like to thank my advisors
Dr. Mahdyar Ravanbakhsh and Tristan Kreuziger for their unwavering guidance and insights
throughout the creation of this work. Furthermore, I would like to thank Remote Sensing Image
Analysis Group at the Technical University of Berlin for providing me a workplace in their office
and access to their server as well as to TU Berlin High-Performance Cluster.

il



Abstract

Deep neural networks require large amounts of correctly annotated training data for successful
classification of remote sensing images. Unfortunately, large remote sensing archives almost
always include label noise, which distorts the course of the learning process by misleading the
classifier. This consequently decreases the performance of the classifier, resulting in wrong pre-
dictions. To overcome this problem, the negative effects of label noise on training must be
alleviated. However, it is challenging to detect and fix label noise, especially in multi-label set-
ting, where each instance can be associated with more than one label. Even though the current
literature suggests noise handling approaches for single label data, there is no equivalent work
in the multi-label setting, analyzing the adverse effects of label noise. To this end, we propose
a novel method called Consensual Collaborative Multi-Label Learning (CCML) to address the
challenge of classification with noisy labels in the multi-label setting. The proposed method
identifies noisy samples and excludes them from back-propagation, aiming to train the classifier
with clean samples. CCML also detects noisy labels in samples and fixes them through a rela-
beling mechanism. The comparative experiments conducted on two multi-label remote sensing
archives, BigEarthNet and multi-label UC Merced Land Use, indicate that the proposed method
outperforms the models that are trained on data with noisy labels, when sample-wise noise is
applied in a class-balanced setting. The benefits of the proposed method become more appar-
ent with increased noise rates. The experimental results reveal remarkable characteristics of
multi-label data in the presence of noise, and provide insights to the effects of class-imbalance in
multi-label classification.
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Zusammenfassung

Tiefe neuronale Netze erfordern groSe Mengen korrekt annotierter Trainingsdaten fiir eine erfol-
greiche Klassifizierung von Fernerkundungsbildern. Leider enthalten groBe Fernerkundungsarchive
fast immer Storung in den Annotationen, was den Verlauf des Lernprozesses verzerrt, indem
es den Klassifikator irrefiihrt. Dies verringert folglich die Leistung des Klassifikators, was zu
falschen Vorhersagen fiihrt. Um dieses Problem zu 16sen, miissen die negativen Effekte der
Storungen in den Annotationen auf das Training gemindert werden. Es ist jedoch schwierig,
die Storungen in den Annotationen zu erkennen und zu beheben, insbesondere in Situationen,
in denen jeder Instanz mehr als einem Annotation zugeordnet werden kann. Obwohl in der
aktuellen Literatur Ansdtze zum Umgang mit gestdrten Annotationen fiir Daten mit singuldren
Annotationen vorgeschlagen werden, gibt es keine vergleichbare Arbeit in der Einstellung mit
Daten mit mehreren Annotationen, in der die nachteiligen Auswirkungen von den Stérungen in
den Annotationen analysiert werden. Zu diesem Zweck schlagen wir eine neuartige Methode
namens Consensual Collaborative Multi-Label Learning (CCML) vor, um die Herausforderung
der Klassifizierung mit gestorten Annotationen in der Einstellung mit Daten mit mehreren Anno-
tationen anzugehen. Das vorgeschlagene Verfahren identifiziert gestorte Proben und schlieft sie
von der Back-propagation aus, um den Klassifikator mit sauberen Proben zu trainieren. CCML
erkennt auch gestorte Annotationen in Proben und korrigiert sie durch einen Mechanismus zur
Neuannotation. Die Vergleichsexperimente, die mit zwei mehrfach gekennzeichneten Fernerkun-
dungsarchiven, BigEarthNet und UC Merced Land Use, durchgefiihrt wurden, zeigen, dass
die vorgeschlagene Methode die Modelle iibertrifft, die auf Daten mit gestdrten Annotationen
trainiert werden, wenn in einer Klasse stichprobenartige Storung angewendet wird. Die Vorteile
des vorgeschlagenen Verfahrens werden mit erhdhten Storungsraten deutlicher. Die Ergebnisse
zeigen bemerkenswerte Eigenschaften von Daten mit mehreren Annotationen bei Vorhandensein
von Storung und liefern Einblicke in die Auswirkungen des Klassenungleichgewichts bei der
Multi-Label-Klassifizierung.
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1 Introduction

It is hard to deny the progress of deep learning in the last decade, considering its success espe-
cially in image and speech recognition[34][20]]. Deep learning has successfully tackled many
previously inextricable problems, and proved its effectiveness in many tasks, surpassing existing
machine learning algorithms and human expert performance. Its large application area, rang-
ing from medical image analysis[41] to visual art processing[/16]], attracted many researchers to
work in the field looking for solutions for broad range of real-world problems. Perhaps one of the
most sensational achievements in the field, AlphaGo[53]], was the first program to defeat a world
champion in the game of Go. AlphaGo showed the ability and great potential of deep learning in
solving complex problems and transcending human capabilities. The mentioned advancements
in the field carried deep learning to the focal of the research community as well as the industry
for the last couple of years.

However, prior to the last decade, using deep learning to solve real-world problems was not
preferred over the long-established machine learning algorithms such as Support Vector Ma-
chine[9]] or simple classifiers that work on handcrafted features. Training deep neural networks
was computationally very expensive with traditional CPUs. Even simple models that consist of a
handful of layers took to much time to give promising results. The standard back-propagation al-
gorithm that was applied to a deep neural network by LeCun had considerable success, although
it required 3 days of training to recognize handwritten ZIP codes[38]]. With the introduction of
GPUs, which are very convenient for parallel matrix/vector calculations, the computational cost
of training a Deep Neural Network (DNN) was dramatically reduced. Involvement of GPUs
sped up the necessary time for training, which made deep learning feasible among other machine
learning methods.

Along the decrease of computation time for training, another key factor that made deep learning
practical was the exponential explosion of available data over time. The internet became increas-
ingly accessible through the beginning of 2000s to millions of people around the world, who
provided the needed data to train neural networks on a large scale. The performance of DNNs
has proportionally increased with the provided examples to networks, which attracted the atten-
tion of big tech companies such as Google and Facebook, who are able to collect huge amounts
of data through their various services. Researchers have developed better models and techniques
that can take advantage of myriad of data, which made deep learning flourish especially in image
recognition.

As a result of these advancements in computation power and data availability, today, deep learn-
ing is the undisputed solution to complex problems, automating processes, and detecting patterns.
Despite the staggering advancements in the field, deep learning has still a lot of potential for solv-
ing real-world problems with better techniques and data.

Deep neural networks are proven to be successful in the field of computer vision[34]]. They
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outperform previous state-of-the-art machine learning methods, and more importantly, they do
not need specialized hand-crafted pipelines. That, along with their performance, makes deep
learning models a prominent approach to deal with diverse computer vision problems. However,
their success relies on the quality and quantity of the data that the neural networks are trained
with. Large, clean datasets that are widely used in research and in the industry, such as Ima-
geNet[[12]], allow DNNs to learn diverse features, which results in more accurate predictions. In
the presence of rich, high quality annotated datasets, image recognition is not an arduous task
for computers anymore. Nonetheless, collecting such high quality datasets is a challenging and
expensive process. Since datasets get manually labeled by multiple expert annotators to reduce
label errors, creating a high quality dataset often requires a lot of time and skilled labor. They
are also insufficient for unique tasks, such as analysis of remote sensing images, which require
domain-specific archives. Going through the same demanding process to obtain well-annotated
datasets for different domains is not always feasible. Particularly, for classification tasks that in-
clude large number of classes or fine-grained classes, finding a clean dataset may be impossible.

On the other hand, an alternative approach to overcome the necessity of large labeled datasets
is to collect data using keywords from search engines, image tags from social media and crowd
sourcing, e.g. Amazon Mechanical Turk[54], which decrease the cost of annotation remarkably.
Once some percentage of noise in the dataset is accepted, which is almost inevitable with the
mentioned methods, it is possible to build enormous task-specific datasets. These low-effort data
collection techniques however are not reliable, and they may lead to misleading and inaccurate
information due to the noise that they include.

s,

(a) Pastures, Moors and (b) Pastures, Mixed forest,
heathland, Sea and Beaches, dunes, sands
ocean

Figure 1.1: Missing class label in red and extra class label assignment in blue

In [27], noise is defined as anything that obscures the relationship between the class of a sample
and the features of that sample. In the literature, two types of noise are described: feature noise
and label noise[|15]]. They both degrade the accuracy of classifiers by misguiding neural networks
while training. Feature noise is anything that obscures the attainable information by affecting the
observable features of image. For example, color, light, or shape variations can affect the attain-
able information adversely. On the other hand, label noise is defined as erroneous matching of a
class with a sample. Label noise is also branched into two types in itself, which are missing class
label and extra class label assignment, and both types can be observed in Figure[I.T} The former
occurs when a label that must have been assigned to a sample is not assigned. The latter occurs
when an assigned label does not belong to the sample. This false matching can have detrimental
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effects on training, especially when a sample has at least a missing class label as well as an extra
class label assignment, which is called wrong class label assignment. According to [76], noise in
labels is more harmful than noise in attributes. Thus, to obtain a more robust model to noise, we
choose to focus on label noise and refer to it in the rest of this work.

Too much noise often causes trouble in the training process of neural networks, because noise
distorts the course of learning, which causes neural networks to produce wrong results and pre-
dictions. Moreover, while the accuracy of predictions drops, the complexity of inferred models
and number of necessary samples to train the model increase. Since neural networks can easily
overfit to noisy data[71]][68]], dealing with noise can drastically improve the performance of neu-
ral networks. In particular, deep and complex neural networks tend to memorize the noise in the
data, while ignoring the overall pattern and structure. That is why, it is a challenge to build robust
DNN s to severe label noise. This notion captivates many researchers to fix label noise related
issues and ameliorate the ability of a network to be not affected by label noise.

Learning with label noise is a relatively new topic in computer vision, and most research in
the literature that tries to overcome the negative effects of label noise concentrates on single label
classification rather than multi-label classification. This is due to the fact that the vast majority
of computer vision datasets consist of single label images, and there are many techniques that
focus on classifying isolated objects. Single label classification methods are also easily extend-
able through detection algorithms to many scenarios, where identification of multiple objects are
necessary. For example, R-CNNJ18]] and YOLOJ51] are very effective techniques at selecting in-
terest regions and repurposing CNNs to recognize multiple objects in a frame. These techniques
can be adapted to various domains, using multi-class classification models that are trained on
a huge variety of object types, or different specialized classifiers. There are also several prob-
lem transformation methods that can transfer developments in single label domain to multi-label
domain, such as binary relevance method[50], label powerset transformation[55]], and various
ensemble methods[62]]. For all the mentioned reasons, developing single label classification
techniques that are robust to label noise has greater benefit and practical importance, and thus
studied more intensively than label noise tolerant multi-label classification techniques.

