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CHAPTER
ONE

MOTIVATION AND INTRODUCTION

Full waveform inversion (FWI) seeks to determine material properties such as (pressure/shear) wave
velocity, mass density, and attenuation below the earth’s surface from measurements of seismic waves
on the surface. The aim is to identify a material distribution whose simulated solution of the wave
equation can account for the full information contained in seismic recordings. The comparison of the
full data content is what distinguishes FWT from techniques that invert for either phase (e.g travel time
inversion) or amplitude (e.g Amplitude Versus Offset) information only. Historically, methods in seismic
exploration rely on assumptions from geometric optics, that is, that waves travel on rays from one point
to another. While this assumption made calculations numerically feasible in the past, it also results in a
lower resolution in the reconstructions overall. By dropping this assumption and making full calculations
of wave fields FWI does not have the constraint of geometric optics and allows for a increased resolution
in exchange for more computational effort. With FWI we are able to gain information about the structure
of earth. On a large scale we can gain insight about plate tectonics, and on a small scale we can find
reservoirs of natural resources like oil or gas. An early pioneer of this field was Albert Tarantola. He
formulated the reconstruction as a least-squares optimization problem to invert for the pressure wave
velocity and suggested an iterative process to find a suitable model [Tar84]. Let p be the sought-for
material and u a space-time wave field. Then in geophysics this formulation is typically stated as a

regularized constrained optimization problem of the form
find p such that J(u) = C(u) + fR(p) — min subject to M(p)u =0, 8 € Ry,

with C' being a quadratic functional and M a linear constraint on w. The functional C' contains the
mismatch of the recorded and simulated data, and the constraint M ensures that the simulated data is a
solution of the differential equation modeling the wave propagation. The term R(u) is called regularization
and does not come directly from the physical problem but rather is a tool to stabilize the minimization.
The influence of the regularization term is steered by 3. While C being a suitable L? distance is the classic
formulation by Tarantola and the one we will use in this thesis, many other choices are considered in
the literature [EGvL 18, BOV09]. The problems in FWI are large scale in nature and as computational
power continues to increase, more possibilities arise to exploit this process to its full potential. Because
of this, FWT is an active field of research to this day. Overviews can be found in [VO09, OGP™13] or
more recently in [VABT17]. Textbooks by Tarantola [Tar05] and Fichtner [Fic11] offer introductions to a
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wide scope of topics in the field. Fichtner’s book covers more seismological aspects whereas Tarantola’s
book is more focused on the inverse problem aspect from a probabilistic perspective. The problem of
FWTI has also been discussed in mathematical publications with regard to its ill-posedness in the sense
of inverse problems (in a rigorous mathematical sense) and Fréchet-differentiability [KR16, KR19]. In
the past decade, a new type of formulation for the underlying problem in FWI often called Wavefield
Reconstruction Inversion (WRI) has become more popular. There, numerical solutions are allowed to
violate the partial differential equations that model the physics (M (u) # 0) and the discrepancy is
included as an additional penalty term in the discrepancy functional [vLH13, vLH15]. With the notation

above, we then can cast it as a relaxed version of the optimization above as
find (w, ;1) such that J(u,pu) = C(u) + N2||M(u)us + fR(u, ) — min, ) € R,

with A determining how much emphasis is put on the constraint. Although it looks similar, we do not
consider the term || M(u)ull2 as a regularization of the optimization, but rather a physics motivated
reformulation of the problem. The WRI formulation expands the search space, and therefore can help
to find better approximations of the material parameters in the end. Moreover, it can be shown that
the associated forward operator is less nonlinear [Rie21, vLH13]. For this reason, this formulation is
expected to behave better in some ways for example to have an increased radius of convergence, since
the methods applied to FWI are local and known to be heavily dependent on a good initial guess. The
first WRI methods were done in frequency domain due to its easier implementation. But in the last years
algorithms related to WRI are successfully applied also in time domain [GAO21] and showed promising
results. The underlying formulation of WRI can be interpreted as what is called all-at-once approach
in the mathematical community [HAQ1], since we invert for both, the material and w at once. Some
mathematical results for abstract all-at-once formulations regarding regularization properties of iterative
methods, like Landweber or Tikhonov, have been shown in [Kall6]. The problem of the all-at-once
formulation (in a setting slightly different from how physicists usually look at it) was also shown to be
ill-posed and Fréchet-derivatives of the associated forward operator were calculated in [Rie21].

In this thesis we expand further on the viability of Inexact Newton methods used in the mathematical
nonlinear inverse problem literature [Rie05] applied to FWT in the sense of Tarantola, which from now on
we will call reduced formulation. Moreover, we develop and apply inexact Newton methods for the all-at-
once formulation in time domain and explore its potential for some typical synthetic FWI experiments.
This thesis is structured as follows: In Chapter 2 a derivation of the physical model for wave propagation
and a short introduction to the governing partial differential equation (PDE) is given. Also, existence
and uniqueness of solutions of the PDE are discussed. In Chapter 3 we present some discretization
aspects in time and space. In Chapter 4 we present the problem of FWI in a operator-equation based
setting that is typical for mathematical inverse problems. Further, we derive the formulas we need for the
inexact Newton method. Moreover, we apply problem-adapted inexact Newton methods to the reduced
formulation and present inversion results. In Chapter 5 we present theory for the all-at-once approach in
an operator-based formulation. We show some ansatzes of algorithms and finally apply a problem-adapted
inexact Newton method to the all-at-once formulation and give results. We summarize the results and
give an outlook on possible future research in Chapter 6.

Note that we understand this thesis as a thesis in the context of mathematical inverse problems and

therefore use the operator-based formulations in Chapter 4 and Chapter 5. However, we do also refer to



the underlying problems as (regularized) optimization problems for two reasons: First, every geophysical
publication uses optimization formulations. Second, the behavior of optimization problems can often be

somewhat easier to conceptualize compared to ill-posed equations.
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CHAPTER
TWO

MODELING AND EXISTENCE THEORY

2.1 Forward modeling

The starting point of any physics-related inverse problem is choosing a model describing the physics —
in our case wave propagation. Wave propagation in solids is governed by the material law the wave
permeates, that is, the relation of stress o (force per area) and strain ¢ (change of deformation). These
quantities are usually expressed as second order tensors with 3 and 6 components for 2 and 3 dimensions,
respectively. In seismics it is typically assumed that the waves do not permanently deform the materials
they permeate (often called elasticity). Another assumption is linearity of the material law, which is
justified by the fact that the amplitudes of the waves (how much a particle moves from its position of
equilibrium), with respect to the wavelength are small. Attenuation makes the response of the material
to strain time-dependent and a convolution in the material law necessary. The most general form of a

material law with the properties above is
o=0V=xe, (2.1)

where VU is the relaxzation function, which vanishes for ¢ < 0. The relationship via convolution in time
means the reaction of the material is not completely spontaneous, but the material’s stress response also
depends on the time history of the strain and ¥. The material law on its own does not give rise to an
equation of motion, which is needed to model waves. Therefore, we complement (2.1) with the balance
of momentum (or Newton’s second law)

00w =divo, (2.2)

with the velocity v = Oyu and w being the displacement vector, that is, the difference between the
position of a particle at equilibrium (when no force is applied) and its current position. The divergence
in (2.2) is applied row wise. If we assume the displacements to be very small compared to the whole

body (infinitesimal strain assumption), we get
1
e(u) = i(Vu +(Vu)").

In this thesis we only consider longitudinal waves — called pressure waves — which makes o diagonal,
because the diagonals contain the stresses in normal directions. Further, we only consider isotropic

behavior, that is, the material behaves the same, regardless of incidence of the incoming waves making
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Figure 2.1: Dash pot and spring model for the GSLS

the material law symmetric. With these assumptions, the material law in (2.1) reduces to a scalar valued

dependency. For k := 0; V¥ this yields
o=rxe(u) = 0o = k*xe(Ou) = Kk xe(v).

The model is further reduced in components, since for longitudinal waves it is sufficient to only consider
the hydrostatic pressure p. We assume o;; = p/dim for ¢ = 1,2 and dim = 2 in the two-dimensional

case, or 1 = 1,2,3 and dim = 3 for the three-dimensional case, then
p = trace(o) = k *x trace(e(v)) & p = k x div(v).
Combining this with (2.2) yields the linear system

00w = Vp, (2.3)
p = k*div(v).

In this formulation ¥ is typically unknown. The time-dependent behavior of materials can be quantified
by applying sudden stress to it and measure the evolution of the strain in the material and vice versa.
In general, the relaxation function is not known. Therefore, modeling attenuation means modeling .
Typically, the function ¥ is modeled as a combination of mechanical elements like springs and dash pots.
This ansatz yields an analytic representation of ¥, which eliminates the need of convolutions at the cost of
additional equations (with additional variables that are called memory variables) in the linear system. In
this thesis we choose the Generalized Standard Linear Solid (GSLS) to model attenuation. How springs
and dash pots are arranged in GSLS is depicted in Fig. 2.1. A detailed account of all aspects discussed
above (anisotropy, attenuation) as well as other ways to combine the mechanical elements can be found

in Carcione’s book [Carl4].
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2.1.1 Derivation of the model

Let © C R? be a bounded Lipschitz domain. Then, the visco-acoustic wave equation using the GSLS to

model attenuation can be written as the following first order system

L
o@)ow(t,z) =V Y pi(t,x) + f,(t,z) in [0,00) x Q,
1=0
1
——0po(t, ) = divo(t,z) + fp, (¢, ) in [0,00) x £, (2.4)
Ko ()
1 1
— 9pi(t,x) = dive(t,z) — ——pi(t, t,x)forl=1,...,Lin [0, Q,
Ot ) = dvo(.2) - — (@) + fy (1) for in [0, )
where v: [0,00) x  — R? is the velocity field and py,...,pr: [0,00) x  — R are the scalar pressure
components and f,: [0,00) x @ — R? and fp,: [0,00) x @ — R are forcing terms for [ = 0,..., L.
Further, o, kg, ...,y are the density and the bulk moduli and 7, ..., 7, are the stress relaxation times

of the dash pots. Writing these equations in that way was introduced in [Zel19]. If we choose L = 0, the

system reduces to the linear acoustic wave equation without attenuation.

2.1.2 Viscosity

We briefly discuss which effect attenuation has on the physics and modeling of the waves. Attenuation
effects are linked to loss (or rather conversion) of energy of the wave due to friction. A typical physical
quantity to characterize this behavior is called the quality factor Q (Q~! = 1/Q is often called dissipation

factor). Tt can be defined by
2 W(w
Q) = AW((M))

where AW is the energy loss of the wave with frequency w per period and W is the energy in that period.
From this formula we can see that higher values of @ signify less energy loss and vice versa. Although the
definition of @ allows frequency dependence, in seismics it is usually assumed — and this assumption fits
to seismic measurements — that @ is constant over all relevant frequencies [LAK76]. Hence, over the same
traveling distance the content of higher frequencies is damped stronger than lower frequencies. This is
due to shorter wavelengths which go through more periods to travel the same distance. This effect can be
observed in real data, meaning that the frequency content of measurements with a large distance to the
source contain mainly low frequencies. To make this more tangible, assume ) > 1. Then, the amplitude
decay of a monochromatic plane wave of frequency w with velocity ¢ as a function of propagation distance
is described by a(z) = e~«*/(2¢Q) [Ige16]. The decay of the amplitude is faster for higher values of w.
Decreasing @ leads to a faster decay as well. This attenuating effect on the amplitudes also implies
dispersion, that is, phase velocity is also dependent on frequency [Fut62]. As mentioned in the previous
section, attenuation can be implemented into the wave equation with different phenomenological models

[Carl4]. Each model of attenuation comes with a formula to calculate @ in the assumed model. Setting
K1 =+ =KL = KoTp, (25)
then the formula to calculate @ = Qgsps in GSLS is

1t oa(w)m %‘9‘0‘1(”)
S e e (26)

Qw)
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with

wQTf wT]

L
a1 (w) = —, as(w) = —,
1) ;14—0.)27[2 2(w) ;14—0.)27'12
see [Boh02]. The representation in (2.6) shows a somewhat reciprocal relationship between the quantities
@ and 7,. Note that 7, is a parameter which is introduced due to computational convenience in [BRS95]
whereas @ is a quantity with physical meaning. The dependence of the phase velocity on the frequency

in GSLS is expressed by the dispersion relation

0p(w) = \/ RoR ), (2.7

4

Looking at a1 we can see that it is monotone in w, which results in anormal dispersion, that is, higher
frequencies travel faster. Like mentioned above, in seismics we assume a constant quality Qo that depends
on the subsurface we want to model. To achieve this behavior in GSLS over some frequency band w1, wa],

the functional
w2

JQO(TlﬂTp) = / (Q_l(WﬂTlva) - Q61)2 dw,

w1

is minimized for 7, with 7;’s fixed a priori [BRS95] or with 7,,7; as minimization parameters [Boh(2].
Including more 7;’s allows for a better constant approximation. However, one wants to keep 7; as low as
possible, because an increase in the number of equations in (2.4) leads to a higher number of unknowns
in numerical calculations. This results in longer computing times and greater memory requirements leads
to more computing time and higher memory requirements. Typical choices for values of L are between 1
and 5.

Now, let wg € [wy,ws] be fixed and a3 = a;1(wp). Plugging the assumption on the k;’s (2.5) and the

definition of v, from (2.7) into the forward equation (2.4), we get

L
o@)ow(t,z) =V Y pit.x)+ f,(t ) in [0,00) x Q,
1=0
W&po(aw) =divo(t,x) + fp, (t, ) in [0,00) x Q, (2.8)
_Lr (@) 0 = dive(te) - - EABE) 6
Q(ilﬁ)vp(:]g)?rp(m)atpl(t; ) =divelt,z) - — Q(m)vp(w)QTp(m)pl(t, )

+ fp,(t,x), for l=1,... L, in [0,00) x Q.

From now on, we denote the vector containing the particle velocity v and the pressure vector p =

(po,---,pr)" as u(t,x) = (v(t,z),p(t,x))" € R+ Define the operators

14+ a17p(x)
o(z)v, (z)?m,(x)

M (z)u(t,z) = <g(m)v(t, x), pr(t, :c)) ; (2.9)

D(x)u(t,z) = (0,0, Tflpl (t,x),..., TEIpL(t, x))

Wpo(t,w), ey

Au(t7 $) = *(V(po(t, 33) + pl(ta :13) o +pL(tv 33)), diV’U(t, :13), ce ,diV’U(t, CC)) .
If we further write f(t) = (f,(t), fpo (t), fpi (1), .-, fpr (t)), we can rewrite (2.8) as

Lu(t,x) = M (x)0ru(t, x) + Au(t,z) + M (x)D(x)u(t,z) = f(t,x) in [0,00) x 2. (2.10)
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Combined with initial value w(0) = u(0,2) = ug and spatial boundary conditions, this can be written as

an initial value problem in time. For the end time T > 0, find u, such that
Lu(t) = f(t), t €[0,T], u(0) = uy, (2.11)

This equation is purely symbolic since we have no proper definition of spaces where these formal operators

act on. In the next chapter we will put this in a more formal frame.

Remark 1. Note that in (2.8) the forcing term f, should be divided by 1?:;;77"((53, as the source is added
to the second equation in (2.3). In all reconstructions we assume that the material at the source position
is known. Therefore, we can incorporate that factor into f without having to consider it later in the

formulas for the inversion.

2.2 Existence theory

In this section we want to give a short existence and uniqueness result for solutions of equation (2.8).
Additionally, we want to repeat the results used for the proof from semigroup theory. Detailed proofs
for existence and uniqueness of solutions in a more general setting for the visco-elastic equations can be
found in [Zel19, KR19], where the results for the visco-acoustic case are a simple corollary. Again, let
Q C R? be a bounded Lipschitz domain with disjoint decomposition of the boundary 09 = 0Qp U 9y .
We define

X = QR 0HD) Y = L2([0,T], X)),

D(A) :={u = (v,po,p1,...,p1) € X | Au € X,n-v|sa, =0, (po+ - +pr)|oa, = 0},

where we use the usual notation of the LP-spaces, p € [0, o] related to the Lebesgue measure. Equipped

with the scalar products
(o X x X R (unug) — [ wi(@) wsle) da,
’ Q

(', ')O,[O,T]XQ Y XY — ]R, (1},17'&2) — / / ﬁl(t,:c) . ﬁg(t,m) dx dt,
0,7

the spaces X and Y are Hilbert spaces. By |- [|§ o = (). o and | - |3 0,71x0 = (")o,j0,77x We denote
the norms induced by the scalar products. For w = (We, Upy, Up, -+ Upp, ), Y = (Yo Ypgs Ypys -+ Yp, ) €
D(A) we get with the divergence theorem

L
(Au,y), Z div ty, y,,) oot (Vp Yp)o 0
1=0

L
Z Uy, Vypl - Z(upz , div y'v)o,Q
=0

=0

thh

= (’Ll,7 7Ay)O,Q

Therefore, the operator A is skew symmetric on the chosen domain. The multiplication operators M, D
depend on the values of scalar parameter functions g, vp, 7, : £ — R. For our applications it is physically

meaningful to assume that functions are bounded from below and from above, that is, there are bounds
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0 < Omin < Omax, 0 < Vpmin < Vp max, 0 < Tp.min < Tp,max, Which gives us a set of physically admissible

parameter functions
Padm = {/.t S Lm(Qng): u’(x) € [Qmin7 Qmax} X [’UPJﬂiH’ UPﬂﬂaX] X [Tp,min,Tp,max]} . (212)

From now on we denote the mappings that map a set of admissible parameters u = (g, vp, Tp)T € P.gm
to the corresponding operator from (2.9) and (2.10) by M (u), D(p), and £(p). Since M and D are

multiplication operators with non-negative factors, for p € Pogn, and u # 0 we get
Cillull§ o = (M(p)u, u)y o > Collulg o, (D(p)u,u)yq >0 (2.13)

with C1,Cs > 0 depending on the bounds in P,q4,,.We present a concise part of the existence theory for
linear evolution equations and apply it to (2.11).

Let H be a Hilbert space, and B be a (typically unbounded) linear operator in H with domain D(B).
Let T > 0 and f(t) € H, for ¢t € [0,T], then we seek a function u(t) € D(B), for ¢t € [0,T] that fulfills

the initial value problem
Owu(t) = —Bu(t) + f(t), t € [0,T], u(0) = ug, (2.14)

with ug € D(B). We present some conditions on B and f that ensure the existence of a unique solution

of this evolution equation, utilizing semigroup theory. Thus, the notion of semigroups is introduced.

Definition 1. Let W be a Banach space. A map S(-): Rs>g — L(W) is called a strongly continuous

operator semigroup if it satisfies
1. S(0) =1 and S(t+s) = S(t)S(s) for allt,s € Rxg,
2. for each w € W S(-)w: R>g — W, ¢t — S(t)w is continuous.

The generator B of S(-) is given by

Bw = h%+(5(h)w —w)/h, for D(B) = {w e W] hE}r{lH(S(h)w —w)/h exists in W} )

With this concept the existence of a possibly non-differentiable function as a solution is usually shown
first.

Definition 2. Let B be the generator of the strongly continuous operator semigroup S(-), ug € W,
f e LY[0,T),W), then we call u € C([0,T),W) defined as

u(t) = S(t)up + / S(t—s)f(s)ds
0
a mild solution of (2.14).

Now, we combine several standard theorems into a single theorem which yields the necessary existence

results required for this thesis.

Theorem 1. Let H be a Hilbert space, and let B be a linear operator in H with domain D(B) satisfying

the following conditions:

1. (y,By)g > 0 for every y € D(B).
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2. B is maximal monotone that is I + B from D(B) — H is surjective.
Then, for ug € D(B) the initial value problem (2.14) has a
(a) unique mild solution uw € C ([0,T),H) for f € L*([0,T],H).
(b) unique classical solution u € C* ([0, T], H)NC([0,T),D(B)) for f € C([0,T], H)NnWtL([0,T], H).

Proof. For the existence of a mild solution one has to show that B is the generator of a strongly continuous
operator semigroup. Assumptions 1. and 2. are sufficient for this. The combination of properties of
maximal monotone operators [Brell, Proposition 7.1] and the Lumer-Phillips theorem [RR04, 12.22]
imply that B generates strongly continuous operator semigroup. (it implies even more, that is ||S(¢)| <
1,Vt € [0,T]). Therefore, if we assume f € L([0,T], H) this yields a mild solution in the sense of
Definition 2. Assuming additionally that f € C ([0,T],H) N Wbt ([0,T], H), the mild solution can be
shown to be differentiable and thus is a classical solution (see [RR04, Theorems 12.16]). O

We want to apply the theorem above to our setting to obtain a classical solution.

Theorem 2. Let f € C([0,7], X)NWHL([0,T], X) and jt € Paam. Then, the initial value problem of

the visco-acoustic wave equation
L(pu(t) = M(p)dyu(t) + (A + M(p)D(p)u(t) = f(t), t € [0,T], u(0) =0 (2.15)
has a unique solution uw € C* ([0,T], X) N C ([0,T],D(A)).

Proof. For a more compact notation we suppress the dependence of the operators M, D on u. We also

use the parameterization from (2.4) because it is less cluttered. Then, M has the form
Mu = (Q'U, ’QalpOa 51_1P17 ey KzlpL) )

with kg = vgg(l +a17p) ", KL = Tpko, L =1,...,L. We want to apply Theorem 1, for this reason we

transform the equation (2.15) to
du(t)= M YA+ MD)u(t) + M f(t),

with f = M~'f and B= M (A + M D) we are in the right setting. Also, since M, D are invertible
bounded linear operators, it holds that D(A) = D(M ~'(A + M D)). We also equip X with the energy

scalar product (u,v),, o = (Mu,v), o which induces an equivalent norm due to (2.13).

