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Abstract

Seismic imaging aims to create images of Earth’s interior by solving an inverse problem.
One technique to address this problem is full waveform inversion, which uses surface
measurements to infer subsurface properties. In this approach, seismic waves generated by
surface vibrations propagate through Earth’s layers. As they pass through different layers,
the waves refract, reflect, and convert, with the reflected waves returning to the surface
to be recorded by receivers. These measurements are then used to reconstruct subsurface
images. The key of this inverse problem is estimating the velocity field of Earth’s layers,
as seismic wave velocity varies across different materials. In this thesis, the acoustic
wave equation is used to model the forward problem, with the aim of reconstructing
the velocity coefficient of this equation. Full waveform inversion is formulated as an
optimisation problem, where the velocity parameter of the wave equation is adjusted to
ensure that the simulated waves match the measured data. Therefore, a misfit function
must be defined. The L2-norm is commonly used to quantify this mismatch between the
measurements and the simulated data, but it often leads to trapping in local minima.
In this thesis, we use the Wasserstein metric from optimal transport theory as misfit
function.

In Section 1, we provide the necessary background on inverse problems and present
a fundamental technique from seismic geophysics used to create seismic images, namely
reverse time migration. In Section 2, the solution of the forward problem is described using
finite differences and reverse time migration is presented within the context of inverse
problems. From there, full waveform inversion is derived in Section 3 and the choice of
misfit function is discussed. In Section 4, relevant results from optimal transport theory
are given and the Wasserstein metric is considered in the context of seismic imaging.
Moreover, data normalisation is discussed, which is necessary when applying optimal
transport. Numerical results are presented in Section 5. Finally, Section 6 discusses the
results, and the Python code can be found in the appendix.
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1 Introduction

The study of earthquakes is a long-standing yet still highly relevant and significant field.
Earthquakes create seismic waves that can be measured even hundreds of kilometres away
from the eruption site. These waves contain information about the media they propagate
through, offering valuable insights into Earth’s subsurface. To this end, the study of
seismic waves does not only increase the understanding of earthquakes but is also an
important tool for finding new water reservoirs and raw minerals. To gain knowledge
on Earth’s interior, geophysicists set up small explosions to simulate earthquakes. To
this end, they set up vibrations that serve as the source of seismic waves, allowing the
waves to propagate through Earth. While propagating through Earth’s subsurface, the
waves encounter several heterogeneities, different earth layers of various materials, where
they refract, convert and reflect [Rob10]. The reflected waves travel back to the surface,
where they are eventually recorded by receivers. From these recordings, images of Earth’s
interior structure can be reconstructed. The reconstruction of detailed images of Earth’s
interior is the aim of seismic imaging and there are a several techniques to achieve that.
The key point behind many of these techniques is that the velocity of seismic waves
changes when propagating from one layer of Earth into another.

Seismic waves propagate at a characteristic acoustic velocity, which depends on the
medium they are travelling through. In order to create an image of the subsurface, we
need to estimate the velocity field of Earth’s layers through which the waves propagate
|[Rob10]. From a mathematical point a suitable model that describes the wave propagation
has to be found. In the context of this thesis, we approximate the wave propagation by
the acoustic wave equation

m(x)% — Au(z,t) = s(x,t),
u(z,0) =0, [1]
9u(z,0) = 0.

There, u(x,t) describes the wave at location = and time ¢, the coefficient m(z) is the
velocity coefficient. The latter captures information on the acoustic velocity at location
x. In this thesis, we focus on the imaging technique of full waveform inversion (FWI).
In FWI, we aim to reconstruct the layers of the subsurface by using the data measured
by the receivers. To this end, we solve the inverse problem of finding the waves’ velocity
coefficient by using the measurements made by the receivers. FWI consists of the following
steps:

1. Guessing the velocity coefficient and solving the model equation to obtain the cor-
responding synthetic data u(x,t),

2. Calculating the misfit between the measured and synthetic data,

3. Minimising the misfit by iteratively adjusting the velocity coefficient via a gradient-
based method.

To accomplish the second step, we have to find a suitable metric that measures this
misfit. A common choice of misfit function often found in literature is the L?-norm of the
difference between the two data sets. The application of the L?-norm in the context of
FWI was discussed in [Bun+95; Tar05; [VO09| for instance. However, to overcome certain
issues arising with the L2-norm, we use the Wasserstein distance instead, which is known



from optimal transport theory. The idea of applying optimal transport to seismic signals
was proposed in [EF14] and further developed in |Yan+16; Yan+17a; Yan+17b].

1.1 Inverse Problems

Sometimes one wishes to deduce a non—observable quantity x from an observable quantity
y. This is a situation where one solves an inverse problem. In general, the quantities x
and y do not need to be related to each other. However, in applications, most often x
is referred to as the cause for the effect y. There are many fields of applications where
inverse problems arise. In the following, we put our definition of inverse problems in a
more formal framework.

Definition 1.1 (Inverse problem, [Stul0]). Let G be the mathematical model describing
a phenomenon and let y be the measurements made by observing this phenomenon. The
wwverse problem is then to find the input x of the model, such that it fits the observations
made. Formally, we solve

G(x) =y 2l

forx e X, giveny € Y, where X andY are Banach spaces and G : X — Y is a mapping.
We call G the modelling operator.

Remark 1.2. One might ask, if in analogy to inverse problems, there are also correspond-
ing forward problems. Assume we are given a model G and call y the observations and
x the input as in definition [1.1|. Then, the forward problem asks to find y for given x.
That s, we search for the effects given the causes. Therefore, we can specify our naming
of G and call it the forward modelling operator.

o Rcobc
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Figure 1: Scheme of the forward problem (red arrows) and the corresponding inverse
problem (blue arrows)

It is typical of inverse problems, that they are ill-posed. A mathematical problem is
called ill-posed, if it is not well-posed. Thus, if at least one of the properties in definition

does not hold.

Definition 1.3 (Well-posedness, [Stul0]). An inverse problem is called well-posed, if it
fulfils the following three properties.

1. There exists a solution x,
2. The solution is unique,

3. The solution depends continuously on the input data y.



There are many ways to solve inverse problems and handle the ill-posedness. One of
them is the Least-Squares approach (LS). A similar approach is the Bayesian framework.
There, the aim is to find the most likely input x to fit the data y. While the Bayesian ap-
proach is probabilistic, the Least—Squares approach is deterministic. Further background
information on these techniques can be found in [Ric20| and [Stul0]. The Least-Squares
approach will be described in the sequel of this section and this approach provides the
basis for the methods considered in the subsequent sections.

Definition 1.4 (Linear problem, [Ric20|). Let x,y live in vector spaces X € R™ and
Y € R” and let m,n € N. In case of a linear forward problem, we write

Az =y, 3]
where the matriz A € R™™ characterises the linear forward modelling operator.
Remark 1.5.

1. Note that the forward problem asks to solve Ax =y for y, while the corresponding
inverse problem asks to find x for given y. Symbolically, in the inverse problem,
we want to solve A~y = x for x. This formulation makes clear, why we call the
problem an inverse problem.

2. Note that the inverse of A might not exist.

Remark 1.6. It is well known from linear algebra, that in the case of A € R™™ being
a matriz, the existence and the uniqueness of are equivalent to m = n and A being
reqular, which implies that A~ € R™™ exists and A is a continuous linear mapping
from X toY [Fis13]. If X and Y are infinite-dimensional, this reasoning does not work
anymore [Kel76].

As we stated in definition , the inverse problem might have no (unique) solution
or the solution may depend continuously on the observations. This can be due to noisy
measurement data or an inappropriate choice of the model. In fact, dealing with noisy
data is one of the main challenges when solving inverse problems. Before we discuss these
challenges, we summarise the meaning of the three properties in definition [1.3] in terms
of equation [1.4].

Corollary 1.7 (On well-posedness). If A is a linear mapping as defined in , the three
requirements for well-posedness correspond to the following three properties respectively.

1. y € range(A) ={Ax €Y |z € X},
2. A is injective on X, i.e. xo9 # x1 implies Axy # 1y,
3. A=Y is continuous.

If the first property is violated, then y ¢ range(A). In that case, there might be x,
which minimises the residual

r(z) =y — Az. 4]

To solve the minimisation problem, we recall the definition of a norm.



Definition 1.8 (Normed space on R, [Ste23|). Let X be a vector space over R. A mapping
|1+ X = 0,00)
18 called norm on X, if for all x € X holds:
1. || Az|| = |Al]|z]| for all X € K,
2. lx+yll < =l + llyll for all y € X,
3. ||z|| =0 if and only if t =0 € X.
Definition 1.9 (p-norms, [Ste23)).
o Let X =RY. The p—norm is defined as

N 1/p
lzll, = (Z |xilp> for p & [1,00).
i=1

o Let X = LP(Q), i.e. the space of real-valued p—fold integrable functions on Q C R.
The p—norm or LP—norm is defined as

lal = ( [ |u<x>|f’dx)1/p for p € [1,00).

To solve the minimisation problem [] a common choice is the 2-norm, which we will also
use here. Then, the minimisation problem reads

min [ly — Az, [5]

which is the Least-Squares approach [Kel76||Ric20].

Remark 1.10. Since we consider X andY in equation [1.4] as vector spaces, the 2—norm
18 given by

]2 =

Remark 1.11. We make use of the second part of definition[1.9, where X = LP, in the
further course of this thesis.

To solve the linear Least-Squares problem we rewrite equation . Since z,y live in
real vector spaces, it follows that

f@) = [lr(@)]3 = (r(x),r(2)) = r(2)"r(2)
= (y — Az,y — Ax)
= 2T AT Ax — 22T ATy + 4.

To minimise for z, we need to calculate the gradient in x direction and solve for V f(z) = 0.
This yields the normal equations, with which = can be calculated |Ric20)].

9



Remark 1.12. The general version of AT is referred to as the adjoint of A, denoted by A*.
Since we consider the special case of real vector spaces (and not complex vector spaces),

the adjoint A* is equivalent to the transpose of A and therefore we write AT instead of
A*.

Proposition 1.13 (Normal equations, |Ric20]|). The minimiser x can be obtained by
x = (ATA)7LATy.

Proof. First, we calculate the gradient of f(z).

Vf(z)=Val AT Az — V22" ATy + VyTy
= VT AT Az — 24Ty,

To calculate the gradient of the first term, consider a;; as the entry of the symmetric
matrix AT A in column 7 and row j. Then, 27 AT Az can be rewritten as

a1 c. A1nTp

(1:1 xn) : : = Zazﬂ? + ZQGUZM%- 6]

ApnT1 v Appn i#]

The derivative of |]§]| with respect to x;, now reads
\Y (Z auxf + Z 2(11']'.771'1']') = 2akk$k + Z Zj.
i i#] k#j

The result above is exactly the k" component of 24T Ax. Thus, the gradient of f(x) in
x direction is given by

Vf(z) =2AT Az — 24Ty,

Secondly, a necessary condition for a minimiser z* is that V f(z*) = 0. Thus,

Vf(x)=0 7]
e AT Ar = ATh, 8]
where [8] represents the normal equations. H

Remark 1.14. Note that the matriz AT A is quadratic and of dimension n. A is invertible
if and only if it has full rank. In that case, the linear Least-Squares problem admits a
unique solution [Fisl5).

Remark 1.15. The normal equations are also solvable if A is singular. Then, the residual
is also unique, while the solution x is not [Ricl5).

Remark 1.16. Note that AT A can be very difficult to invert and may cause high compu-
tational complexity.

Remark 1.17. Assuming AT A is invertible, we can calculate the minimiser by x =

(AT A)~1ATy.

10



When AT A is not invertible, one can define the pseudoinverse, also known as Moore-
Penrose inverse. This serves as a generalisation for the inverse. Since we do not need this
concept for the thesis, we mention it only for the sake of completeness and refer to |Ric20]
and |[Kel76| for more literature on this topic.

Remark 1.18. So far we have only considered the case where Ax = y has no solution.
If, on the other hand, ker(A) # {0}, there exist infinitely many solutions. In this case,
we choose the minimal norm solution, that is the solution x of the Least-Squares problem
with minimal norm ||z||x [Kel76].

We now state a relationship between the solvability of Ax = y and the adjoint operator
AT This relationship is given by the Fredholm—Alternative theorem.

Theorem 1.19 (Fredholm-Alternative theorem, [Kut20|[Her24]). Given A € R™ ™, y €
R™ and z € R".

First alternative: Ax =y admits solution x if and only if (y,v) =0 for all v satisfying
ATy = 0.

Second alternative: A solution x for Ax = y exists and is unique if and only if x = 0
is the only solution of Ax = 0.

Proof of Theorem [Her24)]. We start by proving the first alternative. Let ATv =0
and Azxy = y.
(y,v) = (Azg,v) = (20, ATv) = 0.

Then we have shown that if Ax = y has a solution z, (y,v) = 0 for all v satisfying
ATy =0.

For the other implication, assume that (y,v) = 0 for all v such that ATv = 0. We can
write y as a decomposed sum of a part that lives in the range of A and a part of the space
orthogonal to the range of A. We write y = yg + yo. Then

(bo, Az) = (ATy,z) =0
for all z. Since (y,v) = 0 for all v € ker(AT), it follows that
{y,v) = 0= (b,bo).
Our decomposition yields
0 = (b,bo) = (br + bo, bo) = (b, bo).

Since bgr € range(A), this gives bp = 0. We conclude, that Az = b has a solution x.

We continue by proving the second alternative. Assume Az = 0 for x # 0 and Az = y.
Then A(xg+ ax) =y for all & € R. Then the solution is not unique. Conversely, if there
are two different solutions x; and x,, which satisty Ax; = y respectively Azs = y, then
one has a nontrival solution z = xy — x5, such that Az = A(x; — z5) = 0. O

The following corollary summarises this result by using the definition of the adjoint of

A.

Corollary 1.20. Let Ax = y and ATv = 0 for v € ker(A). Note that since X,Y are

11



vector spaces, we can multiply Ax = b from the right using the dot product.

Ax =y
S Ar-v=y-v
s Ar-v=x-ATv
Sb-v=0,

which implies v € range(A) [Kut20].

Our results do not only hold for z,y living in vector spaces, but also for XY be-
ing function spaces. For that purpose, we consider a linear differential operator L with
L(m)u = f, which we shortly denote as Lu = f. Here, m is a coefficient and L, f and
u are prescribed continuously on some interval and might also incorporate initial and
boundary conditions.

In function spaces, the first Fredholm alternative states that Lu = s admits a solution
if and only if there exists v such that LTv = 0. Analogously to the case for vector spaces,
we formulate the following corollary for function spaces.

Corollary 1.21. Let Lu = s and L™v =0 for v € ker(L). Thus,

Lu=s
< (v, Lu) = (v, s)
& (LT, u) = (v, s)
< (v, s) =0,

which implies s € range(L) [Kut20)].

Many boundary value problems are non-linear. They arise in various fields like quan-
tum mechanics or elasticity theory. However, if we are able to find an appropriate linear
formulation of the problem, we can use the above results to solve it.

In this chapter we have established the necessary basic understanding of inverse prob-
lems. We have not yet considered the seismic inverse problem and therefore not yet
discussed the choice of the model operator. These questions are addressed in section [2
Beforehand, we build the fundamentals for seismic imaging.

1.2 Seismic Geophysics

In this section, some fundamentals of seismic imaging are given. With this knowledge
at hand, we will be able to develop corresponding imaging techniques such as reverse
time migration (section [2.3). And as we will see, reverse time migration (RTM) can be
formulated in the fashion of a linear Least-Squares problem. Finally we will be able to
fully understand the concept of full waveform inversion, the main technique of this thesis.

In seismic imaging, one cares about reflection images. In a geophysical setup, vi-
brations imitate the source of seismic waves. These waves then propagate into Earth’s
subsurface, and while travelling through Earth, they encounter heterogeneities, the dif-
ferent materials layered under Earth’s surface. Passing a heterogeneity, the waves refract,
reflect or convert [Rob10]. The reflected waves travel back to Earth’s surface, where re-
ceivers measure and record the amplitude of the seismic waves. The recorded data at a
single receiver is called seismic trace, while the entire data set consists of the time history

12



measured at all receivers. The goal of seismic imaging is to create an image of these
heterogeneities from all the recordings (see Figure )

Source Receirvers

Figure 2: A seismic wave (red) is reflected (blue) at the first boundary layer, propagates
further into the second and third layers, where it is reflected again at each boundary. The
reflected waves are measured by receivers (three blue solid circles)

There are two main classes of seismic waves, named according to their arrival times
at the receivers: primary waves (P-waves), which arrive first and secondary waves (S-
waves), which are the second type of seismic wave to be measured by the receivers. The
P-waves travel with 2 km/s to 8 km/s and are thus faster than S—waves, which merely
reach velocities up to 4.5 km/s. Furthermore, P—waves are longitudinal waves, i.e. they
oscillate in the direction of their propagation. During their travel through interfaces, some
of the P-wave’s energy is transformed into S-waves. S—waves are transversal, meaning
they oscillate transverse to the direction of propagation. In addition to the P-waves and
S—waves, there are also surface waves, which arise from the superposition of the P—waves
and the S—waves. However, as their name suggests, they are characterised by the fact
that they run on the surface and their amplitudes decrease heavily with depth. Thus,
the latter do not have such a huge impact on seismic imaging. In fact, the waves that
seismic reflection imaging deals with is mainly about P-waves [Rob10|. Therefore, seismic
reflection imaging is sometimes referred to as P-wave seismic imaging.

