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The Cherenkov Telescope Array (CTA) is the future observatory for ground-based imaging at-
mospheric Cherenkov telescopes. Each telescope will provide a snapshot of gamma-ray induced
particle showers by capturing the induced Cherenkov emission at ground level. The simulation
of such events provides camera images that can be used as training data for convolutional neural
networks (CNNis) to differentiate signals from background events and to determine the energy of
the initial gamma-ray events. Pattern spectra are commonly used tools for image classification and
provide the distributions of the sizes and shapes of features comprising an image. The application
of pattern spectra on a CNN allows the selection of relevant combinations of features within an
image.

In this work, we generate pattern spectra from simulated gamma-ray images to train a CNN for
signal-background separation and energy reconstruction for CTA. We compare our results to a
CNN trained with CTA images and find that the pattern spectra-based analysis is computationally
less expensive but not competitive with the purely CTA images-based analysis. Thus, we con-
clude that the CNN must rely on additional features in the CTA images not captured by the pattern

spectra.
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1. Introduction

Gamma rays induce air showers when interacting with the Earth’s atmosphere, which results in the
creation of secondary particles. These secondary particles can travel with a velocity larger than the
speed of light in air, which induces a flash of Cherenkov light [1]. The Cherenkov light contains
information about the initial particle, such as its type, energy and direction, and can be captured by
imaging atmospheric Cherenkov telescopes (IACTs) from the ground [2]. The Cherenkov Telescope
Array (CTA)! [3] is the future observatory for ground-based imaging atmospheric Cherenkov tele-
scopes and will be located in the northern hemisphere at the Roque de los Muchachos Observatory
in La Palma (CTA North) and in the southern hemisphere in the Atacama Desert in Chile (CTA
South). It will consist of three different telescope types: Small-Sized Telescopes (SSTs), Medium-
Sized Telescopes (MSTs) and Large-Sized Telescope (LSTs). The different telescope types will
allow CTA to cover a wide energy range between 20 GeV and 300 TeV with an energy resolution of
5% around 1 TeV and an angular resolution of ~ 1’ on individual photons for the upper end of the
CTA energy range [4].

Gamma-ray events can be reconstructed by applying Hillas parameters [5] on machine learning
algorithms, such as Random Forest [6] or Boosted Decision Trees [7, 8]. Other reconstruction
methods are based on semi-analytical or Gaussian photosphere shower models, such as model
analysis [9] and 3D model analysis [10]. Lately, convolutional neural networks (CNNs) have been
applied to IACT data [11-15] motivated by their success in other image classification and regression
tasks [16]. However, one of the main drawbacks of this method is that the training of CNNs is
computationally very expensive [17].

In this work, we extract pattern spectra from CTA data aiming to reduce the computational resources
needed to train a CNN for signal-background separation and gamma-ray energy reconstruction. Pat-
tern spectra are commonly used tools for image classification [18, 19] and provide a 2-dimensional
histogram of the sizes and shapes of features within an image. Our pattern spectra algorithm is
based on the work presented in Urbach et al. (2007) [18] and makes use of connected operators,
which merge regions within an image with the same grey scale value. Compared to other pattern
spectra algorithms, our method provides the following main advantages: (i) the computing time for
creating the pattern spectra is independent of its dimensions and (ii) it is significantly less sensitive
to noise [18].

2. Dataset

Two different datasets have been used for the signal-background separation and the energy recon-
struction, respectively. The signal-background dataset consists of ~ 6-10°> gamma-rays and ~ 6-10°
protons generated in a view cone of 10 °. The energy reconstruction dataset consists of ~ 2.5 - 10°
gamma-ray events generated with a 0.4 ° offset from the telescope pointing position. All events have
been simulated for the southern CTA array with a telescope zenith angle of 20 ° (North pointing)
and an energy range between 500 GeV and 100 TeV. Since the current pattern spectra algorithm
is limited in processing images with rectangular pixels, only data from the SSTs are considered in
this analysis. The SST images containing the charge information, i.e. the integrated photodetector
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pulse, will be referred to as CTA images in the following.