(x. M~'(A+ MD)z),, , = (=, M "'Ax) + (z, D) o 2 (Az, ) o = 0.

Q M.Q

In the last step we used the skew-symmetry of A. We need to show that M_l(A + M D) + I is onto.
Therefore, for every g = (g,, 90, ---,9) € X we need to find (v, po,...,pr) € D(A) such that

L
1
v—fVZpl =g,, (2.16)
0 =0
Po — ko diveo = go, (2.17)

1
(1+)pl[{ldlv’v_gl’ l:177L (218)
Tl
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The trick of the proof is to find an auxiliary variational problem whose solution in turn gives us such an
element in D(A). In order to define this problem we add the pressures

L L

p_lz;pl_go+“0divv+;Tl:l_l(glJr”ldiV”)—§+’~1diV’U,

with & := kg + Zle #m, J:=go+ Zle #gl. Multiply this equation with a test function ¢ € Z =
{1 € HY(Q): ¢]aq, = 0} and assume (v, 0)' € D(A). Integrating over Q and using partial integration

we get

(F'p, )0 = ([dive,¥)o o + (R715:4),

= (0, Ve)o o+ (R7'5.9)0 o +

(Yv) -nds
Q

YEZ (v, Vi)oq + (F18,9) 00 + (o) - nds (2.19)

QN

S—s—

= (0, V)o0 + (F75,4) g -

Plugging (2.16) into the equation above yields

(F'p, 7/’)0,9 =—(c7'Vp+g, v¢)0,ﬂ + (Rilng)o Q

)

<~ (Qilvp7 VQ/J)O,Q =+ (kilpa 1/1)0,9 = _(gv7 Vﬁ})o,g + (Eilg’ 1/))079 . (220)

In the derivation of the equation above we assumed (v, O)—r € D(A). Now, if we have p € Z that fulfills
(2.20), we can “walk the steps backwards” and construct a corresponding ® that, in fact, lies in the

domain of the differential operator. To achieve, this we define the operators

ar ZxZ —R, (p,9) — (07'VD. V) o+ (B70,9) 0 q

l: 7 — R, w — _(gvvvw)o}ﬂ + (R_lg’w)o,ﬂ’

and the corresponding variational problem
find p € Z such that a(p,v) =1(v), V¥ € Z.

The functional on the right-hand side [ is obviously bounded. Using Poincaré’s inequality and the
boundedness and positivity of the parameters, we can show that the bilinear form a is uniformly elliptic.
Therefore, we can apply the Theorem of Lax-Milgram [RR04, Theorem 9.14] which gives us a unique
P € Z with a(p,v) = I(x) Vi € Z. Define © = g, + 0~ Vp, then rearranging (2.20) yields

~(0, Vi) = (R 9)v) ez (2:21)

)

Note that (2.19) is the variational formulation of (2.16).Therefore, if we compare (2.19) and (2.21), we
can see that ¥ - n = 0 on 0Qy holds in a variational sense. Further, this equivalence shows divd =
71(p — g) € L*(Q). Therefore, we have shown (9,0)" € D(A). Plugging this  into (2.17) and (2.18)
gives us the individual pressure functions py,...,pr. Together, we showed for every g € X there is a
@ = (0,po,Pp1,--.,01) € D(A) such that (M~ '(A+ MD)+ I)@& = g. This concludes the proof that the
operator is onto. Now that we have shown the prerequisites for Theorem 1, we get that the evolution
equation has a solution v € C* ([0, 7], X) N C([0,T], D(A)). O
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Remark 2. Note that in this work we are not interested in assuming low regularity. In fact, we will
always assume that our right-hand sides are in CZ° and shifted such that they vanish at t = 0 and the

ingtial value ug s zero. Therefore Theorem 3.3 in [KR19] gives us smooth solutions in time.

2.3 Adjoint equation

Later on in Chapter 4 the adjoint equation to (2.8) is needed. Here, we calculate its representation with
respect to the scalar product (-, ')0,[0,T]xQ- Let £ be the differential operator defined in (2.10). For this
we seek suitable functions u,y € C*([0,T],D(A)) and an operator £* such that it holds

(Quay)o,[o,ﬂxn = (uaﬂ*y)o,[o,T]xQ'

Using the skew-symmetry of A, symmetry of M, D, and integration by parts, we get
T
(Lu,Y)o 10,1150 = /0 (MOyu(t), y(t))g o + (MDu(t), y(t))g o + (Au(t),y(t)y o dt

T
:/0 (u(t), —~MOyy(t))g o + (u, MDy(t))y o + (u(t), —Ay(t))y o dt

+ (Mu(T),y(T))g o — (Mu(0),y(0)) o
= (u,(—M0; — A+ MD)y), o, 710

+ (Mu(T),y(T))g o — (Mu(0),4(0))g 0 -

For functions satisfying (Mwu(T'),y(T))y q = (Mu(0),y(0)),  a notion of adjointness can be seen. We
restrict ourselves to pairs of functions with the properties u(0) = y(T') = 0. For these functions we can
define an adjoint

£°=-Mo —-A+MD. (2.22)

Note that we use x as superscript to mark the adjoint in regard to the differential equation and use x*
at most other occasions. Solving the adjoint equation requires finding the solution to the terminal value
problem

—Moz(t) — Az(t) + M Dz(t) =g(t) =z(T)=0.

We can cast it into an initial value problem with the transformation #(t) = T — ¢t. The chain rule gives
us 9y z(t(t)) = 954z (E(t)) - Bt (t) = —0y)2(£(t)). Dropping the dependency on t we get
MO;z(t) — Az(t) + MDz(t) = g(f) z(0) =0. (2.23)

This shows that we can solve an initial value problem instead. For this initial value problem the theory
from section Section 2.2 is applied easily. Later, we will not distinguish between ¢ and £, the time will
always be called t. Looking at (2.23) we can see that the attenuation operator D has the same sign as

in the forward equation (2.8). Hence, both equations exhibit damping properties.

2.4 Measurement operator

In real world applications of FWI, data is gathered with instruments that are called receivers. While both

L . .
measurements of components of v and p = »",” ; p; are possible, we restrict ourselves to p. We assume to
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have R € N receivers at positions rg,...,rg_1 € €, which measure at discrete times 7o, ...,vs—1, with

v ="0+jAtfor j=0,...,J —1 and At € R. Define S := RF*7 and the measurement operator

(uﬂ¢7‘0770)07[07T]><Q (uv(brmv.f—l)o,[o,T]xQ
\P:Y—>§,u:(v,p)—r»—>§: ,

(u, ¢”'R—17’Y0)07[07T]XQ T (uv ¢TR—1¢7J—1)07[07T]XQ

where ¢ . : [0,T] x Q — R2+(+L) g a function with compact support that models the measurement
process at the location of the r-th receiver at the j-th time (think of a smooth approximation to the delta
distribution). On this space of seismograms a scalar product can be defined by

R-1
(31,82)5 = > 81, W3, with W = atdiag(0.5,1,...,1,0.5) € R”*/,
r=0
where 8;, denotes the r-th row of 3; for i € {1,2}. Later, we need the adjoint of the measurement
operator. Note that in Chapter 2 we denoted the relaxation function by ¥. Since the relaxation function
was only of interest in Chapter 2 we can reuse the symbol without creating confusion later on. Consider

ées'andueY,then

R—1
(3, Vu)z = ) 5W(Tu)!
r=0
R—1J-1 T
= Wjjg’jm/ /U(t,m)-qu,w(t,m) de dt
r=0 j= 0 Q
T ,R-1J-1
:/ / DD WiiBjndr, o (@) - ult, @) de dt.
0 J9,—0 j=0
Hence, the adjoint is defined by
_ R—1J-1
VS —Y, 50— ) Y W80, (tT).
r=0 j=0

The evaluation of the adjoint measurement operator on a seismogram is the wave field that has the
support of the measurement kernels. Its values are multiplied by the values of the seismogram. Often it
is convenient to interpret seismograms as continuous functions in time as opposed to a matrix. Hence,

we define the interpolation space
S :={s € C([0,T],R"): (s(t)), is a linear spline with nodes 7o, ...,vs_1 for all r € R}. (2.24)

Then, the interpolation operator ¢: S —Sis bijective and an isometry from S to L3([0,T], R since
the weights W yield exact integration for linear functions. Therefore, we define the scalar product on S
via

(81,82)3 = (Lilsl,bilsg)’g .

Usually, in practical applications, data gathers for inversion is collected in multiple phases. Human-
made sources of pressure waves, such as explosions, are excited at different locations and times and are
individually measured. Each instance of these excitations are is referred to as a shot. The number of

shots is 2 € N, and therefore our data typically lies in S=.
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CHAPTER

THREE

DISCRETIZATION

Now, we shift our focus to some discretization aspects. Since discretization itself is not the main topic
of this thesis we will provide a concise overview and give references in which the topics are explained in

more depth.

3.1 Space Discretization

In space we choose a discontinuous Galerkin (dG) discretization with full upwind stabilization which
relies on ideas from [HWO08, LeV02], and was presented for waves without attenuation in [HPS™15] (For a
general introduction to finite element methods we refer to [EG04]). The full upwind stabilization for dG
was first introduced for conservation laws of the form d;u + div (T'w) = 0 with a suitable linear operator
T and relies on traveling wave solutions of Riemann problems (initial value problems with discontinuous
initial data along a hyperplane). Due to the operator D from (2.9) our problem is not in the divergence
form. However, neglecting D, the ansatz yields a suitable stabilization for the visco-acoustic (as special
case of the visco-elastic case) wave equation as shown in [Zie20]. For the discretization in space the
domain  is decomposed into open convex polyhedral sets K C , called cells, that is, Q = | Ke ,C? (K
is the set of all cells). The discontinuous finite element space of polynomials of maximal order k > 0 is
defined by

Xpi={xy € L2(Q,REm+A+L)y: 20, | component-wise polynomial of max. order k ¥V K € K}. (3.1)

As ansatz and test functions, we use nodal Lagrangian ansatz functions which are denoted by ¢, x € X},
for the node with index ¢ in cell K. All space integrals are evaluated with a Gaussian quadrature and
therefore products of ansatz and test functions are integrated exactly. Let Fx be the set of faces belonging
to one cell K, and set F = |J, Fk for all faces in the domain. For inner faces f € F N, let K¢ be the
neighboring cell such that f = 0K N 0Ky. On boundary faces f € F NOQ we set Ky = K. Let nk s
be the outer unit normal vector on the face f of K. For x;, € X the restriction to K is denoted by
xn, k = Tp|x. Oninner faces f € FNQ, we define the jump on the face of a cell by [z |k, f = T K —Th K-

On boundary faces f € FNOQn, we set ng f - [Vp]i,r = 0 and [pp]x,f = —2pn, and on f € FNOQp we
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set [vp|k 5 = —2vp, and [py]k,r = 0. The operators without spatial derivative are discretized by

(thha yh)O,Q = (MJJ}“ yh)O,Q th? Yn S Xh )
(thhayh>0,sz = (thayh)o,ﬂ Ven, Yy, € Xn,
(thhayh)oﬂ = (Iwhayh)o,ﬂ Ve, Yy, € Xh .

For x € Q, define the impedance

Z(x) = \/(1 + Lrp(®)) /(1 + amp) () e(@)vp(®), Zx = 2|k, Zx; = 2Ky

and define functions on the faces of cells vy = 1/(Zx+Zk,), a2 = ZxZk,; [(Zx+ZK,), a3 = Zi, [(Zx+
Zr,), ay = Zi [(Zk + ZK,). The upwind flux scheme (for the calculation of the flux we, again, refer
to the references above) then gives us the upwind stabilized differential operator A, = 3, Ar . Let
(vn,Pn), (W, qp,) € X}, and define pp, = ZZL Dih,q i= ZZL qi,n, as sum over the components of py, q.

Then, we can write the operator in each cell as

(Arh(OnsPr), (Wh, GR))o x = — (VPR WKL) i — (AIVOK R, AR 0o 1
- ( Z (Oél[ph]K,faQK,h)OJ
feFk

+ (asnr s - [Vnlk,r aron)o s
+ (aalpnli.p - win)g

+ (omk g - [Vn]k,r 1k s 'wK,h)o,f) :

Then, the semi-discrete problem for the forward problem is
M poyun(t) + (An + MpDp)up(t) = f1,(t), for t € [0,T].
Analogously, for the discretization of the adjoint operator A", we have A} =, Ak p

(A}((,h(vhaph)’ (’LU}“ qh))O,K = (VpK,hv wK,h)()’K + (le VK,h, qK,h>07K

_ ( Z (Ozl[ph}K,ﬁqKﬁ)O,f

feEFK

— (snk s - [valk,f aron)o
— (culpnle.p i s win)o

+ (omk g - [Vn]k,p 1k f 'wK,h)o,f> ;

for all (vy,py), (wh,q;) € Xj. Note that —(Ap) # (—A), = A} since the signs of the flux terms are
incompatible.

This semi-discretization of A and A* is stable and consistent. Further, for sufficiently smooth functions
it can be shown that the L? error of the semi-discretization is convergent of order k + 1/2 [HPST15].

In general, operators with subscript h are representations of the operators on finite dimensional linear

subspaces. Underlined objects are the representations with respect to the finite element basis. Let
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{@;}i=1,..daim x, be a basis of Xj. Then, the entries of the matrices are given by

(An)ij = (Anpi #))gq » My)ig = (Mrpi#;), > (3.3)

(Dy)ig = (Drpis5) g0+ (Guig = (#i:9)0.q -

A vector in &, € X, can be written as x; = E?:TX” ! ¢, . Due to the nature of the dG space the

matrices M, D,,, G,, are block diagonal with block size (k + 1)2. The matrix A, is block-banded. The
bandwidth is the number of neighbors per cell plus one. In our case this is always four, since we use

structured meshes with quadrilaterals of same size.

3.2 Time Discretization

Let N € N be the number of points in our time grid and set ¢, = n - At for n = 0,..., N with
At =T/N. Define the fully discretized space of wave fields Y, = X7 . In this thesis we will use two time
discretization schemes. The first one is an exponential integrator which has been shown to be efficient
for wave equations in conjunction with our dG discretization in [HPST15]. A very brief introduction
and using only formal calculations is given here. For a thorough introduction for a very wide scope of
problems we refer to the review on exponential integrators by Hochbruck and Ostermann [HO10]. We
use the exponential notation exp(P) for a general linear operator P freely. For formal explanations see
[RRO4]. The idea of an exponential integrator is that we can express (mild) solutions of an initial value

problem of the form dyu + Pu = f, u(0) = ug using the variation of constants formula

u(t) = exp(—Pt)ug + /0 exp(—(t —7)P)f(r)dr.

Evaluating this formula at discrete time steps yields

Wltns) = exp(—PAt)u(ty) + / " exp(=(tss — )P)f(r) dr

. at
AF=tng1—tn exp(—PAt)(t,) + / exp(—(At — T7)P)f(1 + t,)dr.
0
The integral is then typically approximated by interpolation of f and exact integration of the resulting
integral. In this case we interpolate f at the midpoint of the interval yielding

At

/0 exp(—(At—7)P) f(r+t) dr z/o exp(— (M=) P)F(tnt-tns1)/2) A7 = p(—DEP) F (b +tni1)/2) |

where p(t) = (exp(t) — 1)/t (this function is typically called ¢; which we avoid due to clash of notation).
Now, we apply this formula to our discrete setting. From the proof of Theorem 2 we know that the
discrete operator in our case is P; = —M;l(éh + M, D,). Therefore, we get a fully discretized time
stepping scheme

yh,n+1 = exp(fAtBh)yh,n + Atp(ighAt) fh,n+1/2 .

Evaluation of the exponential and p is costly for large matrices. Therefore, we reduce it to only one

evaluation using the identity —At-p(—AtP)P = exp(—AtP) — I, which, after some rearrangement, yields

yh7n+1 = yh,n + Atp(_EhAt)(Bhyh,n + fh,n+1/2) . (34)
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Algorithm 3.1 Fixed point iteration

Require: C % Matrix; b % right-hand side z, % starting value ¢ % relative tolerance
L rg 4 b—Cxq

: B+ BJ(C) % build Block-Jacobi Preconditioner

: while ||, || > ¢||ry|| do

zy, <z, +Bry,

ry o — Oy

: end while

: return z,

We have not discussed how to evaluate the function p. If we use an iterative Arnoldi process it is only
necessary to evaluate p on a (comparatively) small matrix. The evaluation of p can be done by evaluating
a matrix exponential of a slightly bigger matrix as discussed in [AMH11]. The matrix exponential in turn
is calculated by a modified scaling and squaring approach as proposed in [AMHO09]. Although the results
in [HPS™15] encourage the use of an implicit scheme, we found that in our case the explicit scheme is
more efficient and shows good stability properties. Therefore, we evaluate the exponential by an explicit
Arnoldi process which can also be found in more detail in [HPS™15].

Later in this thesis the exponential integration rule will be inconvenient to use. As to why this is the case
will be discussed there. Instead, we will use the trapezoidal rule which is an unconditionally stable implicit
two stage Runge-Kutta method of order two. This yields a method of the form y;, , . = y;, ,, + Ay with

the linear system
At 1
(M), - ?(Ah + M, D,))Ay = At(A, + M, D))y, ,, + §(fh,n + Frnt1)-

The arising linear system is preconditioned with a block-wise Jacobi method and solved with a fixed point

iteration see Algorithm 3.1 which was faster than GMRES for the linear systems we have to solve.

3.3 The finite element library M++

The numerical calculations in this thesis are realized with the help of the open-source parallel finite
element software M++ [BW21]. This library is written in C++ using OpenMPI (Open Message Passing
Interface) [GFBT04] to realize its distributed memory parallelization, that is, one calculation can be
run on several physical machines (nodes) at the same time. Therefore, it benefits from modern large
scale computing clusters which are made of many nodes (such as the Hochleistungsrechner Karlsruhe
(HoreKa)) and makes calculations possible that would not fit on a single machine. For a more detailed
description of M++, its development, and references of more research that uses M++ see [Bau23]. To realize
the features used in my own FWI project, I developed features in M++ and helped to maintain the library
as well. The FWI project is not part of the library but rather includes M++ and uses its functionality.
All code developed in the FWI software is programmed in such a way that the results are the same (to
machine precision) even for a varying number of processor cores. The final version of the FWI code used
in this thesis can be found at https://gitlab.kit.edu/kit/mpp/fwi/-/releases/Dissende. Additionally, all
data and software needed to produce the figures and instructions to run the calculations can be found at
https://doi.org/10.35097/1898.
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3.4 Numerical Convergence

In [BFE"21] it was shown in two different studies that the space discretization from Section 3.1 with
polynomial degree k yields convergence order of k4 1. The first study compared numerical solutions with
a known smooth solution and the other one in a heterogeneous material that is closer to the application
and without known solution. Here, we conduct another study that lies in between these two. We want to
qualitatively compare the numerical solution of (2.8) with compactly supported sources and homogeneous
material parameters to solutions calculated with Green’s functions. Some explanations regarding Green’s

function for the wave equation are given in the appendix Chapter A.

3.4.1 Source implementation

In our forward calculations the source terms are of the form f(t,x) = (0, f,, (¢, ),0,...,0)". For the
po component we have fp, (¢, ) = ¢(t — t0)d(x — Xgpc,0) With § being the Dirac delta distribution and
¢ a smooth real function which is zero for negative times (otherwise it would be called ’acausal’). The
delta distribution is of low regularity and therefore some caution has to be put into its implementation.
Regularized delta distributions are discussed in [HNS16]. A method to increase order based on the ideas
of Bramble and Schatz [BS77] involving a convolution can be found in [YS13]. We opt for a rather straight

forward implementation, that is, for any test function ¢ € X we get

(F(0), 90)079 = ot — to)so(a:src,O) :

The approximation is a Galerkin approximation of the delta distribution. We can find a representation
of the delta distribution that is contained in the closure of a cell K with basis elements ¢; € Xp. Then,
o g = ZjEIK 3y, ;; with Zx being the set of indices corresponding to the cell K. We enforce the
defining property of the delta distribution by

! ;
On, i (Pi i) = Z On (‘Pj,K7 "Di;K)O,K = @; i (Tsre,0), Vi € I .
J€IK

The coefficients of the approximation can be calculated by solving the linear system
Gd = s, with Qi,j = (‘P_j,K? ‘Pi,K)QKv d;, = éh,i and s; = @;(Tsre,0), Vi,j € Ik (3.5)

The Gramian matrix G is symmetric positive definite and therefore the linear system in (3.5) is uniquely

solvable for any s. By construction it holds

(6 = OnisPiic) g i = 0 Vi € e,

showing Galerkin orthogonality. Changing the source position also changes the coefficients of dj, r,
since we change the right-hand side of the linear system (3.5). Therefore, the approximations are not
translations of each other, not even in the conforming case of the Spectral Element Method (SEM) as
discussed the book by Fichtner [Ficll]. Also note that even if we choose ®gco to be the nodal point
corresponding to ¢, ;- the approximation of the delta distribution is not a scaled version of ¢, ;. This
would only be the case for an orthogonal discrete basis where the nodal points coincide with the quadrature
points like it is the case in SEM. Fichtner also comments in his book that this implementation yields a

low pass filtered version of the delta distribution. Therefore, in the vicinity of the source the solution will
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not be correct. However, if the cells are small enough this low-pass filtering effect vanishes at the distance
of the diameter of one cell in the case of SEM in [Ficll]. We want to investigate this behavior for our
dG method in the vicinity of the source and consider the domain 2 = [-400m, 400m] x [—400m, 400m]
and choose vy, = 3500 m/s, p = 2000 k¢/m?®. Define the relative error

h.k

) lp(z) — pi(x)|
rel,p

(@) = axeen [P@) — poi(@)]

err ,

where p is the pressure of a solution obtained by a Green’s function and py, ;, the pressure of a solution of
our dG solver with polynomial degree k = 2, 3,4 and mesh width A = 50m, 25 m, 12.5 m and no damping
(L = 0). We place the source at (0,0) and choose the mesh such that the source is in three different
locations within a cell: One at the middle of a cell, one at very close vicinity of the corner of a cell and
one precisely on the corner of a cell. In the last case the source has a support of four cells instead of one.
In the plot of the error errfj’p in Fig. 3.1 we see that the behavior of the error in the vicinity is sensitive
to the placement of the source within the cell. It is noticeable that placing the source in the middle of
the cell produces the best results. It is surprising that polynomial degree k = 3 produces smaller errors
than k£ = 4. From this small study we deduct that in our synthetic experiments we should always try to
choose the position of the sources and receivers — since they also act as source in the adjoint problem —
to be close to the cell’s midpoint and try to avoid the borders and corners. Further, if it is feasible in
terms of degrees of freedom one should choose k = 3. In real data sets we cannot choose our sources and
receivers freely, they are given by the geometry in the real world. Therefore, it would be necessary to
determine how much of a phase difference a change of the position to the cell’s midpoint would introduce
(that is, distance moved in relation to the propagation speed). Local refinement of the grid at the source
and receiver locations could also be a way to reduce the phase difference since a smaller grid reduces the
distance to the next midpoint of a cell. Even if we do not measure in the direct vicinity, these errors are of

interest since large errors at the source and receiver locations can lead to artifacts in the reconstructions.