However, there are many situations where singling out entities in a frame may be impossible
or inconsequential. In certain domains, relative positions of objects or their relationship to each
other is an important aspect in classifying them. Moreover, background information may be es-
sential to recognize certain features in an image. It is also possible that an object in an image
represents numerous classes. In such cases, it is preferred to evaluate the whole image at once —
which is referred to as multi-label classification — rather than splitting it into multiple bounding
boxes as in R-CNN.

In multi-label classification, there is no constraint to the number of classes an instance can be
assigned to. The task is to predict the proper label set for the unseen sample. Learning from
multi-label data was initially motivated by text categorization and medical imaging tasks[61].
For example, a comment on the internet could be labeled as toxic as well as insulting. Similarly,
a patient may have been diagnosed with tuberculosis and pneumonia as a result of chest X-ray.
Today, multi-label learning is used extensively in many different domains, including movie genre
categorization[65] and ontological function characterization of long non-coding RNAs|[72].
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Nonetheless, multi-label data can be very hard to classify due to its complex input and output
space. In multi-label datasets, each instance may be assigned to multiple classes. This compli-
cates mapping a relationship between labels and training instances for DNNs. Especially class-
imbalanced datasets introduce bias in the training process, which makes it harder to associate the
correct classes with proper training instances. Furthermore, it is very hard to find clean multi-
label datasets. There are many well-established, clean single label archives such as MNIST[39]],
CIFAR]33]] and ImageNet[12] that are acknowledged benchmarks in the literature. On the other
hand, there is no commonly accepted clean data in multi-label domain. Therefore, it is critical
to develop multi-label classification methods that are robust to label noise. Even though noisy
learning on multi-label data is researched in the literature[/74]][73]], to the best of our knowledge,
there is no substantial advancement in the field yet.

Along with computer vision, remote sensing is an another research area that adopts multi-label
learning to gain a better insight into geography, geology, and meteorology. Remote sensing
is the science of information acquisition about a surface from distance without making physi-
cal contact. For example, [57] uses multi-label classification to match satellite images with their
land-cover class labels, hoping to develop a scalable and accurate Earth observation image search
and retrieval system.

In the recent years, the availability of remote sensing data has dramatically increased due to new
launches of earth observation satellites such as Sentinel-2. However, from-satellite-retrieved re-
mote sensing imagery often includes feature noise as a result of spatial resolution differences.
Furthermore, remote sensing data contains multi-spectral bands that make the labeling process
laborious and expensive. Different spectral bands must be evaluated together meticulously in or-
der to identify various entities in a frame. This exhausting process requires expert knowledge in
the field and introduces noise in labels due to its complexity. Considering the mentioned reasons,
noise detection and overcoming techniques are essential for success in the field. To alleviate
the negative effects of feature noise, better high-precision equipment or resolution enhancement
methods may be adopted. On the other hand, increasing the number of expert annotators may be
an alternative approach to overcome the adverse effects of label noise, which would be a costly
solution. In this thesis, the damage of noisy labels on classification of remote sensing data is
aimed to be compensated through algorithmic design.

We refer to the problem that we are trying to solve as Classification of multi-label Remote
Sensing Images with Noisy Labels. To address the mentioned problems in noisy learning and
remote sensing, we propose a collaborative learning model with an additional algorithm to iden-
tify, rank, and fix noisy samples in multi-label data, called CCML, Consensual Collaborative
Multi-label Learning.

The main contributions of this work are as follows:

* We propose a collaborative training framework to identify different types of multi-label
noise in data by making no prior assumptions about the noise distribution.

* The proposed method offers an algorithm to deal with noisy samples either by removing
them from back-propagation or fixing their noisy labels.

* We adapt the Co-teaching paradigm to multi-label data, where samples are ranked accord-
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ing to their noise levels and the ranking information is exchanged.

* The proposed method locates noisy labels of each sample and determines their type by
taking advantage of group lasso.

* The proposed technique is evaluated on the remote sensing archives BigEarthNet and
multi-label UC Merced Land Use with synthetic label noise.

The rest of the thesis is organized as follows:
Chapter 2] explores previous work in learning with noisy labels.
Chapter [3|explains the proposed methodology.

Chapter @] describes the datasets, the network architecture and the experimental setup used in
this work.

Chapter [5|analyzes the results of the conducted experiments and provides a deeper understand-
ing about the proposed method.

Chapter@ summarizes the thesis, the results, and mentions future work.



2 Related Work

Over the last few years, deep learning has thrived in image classification. However, deep learn-
ing requires an excessive amount of labeled data in order to get good results for complex tasks.
This is not always feasible due to several reasons such as labeling cost and difficulty of proper
annotation. Moreover, deep learning models tend to overfit to label noise in data[71]]. For this
reason, label noise is a common problem in image classification. It has severe negative effects
on model accuracy, especially if the dataset is large and hard. In cases of an imbalanced class
distribution, where some classes appear many times in the data while others appear only a few
times, noise may have detrimental effects on predictions of a network. Various methods have
been proposed to overcome the negative effects of this problem on training. In this chapter, we
evaluate previous work from the literature by categorizing the approaches into two groups fol-
lowing [1]]. The analyzed literature aims to develop a noise-tolerant architecture that effectively
learns the underlying pattern in the data despite the present noise.

2.1 Image Classification with Label Noise Structure Modelling

The methods in this category attempt to model the noise distribution that is present in the data.
The extracted noise information is then utilized in different ways to overcome the negative ef-
fects of it on the training. Some approaches remove the detected noisy samples all together from
training, while others only remove the noisy labels leaving the unlabeled samples to train their
network further. There are other methods that weigh down the importance of noisy samples on
training seeking to degrade the possible adverse effects. Relabeling improper labels is another
approach that pursues to clean the dataset from noisy instances, which impacts the accuracy of
the classifier positively.

Patrini et al. propose a loss correction procedure by estimating the noise transition matrix of
data[49]]. The proposed method claims to fix the class-dependent label noise in the data, given
the probability of each class being corrupted into another. However, as the number of classes in-
creases, it becomes harder to estimate the noise transition matrix, making the method unscalable.
In [19], the correct labels are considered as latent variables in the presence of noisy labels, and
the expectation-maximization|10] algorithm is applied, to iteratively calculate the correct labels
as well as the network parameters. This scheme is also extended to scenarios, where noisy labels
are dependent on the features, by modeling noise via a softmax layer that connects correct labels
to noisy labels. Sukhbaatar et al. explore the performance of discriminatively-trained CNNs on
noisy labels using an additional fully connected layer at the end of their network to adapt the pre-
dictions to the noisy label distribution of the data[56]. In [69], data is partitioned into multiple
subsets and used to train different classifiers. If all of the classifiers agree on a label from the
original dataset, the label is updated with the agreed prediction. This process repeats for several
stages, which gradually improves the overall performance. Nonetheless, this process depends
very much on the quality of the classifiers, and it can take a lot of time when large and complex
datasets are used. Dehghani et al. use a student model that is trained on noisy data along with a
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teacher model that exploits the noise structure that is extracted by the student model[/11]]. How-
ever, this approach needs data with both clean and noisy labels, which is not always available.
On the other hand, [43]] proposes a self-error-correcting CNN that can work on completely noisy
data. The network swaps potential noisy labels with the most probable prediction of the network
while simultaneously optimizing the model parameters. Failing to distinguish hard samples from
noisy ones is a common problem when fixing labels, which may result in an undesired situation
where the model swaps labels in a delusional way. To avert that, additional policies are often
needed. Wu et al. use semantic bootstrapping to detect noisy samples and remove them from
training[66]. Removing as few samples as possible is an important aspect of the noisy sample
removal process to avoid unnecessary information loss. On the other hand, [47] trains a DNN
on a noisy dataset and filters the noisy labels out while keeping the samples for the training in
an unsupervised fashion. This prevents loosing training samples, and thus allows DNN to learn
from more examples. MentorNet[29] imposes a data-driven sample weighting curriculum on
the student network to choose probable clean samples from data. Han et al. propose a learn-
ing paradigm called Co-Teaching, which we predicate our collaborative model on[22]. Under
Co-Teaching, two networks train simultaneously and choose clean batches feeding to each other.
Each network back-propagates the mini-batch that is chosen by its peer network to update itself.
Han et al. demonstrate that Co-Teaching is an effective method when dealing with label noise.
[23]] bases on the principle of Co-Teaching with an additional discrepancy measurement to make
the used networks diverge. They use two peer networks that learn different features of the same
probability distribution. Both networks then select clean samples for each other based on their
predictions to improve performances mutually. Ren et al. propose a meta-learning algorithm
where a weighting factor is assigned to every training sample based on its gradient direction[52].
Although this method achieves impressive results, it needs a clean validation set, which may not
always be present.

The advantage of the above mentioned label noise structure modelling methods is that they can
be decoupled from the training process and the application domain. This modularity allows these
approaches to be used and tested with different network architectures without demanding mod-
ifications on the framework. However, the success of the above mentioned work almost always
depends on the accurate estimation of noise distribution in data, thus to the choice of the classi-
fier. For this reason, some of the mentioned methods make prior assumptions on noise structure,
which restricts the applicability and extendability of the suggested work.

2.2 Inherently Label Noise Robust Image Classification
Methods

The methods in this category aim to design models that are intrinsically robust to label noise. By
design, these models try to reduce the memorization and influence of noisy labels on the result,
without explicitly modeling the noise distribution of data.

Ghosh et al. study different loss functions such as categorical cross-entropy (CCE), mean square
error (MSE), and mean absolute error (MAE) for noisy multi-label classification, and argue that
MAE is more robust to label noise compared to the others[17]. In [75], it is stated that MAE
shows poor performance with more complex datasets, and proposed a set of robust loss functions
that combine CCE and MAE, which is known as noise-robust alternative of CCE in the litera-
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ture[17]. Other techniques modify existing loss functions by adding a regularization term to get
more robust models to label noise. Regularization is already a well-known overfitting avoidance
method in the literature, and its applications on noisy data yield promising results. In [30], an
additional softmax layer is added to the network modeling the possible label noise statistically.
Hendrycks et al. shows that pre-training improves model robustness in cases of label corruption
and class-imbalance[26]. In [60], it is shown that overfitting avoidance techniques such as reg-
ularization and dropout can be partially effective when dealing with label noise. However, in
these cases, label noise may still impede the classifier’s quality, resulting in an accuracy drop.
Moreover, since noise injection is already an overfitting prevention technique that attempts to
improve generalization performance[48|], regularization should be applied prudently. Too much
of it can lead to scenarios where instead underfitting happens. Meta-Learning and ensemble
methods are other approaches that are used in the literature against label noise. Li et al. aim to
find noise-tolerant model parameters using a teacher model along with a student model to make
accurate predictions by optimizing a meta-objective, which encourages the student model to give
consistent results with the teacher model after introducing synthetic labels[40]. In [59]], a robust
alternative to AdaBoost for multi-class noisy data is offered.

