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Deep Learning Techniques in Signal Processing

Abstract

Deep learning architectures have revolutionized research in numerous scien-
tific domains and triggered a paradigm shift from traditional machine learning
methodologies and feature engineering to architecture design and the so-called
“end-to-end” training. While the efficacy of deep learning networks can be strongly
attributed to their vigorous capacity of extracting aggregated knowledge, as the
size of the available data increases, at the same time they exhibit an underwhelm-
ing performance, when trained with a limited amount of annotated examples. Our
main aim, in this thesis, is to explore the impact of the utilization of state-of-the-art
deep learning methodologies, in both cases of data abundance and data deficiency,
in two major research topics in the fields of cosmology and remote sensing.

In the first case study, we address the problem of spectroscopic redshift es-
timation in astronomy. Due to the expansion of the Universe and its statistical
homogeneity and isotropy, galaxies recede from each other on average. This move-
ment causes the emitted electromagnetic waves to shift from the blue part of the
spectrum to the red part, due to the Doppler effect. This redshift is one of the most
important observables in astronomy and cosmology, allowing the measurement of
galaxy distances. Several sources of astrophysical and instrumental noise render
the estimation process far from trivial, especially in the low signal-to-noise regime
of many astrophysical observations. In recent years, new approaches for a reliable
and automated methodology of the redshift evaluation have been sought out, in
order to minimize our reliance on currently popular techniques that heavily involve
human intervention. The fulfillment of this task has evolved into a grave necessity,
in conjunction with the insatiable generation of immense amounts of astronomical
data, falling into the category of the so-called Big Data. We propose an alterna-
tive approach that transforms the issue at hand from a regression problem to a
multi-class classification task, opening the field for the deployment of a currently
dominating deep learning classifier, commonly known as Deep Convolutional Neu-
ral Networks. This approach is extensively evaluated on a spectroscopic dataset
of full spectral energy galaxy distributions, modelled after the upcoming Euclid
satellite galaxy survey. Experimental analysis on observations of idealistic and
realistic conditions demonstrate the potent capabilities of the proposed scheme.

In the second case study, we examine a flourishing research topic in the field
of remote sensing, namely land cover classification. Conventional methodologies
mainly focus either on the simplified single-label scenario or on pixel-based ap-
proaches that cannot efficiently handle high resolution images. On the other hand,
the problem of multi-label land cover scene categorization remains, to this day,
fairly unexplored. While deep learning and Convolutional Neural Networks have
demonstrated an astounding capacity at handling challenging image classification
tasks, they significantly underperform when trained on limited in size datasets. To
overcome this issue, we propose an online data augmentation technique that can



drastically increase the size of a smaller dataset to copious amounts. Our experi-
ments on a multi-label variation of the UC Merced Land Use dataset demonstrates
the potential of the proposed methodology, which outperforms the current state-
of-the-art by more than 6% in terms of the F-score metric.



Τεχνικές Βαθιάς Μάθησης στην Επεξεργασία

Σημάτων

Περίληψη

Οι αρχιτεκτονικές βαθιάς μάθησης έχουν επιφέρει θεμελιώδεις αλλαγές στην έ-

ρευνα πολυάριθμων επιστημονικών πεδίων και έχουν πυροδοτήσει τη μεταστροφή από

τις πατροπαράδοτες μεθοδολογίες μηχανικής μάθησης και την κατασκευή γνωρισμά-

των, στη σχεδίαση αρχιτεκτονικών και στην επονομαζόμενη εκπαίδευση “από άκρη

σε άκρη”. Ενώ η αποτελεσματικότητα των δικτύων βαθιάς μάθησης μπορεί να α-

ποδοθεί στη σθεναρή ικανότητά τους να εξάγουν συναθροισμένη γνώση, καθώς το

πλήθος των διαθέσιμων δεδομένων αυξάνεται, συγχρόνως αποδίδουν απογοητευτικά,

όταν εκπαιδεύονται με τη χρήση περιορισμένων σε πλήθος σημειωμένων δεδομένων.

Η βασική επιδίωξη αυτής της εργασίας είναι η εξερεύνηση του αντίκτυπου σύγχρονων

μεθοδολογιών βαθιάς μάθησης, σε περιπτώσεις έλλειψης ή αφθονίας δεδομένων, σε

δύο σημαντικά ερευνητικά θέματα που άπτονται των πεδίων της κοσμολογίας και της

τηλεπισκόπησης.

Στην πρώτη περιπτωσιολογική μελέτη θέτουμε επί τάπητος το πρόβλημα εκτίμησης

της φασματοσκοπικής ερυθρής μετατόπισης στην αστρονομία. Εξαιτίας της διαστο-

λής του Σύμπαντος και της στατιστικής του ομοιογένειας και ισοτροπίας, οι γαλαξίες

απομακρύνονται, κατά μέσο όρο, μεταξύ τους. Αυτή η κίνηση αναγκάζει τα εκπεμπό-

μενα ηλεκτρομαγνητικά κύματα να μετατοπιστούν από το μπλε τμήμα του φάσματος

στο κόκκινο, σύμφωνα με το φαινόμενο Doppler. Η ερυθρή μετατόπιση είναι από τα

πιο σημαντικά φαινόμενα στην αστρονομία και την κοσμολογία, καθιστώντας δυνατή

τη μέτρηση των αποστάσεων των γαλαξιών. Αρκετές πηγές θορύβου, είτε αστροφυ-

σικής προέλευσης είτε από τα όργανα μετρήσεων, καθιστούν τη διαδικασία εκτίμησης

μη-τετριμμένη, ειδικά σε περιπτώσεις αστροφυσικών παρατηρήσεων υψηλού θορύβου.

Τα τελευταία χρόνια, έχουν αναζητηθεί νέες προσεγγίσεις για την αξιόπιστη και αυ-

τοματοποιημένη εκτίμηση της ερυθρής μετατόπισης, με σκοπό να ελαχιστοποιηθεί η

εξάρτησή μας από τις υπάρχουσες δημοφιλείς τεχνικές που βασίζονται ισχυρά στην αν-

θρώπινη παρέμβαση. Η εκπλήρωση αυτής της αναζήτησης αποτελεί σοβαρή αναγκαιό-

τητα, σε συνδυασμό με την ακόρεστη παραγωγή απέραντων, σε πλήθος, αστρονομικών

δεδομένων που υπάγονται στην κατηγορία των Μεγάλων Δεδομένων. Προτείνουμε

μία εναλλακτική προσέγγιση, που μετασχηματίζει το ζητούμενο πρόβλημα από ένα

ζήτημα παλινδρόμησης σε ένα πρόβλημα ταξινόμησης πολλαπλών κλάσεων. ΄Ετσι, α-

νοίγει ο δρόμος για την αξιοποίηση ενός υπερισχύοντος ταξινομητή βαθιάς μάθησης,

κοινώς γνωστός ως Βαθιά Νευρωνικά Δίκτυα Συνέλιξης. Αποτιμούμε εκτενώς την

προσέγγιση αυτή, με τη χρήση φασματοσκοπικών δεδομένων που αποτελούνται από

γαλαξιακές κατανομές φασματικής ενέργειας, μοντελοποιημένα σύμφωνα με την επερ-

χόμενη επισκόπηση του δορυφόρου Ευκλείδη. Η πειραματική ανάλυση σε ιδεαλιστικές

και ρεαλιστικές παρατηρήσεις επιδεικνύει τις ισχυρές δυνατότητες του προτεινόμενου

σχεδίου.

Στη δεύτερη μελέτη περίπτωσης εξετάζουμε ένα ακμάζον ερευνητικό θέμα στο



πεδίο της τηλεπισκόπησης, και συγκεκριμένα την ταξινόμηση κάλυψης γης. Οι συμ-

βατικές μεθοδολογίες που έχουν χρησιμοποιηθεί στο παρελθόν εστιάζουν είτε στην

απλοποιημένη περίπτωση του προβλήματος μοναδικών ετικετών, είτε σε προσεγγίσεις

βασισμένες σε εικονοστοιχεία, οι οποίες δεν μπορούν να διαχειριστούν αποδοτικά

εικόνες υψηλής ανάλυσης. Αντίθετα, το πρόβλημα της ταξινόμησης κάλυψης γης με

τη χρήση πολλαπλών ετικετών, παραμένει μέχρι και σήμερα σχετικά ανεξερεύνητο.

Παρά του ότι οι μέθοδοι βαθιάς μάθησης και τα Νευρωνικά Δίκτυα Συνέλιξης έχουν

επιδείξει μία εκπληκτική ικανότητα στην αντιμετώπιση απαιτητικών προβλημάτων τα-

ξινόμησης εικόνων, όμως δεν καταφέρνουν να ανταποκριθούν στις προσδοκίες σε

περιπτώσεις που η εκπαίδευσή τους πραγματοποιείται με τη χρήση περιορισμένων δε-

δομένων στο πλήθος. Για να υπερνικήσουμε το συγκεκριμένο ζήτημα, προτείνουμε

μία δυναμική τεχνική επέκτασης των δεδομένων που είναι ικανή να αυξήσει το μέγεθος

μικρών συνόλων δεδομένων σε άφθονες ποσότητες. Τα πειράματά μας σε μία παραλ-

λαγή των δεδομένων UC Merced Land Use, με πολλαπλές ετικέτες, επιδεικνύουν τις

δυνατότητες του προτεινόμενου πλαισίου, που ξεπερνάει την προϋπάρχουσα αποτελε-

σματικότερη μέθοδο, κατά ένα ποσοστό της τάξης του 6% στη μετρική του F-score.
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Chapter 1

Introduction

The rise of the “golden age” of Deep Learning [1] has fundamentally changed the
way we handle and apprehend raw, unprocessed data. While existing machine
learning models heavily rely on the development of efficient feature extractors,
a non-trivial and very challenging task, deep learning architectures are able to
single-handedly derive complex representations concealed in the data by learn-
ing intermediate representations and by structuring different levels of abstraction,
essentially modelling the way the human brain works.

The origins of the deep learning paradigm (also known as Artificial Neural Net-
works - ANNs) lie in the midst of the 20th century. Specifically, Ivakhnenko and
Lapa [2] described for the first time, in 1965, the first working learning algorithm
for supervised deep feed-forward multi-layer perceptrons. For the coming decades,
the concepts surrounding deep learning methodologies evolved and expanded, but
deep learning itself waxed and waned in popularity mostly because of its insatiable
need for immoderate amounts of computational and memory resources. However,
the arrival of the current decade (2010s) marked the end of an era of controversy
and dispute regarding the reliability and viability of ANN architectures and es-
tablished a new order for deep learning, an idea that was once sort of an “ugly
duckling” which blossomed to become “the belle of the ball” [3]. The rapid tech-
nological advancements in the computer processing power and memory-storage
means and the drastic increase in the amount of available data had a profound
contribution in the performance of various deep learning architectures, which were
established as the state-of-the-art in many research fields.

One such an architecture subsists in Convolutional Neural Networks (CNNs)
[4], namely a sequentially structured model that utilizes a combination of convo-
lutional, non-linear, pooling and fully-connected layers. The inspiration behind
CNNs resides in the concept of visual receptive fields [5], i.e. the region in the
visual sensory periphery where stimuli can modify the response of a neuron. This
is the main reason that CNNs initially found application in image classification, by
learning to recognize images by experience in the same perception that a human
being can gradually learn to distinguish different image stimuli from one another.
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In this work, we build upon the state-of-the-art methodology of Convolutional
Neural Networks and we focus on its application on two challenging research topics
in the fields of cosmology and remote sensing. Specifically:

� We consider the problem of spectroscopic redshift estimation on realistic and
idealistic galaxy spectral profiles.

� We address the problem of multi-label land cover scene categorization on the
modified, from a multi-label perspective, UC Merced Land Use Dataset [6].

1.1 Big Data as the primary fuel of deep learning method-
ologies

The emergence of the concept of Big Data [7] has signaled a major shift from
the narrow availability of exploitable data to data overflow and under-utilization,
essentially cultivating the need for new approaches on data processing and manage-
ment. The acquisition of data in vast amounts and from various sources has opened
new horizons in scientific research and in the way we apprehend and utilize exist-
ing or newly developed methodologies. The aformentioned monumental success of
deep learning architectures in the recent years, can be strongly attributed to their
interminable capacity to harness the power of Big Data and has been significantly
enhanced by fully exploiting emerging, cutting-edge hardware technologies.

