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ABSTRACT Micro-earthquakes are frequently associated with volcanic activity and are vital indicators of
volcanic processes. These minor seismic events occur within or near volcanic systems, yielding valuable
insights into subsurface activities. Geologists meticulously record and analyze these events to monitor
volcanoes and forecast eruptions. While recent years have seen several studies proposing automated detection
and classification systems of seismic events, approaches based on Manifold Learning techniques could be
beneficial in terms of information interpretability and transfer learning to other Machine Learning tasks.
This paper presents a novel approach employing audio features and psychoacoustic scales to represent
micro-earthquakes at Cotopaxi and Llaima Volcanoes, and these representations are then transformed into
low-dimensional latent spaces. We implemented a multi-class classification system for events generated by
these volcanoes, incorporating feature selection techniques based on audio-inspired features. This approach
enhances the detection of volcanic phenomena triggering eruptions and improves interpretability. Our results
indicated high accuracy, with rates of 94.44% for Llaima Volcano and 95.45% for Cotopaxi Volcano when
utilizing mutual information to select the most relevant features. Spectral Roll-off Point and Spectral Flux
dominate in classifying events for both volcanoes. These findings suggest that low-dimensional latent spaces,
particularly when utilizing spectral features, can be a promising foundation for developing transfer learning
schemes in general, and new multi-class classification systems in particular, for detecting volcanic micro-
earthquakes.

INDEX TERMS Audio features, latent space separability, manifold learning, micro-earthquake
classification, mutual information.

I. INTRODUCTION have installed several seismic monitoring stations equipped
Around the world, institutions in charge of monitoring active with high-precision instruments capable of recording seismic
volcanoes, such as Cotopaxi in Ecuador and Llaima in Chile, signals that travel through the ground. The purpose of
these seismic networks is to continuously monitor volcanic

The associate editor coordinating the review of this manuscript and activity to determine possible upheaval behavior that may
approving it for publication was Gerardo Di Martino . force authorities to generate early warning strategies for the
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population at risk of an imminent eruption [1], [2]. In this
way, those monitoring networks are intended to minimize the
catastrophic consequences that could occur due to a volcanic
eruption.

Numerous studies have been conducted over the years
in seismic event detection and classification. These studies
vary primarily in terms of methodology and tools employed
to identify the type of seismic event. For instance, in [3],
a classifier was developed by extracting 79 features related to
time, frequency, and scale domains. The classifier considered
metrics such as the Gini index, the drag rule, and the standard
deviation. This system achieved an approximate classifi-
cation accuracy of 95% for Long-Period (LP), Volcano-
Tectonic (VT), and Hybrid (HB) events from Cotopaxi
volcano (Ecuador). Similarly, in [4], a study of signals
from Nevado del Ruiz (Colombia) demonstrated distinctions
among various seismic events based on a stochastic-type
measure applied to a wide range of time-varying features.
The classification accuracy for LP, VT, HB, and Tremors
(TR) events achieved by this system was approximately
88%. On the other hand, in [5], the authors utilized a
deep-learning framework to detect and classify LP and VT
events from the Cotopaxi volcano, achieving a classification
accuracy of 97%. Another noteworthy example can be found
in [6], where the authors compared several neural networks
and deep-learning architectures to classify LP, VT, HB,
TR, and Tectonic (TEC) events. Their system achieved an
impressive classification accuracy of 98%. Another approach
for the analysis of seismic signals from volcanoes is the
proposal of [7] that uses the databases of the Popocatépetl
and Volcdn de Fuego in Colima (Mexico), and through
the parameterization of seismic data using Mel Frequency
Cepstral Coefficients as features used in Hidden Markov
Models to classify the 7 events contained in the databases
obtaining an accuracy over 78%. Following this line of
research in [8] proposes using Linear Prediction Coefficients
(LPC) and statistical properties as features to feed deep neural
networks obtaining varied results for the 7 types of events of
the Volcan de Fuego. In [9] they propose the use of Bayesian
Neural Networks together with the extraction of features
proposed in [8] to improve the Volcan de Fuego classifier, for
which it uses the Volcan de Fuego features for the training
and testing set and for the blind tests with Mount St. Helens
(USA) and Peteroa (Chile) volcanoes. Finally, in [10] the use
of recurrent neural networks to detect and classify the events
of the Deception Island Volcano in Antarctica using LPC
and Logarithmic Filter Banks (LFB), this database contains
only 5 types of events and its results are over 90%. These
studies collectively illustrate the diversity of approaches and
the effectiveness of various methodologies in classifying
seismic events, providing valuable insights into the field of
vulcanology.

