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Abstract

MARTINAZZO, A. C. A self-supervised learning approach for astronomical images.
2021. Dissertagdo (Mestrado) - Instituto de Matematica e Estatistica, Universidade de Sao

Paulo, Sao Paulo, 2021.

Modern astronomical sky surveys are providing us with a flood of images with unusual
characteristics, such as numerous channels, saturated signals, faint signals, uncertainties, and
varying signal-to-noise ratios. The complexity and diversity of these images make them an
adequate use case for deep convolutional neural networks. Moreover, they yield millions of
detected objects whose classes are mostly unknown. Given this context, the main objective
of this work is to investigate deep representation learning approaches for multichannel
astronomical images, focusing on finding reasonable representations that do not require
labeled data and that make use of some domain knowledge. A reasonable representation
may be thought of as one that contains enough discriminative information, that can be
later used for higher-level tasks such as object classification, outlier detection and clustering.
We propose a self-supervised learning approach that makes use of astronomical properties
(more specifically, magnitudes) of the objects in order to pretrain deep neural networks with
unlabeled data. We choose the task of classifying galaxies, stars and quasars as a baseline for
quantifying the quality of the learned representations, and empirically demonstrate that our
approach yields results that are better than — or at least comparable to — a benchmark RGB

model pretrained on ImageNet.

Keywords: convolutional neural networks, astronomical image processing, self-supervised

learning.
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Resumo

MARTINAZZO, A. C. Uma abordagem de aprendizagem auto-supervisionada para
imagens astronomicas. 2021. Dissertacao (Mestrado) - Instituto de Matematica e Es-
tatistica, Universidade de Sao Paulo, Sao Paulo, 2021.

Programas de varredura do céu contemporaneos tém nos fornecido um grande volume de
imagens com caracteristicas pouco usuais, tais como grande quantidade de canais, sinais
saturados, sinais fracos, incertezas, e razoes sinal-ruido variaveis. A complexidade e diversidade
dessas imagens faz com que elas sejam dados bastante adequados e interessantes para uso de
redes neurais convolucionais profundas. Dado este contexto, o principal objetivo deste trabalho
¢ investigar abordagens de aprendizagem de representagoes para imagens astronomicas usando
redes neurais, com foco em encontrar representacoes satisfatorias que nao necessitem de
dados rotulados, e que incorporem um pouco de conhecimento especifico da Astronomia.
Uma representacao satisfatéria pode ser definida como uma representacao que contenha
informacao discriminativa suficiente para que possa ser utilizada em tarefas de mais alto nivel,
tais como classificacao de objetos, deteccao de anomalias, e agrupamento. E proposta uma
abordagem de aprendizagem auto-supervisionada que utiliza propriedades astronomicas (mais
especificamente, magnitudes) dos objetos a fim de possibilitar o pré-treinamento de redes
neurais profundas com dados nao rotulados. A tarefa de classificar galaxias, estrelas e quasares
é escolhida como uma base comparativa para quantificar a qualidade das representacgoes
aprendidas. Demonstramos empiricamente que nossa abordagem produz resultados que sao

melhores do que — ou comparaveis a — um modelo de referéncia pré-treinado no ImageNet.

Keywords: redes neurais convolucionais, processamento de imagens astronomicas, apren-

dizagem auto-supervisionada.
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Chapter 1

Introduction

1.1 Motivation

Unlike other natural sciences, such as Physics and Biology, in which various kinds of
experiments can be designed to validate theories, Astronomy relies almost entirely on images.
Each photon captured by the mirrors of a telescope encodes information about its time of
arrival, its spatial position and its energy content. Those three pieces of information should
provide us with all there is that we can learn about the universe.

The development of Observational Astronomy as a modern science at first naturally
followed advances in photography. The first documented attempt at taking a picture of an
object at the sky (the Moon) happened in the late 1830s [Nor38]. Later on, astronomers
transitioned to using telescopes, which become larger and capable of capturing more photons
at better spatial and temporal resolutions as technology evolves. This results in increasingly
large amounts of images to process and analyze. Even nowadays, it is common practice for
experts to pick a few dozens or hundreds of objects and then analyze their images by eye with
the aid of specific image processing tools. However, with the newest generation of telescopes
starting to scan our sky at rates that can reach the order of terabytes per night [Tys02], this
kind of manual work is becoming unfeasible.

Much like Observational Astronomy, Computer Vision is also transitioning from rather
small-scale, task-specific to large-scale, generalist techniques. Deep neural networks auto-
matically learn high-level information without the need for employing manually designed
feature descriptors. Because deep learning models are often much larger and more complex
than traditional models, they also require a lot more data. In our use case, this should not
be a problem, since last-generation sky surveys are already providing us with a flood of rich,
diverse data.

Astronomical images present a set of unique characteristics that make them attractive
for trying out deep learning methods: numerous channels, saturated signals, faint signals,
uncertainties, and signal-to-noise ratios that vary with the filters used and the atmospheric

conditions. Data also become noisier and more heterogeneous as astronomical surveys go
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deeper, capturing signals from fainter, farther away sources.

Some researchers believe that the next step towards more data-driven science would be
to detect patterns in tabular data extracted from images by fitting mathematical models to
point sources. Indeed, many recent works that propose data-driven methods use tabular data
for tasks such as classification [CDSM*19]. Another possible approach is to apply machine
learning methods to spectroscopic data, which can be roughly interpreted as a count of
captured photons as a function of wavelength, as proposed in [LZD"18]. A major drawback
of both tabular and spectroscopic data is that neither of them provide detailed morphological
information.

We believe that it is possible to learn more if we let deep learning models process the
data in a more raw format — that is, in images. Raw astronomical images come in multiple
channels, whereas digital images are usually represented using the RGB color model, which
consists of only three channels. In the RGB color model, red, green and blue light are mixed
to reproduce a variety of colors. This choice of primary colors is related to the physiology of
the human eye. The human eye contains three different kinds of photoreceptor cells, called
cones, each responding differently to light of different wavelengths. The RGB model aims to
maximize the difference between the responses of the cone cells, which yields a broader range
of possible colors to be perceived by human vision.

It makes perfect sense to try and convert raw astronomical images, which usually come in
FITS file format, into informative, aesthetically pleasing color images that can be interpreted
by human vision. Indeed, composite RGB images can be generated and are largely used
for scientific communication in Astronomy. However, it is not clear whether this sort of
pre-processing actually helps machine vision, or not. In order to acquire some understanding
of how deep learning models deal with raw FITS images as opposed to RGB images generated
with specific domain knowledge, we conduct a comparative study between models trained
with either type of image. Recent works have proposed models using either RGB images
[GMH18] or FITS images [KB16]. However, to the best of our knowledge, a comparative
analysis of RGB and FITS models is novel.

There is yet another challenge that we expect to tackle in this work. Large sky surveys
yield millions — sometimes billions — of detected objects. A tiny minority of those detected
objects have already been observed by other more detailed surveys, such as spectroscopic
surveys, and then thoroughly studied by experts. Only the classes of those objects are truly
known. This challenge is even more prominent when studying the Southern sky, because
detailed surveys here in the Southern hemisphere are more scarce. Highly qualified domain
experts still spend a significant amount of time looking at tons of images of objects and
handpicking the most relevant ones for further analysis. It is desireable to develop reliable
ways to automatically classify all objects from a mostly unlabeled dataset, or to automatically
find the most relevant ones.

Drawing on self-supervised learning, we devise a feature extraction approach that, by

exploiting known quantitative attributes of the astronomical objects, is able to make use of
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both labeled and unlabeled data. We conjecture that this approach is capable of generating
encodings that encompass both morphological information from images and astrophysical
information from quantitative attributes, making these encodings more powerful than either
images or numerical attributes alone. To the best of our knowledge, combining astronomical
images of objects and their quantitative attributes into a single representation is also a novel

proposal.

1.2 Objectives

The main proposal of this work is to find reasonable representations for astronomical im-
ages, learned by deep convolutional neural networks. We consider a representation reasonable
if it is able to encode enough discriminative information that can be used, for instance, in a
classification task. Given this broad context, we define three questions that can be thought

of as incremental steps of our research:

(i) Can astronomical properties be learned from images?
(ii) Can FITS images yield more information than RGB images?

(iii) Can reasonable representations that do not depend on labels be learned?

The first question arises from a curiosity about whether it would be feasible to map
images directly to their astronomical properties using deep learning in an end-to-end fashion,
without any intermediate steps that would likely require domain knowledge. The second
question is aimed at verifying whether deep learning models can extract more information
from raw FITS images than from RGB composite images which were generated with domain
knowledge. Finally, the third question tackles the problem of how to include unlabeled data
in the representation learning scheme. In order to evaluate and compare the performance of
the models, we choose the task of classifying galaxies, stars and quasars.

The main contributions of this work are also threefold: (i) an open-source toolbox for
preparing raw astronomical images for use in deep learning models, (ii) a comparative study
between models trained with FITS and RGB images, and (iii) a deep representation learning

approach that does not rely on class labels.

1.3 Work organization

This work is organized as follows. In Chapter 2, an overview of convolutional neural
networks and self-supervised learning is given. In Chapter 3, Observational Astronomy
concepts related to this work are introduced, and characteristics of the data survey used in
this work are explained. In Chapter 4, the method proposed for pre-processing and learning

representations from unlabeled astronomical images is presented. In Chapter 5, experimental
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results are shown. And, finally, in Chapter 6, conclusions are drawn and possibilities for

future work are elucidated.



Chapter 2
Fundamentals

In this chapter, theoretical concepts that will be used throughout this work are presented.
In Section 2.1, we give an overview of convolutional neural networks (CNNs), starting by
explaining how they work and how they can be trained, and then presenting important
related concepts, such as: types of convolutional layers, hyperparameters, activation functions,
optimization algorithms, and regularization techniques. In Section 2.2, we present a method
known as self-supervised learning, which enables the use of unlabeled data to train deep
neural networks, and give examples of some self-supervised learning approaches for images.
Finally, in Section 2.3, we give an overview of techniques that allow visualization of the
features learned by CNNs, presenting both methods that are focused on visualizing the inner
workings of CNNs, and methods that are focused on reducing the dimensionality of the

feature vectors extracted from neural networks so that they can be projected in 2D.

2.1 Convolutional Neural Networks

Neural networks are a family of powerful, expressive machine learning models whose
origin can be traced back to the Perceptron [Ros58], proposed in the 1960s. They consist of
sets of units that are connected to each other according to some connectivity rule, and that
are organized in layers. Each unit in a layer receives inputs from units in the previous layer,
generates an encoding that is a linear combination of those inputs based on a set of weights
W, passes this enconding through a non-linear activation function, and then sends the output
to some other units. The sets of weights related to each unit are learned, that is, they are
fitted to a set of data points by optimizing a predefined cost function. In mathematical terms,

each unit computes

y=o(3_ wi-zi+b) (2.1)

where N is the number of inputs (that is, the number of units in the previous layer) and

o(+) is an activation function.
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The layers that are neither the first input layer nor the final output layer are called
hidden layers. The universal approximation theorem states that feed-foward networks (that
is, networks whose connections do not form cycles) with a single hidden layer containing a
finite, sufficiently large number of units can approximate any continous mapping from input
to output, as shown in [Hor91]. In other words, it states that a simple neural network is
capable of representing a great variety of functions when fitted to adequate sets of weights.
Although this theorem is a very important one from a theoretical standpoint, it does not
hint at the learnability of those weights.