On the other hand, the dependency of these type of architectures on attainable
unlabeled or human-annotated observations constitutes, at the same time, their
major drawback leading to severe under-performance issues in cases where the
availability of said data is limited. The more parameters we want the model
to learn or as complex as the issue at hand gets, so does the data required for
training increase. The risk of these networks overfitting to small training datasets
is highly apparent considering that most of their variations train on parameters
that often exceed the order of magnitude of a million, or even tens of millions. Even
though their potential ability to extract high-level, complex abstractions and data
representations is unparalleled compared to other methodologies, nevertheless this
ability can greatly deteriorate with datasets of inadequate size.

1.1.1 Alternative techniques for data deficiency

Dealing with deficient datasets can prove to be a challenging issue, having in mind
that at first we need to identify the scarcity itself as the source of the network’s
under-performance and, at the same time, to effectively address the problem with
potential solutions. While cross-validation can significantly help in dealing with the
bias-variance dilemma (i.e. the trade-off between underfitting and overfitting), a
series of simple, yet powerful techniques can be also employed to address the prob-
lem of overfitting itself. This set of techniques, commonly known as regularizers,
can be broadly divided into two characteristic categories, either a model-centric
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or a data-centric. In the former case, we interfere with the network’s structure
and functionality with the goal to reduce its complexity and enhance its general-
ization capabilities. Commonly used techniques associated with this case, include
weight decay, early stopping, dropout [8] and transfer learning [9]. In the latter
case, we intervene on the data themselves, either by artificially augmenting their
size (data augmentation) [10] or by consistently normalizing their intermediate
representations in each layer (batch normalization) [11].

In the scope of this thesis, we emphasize on three of the aformentioned tech-
niques, thoroughly described in Chapter 3. Specifically, we examine the cases of
dropout, data augmentation and batch normalization.

1.2 Challenges in remote sensing

The broader scientific area of remote sensing refers to the use of satellite- or
aircraft-based technologies, for the acquisition of information about an object or
phenomenon without any physical contact. There are several scientific fields per-
tinent to the remote sensing archetype and the challenges that it poses. In this
thesis, we consider the problems of spectroscopic redshift estimation in cosmology
and the multi-label scene categorization in land cover classification.

1.2.1 Spectroscopic redshift estimation on galaxy spectral profiles

Modern cosmological and astrophysical research seeks answers to questions such
as “what is the distribution of dark matter and dark energy in the Universe?”
[12, 13], or “how can we quantify transient phenomena, like exoplanets orbiting
distant stars?” [14]. To answer such questions, a large number of deep space
observation platforms has been deployed. Spaceborne instruments, such as the
Planck Satellite1 [15], the Kepler Space Observatory2 [16] and the upcoming Eu-
clid mission3 [17], seek to address these questions with unprecedented accuracy,
since they avoid the deleterious effects of Earth’s atmosphere, a strong limiting
factor to all their observational strategies. Meanwhile, ground-based telescopes
like the LSST4 [18] will be able to acquire massive amounts of data through high
frequency full-sky surveys, providing complementary observations. The analysis of
huge numbers of observations from a variety of different sources has paved the way
for new methodologies in various research fields, and astronomy is an indicative
scenario where observations propel the data-driven scientific research [19].

One particular long-standing problem in astrophysics is the ability to derive
precise estimates to galaxy redshifts. According to the Big Bang model, due to
the expansion of the Universe and its statistical homogeneity and isotropy, galaxies
move away from each other and any given observation point. A result of this motion

1http://www.esa.int/Our Activities/Space Science/Planck
2http://kepler.nasa.gov/
3http://sci.esa.int/euclid/
4https://www.lsst.org
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is that light emitted from galaxies is shifted towards larger wavelengths through
the Doppler effect, a process termed redshifting. Redshift estimation has been an
integral part of observational cosmology, since it is the principal way in which we
can measure galaxies’ radial distances and hence their 3-dimensional position in
the Universe. This information is fundamental for several observational probes
in cosmology, such as the rate of expansion of the Universe and the gravitational
lensing of light by the matter distribution - which is used to infer the total dark
matter density - among other methods [20, 21].

A variety of photometric redshift estimation techniques have been widely used
due to the fact that photometric analysis is substantially less costly and time
consuming contrary to the spectroscopic case. However, the limited wavelength
resolution of photometry, compared to spectroscopy, introduces a higher level of
uncertainty to the given procedures. In spectroscopy, the dispersion of the light
into a wider spectral band can lead to better discrimination between different wave-
lengths making the whole process far more accurate. By observing the full spectral
energy distribution (SED) of a galaxy, one can theoretically detect distinctive emis-
sion and absorption lines that can lead to a fairly trivial redshift estimation by
measuring the wavelength shift of these spectral characteristics from the rest-frame
(frame of reference where the galaxy is at rest, i.e. at zero redshift).

In practice, estimation of redshift from spectroscopic observations is far from
straightforward. There are several sources of astrophysical and instrumental er-
rors, such as readout noise from CCDs, contaminating light from dust enveloping
our own galaxy, Poisson noise from photon counts, and more. Furthermore, due
to the need of obtaining large amounts of spectra, astronomers are forced to limit
the time of integration for any given galaxy, resulting in low signal-to-noise mea-
surements. As a consequence, not only it becomes difficult to confidently measure
specific spectral features for secure redshift estimation, but we also incur the risk
of misidentifying features - e.g. confusing a hydrogen line for an oxygen line -
which results in so-called catastrophic outliers. Human evaluation mitigates a lot
of these problems with current, relatively small, data sets. However, the spec-
tral observations we will consider are particularly challenging, existing in very low
signal-to-noise regimes and detected in massive amounts, forcing us to develop
automated methods capable of achieving high accuracy and necessitating minimal
human intervention. Chapter 4 proposes our novel approach to the problem of
spectroscopic redshift estimation on both clean, idealistic spectral profiles and on
noisy, realistic observations.
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1.2.2 Multi-label, land cover scene categorization on top-view im-
age data

High-resolution imaging sensors aboard miniaturized satellite and aerial vehicles
acquire large amounts of high-resolution imagery, which mandates the development
of automated and sophisticated algorithms for reliably processing and deriving
meaningful information from the image content. This can become more apparent
in time-sensitive situations [22], [23] or in cases where the frequency of arrival of
incoming data can be at a daily or even hourly basis.

Land cover classification remains one of the biggest challenges in the remote
sensing discipline and a crucial component in monitoring physical and anthro-
pogenic phenomena in the large scale. Semantic segmentation of satellite images
has been widely applied, in a pixel-wise manner, but as denoted in [24] there are
certain limitations to that approach when dealing with higher-resolution images.
Meanwhile, in higher level feature-based approaches each image is processed as
a whole, with a subsequent goal to be associated with a descriptive label of the
scene content. Most existing works concentrate on the multi-class scenario, where
every image is categorized to one-of-many different labels, an assumption that
oversimplifies the issue at hand given that a certain scene can depict more than
one of the primary classes. This is generally known as a multi-label classification
approach and is a very underdeveloped research topic, in the case of land cover
scene categorization.

In Chapter 5, we approach the problem of multi-label land cover scene cate-
gorization using a conventional deep learning-based methodology, uniquely modi-
fied for multi-label classification. Given that most existing multi-label land cover
datasets are very small, we employ a novel technique that artificially increases
the size of any given image dataset in copious amounts, commonly known as data
augmentation [10].

1.3 Motivation and objectives

The aformentioned challenges motivated us to use a state-of-the-art deep learn-
ing model as a baseline, namely Convolutional Neural Networks, attuned and
customized to their specific requirements. Both the examined research problems
remain fairly unexplored and lack of generalized, automated and robust method-
ologies, that can address them in a reliable way.

In the case of spectroscopic redshift estimation, the estimation of galaxy red-
shifts is perceived as a regression task in general, still, a classification approach
can be formulated without the loss of essential information. The robustness of the
proposed model will be examined in two different data variations, as depicted in
the example of Figure 1.1. In the first case (b), we deploy randomly redshifted
variations of the original rest-frame spectral profiles (a) of the dataset used. These
redshifted equivalents, effectively result from linear translations of the rest-frame,
in logarithmic scale. This case can be considered as an idealistic scenario, as it
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(a) Clean, rest-frame spectral profile (b) Clean (randomly) redshifted equivalent

(c) Noisy redshifted equivalent

Figure 1.1: Example of the utilized spectral profiles. From the initially available
rest-frame samples, randomly redshifted equivalents are produced, in clean and
noisy forms. The x-axis corresponds to the emitted wavelengths, while the y-axis
resembles the normalized spectral density flux value.

ignores the interference of noise or presumes the existence of a reliable denoising
technique. On the other hand, a more realistic scenario is considered (c), with the
available redshifted observations subjected to noise of realistic conditions.

In the case of multi-label land cover scene categorization, the lack of adequately
sized datasets can seriously cripple the performance of the adopted deep learning
model, necessitating the need for alternative solutions. To that end, we exploit the
CNNs’ transformation invariance property, based on the fact that a CNN must be

6



able to robustly classify inputs (in our case images), regardless of small, possible
alterations of their content. The employed technique, termed data augmentation
earlier in this thesis, has proven to be significantly effective in image classification.
Data augmentation proposes a simple, yet powerful, framework where the size of
a small labeled dataset, derived in a limited set of conditions, can be artificially
increased through a series of potential transformations (translations, flips, rescaling
etc.). As previous studies in the single-label case have shown [22, 25, 26], CNN
classification with data augmentation can have a substantial impact in multiple
remote sensing scenarios, demonstrating its potent capabilities.

1.4 Contribution

The main contributions of our work are referenced below:

� We use a deep learning architecture for the case of spectroscopic redshift
estimation, never used before for the issue at hand. To achieve that we need
to convert the problem from a regression task, as engaged in general, to a
classification task, as encountered in this novel approach.

� We utilize Big Data and evaluate the impact of a significant increase of the
employed observations in the overall performance of the proposed method-
ology. The dataset used is modelled after one of the biggest upcoming spec-
troscopic surveys, the Euclid Mission [17].

� We employ the cutting edge methodology of Convolutional Neural Net-
works with dynamic data augmentation, tailored for multi-label land cover
scene classification. The proposed method marks a clear departure for ex-
isting techniques, such as the current state-of-the-art graph-theoretic semi-
supervised approach [27], or a recent work [28] that exploits different types of
features, either hand-crafted or derived via transfer learning, to calculate im-
age distances and to obtain corresponding similarities. Our method, apart
from being the first to employ a fully trainable, end-to-end deep learning
model for the task at hand, it manages, at the same time, to significantly
outperform the state-of-the-art on a redefined version, from a multi-label
perspective, of the UC Merced Land Use Dataset [6].
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1.5 Related publications

The experimental efforts of this thesis have been summarized in the following two
original publications:

1. R. Stivaktakis, G. Tsagkatakis, B. Moraes, F. Abdalla, J-L Starck, P. Tsakalides,
“Convolutional Neural Networks for Spectroscopic Redshift Estimation on
Euclid Data”, IEEE Transactions on Big Data (Special Issue on Big Data
From Space) - under review

2. R. Stivaktakis, G. Tsagkatakis, P. Tsakalides, “Deep Learning for Multi-
Label Land Cover Scene Categorization Using Data Augmentation”, IEEE
Geoscience and Remote Sensing Letters - accepted

1.6 Roadmap

The remainder of this thesis is structured as follows. In Chapter 2, we present a
brief outline of the relevant literature concerning the utilized methodologies and the
accompanying challenges, in astronomy and land cover classification. A detailed
overview of the existing theoretical background, models and techniques adopted
in this work is provided in Chapter 3. In Chapters 4 and 5, we focus on the two
examined case studies, regarding the spectroscopic redshift estimation on galaxy
spectral profiles modelled after the Euclid survey and the multi-label land cover
scene categorization on the modified UC-Merced Dataset. Specifically, we present
the datasets used, analyze the proposed frameworks, demonstrate our experimental
efforts and evaluate our findings in comparison with other methodologies. Finally,
in Chapter 6 we conclude, presenting possible directions for future work.
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Chapter 2

Related work

Most existing deep learning models have largely benefited from the dawn of the
Big Data era, demonstrating impressive results that can match, or even exceed,
human performance [29]. Despite the fact that training a deep artificial neural net-
work can be fairly computationally demanding, even more so while we increase its
complexity and the data it needs to process, nevertheless, the continuous evolution
of computational means and memory storage capacity have rendered feasible such
a task. At the same time, and in contrast to the training process, the evaluation
phase for a test dataset can be exceptionally fast, with a negligible execution time,
regardless of its size. Currently, deep learning is considered to be the state-of-
the-art in various research domains, such as image classification, natural language
processing and robotic control, with models like Convolutional Neural Networks
[4], Long-Short Term Memory (LSTM) networks [30], and Recurrent Neural Net-
works [31], dominating the research trends.

