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Abstract: Processing ground motion signals at early stages can be advantageous for issuing public
warnings, deploying first-responder teams, and other time-sensitive measures. Multiple Deep
Learning (DL) models are presented herein, which can predict triaxial ground motion accelerations
upon processing the first-arriving 0.5 s of recorded acceleration measurements. Principal Component
Analysis (PCA) and the K-means clustering algorithm were utilized to cluster 17,602 accelerograms
into 3 clusters using their metadata. The accelerograms were divided into 1 million input-output pairs
for training, 100,000 for validation, and 420,000 for testing. Several non-overlapping forecast horizons
were explored (1, 10, 50, 100, and 200 points). Various architectures of Artificial Neural Networks
(ANNSs) were trained and tested, such as Convolutional Neural Networks (CNN), Recurrent Neural
Networks (RNN), Long Short-Term Memory (LSTM) networks, and CNN-LSTMs. The utilized
training methodology applied different aspects of supervised and unsupervised learning. The
LSTM model demonstrated superior performance in terms of short-term prediction. A prediction
horizon of 10 timesteps in the future with a Root Mean Squared Error (RMSE) value of 8.43 x 10-° g
was achieved. In other words, the LSTM model exhibited a performance improvement of 95%
compared to the baseline benchmark, i.e., ANN. It is worth noting that all the considered models
exhibited acceptable real-time performance (0.01 s) when running in testing mode. The CNN
model demonstrated the fastest computational performance among all models. It predicts ground
accelerations under 0.5 ms on an Intel Core i9-10900X CPU (10 cores). The models allow for the
implementation of real-time structural control responses via intelligent seismic protection systems
(e.g., magneto-rheological (MR) dampers).

Keywords: Artificial Neural Networks (ANN); Convolutional Neural Networks (CNN); CNN-LSTMs;
Deep Learning (DL); Long Short-Term Memory (LSTM) networks; Machine Learning (ML);
Recurrent Neural Networks (RNN)

1. Introduction

Globally, around 20,000 tangible earthquakes, which do not require measuring tools to
be perceived, happen every year [1]. If 100 earthquakes with sufficient magnitude occur
in the countryside, considerable damage is expected. Earthquakes of significant magni-
tudes, which provoke tsunamis, fires, and landslides, occur on average once annually [2].
Immeasurable infrastructure destruction and millions of beings have been lost throughout
the ages.

Predicting earthquake signals in real time is a critical challenge in earthquake engi-
neering. The ability to accurately forecast ground motion can provide valuable seconds
or even minutes of warning, allowing for the implementation of protective measures and
the evacuation of at-risk areas. Traditional methods for predicting earthquake signals rely
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on ground motion prediction equations (GMPEs), which are statistical models that esti-
mate the intensity of ground shaking based on earthquake magnitude, distance, and local
site conditions. However, GMPEs are limited in capturing earthquake ground motion’s
complex and often unpredictable nature.

Currently, the prediction of forthcoming earthquakes is not numerically possible.
Nonetheless, ground motion can be discerned initially, allowing some seconds to notify
the public before the big shake. An Early Earthquake Warning (EEW) system can diminish
the resulting losses, demonstrating promising potential. The ShakeAlert system, by The
U.S. Geological Survey, is one of the different EEW systems examined and implemented on
the USA’s West Coast and the Pacific Northwest [3]. The ShakeAlert system employs an
extensive network of sensors that forward the data to the processing center and notify the
users of the texts. Such a system needs around USD 16 million annually for maintenance
and operation [4]. It is often unrealistic to expect timely implementation of safety measures,
such as evacuations.

This research aims to eliminate the need for human intervention from the process
by implementing intelligent seismic protective systems. Machine Learning (ML) and
Deep Learning (DL) techniques are ideal for forecasting and continuously updating future
segments of an arriving strong ground motion signal by merely identifying the patterns in
the first 0.5 s of the event. New predictions are made through constantly feeding points as
additional points come on.

The main challenge other researchers have not yet solved, which this work addresses,
is the need for human intervention in the current EEW systems. As such, this research
proposes using ML and DL techniques to automate the process of forecasting and up-
dating future segments of an arriving strong ground motion signal, eliminating the need
for human intervention. Moreover, the presented models can be implemented in real
time, allowing for an immediate response to seismic events. Furthermore, the presented
approach does not require the extensive network of sensors and processing centers used in
current EEW systems, making it more cost-effective. Lastly, the presented models utilize
advanced ML and DL techniques, which have been shown to achieve high accuracy in
forecasting tasks.

Next, the existing literature on time series prediction is presented. In addition, the
methods of predicting ground motion parameters and applications of ML /DL in seismology
are discussed.

1.1. Time Series Prediction

A time series is a collection of numbers that are equally separated and arranged sequentially.
As a numerical example, time series x is a collection of vectors: x (t) = {x1, x2,..., xT} [5,6].
A time series with a single value per timestep is described as univariate. Moreover, a time
series with multiple values is described as multivariate. To produce future predictions
in time series forecasting, the historical data of a time series are utilized—selecting the
appropriate model is an important step for representing the underlying form of the series.
The prediction models can be categorized as linear or nonlinear based on how the history
data are integrated.

