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This file contains supplement text, and figures for the manuscript ”Identifying deep
moonquake nests using machine learning model on single lunar station on the far side
of the Moon”. Supplemental Text S1 provides a detailed description of P- and S- travel
times calculating for deep moonquake nests using several lunar models. Supplemental
Text S2 details about the Random Forest algorithm and the particularity of its training
and testing. Supplemental Text S3 provides additional information on the t-distributed
stochastic neighbor embedding (t-sne) method. Supplemental Figure S1 show travel time

tsp = ts — t, for around 20 nests and seven existing lunar models. Supplemental Figure
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S4 illustrates distributions of features used to train machine learning model for two nests,
Al and A8. Supplemental Figure S2 shows features used as an input data for machine
learning model. Supplemental Figures S5 to S13 show statistics of the Random Forest
models on the test dataset that are trained to dissociate between Al and A8 nest. Sup-
plemental Figure S13 shows prediction values and negatively labelled data points for the
base Random Forest model trained to dissociate between Al and A8 nests. Supplemen-
tal Figure S14 and S15 illustrate 2-D graphic manifold of the space spanned by the 8-D
feature space of Al and A8 nests. Supplemental Figures S16 to S19 show statistic of
the Random Forest model trained and tested on combination of nests A1-A8-A18, Al-
A8-A18-A6, A1-A8-A18-A6-A14, A8-A18-A6-A14, respectively. Supplemental Figure S20
illustrates 2D graphic manifold representation of the 8D feature space spanned by five
nests A1-A8-A18-A6-A14. Supplemental Figure S21 show nests ratios for different sets.
Supplemental Figures S22 to S24 illustrates 2-D manifolds of the feature spanned by dif-
ferent sets.

Text S1. Calculation of travel times of seismic waves between sources and station can be
obtained using two programming packages: Python package Obspy and its module taup’
and TauP Java package, both based on the paper Crotwell, Owens, Ritsema, et al. (1999).
In our experiment we placed single station on the far side of the Moon in the Schrédinger
Crater, while our sources are located nests from the paper Lognonné, Gagnepain-Beyneix,
and Chenet (2003). Also, we utilize the existing lunar interior models from papers Garcia
et al. (2019) (ISSI 1, ISSI 2, ISSI 3), Garcia, Gagnepain-Beyneix, Chevrot, and Lognonné
(2011), Khan, Connolly, Pommier, and Noir (2014), Matsumoto et al. (2015), Weber, Lin,

Garnero, Williams, and Lognonné (2011). We first calculate epicentral distances between
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nests and station, then travel time of P- and S- seismic waves for the seven models using

/ 1" "

Python and Java packages. This leaves us with: t;;i7j,ts;i7j,tp;i,j,ts;i’j where ¢ indicates
nest, j indicates lunar model, ¢ and t” travel times calculated using Python and Java,
respectively. Next, we calculate the average over P- and S- wave travel times for two
programming packages, leaving us with ¢y, ; = (t, . + b, )/2, teij = (L, + te;;)/2.
Further, we calculate the travel time difference, g, ; = ts; — tp; values that we plot
in Figure S1, with ¢ running over the y-axis for all nests and j running over the x-axis
over all lunar models. We can notice that some combination of nests and lunar models
don’t have travel time t,, estimation, and some underestimate or overestimate it, when
compared to the average value per nest. Due to these discrepancies we decide to further
work with only four models: ISSI 2, ISSI 3 Garcia et al. (2019), Garcia PEPI 2011 (Garcia
et al., 2011), Khan JGR 2014 (Khan et al., 2014).

Text S2. As discussed in the main manuscript, Random Forest is a machine learning
algorithm that consist of ensemble of randomised decision trees. A decision tree consists
of decision (internal) nodes, followed by inequality branches,; and leaf nodes that hold the
final prediction of individual trees shown in Figure S3. Thus, within each tree the begin-
ning is at root node that doesn’t have incoming branches. Next in line are internal nodes
where based on the available features/attributes and inequality operations, the decision
whether the feature is smaller or larger than some threshold is made. These translate to
leaf nodes, which represent all possible outcomes. The hyperparamters that define a RF
structure and need to be defined before a training process are: the number of decision

trees, the maximum depth of trees, the measure that maximises diversity between classes,

