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1 | INTRODUCTION

Being able to reconstruct wave motions, in a domain of interest including soils and built environments, using sparsely
measured ground motion data is resourceful for identifying the locations of dynamic responses of significant amplitudes
during a seismic event. Engineers can use this technique to make precise estimates of the impact of earthquakes on soils
and critical structures, identifying weak spots or areas that may be at risk of damage. Current practices, which utilize
ground measurements for estimating the seismic waves impinging a domain of interest, as a prior step to the recon-
struction of the wave responses in the domain, typically rely on (i) the deconvolution procedure in a soil column,' (ii)
the seismic source identification in a large-scale domain,>° (iii) output only blind identification,”® (iv) Bayesian finite
element (FE) model updating,”'” and (v) multiwavefield inversion."! When it comes to deconvolution, the technique is
reliable only in scenarios where a soil column is horizontally layered, and the seismic waves propagate vertically through
a one-dimensional (1D) medium.

On the other hand, the efficiency and accuracy of the large-scale source inversion procedure are hindered by the high
computational cost, especially for high-frequency contents (e.g., higher than 2 Hz), and the uncertainties in material
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properties across a vast domain. It is because the large-scale forward modeling has to model waves from a source to struc-
tures in the domain with known wave speeds. Output-only blind identification methods were investigated to identify the
transfer functions of soil columns and vertically propagating incident waves, accounting for geophysical uncertainty by
analyzing measured ground motion signals from multiple stations, but only vertically propagating incident waves have
been considered. Bayesian estimation method has also been studied for the FE model updating of the nonlinear soil
properties in a soil column and the characterization of the vertically propagating incoming seismic wave toward the
column.’ Such a Bayesian FE model estimation method was extended to a problem where the structural properties of
an instrumented building and its foundation input motion at the nodal points of the foundation slab are identified dur-
ing a seismic event.'” The nodal points of the foundation slab are modeled with 3-axis linear springs and 3-axis linear
viscous dampers. However, the Bayesian FE model estimation method has not been reported to be applicable to the
reconstruction of the dynamic motions of a volume of soils surrounding a building subject to arbitrarily propagating
waves. Li et al.'! emphasized the importance of inverting body wave profiles for a realistic assessment of seismic effects on
structures. However, their multiwavefield-inversion methodology only estimates the incident angle of an idealized plane
wave.

To complement the aforementioned existing techniques in terms of applicability and computational resources, Guidio
et al.' have recently introduced a new method, powered by the partial differential equation (PDE)-constrained optimiza-
tion, for estimating incoming shear (SH) motions of a plane waveform, modeled as moving traction on wave absorbing
boundaries, using observational data from ground sensors. As opposed to the large-scale source-inversion method, this
seismic input identification approach only relies on the wave speed data from a near-surface truncated deposit, which can
be easily acquired using site characterization techniques like spectral analysis of surface waves (SASW),"*" multichannel
analysis of surface waves (MASW),'®!” or full-waveform inversion (FWT).?>?! Guidio et al.?? presented another method to
estimate dynamic nodal forces, which represent arbitrary forms of incoming waves, within a domain reduction method
(DRM) layer in a truncated domain by using measurement data. It is noteworthy that the DRM theory was developed
by Bielak et al.?? and Yoshimura et al.>* to translate the incoming, incident seismic motions into effective seismic nodal
forces on the DRM layer (i.e., virtual interfaces) of a domain of interest. In other words, when it comes to modeling the
wave responses in a truncated domain subject to waves originating from the outside of the domain, such effective seismic
nodal forces on a DRM layer drive the wave motions in the domain. Because of its robustness and extensive applicabil-
ity, the DRM has been widely utilized in numerous research investigations to simulate seismic behaviors in truncated
domains.?>—3¢

While the PDE-constrained optimization is highly effective in estimating seismic inputs, in the form of DRM forces,
in 2D settings, it is still burdened by time-consuming processes, hindering real time processing, because each inversion
simulation typically requires hundreds of forward and adjoint wave simulations in the domain. Such an approach in
multidimensional settings would not be a practical, viable tool for rapid reconstruction of wave responses in a domain
of interest. Therefore, we examine the efficiency and reliability of utilizing machine learning (ML) for the incident wave
(or equivalent DRM forces) inversion problem. This approach aims to significantly reduce processing time so that the
seismic responses of built environments and surrounding soils can be rapidly reconstructed, being informative to decision
makers.

The literature on the application of ML for solving inverse problems has seen a recent increase. Gokhale®’ investigated
the utilization of convolutional neural networks (CNNs) to reconstruct the shear modulus field in an isotropic, linear
elastic medium under plane strain conditions. Their study focuses on using displacement data to effectively recover the
shear modulus in a domain, highlighting the generalization potential of CNNs. Vantassel et al.*® explored the application
of a CNN to create a two-dimensional (2D) material profile using surface measurements caused by a wave source located
at the surface. The obtained material profile was subsequently employed as the initial input for the subsequent FWI
process. Stankevich et al.*® addressed the challenge of acquiring velocity models for complex media by employing CNNs.
Their approach solely relies on boundary measurements, with a specific focus on the variations commonly encountered
in seismic exploration. In a similar context, Wu et al.*’ proposed a deep CNN architecture with an encoder-decoder
structure. The encoder component learns an abstract representation of seismic waveforms, which is subsequently utilized
by the decoder to generate a subsurface model based on synthetic seismic waveform data. Furthermore, regarding the
seismic input wave motion prediction problem, Maharjan et al.*! designed deep and CNN architectures. Their models
effectively predict the incoming wave motion in a 1D soil column based on surface measurements. The authors showcased
the effectiveness and robustness of their approaches through rigorous testing.

This paper draws inspiration from the promising application of ML for seismic input inversion in a 1D soil column as
presented by Maharjan et al.*! Building upon the previous work, this study utilizes a novel data-informed CNN approach
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FIGURE 1 Problem configuration: a 2D reduced domain Q truncated by WABC on Tiet, Tyotiom» @0d Tijgne- I and T', delineate a
single-element thick DRM layer.

for identifying effective seismic forces at a DRM layer in a truncated 2D domain using ground surface measurements.
The presented method aims to significantly reduce the processing time' required for identifying DRM forces and
reconstructing ground motions within a domain once an ANN is trained.

The structure of the paper is organized as the following. We present a method for generating synthetic training data using
arandomizer-based forward wave simulator. This data includes input-layer features, such as ground-surface displacement
measurements, and output-layer features, specifically effective seismic forces within the DRM layer. We proceed to train
a CNN and assess its efficacy in solving the DRM-force inversion problem.