3.5 Absorbing boundary conditions

In our simulations we often want to avoid nonphysical reflections at the boundaries of the computational

domain 2. To this end, we extend 2 to Qg by a layer of length d. In that layer we keep the impedance

Z(x) = /(1 + L1p(x))/(1 + arp)(z) o(z)v,y(x) constant to reduce reflections. This reduction is very
dependent on the angle of incidence. Waves with incidence of zero degrees produce no reflections (constant
impedance gives a transmission coefficient of one in the 1D wave equation). Higher values produce
growing reflections. Further, we decrease the phase velocity gradually so that a wave entering this
domain stays there for a longer time. In the case of L > 0, we additionally increase the value of @
exponentially, damping the amplitude of the wave. To further decrease unwanted reflections at the
beginning of the damping layer we make the transition from 2 to Qg smooth with a cosine to a linear
decrease. Let Q;,Qp be the quality factors inside the computational domain and at the boundary of
the artificial layer, respectively. Further, vy ;,vpp,vp,c are the velocity values inside the domain, at the
boundary of the artificial layer and at the transition from the cosine to the linear decrease of velocity.

Let r(y) = mingeoo max{|y1 — 1], |y2 — 2|} be the distance of a point y € Qg \ 2 to the domain Q.
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fiF L

0.01

hk [p(x) —pn k()]
rel,p maxzeq [p(x)—ph,k(x)]

of the dG method for mesh width A and polynomial degree k and a point source in space. For better

Figure 3.1: Error err with pp, i being the pressure component of the solution
visibility the error is plotted on a logarithmic scale. Top Left: source is in the middle of the cell. Top
Right: source is at the corner of a cell. Bottom left: source is in very close vicinity of a corner. In all plots

we have h refinement from left to right and refinement of the polynomial degree k from top to bottom.
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Then, for a point y € Qg \ Q the values of the parameters are given by

(vp,i — Up,t) cos (% %) +vpe for r(y) € [0, s4],

(Up,t — Vpp) T=ok + Vpt for r(y) € [st,d].

r(y)/d
Qr(y)) = @, (%) () =

We use the values Qp = min{1.1, Qmin}, vpp = 0.20p 4, vp ¢ = 0.85vp 4,8, = 0.3d which are proposed in
[Boh98]. The value Qmin = lim, 00 Q(wo) (25) a1(wg)/ae(we) is the minimal value for the quality factor
for fixed 7;’s and wy. In Fig. 3.2 we can see the values of Q) and v as a function of distance. The extension
and choice of values yield good absorbing qualities in a very natural way within the model. The size of
the layer d is adapted to be between 1-2 wavelengths of the frequency wg. A typical setting for FWI is
shown in Fig. 3.2: An extension of the domain on three sides where the remaining side is the surface of

the earth.

Qi i

Up

Ty,

T

|
1
0 5t d

distance to boundary

Figure 3.2: Left: example of extended domain, with reflecting bounds at the top. Right: values of @
(blue, line) and vy, (red,dash dotted).
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CHAPTER
FOUR

INVERSION WITH THE REDUCED FORMULATION

Like we discussed in the the introduction of this thesis, the aim of FWI is to determine material properties
beneath the earth’s surface using measurements acquired on the surface. To achieve the this aim, we
want to determine a wave field w and material parameter p for a given source term f and measured data

Sobs that accomplish two goals at the same time:
1. The model error || £(p)u — flo,j0,71x0 = 0.
2. The data error ||[Pu — Sobs|ls =~ 0.

Although the meaning of ~ can vary depending on the specific problem, reducing these quantities to some
extent is always part of an inversion. The two requirements guarantee that w is physically meaningful
and consistent with the material as well as accounting for the data. In this chapter, we introduce one
approach to achieve this objective utilizing a suitable mathematical formulation. Later, in Chapter 5, we

present another one.

4.1 Reduced formulation

We define an operator ® that maps a material distribution to the corresponding measurement and call it
parameter-to-seismogram map. Let sobs be the measured data that usually is contaminated with noise,
P, the set of admissible parameters from (2.12), and S= the seismogram space from (2.24) containing

all = shots. Then one way to formulate the parameter identification problem is
find p € Pagm such that ®(u) = sops € S=. (RED)

In this chapter we will define the parameter-to-seismogram map and its Fréchet derivative and adjoint
thereof in a precise mathematical manner. We will present some analysis, and briefly discuss the ill-
posedness of the problem. We call the formulation in this chapter (that is, (RED)) the reduced formulation
of FWI.

4.1.1 Theory of the reduced operator

We start of with the definition of the mapping from above.
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Definition 3. Let ug =0 and f, € W0, T],X)NCY([0,T],X), £ =0,...,= — 1. The parameter-to-

seismogram map is defined by
®: Poam — S=, p— (W, ..., =) Twith ue = Fe(p),
with the parameter-to-wave field map
Fei: Pagm — Y, p— ug, u fulfills £(p)ue(t) = fe(t), t € [0,7] and u(0) =0,
with £ being the differential operator of the visco — acoustic wave equation from Theorem 2.

Remark 3. With Definition 3, we set the model error to zero by construction and therefore we only have

to address the data error in the inversion.

To avoid unnecessary notation, most of the analysis is done on F = Fy for = = 1. The results carry
over to = € N. Further, they carry over to ® since it is only a composition with a linear operator. The
maps F, ® are well-defined due to the existence results from Section 2.2. It can also be shown that these
maps are also (locally) Lipschitz continuous for reasonable assumptions on f and ug cf. [KR16]. Now, we
can formulate the problem (RED) in a mathematically well-defined way. The motivation to investigate
analytical properties of the problem (RED) is that it is notoriously hard to solve. It can even be proven

that it is locally ill-posed. First, we want to recall that definition.

Definition 4. Let K: U — V be an operator between Banach spaces U and V. Then, the equation
K(z) =y

is locally ill-posed at & € D(K), satisfying K(Z) =y, if in any neighborhood of & there exists a sequence
{2k }ken C D(K) such that
lim || K (z) — K(2)||lv =0, however ||z — Z|luv # 0 for k — co.

k— o0

In this work we mainly talk about nonlinear operators. Outside of theorems and proofs we will mostly
use the term ill-posedness (which is a mathematical term relevant in the theory of linear operators) if we
actually mean local ill-posedness. Now, we want to show that we can always construct a sequence showing

ill-posedness of the parameter-to-solution map for any interior point of the admissible parameters.

Theorem 3. Let F: Pagm — Y be the parameter-to-wave field operator from Definition 3. Then, the
equation
Fp) =u

is locally ill-posed for any interior point u = (o, vp, Tp)T of Padm-

Proof. To prove the ill-posedness, we follow the steps from [KR19, Theorem 4.3] and apply the arguments
shown there to our notation. First, let u = (0,vp,7p)" € int (Paam). Choose a fixed 2 € int(Q2) and
0 > 0 such that Bs(2) C Q. Then, let r1, 79,73 be small enough such that

0+ r1Xk e la 5
' 1 if[z—-2[ <7,
pe = | vp +Taxk | € Padm, With x5: @ — R, 2+

0 else.
Tp + T3Xk
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Now, it is clear that ||pu — pgllec,0s8 = max{ry,r2,73}, for all & € N. Therefore, this sequence does not

converge. Now, let up, = F(ui) and u = F(u). Then, w, == uy — u, satisfies the initial value problem
L(pr)unk(t) = (M(p) — M(px))(Ou(t) + Du(t)), uax(0) =0.

From [KR19] page 3, we know that the solution of our differential equation has a continuous dependency

on the right-hand side. For w, j this means that there is C' > 0 (independent of k) such that

lwa,kl 0,[0,T)xQ < ClI(M () — M (p1)) (Oru(t) + Du(t))llo,[O,T]xQ~ (4.1)

Now, we show that Ey, := M (ug)—M (p) fulfills limg_, oo Epw = 0 for all w € Y. The material parameters
1, pug only differ inside the support of xi. Therefore, Ew is also supported on the support of xj. It is clear
that it is bounded, since it is a component-wise multiplication operator with only positive factors. The
scalar function v: (Pmin, "max) X (Umin, Umax) X (Tmins Tmax) — R, v(F,v,7) = (1 +a7)/(7v?) represents
the factor in front of J;py in the wave equation (2.8). The factor (7, v, 7) = v(7,v,T)/T corresponds to

Oipr, 1 =1..., L. With these definitions we can write

T1Wy
(V(Q + T1,Up + T2, Tp + T3) - V(Qv ’UvaP))wPO

Ekw|suppxk = (D(Q + 71,0 + 12, T+ TS) - D(Qv Up; TP))wpl

(Z(o+71,0p + 72, Tp +73) = D(0,vp, Tp) )Wy,

where v(p, vp, 7p) denotes the point-wise composition of the functions. Now, we apply the the mean value

theorem on v, I:

_ 14ar _l+ar
7202 72u2T
ot _ 1+at ~ (7~ _ 1+at
VI/(T‘,U,T) - _2W ’ VI/(T,U,T) - -2 FusT
(3 [
o2 Fu272
therefore we can (note that a > 0)
1+ amn 14 am «
- T max max
IVv(F,v, 1) (r1,r2,73) | < |—5——5—|"1 + [2———=—|r2 + 5|73
r2. g2, Pmin¥S TminVUh;
min “min min¥min min%¥min
=:b1(r1,7r2,73)
and
1+ ar 1+ am 1
~ T max max
\Vo(F,v,7) - (r1,r2,73) | < | 57— —— |1+ 2—F——|re+ |——5——5—|"3
TminYmin Tmin Tmin¥Vmin Tmin TminVmin Tmin
=:b2(r1,r2,73)
Using these inequalities yields
2 _ 2
||Ek?wHO,Q - ||Ekw| 0,SuppXxk
2 2 2 2
< 1 ||wUHO,suprk. + b1 (Tlﬂ T2, T3) ||wpo‘ 0,suppxk

L

+ bQ(Tl, T2, 7"3)2 Z prz ||(2),supp><k :
=1

Now, fix r < 1 and choose r1,72,73 > 0, such that max{rf, by (r1,72,73)%, ba(r1,72,73)?/L} < r?%. This
choice is possible since by, b are multilinear (therefore continuous and b, (0,0, 0) = b2(0,0,0) = 0) func-
tions. For any w € Y this yields

||Ekw||%,ﬂ < T2||wH(2),suprk .
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The measure of the support of x; vanishes as k tends to infinity which implies [|w/[§ q,ppy,- Hence, we

get limy_, o Erw = 0. It further shows that the norm of the sequence is bounded:
| E|” <2

Due to the boundedness of the operators, we can use dominated convergence:

T
lim | Ex(Osu + D)o,
0

k—o0

lim || Ey(0:u + Du)llo,0,11x0
k—o0

T
/ lim | Ep(9s + D)o
0 k— oo

=0.

Therefore by (4.1) we get limg_, o0 HUA,](;”O’[O’T]XQ =0. This shows limg_, o || F (1) — f(u)||07[o7T}XQ =0,
however by construction || — pllo.o #— 0 for ¥ — oo and thus concluding the proof.

In the forward equations (2.4) and (2.8) we have seen that we can choose different sets of parameters
to describe the material laws. Note that the proof of Theorem 3 only utilizes that the mapping of the
parameters to the factors in the equation has to be smooth and with bounded derivatives. Therefore,
for any choice of physical parameters that have this property we could easily repeat the arguments from
Theorem 3. From the proof we can see that the ill-posedness is directly connected to the topology of the
domain and the range of . While the L*-norm is not affected by shrinking the support of indicator
functions, it does have this effect on the L?-norm. This raises the question whether or not one should
look at other spaces than L for the parameters. But looking at the results of the existence theory in
Section 2.2 we see that L°° is the proper space, since we can ensure existence and uniqueness of the
solutions. Also, the result in Theorem 3 implies the ill-posedness of (RED), since the measurement
operator W is a bounded linear operator.

We want to solve the inverse problem (RED) with a Newton-type method. Therefore, we need the Fréchet
derivative of F and its adjoint. It is more convenient to analyze this on an operator basis instead of the
parameters themselves. The explicit formulas for a given parameterization then follow with the chain

rule.

Definition 5. Let S(X) = {P € L(X): P* = P} and B = {B € S§(X): B_|z[|% < (Bz,1)yq <
Billzli} for given 0 < B_ < By < oo. Further, assume f € C°°([0,T],X) with compact support,
bounded derivatives, and f(i)(O) = 0 Vi € N. Define the operator-to-solution map

F:BCcSX)—Y, II+— u,
where u solves IIdyu(t) + (A + IID)u(t) = f(t), Vt € [0,T] and u(0) = 0.

From [KR19, Theorem 3.2] we know that this map is well-defined. Together with the regularity

assumptions on f the solutions are smooth in time.
Theorem 4. The map from Definition 5 is Fréchet differentiable at any interior point I1 € B with

F/(I[H] = u,
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where w solves
IMou(t) + (A+IID)u(t) = —H (0, F(II)(t) + DF(II)(t)), Vt € [0,T] (4.2)
and w(0) = 0.

Proof. See [KR19, Theorem 3.2], the theorem there is for weaker assumptions on f and only yields that @
is a mild solution (see Definition 2). The additional assumption f € C*°([0,T],R) with compact support
and bounded derivatives with f(i)(O) = 0 Vi € N, results in higher of F(II). This implies that the

right-hand side of (4.2) possesses sufficient regularity for Fréchet derivative to be a classical solution. [

We cannot apply Theorem 4 directly to our problem as it involves operators and not parameters in

our sense. Therefore, we need to apply the theory to the map M: P4, — L(X), p+— M(p).
Lemma 1. Let P = L>(Q)3 be the space of all parameters, then

M: P> Padm — ,C(X)

is Fréchet differentiable for p = (0, vp, 7p) € int(Paam) and n = (15, Mv,,1r,) € P with

1+ ar 1 2 « 1+ ar 1 2 1
M’ =di P _—p — = P _—p _ _
(1)) iag (779, o2 ( Qng o Ny, + [ Tar, ﬁrp) ) 3 Mo /R ( i N |

1+am ( 1 2 1 )>
v QngP Qng Up e 1+ aTP)TP e .

Proof. Recall the definitions of v, 7: (Fmin, max) X (Vmin, Umax) X (Tmin, Tmax) — R, v(r,v,7) = (1 +

at)/(rv?), o(r,v,7) = v(r,v,7)/7 from the proof of Theorem 3. Then the formula from above can also

be written as
M ()] = diag (1o, Vv (i) -0, Vo (u) -, ..., Vo(p) - n).

To prove this formula we consider a more general setting. Let g; for ¢ € 1,...,D € N be a smooth

bounded function R” — R with bounded derivatives. Consider the point-wise composition
G: L®(Q,RY) — L(X),m — diag(g1(m), g2(m), ..., gp(m)).
Then, for m € L>(RF,R) it holds that
G'(m): L(Q,RY) — L(X),d +— diag(Vgi(m) - d,Vga(m) -d,...,Vgp(m) -d).
Further, it holds
(G(m+d) — G(m) — G'(m)d); = gi(m + d) — gi(m) — Vgi(m) - d,
where i denotes the it-h component. Since g is smooth, we can use Taylor’s expansion and obtain

lgi(m +d) = gi(m) — Vgi(m) - d||oc = esssup,eqlgi(m(z) + d(z)) — gi(m(z)) — Vgi(m(z)) - d(z)]
< Gy - esssup,cqld(2)]|%,
< G- |dZ, -

Defining C' := max{Ci,...,Cp} yields

IG(m + d) = G(m) - G'(m)d]|o < Clld|3,
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showing that G is Fréchet differentiable. The operator M can be defined by choosing P = L + 2
and ¢ (r,v,7) =1, go(r,v,7) = v(r,v,7) = g3(r,v,7) = ..., gry2(r,v,7) = U(r,v,7), which yields the

assertion. O
With this representation in place we can apply the theory from above to our setting.

Theorem 5. The parameter-to-wave field map is Fréchet differentiable for any p € int(Paqm) with
Fp): P—Y, Fu)h =,
where w solves
M (p)0r(t) + (A + M(n)D)u(t) = £, 7)), t €[0,7], u(0)=0. (4.3)

With

Lu: P —Y, &, = -M ())(0u + Du)
we denote the operator that linearly maps the direction of the derivative to the right-hand side of (4.3)
for uw € C*([0,T], X).

Proof. In the notation of Theorem 4, the chain rule for the Fréchet derivative gives us (F(M (u)))'[n] =
F'(M (1)) [M (1) []]- H

Application of Theorem 4 yields the same results for the parameter-to-seismogram map.

Corollary 1. The parameter-to-seismogram map defined in Definition 3 is also Fréchet differentiable for

any p € int(Paam) and n € P with

' ()] = (WFy (W), ..., OFL_ ()" € S=.

Proof. This follows directly from the fact that ¥ is a bounded linear operator and the result of Theorem 4.
O

From Theorem 5, we can conclude that to compute the Fréchet derivative, the same equation as in the
forward problem must be solved. The right-hand side depends on the evaluation of the parameter-to-wave
field at p. As mentioned earlier, we want to evaluate the adjoint of the Fréchet derivative. The adjoint of
the Fréchet derivative can be expressed using SZM Y — P’. In the next lemma, we will first compute
the adjoint of an auxiliary operator in order to achieve this goal. To compress the notation but not lose
sight of the dependencies, going further, we will put “inactive” components as subscript like we did in
the definition of S;’u. This also helps to emphasize in what sense we understand it as linear operator

and in what sense we want to calculate the adjoint.

Lemma 2. Let u € Y and p = (0,Vp, Tp) € Padm. Then, define the linear operator
r /
M, P—Y, nr— M'(p)nu.

Its adjoint has the representation

R — V(vigvap)TO _ 17(97'”;’7'1)) le’:1 ﬂ
MY DO € P My = | ey e S

v(0,9p,Tp) _ 7(0,9p,Tp) L
1+ot, 0 (14a1p)Tp Zl:l T
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With Y = (Yo Ypy Ypys -+ - Yp, ) and
R(@) = (yy (@), tho (- @)g jo.77» Ti®) = (yp, (), (1/7) wp, (@) g4y fori=0,.... L

with (u, v)07[0,T] = fOT u(t)v(t) dt and x € Q. We suppressed the spatial dependencies of g, vp, T, R, 1o, . .., T,

in the representation above.
Proof. We calculate the representation of the adjoint directly. Therefore, we start with

(¥ M, [0 o 7yxe = (U M (W) 6 170

- / / y(t,z) - (M ()] ()t @) dt dz.
QJ[o,1]

The scalar product leads to a sum over the components of the vectors. We look at those components one

by one and start with the velocity component:
[ vt @uto) dde = [ @ [ y(to) o) dd
Q J[0,7) Q [0,T]
= <77@a (yva uv)o,[o’T] >Loc(s‘l)><Loo(Q)l .