The main idea behind Convolutional Neural Networks materialized for the first
time with the concept of “Neocognitron”, a hierarchical neural network capable
of performing visual pattern recognition [32], and evolved into LeNet-5, by Yann
LeCun et al. [4], in the following years. The massive breakthrough of CNNs (and
deep learning in general) transpired in 2012, in the ImageNet competition [33],
where the CNN of Alex Krizhevsky et al. [34] managed to reduce the classification
error record by ∼10%, an astounding improvement at the time. CNNs have been
considered in numerous applications, including image classification [34, 35] and
processing [36], video analytics [37, 38], spectral imaging [39] and remote sensing
[40, 41, 42] confirming their dominance and ubiquity in contemporary scientific
research.

In recent years, the practice of CNNs in astrophysical data analysis has led
to new breakthroughs, among others, in the study of galaxy morphological mea-
surements and structural profiling through their surface’s brightness [43, 44], the
classification of radio galaxies [45], astrophysical transients [46] and star-galaxy
seperation [47], and the statistical analysis of matter distribution for the detection
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of massive galaxy clusters, known as strong gravitational lenses [48, 49]. The ex-
ponential increase of incoming data, for future and ongoing surveys, has led to a
compelling need for the deployment of automated methods for large-scale galaxy
decomposition and feature extraction, negating the commitment on human visual
inspection and hand-made user-defined parameter setup.

The problem of estimating galaxy redshifts has been examined in greater depths
in the case of photometry, contrary to the spectroscopic equivalent. Concern-
ing the former, popular methods used, adapted for this kind of problem, include
a Bayesian estimation with predefined spectral templates [50] and a variety of
machine learning-based models, such as the Multilayer Perceptron [51, 52] and
Boosted Decision Trees [52, 53]. On the other hand, due to heavily noisy ob-
servations in spectroscopy, the main redshift estimation techniques involve cross-
correlating the SED with predefined spectral templates [54] or PCA decomposi-
tions of a template library. Noisy conditions and potential errors, due to the choice
of templates, are the main reasons that most reliable spectroscopic redshift esti-
mation methods heavily depend on human judgment and experience to validate
automated results.

Regarding land cover classification, a variety of pixel-based approaches have
been proposed [55, 56, 57, 58, 59, 60, 61, 62], but in cases where datasets of
high resolutions are adopted, feature-based approaches that designate labels to
the image content in its entirety, are generally preferred [24, 25, 42, 63, 64]. The
extraction of meaningful and descriptive features from remote sensing imagery has
been a critical step in the design of automated and sophisticated machine learning
algorithms. In the domains of computer vision and image processing, the devel-
opment of highly effective methodologies like Scale Invariant Feature Transform
(SIFT) [65] and Histogram of Oriented Gradients (HOG) [66] incorporate a re-
liable approach to various tasks, suffering nonetheless from an over-reliance on
many heuristic optimizations and, in general, on human intervention. At the same
time, remote sensing tailored features like NDVI (Normalized Difference Vegeta-
tion Index) [67] are too closely coupled with particular types of observations. On
the other hand, deep learning architectures have proven to be potent feature ex-
tractors [34, 38, 68, 69, 70], in a more generalized way, by learning hierarchical
intermediate representations and structuring complex and deep levels of abstrac-
tion.

Finally, in the case of multi-label scene categorization, previous works in the
natural image classification literature [71, 72, 73] expose the principal challenges
met and propose potential solutions. In the special case of the remote sensing,
content-based image retrieval (CBIR), for multi-label, satellite or aerial image
scene categorization, which we examine in this thesis, the only relevant works that
exist in the literature are the previously mentioned works in [27] and [28], which,
however, are not based on deep learning.
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Chapter 3

Theoretical background

In this chapter, we provide a detailed overview of the theory, methods and tech-
niques used throughout this thesis. First, we present the fundamentals of the
supervised classification in machine learning and then we focus on the theory be-
hind Convolutional Neural Networks and the specifics regarding their structure,
functionality and regularization. A basic knowledge of conventional Artificial Neu-
ral Network (ANN) methodologies is assumed for the reader.

3.1 Classification fundamentals

The problem of classification (Figure 3.1) is one of the most significant topics in
the field of machine learning. Given a collection of objects, whose members each
belong to one of a number of different sets or classes, a classification or prediction
rule is the process where for each observation in the collection, a prediction is made
concerning the real class it belongs to. The prediction rule is usually derived by an

labeled training 
observations

machine learning 
architecture

prediction rule

unlabeled 
test samples

predicted 
classification

Figure 3.1: Block-diagram of the classification problem, in its abstract form.
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automated machine learning architecture, which is trained on labeled observations,
following a “programming-by-example” paradigm. The procedure of using labeled
examples for the training of the machine learning model is commonly known as
supervised learning. The prediction of new, unlabeled observations by the trained
model constitutes the testing phase. In this phase, the evaluation of the model’s
performance takes place.

In a classification scenario, the various classes that characterize the objects
of the studied collection can be of different statistical data types, based on the
formulated problem. They can either be binary (positive or negative, true or false,
success or failure), numerical (integer-valued or real-valued) or categorical (on the
basis of some qualitative property). Categorical classes can be furtherly divided
into ordinal and nominal classes. In the first case, there is a natural ordering
between the different categories, however the distance between consecutive classes
is considered unknown and not equally distributed. On the other hand, in the
latter case, there exists no form of ranking between the classes.

The three most common types of a classification problem are the binary, the
multi-class and the multi-label classification. In the following sub-sections, we will
examine the basic principles of each type, along with their main differences.

3.1.1 Binary classification

Binary categorization is generally considered as the easiest form of classification
and is defined as the problem, where the output attribute of each observation (i.e.,
its label) can be categorized as one of two outcomes. Typical examples of binary
classification tasks include pass-or-fail situations (e.g. the final exams of a course),

Figure 3.2: Example of a binary classification problem with a linear decision
boundary. The trained classifier can either categorize a message as spam or as
not spam (a relevant message).
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medical evaluations (e.g. a patient suffering from a certain disease or not), spam
filtering (Figure 3.2, [74]) and so on so forth. The main objective of a binary
classifier is to find a robust decision boundary that will reliably dichotomize the
feature space into two groups, one for the data points that belong to the positive
class and another for the points of the negative class. The simplest form of a
decision surface is linear, in cases where the observed data are linearly separable.
In all other cases, the derived boundary can either be linear or more complex in
form.

One of the main challenges met in the case of binary classification is class
imbalance, meaning that the proportion of data examples that correspond to one
of the two binary classes is considerably larger compared to the alternative. For
example, in the case of spam filtering, the number of messages attributed as spam
is generally smaller compared to the number of relevant messages. At the same
time, misclassifying spam messages as normal (false negative) is not of the same
significance as falsely appointing that a normal message, coming from a legitimate
source, is actually spam (false positive). Certain solutions that can successfully
address the problem of class imbalance include data re-sampling, generation of
synthetic data, utilization of class weighted models and gradient boosting [75, 76].

3.1.2 Multi-class classification

A generalized version of the binary categorization problem can be found in the case
of multi-class classification, in the context that in both scenarios each data sample
is associated with a single output attribute, though in the latter case, that attribute
is not restricted to binary values. In a multi-class classification problem, the label

Figure 3.3: Example of a multi-class classification problem on Fisher’s Iris dataset.
The number of distinct classes is 3 (Setosa, Versicolor, Virginica). Each data
sample can be categorized in either of the 3 classes, yet exclusively in one.

13



of each observation can hold any value from a finite set of predefined values, based
on the utilized application, with all values, however, being mutually exclusive.
Typical examples of multi-class classification tasks include face recognition [77, 78],
handwriting classification [4, 10], Fisher’s linear discriminant analysis on the Iris
flower dataset [79] (Figure 3.3, [74]) and so on so forth.

Since many classification methodologies have been developed specifically for
the binary classification scenario, multi-class classification often requires the use
of alternative techniques, that will divide the issue at hand into easier, binary
sub-problems. To that end, the concepts of one-vs-all and one-vs-one reduction
can be employed. Let us consider a multi-class classification scenario with C
different classes. In the one-vs-all strategy, and for each class, a new classifier is
trained that regards all the samples of that class as positive examples, and all the
remaining observations that belong to the rest of the classes as negative examples.
In this case, we need to train as many classifiers as the number of classes, hence
C classifiers. On the other hand, in the one-vs-one reduction we adopt a slightly
different strategy. For all possible pairs of classes, we retain all the observations
that belong to the two classes and at the same time we discard all the remaining
samples. Then, for each pair, we train a new classifier based on the preserved
samples. In this case, the number of different classifiers that we need to train is
C(C − 1)

2
, hence, as many as all the different combinations of pairs. The main

drawback of both presented reduction techniques lies in the fact that both one-vs-
all and one-vs-one methodologies can’t easily handle problems where the number
of unique classes is very large, due to the inevitable increase in complexity. The
utilization of these strategies is considered redundant in the case of Convolutional
Neural Networks, given that CNNs adopt algorithm adaption techniques which
can easily extend their functionality, from a binary to a multi-class classifier.

The investigated case study in Chapter 4, concerning the problem of spectro-
scopic redshift estimation, pertains to the multi-class classification problem.

3.1.3 Multi-label classification

The case of multi-label categorization is the most difficult among the examined
classification problems, as it combines properties from both binary and multi-class
classification tasks. Formally, multi-label classification is the problem of training
an automated model that is able to map input data samples to binary output
vectors, assigning a value of 0 or 1 for each element in the output vector. The
elements of the output vector correspond to the distinct labels of the formulated
problem, with no mutual exclusivity between the labels. This means, that each
data observation can be directly associated with more than one labels, without any
restrictions on their number. Typical examples of multi-label categorization appli-
cations include sentiment analysis [80, 81], recommender systems [82], automatic
media tagging [83], categorization of natural image scenery (Figure 3.4, [74]), land
cover classification [27] etc.
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Figure 3.4: Example of a multi-label classification problem on natural image
scenery. The problem consists of a set of non-mutually exclusive labels (beach,
field, mountain, sea), meaning that each image can be associated with more than
one of the labels of the utilized labelset.

The fact that in multi-label classification each sample can be associated with
more than one classes, prohibits the utilization of a variety of popular machine
learning methodologies which have been developed with the problem of multi-
class classification as a reference point. Various approaches have been considered,
that convert the problem of multi-label classification into simpler multi-class or
binary tasks, having as a major drawback that label independence is assumed,
thus not preserving the cross-correlations between labels of the same sample. A
characteristic example of these approaches is sample unfolding [84], where each
observation is duplicated in as many instances as the number of active labels it is
associated with, assigning a single label to each duplicate. Hence, the multi-label
classification problem is reduced to a mutli-class problem, with a considerably
increased dataset size, which grows in magnitude as the label cardinality rises.
Another example, lies in the calculation of the power set of the existing labelset,
associating each data observation exclusively with one entry in the newly formed
power set, based on its active labels. The major drawback of this technique man-
ifests in the fact that the size of the produced power set, increases exponentially
with each increase of the size of the original labelset (if C is the initial number
of distinct labels, then the size of the power set will be 2C). Once more, the uti-
lization of these techniques in the case of Convolutional Neural Networks can be
omitted, given that CNNs can be adjusted to adopt algorithm adaption techniques
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and, therefore, be extended from a multi-class to a multi-label classifier.

The investigated case study in Chapter 5, regarding the problem of land cover
scene categorization, concerns the multi-label classification scenario.

