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Abstract. We compare two large morphological catalogues built by applying two different
convolutional neural networks (CNN) methodologies to the Dark Energy Survey (DES)
Year 3 dataset. One work trains CNN with bright galaxies (i < 18) using i-band images of
linear, logarithmic, and gradient scales, while the other work’s CNN is trained with fainter
emulated galaxies based on the bright samples and gri-band images. Despite the different
CNN approaches used for the construction of the catalogues, the agreement between the
two catalogues is excellent up to i < 19, demonstrating that CNN predictions are reliable
for samples at least one magnitude fainter than the training sample limit. It also shows
that morphological classifications based on monochromatic images are comparable to those
based on gri-band images, at least in the bright regime. By studying the mismatched cases
we are able to identify lenticular galaxies (at least up to i < 19), which are difficult to
distinguish using standard classification approaches.
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1. Introduction for galaxy stellar masses, star formation rates,

ages, and metallicities (e.g., [Conselice|2006).
Galaxy morphology describes the visual fea- By inV@Stigé}ting Fhe connection of these phys-
tures of a galaxy and the structure of its light ~1cal properties with galaxy morphology helps
distribution. In addition, galaxy morphologies ~Understanding galaxy evolutionary history and
are related to their stellar populations, likewise —Stages.



78 Cheng et al.: Comparison of CNN Classifications

Traditionally, the morphological classifica-
tion of galaxies has been based on visual in-
spection. Due to the fast growth in the size of
galaxy datasets such as Dark Energy Survey
(DES Collaboration|2005; |DES Collaboration
et al.| 2016, hereafter, DES), Euclid Space
Telescope, and the Vera Rubin Observatory
Legacy Survey of Space and Time (IveziC et al.
2019), a broad range of of machine learning
techniques have been applied to accelerate the
classification process. Since machine learning
techniques are continuously being introduced
and applied to astronomical studies including
diverse approaches that can be applied within
a single technique, there are not many compar-
ison of a machine learning technique that can
be used to assess the potential pros and cons in
our current way of using them.

With the approaches using convolutional
neural networks (CNN), |Vega-Ferrero et al.
(2021}, hereafter V21) and |Cheng et al.| (2021}
hereafter C21) built two of the largest mor-
phological classification catalogues to date us-
ing DES imaging data. These two catalogues
include largely overlapping samples (over 17
million galaxies) from DES using the same
technique (i.e. CNN) but different approaches
which provide one of the first opportunities
to statistically assess and discuss the impact
of different ways of using CNN. [Cheng et al.
(2023), the work this manuscript is based on,
carried out a massive comparison between the
two catalogues. This can not only further val-
idate the classification of the two catalogues,
but also provides an inspection of different ap-
proaches to use CNN for future users of galaxy
morphology studies.

2. Comparison between Catalogues

The two catalogues are built by analyzing DES
data: C21 includes ~21 million galaxies with
an i-band magnitude range 16 < i < 21 and at
redshift z < 1, and V21 contains ~27 million
galaxies with r-band magnitude brighter than
21.5 and without a specific redshift cut. Due to
different approaches in CNNs, different crite-
ria in selecting initial samples are applied. This
results in an overlap of ~17 million galaxies,
and ~ 9 million and ~ 3 million unique galax-

ies in V21 and C21, respectively. The union of
the two catalogues increases the total number
of morphological classifications to ~30 million
galaxies.

Apart from the sample selection, the CNN
architectures used in the two works are differ-
ent, such that V21 uses four convolutional lay-
ers and one dense layer while C21 uses three
convolutional layers and two dense layers. The
hyperparameters used in the architectures are
also different. This could impact the classifica-
tions, but this work cannot provide a fair dis-
cussion due to many differences between the
training datasets as discussed later. This in-
vestigation would be better carried out using
the same datasets, and with architectures opti-
mised for the same task, to separate the effect
from others (see a paper of computer science
on this topic, Alzubaidi et al.[2021). Since each
work reaches a high accuracy on its own clas-
sification task, we simply focus on the impact
of following factors on the classifications:

