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Abstract

Multichannel Analysis of Surface Waves (MASW) is commonly used to determine the
shallow subsurface velocity structure. The obtained velocities provide valuable informa-
tion for foundation design and other geotechnical applications. The conventional method
of picking surface-wave dispersion curves, which are subsequently inverted to obtain the
desired velocity profiles, can be a labour-intensive task. In this thesis, we make use of
recent advances in Deep Learning (DL), utilizing Convolutional Neural Networks (CNNs)
to estimate dispersion curves directly from shot gathers or their corresponding dispersion
spectra. For this, we first test the proposed approach on various synthetic data, suc-
cessfully addressing challenges such as geological models with velocity inversion, different
noise levels, and the estimation of the first higher mode. When applied to field data,
our results indicate that training the CNN on dispersion spectra provides more accurate
and reliable predictions compared to training on shot gathers directly. We improve the
predictions using shot gathers as training data by modifying the original CNN architec-
ture and applying transfer learning techniques. The enhanced CNN models demonstrate
significant improvements, indicating that this approach could aid the analysis of MASW
data. To fully realize the potential of this method, future efforts should focus on increas-
ing the similarity between synthetic and field data, for example by incorporating realistic

noise.
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1 Introduction

With the continuous development of technology and the increasing amounts of data being
gathered across various fields, traditional approaches for data analysis are struggling to
keep up. Conventional statistical methods and manual data analysis are often insufficient
for managing and interpreting the vast datasets generated. Consequently, new methods
must be developed to manage and analyze this data efficiently. Fortunately, ongoing
advances in computational resources, such as advances in Graphical Processing Units
(GPUs), have enabled us to make use of these large amounts of data through efficient
computational approaches.

In the current decade, Artificial Intelligence (AI) and its subfields, Machine Learning
(ML) and Deep Learning (DL), are playing an ever-increasing role in society, as they
leverage the advances in computational resources. Large Language Models (LLMs), like
GPT and GitHub Copilot, are revolutionizing the way in which students gather infor-
mation, write assignments, and code. People across different fields use these models for
writing emails, drafting applications, brainstorming ideas, and translating texts into var-
ious languages. Moreover, images, almost indistinguishable from real art or photography,
can now be generated within seconds using simple prompts, opening a new field of work:
prompt engineering.

However, there are also downsides accompanying these new technologies. Political and
regulatory frameworks are struggling to keep up, particularly in ensuring data protection
and preventing the misuse of these technologies. The spread of fake news is becoming
more prevalent, posing a significant threat to society if people are not properly educated
on how to identify it. Furthermore, there is a risk that people might start using the
outputs of LLMs without critically evaluating them, potentially leading to erroneous
results and conclusions. This is particularly concerning in science, where comprehension
and verification are crucial to maintaining integrity.

Altough the aforementioned political issues require attention, they fall outside the
scope of this thesis and just serve as a reminder that every technological advance has
its drawbacks. Instead, this thesis focuses on leveraging the use of DL for geophysical
purposes. More precisely, we will apply DL for the automatic picking of dispersion curves.
While DL is considered a black-box (Prieto et al., 2016; Choi et al., 2020; James et
al., 2023) we will analyze different scenarios to get more insight on how our DL model
is influenced, providing a deeper look at the processes involved and uncover possible
limitations.

Dispersion curves are a phenomenon related to surface waves, which are seismic waves
that propagate along the Earth’s surface and surfaces in general. Surface waves are ex-
tensively used for subsurface characterization, and in particular for near-surface site char-

acterization. The penetration depth of surface waves depends on their frequency, leading



to different frequencies propagating at different velocities in a vertically heterogeneous
medium. This property is known as geometric dispersion and enables the extraction of
information about the subsurface structure from surface-wave recording. Multichannel
Analysis of Surface Waves (MASW) (Park et al., 1999) is a commonly used technique to
characterize the geometric dispersion of surface waves, intending to obtain the velocity
profile of a certain area, crucial for applications like soil-structure interaction, earthquake
site response, or nondestructive pavement testing (Foti, 2015). MASW makes use of
multiple receivers that record the wavefield produced by a seismic source. Traditional
processing of MASW data involves transforming the acquired shot gathers into domains
where the frequency-dependent phase velocity of the surface waves, or in other words,
their dispersion characteristics, can be determined either manually or semi-automatically.

The main objective of this thesis is to evaluate the capabilities of a DL approach
to automate the extraction of dispersion curves directly from the shot gathers or the

corresponding dispersion spectra. For this, we will adress the following questions:

e How does a DL approach compare to the conventional approach?

e What are the influences of different choices of data domains (namely, shot gathers

and dispersion spectra) for training a DL model?
e How well does a DL approach trained on synthetic data generalize to real field data?
e What are the underlying assumptions and limitations of the DL approach?

e What can be improved about the current approach and what are our recommenda-

tions for future directions to automate the picking of dispersion curves?

To answer these questions, we first review the necessary theory of surface waves and
DL in Chapter 2. In the following methodology section (Chapter 3), the reasoning behind
our approach and the tools used to tackle the problem are presented in detail. In Chapter
4, we showcase the results of our experiments and subsequently discuss them in Chapter 5.
Finally, the outcome of this thesis is concluded and recommendations on future research
directions are given in Chapter 6.

Prior to this thesis, a comprehensive literature review was conducted to establish a
solid foundation in MASW and to obtain an overview of existing ML methods for the au-
tomatic picking of dispersion curves. The outcome of this work is presented in Appendix
A.4, which provides an overview of the fundamental theory and primary challenges as-
sociated with MASW | some of which will not be reiterated in this thesis. Consequently,
readers unfamiliar with the basics of MASW are advised to refer to Appendix A.4 first

for essential background information.



2 Theoretical Background

2.1 Surface Waves

The theory of surface waves has been extensively discussed by Aki and Richards (1980),
Foti (2015), and Shearer (2019), to which the reader is referred to for detailed derivations.
In this section, the most important concepts of surface-wave propagation and the surface-
wave processing used in this thesis are summarized.

Details on dispersion-curve inversion are not provided in this section, as this thesis
solely focuses on the extraction of dispersion curves, which can subsequently be used in
different inversion algorithms. These inversion algorithms typically assume a laterally
homogenous, layered subsurface. Thus, the following theory on surface waves will be
limited to this special case.

Furthermore, while the term surface wave encompasses different types of waves, such
as Rayleigh waves, Love waves, and Scholte waves, this thesis is concerned exclusively
with Rayleigh waves. Therefore, the terms surface wave and Rayleigh wave are used

interchangeably.

2.1.1 Surface-Wave Propagation

Surface waves are a type of seismic wave that propagates along the Earth’s surface with
a limited penetration depth, unlike body waves, which propagate through the Earth’s
interior. The phase velocities, group velocities, and attenuation characteristics of surface
waves have proven useful in delineating the structure of the crust and upper mantle in
various regions of the Earth (Socco et al., 2010). On a more localized scale, seismic
surface waves and the analysis of their properties serve as a powerful tool for near-surface
characterization in geophysical exploration.

Surface waves arise from the interaction of elastic waves with the free surface. They are
composed of a linear combination of longitudinal and vertically polarized transverse par-
ticle motions, whose amplitude decays with depth within a medium (Socco and Strobbia,
2004; Shearer, 2019). In a three-dimensional medium, surface waves propagate cylindri-
cally outward from the source location. Due to the restriction of energy in the vertical
dimension, surface waves exhibit a geometric decrease in amplitude proportional to \/i;,
where r is the distance from the source point. This amplitude decrease is significantly
lower than the three-dimensional % decay rate for body waves (Aki and Richards, 1980).
As a result, Rayleigh-wave amplitudes tend to be much larger than body waves on seis-
mograms (Lay and Wallace, 1995).

In addition to the amplitude decay as a function of source distance, the energy of the



surface waves diminishes with depth. Mathematically, this can be expressed as:
A(z) = Ag - e7 %, (2.1)

where A(z) is the amplitude at depth z, Ay is the amplitude at the surface, and « is an
attenuation coefficient. This attenuation coeflicient depends on the material properties of
the subsurface. In softer materials, the dissipation of energy is typically more pronounced.

The propagation of the surface waves is, therefore, affected only by the properties
of a limited section of the subsurface, with the thickness depending on the propagating
wavelengths. Hence, in the same medium, waves of different wavelengths are affected
by different depths. If the medium is vertically inhomogeneous they propagate with
different velocities and attenuations. As a result, the propagation velocity can be strongly
frequency-dependent, according to the geometric distribution of the soil properties. Low-
frequency waves penetrate deeper and are influenced by the properties of the deeper
layers, whereas high-frequency waves are more sensitive to the near-surface layers. This
behavior is called geometric dispersion, as opposed to intrinsic dispersion, which depends

on the inherent attenuation due to the subsurface material (Socco and Strobbia, 2004).

2.1.2 Dispersion-Curve Calculation

As previously described, surface waves show characteristic properties related to their
propagation in the subsurface. Another property is the existence of multiple modes. In
vertically inhomogeneous elastic media, the dispersion relation can implicitly be written

Pr[A(2), u(2), p(2), kj(w), w] = 0, (2.2)

where A and p are the Lame parameters, p the density, k£ the wavenumber, and w the
angular frequency (Foti, 2015). The above equation, also known as the Rayleigh secular
(or dispersion) equation, indicates that the propagation velocity is a multivalued function
of angular frequency w;. In contrast to the fundamental mode, which exists for all fre-
quencies, higher modes exist only above a certain cut-off frequency (Socco and Strobbia,
2004; Foti, 2015).

Multiple methods exist for solving Equation 2.2. In this thesis, we make use of the
Dunkin’s matriz algorithm (Dunkin, 1965) implemented via the Python library disba
(Luu, 2021). This algorithm offers numerical improvements for high frequencies com-
pared to the original transfer matrix method introduced by Thomson (1950) and Haskell
(1953). The underlying assumption is a medium that consists of a stack of laterally ho-
mogenous, isotropic, elastic layers (Dunkin, 1965). A matrix is constructed for each layer
based on the corresponding material properties, and continuity of stress and displacement

fields are imposed at each layer interface (Foti, 2015). Through a sequence of matrix mul-



tiplications the dispersion relation (Equation 2.2) is constructed where the roots of the

matrix determinant can be found, providing the modal dispersion curves (Dunkin, 1965).

2.1.3 Dispersion Analysis

The process of determining the dispersion curves from seismic data is known as dispersion
analysis. As discussed in the previous subsection, higher modes can theoretically be
computed, but their identification in seismic data depends on their energy distribution
in the analyzed domain.

Various transformation techniques can be applied to space-time (x — t) seismic data,
which allows the identification of dispersion curves in different domains. The basis for
this analysis is the fact that surface waves exhibit dominant energy in seismic records.
Common transformation techniques include the f-k-transformation (Nolet and Panza,
1976), the phase-shift (PS) method (Park et al., 1998), and frequency-domain beam-
forming (FDBF) (Zywicki and Rix, 2005). A comparative study on the advantages and
disadvantages of different transformation techniques in various scenarios was carried out
by Rahimi et al. (2021). They conclude that in most cases the FDBF performed best.
In this thesis, however, the PS transform from Park et al. (1998) is implemented and
the following derivations follow their work. The PS transform was chosen because of its
simple implementation and because it was used in the previous processing of the field
data later shown in this thesis.

For the PS method, the seismic data u(z,t) is transformed to the frequency domain

using the Fourier transform:

Uzr,w) = /u(az,t) - e™tdt. (2.3)

Equation 2.3 can be separated into amplitude and phase components:
U(ZE,(,U) = P(x,w)A(x,w), (24)

where P(z,w) and A(x,w) are the phase and amplitude spectrum, respectively. The

phase spectrum, noting that it contains the dispersion information, can be written as

;W

P(r,w) = e 'a® = e et (2.5)

where ¢, is the phase velocity and k,, the wavenumber.

Combining Equations 2.5 and 2.4 and applying the operator e to the integral

f ‘gg’:j)' we obtain the dispersion image V (w, v) (also referred to as f — v spectra) as:

w,v) = e“JﬁM T = e“J(i—%)mM "



In the case that v, is equal to the phase velocity of the signal ¢, the integral will have
a maximum, allowing to identify the dispersion curve. Note that in Equation 2.6 the
amplitude spectrum for each offset is normalized to compensate for attenuation.

In ideal conditions with noise-free seismic data and a dominant fundamental mode, the
process of picking the dispersion curve by determining the maximum for each frequency in
the dispersion image V' (w,v) is straightforward. However, in practice, noise and limited
array length as well as higher modes with dominant energy leading to apparent dispersion
curves, make the picking procedure cumbersome. Therefore, experienced operators are

required to identify the correct modes to obtain reliable results.

2.2 Machine Learning

In this section, a short introduction is given to the ML techniques used in this thesis.
While ML is a broad field, a rough division can be made into two branches: supervised
and unsupervised ML techniques (Bishop, 2006). In supervised learning, we are given
some dataset D = {dy,ds, ...,d,} and a related response y (which can have any format,
e.g., scalar, vector, or tensor), which is called the label. Supervised methods aim to learn
the relationship between the data and the label to then make inferences on new datasets
where the label might be unknown.

Unsupervised learning refers to techniques that identify patterns or relationships in
the data D, without the guidance of labels. One popular class of unsupervised methods
is clustering algorithms, which divide the dataset into clusters based on a priori-defined
types of similarity.

In this thesis, we will focus on supervised ML techniques, more specifically on con-
volutional neural networks (CNN), belonging to the subfield of DL. In the following
subsections, the fundamentals behind neural networks (NN) and their extension to CNN
will be explained to build the foundation for the methods utilized in this work.

NN form the cornerstone of DL, one of the most active areas of research at current
times (James et al., 2023). The fundamental idea behind NN dates back to the attempt to
create algorithms that are able to mimic the functioning of the human brain (Macukow,
2016). While a lot of progress has (already) been made during the 21st century, extending
our understanding of the human brain (Lisman, 2015), we are still far away from mimick-
ing it using algorithms. Nonetheless, NN has risen in popularity during the last decade
and has proven to be useful in all different kinds of fields. In the following sections, we
will take a look at the basic structure of a NN, explain the different components, and

show how NNs are trained to solve different problems.



2.2.1 Basic Structure of Neural Networks

A simple NN can be broken down into the following components: neurons, layers, and
activation functions. The basic unit of a neural network is the neuron. Multiple neurons
are typically sorted into layers, which are concatenated together to form the NN (see
Figure 2.1a). The first layer is referred to as the input layer as it receives the raw input
data. It is followed by the hidden layers where the input is transformed and finally
passed to the output layer. Each neuron has a bias and as many weights as connections
to neurons of the previous layer. Given an input from the neurons of the previous layer, a
neuron’s output ¢ can be described as the linear combination of weights w; and inputs z;
and an additional bias b. Finally, a transformation in the form of the activation function
f is applied to this sum resulting in the output which is passed as input to the neuron(s)

in the next layer. For a single neuron, this can be expressed as

N
g:f<b+zwi'$i>, (2.7)

which can be rewritten for a layer, consisting of multiple neurons, in vectorial form as
y=[f(W'x+b), (2.8)

and by defining z = WTx + b, where W is the weights matrix, x the input vector, and

b the bias vector, as
y=1/(2). (2.9)

Figure 2.1 b) schematically shows this basic unit of a neural network.