3.2 Convolutional Neural Networks

A Convolutional Neural Network is a particular type of Artificial Neural Network,
which comprises of neuronal inputs, outputs and intermediate representations,
along with their respective connections that encode the learnable weights of the
network. One of the key differences between CNNs and other neural architec-
tures, like Multilayer Perceptron [85], is that in typical ANNs, each neuron of
any given layer connects with all neurons of its respective previous and following
layers (fully-connected layers). On the contrary, CNNs are structured in a locally-
connected manner, exhibiting the spatial correlations of the given input, under
the assumption that neighboring regions of each observation are more likely to
be related than regions that are farther away. By reducing the number of total
connections, CNNs can successfully manage to drastically decrease the number of
trainable parameters, rendering the network less prone to overfitting. At the same
time, CNNs can be administered in the use of various types of data, with more or
less complicated dimensional structures, with the pivotal property of maintaining
their spatial correlations without the need to collapse higher dimensional matri-
ces into flattened vectors. Based on this property, and in association with the
structural dimensions of the input data, a CNN can either be one-dimensional,
two-dimensional, three-dimensional or, as a matter of fact, n-dimensional.

In sub-sections 3.2.1 and 3.2.2, we present the basic components of a typi-
cal CNN, which demonstrate its structural and functional properties. The first
part of a CNN architecture consists of a combination of convolutional, non-linear
and downsampling (pooling) layers and is commonly known as the feature ex-
traction module. The main responsibility of this module is to derive informative
and relevant characteristics from the input observations, starting from abstract
representations in its shallower layers, and culminating to concrete and detailed
features, as the depth of the network increases. The procured features of the fea-
ture extractor are adopted by the classification module of the CNN, which in turn
is tasked to perform valid and reliable predictions for the input data. An example
illustration of the above pipeline is provided in Figure 3.5 [86]. As a final step,
a detailed overview concerning the utilized regularizing techniques is presented in
sub-section 3.2.3.

3.2.1 Feature extraction module

3.2.1.1 Convolutional layers and non-linearities

The foundational layer of a CNN, the Convolutional Layer, encodes the spatial
correlations of the given input, by identifying appropriate n-dimensional filters.
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Figure 3.5: Example architecture of a simple, two-dimensional CNN. In the mod-
ule of feature extraction, a convolutional + ReLU layer extracts primary features
from the input image, with a subsequent downsampling via a pooling layer. The
aformentioned pipeline can be repeated as many times as needed to procure higher-
order features. In the classification module, the derived features of the final pooling
layer are flattened into a one-dimensional vector and are given as input to a se-
quence of fully-connected layers. Finally, a probabilistic softmax layer is adopted,
which is responsible for the output predictions.

These trainable filters essentially map local, possibly overlapping, regions of the
preceding layer to units of the succeeding layer, resulting in local connectivity
patterns. The filter incorporates the learnable parameters of the network, which
at first are random [87] and, therefore, totally unreliable, but as the training of the
network advances, through the process of backpropagation [68], these parameters
are optimized and are able to capture interesting features from the given inputs.
The parameters (i.e. weights) of the filter are considered to be shared [88], in the
aspect that the same weights can be utilized throughout the convolution of the
entirety of the input, with the alternative being, having different weights for each
convolutional step. The assumption of weight sharing is based on the fact that for
a particular filter we want it to be able to detect a certain kind of features, in all
possible positions of the given input. This, can consequently lead to a drastical
decrease in the number of weights, lowering the complexity of the network and
enhancing its ability to generalize, thus adding to its total robustness against
overfitting.

Using the two-dimensional case as a reference point, we can furtherly examine
the convolution of an input observation of size W × H with a trainable filter of
size K ×L. The resulting output will be of size W ′ ×H ′, where W ′ = W −K + 1
and H ′ = H − L + 1. The values of W ′ and H ′ may vary based on the stride of
the operation of convolution, meaning that with a minimum stride of 1 the filter
is slid over the input vector one cell at a time, thus generating a longer output.
On the other hand, with a bigger stride value, the filter “jumps” to more distant
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Figure 3.6: A simple example of a two-dimensional convolutional layer.

cells after each step of the convolution, resulting in a smaller output. An example
of the convolution of an input observation with a simple filter, and a stride of 1, is
illustrated in Figure 3.6. Even though the aformentioned example corresponds to
the two-dimensional case, it can be easily generalized to the n-dimensional case.

For each particular convolutional layer, more than one filters can be trained,
each associated with the acquisition of different features. Each of the n-dimensional
filters, act independently on the input, generating an n-dimensional output struc-
ture per filter. The generated outputs are then stacked together over a new channel
dimension, with a length equal to the number of different filters trained in the given
convolutional layer. For a subsequent convolutional layer, that will need to operate
on this higher, (n + 1)-dimensional structure, the properties of the convolutional
procedure will not change, in the aspect that each filter of this layer will be con-
volved with each of the channels separately. For the current filter and for each
channel, a new n-dimensional output will be produced and, ultimately, all these
derived outputs will be summed up and combined into one final n-dimensional
structure.

When addressing challenging problems, the use of shallow CNN architectures
is insufficient, given their limited capacity to form deeper and complex repre-
sentations of the input data. The development of deeper models, able to derive
informative and detailed characteristics, becomes a necessity. The claim that an
effective expansion of the CNN can be achieved by introducing more convolutional
layers, one on top of another, is actually invalid. Given the linear property of the
convolutional operation, the sequential stacking of all these convolutional layers
could actually be accounted for as one merged linear transformation over the input
data, thus rendering the formed architecture as shallow. To be able to effectively
form deeper, more complex CNN models, a non-linearity needs to be introduced

18



directly after each convolutional layer, enabling the network to act as a univer-
sal function approximator [89]. Typical choices for the non-linear function (also
known as activation function) include the logistic (sigmoid) function, the hyper-
bolic tangent (tanh) and the Rectified Linear Unit (ReLU), represented by the
following formulae:

f(x) =
1

1 + e−x
, (logistic function - sigmoid) (3.1)

f(x) =
ex − e−x

ex + e−x
, (hyperbolic tangent - tanh) (3.2)

f(x) = max(0, x) . (rectifier - ReLU) (3.3)

In CNNs, the most common choice is ReLU and its variations [90]. Compared to
the cases of the sigmoid and hyperbolic tangent functions, the rectifier possesses
the advantage that it is easier to compute (as well as its gradient) and is generally
more resistant to saturation conditions [34], rendering the training process faster
and less likely to suffer from the problem of vanishing gradients [91].

3.2.1.2 Pooling layers

Pooling Layers are usually introduced between subsequent convolutional + ReLU
layers. Though optional, the use of pooling can have a very impactful role in
the successful performance of the model, by introducing desired properties like
scale invariance through a form of non-linear downsampling. The main intuition
behind pooling lies in the fact that the exact location and orientation of a detected
feature is less significant than its relative position to other features. Therefore, the
network can be rendered invariant to small changes of the initial input, that don’t
tamper with its original content. With pooling, the processed input is commonly
split into small, evenly sized and non-overlapping local regions, and for each region
a given operation is executed (e.g. maximum, average, L2-norm etc.). Thus, the
most relevant information is preserved, leading at the same time to a substantial
reduction of the data dimensonality and, consequently, to an increased robustness
against overfitting. A simple example of a max-pooling operation is presented in
Figure 3.7 [92].

3.2.2 Classification module

3.2.2.1 Fully-connected layers and the softmax classifier

The classification segment of a Convolutional Neural Network is responsible for
the credible deduction of valid predictions for the input observations. While the
feature extractor is in charge of the production of high-quality features, at the same
time, the classifier is responsible of distilling meaningful knowledge by taking into
account the entirety of those features. This can be effectively achieved by utilizing
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Figure 3.7: A simple example of a two-dimensional max-pooling layer.

Fully-Connected Layers, commonly known as dense layers, where, as the name
implies, all the neuronal nodes of a given layer are directly connected with all nodes
of its subsequent layer. Multiple dense layers (typically with a ReLU activation
function) can be stacked together, to compose even deeper architectures.

The final classification step is performed via a dense layer, with as many output
units as the number of unique classes of the addressed problem. In this final layer,
a probabilistic activation function must be employed, typically in the form of
the multi-class generalization of logistic regression, commonly known as Softmax
Regression. Softmax regression is based on the exploitation of the probabilistic
characteristics of the normalized exponential (softmax) function defined as:

hθ(x)j =
eθ

T
j x∑C

k=1 e
θTk x

, (3.4)

where x is the input of the fully-connected layer, θj are the parameters that corre-
spond to a certain class cj and C is the total number of the distinct classes related
to the task at hand. It is fairly obvious that the softmax function reflects an esti-
mation of the normalized probability of each class cj to be predicted as the correct
class. As deduced from the previous equation, each of these probabilities can take
values in the range of [0,1] and, at the same time, they all need to add-up to the
value of 1. This property, makes softmax an exceptional choice for the problem of
multi-class classification, however in the multi-label case it displays a problematic
behaviour, as justified in Chapter 5.
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3.2.3 Regularizing techniques

The risk of overfitting the training dataset remains imminent in the case of Convo-
lutional Neural Networks, considering their high complexity and their parameter-
heavy functionality. As previously mentioned, the local-connectivity patterns
formed in the convolutional layers and the concept of weight sharing can seriously
reduce the total number of adopted parameters, however the utilization of these
methodologies does not suffice, given the fact that the most parameter-intense
segment of a CNN is its classification module with all the densely connected lay-
ers. The employment of effective techniques that can reliably address the problem
of overfitting is a grievous matter, considering that the trained model can easily
adapt to the particular dataset it was trained on, failing to effectively generalize
on new, unseen data.

Apart from the trivial solution of gathering more data to experiment with,
having a theoretical complete negation of the effects overfitting when the number
of training observations tend to infinity, a variety of simple techniques can be effec-
tively used to enhance the generalization capabilities of the trained network. In the
scope of this thesis, we are going to demonstrate the effects of data augmentation,
dropout and batch normalization.

3.2.3.1 Data augmentation

In most cases, the collection of more data can prove to be a complicated and
expensive procedure. The difficulty of this task becomes even more challenging,
when the data collected must also be labeled. A possible solution can be formu-
lated by manipulating the adopted dataset to appear as if it was more diverse. To
that end, we exploit the aformentioned CNNs’ transformation invariance property,
based on the fact that a CNN must be able to robustly classify inputs, regardless
of small, possible alterations of their content. Specifically, we employ a technique
that has proven to be significantly effective, especially in the case of image classi-
fication, known as data augmentation [28]. Data augmentation proposes a simple
framework, where the size of a small labeled dataset, derived in a limited set of
conditions, can be artificially increased through a series of potential transforma-
tions (e.g. translations). In Chapter 5, we will thoroughly examine the impact
of the utilization of data augmentation, in a multi-label image classification and
remote sensing scenario.

3.2.3.2 Dropout

Dropout [8] is one of the most popular techniques, used with CNNs, that can
help narrow down the effects of overfitting. With dropout, a simple, yet very
powerful trick can be used to temporarily decrease the total parameters of the
network at each training iteration. All the neurons in the network are associated
with a probability value p (subject to hyper-parameter tuning) and each neuron,
independently from the others, can be temporarily dropped from the network
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(along with all incoming and outgoing connections) with that probability. This
is an iterative process, meaning that for each training sample of a training batch,
a random portion of the entirety of the original network is dropped, leading to
“thinner” and more degenerated variations of its initial structure, as the value of
the probability p grows bigger. Each layer can be associated with a different p
value, meaning that dropout can be considered as a per-layer operation, with some
layers discarding neurons in a higher percentage, while others dropping neurons
in a lower rate or not at all. In the testing phase, the entirety of the network is
used, meaning that dropout is not applied at all. Given that the weights of this
final version of the network are scaled-down, compared to the originally trained
weights, then for each neuron, all its associated outgoing weights are multiplied
by the probability value 1 − p, equal to the probability that the said neuron was
retained in the network during the training phase.