For the first pressure component we get

[ e wtote) ) ) () - 28 o S Y 1.0)

o(z) vp(x) 1+ am(r)

v(0,vp, Tp)
.
2v(0, vp, Tp) (

v(o, vp, Tp)x
5 an, Mo oo Vi@ xr oy

= (110, — ypo’upo)o,[O,T] >L°°(Q)><L°C(Q)’

+ (Mo, — Ypo> ”Po)o,[o,T] >L°°(Q)><L°°(Q)’

+ <777p’

For the remaining pressure components we get

/ / y,, (t,2) - (o), vp(), T (2)) <779(w) L (@) + I, (@) ) lum (t,z) dt dz
o Jjo,1

o(z) v(@)  (I+am(@))n(®)) n

_D(:vivap) ( 1 >
= 5 -_— ) 7“ o0 oo ’
<77@ 0 o U 0.[0.1] >L () x Lo (£2)
—20(0,vp, Tp) 1
+ <77vp7 v Ypi> - Up, 0.00.1] >L°©(Q)><L°°(SZ)’

75(@701)77—1)) l
+<77Tp’4(1+mp)7p ym,nupl O’[07T]>L°°(Q)><L°°(Q)"

To obtain the final representation we have to add all equations above and group the summands by

the 7 terms. Define R(z) := (y,(®), uv(x))q o7 and To(x) := (ypo(a:),upo(m))o,[oﬂ, Ti(x) =
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77—i

(yp, (x), Tu,, (:c)) S i=1,...,L. Combining the results above we get
: 0,[0,T

~ L
/ o Z/(Q, Upan) V(vivap
(ya Mu,u[n])07[07T]><Q - <7797R - 0 TO - 0 ZTl L () x L= (Q)’

2v(0, vp, p) Ty — 20(0, vp, )

Up Up

M“ T

+ (Mo, — TZ>L<X>(Q)><L°C(Q)/

~

1

V(Q7 'Uvap)a Q7 Up77—p
+ <77‘rp7 ].+Oé7'p TO (1 +Oé7'p ZE>LO¢(Q x Lo ()’

R _ V(QaU;an)To _ V(Qv“gpﬂ'p) Zl:l 7"[
2v(0,vp,Tp 20 ,Up,Tp L
— <777 _ (e )TO _ (e ) Zl 1Tl

K

v(0,0p,p) e V(vipan)
1+oam To - (14amp) Zl 1 T

>Loo (Q)S X (Loc (9)3)/ I

proving the representation. Note that R,Ty,..., Ty are in L'(Q) since u,y are in the L? space Y, the
parameter functions are bounded, and © is bounded. This yields M'*, y € L'(Q)3 c P’. O

nyu
In a similar vein we can define an adjoint of the linearized differential operator.

Corollary 2. The adjoint of the linear operator ’QL,u from Theorem 5 is

'8 Y — Padm? ’Q::u[y] = ;k,atquDu [y} :

Proof. We can calculate the adjointness directly by

(vaL,u[n])o,[o,T]xQ = (yv - ;78tu+Du[n])o,[o,T]XQ
= < - ;k,af,u—Q—Du[y]v 77>Loo ()X L>(Q)

O

Now, we can formulate an equation for the adjoint of the Fréchet derivative. Here, we need the adjoint

equation from Section 2.3.

Theorem 6. Using the notation from Theorem 5, we set F[n] = F'(u)[n] and utilize the definition of
£* given in (2.22), we have

F Y — P, y— Flyl = —2;;‘7]_-(“) (2],
where z € C([0,T7], X) is the mild solution of £*z(t) = y(t), a.e. in [0,T], z(T) = 0.

Proof. Mild solutions are solutions with less regularity (see Definition 2). Plugging in the assumption

£*z = y into the scalar product yields

(]:/[ B (f ) 0,[0,T]xQ

(EF (W), 2)o 0.11x0

)0 0,T1xQ —

=(-
v
o F(“ ® 0,[0,T]xQ

<777 u]-'(u) DLoo(sz)Sx(LOO(Q)?’)"
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With this in place, we can calculate the adjoint of the linearized parameter-to-seismogram map.

Corollary 3. With the notation of Theorem 6 and the definition ®},[n] = ®'(u)[n] we can formulate the
adjoint of @), by

=-1
S — P sr— Y Fr[Use].

Proof. Again, we calculate it directly:

£=0
=-1
= ( Mf[’?L‘I’*S&)o[oT]xQ
£=0
=-1
_ ! % *
= (n, e (W7 Se]) oo (s x (Lo ()9)
£=0

O

Remark 4. In the following we will continue to use the parameterization with (o,vp,Tp). In our
calculations we want to avoid non-physical negative values for the parameters. Hence, we use a pa-
rameterization that enforces positivity for all parameters and invert for 0,0y, T, with the definitions
0 =exp(0),vp = exp(Tp), Tp = exp(7p). For the explicit formulas we just have to calculate the derivative
and its adjoint of M (g, Up, Tp) = M (exp(0), exp(Tp), exp(p))-

—~

M (8, 0y, Tp)[71] = diag(exp(0) - 7z VV(QXP(Q)aeXP(f)p)7eXp(%p))[eXp(é)ﬁé»eXp(ﬁp)ﬁﬁpyeXP(%p)ﬁ%pL
Vir(exp(), exp(Typ), exp(7p))[exp(0)7z, €xp(Tp )75, , €xp(7p)17, )

adm?

—~ /%
and adjoint M ;' Y — P which is expressed by

R — v(exp(8), exp(p), exp(7,)) To — #(exp(d), exp(By), exp(7p) Yy T

—~

M, .y= —2v(exp(0), exp(Tp ), exp(Tp))To — 20(exp(0), exp(Tp ), exp(Tp)) Zlel T,
v(exp(0),exp(Dp),exp(T; xp(Tp ) U (exp(0),exp(Dp),exp(T; L
(exp(d),e ?Er;)eip?f(p)p))e P(7p) Ty — (e p(gl)Jreag}((p;E)%pe) P(7p)) lel T,

In the following sections we drop the (mathematically correct) notation with the dual pairings for the
materials and use a scalar product notation. This is justified, since from now on we assume to be in

discrete spaces.

4.2 Discretization aspects for the Fréchet derivative and its ad-
joint

With the results from the last section we have the formulas we need to calculate the Fréchet derivative
and its adjoint. To evaluate them, it is necessary to have access to 9;F(u) and F(u) at the same time.
We only save F(u) and calculate 0;F(u) on the fly with a one-sided finite difference. For large scale
applications, for example in three dimensions, saving full wave fields is often not feasible. Therefore,

several methods to reduce RAM storage have been developed. For instance, only saving snapshots of
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F(u) and calculating them on the fly for the adjoint. This adds calculation time. Several techniques
for FWTI are presented in [BHDIPF16]. They include using fewer bits for each stored value, reducing the
degree of the ansatz polynomial, temporal compression by saving less time steps, and using interpolation.
We do not apply such methods, we have sufficient capacity for our calculations on the machines we use
(up to 1 TB RAM).

Let P}, be the discrete dG parameter space as in Section 3.1, equipped with the L? scalar product, hence
P, C L*(Q2)3. In our case we assume the polynomial degree to be zero and therefore the parameters are
cell-wise constant. Now, we want to discuss the actual formulas that have to be implemented to calculate
P'¥[s] for a s € S. Let z € C'([0,T],X) fulfill £z = ¥U*s. Then, we have to solve the variational
problem

find n* € Py, such that (7", m:)q gs = (Siu[z],m)o’m v € P,

with L‘,Z"u from Corollary 2. To find the coefficients of n*, we have to solve a linear system where the
stiffness matrix contains the pairwise scalar products of the n;’s. For the discontinuous Galerkin ansatz
space this is a block diagonal matrix. Since we assume cell-wise constant material parameters, this matrix
becomes a diagonal matrix with the size of the cell on the diagonal. With z from above and u = F(u)
we can explicitly give the formulas for the coefficients of n* for each material parameter. For better

readability we suppress the dependence on ¢t and x

T _
_ (0, Vp, T
nylx = |K| 1/ / —ZpUy + (o, Qp, p)| <7p|sz06tupO + Z upl) dx dt,
0 JK

=1

20( 0, vp, T,
nvle = ‘K| / / Qipp)‘K (szpoatupo +Z lzplupl> de dt, (4.4)
Up

=1
L

971}1’)77-}’)) D(Qa Up’Tp) 1
=|K 25, Ort — = E — 2z, Uy, doe dt.
777le K|~ / / 1+ar, | Zpy Orttp, + 1 _’_an)Tp|K 2 1 Up
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4.3 The Red-CG-REGINN algorithm

Remember that in this section the goal is to solve
find p € Paqm  such that  ®(u) = sops € S=

with a Newton-type method and noisy data Seps. Define G(u) = ®(u) — sobs and apply the Newton
method to the root finding problem G(u) = 0. Choosing an inexact Newton method yields in the k-th

nonlinear step

pEEY = gk g, with G (pF)[ap) ~ —G (i) .

Since there is no guarantee that the linearized problem even has a solution, we want to find a solution in

the least squares sense. Therefore, we turn to the normal equation
G ()G (1) o] ~ G (1) [~ G ()] & B (1) [B11] = D% [sons — B(11F)). (4.5)

The combination of a regularized inexact Newton method and a regularized CG method for the linearized
problem is called CG-REGINN (where REGINN is the abbreviation for REGularization by INexact Newton
and was proposed in [Rie99]). The combination of these two algorithms is well-suited for a nonlinear
locally ill-posed problem since in [Rie05] it is shown that this is a regularization method. Further, we
cycle through the shots and update after every shot. This makes it a Kaczmarz method which is well-
known variant of iterative methods in the inverse problem community [HLS07, HKLS07]. We call the
combination of the algorithms in the reduced case Red-CG-REGINN. Note that even if ® is locally ill-posed
everywhere, this does not imply that the linear problem is ill-posed (in the sense of Nashed, that is, the
range of the linear operator is not closed). There are properties for nonlinear operators that do imply the
ill-posedness for the linearization [Hof99], but they are typically hard to prove. In the case of FWI these
properties were not shown yet. Generally, we are on the safe side when we just assume ill-posedness of the
linearized problem. Convergence analysis of Newton-like schemes often need that a structural assumption
on the nonlinearity, one of which is the tangential cone condition' (TCC), holds. The TCC is very hard
to prove in the continuous setting for most nonlinear problems. However, in [ER21] Eller and Rieder
show a TCC for semi-discrete FWI in the acoustic regime and for the elastic case in [EGR22]. Note that
when we introduced the inexact Newton method, we skipped over some mathematical problems. The CG
method is a Hilbert space method, and the domain of ®' (1) for any p € int(Pagm) is L°°(Q)3, which is a
non-reflexive Banach space. Hence, we cannot apply the CG algorithm directly in the continuous setting.
However, since we are not interested in a convergence analysis on the continuous problem, we look for
the solution in the discrete spaces Pj, C L?(Q)3 and Y}, which both are Hilbert spaces. We then search
for a solution in the discrete spaces. A REGINN variant that is applicable even for L*° is presented in
[PR23]. To complete the algorithm we employ the stopping criterion for the CG method, which is from
[Win16] (other strategies are also possible, see [Rie99, Sec. 6] for an explanation). In REGINN, we call
the while loop starting at line 2 and ending at line 13 of Algorithm 4.2 the outer loop. We call the
repeat loop that spans the lines 5-11 in Algorithm 4.2 the inner loop. In the inner loop, the update is

1V, W Banach spaces, F': V O D — W a Fréchet differentiable nonlinear operator. F satisfies the TCC at 1 € int(F)
if [|[F(v) — F(w) = F'(w)(v —w)|lw < w||F() — F(w)|lw, for all v,w € By(z) for a w < 1, where B,(z1) is the open ball
in V with radius 7 > 0 about z .
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calculated by iteratively solving (4.5). For shot £ we set the maximal iteration number of the inner loop

k 7k :
to I = max{lmax’g, lmax,glob} with

1 for k=0,
Zr]?ﬂax,ﬁ = 2 fOI' k = ]-7 (46)
T 1T for k> 2,

By l’g_Q, lf ~! we denote the amount of iterations the inner loop needed to terminate in the last two inner
loop calls. Further, I ax glob 1S @ preset number of maximal inner iterations to limit the maximal cost of
each inner loop call. Let #' be the residual in the inner loop, then the relative reduction factor 19’5 €(0,1)

for which we break the inner loop when the condition ||#!|s < 19’E||i'0|| s is defined by

1 for k=0,

- - = 70 for k=1,
9% = min {0.999, 9}, with 9% = 17l Flls (4.7)
L= (27 (=98t for i > 1572 A k> 2,

¥ 19’5_1 otherwise.

This gives two conditions when to break the loop, either we reach ly,,x 1, or we achieve a relative reduction
in the residual by 19’5C . The resulting algorithm for the inner loop can be seen in Algorithm 4.1. Finally,
we add the possibility of using a preconditioner in the CG algorithm. Let us assume that the measurement
is contaminated with noise, therefore we write sgbs. If we were able to measure without noise s,,s would
the “true” measurement. Then, the noise level § is ||Sobs — Sgbs”Oﬂ < 6. A crucial part of nonlinear
regularization methods is the stopping rule for the outer loop. A widespread choice for inverse problems
is Morozov’s discrepancy principle see ([EHN96]), which stops the algorithm when for some D > 1 it
holds
l5abs — D(u5) |5 < Dllsons — suslls < 50bs — () s K =0,...,K 1.

Therefore, we stop the iteration when the nonlinear residual is close to the noise level and K the smallest
index that fulfills the discrepancy principle. This discrepancy principle is used as parameter choice in
many algorithms for linear and nonlinear inverse problems. It ensures that the algorithm stops and is
in fact also used in the analysis of CG-REGINN in [Rie05]. In realistic applications, however, we often
do not know the exact level of noise, and we have to hand-tune the parameter D. In geophysical
applications there is no “gold standard” with regard to the stopping rule for the outer iteration. Also,
most publications do not focus on the stopping rule. Some publications use a fixed maximal number of
iterations [KFBI18, EHOT12, YBM™18], stop if an update has little effect on the norm of the residual
[FKIB09, ABG*13], or the norm of the update is small [FKIB10, Kurl2]. Sometimes the stopping
criterion is not even specified. In our experiments, we will always use a fixed number of iterations that
was determined by balancing the need to minimize calculation times and to have a solution that is good
enough. We do not investigate stopping criteria further. Possible choices for rules that do not depend on
the (unknown) level of noise are for example the method by Hanke(-Bourgeois) and Raus (see [TRI6])
or the L-Curve criterion (see [EHN96]). The whole Red-CG-REGINN algorithm is shown in Algorithm 4.2.

Throughout this thesis, the term “one iteration” shall refer to an entire cycle through all the sources.

Remark 5. From the solution of well-posed problems it is well-known that Kaczmarz methods can be

drastically improved [SV09] by choosing the shots randomly (uniformly or with probabilities, depending
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Algorithm 4.1 Preconditioned Conjugate Gradient (PCG) algorithm for the normal equation restricted
to Py,
Require: ¥ € S, uF € Py, 9 € (0,1), lmax € N, Precon
Ensure: Apf € Py, 1, €N
L1+0,8+0, 70 <k
2: Y, 0« 0€ Py
3: repeat
40 l+1l+1

d CIDZ",c [#~1 € Pj, % solution of one adjoint wave equation as shown in Corollary 3

5
6: dpc < Precon(d)

7. pldpc+f (dpc,d)g o Pt
8

9

q < @L «[P'] € 8 % solution of one forward wave equation as shown in Corollary 1

a < (dpc,d)yq /llals
10 fle ol pap
1: #le#t—agq
122 B+ 1/(dpc.d)yq
13: until [|7]|s < I|rF||s or I > lmax
14: ApF < fL IR 1
15: return (Ap*, (¥)

on the norm of the residual). In [Shil9] the shots are chosen randomly for FWI in a stochastic inversion

process, and the choice shows good convergence properties.

Remark 6. In the beginning of this section we mentioned that CG-REGINN is a suitable regularization
method. Here, we want to elaborate a little bit on the term reqularization. In the theory of inverse problems
a regularization method yields a reasonable (generalized) solution for an ill-posed inverse problem, even
if the input data is perturbed by noise. In our case of CG-REGINN this is achieved by early-stopping
the CG-iteration and not “over solving” it in each iteration (regularization of the linearized problem) as
well as adding a suitable stopping criterion for the nonlinear iterations (regularization of the nonlinear
problem). Another form of reqularization (often called variational regularization) that is widely used in
many applications is by adding a penalty-term R: Pp, — R to the functional one is minimizing. In the
case of the reduced problem (RED) the functional then has the form

1
find p such that J(p) = §||<I>(M) — Sobs||% + BR(1) — min  subject to L(u)u — f =0, B € R, . (4.8)

The choice of R can stabilize the minimization process or promote certain features in our minimization.
One regularization function commonly used in FWI is Rp(p) = ||p — urefHag, which is the classical
Tikhonov regularization for pes = 0 and promotes solutions that are close to pes. This regularization term
usually produces smooth solutions. Another regularization is the total variation Ryv(p) = [o [Vap| de,
where Vy, is a discrete gradient. This regularization term comes from the context of image processing.
It is known for its tendency to for sharp edges making it a suitable choice for layered media. With the
additional parameter B we can steer how much the penalty influences the algorithm. Usually, we want

to choose the parameter not too large to stay close to the original problem but still large enough to profit
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Algorithm 4.2 Red-CG-REGINN

Require: p° € Pj, % starting guess; Sops € S % observed seismograms
Ensure: p* € P, % approximate solution of (RED)
1: k<« 0,&+0,
2: while not termination do
3 pg < p
£+ 0
repeat
T§ 4 Sobse — Pe(uf)
determine lfnax,g and 192" % according to (4.7) and (4.6)
(Au’g, lé) +— PCG(ré,ﬂé,ﬂ’g,lﬁlax@) % call of Algorithm 4.1
MEpr = 1E + Aug
10: E+—¢6+1

11: until{ >=-1
k+1

12: o)
13: k<« k+1

14: end while
k

k
Mz

15: return p

from the regularization.

Even discretizing a continuous problem can already be considered as reqularization. In our case this effect
s negligible, because we do not use hierarchical methods or problem-adapted ansatz functions such as
wavelets. For further reading and rigorous mathematical analysis of iterative methods for nonlinear ill-
posed problems we refer to [KNS08]. For the standard theory on linear ill-posed problems [EHNI6] and
for the more geophysical side of the topic we refer to [Tar05, Ficll].

4.3.1 Connection to geophysics

In this section we want to elaborate on how the problem is formulated in most geophysical publications. In
geophysics, the problem of FWI is considered a nonlinear optimization problem and was first formulated
by Tarantola in [Tar84]. To this day physicists tackle the problem [VO09] this way. We mentioned the

formulation in (4.8). Now set R = 0 and obtain

1
find p such that J(u) = §||(I>(,u) — Sobs||% — min subject to F(u) = u.

Since the differential operator does not appear in the functional that is minimized, this formulation is
called reduced formulation. The equation is 'reduced’ from the functional and appears as a constraint. If
we consider FWI as an optimization problem, we need a descent direction. A standard way is to use the

negative gradient. Formally taking the derivative of J yields
J' ()] = (BF (1) = Sops, WF' (1)[1]) 5

= (f/* (/L)\II*[\IIJT'.(N) - Sobs]vn)O,Qg‘
= (@" (1) [P (1) — Sobs), Mg s -
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Therefore, VJ (1) = —®™ (1)[P (1) — Sobs] is often called the gradient in FWI contexts. If R # 0 and
is differentiable, we can still carry out this procedure, and it would yield a different gradient. Formally

differentiating one more time gives us

T ()[m,me] = (@' () [m2], @' ()Im]) s + (LF (1) = Sobs, WF” (1) [m1,12])
(@ (1)@ (1) [m], m2)g,03 + (@7 ()01, ][ (1) = Sobs];72) 5

(1)@ (p
((I)l* (/J)(I)/(:u)[nl] + CDZ* [771, ][(I)(/,L) - Sobs]a 772)0793 .

To find a minimizer of J, we can use the Newton method applied to J’. This yields the Newton equation

O (1)@ () [A] + @ ()[A, ][ (1) = Sobs] = D (11)[ (1) — Sabs] (4.9)

Neglecting the second derivative yields the Gaufl-Newton approximation. Methods that do not incor-
porate information about higher derivatives of ® than the first one are often called gradient methods.
Methods that approximate the second derivative are, for instance, Quasi-Newton methods like L-BFGS.
This method is a standard algorithm for large scale optimization problems [NN91] as well as in geo-
physics e.g. in [DCC17]. Truncated Newton methods solve equation (4.9) approximately as was done
in [MBB"14]. They could also be called Inexact-Newton methods for the problem J’ = 0. Note that
the use of the name Newton method differs. While we used the name Newton method for the iterative
root-finding algorithm in general, in optimization contexts it specifically means applying the root finding
algorithm to V.J(u) = 0. The formulas necessary for the calculation of the second derivative of ® and its

adjoint can be found in [KR19], where they are derived in a rigorous mathematical framework.

4.4 Red-CG-REGINN Mono-parameter reconstruction

In this section we show viability of Red-CG-REGINN for mono-parameter settings, that is, we only invert
for one of the parameters while leaving the others constant. We look at a transmission problem and then

at the more complex and layered Marmousi model.