While the weights and biases are determined during the training process (see Section
2.2.2), different activation functions exist and must be chosen and combined according
to the problem at hand. Activation functions play a crucial role as they introduce the
necessary non-linearity to an NN (Rasamoelina et al., 2020; Dubey et al., 2022). There are
several activation functions, but some examples of the most common activation functions
include the sigmoid function, the linear function (equivalent to no activation function),
and the Rectified Linear Unit (ReLU) function (and versions thereof), which are displayed

in Figure 2.2. The sigmoid function

1

- 2.10
1+ efz’ ( )

f(z)sigmoid =
commonly used in logistic regression, transforms a linear function into values between
zero and one (James et al., 2023). While popular in the early days of NN, the sigmoid
activation function suffers from the vanishing gradient problem (Dubey et al., 2022).

This problem is due to high or low input values leading to a similar output of the sigmoid



Input Hidden Output
layer layers layer

b)

Figure 2.1: a) Overview of a simple neural network (NN) with the input, three hidden,
and output layers. The layers are fully connected, meaning each neuron is connected to
all neurons in the next layer. b) Zoom onto a single neuron. The inputs z; are multiplied
with their respective weights w; and summed, to the result of which, a bias b is added.
The result is transformed using an activation function f resulting in the neurons’ output
7. The superscript of the weights and inputs refers to the layer number.

function, causing the gradient of the objective function to become close to zero. During
training, this results in neglectible updates in the parameters, slowing down the process.
For this reason, ReLLU and its modifications have become state-of-the-art. The ReLu
activation function,
0, ifz<0
f(Z)Rerv = (2.11)
z, otherwise.
returns zero for any negative z and z itself for any positive z. Accordingly, the gradient
for positive inputs is one, and for negative inputs zero, which reduces the computational
complexity and makes it very cheap to implement (Dubey et al., 2022; James et al.,
2023). Another activation function, mostly implemented in the last layer, is the linear

activation function which just returns the input itself.



Activation functions

—— Sigmoid /
RelLU
= = Linear /

Figure 2.2: Visualization of the Sigmoid, Recitified Linear Unit (ReLU), and linear acti-
vation function. The Sigmoid function will output a value between 0 and 1 for any input
value z, but has vanishing gradients for small or large values of z. The ReLLU function
returns 0 for any negative z and z itself otherwise. The gradient of the ReLU is either
zero or one, making it cheap to compute. The linear activation is also referred to as no
activation function, as it just outputs the input.

2.2.2 Training of Neural Networks

The key to making a NN useful for problem-solving is the training process. The train-
ing consists of updating the weights and biases of the neurons in an iterative fashion
to improve their predictive performance on the training dataset. NN are trained in a
supervised manner, meaning that the data is labeled, and therefore the correct output y
for every input x is known.

After deciding on the structure of the network (how many layers and neurons, which
activation function, etc.) all weights and biases are initialized. The updating of these

weights and biases includes three steps:
e Forward propagation
e Calculating the loss
e Backward propagation

During the forward propagation, the data is passed to the input layer and the output
g is calculated with the initialized weights and biases and defined activation functions

(see Equation 2.8).



Using a loss function, the misfit between predicted output ¢ and label y is calculated
as a measurement of the NN performance. The choice of a loss function depends on the
problem at hand. Two common choices with different purposes include the Mean Squared
Error Loss Function (MSE) and the Cross-Entropy Loss Function (James et al., 2023).
The MSE is calculated by

N
1 X
Lusp = 53¢ > (i — i), (2.12)
i=1

and is used in regression tasks, while the cross-entropy loss

N

LCTossEntropy = - Z Yi - log(gz) (2]‘3)
=1

is used in multi-class classification tasks.

The former loss function calculates the average squared differences between predicted
and observed values, giving a metric on how close these values match, i.e., how close
the pixel values in an image are or how similar two curves are to each other. The latter
loss function is intuitionally explained using the example of the classification problem of
different types of animals. The label contains only zeros except for a single entry that
corresponds to the correct animal, where it contains a one. Using, for example, the pre-
viously explained sigmoid activation function in the last hidden layer our prediction only
contains values between zero and one, corresponding to the likeliness that an image be-
longs to a certain animal class. Because of the logarithm, the loss will grow exponentially
with decreasing probabilities in the corresponding prediction entry of the correct class,
making the model learn to assign higher probabilities to the correct animal.

Independent of which loss function is chosen, the target of the training process is to
minimize the calculated loss. Recalling Equation 2.7, we observe that the weights w;, the
biases b;, but also the input z; (by changing the weights and biases of the previous layer)
can be updated in order to minimize the losses of Equations 2.12 and 2.13. For now, we
will consider the MSE loss function (Equation 2.12) and extend Equation 2.8 to a NN
with multiple layers by introducing a superscript j which represents the layer number

and replacing the input xJ by the previous layers output $3~1:
gl = i (WJTS,J'—I +bj> = fi(zh). (2.14)
Combining Equations 2.12 and 2.14, we get

N
Lyse = % Z(yz — fk(zf))2> (2-15)
i=1

where the superscript k£ denotes the index of the last layer. Using gradient descent to
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update the weights and biases means that the partial derivatives of the loss function L
with respect to all variable parameters, e.g., g_bL{ and aaTL{’ have to be calculated. This is
achieved using backpropagation, which starts in the last layer k£ and is then iteratively
calculated for previous layers, hence the name.

Following the derivation of Nielsen (2015), we define the error ¢/ of the i-th neuron

in the j-th layer as

. 0L

§ = —, 2.16
= 210
which later will be related to our derivates of interests, e.g., % and ;Ufz" Applying the

chain rule, the error of the output layer §* is given by

oL
ko k

o = S ). (27)

Equation 2.17 is easily computed as the first term on the right-hand side directly follows
from Equation 2.12 as

oL ok

o~ —(vi = 97), (2.18)
and the second term depends on our activation function, where the derivative in case of
ReLU is either 1 or 0. Starting from the last layer, an equation for the error 5{ can be

formulated in terms of the error in the next layer:
0= (WHHTe o f'(), (2.19)

where ©® is the Hadamard product. Equation 2.19 allows us to compute the error back-
ward through the network. It can be shown that the error is related to the derivatives of

the bias and weight as

oL ,
and oL
=, (2.21)
ik

respectively. In the above equation, k denotes the neurons in the (j — 1)-th layer
Having the partial derivatives for all weights and biases, the update can be calculated

using gradient descent as
oL

Pt+1 =Pt — aa—pt, (2.22)
where p now represents any parameter (weight or bias) of the NN and « is the step
length. In fact, all the previous derivations only considered a single training example,
and updating the weights and biases in this fashion for a dataset should be referred to

as Stochastic Gradient Descent (SGD) (James et al., 2023).
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A different and widely used optimization method for NN, also utilized in this thesis,
is the Adaptive Moment Estimation (ADAM) optimizer introduced by Kingma and Ba
(2017). The proposed optimizer updates the learning rates for each parameter individu-
ally based on a running average of the gradient of the loss m; and the squared gradient

of the loss vy:
my = Bimy_1 + (1 = B1)V,Li(pi—1) (2.23)

vy = Povp_1 + (1 — B2)VpLi(pi—1) © Li(pe—1) (2.24)

where 3 and 5 are hyperparameters controlling the exponential decay rates of the run-
ning averages. Hyperparameters are parameters whose values are set before the learning
process begins and control the behavior of the learning algorithm. Unlike model parame-
ters, which are learned during training, hyperparameters need to be specified in advance
and can significantly affect the performance of the model. Kingma and Ba (2017) ob-
served an initialization bias leading m; and v; towards zero during the initial timesteps.

This is counteracted by applying a factor to the learning rate such that

oy = oY1= (2.25)

1—pt 7
leading to the final updating rule of the parameters:

my
/Ut_'_€.

Pt = DPi-1 — 4 (2.26)
The proposed default settings by Kingma and Ba (2017), based on an empirical eval-
uation, are a = 0.001, B; = 0.9, B = 0.999 and € = 1078, This process is repeated

iteratively until convergence of the NN to an acceptable loss.

2.2.3 Convolutional Neural Networks

Above we discussed the basic structure of NN and how the training process is carried out.
Most of these concepts and equations are transferable to CNN and because it is out of
the scope of this thesis, specifics and extension applying to CNNs will not be discussed.
Instead, we will take a look at what makes a CNN special.

CNNs are one of the most popular types of NNs and are specifically suited for image-
classification tasks (O’Shea and Nash, 2015; Albawi et al., 2017; Alzubaidi et al., 2021).
The key concept behind convolutional layers is the use of learnable filters, so-called ker-
nels. Given an input image to the convolutional layer, the filters are convolved with the
image to produce feature maps. Convolving involves the calculation of the dot product of
the kernel values with the corresponding image values which is mapped to a single entry
of the feature map and repeated by shifting the kernel along the image. This process is
illustrated in Figure 2.3 a).
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Note that in this figure, a kernel size of 3 x 3, a stride of one (meaning that the
filter position is always shifted by one pixel), and no padding is used. These hyperpa-
rameters can be adjusted for each convolutional layer to extract different features and
adjust feature-map dimensions. Analogously to the process described in section 2.2.1,
optimization aims at updating the learnable kernel weights to extract certain features
that correspond to a certain class.

Another important layer type in CNN is the pooling layer (see Figure 2.3 b). While
the preceding convolutional layer extracts feature maps with patterns from the input,
the pooling layer sub-samples these feature maps (reducing their dimensionality). This
allows to reduce the number of parameters, thus increasing computational efficiency while
retaining the most important information (Alzubaidi et al., 2021). As for the convolu-
tional kernels, the pool size, stride, and padding can be defined. Several pooling methods
exist, with the most common ones being max and average pooling. As the names suggest,
max pooling takes the maximum value within the pooling window and average pooling
calculates the average within the pooling window to produce the downsampled feature
map. Since pooling reduces the total information content large pooling windows (above

size 3 x 3) will greatly decrease the models’ performance (O’Shea and Nash, 2015).
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Figure 2.3: a) Visualization of the convolutional operation. The filter is shifted along
the input image and each pixel is multiplied with the corresponding filter weight. Note
that each convolutional filter is designed to have the same number of channels as the
input image. Each channel represents one dimension of the input (e.g., three for a RGB
image or the number of feature maps from the previous layer). During the convolution
process, each filter channel independently interacts with its corresponding input channel.
The feature map of the convolution operation is obtained by summing the contributions
from all these interactions across the channels and adding a bias. b) Visualization of the
pooling operation. In this case, MaxPooling is applied to the feature map with a size of
2 x 2 and stride of 2. The maximum value in each pool is taken to reduce the feature
map dimension while keeping the most important information.
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3 Methodology

3.1 Problem Definition and Proposed Methodology

The picking of dispersion curves from the phase-velocity spectrum, as described in section
2.1.3, is a labour-intensive task and highly susceptible to the professional carrying it out.
Automatic picking methods exist, mainly using the maximum energy for each frequency
in the dispersion spectra to pick the corresponding phase velocity. The drawbacks of
these methods are the need for manual corrections in case of strong noise and apparent
modes in the spectra.

Implementing a semi- or fully-automated, CNN-based process can circumvent these
limitations. In this thesis, we aim to utilize the capabilities of CNNs which have been
proven successful in different geophysical tasks. Araya-Polo et al. (2018) defined their
CNN as the tomography operator, directly mapping semblance cubes to velocity models,
Wu et al. (2020) applied CNN to invert seismic data for the impedance, and Li et al.
(2022) trained a CNN to identify paleo-channels in 3-D seismic volumes.

Seismic data represents a recording of the wavefield sampled in time and space. The
idea behind applying learnable kernels is the extraction of spatiotemporal features related
to the dispersion of surface waves. These features can then be related to phase velocities
for different frequencies leading to the extracted dispersion curves.

While deeper CNNs become less interpretable and more of a black box, some intuition
behind this idea can be given when picturing edge-detection kernels. These edge detection
kernels can be constructed to transform an image such that the output shows edges
with specific orientations. In seismic data, the slope of maxima of refracted waves in
neighbouring traces is translated directly into velocities. Thus, applying kernels that
detect different slopes in the shot gathers results in strong activations in the feature
maps if those slopes are present. In the succeeding layers, the kernels applied to the
feature map volume calculated from the input shot gather might capture more complex
relations, hopefully leading to the learning of the dispersion relation with offset.

Again, since the complexity of CNN increases with their depth, the previously de-
scribed idea can only be taken as a general intuition, whereas the actual process of
mapping shot gathers to dispersion curves will be more abstract.

Work on the extraction of dispersion curves using CNN has been done by Ren et al.
(2020), Ren et al. (2021), Dai et al. (2021), and Chamorro et al. (2024). Ren et al.
(2020) used a modified U-Net architecture to map from the f-k-spectrum directly to the
corresponding dispersion curves. Dai et al. (2021) treated the problem as a segmentation
task, where they trained a CNN to discriminate between background and dispersion
energy in the f-v-spectrum. Their obtained output is subsequently used as a mask to fit

the dispersion curves. Notably, Chamorro et al. (2024) was the first to apply the method
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described in this thesis and their code builds the framework for the work carried out in
this thesis.

After reviewing Chamorro et al. (2024) and the accompanying codes, several questions
emerged that we aim to address in this thesis. For their training process, only 1000
samples were generated, allowing for a very limited variation in the generated velocity
profiles. In their case, the parameters for the model building were chosen after analyzing
the field data. Combined with the limited variation in the training data, it is questionable
if the CNN can identify features in the field shot gather related to the phase velocity, as
any dispersion curve the model was trained on could be judged as acceptable. The model
was also trained to predict phase velocities for frequencies that show no energy in the
amplitude spectra of the field gathers. From a physical point of view, such predictions
can not be made from the information content of the data. This also applies to their
attempt to predict the first higher mode, as the picked first modes do not correlate with
energy in the dispersion spectra (see Figure 10 in Chamorro et al., 2024) making their
reliability hard to judge without additional measurements confirming the predictions.
Furthermore, we compare the performance of models directly trained on shot gathers
with those trained on the corresponding f — v spectra.

The workflow of this thesis consists of the random generation of subsurface models
which are then used to model synthetic shot gathers and calculate the corresponding f —v
spectra. The synthetic shot gathers and f — v spectra are subsequently used to train the
CNN for the inference on synthetic and field data. Figure 3.1 shows this workflow and

the following subsections explain the steps in more detail.
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Figure 3.1: Workflow for the experiments conducted in this thesis. First, random 1-
D geological models are generated within a defined model space. For these geological
models shot gathers are computed using the elastic finite difference (FD) implementation
of fdelmodc (Thorbecke and Draganov, 2011). Depending if the CNN is trained on shot
gathers or dispersion spectra, the CNN is either directly trained with the obtained shot
gathers or the Phase-Shift transformation (Park et al., 1998) is applied to obtain the
dispersion spectra. 80 % of the data is used for the training and the other 20 % for
the validation. The model with the lowest loss on the validation data is used for the
application on test and field data. The separate steps are detailed in the corresponding
Sections.
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3.2 Training Data

Training a CNN requires correctly labelled data, covering the settings it is intended to
infer on (Choi et al., 2020). This implies that predictions inferred by the model are
unreliable when applied to data outside the model space on which it was trained. In
this thesis, we use synthetically generated data, as it allows us to cover a variety of
different geological scenarios, whereas accessible field data is typically limited in amount
and variety. The quality of predictions on field data using synthetic data for training is
expected to perform worse, as less similarity exists with the simulated data. Therefore,
it is advised to tailor the data-generation process to the field data. This applies to the
used acquisition parameters, such as receiver number, receiver spacings, sampling rate,
and source characteristics. Certain influences on the field data, such as noise, can not
be determined beforehand and require special attention and additional techniques before
inference is performed.