Consequently, for this thesis, we neglect the existence of S—waves and focus on the
propagation of P-waves. Hence, we focus on the class of pressure and sound waves.
Furthermore, we neglect the elasticity of the media the waves travel trough. An approxi-
mative model which describes the propagation of P—waves is given by the (acoustic) wave
equation [0

)P — Aute) = o, 1),

o2
u(z,0) =0, 9]
9 (z,0) = 0.
The coefficient m(z) in the wave equation is defined as m(x) = @, where ¢(x) is the

13



velocity of the wave [Rob10][TW98|[Yan+16|[] The wave equation will be addressed in
detail in Section 2] With the wave equation at hand, we can understand the reflection
process more precisely. We can already state that reflection occurs any time when the
propagating wave encounters a change in the acoustic impedance. The acoustic impedance
Z is a property of any medium, it is defined as

Z=p-c [10]

where p is the density of the medium and ¢ the propagation velocity [Rob10]. As stated
in equation , the acoustic impedance depends proportionally on the propagation ve-
locity c¢. Assuming we know the wave’s velocity ¢ at a specific location x, we can deduce
information on the density of the medium at x, especially on the density difference be-
tween different locations. Therefore, it is poslensible to distinguish different Earth layers
and possibly obtain information on their nature and material properties. From there,
geophysicists can eventually find mineral deposits for instance [Rob10].

n seismology, the definition of m(z) is often referred to as squared slowness |[Rob10].

14



2 Solving the Inverse Problem in the Setting of Seismic
Geophysics

To define the inverse problem, we need to choose a model and observed data. As stated
in Section [1.2], we choose the wave equation for modelling the wave propagation:

m(ﬂl:)M — Au(z,t) = s(x,t),

ot?
u(z,0) =0,
9 (2,0) =0
and define m(x) = ﬁ, where ¢(z) is the wave’s velocity at location x, u(z,t) is the

propagated wave at time t and location z and s(z,t) is the source. In |[GKnd| it was
shown that the Ricker function not only provides good empirical results for modelling wave
propagation, but it was also theoretically proven that the Ricker function is a reasonable
source term to the wave equation for this purpose. Therefore, we stick to the Ricker
wave as source term for our model equation. The Ricker wave is defined as the negative,
normalised second derivative of a Gaussian function. It describes how the amplitude of a
seismic signal changes within time ¢.

Ricker wave in time domain

1.0

0.5

Amplitude

0.0

-0.5 T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

time (s)

Ricker wave in frequency domain

3000

2000 1

Power

1000

0 1 2 3 4 5
Frequency (Hz)

Figure 3: Ricker wave in time and frequency domain respectively
Definition 2.1. (Ricker wave, (GKnd]) The function

2 N\ _ 2
Y(t) = — 1 (1— (;) >e 20

18 called Ricker wave. The parameter o describes the duration of the Ricker wave.

Definition 2.2. (Power spectrum, [GKnd|) The power spectrum of the Ricker wave is

15



defined as
S(w) = K - w? - exp(—cw?),

where w is the frequency of the signal.

2.1 Solving the Forward Problem Analytically

We solve the wave equation using the method of Separation of Variables (cf. |[TW9S],
chapter 5). The idea is to express u(z,t) as a product of two functions: one depending
only on x and the other one only on ¢. Thus, we seek functions F'(x) and G(t) such that

u(z,t) = F(z)G(t). [11]

As a first step, we differentiate u(z,t) twice with respect to ¢ and twice with respect
to x:

u = F(2)G"(t), uw = F"(2)G(t).

Inserting this into the wave equation gives

F(2)G"(t) = AF"(2)G(t)
F(x) _ ,C(1)
F”(l‘) G"(t)

Since the left-hand side depends only on ¢ and the right-hand side only on x, both
expressions are independent of x and t. Thus, we can separate the variables as follows:

G"(t) _ L F"(x)

¢ty " F@) - 12
for a constant k € R. This gives two ordinary differential equations (ODE), one for F'(x)
—F"(z) =kF(z), F(0)=F(L)=0, [13]

and one for G(t)
—G"(t) = kG(1). [14]

The calculation of the corresponding eigenvalues of and is due to the following
lemma.

Lemma 2.3. (Eigenvalues of boundary value problems, [TW98]) We denote the general
continuous eigenvalue problem corresponding to ﬂgﬂ by

Lu = M\u

for a suitable nonzero twice differentiable function w. The corresponding eigenvalues and
eigenfunctions are given by

e = (km)?,  forke€{1,2,3,...}

16



and
ug(x) = sin(krzx), fork e {1,2,3,...}
respectively.

Proof. To find the eigenvalues and eigenfunctions, we make use of the positive definiteness
of L, which is proven in Lemma 2.4 in [TWO98|. Also note that the eigenfunction must
not be zero. Combining both properties, we conclude that A > 0. Hence, we define

K=V
Therefore, we have to solve the second-order linear differential equation
u’ () + K*u(z) = 0.
It is well known that the solutions to the above equation is given by
u(x) = ¢ cos(kx) + cosin(kx)

for constants ¢; and c¢;. Using the boundary condition u(0) = 0, we obtain ¢; = 0. For
the second boundary condition, u(L) = 0, we obtain ¢y sin(x) = 0. And thus

k=rky=kr forke{1,2,3,...}.
Hence, for k € {1,2,3,...} the eigenvalues are given by
e = (km)?
and the corresponding eigenfunctions by
ug(x) = sin(kmx).
O

We continue with solving and [14]. We consider the ODE for F(x) first. Therefore,
we solve the boundary value problem:

F'(z)+kF(z)=0, F(0)=F(L)=0 [15]
& —F"(x) =kF(x), F(0)=F(L)=0. [16]

By Lemma [2.3| we know that the eigenvalues )\, are given by
M. = km for ke {1,2,3,...},
and the corresponding eigenfunctions are
Fi(x) = sin(k7x).
Next, we consider G(t). Therefore we solve the ODE:

GL(t) + MGi(t) = 0, [17]

17



which has the general solution:
Gi(t) = ay cos(kmt) + Py sin(knt),

where o and S are constants determined by the initial conditions. By combining the
solutions for F'(x) and G(t), we obtain the general solution for u(x,t)

u(x,t) = sin(krz) (o cos(kmt) 4+ B sin(kmt)) .

This satisfies the boundary conditions u(0,t) = u(L,t) = 0. Since the wave equation is
linear, the superposition principle holds [TW9S8|. That is, if ui(z,t) and uy(z,t) are solu-
tions to the homogenous wave equation, then every linear combination of these solutions
is a solution as well. Therefore, the general solution can be written as a sum over all k:

u(x,t) = sin(kmz) (ax cos(kmt) + By sin(knt)) [18]

k=1

with initial conditions given by

u(z,0) = Z&k sin(kmzx), w(x,0) = Zﬁklm sin(kmx). [19]

k=1

To simplify the result, recall the following trigonometric identity (see |[GSO01|, chapter 7.9,
for a proof of 20)):

sin) sin(g) = 3 [cos( — 6) — cos(at + 6)]. [20]

Hence, the final solution can be written as

u(z,t) = f: [Sin (n%(x + ct)) + sin (n%(x — ct))] : [21]

n=1

The first summand sin (2%(z + ct)) is a wave travelling to the left and the second

summand sin ( = (z — ct)) is a wave travelling to the right with both the same shapes,
which is why the wave equation is also called two—way wave equation [TW9S|.

2.2 Solving the Forward Problem Numerically

The finite difference method (FD) is a numerical technique used to approximate solu-
tions of ordinary and partial differential equations. This is done by replacing derivatives
with difference quotients calculated on a discrete grid. By discretising time and space
into uniformly distributed points, the continuous problem is transformed into a discrete
problem that can be solved iteratively. Finite difference methods are commonly used to
solve equations such as the wave equation as they are easy to implement. Further, they
often exhibit good numerical stability and convergence, especially when combined with
the Courant-Friedrichs-Lewy (CFL) condition [TW9S|.

To apply the finite difference method, we define a discrete grid on both the spatial and
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time domain. The grid defines the discrete points at which the values of the wave function
u(z,t) are approximated. In a spatially one-dimensional problem, the spatial domain is
divided into a final number of Sections of length Az and the time axis is divided into
a final number of steps of size At. Each node in the grid represents a combination of a
spatial and a temporal point, and the finite difference scheme approximates the derivatives
at these points. The sequel of this Section on Finite Differences is based on chapter 5.3
in [TW9g|.

Let the spatial grid spacing be given by Az = 1/(n + 1), where n € N. Then, the
associated grid points are x; = jAx for j € {0,1,2,3,...,n+ 1}. The time points are
given by t,, = mAt for m € Ny with the time step At > 0.

We write u}* = u(x;,t,,) for the approximation of u(z,t). In the following the finite
differences are amplified by means of the derivative with respect to t. The finite differences
regarding the spatial direction are build analogously. In a general analytical way, we write

g S A ()
dt At—0 At

for the derivative of f with respect to t. With the numerical scheme, we approximate the
derivative by

df _ f+AY) = f(¢)
dt At '

To be precise, we approximate the derivative by Taylor expansion. By doing so, we obtain
the forward difference scheme:
df ft+A) = f(t) df  dfAt  dPf AP

— = lim -

dt — Ai=0 At dt ' di2 20 d 3l

Analogously, we can define the backward difference scheme:

df L FO S - _df PPN dF AP

at Ao At Tat T Aol " dr 3l

Note that the leading error terms are of order O(At). To reduce the order of the error
term, we define the central difference:

df fU+A)—ft=At) df  &IfAP  IfAE

dt 2At Todt | dt3 31 45 b

Now, the leading error term is of order O(At?). Analogously to the derivatives of first
order, we can define differences for the second derivatives:

Pf _ o P A - ()

a2 Aglo At

Then, the second central difference in time becomes

d*f  f(t—At) = 2f(t) + f(t — At)
dez = At2

+ O(A).

19



Analogously, the second central difference in space becomes

f  flx—Ax) —2f(x) + f(t — Ax)
dx? Ax?

+ O(Az?).

See Figure [4] for an illustration of the corresponding stencil. When applying the above
results to the wave equation, we obtain the following iterative formula for the finite
difference scheme:

m—1 m m+1 mo m m
ui —2up+Uj 2 Ui — 2uf" + U,

INZ + O(A?) = ¢ NS + O(A?).
m—+ 1
m
m—1

g—=1 j+1

Figure 4: Five-point-stencil with equidistant grid points

Ti—1 X Ti+1

Figure 5: Backward difference (left red dashed line), forward difference (right red dashed
line), central difference (green dashed line) and tangent (blue line)

The discrete solution also satisfies the boundary conditions, i.e.

uy' = u, =0 for m > 0.

When {u}'}7_; and {u]"}}_; are known, the solutions {u}"+1}7_; can be computed directly

with the finite difference scheme. To run the scheme, we need to define starting values
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for the first two time steps ) and wj. By the initial condition, we choose u] = f(z;)
for j =1,2,...,n. Next we derive an approximation for v}. To this end, we use a Taylor
expansion with respect to ¢:

u(z, At) = u(x,0) + (At)uy(z,0) + %utt(x, 0) + O((At)%)

Since uy(z,0) = Uz (z,0) = f"(x), we conclude that

(At)®
2l

u(z, At) = f(x) + (At)g(x) + f'(x) + O((At)*).

Therefore, we have obtained the following approximation u; for u(z;, At):

(At vj_y — 205 + fily

u; = U? + Atg(z;) +

2 (Az)?
Alternatively, to express the finite difference scheme in a more compact form, we define
the vector u™ € R™ as u™ = (u7",ul,...,u™)’, and A € R™" as the tridiagonal matrix
2 -1 0 ... 0
-1 2 -1
1
.20 —1
0 0o -1 2

Then, the finite difference scheme can be written as

u™tt = (21 — (A2 A)u™ —u™ Tt for m > 1,

where the initial approximations u” and u' are determined by the given initial condi-
tions. The time step size At is chosen to satisfy the CFL condition % < 1. If the mesh
parameters satisfy this bound, the numerical solution behaves qualitatively as the exact
analytical solution [TW9§|. The information given in this section draws on [TW98|. The
reader is referred to this reference and to [But16| for further reading on finite differences.

2.3 Reverse Time Migration

Since seismic imaging is mainly about reflections, our goal is to find those reflection points.
Reverse time migration (RTM) is one technique to achieve that. The main point of RTM
relies on the imaging condition. This goes back to 1971, when Claerbout stated his famous
imaging principle |Cla71; Rob10|:

"Reflectors exist at points in the ground, where the first arrival of the downgo-
mg wave s time coincident with an upgoing wave.’

Let us define x, as location, where a propagated wave is reflected. We refer to the reflected
wave as upgoing wave, since it travels up to Earth’s surface, and we refer to the incident
wave before it reaches the reflection point as downgoing wave (see Figure ; downgoing
waves in red and upgoing in blue). When the reflected wave is measured by the receivers,
we do not know the reflection point yet. The aim of RTM is to determine this reflection
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point. By solving the wave equation for guessed m(x), we know the wave’s position at
any certain point in the time interval. To determine the reflection coefficient, we solve
two modelling tasks:

1. Forward modelling of the downgoing wave by solving the wave equation ﬂgﬂ

2. Backward modelling of the upgoing wave by solving the wave equation in reversed
time.

Once the velocity coefficient is fixed, the workflow of the first step is clear by Section
and Section 2.2 To make a good guess for the velocity coefficient is quite unlikely
without further ado. Therefore, helpful resources like borehole techniques need to apply
beforehand [FN24]. The reader is pointed to [Rob10| and [BM21] for further reading on
the geophysical techniques behind.

In the second step, to calculate the propagation of the upgoing wave field in reversed
time, we use the measurements at the surface as new source term of the original wave
equation ﬂg]l The wave equation is then solved backwards in time, thus from the final
recording time t =T to t = 0.

Following Claerbout’s imaging condition, we need to determine when the downgoing
and upgoing waves are coincident in time and we eventually have found the reflection
point. Recall that in the end we want to estimate reflection coefficients at every location
in the subsurface. If the reflection coefficient at x, is » € R, the amplitude of the reflected
wave field is r-u(x,t). The existence of a reflector at z, is indeed revealed by the similarity
between the two wave fields. In general, the imaging condition is equal to the ratio of the
amplitude of the reflected wave to the incident wave. Therefore, we could take the ratio
of the two wave fields in the time interval in which the reflection occurs, or an average
of this ratio for all times, but this is not defined once the downgoing wave is zero for
some time in that interval. Therefore it is not common to calculate the ratio of the two
fields, but to choose an alterative method to solve this: calculating the cross correlation
coefficient between the upgoing and downgoing wave fields [Cla71||Rob10)].

Definition 2.4. (Cross—correlation coefficient, [Cla71][Rob10]) We call R(x) calculated
by

T
Ry =Y / w(,t) - oz, 1) dt 122]
shots ¥ 0
the cross—correlation coefficient at location x.

Corollary 2.5. (RTM workflow, [Rob10])

1. Forward modelling of a wave field with a (good) velocity model to get wyq at suc-
cessive time steps ndt for n € N.

2. Backward propagation of the measured data d through the same value of m(x) to get
Upapd -

3. Cross—correlation of the downgoing and upgoing wave fields with equation [22].
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(a) Forward modelling (b) Backward modelling
Figure 6: Modelling workflow for RTM

The back propagation can equivalently be formulated by solving the adjoint wave
equation in time reversed order. We will study the adjoint state method in Section
and derive the adjoint wave equation there. Also in Section [3, we will see that the adjoint
wave equation is a useful tool for computing the gradient of the misfit function. Moreover,
we link the notion of the adjoint wave equation to the adjoint operator that we mentioned
in [I.T]in the context of the normal equations.

2.4 Least-Squares Reverse Time Migration

As described in Section [I.T} the Least-Squares problem is in general given by
min [jy — Az, [23]

There, A is the model, y represents the measurements taken and z is the input to the
model. The problem is to find the most fitting x for given measurements y, that is, we
wish to reconstruct the true data which generated the measurements. In the setting of
this thesis we choose the scalar wave equation for modelling the wave propagation:
m(m)% — Au(z,t) = s(x,t),
u(z,0) =0, [24]
u(2,0) = 0.

We aim to find the wave that fits the measured signals. From now on, we refer to the
observed data as d°**. The inverse problem is to find the input m(z) to the the forward
model 24 that fits d°**. The quantity which determines the solution u to the PDE is given
by m(z). Thus, we consider a coefficient based inverse problem. In analogy to d°* we
refer to u(z,t) as synthetic data d*¥". Recall the measurements are taken at the boundary
of the model space. To this end, we define a restriction operator R, to formally ensure u
is evaluated at the boundary (cf. [Deml6|, [Yanl8|). So far, the problem we aim to solve
reads

1
min §]|Ru(m) —d°|3. [25]
It is important to keep in mind, that u depends on m. Although the wave equation

is linear, we have a non-linear mapping F(m) from model domain M to data domain
that maps m to u. Therefore, to view the inverse problem [25] as a linear Least-Squares
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problem, linearisation of the forward model is necessary. We call the linearised forward
model £(m). In Section we study a suitable linearisation for this forward map. The
inverse problem is then to solve the following minimisation problem for m:

: 1 00S
min = 1£(m) — a3 126

2.4.1 A Linearisation for the Forward Map

We linearise the forward map F(m) to the first order, such that the linearisation is given
by L(m) = 8“;—5:7). The well-known Born approximation is such a linearisation. Originally
coming from quantum mechanics, it is a perturbation-theoretical approximation for scat-
tering problemsﬂ In seismology, it is common to consider a smooth background velocity
and explain the scattered waves as reflections due to perturbations to this background
velocity |[HH80; |[Dem16.