The backpropagation algorithm [RHWS86] allows these weights to be learned through
gradient-based optimization. It provides an efficient way of computing the gradient of the
cost function by making use of the chain rule. The key idea behind it is that data is passed
through the network in a feed-forward manner, and then error vectors are computed backwards.
Automatic differentiation can be used for numerically evaluating the derivatives; it is indeed
used by deep learning frameworks, such as TensorFlow [ABC*16] and PyTorch [PGM™19].
These frameworks build neural networks as computation graphs, from which derivatives can
be defined. After computing the gradient of a predefined error function, it must be passed to
an actual optimization algorithm, such as the gradient descent. The optimization algorithm
updates weights in such a way that the error function is minimized until stopping criteria
are met.

In practice, it has been empirically shown that adding more layers to a neural network
yields better performances. As the number of layers increases, however, fully-connected archi-
tectures (where all units between two consecutive layers are connected) become prohibitive.
For certain types of data, it is possible to exploit different connectivity rules. For instance,
connections based on convolutions.

Convolution is a mathematical operation that receives two functions and returns a third
function computed by integrating the product of the two functions, after reflecting one of
them over the y-axis. It expresses how one function changes the shape of the other. It is
closely related to cross-correlation, an operation that describes how similar two functions
are. The main difference in the definitions of convolution and cross-correlation is that, in
cross-correlation, none of the functions are reflected. It is worth noting that, in most CNNs,
neither the convolution filter nor the image are reflected, so strictly speaking, they use
cross-correlation operations.

Convolutions satisfy a variety of nice properties, such as commutativity, associativity and
the convolution theorem, which make them suitable for image processing. In discrete space,

convolution is computed by

(fxg)n]= > flm]-gln—m] (2.2)

m=—o0
where, in the context of image processing, f is a convolution filter and ¢ is the image

itself (or vice-versa, since the operation is commutative). Note that both functions can be
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«*e»

Figure 2.1: A convolution operation with padding=0 and stride=1. Image from [DV16].

defined in two-dimensional (if images are composed of a single channel, such as greyscale
images) or three-dimensional space (if images are composed of multiple channels, such as
RGB images and FITS images), and that, in theory, the convolutions would be computed
over the entire image.

In practical applications, a finite number of neighbours must be chosen for computing the
convolution at each point. A well stablished approach is using squared (or cubic) convolution
filters (also called kernels) of small size (as little as 3) that slide over the image, as represented
in Figure 2.1. In traditional computer vision, filters are designed for describing features and
performing specific tasks such as detecting edges and corners. CNNs arose as a disruptive
approach wherein designing filters is no longer necessary — the weights of the filters are
learned — and quickly became the state-of-the-art in many computer vision tasks.

Convolutional layers hold two important properties that make them more efficient than

fully-connected layers:

(i) they use shared weights: a single set of small filters is slided over the entire image;

(ii) they use sparse connections: the convolution operation at a point depends on a small

set of its neighbours.

Those two properties allowed convolutional architectures to go deeper, sometimes having
hundreds of layers, and achieve unprecedented performance while keeping a somewhat
feasible number of weights. During the 2010s, when the first large-scale CNN image classifiers
came out, architectures have been proposed first to try and achieve peak performance
strictly by going deeper [SZ14, SLJT15], and then to try and mitigate efficiency issues
[HZC*17, MZZS18, FRKK18]. CNNs still have a lot of redundancies that can be further
pruned [FC19].

Some researchers believe that neural networks learn increasingly higher-level, higher-
quality representations as data passes through deeper layers, whereas others believe that the
networks learn a multi-step program that may or may not perform better as more layers
are added. The former interpretation is more widely acepted, but the latter is supported by

experiments with deep networks with stochastic depth [HSL*16].
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Figure 2.2: Top-1 accuracy of models trained on ImageNet versus amount of operations
required for a single forward pass. Image from [CPC16].

Types of convolutional layers

Convolutional layers are the core of convolutional neural networks, thus it is expected that
they will be the first feature of the networks to be explored and tweaked when searching for
more performative architectures, both for minimizing errors and for maximizing efficiency. In
this subsection, the most used types of convolution are listed, along with the architectures in
which they were first adopted. Figure 2.2 illustrates how different models (that use different
convolutional blocks) can present a wide range of sizes, accuracies, and amount of operations

per single forward pass.

Standard convolution A standard convolution applied over multi-channel images is a
three-dimensional operation. A standard convolution using cubic filters of side 3 over a

3-channel image yields 32 - 3 = 27 multiplication operations for computing each point.

Strided convolution Stride refers to the distance between spatial positions where a con-
volution filter is applied. Applying a strided convolution is equivalent to using a step
larger than one when sliding the convolution filter over the image. Default convolutions
have stride=1. Strides larger than one can be used for downsampling an image, for

instance.

Dilated convolution Dilation refers to the distance between spatial positions while com-
puting a convolution. Applying a dilated convolution is equivalent to using a step larger
than one in the summation shown in equation 2.2. Dilation increases the receptive field
(the region in input space that a given filter is “looking at”) of the convolution. It was
proposed in [YK16].
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1x1 convolution A 1x1 convolution is a pointwise convolution along the depth direction.

It is a way of performing feature reduction and of introducing more non-linearity to
the model (it is usually followed by a non-linear activation function). It can also be
seen as feature pooling. It was first proposed in the Network-in-Network architecture
[LCY13], then popularized by the Inception model [SLJ*15] and largely adopted in

newer models.

Spatially separable convolution Spatial separation decomposes a two-dimensional squared

convolution filter of size s into two one-dimensional convolution filters of size s. It can
be done when the columns or rows of the filter are linearly dependent, and reduces the
amount of multiplication operations. Considering a squared filter of size 5, for instance,
instead of 52 = 25 operations, only 2 -5 = 10 operations will be computed. This type of
separation does not seem to be widely used in CNNs yet, but it is seen in the EffNet
[FRKK18].

Depth-wise separable convolution Depth-wise separation decomposes a costly three-

dimensional convolution into two-dimensional convolutions along the spatial dimensions
(one per channel) followed by 1x1 convolutions along the depth dimension (one per pixel).
Given a squared filter of size s and an input image of ¢ channels, a three-dimensional
convolution would yield s? - ¢ multiplications per point, whereas depth-wise separable
convolutions would yield s? + ¢ multiplications per point. It is used in Xception [Chol7]

and MobileNet [HZC17].

Grouped convolution Grouped convolution consists of splitting input channels into multi-

ple groups and performing convolution in each of them independently. It was introduced
by AlexNet [KSH12] to split a network into two GPUs, but they noted that each
group of convolutions ended up consistently learning specialized features, which is
an indication that this type of convolution may be used to extract higher-quality
representations from images. Recent models such as ResNeXt [XGD*17] and ShuffleNet
[MZZS18] make use of grouped convolutions. In the ResNeXt model, in particular, the
number of groups can be controlled through a new architecture hyperparameter called

cardinality.

Transposed convolution Transposed convolution is used in image-to-image tasks, such

as image segmentation or image generation. It receives a small feature map and
returns a larger map, using either padding or stride. It is also known as fractionally-
strided convolution. Examples of models that use transposed convolution are Deep
Convolutional Generative Adversarial Networks [RMC15] and Fully Convolutional
Networks [LSD15].
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Hyperparameters

Besides the complexity of the neural networks themselves, there is the additional complex-
ity of setting several hyperparameters. Hyperparameters are parameters that, unlike weights,
are not optimized during training. Their values must be set prior to training, in order to
fully define the architecture and the training procedure. Hyperparameters can be split into
two broad groups, one related to the architecture of the model, and the other related to the
optimization algorithm. Examples of architecture hyperparameters are depth, width, filter
size, number of filters per layer. Examples of optimization hyperparameters are batch size,
learning rate, regularization norms, initial weights. The best choice of hyperparameters can
also vary with data.

It is possible to carry out hyperparameter tuning in order to find optimal values for
a given combination of dataset and architecture. The two most widely used techniques
for searching hyperparameters are Grid Search and Random Search. As suggested by its
name, Grid Search exaustively generates possible sets of hyperparameters from a discrete
set of pre-defined values, and evaluates the performance of the model for each generated
set. Random Search, on the other hand, samples sets of hyperparameters from a pre-defined
distribution of possible values, and evaluates the performance of the model for each sampled
set. Random Search tends to outperform Grid Search, specially for continuous spaces.

Both techniques are very well suited for models whose training costs are not prohibitive,
such as Random Forests or Support Vector Machines. This, however, is not the case for
neural networks. For finding optimal training hyperparameters for neural networks, Grid
Seach may be performed over small sets of hyperparameters. Still, there is extensive research
aimed at finding somewhat universal optimal values for some hyperparameters. For instance,
it has been found that a batch size of 32 examples yields the best performance for a variety of
settings [ML18]. As for optimal neural network architectures, there is a whole field of research
concerned with finding them, known as Neural architecture search (NAS). NAS techniques

can be based on reinforcement learning [ZL17] or on evolutionary algorithms [RMS*17].

Multinomial classification

Multinomial classification refers to a classification task with more than two classes, as
opposed to binary classification, where instances are classified into two classes. Traditional
models such as Support Vector Machines and Logistic Regression are binary by definition, and
must be adapted in order to be used in multinomial classification problems. Such adaptation
can be done either by transforming a single multinomial classification problem into multiple
binary classification problems, or by extending existing binary classification frameworks to
tackle multinomial problems.

Considering a classification task with k classes, the strategy of reducing one multinomial

problem into multiple binary problems can be applied in two ways:
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One-vs-one (OVO) A classifier is trained for each possible pair of classes, resulting in
k(k — 1)/2 different classifiers. When predicting the class of a new example, each
classifier votes for a class, and the class with the most votes is assigned to the new

example.

One-vs-all (OVA) A classifier is trained for each class, considering samples in such class
as positive samples and all other classes as negative samples, resulting in k different
classifiers. This technique requires that classifiers output a continuous score rather than
a binary response, and that all those scores are defined in a single range (e.g., [0, 1]),
so that all scores can be compared. When predicting the class of a new example, each
classifier outputs a score and the class whose score was the highest is assigned to the
new example. A drawback of this approach is that it yields highly imbalanced training
sets. On the other hand, it is simple to add new classes to an existing multinomial
classification frawework: one may simply train an additional classifier corresponding to

the new class.

Using this reduction strategy, the number of classifiers required for a single multinomial
classification task grows either linearly (for OVA) or quadratically (for OVO) with the number
of classes, making it unfeasible for a large number of classes, as in the ImageNet dataset,
which has a thousand classes.