Babusiak and Mohylova [7] developed ANN-based models based on previously devel-
oped models to predict the electrocardiogram sample. One-layer and multi-layer backprop-
agation models were the two architectures examined. The multi-layer network showed
better accuracy than the one-layer network; nonetheless, it required a more significant
number of epochs for convergence purposes. Coelho et al. [8] forecasted the future time
period in the electroencephalogram signal. Neighborhood structures were utilized to select
and modify the input during the training stage. A maximum accuracy of about 70% was
reached with 30 models per person. Moreover, there was no noticeable variation in accuracy
once the maximum forecast horizon was predicted. The uncertainty in extremely nonlinear
data challenges the modeling process. The stock market is a good example, as various
prediction approaches can be followed to predict the future trend. Convolution Neural Net-
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works (CNN), Recurrent Neural Networks (RNN), and Long Short-Term Memory (LSTM)
networks have been used by many researchers [9-11]. For example, Selvin et al. [12] used
the sliding window approach to predict stock prices, employing the CNN, RNN, and LSTM
networks. CNN could produce the best results in accuracy since it is independent of the
history, far from RNN, which requires preceding sequences for generating a prediction.

RNN has been considered the most common for time series forecasting.
Romazanov et al. [13] predicted the temperatures of buildings indoors using RNN. The
input was multivariate, while the output was univariate. The wind and temperature out-
doors are examples of the inputs. The number of observations, known as the sequence
length, was altered to decide the optimum. A sequence length of 120 had the highest
prediction accuracy. Furthermore, a similar accuracy was reached for a sequence length of
12 for short-term prediction.

The LSTM network is more robust than RNN. Qing and Niu [14] employed an LSTM
network to perform solar irradiance prediction the next day (a day-ahead prediction).
A multivariate input, made of 11 timesteps and nine features, was utilized. The LSTM
architecture was composed of a single layer and a dense layer afterward, i.e., the output
layer. A better performance of 18% was determined for the LSTM network compared to
the ANN, maintaining an output-to-input ratio of 9%.

Recently, CNN has become a common state-of-the-art model in time series forecasting,
computing vision techniques [15], and natural language processing [16]. Hussain et al. [17]
proposed a one-directional CNN (1D-CNN) model for a step-ahead flow prediction for
the river stream. Daily, weekly, and monthly time intervals were considered in design-
ing the three 1D-CNN models. An input and an output-to-input ratio of 4 and 25%,
respectively, generated superior performance. Moreover, the worst performance was
observed for the model with monthly intervals because of the need for more capabil-
ity to display the dynamic changes. Hence, the data sampling time is essential to the
model’s performance.

For an optimized network architecture that can reflect the time series” dynamic prop-
erties, the CNN’s pattern extraction capability and LSTM’s memory should be integrated.
Livieris [18] operated a CNN-LSTM model for predicting the daily price of gold by using
past and present prices to obtain the future price of gold. The best performance was implied
when implementing two CNN layers, one LSTM layer, and a fully connected layer. Further-
more, six data points referred to the forecast horizon of optimal performance. Similarly,
Qin et al. [19] operated a CNN-LSTM model to forecast the concentration of air pollutants.
The multivariate input combines meteorological factors and historical concentration and
was 72 h long. Additionally, the forecast horizon was 24 h; thus, the output-to-input ratio
was 33%. For comparison purposes, a shallow ANN model was the baseline model. The
proposed CNN-LSTM achieved a Root Mean Squared Error (RMSE) of 36% and 20% lower
than the ANN and conventional LSTM models, respectively.

1.2. Ground Motion Estimation

Ground Motion Prediction Equations (GMPEs) evaluate the parameters following the
classical method. The classical method depends on the earthquake’s route, source, and area
conditions, which are the fundamental aspects of the ground motion [20], for obtaining a
definition in simplified linear regression form for the ground motion. Giilerce [21] proposed
GMPEs that involve a more significant number of regression coefficients for better accuracy;
nonetheless, the complexity was increased. A model’s definition needs details about the
rupture developments and the fault characteristics to be accurate and complete. These are
initially unidentified and challenging to acquire. Moreover, the model’s region-dependent
parameters need to be estimated and tested. Thus, the parameters are appropriately defined
where a dense network of seismographs is available [22]. However, that is not true for most
seismically active regions due to the limited available measurements.
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1.3. Applications of ML/DL in Seismology

ML has been broadly incorporated in the seismic fields of forecasting, feature extrac-
tion, and classification, as there has been a considerable expansion in the availability of
seismic data. Ramirez and Francois [23] utilized a supervised ML and feature extraction
technique for classifying the seismic waves flowing in three directions. P-phase implies
compressional waves, and L-phase implies surface waves, the two output types. An
accuracy of around 68% was observed in the study.

Li et al. [24] applied ML techniques to minimize the false EEW. The method was
utilized to distinguish P-waves from noise with great accuracy. Feature extractors, Gen-
erative Adversarial Networks (GANs), and random forest algorithms were utilized for
the input signal. An accuracy of 98% and 99% for the noise signals and P-waves, respec-
tively, indicates excellent potential for the constructed discriminator in seismic applications.
Bose et al. [25] estimated the hypocenter and magnitude using feed-forward ANNs of
double hidden layers. The proposed system depends on the seismic signals from the
various sensors in the Marmara zone to generate an EEW. Four stations and a 3.5 s window
resulted in superior accuracy. Nevertheless, an improvement in accuracy comes at the
expense of time efficiency for EEW.

Kuyuk and Susumu [26] proposed a more reliable technique for classifying the
P-waves into near or far sources. The input had a 1 s length and was divided into
13 points. The system comprised a hidden layer of 100 neurons and a classification layer,
i.e., the LSTM layer. For both classifications, an accuracy of more than 95% during the
training phase and 66% during the testing phase was determined. Adeli and Panakkat [27]
investigated the performance of probabilistic ANN for predicting the magnitude depending
on eight seismic indicators. Based on data collected from the Southern California region,
the magnitude was classified into seven ranges on the Richter scale, between less than 4.5
up to 7.5, with R? equal to 0.78. On the other hand, an R? of less than 0.5 was determined
for significant, i.e., large-scale, earthquakes. The lack of available large-scale earthquakes
in the dataset justified the classification error.