Despite this variety of existing works, and to the best of
our knowledge, a few efforts have been made to scrutinize
the possibilities of Manifold Learning (MnL) techniques in
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volcanic event classification. MnL is a set of techniques for
finding low-dimensional representations of high-dimensional
data by assuming that said data have some intrinsic, low-
dimensional, geometrical structure. They were extremely
popular in machine learning in the 2000s, mostly for data
visualization. MnL seeks to find a method to generalize
to all data structures by applying differential geometry to
machine learning. The fundamental assumptions [11] are:
(1) There exist nonlinear relationships in the data that
can be modeled with manifolds, this is, surfaces that are
smooth, not too complex, and continuous, and span multiple
dimensions; (2) It is not important to maintain the shape
of the original data, but; (3) If each data point preserves
the distance with the close ones, the geometric relationships
can be maintained. Clustering, dimensionality reduction,
and many semi-supervised and supervised machine learning
algorithms can be used with great advantage in applications
whose data are well represented by manifolds [12]. Several
methods have been proposed for MnL, which initially
focused on visualization, but their practical relevance was
then reinforced. Latent-variable models aim to explain the
surface structure of the data with some underlying hidden
variables [13], and their advantages include dimensionality
reduction (and subsequently, increased robustness to overfit-
ting), generalization improvement, and especially, suitability
for transfer learning for other machine-learning related tasks,
as well as interpretability and visualization in their analysis.
However, it is important to evaluate empirically how these
techniques can affect the performance of a specific data
model in a given practical problem. Additionally, these
models provide interpretability and visualization capabilities
crucial for the in-depth analysis of volcanic datasets.
However, it is paramount to empirically evaluate how these
MnL techniques can impact the performance of specific data
models in the context of volcanic event detection. By bridging
the gap between traditional methodologies and the innovative
applications offered by MnL, our study aims to shed light on
the potential of these techniques for advancing the field of
vulcanology.

In this work, we characterize and classify the different
types of micro-earthquakes generated by the eruptive process
of volcanoes, for which we use the databases of Cotopaxi
and Llaima Volcanoes, which as a common denominator
are strato volcanoes. In contrast to previous work in
which frequency, voice, LFB, statistical properties or time
characteristics were extracted to feed a machine-learning
classifier, we start from the assumption that using audio and
voice analysis with psychoacoustic scales can better represent
the evolution in frequency and time of micro-earthquakes.
In this sense, a total of 14 features are extracted with linear
and nonlinear scales divided into 32, 64, 128, and 256 bands.
The use of frequency features and psychoacoustic scales are
associated with the term instantaneous feature, short-term
feature, low-level feature, or audio descriptor is generally
used for measurements that generate one value per (short)
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block of audio samples. An instantaneous feature is not
necessarily significant from a musical, musicological, or per-
ceptual point of view, which would be the case for a signal
of volcanic origin, so it is often referred to as a low-level
feature. A low-level feature can be a basis for constructing
higher-level features describing more meaningful properties
of the (musical) signal [14]. In this context, we use several of
these features over time to increase the amount of information
delivered to the classifier through a windowing process that
somehow preserves certain features in time, helping with
the classification process. With all these features, manifold
algorithms visualize low-dimensional latent spaces where the
relationships between micro-earthquake classes for different
volcanoes can be observed and analyzed. Autoencoders are
also used to generate latent spaces, and classifiers of several
micro-earthquakes are built by supervised learning to obtain
objective metrics such as accuracy, precision, and sensitivity.
From the obtained results, the features, scales, and bands
that better represent the evolution in time and frequency of
the different types of micro-earthquakes are chosen. For a
systematic selection of features, a technique based on mutual
information (MI) is also used to determine the relevance
of each feature in the performance of the classifier and its
contribution to the dynamics of the eruptive process of the
volcanoes [15]. Based on all these analyses, we were able to
establish similarities between the micro-earthquake events at
Cotopaxi and Llaima Volcanoes.

The remainder of the manuscript is organized as follows.
Section II reviews the main concepts of manifold algorithms,
psychoacoustic audio scales, and feature selection methods.
Section IIT describes the databases and the features used in
this work. Section IV presents the main results obtained using
supervised learning autoencoders, together with the analysis
of the most relevant features. Finally, Section V concludes
this work and foresees relevant future lines of research.

Il. BACKGROUND

A. MANIFOLD LEARNING

High-dimensional datasets are difficult to analyze due to
different issues known as curse of dimensionality [16].
Therefore, dimensionality reduction techniques are used to
transform data to lower-dimensional subspaces for better
representation [17]. Usually, representing high-dimensional
structured data within a low-dimensional latent space allows
us to find a compressed state containing a small set
of essential and informative variables. Traditional and
machine-learning manifold algorithms are presented below.

1) TRADITIONAL MANIFOLD ALGORITHMS

Many linear dimensionality reduction techniques, such as
principal component analysis (PCA), have been developed
to simplify the representation of high-dimensional datasets.
These algorithms choose a linear projection of the data
according to specific rules. Although these techniques are
powerful, they often overlook essential nonlinear structures
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in the data. On the other hand, ¢-distributed stochastic
neighbor embedding (t-SNE) converts affinities of data points
into probabilities [18]. Joint Gaussian probabilities represent
affinities in the original space, while students’ ¢ distributions
represent affinities in the embedded space. This feature makes
t-SNE quite sensitive to local structures, revealing structures
at many scales.