The strategy of extending a binary framework is more efficient and, fortunately, quite
straightforward to apply to neural networks: instead of adding a single unit to the output layer,
k units may be added to the output layer, each corresponding to the score of a class. These
scores may be normalized by applying a normalized exponential function (more commonly

known as softmax function) on the output layer:

e~

o(z); = W (2.3)

where ¢ corresponds to a unit in the output layer.
This strategy of having k output units, all normalized by a softmax activation function,
is similar to the OVO strategy in that both yield relative scores, or proportions, that add up
to one. Those scores may be interpreted as probabilities, since they satisfy all three axioms

of a probability:
(i) the probability of an event is a non-negative real number;
(ii) the probability of the entire sample space is one, that is, P(S) = 1;

(iii) if events A and B are mutually exclusive, then P(AU B) = P(A) + P(B).

The use of the softmax function makes neural networks well suited for problems with a

large number of classes, since only one classifier must be trained and then run on inference
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time, regardless of the number of classes. Neural networks are trained using one-hot encoded
vectors of class labels (i.e. y = [1,0,0, 0] refers to class 1, y = [0, 1,0, 0] refers to class 2, and

so on). Then, at inference time, the predicted class is given by argmazx(3).

Activation functions

Recall that each neural unit receives an input, generates a linear combination of this input,
and then passes it through an activation function. Activation functions are a key feature
of neural networks, because it is them that enable networks to learn non-linear mappings.
An important property that they must satisfy is that of being differentiable, because their
derivatives are required for computing the cost gradient.

One of the most well-known activation functions is the sigmoid, or logistic function. It
maps real-valued numbers to [0,1], and therefore its outputs can be interpreted as probabilities.
The softmax function can be regarded as a generalization of the sigmoid; it takes an input
vector of size n and outputs n normalized probabilities proportional to the exponentials of
the input numbers. Both the sigmoid and the softmax are usually added to the last layer of
the network, in order to produce scores in [0, 1]. The former is used for binary classification
and the latter for multiclass classification.

Note that the logistic function “squishes” a large input space into the output range [0,1].
This means that large changes in the input can result in small changes in the output; in other
words, small derivatives. The vanishing gradient problem is the term given to the situation
where the cost gradient becomes so small that the network gets stuck in a state and cannot
be further trained. This usually does not happen in shallow networks, but it becomes a
significant problem as more layers are added, since in the backpropagation algorithm, the
derivatives of each layer must be multiplied by each other, from last to first, in order to find
the derivatives of the first layers.

Many activation functions have been proposed in order to mitigate limitations such as
the vanishing gradient. One is the hyperbolic tangent (tanh), which has a shape that is
very similar to that of the sigmoid, but maps outputs to [-1,1], making derivatives a bit
larger. Another one is the rectified linear unit (ReLU), which has no upper bound, making
derivatives even larger. Besides avoiding the vanishing gradient, the ReLU function is also
cheap to compute, since it consists of two linear functions. The ReLU function, and some
of its variants, are widely used in hidden layers nowadays. Figure 2.3 shows a comparison

between sigmoid, tanh and ReLU.

Optimization and regularization techniques

The cost function to be optimized is generally non-convex, meaning that optimization
algorithms can get stuck in local minima. Many gradient-based optimization algorithms for

machine learning have been proposed. The most traditional one is the gradient descent, in
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Figure 2.3: Sigmoid, tanh and ReLU activation functions. Image adapted from [Yur].

which the weights are updated after each epoch®. This results in an unstable, slow training
procedure. In practice, variants such as stochastic gradient descent (SGD) and mini-batch
gradient descent are more largely used. In the former, the weights are updated after each
example is passed through the network, and in the latter, they are updated after a mini-batch
of examples is passed through the network. Using mini-batches improves training speed while
maintaining stability. Small batch sizes, between two and 32, are more recommended [ML18].
Another optimization algorithm that is based on SGD but tends to converge faster is the
Adaptive Moment Estimation (Adam) [KB15].

To avoid getting stuck in local minima while keeping a decent convergence speed, a
learning rate must be set and adequately updated during training. The learning rate is
a hyperparameter that controls how much the weights are adjusted to the cost gradient
computed at each iteration. Appropriate learning rate values are highly dependent on the
optimization algorithm, and also a bit dependent on the architecture of the network. It is
common practice to start training with a relatively high learning rate (roughly between 1072
and 107%), to accelerate convergence at a more “rough” level, and to employ a learning rate
schedule that gradually decreases the learning rate, to avoid jumping over minima when the
optimization process is at a more fine level. Sophisticated algorithms such as Adam compute
adaptive learning rates, ditching the need to manually define a learning rate schedule. Even in
those cases, it is still common practice to employ additional strategies to control the learning
rate, such as reducing it when apparent plateaus are found over the cost surface.

There is one more thing that must be paid attention to when doing machine learning;:
overffiting. It happens when the model adjusts too well to training data and fails at generalizing
to new data. To avoid this, regularization techniques are often employed. They are specially
necessary when dealing with large, complex models such as neural networks. A well-known
technique that was borrowed from traditional regression models is the L2 regularization,
sometimes also called weight decay, that basically consists of reducing computed weights by
a small factor. Two other popular regularization techniques specific to neural networks are
Dropout [SHK*14] and Batch Normalization [IS15]. Dropout consists of randomly “erasing”

a portion of the neural units at each training iteration, in order to avoid neighbouring units

! An epoch refers to one iteration that passes every training example through the model.
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from co-adapting, that is, to prevent neighbouring units from learning to capture the same
patterns. Although Dropout often yields more robust models, it also indicates that models
are very redundant. Batch Normalization, which has also been shown to improve convergence
speed and stability, consists of normalizing layer inputs for each training mini-batch. It has
been observed that Dropout and Batch Normalization often do not mix well [LCHY18].
Usually, architecture designers pick whichever techniques they believe work better in their

specific contexts.

2.2 Self-supervised Learning

Self-supervised learning is a strategy devised to leverage unlabeled data for training deep
neural networks. It has shown promising results when applied to images [KZB19] and to
text [LCGT20]. It consists of producing attributes that can be cheaply and automatically
computed from unlabeled data, and use those attributes as labels to train models on a pretext
task, with the objective of learning representations that can be used in higher-level tasks,
such as classification, clustering and outlier detection. Some methods of producing pretext

tasks for image data are:

Clustering [CBJD18] Features extracted from a (randomly initialized) model are clustered
and their cluster assignments are used as pseudo-labels for iteratively training the model.
The method alternates between clustering features in order to generate pseudo-labels

and using such pseudo-labels as targets for updating the model.

Image Rotation [GSK18] Four copies of images are generated by rotating them by 0°,
90°, 180° and 270°, and a model is trained to predict which rotation was applied to

each image.

Relative Patch Location [DGE15] Pairs of patches from images are generated, and a
model is trained to predict the position of the second patch relative to the first (e.g.

north, east, northeast, and so on).

In Astronomy, most data is unlabeled, but useful properties of the objects, such as
brightness and size, can be readily computed from analytical models, without supervision.
This yields an ideal setting for using self-supervision, where computed properties are used as
targets for regression tasks. In this way, unlabeled data are included in the learning process,
leading to representations that are closer to the distribution of the observed objects in the

universe at large.

2.3 Feature Visualization

Features extracted by deep neural networks are notably hard to analyze and interpret.

Promising branches of study for evolving in the direction of more interpretable neural networks
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Figure 2.4: Feature visualization produced by optimizing a channel objective, that is, finding
out which kinds of input would produce a certain response in a channel [OMS17].

Figure 2.5: Activation maps for cat and dog classes produced by using the gradient flowing
into the last layer of a CNN to assign importance values for each unit (neuron) in that
layer [SCD*16].

for computer vision tasks are the visualization of the features learned by units (neurons) and
layers [MOT15, OMS17], and the visualization of activations [SCD*16]. Feature visualizations
are used for checking which visual patterns the model learned for distinguishing between
classes, whereas activation visualization are used for checking at which regions of an image a
model “looks” when predicting its class. Both can be really useful when analyzing results in
so-called natural perception tasks. Because human performance is usually very good in those
tasks, we humans can assess whether the patterns learned by the model make sense. For
instance, if we train a model for recognizing dogs and cats, we can use feature visualization
(as shown in Figure 2.4) and activation visualization (as shown in Figure 2.5) to try and
understand some of its inner workings.

Computer vision tasks are usually considered natural perception tasks. However, some
patterns, such as those hidden in financial or astronomical data, are very unlikely to be
grasped by human perception. As an example, Figure 2.6 shows astronomical objects that
are quite difficult to distinguish, even to the trained eye, but that belong to three different
classes: stars, galaxies, and quasars. For such tasks, human performance cannot be used as a
baseline for assessing machine performance.

In this scenario, tools such as feature maps and activation maps do not provide useful
insights on the performance of the model, and more sophisticated techniques are required.
A popular technique for analyzing complex, high-dimensional features, such as the ones

extracted by a deep neural network, is dimensionality reduction. Two of the most widely used
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Figure 2.6: Sample images of stars (top row), galaxies (middle row) and quasars (bottom
row) from the S-PLUS [ORS*19]. Since sometlmes such objects look nearly the same to the
human eye, the interpretation of a machine learning model that classifies them cannot rely
solely on methods such as feature maps and localization maps. More sophisticated techniques,
such as dimensionality reduction, should also be adopted.
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Figure 2.7: Raw 784-dimensional vectors from the MNIST dataset [LC10] projected into two
dimensions using the dimensionality reduction algorithm UMAP [MHM18]. Such projections
can be used to aid with interpretation of high-dimensional features extracted from complex
data.
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dimensionality reduction algorithms are t-SNE [LvdM08] and UMAP [MHM18]. Figure 2.7
shows two-dimensional projections of the well-known MNIST digits dataset [LC10], produced
by UMAP. Such projected features may be used to find clusters and outliers that can be

more carefully analyzed afterwards.
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Chapter 3
Astronomical Data

In this chapter, an overview of concepts related to astronomical data is given. In Section 3.1,
we present a brief primer on Observational Astronomy, where we detail the objects that we
will identify in this work, and explain how object magnitudes and sky coordinates are defined.
Magnitudes and sky coordinates are important concepts because they are used in Chapters 4
and 5 in order to build datasets and analyze results. Then, in Section 3.2, we present the
Southern Photometric Local Universe Survey (S-PLUS), the sky survey that generated the
data used in this work, and explain how such data were generated. Finally, in Section 3.3, we
explain the three data formats used in this work: FITS images, composite RGB images, and

catalogs.

3.1 A Very Brief Primer on Observational Astronomy

Observational Astronomy [Burl8] is the field of astronomy concerned with recording data
about the observable universe, as opposed to Theoretical Astronomy, which is concerned
with describing the observable universe through analytical models.

Astronomical data comes in two main formats: spectra and images. Spectra consist of
nearly continuous measures of energy fluxes emitted or absorbed by an object as a function
of wavelength. Their fine-grained resolutions allow detection of narrow peaks and valleys that
are reliably used to categorize objects and determine many of their properties, such as which
chemical elements are present in them and what are their distances from us. These information,
in turn, are used to validate theories of how and when a given type of object formed, how it
evolved, what are the physical processes involved in its formation and evolution. In spite of
providing such rich and fine-grained information, spectra are hardly scalable: a spectrograph
requires hours of exposure in order to collect enough photons across all wavelengths. Spectral
data, thus, is expensive and scarce. There are a few well-known databases of spectra, such as
the ones from the Sloan Digital Sky Survey (SDSS)!, that have become significantly large.