4.4.1 Transmission problem

We discuss our first inversion setup. We consider the transmission geometry as shown in Fig. 4.1 and
conduct experiments in a computational domain = (406.25,1706.25)m x (0,2000)m and the extended
domain Qp = (106.25,2006.25)m x (—400,2400)m. In the absorbing layer Qg we use the parameters
Qy = 15,vp+ = 0.85vp 3, vpp = 0.2v, 5, 5+ = 300 as explained in Section 3.5. The computational mesh has
the width A = 12.5m and we use a polynomial degree of k = 2 for the ansatz functions. The forward
and adjoint wave equations are solved with the exponential midpoint rule (3.4) with end time 7' = 0.6
and At = 0.0005s. The number of degrees of freedom in space is dof;, = 1198080. We apply a fixed
number of 10 iterations and set v = 0.9 as the reduction factor for the inner stopping rule (4.7). In
the domain are three areas Ay = [900,1100jm x [600,800m, As = [900,1100]m x [900,1100]m, Ag =
[900,1100]m x [1200,1400]m, where we change the values of the parameters p,v,,7,. We place = = 6
equally spaced sources on a line between g0 = (600m, 370 m) ' and Tsre,5 = (600m, 1620 m) " on the

left side of A;,i = 1,2,3. Further, we place R = 64 equally distanced receivers on the right side of the
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600 900 1100 1350
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Figure 4.1: Left: geometry, sources, inclusions, and receivers for the transmission problem. Right:

parameters of the numerical calculation.
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Figure 4.2: Ricker wavelet and its integral with f. = 25Hz and tgniey = 1.5/ f.
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A;,i = 1,2,3 starting at 7o = (1350m,370m) " and ending at 7g3 = (1350 m, 1630m) . For the source

signal in time we choose a Ricker wavelet
r(t) =1 =2-0(t)-o(t) -exp(=o(t) - o(t)), o(t) =7 fe (t —tenite), fe;bonire € R, (4.10)

which is a standard source signal for seismic calculations. In this case we choose f. = 25Hz and
tshitt = 1.5/fc. The form of the signal is shown in Fig. 4.2. In all transmission experiments in this
thesis the background values are vpg = 3500™/s , o, = 2000k8/m?, and 7,y = 0.0767. For the pa-
rameters that model the frequency dependent behavior of the quality factor, we choose L = 5 and

= (0.32075s,0.07485,0.0153,0.00345,0.0013s). Together with 7, s from above this yields a back-
ground dissipation factor of 1/Qs = 1/15. This is a typical value for sediments close to the seabed. In
our inversions for v, and 7, we want to avoid the inverse crime (IC), that is, producing the observed
data in synthetic examples with the same solver for the wave equation. In this case we use data that is
produced by SOFI2D [Boh02]. There, the visco-acoustic wave equation in time domain is discretized by
finite differences (FDTD) in space and time. Committing the inverse crime typically makes inversions
easier, because the observed data contains the same structural discretization error as the data we try
to fit it with [CK19]. Since sources are implemented differently (in dG and FDTD) each FDTD shot is
scaled to match the maximal amplitude of the dG data. The rescaling is done with data that is produced
with a higher degree of the ansatz functions. In Fig. 4.3 we can see the difference of the FDTD data and
the data if we had produced it with the dG solver. Note that we used the same layout of the v, and 7,
inversion in the publication [BFET21]. Here, we used a finer spatial grid h = 12.5 compared to h = 25
for the inversion. Also, we included the sources and receivers in the error calculation and used a different
data set to rescale the FDTD data.

true

For all inversions we calculate and plot errors of the iterates. By u*™° we always denote the true material

distribution in all reconstructions. If we mean one specific material parameter, we put the parameter in

true

the subscript. Further we define dub := pi® — p% with e € {p,v,,7,}. The subscript can also contain

other, additional, information. The normalized error in the k-th iteration is defined by
_ SUP,eq |0ps (@)
SUP,eq 649 ()]

We will only look at the L*-error for the transmission examples and only in this chapter. In most

_ l5relloe

= o0 for e € {0, vp, T} - (4.11)

erry - and erry, =

reconstructions the L>®-error will not decrease. Therefore, we stick to the L2-error to measure the error

in the latter part of the thesis. The value of the full nonlinear residual at the point j*
E-1

Ve 126(%) — 5ol
=_1 :

V0 126(h0) — o3

To calculate this quantity = wave equations have to be solved since we never have access to Qg(pk) for

k
IeSpyn =

all shots at the same time in the calculation. To avoid this costly calculation but to still have access to
a quantity that approximates the residual for a nonlinear iteration we use

Z Hrend ||2
5 (4.12)

\/Zg:o 1780a ¢l

where f’jndé, k > 0, is the final residual of the inner loop for shot £. For k = 0 we use the initial residual

of the first inner loop. Calculating this quantity in the algorithm does not add any numerical cost. The
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(a) vp reconstruction (b) 7 reconstruction (c) o reconstruction
Ubg 3500 m/s The 0.0767 Obg | 2000 ke&/m?
VA, p | 3675m/s TA, 0.3375 oA, | 2500kg/m?
Va,p | 3850m/s TA, 0.0345 oA, | 3000ke/m?
Vagp | 3325m/s TAs 0.1304 oAs | 1500ke/m?
Obg | 2000 k8/m? Obg | 2000 ke/m? The 0.0767
The 0.0767 Upbg | 3500m/s Ubg | 3500m/s

Table 4.1: Parameters for the mono-parameter reconstructions for the transmission geometry.

FD DG FD _ DGy, FD DG FD _ DGy,
Sobs Sobs vt (sobs Sobs) 2.5 Sobs Sobs vttt (sobs sobs) 25
i -— / \.
B o =
\/ . / \\/. \‘\/r

0.20 0.25 0.30 0.35 0.40 045  0.20 0.25 0.30 0.35 0.40 0.45

Figure 4.3: Comparison of the data we would invert if we committed inverse crime s5¢ with the data

from the FDTD solver (with adjusted amplitude) s5>. Seismograms of the receivers 6, 21,46, and 61 of

obs*

shot 3. Left: v, inversion. Right: 7, inversion.

values of resf , and res® will deviate. The deviation depends on how large the linearization error is since
res® is a composition of residuals of the linearized problem. Further, materials are updated after each
shot £ therefore the value of f"e“n 4E for € = 0,...¢ was calculated for a different value of the material. The
discrepancy can be gauged by [|(®¢ (1) — Sobs.¢) _7~°§nd,§ |ls In our experiments this norm was small, and

k

therefore we use res” in our considerations. Similarly to the relative error, for mono-parameter inversions

we put the parameter we invert for in the superscript.

Inversion of v,

In the inversion for v, we choose the values in the A regions to be relative deviations of 5%,10% and
—5% of the background value. The values of the parameters can be found in Table 4.1. The top left of
Fig. 4.10 shows a comparison of the seismogram from the FDTD solver and the seismogram of the initial
value from the DG solver. The effect of the change in v, materializes in the phase shift of the first arrival
of the wave. All iterates of the inversion are depicted in Fig. 4.11. The final result of the inversion of v,
compared to the true value can be seen in Fig. 4.4. The inclusions are clearly visible and distinguishable

against the artifacts around the source. In the error plots in Fig. 4.9 we can see that the L? error behaves
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Figure 4.4: v, mono-parameter inversion. Left: true value ,uf];ue. Middle: final reconstruction uig. Right:

difference of the true value and the final reconstruction (5,%1)8. The values of the iterates are divided by

Up bg = 3500 m/s. Initial guess is constant vy pg.

in a semi-convergent manner. It is the smallest in iteration 5 and increases after that. This is due to
over fitting. After most of the meaningful data (that is, the part our solver can explain) is fitted, the
algorithm tries to fit the difference of the solutions produced by the dG and the FDTD algorithms. This
introduces artifacts around the source. These artifacts are responsible for the high values in the L*°-error
in Fig. 4.9: After 6 iterations the error is higher than it is in the beginning. Note that these results do
not contradict our results from [BFET21], where we saw a reduction of the error for all iterates. There
we did not include the sources and receivers in the calculation of the error. Although the errors rise from
the 5-th iteration, we can see in Fig. 4.8 that the residual resp still decreases monotonously showing the
ill-posedness of the problem. To circumvent the problem of the increasing error, the iteration should be
stopped adaptively instead of using a fixed number of 10 iterations (e.g. Hanke-Raus). Another measure
that should reduce artifacts substantially is adding a source time inversion. This is an additional step
that is widely used in geophysical applications [Pra99, GSFB14], where the true signal of the sources is
usually not known and has to be approximated. In our case we also do not have access to the true signal

(due to differing implementations) and therefore the artifacts could be reduced with such approximation.

Inversion of 7,

For the mono-parameter inversion of 7, we choose the values of 7,. Such a way that we get values of
the dissipation factor (1/Q)a, = 1/5,(1/Q)a, = 1/10,(1/Q)a, = 1/30. The exact values of 7, to attain
that value are in Table 4.1. The values inside the inclusions A1, Ag, A3 are chosen in such that there is a
visible effect on the seismogram: The inclusions are small relative to the wavelength of the waves. Hence,
we have to set high values of attenuation inside of them, because the amount of damping depends on the
number of cycles a wave travels through the material. In Fig. 4.10 we can see the effect of the change
in 7,: There is a difference in amplitude but not in phase. Moreover, in Fig. 4.3 we can see that for

the data produced by the FDTD solver the amplitudes do not match perfectly, but the phases are very
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0.5 3 1.0
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Figure 4.5: Dissipation Q~!(,) (see (4.13)) values for the 7, mono-parameter inversion. Left: true value

1
1

419 The depicted values are divided by 1/Qpg = 1/15. Initial guess is constant 1/Qpg.

true

G Middle: final reconstruction u 9Q. Right: difference of the real value with the final reconstruction

similar. Since the inversion for 73, is mainly sensitive to the amplitudes, this introduces a lot of additional
artifacts. We do not plot the auxiliary parameter 7,, but rather the physical quantity dissipation with
the formula (2.6) which yields

L woT
1+ Tp Zl:l 1+w0§7—l§

= T with wy = 27 f. . (4.13)
L7 2000 T

Qil(Tp)

All iterates of the inversion are depicted in Fig. 4.12. The final reconstruction of Q~' can be seen in
Fig. 4.5. In the reconstruction we can see that the perturbations are pronounced, but the reconstruction
is riddled with artifacts especially around the source locations. Like we mentioned above: Since the
inversion is very sensitive to amplitude changes, with source inversion the artifacts could be reduced even
more than in the case of the v, inversion. In Fig. 4.8 we can see that, just like in the v, reconstruction,
the residual decreases in a monotone way underlining the unreliability of the norm of the residual in this

inversion.

Inversion of p

Typically, ¢ is harder to reconstruct than the other parameters and typically requires additional care.
This is especially true for multi-parameter reconstructions and requires a careful combination of the choice
of the parameterization and modifications on the inversion algorithm. Some publications that deal with
this topic are [KDNK™*12, JLM12, OGPT13]. These considerations are beyond the scope of this thesis.
Nevertheless, in the publications mentioned it is discussed that ¢ is hard to construct due to the following
reasons: It has no effect on the phase and mainly on the amplitude of reflections and a weak effect on
transmitting waves. However, we do want to present a mono-parameter inversion for our transmission
example. Since rather realistic deviations from the background like, 5-10%, do not yield any results,
we change the materials such that we have relative deviations of 25%, 50%, and -25%. In addition, we

carry out this inversion with inverse crime to not make the reconstruction harder than it already is. In
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Figure 4.6: ¢ mono-parameter inversion. Left: true values ,uffpue. Middle: final reconstruction /Léo.
Right: difference of the true value and the final reconstruction (5,11;0. The depicted values are divided by

0Obg = 2000 k&/m?. Initial guess is constant gpg.

Fig. 4.10, the bottom row shows the impact of the change in ¢ on the seismograms. The result of the
inversion can be seen in Fig. 4.6. The norm of the residual decreases monotonously to a similar relative
value like in the 7, inversion see Fig. 4.8. Although we can see a decrease in error in Fig. 4.9, it is not very
substantial, even though we commit the inverse crime. It is likely that we can observe only the boundaries
of the inclusion due to the strong impact of ¢ on the reflection of waves. We add another reconstruction
of o: we place receivers in a box around A, Ay, As. The corners are rg = 7192 = (1350m,370m) ",
req = (1350m, 1630m) ", rgs = (650m,1630m) ", and 7160 = (650m,370m) . In this experiment, we
set the number of iterations to 30. In the reconstruction in Fig. 4.7 we can see that the algorithm now
detects all edges of the inclusions. The inner part however is still not reconstructed very well. This shows
that when using an unrealistic good measurement setup, we can improve the g inversions.
In Fig. 4.8 we can see an example of how many inner loops are necessary to reach the stopping criterion.
All numerical experiments in this section were carried out on a cluster with 12 nodes. Every node has
20 Intel Xeon CPU E5-2609 v2 with a 2.50GHz clock rate processors and 90 GB of memory. We used
two nodes for each calculation of the inversions and started the program with 32 processes. With this
configuration, one mono-parameter inversion with 10 outer iterations takes about 24 h and the solution

of one wave equation takes about 100s.
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Figure 4.7: ¢ mono-parameter inversion with full acquisition (receivers on all sides). Left: final recon-
struction ugo. Middle: difference of the real value with the final reconstruction 5;120. The values of
the iterates are divided by gns = 2000ke/m® (yellow). Right: relative errors as defined in (4.11) for this

inversion.
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Figure 4.8: Left: relative residuals (as defined in (4.12)) of the mono-parameters experiments from
Section 4.4.1. For all experiments they decrease monotonously, although the error does not. Right:

number of iterations for the inner loop for shot & = 3.

Up



4.4. Red-CG-REGINN Mono-parameter reconstruction 45

transmission mono-parameter(Red-CG-REGINN) transmission mono-parameter(Red-CG-REGINN)
I | | | | | | I I

—— crry’
—o— errf
- erré/ @]

—_
[\V]
T

—_
J—
T

o
© =

o
oo
relative L error

relative L? error

o
g

0.65

iteration iteration

Figure 4.9: Relative errors (as defined in (4.11)) of the mono-parameter experiments from Section 4.4.1.
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Figure 4.10: Seismograms of receivers 6,21,46, and 61 of shot 0 for the mono-parameter transmission
experiment. Left: comparison of (synthetic, adapted FD Data for v, 7,, and dG data for ¢) observed
data and data corresponding to the initial guess. Right: comparison of (synthetic, adapted FD Data for
Up, Tp, and dG data for g) observed data and of final result of the reconstruction method. From top to

bottom: vy, 7, 0.
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Figure 4.11: Tterates ,uﬁp for k = 1,...,10 of the v, mono-parameter inversions with no inverse crime.

The values of the iterates are divided by vp bg = 3500 m/s.



48 Chapter 4. Inversion with the reduced formulation

0.5 3 05 3 05 3

k]
TN

7

o "‘ 'I"i

w
o

Figure 4.12: Dissipation Q~!(7,) (see (4.13)) values for the iterates pﬁp for k=1,...,10 of the 7, mono-

parameter inversions with no inverse crime. The values of the iterates are divided by 1/Qpg = 1/15.
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4.4.2 Marmousi

We test the algorithm with a more complex layered geometry. We use a part of the pressure wave velocity
distribution called Marmousi2 (we will refer to this geometry as Marmousi) [MWMO06] which is a very
popular model to test inversion algorithms in geophysics. In Fig. 4.13 on the left we can see the true
distribution of v,. The Marmousi model is an example of a marine data acquisition and very different to
the example from Section 4.4.1. On top there is a water layer with depth of 450 m. Below the water layer
there are sediments with varying wave propagation speeds. In the water layer the propagation speed is
set to 3500 ™m/s, the density to 1000 kg/m® and the dissipation to 10~¢. Below the water, o is constant set
to 2000 ke/m?® and the dissipation to 1/60. In our case we do a mono-parameter inversion for v,. For the

source signal in time we use the integral

#t) = /0 r(s) ds, (4.14)

with r being the Ricker wavelet from (4.10) with central frequency f. = 9Hz and tgise = 0.5s. We
choose L = 3 and 7, = (1.0540s,0.08255s,0.0084s) and 7, = 0.0001 in the water layer which results in a
dissipation of 0.000625. To attain the dissipation of 1/60 in the rest of the model we set 7, = 0.0274.
We set vp min = 1500 /s and vp max = 4000™/s in the true model. The combination of central frequency
of the source, number of damping parameters 7;, maximal and minimal values for v, Vp min, Vp,max and
dissipation values is taken from the Marmousi2 reconstruction in [Kurl2]. The computational domain
is Q = (0,8000)m x (0,3000)m. Along the top boundary, we prescribe Dirichlet boundary conditions
such that the sum of all pressure components is zero on the boundary. In geophysics this is called
free surface boundary. On the other three boundaries we extend the domain by 600 m which yields
Qp = (—600,8600)m x (0,3600)m. In the absorbing layer Qg \ © we use the following parameters in
our Marmousi calculations: Qp = 1.1, vy ¢ = 0.85 - vp 4, vpp = 0.1-v5;, 5t = 0.3-600m as explained in
Section 3.5. The computational mesh has the width A = 25 and we use a polynomial degree of k = 1. The
wave equations for the forward and adjoint problem are solved with the exponential midpoint rule with
end time 7" = 5.88s and At = 0.0056s. The number of spatial degrees of freedom is dofy, = 1618176. We
place = = 25 equally distanced sources with equal distance on a line between g, o = (100.5m, 20.0 m) "
and Tgec 24 = (7899.5m,20.0 m)T close to the surface of the water. Further, R = 350 equally distanced
receivers are placed on a line close to the seabed at starting at ro = (0.5m,435.0m)' and ending
at r349 = (7999.5m,435.0m)". Moreover, we choose ¥ = 0.95 in (4.7), which is higher than in the
transmission experiment. Increasing v makes the accuracy, to which the inner iteration is solved, increase
slower. Therefore, it decreases the number of inner iterations. Additionally, we set a maximal number of
iterations for the CG algorithm to lmax,glob = 15. Eventually, we set the number of outer iterations to 10
as termination criterion in Algorithm 4.2 and produce the data with the same solver (dG) we use for the
inversion. We commit inverse crime in all Marmousi experiments.

If we just apply Red-CG-REGINN without additional measures, the inversion would fail. Therefore, we
add some techniques that are widely used in the geophysics community to make the inversion possible in

this geometry with this algorithm.
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Figure 4.13: Left: ground truth uffpue of v, (in m/s) in the Marmousi model, white circles mark source

locations, white crosses mark receiver locations. Right: initial guess ,u?)p for the v, inversion.

Frequency filtering

We add a well-known ansatz from the geophysics community. This technique is described in [BSZC95].
It consists of an algorithm with multiple stages, where we low-pass filter the data and the source signal
and include more frequencies in each stage. This is done to reduce the number of local minima and
is widely used to improve the convergence behavior in FWI algorithms [VO09]. Now, choose F =
(fos f1s- -y fomue—1) | € RVmax U {oo} with increasing f; which yields an algorithm with vy, stages. Let
Sobs be the measured data and ¢ € C°(R) a the source signal in time (in the case of the Marmousi
inversion this is 7). Now, for each f; € F we apply a Butterworth? low-pass filter with peak frequency f;
to each component of s,ps and to ¢ and run the inversion algorithm Red-CG-REGINN with these. With
the result of the i-th stage we start the same process with the next f;11 € F. The resulting algorithm
can be found in Algorithm 4.3. If the last frequency f,, . —1 is set to oo, no filter is applied in that
stage. Naively, one can think of such a filtering process in terms of Fourier transforms. We can Fourier
transform the data/signal, then decrease the magnitude of the coefficients higher f; in frequency domain,
and then apply an inverse Fourier transform to get a time dependent signal again. In reality using the
Fourier transform in that way is not helpful, since local changes in the Fourier transform can lead to global
changes in the signal and distort the signal heavily. Therefore, a careful filter design is necessary. We
use an infinite impulse response Butterworth low-pass filter which is a standard variant of a digital filter
design as described for example in [Lyo97]. We use the implementation of this filter from the free and
open source library DSPFilters (https://github.com/vinniefalco/DSPFilters). A filtered source signal for

the Marmousi inversion can be seen in Fig. 4.16 and filtered measured data can be found in Fig. 4.14.

Pseudo-Hessian preconditioner

In addition to the filtering technique, we add a pseudo-Hessian preconditioner. The idea was first in-
troduced by Shin [SJTMO1] in the frequency domain and developed further in several publications. We
use the version adapted to time domain and the possibility to include multiple parameters in [YBM™18].

This kind of preconditioner assumes zero-offset geometry, that is, source and receiver are at the same

2This is a filter that does not change the phase of the signal. Frequencies above the peak frequency fpeak are damped
by 24dB(10%4 ~ 254) per octave, that is, doubling of the frequency. This can be expressed by the damping factor
D(f) = 10~24(f = fpeak)/ fpeak , f > fpeak- Note that this is an idealized description but should suffice in this context.


https://github.com/vinniefalco/DSPFilters
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Figure 4.14: Top: unfiltered observed (simulated, dG) data and low-pass (1.7Hz, Butterworth order 2)
filtered observed (simulated, dG) data. Bottom: seismogram for the initial guess. The seismograms of
the first shot at @0 = (20,100.5).
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Figure 4.15: Left: Result ugj’m after the 10 iterations of the last stage without preconditioner and no
frequency filtering for the Marmousi experiment (v, values in m/s). Right: Difference dug>'? of the true

model and the final inversion.
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Figure 4.16: Left: integrated Ricker wavelet 7 and its low-pass (1.7Hz) filtered version. Right: information

about the discretization for the Marmousi geometry.

position. While this is not entirely true in our Marmousi model, this layout is still close enough. For a
transmission-like problem layout this preconditioner should not be used. Parameter values closer to the
source and receivers are typically more influential on the seismogram than values deeper in the model.
The preconditioner amplifies values further away from the sources/receivers and dampens values close
to them . This makes inversions of deeper layers inside the model possible. Although we assumed in
this section that we only invert for one parameter, we formulate the Pseudo-Hessian preconditioner in a
setting where we invert for Ny, parameters. With the definition of SLEM from Theorem 5, in the k-th
iteration, for shot & and for every cell K we calculate
T
G(i,j)k :/o (’8;?,;&(“?)[32‘]7f&(ﬂ’g)@))()’K (Qiﬂg,fg(u’g)[ej]?]:ﬁ(/‘?)(t))oﬂ dt Vi,j=1,..., Niny,
(4.15)
where G(i,j)k denotes the (i,j)—th entry of the block matrix corresponding to the cell K and e; are
vectors that are constant one on the cell K for one parameter and zero for the others. In the mono-
parameter case G is a diagonal matrix. For more than one parameter this yields a block diagonal matrix.