Unlike t-SNE, uniform manifold approximation and pro-
jection (UMAP) is a general nonlinear dimensional reduction
technique. This algorithm is based on three assumptions
about the data [19]: (i) data are uniformly distributed on a
Riemannian manifold, (ii) the Riemannian metric is locally
constant (or it can be approximated as such), and (iii) the
manifold is locally connected.

2) MACHINE-LEARNING MANIFOLD ALGORITHMS
Compact representations of data are essential to machine and
deep learning since lower dimensional data representations
permit automatic feature extraction [20]. Thus, manifold
learning is a machine-learning scheme that enables the map
of observed high-dimensional data into a low-dimensional
embedded space. Despite the existence of specific tech-
niques to carry out MnL in machine learning, autoencoders
have emerged as flexible and valuable manifold learners.
An autoencoder is an artificial neural network based on
unsupervised learning with a particular architecture to learn a
lower-dimensional encoding from higher-dimensional input
data. In this way, the neural network architecture can
be trained to capture the intrinsic structure of the input
data within each encoding and use this information to
perform quantitative and qualitative analyses on the learned
associations.

The autoencoder architecture consists of an encoder and
a decoder. The encoder compresses the input data x; into
an encoding symbol k;, and the decoder decompresses the
encoding k;, reconstructing the input data as an approximated
output (or estimation) ¥; [20]. The encoding h; represents the
autoencoder input data in the latent space (or bottleneck).

Encoder and decoder architectures can be extended to
include multiple hidden layers, providing increased represen-
tational capacity. These layers are trained similarly to other
artificial neural networks, with the objective of minimizing
the difference between the input x; and the output X; of
the network [21]. Mathematically, this can be expressed as
follows for an autoencoder with L multiple hidden layers:

B = O WD x; +50) (D
B = p@OWw? BV +p?) )
3

h" = LW Y 4 ph) “
%= oW hP 4+ by) ®)

where hfl) denotes the encoding at the /-th layer in the
latent space corresponding to the input x;, () and ¢(-) are
nonlinear transformations, Wg) is the weight matrix of the
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TABLE 1. Selected audio-based features to be extracted from windowed
volcanic signals.

No.  Audio Feature
1 Spectral Centroid
2 Spectral Crest
3 Spectral Decrease
4 Spectral Entropy
5 Spectral Flatness
6 Spectral Flux
7 Harmonic Ratio
8 Spectral Kurtosis
9 Spectral Rolloff Point

10 Spectral Skewness
11 Spectral Slope

12 Spectral Spread

13 Short-time Energy
14 Zero-crossing Rate

encoder at layer /, b) is the bias vector of the encoder at layer
I, W, is the decoder weight matrix, and b, is the decoder
bias vector. During training, weights and biases (i.e., Wg),
Wy, bE,l), and b,) are adjusted using a set of samples such
that X; ~ x;. Common loss functions include mean squared
error and cross-entropy.

B. AUDIO FEATURES, SCALES, AND SELECTION

Psychoacoustic scales have been used to extract features for
voice and audio analysis and for characterizing, analyzing,
and modeling many other types of signals [22], [23], [24].
The psychoacoustic scales aim to extract information from
audio signals regarding the perceptual characteristics of the
environment and the listener [25]. Considering the physical
nature of audio signals, the best results are usually obtained
by analyzing them in the frequency domain and considering
that the response of the auditory nerve is logarithmic. This
has led to the development of a series of scales based on
critical bands (i.e., filter banks that attempt to represent the
response of the auditory nerve) and psychoacoustic tests.
Thus, the most relevant scales in this field are the Mel, Bark,
and Equivalent Rectangular Bandwidth (ERB) scales [14],
[26]. Many masking phenomena can be explained regarding
sound frequency ranges known as critical bands. A critical
band can be related to a bandpass filter whose frequency
response roughly corresponds to the tuning curves of auditory
neurons. In psychoacoustic experiments, a critical band
defines a frequency interval in which perception changes
abruptly when a narrow-band sound stimulus is modified
to have frequency components beyond the band. When
two competing sound signals pass energy through a critical
band filter, the sound with higher energy within the critical
band dominates perception and masks the other sound [27].
The shapes of critical band filters have been determined in
experiments in which broadband low-pass or high-pass noise
is used to mask a tone. As the cutoff frequency of a low-pass
noise is increased beyond the tone frequency f. An analytical
expression that maps the frequency f to the critical band rate
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m is:

f
= 25951 14+ — 6
m 010 ( + 700 ( )

called Mel scale [27], the mapping is approximately linear in
frequency up to 1kHz and logarithmic at higher frequencies,
such tonal frequency can be adjusted to the sampling
frequency ranges of micro-earthquakes. The analytical rep-
resentation of the Bark scale can be found [28], and that for
the ERB scale in [29].