Some events can initiate several CTA images if the event is captured by several telescopes. The
number of triggered telescopes per events, however, is not constant but varies depending on the
properties of the initial particle, e.g. its type, energy and point of impact. Moreover, the construc-
tion of a CNN that can process a varying number of input images is rather challenging. As a first
step towards the implementation of pattern spectra to the analysis of CTA data, we constructed a
single CTA image for each event by adding up the individual pixel values of each CTA image of
each event. This certainly reduces the performance of the analysis but we adopt this strategy to
simplify our proof of concept work.

3. Analysis

The pattern spectra algorithm detects features within the CTA image and classifies these features
based on their size and shape attribute. The basic working principle of the algorithm is shown in
Figure 1. Figure 1 (a) shows an example of a 2D greyscale image f, (b) the corresponding peak
components Pﬁ( f), which are defined as the kth grain of the threshold set 7, ( ) with grey level £,
and (¢) its Max-tree composed of nodes N}]f (f) describing the subset of the peak components P;l‘ ().
The size and shape attribute for each node N}]f( f) of the Max-tree is determined by computing
A(P}’;( f)) and I (P;: f)/ A(P}’;( £))? respectively. A(P;;( f)) corresponds to the area of the peak
component and [ (P;; (f)) to the moment of inertia describing the sum of squared differences to
the centre of gravity of the feature. Large (small) A(P;lc (f)) values correspond to features with a
large (small) size and large (small) values of [ (P';( f ))/A(P,’i( f))? correspond to features with a
elliptical-like (circular-like) shape. For further details about the pattern spectra algorithm, we refer
to Urbach et al. (2007) [18].

(a) 2D image (b) Peak components (c) Max-tree
Figure 1: Basic principle of the pattern spectra algorithm (adapted from [18, 20])

Figure 2 shows an example of a 1.9 TeV gamma-ray event captured by eight SSTs (top row) and its
corresponding pattern spectrum (bottom row). Each pattern spectrum pixel corresponds to a set of
detected features with corresponding shape and size. Two examples of a set of detected features
are shown in the second and third column of Figure 2. The detected features in the CTA image are
displayed in red/orange and the corresponding pattern spectrum pixel is marked in red. Whereas
the detected features in the second column mostly consist of noise, the features in the third column
consist of the Cherenkov emission initiated by the particle shower. The latter contains information
about the energy and type of the initial particle which is of particular interest for this analysis.

The architecture of our CNN is motivated by the work of Miener et al. (2021) [14], W. Xie et
al. (2019) [21] and K. He et al. (2016) [22]. Two almost identical but independent CNNs are
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Figure 2: Top-row: CTA image example of a 1.9 TeV gamma-ray event captured by eight SSTs with detected
features highlighted in red/orange. Bottom-row: pattern spectrum extracted from the CTA image with pixel
corresponding to the detected features marked in red (adapted from [12]).

constructed for the signal-background separation and energy reconstruction task taking either the
CTA images or the pattern spectra as input. We refer to our CNN as thin residual neural network
(TRN) in the following based on its rather shallow architecture compared to the residual neural
network presented in K. He et al. (2016) [22]. The detailed architecture of the TRN is shown
in Figure 3. It consists of 13 convolutional layers, a global average pooling layer and two fully
connected (dense) layers. The ReLU activation function [23] has been applied for all convolutional
and fully connected layers. One neuron is used as the output layer for the energy reconstruction
task and two neurons with softmax [24] activation function for the signal-background separation.
The TRN is constructed using Tensorflow 2.3.1 [25] and Keras 2.4.3 [26] and has a total number of
about 150000 trainable parameters. The data is split into 90 % training data, of which 10 % is used
for validation, and 10 % test data. For the TRN training process, the adaptive moment (ADAM)
optimizer [27] with a constant learning rate of 1 x 1073, a batch size of 32 and 30 epochs are
used. The categorical cross entropy has been applied as the loss function for the signal-background
separation and the mean squared error [28] for the energy reconstruction. After the completion of

the training, the performance of the TRN is evaluated on the test data.