3.2.3.3 Batch normalization

Contrary to dropout, batch normalization can be accounted for, more as a nor-
malizer, but previous studies [11] have shown that it can work very effectively as a
regularizer as well. Batch normalization is, in fact, a local (per layer) normalizer,
that operates on the neuronal activations in a similar way to the initial normal-
izing technique, optionally applied to the input in the pre-processing step. The
primary goal is to enforce a zero mean and a standard deviation of one, for all
activations of the given layer and for each mini-batch. The main intuition behind
batch normalization lies in the fact that, as the neural network deepens, it becomes
more probable that the neuronal activations of intermediate layers might diverge
significantly from desirable values and might tend to saturation. This is known
as Internal Covariate Shift [11] and batch normalization can play a crucial role on
mitigating its effects. Consequently, it can actuate the gradient descent operation
to a faster convergence, but also it can lead to an overall highest accuracy and, as
stated before, render the network stronger and more robust against overfitting.
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Chapter 4

Case study: Convolutional
Neural Networks for
spectroscopic redshift
estimation on Euclid data

In this chapter, we explore the problem of accurate redshift estimation from re-
alistic and idealistic spectroscopic observations, modeled after the Euclid spectro-
scopic survey. Redshift estimation is generally considered as a regression task,
given the fact that a galaxy redshift (z ) can be measured as a non-negative, real-
valued number. Considering the specifications of the Euclid space telescope, we
can focus our study in its redshift range of detectable galaxies. Consequently, we
can restrict the precision of each of our estimations to match the resolution of the
spectroscopic instrument, meaning that we can split the chosen redshift range into
evenly sized slots, equal to Euclid’s required resolution. Hence, we can transform
the problem at hand from a regression task to a multi-class classification task,
using a set of ordinal classes, with each class corresponding to a different slot. Our
main goal, in this Euclid case study, is the utilization, validation and evaluation of
a cutting-edge classification model, namely Convolutional Neural Networks, tai-
lored to the modified problem of spectroscopic redshift estimation. In the next
sections, we first explore the case of the Euclid space telescope and we present the
specifications of the adopted dataset. Next, we examine the proposed framework
and the utilized methodologies. Finally, we demonstrate our experimental findings
and we discuss on the inferred results.
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4.1 The Euclid space telescope

The Euclid mission [17] aims to measure the global properties of the Universe to
an unprecedented accuracy, with emphasis on a better understanding of the na-
ture of Dark Energy. It will collect photometric data with broadband optical and
near-infrared filters and spectroscopic data with a near-infrared slitless spectro-
graph. The latter will be one of the biggest upcoming spectroscopic surveys and
will help us determine the details of cosmic acceleration through measurements
of the distribution of matter in cosmic structures. In particular, it will measure
the characteristic distance scale imprinted by primordial plasma oscillations in the
galaxy distribution. The projected launch date is set for 2020 and throughout its
6-year mission, Euclid will gather of the order of 50 million galaxy spectral pro-
files, originating from wide and deep sub-surveys. A top-priority issue associated
with Euclid is the efficient processing and management of these enormous amounts
of data, with scientific specialists from both astrophysical and engineering back-
grounds contributing to the ongoing research. To successfully achieve this purpose,
we need to ensure that realistically simulated data will be available, strictly mod-
eled after the real observations coming from Euclid in terms of quality, veracity
and volume.

4.2 Dataset

When generating a large, realistic, simulated spectroscopic dataset, we need to
ensure that it is representative of the expected quality of the Euclid data. A first
requirement is to have a realistic distribution of galaxies in several photometric
observational parameters. We want the simulated data to follow representative
redshift, color, magnitude and spectral type distributions. These quantities de-
pend on each other in intricate ways, and correctly capturing the correlations is
important if we want to have a realistic assessment of the accuracy of our proposed
method. To that end, we define a master catalog for the analyses with the COS-
MOSSNAP simulation pipeline [93], which calibrates property distributions with
real data from the COSMOS survey [94]. The generated COSMOS Mock Catalog
(CMC) is based on the 30-band COSMOS photometric redshift catalogue with
magnitudes, colors, shapes and photometric redshifts for 538,000 galaxies on an
effective area of 1.24 deg2 in the sky, down to an i-band magnitude of ∼ 24.5 [95].
The idea behind the simulation is to convert these real properties into simulated
properties. Based on the fluxes of each galaxy, it is possible to select the best-
matching SED from a library of predefined spectroscopic templates. With a “true”
redshift and an SED associated to each galaxy, any of their observational proper-
ties can then be forward-simulated, ensuring that their properties correspond to
what is observed in the real Universe.

For the specific purposes of this analysis, we require realistic SEDs and emis-
sion line strengths. Euclid will observe approximately 50 million spectra in the
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wavelength (λ) range 11000 − 20000 Å with a mean resolution R = 250, where
R = λ

∆λ . To obtain realistic spectral templates, we start by selecting a 50% ran-
dom subset of the galaxies that are below redshift z = 1 with Hα flux above
10−16 erg cm−2 s−1, and bring them to rest-frame values (z = 0). We then resam-
ple and integrate the flux of the best-fit SEDs at a resolution of ∆λ = 5Å. This
corresponds to R = λ

∆λ = 250 at an observed wavelength of 11000 Å, if interpreted
in rest-frame wavelength at z = 2. For the purpose of our analysis, we will retain
this choice, even though it implies higher resolution at larger wavelengths. Lastly,
we redshift the SEDs to the expected Euclid range. In the particular case where
we wish to vary the number of training samples, we generate more than one copy
per rest-frame SED at different random redshifts. We will refer to the resampled,
integrated, redshifted SEDs as “clean” spectra for the rest of the analysis.

For each clean spectrum above, we generate a matched noisy SED. The required
sensitivity of the observations is defined in terms of the significance of the detection
of the Hα Balmer transition line: an unresolved (i.e. sub-resolution) Hα line of
spectral density flux 3×10−16erg cm−2s−1 is to be detected at 3.5σ above the noise
in the measurement. These requirements imply a detection rate that depends on
magnitude and redshift, and Euclid will mostly detect galaxies in the redshift range
0.7 < z < 2.0. We create the noisy dataset, by adding white Gaussian noise such
that the significance of the faintest detectable Hα line, according to the criteria
above, is 1σ. This does not include all potential sources of noise and contamination
in Euclid observations, such as dust emission from the galaxy and line confusion
from overlapping objects. We do not include these effects as they depend on
sky position and galaxy clustering, which are not relevant to the assessment of
the efficiency and accuracy of redshift estimation. Our choice of Gaussian noise
models other realistic effects of the observations, including noise from sources such
as the detector read-out, photon counts and intrinsic galaxy flux variations.

4.3 Proposed framework

4.3.1 One-dimensional CNN

A typical CNN architecture, as described in Chapter 3, has been adopted for the
problem of spectroscopic redshift estimation. Given the one-dimensional struc-
tural form of the utilized spectra, this CNN architecture must be based on one-
dimensional convolutional operations. In Figure 4.1, we present a simple example
of such a network. The use of pooling has been excluded from the pipeline, con-
sidering its aformentioned property that renders the network invariant to small
changes of the initial input. Even though it is a significant property in the case of
image classification, at the same time, this is the reason why we can’t use pooling
in our designated problem, given that these transformations of the original rest-
frame SEDs, define the different redshifted states. By using pooling we “cripple”
the network’s ability to identify each different redshift, considering the suppression
of these transformations.
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Figure 4.1: Simple one-dimensional CNN. The input vector v is convolved with
a trainable filter h (with a stride equal to 1), resulting in an output vector of
size M = N − 2. Subsequently, a non-linear transfer function (typically ReLU) is
applied, element-wise, on the output vector without altering its original size. The
use of pooling is excluded. Finally, a fully-connected, supervised, softmax layer is
used for the task of classification. The number of the output neurons (C) is equal
to the number of the distinct classes of the formulated problem (800 classes in our
case). More than one fully-connected layers can be optionally applied, right before
the softmax-classification layer.

4.3.2 Sample transformation: From rest-frame to redshifted spec-
tra

Each of the clean, rest-frame spectral profiles of our initial dataset consist of
3750 wavelength-related bins. These bins correspond to the spectral density flux
value of each observation, for that certain wavelength range (∆λ = 5Å, λ =
[1252.5, 20002.5]Å ). To create valid redshifted variations from their rest-frame
equivalents, we can use the formula:

log(1 + z) = log(λobs) − log(λemit)⇔ 1 + z =
λobs
λemit

, (4.1)

where λemit is the original, rest-frame wavelength, z is the redshift we want to
apply and λobs is the wavelength that will ultimately be observed, for the given
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redshift value. This formula is linear on logarithmic scale. For the conduction of
our experiments, we work on the redshift range of z = [1, 1.8), which is very similar
to what Euclid is expected to detect. Also, to avoid redundant operations and to
establish a simpler and faster network we use a subset of the wavelength range of
each redshifted example (instead of the entirety of the available spectrum), based
on Euclid’s spectroscopic specifications (1.1 − 2.0µm ⇔ 11000 − 20000Å). That
means that all the training and testing spectra will be of equal size 20000−11000

∆λ =
1800 bins. Finally, in both realistic and idealistic observations, a simple normal-
ization method has been performed, such that would ensure that the structure of
the data would remain unchanged, establishing at the same time numerical com-
patibility with the trained CNN. In the following equation, Xmax corresponds to
the maximum spectral density flux value encountered in all examples (in absolute
terms, given the noisy case) and Xoriginal is the initial value for each feature:

Xnormalized =
Xoriginal

2 ∗Xmax
(4.2)

4.3.3 Label transformation: From regression to classification

For the “regression-to-classification” transition, our working redshift range of [1, 1.8)
has been split into 800 non-overlapping, equally-sized slots resulting in a resolu-
tion of 0.001, consistent with the Euclid expectations. Each slot corresponds to an
associated ordinal class (from 0 to 799), which in turn must be converted into the
one-hot encoding format to match the final predictions procured by the softmax
layer of the CNN. A certain real-valued redshift of a random spectral profile will be
essentially associated with the ordinal class that corresponds to the redshift slot
it belongs to. This transformed equivalent of the task of spectroscopic redshift
estimation can be essentially categorized, as already mentioned in Chapter 3, as a
multi-class classification problem.

4.4 Experimental evaluation and discussion

The pipeline of the proposed methodology can be briefly summarized in the block
diagram of Figure 4.2. Shallow and deeper variations of the CNN have been con-
sidered, with 1,2 and 3 convolutional (+ ReLU) layers. Cross-validation has been
conducted throughout the entirety of the experimental evaluation. As initial pre-
experiments have shown, desirable values for the network’s different hyperparam-
eters are a kernel size of 8, a number of filters equal to 16 (per convolutional layer)
and a stride equal to 1. Additionally, the adagrad optimizer [96] has been employed
for the optimization step, considering its adaptable learning rate capability, that
grants the network a bigger flexibility in the learning process. Finally, the use of
the categorical cross-entropy loss has been preferred, among other commonly used
choices.
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Figure 4.2: The flow diagram of the proposed approach. Our initial, clean rest-
frame dataset (1) is used for the generation of randomly redshifted examples (2)
in the redshift range of z = [1, 1.8), which corresponds to that of Euclid. The
data are (optionally) corrupted with noise of realistic properties (3) and are, then,
normalized (4). The redshift value of each galaxy profile is categorized into its cor-
responding ordinal class (5) and subsequently the dataset (pairs of galaxy profiles
and redshift labels) is split into the training set (6) and the testing set (6). The
first is utilized by a deep Convolutional Neural Network, which is trained for the
task at hand (7). The latter is used in the testing process (7), where the validity
of the predicted labels (i. e. the estimated redshifts) is evaluated.
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4.4.1 Idealistic observations

4.4.1.1 Impact of the network’s depth

Our initial experiments revolve around the depth of the Convolutional Neural
Network. We have used a fixed number of 400,000 training examples, 10,000
validation and 10,000 testing examples. Our aim is to examine the impact of
increasing the depth of the model, on the final predictive outcome. Specifically,
we have trained and evaluated CNNs with 1,2 and 3 convolutional layers. In all
cases, a single fully-connected layer with a softmax activation function and 800
output neurons has been used for classification.