The number of frequency bands into which each scale
can be divided is variable and is typically a power of 2.
This processing in the frequency domain and based on
psychoacoustic scales can help us extract features such as
centroids, kurtosis, and many others from these frequency
bands, resulting in a more extensive representation of the
speech and audio signals. In this work, 14 spectral features
were used, as detailed in Table 1. These features can be
extracted linearly or logarithmically using scales divided into
32, 64, 128, and 256 bands.

A widely used feature selection method is Statistical
Dependence (SD). Its goal is to measure whether the values
of a feature depend on the associated class labels or whether
the two coincide by chance. Each feature value is first
quantized at one of the Qg levels, where the feature-specific
quantization scale is adaptively determined so that each bin
will contain approximately the same number of samples
across the entire data set [30]. SD is typically measured as
MI, which is given by:

p(,2)
MI = 20D ;
;;m o ow@ ™

where the probability p(-) of each bin y and each class z is
computed by frequency of occurrence. The MI score allows
the user to rank the features, selecting the ones with the
highest values.

Ill. PROPOSED METHOD AND DATASET

The proposed system evaluates the separability of micro-
earthquakes of Cotopaxi and Llaima Volcanoes in a
three-dimensional latent space using machine-learning algo-
rithms and mutual information for feature selection. The aim
is to visualize and analyze these latent spaces corresponding
to several volcanic events and classify them among LP, VT,
and REG for Cotopaxi Volcano and among LP, VT, TR, and
TEC for Llaima Volcano. The main steps of the proposed
methodology are shown in Figure 1 and can be summarized
as follows:

1) Preliminary processing, including signal conditioning
and noise removal, generates 60-second sequences for
both volcanoes.

2) Fourteen audio features are extracted from the
sequences, which serve as inputs to the different
network architectures
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FIGURE 2. Two-dimensional cut of the spectrograms of Cotopaxi Volcano events using a 100-Hz sampling frequency: (a) LP, (b) VT, and (c) REG

events.

3) Mutual information and automatic feature selection are
used to reduce the number of features and improve
network performance.

In parallel, latent spaces are observed using t-SNE,
PCA, and UMAP techniques to assess existing sepa-
rability. Also, autoencoders are used to generate latent
spaces. Original features with and without feature
selection are analyzed.

Classifiers based on artificial neural networks are used
to detect the different types of micro-earthquakes of the
two volcanoes.

4)

5)

All this analysis is focused on two datasets of micro-
earthquakes. The first one is available from the ESeismic!
repository [31], which is the first annotated Ecuadorian
volcano seismic public repository, and the second one is

IESeismic Repository was provided by courtesy of the IGEPN
and collaborators, and it 1is available at http://www.igepn.edu.
ec/eseismic_web_site/index.php
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available from Mendeley Data repository,? which is the first
annotated Chilean volcano seismic public dataset [6].

The first repository contains a dataset named MicSigV1,
which has been obtained from Cotopaxi Volcano, located
in Ecuador (latitude 0°41°05”” S and longitude 78°25°54.8”
W). This dataset contains a total of 1187 independent
micro-earthquakes recorded at two different seismic stations
installed on flanks of the volcano and sampled at 50 Hz
and 100 Hz, respectively. These particular recordings have
been extracted, identified, and labeled by experts at the
IGEPN from continuous monitoring seismogram recordings.
The dataset contains samples distributed in five classes
corresponding to LP, VT, REG, HYB, and Icequakes (ICE),
and distributed as follows: Np 1044, Nyr 101,
Nreg = 27, Nyyg = 8, and Njcg 7. Since the last
types of events are scarce, all of them have been labeled as

2Llaima dataset was provided by courtesy of the Observatorio
Vulcanolégico de los Andes Sur (OVDAS). It is available at
http://dx.doi.org/10.17632/dv8nwdd36k.1
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FIGURE 3. Two-dimensional cut of the spectrograms of the typical Llaima Volcano events using a 100-Hz sampling frequency: (a) LP, (b) VT,

(c) TEC, and (d) TR events.

others. Micro-earthquakes at Cotopaxi Volcano have a typical
duration below 60 seconds.

The second dataset was obtained from Llaima Volcano
in Chile (latitude 38°41° S and longitude 71°44> W).
This dataset contains 3592 independent micro-earthquakes
recorded at one of the seven seismic stations deployed at
Llaima Volcano and sampled at 100 Hz. These particular
recordings have been normalized using their maximal values
and labeled by the specialists from OVDAS. The dataset
contains samples distributed in four classes corresponding to
LP, VT, TR, and TEC, and distributed as follows: Njp =
1310, NVT = 304, NTR = 490, and NTEC = 1488. Micro-
earthquakes at Llaima Volcano also have a typical duration
below 60 seconds.