That said, the perturbed m(z) from [9] reads
m(z) = mo(x) + emy(z). [27]

See Figure [7] and the blue lines in Figure [2 for illustrations of scattered waves. Since the
choice of m(x) determines the solution u of the wave equation [9], the wave field u also
splits into two parts

u(z) = up(z) + us(x), [28]

where u, is the scattered wave field and ug solves the wave equation in the undisturbed
wave equation with mg, such that

o) et — Aag = f(r,1) 29

with initial conditions as in ﬂgﬂ The corresponding equation for the scattered wave wug,.
can be determined as follows [Deml6|: By putting u = ugy + us. in ﬂgﬂ we obtain

02 (ug + Use)

() L) Ay ) = (o) 30
0%uy 0%,
< m(x) BT + m(x) ETe Aug — Aug. = f(z,1). [31]

Subtracting from yields

52 0%u,, 52
(m(a:)a—tuéo + m(x) 8:; — Aug — Ausc> — (mo(x)ﬂ — Auo) =0 [32]

< (m(z) —mo(z)) — Aug. =0 [33]

Since m(x) = mo(z) — emy(z) < emq(x) = m(x) — mo(z), we plug this into [32]:

2 2
0“ug 0% U,

5 + m(x) 52 Aug. = 0.

2Tt is named after Max Born who proposed this approximation during development of quantum theory.
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As stated in 28], we assume that u(x) describes the fully propagated wave in the
sense that u(x) consists of two parts: the incident wave ug(z) and the scattering wug.
[Dem16|. For the Born approximation, we suppose the scatterings are small, such that
we can roughly estimate u(x) & ug(x). Therefore, we finally obtain the wave equation for
the scattered wave ug.:
0%ug, 0%*u

ETe Aug, = —emlw. [34]

We can rewrite ug. in terms of a Green’s function by

Use(x,t) = —5/0 /n G(z,y;t — s)ml(y)%(y, s)dyds. [35]

Detailed literature on Green’s functions can be found in [TW9§| for instance. With
at hand, we find
0*u
u=uy—eGm—
0 15
by plugging into [28]. For the further derivation of the Born approximation, we
rewrite the above equation to

2
U= ug — gGml% [36]
2,
S Ug = U+ €Gm1w [37]
2
& Uy = ([ + sGm1%> u [38]
2 -1
¢$u:(1+d%m%£> o, 39]

where [ is the identity operator. For simplification, we define

0%u
T = EGmlw. [40]

Therefore, becomes
u=(I+T) " up.

This gives rise to the Neumann series, which is well known from operator theory [Dem16;
Alt12].

Definition 2.6. (Neumann series, [Alt12]) Let (X, || -||) be a normed space and T : X —
X a continuous operator. This series y - ,T™ is called Neumann series.

Lemma 2.7. (On Neumann series, [Alt12]) If the Neumann series converges with respect
to the operator norm, then I — T s invertible and it holds

(I—TrlzfiTh
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Remark 2.8. A series converges with respect to the operator norm, if ||T|| < 1 [Alt12).

Figure 7: Single scattering (black) and multiple scatterings (blue and green)

Applying the Neumann series, we obtain by inserting [40] into definition [2.6

0? Od? Od?
U=1uy— € (Gm1@> U +5Gm1ﬁ (Gm1@> +...,
and summarise to
u=ugp+ cuy + 2us + ... ", [41]

The series is called Born series. A detailed proof of convergence of the Born series
can be found in for instance. The basic idea relies on the assumption that the
perturbation has a rather small influence on the wave propagation and thus multiple
scatterings are not taken into account. This reasoning is also intuitive. If we measure the
wave propagation at a fixed time ¢, it is more probable that the wave has been scattered
only once by that time. The probability decreases further for a second scattering event,
and even more so for subsequent scatterings. Thus, we approximate the Born series to
the first order, which is the Born approzimation |HH80; Dem16]:

Use(x) = euy (). [42]
From u; = —Gmla;—t"“g we can derive analogously to the wave equation for u(z):
0%y *ug
mo(x)w — Aul = —ml(x)w

Thus, we can approximate uy explicitly with eu;. Therefore, we obtain a linear map
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from my to uq:

2u T S\
mo(w) 2D — Ay (a,1) = —my 2,
s (,0) = 0, [43]
%t (2,0) =0

Note that u; for all i € {1,2,3,...} depends on my. To this end, the Born series can be
seen as a Taylor series (JHH80; Dem16|) of the forward map w = F(m) in the sense of

u = up + e=—[mg|my

e? | O*F
om

or written compactly as

. FO) (mg
=3 T )~ ().

n!
The functional derivative g—i : mq — wuq is the linear approximation for the forward
map J(m), which we denote by £. With the linearised model at hand, we are able to
solve the Least-Squares reverse time migration. This is addressed in the next section.

2.4.2 Solving the Least-Squares Reverse Time Migration Problem

In the previous section we chose mg as the background velocity. With my known, we
need to solve the wave equation to obtain the corresponding background wave field wug.
Afterwards, we need to solve equation [43|, where we have to make a guess on the model
perturbation em; to simulate the scattered wave field cu,. By solving this modelling task,
we solve the forward problem.

Assuming the chosen background velocity my was an accurate guess, the linearised
map £ maps the reflectivity m, to the scattered wave field d, = F(m) — F(my), that is

Lm, =d,. [44]

The inverse problem we aim to solve in the Least-Squares reverse time migration problem
(LSRTM) is to solve equation for m?. In the Least-Squares approach, we find m} by
minimising the distance between the observed data d, and the predicted scattered wave
field m,.:

min || Lm, — d,||3.
m

The solution given by the normal equations is m* = (LT L)™' L7 d,, where LT is the adjoint
operator. It is well-known that solving the normal equations numerically, especially to
invert £7L, can be quite expensive and unstable [Ric20|. Therefore, the LSRTM problem
is rather solved iteratively. In an iterative scheme like gradient descent m(x) is updated
successively until a certain tolerance is reached. Gradient descent is a local optimisation
method, which can lead to the algorithm ending up in a local minimum |[BTT11]. Global
optimisation methods like swarm—based optimisation can avoid trapping into local minima
|[LTZ24b).
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Although the accuracy of the images can be improved by the Least-Squares reverse
time migration (compared to RTM), this method depends heavily on the choice of the
background velocity. In practise, it is nearly impossible to make an exact guess for the
background velocity. Furthermore, even small errors can make the forward and backward
wave fields meet at a wrong location, which results in a wrong reflection point. Hence, we
are not able to determine the true velocity coefficient m(x). If we invert for the full m(x)
instead of guessing the background velocity mg first, we end up with a method called full
waveform inversion [Rob10].
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3 Full Waveform Inversion

The goal of full waveform inversion (FWT) is to reconstruct the velocity coefficient m(x) in
the wave equation ﬂgﬂ, such that it fits the observed data. Once the true velocity coefficient
is found, we gain information on the density of the corresponding media the waves have
transmitted. By using many receivers and many sources, an image of the subsurface can
eventually be reconstructed.

3.1 Overview

After one has chosen a proper model, full waveform inversion consists of three main
iterative steps. See Figure 8 for an illustration of the scheme.

1. Solve the forward problem.
2. Compare solution of forward modelling and observed data.
3. Update the velocity coefficient and go back to the first step.

For n € N, let us denote by d*¥™ € R" the synthetic data, which are generated by a guess
for m(z). By d°* € R", we denote data which was previously observed by the receivers.
We now want to find the true m(z), which describes the measurements correctly. To this
end, we measure the distance dist(d*¥"(m),d°®*) between the synthetic and the observed
data and calculate

argmin dist(d*¥"(m), d"). [45]

m

In this thesis, we choose to use gradient descent to update and therefore minimise the
coefficient.

To measure the distance, we first need to define a misfit function. As in LSRTM,
a common choice is to consider the L?-norm of the distance between the synthetic and
observed data. In time domain, the Least-Squares waveform misfit is defined as

dist(.9) = 5 3 [ | nstsm) ~ glay. e, 6]

where z,. are the receiver locations, r € {1,2,3,--- ,n} [BOV09Y|.
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Figure 8: Scheme for FWI

3.2 Gradient Calculation

As we have seen in Section [I.I] and Section [I.2] we can find a solution for the inverse
problem by using the adjoint of the model operator. What we aim for in FWI is the
minimisation of the distance between the synthetic and the observed data. A common
choice for the distance function is given by the L?*-norm. In Section we have found
a linearised forward model £(m). Thus, the inverse problem is to solve the following
minimization for m:

T(m) = S|£(m) — | 47

Our goal is now to minimise J with respect to m. We choose gradient descent as iterative
optimisation scheme. The gradient descent scheme for [47] is given by

mht = mP — ozg—;i[mk], [48]

where « is for instance determined by a linesearch.

Proposition 3.1. (On the adjoint operator, [Dem16]) Define the linearisation of F(m)

os (cf. o

m

L(m) : [m].

Then 22[m] = L£*(Lm] — d).

30



Proof of Proposition |Dem16].

a.J L J(m+h)—J(m)
o (M) = Jim, h
o SIEGn 4+ B) = d) = 3cm) — d]
h—0 h

|L(m+h) —d|| = (L(m+h) —d,L(m+ h) —d)
= (L(m —d), L(m — d)) + 2(Lh, L]m] — d) + O(||n||?)

We calculate the distance J[m + h] — J[m)]:

T+ ] = Jm] = 22(Ch, £lm] — d) + O(|A]])

= (h, L*(L[m] — d)) + O(||l|),

where the last equality follows by definition of the adjoint.

Wl LEUEUES EUELN P

]

Similar to the inverse problem formulated in Section [1.1| we can solve the inverse

problem by incorporating the adjoint of the model operator. Transposingﬂ the operator

L= g—i is not an efficient way to compute the adjoint £* [Dem16|. The next paragraph

addresses the adjoint state method, which is an efficient way for computing the adjoint
L* |Cao+03; Dem16; |Joh21; [Ple06).

3.3 Adjoint State Method
Recall we want to find a suitable m, such that
1
Tm) = 51£(m) — d [49]

is minimised. The first variation of 49| can by the chain rule be written as

oJ oJ Ou

(2 Y 50

om < ou’ 8m> 150
When computing directly via the derivatives g_#w the wave equation needs to be solved
for each value in m(z). The goal of the adjoint state method is to provide a more efficient

way to compute g—;. With the linearisation of the forward model we can write the wave
equation as

Lim)u = f, [51]

3Since seismic data consists of real numbers, transposing (instead of building the transpose and the
complex conjugate) is sufficient in the context of this thesis.
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to which we also refer as state equation |Ple06|. Differentiating with respect to m, we
obtain by the chain rule
oL ou

Next, we define the adjoint state equation

oJ

L 53
au q? [ ]
where £* is the adjoint operator and ¢ the corresponding adjoint field |Ple06]. Therefore,
we can see the left hand side, %, as the source term of the state equation . We substitute

g_i n by £*q and obtain

0T [, QuN@ [ LOuN@ [ 0L
om q’@m —\? om/ q’@m ’

where the second equality follows by definition of the adjoint and the third equality by
transforming

oL ou
am" T Eam =Y
2N L’% — _8_,6
om 8mu'

The last term, after the third equality sign, is the imaging condition |Deml6|, as we will
prove in the sequel of this chapter. To this end, we compute the adjoint state equation,
in particular the adjoint field, for the case of the wave equation |]g|
Recall that we want to determine
oJ
—\m] =L (L(m) —d),
=) = £ (£(m) — d)
where
L:m—d
is a mapping from model to data space, and

L d—m

is a mapping from data to model space. As we will see, the application of the adjoint is
a simple form of imaging. If we make a good guess for mg and the experiment involves a
sufficient] number of receivers, the first iteration of gradient descent

mY = aL*(d — L(mg))

often provides an image close to the true em; |[Deml6; Rob10]. Thus, £* is not only
called adjoint but also imaging operator. Indeed, the adjoint state method results in the
imaging condition, as was outlined in Section [f] on reverse time migration.

4The number of receivers necessary is determined by the specific details of the experiment.
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In general, by using the definition of the adjoint operator we can write

(d, Lm) = (d,u) [54]
< (LMd,m) = (d,u) [55]
< (d,Lm) = (L*d, m). [56]

We can further rewrite to

(d, Lm) =) /0 d,(t)u(z,, t)dt [57]

r

and we can also write
(Lrd,m) — / (£*d)(z)m () da. 158

Since L is a differential operator, we need to integrate by parts in x to get from to
[58]. Therefore, the sum over the receivers in [57] needs to be transformed to an integral.
To this end, we define for each measurement d,.(¢) a Dirac delta function located at z, to
take into account whether there are measurements made at x or not [Dem16].

Definition 3.2. (Dirac delta function, [Rud13]) The Dirac delta function is defined on

R as
0, 0
5(x) = { v#
oo, x=0,
such that

/Zé(m)zl.

We call the new function d,e,(z,t) and define it formally as
dpew(,1) Z d,(t)6(x — ).

Then, equation becomes

(d, Lm) = / n /0 " o, e, 1), 159]

As explained above (compare to equation [53]), we now use the adjoint field q(x,t):

(mg_t - A) §(.1) = dony(i. 1), 60

We consider the boundary conditions below. Our next step is to derive the adjoint state
equation, which we briefly mentioned in Section Recall that we want to find £* such
that

(d, Lm) = (L*d,m).
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To achieve this, we first substitute d.,; in equation and then integrate by parts both
in time and in space |[Dem16]:

(d,Lm) = /n /OT (mgg—; - A) q(x, t)u(x, t)dxdt

:/ [mo%q(x Pulz, t)r—/w OT fitjt (2, 1)dt
/aRn/ —uxtdet—/n/ Au(z, t)q(z, t)dzdt

:/ {m(]%q(x tu(x, t)} —/ [moq(x t);i (z, t)} /Rn/ moq(z, t)jz (x,t)dxdt

u(z, t) qudt () -dS, + (z,4) - (Au(z, t))dx
= /&Rn/ q(z,t)ul(x,t /BR:fotd z,t /n/
[ [moimatenteo] = [ st >dt< )h

/mn/ u(z, ) qudt—/aRn/ a:t

d>
/n/ (x,t) - (—Au(z,t)) + q(z, t)moadtQ u(z, t)dx
= /n/o <m0@ - A) q(z, t)u(x, t)dzxdt
dq ou
—I—/ {moau}o dm—/n [moqat] d:)s+/aRn/ —udS dt — /(mn/ dS dt.

We consider the wave equation with boundary conditions (cf. equation @

ou
ot
Hence the boundary terms become zero at ¢ = 0. Since we are interested in the values of
q(z,t) for t € [0,T], we need to consider the other boundary conditions at ¢ = T". Then,
they become zero only if ¢l = %]t:T = 0. Considering time values 0 < t < T, we
can think of the above conditions as final conditions [Dem16; |Joh21; Ple06]. The data is
sampled at the receivers at time t = T'. Therefore, we can think of the adjoint equation
as run backward in time from ¢t =T to t = OE| Following [Dem16|, we transform
the adjoint state equation to the imaging condition [61]:

T 52
(d, Lm) :/ / q(z,t) { mo== — A ) u(z, t)dzdt
n 8t2
/n/ (x,t)m 8752 0 gt

Recall the backward propagation in RTM.

u(z,0) =0 and (x,0) = 0.
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Since this equals (m, £*d), we obtain

82u0

(L d)() = — / ol 1) S 61)

d2ug

regardless of m. In equation , q(z,t) is the solution to the adjoint wave field and =
is the upgoing wave field in the context of RTM (cf. Section . Until now we have
omitted the source term in the wave equation. When we consider the L?-norm as misfit
function Ju] = 3||Ru — d||3, the source term of the adjoint wave equation becomes

oJ
— = R*(Ru —d).
ou (Fu —d)
Corollary 3.3. When considering the L>-norm as misfit function, the adjoint wave equa-
tion is of the form
m(2) 2450 — Ag(x,t) = R*(Ru — d),
q(z,T) =0, [62]
%(x, T)=0.

Corollary 3.4. Due to the adjoint state method, we have found a formal representation
of %.’
aJ T Pu(z,t
__ / du@t) oy
0

om d?
where v is the solution to the adjoint wave equation [62].

As we have seen above in the adjoint state equation , the derivative of the misfit
function is exactly the source term of the adjoint wave equation. When a different ob-
jective function is employed, the only aspect that changes is the source term. The source
term of the adjoint wave equation is also discussed in [FBI06).

In the context of LSRTM, it has already been shown that the initial guess is often
not very accurate in practice, even when supplemented with additional information from
borehole seismics [BM21|. Hence, the imaging condition usually does not yield a good
image. Therefore, we use the concept of full waveform inversion, where we invert for
the m(z) that fits the measurements by minimising the distance between d°* and d*¥".
To address this optimisation problem, the next step involves employing a gradient-based
method, such as gradient descent. For this purpose, it is necessary to define a misfit
function. While the L*-norm is commonly used, it has certain limitations that justify
considering alternative norms. In the following subsection, we explore the applicability of
several potential norms.

3.4 Choice of Misfit Function

The standard choice for the misfit function is the L?-norm. However, given that the L2-
norm is just one among many other well-established norms and is known for its sensitivity
to noise, the question arises as to whether it is truly the most suitable choice. In the
following, we compare the L?-norm, the L'-norm and the Huber loss, the latter being
widely used in machine learning. After discussing these norms, we introduce another
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norm derived from the field of optimal transport — the Wasserstein metric — and evaluate
its suitability as a misfit function for seismic imaging.

Before diving into a discussion on the above norms, let us first recall the definition of
the Huber loss function.