We compute the shot gathers for randomly generated geological models using fdelmodc
(Thorbecke and Draganov, 2011), a software that implements a finite-difference (FD)
scheme as described in section 3.2.2 and uses the SU data format as input and output.
The corresponding dispersion curves for each geological model are calculated using the
python package disba (Luu, 2021), which implements the Dunkin’s matrix method (see
Section 2.1.2).

Limitations for the synthetic data generation in this thesis arise due to limited com-
putational resources. Because of the current state of our implementation, the number of
training data that can be used is limited. Before training the CNN, pre-processing steps
are applied to the data which require the data to be loaded into memory, limiting the
number of data to a function of available memory and dataset size. We found that using
10000 models allowed us to run the training without running into memory issues and this
number is therefore used for all experiments conducted in this thesis. It is important to
note that this limitation in training data also limits the range of variability in the models
used for training. Therefore, the random model generation parameters were carefully
tuned to achieve good results without constraining the model space too much. Further

details on the hardware and software specifications can be found in Appendix A.1.

3.2.1 Model Generation

The model generator we implement in this thesis iteratively builds 1-D velocity models

from top to bottom, using the following parameters:
® Ugi min, the minimum velocity of the first layer
® Vst maz, the maximum velocity of the first layer

e g, largest expected velocity gradient
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e 1, the maximum number of modelled layers
® 2,4z, maximum depth to reach

e d,,in, minimum thickness of layers

® d,,.., maximum thickness of layers

First, a random thickness in the interval [d,in,dmae] is initialized. Next, the layers’

velocity is determined within the interval

Vs = ['Us,mina g-z + Us,maac] ; (31)

where z is the depth of the current layer midpoint. From the interval in equation 3.1,
specified by the defined minimum vy, and maximum v e, defined as a linear function
of depth using the maximum expected gradient, a random velocity is picked. The possible
velocities are restricted to increments of 10. For the case where no velocity inversion is
expected, the minimum velocity vs .., for the next layer is updated as the velocity of
the current layer. In the case of creating models with velocity inversion, we implement
additional rules that prevent too high-velocity differences of successive layers and limit
the occurrence of the inversion layer to a defined depth range. The process is stopped
after reaching the maximum depth z,,,, or the maximum number of layers n.

While the seismic shear wave velocity v, is the desired property required for geotech-
nical purposes (Hussien and Karray, 2016), the compressional wave velocity v, and the
density p are needed for the modelling process. Because both v, and p have limited influ-
ence on the propagation of Rayleigh waves, we use empirical relations to estimate them

as a function of vs. For the calculation of v,, we assume a constant Poisson’s ratio o of

3

loose sands (Kumar Thota et al., 2021). The Poisson’s ratio is related to the s-ratio as
p

which is the average for stiff to soft clays and on the upper end for silts and dense to

Us 0.5—07 (3.2)

Up l1—-0o

resulting in a *-ratio of 0.5. Therefore, we calculate the compressional-wave velocity as
p

vy = 2 - vy (3.3)

The density p can then be estimated using the empirical relationship from Gardner et al.

(1974):
p=031-00% =031 (2 v,)"" (3.4)
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3.2.2 Forward Modelling

The forward modelling of the seismic wavefield is done for the 2D elastic wave equation.
Since an FD scheme is used for approximating the wave propagation, certain criteria
have to be obeyed depending on the velocities of our geological models and used wavelet.
The FD uses a centralized 4th-order Crank-Nicolson scheme for the approximation of the
first-order derivative in space and a 2nd-order central scheme for the first-order derivative
in time. For further details on the implementation, the reader is referred to the fdelmodc
manual (Thorbecke et al., 2020).

Thorbecke et al. (2020) give two equations to ensure stability and minimize numerical

dispersion. The condition for the stability of the FD scheme is

0.606 - Ah
< _—

Cma:r

At , (3.5)
where Ah is the grid spacing (assuming that Ah = Az = Az) and ¢4, the largest velocity
in the model. If not fulfilled, the wave will travel further than one grid spacing within
one time-step, leading to errors in the solution. Numerical dispersion will increasingly

occur if

C .
Ah e 3.6
= 5 - fmax ( )

is not fulfilled, where f,,.. is the highest modeled frequency and c¢,,;, the lowest velocity

in the model. Numerical dispersion is, unlike geometric and visco-elastic dispersion, not
a physical phenomenon of wave propagation but introduced by the numerical approxi-
mation of the FD scheme. Equation 3.6 is not a mathematically derived relation but a
practical recommendation to keep the numerical dispersion neglectable.

In addition to the above stability and dispersion considerations, other parameters
must be chosen prior to the modelling. Assuming the use of a sledgehammer (or drop-
weight), the source is chosen to act in the vertical direction and the receivers to record
the vertical component of the wavefield. Naturally, the upper boundary is chosen to be
a free surface, while all other boundaries are tapered boundaries. Tapered boundaries
extend the original model domain by a defined number of grid points at which the wave
is increasingly damped. This is necessary to reduce unwanted side reflections but comes
at the cost of increasing the computational cost depending on the number of taper points
chosen. An alternative boundary to tapering is Perfectly Matched Layers (PML) which
produces better results (Thorbecke et al., 2020) in suppressing side reflections but has
not been implemented yet for the elastic case in fdelmodc.

As mentioned in Subsection 2.1.2; the forward calculation of the theoretical dispersion
curves is implemented using the Python library disba (Luu, 2021). For the calculation of
higher modes, we encountered the problem of root skipping (observable in Figure 4.11,

middle panel). Root skipping occurs if the phase velocity increment for the root-finding
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is too large, therefore missing the root for the correct mode and instead using the root of
a lower mode. One solution to this problem is decreasing the phase velocity increment
for the root-finding, but we find that the increment needed to prevent root skipping is so
small, that the computational cost increases to an undesirable level. Reviewing the code
provided by Chamorro et al. (2024) we find that they encountered the same problem and
we adopted their solution of a median filter, changing the filter length to 7, to reduce the
amount of root skipping. While reducing the total number of outliers, root skipping still
occurs using this approach, which has to be considered when training on the erroneous

dispersion curves is performed.

3.2.3 Pre-Processing Steps

The shot gathers and corresponding dispersion spectra used for training, as well as the
testing and field data utilized for prediction, are subject to minimal processing. We
normalize the shot gathers trace-wise and the dispersion spectra frequency-wise. For the
shot gathers we do this to enhance the structural continuity of the surface waves to the
same range of values and for the dispersion spectra to normalize the maximum energy,
corresponding to the desired phase velocity, for each frequency. The dispersion spectra
are restricted to the frequency and phase velocity range we expect in our testing and field
data. Furthermore, the time shift applied to our wavelets prior to the forward modelling
is removed.

For testing purposes, we introduce Gaussian noise to selected shot gathers to evaluate
its impact on the prediction accuracy of our CNN models, which were trained using

noise-free data.

3.3 CNN Architecture

In this thesis, we use a modified version of the Residual Neural Network (ResNet) ar-
chitecture introduced by He et al. (2015). The ResNet architecture is chosen because of
its simple implementation using PyTorch and proven performance on image-classification
tasks. Multiple variants of ResNet exist, differing in their amount of hidden layers. Be-
cause of the limited amount of used data, due to memory constraints, we implement the
lightest version, ResNet-18.

ResNet gets its name from the utilization of residual connections (also kown as skip
connections). In a traditional deep CNN, each layer feeds its output as input to the
next layer in a sequential manner. However, as the network gets deeper, it becomes
challenging to train due to problems like vanishing gradients, where gradients become
very small and updates to weights during backpropagation become insignificant (He et
al., 2015). Residual connections address this issue by allowing the input to a layer to be

directly added to the output of that layer. Mathematically, if x is the input to a residual
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block, and F(x) is the transformation applied by the block, the output y of the residual
block is:
y=F(x)+x (3.7)

The motivation behind adding the input to the residual block to its output is, that in
case of the input already being nearly optimal, the solvers may simply drive the weights
of the transformation F(z) to zero (He et al., 2015).

ResNet-18 also makes use of batch normalization between each convolutional layer and
activation function. Batch normalization was proposed by loffe and Szegedy (2015) to sta-
bilize and accelerate the training. By normalizing the input of each layer to have a mean
of zero and a variance of one, batch normalization addresses the internal covariate-shift
issue discussed by Ioffe and Szegedy (2015). This normalization reduces the sensitivity
to initial conditions and learning rates, thereby improving the generalization capability
of the model.

Our primary modification to the traditional ResNet-18 architecture is its adaptation
to output the dispersion curve directly from the input shot gather or dispersion spectra.
This adaptation involved that we tailor the network’s final layer to predict continuous-
valued curves instead of discrete class labels, which the original architecture was designed
for. Instead of the original 1000-dimensional fully-connected output layer, we adapt the
dimension to the frequency content and frequency resolution of our data. For example,
if the signal contains frequencies between 10 Hz and 80 Hz and the frequency resolution
equals 1 Hz, the output layer will be 71-dimensional. We do this in an attempt to integrate
the underlying physics into the CNN. The architecture of ResNet-18 is shown in Figure
3.2.

In some experiments, we also integrate dropout with rates of 0.15 or 0.3 after every
ReLU activation function but the last one of the ResNet architecture, to prevent overfit-
ting, as proposed by Hinton et al. (2012). Dropout is a regularization technique where
a percentage of the neurons in each layer are randomly disabled during training. This
means that in each training iteration, some neurons are ignored, forcing the network to
learn redundant representations. By doing so, dropout helps in reducing overfitting and
improves the model’s ability to generalize better to unseen data.

We chose to use ADAM (see Subsection 2.2.2) for optimization and the Mean Squared
Error (MSE) loss as the loss function. Originally, Chamorro et al. (2024) proposed to
use the Huber loss and an additional regularization term to promote smoothness in the
predictions. During our experiments, we found the Huber loss, particularly in the case
of velocity inversions or high-velocity contrasts, to produce predictions that average the
true dispersion curves, as these deviations are not as strongly penalized as for the MSE
loss. We chose to not use the additional regularization term to produce smoother results,

as we did not observe any case where this was beneficial.
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In all our experiments, we enable fixed randomness in our code, allowing for re-
producible results and better comparison after changing the experimental setup. This

includes the seeding of the random number generation for PyTorch and NumPy.
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Figure 3.2: ResNet-18 architecture utilized in this thesis. The notation within each layer
(colored box), e.g., [3x3 conv, 64], refers to the kernel size and the number of kernels,
respectively. The notation /2 indicates the use of a stride of 2, halving the dimension
of the inputs. Otherwise a stride and padding of 1 is used. The solid lines represent
simple residual connections, whereas the dotted lines indicate an additional increase in
the number of channels to account for the different dimensions between layer blocks
(boxes with same color). Modified after He et al. (2015).
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4 Results

In this chapter, we present the findings of this thesis. Initially, we show the results of
the hyperparameter evaluation, which form the foundation for the subsequent analyses.
Following this, we address the performance and limitations of the CNNs using differ-
ent synthetic datasets. Finally, we apply the framework to field data and compare its

performance to the conventional approach.

4.1 Hyperparameter Testing

One critical parameter for the training of CNN is the amount of training data used. As
more data generally leads to better performance, we aim to maximize the number of
training data while keeping the computational cost reasonable. As discussed in Section
3.2, we encountered memory limitations, therefore restricting the experiments to 10000
geological models per training.

Key hyperparameters such as the number of epochs, the batch size, the learning rate,
and the dropout rate significantly influence the accuracy of the model. Proper tuning
of these parameters is essential to prevent overfitting and underfitting the model to the
training data. To this end, we carry out the following hyperparameter tuning procedure
for the training on shot gathers. For the training on dispersion spectra, we find that the
choice of hyperparameters has less influence on the outcome, and for this reason, those
results are not detailed in this Subsection. We conduct a grid search for the following

hyperparameters for training the CNN over 200 epochs:
e Dropout = [0.0, 0.3, 0.5]
e Batchsize = [4, 16, 64]
e Learningrate = [0.0001, 0.001, 0.01]

Given the computational expense of a grid search, we opt for a wide range of values for
each parameter while using a smaller training set of 2000 models. Figures 4.1 and 4.2 show
the training and validation loss, respectively, for all hyperparameter combinations. The
observed fluctuations reveal the stochastic nature of the underlying training process. For
a learning rate of 0.01, the fluctuations for the validation loss are judged to be exceedingly
large, wherefore a smaller learning rate should be chosen for a smoother learning process.
We avoided models with low validation errors but highly fluctuating validation losses, as
these may result from sharp local minima, leading to poorer generalization. Comparing
the results for learning rates of 0.001 and 0.0001, we observe that the set of curves with
the latter has not converged after 200 epochs. This implies more epochs are required,
thus increasing the computational cost to achieve similar results as with a learning rate
of 0.001.
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Analyzing the results for a learning rate of 0.001, we observe that a batch size of
64 is too large for our dataset of 2000 samples when used without dropout. This leads
to higher training and validation losses when compared to the batch sizes of 4 and 16.
This observation was also noted by Keskar et al. (2017), who attributed this phenomenon
to the convergence to sharp minima when using large batch sizes. For batch sizes of 4
and 16, we observe similar results for the training and validation, indicating that both
are suitable. On the other hand, if dropout is applied, the training loss increases with
increasing dropout rate, while the validation loss remains similar for all hyperparameter
combinations. This could indicate that without dropout the CNN is overfitted, as the
training and validation dataset stem from the same population of models and are there-
fore "memorized”, resulting in both low training and validation losses. The convergence
to a similar, higher validation loss for different dropout rates and batch sizes could indi-
cate that independent of both hyperparameters, the same features are learned from the
training data, leading to a better generalization.

Across all combinations of learning rates and batch sizes, we observe that larger
dropout rates result in larger training and validation errors. This might not necessarily
be detrimental, as we will show in Subsections 4.2 and 4.3 when applying the trained
CNN on testing data with different characteristics than our training data (e.g., synthetic
data with noise and field data).

Table 1 presents the smallest validation loss achieved for each hyperparameter set
and the corresponding computational time in seconds. The best result on the validation
dataset is achieved with a learning rate of 0.01, a batch size of 4, and a dropout rate of 0.
The second-lowest validation loss is achieved with a learning rate of 0.001, a batch size of
16, and a dropout rate of 0. The slight variations in these results may arise from inherent
stochasticity. Conversely, with a learning rate of 0.001, the validation loss converges more
smoothly to a desired optimum. Considering the duration of the training process and
the use of only 2000 models instead of 10000, it becomes evident that larger batch sizes,
leveraging GPU parallelization capabilities, are essential for handling extensive datasets.

Based on our hyperparameter evaluation, we adopt a learning rate of 0.001, which
is also recommended by the authors of the ADAM optimizer (Kingma and Ba, 2017).
To balance computational efficiency, we opt for a batch size of 16, as it is expected that
the computational time will increase significantly for 10000 models, and the validation
losses in Figure 4.2 are similar to the smaller batch size of 4. Since improvements are
still noticeable beyond 200 epochs, training is performed for a total of 300 epochs. Ad-
ditionally, we implement an early stopping mechanism, which stops the training if the
validation loss does not decrease for 15 consecutive epochs. This adoption was based on
experiments conducted in the following sections, which demonstrate a tendency for the
model to overfit. This was evident through an increase in validation loss for a continuous

decrease in training loss.
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Although the lowest validation losses were achieved without dropout, we reserve the

option to apply and compare results with a dropout probability of 0.15 and 0.3 when
evaluating the CNN models on noisy synthetic and field data.
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Figure 4.1: Training loss plot over training epochs for different combinations of hyperpa-
rameter. Each panel shows different combinations of batch size (BS) and dropout (DO)
for a fixed learning rate. BS are differentiated by color, while different DO have a differ-
ent linestyle (see legend).
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Figure 4.2: Validation loss plot over training epochs for different combinations of hy-
perparameter. Each panel shows different combinations of batch size (BS) and dropout
(DO) for a fixed learning rate. BS are differentiated by color, while different DO have a
different line style (see legend).
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Table 1: Results of hyperparameter grid search. For each set of parameters (e.g., learning
rate, batch size, and dropout) the CNN is trained on 2000 shot gathers for 200 epochs.
The training time and minimum validation loss are saved and used to evaluate the hy-
perparameter combinations. Bright green indicates the best result, which corresponds to
the smallest validation loss achieved across all combinations. Dark green indicates the
second-best result.

Learning Rate Batch Size Dropout Minimum Value TE:]ae
0.01 4 0.3 8.8 1030
0.01 4 0.5 9.9 1034
0.01 16 0.3 8.5 894
0.01 16 0.5 12.4 894
0.01 64 0 7.2 858
0.01 64 0.3 8.2 857
0.01 64 0.5 10.1 858
0.001 4 0 6.6 1020
0.001 4 0.3 9.0 1028
0.001 4 0.5 10.0 1026
0.001 16 0.3 9.0 887
0.001 16 0.5 8.9 885
0.001 64 0 8.5 850
0.001 64 0.3 9.4 852
0.001 64 0.5 10.4 853

0.0001 4 0 8.3 1025
0.0001 4 0.3 11.5 1030
0.0001 4 0.5 11.9 1030
0.0001 16 0 10.0 886
0.0001 16 0.3 13.1 887
0.0001 16 0.5 13.3 887
0.0001 64 0 27.3 849
0.0001 64 0.3 27.8 851
0.0001 64 0.5 38.2 846

The results presented in the following Subsections are obtained from different training
processes by changing the training data, the network architecture, and hyperparameters.
The training and validation losses over epochs obtained for each result are shown in
Appendix A.3.



4.2 Synthetic Data Results

For the generation of all the seismic synthetic data shown in this subsection, we use a
flat-spectrum wavelet with frequencies of 5-10-60-70 Hz as the source signature. These
frequency values correspond to the minimum frequency, the left attenuation point, the
right attenuation point, and the maximum frequency of the wavelet, respectively. A time-
shift of 0.25 s is applied to obtain a causal wavelet, which is accounted for during the
pre-processing of the synthetic data. Figure 4.3 displays the wavelet and its corresponding
amplitude spectrum. As dispersion can only occur for frequencies present in the wavelet,
we limit the calculation and prediction of dispersion curves to the range between 10 and
60 Hz. We evaluate the performance and limitations of our approach using two different

geological settings.

I o o =
ES o o o

Amplitude
=3

o
o

|
e
N

|
N
IS

0.0 0.1 0.2 0.3 0.4 0.5
Time [s]

w
1=}
S

Amplitude
= — [N N
o w o w
o o o o

o
o

o

20 30 40 50 60 70 80
Frequency (Hz)

o
(=
1S}

Figure 4.3: Top: Flat-spectrum wavelet utilized for the modelling of the synthetic data
in this thesis. A time shift of 0.25 s is applied to make the wavelet causal. Bottom:
Corresponding amplitude spectrum. The minimum and maximum frequencies are 5 Hz
and 70 Hz, respectively. The left and right attenuation points are 10 Hz and 60 Hz,
respectively.

4.2.1 Benchmark Model

Figure 4.4 shows the first vs-model utilized to generate synthetic testing data. The left
side of the model features a simple, layered structure without lateral variation. On the

right side, the layers dip in the shallow part and a velocity inversion is introduced. We use
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this benchmark vs-model to generate the synthetic seismic data to test our framework.

The corresponding v, and density models are obtained using Equations 3.3 and 3.4.

1400
1200

1000

Depth [m]
[s/w] A31D0|9A anem-S

0 30 60 90 120
Horizontal distance [m]

Figure 4.4: Simple shear-wave velocity model used for testing the proposed method. The
left part is simply layered, showing increasing velocity with depth. In the right part, the
upper layers start to dip and a velocity inversion is introduced as the third layer. The
compressional-wave velocity and density models needed for the forward modelling are
obtained using Equations 3.3 and 3.4.

Generating models with a single set of parameters for the random model generation,
which accounts for both sides of the benchmark subsurface model, introduced too much
variability in the generated models due to the velocity inversion. We find that the in-
corporation of a velocity inversion in the random model generating process needs further
adjustment, as Equation 3.1 produces models with too large velocity jumps after the
low-velocity layer, and thus generating a small number of models within the expected
range for our benchmark model. Therefore, to address the variability introduced by the
velocity inversion, we generate two separate training datasets, containing 5000 models
for each side of the model. The models generated for the left side are created without al-
lowing a velocity inversion, while the models for the right side are created with a velocity
inversion in the third or fourth layer. Table 2 summarizes the settings for our random
model generation. Figures 4.5 and 4.6 show the dispersion curves and vs-profiles for the
left side of the benchmark model (no velocity inversion) and right side of the benchmark

model (with velocity inversion) training datasets, respectively.
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Table 2: Modelling parameters used for the random model generation
as described in Subsection 3.2.1. Two datasets are created to account
for the velocity inversion on the right side of the model shown in Figure

4.4.
|| Left Side | Right Side

Vsl min [M/S] 100 100

Vsl ,maz |M/S] 350 300

g [m/s/m] 35 35

20 20

Zmaz M) 50 50

Aoz [mM] 8 10

Additional Vellnv in 3rd or 4th layer

rules ) with thickness of 0.25 m to 3 m
Dispersion Curves Velocity Profiles
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Figure 4.5: Left: Dispersion curves of the randomly generated 1-D geological models
used as the training dataset for the left half of the model shown in Figure 4.4. Right:
Their corresponding v, profiles.

For the testing dataset, we model shots every 5 m along the benchmark model with a
receiver array consisting of 24 geophones with 1 m spacing and a minimum source offset
of 5 m. The total recording time is 0.75 s with a receiver time sampling of 3 ms. After
accounting for the initial time shift of the wavelet, the final recording length is 0.5 s.

For the midpoint of each shot gather, the 1D velocity profile at this midpoint location is
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Figure 4.6: Left: Dispersion curves of the randomly generated 1-D geological models
used as the training dataset for the right half of the model shown in Figure 4.4. Right:
Their corresponding v, velocity profiles.

extracted and the theoretical dispersion curve is calculated. Since our model is laterally
heterogeneous, the calculated dispersion curves between 50 and 100 m horizontal distance
do not represent the actual dispersion curves, as its calculation assumes a laterally ho-
mogenous subsurface (see Section 2.1.2). The lowest velocity in the generated models is
100 m/s and the highest frequency in our wavelet is 80 Hz. Using Equation 3.6 to avoid
numerical dispersion, we choose a model grid spacing of 0.25 m, and using Equation 3.5
to ensure the numerical stability, we use a time-step of 0.3 ms for the FD modelling.

The CNN is first trained with each dataset separately and afterwards with the com-
bined datasets. In total, six CNN models are trained: three on the shot gathers and three
on the dispersion spectra. Note that no dropout is used for this experiment. Figure 4.7
shows the prediction results for the CNN trained on shot gathers for three shots with
source positions at 10 m, 60 m, and 120 m.

The predictions for the first shot at 10 m (upper row in Figure 4.7) show a good match
between theoretical and predicted dispersion curves, for both training on shot gathers and
on dispersion spectra. For the CNN trained on shot gathers (top row, middle column), we
observe that the best fit is achieved for the model trained on the dataset without velocity
inversion, the predictions for the model trained on the dataset with velocity inversion

show a larger deviation, and the predictions for the combined dataset shows intermediate
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deviation between the other two results. For the CNN trained on dispersion spectra (top
row, right column), an almost perfect match between theoretical and predicted dispersion
curves can be observed, independent of the training dataset used.

For the shot location at 60 m (middle row in Figure 4.7), which contains lateral
velocity variations, the predictions are not able to accurately estimate the dispersion
curve, but still show a good match with the underlying dispersion spectra for both, the
CNN trained on shot gathers and dispersion spectra. For the models trained on shot
gathers (middle row, middle column), the predictions produce dispersion curves without
inflection points, not capturing the characteristics of the low velocity layer. Similar,
the predictions for the models trained on the different dispersion spectra (middle row,
right column) correctly estimate frequencies from 10 Hz to 15 Hz and from 40 Hz to 60
Hz, while underestimating the velocities in between, also producing a dispersion curve
without inflection points. These results were anticipated, as the CNN model is neither
trained on data with lateral velocity variations nor provided with accurate labels, given
that the dispersion curve calculation assumes a laterally homogeneous subsurface.

The theoretical dispersion curve of the right side of the velocity model(solid black
line in the bottom row of Figure 4.7) shows inflection points at around 20 Hz and 35
Hz. For the predictions made by the CNNs trained on shot gathers (bottom row, middle
column), the inflection points, and the theoretical curve in general, are matched very well
by the model trained on the dataset with velocity inversions. The model trained on the
combined dataset also aligns closely with the shape of the theoretical dispersion curve,
though it deviates slightly between 20 Hz and 30 Hz. In contrast, the predictions from the
model trained on data without velocity inversion only vaguely follow the characteristic
shape of the label. The predictions from the CNN trained on the dispersion spectra
(bottom row, right column) are very similar to each other but less accurate in predicting
the true dispersion curve compared to the CNN trained on shot gathers, as they tend to
underestimate the velocities between the two inflection points.

The CNN models trained on the datasets with or without velocity inversion produce a
more accurate prediction when the shot gather corresponds to a location in the benchmark
model with or without velocity inversion, respectively. Predictions using the combined
dataset demonstrate increased accuracy compared to the CNN models trained on a single
dataset applied to the opposite side of the model they were trained on. Interestingly,
regardless of the training dataset used, the predictions for the CNN models trained on
dispersion spectra are all very similar and show only minor deviations.

Additionally, the predictions show good agreement with the theoretical dispersion
curves considering the variety of dispersion curves they are trained on. Furthermore,
we observe that the calculated dispersion spectra using the PS method show increasing

deviations from the theoretical dispersion curves for frequencies above 45 Hz.
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Figure 4.7: Left: Common-shot gathers generated using the velocity model in Figure 4.4
with the source located at 10 m, 60 m, and 120 m (from top to bottom, respectively).
Middle: The corresponding dispersion spectra, calculated using the PS method by Park
et al. (1998) and the predictions of the CNN trained on shot gathers. Right: Predictions
for the CNN trained on dispersion spectra. The solid black curve represents the dispersion
curve for the velocity model extracted at the midpoint of the shot gather (label). The
coloured curves represent the predictions for the CNN trained on different datasets.
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Table 3 shows the average root-mean-square error (RMSE) between the predicted and
label dispersion curves at different locations across the benchmark model. The RSME is

calculated as

(i — )", (4.1)

WE

1

RMSE = N 2

where N is the number of samples of the dispersion curve, ¢ the label, and y the prediction.
We define the left part of the model as the shot positions until 40 m, the middle part

as the shot locations between 50 m to 80 m, and the right part as locations between
90 m to 120 m. Similar observations can be made as described for the three selected
shots above. Notably, the CNN trained on the combined shot-gathers dataset exhibits a
higher average RMSE compared to the one trained solely on shot gathers with velocity
inversion. We attribute this to the better predictions on the laterally varying part of
our benchmark model by the CNN trained on shot gathers with velocity inversion only.
However, when excluding the section with lateral velocity changes from considerations,
the CNN trained on the combined datasets satisfactorily predicts both settings. Overall,
we observe that the training on dispersion spectra proves more accurate, with the only
exception being the prediction on the right model side using the CNN trained on shot

gathers with velocity inversion.

Table 3: Average RMSE between predictions and label for different sections of the model
in Figure 4.4 using CNN models trained on different data. The left error is calculated for
the shot locations up to 40 m, the middle error for shot locations between 50 m and 80
m, and the right error for shot locations between 90 m and 120 m. The total error is the
average RMSE across all shots.

Training on shot gather
Left Error Middle Error Right Error Total Error
w/o inversion 8.3 15.6 10.1 11.7
w/ inversion 13.4 10.7 7.0 10.4
combined 10.1 13.3 9.1 11.0
Training on dispersion spectrum
w/o inversion 3.4 9.0 8.7 7.2
w/ inversion 2.9 8.8 7.3 6.5
combined 2.5 7.9 7.2 6.0
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Given that our different CNN models are trained on synthetic, noise-free data, we
also conducted tests on noisy data to evaluate their generalization capabilities. For this,
Gaussian noise is added to the shot gathers of our benchmark model, creating testing data
with Signal-to-Noise ratios (SNR) of 10 and 5. To test our assumption from Subsection
4.1 that dropout increases the generalization of our CNN models, we retrain the CNN
models with dropout rates of 0.15 and 0.3.

For this, we only consider the CNNs trained on the combined dataset (with and
without velocity inversion). For displaying purposes, we will only show the results for
the shot gather locations at 10 m and 120 m, as the prediction on the model section
with lateral variations has shown to be outside the scope of the prediction capabilities.
For an SNR of 10 (Figure 4.8), we find that the prediction quality for the CNN trained
on shot gathers (middle column) significantly decreases without making use of dropout.
Comparing the predictions for dropout rates of 0.15 and 0.3, we observe that the lower
dropout rate of 0.15 yields better results. This improvement is particularly evident for
the shot gathers modelled for the benchmark model section with velocity inversion (lower
row). The predictions for the CNN trained on dispersion spectra (right column) are
similar regardless of the dropout rate, and are comparable to the predictions obtained
on shot gathers without noise (right column in Figure 4.7). Comparing the underlying
dispersion spectra of Figures 4.7 and 4.8, it is evident that the added noise in the shot
gather has minimal influence on the quality of the dispersion spectra due to the random
distribution of the Gaussian noise. Consequently, the prediction quality remains largely
unaffected.

For a lower SNR of 5 (Figure 4.9), the quality of predictions for the CNN trained on
shot gathers (middle column) drastically decreases, independently of the used dropout
rate. The predictions for the CNN trained on dispersion spectra continue to show good
results, despite a noticeable degradation in the quality of the corresponding dispersion
panels compared to those in Figures 4.7 and 4.8.

Table 4 summarizes the average RMSE between the predicted dispersion curves for
noisy shot gathers with SNR of 10 and 5 and the labels. The error is the average RMSE

for all shots across all the sections of our benchmark model.

Table 4: Average RMSE between predictions and labels using different dropout rates
obtained for noisy shot gathers with SNR of 10 and 5. The CNN models are trained on
the combined dataset. The total error is the average RMSE for all shots.

Training on shot gathers Training on dispersion spectra
Dropout rate SNR10 | SNR5 SNR 10 | SNR 5
0 19.0 30.3 6.9 14.2
0.15 12.9 40.1 9.0 12.3
0.3 17.1 25.9 8.8 12.9

35



9¢

600

No Dropout
15 % Dropout
30 % Dropout
—— Label

No Dropout
15 % Dropout
30 % Dropout:
—— Label

500

400

300 S S N

Time [ms]
Phase velocity [m/s]
Phase velocity [m/s]

200

100

5 10 15 20 25 0 10 20 30 40 50 60

] 30 40
Receiver [m] Frequency [Hz] Frequency [Hz]

600 600
No Dropout
15 % Dropout
30 % Dropout
= Label

No Dropout

15 % Dropout

30 % Dropout
—— Label

500 500

400 400

300 300

Time [ms]
Phase velocity [m/s]
Phase velocity [m/s]

100 100

5 10 5 20 25 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Receiver [m] Frequency [Hz] Frequency [Hz]

Figure 4.8: Left column: Noisy common-shot gathers generated using the velocity model in Figure 4.4 with the sources located at
10 m and 120 m (top and bottom rows, respectively) with Gaussian noise added to achieve an SNR of 10. Middle column: The
corresponding dispersion spectra, calculated using the PS method and the predictions of the CNN trained on the shot gathers. Right
column: Predictions of the CNN trained on dispersion spectra. The solid black curve represents the dispersion curve for the velocity
model extracted at the midpoint of the shot gather (label). The coloured, dashed curves represent the predictions for the CNN using
different dropout rates.
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4.2.2 Higher Mode Model

The second geological scenario is taken from Socco and Strobbia (2004) (Figure 6b
therein) and consists of a simple 5-layer model, with v, increasing by 100 m/s every layer
from an initial v, of 100 m/s (4.10, left). Figure 4.10 presents the common-shot gather
generated using this velocity model (middle) and the corresponding dispersion spectra
(right), including the theoretical dispersion curves of the fundamental mode (solid black
line) and the first higher mode (solid red line). We extended the recording time of our
synthetic shot gathers to 1 s to ensure the entire surface-wave train is captured. This
model produces a jump of the dispersion maxima to the first higher mode between 10
and 20 Hz (bright circle in Figure 4.10, right), which complicates the conventional picking

process.
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Figure 4.10: Left: Shear wave velocity model from Figure 6b in Socco and Strobbia
(2004). Middle: Common-shot gather generated for the velocity model on the left.
Right: Corresponding dispersion spectra and the theoretical dispersion curves of the
fundamental mode (black solid curve) and the first higher mode (red solid curve). The
bright circle indicates the area where the maximum energy in the dispersion spectra jumps
to the first higher mode for lower frequencies. Note the deviation of the fundamental mode
to the underlying dispersion spectra for frequencies above 30 Hz.

For this example, we extended the training of the CNN to predict both the funda-
mental and the first higher mode. The parameters used for the random model generation
are listed in Table 5. We choose these parameters because a minimum velocity vsi ymin 0f
70 m/s allows for a grid spacing of 0.2 m, which in turn results in a modelling time step
of 0.5 ms (see Equation 3.6 and 3.5). Although this increases the computational costs
compared to the FD settings used for the random model generation for the benchmark

model used previously, they remain within reasonable limits.
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Table 5: Modelling parameters used for the random model generation for models with
high-energy first higher mode, inspired by Figure 6 from Socco and Strobbia (2004). The
resulting velocity profiles and dispersion curves are shown in Figure 4.11

Us1,min | Usl,max | g |n| “maz | dmin |dmax

70m/s | 200m/s [ 75m/s/m [5[30m [0.5m [ 3m

Figure 4.11 shows the dispersion curves for the fundamental (left) and first (middle)
higher modes calculated from the generated models and the corresponding v, profiles
(right). One fundamental problem we encounter when including higher modes is the
need for the same label dimension across all training data. Different velocity profiles
result in different cut-off frequencies for the first mode. Specifying a priori the frequency
range for which the first higher mode is calculated can lead to different label dimensions.
We train our network to predict the first higher mode between 15 and 60 Hz. After
removing models with mismatching label dimensions, only 3589 out of the original 10000

models remain. To account for the smaller dataset, we adopt a batch size of 4.
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Figure 4.11: Left: Fundamental-mode dispersion curves of the randomly generated 1-D
geological models used as the training dataset for the prediction of higher modes. Middle:
First mode dispersion curves of the randomly generated 1-D geological models used as
the training dataset for the prediction of higher modes. Right: The corresponding vy
profiles.

We repeat the previous experiments of adding Gaussian noise to the shot gathers of
our reference model in Figure 4.10, generating test shot gathers with SNR of 10 and 5.
Based on our previous results, we also implement dropout with a rate of 0.15 into our
CNN. The predictions for our CNN trained on shot gathers or dispersion spectra are
shown in Figure 4.12.

We observe that the predictions on our noise-free reference shot gather are very similar

for both CNN, trained on shot gather and dispersion spectra (Figure 4.12, top row). While
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Figure 4.12: Left: Common-shot gathers generated using the velocity model in Figure
4.11 with no noise, a SNR of 10 and a SNR of 5 (from top to bottom, respectively).
Middle: Their corresponding dispersion spectra, calculated using the PS method. The
dashed red curves represent the predictions for the CNN trained on shot gathers. The
solid black curves represent the fundamental and first higher mode for a velocity model
extracted at the midpoint of the shot gather. Right: Predictions of fundamental and
first higher mode for the CNN trained on dispersion spectra.
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the fundamental is well recovered in both cases, the velocity of the first higher mode is
underestimated for lower frequencies from 15 Hz to 25 Hz. For an SNR of 10 (Figure
4.12; middle row), the prediction quality for the CNN trained on shot gathers increases,
particularly for the first higher mode between 15 Hz and 20 Hz compared to the prediction
for the noise-free shot gather. In contrast, while recovering the fundamental mode, the
CNN trained on the dispersion spectra shows large deviations for low frequencies of the
first higher mode. In the case of stronger noise with an SNR of 5 (Figure 4.12, lower
row), the prediction of the CNN trained on shot gathers starts to overestimate the phase
velocities for the fundamental and higher modes from 25 Hz and 20 Hz, respectively. For
the CNN trained on dispersion spectra, we observe that the prediction of the fundamental
mode remains consistent, as previously noted in the preceding subsection. However, the
prediction for the first higher mode between 15 Hz and 20 Hz further decreases, which
coincides with the change in the underlying dispersion spectrum. Additionally, since
higher modes are less evident in the dispersion spectra, it is expected that the prediction
of the first mode for the CNN trained on dispersion spectra would produce poorer results
than for the fundamental mode. In Table 6 the RMSE for the fundamental and first

higher mode are summarized.

Table 6: RMSE for the predictions of the fundamental and first higher modes displayed
in Figure 4.12.

Training on Training on
shot gathers dispersion spectra
SNR | Fund. mode LFirst mode | Fund. mode LFirst mode

00 15.6 28.0 11.4 25.1
10 16.6 15.2 11.6 32.3
D 18.3 20.1 13.4 51.8
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4.3 Field Data Results

After evaluating the proposed methodology on synthetic data, in this subsection, we
present the results obtained when applying the methodology to field data. In contrast to
the previously added Gaussian noise with known statistical properties, field data comes
with noise that can not be characterized a priori, such as environmental noise and noise
due to badly coupled or defective receivers.

Additionally, in our synthetic experiments, we make use of a fixed source signature,
e.g., a wavelet with known frequency and phase content. In the field, the source signature
is influenced by the surface and subsurface properties. Furthermore, the repeatability of
the seismic source is not guaranteed, depending on the field operators acquiring the data,
and thus possibly varying significantly between shots on the same acquisition line. To
address this, we generated multiple synthetic datasets with different source signatures for
the training of our CNN. We apply a fixed dropout rate of 0.15 to the training of all our
CNNs used for the prediction of field data.

4.3.1 Wallingford Field Data

The Wallingford data consists of three seismic lines acquired by Fugro for MASW for
testing purposes. The dataset was acquired on a sports field next to the Fugro office in
Wallingford. The area was grass-covered and mostly flat. The line analyzed in this thesis
was acquired using a 24-channel landstreamer with 2 m geophone spacing and a constant
minimum source offset of 2 m. A total of 61 shots were acquired every 2 m in a roll-along
fashion, where the receivers were moved simultaneously with the source, resulting in a
total profile length of 170 m. A sledgehammer striking vertically on a steel plate was
used as the seismic source. At every shot location, three shots were stacked to increase
the SNR. The recording length was 0.5 s with a sampling frequency of 8 kHz.

Since the data was already processed and inverted by Fugro to obtain a v, model of the
site, we use these results to guide our random model generation. The inversion resulted
in a v, velocity of around 200 m/s for the uppermost layer, increasing up to 900 m/s for a
depth of 30 m. For a smoother increase in velocity, we generate our velocity models with
a fixed layer thickness of 1 m. To allow for more variation in the generated models, we
randomly vary the maximum gradient between 10 m/s/m and 40 m/s/m, with a minimum
Vs1,min Of 100 m/s and maximum g e, of 400 m/s for the first layer, respectively. This
also helps to prevent overfitting the training data to the prior knowledge of the expected
velocity profile. The parameters for the random model generation are listed in Table 7.
To ensure reasonable computational time, we assume a homogenous half-space below 30
m depth.
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Table 7: Modelling parameters used for the random model generation for the prediction
on field data. The resulting velocity profiles and dispersion curves are shown in 4.13

Us1,min | Usl,maz | g | n | “maz |dmin | dmax

100 m/s | 400 m/s | 10-40 m/s/m | 30 [30m | 1m | I m

We visually analyzed the f — v spectra and amplitude spectra of all 61 shots to
determine the appropriate frequency range for predicting the dispersion curves. All shots
contain sufficient energy in the frequency range between 20 Hz and 50 Hz, wherefore
we limited our CNN predictions to this range. The theoretical dispersion curves and vy

profiles used for training are shown in Figure 4.13.
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Figure 4.13: Left: Fundamental-mode dispersion curves of the randomly generated 1-D
geological models used as the training dataset for the prediction on field data. Right:
The corresponding vy velocity profiles.

We use the traditional approach of picking the maximum amplitude in the f — v
spectrum and correcting for outliers to extract dispersion curves from the field shot
gathers. These dispersion curves serve as labels for each field shot gather. Subsequently,

we use these labels to evaluate the accuracy of the predictions made by our convolutional
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neural networks (CNNs).

Since our approach is based on the structural similarity of images (either shot gather
or dispersion spectrum), the wavelet used for the forward modelling of our synthetic shot
gathers potentially impacts the quality of the predictions on field data. Therefore, we
use three different wavelets to model shot gathers for the randomly generated velocity
profiles.

The first wavelet is a flat-spetrum wavelet with frequencies of 5-10-60-70 Hz, covering
the frequency content of the field data.

For the second wavelet, we estimate a zero-phase statistical wavelet from the field
data. For this, we autocorrelate the second trace for all shots (as the first trace shows
strong low-frequency noise), calculate the square root of the amplitude spectrum of each
autocorrelation, and stack the resulting amplitude spectra (Edgar and Van Der Baan,
2011). Using the inverse Fourier transform, we obtain our zero-phase statistical wavelet,
which we then smooth using a Gaussian window. Finally, we apply a low-pass filter to
only include frequencies up to 80 Hz, to ensure that the stability and numerical-dispersion
criteria are met.

As the third wavelet, we use a minimum-phase wavelet adjusted to our field data. At
first, we attempted to supply the minimum phase to our zero-phase statistical wavelet
following the steps by Cui and Margrave (2014) and Margrave and Lamoureux (2018) by
calculating

W(f)=IW(f)lemtD, (4.2)

where the minimum-phase ¢,,(f) is calculated by

Om(f) = H (I [W(f)]). (4.3)

In Equations 4.2 and 4.3, W (f) is the Fourier transform of our desired minimum-phase
wavelet w(t), |W(f)| the square root of the amplitude spectrum of the autocorrelated
signal, and H the Hilbert transform. While this procedure is effective when applied to
the unfiltered statistical wavelet, it proved unsuccessful after filtering. This was due to
the significant high-frequency content (up to 300 Hz) present in the unfiltered statistical
wavelet, which was necessary to be filtered to avoid numerical dispersion for the FD
modelling. Instead, we approximate the amplitude spectrum with a Ricker wavelet with
a peak frequency of 50 Hz, matching with the peak frequency of the amplitude spectrum of
the statistical wavelet. We then calculate the minimum-phase equivalent with Equations
4.2 and 4.3 and low-pass filter the minimum-phase wavelet to only contain frequencies
up to 80 Hz. We also attempted to extract a direct estimate of the source signature
from a second line acquired at the Wallingford test site, where shots were acquired next
to receivers. However, this was not successful as these traces were contaminated with

strong noise. The wavelets used for the FD modelling of our shot gathers are shown in
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Figure 4.14.
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Figure 4.14: The different wavelets used for the forward modelling of the synthetic shot
gathers for the training of the CNN. All wavelets are filtered to contain only up to 80 Hz
due to computational constraints. Top: Flat-spectrum wavelet with frequencies of 5-10-
60-70 Hz. Middle: Statistical wavelet estimated from the second trace of all field shot
gathers. Middle: Minimum-phase transformed Ricker wavelet with a peak frequency of
50 Hz.

Figure 4.15 shows the predictions for the CNN trained on shot gathers, modelled with
the different wavelets. Out of the 61 shots, we select 2 shots on which the prediction
quality is good and 2 shots where the predictions perform poorly. We observe no sys-
tematic improvement in the predictions using a particular wavelet, and different wavelets
performed better on different shots. Overall, the predictions are mostly constrained to
a b0 m/s interval around the label, with the exception being low frequencies of 20 Hz
to 25 Hz, where errors of up to 200 m/s are observed more regularly (as seen in Figure
4.15). The results obtained using the different estimated wavelets do not confirm our as-
sumption that the wavelet choice largely impacts the results when estimating dispersion
curves from field data. As we were not able to directly measure the source signature,
future research should investigate the influence of using a more accurate estimate of the
source signature for the forward modelling. If our results are confirmed, strong limita-
tions of the proposed method will be removed, as a generic flat-spectrum wavelet can
be utilized across different datasets. Therefore, the expensive process of estimating the

source signature will not be required.
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Figure 4.15: Exemplary results for the Wallingford field data using different wavelets to model the training data. Top: Common-shot
gathers and their corresponding dispersion spectra where the predicted dispersion curves show good agreement with the dispersion spectra.
Bottom: Common-shot gathers and their corresponding dispersion spectra where the predicted dispersion curves show strong deviations
from the underlying dispersion spectra. The solid black curve represents the conventionally obtained label. The coloured, dashed curves
represent the predictions for the CNN trained with different wavelets.



Since the resulting dispersion spectra for shots modelled with different wavelets are
very similar, we only train the CNN on the dispersion spectra obtained from the shot
gathers modelled with the flat-spectrum wavelet. The predictions for the CNN trained
on dispersion spectra are shown in Figure 4.16. Compared to the selected predictions
using shot gathers as training data in Figure 4.15, we observe that the predictions are
much closer to the labels and match the underlying dispersion panel. This coincides with
our observations made for the synthetic examples, which proved to be less sensitive to
random noise, and, in this case, also to actual field noise. Additionally, it is important
to keep in mind, that no estimate of the wavelet is needed, as we just used a flat wavelet
with a suitable frequency range.

The average RMSE for the predictions using shot gathers modelled with various
wavelets and using dispersion spectra as training data is presented in Table 8. Addi-
tionally, a visual inspection was conducted, since traditional picking would also be based
on visual evaluation of the dispersion spectrum. Based on this assessment, the predic-
tions were categorized as sufficient or insufficient, with the respective percentages listed
in Table 8. Our model trained on dispersion spectra has the smallest RMSE and the

highest percentage of accepted predictions.

Table 8: RMSE for the prediction on the Wallingford field data using shot gathers mod-
elled with different wavelets and dispersion spectra.

H RSME J % Acceptable
Flat Wavelet 41.3 27.8
Statistical Wavelet 39.0 14.7
MinPhase Wavelet (7x7) || 36.9 21.3
MinPhase Wavelet (3x7) || 27.8 34.4
Transfer Learning 22.3 34.4
Dispersion Spectra 11.5 93.4
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Figure 4.16: Exemplary results for the Wallingford field data using dispersion spectra as training data. The same shot gathers and their

corresponding dispersion spectra as in Figure 4.15 are displayed. The solid black curve represents the conventionally obtained label. The
red dashed curve represents the prediction for the CNN trained in dispersion spectra.



4.3.2 CNN Architecture Modifications

The results presented in this subsection stem from considerations that arose after ob-
taining the previous results. The CNN architecture employed in this thesis is a slightly
modified version of ResNet-18. As illustrated in Figure 3.3, we use a 7x7 kernel in the
first convolutional layer. Considering only 24 receivers were modelled, this kernel size
might not be optimal for the application on shot gathers. Employing a too-large filter
size in the spatial dimension, coupled with a stride of 2, may be inadequate to properly
capture the spatio-temporal characteristics of the geometric dispersion of surface waves.
Therefore, we propose using rectangular kernels to account for the difference in space and
time dimensions, testing a kernel size of 3x7 for the CNN training on shot gathers.

Given that the minimum phase wavelet shows the lowest RSME and the intermediate
percentage of acceptable results among the different wavelets, we train the modified
architecture on the shot gathers modelled with this wavelet.

Figure 4.17 shows the results for using the original 7x7 kernel size (red dashed line)
and the proposed 3x7 kernel size (green dashed line) for the same four selected shot
gathers as in Figure 4.15. We find that training on the modified kernel size for the first
layer leads to clear improvements, particularly for the shot gathers in which previously
the prediction performed poorly (bottom row in Figure 4.15). This is also evident in
Table 8, where we observe a decrease in average RSME and an increase in acceptable

predictions.
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Figure 4.17: Exemplary results for the Wallingford field data using shot gathers modelled with the minimum-phase wavelet as training
data. The same shot gathers and their corresponding dispersion spectra as in Figure 4.15 are displayed. The solid black curve represents
the conventionally obtained label. The red dashed line represents the prediction for the CNN with the original 7x7 kernel size in the first
convolutional layer, whereas the green dashed curve is predicted using a modified kernel size of 3x7.



4.3.3 Transfer Learning

In the previous sections, our CNN is trained solely on synthetic data. To enhance the
model’s performance and include parts of our field data, we apply transfer learning.
Transfer learning is a technique that aims to improve an already trained model by re-
training it with data of the target domain (Zhuang et al., 2020). We sample 25 % of
our field data (excluding the ones we chose for displaying) by using every fourth shot.
Randomly sampling our field data leads to undersampling certain parts of our seismic
line, which decreases the prediction quality of those sections due to the retrained model
overfitting to the other sections. To further decrease the possibility of overfitting the
training data, we only allow updating the parameters of the last convolutional layer (blue
blocks in Figure 3.2) and the fully-connected layer. We retrain our previously obtained
CNN model with the modified kernel from Subsection 4.3.2. The results for the same
shot gathers as in Figure 4.17 are shown in Figure 4.18. The dashed green line indicates
the predicted dispersion curve using transfer learning. For comparison, the dashed red
line indicates the predicted dispersion curve results without transfer learning. While the
average RMSE decreases and the percentage of acceptable predictions stays constant (see
Table 8), we observe that some estimations (e.g., Figure 4.18, top right) are worse after
transfer learning, most likely due to a poorer prediction quality in the undersampled

sections of our seismic line.
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Figure 4.18: Exemplary results for the Wallingford field data using shot gathers modelled with the minimum-phase wavelet as training
data. The same shot gathers and their corresponding dispersion spectra as in Figure 4.15 are displayed. The solid black curve represents
the conventionally obtained label. The red dashed line represents the prediction for the CNN with a 3x7 kernel size without making use
of transfer learning, whereas the green dashed curve is predicted using transfer learning with every 4th shot of the field dataset.



5 Discussion

In this section, we discuss and analyze the effectiveness and limitations of our approach
based on the results obtained in the previous section. We examine the forward modelling
and model generation techniques, the differences observed between training on shot gath-
ers versus dispersion spectra, and analyze sources of error encountered during the study.
Additionally, we address computational considerations that impacted our methodology.

We also propose potential optimizations and areas for future research.

5.1 Forward Modelling and Model Generation

We show that an approach using only synthetic data to train a CNN can successfully
be applied to field data. Nevertheless, certain assumptions led to less realistic synthetic
models. Addressing this could enhance the generated models and improve the method’s
performance. First of all, we use an elastic FD scheme to generate our synthetic seismic
data. However, real media might not strictly fulfil the assumption of pure elasticity and
require the implementation of a visco-elastic FD scheme. Using the visco-elastic FD
scheme to capture the attenuation of higher frequencies with source distance properly
might lead to increased reliability of the CNN, particularly when trained directly on shot
gathers.

The use of tapered boundaries in our experiments does not always completely suppress
reflections from the model domain boundaries. More tapering points were judged as too
computationally demanding. This issue can be observed in Figure 4.12 for the noise-
free shot gather (upper row), where low-amplitude artefacts with a positive slope can
be observed. The implementation of PML is an alternative that could improve both,
computational cost and reduction of side reflections. While modelling visco-elastic media
and using PML boundaries can lead to improvements in the synthetic data, the actual
effect on the prediction quality of the CNNs is subject to future research.

We have also shown that combining different training datasets can extend the pre-
diction to new geological conditions. However, the prediction quality of the model may
degrade with the combined datasets compared to using a more tailored dataset.

One fundamental requirement for the random model generation is prior knowledge
of the area to which the method is applied. In this work, significant time has been
spent selecting the parameters for the random model generation for the different velocity
settings. To make this approach feasible for its application in industry, it is essential
to develop routines that make the random model generation more effective, otherwise,
time savings over conventional methods cannot be attained. For this, the automatic
creation of specialized datasets, for example, based on different gradients or the geologies
of different areas, could tackle this issue. In practice, all models could be applied to the

field data, and based on a metric measuring the quality of the prediction, the best model is
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selected. This would indicate the geological setting even if no prior knowledge is available.
Alternatively, a preliminary analysis could be carried out to select an appropriate model

to carry out the prediction on the whole dataset, similar to what was done in this thesis.

5.2 Training on Shot Gathers versus Dispersion Spectra

Our findings support Chamorro et al. (2024) results indicating that CNNs can be applied
to predict dispersion curves directly from shot gathers. We identified and addressed cer-
tain limitations in their work and extended it by incorporating more variability in the
training datasets, testing the influence of noise, and comparing the training on shot gath-
ers and dispersion spectra. The estimation of dispersion curves from field data using shot
gathers as training data is currently insufficient for industrial application. On the other
hand, we find that using dispersion spectra rather than shot gathers for training CNNs
leads to more accurate estimations on field data and on noisy synthetic shot gathers.
Only when predicting the first higher mode, we observe that the change in the dispersion
spectrum due to increasing noise leads to a strong overestimation of the phase-velocity for
the first higher modes for low frequencies (Figure 4.12). The conventional approach for
dispersion curve picking is based on analyzing the energy distribution of the dispersion
spectra since they are more easily interpretable and less visually complex than the cor-
responding shot gathers. This reduction in complexity also translates to the prediction
quality using CNNs, where the task of learning the correlation between maxima in the
dispersion spectrum and the dispersion curve leads to better results.

For the training on shot gathers and dispersion spectra, different preprocessing steps
can be applied to influence the outcome of the training and prediction process. The
PS method transforms the shot gathers to the phase-velocity spectra. The size of the
phase-velocity and frequency bins can impact the dispersion spectrum and thus the train-
ing and prediction process. These can be adjusted by applying zero-padding to produce
sufficient resolution. As discussed by Rahimi et al. (2021), the choice of transformation
technique depends on the site conditions and strongly influences the quality of the dis-
persion spectra. The FDBF method is recommended to cover most site conditions to
achieve high-quality dispersion spectra. Hence, we propose the use of the FDBF method
in future research when applying CNNs to dispersion spectra.

Furthermore, we applied our CNN to field shot gathers which were only subjected
to trace normalization. On the one hand, characterizing noise and filtering the field
data could lead to substantial stabilization of the prediction process by enhancing the
similarity of the field with the synthetic data. On the other hand, data augmentation,
commonly applied in DL, could be utilized to make the synthetic data more similar to
the field data. When using data augmentation, the original training data is duplicated

and modified, for example, in the case of shot gathers, by muting traces or adding, in the
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best case, noise with field characteristics (Lii et al., 2022; James et al., 2023). This is an
important step since we have shown in synthetic data that increasing noise decreases the
prediction quality. At the same time, by using data augmentation the training dataset is
substantially increased, and having multiple shot gathers or dispersion spectra with the
same label prevents overfitting. Compared to the generation of additional synthetic data,
data augmentation is computationally cheap and does not require the use of additional
disk space, as it can be implemented directly during the training process.

Instead of adding noise to the training data to make the synthetic data more similar to
the field data, in our work, we integrated dropout into the CNNs architecture. We showed
that this step increases the generalization capabilities of the model when estimating the
dispersion curves from the same shot gather with different noise levels (Figure 4.9). This
can be explained by dropout introducing noise to the training process itself, without
explicitly adding noise to the training data. By randomly disabling parts of the feature
maps, the network is trained on multiple versions of each shot gather, each with a different
distribution of disabled neurons, simulating the effect of noise.

For the estimation of the fundamental mode using dispersion spectra as training data,
the noise added to the shot gathers only showed minimal influence on the results (right
column in Figures 4.8 and 4.9). As the noise we apply is white Gaussian noise, having
the same power distribution across all frequencies, integrating over time and space using
Equations 2.3 and 2.6 for the PS transform minimizes the influence of the noise on the
dispersion spectra. Therefore, this also minimizes the influence of noise on the dispersion
curve estimation. Correlated noise can have a stronger influence on the dispersion spectra.
Such noises need to be added to the training data or filtered from the field data before
dispersion curves are estimated.

Another important consideration is the adaptability of models trained on shot gath-
ers or dispersion spectra to different acquisition geometries. Training on shot gathers
requires training data with the same acquisition parameters as the field data, includ-
ing the number of receivers, receiver spacing, sampling interval, and recording length.
Although it is theoretically possible to model synthetic shot gathers with all acquisition
parameters oversampled and subsequently resample them to match the actual acquisition
parameters before training the CNN, this approach introduces an additional step in the
workflow, thereby increasing the complexity of the process. These limitations are less
strict when directly training on dispersion spectra, as the phase-velocity and frequency
bin size can be easily adjusted after acquisition to remain consistent across different
acquisition geometries.

Furthermore, unsupervised machine learning techniques, such as clustering algorithms,
are more reliable for applications in the industry where reproducibility is crucial for pro-
viding clients with well-founded results. Clustering algorithms align closely with conven-

tional approaches for dispersion curve picking by partitioning the dispersion spectra into
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clusters of high energy corresponding to different modes, visually coinciding with the man-
ual picks of a professional operator. Additionally, these methods require no assumptions
regarding parameters such as Poisson’s ratio, :}’—Z—ratio, prior geological knowledge, wavelet
used for modelling, dimensional matching, normalization choices, or CNN architecture.
Although not presented in this thesis, we carried out preliminary tests with DBSCAN, as
described in Rovetta et al. (2021). Our results show that while easily implemented, the
tuning of hyperparameters is not trivial in case of stronger noise and closely separated
higher modes. A combination of both approaches could be implemented, where the DL
approach is utilized to guide the clustering by searching around the predicted dispersion

curves.

5.3 Error Discussion

During our research, we encountered two main unresolved challenges.

The first challenge involves the calculation of the higher-mode dispersion curves.
Higher modes only exist above certain cut-off frequencies, sometimes resulting in no
solution for frequencies within the specified frequency range for the randomly gener-
ated models. Therefore, the frequencies at which the theoretical dispersion curves are
computed must be determined beforehand, significantly constraining the availability of
training data for predicting higher modes and leading to inefficient use of computational
resources. Addressing this limitation is crucial for future research to ensure more efficient
and accurate computations. Additionally, we faced the problem of root skipping when
calculating the theoretical dispersion curves for higher modes, which introduced irregu-
larities in the labels. This can be mitigated, by decreasing the phase-velocity increment
for root finding. However, this substantially increases computational costs to impractical
levels. We partially addressed this issue by applying a median filter, which improved but
did not eliminate these artefacts. Consequently, the challenges of insufficient training
data and labelling errors persist, affecting the quality of our estimations of higher modes.

The second challenge relates to the discrepancy between theoretical dispersion curves
and the underlying dispersion spectra calculated using the PS method. An alternative
implementation of the PS method was tested, yielding identical results. Given that
the vy model for our synthetic data is known, we calculated the minimum Rayleigh-
wave velocity, thereby attributing the observed error to the PS transform instead of the
dispersion curve calculation. The precise origin of this discrepancy remains unidentified.
However, if it represents a systematic problem inherent to the PS method, it suggests
a potential underestimation of the phase velocities when selecting the maxima in the
dispersion spectra, as done in the conventional approach for dispersion curve picking.
Future research should aim to identify the cause of this discrepancy and determine if it

is also present when using other transformation methods. Nevertheless, for training on
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dispersion spectra, this discrepancy does not present an issue, as the true label used for

training is independent of the input dispersion spectrum.

5.4 Computational Considerations

The codes we used in this work are not highly optimized and certain changes could greatly
increase their efficiency. The computational cost for the random model generation, the
forward modelling using fdelmodc, as well as the training of the CNN are highly variable,
depending on various factors discussed in this subsection.

In our experiments, the generation of 10000 geological models and calculating their
corresponding fundamental mode dispersion curve required approximately 20 minutes.
Including the calculation of the first higher mode significantly increased this computation
time due to the root-finding process. To address this, we reduced the phase-velocity
increment by a factor of five. In this case, the computation time was extended to around
7 hours, with root skipping still present.

The FD modelling of 10000 shot gathers for a domain with 30 m horizontal and
50 m vertical distance and 150 taper points, using a grid spacing of 0.25 m, a time-
step of 0.3 ms, a recording length of 0.75 s, and a maximum frequency of 70 Hz took
around 14 hours. This computational time can further increase depending on the survey
design, potentially requiring a larger model domain or adjustment of the grid spacing
and time-step according to Equations 3.5 and 3.6 for different velocity ranges and source
frequencies. Since the randomly generated models are independent of each other, this
process can be parallelized using multiple CPUs. Additionally, there is potential for
optimizing the current version of the code. All geological models are initialized with the
same grid size and modelled using the same time step. Instead, based on the dispersion
and stability criteria in Subsection 3.2.2, each model could be initialized with individual
grid sizes and time steps, based in its minimum and maximum velocity (Cs.min, Cpimaz)-
This, in addition to parallelization, can make creating much larger datasets feasible.

The training time of the CNN depends on the dataset size, the data dimensions,
and the used CNN architecture. Generally, the computational cost can be balanced by
using a larger batch size (if the GPU has enough capabilities to do so). With the specified
hardware (see Section A.1.1) and CNN architecture (see Section 3.3), training took around
4 hours for 10000 shot gathers (or dispersion spectra) over 200 epochs. Using Early
Stopping, training generally stopped after around 2 hours. The CNN architecture and
input data can be optimized to achieve similar accuracy with lower costs. Furthermore,
only the required training data for each batch can be loaded during the training process
rather than all at once. This can effectively remove any limitations on memory, and allow

the use of more training data.
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6 Conclusions

In this thesis, we explored the application of CNNs for the prediction of dispersion curves.
We compared the performance of CNNs trained on shot gathers versus dispersion spectra,
highlighting the strengths and limitations of each approach.

Our results indicate that CNNs trained on dispersion spectra generally provide more
accurate and reliable predictions, particularly when dealing with noisy shot gathers. This
is largely attributed to the reduced complexity of dispersion spectra compared to shot
gathers and the less severe impact of random noise after transformation into the dispersion
spectra, which simplifies the learning task for the neural network. Nevertheless, for
predicting the first higher mode, we observed that using shot gathers as training data
provides more stable predictions, also when noise is added.

We modeled synthetic shot gathers utilizing various wavelets, adapting them to our
field data. Despite this, the use of different wavelets did not demonstrate a consistent
improvement, and training on dispersion spectra still yielded superior results. To further
enhance the accuracy of CNNs trained on shot gathers, we modified the kernel size
of the first layer and applied transfer learning. Both adjustments resulted in notable
improvements.

From a computational standpoint, generating synthetic training data and training the
CNN are the two primarily resource-intensive tasks. We conclude that optimizing these
processes through parallelization and adaptive grid sizing and time steps can significantly
reduce computation times, making the approach more feasible for industrial applications.

We identified several directions for future research to build upon our findings:
e Optimize the model generation process to decrease computational cost.

e Apply data augmentation to the training data using noise with similar character-
istics to that in the field data, improving the similarity of synthetic and field data
and thus the training quality.

e Utilize different transformation techniques for the training on dispersion spectra,
namely FDBF, to cover most site conditions to achieve high-quality dispersion

spectra.

e Utilize unsupervised ML techniques, such as DBSCAN, which more closely resemble
the conventional approach of dispersion curve picking and extraction (see Rovetta
et al. (2021) and Wang et al. (2021)).

Addressing these areas, future research can further improve the accuracy, efficiency,
and applicability of CNNs for dispersion curve prediction, ultimately aiding the field of

geophysical and seismic data analysis.
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A Appendix

A.1 System specifications
A.1.1 Hardware

All computations presented in this thesis were carried out on the same device with the

following specifications:
e CPU: 12th Gen Intel Core i7-12850HX, 2100 Mhz, 16 Cores, 24 Logical Processors
e GPU: NVIDIA RTX A3000 12GB Laptop GPU
e RAM: 32 GB, 4800 MHz

e Storage Drive: KIOXIA XG8 1 TB SSD NVMe

A.1.2 Software

While the main operating system of the notebook is Windows 10, fdelmodc is a Unix-
based software, wherefore the Windows Subsystem for Linux 2 (WSL2) (version 2.2.4.0.)
is used to create a Linux environment (Ubuntu 20.04.6 LTS). As WSL gets assigned only
half of the available memory, we manually increased it to 24 GB. Coding was done with
the WSL extension for Visual Studio Code using Python. The different tasks carried out
in this thesis are organized into different Jupyer Notebooks, adopting the structure from
Chamorro et al. (2024).

We utilize Miniconda as an environment management system. The environment cre-
ated to run all the notebooks can be found HERE. During the beginning of the thesis, a lot
of time was spent on debugging many dependencies of the different packages. Therefore,

setting up a new environment with the provided library versions is encouraged.

A.2 Data Accessibility

To reproduce the results presented in this thesis, all necessary codes are made available
on GitHub. The training data and testing models can be generated with this set of
codes, if the necessary dependencies are installed (see Appendix A.1.2). Storing 10000
shot gathers for the training, for example for the Wallingford field data, requires 5.6
GB, but is always dependent on the chosen number of receivers, recording length, and
sampling interval. We also want to express our gratitude to Fugro for making the field
data publicly available.

Be aware, that due to the stochastic nature of the random model generation and the

CNN training, obtained results might differ from the results presented in this thesis.
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A.3 Training Curves for the ResNet-18 models used in this the-
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Figure A.1: Training and validation loss over epochs for the CNN trained on shot gathers
without inversion created for the benchmark model in Figure 4.4. The final validation
loss is 23.4 after 126 epochs.
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Figure A.2: Training and validation loss over epochs for the CNN trained on shot gathers
with inversion created for the benchmark model in Figure 4.4. The final validation loss
is 48.1 after 102 epochs.
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Figure A.3: Training and validation loss over epochs for the CNN trained on the combined
shot gathers with and without inversion created for the benchmark model in Figure 4.4.
The final validation loss is 25.2 after 109 epochs.
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Figure A.4: Training and validation loss over epochs for the CNN trained on dispersion
spectra without inversion created for the benchmark model in Figure 4.4. The final
validation loss is 19.8 after 52 epochs.
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Figure A.5: Training and validation loss over epochs for the CNN trained on dispersion
spectra with inversion created for the benchmark model in Figure 4.4. The final validation
loss is 28.4 after 57 epochs.
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Figure A.6: Training and validation loss over epochs for the CNN trained on the combined
dispersion spectra with and without inversion created for the benchmark model in Figure
4.4. The final validation loss is 17.8 after 87 epochs.
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Figure A.7: Training and validation loss over epochs for the CNN with a dropout rate of
0.15 trained on the combined shot gathers (with and without inversion) created for the

benchmark model in Figure 4.4. The final validation loss is 50.8 after 72 epochs.
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Figure A.8: Training and validation loss over epochs for the CNN with a dropout rate
of 0.3 trained on the combined shot gathers (with and without inversion) created for the
benchmark model in Figure 4.4. The final validation loss is 127.3 after 91 epochs.
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Figure A.9: Training and validation loss over epochs for the CNN with a dropout rate of
0.15 trained on the combined dispersion spectra (with and without inversion) created for
the benchmark model in Figure 4.4. The final validation loss is 33.1 after 63 epochs.
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Figure A.10: Training and validation loss over epochs for the CNN with a dropout rate
of 0.3 trained on the combined dispersion spectra (with and without inversion) created
for the benchmark model in Figure 4.4. The final validation loss is 44.2 after 105 epochs.

104

A

S WA

ANVV \ oA
M N/ N\ =

0 20 40 60 80 100
Epochs

—— Training Loss
Validation Loss
—-- Early Stopping Checkpoint

Figure A.11: Training and validation loss over epochs for the CNN with a dropout rate of
0.15 trained on the shot gathers created for the higher-mode model in Figure 4.10. The
final validation loss is 192.0 after 81 epochs.
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Figure A.12: Training and validation loss over epochs for the CNN with a dropout rate
of 0.15 trained on the dispersion spectra created for the higher-mode model in Figure
4.10. The final validation loss is 125.8 after 82 epochs.

67



"
]
2

. M
M/ /\,\/R/\
—— Training Loss \A/\/\/\A/\/\M

—— Validation Loss N
-==~ Early Stopping Checkpoint

0 20 40 60 80

100
Epochs

Figure A.13: Training and validation loss over epochs for the CNN trained on shot gathers

for the Wallingford field data using the statistical wavelet. The final validation loss is
23.0 after 98 epochs.
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Figure A.14: Training and validation loss over epochs for the CNN trained on shot gathers

for the Wallingford field data using the minimum-phase wavelet. The final validation loss
is 20.5 after 121 epochs.
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Figure A.15: Training and validation loss over epochs for the CNN trained on dispersion
spectra for the Wallingford field data. The final validation loss is 17.2 after 152 epochs.
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Figure A.16: Training and validation loss over epochs for the CNN trained on dispersion
spectra for the Wallingford field data. The final validation loss is 13.4 after 57 epochs.
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Figure A.17: Training and validation loss over epochs for the modified CNN, with a 3x7
kernel in the first convolutional layer, trained on shot gathers for the Wallingford field
data using the minimum-phase wavelet. The final validation loss is 40.8 after 143 epochs.
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1 Abstract

We provide a comprehensive review of Multichannel Analysis of Surface Waves (MASW)
principles, focusing on theoretical foundations and workflow. We emphasize the critical
role of spectral resolution, influenced by acquisition geometry and geological conditions, and
discuss challenges such as mode mixing.

We review recent publications on supervised and unsupervised Machine Learning (ML)
dispersion-curve picking algorithms, highlighting their advantages and disadvantages in an
engineering context. While unsupervised clustering algorithms show success, concerns for
engineering purposes arise because this approach relies on clear mode separation. Super-
vised methods, if provided with tailored training data, offer promising results. Particularly,
training a convolutional neural network (CNN) model directly on shot gathers eliminates
the need for transformations in other domains and overcomes associated limitations. We
propose implementing this approach for multi-mode dispersion-curve picking, comparing its

performance with unsupervised methods using dispersion spectra as training data.

2 Introduction

This report is part of the Research Module in Applied Geophysics undertaken at RWTH
Aachen during the winter semester of 2023/2024. The goal of this report is to establish the
fundamental knowledge needed for the subsequent master’s thesis which will be written at
Fugro Innovation & Technology B.V., Nootdorp, Netherlands, in cooperation with the TU
Delft.

In the first part, as preparation and for completeness of the master thesis, a literature review
is performed. The most important properties of surface waves and the necessary steps in
Multichannel Acquisition of Surface Waves (MASW) are summarized. This part aims to
offer non-professional readers the essential background knowledge required to comprehend
the content and context of the master’s thesis.

The second part involves an analysis of existing literature on the automation of dispersion-
curve picking using Machine Learning (ML). The advantages and disadvantages of supervised
and unsupervised ML for dispersion curve picking are highlighted. The most promising
approach and the associated limitations will be identified and subsequently implemented in
the master’s thesis. The identified limitations will then be addressed and refined using the

latest advancements in ML.

3 Multichannel Acquisition of Surface Waves

Surface-wave methods have become increasingly popular in the last two decades. While
traditionally considered noise in reflection seismic, recent developments made the use of
surface waves for near-surface applications more attractive. For a more extensive literature

review and best-practice guidelines of MASW in an engineering context, the reader is referred



to Socco and Strobbia (2004), Socco et al. (2010), and Foti et al. (2018). The following
sections summarize the most important properties of surface waves and steps for MASW
(conceptually shown in Figure 1).

As most of the published scientific literature about near-surface velocity-model retrieval
treat Rayleigh waves (Socco et al., 2010), the following sections will focus on this type of
surface wave, but most concepts can easily be transferred to other types of surface waves.
Special focus will be put on acquisition parameters and transformations influencing the dis-
persion curve picking to highlight problems that must be considered using ML for automated

dispersion curve picking.

Acquisition 2
e
Observation of the surface wave ground motion ‘
L
I
I i I
T ' - !
1
5 =
Processing
o >
Propagation properties: phase velocity of /
Rayleigh wave
k
1
= =
Inversion Layer 1
Layer 2
. Layer 3
Shear wave velocity versus depth
_Layer n—lm
Layer n (half space)
1%
s

Figure 1: Conceptual flow of MASW from Foti et al. (2018). Upper: Acquisition is carried
out in the field and the data is recorded as seismic traces using geophones. Middle: The
collected data is transformed in a domain where the phase velocity as a function of frequency
can be identified. Lower: The retrieved dispersion curve is inverted to get the S-wave
velocity profile of the subsurface. The three steps are described in more detail in chapters
3.2, 3.3, and 3.4, respectively.



3.1 Properties of Surface Waves

Rayleigh waves (and surface waves in general) differ from body waves in many aspects, making
them particularly useful in near-surface applications. In contrast to body waves, where a
solution to the seismic wave equation also exists in whole spaces, solutions for surface waves
only exist in a medium that has a free surface (Shearer, 2019).

Rayleigh waves propagate along the surface with a combination of compressional and
vertical polarized particle motion (Foti, 2015; Shearer, 2019). For a homogenous medium,
the particle motion of the fundamental mode is retrograde at the surface (opposite to the
direction of Rayleigh wave propagation), changing first to purely vertical and then to prograde
motion with increasing depth. In the case of a vertically heterogeneous medium, the particle
motion strongly depends on the actual velocity distribution and the mode that is considered.
It can also be observed that the total amplitude of particle motion decays with depth and it
is commonly assumed to vanish within roughly one wavelength (Socco and Strobbia, 2004;
Foti, 2015).

The fact that different wavelengths show different penetration depths forms the basis of
surface-wave analysis. In a vertically heterogeneous medium, the phase velocity at which
each frequency propagates depends on the velocity distribution of the subsurface. This leads
to the existence of dispersion curves, which are curves of phase-velocity as a function of
wavelength or frequency. Figure 2 from Foti et al. (2018) shows a qualitative sketch of this
property for a two-layer half-space. While short wavelengths propagate predominantly with
the velocity of the uppermost layer, larger wavelengths increasingly approach the velocity of

the lower half-space.
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Figure 2: Qualitative sketch of geometric dispersion after Foti et al. (2018). (a) shows the
amplitude decay (penetration depths) of three different wavelength in a two-layer half-space
for the fundamental mode, (b) and (c) show the corresponding dispersion curves in the
wavelength- and frequency-phase velocity domain, respectively.

Another important property of surface waves is the energy distribution during propa-
gation. In a homogenous half-space the energy is distributed over the curved surface of a
cylinder, resulting in the energy density decaying proportionally to one over the distance from

the source location. Body waves in contrast have their energy distributed over the curved



surface of a half-sphere, and thus an energy-density decay proportional to the inverse of the
square of the distance from the source point. This leads to the very important conclusion,
that surface waves start to dominate the wavefield quickly and provide higher S/N-ratio in
records that could also be used for P-wave refraction seismics (Socco and Strobbia, 2004).
In the previous figures and consideration only the fundamental mode of Rayleigh waves

were taken into account. Assuming a layered subsurface, the Rayleigh secular equation is

F(kaf) =0, Fgr [)‘(Z)7G<Z)>p(z)7k]vf] =0 (1)

where A and G are the Lamé parameters, p is the mass density, k is the wavenumber and
f is the frequency (Socco and Strobbia, 2004; Foti, 2015). For a given frequency f, there are
multiple values for the wavenumber k; where a solution exists for equation 1, resulting in the
existence of modal curves. The existence of modal curves can cause complications during the
processing and inversion of surface wave data making it important to take them into account
when planning the survey design. The complications in the analysis of surface waves due to

modal curves will be discussed in the following sections.

3.2 Acquisition

The success of MASW relies heavily on the careful selection of acquisition parameters, includ-
ing the choice of sources, receivers, and their respective configurations. The data acquired
during a MASW survey should provide a high signal-to-noise ratio (S/N), allow for modal
separation, and allow for uncertainty quantification (Socco and Strobbia, 2004).

The choice of a source depends on the specific goals of the survey and the desired penetra-
tion depth for subsurface investigation. Vertical vibrating sources allow for accurate control
of the frequency band and high S/N but come at the cost of being expensive and not as easy
to operate (Foti et al., 2018).

Impact sources are very popular because they are easy to operate and still cover a con-
siderable frequency band, therefore being very cost-efficient. However, impact sources like
sledgehammers or weight-drop systems show limited energy in the low-frequency band (f < 8
Hz) limiting the investigation depth (Foti et al., 2018). Passive approaches using ambient
noise can overcome this limitation, as described at the end of this chapter.

The source position regarding the closest and furthest receiver has to be considered be-
cause of near- and far-field effects (Park et al., 1999). If the offset is too short, the plane-wave
assumption used in most dispersion analysis approaches is not valid leading to an underes-
timation of phase velocities at low frequencies (Foti et al., 2018). At too large offsets, the
attenuation of high-frequency components of the surface waves possibly reduces the S/N to
an undesirable level.

Receivers and the receiver array configuration play a crucial role in capturing the surface-
wave signals generated by the sources. For Rayleigh wave surveys, vertical geophones with a

natural frequency of 4.5 Hz are typically used to adequately sample the expected frequency



band (Foti et al., 2018).

In MASW, multiple receivers are used and, in practice, the number of receivers is usually
limited by the available equipment on hand. This limitation necessitates careful arraylength
and receiver-spacing considerations. Array length refers to the distance between the first and
last receiver in a linear array. The array length determines the wavenumber resolution and
therefore the ability for mode separation (Socco and Strobbia, 2004). The comparison of a
short and a long array is shown in Figure 3 and shows that short array lengths decrease the
wavenumber resolution reducing the modal discriminability. On the other hand, if lateral
velocity variations are present, shorter arrays improve the validity of the lateral homogeneity
assumption typically used during the inversion procedure (Socco and Strobbia, 2004; Foti,
2015).
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Figure 3: Example of influence of array length on spectral resolution. (a) Ideal wavenumber
spectrum for theoretical infinite array length. (b) Using a long array leakage can be observed,
but the two events are still resolved. (c) The high spectral leakage for a short array makes
it impossible to distinguish the two events. Figure from Foti (2015).

The receiver spacing between adjacent receivers has to be chosen to sample the short
wavelength according to the Nyquist-Shannon theorem. If the receiver spacing is too large
aliasing occurs which may reduce the quality of the dispersion curve preventing the correct
identification of different modes (Foti et al., 2018). Using a limited number of receivers, a
compromise between array length and receiver spacing (wavenumber resolution and spatial
aliasing) has to be made.

In contrast to active methods, where controlled sources generate surface waves, passive
approaches make use of ambient noise as sources. Passive methods are particularly advanta-
geous in situations where controlled sources are impractical or when information about the
deep subsurface is of interest since ambient noise typically contains lower frequencies. Com-
bining passive and active approaches can provide improved results over a wider frequency
range, as shown by Park et al. (2005) and Hu et al. (2022). Acquisition layouts in passive ap-
proaches require special geometries to account for the multi-directionality from which signals

can arrive and also require special processing approaches.



3.3 Processing

The foundation of traditional surface-wave analysis is the extraction of dispersion curves,
which provide information about the material properties of the subsurface. Dispersion curves
display the relationship between phase velocity and frequency, and their accurate determina-
tion is essential for subsequent inversion and interpretation. The extraction process involves
transforming the acquired wavefield data into a domain where the dispersion curve can be
identified and analyzed, usually in the phase velocity-frequency or wavenumber-frequency
domain (Socco and Strobbia, 2004).

Dispersion curves can be picked manually or automatically from the transformed wavefield
data. Manual picking involves a professional visually identifying and selecting the peaks
corresponding to the highest amplitudes in the dispersion curve. However, this approach is
susceptible to subjectivity and can be time-consuming.

One criterion commonly used in automatic picking algorithms is picking the highest en-
ergy (Foti, 2015) in the transformed domain. However, problems might arise because the
highest amplitude might not correspond to the fundamental mode. Additionally, the lack of
spectral resolution might lead to an erroneous apparent dispersion curve (Foti et al., 2018).
Consequently, visual inspection remains a crucial step to ensure the accuracy of the picked
dispersion curve, particularly in cases where modes might overlap or are misidentified. Fig-
ure 4 shows examples of apparent dispersion curves using the maximum-energy approach for
different subsurface models and how possible errors get introduced into the analysis.

The choice of transformation method also plays an important role for the quality of the
dispersion analysis. The work by Rahimi et al. (2021) provides valuable insights into the

performance of different transformation techniques.
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Figure 4: Examples of modal curves for different velocity models (next to dispersion curves).
Black dots correspond to the maximum energy at each frequency. (A) Case with a slow
increase of S-wave velocity with depth and the maximum energy at the fundamental mode.
(B) In this case, the increase in velocity is larger and the maximum energy jumps to the
first higher mode at around 10 Hz. Also note the close separation of the fundamental and
first higher mode at around 17 Hz. In the case of velocity inversion, as depicted in (C),
the maximum energy continuously jumps to higher modes creating an continuous apparent
dispersion curve. Figure from Socco and Strobbia (2004).



3.4 Inversion

Inversion is the final step in the analysis of surface waves, and to estimate the subsurface
parameters that explain the measured data. In MASW, the data to be inverted is the phase
velocity of rayleigh waves as a function of frequency, while the related parameters to be esti-
mated are the velocity and/or attenuation profile (Socco and Strobbia, 2004). Surface-wave
inversion is characterized by its non-linear and non-unique nature (Foti et al., 2018). This
inherent ambiguity makes it crucial to adopt robust inversion strategies and, if available, in-
corporate additional information to constrain and refine the inversion results. Joint inversion
approaches that combine surface-wave data with other geophysical methods or borehole data
can enhance the reliability and accuracy of the inversion results (Foti, 2015).

Inversion strategies can be categorized into local and global search methods. Local search
methods focus on iteratively refining the inversion model within the vicinity of an initial
model, searching for the best-fitting parameters in a constrained region by minimizing an
objective function. On the other hand, global search methods explore the entire model space
to identify the globally optimal model. The choice between these strategies depends on the
complexity of the subsurface and the available computational resources.

MASW data is typically inverted to derive a local 1D velocity model (Foti et al., 2018).
In this case, the inversion process estimates layer thickness and S-wave velocity, as these
parameters most significantly influence the dispersion curve (Foti et al., 2018). Mass densi-
ties and P-wave velocities are often assumed a priori, simplifying the inversion process and
focusing on the key parameters that govern surface-wave behavior.

An alternative approach to surface-wave analysis is full-waveform inversion (FWTI), which
tries to find a model that is able to fit the entire waveform of the recorded data. This
approach enhances the accuracy of subsurface velocity models and allows for the resolution
of lateral changes in subsurface velocities, as shown by Pan et al. (2019). However, it is
important to note that while FWT offers superior results, it comes with high computational
costs, making it more resource-intensive compared to the previously described conventional

inversion approache.

4 Machine Learning for Dispersion Curve Picking

ML is a rapidly evolving field that leverages computational models to enable systems to learn
and make predictions or decisions without explicit programming. With the ever-increasing
capabilities of gathering higher-quality data, ML provides a useful tool in handling these
vast amounts of data. One of the fundamental categorizations in machine learning is the
division between supervised and unsupervised learning algorithms. Each type serves distinct
purposes, addressing different challenges in data analysis and pattern recognition. Recently,
both types of ML approaches have been adopted for the analysis of surface waves. In the
following sections, different approaches for the automation of dispersion curve picking are

reviewed.



4.1 Supervised Machine Learning

Supervised ML relies on labeled training datasets, meaning that the dataset contains input
data (features) and the correct output (label). These labeled datasets are used to train the
model, enabling it to make predictions on new datasets.

One of the first applications of ML in the context of surface-wave dispersion curve picking
was conducted by Alyousuf et al. (2018) in the context of near-surface corrections for reflection
datasets. The features and labels in this study are represented by phase velocity-frequency
plots of identical dimensions. In this context, the label consists of ones and zeros, with
ones denoting the manually picked dispersion curve. Subsequently, the trained model was
used to pick dispersion curves on additional gathers which then were inverted to generate a
1D S-velocity model. This model was subsequently used to structurally constrain a P-wave
velocity model derived from (first arrival) seismic refraction tomography. The efficacy of this
workflow was successfully validated using a field dataset from a Wadi in Saudi Arabia.

It is crucial to note that the application of this methodology did not encompass higher
modes, and the dispersion curve labels employed in the training data lacked ground truth.
This poses a potential challenge, as the dispersion images displayed in the work of Alyousuf
et al. (2018) show overlapping modes and elevated noise levels. Consequently, the manual
picks in the training data are prone to errors, which can subsequently impact the accuracy of
the solution. Further consideration and refinement of the training data, especially concerning
the absence of ground truth for dispersion curves and the exclusion of higher modes, may
contribute to enhancing the robustness of the proposed approach.

Ren et al. (2021) used a similar approach tested on an Ocean Bottom Nodes (OBN)
data set. They used a CNN to directly output the dispersion curves values from the input
f-k-domain data. Important improvements compared to Alyousuf et al. (2018) are the in-
corporation of the first higher mode and the use of transfer learning. In transfer learning,
the network model is first trained on synthetic data and then on manually picked dispersion
curves. This allows for the incorporation of a broad range of possible synthetic models with
ground truth and greatly reduces the number of needed labeled field samples. Furthermore,
they pointed out the non-determinism of ML and that further analysis was needed in the
error quantification due to ground truth picking or noise level in the data.

Chamorro et al. (2023) showed an approach using CNN which directly maps the shot
gathers to dispersion curves. This has the advantage that the wavefield transformation to a
different domain is avoided, which can cause errors as discussed in Rahimi et al. (2021). The
training data is numerically modeled using an elastic finite-difference algorithm incorporating
prior knowledge of the test site. Because the source characteristics in the synthetic and field
data differ, this approach requires convolving the respective wavelets with the other data set
to make the data compatible. The application on a field data set acquired for engineering
purposes (short array length of 23 m) results in a subsurface model consistent with prior
knowledge of the area.

It is crucial to emphasize that the successfulness of supervised ML in all the mentioned



publications heavily depends upon the quality of the training data. Synthetic training data
provide the advantage of having a ground truth dispersion curve but need to be tailored to

the site with respect to the expected lithology and data quality of the field data.

4.2 Unsupervised Machine Learning

Unsupervised learning deals with unlabeled datasets, where the algorithm aims to discover
inherent patterns or structures within the data without explicit guidance. Because no la-
beled data is needed, unsupervised algorithms do not require manual intervention and thus
run fully automatic, making them highly attractive for production (Rovetta et al., 2021). Ex-
isting unsupervised ML dispersion curve-picking algorithms are mostly based on clustering
algorithms (Khosro Anjom et al., 2024).

Rovetta et al. (2021) introduced an approach to dispersion curve picking using the Density-
Based Spatial Clustering Algorithm (DBSCAN). DBSCAN clusters points into groups based
on a defined radius and a minimum amount of points connected via the radius to be consid-
ered a cluster. Additional processing steps are necessary before applying DBSACN, one being
the selection of the maximum energy for each frequency. However, potential challenges arise
when using this approach, as discussed in Section 3.2. The lack of spectral resolution may
lead to a smooth transition of the highest energy to higher modes, introducing the possibility
of erroneous mode identification (see Figure 4 c).

To assess the efficiency of DBSCAN, Rovetta et al. (2021) conducted analyses on both
synthetic and field data sets. The synthetic data utilized the SEG Advanced Modeling Cor-
poration Arid model, known for its complexity and inclusion of high noise levels (Oristaglio,
2015). Despite the complex model with high noise levels, the application of DBSCAN gave
good results.

Since picking the highest energy for each frequency only allows for picking a single mode,
other conditions have to be implemented to allow for multi-mode identification. Wang et al.
(2021) applied Gaussian Mixture Models (GMM) instead of the maximum energy criterion to
pre-cluster the dispersion images into two clusters: dispersion energy and background noise.
Subsequently, DBSCAN is applied and the maximum amplitude for each cluster (mode) is

picked to obtain the dispersion curves.

5 Discussion, Conclusion and Outlook to master thesis
project

The master’s thesis focuses on subsurface characterization in an engineering context, utilizing
relatively short array lengths in the range of a few tens of meters. As discussed in Chapter
3, shorter array lengths can compromise spectral resolution, posing challenges in dispersion
curve identification, especially when dealing with closely spaced modes. This brings forth

a couple of questions to be answered at the start of the master thesis project: whether it



suffices for production purposes to reliably pick only the fundamental mode, or if the existing
inversion workflow also incorporates information from higher modes. Seeking insights from
experienced professionals and analyzing dispersion images from field data for engineering
purposes should be conducted to understand energy distribution across modes and assessing
spectral resolution on real data sets. Even if focusing initially on the fundamental mode, the
algorithm developed in this master thesis should be adaptable to include higher modes, as
research (Chamorro et al., 2023) has demonstrated improved reliability and accuracy when

higher modes are incorporated.

Unsupervised Machine Learning operates automatically without the need for labeled data,
presenting advantages in terms of cost and time efficiency. However, it comes with the
challenge of difficult uncertainty assessment. Publications by Rovetta et al. (2021) and
Wang et al. (2021) utilize a maximum amplitude approach for picking dispersion curves
from mode clusters, but this method has drawbacks, including susceptibility to mode mixing
and noise influence. Dispersion curve picking was carried out on sections of kilometer-long
receiver arrays for oil and gas exploration, making it questionable wether this approach will
be successful in engineering applications.

Supervised algorithms, on the other hand, benefit from having a ground truth for training,
which can be modified with noise to better simulate realistic data. Approaches such as using
transfer learning (Ren et al., 2021) or purely synthetic data (Chamorro et al., 2023) as
training data reduce the need for manually labeled data significantly.

We find the direct training on shot gathers, as demonstrated by Chamorro et al. (2023),
very promising, as it offers the possibility to skip the transformation of the shot gather
to a different domain and evade associated complications. Conducting performance and
robustness analyses, whether to train the data directly on shot gathers or on dispersion
spectra, can offer deeper insights into selecting the most suitable supervised algorithm. Much
effort has to be put in the creation of suitable training data to cover a broad range of possible
geological settings anyway, which could be used as a basis to compare both approaches in
the master thesis.

Summarizing, it can be said that if mode mixing is a recurring phenomenon in engineering-
applications data, clustering methods may have clear disadvantages, and supervised methods

become preferable.

Lastly, it is essential to acknowledge that although ML methods excel at handling large
volumes of data, the dispersion curves derived through ML are not inherently grounded
in wave theory or other related physical principles. Nonetheless, ML-generated results can
offer valuable results in practical applications, if the results are approached with a critical
perspective. Consequently, professional review is inevitable in ensuring the reliability and

applicability of ML-derived dispersion curves.
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