IV. EXPERIMENTS AND RESULTS
This section presents the outcomes of our experiments along
with relevant details regarding the various steps involved
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in data processing, including preprocessing and feature
extraction, feature selection, low-dimensional representation,
classification, and sensitivity analysis. The methodology
employed in this study is illustrated and summarized in
Figure 1.

A. PREPROCESSING AND FEATURE EXTRACTION

The Cotopaxi Volcano database encompasses five types of
events, but the hybrids and icequakes together total only
15 instances. Initially, we worked with the entire database
and obtained promising results. However, due to the limited
number of signals from these events, we found that the
results lacked generalization. Therefore, we focused on the
three event types with more signals (i.e., LP, VT, and REG),
restricting the duration to a maximum of 60 seconds and
upsampling all the signals to 100 Hz. Figure 2 shows the
spectrograms of typical examples of LP, VT, and REG events.
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TABLE 2. Classification results for different scales and the number of
bands in Cotopaxi Volcano.

Type of Number of Supervised Supervised Supervised
Characteristics Features Precision % Recall % Accuracy %
Linear 3848 91.42 84.16 94.60
Linear 3000 33.69 35.49 74.72
Linear 2000 30.85 30.37 70.17
Linear 1000 34.49 35.72 72.73
Linear 400 34.06 39.80 50.85
Linear 296 34.06 39.69 50.85
Linear 115 27.65 18.42 31.82
Linear 59 26.34 19.34 50.28
ERB-32 3848 88.52 87.12 95.45
ERB-32 3000 32.28 32.30 73.01
ERB-32 2000 29.53 26.26 55.11
ERB-32 1000 35.89 35.89 29.83
ERB-32 400 34.23 38.53 23.86
ERB-32 296 34.24 38.97 25.00
ERB-32 115 36.23 40.17 32.10
ERB-32 59 33.47 39.19 25.57

TABLE 3. Centroids and standard deviation for UMAP, t-SNE, PCA and
autoencoders with 3848 Cotopaxi volcano features.

Type Centroids o

LP-TSNE (4.29,-12.69,—1.11) 5.78
VT-TSNE (8.37,14.80, —0.09) 6.96
REG-TSNE (0.46,5.92, —2.92) 8.94
LP-PCA (—1.53,0.29,—-0.91) 46.49
VT-PCA (—2.38,—-23.39,6.44) 58.12
REG-PCA (—7.25,2.76,—-2.38)  35.20
LP-UMAP (—3.44,-2.76,0.76) 7.0l
VT-UMAP (—2.30,—2.62,0.96) 5.29
REG-UMAP (—4.83,—-2.67,0.27) 6.68
LP-Autoencoder (—6.02,—1.88,—2.51) 10.56
VT-Autoencoder (1.01,1.26, —0.62) 3,80

REG-Autoencoder (3.77,—0.26,4.31) 4.49

TABLE 4. Classification results for different scales and number of bands
in Llaima Volcano.

Type of Number of Supervised Supervised Supervised
Characteristics Features Precision % Recall % Accuracy %
ERB-32 3848 92.50 91.62 94.07
ERB-32 400 93.02 93.69 94.44
ERB-32 300 79.00 81.16 75.81
ERB-32 200 80.65 83.45 79.24
ERB-32 121 80.65 83.45 79.24

Conversely, the Llaima Volcano database comprises four
event types (i.e., LP, TEC, TR, and VT) with a maximum
duration of 60 seconds. Figure 3 depicts the spectrograms
for these typical Llaima events. The evolution of the different
events was analyzed within a 60-second time frame, enabling
the observation of micro-earthquake development.

From the signals of Cotopaxi and Llaima Volcanoes,
we extracted 14 features using psychoacoustic scales and a
sliding window size of 100 samples. A rectangular window
with 80% overlap was employed, resulting in 296 values
for each of the 14 features. The Harmonic Ratio feature,
containing many zeros, was excluded. Consequently, the final
dataset included 3848 features for each event. The MI method
was then utilized for feature reduction.

Then, a supervised classifier based on autoencoders
was employed to assess the effectiveness of feature
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TABLE 5. Predominant features according to Mutual Information for
Llaima Volcano.

Type of Number of  Number of  Percentage
characteristic features features selected

with mutual

information
Spectral Centroid 296 7 2.36
Spectral Crest 296 11 3.72
Spectral Decrease 296 7 2.36
Spectral Entropy 296 5 1.69
Spectral Flatness 296 5 1.69
Spectral Flux 296 9 3.04
Spectral Kurtosis 296 5 1.69
Spectral Rolloff Point 296 295 99.66
Spectral Skewness 296 10 3.38
Spectral Slope 296 4 1.35
Spectral Spread 296 8 2.70
Short Time Energy 296 10 3.38
Zero-crossing Rate 296 24 8.11

reduction. Our proposed autoencoder architecture included a
low-dimensional  projection encoder  generating a
3-dimensional latent space with four layers (32, 16, 8, and
3 neurons) using the leaky-ReLU layer activation function.
This encoder was linked to a classifier based on neural
networks composed of three hidden layers (10, 20, and
30 neurons) with the hyperbolic tangent activation function
and a final softmax layer. The complete network was trained
with 70% of the database for training and 30% for testing,
aiming to create low-dimensional embeddings that minimize
classification errors and allow for comparisons of relative
separations among different classes.