Definition 3.5 (Huber loss, [Hub64]). For § € R*

Ls(a) = {gr(x) for r(z)] <6

- (Ir(z)| — 36), otherwise.

The factor r(x) often refers to the difference between the observed and synthetic (or pre-
dicted) values, i.e. r(x) =y — f(x).

It is widely known that the L'-norm is less sensitive to noise than the L?-norm [LLM16};
Alp10; SSBD14|. However, a significant drawback of the L!'-norm is its lack of differ-
entiability (see Figure @, which makes it challenging to use effectively in optimisation
problems. The Huber loss, on the other hand, is also less sensitive to noise compared to
the L2-norm. Yet, in order to maximise model accuracy, the parameter § must also be
optimised, which increases computational complexity.

L*-norm L*-norm
1.5 1.5
1.0 1 1.0 1
0.5 1 0.5 1
= 0.0 = 0.0
—0.5 1 —0.5 1
—1.0 1 —1.0 1
715 T T 715 T T
-1 0 1 -1 0 1
x X

Figure 9: Unit sphere for L'-norm and L?norm in R?

This reasoning contributes to the standard use of the L2-norm as a misfit function. Next,
we will be more precise and consider the L?-norm in the context of full waveform inversion.

In FWI, we begin by estimating the velocity coefficient m(x) and solving the wave
equation based on this initial guess. Once the wave equation is solved, we obtain the
synthetic data d*¥". We then compare d*¥" to the observed data d°®*. When solving
the wave equation for any m(x) that does not fit the true data accurately, three scenarios
can (probably simultaneously) occur to d*¥™: time shifts relative to d°**, partial amplitude
changes, and dilations or contractions (see Figures[19] [20] [Yan+17b]. These scenarios
will be addressed in detail in Section ELA5l

A metric which deals with these issues should incorporate horizontal shifts rather than
focusing solely on amplitude differences, as the L?-norm does. One distance that fulfils our
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wish for incorporating the horizontal shift between the signals, is the Wasserstein distance
|[EF14]. In Figures|10jand [L1|the difference in the behaviour between Wasserstein distance
W?2 and L? are illustrated.

Probability density functions P and Q

0.40 1

0.35 1

0.30

0.25 1

0.20 1

0.15 1

Probability density

0.10

0.05 -

0.00 1

Figure 10: Two horizontally shifted, overlapping Gaussian probability density functions
and L?(P,Q) and W?(P,Q) distances.

Probability density functions P and Q

0.40 1

0.35 1

0.30 1

0.25 -

0.20 1

0.15

Probability density

0.10 1

0.05 -

0.00 -

Figure 11: Two horizontally shifted but not overlapping Gaussian probability density
functions and W?(P, Q) distance; L*(P, Q) can not measure any distance there.

The Wasserstein distance function originates from the field of optimal transport. In
optimal transport, signals are treated as probability density functions, and the objective is
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to determine the minimal cost required to transform one into the other [EF14|[Vil03|. In
Section 4] we give all necessary prerequisites from optimal transport theory and rigorously
define the Wasserstein distance. As we will see, the Wasserstein metric is a natural way to
compare the probability distributions of two random variables X and Y. At this point, we
only illustrate the difference between common loss functions and the Wasserstein distance
to show the reader the perspective of using the Wasserstein distance as a misfit function.
Therefore, consider two probability density functions P and @ (see Figure .

Shifting P past Q

Probability density
© o o o o o o
N w H (] [e)} ~N oo

©
i
.

Figure 12: One signal shifted past the other (dotted red curves) and their overlapping
points (dashed black lines).

We shift P towards and past @) (illustrated by the dotted red curves). The behaviour
of the above norms with respect to shift values is shown in Figure . While L', L? and
Huber loss in Figure [13| begin measuring the distance once the non zero values of the two
densities start overlapping, the Wasserstein metric measures a distance greater than zero
for the whole interval of shift values, even though P and () are not overlapping. This
illustrates the ability of the Wasserstein distance to measure horizontal shifts. In Section
we will formally consider the behaviour of the Wasserstein distance.
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Figure 13: Several norms in comparison regarding their behaviour with respect to shift.

Furthermore, in the context of full waveform inversion, the L?norm faces a significant
challenge known as cycle-skipping. The periodic propagation of seismic waves may cause
this issue: if the observed and synthetic data are more than half a wavelength apart
(see Figure , there is a phase mismatch between the observed an the synthetic data.
Then, the gradient of the misfit function might go into the wrong direction, leading to
convergence towards a local minimum [SJV22; |Tar05; Yanl8|. But even for smaller time
shifts between the observed and synthetic data, the L?-norm possibly produces local
minima (see Figure [15)).

0.8

0.6

0.4 4

0.2 1

Amplitude

0.0

—-0.2 1

—0.41

t

Figure 14: Two time-shifted Ricker waves
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L2-norm

time shift

Figure 15: L%norm between two shifted Ricker waves from Figure leading to local
minima

The problem of cycle skipping is less pronounced at lower frequencies, where phase
mismatches are less likely, as the wavelength increases inversely with frequency:

c
A 7

In the above equation, A is the wavelength, ¢ is the wave propagation velocity, and f
is the frequency. Unfortunately, seismic FWI often involves high-frequency waveforms
due to the nature of seismic data, increasing the risk of cycle-skipping |[EF14; [Yan+17b].
A practical approach to addressing this issue is to start with low-frequency waves in
the initial velocity model. By progressively inverting from lower to higher frequencies,
the risk of phase mismatches can be mitigated, thereby improving the robustness of the
inversion process |[EF14; [Yan+17b|. Therefore, using the Wasserstein metric appears to
be an effective tool for overcoming cycle-skipping

1.00 —P
— 0

Amplitude
o
o
o

0 n 21 3 4n
X

Figure 16: @ is shifted from P by 7.
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4 Optimal Transport

Figure 17: A mass transportation problem

Optimal transport dates back to the 18th century and was first described by Gaspard
Monge, who found a solution to a mass transportation problem. To illustrate this problem,
assume we have a pile of sand and wish to use the entire amount to fill a hole with the
same volume (cf. . In optimal transport, we model the pile and the hole by
probability measures p and v defined on (not yet specified) measure spaces X and )
respectively. Let A be a measurable subset of X and B be a measurable subset of ).
Then, p(A) measures the amount of sand is located in A. Analogously, v(B) measures
the amount of sand in B. Moving the sand can be quite costly in effort, and we wish to
fill the hole at minimal cost. To this end, we define a cost function c(x,y) defined on X
and Y, which gives the effort of moving one unit of mass from a location z in the pile to a
location y in the hole. In the sequel, we formally define the relevant terms from optimal
transport and give main results.

4.1 Monge’s and Kantorovich’s formulation

Definition 4.1. (Transport mapping) Consider two measurable spaces X and Y with
non-negative Borel measures p and v respectively. Further, let

T: X =Y

be a measurable bijective mapping, which we call the transport mapping.

For rearranging one distribution into the other, we require two conditions: mass preser-
vation and volume equality.

Definition 4.2. (Mass preservation, ) We want T to be a measure preserving map,
thus
T (A) = v(A). |63]

In shorter notation, it is common to write Tyup = v, when equation holds.
Definition 4.3. (Volume equality, [Vil05]) It holds u(R™) = v(R™).
Definition 4.4. (Cost function) We denote by

c: X xY—-R
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the cost for the transport of mass between x and y.

Example 4.5. The most common choice for the cost function c(x,y) is the euclidean
norm between x and y, thus ||z — y||* as defined in definition [1.§

Remark 4.6. The L'-norm has also been used in literature, especially in the context of
machine learning, see [ACB17; PC19] for instance. We will revisit the choice of the cost
function in Section [.3

Definition 4.7 (Monge’s formulation (1781), [Vil03|). Solve the optimisation problem

inf 4= inf { / (e, T(a) du@;)}

Ty,veM Tp,veM
i compliance with volume equality and mass preservation.

Note that by definition of the transport mapping, each element of X is mapped to exactly
one element in ). Therefore, mass splitting is not possible in Monge’s formulation.

Example 4.8. (Monge problem and mass splitting, [Thol§])
Consider two discrete dirac measures

= 5(‘/171)7
1 1
v =50(y) + 50(v2),
where y1 # yo. Then v(y1) = 3, but u(T(y1)) € {0,1} depending on whether
x1 € T ().

Corollary 4.9. The Monge problem does not always have a solution, since mass splitting
1 not possible.

To allow mass splitting and therefore achieve solvability of the optimisation problem,
Kantorovich formulated a relaxed version of the Monge problem. Instead of searching
for a bijective transportation mapping, Kantorovich aimed for a transportation plan. In
this transportation plan, we capture the transported mass in a probability measure m,
which is measure-supported on the product space X x ). There, x can be transported to
multiple points y;, while in the Monge problem this was not possible. To match up with
the requirements of the Monge problem, we want

/X dn(z,y) = du(x) 164]

and

/ dr(z,y) = dv(x). [65]
Yy
In other words, we want for A C X, that

m(A,Y) = u(A), |66]

and for B C )Y, that
(Y, B) = v(B). 67]
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Definition 4.10. (Marginals) We say that the measures w that satisfy and have
marginals @ and v respectively.

Definition 4.11. (Admissible transportation plans, [Vil03]) We denote the set of all ad-
missible transportation plans © by

M(p,v) ={mre P(X xXY) | and [67] hold for all A and B} .

Definition 4.12 (Kantorovich’s formulation (1939),[Vil03; Kan06|). Solve the optimisa-
tion problem

inf  # = inf / c(x, T (x))dmr(x, . 68
nf ﬂenw){ [ el T@)ar y>} 68
Corollary 4.13. Since every transport mapping determines a transportation plan of the
same cost, the Kantorovich problem is weaker than the Monge problem. Therefore, it holds

We%r%,ﬁm{ /X Xyc(x,T(x))dﬂ(x,y)} < inf{ / efa, T(x)) dﬂ(x)}.

While for the Monge problem it is not guaranteed to find an optimal mapping, the Kan-
torovich problem is solvable for any continuous cost function with lower bound [Vil03]. In
particular, the problem is solvable for cost functions of the form |z —y|P, when p and v are
absolutely continuous with respect to the Lebesgue measure. We specify this statement
in the following theorem, which is a corollary of Brenier’s Theorem |Bre91].

Theorem 4.14. (Relation between the solvability of the Kantorovich and the Monge
problem, [Kan006; |Vil03]) Consider compactly supported probability measures p and v
on R™, which are continuous with respect to the Lebesque measure. Further consider
z(x,y) = ||z —y||* as cost function. Due to the strict convezity of the LP-norm for p > 1,
there exists a unique solution to the Kantorovich problem, which is then also a solution
to the Monge problem.

Proof. See proof of theorem 2.12 (iii) in [Vil03| ] O

We assume that the cost function ¢(z,y) has lower bound and X,Y are bounded.
Therefore the infimum in equation is finite. Hence, to establish the existence of a
minimum, we use a compactness argument. To this end, recall the well known Bolzano-
Weierstrass theorem.

Theorem 4.15 (Bolzano-Weierstrass theorem, [Ste23]). Let f : U — R be continuous
and let U be a compact set. Then, f achieves a minimum on U [Ste25] .

Theorem 4.16 (Existence of a minimiser for the Kantorovich problem, [Vil03; Kan06]).
Assume c(x,y) is bounded below and continuous. Then the Kantorovich problem admits
a minimiser.

Proof. Since the cost function c(x,y) lives in R", we can think of compact spaces in the
sense of sequentially compact spaces and thus need to define a notion of convergence. Fix

6We give a proof for the case where p, v € R in Section
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U = II(p, v). A sequence of measures 7, converges to v, i.e. v, — 7, if

/ g(z, y)dyn(z,y) — g(z,y)dy Vge CUX xY).
XxY

XxY

To make use of the Bolzano-Weierstrass theorem, we need to verify these two conditions:
1. TI(u,v) is compact,
2. ¢(x,y) is convergent.

To check the first assumption, choose ,, € II(, v) and find a convergent subsequence 7,
which converges to m € II(u, ). We need to check the marginals (cf. definition [4.10]).
Choose g(z) € C%(x).

/£,§/g<x>dw<x,y>:= lim [ g(e)dm, (z,y)

K—00 XxY

—Aﬂ@@@%

since II,,, € II(u, v) and therefore the marginal over X is y1. Analogously, the marginal of
IT over Y is v. Thus, II(u,v) is compact. For the second assumption, we need to check if

f(m) = /X Yc(x,y)dﬂ(x,y) for m € U.

Again, choose m, € II(u,v) such that m, — II(u, ). To prove continuity, we need to show

f(mn) = f(m).

f(ﬁn)Z/X YC(@",y)dm(iz,y)—> c(x, y)dr(z,y) = f(r),

XxY

since m, — 7 by assumption and further we assumed c¢(z,y) to be continuous. Hence, f
is continuous. By the Bolzano-Weierstrass theorem, the Kantorovich formulation admits
a minimiser for a real-valued, continuous cost function over a compact set. O

Remark 4.17. The minimiser is not necessarily unique.

Remark 4.18. We did not need to specify a metric for the cost function, as it is sufficient
for the space to be metrisable. Furthermore, the solvability of the Kantorovich problem
can be proven not only for continuous cost functions but also for lower semi-continuous
cost functions, provided certain conditions are met. Specifically, when considering Polish
spaces X and Y, compactness follows from the Prokhorov theorem, ensuring the existence
of optimal transportation plans. Since the conditions from Theorem [4.16] are sufficient
for the purpose of this thesis, we stick to the results thereof. The reader is pointed to
[Thol8] and [Kan06] for further reading on the solvability of the Kantorovich problem for
lower semi-continuous cost functions and the relevant theory behind.
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4.2 The Wasserstein Distance

With the relaxed formulation by Kantorovich, a new distance function between probability
densities on a given metric space was invented: the Wasserstein distance.

Definition 4.19 (Wasserstein distance (1969), [Kan06; Vil03]).

W) = (i c<x,Tu,y<x>>pdu<x>)l/p

TuveM Jpn

for all p € [1,00) and where M is the set of all maps that rearrange the distribution p
mto v.

Definition 4.20. (Wasserstein distance with cost function of LP type)

W) = (it [ - Tu,y<x>||pdu<x>)l/p

Tuve

for all p € [1,00). In analogy to p—norms we refer to these kind of Wasserstein distance
as Wasserstein p—distance.

Remark 4.21. In the sequel, we will often use the quadratic Wasserstein 2—distance. It
is defined with the L?-norm as cost function:

W) = (pint, [ o= Tu)lPduta) )

v

Also note the added upper indez.

Theorem 4.22. (Wasserstein distance is a metric, [Vil05]) For a symmetric and (non-

strictly) positive cost function, the Wasserstein distance satisfies the definition of a metric.
That 1is,

o Symmetry: Wy(p,v) = W,(v, 1),
o Positivity: Wy(p,v) >0 and Wy(u,v) =0« f =g,

o Triangle inequality: W,(p,v) < Wy(p, o) + Wp(o,g).

Remark 4.23. Note that the Wasserstein metric depends on the definition of T),,(x).
While T, ,(x) is a transport mapping in Monge’s formulation, it is a transportation plan
in Kantorovich’s formulation. Theorem can be proven in general when viewing T}, ,
as a transportation plan. As we will see, the Wasserstein distance also fulfils the properties
of a metric in the Monge’s case, when considering the p-norms as cost functions.

To prove the triangle inequality in the Kantorovich case, we apply the well-known gluing
lemma to probability spaces.

Lemma 4.24 (Gluing lemma, [Ste23|). Let u, v, o be three probability measures, supported
on measure spaces X,)Y,Z respectively. Further define two transportation plans ms €
H(p, v) and mes € 1L, ). Then there exists a probability measure m € P(X x Y x Z) with
marginals mo on X X Y and w3 on Y X Z.
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Another lemma we will use in the proof, is on the Minkowski inequality.

Lemma 4.25. (Minkowski Inequality, [Ste25]) For p € LP and v € LP holds for all
p € [l,00):

e+ vllee < flpllze + W] 2e-

Proof of Theorem for Kantorovich’s formulation. For the proof we need to check the
above three properties of a metric. We start by proving symmetry. Since the cost function
is symmetric, the Wasserstein metric is as well. Positivity incorporates three conditions:

1. Wy(p,v) >0,
2. p=v=W,(uv)=0,
3. WP(N?”):OjM:V'

The first property follows by positivity of the cost function ¢(z,y), the second one by the
symmetry condition. For the third one, assume W,(u,v) = 0.
Then, there exists a transportation plan 7 € II(u, v), such that

/'|x—mwﬂaw=o.
XxY

This means, 7 is supported on {(z,y) € X x Y|z = y}. Choose A C X.

mm=Aww=AWM@w

:/AXAdW(J:,y) :/XXAdW(xay)
=v(A)

Hence, i = v and (3) holds.
Finally, we show the triangle inequality. To this end, assume p,v,0 € P(X) and let
m12 and o3 as in Lemma [4.24] be optimal transportation plans. We choose X' to be the

support of p, Y to be the support of v and Z to be the support of o. Analogously, let
713 be the marginal of 7 on X x Z and 73 € 1, o).

Wa(p, o) < </sz d(x,z)pdmg(m,z)>1/p [69]

_ ( /X L d(x,z)pdﬂ(x,y,z)>1/p [70]
s(AMW;ﬂ%w+d@ﬂDWﬂ%%d>w, 71

whereat we used the fact that WZ(u,v) is not necessarily optimal. Since ) is inde-
pendent of the above distance, we can rewrite to . In , we used the triangle
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inequality. Next we obtain by the Minkowski inequality:

</X><))><g(d($7 y) + d(y, 2))Pdr(z, y, Z)) 1/p

1/p 1/p
<([ dwperaenn) ([ dwerinens)
XXYXZ XXYXZ

([ dwarasen)) ([ dweran0)
= Wy, v) + Wy(v, 0),

which proves the claim.