The methods mentioned above focus on mostly single label data, and many of them are hard
to extend or apply into multi-label domain without modifications. This is because there is only
one type of noise in single label data: the wrong class label assignment. On the other hand, in
multi-label datasets, there may be more than one type of noise, namely wrong class label assign-
ments, missing class labels and extra class label assignments. They all require different types
of noise avoidance techniques. Moreover, algorithms that do multi-label classification are often
prone to error due to their complexity. Thus, more advanced algorithms that identify different
types of noise and deal with them accordingly are needed. Some of them that are classified under
Inherently Label Noise Robust Image Classification Methods are mentioned below.

Bucak et al. present a ranking-based multi-label learning framework that exploits the group
lasso method to enhance accuracy with incomplete class assignments[6]. The proposed method
computes an error for every assigned class against the unassigned ones for each sample. The
computed errors are then combined into ranking errors for each unassigned class, which indicate
the possible missing classes for the sample. Finally, all the errors for the sample are summed up in
a final ranking error. The aforementioned formula is used to regularize the network in [6], giving
empirically robust results against missing class labels. Durand et al. propose a modified binary
cross-entropy loss, which reduces the negative effects of missing class labels on training||13].
Jain et al. try to treat the problem of missing class labels by defining a novel loss function[28]].
Their loss function prioritizes the most relevant few labels over the irrelevant majority. They
also provide unbiased estimates of true labels of a sample without omitting the missing labels
completely. Nonetheless, these strategies are designed to handle one type of noise in the data,
such as missing class labels or extra class labels, and they are unable to identify all types of noise
and solve entailed problems without prior assumptions.

Experiments show that inherently label noise robust image classification methods only seem
to work with random or simple cases of label noise, and lose their competency in case of more
complex noise structures[60]][1]. Moreover, some of these techniques such as [40] require ad-
ditional training steps to fine-tune model parameters, which may be unfeasible with very large
training data.



3 Proposed Remote Sensing Image
Classification Method for Noisy Labels

In this chapter, the proposed Consensual Collaborative Multi-label Learning (CCML) method is
presented. We first explain the properties of our method and describe the problem that we are
trying to solve. We then explain the different parts of our method. The method consists of four
major parts: the discrepancy module, the group lasso module, the flipping module, and the swap
module. The discrepancy module allows the two networks that are used collaboratively in the
method to learn different feature sets, while ensuring consistent predictions. The group lasso
module identifies potential noisy classes by computing a ranking loss for every sample and pe-
nalizing noisy samples. The flipping module flips the noisy labels that are approved by the two
networks, and finally, the swap module exchanges the ranking information between the networks
by taking the Binary Cross Entropy (BCE) loss and the ranking loss into consideration. The
pseudo code of the proposed method can be found at the end of the Chapter.

We propose a solution for all types of multi-label noise without making prior assumptions about
the noise characteristics of the data. To the best of our knowledge, there is no such research yet
that identifies and overcomes the adverse effects of different types of multi-label noise within
the same algorithm. We use the principle of Co-Training to exchange loss information between
networks and choose low loss samples from the training set. Co-Training is a semi-supervised
learning technique that was first proposed in [4] in order to overcome the labeled data insuffi-
ciency. The framework has successfully improved the performance of learning from vast amounts
of unlabeled data. It was originally designed to classify web pages, where two learning algo-
rithms were trained together with two different views of the same page to make use of unlabeled
data. Fundamentally, Co-Training attempts to learn different classifiers using conditionally in-
dependent feature sets. It uses each classifier’s most confident predictions to construct labels
for unlabeled data iteratively. It has a broad range of use cases including domain adaptation|[8]],
multi-view spectral clustering[[37[], email classification[32] and so forth. However, it is shown
by [35]] that Co-training is only beneficial under the assumption that the used feature sets are
independent and sufficient for classification. Learning from the same view of the data worsens
the results more than it makes them better. Inspired by [23]], we use two DNNs with the same
architecture, which are enhanced with discrepancy modules to make them learn complementary
feature representations while attaining the same class distribution. This improves the ability to
select clean instances immensely, since two networks learn different features and correct each
other by exchanging their loss information. The proposed algorithm can also identify label noise
in the data, taking the predictions of both of the used networks into consideration by feeding them
into the group lasso module. The group lasso module attempts to detect label noise including its
type in a sample by calculating two loss terms. The first loss term gives a measure of per sam-
ple probability of having a missing class label, and the second loss term gives a measure of per
sample probability of having an extra class label assignment. Then the module aggregates both
loss terms into a ranking loss. Finally, the algorithm combines the BCE loss and the ranking loss
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into the compound loss. Samples with larger compound loss values are more likely to be noisy.
Thus, the algorithm excludes them from back-propagation by ranking them lower, expecting to
achieve better results by learning from relatively clean samples. Our algorithm can also weigh
down or up the noisy samples based on their noise type. For example, excluding a sample with
an extra class label assignment may be more beneficial than excluding a sample with a missing
class label. The group lasso module also selects a potential noisy class label per sample that can
be later fixed by the flipping module, if both of the networks are convinced that the class label is
noisy. The flipped label then gets incorporated into the training.

Data cleansing algorithms’ general procedure is to train the classifier first on noisy data, de-
tecting the noisy samples, and then to filter them out and train again[5]]. Some algorithms repeat
this procedure until the algorithm cannot find noise in the dataset any more. This can take a lot
of time, especially if the dataset is complex and large. An alternative is to construct two separate
algorithms: the first detecting and filtering noisy instances in data, and the second classifying
the data[5]]. On the contrary, our algorithm identifies potential noisy instances during the training
with the help of the group lasso module, and relabels the noisy labels. Thus, the misleading effect
of noisy samples on our classifier is getting minimized. Our algorithm does not need multiple
iterations or two separate algorithms to filter and classify data.

The proposed method is architecture-independent, meaning it can be implemented using any
architecture. Since every DNN has different ability to extract key features, discrepancy module’s
position can differ from network to network. Another distinguishing property of the proposed
algorithm is its modularity. The flipping module as well as the swap module can be completely
decoupled from the used classification approach and from each other, which makes them reusable
with any classification algorithm.

3.1 Problem Statement

We consider a multi-label classification problem with a training set D = {(x1,y1), .-, (X4, Y1)},
where x; denotes the /" training instance that is labeled by a multi hot vector y; = (yl-l, VRS
{0,1}™ representing the corresponding label over m classes, where y* = 1 if k € y;, and y¥ =0
if k ¢ y;. We use two DNNs with the same architecture that are represented as f and g with
parameters 6 and 6, respectively. We employ Binary Cross Entropy as our classification loss for
each network, which are denoted by Ly and L, as shown below:

Ly(x) = — Y v Tog (fo () + (1 — %) -Tog (1 —fo(x4)) G.1)
k=1

Le() = — 3 of Tog(gs (+5)) + (1) -Tog(1 — g5()) . (3.2)
k=1

where fp (x}) and g4 (x¥) are the normalized predictions of the corresponding networks for class
k in sample i.

BCE loss is a measure of probability error of network predictions. It is a convenient way to

calculate error in answering binary choice questions such as yes/no or 1/0. Thus, we consider
each class assignment a binary classification problem and calculate separate BCE losses, which

10
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are then summed up. For the normalization process, we use the sigmoid function, which con-
verts the raw (non-normalized) predictions of the networks into probability scores between zero
and one. The sigmoid function is a popular choice in multi-label classification tasks, because it
produces probabilities that are independent from each other and not constrained to sum to one.
Evaluating class predictions in a not mutually exclusive way allows the networks to choose mul-
tiple classes at the same time.

When using collaborative training, it is critical that the networks are complementary to one an-
other and diverge as much as possible while predicting the same class distribution. The networks
must be able to fix each other’s mistakes in the training process by exchanging information. If
they do not learn diverse features on the same dataset, they will not be able to enhance the predic-
tions of each other mutually. To achieve the desired diversity, we embed a discrepancy module in
our framework and include its products, Lp and L¢, in the final loss. The details of the discrep-
ancy module can be found in Section 3.2. We also choose a certain number of low loss samples
from each mini-batch to update the weights of the networks. The samples are determined follow-
ing a sample selection policy that is explained in Section 3.5.

So the final losses that are minimized by f and g are as follow:

R
R L (x;
Lossl} = Zl_lRf(x) 4+ A Le—A3-Lp (3.3)
R
R L. (x;
Loss’ = Z’le(x)Jr/lz-Lc—,h Lp (3.4)

where b represents the mini-batch, and R represents the number of the chosen low loss samples.
A2 and A; represent the weights for L¢ and Lp.

3.2 Discrepancy Module of the Proposed Method

The discrepancy module consists of two components: the discrepancy and the consistency com-
ponent. The former makes sure that the networks learn distinct feature sets, and it is inserted
in-between the chosen layers of each network. The layers to be chosen depend on the network
architecture, and the discrepancy component can be placed anywhere in the network. However,
since the first layers of deep learning models are responsible for extracting primitive key features
of input data such as lines and shapes, it is not recommended to place the component after the
half of the layers in the network. The discussion on the position of the discrepancy component
can be found in the chapter[d On the other hand, the consistency component makes sure that the
final predictions of the networks are similar. The networks should learn different features while
predicting the same class distribution. Hence, we plant the consistency component at the end of
the networks to reduce the discrepancy and achieve comparable predictions.

The inserted discrepancy component gets the logits of the layers that come before the com-
ponent as input and calculates the discrepancy loss Lp. It is to be underlined that the discrepancy
module is placed between the two networks. Thus, the input is the logits of both of the networks.

The calculated loss is written as:

Lp=M(F;,G)) , (3.5)

11
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where M is the choice of discrepancy measurement, and F; and G; represent the logits of the
layers that come before the component. Formally, F; = fo(r)(Xi) and Gi=gs (1) (X;). [ denotes

the layer where the discrepancy component is placed, and 8(1 : [) and 6(1 : [) stand for the pa-
rameters of networks till the layer /. X; represents a batch of samples.