2 | PROBLEM DESCRIPTION
2.1 | Objective of the presented CNN

This research paper delves into a CNN method that relates ground-surface seismic motion measurements to effective
seismic forces (i.e., equivalent dynamic nodal forces that replicate incoming seismic waves imparted from the outside of
a domain) at two virtual interfaces (i.e., I', and I',) of a DRM layer within a near-surface 2D domain (Q) truncated by
wave-absorbing boundary condition (WABC), as depicted in Figure 1. The domain is occupied by a linear, elastic, and
undamped solid.

Under the presented CNN approach, the output-layer features that we aim to identify are the values of a set of Py, and
Pe,;- They are components of nodal forces, respectively, corresponding to the kth node on I';, (or I',) and the jth time step.
The subscript k increments as we proceed in a counterclockwise direction, counting the nodes on the interfaces I'; or I,
starting from the upper-left node of each interface. We also note that the thickness of the DRM layer is the length of one
edge of a typical finite element, discretizing the domain, per the original DRM theory.

2.2 | Wave physics considered for the reconstruction of wave responses in the truncated
domain after the potential identification of DRM forces by the CNN

The 2D domain of interest Q is subject to scalar wave (SH) motions, which are governed by the following PDE:
d%*u
V-(GVu)—p— =0. 1
(GVu) - po3 M)

In the above, u := u(x, y, t) denotes the displacement field of a solid particle located at x and y under wave motions in the
antiplane direction (i.e., the z direction) on time ¢t € J = (0, T], in which T is the observation period; G(x, y) and p(x, y)

1 Please note that the training time is not counted toward the processing time.
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are the shear modulus and mass density of the solid, respectively. The top (T'p), left (I'er), bottom (I'pgyiom ), and right
(Tignt) boundaries of the domain Q are subject to the following boundary conditions:

ou

dy 0, on T'gp, @)
u 1 du
%= VA on Liese, Tright, (2b)
u 1 du
E = —VSE, on Fbottom9 (ZC)

where V(x,y) = 1/G(x,y)/p(x, y) refers to the shear wave velocity of the domain. Specifically, T'y,,, is subject to traction-
free condition, while the other boundaries (T'ief(, [pottom and Iyigne) are subject to WABC.#

To obtain numerical solutions for the considered problem setting, we apply the finite element method (FEM) to Equa-
tion (1), considering the boundary conditions in Equation (2). Then, we formulate the strong form, through the weak
form, into the following time-dependent semi-discrete equation:

Ku(t) + Cua(t) + Mi(¢) = F(t), 3)

where K, C, and M represent the global stiffness, damping, and mass matrices, respectively; u(t), u(t), and ii(¢) are the
displacement, velocity, and acceleration solution vectors at time ¢, respectively; and F(¢) denotes the global force vector at
time t. For brevity, we omit to show the details of the matrices. This work solves Equation (3) using the implicit Newmark
time integration scheme.

Without any external traction defined in the aforementioned boundary condition or any body force in Equation (1),
F(t) should vanish. However, in a forward wave problem under the original DRM theory, incident seismic waves can be
modeled as effective seismic forces (i.e., nodal forces on I', and I',) within F(t), driving the dynamic motions in the domain
Q. In our presented wave-response reconstruction problem, the CNN-predicted effective seismic forces (i.e., nodal forces
on T, and T, at discrete time steps that are identified from our CNN) will constitute the global force vector F at the discrete
time steps. In other words, after the accurate identification of the targeted DRM forces at all time steps by the CNN and
plugging them into F, we can reconstruct the wave responses in the truncated domain, subject to targeted incident waves,
at each time step via the time integration scheme.

3 | METHODS
3.1 | Data generation

To generate training data for the CNN, we design a randomizer that solves a forward shear (SH) wave problem considering
that a relatively small-sized truncated domain, shown in Figure 1, is only a subset of a surrounding enlarged domain, which
includes a seismic source.

Namely, the wave solution in the enlarged domain is employed to obtain data that is highly randomized in terms of (i) the
effective seismic forces within a DRM layer of the reduced domain of interest, which are used as the output-layer features
and (ii) the ground-surface displacement measurement (u™) at sensor locations, which are used as the input-layer features.

3.1.1 | Description of site examples

This work considers examples of sites with two different geophysical profiles. For each of the two sites, we generate
separate data sets to train two distinct CNNs. Figure 2A shows an enlarge domain, including a reduced domain of a homo-
geneous material (site profile 1), while Figure 2B shows an enlarge domain in which the reduced domain is occupied by
a heterogeneous material (site profile 2). Their geophysical profiles are described in the following.

* Site profile 1: an enlarged domain including a homogeneous reduced domain (Figure 2A): four layers with
shear wave velocities V, to V, of 1800, 1500, 300, and 200 m/s, respectively; and mass density o = 1500 kg/m?3 for the
entire domain.
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FIGURE 2 Enlarged domains used to generate the randomized input- and output-layer data sets. (A) Enlarged domain comprising a
homogeneous reduced domain (site profile 1). (B) Enlarged domain comprising a heterogeneous reduced domain (site profile 2).
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* Site profile 2: an enlarged domain encompassing a heterogeneous reduced domain (Figure 2B): five layers
with Vs, to Vg, of 1800, 1500, 300, 250, and 200 m/s, respectively; and uniform p = 1500 kg/m3.

For both site profiles, the dimensions of the enlarged domains are set to be 400 m X 120 m, and they are subject to the
traction-free condition on the top surface, and the WABC on the left, bottom, and right boundaries. On the other hand, the
dimensions of the reduced domains are set to be 40 m X 20 m, and they are localized at the top-middle part of the enlarged
domains while seismic sources are located outside the truncated domains. Thus, the simulations in the enlarged domains
mimic typical realistic scenarios, where a remote seismic source imparts waves that hit a truncated domain of interest.
Another key aspect of the wave simulations in the enlarged domains is that we systematically randomize the incident
waveforms that impinge the reduced domain. Thus, the corresponding DRM force sets, each of which represents a different
incident waveform, will be randomized, and so are corresponding measured wave responses at the sensor locations.

3.1.2 | Methodology to generate each data set via the wave solution from an enlarged domain

On wave simulations in an enlarged domain:

In each data set made during the data generation process, the wave motions in the enlarged domain are generated by
point wave sources, which are randomized per each data set and characterized by the following antiplane directional
point forces:

NP
P(X,y,t):zPi(x;y,t), (4)
i=1
2
0.2512 — 0.5) e 027 — 137135
— APk ( . ) x8(x—x%y—y'), t<i
Pi(x,y,t) = i 0.5 + 13¢—135 i i (5)
0, t >,

where P;(x,y,t) is the ith point loading of the Ricker wavelet signal with »; = w;(t — tlp) — 3\/8; f= 6\/g/cui; w; = 27 f;.
The number of point sources (N ,) and their locations (xis and yl.s , horizontal and vertical coordinates, respectively), central
frequencies (f;), peak amplitudes (Af’eak), and a timing (tip ) from the beginning of the observation duration, at which the
ith point source initiates its Ricker force signals, are randomly defined for each ith data set.