The network training process involved extracting features
from all signal segments, conducting the training process
in batches, and calculating results in terms of accuracy
(A), precision (P), and recall (R), given by the following
equations:

N
> TP(i)
_ =l
A= N, ) (8
1 TP(1) TP(N)
SEG, 1) S E(,N)
| j=1 j=1 i
1 TP(1) TP(N)
ZIE(LJ) gE(N,j)
L= J= -

where TP(i) is the true positives for class i, E(i, j) is the errors
made when class i is classified as class j, N is the total number
of samples, and N; is the number of classes.

B. COTOPAXI VOLCANO
Cotopaxi Volcano’s database was initially unbalanced, and

linear features were extracted using the MEL, BARK, and
ERB psychoacoustic scales in 32, 64, 128, and 256 bands.
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FIGURE 4. Embedding spaces represented as three latent variables for (a) t-SNE, (b) PCA, (c) UMAP, and (d) supervised autoencoder,
using 3848 ERB-32 scale features from Cotopaxi Volcano. In blue are LP events, in orange are VT events, and in red are REG events.

However, results were inconsistent for the MEL and BARK
scales. Consequently, we focused on linear psychoacoustic
scales and ERB with 32 bands. Figures 4(a), 4(b), and 4(c)
illustrate the latent spaces obtained for t-SNE, PCA, and
UMAP, respectively, with 3848 features. While separability
among the three types of events is observable, the abundance
of LP events limits the comparison to the other types.
Feature reduction using Mutual Information (MI) was
attempted due to the deterministic nature of t-SNE, PCA,
and UMAP mappings. Table 2 demonstrates that the ERB
psychoacoustic scale outperforms the linear one, reaching
95.45% accuracy with 3848 features and 270 training epochs.
Feature reduction did not enhance results, but relevant
features identified by the MI method included the Spectral
Rolloff Point and Spectral Flux. The imbalance among
Cotopaxi different events primarily influences classification
behavior. Additionally, Figure 2(d) displays the latent space
using autoencoders with the same 3848 features, revealing
clustering of volcanic events similar to t-SNE, PCA, and
UMAP.
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The latent spaces presented in this study can be a subjective
form of analysis as the events are represented in three
dimensions, so we calculate the centroids in Table 3, together
with the standard deviation of the Euclidean distance of each
point with respect to the centroid. If we observe the o values,
the highest values correspond to the PCA technique, which
indicates that the points are more dispersed with respect to
the centroids; in the case of t-SNE, o is low with respect to
the centroids, but two point clusters can confuse the classifier.
In the case of UMAP and the autoencoders, the o value is low
and the points with respect to the centroid have reasonable
values, so we considered the most suitable techniques to work
with the classifier.

C. LLAIMA VOLCANO

Following the Cotopaxi results, Llaima Volcano analysis
used only the ERB psychoacoustic scale with 32 bands
and all 3848 features. MI feature reduction was employed,
and results are tabulated in Table 4. Ac can be seen, the
classifier with the best performance used the top 400 features.
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FIGURE 5. Embedding spaces represented as three latent variables for (a) t-SNE, (b) PCA, (c) UMAP, and (d) supervised autoencoder,
using 400 ERB-32 scale features from Llaima Volcano. In black are TEC events, in green LP events, in light blue TR events, and in orange VT events.

Table 5 shows that, unlike Cotopaxi, Llaima required only
400 features, with 99.66% being the Spectral Rolloff Point.
The Spectral Flux was less critical than in Cotopaxi. Latent
spaces using t-SNE, PCA, UMAP, and autoencoders (for
150 training epochs) are shown in Figures 5(a), 5(b), 5(c),
and 5(d), respectively, indicating separability among the four
types of events.