Still, there is an inherent bias in how objects were chosen for spectroscopic analysis.

Thttps://sdss.org/dr15/spectro
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To learn about the universe at large while minimizing risk of overfitting theoretical models
to biased datasets, images are needed. Images can be understood as a discretized version of
spectra, in which energy flux measures are grouped in broader ranges of wavelength. The
number of passbands (also called filters) may vary from five to a few tens. Photometric
surveys yield information about numbers of objects that are orders of magnitude larger
than spectroscopic ones. Even though these information usually come at the cost of larger
uncertainties when estimating properties of the objects, they are vital for defining the
distribution of objects at large scales, for capturing transient phenomena (such as asteroids
and supernova explosions), and also for detecting unusual phenomena (the so-called outliers)
that may be more carefully studied with a spectrograph afterwards. Besides, images provide
rich morphological information that is usually absent in spectra, and that can be used for

studying formation and evolution of objects in different ways.

Types of objects

Examples of objects that can be seen in the deep night sky are stars, planets, comets,
asteroids, galaxies [Moc09]. Sky surveys are tailored for studying predefined sets of objects.

In this work, we focus on identifying three types of objects:

Stars Stars are the majority of objects that are visible to the naked eye. They look like
point objects, except for the Sun, which is very close to our planet and looks more like
what it really is: a spheroid of plasma (ionized gas) bound together by its own gravity.
The earliest stellar classification system divides stars into seven spectral classes based
on their surface temperatures (which also determines their colors). Stars can also be
divided into three populations based on their chemical composition and age. Population
I stars are young stars with high metallic content?. Population II stars are intermediate
stars with relatively little metallic content. Population III stars are very old stars that
contain no metals. The existence of Population III stars was inferred from theory and
they are thought to be extinct by now. The search for these ancient stars is of great

interest because they can yield information on how the very first stars formed.

Galaxies Galaxies are extense objects composed of stars, star remnants, gas, dust and
dark matter. The galaxy in which our Sun in located is the Milky Way, and all stars
that can be individually resolved in images are in Local Group galaxies. The Milky
Way itself cannot be completely observed because we are inside it. It appears as hazy,
curved spread of stars and dust in the night sky — hence the name Milky Way. The
observation of the Milky Way, even if incomplete, enables the study of details that
may be generalized to other galaxies, and the observation of other galaxies enables the

validation of a general theory of how galaxies form and evolve. Galaxies are classified

2In Astronomy, all elements other than hydrogen and helium, the two lowest-mass elements, are called
metals.
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based on their morphology as elliptical, spiral or irregular, and each of those classes

also contain subclasses [Hub26].

Quasars Quasar is a contraction word for quasi-stellar object. This type of object was
first identified in the 1960s [Sch63]. They are extremely bright objects located at the
center of some galaxies, composed of supermassive black holes surrounded by a gaseous
structure. Black holes are very dense, compact objects that yield a gravitational field
so strong that not even light can escape it. Even though the black holes themselves
are invisible, when gas falls towards them, enourmous amounts of energy are released.
This radiation is seen in images as star-like structures, even though it comes from a
completely different type of object. Because they are so bright, they are the farthest
objects that can be detected in surveys, which can yield information about the frontiers

of the observable universe.

Magnitudes

Magnitude is a dimensionless measure of the brightness of an object in a given passband.
The magnitude system was first introduced by Hipparchus, a Greek astronomer, back in the
second century BC. It is based on a logarithmic scale, defined such that a change of one
in magnitude corresponds to a change of 100'/® in brightness. Lower values of magnitude
correspond to brighter objects, whereas higher values of magnitude correspond to fainter
objects. For instance, a star of magnitude 1 is 100 times brighter than a star of magnitude 6.

There are two kinds of magnitude: the apparent magnitude and the absolute magnitude.
The absolute magnitude is related to the luminosity emitted by an object, and the apparent
magnitude is related to the fraction of this total flux that can be measured from Earth.
The apparent magnitude is computed through a comparison between a given object and a
reference object, which is usually a well-studied, nearby star. Only the apparent magnitude
can be directly measured from an image. The absolute magnitude is computed from the

apparent magnitude and the distance of the object.

Sky coordinates

A celestial coordinate system is a system for determining the positions of astronomical
objects in the sky [Burl8]. A robust, universal coordinate system is essential for the production
and consumption of astronomical data. It allows professional astronomers to build catalogs
of objects using a standard protocol across various surveys, and to cross-match observations
of the same object across multiple surveys. It also allows amateur astronomers to contribute;
for instance, by reporting unusual observed phenomena (such as supernova explosions).

The equatorial coordinate system is the standard in sky surveys. It is based on the
abstraction of the celestial sphere, a sphere that is concentric to Earth, that has arbitrarily

large radius, and to which all astronomical objects are “glued” regardless of their true distance
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Figure 3.1: Equatorial coordinate system, defined by the right ascension o and the declination
J. Image adapted from [Dea07].

from Earth. This enables the determination of the apparent position of an object when its
distance is unknown. Adopting the Earth’s equator as a referencial plane, a pair of spherical
coordinates can be defined: declination and right ascension.

The declination ¢ is analogous to the terrestrial latitude. It measures the angular distance
of an object perperdicular to the equator, starting from celestial equator (the projection
of the equator line onto the celestial sphere). It grows positive in the North direction and
negative in the South direction, ranging from —90° (the South Pole) to 90° (the North Pole).
The right ascension «, likewise, is equivalent to the terrestrial longitude. It measures the
angular distance of an object in the eastly direction along the celestial equator, starting from
the March equinox T to the meridian passing through the object. Right ascension ranges
from 0 to 24h (or 360°). Figure 3.1 illustrates how the declination and the right ascension of
an object are computed.

In many fields of research, right ascension and declination are enough information on
the position of an object. However, in order to derive three-dimensional distributions, an
additional coordinate is required. In these situations, astronomers frequently adopt redshift as
a proxy for quantifying how far an object is. Redshift is the term used to define a displacement
towards redder, lower-frequency wavelengths that is observed in spectra. This displacement
happens when an object is receding from the observer and the waves emitted by this object
are received by the observer at a lower frequency, a phenomena known as Doppler effect. The
opposite effect (that is, waves being received by the observer at a bluer, higher frequency
when the object is moving towards her/him) also happens, albeit rarely, and is called blueshift.
Both the redshift and the blueshift are instances of the Doppler effect.

The redshift is a dimensionless quantity that is computed by the ratio

3The March equinox corresponds to the point at which the Sun crosses the celestial equator from the
South to the North.
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where \ is wavelength.

Without information on distances, the properties of the objects are said to be apparent.
For instance, if a nearby star is compared to a distant galaxy simply by looking at their
images, without taking into consideration their distances, it does look like the star is brighter
than the galaxy, even though a galaxy is made up of tons of stars. Apparent properties, such
as apparent brightness, are useful for a lot of studies. On the other hand, sometimes it is
necessary to derive intrinsic properties, such as absolute brightness, size, mass. Those are all
dependent on distance. Thus, while two-dimensional coordinates may be well enough for a
variety of studies (including the object identification problem explored in this work), having
precise three-dimensional coordinates is required to carry out other kinds of studies (for

instance, the problem of validating theoretical models of object formation and evolution).

3.2 The Southern Photometric Local Universe Survey

The images analyzed in this work were collected by the Southern Photometric Local
Universe Survey (S-PLUS) [ORS™19], an ongoing sky survey that was launched in 2016 and
will provide the scientific community with detailed image maps of our Southern skies. Among
the scientific goals of the S-PLUS project are the search for very old stars, the search for
distant quasars, and the study of star formation in various galactic environments. The study
of old, distant objects and of how they formed is aimed at a greater understanding of the
early Universe.

The S-PLUS is carried out with the T80-South telescope, located at the Cerro Tololo
Inter-american Observatory, in Chile. The T80-South is the Southern twin of the Javalam-
bre Auxiliary Survey Telescope (T80/JAST), installed at the Observatorio Astrofisico de
Javalambre, in Spain. Both telescopes use the same camera and the same filter set. The
T80 is currently carrying out the Javalambre Photometric Local Universe Survey (J-PLUS)
[CMCH™19], which is similar to S-PLUS but focused on the Northern sky.

In order to accurately capture signals that allow the observation of fine-grained character-
istics of objects, light is collected by the S-PLUS using twelve filters. Each of these filters
lets through ranges of wavelengths that correspond to different physical phenomena. Figure
3.2 illustrates how much light each filter lets through as a function of wavelength.

The five broad filters correspond to the widely used ugriz photometric system, composed
of ultraviolet, green, red, near infrared and infrared filters, which are suitable for constraining
the spectral curve of an object. The other seven filters — F378, F395, F410, F430, F515, F660
and F861 — are narrow and were specially designed by the T80/JAST team with the purpose
of approximating spectral lines of chemical elements that are important for characterizing

objects.
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Figure 3.2: Transmission of the S-PLUS filters as a function of wavelength [ORS*19].

The First Data Release of the S-PLUS, which has been made public in July 2019, covers
a region of the sky known as Stripe82. It is a stripe of the sky around the Equator, whose
declinations range from —1.26° to 1.26° and right ascensions range from 300° to 60°. Being a
very well studied region, that has been imaged by multiple surveys both from the Northern
and the Southern Hemispheres, it is ideal for trying out new image processing approaches
that may later be applied to other regions.

The full Stripe82 dataset consists of 170 fields imaged by twelve different filters. Each
of these fields yields images of 9232x9216 px. The resolution of the images is such that 1
pixel corresponds to 0.55 arc seconds. For comparison, the angular diameter of the Moon is
roughly 31 arc minutes — if the Moon were to be imaged by this survey, its diameter would
be around 3380px.

The S-PLUS features an internal pre-processing pipeline that yields what are called
science-ready images and object catalogs. The raw imaging data collected by the telescope
goes through a low-level image processing technique termed coadding, which consists of
registering and stacking images. This is common practice in astronomical image processing:
the same region of the sky is imaged multiple times in order to enhance faint signals (that
would otherwise be missed or interpreted as noise) and reduce uncertainties. Having the
same region imaged many times is also important for sky surveys focused on identifying
time-variant objects, such as comets, asteroids (whose positions vary), variable stars and
supernovae (whose fluxes vary). It is worth noting that, in practice, regions are not perfectly
uniformly sweeped. For instance, when two neighbouring regions of the sky are imaged, it is
usual to add some overlap between them. This overlap is necessary to ensure homogeneous
flux calibration between the fields (in other words, to avoid discontinuities between fields),
but it may also generate artifacts, such as those areas near the borders having more detected
objects because those areas were imaged more times.