The enlarged domains are discretized in a structured mesh? by using an element size of 1 m. A total observation duration
of 1.5 s and a time step of 0.003 s are utilized for time discretization. The wave simulations in the enlarged domain are
performed by using the FEM and the implicit Newmark time integration scheme.

A minimum node density of around 10 nodes per wavelength is necessary for accurate wave propagation in our compu-
tational simulations. For the examples provided, we ensure that the number of nodes per the shortest wavelength exceeds
the minimum desired density. To be precise, considering the lowest wave speed of 200 m/s (i.e., V, of site profile 1 and
V. of site profile 2) and the highest discernible frequency of 15 Hz, the shortest wavelength measures about 13 m. As
mentioned before, the space discretization is 1 m, resulting in 13 nodes per the shortest wavelength. Therefore, increasing
the mesh size may lower the computational cost for both wave simulations during data generation and CNN training.
Nevertheless, this may lead to a decrease in CNN accuracy for high-frequency waves.

On the extraction of labeled data:
In each data set, the input and output-layer feature data are calculated using the solution of the wave problem in an
enlarged domain as follows.

* Input-layer features: The measured displacement fields of wave motions (u™) at the sensors (i.e., the input-layer
features) are extracted from the wave solution computed in the enlarged domain. To this end, 31 sensors are located on
the surface of the reduced domain with a 1 m spacing from each other.

* Output-layer features: The corresponding DRM forces will be calculated, as the output-layer features, by using the
wave solution from the enlarged domain. Due to the space discretization in the reduced domain Q, there are 61 and 65

2 While the present method can be applied to an unstructured mesh, we chose to use a structured mesh for ease of implementation.
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ALGORITHM 1 Randomizer to generate data sets.

1 Choose between a homogeneous or heterogeneous reduced domain (site profiles 1 or 2).
2:  Build mass, stiffness, and damping matrices for the respective enlarged domain setting.
3:  for iteration < 1 to (total number of iterations = 20,000) do

4 Randomly choose the number of point wave sources (N,): between 1 or 2.

5: for point wave source index i « 1to (N p) do

6 0< 1t <0055,

7 50 < AP <150 N/m?,

8 1< fi <5Hz,

9 20<y; <110m,

10: if y} > 90 then

11: 50 < x[s <160 m

12: else

13: 50 < xf <200 m

14: end if

15: end for

16: Solve the 2D wave propagation problem in an enlarged domain.

17: Save the displacement data at every time step from sensor locations on the surface as input-layer features.
18: Save the effective nodal forces on I', U T, at every time step as output-layer features.
19: end for

discrete nodes along I';, and T, respectively. Thus, per the DRM theory, a total of 126 discrete nodes are subject to nodal
DRM forces. For computing the nodal forces on T', and T, the DRM theory is used with incident waves u® that impinge
the reduced domain (i.e., the wave motions in the enlarged domain that pass through the reduced domain). Namely,
F in Equation (3) at any discrete time step ¢ can be computed using the incident motions as follows (for details, please
refer to Bielak et al.>):

0 0
F _ Peff _ _KQe 0 _ MQE =0
(t) - b (t) - be ue(t) be ue(t) k] (6)
ff Q, Q...
PO | Krud() + M il (t)

where subscripts b and e identify the nodes in I';, and an exterior domain Q,, respectively. Specifically, ug and u! indicate

the subsets of the vectors of incident motions u® at the discrete time step ¢ on I', and in Q,. Klie, Kgf, M?: and M?be
are the subsets of the global stiffness and mass matrices (mentioned in Equation (3)), for the reduced domain, of which
row and column indices correspond to the nodes on I';, and in Q,. Please note that all the components of Pf)ff(t) occupies
all the nodes on I'y, and ngf(t) has nonzero values only at T,. The rest of ngf(t) are zero and correspond to the nodes in
Q, except for T',. Thus, the output-layer feature data (the DRM forces) consists of all the components of P‘;ff(t) and the

specific components of P(¢) that are located only on T, at all the discrete time steps during the observation period.

We train a total of two CNNSs, each of which considers Example 1 or 2. In each example, the randomizer is configured
to perform 20,000 iterations, producing training, validation, and test data sets. At each iteration of our randomizer, we
(i) extract the displacement u™ from 31 sensors for every time step and (ii) calculate the DRM forces at the 126 nodes on
I, UT, for all the time steps by using the wave solution from the enlarged domain solver. Algorithm 1 shows a pseudo
code, showing the structure of our randomizer. Please also see Figure 3 for the overall flowchart of the data-generating
simulation using the enlarged domain wave solver.

We note that a typical running time for one iteration of the data generation using the enlarged model, with random
seismic sources, is 26 s in a modern workstation using a single CPU of 3.5 GHz. Furthermore, generating tens of thousands
of training data is not uncommon in the area of supervised learning for the inverse problems involving a large size of input
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Step 2: 1
= Save u™ for all time steps as i-th input-layer data
» Calculate P§f and P (only at the DOFs at I'.) for all time steps

and save them as the i-th output-layer data

FIGURE 3 Flowchart of the data generation procedure using the enlarged domain wave solver.

feature (e.g., 501 time steps X 31 sensors, totaling 15,531 discrete data points) and a large size of output feature (e.g., 501
time steps X 126 DRM nodes, totaling 63,126 discrete data points).

3.2 | Data preparation

The present study employs a preprocessing technique on a generated data set comprising 20,000 samples, which are sub-
sequently divided into subsets for training, validation, and testing purposes. The duration covered by each sample spans
500 discrete timesteps for the total observation duration of 1.5 s, corresponding to a temporal resolution of 0.003 s. Conse-
quently, the input data matrix is characterized by a dimensionality of 31 sensors multiplied by 500 timesteps. Furthermore,
the output data matrix consists of 500 discrete timesteps with DRM force values located on 126 nodal locations within a
DRM layer.

The computational infrastructure employed for training a neural network on the aforementioned data set comprises
a high-performance system configuration. Specifically, the training computations were performed on a robust system
comprising a 24-core central processing unit (CPU) endowed with 256 gigabytes of DDR4 random-access memory (RAM),
along with 512 gigabytes memory NVIDIA Tesla V100 graphics processing unit (GPU). Notably, the data set was partitioned
in a stratified manner, reserving 80% (16,000 samples) for training, while allocating 10% (2000 samples) to the validation
set and the remaining 10% (2000 samples) to the testing set.