Rouet-Leduc [28] developed an algorithm for predicting fault failure in the laboratory.
The remaining time preceding an artificial earthquake was ascertained by monitoring the
acoustic signal and removing the noise. Chakraverty et al. [29] utilized ML for seismic
response prediction of a two-floor shear building. Computed responses and actual accelera-
tion signals were used to train a Feed-Forward Back-Propagation (FFBP) network with one
hidden layer. The results displayed adequate accuracy for the two stories; however, sophis-
ticated calculations are needed for feature extraction. Kerh and Ting [30] estimated the Peak
Ground Acceleration (PGA) using a Multi-Layer Feed-Forward neural network. The input
combined epicentral distance, magnitude, and focal depth in the three networks of one
hidden layer. Based on 21 testing cases, the output was PGA in one axis. A low correlation
level was demonstrated, as a correlation coefficient, R2, of less than 0.5 was determined
for 86% of the cases. Arjun and Kumar [31] utilized a Multi-Layer Feed-Forward neural
network for duration estimation of strong ground motion using the shear wave velocity,
hypocentral distance, magnitude, and average soil properties. An accuracy of 55% and
61% was determined using six and three inputs, respectively, in the developed models. The
same inputs were utilized by Giinaydin and Giinaydin [32], who executed three different
ANN architectures: radial basis function, FFBP, and generalized regression. The ANNs
were employed to predict the maximum PGA in three directions by feeding the direction
of the maximum PGA. FFBP with one hidden layer exhibited the best performance in all
three directions. Moreover, the radial basis function attained a Root Mean Square Error
(RMSE) of 58.17 cm/s?, which is considerably high.

Pozos-Estrada et al. [33] further proposed an ANN model to predict the PGA in one
direction, employing the focal depth, hypocentral distance, and magnitude. One and two
hidden layers were implemented in the FFBP algorithm. Using between 3 and 20 neurons
with 1 hidden layer achieved optimal results. An RMSE of 1.1 cm/s? was attained for
some PGA values. Similarly, Dhanya and Raghukanth [34] predicted the initial 26 points



Buildings 2024, 14, 1267

50f21

of spectral acceleration from 13,552 shallow-type earthquakes. Furthermore, the ground
motion parameters, such as PGA, were predicted. The ANN involved five neurons and
one hidden layer. Additionally, the inputs were the shear velocity, distance to rupture,
focal mechanism, magnitude, and logarithmic value. The focal mechanism was assigned a
value between 1 and 3 depending on fault formation. A genetic algorithm was used for
optimization; thus, exceptionally accurate results were obtained.

According to the literature, the predictions were presented for some earthquake-related
parameters, not acceleration time series. This study explores a relatively new approach for
real-time strong ground motion prediction. It uses DL models based on the first points to
predict an earthquake signal’s window. The DL algorithms are ANN, CNN, RNN, LSTM,
and CNN-LSTM. As novel points are registered, the predictions are brought up-to-date for
future signal windows. Metadata analysis, such as Principal Component Analysis (PCA)
and K-means clustering, is also performed. The metadata identifies clusters in the metadata,
followed by modeling using DL methods for the identified clusters.

Notably, obtaining helpful information requires an adequately long input window
of reasonable length. That is because long sequences may experience gradient vanishing;
hence, the expanding window is inappropriate in this study, as the window becomes
excessively long after a while. Precisely, the points become greater than 100,000. Moreover,
a sliding window approach with a size of 357 points (0.5 s) is used. The non-overlapping
outputs are also obtained through the time shift/lag, equivalent to the forecast horizon.
Additionally, as most forecasting problems are tackled through relatively few layers, it is
advantageous to start with fewer layers initially. If the desired satisfactory performance
still needs to be achieved, deeper networks may be employed.

2. Research Significance and Novelty

Predicting earthquakes ahead of time is currently a rather challenging feat. Instead,
engineers aim to detect strong ground motions as they make time-sensitive decisions. For
instance, The U.S. Geological Survey has developed Early Earthquake Warning (EEW)
systems, such as ShakeAlert, in the Pacific Northwest and the U.S. West Coast [3]. However,
these systems still require human supervision to achieve the desired optimal performance
levels. Considering the short-notice nature of the early warnings, the utilization and
usefulness of such systems still need to be improved. Moreover, the reviewed literature
indicates a need for research to predict earthquake signals for real-time seismic protective
applications, e.g., semi-active magneto-rheological (MR) dampers. It is well established that
structural control devices, including MR dampers, suffer from performance degradation
due to time-delay effects. This is attributed to the fact that the control force exerted by
the damper requires time to develop through the different components and mechanisms
of the system [35-37]. Some of the identified sources of time delays include (a) control
electronics (power supply operation, data acquisition, and data processing of the sensor
signal), (b) damper electrical or electromagnetic circuitry, and (c) damper mechanical
components (electric current-driven modifications to the damping characteristics) [38]. As
such, this research aims to employ DL to develop novel prediction models that facilitate
high-performance real-time active or semi-active structural control implementations. It
would be achieved via a continuously updated accurate forecast of the ground motion
signals as they evolve in real time. Hence, the novelty of this work is developing Machine
Learning models for ground motion prediction that can be employed in active or semi-
active structures to minimize damage during an earthquake.