Corollary 4.26. This holds in particular for cost functions of LP type.

[72]
73]

[74]

[75]

Next, we prove that the Wasserstein p—distance defines a metric, when 7' is a transport

mapping as in Monge’s formulation and the cost function is of LP type.

Theorem 4.27. For an L, type cost function, the Wasserstein distance fulfils the prop-

erties of a metric.

Proof of Theorem[4.27. We start by proving symmetry. Since the cost function is sym-

metric, the Wasserstein metric is as well. Positivity incorporates three conditions:

1. Wp(/,L, V) > O,
2. p=v=Wy(uv)=0,

3. Wy(p,v) =0=p=v.

The first property follows by positivity of the cost function ¢(z, y), the second one by the

symmetry condition. For the third one, assume W,(u,v) = 0.
Then, there exists a transportation plan 7 € II(f, g), such that

/‘\x—mwﬂxwzo.
XxY

This means, 7 is supported on {(z,y) € X x Y|z = y}. Choose A C X.

mmzﬁmwzéwmmw

:/AXAdw(x,y)z/XXAdW(%y)
= g(A)

Hence, u = v and (3) holds.
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To proof the triangle inequality, define three mappings

Ty:p—o
Ty :0 —v
T:p—v,

where T' = T o T}. Further, define Id(z) = x for all z € X. Since T': f — ¢g may not be

optimal, we obtain
1/p
(/m— APd) = o) = Tl

& Wyp,v) < Ld(z) = Ti(2)|[ Ly(p) + [[T1(2) = T(@)| L, (00

- Wy(u,) Uﬁ—ﬂ|wam(/m %m»w@w
e W), < ([ le- TPt ) +( [ 1m BM»W@W

1/p
& Wyl v) < Wy(p, o) + (/ ly — TQ(y)|pd0>
A Wp(:u: V) S Wp(”7 U) + Wp<0-7 V)
Finally, we have shown the triangle inequality. O

In Section [3.4] we already illustrated the behaviour of Wasserstein distance in compar-
ison to other commonly used misfit functions. In Figure [I3], the behaviour of Wasserstein
distance and other commonly used misfit functions as L?-norm were plotted with respect
to horizontal shifts. While the L2-norm measures the vertical differences between the red
and the blue curve, it is illustrated that the Wasserstein distance additionally captures
the horizontal distance between the two curves. When the curves do not overlap, the
L?-norm is not able to compare the curves horizontally, while the Wasserstein distance
indeed is. This idea was also summarised schematically in Figures [I0] and [I1]

The formal definition of the Wasserstein metric at hand, we are now able to prove our
earlier observations. We formally capture the results in the following lemma.

Lemma 4.28. (Behaviour of Wasserstein and L*-distance) Let f and g be probability
density functions and s their horizontal shift, such that f(x) = g(xz — s) as illustrated in
Figures and |11] from Section . For overlapping f and g, both L? and W? are of
complezity O(s), while for non overlapping f and g, L* € O(1) but W? € O(s).

Proof. We first consider the case, when the two density functions overlap as in Figure [10]

Lol 9) = If = gllz= = (/(f—g)de> v

(o)

= 0(s)
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Note that f and g are shifted by g(z) = f(z — s).
1/2
Wt = ( [lo - TP s

(ferm)”

= 0(s)

Hence, for overlapping density functions, both L? and W? increase linearly within the
horizontal shift s.
Next, we consider the case, when f and g are not overlapping as in Figure [11]

LZ(fag) = ”f _gHLQ

= (/(f - g)Qdfc) "
(o)

= 0(1)

1/2
Wt = ( [lo - TP s
= 0(s)
As we can see, the L? distance is bounded, when f and g do not overlap (cf. [EF14]). O

Corollary 4.29. From Lemmal[].2§ we conclude, that the Wasserstein distance is a suit-
able metric for incorporating horizontal shifts.

At this point, we show another elementary result for the Wasserstein distance, which will

be useful in Section [4.5.3]

Lemma 4.30. The quadratic Wasserstein distance fulfils the convexity property:
W5 (v + (1 = @)p, avy + (1 — a)va) < aWg(pn, 1) + (1 — Q)W5 (g, v2).

Proof. We proof this lemma for Kantorovich’s formulation. Define y = apy + (1 — a)us
and v = avy; + (1 —a)vs. Let m#,, = 11 and m#,, = v, be optimal transportation plans.
Define m = am + (1 — a)me. Then we have to show that 7 is a feasible transportation
plan. Thus we need to check the marginals. To this end, define A C X and B C Y as in
definition .10l

T(AY)=am(4,Y)+ (1 —a)m(A,Y)
= o (A) + (1 = a)ua(A)
= u(A)
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and

m(X,B) = am(X,B) + (1 — a)m(X, B)
= a1 (B) 4 (1 — a)ry(B)
= v(B).

Therefore, we have
Wﬂmms/°<x—w%ﬂ%w [76]
=alfgx—w%m@w»+u—axé}pv—w%muw> 7]
= aW3(,v1) + (1 — )W5 (ug, 1), [78]

where equation (77| holds since 71 and 7y are optimal. O

Remark 4.31. In Sections[{.5.1]4.5.2 and [{.5.5 we show the convezity of the quadratic
Wasserstein metric concerning shift, dilation, and partial amplitude changes.

With the Wasserstein metric, we have defined a way to measure the distance between
two probability densities. The Wasserstein metric utilises the transportation mapping
in Monge’s formulation and the transportation plan in Kantorovich’s. In general, it is
difficult and not always possible to find an explicit formulation for the transportation.
However, in the one-dimensional case, i.e., for z € R, we can indeed derive an explicit
formulation. To this end, we focus on the one-dimensional case in Section In Section
[4.6 we apply this explicit formulation in the context of full waveform inversion.

4.3 Optimal Transport in One Dimension

To find an approach to the one-dimensional optimal transport problem, we choose the
L?-norm as cost function.

Problem 4.32. (Monge’s formulation) Solve

mm{/Mx—ﬂ@w%@mL [79)

such that

/ p(x)de = / v(y)dy
T-1(A) A
for all A C R.

In the one-dimensional case we only have two possible directions on the coordinate
axis, in which we can transport data. This gives rise to the idea, that the optimal transport
mapping may be monotone. We proof this for general probability density functions in the
following proposition.

Proposition 4.33 (Monotonicity of the one-dimensional optimal transport mapping,
[Vil03]). For a quadratic cost function the optimal map T'(x) is monotone.
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Proof of Proposz'tion (Vil03]. Let 1 € I and xy € Iy, where I; and Iy are open
intervals, and assume without loss of generality that ;1 < x5. Let € > 0 such that

/I e = < = /1 u(z)de 180]

holds. Assume x; and z5 are mapped by T'(x) to some y; and yz, where y; < yo. For
i€{0,1,2,...} define

We define a second mapping T(x)

Y1, 1fx:x2
T(x) = 4 yo, if v =z
T(ZL‘), lfl’¢11U]2

Suppose T'(z) is optimal. Then by definition of optimality

%/Ilub (@ = T(@)Fp(x)dr < %/ (z = T(x))*p(x)dz

N % /I x2u($)da:~|—% /1 T(a:)Qu(x)d;lu—b /I o T(2) ) dx
4 % /I x2u(a:)da:—|—% /1 () p(z)dz — /I o T(2) ) da
< % /I xQM(a;)da:+% /1 () p(z)dz — /I T () ) d
+ % /I xQu(.r)daz—l—% /1 () p(z)dz — /I T () ) d

Using equation , dividing by ¢ and rewriting the above inequality such that the right
hand side becomes zero, we obtain

1[x@uwﬂmwmwm+1[x@uwﬂmwmwmso 1]

9 9

Recall that we consider Monge’s formulation for a quadratic cost under the constraint

that
/ u@ﬂxz/gwﬂy
T-1(A4) A

for all A C R. To this end, we take ¢ — 0. Assuming the limit exists, we obtain

lim (1 /] (P (w) ~ T + ! / +(T(z) T(x))u(x)dx)

e—=0 \ € £ I

= x1(y2 — y1) + z2(y1 — v2),

which in summary means that

z1(y2 — 1) + z2(vh — y2) < 0.
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Since x; and y; are real values, we can rewrite this equation to

T1Y2 — T1Y1 + Tay1 — TaY2 < 0
S Yol1 — Y11 + Y12 — Yoo <0
& (Y2 —y)(xa — 1) >0,

where both the first and the second factor is greater or equal to zero. Hence, the optimal
transportation map is monotone. ]

Remark 4.34. Note that the above is true for a quadratic cost and does not hold for other
cost functions in general [Vil05)].

Theorem 4.35 (Explicit formulation of the one-dimensional optimal transport mapping,
[Vil03]). In the one-dimensional case we can formulate an explicit expression for the op-
timal transport mapping.

The optimal map is constructed via the cumulative distribution function of the given
densities f and g for the synthetic and observed data respectively. Before we can proof the
theorem by deriving the explicit formulation, we give some prerequisites from probability
theory first.

Definition 4.36. (Cumulative distribution function (1), [BT0S]) In probability theory,
the cumulative distribution function (CDF) of a real-valued random variable X, evaluated
at x, is the probability that X will take a value less than or equal to x. Formally,

Fx(x) = P(X < x).

Every probability distribution supported on the real numbers is uniquely identified by
a right-continuous monotone non-decreasing function F' : R — [0, 1] which satisfies

lim F(z)=0

T——00
and
lim F(z)=1.

T—00

Definition 4.37. (Cumulative distribution function (II), (BT08]) For a given density
f(x), we define the corresponding cumulative distribution function as

Flz) = /_ "t

Definition 4.38 (Inverse of CDF, [BT08§|). If the CDF F(x) is strictly increasing and
continuous, the inverse distribution function (also called the quantile function) is defined
as

F ' p) =z, pel0,1],

where x is the unique value such that F(z) = p.

Definition 4.39 (Generalised inverse of CDF, |[BT08|). If a distribution does not have a
unique inverse, we define the generalised inverse as

F~Yp) =inf{zx e R| F(x) > p}, pe]01].
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Normal distribution and its shifted version

4
21 — f(x)
g(x)
onrbV--_—r— T —T T
-3 -2 -1 0 1 2 3
X
CDFs of f(x) and g(x)
iov¢? 00 4/
0.5 A T
G(x)
0'0 B lI — -I ————— I- — T T T T
-3 -2 -1 0 1 2 3
X
1 Inverses of CDFs
07 — |nverse of F(x)
r— Inverse of G(x)
_1 : T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 18: Normal distribution f(z) and its shifted version g(z), their CDFs and the
respective inverses of the CDFs

Proof of Theorem[{.35. For given strictly positive densities f(x) and g(x), we define their
respective cumulative distribution functions as

Flz) = /_ it

and

mwaffmw

Take a point x, which is mapped to T'(x) = y by the optimal transport mapping. We
know by proposition that this mapping is monotone. That is, for a fixed x we have

x Yy
)= [ swit=ct)= [ s
In shorter notation we can write

F(z) = G(T(x)). 82]

T(x) =G (F(z)). [83]



Thus, with equation [83] we have found an explicit expression for the one-dimensional
optimal transport map. O]

Remark 4.40. Note that we assumed f and g to be strictly positive, since otherwise we
would not have been able to transform equation [82] into equation [83].

Theorem 4.41. (On the optimal transportation in the one-dimensional case, [Sanlb;
Vil03]) Let p,v € R be probability density functions with cumulative distributions F and
G respectively. Let c(x,y) = ||v — yl||z2. Further, let ™ be the measure on R? with
cumulative distribution function H(z,y) = min(F(x),G(y)). Then,

1. 7 € I(p,v) and 7 is optimal for the Kantorovich problem with cost function
c(z,y).

2. The Wasserstein metric is given by W3 (u, v fo |F1 “L(t)|dt.
In the proof of the above theorem, we make use of the following lemma.

Lemma 4.42. (/Sanl1d|]) Assume x1 < x5 for x1,x9,y1,ye. Furthermore, define a contin-
uous and strictly convex cost function, such as |x —y|rz. When it holds

21 =yl + w2 = g2llze < llon — willez + o2 — w112 [84]
for all tuple (z1,v1), (T2,Y2), then y1 < ys.
Proof of Lemmal{.49, [San15]. Assume y; > yo. Then, equation [34 reads

lz1 = yillzz + [[22 = vollr2 < [ly2 — @1l[r2 + [ly1 + 22|12

Moreover, y; > y; implies yo—x < y—x. Therefore, y,—x; and y; +x5 live in [ys —x2, y—z].

Define § = m living in (0,1), which can be seen by expanding the fraction.
Then,

Yo — 11 = (1 - 5)(1/2 - 902) + 5(?J1 - Il)a Y1+ a2 = 5(y2 - 962) + (1 - 5)?J1 — T1.

Define a =y —x, b =y, — x5 and d = x5 — x1. The strict convexity of the cost function
yields

c(a) + ¢(b) < e(b+d) + c(a—d)
< (1 =6)e(b) + dc(a) + c(b) + (1 — d)c(a)
= c(a) + c(b),
which is a contradiction. Therefore, y; < 5. O

Proof of Theorem [San15; |Vil03]. By Theorem there exists an optimal trans-
portation plan 7 € II(u,v). We first proof that # = 7*. By proposition [4.33] we know
that the optimal transport mapping in one dimension is monotone. This is equivalent to

o1 = wllee + 22 = goll2 <z — ez + llz2 — a2

for all tuples (x1,y1), (z2,y2) in the support of 7*. For these x1, z2,y1, yo we additionally
assume without loss of generality that x; < x».
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Define A = (—o0, z| X (y,00) and B = (x,00) X (—00, y|. From Lemma we know that
for all tuple (x1,y1), (z2,y2) in the support of 7* is holds y; < ys. Therefore, we have for

(70, 90) € supp(m*):
supp(m*) C {(z,y) : v < xo,y < yo} U{(z,y) 1 > xo,y > Yo}

Therefore, either 7 (A) # () or 7*(B) # (. When using the definitions of A and B, we
obtain

(=00, z] X (=00, ) [85]
= min{m(—o0, x] X (—o0,y|) U A, m(—00, x| X (—00,y]) U B} [86]
= min{m(—o00, z] X (—00,y]) U ((—o0,z] x (y,0)), [87]

(=00, z] X (=00, y]) U (z,00) X (=00, y]} 33
= min{m((—o0,z] x R), m(R x (—o0,y])} [89]

= min{F(z),G(y)}, 90]

where the last equality follows with definition .37 Thus, we have shown the first state-
ment in Theorem 4411
For the second statement, recall definition We analogously define the short notation

G;%l.ﬁﬁo,l]((—oo, iL‘], (—OO, y]) = V((—OO, .Z'], (—OO, y]) [91]

for a measure v and the Lebesgue measure £, ;) defined on [0, 1], when we mean the mass
preservation

v(—00, 2], (—00,y]) = Loy(G (=00, 2], (—00,1])).

We want to proof that

1
/ o = yll o (2, y) = / 1P (t) — G\ (&) e,
RxR 0

Therefore, we need to verify
T = (F, G Lo,

since then we will finally obtain

/ Hw—yHdeﬂ*(x,y):/ [ = yll2d((F~', G™1) Lo ) (2, )
RxR RxR

:/0 IF~1(t) — G M (1) | .
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Next, let us reformulate 7* = (F'~!, G™1) 2 Lo 1

(F_I,G_l)#iﬂ[o,l]((—ooax] X (—00,y]) %0,1}(F_17G_1)_1((00 ] x (—00,y]))
= Zoy({t: F'(t) SaAGTH(H) <))

L Lot Ft) >
= min{F(z),G(y)}

(—o0

™ ((~o0,2] x

tAG(y) > t})

1))

Hence, we have shown that 7* is the optimal solution to the Kantorovich problem and
the Wasserstein metric can be rewritten as

*

/ o — ylliedn*(z,y) = / lo — yled(F.G Y eLo)wy)  [92]
RxR RxR

0 / I[P ) — G (1) e, 193]

where the second equality (*) in the above equations is obtained by substituting
F(x)=G(y) =t fort € R. O

Corollary 4.43. The first statement of Theorem implies that for an L? cost function
the solution to the Kantorovich problem is unique.

Corollary 4.44 (of Theorem and Theorem [1.35).
Let p and v be two positive probability densities. When we do not allow mass splitting,
then
inf = inf A.
well(p,v) Ty p=v
Therefore, the optimal solution to the Kantorovich problem is also a solution to the Monge
problem.

Proof of Corollary[{.44} In Theorem [£.35] we have shown that for strictly positive densi-
ties 1 and v, the optimal transportation to the Monge problem is given by

T(x) = G (F(x)).

From corollary [4.13] we know that the Kantorovich problem is weaker than the Monge
problem and therefore, every solution to the Monge problem is also a solution to the
Kantorovich problem. In m (ii), we have found an expression for the Kantorovich
problem with the L? cost function. Thus, we have for densities f, g > 0:

1

inf  J(m)= [ (F7'(t) = G (1))l]12dt

mell(p,v)

/ Iz — G (F(a)) | adulx)
> inf A.

TM,VEM
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Since infr, ,eap > mingery

) K, is holds

v

inf # = inf A.

nEM(,v) Ty €M

Therefore, the optimal solution to the Kantorovich problem and to the Monge problem
coincide for an L? cost function. [

Corollary 4.45. The solution to the Monge problem for an L* cost function is unique.