Figure 4A exhibits a representative sample of the input-layer feature data from a randomly chosen single sensor, while
Figure 4C showcases a sample of the output-layer feature data obtained at a randomly chosen single node in a DRM
layer. Figure 4A reveals that the measurement data u™ encompasses magnitudes spanning a range of —10~7 to 10~".
Moreover, Figure 4C shows a sample DRM force at one node within a DRM layer, and its scale is predominantly in the
double-digit range. The significant disparity in range of values between the input and output data poses challenges for
the neural network to effectively discern meaningful relationships among features. In order to address this concern and
enable the efficient acquisition of feature relationships between the input and output layers within our CNN, we employ
a normalization technique by utilizing the following Equation (7).

__ pmean
n _ Al]k Atrain (7)
ijk = smax _ 4min’

train train

In the equation above, Ag.k represents the normalized element of a data matrix, which may represent the training,
validation, or test set. The jth row and kth column correspond to the kth time-step of the jth sensor value out of 31
sensors (or the jth nodal numbering out of 126 DRM nodes) pertaining to the ith data set. A; ;, denotes the corresponding
unnormalized component of the data matrix. AT represents the mean value of the training data set matrix. AT and
Ag‘;?n represent the maximum and minimum values of the training data set matrix, respectively. These mean, maximum,
and minimum values are necessary for de-normalizing the predicted data obtained from CNN.
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FIGURE 4 A sample of input-layer measured response and output-layer DRM force waveforms. (A) Displacement waveform before
normalization. (B) Displacement waveform after normalization. (C) DRM Force waveform before normalization. (D) DRM Force waveform
after normalization.

Figure 4B uses the normalized scales of sample input-layer feature data, which range in values between —0.5 and 0.5,
as shown on the vertical axes. Figure 4D shows the sample output-layer feature data that are normalized. The waveform
shape remains unaltered as a result of the linear normalization process. Subsequently, the normalized data are fed into
the CNN to establish a data-informed framework for DRM-force identification, utilizing the input displacement data.

3.3 | Evaluation metrics

To assess the efficacy and predictive capabilities of our neural network model, we employed well-established evaluation
metrics, namely the mean-absolute error (MAE) and mean-squared error (MSE) in Equations (8b) and (8a), in addi-
tion to our customized error functions (£ and &%) formulated in Equations (92) and (9b). The incorporation of this
custom error function was purposeful, aiming to provide a supplementary metric for evaluating the performance of
our CNN predictions. Furthermore, this enhancement enables a comparative analysis of our DRM-force reconstruction
with the benchmark solutions from a time-consuming PDE-constrained optimization-based DRM-force inversion method
previously presented by Guidio et al.??

n | m
1 2
vs =1 3503 (rp - r )’ 0

i=1 j=1k=1
1 n | m
_ recon. tar.
MAE_EZZZthk _Fijk’ (8b)
i=1 j=1k=1

where n is the number of data sets; [ is the number of nodes in a DRM layer; m is the count of time step features of data;
F lt]alz is the i-th record at the j-th DRM node and k-th time step feature of the targeted output-layer data; and F lrj]‘c’on is the
corresponding output-layer data associated with the CNN prediction.
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For each i-th test data set, we also evaluate the error (£) between the targeted DRM forces and the inverted counterparts,
as well as that (£*) between the targeted wave responses in the domain and the reconstructed counterparts induced by
the identified DRM forces as:

Zl Zm [recon. _ ptar. 2
j=1 ~ik=1 | ijk ijk
gi — J tj 211 (93)
l m tar
o T |Fi

q m recon. __ ,,tar.
j=1 I ijk Uik

2
q m tar.
j=1 k=1 |uijk

u

EY =

1

(9b)

where g denotes the number of the nodes within Q; (i.e., 496 nodes due to the space discretization), at which the wave
responses are computed per either targeted DRM forces or identified ones.

3.4 | Hyperparameter search and optimization

In order to streamline the laborious and time-consuming process of hyperparameter search, we implemented custom
algorithms to automate it. Through extensive experimentation, we explored various combinations of layers and learnable
parameters. We then fine-tuned the most promising combination manually to achieve optimal results on the validation
data. As a result, our showcased CNN model is highly optimized and delivers robust results when applied to the test
data set. Furthermore, callback methods provided by TensorFlow were utilized to monitor the learning progress during
training, and when the model’s performance on validation data showed no further improvement for 5 iterations (i.e.,
epochs), the callback was triggered to halt the training process early. This prevented overfitting effectively by stopping
the process from running beyond the necessary epoch. Finally, in order to accomplish the process of hyperparameter
optimization following the search, we leverage TensorFlow’s provided backpropagation and the automated differentiation
algorithm.

4 | EXAMPLE 1: A TRUNCATED DOMAIN WITH A HOMOGENEOUS SOIL (SITE
PROFILE 1)

This section presents the CNN architecture designed to identify DRM forces in a homogeneous reduced domain based on
surface measurement data. It also includes an analysis of the CNN’s performance on the test data set.

4.1 | CNN architecture

We adopt a CNN architecture, which can be manipulated to reduce computational intensity while retaining the essential
spatial and temporal structure of the data. Moreover, due to the high computational demands of fully-connected dense
networks, we made a deliberate decision not to use them. Instead, we chose to employ a convolutional layer throughout
the final output layer.

We present our approach to process the input data with dimensions of 500 x 31 using a CNN. The initial step involves
passing the input data through our first convolutional layer, wherein the convolutional operation employs a sliding dot
product mechanism,* as illustrated in Figure 5. This layer comprises 480 filters, each possessing a filter size of 80. To
enhance training stability and acceleration, a batch normalization layer is applied to the output of the first convolutional
layer. This layer normalizes the input data within each mini-batch during the training process. Subsequently, the resulting
feature map is forwarded to another convolutional layer, which comprises 512 filters of size 80, followed by another batch
normalization layer. The feature representation of the input data is further refined through the subsequent processing
and is then forwarded to the final output convolutional layer. For this final layer, we deliberately opted to use 126 filters,
each with a size of 90. This choice was motivated by the need to accurately reconstruct the 126 nodal DRM force values in
the output layer. We employed the “Leaky ReLU” activation function for all layers containing learnable parameters. This
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FIGURE 5 Sliding dot product application of a 1D CNN filter operation. (A) Application of a single 1D CNN filter on one sensor
displacement value. (B) Application of 480 1D CNN filters across 31 sensor displacement values.
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FIGURE 7 Convergence of loss function and evaluation metrics across 20 epochs in Example 1. (A) Mean-absolute error (MAE). (B)
Mean-squared error (MSE).

choice was made to facilitate the introduction of non-linear learning capabilities, enabling the model to effectively capture
and understand intricate feature relationships between the input- and output-layer data across the network’s architecture.
Our CNN architecture for Example 1 is shown in Figure 6.