3. Methodology

This section describes the ground motion acceleration prediction methodology us-
ing DL algorithms. The database NGA-West2 has been introduced along with the data
preprocessing process. Moreover, the details of the proposed models and their training
have been explained.



Buildings 2024, 14, 1267

6 of 21

3.1. Database

The NGA-West2 database generated by the Pacific Earthquake Engineering Research
Center [39] is a collection of ground motion recordings from shallow crustal earthquakes
in active tectonic regions of western North America. The Pacific Earthquake Engineer-
ing Research Center (PEER) compiled the dataset, which is widely used for developing
and evaluating ground motion prediction models. The NGA-West2 dataset contains over
20,000 3-component accelerograms recorded at 154 stations during 68 earthquakes, with
magnitudes ranging from 4.0 to 7.9. The earthquakes occurred in various tectonic settings,
including strike-slip, reverse, and normal faults. The dataset also includes information
on the earthquake source, site conditions, and ground motion intensity measures. The
NGA-West2 dataset is a valuable resource for researchers and engineers working on earth-
quake ground motion prediction and seismic hazard assessment. The dataset has been
used to develop a wide range of GMPEs and has helped to improve our understanding of
the factors that control ground motion variability.

The earthquake records in the NGA-West2 dataset exhibit a wide range of
characteristics, including:

Magnitude: The earthquakes in the dataset range in magnitude from 4.0 to 7.9.
Distance: The recording stations are located at varying distances from the earthquake
sources, ranging from a few kilometers to over 100 km.

e  Tectonic setting: The earthquakes in the dataset occurred in various tectonic settings,
including strike-slip, reverse, and normal faults.

e  Site conditions: The recording stations are located on various sites, including rock,
soil, and sediment.

The diversity of the earthquake records in the NGA-West2 dataset makes it a valuable
resource for developing and evaluating ground motion prediction models. The dataset can
be used to study the effects of magnitude, distance, tectonic setting, and site conditions on
ground motion variability.

This study used the NGA-West2 dataset to train and evaluate our DL models for
real-time earthquake signal prediction. We used the first 0.5 s of each accelerogram as input
to our models and trained the models to predict the remaining ground motion. We believe
that the NGA-West2 dataset is suitable for training and evaluating our models because it
contains a large number of high-quality earthquake records from various tectonic settings
and site conditions.

This study utilized the ground motion triaxial data for 599 earthquakes from the
NGA-West2 database. Specifically, the data were for shallow crustal earthquakes, which
have their hypocenter within the continental crust, coming from various locations. More-
over, 17,602 metadata records, which depict recording stations and events, were considered.
The ranges of moment magnitude and closest distance were from 3.0 to 7.9 Mw and from
0.05 to 1533 km, respectively. A smaller amount of data was obtained for distances that
exceeded 400 km. Additionally, a casual Butterworth filter was used to reduce the raw
ground motion time series high- and low-frequency noise.

3.2. Data Preprocessing

The criteria for processing the metadata of 276 features were as follows: (a) sta-
tion name and date and other unnecessary features were removed, (b) features that in-
volved more than 50% missing data were banished, (c) numeric values to denote some
properties, such as the co-seismic surface rupture: 0 = No, 1 = Yes, replace —999 with
—1 (no measurement), were used, and (d) a mean of zero and variance were targeted
through standardization.

The last dataset contained 17,602 accelerograms and 48 features for the metadata.
Throughout this study, the measured unit for acceleration is the gravitational acceleration
(g =9.81 m/s?). A sampling frequency of 714.3 Hz, i.e., 1.4 ms, was maintained for each
timestep through interpolation; thus, great precision was determined for the prediction.
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The prediction performance was further improved via the additional training examples
acquired per signal.

The time series was distributed /split into input and output pairs known as the win-
dow and forecast horizon, respectively, as displayed in Figure 1. After that, the sliding
window approach was implemented, adding to the existing training examples of the mod-
els. Additionally, since the prediction horizons from several windows were not overlapping,
the forecast horizon needed to shift the windows toward the right as time flows.

Figure 1. The sliding window approach.

In the following section, we will present the DL architectures and training details for
the testing setups of the networks after presenting the metadata analysis.

3.3. Metadata Analysis

As stated in the former section, 48 features are involved in the record file for the
NGA-West2 database. We decided to perform some preliminary analysis of the data. PCA
was used to decrease the number of dimensions through a linear combination of the orig-
inal parameters, followed by a K-means clustering algorithm to visualize if there were
any clusters in the dataset. As shown in Figure 2, the dimensional space was decreased
from 48 to 3 using the PCA algorithm for data visualization. Table 1 presents the most
considerable coefficient for every linear combination of the variables with the most signif-
icant impact on the principal components. One of the most widely used parameters
for earthquake description is the magnitude. Furthermore, the principal component
illustrates other earthquake characteristics, such as the fault rupture width and the
magnitude type. The magnitude type is a local, body wave, moment, or surface-wave
magnitude [39]. Moreover, the second principal component, defining the strength of an
earthquake at a particular location, would be its distance (epicentral distance, hypocentral
distance, and Joyner-Boore distance). The epicentral distance is between the earthquake’s
epicenter and the recording station. Additionally, the hypocentral distance is between the
hypocenter or focus of the earthquake and the recording station. The Joyner-Boore distance
is the distance through the recording station and the rupture surface’s surface projection.
The third principal component expresses the time series of the ground motion, such as peak
ground acceleration, velocity, and the lowest usable frequency.