Training labels: V21 used the T-Type pre-
sented in [Dominguez Sanchez et al.| (2018]
hereafter, DS18), which are based on a deep
learning model trained on the T-Type provided
by the visual classification of Nair & Abraham
(2010). Their labels are early-type galaxies
(ETG; for galaxies with T-Type < -0.5) or
late-type galaxies (LTG; for galaxies with T-
Type > 0.5). Galaxies with intermediate T-
Types (—0.5 <T-Type< 0.5) were excluded
from the training sample. C21 used the classi-
fications of spiral and elliptical galaxies from
Galaxy Zoo 1 catalogue (GZI1; [Lintott et al.
2008, [2011)), and therefore C21 separates ellip-
tical (Es) from spiral galaxies (Sp). A correc-
tion in the GZ1 visual classifications was ap-
plied due to the better resolution and deeper
images of the DES data compared to SDSS
(Cheng et al.|2020). After this correction, the
Sp class in C21 includes galaxies with disk
structures such as lenticular galaxies.

Brightness of the training sample: Both
catalogues use bright SDSS galaxies (r < 17.7
in V21 and i < 18 in C21) as the basis of
their training sample. While C21 only used
the DES i-band images of bright galaxies as
training sample, V21 artificially created im-
ages at higher redshift and fainter magnitudes
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(r < 22.5) using the bright samples by con-
sidering flux and size corrections, k-correction,
and evolutionary effects (details on the emu-
lation procedure are described in section 2.3
of V21). They included these faint galaxies
in their training sample keeping their original
morphological labels.

Input to the CNN: V21 used g,r,i band
images (after normalising each band individ-
ually for each galaxy) while C21 used only i-
band images, but combined linear, logarithmic,
and gradient images. This means that the V21
machine focuses on different structures that are
shown in different wavelengths, while the C21
machine considers different structures empha-
sised in different scales, but uses a single band
image.

Classifications from two works are defined
in a different way. For simplicity, we focus
only on the ‘robust’ classifications for V21, i.e.
for ETG and LTG when max (P;) < 0.3 and
min (P;) > 0.7, respectively, where P; repre-
sents the median probability obtained from 5
k-folded models. For C21, we use classifica-
tions based on the probability thresholds men-
tioned above, i.e. P >0.8. These classifications
are referred to as ‘certain’ type in the discus-
sion. Hereafter, we will refer to Sp/Es for C21
classifications and to ETG/LTG for V21 ones.

3. Morphology Comparison

To be able to compare galaxies one-to-one,
we restrict the analysis to the intersection of
the two catalogues (17,821,250 galaxies) [see
Section 5 in [Cheng et al.| (2023) for the dis-
cussion of all samples]. We define the agree-
ment as the fraction of matched classifications
(i.e. Es & ETG or Sp & LTG) from the total
number of galaxies with a certain classifica-
tion. Regardless of the significant differences
in both approaches, Fig. [I] shows the overall
agreement is very good, larger than 92% in all
magnitude ranges. However, at fainter magni-
tudes, the agreement is largely driven by the
matched samples that classifed as Sp by C21
and LTG by V21, and in the last magnitude bin,
i=[20,21), only ~0.1% of the galaxies are clas-
sified as Es & ETG. To further investigate the
agreement of each morphology class, we show
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Fig. 1. Agreement of certain types within differ-
ent magnitude bins in i-band. Grey bars show the
percentage agreement of all galaxies with certain
classifications. Solid lines and dashed lines repre-
sent the fraction of galaxies with matched (i.e., ei-
ther Sp & LTG or Es & ETG) and mismatched (i.e.,
either Sp & ETG or Es & LTG) classifications, re-
spectively. Blue dashed lines show the fraction of
galaxies that are Sp in C21 but ETG in V21 while
red lines present the fraction of ones with a class of
Es in C21 and LTG in V21.

in Fig. [2] the confusion matrices in 4 magni-
tude bins. There is an excellent agreement be-
tween both morphology classes up to i < 19.
Assuming that the V21 classification is correct,
this indicates that the CNN predictions of C21
are reliable for samples at least one magnitude
fainter than the training sample.