During our training process, we employ two evaluation metrics: MAE for computing the loss function’s value over the
epochs, and MSE to evaluate the model’s performance. To optimize the neural network, we use the “Adamax” optimizer
with a learning rate of 0.001, and the training was set to run for a maximum of 25 epochs. As mentioned in Section 3.4, we
utilize a callback function that would stop the training if the model’s validation data set performance did not improve for 5
consecutive epochs. As a result, the neural network trained for a total of 20 epochs, leading to optimized hyperparameters
that yields excellent DRM force reconstruction results.

4.2 | Numerical experiments

421 | Performance during training

We present the results of our CNN as it undergoes training and simultaneously evaluates its behavior on the validation
data set. These results are shown in Figure 7. Both Figures 7A and 7B illustrate a clear trend where the loss (MAE) and

evaluation metric (MSE) steadily decrease over the epochs during training. Eventually, they reach a minimum and remain
consistently low, indicating that the chosen hyperparameters are well-suited for the task.

4.2.2 | Performance of the trained CNN on test data set

We use our optimized CNN to make predictions on a test data set consisting of 2000 samples. The outcomes of our
predictions are summarized quantitatively in Table 1 and visualized at the histogram in Figure 8. To comprehensively
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TABLE 1 Table listing the five force and response reconstruction error (£ and &%, respectively) statistics in percentage in Example 1.

Reconstruction error
Test data set Force (£) Wave response (%)
Lowest error (Figures 9 and 10) 0.73% 0.69%
25th percentile 1.71% 1.56%
50th percentile (Figures 11 and 12) 2.01% 1.58%
75th percentile 2.28% 2.51%
Highest error (Figures 13 and 14) 35.32% 18.86%
2000 — : : : . . : : 1500 — : . .
% 1500 1 2
5 = 1000 | g
5 1000 1 <
2 5
£ e 500t 1
Z 500 i Z
. - e . S .
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FIGURE 8 Reconstruction error (£ and £*) distribution across the 2000 test data set in Example 1. (A) € for DRM force identification.
(B) &* for wave response reconstruction.

demonstrate the distribution of these predictions, we employed five statistical metrics in terms of the value of the error
&: the minimal error € (the best performance), the 25th percentile, the 50th percentile (the median), the 75th percentile,
and the maximum €& (the poorest performance).

For the DRM-force identification task, our CNN achieved remarkably low-valued errors of £ for the most of the test
data sets. Specifically, for the best performance in terms of £, we obtained an impressive error £ of the minimal value
of 0.73% (Figure 9) for the DRM force identification and an equally remarkable 0.69% error £ (Figure 10) for the wave
response reconstruction based on the identified DRM force. In the 25th percentile case of £, the identified DRM force
yielded an error £ of 1.71%, which translated to an accurate wave response reconstruction with £* of 1.56%. At the 50th
percentile, £ slightly increased to 2.01% (Figure 11), still maintaining a favorable £* of 1.58% (Figure 12). Upon reaching
the 75th percentile, we observed a marginally higher £ of 2.28% for the DRM force identification, leading to £ of 2.51%.
Lastly, the highest £ we encountered was 35.32% (Figure 13), resulting in a substantial value of £ of 18.86% (Figure 14).
Additionally, it was observed that over 92% of the test data set falls under the £ threshold of 5%, and further 98% falls under
the 10% for £. It was noted that nearly 97% of the test data falls under the 5% £* threshold, and over 99% of the test data
falls under the 10% £* threshold. Overall, the numerical and graphical results for Example 1 are exceptionally promising.

5 | EXAMPLE 2: A TRUNCATED DOMAIN WITH A HETEROGENEOUS SOIL (SITE
PROFILE 2)

5.1 | CNN architecture

We utilize a similar approach to the previous CNN architecture of Example 1 for this presented Example 2 using only
convolutional layers to learn important feature relationships between the input- and output-layer data. Due to the complex
nature of Example 2 involving the heterogeneous profile, we added another convolutional layer, resulting in three blocks
of convolutional operation as shown in Figure 15. We feed the input data to the first convolutional layer consisting of
512 filters and a kernel size of 40. Like previously, we batch-normalize this data to stabilize and accelerate the training
processes. The subsequent convolutional block consists of 352 filters of 50 kernel size. In addition, the penultimate layer
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FIGURE 9 DRM force identification using our CNN in Example 1 (the best case of £ of 0.73%).

of our neural network consists of another convolutional block consisting of 40 filters and a filter size of 40. The feature
extracted convoluted data are then passed to the final output convolutional layer to produce a result mimicking the target
DRM force. To compile the model, we utilize MAE as the loss function and MSE as the evaluation metric. To optimize
the model, we chose the “Adamax” optimizer with a learning rate of 0.001. Similar to Example 1, we utilize a convenient
TensorFlow provided with the callback function, which led to the full optimization of our CNN architecture in 18 iterations.

5.2 | Numerical experiments
5.2.1 | Performance during training

As outlined in Section 4.2.1, we demonstrate the convergence of MAE and MSE values during training, as depicted in
Figure 16. The metrics on the validation data set follow a similar pattern and converge towards a minimum value, mirror-
ing the training metrics’ behavior. This convergence further leads to the obtaining of highly optimized hyperparameters,
resulting in excellent predictive performance.

5.2.2 | Performance of the trained CNN on test data set

Similar to Example 1, our CNN demonstrates exceptional performance in the DRM force identification, achieving remark-
ably low errors. The results are summarized in Table 2 and Figure 17. Specifically, the lowest error rate for the DRM force
identification was an impressive error £ 0.22% (Figure 18), and for wave response based on the identified DRM force, it was
equally remarkable error £* at 0.20% (Figure 19). Even at the 25th percentile in terms of £, the error £ remained low at
1.02%, corresponding to a highly accurate wave response reconstruction error £* of 1.77%. Moving to the 50th percentile in
term of £, the DRM force identification error £ slightly increased to 1.12% (Figure 20), while still maintaining a favorable
wave response reconstruction error £* of 0.82% (Figure 21). As we reached the 75th percentile, a marginally higher error
& of 1.93% was observed for the DRM force identification, leading to a wave response discrepancy £* of 1.40%. The most
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FIGURE 10 Wave response (u) reconstruction using the identified DRM force shown in Figure 9 in Example 1 shown at three distinct
timesteps (the best case of £* of 0.69%). (A) Target response. (B) Predicted response.
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FIGURE 11 DRM force identification at the 50th percentile using our CNN in Example 1 (€ of 2.01%).