4.4 Optimal Transport in Higher Dimensions

While we were able to find an explicit expression for the transport map in the one-
dimensional case, we will see that this is not possible in higher dimensions. Similarly to
the one-dimensional case, we want to find a mapping which minimises

[ o= 1@ ra)ds,

such that

/T AM)f(:v)d:v: /A 9(y)dy. [94]

for all A € R"® with n > 1.

Theorem 4.46. (Quadratic Wasserstein metric in dimensions > 1) The squared Wasser-
stein metric is given by

W2(f,q) = /X (@) — V() 2d.

For the proof, we briefly recall the change of variables formula.

Lemma 4.47. (Change of variables, [Ste23]) Let U be an open set in R™ and ¢ : U — R"
an injective, differentiable function with continuous partial derivatives, with non vanishing
Jacobian for every x € U. Then, for any real valued, compactly supported, continuous
function f, with support contained in ¢p(U), it holds

| twio= [ o) ldet(D)wdu
o(U) U

where det(De)(u) is the determinant of the Jacobian matriz of partial derivatives of ¢ at
u.

Next, we make use of the following well-known theorem by Rockafeller.

Theorem 4.48. ([Roc70], Section 24) A cyclically monotone mapping can be expressed
as the gradient of a convex function.

Proof of Theorem[4.46. By substituting y = T'(x) and using Lemma we can rewrite
equation to

/ f(z)dz = / 9(T(z)) det(VT(zx)) dx VA.
T=1(A) A
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Because of the mass conservation property of the transport mapping, we expect

9(T(2))det(VT (x)) = f(x). 195]

Analogously to the one-dimensional case, choose 1, ..., z, € X. Assume 7T'(z) is optimal
and let y; = T'(x;). Further, let &; be a ball around z; such that fE f(z)dz = ¢ and define

F; = T(E;). Therefore, we construct a new mapping T'(z;) which is measure-preserving
and for which holds

T(iﬂz) = Yi+1
T<Ez) = Fin
T(z) =T(z), ifz¢ UE,.

Since we assume that 7'(x) is optimal, we know that
= 1@Ps@i < [ (@0-T@) fa)d.
X X

As in the one-dimensional case (cf. equation [81]), we obtain

%Z [E #(T(@) ~ T(@)f(2)dz <0, [96]

For ¢ — 0, we get

N

Zﬂﬁi (Yir1 — i) 0.

i=1

Therefore, we have cyclical monotonicity. Since we assumed T'(x) to be optimal, we can
think of it as the gradient of a convex function due to Theorem [4.48 Thus, we write

T(x) = Vu(z), 197]

where u is convex. From equation [95] we know that

det(VT'(z)) = %
Hence, with equation |97] we obtain
det(D*u(z)) = - (1;(2)), 98]

where D?(u(z)) is the Hessian matrix of u(z). Equation is the Monge-Ampere equa-
tion. To compute the Wasserstein metric, we need to compute the optimal map

T(x) = Vu(z) 99]

via the solution of the Monge-Ampere equation together with boundary conditions. In
|[EF14], the Monge-Ampere equation was equipped with non-homogenous Neumann bound-
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ary conditions. By the quadratic Wasserstein metric is then given by

W2(f.g) = /X F(@) o — V) .

This proves the claim. O

For the Monge-Ampere equation, uniqueness of the optimal map is not guaranteed.
In |[EF14] and |Yanl§|, the Monge-Ampere equation was solved by a finite difference
scheme. To obtain well-defined solutions, the data must be sufficiently regular. This can
be particularly challenging when working with real seismic data, for instance, due to noisy
measurements [Yanl8|. Furthermore, seismic full waveform inversion involves large-scale
data, necessitating strong regularisation. To this end, the Monge-Ampere solver developed
in [EF14] was designed to smooth the data sufficiently. However, smoothing the data can
lead to a loss of high frequencies [Yan18|, which consequently means a loss of information.
In [Yan+17b|, numerical simulations showed that the Monge-Ampere solver is not very
promising in two dimensions. More results on the Monge-Ampere equation in general and
on its application in seismic geophysics can be found in [EF14] and [Yan+17b]. In this
thesis, we stick to the one-dimensional formulation described in the previous section.

4.5 The Wasserstein Metric for Seismic Signals

In Section [3.4] we illustrated the convexity of the Wasserstein metric with respect to
horizontal shifts. Moreover, we discussed Gaussian distribution functions, which have de-
sirable properties due to their positivity and normalisation to volume one. The functions
considered in that section differed only by horizontal shifts, with no changes in ampli-
tudes. Hence, from this point we can only conclude that optimal transport works well for
functions which are nice enough in a certain way. For our setting, it is sufficient if the
Wasserstein metric behaves nicely for the main effects that occur in seismic imaging.
Recall that a solution to the wave equation is represented by

u(z,t) = uo(z — mt),

where m is our model parameter, the velocity coefficient. We want to address the effects
that occur when m is varied. Most common signal distortions in seismic modelling are
time shifts and dilations in u(z,t) as well as partial amplitude changes. To demonstrate
the occurrence of dilations and shifts, we consider the following example.

Example 4.49. (One-dimensional constant velocity model [Yan+16]) A one-dimensional
constant velocity model is given by

Pu 29%u

oz = M 53, z>0,t>0
_ ou __ —

u=0,% =0, 2>0,t=0,

u = uo(t), x=0,t>0.

A solution to the above differential equation is given by
u(z, t;m) = uo(t — x/m).

This implies that for fived x, variations in m result in a shift. On the other hand, if we
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assume t is fizved, variations in m cause dilations in ug when considered as a function of
x.

Partial changes in the amplitude of a signal occur due to variations in the reflecting
layers.

Example 4.50. (Piecewise constant velocity model, [Yan+16]) Consider subsurface layers
of different materials, which will result in a piecewise constant velocity field, as shown
in Figure [2] As we know, the waves’ velocity changes when entering a different layer.
Consequently, the reflected waves will have different velocities depending on the layer from
which they are reflected. An incorrect estimation of the velocity field can lead to either
larger or smaller local amplitudes in the resulting wave field.

Additionally, real seismic data is noisy, another side effect we have do deal with.
Therefore, we wish for the Wasserstein metric to be insensitive to noise or at least less
sensitive than other norms like the L?-norm. The effect of noise is addressed in Section
[4.5.4] For the time being, let us assume that we have already normalised the signals, such
that we deal with probability densities of bounded second moment.

4.5.1 Wasserstein Metric Regarding Time Shifts

0.8 1

0.6 1

0.4 1

0.2 4

Amplitude

0.0

—0.2 1

_04 4

Figure 19: Time-Shifted Ricker Waves

Assume f(x) is a signal, a time-shifted version of f(x) can be described as
f(x) = g(x — sv),
where the signal ¢ is shifted s units in v direction.

Theorem 4.51. (Convexity with respect to shift, [Yan+16]) Let f(x) = g(xz — sv) for
fivzed v € R™. Then, the quadratic Wasserstein metric W2(f, g) is convex with respect to
shift s.
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Proof of Theorem [{.51. By proposition [£.33] the optimal transport mapping 7" is a con-
stant shift. This is given by

T(x)=x— sv.

With the definition of the quadratic Wasserstein metric [4.21], we obtain

Wi(f.0) = ot [ o= T@Pde = [ (0= (o= s0)Pfla)ds
= /n(—sv)Qf(x)dx = /n s20? f(z)dx
= /Rn |2 f (x)dw

Since we assume f(x) to be normalised to volume one, we have

/ Sl f(z)dr = s*|v)? | f(z)dz = s*|v|>.
n Rn

Since quadratic functions are always convex, the claim follows. ]

Remark 4.52. Note that we assumed the signals to be positive and have volume one. In
practise, the signals have to be normalised beforehand, which can influence the convexity
property. We discuss several normalisation methods and their impact on the convexity in

Section [{.7
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4.5.2 'Wasserstein Metric Regarding Dilations and Contractions

Before deriving the optimal transportation map in the setting of this section, we briefly
recall the formal definition of dilations and contractions (see also [LLM16]).

0.25 —y

—
0.20 A

0.15 1

0.10 1

Amplitude

0.05 1

0.00

—0.05 1

—0.10 1

—0.4 —0.2 0.0 0.2 0.4

Figure 20: Three Ricker waves; g and h being contractions and dilations of f respectively

Dilations and contractions are special cases of a scaling of a function. Clearly, a scaling
is a linear transformation. By multiplying a quantity with a scaling factor, we refer to it
as dilation, if the scaling factor is larger than 1, while we call it contraction, if the factor
is smaller than 1.

In R”, uniform scaling by a factor v > 0 is accomplished by scalar multiplication with
v, that is, multiplying each coordinate of each point by v. As a special case of linear
transformation, it can be achieved also by multiplying each point (viewed as a column
vector) with a diagonal matrix whose entries on the diagonal are all equal to v.

Non-uniform scaling is achieved by multiplication with any symmetric matrix. There,
the eigenvalues of the matrix are the scaling factors, and the corresponding eigenvectors
represent the axes along which each scale factor applies. In the case of diagonal matrices,
the axes of scaling are then the coordinate axes. Hence, the transformation scales along
each axis by the factor v;.

Example 4.53. The scaling of < g ) by the factor 2 in x direction and by the factor 3

(y)=(5)

iy direction, i.e.
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can be written with help of the matriz A = <(2) g) , such that

f 20\ _ (2 O x
3y /] \0 3 y |-
Theorem 4.54. (Convexity with respect to dilation, [Yan+16]) We assume f is a dilation
of g. Thus, we can write

f(@) = g(Ax),
where A is a symmetric, positive definite matriz. Then, the quadratic Wasserstein metric
W2(f, &) 1s convex with respect to the scaling factors, i.e. eigenvalues A1, ..., A\, of the

scaling matriz A € R™",

Remark 4.55. Note that we want A to be positive definite, as the eigenvalues (scaling
factors) have to be positive by definition of a scaling.

To prove the convexity of the Wasserstein metric with respect to the eigenvalues, we
first need to make sure we found an optimal mapping.

Proposition 4.56. The mapping T(x) = Ax is optimal [Yan+16].
Proof of proposition [4.56]. Define y := Ax. Then we can write

g _ f(A'y)

(9)  (f(A™1ly))

To evaluate the last term’s denominator, we use definition [£.47] and obtain
| stwrto= [ gy der( DA ) dy.
o(U) U

Since we assume f to be a probability density function, it has volume 1. A is a constant,
linear transformation, hence, the most suitable linear approximation of A=! is A~ itself.
Thus,

DA(y)=A VyeR"

In summary, we get
| sta)do = jdet(a™)
o(U)

and

g _ f(Ay)

(9)  det(A-1)

where we omitted the absolute value function, since A is a positive matrix. Further, the
map T'(z) is optimal, since it is the gradient of a convex function

T(x)=V (%mTAx) :
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where A is positive definite. Thus, T'(z) is the gradient of a quadratic and thus convex
function. O

Proof of Theorem[{.5] Since A is symmetric positive definite, we can find a diagonalisa-
tion of A by orthogonal matrices |Fis13|. Let O be an orthogonal matrix and A a diagonal
matrix which consists of the eigenvalues of A. To find the diagonalised version of A, we
decompose

A =OANO".

For the quadratic Wasserstein metric, we obtain

w3 (ﬁ é%)) = [l e (oo

= / |0L,0"x — OANOT 2|2 f (x)dx
= [ |2700"z — 22T OANOTx + 2" ON* O 2| f(z)dx
]Rn

= [ [270(1, — A)*0"2| f(z)dx,

R

where I,, is the n x n identity matrix. Let z :== OTz. Then

|27 O(I, — N)20"z| f(2)dx = / (L, — A)?2f(0z)dz

n

= Z(Aj —I,)? /n 2;f(Oz)dz,

R

since A is a diagonal matrix and does not depend on z. Thus, W3 ( f, é) is convex in A

for all j. Hence, convexity with respect to the scaling values holds. O]
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4.5.3 Wasserstein Metric Regarding Partial Amplitude Changes

Decompose 2 into two disjoint domains, such that Q = Q; Uy and Q; N Qy = 0. If we
make a wrong guess for m, we get wrong reflection values.

Figure 21: Two layered structure, true coefficient leads to correct reflection point u, (red),
while the wrong coefficient u,, does not.

Without loss of generality, let 5 € [0, 1] be the parameter for the amplitude loss. Let f3
be the solution to the wave equation for this wrong coefficient m.
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Figure 22: g (blue) equals f (red) except for a local amplitude change
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Then,

oty = { 0 e e | 100

is piecewise proportional to g, but with different proportionality constants #. The main
goal of this section is to prove the following theorem.

Theorem 4.57. (Convezity with respect to partial amplitude changes, [Yan+16[) The

quadratic Wasserstein metric W3 <<§—Z>, g> 1s convex with respect to 3.

For the proof of the theorem, we introduce another representation of the signal fz(x):

| I+ a)g(x), forxey
o) = { (1— fyoj]g(a:), for x € Qy } ’

where

5 :afmg

ngg’

B &}
o= )
6fﬁlg+fggg

Remark 4.58. Note that h,(z) is piecewise affine in o, while fz(x) is not. The affinity
will be a useful tool in the proof.

Remark 4.59. Since we want 3 to be an amplitude loss, we have to choose o € [—1,0].

As in the following lemma, we see the parameter a as a function of 5 and show the
concavity of a with respect to 5.

Lemma 4.60 (Concavity of a(5), [Yan+16|). The function a(8) is concave with respect
to 3.

Remark 4.61. For the proof, recall that a function whose second derivative is negative
is concave [Roc70].

Proof of Lemma[{.60. In order to proof concavity, we differentiate o twice with respect
to 8. By the chain rule, we obtain

le g
(5 le g+ fm 9)2’
ey —2 le g fm
= (6f91 g+ f92 g) |

Since the second derivative has negative sign, «(f) is concave. n

o/ (B) =

Remark 4.62. The associated density functions are related by

= &% = ha()-
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Next, we proof the convexity of W2 with respect to «, and from there we conclude the
convexity with respect to .

Proposition 4.63. W} is conver with respect to a [Yan+16].

Proof. From Lemma[4.30] we know that the quadratic Wasserstein metric itself is convex.
We choose ordered ay, ap € [—1,0] and scaling factors s € [0, 1]. Since h,(x) is piecewise
affine in parameter «, we get

W3 (sha, + (1= $)hag, 9) < sWy(hays 9) + (1= 5)W5 (hay, 9)-
Because of the affinity, we also know that
Shay + (1 = 8)hay = hsa, + (1 — 8)an.
This implies
Wy (hsan + (1= $)hay, 9) < sW3(hay, 9) + (1= 5)W3 (hay, 9).

Thus, W3 is convex with respect to a. O
Corollary 4.64. The quadratic Wasserstein metric is decreasing in o [Yan+106).

Proof. Let —1 < ay < ap < 0. Choose s = 2 to make sure s € [0, 1].

W22(ha27 g) = Wg(hsaﬁr(lfs)-(]y g)
< 8W22(ha1ag) + (1 - S) W22(h07g)
()
= SWQZ(hal,g)a

where (%) equals zero by symmetry of the Wasserstein metric, since hg = g. As s <1, it
follows that
5W22(ha1,g) < W22(ha1,g)-

O
Next we translate the result of the previous lemma for o to a convexity result for .
Theorem 4.65 (Convexity of W2 with respect to 3, [Yan+16]). The quadratic Wasser-
stein metric W3 (d:—gwg) s a convex function of [3.

Proof of Theorem[{.63. By the previous results .60, (.63 [£.64, we know that we can
relate fg to hq(g) for a properly chosen a:

W22<f861+(5—1)ﬁ2> g) = W22(h'06(851+(1—8)ﬂ2),g> [101]

As was shown in Lemma [4.60, « is concave with respect to 5. That is,

a(spr+ (1 —s)52) > sa(B1) + (1 — s)afs.

From corollary [4.64] we know that the quadratic Wasserstein distance decreases in «, thus

W22<fsﬁ1+(s—1)627 g) < WQQ(hsa(Bl)-i-(l—S)a(Bg)v g)’
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Then, the convexity of W3 with respect to o implies

W3 (Fprs—1)82: 9) < sW3 (haga), 9) + (1 = $)W5 (haga), 9
= 5W22(f5179 + (1 - 5)W22(f52>79>7

which implies convexity with respect to 5. n

4.5.4 Wasserstein Metric and its Insensitivity Regarding Noise

The L?-norm is widely recognized for its high sensitivity to noise. Given that measure-
ments in practice are often noisy, insensitivity to noise is a desirable characteristic. In this
section, we will theoretically outline the Wasserstein metric and its insensitivity to noise.
Since we focus on the explicit one-dimensional formulation of the Wasserstein metric, it
suffices for this thesis to demonstrate that the Wasserstein distance is insensitive to noise
in the one-dimensional case.

Theorem 4.66. (Insensitivity to noise of the quadratic Wasserstein metric, [Yan+16])
Let g > 0 be a probability density function on [0,1] and let ¢ be a constant in (0, min(g)).
Further define

In(z) = g(@) + 17 (2),

x) is a piecewise constant additive uniform noise on the interval [—c,c]. Then

o SN 1
=2 (74) =0 (5)
Proof of Theorem[4.66, [Yan+16]. Without loss of generality, define g = 1 on [0, 1]. For
z € (5, %] we define rV(z) = r;, where each r; is drawn from the uniform distribution
Ul—c,c]. As we increase N up to infinity, 7V (x) approximates the noise function r(z) on
[0, 1]. Since for each i, we have r; defined to be a random variable of uniform distribution
Ul—c,c|, we have Er; = 0 and therefore Er = 0. We furthermore define h = % and

x; =1h for v €0,..., N. The noisy density function fy is then given by

where r
it holds

M

fn(@)=14r, z€ (z—1,x;).