After going through low-level processing, images are segmented, objects are detected,

and an object catalog is generated using the Source Extractor (SExtractor) software [BA9G6].
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Although alternative approaches for detection of astronomical objects have been proposed
[IMFLP12], SExtractor is still the most widely used by the community. SExtractor passes the
images through a pipeline that includes background subtraction, object segmentation and
property estimation. The background subtraction phase consists of estimating global and local
mean background values, combining them, and subtracting them from the images. The object
segmentation phase is based on adaptive thresholding techniques, which work sufficiently
well for the problem of separating bright point sources from a dark background. Finally, the
property estimation phase is carried out by fitting each object to mathematical models that
yield measurements of properties such as magnitudes and full-width half-maximum?. The
resulting S-PLUS catalog contains more than 3 million objects, and roughly a third of them
have missing values because their signals are too weak in some bands. SExtractor does not
generate “universal” descriptors that can be used to reliably classify all the detected objects,

thus it is of great interest to develop robust methods that work well for a variety of signals.

3.3 Data formats

Astronomical data used in this work comes in three different formats: FITS images,
composite RGB images, and catalogs. FITS images are collected by photometric sky surveys
and can be used to generate RGB composite images and photometric catalogs. In this section,

we further detail each of those formats.

FITS images

The FITS images are stored in FITS (Flexible Image Transport System), a file format
widely used in Astronomy to store and transport multidimensional arrays and tables. To
manipulate these files, the Astropy package [CPWS'18] is used. Those images are the result
of the pre-processing pipeline mentioned in Section 3.2 that performs low-level processing
tasks — as registration, stacking and background subtraction — over the raw images. Knowing
that each pixel value corresponds to a count of photons that arrived at that position over a
long exposure time, it is expected that the pixel values are defined over larger ranges when
compared to standard unsigned 8-bit images. Moreover, the background subtraction task
yields artifacts such as negative and real-valued pixels. In order to take in these peculiarities,
the image arrays from the S-PLUS were stored as 32-bit floating-point numbers.

In the context of preparing the images for usage in deep convolutional networks, this
incurs in a problem: how to normalize these images in a reliable, robust manner? Unsigned
8-bit images can readily be mapped to the [0, 1] range by dividing their values by 255.
Unsigned 16-bit images, such as the science-ready ones from the SDSS, can also be mapped

to [0, 1] by dividing their values by 65535. 32-bit floats, however, can store values in the

4The full-width half-maximum (FWHM) refers to the width of a Gaussian at half of its maximum value;
it is used to approximate the diameter of point sources that do not have sharp edges.
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Figure 3.3: 1000x1000px image patch of the S-PLUS survey. From left to right: r-filter image
in linear scale; r-filter image in asinh scale; composite RGB in asing scale.

range [—3.4 - 10%,+3.4 - 10%®].

In Section 3.1, we presented the magnitude system, which was devised to categorize
objects according to their brightnesses. The magnitude system is based on a logarithmic scale.
It was developed at first by looking at stars with naked eye, and it is now known that human
vision perceives changes in brightness in a logarithmic scale. Non-linear transformations
are often used by astronomers in order to enhance subtle structures, such as diffuse dust
around the center of an object, which would not be visible (for humans) in a linear scale.
The log transform is the most used one, but it is not defined for negative values. The inverse
hyperbolic sine (asinh) function is proposed as an alternative to the logarithm when images
have negative values [LGS99]. The asinh function behaves like a linear function for small
absolute values, and becomes similar to the logarithm for large absolute values. Figure 3.3
shows a 1000x1000 px patch of a S-PLUS image in linear scale and in asinh scale. Note how
many objects become visible and more detailed after non-linear transformation.

Another approach for preparing FITS images for use with neural networks is to calibrate
them. The idea of calibration is to transform photon counts (i.e. raw pixel values) into surface
brightnesses, which are not dependent on the photon detection system and thus can be used
to compare results from multiple surveys [PD01]. Calibration is considered a mandadory
preprocessing step when studying images in the context of astronomical research. In the
context of applied machine learning, it can be understood as a way of stardardizing pixel
values, which helps the neural network converge faster and to a lower minimum.

In the context of the S-PLUS DRI1, the calibration transform function can be defined as

5-0.4zp
Tealip = mpTiU (3.2)

This calibration function takes the pixel scale of the detector ps (in units of angle per

pixel, e.g. arcsec/pixel), a raw image x, and a vector of zero points® zp (one per channel) as

inputs, and returns a calibrated image x.., as output. It is worth noting that the pixel scale

5The zero point is defined as the magnitude of an object that yields one count per second on the detector.
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is a constant for all images (more specifically, ps = 0.55 for the S-PLUS system), and thus
the only varying inputs are the zero point value and the image itself. Zero points are constant
for each combination of channel and field, and different zero points represent variations in
sky conditions (e.g. clear or foggy sky; new or full moon) and photon detectors (e.g. detectors
for photons of different wavelengths).

The calibration procedure works by applying a different constant for each combination of
channel and field, which adjusts for different image capture conditions and yields standardized
images. The results presented in this work were obtained using calibrated FITS images with

no additional preprocessing.

RGB images

Composite RGB images are built by combining at least three color channels from FITS
images. Images can be close to their “natural” color (the color we would perceive if we were
out there in space actually looking at an object) if the FITS image contains channels that are
similar enough to red, green and blue. For science communication, it does not really matter
whether images are natural. Representative images can be built out of any combination of
channels, even channels that extrapolate the limits of visible light (e.g., X-ray radiation),
with the purpose of visually revealing information about an object. In general, channels are
assigned in chromatic order (e.g., the channel with lowest wavelength should be assigned to
blue, and the channel with highest wavelength should be assigned to red). Sometimes, the
chromatic order is not followed either for purely aesthetic reasons or for enhancing specific
phenomena.

The S-PLUS pre-processing pipeline generates composite RGB images using the Trilogy
software [Coel5]. It applies a non-linear transformation (usually asinh) over the FITS images
and then combines all twelve channels by adding multiple channels into each of the R, G and
B channels. Figure 3.3 shows a patch of a S-PLUS image in colors.

It is worth noting that, even though composite RGB images can encode information from
multiple channels, they are rarely used by themselves to carry out research. In general, each

channel is analyzed separately in greyscale.

Object catalogs

Spectroscopic object catalogs are built by extracting attributes directly from spectra.
Photometric object catalogs, on the other hand, are built by performing image segmentation
on the FITS images and then estimating attributes of the segmented objects through
mathematical model fitting. In this work, the following attributes from the S-PLUS DR1
catalog® are used: right ascension, declination, x pixel coordinate, y pixel coordinate, full-width

half-maximum and twelve magnitudes (one per filter).

Shttps://datalab.noao.edu/splus
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There are numerous ways to compute magnitudes from images [Ber17]. In the S-PLUS
catalog, three magnitude estimates per filter are provided: aper, petro, auto. aper
refer to integrating light using a fixed circular aperture, which is best for comparing values
between different datasets and surveys. petro is the Petrosian magnitude, in which light
is integrated using a diameter that varies as a function of the local light profile in the
neighbourhood of a given object; this method integrates most light but yields lower signal-to-
noise ratios, and is best for estimating physical properties of the objects. auto also refers to
a method that integrates light using a variable diameter, but this diameter estimation is more
restricted, which yield higher signal-to-noise ratios and thus lower uncertainties. Throughout

this work, only auto magnitudes are used.



Chapter 4

Method

In this chapter, we present our method for learning representations from unlabeled
astronomical images. In Section 4.1, we present our self-supervised learning approach, which
is composed of a pretext task that makes use of astronomical properties and a downstream
supervised task. Then, in Section 4.2, we present our data preparation pipeline, which is
composed of two steps: (i) selection of a subset of objects from S-PLUS and (ii) image
preprocessing. Finally, in Section 4.3, we present implementation details, including neural
network architecture choice, training procedure, and resource usage. We also share the

repository where code written to run experiments is available.

4.1 Our Self-supervised Learning Approach

The emergence of open-source tools for processing and analyzing astronomical data, such
as Astropy [CRT*13, CPWS™18], Astroquery [GSB*19] and AstroML [VCIG14], combined
with the daily generation of terabytes of astronomical data by modern sky surveys, has
fostered ML-driven astronomical research. In a comprehensive survey of the reach of ML
and Al in Astronomy [FJ19], authors found that subfields related to the study of stars and
galaxies are among the most mature in the adoption of ML tools. One of the most common
application of ML in such subfields is object classification.

In such object classification tasks, astronomical properties alone are commonly structured
in tabular format and used as input features for training traditional ML models (i.e. not
DL). Examples of supervised tasks that use structured data include: classification of RR
Lyrae stars' [SHMT16] using XGBoost [CG16]; star-galaxy [CDSM™19] and star-galaxy-
quasar [NAOH"21] classification using RandomForest [CGO1].

For tackling problems with unstructured data, such as images, DL-based techniques
have begun to be used. Examples of supervised tasks that use images include: galaxy
morphology classification [SHCB*17], galaxy detection in deep field images [GMH18]|, quasar
classification [PIP18], and redshift estimation [Hoy16, PIP18]. For learning representations

LA RR Lyrae star is a type of star whose brightnesses, as seen from Earth, vary periodically.
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from unlabeled data, various autoencoder-based approaches have been proposed [GFHL14,
AC19], which are sometimes referred to as self-supervised. Besides that, contrastive learning
has also been proposed in recent works [HSH™20, HHS™21]. Contrastive learning consists of
learning representations in such a way that representations of similar samples (e.g. an image
crop and augmented versions of it) should remain close, and it is considered a self-supervised
learning approach as well.

The appearance of such works indicate that, indeed, self-supervised learning is a promising
direction for learning representations of astronomical objects. This is because although deep
neural networks are capable of performing automatic feature extraction for unstructured
data, such as images, the quality of the generated encodings are heavily dependent on the
specific task for which the model was trained. In other words, an encoder that is trained to
classify a set of stars, galaxies and quasars is capable of generating encodings that include
information that is relevant to differentiate those three classes, but such encoder will likely
not be well suited for generating informative encodings from other types of objects.

The core idea behind the adoption of self-supervised learning approaches is that including
unlabeled data in the training process yields more representative features. In order to leverage
both unlabeled data and domain knowledge, we propose a self-supervised learning approach

composed of a pretext task and a downstream task as follows:

Pretext task Train a neural network using unlabeled images as inputs, and astronomical

properties as outputs.

Downstream task Fine-tune this neural network using labeled images as inputs, and classes

as outputs.

Note that the pretext task does not use any information about classes. It uses information
about astronomical properties that can be easily and reliably computed from unlabeled
images, such as magnitudes. Since these properties are usually represented by continuous
values, the pretext task is more likely to be a regression task. Still, properties could be
quantized in order to transform the regression task into a classification task. Also note that
the idea behind the pretext task is somehow generating signals that can be used as targets
for training a model in a supervised manner, which indeed corresponds to a self-supervised
learning setting, as detailed in Section 2.2. After the pretext task, the pretrained model may

be fine-tuned for various downstream classification tasks.
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Table 4.1: Number of samples in each split of datasets X, (unlabeled) and X (labeled).

X, X%

train 104871 90697 90
validation | 5520 4774 5
test 5811 5025 5

4.2 Dataset preparation

Selection of a subset of objects from S-PLUS

A subset of the objects catalogued in S-PLUS DR1 [ORS*19] was selected for this work.
This subset was obtained by filtering out all objects with warning flags? or with missing
magnitude values. Such missing values can happen when not enough photons are collected by
a given photometric filter, so the magnitude value relative to that filter cannot be computed.
We are aware that our filtering approach may generate a biased subset, with distributions
that are different from the ones found in the universe at large. We did consider employing
simple inputation methods, such as setting the mean or the median of a column for all rows
which have that column missing. However, this would also change data distributions, and
moreover, it could hurt the quality of the representations we want to learn.