TABLE 2 Table listing the five force and response reconstruction error (£ and &%, respectively) statistics in percentage in Example 2.

Reconstruction error
Data set Force error (£) Response error (E*)
Lowest error (Figures 18 and 19) 0.22% 0.20%
25th percentile 1.02% 1.77%
50th percentile (Figures 20 and 21) 1.12% 0.82%
75th percentile 1.93% 1.40%
Highest error (Figures 22 and 23) 24.52% 29.79%
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FIGURE 12 Wave response (u) reconstruction using the identified DRM force shown in Figure 11 (the 50th percentile) in Example 1 at

three distinct timesteps (£* of 1.58%). (A) Target response. (B) Predicted response.
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The poorest DRM force identification using our CNN in Example 1 (€ of 35.32%).

significant error £ encountered was 24.52% (Figure 22), which resulted in a substantial 29.79% error £ in wave response
reconstruction (Figure 23). However, it is worth noting that our overall analysis shows that over 95% of the test data set
fell within the threshold € of 5% error, and over 99% remained under € of 10%. It was observed that nearly 86% of the test
data lies within the set for the £“ threshold of 5%, while over 94% of the test data falls below the 10% threshold of £“.

53 |

Example 3: Parametric studies

In this section, we present numerical parametric tests to examine the variations of the CNNs that we train for site profiles
1 and 2 with respect to the number of sensors and the number training data.
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FIGURE 14 Wave response (1) reconstruction using the identified DRM force shown in Figure 13 (the highest error) in Example 1
shown at three distinct timesteps (£* of 18.86%). (A) Target response. (B) Predicted response.
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FIGURE 15 Our CNN designed for reconstructing the DRM forces in Example 2.

5.3.1 | Performance of the CNN with respect to the number of sensors

We assess the inversion performance of the presented CNN approach in relation to the number of sensors used in the
input-layer features. Specifically, in Examples 1 and 2, we considered 31 sensors spaced 1 m apart on the surface of the
reduced domain to extract the measured displacement fields of wave motions. In contrast, we now employ 5, 10, and
15 sensors and compare the inversion accuracy against the results obtained using 31 sensors. The results for the trun-
cated domains, with homogeneous and heterogeneous soils (i.e., site profiles 1 and 2, respectively), are presented in
Figure 24.

In Figures 24A and 24B (also in Figures 25A and 25B in Section 5.3.2), we utilize box-and-whisker plots as a concise
means to present an overview of our error distributions, with a focus on key statistical parameters. These parame-
ters include the first quartile (25th percentile), the median (50th percentile), the third quartile (75th percentile), the
interquartile range (IQR), the minimum and maximum, and the outliers. Each box in the plot spans from the first
quartile to the third quartile. Inside this box, a horizontal line signifies the median. The IQR is calculated as the dif-
ference between the third quartile and the first quartile, encompassing the middle 50% of the test data. A distance
equivalent to 1.5 times the IQR is calculated, and a whisker extends to the furthest data point within this range, both
above and below the box. The top end of the upper whisker represents the maximum data point. Conversely, a dis-
tance equal to 1.5 times the IQR is measured below the lower quartile (Q1), and a whisker is drawn to the lowest
data point within this range. The lower end of the lower whisker represents the minimum data point. These whisker
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FIGURE 16 Convergence of loss function and evaluation metrics across 18 epochs in Example 2. (A) Mean absolute error. (B)
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Predicted Force on I,

500

400

jin P,

200

100

1
w
1)

10 20 30 40 50 60
k in P,

exj

Predicted Force on T,

500 ’——_. od 30

400

|
f 300

H
‘2200

~

100

10 20 30 40 50 60
kin Py,

FIGURE 18 DRM force identification using our CNN in Example 2 (the best case of € of 0.22%).
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FIGURE 19 Wave response (1) reconstruction using the identified DRM force shown in Figure 18 in Example 2 shown at three distinct
timesteps (the best case of £ of 0.20%).
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FIGURE 20 DRM force identification at the 50th percentile using our CNN in Example 2 (£ of 1.12%).

lengths can appear unequal because they must terminate at observed data points, even though the 1.5 IQR distance is
the same on both sides. Any data points beyond the boundaries of these whiskers are displayed as outliers. The use
of 1.5 times the IQR is a common convention in box-and-whisker plots for identifying potential outliers. Any error
that falls below the minimum whisker or above the maximum whisker is classified as an outlier and is marked with a
red “+” symbol.

Herein, we evaluated different CNN models, each of which is adjusted for each number of sensors, for site profile 1.
Among them, the CNN model using 31 sensors in the input layer demonstrated impressive performance. Specifically,
when we tested it with 2000 test data points, it successfully identified targeted DRM forces for over 92% of the test data
within the 5% & threshold. In contrast, the CNN models trained with only 5-15 sensors fell short of achieving the same
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FIGURE 21 Wave response (u) reconstruction using the identified DRM force shown in Figure 20 (the 50th percentile) in Example 2
shown at three distinct timesteps (£* of 0.82%). (A) Target response. (B) Predicted response.
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FIGURE 22

The poorest DRM force identification using our CNN in Example 2 (€ of 24.52%).

level of accuracy, with less than 90% of the test data meeting the 5% £ threshold. Additionally, when we conducted a
similar numerical investigation for site profile 2, we noticed that the CNN model trained with 31 sensors excelled by
successfully identifying targeted DRM forces for more than 95% of the test data within the 5% £ threshold. In contrast,
the other three models, achieved to identify targeted DRM forces for slightly under 92% of the test data set within the £
threshold.

We also found that, when we used a model trained with data from 31 sensors, it outperformed the others in handling
atypical cases, suggesting that the CNN trained with more sensor data was better equipped to deal with variations in the
data distribution. Namely, using 31 sensors resulted in fewer outliers than the other cases in site profiles, as depicted in
Table 3.
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FIGURE 23 Wave response (u) reconstruction using the identified DRM force shown in Figure 22 (the highest error) in Example 2
shown at three distinct timesteps (£* of 29.79%). (A) Target response. (B) Predicted response.
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FIGURE 24 Reconstruction error (£) distribution across the 2000 test data set using different number of sensors for homogeneous and
heterogeneous domains, respectively. (A) Homogeneous domain (site profile 1). (B) Heterogeneous domain (site profile 2).

TABLE 3 Table listing the number of outliers in the force reconstruction error (€) using a different number of sensors.

Number of outlier £ samples

Sensors Site profile 1 (Figure 24A) Site profile 2 (Figure 24B)
5 sensors 311 255
10 sensors 251 224
15 sensors 292 221
31 sensors 186 185
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FIGURE 25 Reconstruction error (£) distribution across the 2000 test data set using different number of training data samples for
homogeneous and heterogeneous domains, respectively. (A) Homogeneous domain (site profile 1). (B) Heterogeneous domain (site profile 2).

