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The Cherenkov Telescope Array (CTA) will be the next generation gamma-ray observatory and
will be the major global instrument for very-high-energy astronomy over the next decade, offering
5 — 10 x better flux sensitivity than current generation gamma-ray 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 images that can be used as
training data for convolutional neural networks (CNNs) to determine the energy of the initial
gamma rays. Compared to other state-of-the-art algorithms, analyses based on CNNs promise to
further enhance the performance to be achieved by CTA.

Pattern spectra are commonly used tools for image classification and provide the distributions of
the shapes and sizes of various objects comprising an image. The use of relatively shallow CNNs
on pattern spectra would automatically select relevant combinations of features within an image,
taking advantage of the 2D nature of pattern spectra. In this work, we generate pattern spectra
from simulated gamma-ray events instead of using the raw images themselves in order to train our
CNN for energy reconstruction. This is different from other relevant learning and feature selection
methods that have been tried in the past. Thereby, we aim to obtain a significantly faster and less
computationally intensive algorithm, with minimal loss of performance.
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1. Introduction

The interaction of a gamma ray with the Earth atmosphere induces a particle shower, which produces
a flash of Cherenkov light. Imaging atmospheric Cherenkov telescopes (IACTs) can capture the
Cherenkov emission at ground level, which enables the estimation of the energy of the initial
gamma ray. The Cherenkov Telescope Array (CTA)! will host the next generation of IACTs and
will offer a 5 — 10 X better flux sensitivity than current generation gamma-ray telescopes [1].
The telescopes will be located in both the northern and southern hemispheres at the Roque de
los Muchachos Observatory in La Palma (CTA North) and the Atacama Desert in Chile (CTA
South). The combination of telescopes of three different sizes: Small-Sized Telescopes (SSTs),
Medium-Sized Telescopes (MSTs) and Large-Sized Telescope (LSTs) will provide a wide energy
range between 20 GeV and 300 TeV and a precision of ~ 1’ on individual photons for the upper end
of the CTA energy range, which is the best resolution achieved anywhere above the X-ray domain.
Convolutional neural networks (CNNs) are a subclass of artificial neural networks (ANNSs) [2]
and can be trained with the Cherenkov images simulated for CTA to determine the energy of the
initial gamma rays. Compared to other state-of-the-art algorithms, analyses based on CNNs promise
to further improve the performance to be achieved by CTA [3-6]. However, the construction of
CNNss is typically very computationally expensive due to a large number of free parameters and
the amount of data required. Pattern spectra [7] are commonly used tools for image classification,
which provide the distributions of the shapes and sizes of various objects comprising an image and
can significantly reduce the computational power needed to train a CNN. They are constructed using
a technique from mathematical morphology known as granulometries [8], which can be computed
with connected operators [9]. Compared to other classical approaches, connected operators have
the advantage of not introducing any distortions into the image (see Ref. [10] for a detailed study
of image distortion in IACT event reconstruction with neural networks). This is achieved by the
merging of flat zones (regions in the image with the same colour) within the image, which prevents
splitting or deforming of existing features and the implementation of unwanted new edges.

2. Dataset

The dataset consists of simulated shower images of gamma-ray events with CTA South (zenith
angle of 20°, North pointing) generated with a 0.4° offset from the telescope pointing position. In
this analysis only the charge information (i.e. the integrated photodetector pulse) of SST images is
considered. The energy distribution of the events is shown in Figure 1 and covers an energy range
between 20 GeV and 300 TeV. The energy used to simulate each individual event is referred to Eqye
in the following.

In order to achieve the best CNN performance a large number of gamma-ray events is required.
Therefore, the dataset consists of ~ 1 x 10° gamma-ray events. Depending on the initial gamma-ray
energy and the impact position and direction, a single event can be captured by several SSTs. As
a first step towards the implementation of pattern spectra for the analysis of CTA images, images
of the same event captured by several SSTs are combined into one single image by adding up the
individual pixel values of each image.

Iwww.cta-observatory.org
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Figure 1: Energy distribution of the simulated gamma-ray events

3. Analysis

The pattern spectra algorithm is based on the algorithm presented in Urbach et al.(2007) [11], which
creates 2-dimensional (size & shape) pattern spectra. It detects objects within the image, which are
the connected components of threshold sets of the image. The size of the objects in the image is
classified by the area of the object A. The shape of the objects in the image is classified by /A2,
which is the ratio of the moment of inertia / to the square of the area A. The moment of inertia /
describes the sum of squared differences to the centre of gravity of the object. For a more detailed
definition of the area A and the moment of inertia /, see Urbach et al. (2007) [11]. In order to
construct a pattern spectrum from a CTA image, the CTA image has to be converted into an 8-bit
greyscale image in PGM format due to current software limitations. This conversion includes a loss
of information, which will be discussed in more detail in the last section. An example of a pattern
spectrum obtained from a ~ 1.9 TeV gamma-ray event image is shown in Figure 2. The top-left
image shows the input image and the bottom-left image the corresponding pattern spectrum. The
remaining three image pairs show the detected features in the input image (features highlighted in
orange, subfeatures highlighted in red) corresponding to the specific pixel in the pattern spectrum
(marked in red). Whereas the features detected in the second image correspond mostly to noise, the
features in the third and fourth image correspond to the Cherenkov photons emitted by the particle
shower, which are of particular interest for energy reconstruction.