In both cases the inverse is easily calculated. In (4.15) the value of (2;2,}-6(”;5)[62-],fg(pf)@))o . is a

)
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Figure 4.17: Left: relative (to the start of each stage) residual as defined in (4.12). Right: relative
L2-error as defined in (4.11) of the v, Marmousi inversion. The vertical lines indicate the different stages
of the algorithm. The value for £ = 10 (left) and k& = 20 (right) is depicted in Fig. 4.18 and k = 30 in
Fig. 4.15.

weighted integral over the product of forward wave fields. As a result, the preconditioner exhibits larger
values in close proximity to the source and smaller at increasing distances. This property allows for a
better reconstruction of the deeper layers as we invert G on application and therefore these values are
increased. Since the block matrices can become almost singular, this can introduce additional artifacts.
To suppress artifacts and stabilize the inversion we add a small € > 0 as a regularization to the diagonal

of G before we invert it:

G.:=G+el (4.16)

Inversion of v,

For our v, inversion, we choose Vmax = 2 and F = (1.7, oo) T for the frequency filtering technique. We

apply a zero-phase Butterworth filter of order 2. Note that without frequency filtering, the inversion with

Algorithm 4.3 Red-CG-REGINN with frequency filtering,

Require: ;° € P;, % starting guess; Sops € 5= % seismograms
Ensure: p” € Py,
1: Minit — /'LO
2: for v in F do
3t Sobs,y < filter(v, sobs) % apply filtering to the data
4: p¥ < Red-CG-REGINN(p™ 5,15 ., 1) % start the inversion with source signal and the data filtered
to frequency v;
5. uinit — MU
6: end for

v

1

return p
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Figure 4.18: Left: result /111,:1318 after 10 iterations of the stage with filtering to 1.7 Hz. Right: result /‘2?%300

after 10 iterations of the stage with no filtering. In both inversions the Pseudo-Hessian preconditioner is

applied. The v, values are in m/s.

Red-CG-REGINN for the Marmousi model fails. Further, to speed up convergence, we apply the regularized
preconditioner G. from (4.16) with e = 107° in the first stage (v = 1.7) of the frequency filtering and
with € = 1073 for the second stage (v = o0). We call the k-th iterate in these stages F‘i:,if(:v /ng:]lgc- Since
the preconditioner can promote artifacts, we add another stage of inversion with no frequency filtering
and no preconditioner to smoothen the final result we call the iterates u;f;”k. In all stages we set a fixed
number of 10 iterations as stopping rule in Algorithm 4.2. Moreover, we assume that the size of the
water layer is known and therefore restrict updates to the values below y = 450 m. As initial value we
use a blurred version of the true value, shown in Fig. 4.13 on the right. Further, we add a box constraint:
Whenever v, is updated and its value would be greater than 4500™/s or smaller than 1500 m/s we set
it to 4500 ™/s resp. 1500m/s. In Fig. 4.14, we present a plot of the observed (simulated,dG) data along
with its filtered version. In addition, we show the seismograms of the simulated data for the initial guess
along with the filtered version of the observed (simulated,dG) data. The unfiltered and filtered signal is
shown in Fig. 4.16. In Fig. 4.15 we can see the result of the final stage of the inversion. The upper part
of the model (above y = 2km) is reconstructed well, the main features of the model are clearly visible.
With increasing depth, however, the quality of the reconstruction decreases in general and especially on
the left side of the model. This is not a problem of our algorithm or the model itself, but is rather due
to bad illumination. We can see in the middle part of the model that the reconstruction is rather good,
but on the left side the model is curved in such a way that the layers reflect towards the left boundary
and therefore are not captured well with our receiver setup. In Fig. 4.17 we can see the evolution of
the error which is decreasing in a monotone way and therefore showing the viability of Red-CG-REGINN
for this setup. In Fig. 4.18 the intermediate results of the first two stages are depicted. We can see the
result of the frequency filtering in comparison with the result of the second stage: the edges are a little
more blurry and some of the inclusions are not as well resolved as the after the inversion with no filter.
This is typical for frequency filtered inversions: the resolution typically depends on the wavelengths of
the data, and if we reduce the frequencies of the data, we also filter the smaller wavelengths and get a
lower resolution. In Fig. 4.19 the difference of one stage to the next one is shown, while there are changes
in the whole domain from the first to the second stage, the last stage really just removes the oscillations
in the upper part of the model. Over the whole inversion, the residuals are reduced monotonously as
we can see in Fig. 4.17. Note that the absolute value increases after every filtering step since we include

more data.
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Figure 4.19: Left: difference of the results of the filtered and the first unfiltered stage ,ull):;g — /J?;Z’jaoc-

Right: difference of the two unfiltered with and without preconditioning ujj’j,oc — uﬁi’lo. The v, values

are in m/s.

4.4.3 Reconstructions with noise

A typical problem in applications is that the measured data is noisy. This poses a problem in ill-posed
problems since they tend to be especially sensitive to noise. The algorithm CG-REGINN is shown to be
a regularization algorithm and hence especially well-suited for problems of this kind. We want to see
how the Red-CG-REGINN behaves for the already known Marmousi example, so we add artificial Gaussian
noise to our synthetically produced observed data to simulate this more realistic scenario. The pseudo-
random numbers are generated by the function std: :mt19937 from the standard library of C++. This is
a realization of the Mersenne-Twister algorithm [MN98]. To avoid correlated noise, we carefully choose
the seeds for the pseudo-random number generator differently for each core and trace of the seismogram.
Typically, the level of noise given by the signal-to-noise ratio (SNR). Assume that any signal can be

decomposed into useful data and useless data (noise). Then, the SNR is given by

power of useful data

SNR = (4.17)

power of useless data’

Now, let s € S be a seismogram filled with normally distributed random numbers with expected value 0
and variance 1. Then, we obtain a seismogram with a desired SNR~value (which is typically given in the

logarithmic unit dB, which we do not use here) by

5 l|Sobs|| s S
Sons = Sobs + TgXR - Ta]s

Now, we set different levels of SNR = 0.1,1,10. A value of 10 means that the signal content is 10 times
higher than the noise level, which is moderate noise. On the other hand SNR = 0.1 means that the noise
level is higher than the signal content. The SNR is calculated on the whole seismogram and additive
which leads to individual SNR ratios for each receiver. Receivers closer to the source tend to have a
higher ratio and receivers further away have a lower ratio due to the amplitude loss with distance. This
effect can be seen in the trace-wise normalized seismogram in Fig. 4.21. The ’true’ data is barely visible
for the 80-th receiver in case of SNR = 1. A typical method in geophysics to reduce the influence of noise
is setting parts of the seismograms to zero (called muting), where we know or can see in the data, that
the source has not arrived yet and is often done by hand. For example, we could mute the 80-th receiver
in the SNR = 10 case until = 3.6s. The individual SNR values for shots 0,12 and 18 are depicted in

Fig. 4.22. Close to the source position, the SNR values are higher and decrease with increasing distance.
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Figure 4.20: Reconstructions of Marmousi with noisy data. Top row: 10-th iterate ,u},g for SNR = 10.
Left: first stage. Right: second stage. Middle row: 10-th iterate ul® for SNR = 1. Left: first stage.

Up

Right: second stage. Bottom row: left: best result L? error-wise for SNR = 1 uii:‘;’,c, see Fig. 4.23.
Right: result for SNR = 0.1.

In Fig. 4.20, final and intermediate results of the reconstruction with noise are shown. In the top row the
result after the first stage (left) of frequency filtering and after the second (right) are shown for the case
of SNR = 10 (both stages with fixed of 10 iterations). These results are very similar to the reconstruction
without noise in Fig. 4.18. The results for SNR = 1 are shown in the second row, but the final result
contains a large number of artifacts. However, the result after only 5 iterations, shown in the bottom
row on the left, is better than the final after 10 iterations, as shown in the error plot in Fig. 4.23 on
the left. Note that the norms of the residuals during in the reconstruction, as depicted in Fig. 4.23 to
the right. Thus, the increase in errors could have been avoided by using backtracking (that is, reducing
the step size until the residual decreases) or terminating the algorithm when the residuals increase. This
indicates the need for careful handling of noise. The first stage’s outcome with SNR = 0.1 is displayed on
the bottom right of Fig. 4.20, which has no similarity to the true model. In total, this demonstrates that
this also shows that a substation part of the structure can be reliably extracted from the measurements

with noise-corrupted signals for reasonable noise levels (SNR = 10, 1).
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Figure 4.21: Values of Receiver 0 and 80 in the Marmousi experiment for shot 0, comparison of noisy

and non-noisy data, each measurement is normalized.
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Figure 4.22: Signal-to-noise ratio evaluated receiver-wise for SNR = 10 for the shots 0,12,18. For
SNR = 1 and SNR = 0.1 qualitatively the curves look the same but the values of the SNRs are scaled by
0.1 and 0.01.
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Figure 4.23: Left: relative L?-error as defined in (4.11) of the Marmousi v, inversion with noise. The
vertical line indicates the change from the first filtered 1.7 Hz stage to the unfiltered stage. The inversion
without noise is added for comparison. Results are shown in Fig. 4.20. Right: relative residuals, normal-

ized to the first value of each stage.
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4.4.4 Artifacts
Theory

Artifacts are typically present in reconstructions with the reduced formulation around sources and re-
ceivers, even when inverse crime is committed. According to Fichtner [Ficl1] (quasi) singular values are
to be expected in the gradient. Here, attempt to put this behavior into formulas, so we can describe
the occurrence of the singularities with a better mathematical foundation and understanding. To this
end we examine the gradient for v, in the special case of constant parameters and no damping. From
the formulas in Lemma 2 we know that in this case the gradient is proportional to (9yuy,, zpo)o,[o,T] (),

where z,, is the pg component of the solution of the adjoint problem that is, the solution of
£52(t) = (¥*s)(¢), [0,T], 2(T) =0.
see Theorem 6 and Corollary 3. Therefore, we can write

Do, (®) = (Bithpy, Zpo ) o 7y (T) -

Again we will make use of Green’s function as we did in Section 3.4.1 and which are briefly described
in Chapter A. A typical source in the forward problem is f(t, &) = §(x — Tsc,0)P(t), with ¢ € C°(R),
supp(¢) C [0, T] and non-vanishing derivatives. Thus, we have an explicit representation of the pressure
field

Up, (m, t) - (G * (5msl‘c,06t¢)) (wa t) = (G($ — Lsrc,05 ) *¢ at¢) (t)7

where #; is the convolution only in time. The right-hand side of the adjoint problem is typically composed
of the measured seismogram at the receiver locations. For a single receiver at r¢ measuring at only one

time y; we have g(x,t) = §(x — 70)d(t — ;) and can express the solution via
zpo(mvt) = _(G * 6tg)(w7T - t) = 8,5(G * g)(ﬁC,T - t) = 3tG(m - rOaT —t- ’Y’L)

Plugging this in the equation for the update of v, we get
T
i @)= [ Doty (.0) -2 ()
0

T
~ / (G(T — Tsre,0,°) ¥t 029)(t) - G (x — 1o, T — t — ;) dt. (4.18)
0

We examine this in more detail for the 3D case (we do this because it is easier to do calculations compared

to the 2D case) and plug in Green’s function

Co(m t) = — 5 <t N ||-’E||2)

B 47rvg|\cc\|2 Up

into (4.18). This yields

T
1 L — Tsrc 1 xr—1T
Alh;pm(w)z/o H:ciaf% (t I ,o||2) 04 (Tt%|°”2> N

_wsrc,0||2 Up ' ||$—’I"QH2 Up
1

|2 — Zsreo0ll2]l® — Toll2

r—r r—x
(9?925 <T_%_ I oll2 + |l srC,0||2>.

Up
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The terms show singular behavior close to the receiver and source position. In a reconstruction we have
a full seismogram where the s;’s are the values measured at the times ;, we can make use of the linearity

of the adjoint equation, which results in
N T
Ay, (x) ~ Z sz/ (G(T — Tare,0,7) %t 020)(t) - 0,G(x — 70, T — t — ;) dt. (4.19)
i=0 J0

This shows that the terms from (4.18) form some kind of basis for the update. For a full seismogram
this is a sum over all measurements and therefore the (near) singularities add up, and high values are
expected in the vicinity of the sources and the receivers. A physics-based explanation of the artifacts
near the source is that close to the sources, changes of the parameters have an effect on a large portion

of the energy contained in the wave and hence it will result in a strong change in the resulting wave field.

Numerical examples

In this part present two kinds of numerical calculations. We visualize results of direct (i.e. evaluating
the integral in (4.18) with the help of the Green’s function) evaluations of the integral (which we will
call kernel) from (4.19) for v, in the case without damping (which corresponds to L = 0). We compare
them with calculations from the M++ program where we evaluate the integrals from (4.4). Moreover,
we also plot the results for ¢ and 7,. Only in the 7, case we use damping, the results of the damping
and non-damping case are very similar for g and v,. For the experiment we place one source and one
receiver with distance of 750m and a homogeneous background speed of 3500™/s and with 7' = 0.4s
and At = 0.0005s. As signal ¢, we use 7 from (4.14) with f. = 25Hz and tgniee = 1.5/25.0s. Then, we
evaluate the integral in (4.19) for artificial seismograms that are the canonical unit vectors in the discrete

seismogram space, that is,
S5 si(t) = 1 fort=r,,
0 else.

We do this for every -; in our time grid. By doing that we can see how sensitive the integral is to
changes at the time v; in the seismogram. The results for points on a direct line connecting source and
receiver in the v, case are shown in Fig. 4.24. We can see that the values have the same shape, but
are scaled versions of each other. Qualitatively, the results of the direct and the M++ calculations are
similar. Further, they take the form of the second derivative of the source signal instead of the third as
we would expect in the 3D case. In Fig. 4.25 in the top row we can see that the values for 7, resemble
the negative of the first derivative of the time source, and the values are also scaled versions of the same
form along the connecting line. In the case of g, we can see that the shape of the kernels change along the
connecting line. At the source/receiver it is similar to the kernel in the v, case, but it changes quickly
to a curve that resembles the first derivative of the source signal. We can also see that the amplitude of
the kernels drops quickly and to very low values, which could be part of the explanation why g is hard
to reconstruct in the transmission setup. In all calculations we see, that if we change one value of the
seismogram in the support of these kernels, we always change all values along the connecting line of the
source and receiver. In Fig. 4.26 the quantitative behavior of the amplitudes of these kernels relative to
the distance of receiver and source (0 is receiver 1 is source) is depicted. The results are symmetric to

the middle of the source and receiver for v, and p. For 7, we see very large values around the source
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compared to the values at the receiver. These seem to be irregular and may be related to the large error
of the source in the cell containing the source in our discretization. Once we move away from the cell
containing the source, the amplitudes look symmetrical again, and the lowest amplitudes have a similar
relative amplitude in the center of the line, compared to the receiver location. This symmetry can be
seen on the right in Fig. 4.26. This result underlines the necessity of tapering around the source, which

we do by ignoring the source cell in our inversions.
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Figure 4.24: Normalized (i.e. to the maximal amplitude) vy, kernels (see (4.18)) at the source, at quarter
distance and half distance to the source. Top: direct calculation of via Green’s function, bottom: M + +

calculation.
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Figure 4.26: Left: normalized (i.e. to the maximal amplitude) amplitude of the kernels from Fig. 4.24
and Fig. 4.25. Right: for better visibility the 7, part without the ’singular’ values close to zero.
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Figure 4.27: True values of the multi-parameter reconstruction. Left: uffp”e. Middle: ,uf}rp“e. Right:
Dissipation (Q~*(7)) uﬁl’/‘}s .To ensure good visibility, each image has its own color map where the

maximal true values is set as the upper bound.

4.5 Multi-parameter reconstruction in FWI

Previously, in Section 4.4, we considered examples where only one of the parameters was sought for in
each reconstruction. These were the mono-parameter reconstructions. The assumption that only one
parameter (e.g. only vy,) is capable of explaining the measured data is a simplification. In reality, more
than one material parameter is responsible for shape of the seismogram. Therefore, it is desirable to invert
for more than one parameter at once. This is called multi-parameter inversion, and it is well-known to be
a hard task. Typical difficulties are the coupling of the parameters in the updates (often called cross-talk)
and that some parameters can be dominant in the inversion. This means in a joint reconstruction only
one parameter gets updated significantly. These problems are described in many publications e.g. in
[OGPT13].

Now, we apply Red-CG-REGINN to a multi-parameter problem, and apply the algorithm as before but
calculate the updates for all parameters at the same time. Compared to the mono-parameter variant
this adds almost no computational effort: exactly the same number of wave equations have to be solved
numerically. Again, we consider the geometry from Fig. 4.1 and change one parameter in each A; for
i = 1,2,3 and leave the others constant. The true distributions of the parameters can be found in
Fig. 4.27 and the numerical values of the parameters in Fig. 4.28. Results of this inversion are shown
in Fig. 4.29. In the diagrams showing the errors in the reconstructions in Fig. 4.28, we can see that
only the v, component is updated significantly. From the results of the mono-parameter experiments we
conducted before, we know that Red-CG-REGINN is capable of reconstructing parameter changes in 7,,. In
the multi-parameter reconstruction, however, the changes of 7, are very minor compared to the changes
in the v, component. This is due to the fact that the L?-norm is more sensitive to phase difference of

signals than to amplitude differences. Therefore, when the algorithm tries to minimize the residual, it
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Figure 4.28: Left: relative error as defined in (4.11) of the iterations for the reconstruction with
Red-CG-REGINN in the multi-parameter case with inverse crime. Right: parameter values in the multi-

parameter case.

is most ’greedy’ in the v, direction. This greediness makes the algorithm’s updates scaled mainly to
the v, component and tends to suppress updates to parameters with lower sensitivity. Therefore, we
aim to construct an algorithm that can scale the update differently for each component and increase the
accuracy of the 7, reconstruction in a simultaneous reconstruction with v,. In the following, we explain
our ansatz in a very general setting which is not exclusive to the problem (RED) and then apply it in

our context of REGINN in FWI.

4.5.1 Multi Steepest Descent (mSD) - A subspace gradient descent ansatz

Let U,V be real Hilbert spaces with scalar products (-,-)y and (-,-)y. For an inexact Newton method
applied to a general nonlinear problem I': U — V| it is required to solve linear problems of the form
Az =b, b eV, where A € L(U,V) is the Fréchet derivative of I at the current iterate of the scheme.
One typical way to approximate a solution is to minimize (in our case with regularization) a quadratic
residual functional like

J:U — R, J(z) = %HAJ: — |3

If Az* = b, then z* is also a critical point of J. The functional J is twice Fréchet differentiable for every
x € U with
J'(x)[h] = (A*(Az —b),h)y, J"(x)[h][h] = (A*Ah,h)y , for h,h € U. (4.20)

Given a descent direction s € U a common way to calculate the step size is

¢ =argmin J (z +{s) = (=A"(Az — b), s)u

4.21
g JASTE (4.21)

A well-known characterization of a descent direction for differentiable functions is that J'(z)[s] < 0 and

therefore we know —J'(z)[s] = (—A*(Az—b), s)y > 0and ¢ is assured to be positive. Choosing the descent
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Figure 4.29: Results of the multi-parameter inversions with Red-CG-REGINN. Left: ,uif. Middle: ,u},i’
Right: ,u%?Q. The values of the iterates are divided by gne = 2000 k&/m?, vp, g = 3500 m/s,1/Qpe = 1/15.

Note that only u},i is considerably different to the initial value, which is 1 for all pictures.

direction s = —A*(Axz — b), results in the standard steepest descent step size c¢f. [NW06, Chapter 3.3].
We mentioned at the beginning of the section that we want to find individual factors for each parameter
component. Therefore, we choose some finite orthogonal decomposition U = Uy & --- & Upy—1, M € N,
and denote the corresponding orthogonal projections onto U, by Il,,,: U — U,, C U. Let d € U be
an arbitrary vector and denote the component of d in U,, by d,, = IL,,d € U,. Now, we can write
d= Zn]\f:_ol dp,. Transferring the ansatz from (4.21) to our idea, we look for the M-tuple that solves the

minimization problem

M—1
a:=(ag,...,ap-1) = argmin Jlz+ Z Gmdy | € RM .
(540 ..... dM_l)G]RM m=0
To find the minimizing («vo,...,an—1), we set the partial derivatives to zero:
M—1 '
0a,J (:c + Y dmdm> =0. (4.22)
m=0
If we plug the derivative from (4.20) into (4.22) for alln =0,..., M — 1 we get
M—1 M—1 '
J' (33 + > dmdm> (dy] = (A*(Az = b),dn)y + Y i (A" Ady,, di)y = 0.
— — _/_/
m=0 =J"(z)[dm] m=0 =J" (x)[dm][dn]
This results in M linear equations for «,,, m =0,..., M — 1. Now, define the matrix
(Ado, Ado)v (Ady, Ado)vy -+ (Ady—1, Ado)v
B .= : : : : e RM*M (4.23)
(Ado, Adpi—1)v  (Ady, Ady—a)v -+ (Adyi—1, Ady—1)v
and the vectors
(A" (Az = b), do)u J'()do]
ci=— : =- eRM.

(A*(Az = b), dn—1)u J'(@)[drs—1]
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With these definitions we can express (4.22) as the linear problem
Ba=c. (4.24)

The matrix B is a Gramian matrix and hence positive semi-definite. For any 8 € R \ {0} it holds

2

M—-1M-1 M-—1
BTBB=>> (Adm, Adp)vBmpBn = (Z B Ado, Z BnAdy, ) AN Budp|| >0. (4.25)
m=0 n=0 m=0 Vv

Because of orthogonality, the d,,’s are pairwise linearly independent, we can assure positive definiteness
if A is an injective operator. Under this assumption existence and uniqueness of such a minimizing M-
tuple « is ensured. Using this ansatz we get a descent direction of J which the following short calculation

shows.