the minimum samples in the internal node, and the minimum number of samples in leaf
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node for it to be considered, the maximum number of features when looking for the best
split, the maximum number of leaf nodes, the maximum samples to be draw from the
main training dataset when training each decision tree. We proceed to test the learning
robustness of our base model that is trained with normalised features (shown in Figure
S6) by carry out several experiments: a) changing the randomness of the bootstrapping
initialization of the samples that are used when building decision trees, the randomness
of the feature sampling when considering for the best split at each internal node, as well
as the randomness of the training and test dataset split (see Figure S7); b) changing the
optimal number of decision trees (see Figure S8); ¢) equalizing the size of nests within
the dataset by randomly downsampling the largest nest A1 to be the same size as A8 (see
Figure S9); d) reducing the number of input feature data to five most important from the
base model (cos(7), Atperigee, dy At AscendingNodes €i+1 — €i) (see Figure S10). In all test
beside those in experiment a), we keep the random state fixed. Finally, the results do not
vary between different tests, indicating that in all above configurations models are able
to learn how to classify two nest with the similar performances. Further, we notice that
in experiment c¢) the statistic for A8 nest improved compared to the base model statistic,
indicating that having a balanced classes while training a ML is important. Moreover, we
observe that the model trained with the fewer features statistically perform worst than
the base model. This might be because all eight features are uncorrelated, thus equally
important for model learning. Next, we cross-validate our base model. A cross-validation
is a technique to assess how the model will generalize to an independent data set by
using the resampling technique. A resampling technique uses different portions of the

training data to train and validate model during several iteration. Usually, the training
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dataset is divided into k equally sized folds, and then k iterations is performed. In each
iteration (k — 1) folds are used for training, and one fold is used for validation. During
the cross-validation, the test set is kept aside. Eventually, the full dataset is divided into
three sets: training (55%), validation (20%), test (25%), where training and validation set
change in each iteration. We calculate cross-validation with k£ = 5, while keeping the base
model parameters. The choice of k = 5, has been proven to be a good practice (Witten &
James, 2013). This test produces 5 models with the same performance as indicated with
ROC curves (see Figure S11). This implies that the base model generalizes well, and to
not over fit the results. Moreover, we also perform the grid search over several other RF
parameters, besides the number of decision trees. Grid search represents a set of many
models, where each model is build with unique set of parameters, and each is trained
and tested with the same datasets. The tested parameters are: the maximum features
(Cauto’,’sqrt’), the maximum depth of the decision trees (10, 20, 30, 40, 50, 60, 70, 80,
90, 100, 110, None), the minimum samples in the internal nodes (2, 5, 10), the minimum
number of samples in leaf node (1, 2, 4), the bootstraping technique on or off. However,
it seems that the model that performed the best during the grid search (the minimum
samples in internal node equal to 10, the minimum samples in leaf node equal to 2, the
maximum features equal to ’auto’, the maximum depth equal to 110, with bootstraping
turned on) does not perform better than our base model (see Figure S12). Even though
our base RF model as a final output predicts a class (Al or A8), it also associates each
class prediction with the class probability. This value ranges between 0 and 1, where 1
indicated that a model is absolutely certain that a given event belongs to a predicted

class. From our base model the correctly predicated classes score 81% cases higher than
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0.80 for test dataset (see Figure S13A). This suggest that model is confident in its pre-
diction. The mislabelled prediction values show uniform distribution of values between
0.5 to 1 (see Figure S13B). We can further examine these mislabelled events from the
perspective of the feature input data. We choose three features, cos(y), Atperigee, d, with
high importance value. We could argue that the mislabelled data points from both nests
show characteristics which better suits the opposite class (see Figure S13C-E). Yet, the
decision is not defined using only one feature. To gain an insight how all eight features
contribute into separating two nests, we calculate the 2D manifold of their feature space
using t-sne method (van der Maaten & Hinton, 2008). Visualisation of the feature space
that is color-coded based on two nests, show us that two classes are well but not perfectly
separated (see Figure S14). If we further color 2D manifold space with the values of the
individual features, we notice that At sscendingnode feature might be the most responsible
for imperfect split between nests (see Figure S15).

Text S3. One of the statistical dimensionality reduction algorithm that helps to visual
high-dimensional data is t-distributed Stochastic Neighbor Embedding (t-sne) algorithm
(van der Maaten & Hinton, 2008). It is an unsupervised non-linear reduction technique,
since it allows us to separate data that cannot be separated by any straight line. Once
it is applied on the input data, first, it starts by calculating the probability distribution
of neighbours around each points. The term neighbour stands for the set of points that
are closest to a given point. In the input original high-dimensional space the probabil-
ity is modeled as a Gaussian distribution. Second, the algorithm models the probability
of neighbours around given points in the lower-dimensional space using a Student’s t-