For the Llaima volcano, we also calculated the centroids
and the standard deviation of the Euclidean distance, and
the results are presented in Table 6. If we observe the
results and the o values as in the Cotopaxi volcano,
we could conclude that the autoencoders and the PCA have
the best performance, but here as the database is better
balanced, we can see that for the PCA case, the centroids
of the 4 events are very close to each other, which could
confuse the events, so as in the case of Cotopaxi, the
autoencoders are repeated considered as the best results for
classification.
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D. OTHER TECHNIQUES

To validate the MI results and rule out overfitting, we con-
trasted our feature selection with the random forest tech-
nique [32]. Notable results are summarized in Table 7,
showing a close agreement with MI outcomes. The only
relevant improvement for the linear features of the Cotopaxi
volcano, but it is corroborated that the ERB-32 features have
a better performance. As for which are the most relevant
features selected by the random forest technique for the
Cotopaxi volcano is the Spectral RolloffPoint with 122 out
of 296 corresponding to 41.22%, followed by Spectral Flux
with 31 out of 296 corresponding to 10.47%. For the Llaima
Volcano, it is Spectral RolloffPoint with 198 out of 296,
which corresponds to 66.89%. Continuing with the analysis,
the Cotopaxi database was merged with the Llaima database
to observe how general the characteristics were found for
this. The REG events of Cotopaxi were matched with the
TC of Llaima, obtaining results close to those obtained by
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TABLE 6. Centroids and standard deviation for UMAP, t-SNE, PCA and
autoencoders with 400 LLaima volcano features.

Type Centroids o

TEC-TSNE (—9.22,16.13,5.38) 18.17
LP-TSNE (11.51,—14.81,—2.99) 29.79
TR-TSNE (—6.39,15.46, 8.62) 15.57
VT-TSNE (—13.29,-14.62,—29.10) 39.84
TEC-PCA (8.02,0.08, —2.73) 9.44
LP-PCA (—11.55, —0.21, 1.49) 12.14
TR-PCA (6.39,0.23, —5.14) 11.97
VT-PCA (—9.80, —0.38,4.28) 11.57
TEC-UMAP (~12.69, —9.67, —7.72)  20.59
LP-UMAP (7.51,0.67,0.50) 6.22
TR-UMAP (—12.08,—-8.92, —7.22) 18.60
VT-UMAP (7.39, —4.81, —2.09) 9.70
TEC-Autoencoder (—3.85,3.56, —2.38) 6.99
LP-Autoencoder (2.73,0.94,5.03) 5.15
TR-Autoencoder (—5.49,0.72, —0.45) 7.38
VT-Autoencoder (5.09,3.35,—0.51) 5,67

TABLE 7. Classification results using random forest for feature selection
for Cotopaxi and Llaima volcanoes.

Type of Volcano  Number of Supervised Supervised Supervised
Characte Features Precision % Recall % Accuracy %
Linear Cotopaxi 765 86.83 80.21 93.47
ERB-32 Cotopaxi 259 90.20 87.92 94.87
ERB-32 Llaima 225 87.63 91.40 88.97

TABLE 8. Results of the classification of merging the bases of Cotopaxi
and Llaima volcanoes.

Type of Number of Supervised Supervised Supervised
Characteristics Features Precision % Recall % Accuracy %
ERB-32 3848 90.80 89.83 93.71
ERB-32 (RF) 900 92.06 90.19 94.38
ERB-32 (MI) 400 86.43 83.32 90.78

separate databases with an increase in the number of features,
as shown in Table 8.

In order to compare with the best option obtained with the
Llaima volcano, we have decided to set it at 400 to with a
reasonable result. On the other hand, it is maintained that the
main features are Spectral RolloffPoint and Spectral Flux.

E. THE MOST RELEVANT FEATURES

Based on both volcanoes, it is crucial to utilize the Spectral
Rolloff Point for event classification. Furthermore, we can
also observe the presence of the Spectral Flux in both cases.
The Spectral Rolloff Point represents the 95th percentile of
the power spectral distribution, and it serves to differentiate
between voiced and unvoiced speech. Unvoiced speech tends
to have a significant amount of energy in the high-frequency
range of the spectrum, while voiced speech and music
predominantly concentrate their energy in lower-frequency
bands. This measurement quantifies the skewness of the
spectral shape, with higher values indicating a right-skewed
distribution [33].

On the other hand, Spectral Flux (Delta Spectrum
Magnitude) is the 2-norm of the frame-to-frame spectral
amplitude difference vector. Generally, music has a higher
rate of change and goes through more drastic frame-to-frame
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TABLE 9. Comparison of techniques for classifying Cotopaxi and Llaima
Volcano events.

Volcano Technique Precision %  Recall % Accuracy %
Cotopaxi  TFFCV [3] - - 95.80
Cotopaxi ~ ERB-32/3848 88.52 87.12 95.45
Llaima SeismicNet [6] - 93.87 98.04
Llaima ERB-32/400 93.02 93.69 94.44

changes than speech does. Thus, this value is higher for
music than for speech. Note that speech alternates periods
of transition (consonant — vowel boundaries) and periods of
relative stasis (vowels), where music typically has a more
constant rate of change. This method is similar to Hawley’s,
which attempts to detect harmonic continuity in music [33].

If we make an analogy with the voice and music from
which these two characteristics come, they seek to find
the voiced and unvoiced sounds and the evolution from an
unvoiced sound to a voiced one. Thus, these features are
indispensable for the classification of the events of Cotopaxi
and Llaima Volcanoes, with the hypothesis that the LP events
are considered as voiced, the VT as unvoiced, and the other
events they are considered as an evolution to go from voiced
to unvoiced.