After filtering out all objects with missing magnitudes or warning flags, the remaining
objects were then matched to the spectroscopic catalog from SDSS DR15 [AAAT18] by
searching for objects which have the same coordinates (right ascension and declination)
within a tolerance of 1 arc second (~ 2-10~* degrees) using the Astropy package [CPWST18].
Since both the S-PLUS and the SDSS coordinates have a precision of 10~% degree, a tolerance
of 2-107* degree was considered reasonable. Larger tolerances were tested, but because
some regions of the sky are very cluttered, they yielded duplicated, unreliable matchings.
This catalog matching process yields two disjoint datasets: X, composed of objects that are
unlabeled, and X, composed of objects that are labeled with the spectroscopic classes (star,
galaxy, quasar) found in SDSS. Afterwards, the unlabeled dataset is more heavily filtered by
removing all objects with magnitude uncertainties higher than 0.05, since high uncertainties
would yield noisy targets for the pretext task (magnitude regression). We did experiment
with datasets including objects with larger uncertainties, but noted that model convergence
was harder, and model performance was poorer.

Both X, and X are split into train, validation and test sets. Table 4.1 shows the number of
samples of each set. X, splits are stratified by r-magnitude intervals (of 1 unit), and X splits
are stratified both by class and by r-magnitude intervals. This guarantees that magnitude and

class distributions are similar across splits in each dataset. Figure 4.1 shows the r-magnitude

2The S-PLUS catalog comes with a photoflag column whose values are bit flags corresponding to
problems that occured during the process of computing attributes for an object. For instance, an object
whose attributes are likely to be biased by neighbouring objects (flag 1) and that has at least one saturated
pixel (flag 4) would yield photoflag=5. Such problem codes are generated by SExtractor [BA96].
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Figure 4.1: Normalized distributions of r-magnitude values of the X, (left) and X (right)
datasets.

Table 4.2: Number of samples per class in labeled dataset X.

| # samples %
star 43881 43.7
galaxy | 42158 41.9
quasar 14457 14.4

distribution in X, and X. Note that r-magnitude distributions do vary between X, and X:
the mean value of r-magnitude is 15.9 in X, and 18.7 in X. This difference occurs due to
the fact that we adopted more conservative data quality criteria for X, (i.e. filtering out all
objects with magnitude uncertainties higher than 0.05). Also, note that quasars do tend to
have higher magnitudes (meaning that they tend to be less bright), so the quasar class is
expected to be harder to distinguish from others.

Moreover, as shown in Table 4.2, classes in X are imbalanced: the quasar class has
significantly less samples than star and galaxy classes. To handle this imbalance, we modify
the loss function of the classifiers, adding class weights which are inversely proportional to

each class prevalence.

Image preprocessing

After having defined the subset of objects from S-PLUS DRI1 to be used in experiments,
separate images for each object must be cropped from 9232x9216 px sky fields. The full-
width half-maximum (FWHM), which approximates the sizes of the objects, and the pixel
coordinates available in the catalogs were used to generate such images. Based on conversations
with astronomers, visual inspection, and analysis of the distribution of FWHM values, we
concluded that squared crops of side equal to 3SFW H M were adequate for capturing relevant
information about the object and its context while avoiding cluttering. Figure 4.2 shows the
distribution of FWHM values in X, and X. 97.5% of all objects in X,, and X combined have
FWHM < 10pz, meaning that squared crops of 30px would be sufficient for the majority of

the samples. We rounded this value up to the closest power of two.
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Figure 4.2: Normalized distributions of FWHM values (in pixels) of the X, and X datasets.
FWHM is used as a proxy for the size of the objects. In order to capture enough contextual
information around objects, which are mostly point-like, 3FW H M is adopted as an estimate
for their diameter.

(a) In twelve bands. From top-left to right-bottom: U, F378, F395,
F410, F430, G, F515, R, F660, 1, F861, Z.

(b) In RGB. From left to right: stacked RGB, R, G and B.

Figure 4.3: Image crop of a galaxy.
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Our cropping procedure applies the following rule for each object: if SFW HM <= 32,
generate a crop of 32 x 32 px around the center of the object, else generate a crop of side
3FW HM and resize it to 32 x 32px. This procedure yields standardized 32px squared crops.
Note that only 3.5% of the objects are required to be downscaled, and those tend to be
large objects with high signal-to-noise ratios (that is, easier examples). Also note that, for
smaller objects, we give preference to generating fixed-size crops that keep more contextual
information, instead of performing upscaling or padding, as the latter approaches would
introduce unnecessary artifacts. We generate crops both from composite RGB images and
from FITS images. Figure 4.3 shows an image crop of a galaxy in 12 bands and RGB,
respectively. Note how, for the FITS image, the broad bands usually contain more signal.
Also, note how the RGB image appears to be noisier, since it combines noisy signals from
multiple bands into three bands.

For FITS images, we apply the calibration procedure defined by Equation 3.2. The
objective of this calibration is to tranform raw pixel values, which correspond to counts of
photons captured for that pixel position, into energy fluxes that have astrophysical meaning.
Besides, this calibration procedure also yields values that are inside a more well-defined
range compared to the original unbounded values, which contributes to more efficient model
training. After calibration, the range of pixel values are [-0.79, 13.63] in X, and [-1.13, 1.59]
in X. X, ended up having a broader value range, whose maximum value is one order of
magnitude larger than the maximum value in X. This was expected due to the fact that
X, correponds to unknown objects of all sorts and thus tends to be more heterogeneous,
whereas X corresponds to a select set of objects for which detailed spectroscopic information
is available and thus tends to be more homogeneous. We could have filtered out objects
with higher pixel values from X,, which may be outliers, but we chose not to add this extra
filtering step in our selection approach. In our experiments, we did not run into issues due to

the differences in pixel ranges between X, and X.

4.3 Implementation details

Neural network architecture

VGG [SZ14] was chosen as the CNN backbone for this work. Even though it might
be perceived as a somewhat dated architecture, we chose to stick to VGG for three main
reasons. First, in our paper [EMH20], we carried out an extensive search using various
astronomical image datasets and CNN architectures, including state-of-the-art architectures
such as Inception [SLJ*15], ResNeXt [XGD"17] and DenseNet [HLvdMW16], and found out
that VGG yielded the best performance (measured by accuracy) in most cases. Second, VGG
has a simple feed-forward backbone composed only of convolution and pooling operations,
which results in faster training, allowing us to test a lot of scenarios quickly and iterate faster.

It is worth noting that we used only the backbone of the VGG architecture, removing its
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two dense layers (which are composed of 4096 units each), which indeed make the original
architecture very heavy. We replaced this set of dense layers with a pooling layer followed
by a 1024-unit dense layer and a final output layer. Third, since there are already a lot of
scenarios that we want to analyze, we tried and kept the architecture and its hyperparameters
fixed. We did experiment a bit with ResNeXt [XGD*17] and EfficientNet [TL19], which
have interesting characteristics that we initially wanted to take advantage of. However, both
backbones were considerably slower and harder to train on our proposed pretext task, which
is a regression with up to 12 outputs. Thus, we chose to stick to VGG and focus on varying
other “hyperparameters” in our problem, such as number of input channels and number of

training samples.

Training procedure

Besides picking a CNN backbone, it is also important to define and stick to a consistent
training procedure. There are tons of variations that can be tested when training, such as
different optimizers, learning rate schedules, batch sizes, and data augmentation techniques.
We did experiment with classical optimizers such as Stochastic Gradient Descent as well as
state-of-the-art optimizers such as Adam [KB15] and RAdam [LJH*19]. We also experimented
with learning rate decay, early stopping, and image augmentation via flipping and rotation
with the Albumentations library [BPK™18]. We empirically found that the optimal training
setup was heavily dependent on each scenario (e.g. stopping training when a monitored
metric has not improved after n epochs would be adequate for one scenario, but would result
in underfitting for other scenarios). If we chose to search for the optimal hyperparameters for
each scenario, it would be quite difficult to keep track of all those moving parts, and also to
compare results. Thus, after some exploration, we chose to keep things simple and fixed.

We found that Adam was better at handling varying scenarios, thus in all experiments,
we use Adam with an initial learning rate of 107#, except for finetuning tasks, where we
start with a slightly lower learning rate of 107°. We train all models for a large number of
epochs — 100 for scenarios with large training sets ( 100k samples), and 300 for scenarios
with small training sets (< 2k samples) — and report results from the epoch whose validation
error was the smallest. For scenarios that include finetuning, before training the full neural
network, the top layers are trained for 10 epochs while keeping the backbone layers frozen.
Each scenario is trained three times, to account for fluctuations in the optimization process

itself, and also in the resources used.

Resource usage

Experiments were run in a single machine of the Computer Vision Research Group at
IME-USP. This machine is equipped with four GeForce RTX 2070 GPUs, which were used
to train different scenarios in parallel. The RTX 2070 comes with 7982 MiB of RAM, which
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is not a lot. Because of that, and also because we are fond of efficient usage of resources, we
implemented a few optimizations in our code.

First, we load our full train-validation set in one four-dimensional NumPy array of shape
(n_samples, im.side, im_side, n_channels). Having the full dataset in one large
file instead of multiple small files reduces metadata size and I/O use, besides making it easier
to version it. Second, we cast this four-dimensional array as single-precision floating points
(float32), and also make sure TensorFlow is configured to use float32 precision. This halves
memory usage when compared to double-precision floating points (float64), and also makes
calculations faster, at the cost of a (probably negligible) loss in precision. Since we are not
dealing with highly precise data that could benefit from double-precision representations,
sticking to float32 is quite reasonable. If needed, precision could be cut down even further to
float16, but this is usually not recommended due to numerical instability. Instead, TensorFlow
documentation recommends mixed (float32 4 float16) precision. Third, and last, we configure
TensorFlow to allocate GPU memory dynamically, instead of allocating all memory from all
avaiable GPUs for a single process. It can be done either via the TensorFlow Python API
or via environment variables. This enables running one process per GPU, or even running
multiple processes in one GPU, and is specially useful when working with shared resources,

which was our case.

Code

Code written to run experiments is openly available at https://github.com/amartinazzo/
label-the-sky and may be used to reproduce results. The code is structured in loosely coupled
modules for preprocessing, training, and postprocessing, each containing their own classes and
helper functions, and scripts that use such modules for building and running preprocessing
and training pipelines. With this structure, code may be easily extended for new scenarios

and use cases, some of which listed in Chapter 6.
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Chapter 5
Experimental Results

In this chapter, experimental results obtained from 3, 5 and 12-channel models are
presented. First, in Section 5.1, we present results for the pretraining task, wherein models
receive 3, 5 or 12-channel images of astronomical objects as inputs, and predict magnitude
values of such objects. Then, in Section 5.2, we present results for the downstream task, which
is classification of stars, galaxies and quasars. Various scenarios are considered for training
those classifiers: with or without finetuning, using big or small datasets, using weights from
ImageNet models (only for RGB classifiers) or from magnitude models which were obtained
in the pretraining task. Besides considering all those scenarios, results are also compared and
analyzed considering the effect of the number of channels, and of the magnitude and size of

the objects. Finally, in Section 5.3, results are discussed.