TABLE 4 Table listing the number of outliers in the force identification error (€) using different number of training data.

Number of outlier £ samples

Training data Site profile 1 (Figure 25A) Site profile 2 (Figure 25A)

10,000 253 221

13,000 287 230

16,000 186 185
5.3.2 | Performance of the CNN with respect to the number of training data samples

We also investigate how the amount of training data affects the performance of CNN models for both homogeneous and
heterogeneous domains. It is a common expectation in machine learning that exposing the model to more training data
should lead to improved performance on test data, and we examine whether a similar trend occurs in our experiments.

We demonstrate that the CNN model using a training data set of 16,000 samples produces better reconstruction results
compared to the other CNN models trained with 10,000 and 13,000 samples. For the homogeneous domain, the model
trained on 16,000 samples can identify targeted DRM forces for 92% of the 2000 test data points within a 5% £ threshold.
In contrast, the other two models, trained with fewer samples, can identify targeted DRM forces for only about 90% of the
test data within the same £ threshold.

For the heterogeneous domain, we find that the model trained on 16,000 samples excels, identifying targeted DRM
forces for more than 95% of the 2000 test data points within a 5% £ threshold. However, the models trained on 13,000 and
10,000 samples struggle in this scenario, managing to identify targeted DRM forces for only 85 and 72% of the test data
within the 5% £ threshold, respectively. We also found that the predictions made by the 16,000-sample model have fewer
outliers than the other cases, as indicated in Table 4. This finding supports that using a larger training data set (16,000
samples) and a greater number of sensors (31 sensors) improves the model’s ability to generalize and handle atypical test
data better than models with fewer samples and sensors, leading to less outliers.

5.4 | Example 4: Blind test mimicking a case when our CNNs resort to realistic
earthquakes

We test the performance of the CNNs, which were already trained and showed its performance in Examples 1 and 2, for a
test, mimicking a realistic seismic-event scenario. For instance, the presented method copes with incident seismic waves
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FIGURE 26 The source’s excitation signal used in the enlarged-domain FE simulation in Example 4. (A) Time history of the Northridge
signal used in Example 4. (B) Frequency content of the Northridge earthquake ground motion signal used in Example 4.

of unpredicted waveforms. Namely, the overall source profile in this new test has not been considered when we generated
in the training data in Examples 1 and 2, and it is quite different from those for the training data. More specifically, in
Example 4, we generate so-called “blind” test data that the training process has not experienced before in the following
manner so that, via this new test, we avoid an “inverse crime.”

* The hypocenter is in the furthest point away from the interior domain (i.e., even farther than the hypocenter used for
the training data). To this end, we locate the point wave source location at x* =20 m and y* = 20 m (i.e., the lower-left
corner in the enlarged domain).

* The source’s excitation signal is a part of a real earthquake ground-motion signal (the early-peak part of a ground motion
signal measured during the 1994 Northridge earthquake), which is compressed into the simulation duration, as shown
in Figure 26. We note that a realistic earthquake ground motion signal is utilized as the source signal to generate the
wave motions in the enlarged domain so that the corresponding DRM forces may represent a more realistic and more
complex incident waveform than those in the training data.

* We acknowledge that, in the real applications, the measurement sampling rate is inherently discrete and coarse while
the real physics response is a continuous function over time. To mimic such a realistic setting in a computational study,
this Example 4 uses the FE simulation with a much finer time step of 0.001 s than the sampling rate of 0.003 s. As a
result, the predicted DRM force is produced at every 0.003 s while the targeted DRM force is defined at every 0.001 s.

Figure 27 presents the targeted wave responses at three distinct time steps in the enlarged domain in this blind test.
Table 5 shows the values of £ and £* obtained by CNNs trained on homogeneous and heterogeneous truncated domains,
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FIGURE 27 Target wave responses (1) in the enlarged domain at three distinct time steps in Example 4. The white solid lines in the
middle of the top surface area delineate the reduced domain of interest. (A) Target response in the enlarged domain at 0.6 s. (B) Target
response in the enlarged domain at 0.84 s. (C) Target response in the enlarged domain at 1.1s.
TABLE 5 Table listing force and response reconstruction error (€ and £, respectively) in percentage in Example 4.
& &*
Homogeneous soil (site profile 1) 1.31% 1.45%
Heterogeneous soil (site profile 2) 0.67% 0.68%
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FIGURE 28 DRM force identification for the heterogeneous profile (€ of 0.67%) in Example 4.
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FIGURE 29 Wave response (u) reconstruction using the identified DRM force shown in Figure 28 at three distinct timesteps (£* of
0.68%) in Example 4. (A) Target response. (B) Predicted response.

respectively. To compute £ and £* in the case when the sampling rate of the sensors (i.e., 0.003 s) differ from the time step
(i.e., 0.001 s) of the enlarged-domain FE simulation of the blind test data, we conduct the following. First, we compare
the CNN-identified DRM forces and their targets at every 0.003 s. Second, the wave responses are reconstructed by using
the DRM wave solver with the time step of 0.003 s and the CNN-predicted DRM forces, and, in turn, they are compared at
every 0.003 s with the targeted wave responses from the FE simulation with the time step of 0.001 s. For the homogeneous
truncated domain, the error £ for DRM force identification is 1.31%, and the error £ for wave response reconstruction is
1.45%. On the other hand, for the heterogeneous case, the errors were £ = 0.67% (Figure 28) and £* = 0.68% (Figure 29),
respectively. When comparing the results obtained in realistic earthquake scenarios with those obtained in Examples 1
and 2, it is noteworthy that the error values, £ and £%, obtained in Example 4 are even smaller than the 25th percentile
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TABLE 6 Error € in the inverted DRM forces and error £ in the reconstructed wave responses obtained when using the presented CNN
method versus the PDE-constrained optimization approach by Guidio et al.??.

& &*
CNN’s performance in Examples 1 and 2 CNN PDE-opt. CNN PDE-opt.
Example 1: Site profile 1 Best 0.73% 4.85% 0.69% 1.71%
Median 2.01% 9.77% 1.58% 1.68%
Example 2: Site profile 2 Best 0.22% 0.67% 0.20% 0.20%
Median 1.12% 7.36% 0.82% 0.35%

of their corresponding counterparts in Examples 1 and 2. It is remarkable that the errors in such an entirely blind test are
very small. It suggests that the CNNs trained by the presented methodology can be effectively utilized for completely blind
realistic tests in complex and realistic wave settings.