The consistency component is placed after the last layer of the networks, and it gets the log-
its of the last layer as input:

Lc =M(F;,G;)) , (3.6)

where F; and G; denote the logits of the last layer of the networks, analogous to[3.5] The flowchart
of the discrepancy module is displayed in Figure

As the discrepancy measurement M, any statistical distance function that measures the differ-
ence between two probability distributions can be used. Distance measures have a wide range
of application area such as information theory, neuroscience and machine learning. In machine
learning, they are commonly used as loss functions that measure the distance between the model
predictions and the labels. They are also elementary for many categorization algorithms[42][3]].
While Kullback-Leibler divergence[36]| is a popular and effective choice of measure in machine
learning, it is distribution-wise asymmetric. To overcome the asymmetry problem, Jensen-
Shannon[44] divergence metric is developed. However, Kullback-Leibler measure as well as
Jensen-Shannon metric fail to capture the topology of distributions, which makes them unde-
sirable when the geometry of the underlying space is a crucial factor in disentangling distribu-
tions[14]. On the other hand, algorithms such as Maximum Mean Discrepancy (MMD)[21]] and
Wasserstein metric|[63]] are able to assess the topology of the feature space. This property makes
them convenient for diverging two distributions from one another.

———————————————————————————————————————————————

— fo(X4)

Xri — }fz

f
Y, 4

Figure 3.1: Flowchart of the Discrepancy Module. f and g represent the networks; red
boxes are the inputs and the yellow boxes are the outputs. £; and G; stand
for the intermediate logits of the networks. F; and G; stand for the logits of
the last layers. M is the discrepancy component.
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MMD is used in [23] to disentangle probability distributions. We follow their choice of mea-
sure in our method. Wasserstein metric would be also a very good candidate for the discrepancy
measurement, since it takes the topology of the feature space into account. However, its cubic
complexity O(n’log(n)) makes it inadequate for our algorithm. Along the MMD, we explore
the Jensen-Shannon divergence[44] as well, which is a widely used symmetric measure. The
performance comparison can be found in Chapter 4]

Maximum Mean Discrepancy is a distance measure between two distributions with a quadratic
computational cost, and it is defined as the distance between the mean embeddings of the dis-
tributions in Reproducing Kernel Hilbert Space (RKHS)[2]. In other words, if the mean values
of the functional mappings of the distributions to a high dimensional space is close, the distance
between the distributions is small.

MMD to measure the difference between two distributions p and g can be formally defined as
shown below:

MMD(p,q) = ||1p — Uyllz - (3.7)

Above, L, and u, denote the expected values (means) of the distributions p and ¢; H represents
the RKHS, and ||||z represents its norm.

Avoiding the explicit mapping of distributions with the kernel trick, the formula of the MMD
can be written as:

k(X?J?)) ; (3-8)
where x and x{ are samples from respective distributions.

Following [23]], we have employed the radial basis function kernel[64] in our experiments:

Ty

k(sy,s2) =exp ( ||s1sz|> . (3.9
(o

The value of ¢ is crucial in MMD’s ability to diverge two networks, and a discussion on the

matter can be found in Chapter 4]

3.3 Group Lasso Module of the Proposed Method

Binary Cross Entropy is a widely accepted measure of prediction accuracy in multi-label learn-
ing. We follow the literature and use BCE to minimize the respective losses of our networks.
However, when training data contains label noise, the networks can overfit to the training data
and perform poorly in the test phase. Thus, an additional mechanism is necessary to avoid being
misguided by noisy training samples. The additional mechanism can have many forms such as
regularization, noisy sample exclusion or noise correction. Bucak, et al.[6] use a regularization
technique to deal with incompletely multi-label data, where they selectively penalize noisy sam-
ples by giving every sample a ranking loss. The ranking loss per sample is calculated through an
aggregation of multiple ranking errors for every unassigned class. They exploit the group lasso

13
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technique to combine these errors in ranking assigned classes against unassigned ones. They aim
thereby to detect missing class labels in each sample and build a more robust model to incom-
plete class assignments. The group lasso was introduced by [[70] as an extension to regular lasso
to group points of interest together for accurate prediction in regression. It is effective, because
it groups variables together to be included or excluded wholly, as opposed to lasso, which only
selects variables individually. Inspired by [|6], we develop a ranking error function that deals with
all possible types of noises — missing class label, extra class label assignment, wrong class label
assignment — without prior assumptions. The existing ranking methodology for missing class
labels in [|6] is extended to detect extra class label assignments and wrong class label assign-
ments as well. However, we do not use our ranking error function as a regularizer. Instead, we
use it, along with the BCE loss, to detect noisy samples within a mini-batch to be excluded from
back-propagation. The exclusion of noisy samples from back-propagation prevents overfitting
to erroneous training data. The motivation behind using group lasso is the fact that it is able to
locate noisy classes in samples creating the opportunity to fix them. It also provides information
about label noise type in samples. We first define the ranking error function as follows:

Ey(x;) = max (0,2- (filx) — filx)) + 1) : (3.10)

where k represents a class index labeled by 1 and / represents a class index labeled by 0 for sam-
ple x;. fx(x;) and f;(x;) denote the predictions of the classes k and [, respectively. The ranking
error function gives a measure of potential noise in a class combination, which can be observed
in Table[3.1] In case of a clean prediction, the ranking error is equal to 0. On the other hand when
there is label noise, the ranking error function returns a positive result.

The key idea behind the ranking error function is that if k € y; and [ ¢ y;, then fi(x;) > fi(x;).
However, the trustworthiness of the ranking error function depends very much on the prediction
accuracy of the model. If one wants to decide whether the class combination includes noise,
using Ej(x;) in the beginning of the training process may lead to misleading results when the
networks are unstable.

Table 3.1: Ranking Error Function Values

fi|fi | E
clean [0 |1 | O
miss 010 | +1
extra 171 | +1
wrong | 1 | 0 43

To find the potential noise rate and noise type in a sample, losses from class combinations are
gathered into two components using the group lasso technique. The first component calculates
an aggregated loss for the sample taking missing class labels into consideration, and the second
component calculates an aggregated loss for extra class label assignments. This approach allows
our algorithm to rank noisy samples according to their noise rate as well as their noise type by
adjusting the factors (a and ) of the two losses. The combined ranking loss per sample is
defined as follows:

14
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m a

m
Lassog(x;) = o - Z E/?J(xi) + B- Z
I=a+1 \ k=1 k=b+1

E2(x) (3.11)

where a and b denote the number of assigned labels and unassigned ones in a sample, respec-
tively. Lasso,(x;) is computed analogous to Lassor(x;).

\4

Jo(X5)

Lassop(X;)

Lasso

Y; 1 G

Figure 3.2: Flowchart of the Group Lasso Module. It gets the normalized
predictions and labels as input, and outputs the ranking loss and
potential noisy classes. The calculation for the network g is
analogous to the calculation for the network f.

We also save ranking errors per class before summing them up into the ranking loss per sample,
which allows noisy labels to be located. The located labels are thereafter transferred into the
flipping module to be fixed. There may be more than one noisy label in a sample, whether it is a
missing or an extra label. However, locating each of them correctly is an arduous task, and when
done wrong, may lead to detrimental effects on training. Thus, we select one label per sample
with the highest ranking error to be transferred to the flipping process.

At the end, the group lasso module returns a ranking loss and a potential noisy class for ev-
ery sample in a mini-batch, as can be seen in Figure [3.2] The returned ranking losses are added
to the BCE loss by some factor to be used to determine the noisy samples. The potential noisy
classes are sent to the flipping module.

15
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3.4 Flipping Module of the Proposed Method

The flipping module consists of two components: Noisy class selector (NCS) and Noisy class
flipper (NCF). NCS takes the previously calculated ranking losses, potential noisy classes and
an additional flipping percentage argument as well, as input. The flipping percentage argument
dictates the number of classes that get chosen to be sent to NCF. When it comes to relabeling po-
tential noisy labels, the difficult part is distinguishing hard samples from noisy samples. In order
to overcome this hardship, the component first compares the chosen classes by the two networks
and eliminates the ones that are not common, which prevents relabeling false positives — classes
that are in fact not noisy. After both networks agree upon the noisy classes, the ranking losses
of these noisy classes from the two networks are summed up. The component then selects the
samples with the biggest ranking losses according to the value of the flipping percentage.

Let ;= (I/,2,....,I") and [; = (I, 2, ..., ") be ranking losses, and ¢; = (c!,c?,...,c}) and

17717 [ A
&= (¢l,é, ...,¢") be the chosen potential noisy classes for every sample for the mini-batch i

with size n. The noisy classes C; to be proceeded to NCF are chosen as follows.

P R
' 2

ke {1,...,n},c§:éf}, (3.12)

Ci={c/=¢lacDi} , (3.13)

where D; represents the set of indices of k largest elements in /;.

The task of NCF component is to flip the labels of the forwarded noisy classes by the previ-
ous component. Flipping means that if a noisy class is labeled with 0, NCF turns the label into 1,
and if the noisy class is labeled with 1, NCF turns the label into 0. After the flipping is done, an
additional group lasso component (Section [3.3)) recalculates the ranking losses for the mini-batch
with flipped labels. The flipped labels are also used for Binary Cross Entropy loss calculation.
An example scenario for the flipping module’s working mechanism can be found in Figure

As mentioned earlier, the algorithm’s success in finding and fixing the noisy labels depends on
the accuracy of the network predictions, which are in general erroneous in the beginning of the
training phase. Thus, if the label flipping module starts flipping noisy labels when the networks
are unstable, it may flip the labels of hard but clean samples. To avoid that, the flipping module
is initiated after the network is somewhat stable. The value of this parameter can be set looking
at the learning curve of the networks. It is also important to point out that the number of labels
that are flipped is significant for the module’s success. As the networks learn from each other’s
mistakes, the number of consented labels may increase, and a high flipping percentage may have
negative effects rather than positive.

It should be underlined that the main goal of the flipping module is not cleaning the existing
dataset. Fixes that are made by the module are not permanent and do not modify the actual
dataset labels. The algorithm rather takes advantage of the group lasso calculation by fixing
the located noisy labels as safe as possible during the training and using the fixed labels for the
back-propagation.
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Figure 3.3: Diagram of the Flipping Approach. /; and J; represent the ranking losses. ¢;
and ¢; imply the potential noisy class indexes. NCS outputs the consented
noisy labels C; and sums up the ranking losses from both of the networks.
NCEF gets the labels y; as input and flips a percentage of the consented
noisy labels with the largest ranking losses. In this example the percentage
of flipping is set to 2/3.

3.5 Swap Module of the Proposed Method

The swap module adds the ranking losses, which are calculated by the equation [3.12] to the
BCE loss, and selects R elements that produce the lowest losses for each network. The ranking
information of lowest R samples are exchanged between the two networks, where the network f
uses R lowest loss samples that are found by the network g to update its weights, and vice versa.