5.1 Pretraining

Our pretraining task consists of learning magnitudes from images. For 12-channel images,
which are raw images, and 3-channel images, which are RGB composites generated from
raw images, twelve magnitudes (one per photometric filter) are used as targets. For 5-
channel images, whose channels correspond to broad band filters, only the corresponding five
magnitudes are used as targets. In order to ease training, magnitude values are reescaled by
dividing them by 35, which is slightly larger than the largest magnitude value found in X,.
Thus, after rescaling, all magnitude values are within the [0, 1] range. Then, when running
predictions, magnitudes are scaled back to their original values by multiplying the outputs of
the model by 35.

Figure 5.1 shows how validation errors decreased during training. It is noticeable that the
12-channel model converged faster and achieved the lowest error. Table 5.1 shows the values
of such validation errors. Note that the 12-channel model yields the best result and achieves
a MAE of 0.049, 25% lower than the 3-channel model, which is the second best. Also note
that MAE achieved by the 5-channel model is nearly 3 times the MAE of the 12-channel

model. This large difference between the best and worse results corroborates the idea that
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Figure 5.1: Validation loss curves for 12, 5 and 3-channel regression models. The 12-channel
model converged faster and achieved the lowest loss.

Table 5.1: Validation errors for 12, 5 and 3-channel regression models.

# channels mean absolute error

03 0.0655 £+ 0.0014
05 0.1449 £ 0.0002
12 0.0490 £ 0.0003

using all twelve channels available helps the model learn better mappings from images to
magnitudes, even if it makes the model slightly more complex (that is, increases the number
of parameters of the model).

In Chapter 3, we explained that photometric filters of different wavelength intervals
(e.g. ultraviolet, green, red, and so on) have various sensitivities, that is, they differ in how
capable and effective they are in collecting photons. We also showed that each combination
of object and photometric band yields a different uncertainty measure for its corresponding
magnitude value. For that reason, besides evaluating the overall mean absolute error, it
is worth evaluating how the error varies with the photometric band. Table 5.2 contains a
comparison between the mean absolute error and the mean uncertainty for each photometric
band, computed from the test set of X,,. The mean uncertainty can be understood as a
measure of how noisy the targets we want to learn in this task are, and thus can be used as
a proxy for the lowest error that can be achieved. Note how the three bands with largest
uncertainties (in descending order: 395, u, f378) also yielded the largest mean absolute errors.

We also make use of t-SNE projections as a way to visually assess the features learned
by the regression models. Figure 5.2 shows projections of features extracted from the test
set of X, colored by r-magnitude. We did experiment with various hyperparameters (e.g.

perplexity, number of neighbours) and similar patterns emerged in all cases. 12 and 3-channel
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Table 5.2: Test errors for each photometric filter of the 12-channel regression model, compared
to the mean uncertainty for each filter. Filters with larger uncertainties yielded larger errors.

channel MAE  mean uncertainty
u 0.0694 0.0239
£378 0.0716 0.0263
£395 0.0577 0.0309
410 0.0478 0.0221
430 0.0495 0.0212

g 0.0477 0.0200
515 0.0478 0.0200
r 0.0432 0.0200
660 0.0436 0.0200
1 0.0403 0.0200
861 0.0496 0.0200
Z 0.0459 0.0200
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Figure 5.2: Projections of features extracted from the test set of X, using 12, 5 and 3-channel
models, colored by r-magnitude. They were generated using t-SNE with perplexity=50.
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feature projections present similar well-spread structures, whereas the 5-channel presents
worm-like structures. This may be an indication that, for the 5-channel model, t-SNE was
not able to capture global structure, and instead focused on local structure, which is more
likely to be noise (i.e. not statistically relevant). This is in agreement with the fact that the
5-channel regression model yielded a validation MAE that is a order of magnitude larger
than the other models.

5.2 Classification

In order to assess the quality of the representations learned by the pretrained models
presented in Section 5.1, classifiers were built employing such models as backbones. Our
classification task consists of distinguishing stars, galaxies and quasars. We consider the

following training scenarios:

e pretrained models can be used to train classifiers either with finetuning (backbone
weights are updated) or without finetuning (backbone weights are frozen; pretrained

model is used as a feature extractor)

e classifiers can be trained using either the entire dataset X (big data scenario) or small

subsets of X (small data scenario)

e RGB classifiers can use either magnitude weights or ImageNet [RDST14] weights

Thus, in total, we train and compare 16 different scenarios (4 for 12-channel models, 4 for
5-channel models, and 8 for 3-channel models). In scenarios in which the models are finetuned,
training is carried out as detailed in Section 4.3: first, backbone layers are kept frozen and
top layers are trained for 10 epochs, and then all layers are unfrozen and trained for 100
epochs. On the other hand, in scenarios in which models are not finetuned, the backbone is
kept fixed and only the top layers are trained.

Besides feature extraction versus finetuning experiments, we also run small data experi-
ments. The intuit of such experiments is to verify whether it would be feasible to use small
datasets curated by experts in order to adapt pretrained models to various supervised tasks.
We sample subsets of increasing size (where each subset is contained in the following, larger
subset), starting at a subset of 100 samples and ending at a subset of 2k samples, using an
incrementing step of 100 samples. Thus, in total, 20 subsets are used, and models are trained
20 times for each scenario. Random seeds are fixed to guarantee that the same subsets are
used across different scenarios. With data from these 20 runs, curves of accuracy (or any
other collected metric) as a function of the size of the training set can be built.

We separate this section in three subsections as follows. In the first subsection, we evaluate
how 3-channel models that use magnitude weights compare to models that use ImageNet

weights. In the second subsection, we evaluate how model performance changes with the
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Table 5.3: Validation accuracies for 3-channel classifiers, pretrained either on ImageNet or
magnitudes, with or without finetuning.

‘ without finetuning with finetuning
ImageNet 0.8668 + 0.0012  0.9156 + 0.0010
magnitudes | 0.7011 + 0.0010  0.9138 + 0.0010
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Figure 5.3: Validation accuracy curves for 3-channel classifiers, pre-trained either on ImageNet
or magnitudes, with or without finetuning. Magnitudes and ImageNet classifiers achieve
similar accuracies when trained with finetuning.

number of channels of the inputs images. Finally, in the third subsection, we evaluate how
model performance changes with the magnitude and the size of the objects. In each subsection,

big data and small data scenarios are tackled.

Comparison to benchmark RGB model

In this set of experiments, we use ImageNet [RDS*14] models as a benchmark, and
compare 3-channel models pretrained either on ImageNet or magnitudes. The objective of
such experiments is to verify that our proposal of pretraining models using magnitudes yield
performances that are at least comparable to a benchmark model. As shown in Table 5.3,
when finetuning is not used (that is, when pretrained models are used as feature extractors),
the ImageNet classifier yields a significantly higher accuracy, indicating that features learned
by the magnitude regression model are not as universal as features learned by the ImageNet
model. On the other hand, when finetuning is adopted, ImageNet and magnitudes models
yield equivalent validation accuracies. Figure 5.3 also shows that ImageNet and magnitude
models trained with finetuning yield equivalent validation accuracies.

Besides, when using small training sets, the ImageNet classifier also yields higher validation

accuracies, as shown in Figure 5.4. As the size of the training set approaches 2k samples,
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Figure 5.4: Validation accuracy as a function of the size of the training set for 3-channel
classifiers, pre-trained either on ImageNet or magnitudes, with or without finetuning. The
ImageNet classifiers seem to achieve better accuracies for very small training sets, but the
magnitude model with finetuning quickly catches up as the size of the training set increases.

the difference in accuracy between ImageNet and magnitude classifiers quickly vanishes and
approaches the performance of the classifiers trained on the entire dataset. This indicates
that it would indeed be feasible to achieve good performance with small datasets for star-

galaxy-quasar classification.

Effect of the number of channels

In this set of experiments, we compare 12, 5 and 3-channel models, all pretrained on
magnitudes. The objective of such experiments is to analyze how the number of channels
affects performance on the star-galaxy-quasar classification task. Table 5.4 shows validation
accuracies for such scenarios. It can be seen that, when training without finetuning (that
is, using the pretrained model as a feature extractor), the 3-channel model yields the best
accuracy, followed by the 12-channel model. This may be due to two reasons: first, the
3-channel input images have less complex pixel values (they are standard RGB images, which
are represented as uint8 values), and second, the 3-channel model is slightly less complex
(i.e. has fewer trainable parameters). Thus, it makes sense to assume that the mapping from
features to classes in the 3-channel model is also less complex, and easier to learn. On the
other hand, when models are trained with finetuning, the 12-channel model yields the best
accuracy, and the 5 and 3-channel models yield equivalent accuracies. This can also be seen
in Figure 5.5.

When training with small subsets of X, similar patterns emerge, as shown in Figure 5.6.

It is interesting to note that smaller training sets seem to have larger standard deviations
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Table 5.4: Validation accuracies for 12, 5 and 3-channel classifiers, pretrained on magnitudes,
with or without finetuning.

‘ without finetuning with finetuning
3 channels | 0.7011 + 0.0010 0.9138 £ 0.0010
5 channels | 0.5436 + 0.0008 0.9130 £ 0.0010
12 channels | 0.6859 % 0.0002 0.9378 £ 0.0018
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Figure 5.5: Validation accuracy curves for 12, 5 and 3-channel classifiers, pre-trained on

magnitudes, with or without finetuning. The 12-channel classifier converged faster and also
achieved the highest accuracy.
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Figure 5.6: Validation accuracy as a function of the size of the training set for 12, 5 and
3-channel classifiers, pre-trained on magnitudes, with or without finetuning.
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Table 5.5: Test accuracies for 3 and 12-channel classifiers, pretrained on magnitudes, with
finetuning.

\ accuracy
3 channels | 0.9095
12 channels | 0.9367

Table 5.6: Test metrics for each class of the 12-channel (3-channel) classifier, pretrained on
magnitudes, with finetuning.

‘ precision recall
galaxy | 0.9647 (0.9531) 0.9341 (0.9545)
star | 0.9496 (0.9230) 0.9540 (0.9120)
quasar | 0.8269 (0.7466) 0.8921 (0.7704)

across training runs (representated by the shaded area around each curve).

The 5-channel models yielded the worst results in all cases, including the pretraining task.
This indicates that the presence of the narrow-band filters is indeed important for generating
better representations of the astronomical objects.

Table 5.6 shows more fine-grained performance metrics for 12 and 3-channel classifiers with
finetuning. It can be seen that performance for the quasar class is significantly better when
using 12-channel images: precision is 8.03pp higher, and recall is 12.16pp higher. Table 5.7
further details performance differentes between 12 and 3-channel classifiers. It shows that
17% of the quasar samples in the test set were incorrectly classified as stars by the 3-channel
model, whereas only 6% were incorrectly classified as stars by the 12-channel model. This
indicates that using raw images instead of RGB composite images helps the model encode
more information about the harder and less prevalent class, which is the quasar class.