Next, we calculate the Wasserstein distance between fy and gy = 1+ 7" to estimate the
effect of the uniform noise. Note that fy and ¢V have equal volume and gy is constant.
To this end, we use the explicit formula of the Wasserstein metric we found in equation

B3] namely
T(x) =G (F(z)).

As first step, we derive the cumulative distribution function Fy of fy. The density
fn(z) is piecewise constant in the intervals (z;_1,;], and each interval contributes to
the total area described by the cumulative distribution function Fi(z). To calculate the
cumulative distribution function at a specific point x, we need to sum the area of all
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preceding intervals and then add the contribution of the current interval (z;_1, z;].

@) =Y [ st [ gt

x;—1

Since fy(s) is piecewise constant (i.e. constant on each interval), we obtain
x;
[ delods = (s 2i) = (L4
Tj—1

Thus

i—1

Fy(z) :Z(swj)m/% Fn(s)ds

J=1
i—1

= (s+r)h+((L+r)(x—xi1)).

J=1

Since gy(z) is constant, we obtain the cumulative distribution function by calculating
Gn(z) = /Ow gn(s)ds.
Recall that gy(z) = 1 + ry is constant. Therefore, we obtain
Gn(x) = /Ox(x +7N) /Ox ldt = (14 ry)x

for x € [0,1]. The inverses of the cumulative distribution functions are given by

(x+ (i = i) = 3520k

Fyl(z) =
N (l’) 1 —|—T’Z'
for & € (z;l;ll(urj)m z;zl(Hrj)h] and
1 x
GN (ZL‘) = 1 —|—’I“N
for z € [0,1+r"]. O

In [Yan+ 16|, an upper bound for the Wasserstein metric was presented:

W2y, gx) = | P30 = G20 ar < 2 S <Zn - mzrk) |
k=1

i=1 =1

Since the noise {r;}&, is independent and identically distributed, the following upper
bound for the expectation of the Wasserstein metric can be found:

N
C
EW3 (fn.gn)] < C-h*- ZET% < ﬁ

=1
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A lower bound was established by

¢ < EWR (S o)) < 2.

where C and Cy depend on ¢ only [Yan+16|.
As last step in this proof, we need to scale the densities to volume one. Following

[Vil03], we obtain
fN o 1 ? 2
() () e
() =) < (%)
l+c¢) —\14+rV) = \1-¢/
In B 1
=2 (750) -0 ().

Remark 4.67. For the L*-norm it holds [Vil03; | Yan1§)]

5 (g0 =00

Therefore, the Wasserstein distance is much lesser sensitive to noise than the L*-norm.

where

From there, we obtain

4.6 Optimal Transport for Full Waveform Inversion

In Section [4.3] we found an explicit formulation for the optimal transport mapping in
the one-dimensional case, while we have seen in Section [£.4] that this is not possible for
higher dimensions. Since we focus on the one-dimensional case in this thesis, we stick to
the explicit formulation of the transport mapping. Recall that it is given by

as in equation [83]. Also recall that the FWI scheme consists of three main steps (cf.
Section |3.1)):

1. Solve the forward problem.
2. Compare the solutions of forward modelling and observed data.
3. Update the velocity coefficient and go back to the first step.
We have already explained the first step in Sections [2.1] and 2.2] Clearly, for the second

step, we chose the quadratic Wasserstein metric, Wthh is given by

W2(f.9) / [t — G ()£ (1)t 1102
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For updating the velocity coefficient in the third step, we choose standard gradient descent
as optimisation method. As we have seen in equation [48] the corresponding scheme is
given by

Mkl =k — ag—;i[ o) 1103]

where J(m) is the distance between the synthetic and the observed data. Due to the
adjoint state method (see Section , we have found a formal representation of g—;i:

oJ T dPu(x,t)
% - _/0 d2 U(‘T7t)7

where v is the solution to the adjoint wave equation. In equation , we stated the
adjoint wave equation when using the L2-norm as misfit function:

2 xT
m(x)ZLeD  Ag(x,t) = 22
q(z,T) =0,

%(x,T) = 0.

When one changes the misfit function, the adjoint wave equation remains the same except
for the source term 32 oJ = (cf. Sectionand [FBI06]). Thus, to apply the Wasserstein metric
to the FWI scheme We need to calculate 3" for

s = Wi7.0) = [ It = 6@ oy

The dependency on w is implicitly given via f.

We assume that f(t) and g(t) are normalised to volume one and scaled to be positive,
continuous density functions on the time interval [0,7}], where T} is the last time point
at the first receiver. To calculate the derivative of J with respect to u, we vary f by a
small amount 0 f [Yan+17b|:

W2(f.g) + OW(f.g) = / = G E@) - SEW)P (1) £ F(1) At [104
— /Tl it — G (F(t)+ 5F@) [ f(t)dt [105]
+ / = GUEW) oS (1)t + O(3F)). [106]

Next, we approximate G~!(F(t) + §F(t)) by Taylor expansion:

dG ' (y)

G U F(t)+6F(t) = G H(F(t) + dy ) y=F(t)

SF(t) +O((0f)?). [107]
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To obtain the first variation dW (£, g), we put [107] back into [105]:

dG(y)

SW(f,q) = /0 1 /1t 9 (=G (F) 2| f(sas | srar o]

[ e s [109]

where ¢ € [0,T1] and s € [t,T1]. In term [108], we have plugged [107] in [L05] and therefore
applied the derivative of the squared norm @] In summary, we obtain

SW(f,q) — /tl—z (s— () W) pas +/0 |t — G (F() 2t

[110]

and thus have found the corresponding source term for the adjoint wave equation.

4.6.1 Trace-By—Trace Technique

So far we have developed a scheme for a one-dimensional reconstruction algorithm. To
achieve results in two dimensions with the one-dimensional formulation, we divide the
domain into its traces. Recall from Section [I.2] that a seismic trace is the time history
measured at one single receiver. Thus, we divide the domain into one-dimensional sections
defined by the receiver’s measurements over time [Yan+16|. In these sections, we consider
one receiver for a single source at a given time. In other words, we iterate through all
receivers for each source. When comparing the data trace by trace, we solve a bunch of
one-dimensional optimal transportation problems and eventually compute the sum over
all traces r. Therefore the final misfit becomes

R
K(m) =Y W3 (f(xr,t;m), g(x,,1)). [111]
r=1
We summarise our steps for FWI with the trace-by-trace technique in the following corol-
lary.
Corollary 4.68. (Full waveform inversion with trace—by—trace technique)

1. Solve the forward problem by using finite differences (see Section

2. Compare solutions of forward modelling and observed data with the Wasserstein

distance [102| for each receiver.

3. Add up the results as in equation [111].

4. Update the velocity coefficient by gradient descent[103 and go back to the first step.
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4.7 Data Normalisation

To apply optimal transport to seismic signals within the framework of full waveform
inversion, it is essential that both the synthetic and observed data meet specific criteria:
they must be positive and have a total volume of one each. Consequently, we need to
implement appropriate normalisation techniques to transform the signals accordingly. In
the following subsections, we present various data normalisation methods and evaluate
their suitability for use in FWI.

We wish for a proper scaling method to be suitable for both the adjoint state method
and the gradient update in FWI. This means that the normalisation techniques should not
only ensure the required properties of the data (positivity and volume of one) but also
maintain consistency and stability in both procedures. In summary, the normalisation
should be designed to fulfil:

1. Positivity and volume preservation: The transformed data must be positive and the
volume of the normalised values must be equal to one to ensure optimal transport
can be applied.

2. Differentiability: The normalisation functions should be differentiable to enable
the calculation of gradients within the FWI framework. This is crucial for the
application of the adjoint state method.

3. Stability: The methods should be numerically stable to avoid unwanted artifacts
during computations. This is important when applied to large datasets, where
small errors can propagate and lead to inaccurate inversion results.

4. Efficiency: The normalisation should be efficiently implementable to minimise com-
putation time during inversion. This is important since FWI is an iterative proce-
dure, which implies multiple passes over the data.

In the following subsections, we summarise normalisation methods discussed in literature

|[EF14; [Yan+17a; [Yan+17b; [Yan+19]. We define (f) .= [~ f(t)dt.
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4.7.1 Linear Scaling
Definition 4.69. (Linear Scaling, [Yan+19]) We scale f and g by adding constant c,

gzg(zﬁ)—l—c
(f >’ (g+c)’

such that ¢ = mtin(f(t), g(t)).

The linear scaling provides a bijection between the original and the normalised data,
such that no phase information is lost. However, it does not necessarily guarantee con-
vexity as will be discussed in Section Nevertheless, in the numerical examples in
Section [5} the linear scaling tends to have at least fewer local minima compared to the
L?-norm.
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= E00130
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—0.41
4 3 2 1 o 1 2 3 4 4 3 2 10 1 2 3 a4
t t
(a) Two Ricker waves (b) Ricker waves from Figure nor-

malised by the linear scaling

Figure 23: Two Ricker waves: non normalised (left), normalised (right)

4.7.2 Partial Scaling

Definition 4.70. (Partial Scaling, [EF14; |Yan18]) We divide f and g by their positive
and negative parts, such that f* = max f,0 and f~ = max —f,0. Therefore, the scaled
partial signals are given by

T gt

==
and analogously for the negative sign

ST R

TN
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Figure 24: A Ricker wave normalised by partial scaling

With partial scaling, the quadratic Wasserstein metric is given by the sum of both the
scaling of the positive and negative parts:

A ) =9
Wy (—— + Wi = = |-
* () {g") () e)
In [EF13] and [Yan+16|, the concept of positive part scaling was further studied. While

this approach successfully preserved convexity with respect to shifts, its application to
FWI with realistic datasets such as the Marmousi model was outlined to be challenging.

4.7.3 Absolute Value Scaling
Definition 4.71. (Absolute Value Scaling, [Yan+19]) We scale f and g by composition

with the absolute value function:

/()] P10
(max(g(t)))’ (max(g(t)))

Due to the non—differentiability of the absolute value function at zero, it is not suitable
for the adjoint state method, which relies on the computation of the gradient g—“f’.

f=
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While we could add a very small ¢ > 0 to make the function differentiable, this would
distort the data any further. Additionally, like the squared scaling, absolute value scaling
does not preserve a bijection to the non-normalised data points.
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4 3 2 1 0o 1 2 3 4 -4 -3 —2 -1 o 1 2 3 4
t t
(a) A Ricker wave (b) Normalisation of by the absolute

value scaling

Figure 25: Two Ricker waves: non normalised (left), normalised by the absolute value
scaling (right)

4.7.4 Squared Scaling

Different to the absolute value scaling, the squared scaling works well with the adjoint
state method due to its differentiability.

Definition 4.72. (Squared Scaling, [Yan18]) We scale f and g by squaring and afterwards
normalising them to ensure volume balance:

S S
I=1@ 9=

Unfortunately, this method can introduce high frequencies and therefore phase infor-
mation my be lost. This can be problematic especially for large-scale inversions. Un-
like the linear scaling, the quadratic scaling does not maintain a bijection to the non-
normalised data points.
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Figure 26: Two Ricker waves: non-normalised (left), normalised by the squaring scaling
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4.7.5 Exponential Scaling
Definition 4.73. (Exponential scaling, [Yan18; EF13])

fo - | T f(t) >
- —exp(cf(t))
Topter@y: 1 (1) <0

forc € Ryg. The choice of parameter ¢ depends on the data set [Yanl1§[. For the numerical
simulations in Section [3, we will define the parameter ¢ as

c=min(f,g) T

where 7 € (0,1] and f,g are the synthetic and observed data respectively. In Figure m
the parameter is ¢ is chosen as above for different values of T.

081 0.0225 1 — 1=1
— 1=0.8
0.61 0.02001 — 1=0.4
° o 001751
g 044 2
2 2 0.0150
?Ez 0.2 o
€ 0.0125
< <

%91 o.oloo«ﬂ/ \ﬁ

—0.21 0.0075

-0.41 0.0050 1 — —
-4 -3 -2 -1 0 1 2 3 4 -4 3 2 4 0 1 2 3 4
t t
(a) A Ricker wave (b) Normalisation by the exponential scal-

ing for different values of 7

Figure 27: Two Ricker waves: non-normalised (left), normalised by the exponential scaling
(right)
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We can relate exponential scaling in relation to linear scaling and partial scaling. This
can be seen by a Taylor expansion of the exponential part in definition [4.73]. Define
h == Lexp(cf(t)). Since for all z € R it holds - exp(z) = exp(z), the Taylor expansion
T of h is given by

Th(z;0) = Z:O (Cf;j))n ~ % ) {1 n Cfl(!t) I (Cféf)) n (Cféf)) Lo
= % +f(t)+ Cf;t)Q + C2J;§t)3 T

Corollary 4.74. For small values of ¢, especially for 0 < ¢ < 1, the scaling does not
affect the shape of the signal except for a shift of % Therefore it is similar to the linear
scaling.

Corollary 4.75. For large values of ¢, h and therefore also f, converges to f+ = max{ f,0}.

The exponential scaling method can be seen as a compromise between the positive part
scaling — which maintains convexity — and the linear scaling, which, despite not preserving
convexity, was found yielding satisfactory results with realistic datasets in [Yanl8|. With
the exponential scaling, f is suitable for optimisation problems, which follows directly by
the next lemma.

Lemma 4.76. Assuming f(t) is a smooth signal, then f is a C" function.

Proof of Lemma [J.76. To prove that f is a C function, we need to show smoothness of f
and its once smooth differentiability at the transition point, which is f(¢) = 0. First, note
that the normalisation factor (-) in both cases of f equals L at f(t) = 0. The condition
for smoothness is

lim f(t)= lim f(t).

fH)—0* f&)—=0-

For f(t) > 0 it holds
. 1
e 1=

and for f(t) < 0 it holds

lim f(t) = < exp(cf(t)) _ Lexp(0) _ i

F(H)—0- () () ()

Therefore, f is smooth. Next we show differentiability. For f (t) > 0 it holds

df(t) L
lim —f():—t

d
ft)—ot+ dt ()

For f(t) < 0 it holds

o W) tetiPean(ef (1) _ G

fH—0-  dt () ()

Therefore, f is continuously differentiable. m
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4.8 The Influence of Data Normalisation on the Behaviour of the
Wasserstein Metric

In this section we discuss the influence of the data normalisation process on the behaviour
of the Wasserstein metric. When applied to two Ricker waves that are identical except for
a horizontal shift, all normalisation methods proposed in the prior Subsections [£.7.2]- [£.73]
(absolute value scaling] [partial scaling| [squared scaling [exponential scaling)) except for
the lead to a strictly convex Wasserstein metric with respect to horizontal
shifts.
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Figure 28: Two time-shifted Ricker waves
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Figure 29: Wasserstein metric between shifted Ricker waves from Figure which were
normalised by the methods proposed in @ - @
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In case of linear scaling, the Wasserstein metric is not convex as can be seen in Figure
Nevertheless, it yields slightly better results than the L?*-norm (see Figure in
Section [3.4]), since the result is void of local minima.
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Figure 30: Wasserstein distance with respect to the shift values between the linearly scaled
Ricker waves from Figure 23b]

The lack of convexity as seen in the numerical results does not contradict Theorem [4.51]
This is because the divisor of the linear scaling

F f(t)+c

(f+0)
causes the weights of the integrals not to be equal. In Theorem [£.51], the second signal
fs is defined as a shifted version of the first signal f. However, in the context of FWI,
we compare synthetic and observed data, which are independent of each other. To this
end, assume that d° is identical to d*¥" except for a time shift, meaning the signals exist
in different domains. Consequently, when integrating each signal separately, their values
will differ. As a result, the scaled signals are no longer shifts of each other and Theorem
does not apply.

Moreover, following the findings in |[Yan1§|, linear scaling can mitigate the absence of
zero frequencies in d*™ and d°?. This can cause the transport to be local instead of global
[Yan1§|. Global transport is a transportation process in which mass is shifted within the
same phase (i.e., positive values are transported to positive values and negative values
to negative values). For an illustration of local and global transport, see Figure . In
essence, these results in [Yanl8| can be explained as follows:

1. Signals without zero frequencies exhibit Fourier transforms that lack oscillations.
2. In the absence of oscillations, phase differences cannot be distinguished.

3. Consequently, the transport may appear to be local rather than global.
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Figure 31: Global transport (black arrows) and local transport (orange and purple arrows)

To explain the first point, recall the definition of a Fourier transform [AWO0S|:
flw) = / F(t)e i dt, 112

where f(t) is the time-domain signal and f (w) is its Fourier transform in the frequency
domain. Now, consider the case where the frequency w = 0. Substituting w = 0 into the
definition, we get

£(0) :/_OO F()e’dt = /_OO £(t)dt. [113]

Here, the exponential term becomes 1, resulting in a constant value that corresponds
to the integral of f(¢). This shows that when zero frequencies are present, the Fourier
transform represents the overall amplitude of the signal without oscillations. As a result,
signals lacking zero frequencies fail to produce this constant term, which contributes
to the absence of oscillations and impairs the ability to distinguish phase differences.
Consequently, mass from the same phase of one signal is not transported back into the
corresponding phase of the other signal. Instead, the transport may occur locally. Thus,
W2(d¥™, d°™) is not convex [Yan1§].
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4.9 Pseudocode for FWI

Now that we have discussed all the steps necessary for the FWI process, we summarise
the algorithm in the following pseudocode.