As displayed in Figure 3, using the K-means clustering algorithm, the data were
distributed into three discernible groups, consistent with the visual clustering. The groups
applied to all 48 earthquake parameters, not particular ones, since PCA, a linear combi-
nation of all parameters, exhibited clustering. These clusters provided some sense of the
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structure of the data. We performed this analysis to see if we needed to treat different classes
of earthquakes for training and testing differently. However, since there were enough earth-
quakes in different groups, we let the supervised Machine Learning algorithms extract the
information by themselves.

Figure 2. Dimensionality reduction to three dimensions.

Table 1. Variables with the greatest coefficients in each principal component.

PC1 PC2 PC3
Magnitude Epicentral distance Lowest usable frequency—V

Magnitude type Joyner-Boore distance PGV

Fault rupture width Hypocentral distance PGA

Figure 3. Three clusters in three dimensions from the PCA, shown in three different colors.

3.4. Supervised Machine Learning Algorithms

The following section presents the Machine Learning algorithms used in this work.
We experimented with ANN, CNN, RNN, LSTM, and CNN-LSTM algorithms. We selected
the ANN architecture as the baseline. We then compared its performance with CNN and
other models that model the time axis.

3.4.1. ANN Architecture

In this study, ANN was considered the comparison baseline to compare the perfor-
mance of the models. The ANN model comprises the input, hidden, and output layers.
The first, second, and third axes from various axes were horizontal, horizontal, and vertical,
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respectively, and were included in the input layer. The timesteps corresponding to the
axes are the number of nodes within the input. Hence, the window size was set at 0.5 s or
357 points.

The hidden layer size for this study was the average of the sizes corresponding to
the input and output. Every predicted timestep had an output neuron in the three axes.
Moreover, several prediction horizons were tested.

Regularization was adopted because of the many parameters, and ANNs are sus-
ceptible to overfitting. A regularization value of 0.0001 was assigned to L2, while it was
raised to 0.1 for prediction horizons of greater length, as the parameter number can be
larger than the training examples. Additionally, if validation loss is not enhanced within
five epochs, early stopping will cease the training. The Adaptive Gradient optimization
algorithm (Adagrad) was used as the optimizer based on experiments. Figure 4 shows the
network configuration.

Figure 4. Illustration of the developed ANN model.

A learning rate scheduler was implemented to avoid excessive tuning efforts.
As shown in Equation (1), the learning rate (Ir) was set to be a significant value that
decreased with each epoch. Fast learning occurred first; then, the weight optimization
happened with training progress:

ZT’Q

Ir= 1+ epoch * Ry

)
where R is the rate of decay, set to 0.5, and Iy is the initial learning rate equal to 0.01, as
determined by experimentation. Furthermore, a normalization layer and a batch size of
128 were implemented following the input and hidden layer for standardizing the batch.
In other words, the batch becomes a mean and variance of zero and unit, respectively. That
avoids the weight explosion, contributes to decreasing the number of epochs in training,
and warrants training stability.

3.4.2. CNN Architecture

CNNs were employed for time series predictions due to their outstanding properties
for extracting meaningful feature maps. The proposed model contains an input layer with
three channels corresponding to three axes, as presented in Figure 5. A 1D-convolutional
layer follows the input layer. The 1D-convolutional layer had a filter of size three. Addi-
tionally, a stride of 2 was used in the layer to reduce the output size; thus, the computations
required were reduced. Additionally, a flattening layer changed the feature maps into one
vector. It feeds it to a Fully Connected (FC) layer, allowing it to restrict the output size by
varying the number of neurons.
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Figure 5. Illustration of the developed CNN model.

A single FC layer was provided ahead of the output layer to reduce the number
of parameters encompassing 100 neurons. One timestep was produced for each output
neuron for the three axes. The number of convolutional layers and the corresponding filters
were chosen based on the losses during testing. Additionally, based on experimentation,
the batch size was 128, and the initial learning rate was 0.01. Adaptive Moment Estima-
tion (ADAM) was the chosen optimization algorithm, most commonly implemented for
CNN s [18]. This algorithm banishes the vanishing learning rate and assists in advancing
convergence. Nevertheless, it requires significant computational costs [40]. A five-epochs
patience criteria for early stopping was utilized.

3.4.3. RNN Architecture

As illustrated in Figure 6, an input layer, an RNN layer of three units, and an output
layer composed the RNN network. A channel with windows corresponding to every
axis was included in the input. Channels 1 and 2 were for the horizontal axes, and
channel 3 was for the vertical axis. This cut the computational cost and split up the axes,
enabling the RNN to manage a multivariate instead of a univariate sequence input, similar
to the ANN. Converting the layer back to a sequence is impossible, but it can be converted
to a vector. The latter denotes the input summary fed to the FC layer.

Figure 6. Illustration of the developed RNN model.

In addition, the FC layer represents the output of three partitions, i.e., forecast horizons,
each on a distinct axis. Overfitting was avoided through early stopping with the five epochs.
Along with the ADAM optimizer, a batch size of 128 and a learning rate of 0.005 were first
assigned prior to the exponential decay.

3.4.4. LSTM Architecture

Figure 7 shows the architecture of the LSTM network, which was made up of an
input, an LSTM with three units, and an output layer. All other settings were similar to the
previous network.
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Figure 7. Developed LSTM model.

3.4.5. CNN-LSTM Architecture

Due to LSTM'’s ability to handle time dependency and recall information and CNN'’s
ability to obtain information, CNN and LSTM were combined to bring advantages to
predictions in the long term. Besides CNN'’s benefit of producing valuable input, it restricts
input size. An input, 1D-convolutional, LSTM, and output layer form the CNN-LSTM
model, as presented in Figure 8. After the 1D-convolutional layer, max-pooling reduces
the feature’s map size. Three and six are the filter size and number of units in the 1D-
convolutional and LSTM layers, correspondingly. All other settings were similar to the
ones in the previous network.