Taking either the original CTA images, 8-bit CTA images or pattern spectra as input, the CNN
provides the (reconstructed) energy as an output, which is referred to Ey.. in the following. The
8-bit CTA image analysis operates as a reference in order to get a rough estimate for the loss of
information during the 8-bit conversion. The CNN is constructed using Tensorflow 2.3.1 [14] and
Keras 2.4.3 [15]. It consists of six convolutional layers, followed by a global average pooling and a
dense layer, which results in a total of 26,729 free parameters. For training the CNN, a batch size
of 32, the ADAptive Moment (ADAM) optimizer [13], a constant learning rate of 107>, the mean
squared error as loss function and 50 epochs were chosen. The dataset was split into 90 % training
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data (of which 10 % was used for validation) and 10 % test data. An illustration of our CNN is
shown in Figure 3. The CNN is trained and its performance is evaluated with the original CTA
images, the 8-bit CTA images, and the pattern spectra separately and the corresponding results are
compared in the next section.

w
S

N
S
photon count
N
S
photon count
N
S
photon count

=
o

=)

& o
& o
& o
& o

IS

w
logo(flux)
area

IS

w
logo(flux)
area

IS

w
logo(flux)
area

~

area
©
log1o(flux)

mll

N

mll

N
~

= |

»

mll

~

,_.
-
-

-

°
°
°
°

_ _ _ _
(moment of inertia) / area? (moment of inertia) / area? (moment of inertia) / area? (moment of inertia) / area?

Figure 2: Top: 8-bit CTA images with highlighted features (in red/orange) detected by the pattern spectra
software. Bottom: pattern spectra with the pixel (in red) corresponding to the detected features.
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Figure 3: Sketch of the CNN architecture used for this analysis. Although the CTA images and the pattern
spectra are applied separately on the CNN, the CNN architecture is the same in both cases.

4. Results

The reconstructed energy E. as a function of the true energy Ei.e is shown in Figure 4 (top-left,
top-right & bottom-left). The black line corresponds to Eec = Eie. In all cases, the CNN is able
to reconstruct the energy of the initial gamma ray for the majority of events. The energy scattering
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of the CNN with pattern spectra as input is larger compared to the results achieved with original
and 8-bit CTA images. In order to quantify the results in more detail, the energy was binned
logarithmically and the relative energy error was calculated for each event via

AE — Erec - Etrue
Etrue Etrue

ey

A histogram was created for each energy bin and the distribution was bias-corrected by subtracting
the corresponding median value. The energy resolution (AE / Eue )sg is defined as the 687" percentile
of the histogram | Erec — Ere|corr/ Etrue- The comparison of the obtained energy resolution is shown
in Figure 4 (bottom-right). As already indicated in Figure 4 (top-left, top-right & bottom-left), the
CNN s based on the original and 8-bit CTA images outperforms the CNN based on pattern spectra
for all energies. The CNN based on 8-bit CTA images results in a lower energy resolution for almost
all energies compared to the original CTA images. The energy resolution stated in this analysis
does not represent the actual energy resolution that is expected by the CTA Observatory at the end
of the construction phase.
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Figure 4: Reconstructed energy Ey. as a function of true energy Ere obtained with the original CTA images
(top-left), 8-bit CTA images (bottom-left) and pattern spectra (top-right). Energy resolution comparison
(bottom-right). The energy resolution stated in this analysis does not represent the actual energy resolution
that is expected by the CTA Observatory at the end of the construction phase.
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The maximum RAM and computing time needed at the Peregrine HPC cluster on an Nvidia
V100 GPU in order to train our models is shown in Table 1. The CNN based on pattern spectra
needs 65 % less maximum RAM and is 41 % faster compared to the CNN based on the original
CTA images.

Table 1: Computational performance of the CNNs based on (a) original CTA images and (b) pattern spectra
during training. The training was performed on a Nvidia V100 GPU at the Peregrine HPC cluster.

CTA images pattern spectra 1 - ratio
Max. RAM  30.26 GB 10.60 GB 65 %
Time 7176 s 4220's 41 %

5. Conclusions & Outlook

For the first time, the energy of gamma-ray events was reconstructed by applying pattern spectra on
a CNN. The fact that the pattern spectra based analysis is currently not achieving the same accuracy
as the original CTA images based analysis can partly be explained by the loss of information during
the conversion of the CTA images into 8-bit images before they can be put into the pattern spectra
software. Thus, the pattern spectra software currently receives only information about the size and
shape of the features within the image rather than getting also information about the total Cherenkov
photon emission emitted by the particle shower. Since the energy of the initial gamma ray is directly
proportional to the total number of Cherenkov photons emitted by the shower, this is very crucial
information. However, the fact that also the CNN based on 8-bit CTA images outperforms the
pattern spectra analysis for all energies might indicate that this loss of information is not the main
reason for the observed difference in energy resolution.

The significant reduction in computational power and time needed to train our CNN indicates that
pattern spectra have potential in full gamma-ray event reconstruction analyses based on CTA data.
In the future, we will adjust the pattern spectra software to create pattern spectra directly from the
CTA images without any loss of information. We see also a lot of room for improvement in the CNN
architecture that can be adjusted more specifically on the characteristics of pattern spectra. Due
to the smaller size of the pattern spectra, a simpler CNN architecture might already be sufficient
to achieve a similar performance. Lastly, we aim to improve the background rejection of CTA by
applying pattern spectra on the particle classification between gamma rays and protons.
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