Besides that, it is worth noting that, because accuracies in Table 5.5 are computed using
the test set, values are slightly lower than the values reported in Table 5.4, which is computed
using the validation set. Test accuracy is 0.4pp lower for the 3-channel model and 0.1pp lower
for the 12-channel model when compared to validation accuracy. This may be an indication
that the 12-channel model generalizes better.

We also make use of t-SNE projections in order to visualize features extracted from
finetuned models. Figure 5.7 shows such projections, extracted from the test set of X and

colored by class. It can be seen that 12 and 3-channel models yielded more nicely separated

Table 5.7: Normalized confusion matrix for 12-channel (3-channel) classifier, pretrained on
magnitudes, with finetuning. Metrics were computed on the test set.

predicted class

galaxy star quasar

galaxy | 0.93 (0.95) 0.03 (0.02) 0.03 (0.02)
star | 0.02 (0.03) 0.95 (0.91) 0.03 (0.06)

quasar | 0.05 (0.06) 0.06 (0.17) 0.89 (0.77)

true
class
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Figure 5.7: Projections of features extracted from the test set of X using 12, 5 and 3-channel
models finetuned either from ImageNet or from magnitudes. Projections were generated using
t-SNE with perplexity=50. The 12-channel model does seem to generate more well-separated
clusters.
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Figure 5.8: Test accuracy as a function of r-magnitude for 12, 5 and 3-channel classifiers,
pre-trained on magnitudes, with finetuning.

groups of objects.

Effect of the magnitude and size of the objects

In this set of experiments, we evaluate how model performance changes with the brightness
(magnitude) and size (FWHM) of the objects. In order to do that, we take the test set of
X, order it by the attribute we want to evaluate (r-magnitude or FWHM) and slice it into
evenly sized subsets of 100 objects each. Then, accuracies (or any other metrics) for each
subset are computed. We chose to use subsets of equal size so that metrics computed from
them could be compared in a fairer manner. With such data, curves of accuracy as a function
of a given attribute can be generated. As a way to quantitatively compare such curves, we
also compute the area under the curves (AUC) using the trapezoidal rule. We normalize
AUC values so that they fall within the [0, 1] range.

Figure 5.8 shows how test accuracies vary with the brightness of the objects, represented
by r-magnitude. It can be seen that accuracy is higher for objects with lower r-magnitude
(which are brighter), and drops as r-magnitude increases. Also, it is noticeable that the
12-channel model yield the best accuracies across r-magnitude values. This is reinforced by
the fact that the AUC is also larger for the 12-channel model, followed by the 3-channel and
then the 5-channel models. Such results are in agreement with results shown in the previous
subsection.

Figure 5.9 shows how test accuracies vary with the size of the objects, represented by
FWHM. Since our procedure for slicing the dataset is to slice it into evenly sized subsets
(instead of subsets whose attribute intervals are evenly spaced), curves look more cluttered

for lower FWHM values, which are more prevalent. It can be seen that larger FWHM values
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Figure 5.9: Test accuracy as a function of FWHM for 12, 5 and 3-channel classifiers, pre-
trained on magnitudes, with finetuning.

yield better accuracies. It can also be seen that the 12-channel model again yields the best
accuracies and the best AUC. 5-channel and 3-channel have almost equivalent AUC values.
This may be explained by the fact that the 3-channel images combine multiple channels into

one and thus tend to look noisier, as shown in Figure 4.3.

5.3 Discussion

In this chapter, experimental results for the pretraining and classification tasks proposed
in Section 4.1 were presented. In Section 5.1, we demonstrated that it is possible to train
CNNs to predict magnitudes with a reasonably low error. These pretrained CNNs can be
used for estimating magnitudes of new astronomical objects, but they can also be used
for extracting features. It is worth noting that, even though magnitude distributions were
different for the pretraining dataset X, and the classification dataset X (due to reasons
which were detailed in Section 4.2), our proposed self-supervised approach worked well.
This is shown in Section 5.2, where we trained classifiers in various scenarios: without/with
finetuning, using small/big datasets.

We found that pretrained models only need a few hundreds of samples in order to achieve
performances comparable to accuracies of the models trained on the complete dataset. Given
that context, it is quite feasible to select a small, representative sample of objects to be
labeled by domain experts in order to get a finetuned model that would then enable object
classification at scale. Moreover, we showed that the performance of the classifiers vary with
the brightness and size of the objects (small, faint objects are harder to classify), and that

12-channel classifiers are more robust to changes in brightness and size. Overall, 12-channel
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Table 5.8: Comparison of metrics from our 12-channel DL classifier (based on FITS images)
and a tree-based classifier (based on tabular data) proposed by Nakazono et el [NdOH*21].
Metrics from the tree-based classifier are in parenthesis. Both classifiers were trained and
evaluated using only S-PLUS data as inputs, but datasets are different: our DL classifier uses
DR1, and the tree-based classifier uses DR2. Moreover, different filtering and split criteria
were used in each case. More specifically, Nakazono et al did not need to filter out objects
with missing magnitude values.

‘ precision recall
galaxy | 0.9647 (0.8139) 0.9341 (0.8537)
star | 0.9496 (0.9817) 0.9540 (0.7856)
quasar | 0.8269 (0.5247) 0.8921 (0.9224)

models yielded the best results, both for the pretext and the classification tasks.

Besides leveraging unlabeled data for learning representations from astronomical images,
another motivation for this work was to find out whether using astronomical data in an
unstructured, raw format (i.e. FITS images instead of tables that are computed from FITS
images using domain knowledge) in ML models could yield better performance. In order to
answer this question, in Table 5.8, we put metrics from our best classifier alongside metrics
reported by Nakazono et al [NAOH'21]!. Tt is worth noting that results reported by Nakazono
et al are not directly comparable to ours, since different datasets and different filtering criteria
were used, and are included mainly as a reference for discussion.

One of the objectives of [NAOH"21] was to produce a reliable catalog of galaxies, stars,
and quasars in S-PLUS DR2 [AFSH"21]. Their approach in order to achieve that was to train
tree-based classifiers using the twelve magnitudes available in the S-PLUS catalog as features,
plus four morphological features (such as FWHM) that are also available in the catalog, and
SDSS spectroscopic classes as labels. It can be seen in Table 5.8 that our approach yields
better results in most of the cases, sometimes by a very large margin: precision of the quasar
class is 30.22pp higher, and recall of the star class is 16.84pp higher. These large differences
corroborate our idea that letting the models learn from data in a more raw format likely
yields better performance. On the other hand, the tree-based model yielded better results in
two cases (i.e. precision of the star class is 3.21pp higher, and recall of the quasar class is
3.03pp higher). This shows that a less complex model, which requires less data and compute
resources, is usually a good baseline, which is in agreement with Occam’s razor?.

In order to boost overall performance of the tree-based classifier, authors proposed
including additional features by matching S-PLUS to a third sky survey, WISE [WEM™10],
which contains information that is important for distinguishing quasars. A drawback of this
proposal is that it adds another external data dependence and results in a smaller dataset,
given by the overlap of objects available in S-PLUS, WISE and SDSS. Given that context,

our DL approach gives researchers more flexibility to explore each sky survey independently,

INakazono et al [NAOH'21] reported completeness and purity values, which are commonly used as
classification metrics in Astronomy. Completeness corresponds to recall, and purity corresponds to precision.
2Qccam’s razor suggests picking simpler ML models, since they are expected to generalize better.
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since it depends on only one external data source, which are spectroscopic labels from SDSS.
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Chapter 6

Conclusions

In this work, we explored approaches for extracting representations from multichannel

astronomical images using deep convolutional neural networks. We began by experimenting

with training CNNs using 12-channel images in [MH19], then we went on to carry out a

comparative study of CNN models applied to various astronomical object classification tasks

in [EMH20], and finally proposed a self-supervised learning approach for pretraining CNNs
with unlabeled data in [MEH20].

We sumarize below how we succeeded in answering the three research questions defined

in Section 1.2:

(i)

(i)

(iii)

Can astronomical properties be learned from images?

We proposed a training procedure where models receive images as inputs, and learn to
predict numerical astronomical properties. In Section 5.1, we show that this training

procedure yields reasonably low validation errors and can be used as a pretraining step.

Can FITS images yield more information than RGB images?

We trained models using both FITS and RGB images as inputs, and compared them.
In Section 5.1, we show that 12-channel models yield better results for regression of
magnitudes. Likewise, in Section 5.2, we show that 12-channel models also yield better

results for star-galaxy-quasar classification.

Can reasonable representations that do not depend on labels be learned?

As mentioned in question (i), we proposed a training procedure that uses images as inputs
and astronomical properties as outputs. This training procedure produces pretrained
models that can be fine-tuned for various tasks, but that can also be used as feature
extractors. In Section 5.1, we show that pretrained models generate representations

that can be useful for exploratory analyzes and unsupervised tasks.

As outlined in questions (i) and (iii), the core contribution of this work is the proposal

of a self-supervised learning approach that leverages astronomical properties for training

o1
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deep convolutional neural networks with unlabeled astronomical images. Another important
contribution is a preprocessing method that produces DL-ready image crops. We demonstrated
that our end-to-end method, including preprocessing and training pipelines, works well
by applying them to a dataset from the S-PLUS DR1 [ORS'19]. Besides that, we also
demonstrated that training object classifiers from astronomical images instead of astronomical
properties in table format (which are computed from images) yields better performance.

We believe that self-supervised learning is a powerful approach for tackling problems not
only in Astronomy, but also in other fields of study where domain knowledge may inspire
novel self-supervised approaches. We expect that our work contributes to the advancement
of discussions on self-supervised learning in the ML community.

This research work opened up a various possibilities for future work. We outline some

possible directions below.

Different astronomical properties as targets. A straightforward extension of this work
would be a comparative study of using different astronomical properties as targets for
the pretext task. More specifically, knowing that astronomical objects that are close to
each other frequently share similar histories and characteristics, it would certainly be
enriching to consider information about the location of the object in space, given by
latitude, longitude and redshift.

More diverse downstream tasks. The task of classifying stars, galaxies and galaxies was
chosen as the downstream task for evaluating the learned representations. A possibility
for extending this work would be evaluating the learned representations on other
downstream tasks of varying degrees of difficulty, including unsupervised tasks such as
clustering and anomaly detection. We believe that such unsupervised approaches could

be very useful for discovering rare objects.

Larger pretraining dataset. Low quality data, such as samples with missing values or
very noisy targets, are filtered out from the pretraining dataset in this work, which
produces differences between the distributions of the pretraining and the downstream
datasets. An interesting direction for future work would be to investigate techniques
that can be employed in order to treat such low quality samples and keep them in the
dataset while avoiding performance decay. This would yield a pretraining dataset whose

distribution would likely be closer to the distributions of the downstream datasets.

Uncertainty estimation. Yet another interesting extension of this work would be somehow
including the uncertainties associated with the astronomical properties in the regression
model. Such uncertainties could be included when training, but also when running
inferences. Uncertainty in deep learning [GTAT21, RAH21] is a nascent but promising
research field, and it would certainly be important to provide uncertainty estimates
along with property estimates, specially if such regression models are to be used and

trusted by domain experts.
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