Figure 8. Illustration of the developed CNN-LSTM model.

3.5. Training Details

A Python 3.4 code was developed on an Ubuntu 18.04 operating system of Intel Core
i9-10900X CPU (10 cores) with 62 GB of RAM. DL models were implemented based on
the Keras library on GeForce GTX 1080 GPU and CUDA 10.2. One million, 100,000, and
420,000 samples were used in the training, validation, and testing, respectively. It was ensured
that the earthquake data from this dataset were from different earthquakes in training, vali-
dation, and testing. A batch size of 128 and an epoch of 25 were used to train all the models,
except CNN-LSTM. The details of training for all the models are presented in Table 2.

Table 2. Summary of the activation function and training, validation, and testing splits used for

the models.
ANN CNN RNN LSTM CNN-LSTM
Activation Function ReLU-linear Tanh-linear Tanh-linear Tanh-linear Tanh-linear
No. of epochs 25 25 25 25 35
Training Data 1M 1M 1M 1M 1M
Testing Data 420 k 420 k 420 k 420 k 420 k
Validation Data 100 k 100 k 100 k 100 k 100 k
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Performance Evaluation Metrics

An appropriate loss function must be selected to evaluate the network’s performance in
predicting ground motion time series. Cosine similarity was the first method, documented
in [41]. The method operates based on the measured similarity between the predicted
output § and actual output y vectors, as shown in Equation (2):

Yy

o )
sim(y: 9) = Ty @

where ||y|| is the Euclidean norm of vector y = (y1, ¥, . . .yx), expressed as ||y| = /L1 v
The cosine of the angle enclosed by the two vectors was estimated using the cosine similarity
method. A zero value indicates dissimilarity or orthogonality. The angle becomes smaller
as the value moves near one, making the vectors comparable and pointing to just the same.
Nevertheless, the dot product equals zero if any vector is zero. Hence, the cosine similarity
is also zero, which is tricky since the vectors might be co-equal. Because a significant part
of an earthquake is zero, cosine similarity becomes inadequate for time series prediction.

Another method in the literature is the Root Mean Squared Error (RMSE), employed
for performance evaluation by Cheng et al. [42] for a multi-step time series prediction.
Geng [43] also applied RMSE to predict the seismic energy based on the added parameters
and time series. Equation (3) conveys the computation for RMSE:

1 N .
RMSE = | — Y (i — ) 3)
N =

where N is the total number of training examples, y; is the ground-true points, and ¥; is
the predicted points. RMSE was used to measure the predicted points’ deviation from the
actual points. Execution time is also an evaluation metric for a real-time system. It is vital
to take less considerable time than the forecast horizon. This study aimed to ensure that
the maximum delay was less than 10% of the forecast horizon.

4. Results and Discussion

This section illustrates and discusses the parameter selection for the models, prediction
horizons, and superior-performing models. Following that, a summary of the results and
execution time of the models are presented. Table 3 presents the RMSE values for all the
DL algorithms at different prediction horizons.

Table 3. The RMSE (g) for the proposed models across different forecast horizons.

Forecast Horizon ANN CNN RNN LSTM CNN-LSTM
1 135%x 1073 541 x107° 196x 107> 156x10° 721 x 107>

10 174 x 1074 332x107° 393 x107> 843 x107® 490x107°

50 471 x107% 6.02x107° 452x107° 390x 107> 4.65x 1075

100 476 x 107% 475 x107° 424 x107° 475x107°> 276 x 1075

200 701 x 1073 147 x1073 151x10% 152x103 153 x 1073

4.1. Forecast Horizon of Size 1

The RMSE test set acquired from 450,000 test examples was used to predict the results
displayed at this point onwards in this study. The best-performing and baseline model,
ANN, is also presented. With an input of 357 points (0.5 s), one point (1.4 ms) has been
predicted in each axis for the ANN. The LSTM model performed the best among the
models and had an RMSE of 1.56 x 107> g. Moreover, the RMSE was reduced by 99%
compared to the baseline model of RMSE, which was 1.35 x 1073 g. This is consistent
with the expectation of LSTM being superb for short-term predictions. That is, since LSTM
preserves the temporal nature of the data, i.e., memory. Furthermore, the RMSE was
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reduced by 95% compared to the baseline for the CNN-LSTM model; thus, it was placed
second after LSTM.

The maximum magnitude available in the database of NGA-West2 was 7.9 Mw for
one point of a signal, and its baseline prediction is displayed in Figure 9a. Significant noise
was observed in the baseline prediction. Moreover, as pointed out by the black box, a
zoomed-in view of a 5 s interval, the baseline failed to keep up with the variations. That
is, the baseline failed to learn or grasp the dynamic nature. Compared with the actual
signal, the predictions had a higher magnitude in Figure 9b. However, the LSTM network
prediction was nearly identical to the true acceleration in the three axes. Smooth and
accurate modeling with slight variations was performed for the patterns.

Figure 9. (a) ANN prediction vs. actual acceleration: the window size is 1, and the figures on the right
side are a zoomed-in segment of the left figures. (b) LSTM network prediction vs. actual acceleration:
the window size is 1, and the figures on the right side are a zoomed-in segment of the left figures.