Accuracy is the basic metric that can be used to measure the performance of
a trained classifier, during and after the training process. As the training goes by,
we expect that the parameters of the network will start to adapt to the problem
at hand, thus decreasing the total loss, and, consequently, improving the accuracy
percentage. In Figure 4.3, we support this presumption by demonstrating the
accuracy’s rate of change over the number of training epochs. It can be easily
derived that as a CNN becomes deeper, it is clearly more capable to converge
on a satisfying solution. Both 2- and 3-layered networks converge very fast and

Figure 4.3: Accuracy plot for the training and cross-validation sets, for 1,2 and 3
convolutional layers. The x-axis corresponds to the number of executed epochs.
In all cases we used the same 400,000 training examples.
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Figure 4.4: Classification scatter plots and histograms for the 1 convolutional-layer
case (1st column) and the 3 convolutional-layer case (2nd column). The scatter
plots illustrate points in 2D space that correspond to the true redshift value for
each testing observation versus the predicted outcome of the given classifier, for
that observation. The bar plots, on the other hand, depict the difference (in value)
between the state-of-nature and the prediction, for the misclassified cases.

very close to the optimal case, with the latter, narrowly resulting in the best
accuracy. On the other hand, the shallowest network is very slow and significantly
underperforms compared to the deeper architectures.

More information can be deduced in Figure 4.4 (1st row), where we compare,
for the shallowest and for the deepest case, and per testing example, the predicted
redshift value outputed by the trained classifier versus the state-of-nature. Ideally,
we want all the green dots depicted in each plot to fall upon the diagonal red
line that splits the plane in half, meaning that all predicted outcomes coincide
with the true values. As the green dots move farther away from the diagonal,
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the impact of the faulty predictions becomes more significant leading to the so
called catastrophic outliers. A good estimator is characterized, not only by its
ability to procure the best accuracy, but also by its capacity to diminish such
irregularities. At the same time, in the 2nd row of the aforementioned Figure,
the depicted histograms represent the actual difference in distance (positive or
negative) between misclassified estimated values and their corresponding ground-
truth value versus the frequency of occurence, in logarithmic scale, for each case.
Negative values of difference correspond to outliers that exist in the lower right
half of the scatter plot and positive values correspond to outliers that exist in its
upper left part. Once again, the deeper network not only leads to a significantly
smaller number of errors, compared to the 1-layered case, but also to a more limited
amount of catastrophic failures.

4.4.1.2 Data-driven analysis

In this setting, we will explore the significance of broad data availability in the
overall performance of the proposed model. As mentioned before, Big Data have
revolutionized the way Artificial Neural Networks perform [29], serving as the

Figure 4.5: Training and cross-validation accuracy, for 1,2 and 3 convolutional
layers, using a significantly decreased amount of training observations (40,000).
Overfitting is introduced, to various extents, based on each case.
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Figure 4.6: Validation performance of a 3-layered network, using larger and more
limited in size datasets. In all cases the training accuracy (not depicted here) can
asymptotically reach 100% accuracy, after enough epochs.

main fuel for their conspicuous achievements. Figure 4.5 illustrates the behavior
of the same network variations as in previous experiments (1,2 and 3 convolutional
layers), using this time a notably more limited, in size, training set of observations
compared to the previous case. Specifically, we have lowered the number of training
examples from 400,000 to 40,000, namely to one-tenth. Compared to the results
we have previously examined in Figure 4.3, we can evidently identify a huge gap
between the performance of corresponding models with copious vs more limited
amounts of data. Also, it is adequately obvious that in all three cases overfitting is
introduced, to various extents, with overoptimistic models that perform well in the
training set, developing a decaying performance on the validation and the testing
examples.

As a second step, we want to preserve the network’s structural and hyper-
parametric characteristics immutable, whereas altering the amount of training
observations utilized in each experimental recurrence. We have deployed a scaling
number of training examples beginning from 40,000 observations, then to 100,000
and finally to 200,000 and 400,000 observations for the training of a 3-layered
CNN (3 convolutional + 1 fully-connected layer). As shown in Figure 4.6, while
we increase the exploited amount of data, the curve of the validation accuracy
also increases in a smoother and steeper pace, until convergence. On the contrary,
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when we use less data, the line becomes more unstable, with a delayed convergence
and a poorer final performance. It is very important to state that despite the fact
that the training accuracy can asymptotically reach in all cases 100% accuracy,
after enough epochs, the same doesn’t apply for the validation accuracy (and re-
spectively for the testing accuracy) with the phenomenon of overfitting taking its
toll, mostly in the cases where the volume of the training data is not enough to
handle the complexity of the network, failing to generalize in the long term. As we
will observe in more detail in the noisy-data case, regularizing techniques, such as
dropout, can significantly help battle this phenomenon, but not in a way that the
difference between the training and the validation performance will be completely
commensurated.

4.4.1.3 Tolerance on extreme cases

Before advancing to noise-afflicted spectral profiles it is worthsome to investigate
some extreme cases, concerning two astrophysical-related aspects of the data. As
presented before, one of our main novelties is the realization of the redshift esti-
mation task as a classification task, guided by the specific redshift resolution that
Euclid can achieve, and leading to the categorization of all possible detectable
redshifts into 1 of 800 possible classes. As a first approach, we want to extend our
working resolution to a double precision, specifically from 0.001 to 0.0005, meaning

Figure 4.7: Performance of a 3-layered network trained with 400,000 training exam-
ples. In the first plot we compare the cases where the redshift estimation problem
is transformed into a classification task, with the use of 800 versus 1600 classes.
In the second plot, we present the scatter plot of the predicted result versus the
state-of-nature of the testing samples, only for the case of 1600 total classes.
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Figure 4.8: Validation performance of a 3-layered network trained with 400,000
training examples. We want to examine the behavior of the model, when trained
with data of reduced dimensionalities.

that the existing redshift range of [1, 1.8) will be split into 1600 classes instead of
800.

As observed in Figure 4.7, doubling the total number of possible classes has a
non-critical impact in the predictive capabilities of our approach, given the fact
that at convergence, the model produces a similar outcome for the two cases.
Despite the fact that doubling the classes leads to a slower convergence, a behavior
that can be attributed to the drastical increase of the parameters of the fully-
connected layer, the network is still able to estimate successfully, in the long term,
the redshift of new observations. Furthermore, as depicted in the scatter plot of the
same figure, we can deduce that increasing the predictive resolution of the CNN
can lead to an increase in the total robustness of the model against catastrophic
outliers, given the fact that none of the misclassified observations in the testing
set exist far from the diagonal red line, namely the optimal error-free case.

In our second approach, we want to challenge the network’s predictive capabili-
ties, when presented with lower-dimensional data, and to essentially define where is
the turning point where the abstraction of information becomes more of a strain,
rather than a benefit. Having to deal with data that exist in high-dimensional
spaces (like in the case of Euclid), can become more of a burden, rather than a
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blessing, as described by Richard Bellman [97], with the introduction of the very
well-known term, of the “curse of dimensionality”. In our case, data dimensionality
can be derived by splitting the operating wavelength of the deployed instrument
into bins, where each bin corresponds to the spectral density flux value of the
wavelength range it describes. Euclid operates in the range of 1.1− 2.0µm with a
bin size of ∆λ = 5Å, which implies 1800 different bins per observation. To reduce
that number, we need to increase the wavelength range per bin by merging each
bin with neighboring cells, namely by adding together their corresponding spec-
tral density flux values. Thus, we can assert that by lowering the dimensionality
of data using this methodology, we can accomplish the concentration of existing
information in cells of compressed knowledge, rather than discarding redundant
information.

In Figure 4.8, we can conclude that when dealing with clean data, the reduction
of the number of total wavelength bins into more manageable numbers can result,
not only in a congruent performance compared to the initial model, but also into a
faster convergence. On the other hand, oversimplifying the model can be deemed
inefficacious, if we take into account the decline of the achieved accuracy in the
three lower-dimensional cases. A moderate decline in the performance becomes

Figure 4.9: Comparison of the model’s performance, trained with clean and with
noisy data (400,000 in both cases). The 3-layered neural network utilizes the same
hyperparameters, in both cases, without any form of regularization.
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visible in the case of 225 bins, with a more aggressive degeneration of the model
occurring in the two remaining cases.

4.4.2 Realistic observations

The availability of idealistic data presumes the ambitious scenario of a reliable
denoising technique for the spectra, prior to the estimation phase. Although suc-
cessful methods have been developed in the past [98], [99], our main aim is to
integrate implicitly the denoising operation in the training of the CNN, meaning
that it should be able to distinguish the noise from the relevant information by
itself, without depending on an intermediate party. This way, an autonomous
system can be established, with a considerable robustness against noise, a strong
feature extractor and essentially a reliable predictive competence. To that end, we
have directly used the noisy observations described in section 4.2, as the input of
the adopted CNNs.

A comparison between the idealistic and the realistic scenarios constitutes the
first step that will lead to an initial realization of the difficulty of our newly set ob-
jective. In Figure 4.9, we observe that training a noise-based model with a number
of observations that has been previously proven to be sufficient in the clean-based

Figure 4.10: Accuracy on the validation set (noisy dataset), for different sizes of
the training set. No regularization has been used.
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Figure 4.11: Classification scatter plots and histograms for the realistic case, for
3-layered networks trained with 400,000 training examples (column a) & 4,000,000
training examples (column b).

case, leads to an exaggerated performance during the training process that doesn’t
apply to newly observed spectra, hence leading to overfitting. Clean data are no-
tably simpler than their noisy counterparts, which in turn are excessively diverge,
meaning that generalization in the latter case is seemingly more difficult. The
main intuition to battle this phenomenon lies in drastically increasing the spectral
observations used in training. Feeding the network with bigger volumes of data
can mitigate the effects of overfitting, given the fact that the observed set of spec-
tra tends to become so large that it befits the general case. The above intuition is
strongly supported by Figure 4.10, where we compare the performance of similar
models when trained with different-sized sets. Preserving constant hyperparam-
eters and not utilizing any form of regularization, we can conclude that, just by
increasing in bulk the total amount of data, the network’s generalization capabili-
ties can also increase in a scalable way. As a final remark, the increased predictive
difficulty established by the noisy scenario is also demonstrated in Figure 4.11.
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The drastical increase in the number of misclassified samples is more than obvi-
ous, compared to the previously examined case in Figure 4.4, leading to an abrupt
rise in the amount and variety of the different catastrophic outliers. Nevertheless,
the faulty predictions that lie approximate to the corresponding ground-truths
constitute the majority of the mispredictions, as verified by the highly populated
green mass around the diagonal red line (scatter plots) and the highest histogram
column bordering the origin, in the case of the histograms.

4.4.2.1 Impact of regularization

The effects of regularization are illustrated in Figure 4.12, in two different set-
tings, one with a training set of 400,000 examples and another with a training
set of 4,000,000 examples. In the case of batch normalization, we inserted an
extra batch normalization layer after each convolutional layer and after ReLU.
Although in literature [11], the use of batch normalization is proposed before
the non-linearity, in our case extensive experimental results suggested otherwise.
Dropout was introduced only in the fully-connected layer, with a value of p equal
to 0.5, which appeared to yield the best results compared to other choices. It is
important to note that the use of dropout can be also applied in the case of the
convolutional layers, however without an out-of-the-ordinary change in the final
performance.

As we can see in both examined cases, dropout can clearly help enhance the

Figure 4.12: Impact of regularization, in regard with the size of the training set.
In the left plot, a network trained with 400,000 observations is illustrated, while
in the right plot 4,000,000 training examples have been utilized. The reported
accuracy is associated with the validation set.
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Figure 4.13: Comparison bar plots for the k Nearest Neighbours, Random For-
est, Support Vector Machine and Convolutional Neural Networks algorithms. We
present the best case performance on the test set, for each classifier, in the idealis-
tic and the realistic case, with a limited and an increased amount of training data.

network’s performance in the validation set, leading to an increase in the accuracy
by ∼0.5% in the worst case and ∼1.5% in the best case. This is not a ground-
breaking increase per se, but it is worth mentioning nonetheless. On the other
hand, batch normalization appears to have a bigger regularizing effect in improv-
ing the accuracy of the model, yielding a tremendous increase by almost 10% in
the case of 400,000 training examples, and a significantly lower gain of ∼2% when
trained with 4,000,000 observations. In this final case, even though batch normal-
ization still leads to the best performance, its difference compared to dropout is
almost negligible.