B YR Li(x:) + o Lassos(x;)
1
R

, X € my (3.14)

BY — Zle L,(x;) 4+ a - Lassog(x;)
P R

, xi€mf (3.15)

where B’f and B are the compound losses for each network, and m’} and m¥ are the set of im-
ages that results in the R lowest losses for the networks f and g respectively. « is the trade off
parameter representing the strength of Lassoy and Lassog in the low loss sample selection policy.
A visualization of the process is illustrated in Figure [3.4]
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Figure 3.4: Flowchart of the Swapping Policy. The two networks exchange
the ranking information. Each network then updates its weights
using the samples with smaller loss values that are found by the
opposite network.

Algorithm 1: Consensual Collaborative Multi-label Learning

for epoch = 1,...,E do
for mini-batch = 1,...,B do
Calculate the ranking loss;
if flipping = True then
Flip the noisy classes;
Recalculate the ranking loss;
end
Calculate the BCE loss;
Sum the BCE loss and the ranking loss;
Get low loss samples;
Swap the ranking information;
Update 6 and é;

end
end
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4 Dataset Description and Design of
Experiments

In this chapter, we first describe the datasets that are used to measure the performance of the
proposed method. We then present the two different network architectures that are employed in
the tests. Thereafter, the considered label noise approaches for the experiments are explained.
Finally, we detail the experimental setting including the optimal values for the hyperparameters
of the proposed method, considered label noise approaches and evaluation metrics.

4.1 Dataset Description

We perform experiments on two different remote sensing archives, namely BigEarthNet[57] and
UC Merced Land Use dataset[[67]], to assess the performance of the proposed method and do a
well-rounded analysis. As the title of the thesis states, we focus on remote sensing imagery in the
multi-label setting. The behavior of the proposed method is illustrated in different scenarios by
using different datasets. This provides meaningful insights to the proposed method. We choose
BigEarthNet and UC Merced Land Use archives for testing purposes.

BigEarthNet is a large scale multi-label remote sensing archive, consisting of 125 Sentinel-2 im-
age tiles. The image tiles were collected by two twin satellites, called Sentinel-2A and Sentinel-
2B, which acquire optical imagery over land, and coastal waters. To construct BigEarthNet, the
collected image tiles were atmospherically corrected, and divided into non-overlapping 590,326
image patches, each annotated by multiple land-cover classes provided by CORINE Land Cover
Map (CLC) of 2018. Each image patch is composed of twelve spectral bands, four of which are
10m (120x 120 pixels), six are 20m (60x60 pixels) and two are 60m (20x20 pixels). In our
experiments, we use the 10m and 20m bands excluding the two 60m bands that are not related to
land cover classes. The 20m bands are resized to 120x 120 pixels using bicubic interpolation for
coherent input dimensions. The channels are normalized according to their specific means and
standard deviations that are provided by the archive.

BigEarthNet was initially annotated with 43 land cover classes, some of which were challeng-
ing to be accurately described[58]]. Therefore, the archive is updated with an alternative class-
nomenclature consisting of 19 classes. Ten classes from the original label set are kept in the
new label set, while twenty classes that have similar land cover features and spectral patterns
are grouped into nine new classes. Eleven classes that are related to land use or require ad-
ditional information to be recognized are eliminated from the label set all together. The new
class-nomenclature increases the description quality of BigEarthNet’s semantic context. Further-
more, it alleviates the class-imbalance problem that was present in the original label set, where
the class distribution of data was highly imbalanced. The most common class had 217,119 sam-
ples, and the most uncommon class had 328 samples. The new class-nomenclature achieves a
much more balanced archive with the removal of the rare classes.

19



CHAPTER 4. DATASET DESCRIPTION AND DESIGN OF EXPERIMENTS

Class-imbalance refers to the problem where classes in a dataset are not represented equally.
Generally, classes that have more samples are learned easier and faster in classification because
the model sees more examples of the class. As a consequence, samples with more common
classes receive smaller loss values, whereas samples with less common classes receive greater
loss values. On the other hand, loss values in a balanced dataset, where every class has ap-
proximately the same number of samples, are often proportional. The proposed method works
best when the training set is balanced as much as possible, because it excludes the samples with
greater loss values from back-propagation, which may coincide with the samples that have less
common classes in a class-imbalanced dataset. If these samples are constantly excluded from
back-propagation, they may never be learned by the model which may lead to poor test per-
formance. Thus, we choose a subset of BigEarthNet to use in the experiments, and we reduce
the class-imbalance further by introducing a 12 class-nomenclature. BigEarthNet images were
collected between June 2017 and May 2018 over ten European countries, and the archive is di-
vided into subsets each representing a country. Among them, the Ireland subset is chosen to be
subjected to the experiments. A set of example images from the subset is displayed in Figure
Table |4.1{ shows the number of training, validation and test samples in the Ireland subset of
BigEarthNet using the 19 class-nomenclature. To obtain a more balanced dataset, classes that
have less training samples than a defined threshold are eliminated. The eliminated classes from
Table[4.T|are Industrial Commercial Units, Permanent Crops, Agro-foresty Areas, Natural Grass-
land and Sparsely Vegetated Areas, Beaches, Dunes, Sands, Coastal Wetlands and Inland Waters.
To display the negative effects of class-imbalance on multi-label classification with noisy labels,
we include results on the Ireland subset using 43, 19 and 12 class-nomenclatures in Chapter [5]

UC Merced Land Use is the other dataset that a set of experiments were conducted on. The
archive is composed of 2100 aerial ortho images that were retrieved from the United States Ge-
ological Survey National Map. There are 100 images in the RGB color space for each of the 21
classes in the archive. Each image measures 256x256 pixels and has a spatial resolution of 30m.
Although the dataset is called UC Merced Land Use, it includes also land cover classes such as
beach, forest and river. To explain the difference, land cover refers to the physical land type such
as bare soil, water or urban infrastructure, whereas land use indicates how people use land e.g.
agricultural and residential purposes. Figure shows example images from UC Merced Land
Use dataset. The archive is originally constructed as a single label archive. For this reason, it
is not possible to use it in the experiments. Fortunately, the authors of [7/] created a multi-label
version of UC Merced Land Use where each image is labeled with one to seven labels based
on visual inspection. This decreases the number of distinctive classes in the dataset from 21 to
17, while keeping the number of total images at a constant of 2100. The number of training,
validation and test samples in multi-label UC Merced Land Use dataset can be found in Table
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Table 4.1: Number of samples per class in training, validation and test sets of
the Ireland subset of BigEarthNet using 19 class-nomenclature.

Class Train Val Test
Urban Fabric 818 369 371
Industrial Commercial Units 193 79 69
Arable Lands 2860 1404 1397
Permanent Crops 6 0 0
Pastures 5723 2725 2739

Complex Cultivation Patterns 510 240 226
Land Principally Occupied by 896 420 414
Agriculture, with Significant
Areas of Natural Vegetation

Agro-foresty Areas 0 0 0
Broad-leaved Forest 410 205 199
Coniferous Forest 1156 545 524
Mixed Forest 588 273 296
Natural Grassland and Sparsely 124 48 55
Vegetated Areas
Moors, Heathland and 467 217 219

Sclerophyllous Vegetation
Transitional Woodland, Shrub 708 345 369

Beaches, Dunes, Sands 63 7 15
Inland Wetlands 811 400 415
Coastal Wetlands 37 7 12
Inland Waters 165 64 75
Marine Waters 2087 894 900

(a) Pastures, Intertidal flats, (b) Peatbogs (c) Sea and ocean
Sea and ocean

o il -
(d) Pastures, Moors and (e) Pastures (f) Pastures, Mixed forest
heathland, Sea and ocean

Figure 4.1: Example images with labels from BigEarthNet
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Table 4.2: Number of samples per class in training, validation and test sets of
multi-label UC Merced Land Use dataset.
Class Train | Val | Test
Airplane 70 15 15
Bare Soil 506 | 103 | 109
Buildings 482 | 102 | 107

Cars 631 | 125 | 130
Chaparral 77 21 17
Court 73 16 16
Dock 70 15 15
Field 73 15 15
Grass 683 145 | 147

Mobile home 70 17 15
Pavement 917 189 | 194

Sand 210 43 41
Sea 70 15 15
Ship 70 16 16
Tanks 70 15 15
Trees 702 | 155 | 152
Water 142 31 30

(a) Airplane, Grass, Pavement (b) Bare soil, Buildings, Grass (c) Cars, Grass, Pavement

(d) Dock, Ship, Water (e) Sand, Sea (f) Trees

Figure 4.2: Example images with labels from multi-label UC Merced Land Use dataset
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4.2 Network Architecture

We employ ResNet50V2[25]] and a shallow convolutional neural network architecture called
SCNN, following the setup in [57] to train and test our model. SCNN consists of three con-
volutional layers. The first two layers have 32 filters with 5x5 filter size. The last layer has 64
filters with 3x3 filter size. All three layers have zero paddings, and they are followed by the
activation function Rectified Linear Unit (ReLU). After each convolutional layer, a maximum
pooling layer with 2x2 window size and 2x2 strides is inserted. A fully connected layer and
a classification layer are added to the end of the network to output the network predictions. A
shallow network, such as SCNN, is chosen to show the effectiveness of the proposed method
even in shallow structures. A more popular and well established network architecture, such as
ResNet50V2, is also incorporated into the experiments to create accountability and comparabil-

ity.

Skip Connection

j—
X

/D
<&
l
F(X) +

X

BN-RelLU
Conv Layer 1
BN-ReLU
Conv Layer 2
BN-RelLU
Conv Layer 3

F(X)

Figure 4.3: Residual Block

ResNet[24] was originally introduced to create deeper
networks addressing the notorious vanishing gradients
Table 4.3: Structure of the Network  problem. Calculated gradients are back-propagated

Layer Input Image through the network in conventional DNNs. However,
1 5x5 conv, 32 ReLU if the DNN is too deep, gradients may vanish along the
2x2 max-pool, 2x2 stride | way and cannot reach to the initial layers. This problem

2 5x%5 conv, 32 ReLU causes neural networks to saturate early and sometimes
2x2 max-pool, 2x2 stride | diverge from the optimal accuracy. In order to avoid

3 33 conv, 64 ReLU that, the authors of [24]] suggested a new network archi-
2x2 max-pool, 2x2 stride | tecture that consists of many residual blocks. A residual

4 Fully Connected Layer block is a stack of convolutional blocks that is embel-

lished with a skip connection. A skip connection is a
structure, where the input of the residual block is transmitted to the output function bypassing
the in-between layers. The skip connection avoids gradients being zero by copying the input of
the current residual block to the following residual block. This allows building very deep neural
networks without worrying about the vanishing gradient problem. ResnetV2[25] is an improve-
ment on ResNet that adds additonal non-linearities to the network. There are different versions
of ResNet each having different amounts of layers. We choose ResNet50 that has 50 layers.
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4.3 Experimental Setup

We conduct extensive experiments to evaluate our method, using a comparative analysis on the
base model and the proposed method. The base model consists of two deep neural networks that
run parallel without exchanging loss information or using any other component of the proposed
method. Different rates of label noise are applied to both of the models. Then, a quantitative
comparison between the accuracies of them is documented. In this section, first, the tuning of the
hyperparameters is described, and the optimal values for them are revealed. Next, the considered
label noise approaches for the experiments are explained. Finally, the evaluation metrics used in
the comparative analysis are described. The results of the experiments can be found in Chapter

4.3.1 Hyperparameter Optimization of the Proposed Method

Optimization of the hyperparameters of a deep neural network is crucial for its performance.
Hyperparameters control the learning process. They cannot be learned via an optimizer during
back-propagation, in contrast to regular parameters. They often affect the speed and quality of
the training process. Thus, the accuracy of the network can suffer quite badly without inferring
the right values for the hyperparameters. Hyperparameter optimization aims to find the tuple of
parameters that minimizes the predefined loss function on the given input. However, it is not an
easy task to tune these parameters. It often requires an exhaustive search that grows exponen-
tially with the number of unknown parameters and a lot of time and computation power. The
optimal hyperparameters for the proposed method are found after extensive experiments.