Lemma 3. Let d,, € U, form =0,...M -1 and U = Uy @ --- ® Upy_1. Further, assume that
T

A € L(U,V) is injective. Let o = (ao,.. QU — 1) solve the linear system (4.24) with the d,, for

m=20,... M — 1 plugged into B and c. Then, the vector Zm 0 amd € U is a descent direction of J.

Proof. We show this with the characterization of descent directions for differentiable functions.

N ND (4.24) (4.25)
"(z) Z A, | = Z amJ (x)[dn] = —(a,c)pgm =" —(a, Ba)gn < 0.
m=0 m=0

Note that, unlike in (4.21), is not ensured that a,, >0 form =0,...,M — 1.

Remark 7. The descent direction s = er\f Olamdm is also optimal in the sense of the one-dimensional

optimization in (4.21):

¢ = —(A*(Az —b), Zn]\;[:_ol amdm)U (a C)rM (4.25) (a, c)rm (4.24) 1

.
1A o amdml} IS0 amAdal} @’ Ba

So far, we have not described an algorithm to solve the linear problem Az = b, but rather a way to

calculate a descent direction on J(z). The algorithm results from applying this procedure iteratively. We
start with an initial guess zo and calculate the descent direction in J(z), then we update 2! = 2o +d and
calculate the descent direction in J(x1) and so on until a stopping criterion is met. In our case, we use the
same stopping criterion (4.6) as we used for the CG method in Section 4.3. We add the possibility to ensure
that a minimal number of inner iterations l,;, are done and add the possibility of adding a preconditioner.
The whole algorithm is shown in Algorithm 4.4. The combination with REGINN is called mSD-REGINN.
Subspace ansatzes like the one we presented were proposed in the seismic inversion literature before. For
some general nonlinear methods in geophysics a similar ansatz was proposed in [KSW88]. In [STK91]
the authors propose an algorithm which applies to a multi-parameter FWI without regularization. In
[OME93] by Oldenburg, McGillivray and Ellis a subspace algorithm in the context of geophysics is
discussed. This publication has influenced publications in FWT like [LAH12] where the authors use
a sparse model representation in conjunction with Gauss-Newton method for inversion, whereas the
authors in [MHMG10] use a sparse sampling of the model. In [MVAKG™10, XM14] the authors compute

step sizes for every parameter separately without using additional information how they influence each
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Algorithm 4.4 Preconditioned Multi Steepest Descent (PmSD) algorithm (inner loop)
Require: A € L(U,V), Precon: V —V, b eV, 9 € (0,1), lnin, lmax €N, 2° € U
1: [+ 0,

2: 19 < b — Az®

3: repeat

4 d < A

5. dpc + Precon(d)

6: B! c! + AssembleLinearSystem(A, dpc) % see (4.24).

7. a+ (BY 7 % aeRM

s @t e+ Y0 amdbe

T R Dy amAdpe ; % Adpe ; can be reused here if it is saved in line 6.
10 l«1+1

11: until (|[r!|v < I|blly or I > lyax) and 1 > Iy

12: return (z!,1—1)

other. Both approaches suffer from the need to manually adjust parameters, which can be very problem
dependent. Additionally, in [XM14] the authors carry out an expensive line search. In the explanation
of the algorithm we presented one step of the algorithm. In [GIP20] they use techniques similar to our
ansatz but they build their coupling matrices (in our case called B) with Full-Hessian evaluations and
use a more elaborate choice of descent directions. What makes mSD-REGINN unique among the algorithms
above, is using it as a regularized iterative method for our inexact Newton scheme. The algorithm to
solve the inner loop can also be interpreted in the light of projection optimization methods [Saa03]. With
our choice of d as the gradient, we do not incorporate information about prior updates which could speed
up convergence. Therefore, a possible and natural extension of mSD-REGINN could be a combination with
the Sequential Subspace Optimization Method (SESOP) [NZ05] (or the corresponding regularized version
thereof Regularized SESOP [WS17]). The idea of SESOP can be described with our algorithm. While we
take different parts of our gradient into account in the optimization, they take multiple descent directions
and optimize the same problem as we did. Therefore, if we had L descent directions and split them into
M parts, the matrix B from (4.23) is in REMXLM,

4.5.2 Application of mSD-REGINN in the reduced case

Now, we want to apply mSD-REGINN to the reduced problem (RED). The functional arising from the

Newton ansatz in the k-th iteration for shot & is
k k Lo k k(2
Jer P —r R, Jee(Bpg) = SlIPpe one] = el
with r]g = Sobs ¢ — @5(;/5). Further, we use the abbreviations <I>:Lk7£ = <I>’§(,uk) and ‘I):kk,g = CI)’g*(uk). In

section 4.5.1 the choice of d € U was left completely free. We use the standard gradient (see line 4 of
Algorithm 4.4), but other choices would be possible, too.
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Algorithm 4.5 Red-mSD-REGINN algorithm

Require: ;0 € P, % starting guess; sops € S= % seismograms
Ensure: p* € Pj, % approximate solution of (RED)
1k« 0
2: while not termination do
3 pp  pb
E+0
repeat
TE < Sobs,c — Pe(pf)
determine lr]?nax,ﬁ and 19’5 % according to (4.7) and (4.6)
(Au’g7 l’g) — PmSD(@L,@’g,I,r’g,ﬁlg,lﬁla&g, 1,0) % call of Algorithm 4.4
ey e+ o0
10: E—¢&E+1
11: untilé >=-1

120 pFtl e pk
13:  k+ k+1
14: end while

15: return uk

Transmission Problem

We choose M = 3 and use the decomposition P = P, ® P, ® P, with the projections II,,IL, , Il ,
which are the identity on the parameter in the subscript and set the other parameters to zero. Note that
it is additionally possible to divide the space geometrically, which we do not employ in this experiment.
As mentioned before we expect g to be hard/almost impossible to reconstruct for this experimental setup,
we include it in the method for now to put as little a priori information in the algorithm as possible. The

matrix from (4.23) in this case then has the form

11112 l l l 1
100l (@ ) @ gldb) (@[], @ ]
Bl = | (@ cldl @ Jat]) 0 bl (@ b @ ) |
(@ clah], @ c[df]) (e cldh] @ ldh)) 12 [dS]IE

with d' being the descent direction and d} = I1,d', d5 = II,, d',d} = II. d'. The right-hand side is

(@ clon] = vk @ [di])
d— (@;%[Aug] — vk, @, [db]
/ 1
i 3

(¢> e o] — 1@, [d })

For each step in the inner loop it is necessary to solve M + 1 = 4 wave equations. One for evaluation of

s
the adjoint <I>:;"k ¢ and M = 3 for the linearized wave equations @Lk g[din],m =1,2,3.

Multi-parameter inversion for o, v, and 7,

The reconstruction result with Red-mSD-REGINN is shown in Fig. 4.30 and the convergence history of

the reconstructions can be seen in Fig. 4.31. We can see that — in contrast to the inversion with
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Red-CG-REGINN shown in Fig. 4.28 — the errors in v, and the dissipation Q~!(7,) both decrease in a
monotone way. The error for the ¢ component is the same as for the mono-parameter inversion. This
experiment shows that if we apply Red-mSD-REGINN in the way we presented it above, it is a clear improve-
ment to the inversion with Red-CG-REGINN. Application of Red-mSD-REGINN can help for simultaneous
inversion of v, and 7,. In the reconstructions in Fig. 4.30 we can see that especially the v, part has fewer
artifacts compared to the Red-CG-REGINN inversion in the region where 7, is changed. The algorithm
Red-CG-REGINN compensates changes in 7, with changes in v, since the 7, updates are suppressed. In

this experiment we commit inverse crime.

0.5 1.5 0.85 1.10 0.5 3.0
he
-
- o
o
' -
-0.2 0.2 -0.1 0.1 -0.8 1.0

Figure 4.30: Results of the multi-parameter inversions with Red-mSD-REGINN. Top: final reconstructions
tgs pry), and 1%, bottom: difference of the true value with the final reconstruction dsu,’, oy, and
5@%(/)Q.The values of the iterates are divided by gpg = 2000 k&/m?, v}, e = 3500 m/s, 1/Qpg = 1/15.
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11 I T T T 1]- I T T T
—— errg" —e—crr5 —o— err;/Q —=— crrol — errd —m— err})éQ

[e%s}

relative L2-errors title
relative L°-errors title

iteration iteration

Figure 4.31: Relative errors, as defined in (4.11), of the multi-parameter inversions with mSD-REGINN
from Section 4.5.2 Left: L?-error. Right: L*-error.
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4.5.3 Subspace Preconditioned Red-CG-REGINN (Red-SPCG-REGINN)

In this section we present a preconditioner, that is motivated by the results in the previous chapter. We
want to take the information we gather in the matrix B! and use it as a preconditioner to improve the

CG algorithm. The first version we tested is the block-diagonal preconditioner
Ci — diag(‘Bl7 el Bl) c RNcellsNianNcellsNinv .

where Neqpis is the number of cells in the mesh and Nj,, the number of parameters we want to invert at
once. For this preconditioner, the matrix B’ has to be calculated in every inner loop, which makes this
algorithm have the same cost as the Red-mSD-REGINN. We call the algorithm resulting from this choice
SKPCG;-REGINN. If we freeze the preconditioner we save the costly way of calculating B'. This is the second
preconditioner we want to investigate. This algorithm has an overhead of 3 wave equations to calculate
B, but then it has the same cost as a normal CG algorithm. In this case we define C} = C(l) and call it
SKPCG,-REGINN. Another preconditioner we tested was multiplying the B'’s with the background values
of the parameters Dyg = diag(pggl, v,;gl, Tb_gl) to additionally take the different scaling of the parameters
into account. This variant is called SKPCG3-REGINN. Here, we set

C’é — C{ - diag( Dbg) € RNeens Ninv X Neens Niny

All these preconditioners can be seen as a crude approximation to the inverse @L@:f after discretization

which of course is too expensive to compute in its entirety.

Results

We do not present reconstructions or error graphs here since this ansatz produced reconstructions that
were significantly worse than the ones with Red-mSD-REGINN. The algorithm Red — SKPCG;-REGINN pro-
duced more or less the same results as Red — SKPCG,-REGINN, showing that the expensive recalculation
each step does not bring any advantages. The rescaling in Red — SKPCG3-REGINN also not did not improve
the results. All-in-all the tests indicated that this is not a viable way to implement a preconditioner for

the multi-parameter CG. For this reason, we did not pursue this ansatz further.
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CHAPTER
FIVE

INVERSION WITH ALL-AT-ONCE FORMULATION

5.1 All-at-once formulation

In this chapter we present an approach to solve the inverse problem of FWI which differs from the
reduced approach in Section 4.1.1. In Definition 3 of the parameter-to-solution map it is ensured that the
seismogram is the point-wise evaluation of a wave field that solves the wave equation (2.8). However, we
can relax this assumption and modify the problem (RED) to solve for w in the inversion process instead

of only for u. Before we give the formulation of the problem, we have to introduce some notation.

5.1.1 All-at-once operator

In this section we follow [Rie21] closely and apply the theorems to the visco-acoustic instead of the visco-
elastic case, which are presented therein. We recall some definitions from Chapter 2. Two spaces we
frequently use are

X = L}(Q,R>*OFD))  and Y = L%([0,T], X).
For 1 = (0,vp, Tp) € Padm C P and u = (v,po,...,pr) € X we defined

M(H)'Uf = (Q'U, V(Q7 Up77-p)p05 Tgly(gv Uvap)ph o 771;11/(&)7 Uvap)pL) )

Du = (0,0,7 'p1,..., 77 'pL),

Au=—(V(po+ - +pr),dive,... dive),

wir?
1+w§7'[2 :
with f. being the central frequency of the source signal. With this choice it is assured that wq lies within

with v: R? — R, (r,v,7) — 27 where a = a(wy) = Zlel

v2Zr

The constant is set to wy = 27 f,,

the frequency band we want to model. In the proof of Theorem 2 we showed that A is the generator of a
strongly continuous operator semigroup and therefore with Theorem 1 we get that for f € L ([0, 7], X)
and ug € D(A) there exists a unique mild solution w € C([0,T], X) for

M (1)0u(t) + (A+ M(p)D)u(t) = f(t), te[0,T], u(0)=uo.

If we turn to the integrated version of the equation

M (pyu(t) + (A + M()D) / u(s) ds = M (p)uo + / F(s)ds, te[0,T],



76 Chapter 5. Inversion with all-at-once formulation

we get the additional notion of the integrated solution of the evolution equation. In our case the mild and
the integrated solution are the same since A is the generator of a strongly continuous operator semigroup,
cf. [Sch19, Proposition 2.15]. Due to its rather abstract representation via semigroups working with mild
solutions explicitly is hard. On the other hand, the integrated solution has an explicit representation that

simplifies its use and still enables us to require less regularity in f when formulating the inverse problem.

Remark 8. In the next definition we apply a trick to achieve boundedness of an extension of the operator
A. For this, we introduce the norm || -||_1 = ||(I + A)~! - ||x and consider X _1 as the completion of X
with respect to this weaker norm. The norm is well-defined since —1 is in the resolvent set of A [Sch19].
We can extend A by A_y1 which is a linear operator from X _1 to X _1. In [Sch19] it is shown that the
graph norm of A_y is equivalent to ||-||x. Therefore we get that D(A_1) = X _1 and A_1 € L(X, X _1).
WithY _y := L2([0,T), X _1) we get A_y € L(Y,Y _1). We omit further details here and cite Schnaubelt:
“[...] one can quite often use Y _1[ that is, spaces such as Y _1] to ’legalize illegal computations’ without
knowing a precise description of it” [Sch19, p. 52]. To ensure mathematical correctness of the theorems

we will use the notation above. For more detailed explanations we refer to [Rie21] or [Sch19)].
Now, we define the operators we need for the formulation of the all-at-once setting.

Definition 6. Let U be the measurement operator as defined in Section 2.4, and Paam the set of admis-

sible parameters introduced in Section 2.2 and A € Ry. The all-at-once operator is defined by

. A (£ - M
D5:Y X Pagm — Y 1 X Sa (uvﬂ') — < <£(M)u\p (/’L)u())) ) (52)
u
with
L:Pogm — LYY 1), p— L(p)u:=M(u)u+ (M(p)D+ A_))Ju, (5.3)
where

t
J Y =Y, u— (Ju)(t) :/ u(s) ds.

0

Hence, for a fixed A\ the nonlinear problem we aim to solve is:

AJf — M (p)uo)

Sobs

Given (Sops, £) ' find (u, 1) " € Y X Pagu such that @y (u, ) = ( > . (AAO)

As we mentioned in Section 4.3.1 this can also be cast as an optimization problem:

min J u, 1),
(u, ) EY X Padm A( M)

with

§ 7 1 2, Ag 2

I\tY X Pagm — R, JA(“»/J') = §||\I’u_sobSHS+EH’S(M)U_JfHO,[O,T]XQa )\ER+. (5'4)
In Section 4.1.1, we saw that the reduced formulation (RED) can be cast as an optimization problem
with a PDE constraint. The functional in (5.4) is a relaxed version of that. The choice of the parameter
A controls the influence of the second term on the optimization. For increasing A the relaxed version
transitions to the reduced formulation. The potential merits of the all-at-once formulation in FWI were

first shown by Herrmann and Leeuwen in frequency domain in [vLH13]. In a simple example the authors
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show that their version of the functional (5.4) yields a more convex minimization problem without local
minima. Publications exploring this ansatz in FWI with various optimization strategies have become
a field of interest in recent years, see [vLH15]. A review, also in frequency domain, about all-at-once
methods in conjunction with different times of regularization was carried out in [GAO20]. More recent
studies of algorithms that are closely related ansatzes in time domain can be found in [GAO21, YZ23].
All-at-once methods are also well-known in the mathematical inverse problem community. A general
mathematic overview as well as convergence results of some typical iterative nonlinear inversion algorithms
for problems with all-at-once formulation can be found in [Kall6]. A sound mathematical framework for
operators involved in the all-at-once formulation for FWI in time domain was established in [Rie21].
There it the author showed that all derivatives of higher order than two vanish for materials that depend
linearly on the parameters (in our notation this would mean that g — M (u) is linear). This could be

beneficial in the inversion process since the problem is less nonlinear.

Remark 9. If we recall the definitions outlined at the beginning of Section 4.1.1, the objective is to

simultaneously minimize both the data and the model error (in a slightly different version,).

Remark 10. Note that in the geophysical literature, always the ’strong’ version of the differential operator

s considered without the integration operator. The functional considered there is

1 A2
S0 — sopalld + € 00u — FI2 gy A€ Ry
For our inversions in this thesis we stick to the integrated version introduced in the beginning of this

section.

5.1.2 Theory of all-at-once

We use results from [Rie21] which, for convenience of the reader, we summarize in the following.
Definition 7. Let Q € L(X) and A_1X — X _1 from Remark 8. Define

Fy: (Y xB) C (Y x 8(X)) — Y _; x S, (u,TT) —> <A(Hu + (H;? + Al)Ju)> ,
u

where S(X) ={P € L(X): P* =P} and B={B € §(X): B_|z|% < (Bz,z)gq < Billz||3} for given
0< B <fBy <o0.

Theorem 7. The mapping Fy from Definition 7 is Fréchet differentiable at any (u,II) € int(Y x B)
with

F (o, T, H] — ()\(H(I +QJ)h+ H(I —;’?J)u +A Jh- Hu0)> |

Proof. See [Rie21, Lemma 3.5]. O

Now we apply Theorem 7 to our setting. Note that, as before, we write f‘:p instead of E(u) We do

this to save space and emphasize that in these cases pu is fixed.
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Lemma 4. Recall the definitions M, ,, from Lemma 2, P = L>°(X)* and £ is from (5.3). The all-at-
once operator ® is Fréchet differentiable at any (w, ) € int(Y X Paam). The Fréchet derivative is given
by

~ ~
. ANBuh+ &) )~ M
By(u, 1) Y x P—Y 1 x 8, (hyn) — (2ot ol = M, ) ,

Uh
where we define
~/
’gp,u[n} = M:L,(I—l-DJ)u[n] .
The explicit representation is
nQu’U
1+ 1 1
S (e = o+ i) e
~/ 14-aT, 1 1 1 —1
’Qu,u[n] = QvﬁT: _ET]Q B ET]UD - (1+7'pa)777'p> (upl + T ugl)
1+aT 1 1 1 —1
gvg‘r;) (_5779 oy e T mﬂrp) (up, + 71 UEL)

with w = (uvaupow“aupL)ah = (h'vﬂh‘pO""7hPL)7ﬂ’ = (QaUP’Tp)vn = (779’77%,777})) 7UT(t) = (JU)(t) =

fg u(s) ds, and the p; component of u' is denoted by u;“ forl=0,...,L.

Proof. Using the representation in Definition 6, we can write @y (u, (0,vp, 7)) = Fi(u, M (0,vp,7p)) and
we apply Theorem 7 with @ = D € £(X) and M (g, vp, 7p) € B for (0,vp,7p) € Padm. Using the chain
rule for Fréchet derivatives we obtain

CI)/A(u7 (0, vp, mp))[hym] = F)/\(u7 M (o, vp, 7p))[h, M/(Qv Vp, Tp) [Mo> Mo 777;,]] .

Plugging the Fréchet derivative of M from Lemma 1 in the formula into Theorem 7 yields the represen-

tation. O
Before we calculate the adjoint of &), we calculate J*.

Lemma 5. Like before we use the notation Y = L?([0,T], X). Consider the operator

t
T Y Y, urs (Ju)t) :/ u(s) ds.

0

This operator is bounded and its adjoint is

T
JUY =Y, ur— (Ju)(t) = / u(s) ds.

t

Proof. With x;: R — R, I C R, we denote the indicator function. Then, we get

T T
1T 07702 = /O X0 () u(s)lI5 o ds < /0 ()50 ds = llwl§ o 7yxa
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which shows boundedness. Further, we can calculate

(Ju,v)o 0. 17x0 —/ / (/ Xjo,4(s)u(s, x) ds) cv(t,x) de dt
_/()T/Qu(s,gc). (/()TX[O,t](s)v(t,w) dt) de ds
/OT/QU(S,m). (/STU(t,:c) dt) dz ds

= (u, J") 0. 7)x0
O

Analogous to before we define u*(t) := ft ) ds. Although we could use the abstract
representation from [Rie21] to derive the formula for the adJomt of @, we calculate the representation

ourselves in a straightforward way.