4.2. Forecast Horizon of Size 10

For the forecast horizon of size 10, similar to that of size 1, the input window size was
357 points (0.5 s), and 10 points (0.014 s) were predicted in each axis for the forecast horizon
of size 10. An RMSE of 8.43 x 107® g was determined for LSTM, making it superior to
other models, with an improvement of 95% compared to the baseline with an RMSE of
1.74 x 10~* g. The CNN-LSTM model achieved 72% less errors than the baseline, constitut-
ing the model with the second-highest RMSE.

The forecast horizon for 10 points of the 7.9 Mw signal was similar to that of 1 timestep,
and its baseline prediction is displayed in Figure 10a. Baseline prediction was very noisy
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because of the highly dynamic nature of the data. The prediction of the LSTM network
shown in Figure 10b was almost the same as the actual acceleration in the three axes.

Figure 10. (a) ANN prediction vs. actual acceleration: the window size is 10, and the figures on
the right side are a zoomed-in segment of the left figures. (b) LSTM network prediction vs. actual
acceleration: the window size is 10, and the figures on the right side are a zoomed-in segment of the
left figures.

4.3. Forecast Horizon of Size 50

For each axis, the input window was set at 357 points (0.5 s), and about 50 points
(0.07 s) were predicted. An RMSE of 3.90 x 10~° g was computed for the LSTM model,
allowing it to perform best. Specifically, compared to the baseline model with an RMSE of
4.71 x 10~* g, an improvement of 92% was determined. The model with the second highest
RMSE was the CNN, which improved by 87% compared to the baseline. It is worth noting
that performance improvement deteriorated with the growth of the forecast horizon.

For a magnitude 7.9 Mw signal, the baseline prediction is shown in Figure 11a for
50 points. Excessive noise was noticed in the prediction. Moreover, the predictions did
not match the variations and resulted in a higher magnitude than the actual acceleration
because of the highly dynamic nature of the data. Figure 11b illustrates prediction via the
LSTM network. The prediction was about identical to the actual acceleration in the three
axes. For 300 s of earthquake duration, which is the entire duration, LSTM well modeled
the pattern. Nonetheless, since the prediction magnitude was somewhat lower than the
signal of the actual earthquake, the predictions of the signal’s minimums and maximums
were not very accurate.
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Figure 11. (a) ANN prediction vs. actual acceleration: the window size is 50, and the figures on
the right side are a zoomed-in segment of the left figures. (b) LSTM network prediction vs. actual
acceleration: the window size is 50, and the figures on the right side are a zoomed-in segment of the
left figures.

4.4. Forecast Horizon of Size 100

The input window size was 357 points (0.5 s), and a prediction of 100 points (0.14 s)
was performed on the triaxial data. The best performance was recognized for CNN-LSTM,
which had an RMSE of 2.76 x 107> g. An RMSE of 4.76 x 10~ g was disclosed for the
baseline model, which improved by 94% for the CNN-LSTM model. The LSTM network’s
accuracy decreased with the increase in the forecast horizon because LSTM is ideal for
shorter ranges. Furthermore, the LSTM and CNN exhibited the second-highest RMSE, with
90% less errors than the baseline.

The baseline prediction for the magnitude 7.9 Mw signal with 100 points is displayed
in Figure 12a. Similar to earlier results, excessive noise existed in the baseline prediction.
More extended zero regions of the baseline were noticed when zooming into the 5 s interval.
Moreover, the predictions were determined to be more significant in magnitude than the
actual acceleration. The predictions of the CNN-LSTM network were accurate with minimal
variations, as shown in Figure 12b. Conversely, the minimums and maximums of the signal
were not predicted accurately.
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Figure 12. (a) ANN prediction vs. actual acceleration: the window size is 100, and the figures on
the right side are a zoomed-in segment of the left figures. (b) CNN-LSTM prediction vs. actual
acceleration: the window size is 100, and the figures on the right side are a zoomed-in segment of the
left figures.

4.5. Forecast Horizon of Size 200

Again, 357 points (0.5 s) was the input window size, and 200 points (0.28 s) were
predicted on each axis. The best performance was indicated for the CNN model, with an
RMSE of 1.47 x 102 g. That indicated a performance improvement of 79% compared to
the baseline, with an RMSE of 7.01 x 1073 g. CNN-LSTM exhibited the second highest
RMSE, with 78% less RMSE than the baseline. The baseline prediction for a signal with a
7.9 Mw magnitude for 200 points is shown in Figure 13a. Figure 13b illustrates excellent
attenuation in magnitude for CNN predictions. The minimums and maximums of the
signal lack accuracy, as fluctuations around zero were noticed, specifically on axis V.
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Figure 13. (a) ANN prediction vs. actual acceleration: the window size is 200, and the figures on the
right side are a zoomed-in segment of the left figures. (b) CNN prediction vs. actual acceleration: the
window size is 200, and the figures on the right side are a zoomed-in segment of the left figures.

4.6. Overall Performance

As a proposed solution, a sliding window algorithm was adopted to separate the input
from the output earthquake acceleration pairs. Non-overlapping outputs from various
windows were observed. The window size was determined as 357 points, and various
predictions were made, from 1 to 200 points. The performance of the models over several
forecast horizons is presented in Table 4. All models achieved acceptable accuracy (less
than 0.01 g RMSE). However, the LSTM model attained excellent RMSE for a prediction
horizon of 10 and had the best performance for short-term prediction from 1 to 50 points.
This agrees with the expectation since LSTM is adequate for short-term prediction. A value
of 14% of the input for 50 points as output was achieved, which is consistent with Qing and
Niu’s finding [14]. For an output-to-input ratio of 9%, the LSTM network was better than
the shallow ANN by 18%. Compared to the baseline, LSTM achieved a 92% improvement.
The LSTM’s architecture was similar to that in [14]. The only difference is that 3 instead
of 30 units that lasted for 100 epochs were used. The results validate that LSTM performs
better than the shallow ANN for comparable output-to-input ratios.