Algorithm 1: Full Waveform Inversion (FWI)

Input: num receivers, num _shots, fwi_iterations, true model m,
initial model mg, source coordinates, receiver coordinates, observed
data g

Output: misfit values and gradient

1 Initialize parameters;

2 Compute synthetic data f with forward operator using Finite differences;

3 for k =0 to num_ shots - 1 do

4 Compute forward wave field with Finite differences;

5 Initialize Wasserstein sum to 0;

6

7

8

9

for rec = 0 to num_ receivers - 1 do
Normalise f and g;
Compute Wasserstein distance WZ(f, g);

Update misfit function: S 7“"="*“""* W2(f. g);

r=1

10 Update adjoint source term OWZ(f, g);

11 Define step length « for gradient descent;

12 Run gradient descent with adjoint source term OWZ(f, g):
E+1 k oWz [mk]

L m =m _aam

13 Initialize history array for misfit values;

for iteration = 0 to fwi_iterations - 1 do

15 Compute misfit and adjoint source term;

16 L Update model estimate using gradient descent;

1

'
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5 Numerical Simulations

To discretise the scheme we employ Finite Differences as explained in Section 2.2 The
source term of the adjoint wave equation can be discretised using the following approach:

SW(f. g = (U diag (g —2f[t]dt

m)) (t—=G o Flt))At+ |t — G o FIt]|PAt,

[114]

where At is the time domain spacing.

In the following subsections, we describe the experimental design we chose for the
simulations. Of course, the results of the experiments depend not only on the choice of the
misfit function and the gradient based optimisation method we discussed in the previous
sections. The results also depend on the parameters chosen during the experimental
design, as there are many possibilities for the sources and receivers to be placed. To
further optimise the latter parameters was not part of this thesis and the results serve
more as a proof of concept for using the Wasserstein metric in FWI.

The following simulations were done using Python with Devito (see [Lou+19; Lup+20]).
The corresponding code can be found in the appendix.

5.0.1 Camembert model 1

The Camembert model is a synthetic velocity model. This model is a circular inclusion
in a homogeneous medium and was proposed in [GVT86|. The experiment is designed
as follows: We set the circle with radius 0.1 km located in the center of the rectangular
velocity model. The velocity is 3 km/s inside the circle and 2.5 km/s outside the circle
in the homogenous medium (see Figure [32a]). For the initial velocity model we choose a
smooth velocity of 2.5 km/s (see Figure [32b).
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Figure 32: True and initial velocities of the Camembert model

Nine equally spaced sources are placed along a vertical line extending from the surface
to a depth of 1 km. In addition, 101 receivers are placed at a horizontal distance of 1 km
from the origin, aligned vertically. The nine sources are represented by the dots on the
left of Figure |33a] while the receivers on the right are illustrated by a vertical line due to
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their larger quantity. The linear scaling is applied for normalising the seismic data when
using the Wasserstein metric as misfit function.

The FWI algorithm starts with the initial velocity. After 15 iterations of FWI with
the Wasserstein metric, the algorithm is able to roughly reconstruct the circular structure
with a radius of 0.1 km, see Figure [33a

0.0 3.0 0.0

0.2

o w
’g 0.4 2.8 E 'g 0.4 E
2 2 2 2
S Py k= 2
=% s i £
@ 8 @ <
0 0.6 275 0 0.6 <
g 2
0.8 2.6 0.8
. . 1.0
! %.0 0.2 0.4 0.6 0.8 1.0 25 0.0 0.2 0.4 0.6 0.8 1.0
X position (km) X position (km)
p 2( jsyn  jobs 2(3syn  Jobs
(a) Wy (d™", do) (b) L5(d™"™, d*°)

Figure 33: After 15 iterations of FWI with 9 shots and 101 receivers

In the upper and lower third of this circular structure, a velocity of 2.90 km/s was
reconstructed. In the middle third, a speed of 2.85 km /s was calculated. In comparison,
the algorithm which uses the L? distance as misfit function determined a more oval-
shaped structure after 15 iterations. The maximum velocity in the L? based algorithm
was reconstructed to be 2.67 km/s after 15 iterations, see Figure

5.0.2 Camembert model 11

The experiment is designed as described in Section [5.0.1] except for the true velocity,
which is set to 6 km/s.

0.0

0.0

o
<)

w
w

0.2

w
o

N
iS
I
iS

Depth (km)
S
U

g

o
»
)

Velocity (km/s)
Depth (km)
Velocity (km/s)

w
w

0.8

w
)

1.0

=
(=)
N
w

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X position (km) X position (km)
(a) True velocity (b) Initial velocity

Figure 34: True and initial velocities of Camembert model
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In this section, we present the results obtained with the FWI algorithm when applying
linear and exponential scaling. We specifically compare the effect of different parameter
values for the exponential scaling.

As described in Section [£.73] the exponential scaling is defined as

f)+2
2o ) Ty f(t) >0,
F) =1 Loy A <o
Tomeroy 1 (1) <

for ¢ € R.y. Following [Yanl8|, the parameter must be selected based on the specific
seismic data set. In this thesis, the parameter ¢ was chosen similarly to the parameter
used in linear scaling but with a damping factor 7 € (0, 1]:

¢ = min(d°*, d*V") - 1.

As seen in Section [4.73] exponential scaling is similar to linear scaling for small values
0<ec<< 1.

We run the FWI algorithm for ¢ = 0.1, ¢ = 0.01 and ¢ = 1 and compare the results.
Additionally, we evaluate the algorithm using the L?-norm as misfit function.

With linear scaling (see Figure , a maximum velocity of 4.04 km/s was recon-
structed after 30 iterations of FWI. After 100 iterations, the maximum velocity reached
6.0 km/s and the reconstructed shape was quite circular.

When applying exponential scaling, the results for ¢ = 0.01 and ¢ = 0.1 are similar
to those obtained with linear scaling. However, for ¢ = 1, the structure becomes more
oval-shaped, and the velocity in the inner region is 5.85km/s. Furthermore, the misfit
values decrease consistently when using exponential scaling (see Figures - .

Using the L?-norm, a maximum velocity of 3.96 km/s was reconstructed after 100
iterations of FWI. However, the inner structure is quite circular. Comparing the results
obtained with the L?-norm and the Wasserstein metric, we find that the Wasserstein
distance provides a promising misfit function. Specifically, the misfit value using the L2-
norm did not lead to significant improvements in the reconstruction results, developing
from maximum velocity of 3.35km/s after 30 iterations (see Figure to 3.96 km/s
after 100 iterations (see Figure [36¢]).
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6 Conclusion

The results of the numerical simulations in Section align well with the theoretical con-
siderations outlined earlier. The full waveform inversion process utilising the Wasserstein
distance as the misfit function demonstrated a more accurate model update compared to
the L%-based approach. This was also evident in Section [5.0.2] where the initial model
was further away from the true model. However, additional enhancements are necessary
to improve the algorithm’s efficiency.

A critical aspect to consider is the choice of the optimisation method. In this thesis,
we used the gradient descent method with which we were able to show the expected
difference between the Wasserstein metric and the L2-norm as misfit functions respectively.
Using alternative gradient-based techniques, such as Gauss-Newton iterations or quasi-
Newton methods like LM-BFGS, could yield more accurate results more quickly. In
[Yan1§|, conjugated gradient descent was successfully used in context of seismic FWI.
Additionally, global optimisation methods, such as swarm-based optimisation, have seen
recent advancements [LTZ24a] and may also be beneficial, especially to avoid getting
stuck in local minima. This leads to the second key point, data normalisation.

While the Wasserstein metric exhibits strict convexity with respect to horizontal shifts
for various normalisation methods applied to Ricker waves, this property does not gen-
erally hold for real seismic data. Achieving (strict) convexity with respect to horizontal
shifts is desirable, as horizontal shifts are a primary characteristic of seismic waves’ be-
haviour. Although the linear scaling does not guarantee convexity, it has shown promising
results, as was also demonstrated in [Yanl1§|. To enhance the efficiency of the FWTI pro-
cess, it is essential to minimise the occurrence of local minima and optimise the gradient
update step accordingly.

Moreover, the wave equation as a model for the propagation of seismic waves is quite
approximative. For a more realistic modelling operator, the elastic wave equation would
be a more suitable choice. Linear elasticity was recently studied in the context of FWI
in [NMR24]. It would be interesting to apply the elastic wave equation together with the
Wasserstein metric in the FWI framework. For that, it would be necessary to revisit the
calculation of the adjoint equation and the derivative of the source term of the adjoint
equation (compare to Sections and regarding the new model equation.
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A Python code for FWI algorithm

import math

import multiprocessing

import matplotlib.pyplot as plt

import numpy as np

from devito import configuration, Eq, Operator, Function, Min, Max, mmax

from examples.seismic import AcquisitionGeometry, Receiver, demo_model, plot_velocity

from examples.seismic.acoustic import AcousticWaveSolver
from scipy.integrate import trapezoid, cumulative_trapezoid
from scipy.ndimage import gaussian_filter

# Setting options for logging
configuration['log-level'] = 'WARNING'
np.set_printoptions(linewidth=200)

# Number of receivers
num_receivers = 101

# Number of source positions
num_shots = 9

shape = (101, 101) # Number of grid point (nz, nz)
spacing = (10., 10.) # Grid spacing in m. The domain stize is now 1km by I1km
origin = (0., 0.) # Need origin to define relative source and receiver locations

# Setting model options for Marmoust and Camembert model respectively

# Marmousti model

# Synthetic data

# model = demo_model ('marmousild-isotropic’, data_path='data-master/', origin =
— origin, shape=shape,

# spacing=spacing, nbl=20)

# Observed data (obtained by a Gaussian filter, determined by stigma)

# model0 = demo_model ('marmousi2d-isotropic', data_path='data-master/’',

— origin=origin, shape=shape, spacing=spacing,

# grid=model.grid, nbl=20)

# sigma = 30

# modelO.vp.datal:] = gaussian_filter(model0.vp.data, sigma=sigma)
# Set time interval for measurements

#t0 =0

# tn = 3500

# Frequency for model equation's source (Ricker wavelet)

# f0 = 0.025

# Camembert model

# Synthetic data

model = demo_model('circle-isotropic', vp_circle=6, vp_background=2.5, nbl=40)

# Observed data

model0 = demo_model('circle-isotropic', vp_circle=2.5, vp_background=2.5, nbl=40,
— grid=model.grid)

# Set time interval for measurements

t0 =0

tn = 1000

# Frequency for model equation's source (Ricker wavelet)
f0 = 0.01
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# The source is placed horizontally in the center, wvertically on the left, in 20m
— depth

src_coordinates = np.empty((1l, 2))

src_coordinates[0, :] = np.array(model.domain_size) * .5

src_coordinates [0, O] 20.

# The recetvers are equidistantly positioned in depth at 980m distance to the origin
rec_coordinates = np.empty((num_receivers, 2))

rec_coordinates[:, 1] = np.linspace(0, model.domain_size[1], num_receivers)
rec_coordinates[:, 0] = 980.

# Geometric setting to obtain observed data

geometry = AcquisitionGeometry(model, rec_coordinates, src_coordinates, tO, tn,
— f0=£0, src_type='Ricker"')

# Compute synthetic data with forward operator with finite differences

solver = AcousticWaveSolver(model, geometry)

solver.forward(vp=model.vp)

# Compute initial synthetic data with forward operator
solver.forward(vp=model0.vp)

# Prepare the wvarying source locations' sources
source_locations = np.empty((num_shots, 2))
source_locations[:, 0] = 30.

source_locations[:, 1] = np.linspace(0., 1000, num_shots)

# Plot the observed and initial synthetic data
# plot_velocity(model, source=source_locations)
# plot_velocity(model(0, source=source_locations)

# Computations to obtain the quadratic Wasserstein metric between synthetic and
< observed data
# with the explicit formula in 1D
def wasserstein_distance(f: np.ndarray, g: np.ndarray, t: np.ndarray):
s = f.size
dt = t[1] - t[0]

# Cumulative distribution functions for synthetic data f and observed data g
— with values taken exzactly inbetween the

# measurement times of f and g respectively

F_tmp = cumulative_trapezoid(f, t) # type: np.ndarray

G_tmp = cumulative_trapezoid(g, t) # type: np.ndarray

# Corrected cumulative distribution functions with same time points as f and
= 9

F = np.array([0] + [F_tmp[il/2 + F_tmp[i+1]/2 for i in range(F_tmp.size - 1)]
— + [F_tmp[-111)

G = np.array([0] + [G_tmp[il/2 + G_tmp[i+1]/2 for i in range(G_tmp.size - 1)]
< + [G_tmp[-111)

# G°{-1}(F(t)) - assigns the time b to each time a, for which G(b) = F(a)
— holds
G_i = np.ones(s) * t[-1]
# fill G_t for every time point
for i in range(F.size):
# search for the fitting wvalue in G
for j in range(G_i.size - 1):
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if F[i] < G[j+1]:
#Time point lies between j and j + 1, therefore
— 1nterpolate
G_ili] = t[j] + (F[i]l - G[j]) / (G[j + 11 - G[j1) =
— dt
break

tGF = (t - G_i)
w = trapezoid(tGF ** 2 * f, t)

#Computation of adjoint source term corresponding to the Wasserstein distance
g_G_i = np.zeros(s) + g[-1]
# Assigns to each time value from G {-1} (for each time point of t) the wvalue
— from g

for k in range(s):

index = int(math.floor(G_i[k] / dt))

frac = G_i[k] / dt - index

if index < s - 1:

g_G_i[k] = glindex] + frac * (glindex + 1] - glindex])

a=-2%* tGF / g_G_i * f
adj = [float((trapezoid(al[timepoint:], t[timepoint:]) + tGF[timepoint] ** 2)
— * dt) for timepoint in range(f.size)]

return float(w), list(adj)

def linear_norm(f: np.ndarray, g: np.ndarray, t: np.ndarray):
¢ = np.min(np.concat((f, g))) * -1.1
f norm = f + ¢
g_norm = g + C
f_norm /= trapezoid(g_norm, t)
g_norm /= trapezoid(g_norm, t)

return f_norm, g_norm, t

def exp_norm(f: np.ndarray, g: np.ndarray, t: np.ndarray):

¢ = np.min(f + g) * -0.1

exp_norm = np.vectorize(lambda f_x: f_ x + 1 / ¢ if f_x >= 0 else 1 / c *
— mnp.exp(c * £_x))

f_norm = exp_norm(f)

g_norm = exp_norm(g)

f_norm /= trapezoid(g_norm, t)

g_norm /= trapezoid(g_norm, t)

return f_norm, g_norm, t

# Template for L2-norm

def 12norm(f: np.ndarray, g: np.ndarray, residual):
12 = 0.5 * (f - g) *x 2
residual.datal:] = f.datal[:] - g.datal[:]
return 12, residual

def calc_receiver(args):
return wasserstein_distance(*linear_norm(*args))
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# Create gradient function for FWI
def fwi_gradient(vp_in):
# Create symbols to hold the gradient
grad = Function(name="grad", grid=model.grid)

# Create placeholders for the data and the data residual
residual = Receiver (name='residual', grid=model.grid,

— time_range=geometry.time_axis,
coordinates=geometry.rec_positions)

d_obs = Receiver(name='d_obs', grid=model.grid,

— time_range=geometry.time_axis, coordinates=geometry.rec_positions)
d_syn = Receiver(name='d_syn', grid=model.grid,

< time_range=geometry.time_axis, coordinates=geometry.rec_positions)

t = residual.time_values/[:]
objective = 0.

for k in range(num_shots):
# Update source location
geometry.src_positions[0, :] = source_locations[k, :]

# Generate synthetic data from true model
solver.forward (vp=model.vp, rec=d_obs)

# Compute smooth data and full forward wave field u0
_, u0, _ = solver.forward(vp=vp_in, save=True, rec=d_syn)

# Create pool for parallelisation

pool = multiprocessing.Pool()

results = pool.map(calc_receiver, [(list(d_syn.datal:, recl),
— list(d_obs.datal:, rec]), t) for rec in range(num_receivers)])

# Captures the results, sums the distances and saves the residual
objective += sum([r[0] for r in results])

residual.datal[:] = np.array([r[1] for r in results]).transpose()
solver.gradient (rec=residual, u=u0, vp=vp_in, grad=grad)

objective /= num_shots * num_receivers

return objective, grad

# Run FWI with gradient descent
fwi_iterations = 30

history = np.zeros(fwi_iterations)

for iteration in range(fwi_iterations):

# Compute the functional wvalue and gradient for the current model estimate
obj, direction = fwi_gradient(modelO.vp)

# Plot the FWI gradient
# plot_image(-direction.data, vmin=-1000, vmaz=1000, cmap="jet")

# Plot the difference between the true and initial model.
# plot_image(model0.vp.data - model.vp.data, vmin=-0.1, vmaz=0.1, cmap="75et")
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# Store the history of the functional values
history[iteration] = obj

# Artifictal step length for gradient descent; for smaller step size for
— smaller objective wvalues choose first alpha

# alpha = .5 / mmaz(direction) * obj**2 / J

alpha = .05 / mmax(direction)

# Update the model estimate and enforce minimum/mazimum values

update = modelO.vp + alpha * direction

update_eq = Eq(model0O.vp, Max(Min(update, 6), 2.5))

Operator (update_eq) ()

# plot_velocity(model0)

# plot_velocity(model0)

# Log the progress made

print('Objective value is %f at iteration %d' % (obj, iteration + 1))

plot_velocity(model0)

# Plot values of Wasserstein distance in the different iterations (before the update
— step)

plt.figure()

plt.scatter(range(fwi_iterations), history)

plt.xlabel('Iteration')

plt.ylabel('Misfit value')

plt.title('Convergence')

plt.show()
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