The usual hyperparameters for a deep neural network include batch size, number of epochs
and learning rate of optimizer. Prediction threshold can be added to the list in the multi-label
classification setting. Our choice of optimizer for the experiments is Adam[31]. Adam is an
extension to stochastic gradient descent algorithm, where the estimate of the error that is used
to update the network weights is calculated on a mini-batch of samples. However, in contrast to
SGD, Adam calculates individual learning rates for different network parameters, thus achieving
better results. The learning rate for the optimizer is set to 0.001 to avoid a suboptimal solution
while keeping a high convergence rate. The chosen batch size depends on the dataset that is
trained. Batch size is the total number of training examples that are used to calculate gradient in
a single iteration. DNNs converge quicker with smaller batches at the cost of noise in the train-
ing process[45]][46]. Bigger batches make networks converge slowly, yet give a more accurate
estimation of the error gradient. We fix the batch size for BigEarthNet to 256. On the other
hand, 32 is determined as batch size for multi-label UC Merced Land Use archive because UC
Merced Land Use is a resolution wise higher quality dataset with 256256 pixels compared to
BigEarthNet, which includes 120x 120 pixels. Therefore, it takes more memory. We reduce the
training time as well as converge safer by avoiding noise with large batch sizes. We report the
results of training after 20, 30 and 100 epochs depending on the dataset, model and experiment
type. We choose the prediction threshold for our model as 0.5, which means that the normalized
predictions under 0.5 are evaluated as O and the ones over the threshold are evaluated as 1.

In addition to the parameters mentioned above, there are method-specific hyperparameters that

need tuning. Finding the right values for them is essential for the proposed method’s success.
However, our model requires tuning of copious hyperparameters. This complicates the process,
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as finding the right combination of parameters is extremely challenging. Thus, after we set the
batch size, epoch, learning rate, and threshold, we focus on finding the right tuple of method-
specific hyperparameters for the proposed method, and then conduct extensive practical as well
as theoretical experiments. Below, we inspect the hyperparameters successively and explain the
reasoning behind the choices of optimal values.

Within the proposed approach’s swap module, the networks swap the calculated low loss sam-
ple information with each other. According to this information, each network chooses a certain
amount of low loss samples of the opposite network and updates its weights using them. The goal
of the process is to remove the noisy samples from back-propagation. Without knowing the exact
noise amount and distribution in the labels, optimizing this parameter is very hard. Excluding too
many samples from back-propagation degrades the accuracy of the predictions. Networks starve
and cannot learn diverse features using enough samples. On the other hand, excluding too few
samples also affects the accuracy adversely because the network overfits to the noise present in
the data. According to our observations, exchanging 75% of the low loss sample information at
each iteration is the optimal solution to this tradeoff.

The discrepancy measure is a deciding factor in the success of the proposed method. The net-
work’s ability to learn diverse features from the data depends on the discrepancy measurement’s
quality and accuracy. We considered three discrepancy measurements to apply in our experi-
ments: Wasserstein, Jensen-Shannon, and MMD. Although in theory, Wasserstein metric is a
plausible choice, it is eliminated from the options because of its large time complexity. Compar-
ing MMD and Jensen-Shannon through a set of tests reveals the superior performance of MMD.
The fact that MMD is more capable of assessing the topology of feature spaces than Jensen Shan-
non also supports our findings. Thus, MMD is chosen as the discrepancy measurement to be used
in the experiments.

MMD takes advantage of the kernel trick to analyze the relations in the feature space. In all
our experiments, we employ the RBF kernel as our similarity function in the following form:

2
k(s;,sz):exp<—||s1s2|> . 4.1

o

The optimal value of the ¢ in the RBF kernel is determined as 10.000. We observed that low
sigma values were ineffective for measuring the distance between the logits of the two networks
used in the proposed method. Using the RBF kernel, the discrepancy module first maximizes
the diversity to learn diverse features, and then minimizes it to learn the same class distributions.
The module achieves this by adding the respective losses, namely L¢ and Lp, to the final loss
terms of the networks, weighting them by A, and A5 as follows:

R
A ;
Loss}}. = Z’llRf(xl) +A’2 .LC — A?) .LD (42)
R
~ L .
Loss? = l—le(x‘) YA-Le—23-Lp (4.3)

The value of A, is set to 0.25, and the value of A3 is set to 0.5. The diversity component of the
module is placed approximately within the second quarter of the convolutional layers. Forcing
networks to diverge in an early stage and converging them thereafter teach the networks distinct
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feature sets while keeping the predictions consistent.

An additional mechanism along with the BCE loss is necessary to identify the potential noisy
samples. For this purpose, a ranking loss for every sample is calculated and added to the BCE
loss by a factor that is set to 0.2 as the result of our experiments. There are also parameters o
and f3 that control the effects of two different noise types on the calculation of the ranking loss.
A group lasso module with a bigger o concentrates more on finding the missing class labels,
whereas a bigger f gives a heavier weight to detecting the extra class label assignments. An ex-
tra class label assignment is more harmful than a missing class label in our setting, where every
sample is annotated with the minority of the present classes. Thus, we set ¢ to 0.5 and 3 to 1.0.

As mentioned in Chapter [3] it is crucial to choose the right time to start flipping potential noisy
labels because the networks are not stable in a very early stage of the training, and thus the
predictions are not accurate. Therefore, the early initiation of the flipping module may cause
erroneous flips. To prevent this, we start the flipping process after 90% of epochs is done. Fur-
thermore, the flipping module flips labels when the two networks agree that the label is noisy.
As the networks learn from each other and get more stable, the number of agreed labels may
increase. However, the networks may agree on the labels of hard classes instead of noisy ones,
and flipping too much of them would decrease the performance of the model. The flipping mod-
ule flips only the 5% of the agreed classes every iteration after it is initiated to avoid this problem.

The hyperparameter tuning and the initial tests were conducted on the Technical University of
Berlin High-Performance Cluster where an NVIDIA Tesla P-100 GPU with 16 GB of RAM was
used. However, the model training and experiments were conducted on a GPU with a bigger 32
GB RAM, called Tesla V100, on RSiM cluster.

The codeE] for this work is written in Python 3.7.6 using Tensorflow 2.2.0. We additionally used
an open-source library called Noisifier to introduce label noise to the datasets during the training.

4.3.2 Considered Label Noise Approaches

To verify the effectiveness of the proposed method, we add synthetic noise to the labels of
BigEarthNet and multi-label UC Merced Land Use dataset, using two different noise approaches
that are designed for the experiments. Both of the techniques get a batch of multi hot binary en-
coded labels as input. The first technique is called Random Noise per Sample (RNS). It chooses
random samples from each mini-batch by a predefined percentage that is called sample rate.
Then, it chooses random labels of the chosen samples by another percentage, namely class rate,
and flips them. RNS adds noise to certain samples while disregarding the others. The second
technique is called Mix Label Noise (MLN). It randomly chooses a percentage of all the nega-
tive labels in the mini-batch and flips them to positive labels introducing extra class noise to the
dataset. By the same percentage that is called sample rate, the method randomly chooses positive
labels and flips them to negative labels adding missing class noise. MLN introduces different
types of label noise proportional to the distribution of classes in the batch. If most entries in
the batch are 0, the technique adds more extra class noise to the batch and vice versa. A visual
explanation of the considered label noise approaches is displayed in Figure @.4]

IThe code for this work is available at https:/gitlab.tubit.tu-berlin.de/rsim/CCML

26



CHAPTER 4. DATASET DESCRIPTION AND DESIGN OF EXPERIMENTS

Yi| 1 oO|j0|0|O0|O0]|1 1 0|0 0[(0|0O 1 0 1 1 1 0|0
Y2|o0|0|o0 1 0 1 0|0 1 0 0 1 0 1 1 0 1 0 1 0
Y3 |1 1 0|0 1 0|0 1 1 0 1 0 1 0 1 0 1 0|0 1
1 1 0 1 0 1 0|0 1 0 1 0|0 1 0 1 1 1 0|0
0 1 0|0 1 1 0O[0]|O0 1 1 1 1 0|0 1 1 0|0 1
0/0|O0 1 0 1 0|0 1 0 0 1 1 1 0[0]|O0 1 0 1

(a) RNS (b) MLN

Figure 4.4: The two label noise approaches used in the experiments. (a) shows Random Noise
per Sample with a sample rate of 0.5 and a class rate of 0.5. Three samples out of six
are chosen, and half of their labels are randomly noised. (b) shows Mix Label Noise
with a sample rate of 0.5. Over the whole batch, half of the positive labels and half
of the negative labels are chosen and noised. The yellow boxes represent the
negative ground truth labels that are flipped, and the red boxes represent the positive
ground truth labels that are flipped.

In the experiments, two different settings are used for the above mentioned label noise ap-
proaches. In the first setting, the random selection of the samples and labels to be noised is
not-deterministic (it changes every epoch). At every epoch, the noise distribution in the labels
change. We do that to show the robustness of the proposed method even for complicated and dy-
namically changing noise in the labels. We refer to this setting in Chapter [5|as not-deterministic
noise. In the second setting, the same set of labels are randomly selected every epoch, and label
noise is added to them. This approach is referred to deterministic noise in Chapter 5]

4.3.3 Evaluation Metrics

The performance of the proposed method is evaluated through an empirical study using various
evaluation metrics. In this subsection, the evaluation metrics used in the experiments are de-
scribed.