Based on the output of 28% of the input for 100 points, the results were compared
to that of Qin et al. [19], which had a forecast horizon of 24 h, an input of 72 h, and
an output-to-input ratio of 33%. The RMSE was 36% and 20% lower for CNN-LSTM
than ANN and LSTM, respectively. It was further evidenced that CNN-LSTM performed
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better by 94% and 42% than ANN and LSTM, respectively. Additionally, the CNN-LSTM
exhibited better performance than ANN when maintaining comparable output-to-input
ratios. For a forecast horizon of 200 points, none of the models could obtain results of
acceptable accuracy, and all the models had equivalent RMSE values, which became higher.
Furthermore, the output-to-input ratio reached 56%. CNN outperformed the other models,
whereas all the models performed better than the baseline model by at least 70%.

Table 4. Average time to produce forecast horizons for all the proposed models.

Model Prediction Time (ms)
ANN 0.63
CNN 0.49
RNN 41.7
LSTM 3.12
CNN-LSTM 0.65

One other interesting comparison is to observe the results visually. One can see from
Figures 9-13 that the predicted values stopped following the actual values as the prediction
horizon increased. This effect was more pronounced in the case of ANN vs. the other
models, where the results deviated significantly from the original values even when the
prediction horizon was 1. However, as outlined earlier, the other models continued to show
an acceptable performance for a much higher prediction horizon.

The reason for the markedly worse performance of ANNSs is perhaps the lack of
implicit dependence on time. This dependence on time was shown in the RNN, LSTM, and
CNN-LSTM models. This was also shown in the performance of these models. Hence, for
processes dependent on time, one must use the models that model the time axis. In addition,
the best way to use hyperparameters is by using a validation set and experimenting with a
range of values to discover the best ones.

The real-time aspect is a further vital metric for evaluating the performance of models.
The average prediction time for the models is displayed in Table 4. Based on the results,
CNN had the shortest time, requiring minimal computations and entailing 0.5 ms to
generate a prediction. The CNN model provided superior real-time performance (less than
1 ms), as did the CNN-LSTM and ANN models. On the other hand, RNN required the
longest time, about 41.7 ms, to make a prediction. Note that this time will be different
for different pieces of hardware. Hence, though the precise values of time may not be
important, it is insightful to compare different algorithms with each other on the same
set of hardware. Advanced hardware, which efficiently parallelizes computations, can
produce predictions more rapidly.

5. Conclusions

This work aimed at achieving accurate real-time predictions for triaxial strong ground
motions via multiple DL algorithms. The earthquake records used were from the
NGA-West2 dataset from the PEER center, which includes records from worldwide sources.
Earthquakes with a magnitude (Mw) between 3.0 and 7.9 of shallow crustal type were
considered. PCA was utilized as a first step to reduce the parameters in the metadata associ-
ated with the earthquake records. Subsequently, K-means clustering was performed based
on the identified principal components. The 17,602 accelerograms used were designated to
3 clusters. The training and testing datasets appropriately represented signals based on
three clusters. The training and testing datasets were disjointed so that no common earth-
quake records from the training set could be reused in the testing set. The accelerograms
had different sampling times, so resampling to a uniform sampling rate (714 Hz for a
1.4 ms sampling time) was performed to facilitate appropriate processing. The input was
357 points long, using a sliding window approach. Multiple non-overlapping forecast
horizons were investigated (1, 10, 50, 100, and 200 points). Different ANN architectures
were trained and tested: CNNs, RNNs, LSTMs, and CNN-LSTMs. The utilized training
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methodology applied various aspects of unsupervised and supervised learning. ANN
served as the baseline benchmark for the prediction performance of the other networks.
One million input/output sequence pairs were employed for training. A small subset
of 50,000 sample points was used to optimize the parameters of each model. The input
was fixed to 0.5 s. The models’ performance was tested for different prediction horizons.
More specifically, the horizons ranged from 1 to 200 points. Moreover, a sliding window
approach was used to acquire non-overlapping prediction horizons.

For time series predictions, the general performance was related to similar studies.
It was indicated that the best performance was exhibited by similar models in this and
other studies. However, this research resulted in a better improvement than the ANN
baseline. Moreover, the LSTM model had the best performance for short-range prediction,
with a prediction horizon of 10 points. An RMSE of 8.43 x 10— g was determined, which
signified a 95% improvement in performance compared to the baseline with an RMSE of
1.74 x 10~* g. In agreement with experience and intuition, the LSTM network demonstrated
superior predictions in the short term. This could be attributed to the fact that LSTM retains
short-term and long-term memories that represent the temporal nature and features of
the data series. In addition, the prediction time for the CNN model was 0.5 ms on an
Intel Core i9-10900X CPU (10 cores), making it the fastest model. It is worth noting that
the ANN, CNN, and CNN-LSTM models demonstrated real-time performance (0.01 s)
during prediction. That said, the other models are believed to be capable of producing
faster predictions using additional computational resources, such as CPU cores and GPUs.
The models allow for the implementation of real-time structural control responses via
intelligent seismic protection systems (e.g., magneto-rheological (MR) dampers).

Overall, the authors achieved accurate real-time predictions for triaxial ground mo-
tions by developing and testing multiple DL models, with the LSTM model exhibiting
the best performance for short-term prediction and the CNN model demonstrating the
fastest computational speed. These findings have implications for the implementation of
intelligent seismic protection systems.
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