6 | DISCUSSION

6.1 | Comparison between the presented ML method and the PDE-constrained
optimization

In this section, we compare the inversion performance of the presented data-informed CNN approach with that of the
PDE-constrained optimization method shown by Guidio et al.?> We use the test data that correspond to the best and the
median performance obtained by the CNNs in Examples 1 and 2 to highlight the differences of the inversion performance
between the presented CNN and the PDE-constrained optimization. For each case, we utilize the measured displacement
fields of wave motions (u™) as input data in the PDE-constrained optimization algorithm, which will identify the target
DRM forces. Table 6 summarizes the values of £ and £* obtained through each approach.

As shown in Table 6, for the test data sets corresponding to the best and median performance of the CNNs in Examples
1and 2, the error £ obtained by the PDE-constrained optimization method is greater than the former, while £ is compa-
rable in both methods. For instance, Figure 30 shows the target DRM forces, as well as DRM forces identified by CNN and
by the optimization algorithm for the case of median performance of the CNN in Example 1. For this case, the CNN can
identify the DRM forces with an error € of 2.01%, while € 0f 9.77% is obtained from the PDE-constrained optimization algo-
rithm. Overall, in most cases, the performance, in terms of £, of the CNN is better than the PDE-constrained optimization
method.

Additionally, the CNN offers a significant advantage over the PDE-constrained optimization method in terms of pro-
cessing time. In the provided examples, the CNN takes 0.15 s for each single test data set, whereas the PDE-constrained
optimization method takes about an hour for the same data set. Moreover, as we move to vector waves and a 3D setting, the
processing time of the PDE-constrained optimization would become much longer, while the ML-based approach would
still remain in the scale of a second.

6.2 | Isthe presented ML method accurate for the energy assessment?

When using ML methods to simulate or predict physical systems, it is crucial to evaluate whether the ML-predicted wave
responses in a system adhere to the principles of energy conservation. Failing to do so can lead to incorrect assessment
of seismic behaviors of built environments. Therefore, in this particular example, we evaluate the ability of the proposed
data-informed CNN approach to ensure the conservation of energy.

Figure 31 compares the total energy in the system over time generated by the CNN-predicted DRM force that correspond
to the median performance in the test data in Examples 1 and 2 and their corresponding target counterparts. The CNN-
identified forces for the median performance in Example 1 generate a slightly larger energy in the system over time than
their targeted counterparts (as shown in Figure 31A), while those in Example 2 cause a slightly lower energy over time than
targets (as indicated in Figure 31B). These discrepancies in total energy in the domain originate from marginal inaccuracies
in the identified forces by the data-informed CNN model.
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FIGURE 30 (Left) Target, (middle) CNN-identified, and (right) PDE-constrained optimization-inverted DRM forces for the case of
median performance of the CNN in Example 1.

7 | CONCLUSIONS

Our study demonstrates the effectiveness of using CNNs to accurately identify effective seismic forces at a DRM layer in
a truncated domain for rapid reconstruction of SH ground motions by using sparsely made seismic measurement data.
The overall architecture of our CNN model, along with the rationale behind the filter and layer specifications, contributes
to the effective extraction and representation of the underlying features within the input-layer feature data, culminating
in improved performance and capabilities for predicting the output-layer feature data. Our findings indicate the CNN’s
strong capability in accurately identifying DRM forces, offering great potential for reconstructing wave responses in a
domain of interest. We also found that using a larger data set and a greater number of sensors improves the model’s ability
to generalize and handle atypical test data better than models with fewer samples and sensors. We also compared the
performance of the presented CNN method to that of an existing contender that is based on the PDE-constrained opti-
mization. Our analysis shows that the CNN takes a very short processing time while it outperforms the PDE-constrained
optimization method in terms of the accuracy of the DRM-force identification in the presented examples under the SH
wave setting. Specifically, the merits of the presented method are summarized as follows.

* High-efficiency inference: The scale of the ratio between the dimensions of the input layer data (seismic measurements)
and the output layer data (DRM forces across all the nodes at the DRM layer) can be 10:126 (or around 1:12) when
employing, for instance, 10 sensors, as demonstrated in our presented examples. Consequently, the ratio between the
size of the measurement data and the reconstructed wave response data within the interior domain stands at 10:496
(about 1:49). Building upon this highly effective inference, we propose that the robustness of this method is attributed
to its effective utilization of these sparsely distributed measurement data.

* Overcoming the 1D limit of deconvolution: The presented data-informed CNN method can infer DRM forces (or incident
waves) on all the nodes at the DRM layer from the sparse measurement data in a multidimensional setting even in the
presence of incoherent waves. Thus, or method is not limited to plane waves, unlike the conventional approaches, such
as deconvolution, and it is applicable to azimuthally arbitrary incident waves.

* Faster processing speed than the PDE-constrained optimization: The CNN presented in this study boasts an excep-
tionally rapid processing time, typically taking less than a second. In comparison, the PDE-constrained optimization
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FIGURE 31 Comparison of total energy generated by target and CNN-identified forces that correspond to the median performance of
the CNN in Examples 1 and 2. (A) Time history of the total energy for the case of median performance of the CNN in Example 1. (B) Time
history of the total energy for the case of median performance of the CNN in Example 2.

approach, which is reported to identify DRM forces in the same 2D problem, often requires hours to yield results. This
remarkable gain of the processing speed of the CNN is particularly noteworthy when considering the substantial size
of the input and output layer feature data, with examples showcasing a sample size as large as 501 time steps X 126
DRM nodes, totaling 63,126 discrete output data points. Furthermore, as we contemplate extending this methodology
to accommodate vector waves within a 3D setting, the processing time of the PDE-constrained optimization approach
is anticipated to grow substantially. Conversely, the ML-based approach will remain remarkably quick, still completing
its tasks in just seconds. Consequently, this work underscores the potential of ANNs as effective and efficient tools, even
for more complex and larger-scale problems in 3D elastic wave settings.

Further research may explore this ML-based DRM force inversion approach for vector waves in 2D and 3D settings.
Expanding the proposed approach to 3D settings allows earthquake engineers to simulate the impact of earthquakes
on built environments, including subsurface systems such as foundations and underground structures, and surround-
ing soils. For instance, a DRM-powered 3D wave solver that can incorporate various topography settings and realistic
buildings would take advantage of extensive seismic measurement data from built environments equipped with modern
sensors (e.g., distributed acoustic sensors (DAS),* or vision-based motion sensors*’). The presented method could also
be extended to consider the nonlinearity of soils, given that near-surface soils can exhibit nonlinear response behavior
during moderate and strong earthquakes. Accordingly, the data-informed CNN method would consider the soil’s nonlin-
ear behavior during data generation for training as the DRM is capable of modeling nonlinearities.*® This method can aid
decision-makers in quickly assessing the structural integrity of infrastructure after an earthquake.
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