To test a classifier’s ability to generalize to real world data, the classifier runs on unseen data
and attempts to predict the correct label set for each sample. It is imperative to utilize the proper
evaluation metrics to assess the accuracy of its predictions. Failing to choose the right metrics
may be misleading about the classifier’s performance, especially in multi-label setting, where
the prediction accuracies of multiple classes per sample are involved in the evaluation. In single
label classification, every sample is matched with only one label. On the other hand, multi-label
classifiers predict a set of labels for each instance from the dataset, and therefore, the prediction
can be partially correct, fully correct or fully incorrect. This complicates the evaluation process
of multi-label classifiers, requiring more advanced methods to capture the true performance of
the classifier.

In a classification scenario, the predictions can be categorized into four groups: True Negative

(TN), False Positive (FP), False Negative (FN) and True Positive (TP). They are often described
in a 2x2 grid called confusion matrix as shown in Table[d.4] where each cell contains the number
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of predictions that fall into its group.

Table 4.4: Confusion Matrix

Negative Prediciton | Positive Prediction
Ground Truth Negative Label | True Negative (TN) | False Positive (FP)
Ground Truth Positive Label | False Negative (FN) | True Positive (TP)

The first column of the confusion matrix represents the negative predictions while the second
column represents the positive predictions. Ground truth negative labels are located in the first
row, and the ground truth positive labels are on the second row. True predictions are represented
by the upper left cell and the lower right cell. The confusion matrix allows a detailed analysis of
the performance of the classifier. All the evaluation metrics used in this work are derived from
the confusion matrix.

A common choice of evaluation metric of a classifier’s performance is the classification accu-
racy. Classification accuracy is the number of correct predictions divided by the total number of
predictions.

TP+TN
Classification Accuracy = + . “4.4)
TP+TN+FP+FN

Although classification accuracy is simple and intuitive, it yields misleading results when dataset
is class-imbalanced. The classifier may always predict the over-represented classes and still get
very good classification accuracy scores because the under-represented classes are very scarce in
number, and predicting them wrong does not influence the overall classification accuracy signifi-
cantly. This obfuscates the real performance of the classifier leading to thinking that the classifier
is successful, when in fact, it is not. Moreover, in multi-label classification, usually multi hot vec-
tor notation is adopted, where generally most entries are zero representing the classes that are not
annotated for the instance. With the ground truth labels and predictions as in Figure {.5] the
classification accuracy will be 60%, even though the predictions are completely wrong.

Figure 4.5: Label prediction example

This example illustrates that classification accuracy is not enough to assess the performance of
a multi-label classifier and may be misleading in certain scenarios. Therefore, we use more ad-
vanced evaluation metrics to test the proposed method.

The first evaluation metric we employ is precision, which gives a measure of what proportion
of positive predictions was actually correct. Formally, it is

TP
Precision = ——— . 4.5)
TP+ FP
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The second evaluation metric we utilize is recall, which answers the following question: What
proportion of actual positives was identified correctly? Formally, it is defined as

TP
Recall = —— . 4.
eca TP+FN (4.6)

Precision and recall are good measures for multi-label classifiers because they together asses the
relevancy of the positive predictions. Higher precision means that most of the positive predictions
were in fact correct, and higher recall implies that most of the positive ground truth labels were
predicted correctly. To evaluate the performance of a classifier accurately, precision and recall
must be examined together. Ideally, both of them must be as high as possible and proportional.
However, they often compete with each other. Improving precision typically reduces recall and
vice versa. Thus, we choose F1 as our third evaluation metric, which combines precision and
recall by calculating the harmonic mean of them:

Fle>2 Precision - Recall

4.7)

" Precision + Recall

F1 is usually the most trustworthy evaluation metric in classification tasks.

There are different ways of calculating the above mentioned metrics. One way is computing the
metric scores independently for each class and then taking the averages. This approach is called
macro averaging, and it treats all classes equally. An alternative approach is called micro averag-
ing, where the metric scores are calculated over all the labels and then averaged. We provide the
micro averaged results in Chapter [5] We also calculate the class-based performances using the
F1 scores to reveal the effects of the proposed method on under-represented and over-represented
classes.
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5 Experimental Results

Following the settings mentioned in the previous chapter, several experiments are conducted to
assess the performance of the proposed method. The results and their analysis are presented
in this chapter under two sections. The first section analyzes the results obtained using different
label sets for the Ireland subset of BigEarthNet including the 43 class-nomenclature, the 19 class-
nomenclature and the deducted 12 class-nomenclature. The second section includes the results
and analysis of multi-label UC Merced Land Use dataset. The experimental results are reported in
a comparative style where six different noise rates (0%, 10%, 20%, 30%, 40%, 50%) were tested
for each setting using the base model as well as the proposed method. Note that the obtained
recall, precision, and F1 scores are reported in percentages. The better score in each setting is
highlighted, comparing the performances of the base model and the proposed method. The most
representative experiments in terms of the analysis of the proposed method are reported. Since
the proposed method includes two networks that run simultaneously, we get two different sets
of scores at the end of each experiment for both of the networks. The network with the best F1
validation score is chosen and tested on the test sets of the respective datasets. In this chapter, the
class-based F1 scores are also reported as comparative plots to give a better intuition about the
performance and behaviour of the proposed method. The results provide meaningful insights into
the proposed method, and reveal remarkable characteristics of the used datasets and considered
label noise approaches.

5.1 Results on the Ireland Subset of BigEarthNet

The test results for the base model and the proposed method on the Ireland subset of BigEarthNet
using the 43 class-nomenclature are summarized in Table SCNN is chosen as the network
structure and run for twenty epochs. A pattern that is observable under this setting is that the pre-
cision scores of the base model as well as the proposed method are significantly higher than the
recall scores. Moreover, this pattern continues in the following experiments, which reveals that
the networks, whether using the proposed method or not, are inclined to do negative predictions.
This can be explained with the overwhelming majority of the negative ground truth labels com-
pared to the positive ones. Since 95% of the BigEarthNet images in the 43 class-nomenclature
are labeled by at most 5 classes, the networks learn more negative labels than they do positives.
This causes a bias in the training in favour of predicting negative labels.

The proposed method obtains slightly better F1 scores than the base model using 43 class-
nomenclature for all rates of label noise except 50%. The reason for this increase is the improve-
ment on the recall score of the proposed method compared to the base model. Since precision
and recall are often in tension, the precision scores of the proposed method in return decreases in
this scenario. This displays the proposed method’s ability to predict more positive ground truth
labels correctly. The performance of both models do not decrease significantly with the increased
noise rates. This trend is also observable, with few exceptions, throughout the rest of the experi-
ments. This is because the number of samples for the over-represented classes are sufficient for
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Table 5.1: Test results on the Ireland subset of BigEarthnet using 43 class-nomenclature for 20
epochs on SCNN with not-deterministic RNS
Precision Recall F1
Base | CCML | Base | CCML | Base | CCML
0% | 764 | 824 | 662 | 66.7 | 709 | 73.6
10% | 88.5 850 | 642 | 66.0 | 743 | 743
20% | 84.1 81.8 652 | 67.0 | 734 | 73.6
30% | 932 | 787 | 559 | 673 | 69.8 | 72.6
40% | 85.2 | 81.7 | 56.8 60.6 | 68.1 69.5
50% | 834 | 79.6 | 56.0 | 569 | 66.9 | 663

the networks to predict them correctly, despite the present label noise. Since the over-represented
classes are high in number, their influence on the micro averaged scores are proportionally high.
On the other hand, the under-represented classes do not have much effect on the micro averaged
scores because they are low in number.

In contrast to the above mentioned results, the base model outperforms the proposed method
in Table [5.2] The base model obtains better results with ResNet50 architecture using the 19
class-nomenclature except for the 50% label noise scenario. This can be explained by the rela-
tive robustness of ResNet50 (which uses regularization techniques) compared to SCNN to label
noise, and the improved label set. Moreover, the base module uses the whole training set, which
gives it the opportunity to learn from diverse samples. On the other hand, the proposed method
excludes the 25% of the training samples from back-propagation hoping to obtain improved ac-
curacy. However, excluding samples deteriorates the model’s ability to generalize to the test set
failing to detect the noisy samples in this setting. With a high rate of noise (50%), where half of
the samples have noisy labels, the proposed method performs about 25% (in terms of F1 score)
better.

Table 5.2: Test results on the Ireland subset of BigEarthnet using 19 class-nomenclature for 30
epochs on ResNet50 with deterministic RNS
Precision Recall F1
Base | CCML | Base | CCML | Base | CCML
0% | 84.2 | 90.1 658 | 613 738 | 729
10% | 87.8 88.1 648 | 598 | 746 | 712
20% | 90.2 | 92,7 | 64.7 | 594 | 753 | 724
30% | 85.6 | 91.8 | 67.1 553 | 751 68.9
40% | 92.2 | 89.3 59.7 | 603 | 724 | 72.0
50% | 204 | 65.0 | 742 | 520 | 319 | 57.6

When the class-based validation scores at the end of the 30th epoch for the 19 class-nomenclature
are examined, it is observed that the scores of the under-represented classes include zeros, which
indicates the absence of true positive predictions. Also NaN (Not a Number) values are observed
in these classes’ precision scores, which signals the absence of positive predictions all together.
This is partly due to the inclination of the networks to do mostly negative predictions as explained
above. However, the biggest reason for this situation is the class-imbalance problem. In case of
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a class-imbalance problem, the model predicts the over-represented class too often, while ignor-
ing the under-represented classes completely. To verify this argument, the class-based validation
scores using the same setting for the deducted 12 class-nomenclature are checked, and neither
zero nor NaN values are detected.

In a class-imbalanced dataset, since there are more samples that belong to the over-represented
classes in the training set, they are learned better, and their loss values decrease quickly. Contrar-
ily, the under-represented classes’ loss values do not decrease in a similar fashion. In this case,
the proposed method may lead to worse results than the base model do, because it may exclude
the samples with low loss values from the back-propagation considering them noisy, when in
fact they are just under-represented. This can evolve into an ongoing trend, where the model
cannot ever learn the under-represented classes due to their constant exclusion. Thus, utilizing
the proposed method using a class-balanced dataset would give the best results.

Comparing Table with Table show that deterministic RNS deteriorates the model’s abil-
ity to generalize to the test data more than not-deterministic RNS does, because the label noise
created by not-deterministic RNS changes randomly every epoch. This means that the noise in-
troduced to the labels are not persistent, and the labels are free of noise for most of the epochs.
The model thus finds the opportunity to learn each label when the label does not include noise.
This compensates the misleading effect created by label noise, and the model learns from sam-
ples in spite of label noise. On the other hand, deterministic RNS creates samples with constant
label noise, causing the model to overfit to the invariable label noise.