4.4.3 Comparison with other classifiers

In this sub-section, we want to compare the best-case performance of the proposed
model on the task of spectroscopic redshift estimation, against the performance
of other popular classifiers, namely k Nearest Neighbours [100], Random Forest
[101] and Support Vector Machine [102]. The bar plots in Figure 4.13 corroborate
the claim that Convolutional Neural Networks reign supreme as the most effective
algorithm, in all examined cases. The main competitor, in both idealistic and real-
istic scenarios, stands in the case of the Gaussian-kernel Support Vector Machine,
which in our problem is inexpedient to use given the fact that SVMs are most effec-
tive in binary classification scenarios or in cases where the total amount of unique
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classes is limited. With 800 possible classes to predict, both techniques of one-vs-
all and one-vs-one multi-class classification require the training of a large amount
of individual classifiers, namely 800 and (800 ∗ 799 / 2) = 319, 600 accordingly. On
the other hand, k Nearest Neighbours and the Random Forest methodologies sig-
nificantly underperform, failing to cope with the noisy variations of the data, even
with an increased amount of training examples.

4.4.4 Levels of confidence

One of the benefits of the transformation of the redshift estimation problem to a
classification procedure manifests in the association of each estimation, with a level
of confidence of the network’s certainty that the predicted outcome corresponds to
the true redshift value. Using the probabilities produced by the softmax function,
we can extract valuable information about the network’s reliability, as illustrated
in Figure 4.14, where we examine the derived confidence of the best-case trained
networks for both idealistic and realistic datasets. In the idealistic scenario, we
can observe that the trained model is generally very confident about the validity
of its predictions leading to a very steep cumulative curve in the transition from
the 90% to 100% . As also verified by the corresponding histogram, most of the
predictions are associated with a very high probability that lies in the range of (0.9,
1], with a decreased frequency of occurrence as the levels of confidence decrease.
This is a very desirable property, given the fact that we want the network to be
certain about its designated choice, leading to concrete estimations that are not
subject to dispute. In the realistic scenario, although the total confidence of the
trained network clearly drops, as expected, still the high confidence choices remain
dominant in quantity, compared to the lower cases which mostly correspond to the
misclassified observations.

4.4.5 Intermediate representations

In this final paragraph, we will briefly examine the undergoing transformation of
the input testing observations, as they flow deeper into the trained network. Specif-
ically, we will comment on the derived intermediate representations of randomly
chosen filters of different layers. As previously discussed, Convolutional Neural
Networks are excellent feature extractors and can successfully distill important
knowledge from raw data, even when afflicted with high levels of noise. In the
case of the clean spectra, Figure 4.15 outlines that the salient effect of randomly
chosen filters is the gradual removal of the continuum of the derived interme-
diate representations, preserving only the characteristic emission and absorption
lines of the given galaxy profiles (most importantly the Hα line). Removing the
continuum is one of the key steps that any spectroscopic analysis requires, while
at the same time, distinguishing these lines constitutes a key characteristic to a
better discrimination of the different redshift classes. The introduction of mirror
amplitudes in the negative half-plane is not of specific importance, given their
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Figure 4.14: Levels of confidence derived by softmax in the testing set. The
lower plot depicts the cumulative occurrences per level of confidence, for both
examined cases. For example, the y-axis value that corresponds to the x-value of
0.4 represents the number of testing observations that obtain a predictive output
with a confidence that is less than or equal to 0.4. The upper left (idealistic case)
and upper right (realistic case) histograms, exhibit a similar scenario, but not in
a cumulative form (and in logarithmic scale).
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(a) Clean redshifted spectral profile (b) Activation of 1st Conv. Layer (c) Activation of 3rd Conv. Layer

Figure 4.15: A random testing example (clean clase) and the corresponding acti-
vations of the 1st and the 3rd convolutional layers.

(a) Noisy redshifted spectral profile (b) Activation of 1st Conv. Layer (c) Activation of 3rd Conv. Layer

Figure 4.16: A random testing example (noisy case) and the corresponding acti-
vations of the 1st and the 3rd convolutional layers.

immediate nullification by the succeeding ReLUs. Furthermore, in the case of the
realistic observations in Figure 4.16, even though the outright removal of irrelevant
information may not be easily achievable, given the low signal-to-noise ratio of the
observed spectrum, essentially the network is able to perform a partial denois-
ing of the examined profile, gradually isolating the desired peaks from the faulty
discontinuities.
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Chapter 5

Case study: Deep learning for
multi-label land cover scene
categorization on the modified
UC-Merced dataset

In this case study, we concentrate on the problem of multi-label land cover scene
categorization, on aerial high-resolution images. At first, we introduce the UC
Merced Land Use Dataset in both its original, multi-class configuration and in its
modified, multi-label version. Then, we examine the proposed framework, namely
the needed adjustments we need to perform on the CNN’s architecture to conform
with the problem of multi-label classification. Moreover, we propose an online
variation of the image data augmentation technique, given the limited size of the
adopted dataset, and we present the applied cross-validation methodology, the
hyperparameters and the evaluation metrics used. Finally, in the last section of
this chapter, we demonstrate our experimental findings and we comment on the
deduced results.

5.1 The UC Merced land use dataset

The UC Merced Land Use Dataset1 (UC-Merced) [6] includes aerial images ex-
tracted from larger images of the USGS National Map Urban Area Imagery Col-
lection2 and it has been widely used in various remote sensing applications. It is
a high-resolution dataset that contains 2100 different images (of 256x256 pixels)
evenly split among 21 mutually exclusive, unique classes (Table 5.1). UC-Merced
has been considered in many different land cover categorization methodologies
that concentrate on the single-label scenario. For the purpose of our experiments,

1http://weegee.vision.ucmerced.edu/datasets/landuse.html
2https://nationalmap.gov/ortho.html

43



(a) airplane: airplane, cars,
grass, pavement

(b) dense residential: buildings,
cars, pavement, trees

(c) tennis court: buildings, cars,
court, pavement, trees

(d) overpass, bare soil, grass,
pavement, trees

(e) harbor: buildings, dock, ship,
water

(f) parking lot: cars, pavement

(g) sparse residential: buildings,
cars, chaparral, pavement,
sand, trees

(h) forest: trees (i) beach: sand, sea

Figure 5.1: Example images of the UC Merced dataset. The underlined annota-
tions indicate the multi-class association for each image. On the other hand, the
labels marked with bold are the corresponding multi-label annotations, examined
in this case study.
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we have utilized UC-Merced with a completely re-imagined labelset, more suited
for the multi-label case. Specifically, the new labelset consists of 17 different la-
bels, listed in Table 5.2, and each image in UC-Merced can be categorized to one
through seven of those labels, in accordance with its content. The labelset modifi-
cation has been conducted by the authors in [27], in the context of the BigEarth3

research project. An example set of UC-Merced images is illustrated in Figure 5.1,
where each image is tagged with both its multi-class and multi-label annotations.

5.2 Proposed framework

In this section the deployed methodologies and the accompanying concepts will be
shortly presented. The pipeline of the proposed approach is briefly described in
the block diagram in Figure 5.2.

5.2.1 Modification of the typical CNN architecture

5.2.1.1 Sigmoid outputs and thresholding

The first modification that we need to perform on a Convolutional Neural Network
to address a multi-label task is the substitution of the output softmax layer. Given
that softmax is normalized to strictly output probabilities that will always add up
to one, it is considered an ideal choice for a single-label multi-class scenario, where
all classes are mutually exclusive, albeit not as good of a choice for the multi-label
case. With softmax, as the trained system’s confidence for the prediction of a spe-
cific class increases, there is a need to enhance the probability score of that certain
class and concurrently to decrease the respective probabilities of the remaining

3http://bigearth.eu/index.html

Table 5.1: The original labelset of UC-Merced (single-label case) and the number
of samples associated with each label-class.

label # of samples

agricultural 100

airplane 100

baseball diamond 100

beach 100

buildings 100

chaparral 100

dense residential 100

forest 100

freeway 100

golf course 100

harbor 100

label # of samples

intersection 100

medium residential 100

mobile home park 100

overpass 100

parking lot 100

river 100

runway 100

sparse residential 100

storage tanks 100

tennis court 100
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Table 5.2: The modified labelset of UC-Merced (with a multi-label perspective)
and the number of samples associated with each label.

label # of samples

airplane 100

bare soil 633

buildings 696

cars 884

chaparral 119

court 105

dock 100

field 106

grass 977

label # of samples

mobile home 102

pavement 1305

sand 389

sea 100

ship 102

tanks 100

trees 1015

water 203

classes. This is an undesirable property for the multi-label approach, given that
in most cases more than one labels must be associated with each sample. Instead
of selecting the single label with the maximum probability score, we need to select
all those labels with a score large enough that has rendered them active. To that

Training Set

buildings

grass
trees

pavement

sand

ship

Label Set 

(17 labels)

Augmentation 

(Labels Preserved)

Pooling

Flattened

repeatable, based on depth

17 output units

[0 - 1] probability 

for label 17

[0 - 1] probability 

for label 1

[0 - 1] probability 

for label  j

T
H
R
E
S
H
O
L
D

(at test time only)

if probability for label j   threshold 

then label j is positive (active)
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buildings
cars
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sand
sea
ship
tanks
trees
water

1
0
0
1
0
0
0
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predictions

Classification

Feature Extraction

Figure 5.2: The pipeline of the proposed methodology. Each batch of the training
set is dynamically and randomly augmented at every iteration of the training
process. The augmented data are fed into a deep CNN with sigmoid output units,
which is trained with backpropagation based on a chosen loss function. Probability
thresholding is used for the predictions only at test time. The test set is excluded
from the data augmentation methodology.
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end, for each individual output unit of the CNN, we must be able to efficiently
transition from its predicted score, to the binary decision of designating a label as
active or rejected. Considering that the number of active labels can be different for
each observation, there are no guarantees that a sufficiently high softmax proba-
bility score for a certain label, for a given sample, will also be regarded as high for
another sample of the dataset. As a result, in our method we choose to employ the
following sigmoid output activation function, yielding probability scores without
constraints concerning their sum:

f(x) =
1

1 + e−x
(5.1)

During inference, translating the probabilities associated with each output node
into a binary prediction for each label, requires the utilization of an appropriately
defined threshold such that a label is considered active if the associated score
exceeds the threshold. However, it is important to note that using thresholding
during training is not suggested. Given that the threshold operator converts the
predicted probability score values to constant numbers (0 for a rejected label and
1 for an active label), it leads to a zero gradient calculation for all output units,
causing the backpropagation process to malfunction.

5.2.1.2 Pertinent loss function choices

A second adjustment that we need to undertake, in order to adapt the network to
a multi-label problem is the adoption of pertinent to the task at hand loss function
choices. The use of popular losses, such as the mean squared reconstruction error
and the categorical cross entropy, may be appropriate in a multi-class classification
scenario, but in the multi-label case it is highly ineffective. In the defined problem,
most common choices include the multi-label alternative of the categorical cross-
entropy, namely the binary cross entropy (BCE), and the Poisson loss. Concerning
the latter, it is actually a measure of the divergence of each predicted label vector’s
distribution from a Poisson ground-truth distribution, which in our case is true
given its binary form and the sparsity of ones. The corresponding formulae of the
two adopted loss functions are defined as:

L = − 1

n

n∑
i=1

[ y(i) log (ŷ(i)) + (1− y(i)) log (1− ŷ(i))] (BCE), (5.2)

L =
1

n

n∑
i=1

(ŷ(i) − y(i) log (ŷ(i))) (Poisson). (5.3)

The scalar value n represents the number of training samples associated with each
training batch, y(i) corresponds to the ground-truth label vector of the i -th sample
of the batch and ŷ(i) corresponds to the predicted score vector for the same sample.
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5.2.2 Online image data augmentation

Most state-of-the-art deep learning architectures contain a massive amount of
trainable parameters that often exceed the order of magnitude of a million, or
even tens of millions. Having to deal with such complex models can easily result
in overfitting the training dataset, if its size is not sufficiently large. For an image
dataset, data augmentation can be a surprisingly effective solution and can signifi-
cantly increase the total number of available, annotated training examples through
a variety of simple transformations. These transformations include, among others,
the rotation of the image by different degrees, image rescaling, horizontal and ver-
tical flips, translations to the x and y-axis, and the addition of noise. By slightly
changing the content of each image without tampering with its semantic informa-
tion, thus preserving the same label associations, the CNN can be “tricked” to
perceive the existence of a significantly larger training dataset than the one ini-
tially available. The intuition behind image data augmentation originates from the
fact that a CNN must be able to discriminate between significant and irrelevant
features. Feeding the network with different variations of the same image, paired
with the same corresponding labels, can greatly improve its ability to distinguish
between those features and, accordingly, to preserve only the relevant information.
An airplane will still be an airplane regardless of its position in the given image or
whether it is facing to a certain direction. However, the same allegation cannot be
made if you remove its wings or its tail, crucial characteristics to its identification.