Lemma 6. With the definition of M'* from Lemma 2 we define Q:ﬁu: Y |, — LYQ) c P

v(0,9p,Tp) 7(0,Vp,Tp) L 7
R— QUQ To — Qvg Zl:lTl

al* * 2v(0,Vp,Tp ) A 27(0,vp,T, L
£yl = M) pply] = | —2Aeemelf) - el 7 (5.5)
Aol - afT DL T

The adjoint of @) (w, 1) then can be expressed as
5 Ay + U
B (u,p): Y x § — Y x P/, (y,8) —> (A(w* wd S)[ ]> .
Yy

The notation is from Lemma 4 with Y = (Y Ypy> Ypys - - -1 Yp, ) and

R(z) = (y, (-, @), up (-, @ ))0 7] TE€ Q TO (upo’ypo)o [0,1]° Ux (um + Tl_lu/zgz’ypz)o,[o,T] )

The operator )3; Y, —Y, y— M(u)y+ (M(u)D — A_1)J"y has the representation

Y, + V_y}
v(o, vp, 7'1[,)ypU +div_ y},
Ly = | 70,05, 7)Y, +71 'yp,) +divoyl (5.6)

(0, vp, Tp) (Up, + 71 ' yp, ) + div_y

with y,, = ZZL:O Yp,- The differential div_ and V _ are the extensions of the operators that come with

the extension of A_1. Here, we denote the dual spaces of Banach spaces with '

Proof. We need to show

- h Yy h) -, Yy
(@) (u, p) L?] ) <s> >(Y,1><S)><(Y/_1><S) = <77> X (u, 1) L] >(YxP)X(YxP’)'



80 Chapter 5. Inversion with all-at-once formulation

Since <i>'>\(u, ) is linear, we can compute the components separately. First, we compute

~ h Yy -
<(I)/>\(U7H) [01 ) (s) >(Y,1Xs)x(yglxs) = </\’2Hh7y>y71><y’71 + (\Ilh,s)s (5.7)

h, & \11) .
( Wyt s 0,[0,T]xQ

Plugging in the second component yields

. 0 0\ -
(@4 (u, ) [ ] ' <z> >(Y_1><S)><(Y'71><S) = < ) O (w, 1) [ﬂ >(Y><P)><(Y><P’)' (5:8)

n n

Since ﬁ;u[n] — M, . [n] €Y CY_; we can write

MU0
~/ ~ /% «
<)‘(£p,u - M;,uo)[n]’ y>y71><yf_l = <n’ )‘(’Su,u - M;L,uo)[y]>Loo(Q)3X(Loe(Q)3)I .

Combining the two equations (5.7) and (5.8) yields the asserted representation. For the representation
of (5.5) we use that A*; = —A_1, see the footnote on page 9 in [Rie21]. Note that we can continuously
embed Y in Y_;. We get Y’ | C Y’ ~ Y which makes the evaluation of —A_; well-defined. Moreover,
since in Lemma 2 we showed that M’ [y] € L'(Q) for z,y € Y we know that the range of @’ is indeed
inY x P’ O

We can also show that — just like in Theorem 3 for the reduced formulation — the all-at-once formulation
(AAO) is ill-posed, too.

. T
Theorem 8. The inverse problem ®(u, ) = (0, sobs) is locally ill-posed at any interior point (u, u) €
D(d).

Proof. See [Rie21, Proposition 4.2] with minor adaptations. O

Remark 11. At the beginning of this section we stated that the all-at-once formulation is considered to
be less nonlinear than the reduced formulation. The reasoning for this can be seem in Theorem 7, since
w and II only appear linearly. Therefore, all derivatives of Fy higher than two vanish. Note that if we
use a parameterization p — M (u) that is not linear, the derivatives higher than two do not vanish
completely. Even in the case of linear parameterizations higher derivatives in the reduced formulation

will never vanish.

From now on we assume ug = 0, this makes calculations shorter and reflects our usual setups in

inversions.

5.2 Discretization of the operators

In this section we briefly show how the operators £, see (5.3), and fl*, see (5.6) are evaluated numerically.
From now on, we do not denote the dependence of the operators on p explicitly in most contexts.
As before, operators with subscript h are representations of the operators on finite dimensional linear
subspaces. An operator that is underlined stands for the representation of that operator with respect
to our finite element basis. Recalling the definition in this section, we again denote our discontinuous
Galerkin space by X, from (3.1) and Y, = X,]:[, where N is the number of time steps in our temporal

discretization.
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Evaluation of the operators Qh# and fb; L

Unlike in Section 4.1.1 to evaluate the forward operators in time we do not solve a semi-discrete ordinary
differential equation. Instead, we just have to evaluate an integral. Therefore, we define a discrete
approximation of the integral operator J. For that, we use a composite one-step integration scheme with
two weights (wq,ws) € {(1,0),(0,1),(0.5,0.5)}. Here, (1,0) corresponds to the left rectangular rule, (0,1)
to the right rectangular rule, and (0.5,0.5) to the trapezoidal rule. The temporal step size is called At,
for a chosen value of N its value is At = T/(N — 1). We denote the operator that evaluates the integral
at time ¢, =n-At, n=20,...,N —1 by

n
JZ,At: Yh —>Xh7 u — <w1u2+zuz+w2uz+l> At.
i=1

For the full integral operator this yields the matrix representation

0 O 0

w wy - 0 0
Jpar=1w, 1 wy 0 € RAMYnxdimYy

wy 0

w1 1wy

The numerical evaluation of the operator £ at time t,, solves the variational problem

find @y, € X4, s.t. (’El,h)m yh)O,Q = (Mhuhm + (MhDh + MhAh)JZ,Mumyh) Yy, € Xp,. (5.9)

0,

With A, M,,D, G, € RimXnxdimXn we denote the matrices corresponding to the linear operators as

defined in (3.3). Any element &), € X, can be represented via ), = S U™ *" 2i . € X} , and therefore
i=1 hPi
interpreted as the coordinate vector z; = (g}b, e ,@iimxh) € RYmXn  Using this representation for

Up,n, Uh,n € Xp, and testing (5.9) with y;, = ¢; we can write the fully discretized version of (5.9) as the

linear system
Gy, ,, = My, , + (A, + M, D,)J} ,uy, -
Solving this system comes with little cost since G, is a block diagonal positive definite matrix. Define
T:=(A,+M,D,)st, B, =M, +wT, C, =wT-M, fori=1,2.

The right-hand sides of (5.9) for all time steps n =0,..., N can be expressed as matrix

M, 0 e e 0
w1 EwQ
—~ wiI T
K}L =
0
wil T T B



82

Chapter 5. Inversion with all-at-once formulation

For the adjoint problem we use

*n, 3y N
I Xy — Xy, u»—><

n—1

i=1

Wolbp, N—1 + E Up,N-1—; + wluh,N1n> At

and we get
B, T T w,T"*
0 B,
’Iz*h _ c RAMYpxdimYy
I*
B, wT"
0 0o M,

Note that D; = D, and A} is defined as in Eq. (3.2). Further, define

Q{LV — diag(Qh, o 7Qh) c Rdith xdim Yy, )

Then, we can define the discrete operators

thu = (Qi[:{)_lzhv 'gh o (QN) 1Kh~

Later on we also want to invert the operators £, o Sh e Therefore we want to rewrite them in a way

that makes it easier to calculate the inverse. Modifying K hs K K ;, with the Gaussian elimination matrices
S, 87T defined by

-
o
—
e

-1 0 1 0 0
§71 0 0 0] withinverse S=1]1 1 0 0
1
0 0 -1 1 11 1
we get the block banded matrices
Mh 0
¢, B, 0
K,=S'K,=| 0 ¢, B, 0
0 0 c, B,
and
B, C. 0 0
0 By,
* —T* .
K =5 K ,= 0 Ez‘ul .. 0
C,,
0 0 0 M,
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We finally can define
£, =(Gy) Ky, £, =(Gy) K,
yielding
L, =(GY)'SL, E;,u =(G))'s'g;.

Now, to invert f)h# we can invert £, which is the matrix representation of the Runge-Kutta methods
applied to semi-discrete (that is, discretized with dG in space) version of the initial value problem (2.11).
The Runge-Kutta method corresponds to the choice of the w = (wy,ws), that is, explicit Euler for
w = (0,1), implicit Euler for w = (1,0), and implicit trapezoid rule for w = (0.5,0.5). To invert f:h,,“
for a given right-hand side b € Y}, we can calculate u;, = K glb by using the forward substitution. We

can calculate the n + 1-th entry of w, with

C,u,,+B,u,,.1="b,

<:>(wll - Mh)gh,n + (Mh + w22)2h7n+1 - Qn

< (M), + we)uy, 1 = — (1T — M, )uy, , + b,

& (M}, + woT)(up, iy — up,) = —(i1 T — My)uy, , — (M}, +wT)uy, , +b,
A (M}, +woT)(up, i1 — up,) = —Tuy, , +0"

& Uppy1 = Wy, + (M), + w2T) " (~Tuy,, +b,),

and then apply the rest of the operators. The same can be done for ,‘32 ,» where the inversion of £
results in a backward substitution and is equivalent to solve the adjoint wave equation (2.23) with a
Runge-Kutta method. Due to what we just calculated, in this section we will always use the implicit

trapezoidal rule. Now, we turn to the algorithms to invert the all-at-once problem (AAO).

5.3 Algorithms for the all-at-once formulation

In this section we will present algorithms that we have tested for the time domain formulation of the
all-at-once problem. While we consider only the last one to be three successful, we still describe the
others and additionally the reasons why they failed. In this way we also show how we arrived at to the

final algorithm.

5.3.1 Sequential inversion

Now we discuss the inversion procedure that was presented in [vLH13] in the frequency domain. We want

to adapt it to our time domain and formulation. Recall the misfit functional from (5.4):

1 N
I Y X Pogmn — R, Iy(p,u) = gH\IJu — Sobs||® + ?HQ(/L)U —Jf?
and the associated optimization problem

min Ia(uw, ).
(u,p) EY X Paam A( ,LL)

The authors in [vLH13] suggest an iterative alternating minimizing algorithm. In every nonlinear step

they first solve the minimization problem in the w direction, which in our formulation is

u* = argmin, oy Jx(u, 1) < u* solves (AQQ;EN + \IJ*\I/) u* = /\2,‘3;Jf + U*sohs -
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Then, a descent direction is calculated by plugging in w* in the functional J) and differentiate in u

direction
* a’* P *
al“])\(u 7/1')[77] = )‘2 (su,u* [’Q,U«u - J-f]a 77)0 Q .
Solving the augmented wave equation
(VL2 + W W) w' = N2, Tf + Wi (5.10)

is very challenging in time domain. Due to the high dimensionality of Y, x Y7, direct solvers are not
viable. So, we turn to an iterative scheme. However, just applying, for example, the CG algorithm to
(5.10) does not converge in a meaningful way in the sense that the residual is not reduced more than
0.01% after 1000 iterations. In our numerical experiments we saw faster convergence by applying the CG
algorithm together with the preconditioner (1/ /\2)(,{); “Eh,u)*l. To apply this preconditioner, we need
to solve one forward and one adjoint wave equation together with integration, as described at the end of

Section 5.2.

Remark 12. In our search for a suitable method to approximate the solution of the augmented wave
equation, we first implemented the equation without the integral operators just like it is done in geophysics
like mentioned in Remark 10. We switched £ for £ and g for £ because then, the system &8¢+ v v
is a banded block matriz with width three and hence easier to handle. For this system we itmplemented
two preconditioners. One block Jacobi preconditioner, where we invert the diagonal blocks. And one
block symmetric successive over relaxation (SSOR) where we first do a block forward substitution on
the lower part of the matriz and then do a block backward substitution on the upper part of the matriz.
These preconditioners improved the convergence of the algorithms, but the implementation was rather
complicated in our setting and the convergence was still slow. In [YZ23] a similar procedure to the SSOR
is done to solve a problem related to the augmented wave equation. In [GAOZ21] they tackle the same

problem but introduce some simplifications and therefore solve a simplified version of the equation.

Remark 13. We introduced the expression (1/A2)(E2,Méh,u)_l as preconditioner above. We use this
preconditioner on arbitrary wave fields in the CG iteration. This ’destroys’ the adjointness of the operators
as we defined in Section 2.5. We allow the application of the forward operators on wave fields up,y, € Y
that do not fulfillup,o = 0 and the backward operator on wave fields that do not fulfilly, n = 0. Therefore,

the adjointness is violated by the difference

(M o, Mhyh,o)o,ﬂ — (Myup N, Mhyh,N)(LQ .
We saw no numerical instabilities arising from this.

Remark 14. We can reduce the dimension by using the Woodbury formula. It states that for T €
R™>*" W e R™" U € R"*" V € R"™*" the following identity holds

(T-vw=v)yt=1"t+7'UW -VvT'U)"'VT L.

P -1
In the discrete version of (5.10) our goal is to find (Azﬁh,#ﬁhyﬂ —l—Eh\IJ) which is a challenge due
to its very high dimension. Applying the identity to T = )\QQZ’HQ;L,M,W =—-I,:58§— S, s — —s,
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U=3%,V =Y yields

e - —1 -
(V8,80 + 2 0) = (V8,807
— (N8, 80) T (L + (L, |, B0) TTE) T (NE, L £ )T

With this formula we can exploit that we can apply (A2Q27#Eh’u)_l.

We still have to solve an equation
involving (I, + W(A2f§;)uﬁh,u)_1£h)_1 . This formula reduces the problem to solving a linear equation

in the seismogram space
(L) + TNy, 80,) 1 T)s = WP, 81) T (PR TF + 07 s0)

Although this problem is of lower dimensionality it is unclear whether it behaves better or worse than
the full equation. One iteration costs still two solutions of wave equations which is the same as the

preconditioner we used for CG.

Algorithm 5.1 Sequential method

Require: ;0 € Pj, % starting guess; Sops € 8= % seismograms
Ensure: p* € P, % approximate solution of (5.2)

1o pk

2: while not termination do

3 pg

4: £+0

5.  repeat

6: E—¢+1

7: b Jpatfe+ VU Sobse
8: uMit f:}:)LJh,Atfﬁ
9: w  CG(L4 L0, + U b, u™*) % with preconditioner (1/A2)(,§;7H3h7u)’1 which means solv-
ing one forward and one adjoint wave equation per CG iteration.

10: Au’g — Q:’H[éh,#u — Jhatfe] % search direction with the formula see Lemma 6

11: a < line search(p) % Armijo rule.

12: HE 4y < HE + abpg

13: untilé >=-1
14 pFtl ek
15 k< k+1

16: end while

17: return p*

We tested the algorithm on the transmission problem from Fig. 4.1 for the mono-parameter experiment
for v, with L = 0. As initial value for the CG algorithm in line 8 of Algorithm 5.1 we choose u™® =
Q;;J hatf. With w™* = 0, we saw no convergence of the material. We break the CG algorithm when
only little in the search direction changes. After 5 CG iterations each, we calculate the search direction
which comes with little numerical cost. If the relative change is below 1.01°, we stop the iteration. This

condition says that in average over the last 5 iterations each iteration only changed by 1%. This condition
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offers us a possibility to gauge when to stop the CG and not just base it on the reduction of the residual.
This can be an unreliable indicator especially in systems with high condition numbers. In most iterations,
the reduction of the residual was about two orders of magnitude. In this experiment we needed between
15 and 20 CG iterations for each shot. In the end we had double the cost compared to Red-CG-REGINN and
more or less the same result and slower convergence. We do not show these results here, since we only
want to consider this geometry in the presence of damping and this first test was for without damping
(L =0).

These first results show that this method is capable of finding the parameter inclusions, too. When we
applied the sequential algorithm in the case of L = 5 with attenuation, we observed that the method
chooses step sizes that are small and almost no change of the parameter values is seen in the iterative
process. We tried to fix this with a line search method such as the Armijo rule (which is a line search
rule, where the step size gets multiplied by the same factor after each failed line search) that allows the
line search factor to get bigger in each line search iteration. However, this did not yield stable results.
Thus, this ansatz was not pursued further since we wanted to find a stable algorithm even if attenuation
is involved. It did show, however, that the algorithm can produce results in time domain and maybe is
capable of doing so with some modifications. We turn to the algorithm we applied with success in the

reduced case.

5.3.2 AAO-CG-REGINN

The first algorithm we inspect is CG-REGINN. For the first variant, we just use the formulas obtained in
Lemma 6, Lemma 4 and apply the algorithm “out of the box”. The main numerical cost of this operation
is evaluating ;;1 . and ;;l* - This makes single iterations of the algorithm cheap compared to the reduced
version. In [Rie21] it was emphasized that this could be a possible advantage over other methods, since
solving partial differential equations contributes the most to the numerical cost. However, just like with
the augmented wave equation, no convergence is seen without preconditioning. We look at the normal

equation of the Newton equation as a whole, that is
O (w, )&’ (w, p)[Aw, Ap) = & (1, w)[D(p, w) — (T f, Sobs)] -

The system then has the form

</\2£:*i: FUY N8R > (Au) B (vi:* (8u— Jf) + 0" (Vu — sobs)>

%~ ~ s =~ -tk 5.11
Nesg e g )\ NE [Bu— Jf) (5-1)

Looking at the upper part left of the system we can see that it is similar to (5.10). The methods we

developed in the last section to solve the problem will be viable here, too. We use a preconditioner of

p= (é(ﬁ*ﬁ)l 0 ) (5.12)
0 18

the form

with A being the already known penalty factor and 8 € R is an additional scaling parameter. The
parameter [ is necessary to account for the different scaling of the rows. In the reconstructions, we saw
that the algorithm prioritized updates of the wave field component and did not update the material. Note

that the operator P is positive definite for u(0) = w(T") = 0 because of the existence and uniqueness of
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Algorithm 5.2 CG-REGINN method for all-at-once

Require: p° € Pj, % starting guess; Sops € S= % seismograms
Ensure: p* € P, % approximate solution of (5.2)
1o e pud
2: while not termination do
3 pg < pb
£+ 0
repeat
E+—E&+1
u E;LJ h,atfe % other initial values are possible
bu < Jfe+ VU Sops ¢
b+ By ul i — T £
10: (Au, A/ﬂg) <+ apply CG to the system in (5.11), with preconditioner from (5.12) and right-hand
side (by,b,)
1 PEsr < HE T A
122 untilé >=-1

13 Pt ek
14: k+ k+1
15: end while

the underlying initial value problem

~—% ~—%
= (Q#Ig u, ,Quk u

ar a -1 _naT*. .2
(. (B8 ") £u) o = 18wl om0 >0 (5.13)

0,[0,T)xQ
This property makes it a suitable preconditioner for the CG algorithm. Although the equalities from
(5.13) above do not hold in the discrete case as we mentioned in Remark 13, this did not cause problems
in the algorithm. The preconditioner is similar to the forward backwards scheme in [AGO20], where it
is used to solve the augmented wave equation (5.10). With the preconditioned algorithm we were able
to reconstruct a simple 1D problem with this algorithm, but a careful hand-tuning of S was necessary.
Therefore, we did not pursue this approach for 2D problems. It may be possible to develop a heuristic
rule for the choice of 3, but it is not clear how. Since we wanted to avoid to hand-tune 3, we investigated

another, more successful ansatz in the next section.

5.3.3 AAO-PmSD-REGINN

From Section 4.5.1 we know the mSD-REGINN algorithm and want to apply it to the all-at-once formu-
lation giving rise to what we will call AAD-PmSD-REGINN. The goal is to alleviate the problem of the
different scalings of the components and to avoid the need to hand-tune hyper parameters like in the
Red-CG-REGINN above. In the notation of Section 4.5.1 we choose U =Y, x Py, V=Y x S. For the
following however we swap the order of the wave field space and the parameters. We split the parameter

space in M parts and split the wave field space in Ms subspaces. Hence, the linear system to calculate
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Algorithm 5.3 AAO-PmSD-REGINN

Require: p° € Pj, % starting guess; Sops € S= % seismograms
Ensure: p* € P, % approximate solution of (RED)
1o e pud
2: while not termination do
3 pg < pb
4. £+0
5 repeat
6: u’g — f:,:;:g Jnatfe % one solution of the integrated forward wave equation
7 rlg +« (0, ‘Ifulg — Sobs,e) Yo wave residual is zero, since ﬁugu -Jfe=0
8 determine lfnax,g and 79’5 according to (4.7) and (4.6) to break the iterative process in line 9
9 (Au’g, -, l’g) — PmSD(CiV(u]g, ,u’g), rlg, ulg) % Algorithm 4.4 the update in the wave field is discarded
10: ey BE + Duf
11: E—¢&E+1
122 untilé >=-1
13 Pt ek
14: k< k+1
15: end while

16: return uk

the weighting factors a = (v, )" like in (4.24) is of the form

Bi1 B2\ (1) [a (5.14)
= ; .
BlTQ Boo Qa9 C2
where By; € RMixXMi B, ¢ RMixM2 B, ¢ RM2XM2 gpnd ¢; € RMt ¢y € RM2. For our inversions

— ol i —
- ei7VZ - 17---5Ncells and

j =1,..., Nipy. With eg € Pj, we denote the ansatz function that is constant with value one in the

we consider the parameter spaces on each cell separately: U (;_1).

Neens

i-th cell and the j-th parameter. The dimension of all those spaces is M7 = Niny - Neens- The values for
all other cells and parameters are zero. For the wave field space we choose U = Y, with My = 1. By

(h, Z;V:““lv S Neets 47) we denote the decomposition of the descent direction that results from the choices

above. The matrix B;; is composed of N2 blocks and reads

mv

Dy Dy -+ Ding,
D> Doy - : o
By = _ . , Djj, € RNeetsXNeetis 0 o — 1. Nipy (5.15)
Diny, D2nNye ' DNpoNi

The block matrices are diagonal for our space discretization, since the Fréchet derivative only acts locally

on the cells, so the scalar products are zero, if the cells are not the same. Assume we linearize at the
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point (u’g7 u’g) Then, the entries of the block matrices in (5.15) are

(Dj17j2)i,i = ((I)I}L#?M’Q [0’ dgl]7 (I);L7,L§,u’g [Oa df])

= (V0108 el

hopf uf

O,Y}LXS

p ])O,[O,T]XQ,

for all j1,70 =1,...,Nipy and 2 = 1,..., Neeps - Since My = 1, Bgs is a scalar:

Baz = 19}, 1 0t 1. 0113 v, 5 = IAEn 0l o 10+ 1WA

With the choices above we further have By € R(WVinv-Neens) X1 with the entries

N (LR A = (A8l AE ) ,

])O,Y;LXS 0,[0,T)xQ

for j =1,...,Niny and ¢ = 1,..., Neeis. The Matrix Bi; describes interaction of the parameters with
each other, By the interaction between parameters and elements from wave field space and Bss the
interaction of the wave field space, with itself. Let (Au', Au') € