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Abstract

Full waveform inversion (FWI) is an emerging seismic technology engine for estimating
subsurface model parameters such as velocity, density and attenuation through local mini-
mization of an objective function. The minimization problem is often performed iteratively
via gradient-based method that is based on the first-order derivatives of the objective func-
tion. One of the major obstacles of FWI that hinders its practical applications for estimating
subsurface model parameters for large scale problems is its huge computational demand for
performing many forward modeling for multiple sources. One way to reduce the overall
cost of waveform inversion is by adopting a simultaneous source strategy. In other words,
multiple sources are simultaneously fired to simulate super-shot gathers and thereby re-
duce the number of seismic modeling simulations that are performed during the inversion.
However, the use of simultaneous sources introduces cross-talk artifacts that arise from the

interference among the sources that constitute a super-shot.

In this thesis, we study and extend the practical applications of the second-order optimiza-
tion methods in the framework of simultaneous sources. First, we examined the effect of
model parameterizations on velocity model building using Newton-based optimization meth-
ods. Three model parameterizations for the acoustic FWI were investigated. These include
velocity, slowness and slowness squared. We then analyze the influence of different simulta-
neous multi-frequency selection strategies on cross-talk artifacts. Our analysis focuses on a
multiscale frequency-domain FWI algorithm that is implemented with simultaneous sources
that are randomly encoded with a source-encoding function. In the multiscale conventional

FWI inversion strategies, a finite set of discrete frequencies will be selected and the inver-
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sion is carried out sequentially from low to high frequency data components. We examine
six frequency selection strategies and test the performance of the algorithm with encoded
datasets. Numerical tests show that high fidelity results can be attained by inverting par-
tially overlapped groups of temporal frequencies. In order to mitigate cross-talk artifacts
during the numerical inversion, a new encoding is generated at every iteration. We also
found that high resolution images can be obtained by re-sampling new source positions and
new encoding functions at every iteration of the FWI algorithm. Finally, we present a full
Newton FWI algorithm and its application in the presence of high amplitude multi-reflected

waves that are generated by strong velocity contrast and/or from free surface reflections.
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CHAPTER 1

Overview of Full Waveform Inversion (FWI)

1.1 Traveltime tomography and Full waveform inver-

sion

The main objective of full waveform inversion (FWTI) is to produce a high-fidelity model
parameters that best fits the observed seismic data at various scales for improved seismic
imaging (Lailly, 1983; Tarantola, 1984b, 1987; Stekl and Pratt, 1998; Pratt et al., 1998;
Operto et al., 2007; Virieux and Operto, 2009; Sourbier et al., 2009; Hu et al., 2011; Liu
and Gu, 2012; Warner et al., 2013). Since the initial development of waveform inversion
in the mid 1980’s by Lailly (1983) and Tarantola (1984b), the feasibility of FWI has been
largely discarded by the oil and gas industry mainly due to complex and expensive processing
associated with solving many forward modeling simulations. Due to the vast advancement of
computer hardware and performance, the application of full waveform inversion is becoming
more practical for high resolution imaging, in particular for velocity model building, and is
a major research and development focus area (Virieux and Operto, 2009; Vigh et al., 2010;
Warner et al., 2013).

An accurate velocity model is crucial for conventional seismic migration methods, such
as reverse time migration to produce depth images with reflectors in correct lateral and
depth positions, and also to achieve better focusing. A less accurate but more versatile and
widely used technique for velocity estimation from measured seismic field data are traveltime
tomography (Pratt and Worthington, 1990; Williamson, 1991). However, migrated data
with the updated velocity model from FWI have shown that images with higher resolution,
better reflector positioning and improved focusing of events (Vigh et al., 2010; Sirgue et al.,
2011; Warner et al., 2013). The standard FWI procedure starts from a good initial velocity
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model. The initial velocity models for FWI are often obtained from early arrival traveltime
tomography that are formulated based on reflected or refracted waves that best describes
the field data (White, 1989; Kubota et al., 2009; Wang et al., 2014). Traveltime tomography
is the most widely used technique due to its efficiency and robustness for long wavelength
structure estimation of the Earth’s physical properties, primarily the velocity, from seismic
field data. The method works by iteratively updating a velocity model, often using a gradient
descent method, to produce a satisfactory misfit between the model and observed data.
Then, with full waveform inversion, as the inversion continues iteratively, a wide range of
wavenumber components of the velocity model structures are estimated. Unlike FWI, where
the complete seismic records are used, traveltime tomography only uses picked traveltime
events. Only certain portions of data (the early arrivals) are used after some preprocessing
and it employs a high frequency approximation. Full waveform inversion accounts for the

full wavefield and has no high frequency limitation.

The spatial resolution of traveltime tomography is limited to the bandwidth of the first-order
Fresnel zone ~ \/m , where A is the wavelength of the wavefield and d, s is the maximum
offset distance (Williamson, 1991), whereas the spatial resolution of full waveform inversion
is on the order of the wavelength ~ A/2 of the propagated wavefield (Wu and Toksoz,
1987; Sirgue and Pratt, 2004; Liu and Gu, 2012). There are many reasons why FWT is
preferable over conventional velocity model building, where the conventional methods fail.
For example, complex near surface velocity structure in shallow areas have the potential for
large, rapid velocity variations causing conventional ray based tomography methods to fail
(Vigh et al., 2010; Warner et al., 2013).

1.2 State of the art of full waveform inversion

The flow of FWI starts by predicting the modeling wavefield data at receiver locations from
a forward modeling engine using a starting model, source-receiver geometry, source wavelet
and other necessary input parameters. Once the modeling wavefield data are predicted at
the receiver positions, the residual wavefield data are computed by subtracting the modeled
data from the observed datasets trace by trace at each receiver location (in the case of
an [y norm). We then back-propagate the residual wavefield from the receiver locations
using the same forward modeling engine. The gradient is then computed by taking the
zero-lag cross-correlation between the forward and back-propagation wavefields everywhere
within the model space. The velocity model is then updated iteratively using a line search
method by perturbing the starting model in the appropriate descent direction. The process

of updating the velocity continues until the change in the residual wavefield is minimized.

The most widely used engine for updating the velocity model are based on gradient descent
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via linearized least-squares. The inversion scheme mainly relies on transmitted arrivals
(diving and head waves) after preprocessing of the observed data (Virieux and Operto,
2009; Stekl and Pratt, 1998; Vigh et al., 2010; Warner et al., 2013). Transmitted energy
(head waves and diving waves) are key to FWI success. In the preprocessing of the data,
most events that are not modeled by the forward modeling are removed. For example,
in the case of the acoustic wave approximation all shear wave energy must be removed.
Typically FWI requires basic preprocessing such as careful de-noising (in particular to have
good single-to-noise ratio in the low frequency range), band-pass filter to preserve the low
frequency range (removing high frequencies), removing of the surface multiples, removing
of elastic arrivals, muting of data that are not used for inversion (FWI uses both reflection
and refraction waves, maybe mute everything except transmitted waves), as well as testing
the accuracy of the starting model. Most parts of the data are kept constant (Vigh and
Kapoor, 2009; Vigh et al., 2011; Warner et al., 2013).

With a smooth starting model, FWI first tries to approximately match traveltimes of the
diving waves from the modeling to those linear head wave events of the observed data over
the limited-offset range. As the iterative process continues, FWI proceeds to provide more
details of velocity gradient updates as it fits the transmitted arrivals beyond the near-offset
of diving waves where refractions exist. This actually holds if the modeled data are within
half a cycle of the observed data throughout the inversion process, otherwise the inversion

will not give a satisfactory result.

Understanding the properties of refracted and transmitted waves on the model are vital for
high resolution velocity model building because this energy contains detailed information
about the target area. FWI will not yield satisfactory results unless transmitted energy
passed through the target area. The penetration depth of the transmitted energy depends
on surface survey offsets; i.e. long offset acquisition is a key. Updating a specific depth also

depends on a given geological setting and gradient in the velocity model.

Though much progress has been made in FWI in recent years, many problems remain that
hinder its practical application to large scale 3D datasets. Unlike traveltime tomography,
full waveform inversion is not robust. The waveform objective function is highly nonlinear,
which can result in poor convergence properties and has the propensity to get trapped
into one of many local minima. Even though FWI has the potential to produce accurate
and high-resolution models from observed field data, the success of FWI depends on many

factors. Below are the most common challenges faced in FWI

— FWI highly depends on the quality of low frequencies available in real data. In order
to avoid solutions that are trapped in local minima, one needs to have data with high-

quality low frequency components or provide a good initial velocity model (Brenders



CHAPTER 1. INTRODUCTION 4

and Pratt, 2007; Virieux and Operto, 2009). This is because at the lowest usable
frequency, there is a high chance that the modeling and observed data match within

half a cycle.

— FWI depends on the accuracy of the starting model. This is the most crucial require-
ment to have any success in model building. If the starting model does not produce
the modeled wavefield data within half a wave-cycle of the observed data, FWI will
tend to converge to one of the many local minima due to the wrapping around nature
of phase in the frequency-domain or the cyclic-skipping problem in the time-domain
(Bunks et al., 1995; Sirgue and Pratt, 2004). This makes the technique very sensitive
to the starting velocity model especially when 3D data are considered. An accurate

starting model is essential to avoid the cycle-skipping problem.

— FWI is also hampered by the lack of an efficient optimization method. FWI based
upon least-squares is commonly solved through local optimization methods utilizing
conjugate gradients or steepest descent. However, gradient optimization methods are
generally considered slower and can have difficulties scaling the reconstructed model
parameters in comparison to methods that require second-order information of the

objective function, such as the Newton method.

— Even with the current drastic computer hardware and performance improvements,
the application of full waveform inversion is still computationally expensive and re-
quires considerable amount of computing memory for multiple sources and receivers,

in particular, for large scale 3D problems.

— FWI also suffers from problems related to the high nonlinearity introduced by near
surface effects due to presence of complex surface topography and propagation of
surface waves/rayeligh waves in the strongly heterogeneous near surface (in particular
a problem for land data). In addition, land datasets usually have a low signal to
noise ratio in particular at low frequencies, incoherence of source level, incomplete
illumination etc, which works against the requirements of FWI (Brenders and Pratt,
2007).

— For better efficiency and accuracy of velocity model building, FWI requires specific
acquisition geometry: in particular large source to receiver offsets. The presence of
large offset seismic data are important for FWI because it provides low wavenumber
information of the subsurface and contains the deepest penetration of the transmitted
energy (diving and head waves). It is at the longer offsets where these energies contains
the most valuable information of deep events, and therefore produces better velocity
updates. It is important to note that the achievable maximum depth in FWI to

update the velocity model depends on the information of deep events contained in
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the transmitted energy. FWI without long offset dataset, that does not pass through
the desired target depth (especially without diving and refraction waves), will not
be able to update the macro velocity model properly. Practically, due to the lack of
good quality low frequency and long offset dataset, the existing FWI applications are
often limited to near surface velocity model building: applicable primarily for updating
shallower anomalies (Virieux and Operto, 2009; Vigh et al., 2010; Warner et al., 2013).
However, the longer the offset present in the survey, the better the resolution and
inversion results. Some recent applications of FWI performed to real data based on
the acoustic wave approximation are very promising, though they require careful data
preprocessing (Pratt and Shipp, 1999; Operto et al., 2006; Brenders and Pratt, 2007;
Bleibinhaus et al., 2007; Warner et al., 2013)

— The accuracy of the estimated velocity model depends on the method of Physics
used to describe the data we are inverting. Since FWI is based on data comparison
between the modeled and observed data, we need to analyze our data such that all
events in the observed data are also present in the modeling; otherwise the inversion
will end up with a wrong result. Most available FWI algorithms are based on the
acoustic wave-equation approximation and do not deal properly with elastic effects,
shear velocity, density and any other anisotropy parameters. Elastic effects and any
unwanted events present in the real data should be removed before the waveform
inversion if the modeling is based on the acoustic wave approximation. Otherwise,
other physical properties that affect the inversion, if possible, should be included in
the modeling. One can also incorporate density, attenuation and other anisotropy
parameters in the forward modeling while fixing these parameters during the velocity
model building. For FWI to utilize all parts of the waveform, the full anisotropic
3D visco-elastic Physics of the Earth should be used as a forward modeling engine.
However, at the current stage, due to the complexity nature of the physics used and
the computational burden associated with inverting the multi-component parameters,
trade-off between model parameters, the feasibility of applying a 3D visco-elastic FWI

is far from practical application and its practical feasibility has yet to be seen.

— FWI is an ill-posed inverse problem, and requires regularization and appropriate data
preconditioning to stabilize the inversion. Inverse problems are called ill-posed if their
solutions are not unique or if the solutions are unstable. If it is unstable, a small
perturbation of the data may produce large perturbations of the inverse problem
solution. Conversely, if it has a unique and stable solution, then it is called well-posed
problem. In the ill-posed inverse problem, for example in the case of FWI, the forward
modeling has a unique solution, whereas the inverse problem may not be unique as

there would be many models that could fit the observed data or provide very small data
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residuals. In order to overcome having an ill-posed problem, supplemental information
and stabilization are needed. Prior information about the model parameters, data
preconditioning and regularization methods are key for successful FWI (Tarantola,
1987; Virieux and Operto, 2009).

— FWI requires an accurate source signature for the forward modeling. The source
signature at the lowest frequency range should be accurate enough that the modeled
data matches the observed data at the lowest usable frequencies within half a wave-
cycle. The accuracies of polarity and phase of the source wavelet are essential for

major events to have any success in velocity model building by FWI.

The aforementioned problems are among the most common problems in FWI. Addressing
these problems, in particular, the accuracy of the starting model, the quality of the low
frequencies in the data and the presence of long offset data are keys for any successful FWI.
Inversion results obtained by FWI also varies from one problem to another. Depending upon

the geological area of interest, each problem should be treated and dealt with independently.

1.3 Time-domain vs frequency-domain

Historically, Lailly (1983) and Tarantola (1984b, 1987) introduced the theoretical framework
of FWI in the time-domain and later the method was extended to the frequency-domain
by Pratt (1999), Laplace-domain by Shin and Cha (2008), and/or the combination of the
two methods using a hierarchical hybrid approach (Cha and Shin, 2009; Brenders et al.,
2012). Each of those methods has its own distinct advantage. From the standpoint of
computationally efficiency, the frequency-domain implementation is preferable over a time-
domain implementation because of its ability to reconstruct model parameters from limited
discrete frequencies by taking advantage of the wavenumber redundancy in wide-aperture
seismic data (Sirgue and Pratt, 2004). The frequency-domain allows us to perform efficient
hierarchical multiscale strategies to mitigate the nonlinearity problem of FWI by performing
the inversion from low to high frequencies. In the frequency-domain, a finite set of discrete
frequencies is selected and the inversion is carried out in a sequential approach starting from
low frequency to high frequency data components (Sirgue and Pratt, 2004). The inversion
can be carried out sequentially with single or multiple frequencies. The model parameters
obtained from the inversion of the low frequency data components are used as starting
model parameters for the higher frequency data components. First, the long wavelength
components of model parameters will be recovered from the low frequency data, and then
more details and features will be extracted as the inversion proceeds to the higher frequency

data. The multiscale inversion strategy helps to avoid the cycle-skipping problem of FWI
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because the low frequencies are less sensitive to cyclic-skipping than the high frequencies
(Bunks et al., 1995). The technique avoids getting trapped to local minima when the
starting model is far from the actual velocity model. If all frequencies are inverted, then the
frequency-domain method is equivalent to the time-domain method. In 2D FWI, from the
standpoint of computationally efficiency, the frequency-domain implementation is preferable
over a time-domain implementation because of its ability to reconstruct model parameters
from limited discrete frequencies by taking advantage of the wavenumber redundancy in
wide-aperture seismic data (Sirgue and Pratt, 2004) and the forward modeling for multiple
sources can be performed efficiently using an LU decomposition of the Helmholtz wave-
equation. In this thesis, we adopt the frequency-domain FWI method. However, from the
practical point of view and the simplicity of implementation, for large scale 3D problems,
the time-domain is the most preferable and widely used method for FWI (Vigh and Kapoor,
2009; Sirgue et al., 2011; Liu and Gu, 2012; Warner et al., 2013). Time-domain based FWI
allows a more flexible way for preconditioning or processing a certain portion of data by
time-windowing and is also robust with noise compared to the frequency-domain (Warner
et al., 2013). The multiscale inversion strategy can also be implemented in time-domain
by band-pass filtering the time-domain seismogram based on different bandwidths (Bunks
et al., 1995). In the hybrid approach, the forward modeling is performed in the time-domain
whereas the inversion is carried out in the frequency-domain and this technique provides a

good trade-off between efficiency and flexibility (Brenders et al., 2012).

In the case of the Laplace-domain, the inversion provides a long-wavelength (smooth) ve-
locity model without having a low frequency data component even if the starting model for
inversion is significantly different from the actual velocity model. This method has been
shown to be less sensitive to intermediate wavelengths contained in the velocity model but
it fails to provide details of the model structure at higher frequencies (Shin and Ho Cha,
2009). FWI in the Laplace-domain is viewed as a zero frequency component of damped
seismograms in the time-domain (Shin and Ho Cha, 2009). Equivalently, in frequency-
domain inversion, it can also be viewed as using complex-valued frequencies in which the
time-damping of the wavefield is controlled by the complex part while the real part is taken
as zero. One of the advantages of the Laplace-domain waveform inversion is that it can be
applied to smaller frequencies than the lowest available frequency of the source bandwidth.
However, Shin and Cha (2008) have shown that the penetration depth of Laplace-domain
waveform inversion is very sensitive to the choice of Laplace-domain damping constants
and the maximum offset of the data. However, the smooth velocity model obtained from
Laplace-domain inversion can be used as the starting velocity model for frequency-domain

inversion; a technique known as Laplace-Fourier inversion (Shin and Ho Cha, 2009).



CHAPTER 1. INTRODUCTION 8

1.4 Optimization engine

FWI is an iterative process that attempts to build high resolution model parameters of
Earth’s subsurface structure. Most existing full waveform inversion numerical algorithm
schemes are based on a local iterative method using a steepest decent or nonlinear con-
jugate gradient method. This method only takes into account the first-order derivatives
of the objective function and neglects the second-order derivatives of the objective func-
tion (Hessian matrix). The gradient or steepest descent method often poorly scales the
model perturbation update and takes many iterations to converge to the global minimum.
In order to increase the convergence rate, higher-order optimization methods, for example,
like the Newtonian methods such as Limited-memory Broyden-Fletcher-Goldfarb-Shanno (F
BFGS) (Nocedal, 1980), Gauss-Newton or full Newton methods that take into account the

information of the second-order derivatives of the objective function should be implemented.

The Newtonian methods generally converge faster than the gradient based nonlinear con-
jugate gradient method, but this is at the expense of solving a denser system of linear
equations (Hessian matrix) at each iteration which is computationally demanding. Of the
Newtonian methods, the full Newton method is known to converge faster than the Gauss-
Newton or FBFGS methods. Incorporating the inverse of second-order derivatives of the
objective function, the inverse of Hessian matrix, in the numerical inversion scheme not
only speeds up the converge rate but also take into account the effect of high amplitude
energy multi-reflected wavefields present in the data. In addition, the use of the inverse of
the Hessian matrix in the numerical inversion better scales amplitude energies on poorly
illuminated subsurface areas due to uneven source-receiver coverage, and removes unwanted
artifacts that arise in the gradient due to multiple reflected wavefields (Pratt et al., 1998).
Theoretically, incorporating higher-order optimization method such as second-order deriva-
tives of the objective function (Hessian matrix) is possible and become a current research

topic.

Apart from mono-parameter inversion (for example velocity estimation, the focus of this
thesis), Hessian matrix is also plays a significant role in multiparameter FWI. Multiparam-
eter full waveform inversion is a very difficult problem due to many unknown parameters
appears in the same wave-equation. It also appears in the gradient of the objective func-
tion in the iterative numerical inversion. Incorporating the inverse of Hessian matrix in
the numerical inversion plays a key role in multiparameter full waveform inversion. It mit-
igates the effects of cross-talk or trade-off between different classes of parameter. Recent
work by Innanen (2014) shows the importance of incorporating the Hessian matrix in the
multiparameter seismic inverse problem. The inverse of the Hessian matrix combats param-

eter cross-talk and carries out an essential form of amplitude-variation-with-offset (AVO)
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analysis on pre-critical reflection modes (Innanen, 2014).

At the present time, the Hessian matrix can be implemented in an efficient way in 2D
problems. However, the computational and memory demand for computing the Hessian
matrix and its inverse for larger scale 3D problems is enormous. For this reason, in almost
all the current 3D FWI algorithm, the Hessian matrix information are often ignored and
the steepest descent method is the most preferable method in the oil and gas industries.
In generally, the efficiency of the FWI algorithm and accuracy of the reconstructed model
parameters depend on the choice of model parameterization, the type of optimization engine
employed, and a proper preconditioner of the gradient of the objective function are among
a few to mention (Pratt et al., 1998; Virieux and Operto, 2009; Guitton and Daz, 2012).

1.5 Simultaneous sources

Though much progress has been made in FWI during the last couple of years, one of the many
existing problems associated with FWI that hinders its practical application to large scale 3D
datasets is its huge computational time demand for simulating a number of forward modeling
in the iterative process. The computational cost of full waveform inversion is proportional
to the number of sources in the experiment. One way to efficiently perform full waveform
inversion at larger scales and on 3D datasets is to perform a computationally inexpensive
waveform inversion by simulating multiple sources at one time, a technique referred to as
simultaneous sources full waveform inversion. The use of simultaneous sources was initially
employed for seismic migration by Morton and Ober (1998) and Romero et al. (2000).
Since the development of simultaneous sources by Morton and Ober (1998) and Romero
et al. (2000), its use for seismic migration and full waveform inversion (Krebs et al., 2009;
Tang, 2009; Berkhout and Blacquiére, 2011; Ben-Hadj-Ali et al., 2011) have been developed
and extensively used to reduce the computational cost of simulating the forward modeling.
The basic idea of the simultaneous sources technique is to create super-shots through the
summation of individual sources. One of the main advantages of the simultaneous source
technique in seismic migration or waveform inversion is that it reduces the computational
cost by a factor proportional to the number sources stacked within a super-shot for every

forward modeling performed in the inversion scheme.

On the other hand, simultaneous sources introduce cross-talk artifact noises in the final im-
age due to interference among the individual sources within a super-shot. A good inversion
algorithm scheme should able to balance the quality of the reconstructed model parameters
and its computational speed. Morton and Ober (1998) and Romero et al. (2000) introduce
phase-encoding strategies of individual shots to create super-shots to reduce cross-talk ar-

tifacts. Since then, in addition to the phase-encoding technique, different strategies for the
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encoding of sources during forward modeling have been devolved for full waveform inversion
such as time-shift, phase-shift or plane-wave encoding methods (Krebs et al., 2009; Berkhout
and Blacquiére, 2011; Tao and Sen, 2013) are among a few to mention. The other problem
with simultaneous source technique is that it can only be suited for land data acquisitions,
were all the receiver spreads are fixed for every shot within a super-shot. But in the case
of marine acquisition where receiver arrays move for every shot, there will be an aperture
mismatch between the predicted data and the observed data and as a result minimizing the
conventional least-squares objective function is no longer applicable. A different or perhaps

a new objective function is required to address the aperture mismatch (Krebs et al., 2009).

1.6 Objectives and structure of the thesis

The main objective of this thesis is on the practical application of the first-order and second-
order optimization methods for 2D acoustic full waveform inversion that is based on conven-
tional shot gather and simultaneous source methods. One of the main objective in this thesis
to find an efficient work flow full waveform inversion for cross-talk artifact reductions in the
simultaneous source inversion techniques. The thesis studies the effects of multi-frequency
simultaneous frequency inversion on cross-talk artifacts and studies the efficiency of the use
of simultaneous sources for higher-order of optimization methods. The influence of model
parameterization on the Newton-based acoustic full waveform inversion is also studied. My

thesis is primarily based on 2D acoustic wave approximation of the wave propagation.
The thesis is structured as follows:

Chapter 2 reviews the state of the art in full waveform inversion and presents the theoretical
framework of 2D acoustic full waveform inversion in the frequency-domain. First I describe
the mathematical formulations and implementations of the first-order and the second-order
optimization methods of full waveform inversion. The mathematical formulations present
both for conventional shot gather and simultaneous source techniques. Different source
encoding techniques are considered. The gradient-based and Newton-based optimization
method is briefly described, and in this chapter I describe the key ingredients of 2D full
waveform inversion algorithms that are used through the rest of the chapters in the thesis.
Preliminar synthetic examples are also presented to assess the influences of density and

attenuation to the velocity model building in full waveform inversion.

Chapter 3 presents the studies of model parameterization strategies on velocity model build-
ing using full waveform inversion based on the acoustic wave-equation approximation. Par-
ticular emphasis is given to Newton-based optimization methods, where it requires the

reconstruction of the Hessian matrix directly or indirectly with which the choice of model
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parameterization greatly influences the characteristics of the Hessian matrix. The study
presents an eigenvalue decomposition to understand and analyze the influences of model
parameterization on the Hessian matrix and convergence rate of the optimization engine.
Three types of model parameterizations are considered. These include velocity, slowness and
slowness squared. Numerous numerical inversions are carried out using gradient-based and
Newton-based methods to assess convergence rates and the quality of the retrieved model

that can be obtained using the three different model parameterizations.

Chapter 4 details the work I have done in developing full waveform inversion for reduction
of cross-talk artifacts when simultaneous sources are used and it presents a detailed com-
parison studies of multi-frequency selection strategies for simultaneous-source full waveform
inversion using the Gauss-Newton method. Various mutli-frequency selection strategies are
studied to evaluate their performance in reducing cross-talk artifacts and to define an inver-
sion strategy that provides a good balance between quality of the reconstructed model and

computational time. A series of numerical experiments are carried out to draw conclusions.

Chapter 5 presents the application of the second-order optimization method especially the
full Newton method for full waveform inversion and the type of iterative method that should
be used for solving the Newton equations. The objective of this chapter is to find the
most suitable and efficient iterative solver for the Newton equations at relatively cheaper
computational time. The preconditioned conjugate gradient and minimum residual iterative

methods are considered and compared for solving the Newton equations.

Chapter 6 presents the conclusions of the main objectives of the thesis findings, identifies
the contributions and summarizes the dissertation research with recommendations of future

work.



CHAPTER 2

Full Waveform Inversion

2.1 Introduction

This chapter describes the theoretical formulation of full waveform inversion in the frequency-
domain. The formulation is based on the two-dimensional acoustic wave approximation. The
most common choice of objective function for FWI is the least-squares norm, I, of misfit
between the observed and predicted data. This method has been shown to be less sensitive
and provides acceptable results for high signal-to-noise ratio (SNR) datasets. I describe
a detailed formulation of the first- and second-order derivatives of the objective function

based on an [ norm.

2.2 Theory

We begin by considering the forward problem in the frequency-domain after Fourier trans-
forming the time-domain acoustic wave-equation. The acoustic wave-equation in two di-

mensions is governed by the following equation (Hu et al., 2009)

2 (A0 + 2 (3 200)) + Lpte) = sre) (21)

where x = pv? is the bulk modulus, p is the density, v is the velocity, p(w) is the pressure
field, w is the angular frequency and src(w) is the source signature value at a given frequency
w. For the sake of simplicity, the dependencies of spatial positions of the pressure field are
not written explicitly. In order to avoid boundary reflections during forward modeling, we

apply a perfectly matched layer absorbing boundary condition (Berenger, 1994).

12
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After discretization of equation 2.1 by using an optimal 9-point stencil staggered-grid finite-
difference approximation (Jo et al., 1996; Hustedt et al., 2004), the acoustic wave-equation

for a single source and frequency can be written in a compact form as
A(m, w)p(x, x5, w) = f(w)d(x — xs), (2.2)

where A(m,w) is the discretized stiffness operator, m is the model parameter (for example
velocity), f(w) is the matrix form of complex source function (src(w)) and p(x,xs,w) is
the complex pressure field everywhere inside the physical medium x for a shot located at
position xs. Here, x; is a vector where its elements are zeros everywhere except 1 at the
source location. Details of the discretization of equation 2.1 by using an optimal 9-point
stencil staggered-grid finite-difference approximation is described in Appendix-A. This op-
erator is quite sparse and, therefore, storable in memory. The system of linear equations,
equation 2.2, is solved with a direct solver based on a multi-frontal LU decomposition of
the finite-difference Helmholtz operator A into a lower and upper triangular decomposition
scheme (Amestoy et al., 2001; Schenk and Gartner, 2004; Amestoy et al., 2006; Schenk et al.,
2007). The main advantage of this method is that once the decomposition is performed and
available for a given angular frequency w and background velocity, the complex pressure
field is efficiently solved for multiple sources using the forward and backward substitutions.
A more efficient factorization scheme like Cholesky factorization can also be used to de-
compose the matrix A (Chabert, 1999). However, the Cholesky factorization requires a
Hermitian, positive definite matrix. In our case, the matrix A is not Hermitian inside the
perfectly matched layer region (see Appendix-A for more detail). During the modeling of
the wavefield, we avoid boundary reflections by applying the perfectly matched layer absorb-
ing boundary condition (Berenger, 1994) for absorbing outgoing waves at the boundaries.

However, this still does not completely absorb all outgoing waves incident at all angles.

The forward problem for a single frequency is obtained by solving the system of linear

equations in equation 2.2 and then calculating the observation via
dcal(xr,xs,w) = s(w)r(x,, x)p(x, X5, w), (2.3)

where r(x,,x) is the sampling operator that maps the wavefield to the observation space
and s(w) is a scaling parameter for the source wavelet signature which is estimated using a
least-squares method, see equation 2.8. From here onwards, the subscripts s and r represent
for the source and receiver, respectively. When the spatial dependencies are not explicitly
written in the equation, for example, we represent the pressure wavefield for a given source

p(x,xs,w) by ps(w). Bold letters in equations represent either a vector or matrix.

Waveform inversion entails minimizing the ls norm of residual between the observed data
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d°?s and the model data dc®

Ng,N,

Z W Z A2 (wy) — &5 (wy)) (A8 (wy) — A5 (wy) + uR(m),  (2.4)

UJJEQ

where T is the complex conjugate transpose, R(m) is the regularization term (assumed the
same for each frequency group), i is the regularization parameter, Ny and N,. represent the
number of sources and receivers respectively, and W is the data weight for the simultaneous
inversion of multiple frequencies (frequencies in a group). The parameter N,, represents the
number of frequencies within a frequency group. The variable ); represents a group of
frequencies. We stress that the inversion of the first group (€2;) is initialized with a smooth
model; the inversion with data from group ;11 is initialized with the solution found by
inverting group €2;. In this thesis, unless otherwise stated, for the regularization term, we

used damped regularization term
R(m) = [|v*(my —m,)[%, (2.5)

where m, is the starting velocity model at every frequency group and my is the velocity

model at the k" iteration.

2.2.1 Lagrangian formulation

The minimization of the objective function is a nonlinear problem. The objective function
depends explicitly on the complex pressure field and implicitly on the model parameters
through the pressure field, which depends on the properties of the medium. The goal is
to reconstruct the model parameters. In this thesis our model parameters are subsurface

compressional velocities.

There two types of optimization methods for nonlinear inverse problems: local and global
methods. Global optimization techniques aim to search the model space in order to find
the best solution or global minima. Such techniques allow us to solve strongly nonlinear
problems but are typically slower as the search continues to avoid becoming trapped at local
minima and use a stochastic search in order to find a global minimum. They often work
best with a small number of parameters. Such methods include Monte Carlo, simulated
annealing and Genetic algorithms. Whereas the local optimization methods are based on
local information about the gradient of the objective function that defines, for example
in the case of ls norm, the data mismatch between the model and observed data. Local
optimization methods in general require a good search direction to locally optimize in an
iterative sequence. Hence, they require a good starting model to converge to the local

minimum. For geophysical exploration applications, FWI is a local optimization method
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and depends strongly on the choices of starting model. This thesis exclusively focuses on

local minimization based on gradient and Newton-based methods.

In order to formulate the gradient-based and Newton-based optimization methods, we adopt
the second-order adjoint state method based on the Lagrangian formulation of the objective
function (Akcelik et al., 2002; Plessix, 2006; Fichtner and Trampert, 2011). The objective

function is minimized using a constrained optimization method

argmin J(m)
m (2.6)
subject to  A(m,w)ps(w) = f5(w),

where A(m,w) € CV*V p (w) and fi(w) € C¥, m € R, and J(m) : RY — R. The
parameter N represents the number of model parameters. Note that for simplicity the
spatial dependencies are not written explicitly and we omit the kronical delta function. The
constrained optimization problem can be reformulated as an equivalent problem where we

minimize the associated Lagrangian £

Lo A) =3 D W Y0 A2 (wy) — s(en)rpale) |2 +
w; €LY s,r (27)
NuNo
Re( D" (Aulw) Al w)Bs (1)) — £(wy))x) + pR(m)

where (, ) is the scalar product in x, r € RN"*N A (w;) € CV is a vector of Lagrangian

X
multiplier, which its physical meaning become clear later, d%**(w;) € C¥* and R(m) : RY —
R and s(wj) is the scaling parameter for source wavelet signature and in the frequency-

domain FWTI for single frequency (w;) (Pratt et al., 1998)

A% (w;) Td“! (w;)
deel(w;) et ;)

s(wj) = (2.8)

The source needs to be estimated because in exploration seismology it is not possible to

measure the seismic source wavelet (Ulrych and Sacchi, 2005).

The first-order necessary conditions, also known as the Karush-Kuhn-Tucker (KKT) condi-

tions (Kuhn and Tucker, 1951), for the optimum solution satisfies

VeL(p,m,A)=0,  ¢e{p,m, A} (2.9)
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This results in

L, =A*(m,w)A(w)—r' Adw)=0 (2.10)
Ly =VmA(mw)ps(w)®AL(w)+ puVmR(m) =0 (2.11)
Lo =A(m,w)ps(w) —f5(w) =0, (2.12)

”

where ” x” indicates the complex conjugate operator, ©® represents the Hadamard product

(see in the Appendix equation A.34 for the definition of the Hadamard product) and

oL

Le = a—g, e {p,m,A} (2.13)

VonA(m,w) = 2A0©) (2.14)
om

Ad(w) = d(w) — d°(w). (2.15)

Equation 2.10 is the adjoint state equation that computes the adjoint wavefield Ag(w) by
back-propagating the residual wavefields at the receiver locations (Plessix, 2006). Equa-
tion 2.11 is the gradient of the cost function that one wants to minimize g (g = Lm).

Equation 2.12 is the forward modeling operator.

From the first-order optimality conditions, setting the derivative of equation 2.7 with respect

to the model parameters m to zero gives an expression for the gradient, g,

g = %e((Am(m7w)pS(w))A£(w)) + uVmR(m). (2.16)

The optimality conditions of the KKT system in equation 2.10-2.12 define a system of non-
linear equations. If the problem is solved via Newton’s method, the parameter perturbation
is obtained by solving the following second-order KKT system of linear equations (linearizing

equation 2.9)

rir B Af Ap Ly
Bf K+ uViR Cf Am | =—| Lm |, (2.17)
A C 0 AA L
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where
K = (V3A)ps(w)Al(w) (2.18)
B = (VmAHA,(w) (2.19)
C = (VmA)ps(w). (2.20)

The solution to the Newton’s step is obtained by solving for Am, after eliminating the
perturbation of the state and the adjoint wavefields (Ap and AA), respectively (Askan
et al., 2007; Anagaw and Sacchi, 2012a; Métivier et al., 2013). The resulting equation leads

to the following linear system of equation
Re[H]Am = —Relg], (2.21)
where Re represents for real part and H is the full Hessian matrix given by

H=((VmA)ps) (AN 'r'rA™ (Vi A)ps + nVi, R 599

+G-B'A"'C-Cl(Ah) !B, 222)
Further details on the formulation and explanation of the KKT conditions can be found
in any optimization books (Nocedal and Wright, 2006; Kuhn and Tucker, 1951; Akcelik
et al., 2002). The first term on the right hand side of equation 2.22 can be expressed
in terms of the Jacobian matrix, J, of the wavefields; where J = A=}(V,A)ps . The
Jacobian matrix is the first-order derivative of the wavefield with respect to the model
parameters. The last three terms in equation (2.22) relate to the second-order derivatives of
the wavefields, and are equivalent to V2 psrfAd(w). The physical interpretations of these
terms are given by Pratt et. al. Stekl and Pratt (1998) and are re-stated in Chapter-3 and
5. Incorporating the inverse of the Hessian matrix in the FWI optimization scheme not
only improves the convergence rate of FWI by improving the amplitude energy on poorly
illuminated subsurface areas but also acts as a debluring operator (Stekl and Pratt, 1998).
The inverse of the Hessian matrix removes artifacts that arise in the gradient vector due to
multiple reflected wavefields. The second-order derivatives of the wavefield, the last three
terms of equation 2.22, account for the double reflected wavefields from two different points
in the subsurface. In the presence of high velocity contrast, the effect of the second-order

derivatives of the wavefield is significant and it should not be ignored (Anagaw and Sacchi,
2012a).

In the Gauss-Newton approximation, the data residual between the modeled and observed
data are assumed to be very small and the last three terms in equation 2.22 are often ignored.

Consequently, the Hessian can be approximated by



CHAPTER 2. FULL WAVEFORM INVERSION 18

Heoy = ((VmA)ps)T(AT)ierrAil(VmA)ps + vanv (2'23)

where Hg v represents the approximate Gauss-Newton Hessian matrix. In the next section
we will describe the optimization scheme of the objective function based on gradient-based

and Newton-based methods.

2.2.2 Numerical optimization

The gradient-based minimization scheme, the first-order derivatives of the objective func-
tion, such as the steepest descent and conjugate gradient (Nocedal, 1980) methods ignores
the Hessian matrix by assuming the Hessian matrix to be an identity matrix I ( H = I).
These methods require the solutions of two forward problems per shot to compute the gra-
dient; one for the forward modeling p,(w) and the other for the adjoint state As(w). The
gradient is then computed by the product between the forward propagated wavefields and
back-propagated residual wavefields in space for each frequency. We leave the reader to
see the details of the steepest descent and conjugate gradient algorithm in Nocedal (1980)
& Nocedal and Wright (2006). For gradient-based optimization, in this thesis, we used a
nonlinear conjugate gradient (NCG) with a line search that satisfies the Wolfe conditions
(Hestenes, 1969; Nocedal and Wright, 2006). Algorithm 1 is the pseudo-code of a nonlinear
conjugate gradient method based on the Fletcher-Reeves method (Guanghui et al., 1995).

This method only requires the gradient of the objective function.



CHAPTER 2. FULL WAVEFORM INVERSION 19

Algorithm 1: Pseudo-code: nonlinear conjugate gradient algorithm (NLCG). Nota-
tions: W, :- data weight, nw :- number of frequencies within a group frequency nwg,
m is the model parameter.

Input :d°(w), mg, N, maz_iter
Output : argmin J(m)
m

for w; + 1 to N, do

Starting model < my,;

Compute:

forward wavefields d°* (w);

residual wavefields Ad(w);
back-propagate residual wavefields A(w);
gradient Vi J(m,) = >0 Wiy, VinJ () ;3
Initialize parameters;

Qo =To = _va(mo);

for k <+ 1 to max_iter do

Update model:

find a(k) that minimizes J(my + a(k)qg)
my 1 = my + o(k)qg

Tyl = _va(mk-&-l%
VinJ (mp41)" VinJ (mye1)
= Fletcher-R ;
ﬁk+1 VmJ(mk)Tva(mk) —Fletcher €Eves;
Ait1 = Tyl + Ber1ak;
end
end

Gradient-based iterative methods have been shown to converge slowly (Shin et al., 2001).
On the other hand, the full Newton and the Gauss-Newton methods are well known for
their fast convergence properties for well-posed problems (Askan et al., 2007; Anagaw and
Sacchi, 2012a; Métivier et al., 2013). However, both methods are computationally expensive
for large scale inverse problems. Solving the model parameters with the Newton-based
algorithms require the gradient, the Hessian and the inverse of the Hessian matrix, which is
dense and large. In practice, one does not need to compute the inverse of the Hessian matrix
by direct estimation of the model perturbation update in equation 2.21 but often solved via
Krylov space iterative methods (Kuhn and Tucker, 1951; Akcelik et al., 2002). In this thesis,
for Chapter 3 and 4 numerical results, we adopt the conjugate gradient method (CG) to
estimate the model perturbation or to solve the Newton’s direction. This technique is less
reliable than sovling using the exact Newton method, but it is efficient and handles large
problems. Algorithm 2 is the pseudo-code of a conjugate gradient method used to solve for
the Newton’s step. Once the Newton’s step is computed, we then update the solution via a
parabolic line search method

myg 1 = my + aAmy, (2.24)
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where the scalar parameter « is an optimal step length. The resulting Newton direction is
not exact because the Newton step is estimated using an iterative technique. The Newton
step does not always guarantee to point in the decrease of the objective function. In FWI,
sometimes the quadratic approximation of the objective function is not accurate enough to
point in the descent direction. In order to prevent the objective function going in the ascent

direction, a line search algorithm is necessary.

In Chapter 6, we used preconditioned minimum residual method to solve for Newton’s di-
rection (Fischer et al., 1998).

Algorithm 2: Pseudo-code: conjugate gradient algorithm (CG).

Input : A, xq, bymax_iter,n, €
Output : x
Initialize parameters;
ro = b — Axo;
P1 = To;
for k =1 to max_iter do
rT_ re_1
ap = %;

X = Xp—1 + Ok Pk;
rp =Tp_1 — 0L Apg;

T
5k = Trkrk
T Th—1’

Pi+1 = Tk + BkPk;
if ||Axy + bl| < n||b]|| then return xj_1;

or if ||xTrAxy|| < e||xk||? then return xx_1;

end

2.3 Simultaneous sources and encoding functions

For large scale problems, the full waveform inversion is generally computationally intense.
The computational cost of full waveform inversion that results from multi-source simulations
can be reduced by randomly assembling sources into super-shots using encoding functions
(Romero et al., 2000; Berkhout and Blacquiére, 2011). In the frequency-domain encoded
sources scheme, the encoded source for a single super-shot is implemented via a simple linear
relationship

S(w), =T'r © Drysre(w) = ¥rsre(w), (2.25)

where ® represents the Hadamard product, S(w), is a collection of encoded sources (k is

the index number of super-shots), src(w) is a single source value at a given frequency w, and
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Dpr € RV*! is a source randomization operator whose elements contain a one where a source
location is picked and zero otherwise. The number of nonzeros in the source randomization
operator is equivalent to the total number individual sources that are randomly assembled

RNX]

within a single super-shot. The function 'y, € is an encoding function with nonzero

elements at the selected source locations. Note that, ¥, =I'y, ® Dry..

There are different kinds of source encoding techniques which encodes the sources and
summed them together to form new super-shots (Ben-Hadj-Ali et al., 2011). Among the
most common source encoding function are the time-shift (Berkhout and Blacquiére, 2011),
phase-shift (Krebs et al., 2009), random phase-shift (Romero et al., 2000; Ben-Hadj-Ali
et al., 2011) and plane-wave (Tao and Sen, 2013) encoding techniques.

In this thesis, we only employ the following three types sources encoding techniques:

— Random phase-encoded simultaneous sources: In the phase-encoding scheme, the phase-

encoding function, I'; is expressed in a matrix representation as
T(P)nonzeros = [e 190 e7™%2 705 emi0na )T (2.26)

where each ¢; is the phase that is randomly chosen in the interval [0, 27] and ns is

the number of shots in a single super-shot.

— Phase-shift encoded simultaneous sources: In a simple phase-shift encoding scheme, "

is expressed as

F(qs)nonzeros = [QSI ¢2 ¢3 qbns]T, (227)

where each ¢; is the phase that is randomly chosen {-1, 1}. This is equivalent to

equation 2.26 in which ¢; are randomly chosen either 0 or 7

— Time-shift encoded simultaneous sources: In the time-shift ending scheme, sources are
randomly encoded with random time-delays (we denote them ”blended sources”). In
the frequency-domain blended sources scheme, the blended source for a single super-

shot is implemented via a simple linear relationship

—iwTy —iwTo —1wT3

e e et (2.28)

F(va)nonzeros - [6

where 7; is a random time-delay randomly chosen in the interval [0,t], and ¢ is the

maximum time-delay.

To understand how the source encoding functions change individual shots in a super-shot,

see Figure 2.1a & 2.1b. These two super-shots are based on time-shift and phase-shift. In
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Figure 2.1: Simultaneous source also know as super-shot when individual sources
are encoded with random time-shift (a) and phase-shift (b) techniques.

22



CHAPTER 2. FULL WAVEFORM INVERSION 23

the case of time-shift, the source summation is based on time-delay whereas in the case of

phase-shift, it is only the phases of sources that are changing during summation.
Forward problem for simultaneous sources:

Making use of the encoding function described before, the forward problem becomes
pi(w) = A(m,w)  Wsre(w). (2.29)

Similarly, the objective function is modified as follows

1 w ss34Vr b ca
J(m) =3 > Wi Y 1A (w)™ — s(wi)rp(wy)i)I + pR(m). (2.30)
b.)jGQq‘, k,r

The parameter N, represents the total number of super-shots. The numbers of super-shots
for the numerical inversion are chosen manually depending up how many individual sources
we want to have within a single super-shot. The gradient, the adjoint state equations and
the Hessian formulation will be modified in a similar manner (see the previous sections for
the optimization). The same optimization procedure as the conventional shot gather is ap-

plied.

Figure 2.2 is a schematic illustration of data reduction using simultaneous source techniques.
On the right side, each line represents a single shot gather. The schematic diagram depict
shot number as a function of receiver numbers. The solid red circles represent source po-
sitions that are randomly selected to form a single super-shot on the left hand side of the
diagram. Once the source positions are chosen, we then use different encoding functions,
T', to encode the selected shot gather data to form a super-shot. As shown in the Fig-
ure 2.2, for example, if the operator D = 1 is selected for each conventional shot gather,
a single super-shot can easily be formed at every iteration during the inversion process.
For each super-shot, the operator Dy randomly selects source locations that will make a
super-shot. Figure 2.3 illustrates how the source positions are selected, Dy, randomly at a

given iteration during the numerical inversion scheme.

2.4 The choice of starting model

FWI, in general, is formulated as an iterative local minimization of the misfit between
recorded and modeled datasets. It only locates the local global minimum misfit if the
starting model is close to the true model. One key assumption and criteria in the localized

inversion is that the modeled and observed waveforms are within half a wave-cycle at the
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Figure 2.2: A schematic representation of data reduction using Simultaneous
sources. The lines represent the shot-gather. The red lines represent the gath-

ers that are randomly picked and summed together to form a super-shot gather on
the left side.
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Figure 2.3: Source randomization: source location selections (Dg) during source as-
sembling to make super-shots. A total of 23 super-shots created from 225 individual
sources.

lowest frequency to converge iteratively in the right direction. Otherwise the reduction
in the misfit function can steer in the wrong direction or away from the observed data.
Figure 2.4 is a schematic diagram that illustrates how the choices of starting model affect
the final inversion results. For example if our starting velocity model is at position B or
C, then the inversion result will end up with the strong or weak local minimum as shown
in Figure 2.4. On the other hand if the starting velocity model is at A, then the inversion
will end up at the local global minima. In other word, when the starting model data is
cycle-skipped at the lowest usable frequency, conventional full waveform inversion converges

to a local minimum. Next, we will see how cycle-skipping occurs with a toy example.

Before using FWI, we should first examine the accuracy of the starting model used for
inversion by comparing the level of fitting between forward modeled of shots and real data.
The starting velocity model used for FWI needs to be as accurate as possible to prevent
cycle-skipping. If the starting model is not good enough, then different initial models should
be fine-tuned or examined until a certain desired criterion is met; i.e. checking the traveltime
or phase matches. It is not always possible to fine-tune the starting model in FWI, but the
key is to test the degree of the modeling and observed data matching in the dominate
wavelengths before running FWI. Figure 2.5 illustrates the cycle-skipping problem of FWI.

If the initial model is not close enough, then the initial modeled data at the first iteration
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Figure 2.4: The least-squares misfit function for nonlinear problem as a function

of model parameter. If the inversion starts with starting model at B or C' then,
the inversion will steer to the strong or weak local minimum. If the starting model
starts at A, the inversion will end up with global mimimum.

will be apart by more than half a wave-cycle from the observed data. Thus, the inversion
will be trapped in one of the many local minima (move in the wrong direction) and will be
cyclic-skipped (see the top schematic representation of Figure 2.5). If the initial starting
model is accurate enough, then initial modeled data will be within half a wave-cycle from
the observed data. Consequently, the inversion will steer in the right direction and will end
up at the local global minima (see the bottom schematic representation of Figure 2.5 and
Figure 2.4).

The most widely used conventional [ norm for FWI takes both amplitude and phase in-
formation into account in the inversion. As we stressed in the previous paragraphs, for
successful convergence of FWI, the modeled data must match the observed data at the low-
est usable frequencies within half a wave-cycle. For this reason, at the earliest stage of the
FWI scheme, the long wavelength or low-wavenumber components of the model must be
recovered first before proceeding to higher frequencies; theoretically at low frequency, there
is a high chance that the modeled and observed data match within half a wave-cycle. There-
fore, at the earliest stage of the full waveform inversion, phase matching is more important
than amplitude. It is, therefore, important to give more emphasize on phase matching at
early iterations and followed by both phase and amplitude matching. An objective function
that can accommodate this would be preferable (Shin and Ha, 2008; Alkhalifah and Choi,
2014). The presence of very good signals at low frequencies in the data substantial helps the

cycle-skipping problem. Inversion of the low frequencies retrieves the long wavelength struc-
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tures of the model, and as a result the largest changes to the model would be recovered first
within early iterations. Inversions of higher frequency components of data add intermediate
wavenumbers, high resolution, and details of fine scale structures and features. A careful
selection and consideration of other parameters such as source-receiver positions, frequency
bandwidth, starting model, damping parameters etc, are crucial. Note that cycle-skipping
occurs when the modeled and observed waveforms are initially separated in time by more
than half a wave-cycle at the lowest frequency available in the data (Beydoun and Tarantola,
1988). Therefore, the key to overcome the problem is either to have very low frequencies
present in the observed data or to begin with an accurate starting velocity model (Brenders
and Pratt, 2007; Virieux and Operto, 2009).

2.5 Effects of density and attenuation on velocity model

building

In this section I will show with numerical examples on how attenuation and density affect
the reconstruction of the compressional velocity model. Most acoustic wave-equation based
FWI algorithms assume homogeneous density and ignore attenuation. We stress that the
primary objective in this is velocity model building. FWI is a data fitting technique, which
means the waveform inversion matches both amplitude and phase of the numerical mod-
eled data with observed data. The amplitude of reflected waves is influenced by acoustic
impedance. Acoustic impedance is the product of compressional velocity and density. How-
ever, most FWI schemes based on the acoustic approximation ignore the density by assuming
only one variable, compressional velocity, and incorrectly fits the amplitude. One of main
reasons for this approximation is that density is the challenging parameter to reconstruct
along with velocity (Jeong and Min, 2012; Prieux et al., 2013). The same is also true for
attenuation (Kamei and Pratt, 2013). One has to incorporate the second-order derivatives
of the objective function in the numerical inversion scheme to mitigate their trade-off effects.
Multiparameter inversion of density, attenuation and velocity is a challenging problem of
FWI and has not been extensively studied in acoustic FWI (with only a few recent works
(Jeong and Min, 2012; Kamei and Pratt, 2013; Prieux et al., 2013)).

In order to start understanding the role and effects of density and attenuation on velocity
model building, we start with the true Marmousi velocity model as shown in the Figure 2.6a.

Figure 2.6b is the smooth velocity model used to initiate FWI.

Figure 2.7a & 2.7b are density and attenuation models derived from the true Marmousi
velocity model, respectively. The density was estimated using the empirical formula of

Gardner relationship for rock velocities, p ~ 310v°2° (Gardner et al., 1974). The attenuation
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Figure 2.5: Schematic illustration of the cycle-skipping problem in FWI. If the
initial modeled data and observed data have a lag that is more than half a cycle,
then the local inversion moves in the wrong direction (top). If the lag is within half
a cycle, then the local inversion steers in the right direction (bottom).
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Figure 2.6: Marmousi velocity model (a) and smooth velocity model used as a
starting velocity model (b).
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Figure 2.7: Marmousi density (a) and attenuation (b) models.

is also empirically computed from the velocity model. For FWI, we consider and compare
the following three scenarios

— with pure compressional velocity

— with and without density

— with and without attenuation

First we generate a synthetic data from 96 sources and 192 receivers that are equally spaced
at the surface. For the source function, we used a Ricker wavelet with a 10 Hz central
frequency. Unless otherwise stated, in this thesis I used a Ricker wavelet with 10 Hz central

frequency as shown in the Figure 2.8. In frequency domain, complex sources can also be
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Figure 2.8: Ricker wavelet with 10 Hz central frequency (left) used as a source
signature and its amplitude spectrum (right).

implemented in a straight forward way. On the right hand side of Figure 2.8 is its amplitude

spectrum.

For each case, first synthetic seismogram data were generated as follows: in the first case
a synthetic data was generated from pure compressional velocity, in the second case the
data was generated from the true density and compressional velocity, and in the third case
the data was generated from the true compressional velocity and true attenuation. For the
waveform inversion, in each cases we used acoustic wave approximation algorithm. The
main goal here is to access effects of attenuation and density on velocity model building.
For the inversion tests, 10 discrete frequencies were selected between 3.5 Hz and 18.0 Hz
and the inversion is carried out in a multiscale hierarchical strategy sequentially from low to
high frequency data. For the optimization engine, a nonlinear conjugate gradient method

is used and each frequency runs for a maximum of 60 iterations.

Figure 2.9a is the reconstructed velocity model when the density and attenuation are as-
sumed constant both in the data and the inversion. Figure 2.9b is the result when the data
were generated from the true density and velocity models whereas the inversion assumed
constant density. As we see from the reconstructed models, the lack of incorporating den-
sity in the forward modeling engine for the waveform inversion affects the amplitude of the
estimated velocity model, in particular the deeper parts of the velocity model seem weaker
(see Figure 2.9a & b). When attenuation is considered in the data, the amplitude of ve-
locity estimation is really hammered by loses of the propagated amplitude energy through

the media and also the waveform broadening due to physical dispersion (see Figure 2.9c).

140
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From these numerical inversion results, we infer that in the acoustic wave approximation
full waveform inversion that ignores both density and attenuation, velocity estimation is
more affected by attenuation than density. Note that in frequency-domain it is numerically
easy to implement both density and attenuation in the forward modeling engine if the ve-
locity and attenuation are known. Practically, none of these physical quantities are known.
Even though there are some progresses are made in retrieving velocity and attenuation or
density in the multiparameter FWI, the trade-off effects between velocity and attenuation
or velocity and density makes the multiparameter FWI very challenging and difficult (Jeong
and Min, 2012; Prieux et al., 2013; Kamei and Pratt, 2013; Kurzmann et al., 2013). In this
thesis, our forward modeling engine can incorporate both attenuation and density, how-
ever, the inversion process is restricted to the forward modeling engine that takes only pure
compressional velocity model and constant density. Hence, elastic effects are ignored. In
examples of BP/EAGE and Marmosui-II velocity models where densities are known, the
synthetic data are computed with the true velocity and density models whereas the wave-
form inversion is carried out by assuming constant density (Billette and Brandsberg-Dahl,
2005; Bourgeois, A., M. Bourget, P. Lailly, M. Poulet, P. Ricarte, and R. Versteeg, 1991).
This would create a mismatch in the Physics between the observed and the modeled data.

Similarly, attenuation in all examples is ignored (Q is assumed infinity).

2.6 Summary

In this chapter, we discussed the theoretical formulations of full waveform inversion in
frequency-domain that is based on the least-squares norm, I, of misfit between the observed
data and predicted data is detail. The mathematical formulations include the simultaneous
source techniques. The use of simultaneous sources that randomly assembles individual
sources into super-shots is to gain computational speed up. For the FWI optimization
engine, both the gradient-based and Newton-based optimization methods were formulated
using the second-order adjoint state method. The importance of the starting velocity model
and quality of availability of the low frequency data for efficient full waveform inversion
were described. In the next three chapters, we will extensively use the application of full

waveform inversion based on the mathematical formulation described in this chapter.
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Figure 2.9: Inverted Marmousi velocity model. When density and attenuation are
assumed constant (a), when the modeling is performed using the true density while
the inversion is performed using constant density (b) and attenuation (b) models.
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CHAPTER 3

Model parameterization strategies for Newton-based

acoustic full waveform inversion!

3.1 Introduction

The goal of Full Waveform Inversion (FWI) is to estimate high resolution images of sub-
surface structures by minimizing the misfit between the observed seismograms and modeled
data through local iterative optimization methods (Lailly, 1983; Tarantola, 1984b, 1987;
Stekl and Pratt, 1998; Pratt et al., 1998; Operto et al., 2007; Virieux and Operto, 2009).
Even though full waveform inversion can provide high resolution images, many challenges
impede its practical implementation for large scale problems. One of the main problems is
the lack of efficient optimization schemes to cope with the nonlinear optimization problem
associated to the retrieval of a velocity model from observed wavefields. Solutions are often
trapped in local minima and as a result one needs to provide a good initial velocity model
and/or data with high-quality low frequency components (Brenders and Pratt, 2007; Virieux
and Operto, 2009).

Various iterative optimization methods based either on gradient or Newton methods such as
steepest-descent, nonlinear conjugate gradient (NCG) (Hestenes and Stiefel, 1952), quasi-
Newton limited-memory BFGS (I-BFGS) (Nocedal, 1980), Gauss-Newton (GN) and full
Newton (FN) methods have been employed as an optimization engine for FWI (Pratt et al.,
1998; Brossier et al., 2010; Hu et al., 2011; Herrmann et al., 2011; Anagaw and Sacchi,
2012a). For large scale problems, given the computational cost of simulating multiple sources

on every iteration, gradient-based methods are the most practical and popular optimization

1A version of this chapter has been submitted to IOP for publication in Inverse Problems

34



CHAPTER 3. MODEL PARAMETRIZATION FOR ACOUSTIC FWI 35

engine for FWI. However, gradient-based optimization methods are generally very slow
and have difficulties to properly scale the reconstructed model parameter perturbations
in comparison to Newton’s methods. The most common method to improve the rate of
convergence in the gradient optimization algorithm is to scale the gradient using the diagonal

components of a pseudo-Hessian matrix (Shin et al., 2001).

On the other hand, Newton-based methods that require the Hessian matrix have a fast
convergence rate compared to gradient-based methods. However, the improved convergence
rate comes at the expense of having to solve the inverse of a large dense Hessian matrix.
Quasi-Newton methods provide cost effective alternatives to the full inversion of the Hessian
matrix. For instance, the limited-memory BFGS (I-BFGS) method has become a popular
tool for solving the FWI problem. The [-BFGS method approximates the inverse of the
Hessian matrix without having to explicitly compute or store in memory the Hessian matrix.
Instead, the I-BFGS method approximates the inverse of a positive definite full Hessian

matrix from a limited number of gradients and model perturbation updates (Nocedal, 1980).

Even though the Newton-based methods have a faster convergence rate, the choice of model
parameterization influences the behaviour of the Hessian matrix and thereby affects the
convergence rate and the quality of the reconstructed model parameters. In acoustic full
waveform inversion, the earth model estimation is often carried out via velocity model pa-
rameterization. However, other types of model parameterizations can also be employed such
as slowness and slowness squared. These three model parameterizations do not change the
topology of the cost function but they affect the way the gradient is scaled, and consequently,
the convergence rate and the accuracy of the final solution.

In this chapter, we study the influence of the three model parameterizations on Newton-
based full waveform inversion. The acoustic wave approximation is used in the inversion
process. For our numerical algorithm, we adopt a multiscale approach in the frequency-
domain, where a finite number of discrete frequencies are selected and the inversion is carried
out sequentially starting from low to high frequency data components (Sirgue and Pratt,
2004). First, long wavelength components of the model parameters are retrieved from low
frequency data and then more detailed structures and features are extracted as the inversion
proceeds to higher frequencies. In the multiscale inversion technique, the model parameters
obtained from the inversion of the low frequency data components are used as a starting

model parameter for the higher frequency data components (Bunks et al., 1995).

This chapter is organized as follows. First, we present the formulation and implementation
of the Newton-based method for FWI. In Newton’s method, we used a matrix-free conju-
gate gradient (CG) iterative technique to approximate solutions of the Newton equations.
The matrix-free Newton-based method is formulated using the second-order Lagrangian

formulation. The gradient of the objective function can be directly obtained from the
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first-order adjoint state formulation (Plessix, 2006). Then, we investigate the influence of
model parametrization on the convergence rate and on the final solution via an eigenvalue
decomposition analysis of the Hessian matrix. Finally, the Gauss-Newton (GN) and the
full Newton (FN) methods are used for full waveform inversion using the three aforemen-
tioned model parameterizations. Our numerical tests use the Marmousi model (Billette and
Brandsberg-Dahl, 2005).

3.2 Theory

We begin by start considering the forward problem from equation 2.2
(3.1)

The discrete Helmholtz operator A(m,w) depends explicitly on the model parameters m.
The model parameters m can be written in terms of velocity (v), slowness (v—!) or slowness
squared (v~?). We then follow the same constrained optimization method strategies as

described in Chapter 2. Here, we only reiterate the solutions to the Newton’s step
Re[H]Am = —Relg]. (3.2)

And the full Hessian (H) and the approximate Hessian matrix, Hgy (approximation Gauss-

Newton Hessian matrix), are given by

H :((VmA)ps)T(AT)ierrAil(VmA)ps + vanR

(3.3)
+K-BfA"!IC - Cl(AH)™'B

and
Hon = (VimA)ps) (AN 't A=Y (Vi A)ps + uV2,. (3.4)

For the regularization term, R(m), we have adopted a zero-order quadratic regularization
term (Zhdanov, 2002).

In the next section we will describe and see how the three types of model parameterizations
changes the properties of the Hessian matrices in equations 3.3 & 3.4, and the efficiency of

optimization scheme based on gradient-based and Newton-based methods.
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3.2.1 Numerical optimization

As stated in the previous chapter, the first-order optimization methods such as the steepest
descent and conjugate gradient methods require only the gradient of the objective function.
To compute the gradient of the objective function, it requires the solutions of two forward
problems; one for the forward modeling ps(w) and the other for the adjoint state Ag(w). The
gradient, for each frequency, is then computed by taking the product between the forward-
propagated wavefields and back-propagated residual wavefields in space, see equations 3.11
& 3.12. For gradient-based optimization, we used a nonlinear conjugate gradient (NCG)
with a line search that satisfies the Wolfe conditions (Hestenes, 1969; Nocedal and Wright,
2006) (see Algorithm 1). We leave the reader to see the details of the steepest descent
and conjugate gradient algorithm in any optimization books (Nocedal, 1980; Nocedal and
Wright, 2006).

Shin et al. (2001) and Plessix and Mulder (2004) have shown that the gradient-based iterative
method for geophysical inverse problem converges slowly and the final model result obtained
is poorly scaled. Instead, in order to speed up the numerical inversion and scale the model
parameters, they propose a preconditioned nonlinear conjugate gradient method, where
the preconditoner is the diagonal of elements the pseudo-Hessian matrix. The diagonal
of elements of pseudo-Hessian matrix is efficiently computed by making use of the source-

receiver reciprocity theory

Hoo = Re[ > wt ST 170, @) PG lxs, x,0) 3 1Gx %0, w)f?), (3.5)

where G(x4,x,w) is the Green’s function for a given shot computed via

A(m, w)G(xs, X,w) = §(X — Xs). (3.6)

In the same way the Green’s function of the receiver, G(x,x,,w), can also be computed.

On the other hand, a faster convergence rate can be achieved with the full Newton and
Gauss-Newton methods (Bube and Langan, 2008; Anagaw and Sacchi, 2012a). However,
these methods are computationally expensive for large scale inverse problems. In order to
solve the Newton’s step, the Newton-based algorithms require the gradient, and inverse of
the Hessian matrix. As described in the previous chapter, the Hessian matrix is very dense
and large, and is impractical to solve the inverse of the Hessian for large scale problems.
Practically, the Newton’s direction that computes the model perturbation update is solved
using an iterative method (Kuhn and Tucker, 1951; Akeelik et al., 2002). In this chapter,
we adopt the conjugate gradient method (CG) to estimate the Newton’s direction. The
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CG scheme inside the Algorithm 3 requires only the action of the Hessian on the model
perturbation, i.e a matrix-vector product. The matrix-vector product can be implemented
in a matrix-free manner. For a single frequency, as described in Chapter 2, once the matrix
A is factorized using LU decomposition, a set of solutions for multiple shots can be computed
by forward and backward substitutions at a relatively low computational cost. To compute
the action of the Hessian on a vector inside the CG, we only need to solve two forward

problems and the product is computed on the fly at every CG iteration.

The product of the full Hessian matrix on a vector x, Hx, is computed as follows:

Hx =[((VenA)pa) (A) 't e A~ (VinA)ps + 4V, R

. (3.7)
+K-BfA~'C - Cl(A")"'B)x.
Note that
G = (VL,A)ps(w)Al(w) (3.8)
B = (VA A, () (3.9)
C = (VmA)ps(w). (3.10)
e First, we perform two forward modeling to compute the gradient
ps(w) = A7'S(w),,,, 3.11)
As(w) = A~ et A d(w)*. (3.12)
The term V2 Rx and Gx in equation 3.7 are easily computed, for example
Kx = (V2 Ax)p.(w)Al (w). (3.13)

e We then pass both ps(w) & As(w) to the CG iterative algorithm, and we compute for

¥ = (VmAXx)ps(w). (3.14)

e Inside the CG, we then perform two more forward modeling to compute the action of

the Hessian on a vector
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z=A"1ly (3.15)
q=A"rfrz — (VmAx)Al]. (3.16)

Finally, we get all the terms in the right hand side of equation 3.7

[BFA7IClx = (VmmAAl)y (3.17)
[((VmA)pS)T(AT)_errA_l(VmA)ps — CT(AT)_lB]X = ((VmApS)T)q. (3.18)

This results in

Hx = (VmAps))q — (VmAADy + Kx + V2 Rx. (3.19)

In the Gauss-Newton approximation, the Hessian matrix is a positive definite matrix (see
equation 3.4) whereas in the full Newton method, the full Hessian is an indefinite symmetric
matrix. Therefore the standard CG method is no longer suitable for such a system of linear
equations. As a result, we adopt the stopping criterion proposed by Eisenstat et al. (1994) in
the inner loop of our algorithm (see Algorithm 3) to avoid solving for the negative curvature
direction of Newton equations otherwise CG would fail or yields wrong result. Once the

Newton’s direction is solved, the model is updated iteratively using line search method

my, 1 = my + aAmy. (3.20)

The above iterative technique to solve Newton’s equations is called the inexact or truncated
Newton method. Algorithm 3 is the pseudo-code of an inexact full Newton and Gauss-
Newton methods; the stopping criterion is also used to avoid over solving the system of
Newton’s equations. Hence, we terminate the CG iterative early or if negative curvature is

detected. Then, the model is updated using descent direction.

The other economical cheap method for solving the approximate solution of the inverse of
the Hessian matrix is the I-BFGS method (Nocedal, 1980). Algorithm 4 is the pseudo-code
of the I-BFGS method. The [-BFGS method approximates the inverse of the Hessian matrix
without forming the Hessian matrix. To approximate the inverse of the Hessian matrix, the
[-BFGS method only requires the history of the gradient and model updates from previous

iterations.



CHAPTER 3. MODEL PARAMETRIZATION FOR ACOUSTIC FWI

40

Algorithm 3: Pseudo-code: Multiscale Newton’s method

Input :d°®*(w), mg, N, maz_iter
Output: argmin J(m)

m

Initialize parameters;
for w; + 1 to N, do

end

Starting model < my;
for k + 1 to max_iter do

Compute:

forward wavefields d°® (w);

residual wavefields Ad(w);
back-propagate residual wavefields A(w);
gradient Vi, J(my);

Solve: )

Amy = — [?Re(H)} Re(VmdJ (mg));

solve Amy, using CG method: call Algorithm 2;
Two forward modeling operators are required to compute;
the action of the Hessian matrix on Am inside the CG algorithm,;
Compute:
« using line search method;
Update model:
my 1 = my, + aAmy;

end
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Algorithm 4: Pseudo-code: Multiscale FWI using limited-memory quasi-Newton [-
BFGS method

Input : d°®(w), mg, n, ngw, maz_iter
Output: arg min J(m)

m
Initialize parameters;

for w; + 1 to N, do
Starting model < my;

for k < 1 to max_iter do
Compute:

gradient g, < VmJ(myg);
Diag. Hessian Hy;
Gmk <~ lelgm;d
if (k> n) then
Discard s;_,_1;
Discard yr_n_1;
nd
if (n > 1) then
store: Sp_1 =M —Mmyg_q;
store: yx—1 = Gm,, — Gm,_,;
end
q < Gm,;
fori=k—-1,k—2,...tok—ndo
Pi <

¢}

y;Tis’
a; < pis] q;
q < 49— Yy

end

T

Ty

r < Ynq;

fori=k—nk—n+1,... to k do
B piy]r;
r < r+s;(a; — B);

end

Am  —r;

Update model:

my1 = my + alAm;

« using line search method;

end
end
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3.2.2 Model parametrization

In this section we describe the three types of model parameterization that we have studied for
2D acoustic full waveform inversion. Even though our main goal is to estimate velocity, one
can parametrize the model parameter m in terms of velocity (v), slowness (v—!) or slowness
squared (v~2). In this study, we only consider those three types of model parameterizations.
The shape of the misfit function in equation 2.4 does not change by the type of the model
parameterization adopted by the numerical optimization scheme. However, the choice of
model parameterization influences the eigenvalue spectrum of the Hessian matrix and the
direction of the gradient. Consequently, this also influences the convergence rate of the
algorithm. The change in the direction of the gradient in equation 2.16 comes from the

O0A (m,w)
om

scaling term of the partial derivatives of the Helmholtz operator, . Similarly, the

characteristic nature of the eigenvectors of the Hessian matrix in equation 3.3 are influenced
2
by the factors BAgI:“’) and 2 131(:;’“’). The matrix A(m,w) is the discretized form of the 2D

Helmholtz wave-equation

010 010 w?
The Helmoltz operator in equation 3.21 is a large sparse matrix with nonzero diagonal
elements. Computing derivatives of the above matrix with respect to the model parameter
is trivial. Outside the boundary condition or PML region, the first or second derivatives have
nonzero elements only along the matrix diagonal corresponding to the mj model parameter.
Table 3.1 summarizes derivatives of the matrix A (m,w) with respect to the three model

parameterizations.

Table 3.1: Model parametrization m. Note that derivatives of the matrix A lie on
the diagonal.

Model )
Parametrization O, Ak O, Ak
Velocity v 3w o005 6wip 0™R0i0k0u0u
Slowness v W60 w?p™18;5051 04101k
Slowness squared v 2 w2pt 8ij 0k 0

In the next section, we compare numerical solutions of the estimated model parameters
from the Newton-based numerical scheme that incorporates the Hessian matrix associated

to these model parameterizations.



CHAPTER 3. MODEL PARAMETRIZATION FOR ACOUSTIC FWI 43

3.3 Results and Discussions

Based on various numerical optimization schemes for FWI, the practical performances of
the three types of model parameterizations considered in this thesis are compared. This is
achieved through a series of numerical experiments using the Marmousi velocity model. In
order to evaluate and assess the behaviour of the Hessian matrix on the choice of model pa-
rameterization, we initially consider a portion of Marmousi velocity model. Figure 3.1 shows
the portion of the true Marmousi velocity model (Figure 3.5a), which ranges approximately
from 3.9 km to 4.8 km. The analysis focuses on the eigenvalues and eigenvectors obtained
from the eigenvalue decomposition of the Hessian matrix. The model is discretized on a
41x61 grid with a uniform grid spacing size of 24 mx24 m in the vertical and horizontal
directions, respectively. For this example, we used a single source located in the middle of
the survey and one grid point size below the model surface. We also considered a total of

36 receivers at the surface.
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Figure 3.1: Portion of Marmousi velocity Model (Figure 3.5a) from 3.9Km to 4.8Km.

For the sake of simplicity, instead of computing the full Hessian matrix, we compute the
approximate Hessian matrix in the Gauss-Newton approximation to demonstrate our claims.
Figures 3.2a-c show the approximate Hessian matrix of the model (Figure 3.1) at 12Hz using
velocity, slowness, and slowness squared model parameterizations, respectively. To compute
the approximate Hessian matrix, the model in Figure 3.1 is smoothed 2D Hanning window
over a small window length (5 m x 5 m). The approximate Hessian matrix for a single source
is computed using equation 3.4 after ignoring the last two terms of the full Hessian matrix.
Only the Hessian matrix in the Gauss-Newton (GN) approximation is considered. In the GN
approximation, each element of the Hessian matrix represents the correlation between the
partial derivatives of the wavefield at points m; and m; (Stekl and Pratt, 1998). According
to equation 3.4, each element in the Hessian matrix is the zero-lag correlation between the
recorded partial derivatives of the wavefields at receiver locations. In the high frequency
limit, the partial derivatives of the wavefields with respect to two different model parameters
would be uncorrelated with each other and the Hessian matrix would be mainly diagonal and
banded due to auto-correlation of the partial derivatives of wavefield with itself. Often, in
the high frequency approximation, the Hessian matrix can be approximated by its diagonal.
However, the nonzero elements of the Hessian matrix observed off the main diagonal are due
to the band limited nature of seismic data, limited acquisition geometry and heterogeneity
of the model. Due to geometrical spreading of energy, the amplitude of the correlation of

the partial derivative wavefields decay with depth along the main diagonal (see Figure 3.2a)
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(Stekl and Pratt, 1998). In the next section, we analyze the eigenvectors and eigenvalues of
the Hessian matrix in order to evaluate the influence of the three model parameterizations

on the amplitude of the Hessian matrix elements.

3.3.1 Eigenvectors and Eigenvalues

As shown in Figure 3.2, the amplitude of the Hessian matrix elements decay along the main
diagonal more rapidly in the velocity model parameterization than using the other two
model parameterizations. In the same way, the amplitude of main diagonal decays faster
when using slowness than the one obtained from the slowness squared parameterization. To
better understand which model parameterization one should use, we analyze the eigenvalues
and eigenvectors of the Hessian. The approximate Hessian matrix that arises from the
minimization of equation 2.4 using a second-order adjoint formulation in the Gauss-Newton

approximation, equation 3.4, can be factorized to
Hoy = UEUT, (3.22)

where Z and U are the eigenvalue and eigenvector matrices of the approximate Hessian

matrix Hgy, respectively. Plugging equation 3.22 into equation 2.21

N
g=—)> opuufAm, (3.23)
k=1

where uy, is the k%" column of the eigenvector matrix U and o}, is the corresponding eigen-
value in =. The matrix Zszl oruiul is called the model resolution matrix (Pratt et al.,
1998). From the relationship between the gradient vector and model perturbation, in equa-
tion 3.23, we see that the gradient vector is the sum of the projected model perturbation
along the eigenvectors. The direction of the eigenvectors, uy, corresponding to the largest
and smallest eigenvalues, o, point in the direction of the greatest and smallest curvature of
the objective function and provide the best and worst retrieved parts of the model parame-
ter, respectively. The eigenvector, ug, corresponding to the largest eigenvalue, oy, provides

the parts of the model parameters that are most easily retrieved by FWI.

Figure 3.3 shows the largest 60 eigenvalues of the Hessian matrix for the three types of
model parameterization. Figure 3.4 shows the first three eigenvectors in depth corresponding
to the largest three eigenvalues. The resulting eigenvectors were extracted at the middle
part of the velocity model. Plots from bottom to top shown in Figure 3.4 are the 1°¢,
274 and 37¢ largest eigenvectors in depth associated with the largest three eigenvalues,
respectively. The red, green and blue colors represent eigenvectors from velocity, slowness

and slowness squared model parameterization, respectively. As we see from the plots, unlike
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Figure 3.2: The approximate Hessian matrix for the three choices of model param-
eterizations from a single source at 12 Hz. The model parameterizations are: (a)
velocity (v), (b) slowness (v™!) and (c) square of slowness (v~2).
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Figure 3.3: The first 60 largest eigenvalues of the Hessian matrix in Figure 3.2 for

the three types of model parameterizations; velocity (red), slowness (green) and
slowness squared (blue).

the eigenvectors that arise from slowness or slowness squared model parameterization, the
magnitude of the eigenvectors from the velocity model parametrization decreases with depth.
As a result, when the velocity model parametrization is used by our FWI code, the velocity
model of very shallow parts would be better retrieved than the deeper part of the model
where the velocities are generally the highest. As we see in Figure 3.4, in the case of a
slowness squared parameterization, the eigenvectors are almost depth independent and are
stronger than the eigenvectors from the slowness or velocity parameterization. Hence, the
deeper part of the model will be properly reconstructed. The resulting gradient vectors from
velocity, slowness and slowness squared model parameterizations are scaled by a magnitude

1 1 1 respectively. The gradient associated to

proportional to ~ 3w?p v ™3, w?p~ v~ and w?p~
high velocities in the deeper part of model are damped by a factor ~ 3w?v ™3 in the case of the
velocity model parameterization than the other two cases because the model perturbation
update is proportional to gradient. The Hessian matrix will also be changed accordingly (see
equation 3.3 and Table 3.1). In the same manner, the amplitude of the Hessian matrix decays
the most along the main diagonal when the velocity model parameterization is adopted. As
a result, there would be unbalanced amplitudes between the shallow and deeper parts of
the model during the inversion process. The resulting weight in the model perturbation
update would be low in the deeper parts and large in shallow parts. It is clear that the
effect of the unbalanced amplitude scaling observed in the velocity parameterization case
can be mitigated by the use of a slowness or slowness squared parameterization. The use of
slowness or slowness squared results in eigenvectors of the Hessian matrix that are stronger

in amplitude with depth than eigenvectors results from velocity parametrization. As a
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Figure 3.4: The first three eigenvectors of the approximate Hessian matrix against
depth corresponding to the largest eigenvalues of the Hessian matrix using velocity
(red), slowness (green) and slowness squared (blue) parametrizations. The three
plots from bottom to top represent the eigenvectors to the 1°¢, 2" and 3"¢ largest
eigenvalues, respectively.

result the deeper parts of the model would be rescaled properly and resolved well by FWI.
Also, we see from the eigenvectors of the Hessian matrix in Figure 3.4 that the effect of
high velocities in the deeper part of the model are less important in the case of a slowness
squared parameterization than in the a case of slowness parameterization. Consequently, a
more accurate reconstruction of the velocity model can be achieved by the use of slowness
squared. In the next section, we demonstrate the effectiveness of the three types of model

parameterizations using gradient and Newton-based optimization methods.
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Figure 3.5: True Marmousi velocity model (a) and smooth velocity model used as
starting model for inversion (b).

Depth (Km)

3.3.2 Synthetic examples on Marmousi velocity model

We first present FWI results that were obtained via gradient and Newton-based schemes
on the Marmousi velocity model shown in Figure 3.5a. The 2D Marmousi velocity model
is discretized by 126x384 grid points with a 25x25 m regular spacing. Figure 3.5b is a
starting velocity model used to run all the inversion algorithm presented in this chapter.
The starting model is obtained by smoothing the true velocity model with a 2D Hanning
window. A good starting model for full waveform inversion is crucial to ensure convergence

to a minimum.
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3.3.3 Numerical experimental setup

Synthetic data were initially generated from 95 sources with an interval of 100 m and 192
receivers with an interval of 25 m. The sources are placed 25 m (one grid point) below the
surface and receivers are placed at the surface of earth. To simulate the data, we used a
source signature modeled by a Ricker wavelet with a 10 Hz central frequency. A set of 8
discrete frequencies were selected between 3.1 Hz and 21 Hz based on the strategy proposed
by Sirgue et. al (Sirgue and Pratt, 2004). These frequencies were utilized by our inversion
code in a multiscale fashion described by Sirgue et. al (Sirgue and Pratt, 2004). This set
of frequencies include (3.15, 4.70, 6.22, 7.90, 9.52, 13.00, 15.87, 20.02 Hz). The numerical
inversion is then carried out in a sequential approach starting from low to high frequencies.
The final updated model of the lower frequency is used as a starting model for the inversion
of the next higher frequency data component. During inversion, we recalibrate the source

wavelet signature at every iteration using equation 2.8.

We consider the following numerical optimization methods: nonlinear conjugate gradient
(NCG), preconditioned nonlinear conjugate gradient (PNCG), the quasi-Newton limited
memory BFGS (I-BFGS), Gauss-Newton (GN) and full Newton (FN) methods. Results
from the gradient based methods presented here are merely for comparison with the Newton-
based methods. For the preconditioned NCG, the diagonal of the Hessian matrix in the GN
approximation is taken as a preconditioner. In order to fairly compare solutions obtained
from these optimization methods, all numerical inversion presented in this chapter were
designed to approximately have the same number of forward modeling operations performed
for each frequency. For each frequency in the FN and GN methods, we run up to a maximum
of 12 GN or FN iterations and/or stop iterating whenever ||my—m,||/||mo|| < 0 is satisfied;
where my and m, are model parameters at the k" iteration and the reference model at
the first iteration respectively, and § = 1073. We also used a stopping criteria proposed
by Eisenstat et. al (Eisenstat et al., 1994) for solving the inner GN and FN system of
equations and the average number of forward modeling performed for GN or FN methods
is approximately ~ 2.6, which leads to approximately the same computational speed. With
the same stopping criteria, a maximum of 25 iterations per frequency is used for the NCG,
PNCG and [-BFGS methods.

3.3.4 Numerical results

First, we analyze the influence of the three model parameterizations in the FWI numerical
algorithms on the solutions of the velocity model that would be retrieved from FWI using

Newton-based methods. Figure 3.6a-e are the reconstructed velocity models after the end
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of the 1% frequency data component using the GN and FN methods. From top to bot-
tom are the reconstructed velocity models using velocity (v), slowness (v~!) and slowness
squared (v~2) parameterizations, respectively. On the right from top to bottom (a), (b)
and (c) are results obtained using the GN method and on the left (d), (¢) and (f) are re-
sults obtained using the FN method, respectively. We also compare these results with the
quasi-Newton [-BFGS method. Figure 3.7a-c are the corresponding reconstructed velocity
models using I-BFGS after the 1%¢ frequency inversion using velocity, slowness and slowness
squared parameterizations, respectively. As we see from these reconstructed velocity mod-
els, long wavelength structures of the velocity model are well resolved by the use of slowness
or slowness squared parameterization. The deep parts of the model, where velocities are
the highest, are better determined in the case of slowness and slowness squared parameter-
izations (see the relative reconstructed image quality measurements in Table 3.2). Thus,
the solutions from slowness and slowness squared parameterizations have a more balanced
amplitude in the shallow and deep parts of the model. The results confirm our previous
analysis from the eigenvalue decomposition of the Hessian matrix.The results shown in Fig-
ures 3.6 and 3.7 confirm that the GN and FN outperform the I-BFGS method. Note that,
to have a fair comparison between the Newton-based methods, all the inversion scheme
were implemented to have approximately the same number of forward modeling operations.
We do not see many differences between the GN and FN results. This is due to the lack
of strong amplitude multi-reflected wavefields in the data as there are no strong velocity
contrast structures in the Marmousi model (see Chapter 5 for other cases ). As a result, we

would expect both methods to provide similar results.
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Figure 3.6: Gauss-Newton and full Newton FWI. Reconstructed velocity models
after the end of the 1! frequency data component inversion. From top to bottom
are the reconstructed velocity models using velocity (v), slowness (v!) and slowness
squared (v~?2) parameterization, respectively. On the right from top to bottom (a),
(b) and (c) are results obtained using Gauss-Newton and on the left (d), (e) and
(f) are results obtained using full Newton method.
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Figure 3.7: Full waveform inversion using the [-BFGS method. Reconstructed ve-
locity models after the end of the 1% frequency data component inversion with
velocity (v) (a), slowness (v=1) (b) and slowness squared (v=2) (c) parameteriza-

tion, respectively.
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Figure 3.8, 3.9 and 3.10 show reconstructed velocity model results from various full waveform
inversion optimization engines using velocity, slowness and slowness squared parameteriza-
tion, respectively. Each figure contains reconstructed models estimated by the NCG, PNCG,
I-BFGS, GN and FN methods. The results show that all the optimization methods, except
PNCG, are struggling to retrieve the deep part of the model when FWI is parametrized in
terms of velocity. The main reason for better results in the deeper parts of the model in the
case of PNCG FWI is that its gradient is scaled by the inverse of the diagonal of the Hessian
matrix. As a result, the shallow and the deep parts of the model are well retrieved by the
algorithm. The shallow parts of the model are well retrieved by the NCG, GN and FN meth-
ods, and by PNCG as well. The [-BFGS algorithm for this numerical setup with velocity
parametrization fails to converge. On the other hand, when a slowness or slowness squared
parametrization is employed, the deeper parts and all features of the original Marmousi
velocity model are properly reconstructed. The reconstructed velocity model obtained by
using a slowness squared parametrization provides a more accurate velocity model than the
other two model parameterizations. All features of the original Marmousi velocity model

are reconstructed in the correct position (see Figure 3.10).

In order to further examine the influence of the three model parameterizations, we compare
the vertical velocity profile of the results obtained from all numerical optimization methods
investigated in this thesis. Figures 3.11, 3.12 and 3.13 show the velocity profiles extracted at
(2.25 km, 0 km) and (3.5 km, 0 km). To make the results more visible, we plotted the vertical
velocity profiles obtained by the I-BFGS, GN and FN methods with the three types of model
parameterizations on separate figures. Figures 3.14, 3.15 and 3.16 depict the corresponding
vertical velocity profiles obtained by the I-BFGS, GN and FN methods, respectively. These
results highlight once again that the velocity profiles reconstructed both on the shallow
and deep parts of the model are fairly well resolved when slowness or slowness squared
parameterizations are employed. In the case of velocity model parameterization, almost all
methods fail to properly recover the deep parts of the model. Hence, these observations
suggest that the presence of the unbalanced amplitude between the shallow and deep parts
of the model in the velocity parameterization of FWI is mitigated by the use of a slowness

or slowness squared parametrization.
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Figure 3.8: Reconstructed velocity models after the end of all frequency data com-
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Figure 3.9: Reconstructed velocity models after the end of all frequency data com-
ponents using slowness (v~!) parameterization: (a) nonlinear conjugate gradient
(NCG), (b) preconditioned nonlinear conjugate gradient (PNCG), (c¢) quasi-Newton
I-BFGS, (d) Gauss-Newton (FN) and (e) full Newton (FN) methods.
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Figure 3.10: Reconstructed velocity models after the end of all frequency data
components using slowness squared (v~2) parameterization: (a) nonlinear conju-
gate gradient (NCG), (b) preconditioned nonlinear conjugate gradient (PNCG), (c)
quasi-Newton I-BFGS, (d) Gauss-Newton (FN) and (e) full Newton (FN) methods.
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Figure 3.11: Comparison of vertical velocity profiles of the reconstructed veloc-
ity models obtained from different optimization methods using velocity model

parametrization. The depth velocity profiles are extracted from Figure 3.8 at (2.25
km,0 km) (a) and (3.50 km,0 km) (b).
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tion. The depth velocity profiles are extracted from Figure 3.9 at (2.25 km,0 km)
(a) and (3.50 km,0 km) (b).
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Figure 3.13: Comparison of vertical velocity profiles of the reconstructed veloc-
ity models obtained from different optimization methods using slowness squared
parametrization. The depth velocity profiles are extracted from Figure 3.10 at
(2.25 km,0 km) (a) and (3.50 km,0 km) (b).
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Figure 3.14: Vertical velocity profiles of the reconstructed velocity model obtained

using the three model parametrizations by [-BFGS method. The depth velocity
profiles are extracted at (2.25 km,0 km) (a) and (3.5 km,0 km) (b)



CHAPTER 3. MODEL PARAMETRIZATION FOR ACOUSTIC FWI

(a) Velocity [Km/s] (b) Velocity [Km/s]
1.0 20 30 40 50 6.0 1.0 20 3.0 40 5.0
0.0 I T T T ) T O-O ] T T T 2 T
S Ve Ve
i RV— Y
L4 Starting ------- i i Starting -------
0.5 8 True - 0.5 True -
Lo - 1.0
E = E
3 Y = A
c 15+ ¥ B c 15F S
[ k) [ P
[} N\ (] A
Q Q el
20 | - 20 | S
2.5 I~ . 2.5 I~ ‘\Q%;‘“jj:’:‘:‘:’:‘_—‘:}:;]
30 i 30

Figure 3.15: Vertical velocity profiles of the reconstructed velocity model obtained
using the three model parametrizations by Gauss-Newton method. The depth ve-
locity profiles are extracted at (2.25 km,0 km) (a) and (3.5 km,0 km) (b).
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Figure 3.16: Vertical velocity profiles of the reconstructed velocity model obtained
using the three model parametrizations by full Newton method.The depth velocity
profiles are extracted at (2.25 km,0 km) (a) and (3.5 km,0 km) (b).
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Figure 3.17: Relative data misfit reduction of the Marmousi velocity model for dif-
ferent optimization methods using three types of model parametrizations: velocity
(v) (a), slowness (v=1) (b) and the square of slowness (v=2) (c) at 4.70 Hz.

3.3.5 Convergence properties

An efficient optimization engine with a good line search method is a key for any practical
applications of full waveform inversion for large scale geophysical inverse problems. In
this chapter, we compare the convergence properties of all optimization methods presented
based on the three types of model parameterizations employed in our numerical inversion
scheme. Figures 3.17 and 3.18 show the convergence rate of the nonlinear conjugate gradient,
preconditioned nonlinear conjugate gradient, limited memory BFGS, Gauss-Newton and full
Newton methods at 4.70 Hz and 20.02 Hz, respectively. In the plots, each misfit function is

normalized by the misfit function value at the first iteration for each frequency.

The convergence rate of the gradient and Newton-based methods, in the case of velocity
parameterization show that the PNCG method converges faster than the other methods

because it updates the deeper parts of the model and scales the amplitude of the model
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different optimization methods using three types model parametrizations: velocity
(v) (a), slowness (v=1) (b) and the square of slowness (v=2) (c) at 20.02 Hz.
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perturbation in the deeper parts. Hence, the optimization scheme properly updates the
deep and shallow parts, and as a result the inversion proceeds in the right direction faster.
The convergence rate of NCG is the slowest in all three types of model parameterizations,

and hence requires many iterations to achieve a desired solution.

As a result of the lack of proper scaling in either the shallow or deeper parts of the model
and the failure in the line search direction for updating the model parameter, the optimiza-
tion scheme does not provide a satisfactory inversion result (see Figures 3.8c). However,
a much improved rate of convergence can be achieved by the use of a slowness or slow-
ness squared parameterization as these model parameterizations provide proper scaling of
the descent direction both in the deep and shallow parts of the model. Compared to the
velocity parameterization method, the performance of the GN and FN methods shown in
Figures 3.17 and Figures 3.18 are superior in the case of slowness or slowness squared model
parameterization. To have a clear understanding of the influence of the three types of model
parameterization on convergence rates of the Newton-based optimization methods such as
the GN and FN methods, we plotted them in Figure 3.19. In the left, from top to bot-
tom are misfit functions for 4.70 Hz and 20.02 Hz datasets using Gauss-Newton method,
respectively. To the right from top to bottom are misfit functions using full Newton opti-
mization method. A faster reduction in the misfit function using either GN or FN method
is achieved using slowness squared than a slowness or velocity type model parameterization.
From the eigenvalue and eigenvector analysis, we see that the slowness squared parameter-
ization performs better in scaling the deeper part of the model than slowness and velocity
parameterizations. Consequently, better updates to the model occur in the deep parts dur-
ing early iterations, and leads to the rapid reduction in the misfit function. One can also
find different model parametrizations. However, the change in the model paramterizations
should be chosen in such a way that the elements of the Hessian matrix are changed so as

to provide good balance amplitude between the deeper and shallower parts of the model.

From our numerical results, we conclude that, velocity estimation methods that employ
FWI based on the GN and FN optimization methods should be carried out using slowness
or slowness squared parameterization. Superior convergence rates of Gauss-Newton and
full Newton methods can be achieved by the use of a slowness squared model parameter-
ization. In the next section, we address the noise sensitivity of the three types of model

parameterizations in the Gauss-Newton and full Newton methods.
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Figure 3.20: Synthetic seismogram data from Marmousi velocity model obtained
by time-domain forward modeling from a single source located at (4.5 km,0.25 km).
Clean data (a), noisy data with SNR=10 (b) and 5 (c).

3.3.6 Noisy dataset

Note that there would be lots of factors that might affect the efficiencies of the model
parameterizations used for inversion such as elastic effects, AVO signature, surface waves,
and incomplete physics are among a few to mention. Here we restrict ourselves to the case
where the data is contaminated with noise. In this section, we investigate the effect of noisy
data on velocity estimation using the Gauss-Newton and full Newton minimization methods
for the three types model parameterizations. The noisy data is a time-domain synthetic
dataset, which is contaminated by random noise with SNR=10 and SNR=5 as shown in
Figure 3.20. Figure 3.20a, b and ¢ are clean data, noisy data with SNR=10 and SNR=5,
respectively. Figures 3.21 and 3.22 depict the reconstructed velocity models obtained by GN
and FN methods from noisy data with SNR=10 and SNR=5, respectively. Figures 3.21a,
b and c are reconstructed velocity models using GN method by velocity, slowness and
slowness squared parameterization, respectively. On the other hand, Figure 3.21d, e and
f are reconstructed velocity models using FN method by velocity, slowness and slowness

squared parameterization, respectively; and the same goes for Figure 3.22.

Results in Figures 3.21 and 3.22 show that the numerical inversion by GN and FN methods
reproduced models that are comparable to the original velocity model. As the noise in the
data increases from SNR=10 to SNR=5, more artifacts are present in the deep parts of the
model, in particular when the slowness squared parameterization is employed. Less artifacts
are observed when the slowness parameterization is employed. This demonstrates that the

slowness squared parameterization is more sensitive to noise than the slowness parameteriza-
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Figure 3.21: Gauss-Newton and full Newton FWI. Reconstructed velocity models
after the end of all frequency components. From top to bottom are the recon-
structed velocity models using velocity (v), slowness (v™!) and slowness squared
(v~2) parameterizations, respectively. On the right from top to bottom (a), (b) and
(c) are results obtained using the Gauss-Newton and on the left (d), (e) and (f)
are results obtained using the full Newton method obtained from noisy data with
SNR=10.
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Figure 3.22: Gauss-Newton and full Newton FWI. Reconstructed velocity models
after the end of all frequency components. From top to bottom are the recon-
structed velocity models using velocity (v), slowness (v™!) and slowness squared
(v~2) parameterizations, respectively. On the right from top to bottom (a), (b)
and (c) are results obtained using the Gauss-Newton method and on the left (d),
(e) and (f) are results obtained using the full Newton method obtained from noisy
data with SNR=5.
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tion. The eigenvalues of the Hessian matrix in the deep parts of the model are very sensitive
to noise in the slowness squared parametrization than the velocity parametrization, where
its eigenvectors are less important in the deep parts. For very noisy datasets, the velocity
estimation that employs FWI is less sensitive to slowness parameterization than slowness
squared parameterization. Better result in terms of the resolution and the quality of the
inverted model can be achieved by using the slowness parameterization. More artifacts in
the retrieved model are observed with slowness squared parameterization than the others.
To quantify our analysis, we compute @, a quality of the reconstruction, as our relative

comparison metric

Q = 101ogy||m,|[*/[[m, — m]|?], (3.24)

where m, and m are the true velocity model and reconstructed velocity model, respectively.
A high @ value corresponds to a more accurate solution (see Table 3.2). This image quality
measurement is merely used to assess the relative quality of the reconstructed velocity

models.

Table 3.2: Quality of the reconstructed Marmousi velocity model obtained from the
three type model parameterization from a noisy dataset using Gauss-Newton (GN)
and full Newton (FN) methods.

SNR =10 SNR =5
Model Parameter GN N OGN N
Velocity 36.21 36.18 | 36.27 36.20
Slowness 39.48 38.61 | 38.53 38.36
Slowness squared | 40.25 40.10 | 35.23 37.25

The relative image quality values in Table 3.2 demonstrate that for a high noisy dataset,
the Newton-based full waveform inversion should be carried out using a slowness model
parameterization. In the case of clean data, which is unlikely practise, a slowness squared
parameterization is the best model parameterization to employ in the FWI optimization
scheme in terms of quality and efficiency. Eigenvalues of the Hessian matrix are very sensitive

to noise and a high signal to noise ratio is needed to retrieve reliable model parameters.

3.4 Summary

In this chapter, we examined the influence of model parameterization on velocity model
building using gradient-based and Newton-based optimization methods. Three model pa-
rameterizations for the acoustic FWI were investigated. These include velocity, slowness and

slowness squared. Numerical results demonstrate that the quality of the reconstructed ve-
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locity model and convergence rate of, in particular, Newton methods are greatly affected by
the type of model parameterization that one adopts. From the numerical results conducted
with Marmousi velocity model, we found that the best convergence rate can be achieved
by using the slowness squared as model parameterization. The latter is particularly true
for datasets containing a moderate level of noise. However, for datesets contaminated by
important levels of noise, we have found that our best results were found by parametrizing

the problem with slowness.

In this thesis, unless otherwise stated, all the numerical results were obtained using slowness

parametrization.



CHAPTER 4

Comparison of multi-frequency selection strategies for

simultaneous-source full waveform inversion!

4.1 Introduction

Full Waveform inversion (FWI) is becoming part of our arsenal of methods for determining
subsurface velocity models (Lailly, 1983; Tarantola, 1984b, 1987; Pratt et al., 1998; Virieux
and Operto, 2009; Plessix et al., 2010; Vigh et al., 2011; Warner et al., 2013). The main
objective of seismic waveform inversion is to retrieve the Earth model that best fits the
observed seismic data. Although waveform inversion can provide accurate and high resolu-
tion geological models, multiple shortcomings confront its practical implementation for large
scale problems. One of the main problems in FWI is the computational cost of the inversion
for multiple sources and receivers. In addition, to avoid solutions that are trapped in local
minima, one needs to provide a good initial velocity model or data with high-quality low
frequency components (Brenders and Pratt, 2007; Virieux and Operto, 2009). FWI is also
mathematically ill-posed and waveform inverse problems require regularization techniques
in order to retrieve a unique solution by stabilizing the inverse problem (Tarantola, 1987;
Virieux and Operto, 2009).

The computational cost of full waveform inversion is proportional to the number of sources
in the experiment. This computational cost can be reduced by the use of simultaneous
shooting techniques (Herrmann et al., 2009; Krebs et al., 2009; Ben-Hadj-Ali et al., 2011).
The basic idea of simultaneous source methods is to generate super-shots by summing indi-

vidual sources with a random encoding function (Romero et al., 2000). Recent work by van

LA version of this chapter has been published in GEOPHYSICS: Amsalu Y. Anagaw and Mauricio D.
Sacchi (2014). Geophysics 79(5), R165-R181. doi: 10.1190/ge02013-0263.1
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Leeuwen and Herrmann (2013) also show a reduction in computational cost based on a batch
sampling method. This method uses different, randomly selected, sources at each iteration
allowing a gradual increasing batch of sources. In simultaneous source full waveform inver-
sion (SSFWI), multiple sources can be randomly encoded with a phase encoding function
(Romero et al., 2000; Berkhout and Blacquiére, 2011) or with a time-shift function, where
multiple sources are randomly encoded with random time-delays (Berkhout and Blacquiére,
2011). It is well known that simultaneous source techniques introduce random cross-talk
that arises from the correlation between shots in the super-shot. One way to reduce the
cross-talk noise is by generating new randomly encoded super-shots at every iteration (Krebs
et al., 2009) or by smoothing the gradient along predefined directions (Guitton and Daz,
2012). In this thesis we extend the method by re-sampling source positions in every iter-
ation during the minimization process to achieve a faster reduction of cross-talk artifacts.
However, generating new random source positions and new blending operators in every iter-
ation makes the inversion unstable because FWI becomes more sensitive to cross-talk noise
(Bertsekas and Tsitsiklis, 1996). This, however, depends on the type of algorithm scheme
with which FWT is carried out. Last, we point out that another major challenge of seismic
imaging and inversion via source-encoding techniques is the sensitivity of the method to

noisy data (van Leeuwen et al., 2011).

Full waveform inversion can be performed in either the time-domain (Lailly, 1983; Tarantola,
1984a; Gauthier et al., 1986; Mora, 1987) or the frequency-domain (Pratt and Worthington,
1990; Pratt, 1999; Operto et al., 2007; Stekl and Warner, 2007). From the standpoint of
computationally efficiency, the frequency-domain implementation is preferable over a time-
domain implementation because of its ability to reconstruct model parameters from limited
discrete frequencies by taking advantage of the wavenumber redundancy in wide-aperture
seismic data (Sirgue and Pratt, 2004). We adopt the frequency-domain FWI method. In
the frequency-domain, a finite set of discrete frequencies is selected and the inversion is
carried out in a sequential approach starting from low frequency to high frequency data
components (Sirgue and Pratt, 2004). The model parameters obtained from the inversion
of the low frequency data component are used as starting model parameters for the higher

frequency data component.

The main scope of the chapter is to analyze the effect of different frequency selection strate-
gies for FWI on datasets that are encoded using random time-delay shifts. A few discrete
frequencies were selected based on the work by Sirgue and Pratt (2004) on wide-aperture
seismic data. A common multiscale frequency-domain inversion technique is the sequential
inversion of single frequencies. In addition to the sequential method, we created a subset
of simultaneously inverted frequencies from the selected set of finite frequencies, which are
called group frequencies. A total of five possible scenarios of group frequencies were cho-

sen for our tests. The scenarios include the discrete frequency strategy in which a single
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frequency dataset is inverted at time of inversion. For simultaneous frequencies, the first
one is the individual group method in which selected temporal frequencies were grouped
from low to high frequencies sequentially without overlapping frequencies across the groups
(Kim et al., 2011). The second method is Bunks’ method (Bunks et al., 1995). The Bunks’
multiscale method was initially proposed for time-domain waveform inversion. This method
is similar to the first grouping method (Kim et al., 2011), however, in this case there is
an overlap of frequencies across groups. The number of frequencies per group increases,
and each higher frequency group contains higher frequencies as well as all frequencies in
the lower group. In time-domain waveform inversion, the inversion is carried out from low
frequency bands using low-pass filtered data to higher frequency bands. The third method is
the partial overlap method, where only a few frequencies are overlapped partially across the
groups. We proposed and considered both one-frequency and two frequency overlaps. More
overlapping of frequencies across the group can also be considered The inversion obtained
from the first group of frequencies is used to initialize the inversion for the next group. The
last method is the simultaneous frequency approach where all frequency data components

are inverted simultaneously.

In addition to using a diversity of multi-frequency selection strategies, we propose a strategy
for further reduction in cross-talk artifacts by regenerating new encoding and source posi-
tions at every iteration. We also examined the use of a second-order optimization algorithm
that adopts the Gauss-Newton method and compare it to a first-order optimization method
such as the conjugate gradient method with the source encoding strategy. We demonstrate
that a faster convergence rate is achieved by using a second-order optimization method. In
the regularized Gauss-Newton (GN) algorithm that is adopted in this chapter, we found
that re-sampling both source positions and encoding functions at every iteration are key
elements for obtaining high resolution images (faster cross-talk reduction) and for a faster

convergence rate.

The chapter is outlined as follows. First we show the formulation and implementation
of a matrix-free Gauss-Newton method for FWI that both uses conventional shot-gathers
and simultaneous sources. In the present study, we build a matrix-free Gauss-Newton full
waveform algorithm based on the acoustic wave-equation. The matrix-free Gauss-Newton
method is formulated using the second-order Lagrangian formulation. The gradient of the
objective function is computed efficiently via the adjoint state method (Plessix, 2006). At
each iteration and frequency group, a new random time-shift encoding operator is generated
to mitigate the effect of cross-talk artifacts in the blended image. We also demonstrate
the efficiency of utilizing new source positions and encoding functions at every iteration
of the inversion scheme. We then present numerical results with comparisons of different
simultaneous multi-frequencies strategies and their ability to attenuate cross-talk. Though

all frequency selection strategies proposed provide reasonable results, the partial overlapping
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group method show better results in terms of resolution and quality of the inverted model.
Numerical results from using the Marmousi and the BP/EAGE velocity models (Billette
and Brandsberg-Dahl, 2005) are presented to illustrate the merits and shortcomings of the
strategies for simultaneous shot techniques for full waveform inversion. We also examine
the effects of different source density in the generation of the super-shots that are used by

our FWI algorithm. Finally, we address the noise sensitivity problem.

4.2 Simultaneous-source full waveform inversion (SS-
FWI)

For simultaneous sources full waveform inversion, we considered the weighted objective

function
1 Ny, Ngs,Nr
J(m) =5 STW; Y [wd(w;)? = s(wy)rp(w;)itl|* + pR(m). (4.1)
w; €Qy k,r

In this chapter, we restrict ourselves to an inversion scheme in which sources are randomly
encoded with random time-delays (we denote them ”blended sources”). The blended sources

in frequency-domain is expressed in a simple linear relationship as

S(w), =T'(w,7) ©@ Drsre(w) = ¥sre(w), (4.2)

and the nonzeros elements of I'(w, 7) are expressed in a vector form as

—iwTy —iwTo —iwT3

e € e wTna] T (4.3)

F(waT)nonzeros = [6

where 7; € [0,¢] with a maximum time-delay ¢.

For better performance in simultaneous-source technique, which will be described later in
detail in this chapter, we used the second-order optimization method: the Gauss-Newton
method (see equations 3.2 & 3.4 in Chapter 3 or 2 for details). As I described in Chapter
2, the formulation of the Gauss-Newton optimization method for the simultaneous-source

technique is similar to that of the conventional inversion method.

For example, the forward modeling is formulated as

pzal (w) = A(m,w) ' Wsre(w), (4.4)
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and the gradient for single super-shot and frequency and is give by

g :?Re{<Am(m, W)A(m,w) ' sre(w), A(m,w) W' %(‘I’d(wj)d’s - s(wj)rp(wj)ﬁ“l)>x}

+ pVmR(m). w
4.5

In the same way the Hessian matrix will be reconstructed.

4.2.1 Practical implementations of simultaneous-sources and en-

coding functions in FWI

Algorithm 5 shows the pseudo-code of an inexact or truncated Gauss-Newton method where
the CG iterations are terminated early. Similarly to Chapter 3, the action of the Hessian
matrix on a vector is computed on the fly at every conjugate gradient iteration. In the
Gauss-Newton method, we adopt an early termination of the conjugate gradient iteration
whenever a negative curvature corresponding to negative eigenvalues of the Hessian matrix
is detected or if the condition |m”,Hmy| < ¢||my||? is satisfied for small ¢ (Fasano and
Lucidi, 2009). Note that, the choice of a stopping criteria has an important influence on the
quality of the reconstructed model parameters and on the convergence rate of the algorithm
(Eisenstat et al., 1994; Métivier et al., 2013). A detailed study about the influence of the
stopping criteria can be found in Métivier et al. (2013).

In our algorithm we have three options to generate the blending operators and source po-
sitions. This algorithm allows us to select random source positions and blending operators
simultaneously or separately at different stages. As shown in the pseudo-code of the GN
method, the first option is to generate the random source positions and blending functions
at the beginning, and keep them throughout the FWI iterations. The second option is
to regenerate random blending and/or the source positions at every new frequency or fre-
quency group. The third option is to generate both the blending and/or the source position
operators at every iteration and frequency or frequency group. A combination of all these
methods can also be used. For example, we can randomly choose and keep source posi-
tions at the beginning of the FWI process, and randomly blend the sources throughout the

inversion at each iteration.
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Algorithm 5: Pseudo-code: Multiscale Gauss-Newton method. Notations: W, :-
data weight, nw :- number of frequencies within a group frequency nwg, m is the model
parameter, I' and Dy are the encoding and source position operators, respectively.

Input :d°*(w), mg, N, maz_iter
Output : argmin J(m)
m

Initialize parameters;

Option 1: Generate random operators — I', Dg

for igr < 1 to ngw < over group frequency do

Starting model < my;

Option 2: Generate random operators — I', Dg

for k + 1 to max_iter do

Option 3: Generate random operators — I', Dg

Compute:

forward wavefields d°* (w);

residual wavefields Ad(w);
back-propagate residual wavefields A(w);
gradient Vi, J(my) = 7" Wiy, Vi J (my,)

Solve: )

Ay = = | Y0 (Han)iw|  Vind (m);
solve Amy, using CG method : call Algorithm 2;

Two forward modeling simulations are required to compute;

iw?

the action of the Hessian matrix on Am inside the CG algorithm,;
Compute:

« using line search method;

Update model:

my1 = my, + aAmy;

end
end

4.2.2 Frequency selection strategy

In this section, we briefly review a strategy for choosing optimal discrete frequencies for
frequency-domain full waveform inversion proposed by (Clayton and Stolt, 1981; Sirgue
and Pratt, 2004). The strategy for choosing optimal frequencies is based on continuous
wavenumber coverage of vertical wavenumbers (see Figure 4.1). The strategy is based on
homogeneous background with one flat reflector and wide-aperture geometry. The idea of
frequency strategy for seismic imaging was initial proposed by Clayton and Stolt (1981).
The key idea is to take advantage of the wavenumber redundancy provided by maximum
offset data in the acquisition from which only few discrete frequencies are chosen, which in
turn provides a reliable image (Clayton and Stolt, 1981; Sirgue and Pratt, 2004). The for-
mulations of obtaining discrete frequencies is through the resolution analysis of the gradient
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of the objective function by replacing the Green’s function with plane wave approxima-
tion in reference homogeneous background velocity with one reflector, assuming that the
amplitude effects may be ignored and we are in far field regions. The basic idea is that
for a single frequency, the contribution of a single source-receiver pair has only a single
wavenumber component, and a range of continues vertical wavenumber components of the
velocity model can be modeled by using a range of source-receiver pairs. For a given range
of offsets, a single frequency (f,) span an area [k.min, kzmaz| in the wavenumber domain.

The minimum and maximum wavenumbers are defined as

Qmin
kzmin(fn) = 47Tfn c (46)

(e}

kzmar(fn) = 47rfnci7 (47)

(e}

where ¢, is the constant background velocity. The parameter «,,;, depends on cosine

reflection angle of a wavefield propagating with maximum incident angle and is given by

1
\/1 + (hmaaj/zmaz)2

: (4.8)

Amin =

where N4, is the maximum source-receiver half-offset and 2,4, is maximum depth target

to be imaged.

In the multiscale hierarchical frequency inversion strategy, the frequency selection strategy
must ensure a continuous wavenumber illumination in which the maximum wavenumber
of the frequency used at the current frequency inversion must corresponds to the minimum
wavenumber of the frequency for the next inversion. Figure 4.1 is the schematic diagram that
illustrates the frequency-domain optimal frequencies selection strategies for full waveform
inversion proposed by Sirgue and Pratt (2004). Therefore, from the wavenumber continuity,

we have

kzmin(fn-‘rl) - kzmam(fn) (49)

To ensure continuity, the next frequency, f,+1, to be selected is given

fn

Umin

Jrs1 = (4.10)

As it illustrated on the graph (see Figure 4.1), the frequency increment (A fr11, & fnta, -

) across the wavenumber spectrum increases with frequency. Thus, it results in a significant
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Figure 4.1: Frequency-domain optimal frequencies selection strategies for full wave-

form inversion proposed by Sirgue and Pratt (2004).

reduction in the computational time due to the reduction of the number of frequency used

for inversion. The strategy only relies on 1D problem with full range offsets available but

still a good approximation to extend for 2D or 3D problems.

4.3 Results and discussions

In the numerical inversion algorithm for our frequency selection strategies, we conducted

a series of examples with the complex velocity models Marmousi, Marmousi-II (Bourgeois,
A., M. Bourget, P. Lailly, M. Poulet, P. Ricarte, and R. Versteeg, 1991) and the BP velocity

model (Billette and Brandsberg-Dahl, 2005).
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Figure 4.2: Marmousi velocity model (a) and smooth velocity model used as starting
model for inversion (b).

4.3.1 Numerical examples on Marmousi velocity model

First, we consider the Marmousi velocity model, Figure 4.2a, discretized on a 126x384 grid
with a grid spacing for both vertical and horizontal directions of 24 m. Figure 4.2b is a
smooth velocity model used as a starting model to run the FWI algorithm. The starting
velocity model is obtained by smoothing the true velocity model with a 2D Hanning window.
Generally, a good starting velocity model is crucial to ensure convergence to a minimum

near the global minimum.

First, synthetic data were generated from 96 sources and 192 receivers using the time-
domain wave-equation. The sources are placed 24 m below the surface, and receivers are
regularly placed at the surface. For the source function, we used a Ricker wavelet with

a 10 Hz central frequency. We recalibrate the source wavelet signature at every iteration
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Figure 4.3: Reconstructed Marmousi velocity model obtained using the GN method
with the conventional shot gather method (no super-shots). For this inversion, 5
partially overlapped frequency bands are used.

throughout the inversion (Pratt et al., 1998). For the inversion tests, a set of 12 discrete
frequencies were selected between 3.0 Hz and 22 Hz based on the strategy proposed by Sirgue
and Pratt (2004). The set of frequencies is (3.05, 3.54, 4.27, 5.13, 6.10, 7.20, 8.67, 10.25,
12.33, 14.65, 17.46, 20.87 Hz). Details of discrete frequency selection criteria for 1D and an
approximation for 2D can be found in Sirgue and Pratt (2004). The most common method
used in frequency-domain FWI with a finite set of frequencies is the discrete sequential
frequency method, in which the waveform inversion is carried out sequentially from low to
high frequency data. As the inversion is carried out each time for a single frequency, the
final updated model of the lower frequency is used as the starting model for the inversion
of the next higher frequency data (Sirgue and Pratt, 2004). The nonlinear relation between
the model parameters and the data is mitigated by proceeding the inversion sequentially

from low to high frequency data.

In order to test the full waveform inversion algorithm, we first consider conventional FWI
using a smooth starting velocity model. Figure 4.3 is the result obtained using the Gauss-
Newton method using 5 partially overlapping frequency bands with two frequency over-
lapped (see Table 4.1). For each frequency band, we run up to a maximum of 30 Gauss-
Newton iterations with a stopping criteria ¢ = 10~2 and a regularization parameter y =
5.0x107%. As shown in Figure 4.3, the inverted velocity model obtained using the Gauss-
Newton method provides an accurate velocity model. All features of the original Marmousi

velocity model are reconstructed in the correct position.

For simultaneous-source inversion, we used different source density. Each super-shot is

constructed from randomly encoded monochromatic sources with random time-shift delay.
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Figure 4.4: Reconstructed Marmousi velocity model using simultaneous sources that
are encoded with a time-shift technique. Results showing a sequential single discrete
frequencies method using 2 (a), 3 (b), 6 (c¢) and 12 (d) super-shots . Maximum time-
delay is 2.0 sec.

We used 2, 3, 6 and 12 encoded super-shots, where each encoded source consisted of 48, 32,
16 and 8 individual monochromatic sources, respectively. We used a maximum time-delay
of 2.0s.

One of the fundamental issues regarding the case of simultaneous shots for FWI is whether
it can be possible to estimate an acceptable reconstructed velocity model given the level
of cross-talk noise that arises from the interference of sources in the inverted model. In
order to analyze results obtained from the simultaneous-shot FWI, first, the quality of the
reconstructed velocity model is investigated for different number of sources within a single
super-shot. Figure 4.4 depicts the reconstructed Marmousi velocity model using different
numbers of encoded monochromatic sources from a smooth starting velocity model with
a sequential single discrete frequency method. Figure 4.4 [a]-[d] shows the reconstructed
velocity models for different encoded sources density. For inversion, for the 6 and 12 encoded
super-shots, we compute up to a maximum of 40 Gauss-Newton iterations with e = 5.0x1073
and p = 1073, and for the 2 and 3 encoded super-shots we choose a maximum of 50 GN
iterations with ¢ = 1072 and p = 5.0x1072. As depicted in Figure 4.4a, there are high
cross-talk artifacts in the reconstructed velocity model with two super-shots in which each
super-shot was obtained by encoding 48 individual sources. This cross-talk artifacts arise
from the correlation among the high number sources within the encoded sources (Berkhout
et al., 2008; Berkhout and Blacquiére, 2011). When the number of sources within the
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Figure 4.5: Reconstructed Marmousi velocity model using two super-shots where
each super-shot contains 48 shots. Source sampling and time-shift encoding func-
tion are generated at each iteration (a), new random time-shifts encoding function
are generated at each iteration while keeping the source sampling positions (b),
new source sampling positions are generated at each iteration while keeping the
time-shift encoding function kept constant throughout the inversion (c), and when
both source sampling positions and time-shift encoding function generated are kept
constant at each iteration (d).

super-shot decrease, the quality of the reconstructed image improves and cross-talk noise
reduces drastically (see Figure 4.4a-Figure 4.4d). In particular, the result obtained using 8
individual shots per super-shots as shown in Figure 4.4d is more comparable to the result
obtained using the conventional shot gathers but at a lower computational time. The higher
the number of sources that is packed within a single super-shot, the higher the cross-talk
noise and the lower the quality of the reconstructed image. In fact Krebs et al. (2009) have
shown that in source encoding strategy, cross-talk noise present in the final retrieved model
is proportional to the square of sources in a super-shot. One way to improve the quality of
the reconstructed velocity model is to regenerate new blending encoding functions at every
iteration. In addition, re-sampling source positions at every iteration further suppresses

artifacts.

Figure 4.5 shows the reconstructed Marmousi velocity model using two super-shots (Fig-
ure 4.4a). Figure 4.5a is the reconstructed model when the source sampling and time-shift
encoding functions are generated at every iteration, Figure 4.5b is the result when new
random time-shifts encoding functions are generated at each iteration while keeping the

source sampling positions, Figure 4.5¢ corresponds to the case where new source sampling
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positions are generated at each iteration while keeping the time-shift encoding function kept
constant through out the inversion, and finally Figure 4.5d corresponds to the case where
both source sampling positions and time-shift encoding function are kept constant. All these
images show the importance of generating new blending or encoding functions and source
sampling positions operators at every iteration. As these results show, generating either

source positions or encoding function improves the final retrieved velocity model.

Table 4.1: Frequency selection strategies for FWI.
Method Frequency group

Discrete sequential® f1, f2, f3, fa, f5. fe, [7, f8, fo, fi0, fi1, fi2

I1, f2, f3, fa
Group Iss fes f1, [fs
f93 f107 f117 f12

fis f2. f3, fa
Partial overlap group (1) fa, f5, fo, fr
I7: fs5 foy fr0
f107 f117 f12

f1, f2, f3, fa

Partial overlap group (2) I3, fa, f55 fo
Iss fo, f7, fs

Tz fss foy fr0

fo, f10, f11, fi2

f1, f2, f3, fa
Bunks fla f27f37 f4af57f6
f17 f27 f37 f47 f5a va f77 fS
f1, f2, f35 fas f5, fo, f7, f85 fos f10
J1, f2s f35 fas [, fo, f7, fs5 fo, fr0, f11, J12

SimUItaneouS3 fla f27 f37 f4a f57 f67 f7a fSa f97 f77 fSa f97 f107 fll; f12
2One frequency at a time is inverted
3All frequencies are simultaneously inverted

We first chose a total of six possible scenarios of multi-frequency simultaneous frequency
inversion strategies for FWI. These multi-frequency simultaneous frequency strategies are
outlined in Table 4.1. Note that in multi-frequency simultaneous inversion, the frequency
bands for each frequency group can be increased and a higher number of frequencies can
be added. However, in this thesis, we are interested and focused on the strategies of si-
multaneous frequency inversion and their effect on cross-talk artifacts. In multiscale FWI,

the velocity model obtained from the lower group frequency is used as a starting velocity
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model for the next higher frequency group. All frequencies within one group are inverted
simultaneously. Data weight has also been implemented within a group. The data weight
during the simultaneous frequency group inversion is chosen in such a way that slightly more

weight is given to the lower frequencies

Wi — Wo

W; = exp(— 8), (4.11)

Wmax — Wo
where w, and wy,q, are the lowest and highest frequencies within the multi-frequency group.
The parameter 3 is a positive value chosen by the user. In this chapter the value of 3 ranges
from 2 to 5. Note that a different weighting function can also be chosen. The key is to
give a relatively less weight to the higher frequencies so that the higher frequencies do not

dominate the lower frequencies at the early stages of the numerical inversion.

When several frequencies are inverted simultaneously, the lower frequency data components
were given more weight than higher frequency data components. This is to guarantee that
higher frequency data components do not dominate the lower frequency. Otherwise, the
inversion will end up with artifacts and sometimes it will also fail to converge to the global

minimum.

To test the multi-frequency selection strategies, first, we consider few number of individ-
ual sources within a super-shot. A total of 12 super-shots are used, with each super-shot
composed of 8 individual shots. For each frequency group, we compute up to a maximum
of 40 Gauss-Newton iterations. We also use a stopping criteria, ¢ = 5.0x1073, for solving
the approximate solutions of the Gauss-Newton equation and a regularization parameter
w=1073.

Figure 4.6 depicts the reconstructed velocity models from a noisy free dataset using six
possible different multi-frequency selection methods. It is clear from our results that the
numerical inversion was able to reproduce models that are comparable to the original veloc-
ity model. All the features and structures of the Marmousi model are properly reconstructed.
Some artifacts that arise due to the cross-talk artifacts in the discrete sequential frequen-
cies method as shown in Figure 4.6a have been attenuated when several data frequencies
are inverted simultaneously (see Figure 4.6b-4.6f). The deep part of the velocity model is
determined to be properly reconstructed when a simultaneous multi-frequency strategy is
employed. Though all frequency selection strategies provide reasonable results, the individ-
ual and partial overlap grouping methods demonstrate better results in terms of resolution
and quality of the inverted model. In order to compare the quality and the robustness of
the frequency selection strategies, we compute ), a quality of the reconstruction, as our

comparison metric,
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Figure 4.6: Simultaneous sources FWI using 12 super-shots with each contains 8
individual monochromatic sources. Reconstructed velocity model using sequential
single discrete frequencies method (a), individual group (b), partial overlap group
method with one frequency overlapped (c), partial overlap group method with two
frequencies overlapped (d), the Bunks’ method (e) and simultaneous method (f).
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Q = 101ogy ||, |[*/|[m, — m]|?], (4.12)

where m, and m are the true velocity model and reconstructed velocity model, respectively.
A high @ value corresponds to a more accurate solution. The image quality measurements

of the reconstructed velocity models for a clean dataset in Figure 4.6 is shown in Table 4.2.

Table 4.2: Quality of the reconstructed Marmousi velocity model (Q) for clean data.

Method Clcegzan Data
Discrete sequential 40.09
Group 40.37

Partial overlap group (1) 40.97
Partial overlap group (2) 42.73
Bunks 42.36
Simultaneous 40.36

4.3.2 Numerical example: Noisy dataset

Next we use a noisy dataset that is contaminated with SNR=10. First a time-domain
seismogram was generated and noise with SNR=10 was added (see Figure 4.7). Unlike the
previous example, here we use 3 super-shots with each super-shot containing 32 sources. For
inversion, for each frequency group, we run up to a maximum of 60 Gauss-Newton iterations.

New source sampling position and encoding functions are generated at every iteration.

The quality of the final reconstructed models and the computational costs are assessed by
adapting and monitoring the change in the image quality measurement for each frequency
group such that all the final models are equivalent in quality. We define @) as an average
image quality at k*" iteration for the k — 2, k — 1 and k" iterations for each frequency
group. We should emphasis that the final image quality measurement is influenced by the
cross-talk noise. Due to the influence of the cross-talk noise in the final model, two different
models could have similar image quality measurements. As a result, for a fair comparison
among the final models obtained by different multi-frequency selection strategies, we take the
average of the last three iteration image quality measurements. For each frequency group,
we run the inversion until @, < 38.5 is satisfied. For solving the approximated solution of
the Gauss-Newton equation, we used a stopping criteria e = 0.05 or stop iterating when a
negative curvature is detected and regularization parameter g = 0.1. Often, the inner loop

runs up to a maximum of 15 iterations.

Figure 4.8 depicts the reconstructed velocity models from noisy dataset with three super-

shots. With some degree of low quality, our numerical inversion still reproduced models
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Figure 4.7: Seismogram obtained from true Marmousi model at 3.36Km (a) and
noisy data contaminated with noise; SNR =10 (b).

that are as acceptable as to the one obtained with the clean dataset and 12 super-shots.
However, in the noisy dataset, we can see that the Bunks and partial overlap with two
frequencies grouping methods outperform the other methods in terms of resolution and
cross-talk attenuation; see Figures 4.8d and 4.8e. This can be confirmed by computing
the model residual between the true model and the results obtained with different multi-

frequency inversion methods.

Figure 4.9 shows the difference between the true Marmousi model and the reconstructed
velocity models in Figure 4.8. The simultaneous inversion method is least correct and is
the poorest method for attenuating the cross-talk noise. On the other hand, we see there is
more residual left over when the discrete, individual group and one-frequency partial overlap
group methods are used. The residual for the top 2km, in the Bunks’ and two frequencies
partial overlap methods are almost zero. These methods once again demonstrate better
results in terms of resolution and quality of the inverted model would be achieved by using
the Bunks’ and two frequencies partial overlap grouping methods. Table 4.3 shows the
total number of forward modeling performed to achieve the same average image quality at
each frequency group for the noisy dataset for different multi-frequency strategies. In terms
computational cost, the Bunks’ method is the most time consuming method. In Bunks’

method, the number of forward modeling simulations that are required to achieve the final
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Figure 4.8: Simultaneous sources FWI using 3 super-shots with each contains 48
individual monochromatic sources; from noisy data with SNR =10. Reconstructed
velocity model using sequential single discrete frequencies method (a), individual
group (b), partial overlap group method with one frequency overlapped (c), partial
overlap group method with two frequencies overlapped (d), the Bunks’ method (e)
and simultaneous method (f).
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Figure 4.9: Difference between the true Marmousi model and the reconstructed
velocity models in Figure 4.8; residual from the velocity model using sequential
single discrete frequencies method (a), individual group (b), partial overlap group
method with one frequency overlapped (c), partial overlap group method with two
frequencies overlapped (d), the Bunks’ method (e) and simultaneous method (f).

model is almost twice as the total number of simulations for the other methods with the
exception of the simultaneous frequency inversion strategy. The partial overlap method
with two frequencies overlapped across the frequency group provides an improved image
with a visible attenuation of cross-talk artifacts. For this example, we also found that the
convergence rate of the partial overlap method is faster than the rate of convergence of
Bunks’ method.

4.3.3 Marmousi II velocity model

In the second numerical example, we consider the portion of the Marmousi II velocity model
shown in Figure 4.10a. Figure 4.10b is the starting velocity model used for inversion, which

is obtained by smoothing the true velocity model with a 2D Hanning window. The original
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model is 16km long and 3.5km deep. We decimated the original size onto a coarser grid
size 25 m by 25 m and took the right side of the model up to 12.2km and 3.2km depth,
which leads to a model of size 126 x 481. First, we generated time-domain seismograms
from 120 sources and 240 receivers using a time-domain finite-difference code, and noise
with SNR=10 is added. To generate the time-domain seismograms, we used both density
and velocity models where as for inversion we only used the velocity model. The sources are
placed 25 m below the surface, and receivers are placed at the surface, equidistantly. For the
velocity model building, once again a set of 12 discrete frequencies were selected between
3.0 Hz and 21 Hz based on the strategy proposed by Sirgue and Pratt (2004). The set of
frequencies is (2.93, 3.58, 4.23, 5.05, 6.02, 7.16, 8.46, 10.09, 11.88, 14.16, 16.93, 20.02Hz).

The frequency dataset can be easily selected by using the Discrete Fourier transform.

For our inversion tests, we used the same number of super-shots as in the previous example,
3 super-shots with each super-shot contains 40 individual monochromatic sources that are
encoded with random time-shift. For the GN full waveform inversion, for each frequency
group, we run the inversion until Q; < 50.0 is satisfied. For solving the approximated
solution of the Gauss-Newton equation, we used a stopping criteria e = 0.05 or stop solving
the Gauss-Newton equation when a negative curvature is detected. For the regularization
parameter = 0.01. The selected 12 frequency dataset were sampled and grouped according

to the outlined multi-frequency strategies in Table 4.1.

Figure 4.11 depicts the reconstructed velocity models from noisy dataset using 3 super-shots.
The numerical inversion of all methods except the simultaneous method reproduced models
that are less cross-talk artifacts. All the features and structures of the Marmousi-II model
are properly reconstructed. The simultaneous method performs poorly. Some artifacts that
arise in the lower deep parts when using the discrete, individual group and one frequency
partial overlap methods (Figure 4.11a), have been attenuated when Bunks’ method and
the two frequency overlapping methods are used. The deep part on the velocity model is

determined to be properly reconstructed when a simultaneous multi-frequency strategy is

Table 4.3: Total number of forward modeling performed to reach within approxi-
mately the same quality of the reconstructed of the reconstructed Marmousi velocity
model at each frequency group inversion for noisy data with SNR =10.

Noisy Data: SNR =10

Method Number of forward modeling
Discrete sequential 4102
Group 3786
Partial overlap group (1) 3890
Partial overlap group (2) 4004
Bunks 8600

Simultaneous 7680
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Figure 4.10: Portion Marmousi-II velocity model (a) and smooth velocity model
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Figure 4.11: Simultaneous sources FWI using 3 super-shots with each contains 40
individual monochromatic sources. Reconstructed velocity model using sequential
single discrete frequencies method (a), individual group (b), partial overlap group
method with one frequency overlapped (c), partial overlap group method with two
frequencies overlapped (d), the Bunks’ method (e) and simultaneous method (f).
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employed. This demonstrates, once again, that the importance of using Bunks’ method
and partial overlap groupings to obtain high resolution and high quality models. For this
particular example, it is clear that these methods are superior in terms of attenuating cross-
talk artifacts.

Figures 4.12a-4.12f depict the difference between the true Marmousi-II model and the re-
constructed velocity models in Figure 4.11. Model residuals confirm that all methods except
the partial overlap grouping (when two frequencies are overlapped) Figure 4.12d and Bunks’
method (Figure 4.12f) have artifacts left over that are not attenuated. Table 4.4 shows the
total number of forward modeling performed to achieve the same average image quality at
each frequency group for the noisy dataset for different multi-frequency strategies. In terms
computational cost, once again, the Bunks’ method is the most time consuming method. In
Bunks’ method, the number of forward modeling required to achieve the final model is more
than twice as the other methods required except the simultaneous method. The partial
overlap method with two frequencies overlapped across the frequency group provides a high
resolution image and attenuates cross-talk artifacts at a faster convergence rate than Bunks’
method.

Table 4.4: Total number of forward modeling performed to reach within approx-
imately the same quality of the reconstructed of the reconstructed Marmousi-II
velocity model at each frequency group inversion for noisy data with SNR =10.
Noisy Data: SNR =10

Method Number of forward modeling
Discrete sequential 5038
Group 4937
Partial overlap group (1) 5356
Partial overlap group (2) 5832
Bunks 13918
Simultaneous 8201

4.3.4 Sampling frequencies

Frequencies selection strategies are important, in particular, if the inversion is carried out
from a very few number of frequencies. Because each frequency has a limited and finite band
contribution to the reconstructed model parameters, a continuity in wavenumber coverage is
crucial for accurate model parameters building (Sirgue and Pratt, 2004). In order to better
understand the choices of frequency selection, we choose a set of 7 discrete frequencies from
approximately 3.0 Hz to 21 Hz; (a) using Sirgue and Pratt (2004) approach with little
modification; say choice-1 (2.93, 4.07, 5.70, 7.81, 10.74, 14.81, 20.35 Hz) and (b) using
equally spaced interval with 2.91 Hz ; say choice-2 (2.93, 5.84, 8.75, 11.66, 14.57, 17.48,
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Figure 4.12: Difference between the true Marmousi-2 model and the reconstructed
velocity models in Figure 4.11; residual from the velocity model using sequential
single discrete frequencies method (a), individual group (b), partial overlap group
method with one frequency overlapped (c), partial overlap group method with two
frequencies overlapped (d), the Bunks’ method (e) and simultaneous method (f).
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Figure 4.13: Reconstructed Marmousi-II velocity model using the selected frequen-
cies (a) and equally spaced frequencies (b). Residual model between (a) and the
true model (c), and (d) is the difference between (b) and the true model.

20.39Hz). Unlike the previous cases in which 12 frequencies are used, here we restrict
ourselves to few number of frequencies with a reason which will be clear in a moment.
For our inversion tests, we use the noisy dataset. We then apply the same strategies and
procedures that were adopted in previous examples. We employed the partial overlapping

technique with two overlap frequencies method.

Figure 4.13a and 4.13b are the reconstructed models using the selected frequencies of choice-
1 and equally spaced frequencies of choice-2, respectively. Figure 4.13c and 4.13d are the
difference between the true model and the model obtained using choice-1 and choice-2 fre-
quencies, respectively. As we see from these images, the equally spaced frequencies provide
very poor quality image. This due to the lack of continuity in the wavenumber coverage,
which is a key in order to recover the velocity model accurately (Sirgue and Pratt, 2004).
Whereas the selections of choice-1 type frequencies are based on the approximation of the
continuity of the wavenumbers (Sirgue and Pratt, 2004), and as a result better and more
accurate result would be achieved. On the other hand, we do not see a big difference in the
results between the two choices if a large number of frequencies are selected. For example,
from our frequency choices, we see that more than 12 frequencies lead to a good continuity
of the wavenumber. However, as a large number of frequencies are selected, there will be a
high chance of data redundancies, which contributes to a higher computational cost. It is
interesting to note that even the conventional FWI without source encoding will result with

similar wraparound artifacts when the temporal frequencies are improperly sampled.
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Figure 4.14: BP/EAGE velocity model (a) and density (b).

4.3.5 BP/EAGE velocity model

In the last numerical example, we consider the original BP/EAGE velocity model (Billette
and Brandsberg-Dahl, 2005). The original BP/EAGE velocity model is 67km long and 12km
deep. It was built on a 6.25m x 6.25m grid size with 5395 by 1911 model parameters. The
BP velocity model was then regridded onto a coarser grid size 50 m by 50 m, which in turn
leads to a model of size 140 x 1350. Therefore there are 140x1350 unknown parameters
for the inversion. The original velocity model contains salt domes of high velocity contrast,
subsalt low velocity zones under salt and anomalies. Figure 4.14a shows the true BP/EAGE

velocity model and Figure 4.14b is density model, respectively.

A synthetic time-domain seismogram from 113 sources and 338 receivers using a time-

domain finite-difference code was generated and a noise with SNR=10 is added. We used
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Figure 4.15: BP/EAGE smooth velocity model used as starting model for inversion
(a) and reconstructed velocity model using the conventional shot-gather dataset

(b).

both the density and velocity model to generate the seismogram. The sources and receivers
are placed at the surface equidistantly. For inversion, a set of 12 discrete frequencies were
selected from approximately 1.0Hz to 15.0Hz; (1.05, 1.41, 1.95, 2.48, 3.08, 3.81, 4.73, 5.85,
7.25,9.00, 11.15, 13.82Hz). For this model due to the coarser grid size used for the inversion,
in order to recover the long wavelength components of the velocity model, one has to start
the inversion with very low frequency data. The low frequency data components for BP
velocity model inversion have also been used by Shin and Ho Cha (2009) and Hu et al.
(2011).

For the FWI, we first consider the conventional multiscale discrete frequency sequential
approach using the individual shot-gather technique. Figure 4.15a is the smooth velocity



CHAPTER 4. MULTI-FREQUENCY STRATEGIES FOR SSFWI 100

model used for initiating FWI and Figure 4.15b is the reconstructed velocity model. The nu-
merical inversion reproduces a model that is comparable to the original velocity model. The
salt dome body structures, the low velocity zones under the salt and the shallow anomalies
are properly reconstructed. We then examine and explore the effect of different frequency
selection strategies to the quality of the final reconstructed model parameter and their per-
formance in terms of attenuating the cross-talk artifacts. A total of three super-shots are
used with each super-shot contains a maximum of 40 individual monochromatic sources
that are encoded with random time-shift with a maximum time-delay of 2.0 seconds. In our
numerical tests, for each frequency group, we run the inversion until @ < 55.0 is satisfied
at the k" iteration. For the inner loop of the GN algorithm, we used a stopping criteria
with e = 0.01 or we stop solving the Gauss-Newton equation whenever a negative curvature
is detected. The regularization parameter is ;¢ = 0.05. The selected 12 frequency datasets

were sampled and grouped as shown in Table 4.1.

Figures 4.16a-4.16f are the reconstructed velocity models using simultaneous encoded source
techniques based on different frequency selection methods. As depicted in the figure, all the
frequency selection strategies, except the simultaneous frequency inversion, provide accept-
able and higher resolution images with respect to the starting model. Among the different
frequency selection strategies utilized in our study, the Bunks’ method and the partial over-
lap grouping method with two frequencies yield the best final results in terms of resolution

and quality of the inverted model.

Table 4.5 shows the total number of forward modeling performed to achieve the same aver-
age image quality at each frequency group for the noisy dataset for different multi-frequency
strategies. Similar pattern is observed in terms of the total numbers of forward modeling
performed to achieve the same Q) at each frequency group. However, a careful visual ex-
amination of the quality and resolution of the final reconstructed velocity models is what
it matters (see Figures 4.16a-4.16f). The partial overlap method with two frequencies over-
lapped across the frequency group provides better resolution image and attenuate cross-talk

artifacts at faster convergence rate compared to the Bunks’ method.

Figure 4.17a- 4.17f depict the difference between the true BP salt model and the recon-
structed velocity models in Figure 4.16. Once again the Bunks’ and the partial overlap

grouping methods have least artifacts left over, see Figure 4.17d and 4.17e.

The inversion utilizing encoded-sources provides the model which was in closest agreement
to the one obtained using the conventional shot gather inversion method, see Figure 4.15b
and 4.16a-4.16f. While results in Figure 4.16a-4.16e are encouraging, the example with a
simultaneous inversion of all frequency method at a time is struggling to recover the velocity
model. This method was also having difficulties with the other two models investigated in

this chapter. Overall, all other frequency strategy techniques for FWI in frequency-domain
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Figure 4.16: Simultaneous sources FWI using 3 super-shots with each contains

{40,40,33} individual monochromatic sources.

Reconstructed velocity model us-

ing sequential single discrete frequencies method (a), individual group (b), partial
overlap group method with one frequency overlapped (c), partial overlap group
method with two frequencies overlapped (d), the Bunks’ method (e) and simulta-

neous method (f).

Table 4.5: Total number of forward modeling performed to reach within approxi-
mately the same quality of the reconstructed BP salt model at each frequency group
inversion for noisy data with SNR =10.

Method

Noisy Data: SNR =10

Number of forward modeling

Discrete sequential
Group

Partial overlap group (1)
Partial overlap group (2)

Bunks
Simultaneous

4020
4091
4180
6483
9391
10245

m/s

m/s

m/s
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Figure 4.17: Difference between the true BP velocity model and the reconstructed
velocity models in Figure 4.16; residual from the velocity model using sequential
single discrete frequencies method (a), individual group (b), partial overlap group
method with one frequency overlapped (c), partial overlap group method with two
frequencies overlapped (d), the Bunks’ method (e) and simultaneous method (f).
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reproduce images that are comparable to the original velocity model. The cross-talk artifacts
are better attenuated when multiple frequencies are inverted simultaneously. However, high
resolution images can be obtained by using the Bunks’ method or by partially overlapping
frequencies across the frequency groups; the more the overlap frequencies across the group,
the better is the result. However, more frequency overlapping results in more computational

time as it requires more number of forward modeling to be performed.

4.4 Computational cost

The computational cost of the simultaneous multi-frequency FWI is expensive compared
to the sequential single discrete frequency method. This is because in the multi-frequency
inversion for every new frequency the matrix A must be factored using LU decomposition.
Much of the computational cost is associated with the LU decomposition or factorization
of the matrix A. If the same number of iterations is needed for FWI, it is clear that
Bunks’ method is the most time consuming method compared to the rest of the methods.
Note that both Bunks’ and partial overlapping frequency methods provide similar image
quality values. However, Bunks’ method requires approximately twice as many forward
modeling simulations as the partial overlapping method in order to achieve the same quality
of reconstruction. Note that, we stress that in this chapter and next one we take full
advantage of the direct solver to solve for multiple sources at a time by forward and backward
substitutions after the Helmholtz operator is factorized. However, the simultaneous source
techniques are more relevant to a problem where no direct solvers are used for the forward

modeling .

Next, we assess the computational efficiency of the Gauss-Newton method in the framework
of simultaneous encoded sources and compare it with the conjugate gradient method. For
inversion, we used the Marmousi velocity model (Figure 4.2) and we run the inversion using
the conventional FWI method and with simultaneous sources using 3 super-shots, where
each super-shot contains 32 individual sources that are encoded with random time-shift. At
every iteration, new source sampling positions and encoding functions are generated. For
the numerical inversion, a sequential single discrete frequencies method is assumed and we
run the inversion until @y < 39 is satisfied for each frequency. The computational speed up
is then compared using

S =(1-F,/F,) x 100, (4.13)

where Fy, is the total number of forward modeling simulations performed when using si-
multaneous sources and F, is the total number of forward modeling simulations performed

using the conventional method (Castellanos-Lopez et al., 2013).
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Figure 4.18: Reconstructed Marmousi velocity model obtained using conjugate gra-
dient method (a) and using Gauss-Newton method (b) using sequential single dis-
crete frequencies method.

Figures 4.18a & 4.18b are the reconstructed velocity models from the three super-shots using
conjugate gradient and Gauss-Newton methods, respectively. The total forward modeling
solved for the conjugate gradient method and Gauss-Newton method to achieve the same
average image quality value at each frequency group are 5383 and 4120, respectively. For the
conventional FWI, we found a total of 8615 number of forward problems are performed. As
a result, a faster convergence rate is achieved by using the Gauss-Newton method with the
generation of new source positions and new encoding functions at every iteration. The speed
up for conjugate gradient and Gauss-Newton methods to achieve similar quality models are
38% and 52%, respectively. The speed up in the convergence rate by the Gauss-Newton
can be confirmed from the reduction in the misfit function as shown in Figure 4.19. Similar

pattern was also observed by Castellanos-Lopez et al. (2013).

4.5 Summary

Using the advantage of simultaneous source techniques based on time-shift source encoding
methods, we are able to show that simultaneous-source full waveform inversion provides

inversion results that are comparable with those obtained from FWI using the conven-
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Figure 4.19: Reduction in misfit function vs number of forward modeling performed
at 4.27Hz (a) and 12.33Hz (b).

tional individual shot-gather datasets. The full waveform inversion algorithm is formulated
via a quadratic matrix-free Gauss-Newton method, where the objective function converges
quadratically. Although the Gauss-Newton method is computationally expensive for large
scale geophysical problems, the use of simultaneous shooting technique reduces the compu-
tational cost and makes the algorithm more suitable for practical applications. However, the
reduction of computational cost comes at the cost of introducing cross-talk artifacts in the
estimated image. These artifacts arise from interference among the sources of the super-
shots. The Gauss-Newton method converges faster than the conjugate gradient method
whenever a new encoding functions and source positions are generated at every iteration

and hence a faster reduction in cross-talk artifact is achieved.

In this chapter, we examined and addressed a way to attenuate the cross-talk noise problem
further by using frequency selection methods for frequency-domain FWI. In addition to a
single sequential frequency inversion, we studied the effects of different simultaneous multi-
frequency selection inversion strategies. We demonstrate that inverting multiple frequencies
simultaneously is important to attenuate cross-talk artifacts. We back up our conclusions
with a series of examples using the Marmousi, Marmousi-II and BP/EAGE velocity models
with clean and noisy datasets. We were also able to show that higher resolution results can
be attained with a partially overlapping simultaneous multi-frequency strategy. The larger
the overlap of frequencies across the group, the better is the result. The latter permits
us to define an inversion strategy with a good balance between quality and computational
time in comparison to the other multi-frequency inversion strategies. We point out that
for our simulations, the Bunks’ method is also the best method in terms of its ability

to recover model parameters. However, Bunk’s method also required a large number of
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forward modeling simulations making it computationally more demanding than the partial
overlapping simultaneous multi-frequency strategy. Note that the performance of different
frequency selection strategies depends on many of factors: the quality of the initial model,
acquisition geometry, the level of noise present in the data, the band width of the data
and the complexity of the unknown model are among a few to mention. We also point out
that the presented simultaneous source encoding techniques are based on an Lo objective
function that requires a fixed receiver geometry. Moreover, we have assumed frequency
selection strategies that are optimal for a wide-aperture seismic data. Further research
is needed to examine the performance of different multi-frequency inversion strategies on
data that is poorly represented at low frequencies and/or for receivers spread that are not

stationary.



CHAPTER 5

The application of full Newton method for full waveform

Inversion

5.1 Introduction

FWI is usually formulated as an iterative local optimization problem for solving model
parameters by minimizing the lo-norm of the misfit function between the observed data and
computed data (Tarantola, 1984b; Virieux and Operto, 2009; Hu et al., 2011). In order to
estimate the model parameters from the measured seismic data, gradient based optimization
methods such as steepest-descent and nonlinear conjugate gradients or Newtonian methods
such as quasi-Newton such as [-BFGS (Nocedal, 1980), Gauss-Newton (GN) and full Newton
(FN) can be used (Pratt et al., 1998). For large scale problems, due to the computational
cost, the gradient-based methods are the most popular local optimization methods for FWI
problems. However, the convergence is very slow and sometimes these methods fail to
converge to the desired global local minimum. As described in the previous chapter, the
Newton methods require the Hessian matrix: the second-order derivatives of the misfit

function with respect to the model parameters.

Newtonian methods generally converge faster than the gradient-based nonlinear conjugate
gradient (NCG) method, but this comes at the expense of solving a large system of equations
that incorporates a dense Hessian matrix. In practice, the solutions to model parameters
update in Newton method are often approximated by using an iterative method such as the
conjugate gradient (CG) method (Navon et al., 1988). Of the Newtonian methods, the FN
method is known to converge faster than the Gauss-Newton or the quasi-Newton methods
like I-BFGS methods. However, proper care must be taken in solving or approximating

the solutions when using FN method. This is because FN method converges poorly and/or
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gives rise to wrong solutions when the Newton step is solved using CG. This is because,
the Hessian matrix that arises from the second-order derivative of the misfit function is an
indefinite matrix. Therefore the standard CG method is no longer suitable for such system
of linear equations due to negative curvature directions of eigenvectors corresponding to
negative eigenvalues of the Hessian matrix. Instead, we encompass the minimum residual
method (MR) (Fischer et al., 1998; Lai et al., 1997), which can be applied to such indefinite
system of linear equations. Most recent works of FWI in literatures that is based on the
Newton methods are solved using an iterative conjugate gradient method (Hu et al., 2009;
Métivier et al., 2013; Anagaw and Sacchi, 2014). The CG method is only applicable for
solving a system of linear equation with a symmetric positive definite matrix. However, the
CG method often breaks down when the matrix has both positive and negative eigenvalues;
i.e. when the matrix is an indefinite matrix. Therefore, approximating the solutions of the
indefinite matrix using the CG method is not appropriate. The minimal residual method,
instead, can be applied to symmetric indefinite systems. However, for FWI applications, the
MR method converges slowly. In order to speed up the convergence rate and its efficiency,
we propose a preconditioned regularized minimum residual method (PrMR), where the

preconditioner is the pseudo-Hessian matrix (Shin et al., 2001).

In addition to the computational aspect of the Newton method, Pratt et al. (1998) has
shown the importance of incorporating the inverse of the Hessian matrix (Pratt et al.,
1998). Incorporating the inverse of the Hessian matrix not only improves the convergence of
the optimization algorithm but also it tries to correct and removes artifacts in the gradient
that arise from the second-order multi-reflected wavefields such as multiples. In other words
the use of the Hessian matrix in the waveform inversion process not only speeds up the
convergence rate but can also act as a filtering operator (Pratt et al., 1998). The presence
of high amplitude multiple reflections wavefields challenges the gradient-based optimization
method to converge to the global local minima, which is often based on the first-order
derivatives of the misfit function. Moreover, the Hessian in the numerical inversion scheme
handles the defocusing that affects the gradient due to the incomplete and uneven illuminat
ion subsurface areas. The Hessian matrix predicts the defocusing on the gradient and its
inverse focuses the defocusing on the gradient. Thus, incorporating the inverse of the Hessian
matrix not only properly scales the amplitude of the gradient but also sharps the gradient
(Pratt et al., 1998). More can be found in Pratt et al. (1998) paper.

Given high computational cost of the forward modeling process, the practical application
of the FN method for large scale geophysical problem has yet to be seen. Note that the
computational cost associated with the forward modeling is proportional to the number of
sources of the experiment and is an intrinsic problem of FWI that prevents the feasibility
of FN method for large scale geophysical problem particularly for 3D problems. This is

because at each iteration in the FWI scheme, forward modeling will be performed for all
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sources present in the data. In this chapter, we should reiterate once again that we take

advantage of the simultaneous source techniques.

In the previous Chapter 3, it is observed that results obtained from the full Newton and
Gauss-Newton methods are similar. One of the reasons is that the Marmousi velocity model
does not have strong velocity structure contrasts and the resulting data from the velocity
model will not have strong amplitude multi-reflected wavefields. As a result, the Newton’s
methods provide similar results. If there are no strong amplitude multi-reflected wavefields
present in the data, the FN method provides a comparable as the GN method. On the other
hand, in this chapter, we demonstrate that the high velocity contrast in the top 6 Km of
BP/EAGE velocity model between the salt dome and the layer of the low velocity sediments
underlying the basalt generate high amplitude multiple reflections. Inversion results from
BP velocity model highlight the potential applicability of the FN method for high resolution
velocity model building. We would emphasize the advantage of full Newton method over the
Gauss-Newton method for such types of models. Analysis of the FWI process also suggest
that faster reduction in the misfit function is achieve when the Newton’s equation is solved
iteratively with the PrMR method than with the CG. We demonstrate our premises using
simultaneous source phase-encoded technique. Numerical results based on the BP/EAGE
velocity model (Billette and Brandsberg-Dahl, 2005) are presented to highlight the numerical

efficiency of FN method of full waveform inversion with PrMR.

5.2 Methodology

In this chapter, we start from equation 4.1 (in Chapter 4) but we would like to give more
stress on the regularization term. For the regularization term, R(m), we used the Tikhonov

regularization term (Anagaw and Sacchi, 2011).

R(m) = [|v*(m — mo)|?, (5.1)

where V2 is the second-order derivative in space. Here, we would like to emphasize the
importance of incorporating a regularization term (equation 5.1) for solving the Newton’s
equation in the framework of source encoding strategies. In this chapter, the Tikhonov
damping regularization is considered. The choices of the regularization term and regu-
larization parameter p greatly determine the quality of the reconstructed model and the
convergence rate of the algorithm employed. The damping regularization term, however,
may not be appropriate choices as it enforce the solution to remain close to the initial
model. For this chapter, we considered Tikhonov smoothing regularization terms, where

the second-order derivatives are penalized instead of distance from the prior model.
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Instead of penalizing the model, other regularization terms can also be implemented like
the Total variation (TV) method (Osher and Fatemi, 1992). The TV regularization tries to
simultaneously preserve the edges and smooths the images along the direction adjacent to
edges. Previous studies using the Total Variation regularization term (Anagaw and Sacchi,
2011) suggest that the use of a smoothing damped regularization term is a better option
for our purpose as a stabilizer and penalizing the model than using TV. When the TV
regularization term is adopted, two parameters have to be chosen simultaneously. Selecting
these regularization parameters to help preserve both the sharpness and the smoothness
of the model is very hectic and time consuming. One has to choose optimum parameters
that balance the trade off between the model and data weight. Often the regularization
parameters are chosen by trial and error. Consequently, the suitability of TV regularization
term for large scale problems in FWI is less practical. On the other hand, the Tikhonov
smoothing regularization is more practical and efficient to employ in the FWI scheme.
Details about the importance of the Tikhonov and TV regularizations have been extensively

studied in previous research works (Anagaw and Sacchi, 2011, 2012b; Anagaw, 2009).

5.2.1 Phase-encoding simultaneous sources

In this chapter, we focus on the simultaneous sources inversion scheme in which sources
are randomly encoded with random phase-shifts. Following Chapter 4, we instead replace

equation 4.3 by the source phase encoding vector

T(g) = [e=i® e~it2 o=ids  gmidna]T (5.2)

where ¢; € [0.0,7].

A simple phase shift {1,—1} or ¢; € 0,7 can be used. However, from our experiences
with the simultaneous source methods, the difference in the final results from the source
encoding functions such as phase-shift or time-delay are negligible. Both random phase-
shift and time-delay are efficient encoding techniques for attenuating cross-talk noises than
a simple phase shift {1, —1} technique. However, detail investigations on the merits of source

encoding function are beyond the scope of this thesis.

5.2.2 Workflow implementation

The theoretical formulation and implementation of a matrix-free GN and FN methods for
FWI was discussed in Chapter 2 and Chapter 4. The idea of minimum residual iterative

method is not new and have been covered on the literature for quite sometime. Details
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about the formulations of MR algorithm can also be found in books on optimization. In this
section, we would like to extend the application of the preconditioned MR algorithm for full
waveform inversion when the full Newton method is employed in which its Hessian matrix
is an indefinite symmetric matrix. The PrMR scheme, like the CG iterative technique,
requires only the action of the Hessian matrix on the model perturbation: matrix vector
product. Table 6, which calls Algorithm 7 is the pseudo-code of full Newton algorithm with

the preconditioned minimum residual method. For others, see the previous chapters.

Algorithm 6: Pseudo-code: Multiscale full Newton method. Notations: nw :- number
of frequencies within a group frequency nwg, m is the model parameter , I' and Dg
are the phase encoding and source position operators, respectively.

Input :d°*(w), mg, N, maz_iter
Output : argmin J(m)
m

Initialize parameters;

Option 1: Generate random operators — ', Dg

for w; + 1 to N, do

Starting model < my;

Option 2: Generate random operators — I', Dy
for k + 1 to max_iter do

Option 3: Generate random operators — I', Dg
Compute:

forward wavefields d°® (w);

residual wavefields Ad(w);
back-propagate residual wavefields A(w);
gradient Vi, J(my);

Solve:

-1
Amy = — [?Re(H)} Re(VmJ(myg));
solve Amy, using PrMR method call: Algorithm 7;

Two more forward modeling operators are required to compute;

the action of the Hessian matrix on Am inside the PrMR algorithm;
Compute:

« using line search method;

Update model:

my1 = my, + alAmy;

end
end

For preconditioner M in Algorithm 7, we used the diagonal elements of pseudo-Hessian

matrix based on the source-receiver reciprocity theory (Shin et al., 2001)

M = [Re{ >t D 1F(x,, @) PG (ks x, 0P D 1G (%, w)|2} + 51]_1, (5.3)
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where [ is a damping factor that controls the stability of the inversion, which is used to

prevent a singularity problem.

For each frequency, the preconditioner is computed once at the beginning of the numerical

calculation.

Algorithm 7: Pseudo-code: Precondition minimum residual (PrMR).

Input D MATjter, €, X0, 8, H and M

Output : x

Initialize parameters;

I‘():O I‘_1=0 I'_2=0

rir=g—Hxy 2z =Mr; pi=(z1,r1) n=p
Y=1 m=1 o09p=0 0c,=0

Yo=0 y1=0 y2=0

for k£ < 1 to max_iter do

Calculate the lanczos vectors

r, =zx/Br ; a=r}Hry

rp+1 = Hyrp — arg — Brre—1

Zir1 = Mrip1 5 Brgr = (Brt1, Trgr)
Calculate QR factors

0=k —Y-10kBr 5 p1 = /(0% + B 1)

p2 = oRoy +Ye—1YkBr 5 p3 = Ok—1Dk

Update solution

Yie = (Tx — p3Yr—2 — P2Yr-1)/P1 Xk = Xp—1 + V1Y k
N =0k+17]

if n > ¢ return

end do
end

5.3 Results and Discussions

First, we present a good representative model suitable for the application of full Newton
method. Figure 5.1 is a very simple velocity model used for the FN FWI investigation.
The background velocity is 1900 m/s and the small anomaly is 3000 m/s. Hence, there is
a strong velocity contrast between the anomaly and the background. The presence of the
high velocity contrast produces high reflection amplitudes and if a free surface acquisition
survey is assumed, there would also be strong multi-reflected waves. For the inversion, we
assumed a total of 900 unknown model parameters, i.e. the model grid size is 30 x 30 with

an isotropic grid spacing of 10 m.

Due to presence of such strong reflection amplitudes and multi-reflected event, the optimiza-

tion of the first-order approximation of the objective function would struggle to retrieve the
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Figure 5.1: True model with small anomaly (a) and constant velocity model used
as a starting model for inversion (b).

model parameters in FWI. Moreover the inversion process also generates artifacts in the
final image. Often the iterative process runs for a large number of iterations. However,
incorporating the second-order approximation of the objective function in the optimization
methods enables to balance the amplitudes of model updates and reduces artifacts in the

gradient vector. Consequently, high resolution images would be achieved.

In order to validate our premise, we used the descent, Gauss-Newton and full Newton
method to test the performance of the optimization methods. Figures 5.2a-c are results
obtained after the 1°¢ iteration from simultaneous multiple frequency inversion with the
descent, Gauss-Newton and full Newton methods, respectively. A set of 20 frequencies were
selected and all data frequencies were inverted simultaneous. As we see from the results,
the descent method based on the first-order derivatives of the objective function produces
artifacts in the final image. On the other hand a more focused and less noisy image is
achieved by employing the second-order optimization method using GN and FN methods.
The full Newton method produces a high resolution image and the amplitude of the velocity
anomaly is well retrieved. All artifacts observed in the final model by the descent method
are removed by the full Newton method. Note that a less noisy image is observed in the
case of full Newton method than the Gauss-Newton method. This is due to the fact that
the last two terms of the Hessian matrix predict artifacts in the gradient vector due to
multiple-reflected events and the contribution to the inverse of the Hessian matrix corrects
the artifacts. Details of the meaning of the Hessian matrix and its inverse are described in

Chapter-1 and 2. In this chapter we only demonstrate its applications.

The next example is the 2004 BP/EAGE salt model (see Figure 4.14). This model is a good
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Figure 5.2: Retrieved model after the 15¢ iteration from simultaneous frequency
inversion using the descent (a), Gauss-Newton (b) and full Newton methods (c).
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representative candidate to use full Newton method. Similar to Chapter-4, the original
BP/EAGE velocity model is re-gridded onto a 50 m x 50 m spatial grid. Figure 4.14a
depicts the true BP/EAGE velocity model and Figure 4.15a is the smooth model used as
a starting model. The BP/EAGE salt model contains salt domes with high velocity and

subsalt slow velocity anomalies.

The high velocity contrast between the top of the salt domes, subsalt velocity anomalies
and the water layer is responsible for generating strong amplitude multi-reflections. Free
surface acquisition geometry will also produce high amplitude multi-reflections and also
strong reflection amplitudes in the base of the salt. The main challenges in this model for
FWI are to retrieve salt body and the subsalt velocity anomalies properly. This is because
high reflection amplitude on the base of the salt and the low subsalt velocity anomalies
is a challenge for any imaging technique, including FWI, to appropriately reconstruct the

velocity model and to focus reflectors correctly.

With free surface acquisition geometry, we generate a synthetic seismogram data from 113
sources that are spread equally at surface, and a total of 337 receivers are equally spread one
grid size below the surface. All receivers are active for each source. A Ricker wavelet with
10 Hz central frequency is used to initiate the source. A set of thirteen discrete frequencies
were selected for the full waveform inversion. The synthetic data is then contaminated by
noise with SNR = 10. In order to speed up the numerical inversion, a simultaneous-source
technique is used. A total of 11 super-shots are used where each super-shot contains ap-
proximately 10 individual monochromatic sources that are randomly assembled with phase-
encoding technique. Since the number of sources within a single super-shot is relatively
small as compared to the super-shots used in the previous chapter, we expect fewer cross-
talk artifacts in the final images. For this reason, instead of using the partially overlapping
frequencies group technique, which is efficient in attenuating cross-talk artifacts, we restrict
ourselves to a sequential single frequency inversion strategy. Because the main goal in
this chapter is to demonstrate the potential applicability of the full Newton method in the
BP/EAGE salt velocity model.

As described in the previous chapter, generating new source encoding functions and source
sampling positions at every iteration are crucial for faster reduction in cross-talk artifacts
and faster convergence rate. Similar strategies are also adopted here. However, the I-BFGS
method that requires the histories of the gradient and the model perturbation requires a
special treatment. Changing the source encoding functions and sampling positions at every
iteration also changes the histories of the gradient and the model perturbation. This makes
the [-BFGS method unstable and often fails to converge. Consequently, in cases where
simultaneous source encoding strategies were used, we only compared FWI results from the
gradient-based method such as the PNCG, and the Newton-based methods such as the GN
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and FN method.

In order to emphasize our premise about the effectiveness of the PrMR algorithm in finding
the solutions of the Newton directions, a comparison between the results obtained from the
PrMR and the CG methods are examined. First, the solutions to the Newton’s equation,
the GN and the FN methods are iteratively solved using CG. For all preconditioned iterative
methods, the preconditoner is the diagonal of the pseudo-Hessian matrix. For each frequency
in the numerical inversion, we run the inversion until the model quality value @ < 60.00 is
satisfied at the k*" iteration (see the definition of the image quality measurement in Chapter
4) . When the Newton’s direction is solved using the CG method, the same inversion strategy
is adopted as the strategy outlined for GN method in Chapter 4. For the inner loop of the
GN and FN algorithm, we used a maximum of 15 Newton iterations with a stopping criteria
with € = 0.005 or we force to stop solving the Newton’s equation whenever a negative
curvature is detected. For stability purpose, the regularization parameter for both Newton
methods (GN and FN) is set to 0.008. From a number of trial and error tests, we found that
the choice of this regularization parameter provides a good trade off balance between the
misfit function and regularization weight. In the next section, the influence of regularization
parameters on the final reconstructed model is presented. Note that the choice of stopping
criteria in the Newton’s iteration also affects the overall computational cost, convergence
rate and quality of the reconstructed model parameters. However, there is no silver bullet
in finding the best stopping criteria. In this thesis as described in the previous chapter, we
adopted the Eisenstat et al. (1994) condition. An extensive study on the choice of stopping
criteria is beyond the scope the thesis. Detailed investigations on the subject can be obtained
in Eisenstat et al. (1994) and Métivier et al. (2013). Similar stopping criteria are also used
for PrMR.

Figures 5.3a-5.3c are the reconstructed velocity model using PNCG, GN and FN methods,
respectively. These numerical inversions reproduce models that are comparable to the orig-
inal velocity model. All methods retrieved the velocity model properly; the top salt body
structures, shallow anomalies and the left side of the velocity model are all well retrieved.
However, in the case of PNCG method, beneath the salt body to the left of BP model, the
subsalt velocity anomalies are poorly reconstructed. This is due to the high velocity contrast
present in the model and the PNCG method struggles to properly delineate the presence
of strong amplitude multi-reflections in the region. On the other hand, the use of GN and
FN methods provide more trustworthy results by properly retrieving the information of the
strong multi-reflected amplitudes. However, the subsalt velocity anomalies are by far better
reconstructed, and the image is clearer in the case of FN method than the GN method. The

FN method provides a more detail structures of the velocity model.

If we change the CG method for solving the Newton’s direction by the PrMR, we would
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Figure 5.3: Reconstructed BP/EAGE salt velocity model using PNCG (a), GN (b)
and FN (c) methods. The Newton’s equation is iteratively solved using conjugate
gradient method.
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Figure 5.4: Reconstructed BP/EAGE salt velocity model using GN (a) and FN (b)
methods. The Newton’s equation in the FN method is iteratively solved using the
PrMR method.
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able to get a better result in terms of resolution and quality of the final retrieved model.
In addition, the use of PrMR for solving the FN directions delineates both the shallow and
subsalt velocity anomalies, compare Figure 5.3c & 5.4b. Figure 5.4b shows the estimated
velocity model using FN method when the PrMR solver is employed. Figure 5.4a is the
result obtained from GN. Comparing the subsalt velocity anomalies beneath the salt body
clearly shows the advantages of the FN over the GN method. The numerical inversion result
from FN method is comparable to the original velocity model. This is due to the fact that
the inverse Hessian matrix is properly computed by using PrMR than CG. PrMR has a nat-
ural way of handling the negative curvature of the Hessian matrix. In the case of conjugate
gradient, on the other hand, we stopped iterating the CG whenever a negative curvature is
detected. In the Gauss-Newton method, the approximate Hessian matrix is positive definite
matrix, hence the CG method is suitable for solving the corresponding Newton’s system
of equation. In case of negative curvature detection that results from numerical simulation
and approximation, we stop the iterative process of solving the Newton’s equation. Conse-
quently, for the GN method when the CG or the PrMR is employed as an iterative solver, we
will pretty much get similar results. The major difference in the final reconstructed models
comes when the FN algorithm is solved with CG and PrMR methods.

Figures 5.5a-5.5¢ show the difference between the true BP salt velocity model and the re-
constructed velocity models in Figure 5.3a-5.3c using the PNCG, GN and FN methods,
respectively. As we see from the model residuals, the GN and FN methods have fewer arti-
facts leftover than the one obtained using PNCG method. Figure 5.6b is the model residual
obtained when FN numerical method is solved iteratively using PrMR. For comparison pur-
pose, the difference model between the result from the GN algorithm and the true model is
also sown (see Figure 5.6a). If we compare Figure 5.5¢ & Figure 5.6b, we see that the FN
algorithm with PrMR yields the least artifacts. In the residual model, the small velocity
anomalies or small heterogeneities located from 0 Km to 3 Km become negligible or close
to zero when the FN method is solved using PrMR than the CG method (see Figure 5.5¢,
5.6a & 5.6Db).

5.3.1 Effect of regularization

In this section, we demonstrate the effect of regularization on the quality of velocity model
building in the framework of simultaneous source encoding strategy. For comparison, the
inversion is performed using PrMR method with the same strategy as described before except
the regularization term. Figure 5.7a is the estimated velocity model without regularization
(or when p = 0.0). Figure 5.7b & 5.7c are the estimated velocity models with regularization
when the regularization parameter 0.0001 and 0.008 are chosen for the inversion, respectively.

The resulting velocity model from this example demonstrates that how the quality of the
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Figure 5.5: Model residual between the true BP velocity model and the recon-
structed velocity models in Figure 5.3; residual velocity from the PNCG (a), GN
(b) and FN (c) methods when the Newton’s equation is solved using CG method.
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Figure 5.6: Model residual between the true BP velocity model and the recon-
structed velocity models in Figure 5.4; residual velocity from the GN (a) and the
FN (b) methods. The Newton’s equation is solved using PrMR method.
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estimated velocity method is affected by the regularization parameter. This confirms the

importance of regularization in simultaneous source FWI.

5.3.2 Convergence properties

Next, we see the convergence behavior of the CG and MR methods for the indefinite matrix.
For further insight on the performance of FN method using PrMR, we present the con-
vergence rates obtained from preconditioned nonlinear conjugate gradient, Gauss-Newton
method, and full Newton method using conjugate gradient and full Newton with precondi-
tioned minimum residual method. Figure 5.8a-5.8d show the reduction in misfit function
against the number of forward modeling performed at different frequency stages during the
inversion process. The use of PrMR for solving the full Newton method provides a signif-
icant enhancement in speed at the early stage of the inversion. However, as we also see
from the figure, the performance of the FN method with the CG method is sometimes very
poor especially at low frequencies (for example at 1.62Hz). This is due to the fact that CG
method fails to handle the negative curvature detection of the Hessian matrix. We often ad-
dress the negative curvature problem by forcing the algorithm to stop the iterative process;
otherwise the inversion would fail or if iterative process is not stopped, we tend to over solve
the conjugate gradient, which in turn provides a wrong result. From these numerical tests,
for high resolution and better performance, we thus conclude that the full Newton method
for full waveform inversion should be solved with PrMR method (Fischer et al., 1998; Lai
et al., 1997). It can also be performed with any iterative technique that handles negative

curvature of the operator matrix with a good preconditioner.

5.4 Summary

In this chapter, we present a full Newton full waveform inversion algorithm and its appli-
cation in the presence of high amplitude multi-reflected waves that are generated by strong
velocity contrast and/or from free surface reflections. Both the preconditioned conjugate
gradient and the minimum residual methods were performed to solve the Newton’s equa-
tion. In each case, the diagonal of the pseudo-Hessian matrix is used as a preconditioner.
Through tests with the BP/EAGE velocity model, we demonstrate that the full Newton
FWI algorithm with preconditioned minimum residual method outperforms the one with
the conjugate gradient method or Gauss-Newton method in terms of the accuracy and res-

olution of the results, as well as convergence rate.

In order to reduce the computational cost, we have also incorporated the simultaneous

sources technique. The simultaneous source technique presented in this chapter is merely to
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Figure 5.7: Effect of regularization on the reconstructed velocity model in the frame-
work of simultaneous source method: (a) no damping, with regularization parameter
= 0.0001 (b) and p = 0.008 (c).
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speed up the computational time. Unlike the previous chapter where each super-shot was
constructed from many sources, here a less dense sources in the super-shot is used. For this
reason, the inversion will not produce significant cross-talk artifacts. For further cross-talk
artifacts reduction, new source encoding and sources sampling positions are generated at

each iteration.

From the numerical tests presented in this chapter, we suggest that the application full
Newton method for FWI should be performed with preconditoned minimum residual method
in order to achieve a high performance of the algorithm and high resolution images. The
minimum residual method has been in the literature for decades. To best of our knowledge,
the application of the method to geophysical inverse problem, in particular, to large scale
implementation of the full Newton method for FWI has not been explored. If any, often
the full Newton method of waveform inversion is carried out by conjugate gradient method
with a sophisticated stopping criteria. Here, instead, we propose that the solution to the
Newton’s system of linear equations in the full Newton method should be solved iteratively
with preconditioned minimum residual method, when the Hessian matrix is no longer a

positive definite matrix.



CHAPTER 6

Summary

6.1 Conclusions

In this thesis, we presented an efficient work flow full waveform inversion based on the first-
order and second-order optimization methods. We presented the theoretical formulation
of FWI that is based on the conventional shot-gather and simultaneous-sources techniques.
Full waveform inversion is still not robust and requires lots of effort to make it work. Among

the most important factors are initial starting model and the quality of the low-frequency

From the synthetic numerical examples presented in this thesis, the conclusions can be

summarized as follows:

In chapter 3, we examined the effect of model parameterization on 2D acoustic full wave-
form inversion using gradient and Newton-based optimization methods. Velocity, slowness
and slowness squared model parameterizations were considered. In the Newton’s based al-
gorithm, the full waveform inversion is formulated using a matrix-free method. For each
frequency, the action of the Hessian matrix on the model perturbation is computed on the
fly within a CG algorithm after the Helmoltz matrix is factorized using an LU decompo-
sition. The use of the Hessian matrix in FWI numerical algorithms plays a crucial role in
improving resolution and the amplitude of deep parts of the model by re-calibrating the
gradients in the shallow and deeper parts of the model. We analyzed the influence the three
model parameterizations on the behaviour of the Hessian matrix using eigenvalue decompo-
sition of the Hessian matrix. Analyzing the eigenvectors of the Hessian matrix gives some
insights into the influence of the model parameterization in FWI. Eigenvectors analysis of
the Hessian matrix show that slowness or slowness squared model parameterization makes

the eigenvectors almost depth independent. As a result the deep parts of the model would
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be properly reconstructed, and fast convergence rates can be achieved. The high conver-
gence rate is due to the fact that slowness or slowness squared parameterization provide a
proper scaling of the descent direction both in the deep and shallow parts of the model. In
the Newton-based optimization methods with GN and FN methods, faster convergence rate
can be achieved by using slowness or slowness squared parameterization than with velocity

parameterization.

From a series of numerical experiments carried out in this chapter, we propose that ve-
locity estimation methods that employ FWI based on the Gauss-Newton and full Newton
optimization methods should be carried out using slowness or slowness squared model pa-
rameterization. For noise free dataset or data with a moderate amount of noise, a superior
convergence rate of Gauss-Newton and full Newton methods can be achieved by the use
of slowness squared parameterization. On the other hand, the slowness squared model pa-
rameterization is sensitive to noise. In such cases, the slowness model parameterization
is a suitable parameterization for velocity estimation, which provides a good trade-off be-
tween resolution of the solution and the convergence rate in comparison to slowness squared

parameterization.

In Chapter 4, we studied the effects of different simultaneous multi-frequency selection in-
version strategies for FWI in the framework of source encoding strategies. We propose
a strategy to attenuate cross-talk noise problem that arises from interferences of among
the sources of the super-shots. From a series of numerical calculations, we found that in
simultaneous sources full waveform inversion, partially overlapping frequencies across a si-
multaneous multi-frequency group inversion along with regeneration of new source encoding
functions and positions are key to achieve a high resolution image and to suppress cross-talk
artifacts faster. We found that, whenever a new encoding functions and source positions are
generated at every iteration, a faster reduction in cross-talk artifacts would also be achieved

by using second-order optimization method than with the first-order optimization method.

Among the overlapping frequencies selection strategies studied in this thesis, the Bunk’s
method provides the highest resolution image but this method computational expensive.
However, by partially overlapping frequencies across the group frequencies, we find a good
balance between quality of the resulting image and computational time in comparison to
other multi-frequency inversion strategies. This method can also be applied to time-domain
FWI, where each frequency group bands are selected by band passing the source and time-
domain data. Numerical examples demonstrate that, the larger the overlap of frequencies
across the group, the better is the result. Note that the performance of different frequency
selection strategies depends on many of factors: the quality of the initial model, acquisition
geometry, the level of noise present in the data, the band width of the data, the complexity

of the unknown model.
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In Chapter 5, utilizing the advantage of a direct solver based on the LU decomposition of the
forward modeling operator, we present an inexact full Newton full waveform inversion algo-
rithm that incorporates the simultaneous sources technique. In this chapter, we presented
application of full Newton FWI algorithm to the presence of high amplitude multi-reflected
waves that are generated by strong velocity contrasts. If there are no strong amplitude
multi-reflected waves present in the data, then the full Newton method would not help that
much. Sometime, the results would be worse than the other optimization methods. Since
the Hessian matrix in the FN method is an indefinite matrix, we suggest that for high res-
olution image results, the FN method should be performed with preconditoned minimum

residual method.

6.1.1 Future work

— There are still many obstacles that hinders the robustness of the FWI algorithm.
Primarily, FWT still requires good quality of low-frequency data and also depends on
the accuracy of the starting model. These requirements, at the current stage, still
remain the main issues in FWI apart from its huge computational demand. The
optimization algorithms such as Gauss-Newton and full Newton methods presented
in this thesis are still not robust. They are all derived based on local methods, and
a robust and less expensive optimization engine is required for any feasible practical

application of FWI to large scale 3D problems.

Detail investigation is required to improve the performance of FWI using a different
but proper data functionals, instead of an ls norm, that accounts for both the data
and model space and accounts for different acquisition geometry. We need to have
robust regularization and/or good prior information’s to feed the iterative process to
make it work. These are also crucial if one wants to do multiparameter inversion. We

need also to improve the performances of FWI to higher frequencies.

— The present simultaneous source encoding techniques are based on an [ objective
function that requires a fixed receiver geometry. One of the limitations of simulta-
neous sources is that it requires specific acquisition geometry. The method is only
applicable to land acquisition survey in which the receivers are spread over for every
source. Moreover, in the multi-frequency selection strategies, we have assumed fre-
quency selection strategies that are optimal for a wide-aperture seismic data. Further
research is needed to examine the performance of different multi-frequency inversion
strategies on data that is poorly represented at low frequencies and/or for receivers
spread that are not stationary; maybe by reformulating a new objective function other

than an /5 objective function.
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— Extend the application of Gauss-Newton and full Newton to multiparameter FWI

inversions in elastic full waveform inversion.

— In Chapter 3, we examined three types of model parameterizations. For better perfor-
mance and convergence rate, one can consider different types of model parameteriza-
tion that changes the characteristic nature of the gradient and the Hessian matrix. For
example, a combination of density and velocity, a function that dependent on velocity,

etc

— Extend the application of Newton-based methods to multiparameter full waveform
inversion. Because incorporating the inverse of the Hessian matrix in the numerical
inversion mitigates the cross-talk among different classes of parameter. Study the
applications and roles of different model parameterizations in multiparameter FWI to
2D/3D elastic FWI. However, it requires thorough studies of sensitivity analysis of
FWI with respect to the choice of the model parameterization. One has to find an
efficient work flow strategy of model parameterization in multiparameter inversion to
account for the different parameter. This also requires a careful analysis of the choice

of model parameterization used on the Hessian matrix.



Bibliography

Akcelik, V., G. Biros, and O. Ghattas. “Parallel Multiscale Gauss-Newton-Krylov Meth-
ods for Inverse Wave Propagation.” Proceedings of the 2002 ACM/IEEE Conference on
Supercomputing. Los Alamitos, CA, USA: IEEE Computer Society Press, 2002, 1-15.

Alkhalifah, T. and Y. Choi. “From tomography to full-waveform inversion with a single
objective function.” Geophysics 79 (2014): R55-R61.

Amestoy, P., I. Duff, J. IExcellent, and J. Koster. “A fully asynchronous multifrontal solver
using distributed dynamic scheduling.” STAM Journal on matriz analysis and applications
23 (2001): 15-41.

Amestoy, P., A. Guermouche, J. I’Excellent, and S. Pralet. “Hybrid scheduling for the
parallel solution of linear systems.” 3"¢ Workshop on Parallel Matrix Algorithms and Ap-
plications (PMAA 2004), CIRM, Luminy, France, OCT 20-22, 2004. Parallel Computing
32 (2006): 136-156.

Anagaw, A. and M. Sacchi. “Full waveform inversion with simultaneous sources using the
full Newton Method.” SEG Technical Program Ezpanded Abstracts 531 (2012): 1-5.

Anagaw, A. and M. Sacchi. “Comparison of multifrequency selection strategies for

simultaneous-source full-waveform inversion.” Geophysics 79 (2014): R165-R181.

Anagaw, A. and M. Sacchi. “Regularized 2D Acoustic Full Waveform Inversion.” 737
EAGE Conference & Ezhibition, EAGE Expanded Abstracts (2011): P027.

Anagaw, A. Y. “Total variation and adjoint state methods for seismic wavefield imaging.”
MSec. thesis, the University of Alberta (2009).

Anagaw, A. Y. and M. D. Sacchi. “Edge-preserving seismic imaging using the total variation
method.” Journal of Geophysics and Engineering 9 (2012): 138.

130



BIBLIOGRAPHY 131

Askan, A.; V. Akcelik, J. Bielak, and O. Ghattas. “Full waveform inversion for seismic
velocity and anelastic losses in heterogeneous structures.” Bulletin Of The Seismological
Society Of America 97 (2007): 1990-2008.

Ben-Hadj-Ali, H., S. Operto, and J. Virieux. “An efficient frequency-domain full waveform
inversion method using simultaneous encoded sources.” Geophysics 76 (2011): R109-
R124.

Berenger, J. “A perfectly matched layer for the absorption of electromagnetic-waves.” Jour-
nal Of Computational Physics 114 (1994): 185-200.

Berkhout, A. and G. Blacquiére. “Blended acquisition with dispersed source arrays, the
next step in seismic acquisition?.” SEG Technical Program Ezxpanded Abstracts. 2011,
16-19.

Berkhout, A. J. G., G. Blacquiere, and E. Verschuur. “From simultaneous shooting to
blended acquisition.” SEG Technical Program Expanded Abstracts 27 (2008): 2831-2838.

Bertsekas, D. P. and J. Tsitsiklis. Neuro-Dynamic Programming. Har/cdr edition. Athena
Scientific, 1996.

Beydoun, W. B. and A. Tarantola. “First Born and Rytov approximations: Modeling and
inversion conditions in a canonical example.” The Journal of the Acoustical Society of
America 83 (1988): 1045-1055.

Billette, F. and S. Brandsberg-Dahl. “The 2004 BP velocity benchmark..” 67" Annual
Internat. Mtg., EAGE Expanded Abstracts. 2005, B035.

Bleibinhaus, F., J. A. Hole, T. Ryberg, and G. S. Fuis. “Structure of the California Coast
Ranges and San Andreas Fault at SAFOD from seismic waveform inversion and reflection
imaging.” Journal of Geophysical Research: Solid Farth 112 (2007).

Bohlen, T. and E. H. Saenger. “Accuracy of heterogeneous staggered-grid finite-difference
modeling of Rayleigh waves.” Geophysics 71 (2006): T109-T115.

Bourgeois, A., M. Bourget, P. Lailly, M. Poulet, P. Ricarte, and R. Versteeg. “The Mar-
mousi Experience, in The Marmousi Experience, Proceedings of the 990 EAGE Workshop:
Mamousi, model and data.” EAGE Expanded Abstracts (1991): 5-16.

Brenders, A. J. and R. G. Pratt. “Efficient waveform tomography for lithospheric imaging:
implications for realistic, two-dimensional acquisition geometries and low-frequency data.”
Geophysical Journal International 168 (2007): 152-170.



BIBLIOGRAPHY 132

Brenders, A. J., U. Albertin, and J. Mika. “Comparison of 3D time- and frequency-domain
waveform inversion: Benefits and insights of a broadband, discrete-frequency strategy.”
SEG Technical Program Ezpanded Abstracts (2012): 1-5.

Brossier, R., S. Operto, and J. Virieux. “Which data residual norm for robust elastic

frequency-domain full waveform inversion?.” Geophysics 75 (2010): R37-R46.

Bube, K. P. and R. T. Langan. “A continuation approach to regularization of ill-posed
problems with application to crosswell-traveltime tomography.” Geophysics 73 (2008):
VE337-VE351.

Bunks, C., F. M. Saleck, S. Zaleski, and G. Chavent. “Multiscale seismic waveform inver-
sion.” Geophysics 60 (1995): 1457-1473.

Castellanos-Lopez, C., L. Métivier, S. Operto, and R. Brossier. “Fast Full waveform inversion
with source encoding and second order optimization methods.” In 75" EAGE Conference
& Ezhibition incorporating SPE EUROPEC (2013): Well10.

Cha, Y. H. and C. Shin. “2D Laplace-Fourier-domain full waveform inversion for both
velocity and density models: An experience of the 2004 BP velocity-analysis benchmark
dataset.” SEG Technical Program Ezpanded Abstracts (2009): 2258-2262.

Chabert, J.-L. “A history of algorithms : from the pebble to the microchip.” Springer,
Berlin, New York: Trad. de Histoire d’algorithmes : du caillou 4 la puce (1999).

Clayton, R. and R. Stolt. “A Born-WKBJ inversion method for acoustic reflection data.”
GEOPHYSICS 46 (1981): 1559-1567.

FEisenstat, S. C., H. F. Walker, S. C. Eisenstatt, Homer, and F. Walker. “Choosing the
Forcing Terms in an Inexact Newton Method.” SIAM J. Sci. Comput 17 (1994): 16-32.

Fasano, G. and S. Lucidi. “A nonmonotone truncated Newton-Krylov method exploiting
negative curvature directions, for large scale unconstrained optimization.” Optimization
Letters 3 (2009): 521-535.

Fichtner, A. and J. Trampert. “Hessian kernels of seismic data functional based upon adjoint
techniques.” Geophysical Journal International 185 (2011): 775-798.

Fischer, B., A. Ramage, D. Silvester, and A. Wathen. “Minimum residual methods for
augmented systems.” BIT Numerical Mathematics 38 (1998): 527-543.

Gardner, G., L. Gardner, and A. Gregory. “Formation velocity and density -The diagnostic
basic for stratigraphic traps.” Geophysics 39 (1974): 770-780.



BIBLIOGRAPHY 133

Gauthier, O., J. Virieux, and A. Tarantola. “T'wo-dimensional nonlinear inversion of seismic
waveforms: Numerical results.” Geophysics 51 (1986): 1387-1403.

Guanghui, L., H. Jiye, and Y. Hongxia. “Global convergence of the fletcher-reeves algorithm
with inexact linesearch.” Applied Mathematics-A Journal of Chinese Universities 10
(1995): 75-82.

Guitton, A. and E. Daz. “Attenuating crosstalk noise with simultaneous source full waveform
inversion.” Geophysical Prospecting 60 (2012): 759-768.

Herrmann, F. J., Y. A. Erlangga, and T. T. Y. Lin. “Compressive simultaneous full-
waveform simulation.” Geophysics 74 (2009): A35-A40.

Herrmann, F. J., X. Li, A. Y. Aravkin, and T. van Leeuwen. “A modified, sparsity pro-
moting, Gauss-Newton algorithm for seismic waveform inversion.” Wavelets and Sparsity
XI1V. Ed. Papadakis, M and VanDeVille, D and Goyal, VK Conference on Wavelets and
Sparsity XIV, San Diego, CA, AUG 21-24, 2011, 2011.

Hestenes, M. R. and E. Stiefel. “Methods of conjugate gradients for solving linear systems.”
Journal of Research of the National Bureau of Standards 49 (1952): 409-436.

Hestenes, M. R. “Multiplier and gradient methods.” Journal of Optimization Theory and
Applications 4 (1969): 303-320.

Hu, W.; A. Abubakar, T. M. Habashy, and J. Liu. “Preconditioned non-linear conju-
gate gradient method for frequency domain full-waveform seismic inversion.” Geophysical
Prospecting 59 (2011): 477-491.

Hu, W., A. Abubakar, and T. M. Habashy. “Application of the nearly perfectly matched
layer in acoustic wave modeling.” Geophysics 72 (2007): SM169-SM175.

Hu, W., A. Abubakar, and T. M. Habashy. “Simultaneous multifrequency inversion of
full-waveform seismic data.” Geophysics 74 (2009): R1-R14.

Hustedt, B., S. Operto, and J. Virieux. “Mixed-grid and staggered-grid finite-difference
methods for frequency-domain acoustic wave modelling.” Geophysical Journal Interna-
tional 157 (2004): 1269-1296.

Innanen, K. A. “Seismic AVO and the inverse Hessian in precritical reflection full waveform
inversion.” Geophysical Journal International 199 (2014): 717-734.

Jeong, W. and D.-J. Min. “Application of acoustic full waveform inversion for density
estimation.” SEG Technical Program Ezpanded Abstracts (2012): 1-5.



BIBLIOGRAPHY 134

Jo, C., C. Shin, and J. Suh. “An optimal 9-point, finite-difference, frequencyspace, 2-D
scalar wave extrapolator.” Geophysics 61 (1996): 529-537.

Kamei, R. and R. G. Pratt. “Inversion strategies for visco-acoustic waveform inversion.”
Geophysical Journal International 194 (2013): 859-884.

Kim, Y., H. Cho, D.-J. Min, and C. Shin. “Comparison of Frequency-Selection Strategies
for 2D Frequency-Domain Acoustic Waveform Inversion.” Pure and Applied Geophysics
168 (2011): 1715-1727.

Krebs, J. R., J. E. Anderson, D. Hinkley, R. Neelamani, S. Lee, A. Baumstein, and M.-D.
Lacasse. “Fast full-wavefield seismic inversion using encoded sources.” Geophysics 74
(2009): WCC177-WCC188.

Kubota, R., E. Nishiyama, K. Murase, and J. Kasahara. “Traveltime estimation of first
arrivals and later phases using the modified graph method for a crustal structure analysis.”
Ezxploration Geophysics 40 (2009): 105-113.

Kuhn, H. W. and A. W. Tucker. “Nonlinear Programming.” Proceedings of the Second
Berkeley Symposium on Mathematical Statistics and Probability. (1951): 481-492.

Kurzmann, A., A. Przebindowska, D. Kohn, and T. Bohlen. “Acoustic full waveform to-
mography in the presence of attenuation: a sensitivity analysis.” Geophysical Journal
International 195 (2013): 985-1000.

Lai, Y.-L., W.-W. Lin, and D. Pierce. “Conjugate gradient and minimal residual meth-
ods for solving symmetric indefinite systems.” Journal of Computational and Applied
Mathematics 84 (1997): 243 — 256.

Lailly. “The seismic inverse problem as a sequence of before-stack migrations.” Conference

on Inverse Scattering: Theory and Application (1983).

Liu, Q. and Y. Gu. “Seismic imaging: From classical to adjoint tomography.” Tectonophysics
566-567 (2012): 31-66.

Métivier, L., R. Brossier, J. Virieux, and S. Operto. “Full Waveform Inversion and the
Truncated Newton Method.” SIAM Journal on Scientific Computing 35 (2013): B401-
B437.

Mora, P. “Nonlinear two-dimensional elastic inversion of multioffset seismic data.” Geo-
physics 52 (1987): 1211-1228.

Morton, S. A. and C. C. Ober. “Faster shot-record depth migrations using phase encoding.”
SEG Technical Program Expanded Abstracts (1998): 1131-1134.



BIBLIOGRAPHY 135

Navon, I. M., P. K. H. Phua, and M. Ramamurthy. “Vectorization of Conjugate-gradient
Methods for Large-scale Minimization.” Proceedings of the 1988 ACM/IEEE Conference
on Supercomputing. Los Alamitos, CA, USA: IEEE Computer Society Press, 1988, 410—
418.

Nocedal, J. and S. J. Wright. Numerical Optimization. 2nd edition. Springer, 2006.

Nocedal, J. “Updating Quasi-Newton Matrices with Limited Storage.” Mathematics of
Computation 35 (1980): pp. 773-782.

Operto, S., J. Virieux, J.-X. Dessa, and G. Pascal. “Crustal seismic imaging from multifold
ocean bottom seismometer data by frequency domain full waveform tomography: Appli-
cation to the eastern Nankai trough.” Journal of Geophysical Research: Solid Farth 111
(2006).

Operto, S., J. Virieux, P. Amestoy, J.-Y. L’Excellent, L. Giraud, and H. B. H. Ali. “3D
finite-difference frequency-domain modeling of visco-acoustic wave propagation using a
massively parallel direct solver: A feasibility study.” Geophysics 72 (2007): SM195-
SM211.