distribution. Third, the algorithm minimizes the divergence, usually Kullback-Leibler
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divergence, between two probabilities using gradient descent. The result is a lower-
dimensional manifold of the data, that still preserves the pairwise similarities between
original data points, optimized to a stable state. This optimisation process generates
clusters and sub-clusters of similar data points that become visually better understand
in the lower-dimensional space by keeping the relationship of the data from the higher-
dimensional space. There are several t-sne hyperparameters that need to be adjusted by
the user, and the most importnat one is perplexity. The preplexity parameter defines the
number of influential neighbours used to calculate the Gaussian probabilities around given
point in the high-dimensional space. Its value range from 5 - 50 (Wattenberg et al., 2016),
and can significantly impact the resulting mapping of the input data. For our implementa-
tion of the t-sne algorithm we use Scikit-learn machine learning Python library (Pedregosa
et al., 2011). After trying some combinations we choose to work with the given set of pa-
rameters: n_components=2, perplexity=30, n_iter=5000, verbose=1, random_state=133,

while keeping the rest of the them as default by the package implementation.
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Figure S1. Travel time ¢,, = t; — t, calculations, where ¢, and ¢, stands for S- and P- waves
travel times, respectively, between the range of nests and the station placed on the far side of
the Moon in the Schrodinger crater. Calculation are done for seven existing lunar model, from
papers Garcia et al. (2019) (ISSI M1, ISSI M2, ISSI M3), Garcia et al. (2011), Khan et al. (2014),

Matsumoto et al. (2015), Weber et al. (2011).
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Figure S2. Time evolution of features during the Apollo mission and their histograms for Al
nest. First three features are time difference between quakes and A) the instance when Moon was
passing through ascending node, B) Full Moon phase, C) instance when Moon was in perigee;
next D) cosy, E) sin+y where v is the true anomaly angle, indicating the position of the Moon in
the orbit; F') time difference between two quakes, G) distance between Moon and Earth at the

quake occurrence, H) the rate of distance change from G.
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Schematic representation of a Random Forest algorithm. In this example, the

model is trained with 3 features, it consists of 3 decision trees with a maximum tree depth equal

to 3. A tree consists of decision nodes (circles), followed by inequality branches (dashed lines) ,

and leaf nodes (rectangles). The prediction is taking place in each tree by yes or no questions,

while the final prediction is made upon majority voting considering individual tree predictions.

August 7, 2023, 8:23pm



MAJSTOROVIC, J. ET. AL.: IDENTIFYING DEEP MOONQUAKES WITH ML X-13

A A tascendingNode B A trumoon C A trerigee D cos(y)
3x10!
2x 10!
S S S0t S
o E E E
8t g 10 3 2
6 x 10°
10°
0.0 0.5 1.0
Bins Bins Bins Bins
E sin(y) F €i+1— € G
102
[©) [ [ C
E = = e
<) > > )
L2 L L L
10!
Bins Bins Bins Bins

Figure S4. Distributions of eight features used for training Random Forest model for dissoci-

ating between nests Al and AS8.
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Figure S5. Statistics performance of the base Random Forest model on the dataset trained to
dissociate between nests Al and A8 using raw feature data without normalisation: A) confusion
matrix, B) precision, recall, f1-score per nests and accuracy of the model, C) receiver operating

characteristic (ROC) curve, D) feature importance for the model to make decisions.
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Figure S6. Same as Figure S5 but using feature data that are normalised between 0 and 1.
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Figure S7. Statistics performance of the Random Forest models while changing the randomness
of the data split and decision tree initialisation compared to the base model shown in Figure S6.
The models are trained to dissociated between nests A1 and A8. The randomness is changed
from 600 to 1400 from test 1 to test 10 by step of 100. Statistics are: A) confusion matrix, B)

precision, recal, fl-score and accuracy of the model, C) the importance of the feature used by
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Figure S8. Same as Figure S7 while keeping the randomness fixed, but changing the number

of trees used to build Random Forest model.
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Figure S9. Same as Figure S6, but using the balanced dataset, thus having the same number

of A1l and AS8 events.
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Figure S10. Same as Figure S6, but keeping only five out of eight features: At ascendingNodes

At perigee, €0S(7), €iv1 — €5, d.
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Figure S11. 5-fold cross-validation of the base RF model shown in Figure S6 with the mean
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Figure S12.  Same as Figure S6, but for the best performing model from the grid search

analysis.
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Figure S13.  Classification results: A) prediction values for positively classified events, B)
prediction values for negatively classified events. Events used for training and events used for

testing but got mislabeled form the perspective of features: C) cos(7y), D) Atperigees E) d.
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Figure S15. 2-D manifold of the feature space spanned by nests Al and A8 colored by the
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d, H) d.
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Figure S21. Pie charts for all sets shown in Figure 1 displaying the composition of the set

and the contribution of each nest within the each set.
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