An online methodology has been deployed for data augmentation, meaning
that each training batch is dynamically augmented at every training iteration,
altering all the images of the batch on the fly. Compared to the offline alternative,
dynamic augmentation negates the memory requirements of a bigger, statically
defined dataset and reinforces, at the same time, the generalization capabilities of
the network, considering that the CNN will rarely or never process twice the exact
same sample.

5.2.3 Hyperparameters and Cross-Validation

Our initial experiments were conducted on a deep CNN with 3 convolutional layers,
1 dense-ReLU layer and 1 dense-sigmoid layer, with a global confidence threshold
of 0.45 for all labels. Shallower networks were also examined, but as presented in
Table 5.3 their performance was poorer compared to the deeper alternative. An
increasing number of 128, 256 and 512 trainable filters has been deployed, per
convolutional layer, with a kernel size of 3x3 and a stride of 2x2 each. For the
max pooling operator, a non-overlapping window size of 2x2 has been used on all
applicable convolutional layers. For the majority of our experiments the binary
cross entropy loss has been utilized, along with the adagrad optimizer [96], but, in
general, both Poisson and BCE have been found to perform relatively close (Table
5.4).

Different experimental variations have been considered. In each variation the
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Table 5.3: Performance evaluation based on the depth of the CNN. Data augmen-
tation is utilized.

Depth Accuracy Precision Recall F-score

1 Conv. Layer 19.32 (4.24) 55.23 (2.50) 21.68 (7.58) 31.14

2 Conv. Layers 77.72 (0.72) 85.17 (0.31) 84.96 (0.99) 85.06

3 Conv. Layers 81.32 (0.82) 87.95 (0.84) 89.32 (0.67) 88.63

Table 5.4: Performance evaluation for the defined loss functions.

Loss Accuracy Precision Recall F-score

BCE 81.32 (0.82) 87.95 (0.84) 89.32 (0.67) 88.63

Poisson 81.74 (1.12) 88.00 (1.42) 90.48 (2.12) 89.22

same setting of the previous paragraph has been applied, altering, each time,
only one of the available hyperparameters. Each experimental variation has been
trained and tested 5 times and for each adopted performance metric, an average
value has been computed. Specifically, for each of these 5 experiments, the UC-
Merced dataset is randomly split into a training set of 1600 samples and a test set
of 500 samples for evaluating the performance. In all the experiments, the network
has been trained for 300 epochs, with a training batch size of 10. Furthermore,
batch normalization has been examined, leading to a faster convergence of the
training process, as well as a minor increase in the final performance.

The transformations that were used for dynamic data augmentation include
image rotation, translation and horizontal and vertical flips. Specifically, in the
case of image rotation we used a degree range for random rotations of [−45, 45]°and
for image translation we performed random shifts in a maximum range of the 20%
of the total height or width of the image. Considering that the augmentation
of the training set is dynamic, the size of augmented data can be calculated by
multiplying the initial size of the training set by the number of epochs the network
was trained. In our case, we end up with 1600× 300 = 480, 000 training samples.
In order to minimize any potential cross-contamination between the training and
the test sets, data augmentation is not performed on the test set.

5.2.4 Metrics

The conventional performance-evaluation metric of accuracy, adopted in the single-
label scenario, is not suited for the multi-label case, examined in this chapter.
To that end, the metrics of precision and recall have been utilized for a reliable
evaluation of the performance of the proposed methodology and for a consistent
comparison with the current state-of-the-art in [27]. Precision is a measurement of
the percentage of the positively predicted labels that are active in ground-truth.
On the other hand, recall is defined as the fraction of all active labels that are
successfully predicted as such. Moreover, the F-score measure is adopted, as the
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harmonic mean of both precision and recall, along with a multi-label variation of
the metric of accuracy. The corresponding formulae of the employed metrics are
defined as:

Precision =
1

n

n∑
i=1

|Yi ∩ Zi|
|Zi|

, (5.4)

Recall =
1

n

n∑
i=1

|Yi ∩ Zi|
|Yi|

, (5.5)

Accuracy =
1

n

n∑
i=1

|Yi ∩ Zi|
|Yi ∪ Zi|

, (5.6)

F-score = 2
Precision× Recall

Precision + Recall
, (5.7)

where, n corresponds to the number of samples in the evaluated dataset (the test
set), Yi corresponds to the real labelset of the i -th sample and Zi corresponds to
the predicted labelset. The union (∪) and the intersection (∩) operators return a
new set with the bit-wise OR and respectively the bit-wise AND of the elements
of the two operand labelsets. Finally the | · | operator counts the number of active
labels (number of 1s) of the given set.

5.3 Experimental analysis and discussion

The experimental setup described in sub-section 5.2.3 was used as a baseline for
the various experiments conducted. As a first comparison, in Tables 5.5 and 5.6,
we can observe that the use of data augmentation leads to a generous perfor-
mance improvement with or without the use of regularization (i.e. dropout).
Another important observation is that in the case where data augmentation is
omitted, dropout can meaningfully improve the final outcome, given that initially
the trained CNN overfits the small training dataset. On the other hand, as seen

Table 5.5: The performance and standard deviation (parentheses) of the proposed
architecture, with different dropout options. Data augmentation has been utilized.

Dropout Accuracy Precision Recall F-score

No 81.2 (0.7) 87.3 (0.6) 88.5 (0.7) 87.9

0.25 81.3 (0.8) 88.0 (0.8) 89.3 (0.7) 88.6

0.50 81.4 (0.4) 88.2 (0.5) 89.5 (0.6) 88.8

0.75 79.7 (0.0) 86.4 (0.2) 89.1 (0.3) 87.7
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Table 5.6: The performance and standard deviation (parentheses) of the proposed
architecture, with different dropout options. Data augmentation has been omitted.

Dropout Accuracy Precision Recall F-score

No 68.0 (0.5) 80.4 (0.5) 77.6 (1.4) 79.0

0.25 73.7 (0.8) 85.1 (1.0) 81.1 (0.6) 83.1

0.50 75.7 (0.5) 85.4 (0.6) 83.3 (0.7) 84.3

0.75 77.7 (0.2) 85.5 (0.1) 85.8 (0.4) 85.7

in Table 5.5, the impact of dropout greatly diminishes as the augmentation of the
training set leads to a stronger mitigation of the effects of overfitting.

In Figure 5.3, we explore the impact of the different sigmoid thresholds and
how they are translated to the network’s increased requirements for more con-
fident predictions. The results demonstrate that low threshold values lead to
over-optimistic (high recall - low precision) predictions while high threshold values
result to conservative (low recall - high precision) predictions. Nevertheless, all
thresholds seem to result in reasonable F-score evaluations, with values between
0.3 and 0.4 qualifying as the optimal selections.

In Figure 5.4, we perform a data-driven analysis on how the initial size of the
given training set can affect the final performance of the trained CNN. In the case
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Figure 5.3: Plot of the precision, recall and F-score percentages for different sig-
moid probability thresholds. The remaining hyperparameters stay unchanged.
The extreme threshold values of 0 and 1 have been excluded.
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Figure 5.4: Demonstration of the impact of the initial size of the training set, with
and without the utilization of data augmentation. In the case of data augmentation
(green bars) the initial size is projected into much larger numbers. Given that in all
experiments, the network was trained for 300 epochs, the final size of the training
dataset is increased to 120,000, 240,000 and 480,000, indicated by the first, second
and third green bar, respectively.

where data augmentation is employed, even though there is an obvious benefit
with each increase, this benefit is not as pronounced as in the no-augmentation
scenario. This result is inline with our intuition, since with data augmentation
the transformation of the initial training examples leads to a fairly large dataset,
regardless of its original limited size, whereas without data augmentation the initial
size remains unaltered, rendering each increase far more impactful.

Figure 5.5, presents some indicative annotations inferred by the proposed
model. We observe that the trained network manages to correctly predict the
majority of the ground-truth labels of the tested images. Certainly, there are
some cases where it fails to perceive the existence of certain objects. For example,
in image (a) it misses the building in the lower left corner, presumably because
it has inferred that buildings are usually found in groups and rarely in maritime
environments. In other cases, and for equivalent reasons, it attributes specific la-
bels to the image that in reality are false positives. For example, in image (b)
the network is confident that it detects cars, given that in most freeway images in
the dataset cars are present. Last, in image (c), we can observe that the network
might fail to distinguish between different objects that might share some common
attributes. For example, the green color of the existing courts seems to confuse
the trained CNN, which falsely decides the existence of the grass label, instead of
that of the court.
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(a) dock, ship, water, buildings (b) bare soil, grass, pavement,
trees, cars

(c) buildings, cars, pavement,
trees, court grass

Figure 5.5: Examples of inferred annotations where bold indicates correctly iden-
tified labels, italics denotes labels detected by the proposed method but not iden-
tified as active in the ground-truth, and underlined are ground-truth labels not
found by the proposed method.

Table 5.7: Comparison between the multi-label image retrieval model (MLIR-
CF) [28], the graph-based approach (GB) [27] and our proposed CNN with data
augmentation (CNN DA).

Metric MLIR-CF [28] GB [27] CNN DA

Accuracy 61.88 74.29 82.29

Precision 68.13 85.68 88.08

Recall 81.77 80.25 91.02

F-score 74.33 82.88 89.53

Finally, in Table 5.7 we present a comparison between our best trained model
and the aforementioned works on the same topic. The increase of 6.65% on the F-
score and 8% on the multi-label accuracy, compared to the current state-of-the-art,
clearly show the capabilities of the proposed approach.
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Chapter 6

Conclusions

In this thesis, we have addressed different classification problems in remote sensing,
by utilizing the cutting-edge deep learning methodology of Convolutional Neural
Networks. We have done so, in a case where the availability of data falls under
the category of the Big Data paradigm, but also in a different scenario where data
deficiency calls for alternative solutions.

Regarding the first application field, we proposed an alternative solution for
the problem of spectroscopic redshift estimation in astronomy, through its trans-
formation from a regression to a multi-class classification problem. We deployed a
one-dimensional variation of a Convolutional Neural Network and we thoroughly
examined its estimating capabilities for the issue at hand, using big volumes of
training observations in various settings. Experimental results unveiled the great
potential of this radically new approach in the field of spectroscopic redshift anal-
ysis and triggered the need for a deeper study, concerning Euclid and other spec-
troscopic surveys.

In the second case study, we demonstrated the benefits of using deep CNN
architectures along with data augmentation to efficiently address the problem of
multi-label, land cover scene categorization on a limited in size dataset. The
performed experiments demonstrated the impressive capabilities of the proposed
methodology that managed to outperform the current state-of-the-art by more
than 6% F-score, in a multi-label modified version of the UC-Merced Land Use
Dataset. Both case studies serve to further confirm the potential of deep learning
for simultaneous feature extraction and classification.

6.1 Future directions

Future work in spectroscopic redshift analysis, concerning the Euclid space tele-
scope, includes the introduction of new noise patterns that will complement the
existing noise-scenario to an outright realistic simulation. Using these data, a ro-
bust predictive model can be built, capable of pioneering in the area of our study,
and a form of transfer learning can be applied [9], exploiting future, real Euclid
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observations. Another avenue of applications involves other spectroscopic surveys.
The Dark Energy Spectroscopic Instrument (DESI) [103] is one of the major up-
coming cosmological surveys currently under construction and installation in Kitt
Peak, Arizona. It will operate in different wavelengths and under different obser-
vational and instrumental conditions compared to Euclid, and consequently will
be able to detect galaxies with different redshift properties.

In the case of multi-label classification in remote sensing, our focus can be
concentrated on the design of alternative techniques for managing the problem
of low data availability and on the application of the proposed methodology on
hyperspectral imaging modalities.

Finally, given that all current deep learning libraries provide frameworks of
CNN architectures that are limited up to the three-dimensional case, we can es-
tablish the development of a generalized scheme for n-dimensional Convolutional
Neural Networks.
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