4. Results

4.1 Signal-background separation

The TRN predicts the gammaness of the initial particle, which corresponds to a pseudo-probability
of the particle being a gamma ray (photon). For a given gammaness threshold a,, the true positive
rate (correctly classified photons, i.e. photons with gammaness > ag) and false positive rate
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Figure 3: Top: thin residual neural network (TRN) architecture used in this work. The kernel size and
number of filters for each convolutional layer and the number of neurons in each dense layer is specified in

each box. The dashed and solid arrows correspond to linear (bottom left) and non-linear shortcut connections
(bottom right) (adapted from [22]).

(misclassified protons, i.e. protons with gammaness > a,) are determined. The receiver operating
characteristic (ROC) curves [29], describing the frue positive rate versus the false positive rate are
shown in Figure 4 (left). The area under the ROC curve (AUC) is a measure for the separation
capabilities of an algorithm and calculated for both the CTA images and pattern spectra-based
analyses. The TRN trained on CTA images achieves an AUC value of 0.961 which is about a factor
of 1.15 higher compared to the AUC value of 0.836 achieved with the pattern spectra.

4.2 Energy reconstruction

The performance of the TRN for the energy reconstruction is evaluated by calculating the relative
energy error AE [Eyye = (Erec — Eyue)/ Ewrue from the reconstructed energy Ei.. obtained from the
TRN and the true energy Ei. The whole 0.5 — 100 TeV energy range is split logarithmically
into nine bins and each event is allocated to its corresponding bin based on its true energy Eire.
The distribution of the relative energy error AE/Eqy is determined for each energy bin and its
energy biases, i.e. the median of the relative energy error distribution, is calculated. Then, the
distributions are bias-corrected by subtracting the energy bias via (AE/Eue)corr = AE/Egue —
median(AE /Ee). We define the energy resolution (AE/Eyye)ss as the 68th percentile of the
distribution |(AE / Eqrue )corr|- The training of the TRN for the energy reconstruction is performed ten
times for both the CTA images and the pattern spectra in order to calculate a mean energy resolution
and its standard deviation for each energy bin. The results are shown in Figure 4 (right). The CTA
images-based analysis outperforms the pattern spectra in each energy bin with a maximum factor
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Figure 4: ROC curves and corresponding AUC values (left) and energy resolutions (right) obtained from
the CTA images and pattern spectra-based analyses.

of 2.5 between the two curves.

5. Conclusions

In this work, we have extracted pattern spectra from CTA images and applied them on a TRN to
perform signal-background separation and reconstruction of the energy of gamma rays. As shown
in Table 1, the training of the TRN with the pattern spectra requires about a factor of 3 less memory
and is about a factor of 2.5 faster than the TRN training with CTA images. However, the CTA
images-based analysis outperforms the pattern spectra in both signal-background separation and
energy reconstruction capabilities. The AUC values obtained from the CTA images is about a
factor of 1.15 higher than the pattern spectra value and the energy resolution obtained from the
CTA images and pattern spectra differ by a maximum factor of 2.5. We therefore conclude that the
pattern spectra algorithm is not able to detect all relevant features within the CTA images and/or that
the size and shape attributes of the pattern spectra are not sufficient to fully describe the detected
features. The pattern spectra algorithm applied on a different dataset consisting of larger images
may result in a better performance. The work presented here is preliminary and results in a lower
performance compared to other existing works applying CTA images on a CNN, e.g. in [14]. The
final results, including the performance on the Alpha Configuration of CTA, are discussed in [30].

Table 1: Time and RAM required to train the TRN for signal-background separation and energy reconstruc-
tion. Since the TRN training was performed ten times for the energy reconstruction task, the mean time e
and mean RAM pram have been calculated. The training was performed on a Nvidia V100 GPU.

v/ p-separation energy reconstruction
Time RAM Htime HMRAM
CTA images | 12.9ks 41.0GB | 29.1ks  100.0GB
pattern spectra | 5.2ks 13.3GB | 11.0ks 31.9GB
ratio 2.5 3.1 2.6 3.1
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