Osher and E. Fatemi. “Nonlinear total variation based noise removal algorithms.” Physica
D 60 (1992): 259-268.

Plessix, R., G. Baeten, J. de Maag, M. Klaassen, Z. Rujie, and T. Zhifei. “Application
of acoustic full waveform inversion to a lowfrequency largeoffset land data set.” SEG
Technical Program Ezpanded Abstracts (2010): 930-934.

Plessix, R. E. “A review of the adjoint-state method for computing the gradient of a
functional with geophysical applications.” Geophysical Journal International 167 (2006):
495-503.

Plessix, R. E. and W. A. Mulder. “Frequency-domain finite-difference amplitude-preserving
migration.” Geophysical Journal International 157 (2004): 975-987.

Pratt, G., C. Shin, and Hicks. “Gauss-Newton and full Newton methods in frequency-space

seismic waveform inversion.” Geophysical Journal International 133 (1998): 341362.

Pratt, R. G. “Frequency-domain elastic wave modeling by finite differences: A tool for
crosshole seismic imaging.” Geophysics 55 (1990): 626-632.

Pratt, R. G. “Seismic waveform inversion in the frequency domain, Part 1: Theory and
verification in a physical scale model.” Geophysics 64 (1999): 888-901.

Pratt, R. G. and R. M. Shipp. “Seismic waveform inversion in the frequency domain; Part
2; Fault delineation in sediments using crosshole data.” Geophysics 64 (1999): 902-914.



BIBLIOGRAPHY 136

Pratt, R. G. and M. H. Worthington. “Inverse theory applied to multi-source cross-hole
tomography.” Geophysical Prospecting 38 (1990): 287-310.

Prieux, V., R. Brossier, S. Operto, and J. Virieux. “Multiparameter full waveform inver-
sion of multicomponent ocean-bottom-cable data from the Valhall field. Part 1: imaging
compressional wave speed, density and attenuation.” Geophysical Journal International
194 (2013): 1640-1664.

Ravaut, C., S. Operto, L. Improta, J. Virieux, A. Herrero, and P. Dell’Aversana. “Multiscale
imaging of complex structures from multifold wide-aperture seismic data by frequency-
domain full-waveform tomography: application to a thrust belt.” Geophysical Journal
International 159 (2004): 1032-1056.

Romero, L. A., D. C. Ghiglia, C. C. Ober, and S. A. Morton. “Phase encoding of shot
records in prestack migration.” Geophysics 65 (2000): 426-436.

Saenger, E. H., N. Gold, and S. A. Shapiro. “Modeling the propagation of elastic waves
using a modified finite-difference grid.” Wave Motion 31 (2000): 77 — 92.

Schenk, O. and K. Gartner. “Solving unsymmetric sparse systems of linear equations with
PARDISO.” International Conference on Computational Science (ICCS 2002), Amster-
dam, Netherlands, APR 21-24, 2002. Future Generation Computer Systems 20 (2004):
475-487.

Schenk, O., A. Wichter, and M. Hagemann. “Matching-based Preprocessing Algorithms
to the Solution of Saddle-Point Problems in Large-Scale Nonconvex Interior-Point Opti-
mization.” Comput. Optim. Appl. 36 (2007): 321-341.

Shin, C. and W. Ha. “A comparison between the behavior of objective functions for wave-
form inversion in the frequency and Laplace domains.” Geophysics 73 (2008): VE119-
VE133.

Shin, C. and Y. H. Cha. “Waveform inversion in the Laplace domain.” Geophysical Journal
International 173 (2008): 922-931.

Shin, C. and Y. Ho Cha. “Waveform inversion in the Laplace-Fourier domain.” Geophysical
Journal International 177 (2009): 1067-1079.

Shin, G., S. Jang, and D. Min. “Improved amplitude preservation for prestack depth mi-
gration by inverse scattering theory.” Geophysical Prospecting 49 (2001): 592—606.

Sirgue, L. and R. Pratt. “Efficient waveform inversion and imaging: A strategy for selecting
temporal frequencies.” Geophysics 69 (2004): 231-248.



BIBLIOGRAPHY 137

Sirgue, L., B. Denel, and F. Gao. “Integrating 3D full waveform inversion into depth imaging
projects.” (2011): 2354-2358.

Sourbier, F., S. Operto, J. Virieux, P. Amestoy, and J.-Y. L’Excellent. “FWT2D: A mas-
sively parallel program for frequency-domain full-waveform tomography of wide-aperture
seismic data-Part 2 Numerical examples and scalability analysis.” Computers & Geo-
sciences 35 (2009): 496-514.

Stekl, I. and R. G. Pratt. “Accurate viscoelastic modeling by frequency-domain nite differ-
ences using rotated operators.” Geophysics 63 (1998): 1779-1794.

Stekl, I. and M. R. Warner. “3D Frequency Domain Waveform Inversion-Synthetic Shallow
Channel Example..” 69" Conference & FExhibition, EAGE Expanded Abstracts (2007):
C026.

Tang, Y. “Target-oriented wave-equation least-squares migration/inversion with phase-
encoded Hessian.” Geophysics 74 (2009): WCA95-WCA107.

Tao, Y. and M. Sen. “Frequency-domain full waveform inversion with plane-wave data.”
Geophysics 78 (2013): R13-R23.

Tarantola, A. “Inversion of seismic-reflection data in the acoustic approximation.” Geo-
physics 49 (1984): 1259-1266.

Tarantola, A. “Linearized inversion of seismic-reflection data.” Geophysical Prospecting 32
(1984): 998-1015.

Tarantola, A. Inverse problem theory. Methods for data fitting and model parameter esti-

mation. Amsterdam: Elsevier, 1987.

Ulrych, T. J. and M. D. Sacchi. Information-based Inversion and Processing with Applica-
tions. Hardbound. Elsevier, 2005.

Leeuwen, T.van , A. Y. Aravkin, and F. J. Herrmann. “Seismic waveform inversion by

stochastic optimization.” International Journal of Geophysics 2011 (2011).

Leeuwen, T.van and F. J. Herrmann. “Fast waveform inversion without source-encoding.”
Geophysical Prospecting 61 (2013): 10-19.

Vigh, D., J. Kapoor, and H. Li. “Fullwaveform inversion application in different geological
settings.” SEG Technical Program Ezpanded Abstracts (2011): 2374-2378.

Vigh, D., B. Starr, J. Kapoor, and H. Li. “3D Full waveform inversion on a Gulf of Mexico
WAZ data set.” SEG Technical Program Expanded Abstracts (2010): 957-961.



BIBLIOGRAPHY 138

Vigh, E..D.and Starr and J. Kapoor. “Developing Earth models with full waveform inver-
sion.” The Leading Edge 28 (2009): 432-435.

Virieux, J. and S. Operto. “An overview of full-waveform inversion in exploration Geo-
physics.” Geophysics 74 (2009): WCC1-WCC26.

Wang, H., S. C. Singh, and H. Calandra. “Integrated inversion using combined wave-
equation tomography and full waveform inversion.” Geophysical Journal International
198 (2014): 430-446.

Warner, M., A. Ratcliffe, T. Nangoo, J. Morgan, A. Umpleby, N. Shah, V. Vinje, I. tekl,
L. Guasch, C. Win, G. Conroy, and A. Bertrand. “Anisotropic 3D full-waveform inver-
sion.” Geophysics 78 (2013): R59-R80.

White, D. J. “Two-Dimensional Seismic Refraction Tomography.” Geophysical Journal
International 97 (1989): 223-245.

Williamson, P. “A guide to the limits of resolution imposed by scattering in ray tomography.”
Geophysics 56 (1991): 202-207.

Wu, R. and M. Toksoz. “Diffraction tomography and multisource holography applied to
seismic imaging.” Geophysics 52 (1987): 11-25.

Zhdanov, M. S. “Geophysical Inverse Theory And Regularization Problems.” Methods in
Geochemistry and Geophysics 36 (2002): 406-415.



APPENDIX A

Finite-difference discretization of acoustic wave-equation

A.1 Finite-difference approximation

The second-order finite-difference(FD) based on staggered-grid discretization of acoustic
wave-equation is accurate to 10 grid points per wavelength (Pratt and Worthington, 1990;
Pratt, 1990; Bohlen and Saenger, 2006). The resulting discretization is a 5-point or 9-point
stencil and is more dispersive than higher-order discretizations (Pratt and Worthington,
1990; Pratt, 1990). On the other hand, the so-called mixed-grid stencils that combines the
second-order stencil with a 45° rotated second-order stencil has shown that the mixed-grid
stencil requires less grid points and is accurate to 4 grid points per shortest wavelength for
seismic modeling (Jo et al., 1996; Hustedt et al., 2004). The accuracy of the mixed-grid
approach is also comparable to that of the fourth-order approximation of the first derivative
operator. For better efficiency and accuracy of the seismic wave modeling in frequency-
domain, we adopted the 9-point mixed-grid stencil FD approximation. The discretization
of the 2D acoustic wave-equation equation in this thesis is, primarily, based on the Jo
et al. (1996) and Hustedt et al. (2004) papers. Here, we review the Jo et al. (1996) and
Hustedt et al. (2004) works. I show the discretizations of acoustic wave-equation based on a
mixed-grid staggered-grid FD approximation. First, we start from the first-order hyperbolic

equation of the pressure p and particle velocity v

(1) = ov(t)
zp( | 7 (A1)
n(t
T v(t) + src(t).
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For now, for simplicity, the dependencies of spatial positions are not written explicitly. If

we eliminate the particle velocity in equation A.1, we get the wave-equation in time-domain

L (tm) s (o) 100 am

Following the Fourier transform of equation A.1, we get

Vp(w) = —iwpv(w) (A3)

—iwp(w) = k vV -v(w) + sre(w).

If we decompose the particle velocity vector into two components along horizontal and

vertical components, equation A.3 becomes

— iw v (w
o o(W) = (93(3 ) 5e(w)
— 1w O0v, (w
e a( ) = (A.4)
Op(w) '
e —iwpvg (w)
Op(w
1;( = _iwpvz( )

Note that p(w) = p,(w) + p2(w), s(w) = sz (w) + s, (w) and we replace src(w)/k by s(w); the

two components is used merely for the separation of the particle velocity components.

A.1.1 Absorbing boundary condition

To avoid artificial reflections at the boundaries, we implemented the perfectly matched layer
(PML) absorbing boundary condition (Berenger, 1994; Hu et al., 2007) ( see Figure A.1).

Inside the PML regions, equation A.4 becomes

— iw v (w
— 1w o0v, (w
pz(w) = a(~ )+52<W)
K z (A.5)
oplw)
5 —iwpvg (w)
Op(w
p( ) = _iwpvz(w>7
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0,0)

Figure A.1: Perfectly matched layer (PML) absorbing boundary condition.
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where T and Z are the stretched coordinates. They are defined as

Z(x)=z+if(x) & Z(z)=z+if(2), (A.6)

where f(z) & f(z) are damping functions inside the PML layer and these damping functions

in the PML layer are expressed as

() =+ ‘ /0z oe(T)dr & Z(z)=2z2+ d /OZ o.(r)dr, (A.7)

w w

where the o, and o, are damping profiles inside the PML and are zeros (¢, = 0 and o, = 0)

inside the physical domain, see Figure A.1.

Upon differentiating equation A.7, we get the following change of variables

0 10 0 10

% Lor Yo cos (A8)
where
w) (A.9)
gz = 1+Z'UZ - .
w

For the damping profile, for example, in the z direction, we used the following (Hu et al.,
2007)

L —x 3
Ay (Hgzmt) 0< @ < Lymi
U(‘T) = 0 mel<'1E < mel + Ly (AIO)
3

where A,, is the decay amplitude factor, Ly, and L, are the thickness of the PML layer

and the physical medium along the z-direction (see Figure A.1).

Making use of the stretching coordinates in equation A.8 inside the PML, we reformulate

equation A.5 as
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— wé, Ovg (w
: Pe(w) = % ¢ (w)
—iwé, Ov, (w
¢ pz(w) = ai ) + 52(“‘-’)
1 Op(w) (A.11)
1 Ip(w
€ pa(z ) = —iwpv,(w).

A.2 Staggered-grid finite-difference approximation

Figure A.2 is a schematic illustration of staggered-grid finite-difference of the pressure p,
the bulk modulus x and the particle velocities (v, and v,). In the staggered-grid method,
the pressure p and the bulk modulus k are defined at the grid points whereas, the density p

and the two components of the particle velocities v,, and v, are defined at half-grid points.

Therefore, using the second-order centered finite-difference approximation, the partial deriva-

tives of the pressure p and particle velocities v, and v, are approximated as follows

[a”%‘,j] o Ymigayey T Veis1/2,5
~
xT

ox Az
(A.12)
81}2;‘,;‘ - vzi,j+1/2 - vzi,j—l/z
0z Nz ’
z
and
api+1/2,j N Dit1,5 — Dij
ox - Az
L - T
3]%—1/2,]' N Dijg — PDi—1,5
0z - Nz
- . (A.13)
aPz‘,j-s—l/2 _ bij+1 7 Piy
ox - Az
L -4 T
api,j—1/2 N Dij — Dij—1
0z - Nz ’
L <4z

Plugging the above equations A.12 & A.13 into equation A.11, we get the following system

of equations
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Figure A.2: A 2D schematic illustration of staggered-grid scheme of the pressure,
bulk modules and particle velocities, where the spatial direction is along the hori-
zontal and vertical axis. The pressure p and bulk modulus x are defined at the grid
points with a red circle symbol, while the particle velocities v, and v, and density
(not shown here) are defined at the half-grid points.
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—wéy, 1
powi,j :E(%Hl/m —Uz_yyay) T Sai,
—iwé, 1
pozi,j :Kz(vzm‘ﬂ/z - Uszl/z) T Sz
Va5 = 1 Al (Pit14 —Pij)
Pit1/2,58wi 41,2 DT (A14)
; o ! ! (s - L
WUz, 4 9,5 7pi71/2,j§a:i_1/2 Axxpz,g —Pi-1,5)
) - 1 1 p
WUz, 1) _Pi,j+1/2§zj+1/2 Az\pi7'j+1 _pi,j)
, B 1 1
WUz, 5 7P¢,j71/2§zj_1/2 Az\pi,j *Pi,j—l),
where
1 1 1 1
Pit+1/2,5 T2 (pi+1,j " pi,j) (A.15)
§2501/2 :% (gszrl + fzj) :

If we eliminate the particle velocities and sum the horizontal and vertical pressure fields (p

= p.+p.), we obtain the following second-order staggered-grid system of equations

1 1 1 1 1 1

(Pi+1, — Pij) (pi,j — Pi—1,j)+

A28, Euiiy joPit1)2,) Ax? &y Euy 1uPio1)2,5
1 1 1 ) ) 1 1 1 p ) w?
(pij1 —pig) - (Pij = Pig—1) + —pij = —si.
N22E 6 aPigriy2 YN E Py T !

(A.16)

The above equation is a 5-point stencil where the coefficients of the 5-point stencil are given
by (see Figure A.3)
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AC A AD
C 2 D
BC BD
B

Figure A.3: A schematic illustration of the standard 9-point stencil for 2D cases

1 1 1
- D226z paPij-1/2
1 1 1
N §2;€aip1 o Pijr1/2
C 1 1 1
T Ax? &z, gzi,l/gpi—l/Q,j (A7)
1 1 1
T Ax? §ai 2y pPit1/2,j
w2 1 1 1 1 1 1
B= Kg B Ax? fa:i fz,;+1/2pi+1/2,j a Nax? fzi fz,-,l/QPz'—l/z,j
1 1 1 1 1 1

Az? gz]- gzj+1/2pi,j+1/2 AVA ng' fzj,l/g pi,jfl/Q.

Equation A.16 is called the parsimonions staggered-grid finite-difference stencil for wave-
equation in frequency-domain because the formulation is based on the elimination of the
particle velocities (Hustedt et al., 2004).

A.3 Rotated staggered-grid finite-difference approxima-
tion

The 9-point stencil discretization of the frequency-domain wave-equation proposed by Jo

et al. (1996) was built on the discretization of the differential equation along the coordinate
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Figure A.4: A 45° rotated staggered-grid illustration. The particle velocities v, and
v, and density are moved to the new rotated coordinate system as shown small rose
circle.

systems (z,y) through 45° rotated coordinate systems (z’,y’) (Saenger et al., 2000; Hustedt
et al., 2004). Figure A .4 illustrates the 45° rotated staggered-grid scheme.

Thus, the differential operators in equation A.11 in the rotated coordinate systems (z’,y’)

through 45° are expressed as

K Polw) = 7{ oz’ az' } +s(w)
—wé, V2 0v.(w)  Ov.(w)

K P=(w) = 7{ - ox * 0z }

. (A.18)
_ zw&cv () = \@{ Ip(w) N 3p(w)}

P * 2 U oz 0z
— W&y V2 Opw) Op(w)

p v (w) = 7{ a gx’ + gz’ }
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Using coordinate transformation under rotation of 45°, in the rotated Cartesian coordinate
system, the second-order centered staggered-grid FD approximations on the z'-y’ plane for

the particle velocities are expressed as

v$i+1/2,j—1/2 - Uxi—1/27j+1/2

Ovg, ;
oz’ -

V2Ax

vz, ;
0z -

Uzi+1/2,j+1/2 - Uzi—l/Q,j—l/Q

V2Az

(A.19)

For the pressure and bulk modules, the second-order centered staggered-grid FD approx-

imation is performed at their grid locations.

Making use of equations A.19 & A.18, and

eliminating the particle velocities, we get the following system of equations (9-point stencil)

1 1 1 1 1 1 1
[4/12 <P¢+1/2,j1/2 <§mi€wi+1/2 N §zifzj1/2> * Pi—1/2,j+1/2 <fzi§zi1/2 * fzifzj+1/2>
e e e e ) )
Pit1/2,+1/2 \&zi€oit1n  §282541)0 Pi—1/2,5-1/2 \ &x:€a; 1) fz €z7 L2 Kig|
1 [ 1 1 1 1 1
4n? | Pi+1/2,5-1/2 <€xi£mi+1/2 - fzile_W) N Pit+1/2,5+1/2 (fz.fziﬂ/g §z1€z7+1/2> PitLi
1 [ 1 1 1
Ty | Pi1/2,+1/2 (fmﬁxil/z a gzifzq;+1/2> * Pi—1/2,5+1/2 (5&5@ 1/2 lefzq+1/2> Pt
+L ! ( ! - ! >+ ( ) Pij+1
4h? | Pi-1/2,j+1/2 fm,;fmi,l/g fzifzi“/g Pi+1/2,54+1/2 &z leﬂ/z lefzprl/z
i (e we) s (e ve )|
4h? pi+1/2,j—1/2 fz»fr,-Hﬂ §zifz,- 1/2 Pi—1/2,5—1/2 frz 1/2 527521 1/2

- Pit1/2,5— 1/2T ( §oi€oit1)n §z & 1/2> Pit1i-1
" picijzgd (e Eoorye 5%52#1/2)”1 Lot
" pirazgiage 4 (mwm £ 54“/2) Pt
- Pi—1/2,5— 1/2 ( §z:8ai 1/2 §z1€z7 1/2>pl Lt S(w)”

(A.20)
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Note that, we assumed a uniform discretization where Ax = Az = h. The coefficients of
the rotated staggered-grid stencil will then be extracted from equation A.20. The above
system of equation is a 9-point stencil inside the PML layers and but it’s still a 5-point

stencil inside the physical domain, where &, =&, = 1.

A.4 Mixed-grid stencil

In order to increase the accuracy of the numerical differential operator on the rotated
staggered-grid scheme, Jo et al. (1996) proposed a mixed-grid approach by incorporating
grid-points in the finite-difference stencil along several directions. The mixed-grid approach
combines linearly the standard second-order centered staggered-grid stencils in the refer-
ence and the 45° rotated second-order centered staggered-grid coordinate systems. The
basic idea of Jo et al. (1996) work is as follow: First we start from the frequency-domain

acoustic wave-equation

K

which is equivalent to

V2p(w) + —p(w) = —s(w). (A.22)

The discretization of the first two terms of the differential operators in equation A.21 on the
reference Cartesian coordinate system (z,y) and on 45° rotated coordinate system (z',y’)

are given by

(A.23)

[6 (1 0 )} 1 ( 1 ( ) 1 ( )
-yl ey 4 ~ 3 Di+1,5 —DPij) — Dij — DPi—1,5
Ox \ p Ox i Ax? Pi+1/2,5 i ! Pi—1/2,j ! !
9
0z

(1 0 )} 1 ( 1 ( ) 1 ( )>
—ooP R o | i —Pit1j) — Dij — Pij—1) |
p Oz i Nz? Pi,j+1/2 ! h Pij—1/2 ! !

and
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[ 0 (1 0 ﬂ 1 ( 1 ( ) 1 ( ))
- p ~ Pi J— —p‘,‘ —71)4,4_17,_ j
ox' p ox’! i 2N\ 12 Pit1/2.j-1/2 +1,5—-1 i, Pi1/2541/2 i, i—1,5+1

[8 (1 0 )] 1 ( 1 ( ) 1 ( )>

S\ "3 P ~ Pit+1,+1 —Pij) — ——— WPi,j — Pi—1,j— .

92" \ p 9z’ i,J 2072 Pit1/2,54+1/2 A v Pi—1/,j—1/2 ! ot
(A.24)

2

Jo et al. (1996) proposed a mixed operator approach to the differential operators of the
reference coordinate system (x,y) and the 45° rotated coordinate system (2’,y’) with an

averaging coefficient a as

V2p(w) = aVip(w) + (1 — a) Visop(w). (A.25)
Thus,

aV2,p(w) + (1 — a)V2p(w) + %p(w) = —s(w). (A.26)

Due to the coupling of grid points both in the reference and the rotated coordinate systems,
Jo et al. (1996) has shown that the mixed-grid stencil is more dispersive than the second-

order staggered-grid stencil, as a result they adopted the finite-element method called a
2
w?
K

taking its average values from the neighbouring points

lumped-matrix approach to the term to approximate the solution of equation A.25 by

w2 w2
[p(w)} ~ ?p(w) [epij + d(Piv1,j + Pim1,j + Dij+1 + Pij—1)
4,7

' A.27
1—c—4d ( )

1 (Pit1,j4+1 + Di—1,j+1 + Pit1,j—1 + Pi—1,j-1) | ,

where the parameters ¢ and d are additional averaging coeflicients of the grid for the reference
and the 45° rotated coordinate systems. The optimum coefficient values were obtained
from minimization of a function that depends on phase velocities (that provides the least
numerical dispersion)(Jo et al., 1996). These value are: a = 0.5461, ¢ = 0.6248 and d =
0.09381. Making use of the above equations with a uniform discretization along the two

directions, we get the compact 9-point stencil staggered-grid finite-difference formulation as
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w? a 1 1 1 1
Ri j h Pi+1/2,5 Pi—1/2,5 Pi,j+1/2 Pi,j—1/2
+

a—1 1 1 1
3 + + Di,j
2h Pi+1/2,54+1/2  Pi-1/2,5+1/2  Pi+1/2,5-1/2  Pi—1/2,5—-1/2

N w? N a 1 ) +( w? N a 1 )
c 5T | Pit1j C— t o5 — | Pi-1,5
Ri,j h? Pi+1/2,5 R K5 h? Pi—1/2,5 R (A 28)
+( w? N a 1 ) +( w? a 1 )
¢ S |pijgratc—5—— | Ppij
Kij W2 pigee) T Kigh? pijija)
+1 —a 1 " 1—a 1
Pit1,5+1 Pi—1,5+1
R? pivijaji1/2 e h? pi_1j2ji1s2 7
1—a 1 n 1—a 1 ()
Pi+1,5-1 Di—1,j—1 = —8(W)i 5.
h? Pit+1/2,5—1/2 B h? Pi—1/2,j—1/2 R "
Consequently, the coefficients of the 9-point stencil are given by (see Figure A.3)
A=c w? 4 1
Kij W2 pij-1/2
2
1
P
Kig  h? pijiay2
2
1
C=c¢ @ %
Ki,j h Pi—1/2,5
2
1
pocf o 1
Kij I pig1/2,
2
w a 1 1 1 1
Ri j Pi+1/2,5 Pi—1/2,5 Pi,j+1/2 Pi,j—1/2 (A.29)

a—1 1 1 1 1
3 + +
2h Pi+1/2,5+1/2  Pi—1/2,5+1/2  Pi+1/2,5—-1/2  Pi—1/2,j—1/2

1-— 1
Ac=—"
h Pi+1/2,5—1/2
1- 1
AD=-—1
2 pi_1j25-1/2
1-— 1
BC- —°
h Pi—1/2,5+1/2
1-— 1
BD=-_"

h? Pi+1/2,j+1/2.

Finally, using a 9-point stencil representation, the discretized form of the wave-equation
results in a sparse matrix A and the resulting the system of equation is written in compact

form as
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A(x,w)p(x,w) = s(x,w) (A.30)

A.5 Implementation of attenuation

One advantage of frequency-domain over time-doming forward modeling is that attenuation
in frequency-domain can be easily incorporated in the forward modeling by using a complex

velocities, for example (Ravaut et al., 2004)

w? o w? [1 (1 N ;Qsign(w))r, (A.31)

K p v
where @) quality factor and sign is sign function.
Definition

Fourier transform

plw) = /_OO p(t)e ™“tdt (A.32)
p(t) = % /jo p(w)e™tdw (A.33)

Hadamard product

The Hadamard product is element by element product of two matrices. For example A and

B be two m x n matrices. The Hadamard product is defined as

ail Q12 - Qip b11 bia -+ bin a11b11 a12b12 co a1nbin

a1 Az - aop by baa - bop ao1bar  agbae - apban
© . . ) =

Am1 Am2 Tt Amn bml bm2 e bmn amlbml am2bm2 e amnbmn

(A.34)



	Introduction
	Traveltime tomography and Full waveform inversion
	State of the art of full waveform inversion
	Time-domain vs frequency-domain
	Optimization engine
	Simultaneous sources
	Objectives and structure of the thesis

	Full Waveform Inversion
	Introduction
	Theory
	Lagrangian formulation
	Numerical optimization

	Simultaneous sources and encoding functions
	The choice of starting model
	Effects of density and attenuation on velocity model building
	Summary

	Model parametrization for acoustic FWI
	Introduction
	Theory
	Numerical optimization
	Model parametrization

	Results and Discussions
	Eigenvectors and Eigenvalues
	Synthetic examples on Marmousi velocity model
	Numerical experimental setup
	Numerical results
	Convergence properties
	Noisy dataset

	Summary

	Multi-frequency strategies for SSFWI
	Introduction
	Simultaneous-source full waveform inversion (SSFWI)
	Practical implementations of simultaneous-sources and encoding functions in FWI
	Frequency selection strategy 

	Results and discussions
	Numerical examples on Marmousi velocity model
	Numerical example: Noisy dataset
	Marmousi II velocity model
	Sampling frequencies 
	BP/EAGE velocity model

	Computational cost
	Summary

	Full Newton method for FWI
	Introduction
	Methodology
	Phase-encoding simultaneous sources
	Workflow implementation

	Results and Discussions
	Effect of regularization
	Convergence properties

	Summary

	Conclusions
	Conclusions
	Future work


	Bibliography
	FD discretization of acoustic wave-equation
	Finite-difference approximation
	Absorbing boundary condition

	Staggered-grid finite-difference approximation
	Rotated staggered-grid finite-difference approximation
	Mixed-grid stencil
	Implementation of attenuation