Finally, comparisons with other techniques are presented
in Table 9. Firstly, in [3], the classification of three events
(i.e.,LP, VT, and HYB) for Cotopaxi Volcano was performed,
achieving an accuracy percentage of 95.80%, compared
to the 95.45% we have just obtained. It is important to
note that the method we use exhibits lower dimensionality.
Secondly, in [6], the SeismicNet network, a variant of
the SoundNet network [34], is proposed for classifying
the four types of events at Llaima Volcano. This system
obtained a recall of 93.87% and an accuracy of 98.04%,
in contrast to our results of 93.69% and 94.44%, respectively.
Whereas the performance in classification can be considered
as comparable, these results show that they can be obtained
with a highly simplistic network scheme in comparison with
these deep models, assuming that the input space is expressed
in terms of spectral representations.

V. DISCUSSION AND CONCLUSION

The micro-earthquakes produced by the eruptive process of
volcanoes are subject to significantly changing dynamics,
challenging to model, and almost impossible to predict.
In this work, we used the databases of two volcanoes
whose main similarity is strato volcanos. The rest of the
characteristics differ in their sizes, the amount of snow, and
many others. However, their location concerning populated
sites for a possible eruption is essential. We used a variety of
spectral characteristics in both cases based on features that
are well-known in audio digital processing.

Aiming to gain interpretability of the results in the
multi-class classifiers, we scrutinized three different
manifold algorithms for identifying unsupervised and
intrinsic separability among the different classes and
autoencoder-based architectures that were subsequently used

20633



IEEE Access

C.-P. Bernal-ofate et al.: Volcanic Micro-Earthquake Classification With Spectral Manifolds

to yield supervised classifiers. Latent spaces were checked
to be low-dimensional, representing evidence for using these
and other machine-learning schemes with advantage in the
problem of multi-class micro-earthquake classification. Data
from other volcanoes could exhibit this property by following
our methodology.

Other ways of parameterization could be used, for
example, features in the time domain. In [3], we already
established a mixture of time and frequency characteristics,
obtaining reasonable results, but it was observed that the
most relevant were those extracted in the frequency domain,
in addition to the fact that noise affected them less. At the
beginning of the research, certain features were tested in the
time domain, obtaining varied results, and when introducing
infrequent events such as those of the Cotopaxi volcano,
they confused the classifier, obtaining results between 50%
and 60% accuracy. In the end, the linear features were
discarded, and only the ERB-32 was used. These obtained
features conserve certain information in time since they are
the product of a signal windowing over time.

From our results, the extraction of psychoacoustic charac-
teristics, specifically the ERB scale, showed great versatility
in classifying LP, VT, and other events regardless of the
volcano. Using MI to reduce the number of features improved
the classifier results considerably. Latent spaces were a
helpful tool for visualization and checking for overfitting
in this case. Moreover, the suitability of low-dimensional
latent spaces for supporting multiclass data-driven schemes
shows that transfer learning could be readily done in
this kind of signal, and other machine learning paradigms
will be exploited with advantage in this setting. Finally,
interpretability can also be attained, for instance, in terms of
the inter-class separation among classes that can be observed
in the 3-dimensional maps.

We could determine by using MI that two features are
predominant for the two volcanoes: Spectral Rolloff Point
and Spectral Flux. In audio-digital processing, these mea-
surements allow for characterizing the voiced and unvoiced
sounds and their evolution of passing from one to the
other as used in voice and audio applications. There is the
presumption that the LP events are considered to be voiced
and the VT events are unvoiced. As for the others, they remain
as an evolution towards passing from voiced to unvoiced
and vice versa. In a broader context, when referring to
voiced signals, it is considered that said signals concentrate
more narrow-band energy and tend to be more predictable.
On the other hand, unvoiced signals are more similar to noise,
so their analysis is more complicated when classifying them.

The results obtained demonstrate that various volcanoes
share similarities in their micro-earthquake activities. This
finding paves the way for a new paradigm in volcano
analysis, where a generalized approach can be employed.
Such an approach would facilitate the development of
volcano-independent algorithms capable of improving the
current generation of detection algorithms by leverag-
ing insights from various volcanic sources. In essence,
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this article underscores the audio feature similarities in
micro-earthquake signals between different volcanoes, point-
ing toward the potential for a more advanced generation of
algorithms that surpass current methods.

The classification accuracy obtained was high for both
volcanoes. However, improvements need to be addressed
shortly to yield online surveillance systems based on
multi-class classifiers of this kind. The imbalance in the
number of events and their very different duration has
to be considered. Some other events are scarce and were
not considered here, as documented in the experiments.
Nevertheless, the low-dimensional latent spaces exhibited
separability among classes using adequate spectral features,
thus opening new doors to their consideration and adaptation
in studying and monitoring these and other volcanoes.
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