Table 5.3: Test results on the Ireland subset of BigEarthnet using 12 class-nomenclature for 100
epochs on ResNet50 with deterministic RNS
Precision Recall F1
Base | CCML | Base | CCML | Base | CCML
0% | 81.1 877 | 731 | 666 | 769 | 756
10% | 84.1 91.6 | 723 | 694 | 77.7 | 789
20% | 81.0 | 8.8 | 714 | 704 | 758 | 78.9
30% | 836 | 90.1 | 689 | 699 | 755 | 78.7
40% | 65.0 | 89.5 | 73.1 | 68.0 | 688 | 77.3
50% | 33.8 | 558 | 694 | 673 | 452 | 60.8

As mentioned in Chapter[3] the proposed method’s main idea is that it excludes the noisy samples
from back-propagation. As can be observed in Table[5.3] using deterministic noise, the proposed
method successfully detects the noisy samples and excludes them from back-propagation. The
proposed method thereby outperforms the base model by a significant margin, especially with
higher noise rates such as 40% and 50%. While the F1 scores of the base model decreases
substantially with the increasing noise rate as observed in Table the proposed method’s
accuracy stays stable, and the proposed method obtains in average 5% better F1 scores.
Table[5.4reveals that the proposed method loses its superiority with high rates of noise using not
deterministic label noise, because not-deterministic noise does not affect the performance of the
base model adversely.

The test results on the Ireland subset of BigEearthNet with the 12 class-nomenclature using de-
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Table 5.4: Test results on the Ireland subset of BigEarthnet using 12 class-nomenclature for 100
epochs on ResNet50 with not-deterministic RNS
Precision Recall F1
Base | CCML | Base | CCML | Base | CCML
0% | 82.5 879 | 731 69.8 | 77.5 71.7
10% | 83.6 | 863 | 689 | 699 | 755 | 77.2
20% | 88.0 | 89.5 | 67.6 | 699 | 764 | 78.5
30% | 919 | 87.0 | 659 | 70.0 | 76.7 | 715
40% | 88.9 | 848 | 700 | 69.2 | 783 | 76.2
50% | 91.8 | 76.1 66.6 | 553 772 | 639

terministic MLN can be observed in Table[5.5] Despite RNS, where label noise is added sample
wise, MLN adds noise to the whole training labels randomly. This complicates the noisy sample
exclusion process for the proposed method, as most samples statistically have some degree of
noise in their labels, especially with higher noise rates, which hurts the F1 scores of the proposed
method.

Table 5.5: Test results on the Ireland subset of BigEarthnet using 12 class-nomenclature for 100
epochs on ResNet50 with deterministic MLN
Precision Recall F1
Base | CCML | Base | CCML | Base | CCML
0% | 84.6 | 87.1 70.6 | 708 | 77.0 | 78.1
10% | 82.0 | 91.5 | 69.0 | 68.5 74.8 | 783
20% | 92.5 | 91.1 69.1 68.3 | 79.0 | 78.0
30% | 92.0 | 88.1 67.0 | 672 | 775 | 762
40% | 943 | 749 | 58.8 662 | 723 | 70.2
50% | 23.8 | 074 | 79.2 17.8 | 36.6 10.5

Inspecting the class-based F1 scores in Figure [5.1| reveals that both the base model and the pro-
posed method learn the over-represented classes better than they learn the under-represented
classes in the given setting. The classes with the highest number of training samples — Arable
Land, Pastures and Marine Waters — have the highest F1 scores over all the noise rates. Even
high rates of noise, such as 40% and 50%, do not hurt the F1 scores of these classes substantially.
This is because they still have a lot of training samples to be learned from, despite high rates of
noise. On the other hand, the most under-represented class in the subset, Broad-leaved forest,
with 410 training samples receives a low F1 score averaging 15% over all noise rates.

The proposed method outperforms the base model in the majority of classes, especially with
high noise rates while obtaining competitive results against the base model in some classes such
as Mixed Forest and Transitional Woodland, Shrub. Both models perform poorly in Complex
Cultivation Patterns with an average of 0.06 F1 score. The base model almost always performs
better than the proposed method with 0% label noise. However, with increased noise rate, the
proposed method keeps the F1 scores relatively high.
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Figure 5.1: Class-based test results of the proposed method on the Ireland subset of BigEarthnet
using 12 class-nomenclature for 100 epochs on ResNet50 with deterministic RNS.
The blue line represents the base model, and the orange line represents the proposed

method.
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5.2 Results on multi-label UC Merced Land Use dataset

In this section, we provide the test results for multi-label UC Merced Land Use dataset using
two different deterministic label noise approaches. Table [5.6] showcases the results using RNS,
and Table [5.7|illustrate the results using MLN. Both experiments are conducted using ResNet50
architecture running for 100 epochs.

Similar to the test results in Table [5.3] deterministic RNS deteriorates the learning process of
the base model severely in Table[5.6] On the other hand, the proposed method keeps the learning
process relatively stable and achieves considerably higher F1 scores with 40% and 50% noise
rates. It is evident that the proposed method achieves a certain degree of robustness and stability
against high rates of label noise.

Table 5.6: Test results on multi-label UC Merced Land Use dataset for 100 epochs on ResNet50
with deterministic RNS
Precision Recall F1
Base | CCML | Base | CCML | Base | CCML
0% | 794 | 67.8 68.9 | 66.5 73.7 | 67.1
10% | 79.8 | 69.8 61.7 684 | 69.5 | 69.0
20% | 699 | 719 | 62.3 63.3 | 65.7 67.3
30% | 75.8 | 73.1 714 | 655 734 | 69.0
40% | 58.7 | 70.2 | 614 | 67.3 | 59.7 68.6
50% | 32.3 54.6 | 449 67.5 37.5 60.3

Table 5.7: Test results on multi-label UC Merced Land Use dataset for 100 epochs on ResNet50
with deterministic MLN
Precision Recall F1
Base | CCML | Base | CCML | Base | CCML
0% | 68.1 69.7 | 548 | 643 | 60.5 66.7
10% | 67.7 | 78.0 | 36.3 67.3 | 47.1 72.1
20% | 734 | 73.6 | 674 | 69.8 | 70.1 71.5
30% | 52.1 70.1 359 | 559 | 422 | 621
40% | 69.8 | 564 | 546 | 66.5 | 61.1 | 61.0
50% | 14.8 144 | 432 | 350 | 220 | 204

A comparison between Table [5.3] and Table [5.6] reveals that multi-label UC Merced Land Use
dataset achieves lower F1 scores compared to the Ireland subset of BigEarthNet using the same
training setting. The reason for that is multi-label UC Merced Land Use dataset includes 1470
training samples while the Ireland subset of BigEarthNet includes 8197 training samples. The
large amount of training samples makes it easier to learn the underlying class distribution of the
Ireland subset.

The results in Table[5.7|demonstrate significant fluctuation in the performance of the base model

over different noise rates. It is observed that MLN is more harmful than RNS to the consistency
of the scores obtained on multi-label UC Merced Land Use dataset, which is again explained by
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the low number of training samples in the dataset. The proposed method successfully stabilizes
the accuracy of the predictions and outperforms the base model significantly.

For the analysis of the class-based F1 scores obtained from multi-label UC Merced Land Use
dataset, three representative classes are chosen and illustrated in Figure [5.2] The class-based
scores are noted following the experimental setup used in Table[5.6] The chosen Airplane class
is the most under-represented class in multi-label UC Merced Land Use dataset with 70 training
samples. Pavement is the most over-represented class in the dataset with 917 training samples.
Buildings has 482 training samples, which corresponds to an average number of samples in the
dataset. The performance of the base model is very irregular as seen in Figure[5.2] The F1 scores
of the base model for the class Airplane include unreasonable fluctuations, which negatively af-
fect the micro-averaged F1 scores in Table[5.6] On the other hand, the proposed method’s scores
are stable, even though they do not smoothly increase. Similar to Figure the F1 scores of
the most over-represented class in the dataset are the highest among the representative classes.
Nonetheless, the proposed method keeps the F1 scores of the most under-represented class con-
siderably high.
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Figure 5.2: Chosen class-based test results of the proposed method on multi-label UC Merced
Land Use dataset for 100 epochs on ResNet50 with deterministic RNS. The blue
line represents the base model, and the orange line represents the proposed method.
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6 Conclusion and Discussion

In this thesis, we propose a novel method called Consensual Collaborative Multi-label Learning
to overcome the negative effects of multi-label noise in the context of scene classification of re-
mote sensing images. The proposed method aims to detect noisy samples and exclude them from
back-propagation to reduce the misleading effects of noisy labels on training. In addition, the
proposed method detects the individual noisy labels in the training set and fixes them following
a flipping policy. The performance of the proposed method is tested in diverse settings using two
remote sensing datasets with different label noise approaches. The results of the experiments
validate the efficacy of the proposed method in certain settings where deterministic label noise
is applied to relatively class-balanced datasets, such as the 12 class-nomenclature of the Ireland
subset of BigEarthNet.

To the best of our knowledge, this thesis is the first work in the literature that attempts to amelio-
rate the harmful effects of all types of multi-label noise including missing class label, extra class
label assignment and wrong class label assignment. We believe that this work exposes some
important facts about the classification of multi-label images in the presence of label noise, and
we hope that our work sheds some light onto the field.

With the limited computation power and time that were available during the experimental phase,
the model specific hyperparameters are optimized as good as possible. However, we believe that
the performance of the proposed method can be vastly improved with better tuned model spe-
cific hyperparameters. The inclination of the model to predict mostly negative classes can be
fixed using a lower prediction threshold or more appropriate hyperparameters. Furthermore, the
proposed method works best using class-balanced multi-label datasets. For future work, we plan
to test our method on the whole BigEarthNet, which is subject to significant class-imbalance.
It is often hard to obtain a perfectly class-balanced dataset in the multi-label setting. Nonethe-
less, we consider approximating the number of samples for each class using data augmentation
techniques to overcome this problem. Another considered solution to this problem is introduc-
ing a class-weighted loss function to obtain more balanced class-based accuracy. We also plan
to extend this work to the computer vision field using appropriate large scale multi-label datasets.

The flipping module of the proposed method is initiated after a certain number of epochs within
the algorithm. As the network predictions get more and more accurate during the training, their
quality increases, and the probability of flipping a clean label erroneously thus decreases. How-
ever, by doing that, the chance to fix more noisy samples from the initial epochs disappears. To
overcome this limitation, pre-trained models or pre-set weights can be used as a starting point.
This allows class flipping to be started from the beginning of the training process. Even though,
we do not investigate this option, it is worth mentioning, and it may lead to better results.

In the future, the considered label noise approaches will be extended. We believe that using dif-
ferent label noise structures can give more meaningful results and better insights to the proposed
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method. The experimental results show that the base model learns the over-represented classes
very well in spite of label noise for most of the settings. We aim to deteriorate the network’s abil-
ity to learn the over-represented classes in the presence of noise either by undersampling these
classes or using class-based noise, and then repeating the tests. Doing that, we believe that the
performance of the proposed method can be observed better.
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