Unfortunately, the absence of ‘ground
truth’ for the faint DES galaxies prevents us
from claiming which are the ‘right’ or ‘wrong’
classifications. We then further investigate the
properties of galaxies with mismatched classi-
fications to shed some light on their nature and
their true morphological class [see Fig.8-12 in
Cheng et al.|(2023)].

For the mismatched case of Sp & ETG,
at bright magnitudes (16 < i < 18), 94% of
them are labelled as lenticular galaxies accord-
ing to DS18. This suggests that bright galaxies
with a classification of Sp & ETG are likely
lenticular galaxies, and the mismatch are sim-
ply due to different definitions in labels. Sp &
ETG galaxies have intermediate to large Sersic
index (~ 2 — 4), high stellar mass (peaking at
logio M* /Mg ~ 11), and similar colour distri-
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Fig.2. Confusion matrices of the intersection samples in different magnitude bins. The red or green text
in each quadrant represents the number of galaxies with classification in agreement between C21 and V21.
The number above is the fraction of these galaxies with respect to the V21 classification.

butions to the Es & ETG (g — r peaking at ~1).
Fainter Sp & ETG galaxies (i > 19) follow a
similar Sérsic index distribution of bright Sp &
ETG, peaking at intermediate range (n ~ 3).
They are also red and massive objects, with
very similar colour and mass distributions to
the case at bright magnitudes. However, the
images at fainter magnitudes are very noisy
and it is difficult to confirm their morphology
by eye.

For the other case of Es & LTG, these con-
tribute less than 0.4% and ~ 1% to the galaxies
with certain classification in the bright (16 <
i < 18) and faint magnitude (i > 19) ranges, re-
spectively. They are generally blue (g — r peak-
ing at ~0.5), round galaxies (95% have elliptic-
ity smaller than 0.5) with intermediate Sersic
indices. At a bright magnitude, the investiga-
tion confirms the improvement by emulating
galaxies to a fainter magnitude. However, a
bimodal Sérsic index distribution appears at
fainter magnitudes [see Fig. 12 in (Cheng et al.
(2023)]. These galaxies are difficult to classify
and could be a mixture of face-on disk galaxies
with no signs of spiral structure, lenticular, or
elliptical galaxies. This indicates that the emu-
lation process does not increase the diversity
of galaxy morphologies, and more complete
population of galaxies will be needed in future
studies.

4. Summary

In this work we compare the two largest
galaxy morphological classification catalogues
to date. We examine the agreement (defined
in Section [3) between the two catalogues us-
ing the intersection sample, and the agreement
is as high as ~95% (Fig. [I). However, the
large agreement is mostly driven by the Sp &
LTG population. If separately analysing dif-
ferent morphology types, there is an excellent
agreement between the two catalogues up to
i < 19 (Fig.[2).

One of the main results from this compar-
ison is that the C21 machine can push its pre-
dictions accurately one magnitude fainter than
its training samples. This result also indicates
that the use of multi-band images does not
provide a significant improvement or it poses
similar effect in the morphological classifica-
tions of galaxies when compared to the use
of monochromatic images with different scales
(i.e. linear, logarithmic, and gradient).

By investigating the mismatched cases, we
summarise that the galaxies classified as Sp
by C21 and ETG by V21 are likely lenticu-
lar galaxies, in particular at bright magnitudes,
while the properties of the ones classified as Es
by C21 and LTG by V21 are closer to the case
of LTGs. The former indicates that the use of
different labels can be used to identify difficult
types such as lenticulars. The latter shows that
by emulating bright galaxies to fainter magni-
tude helps to improve the classification of Es
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& LTG. This however does not increase the di-
versity of galaxy morphologies, and results in
confused classifications at fainter magnitudes.
One may consider hydrodynamic simulation
to build samples with complete population of
galaxies.
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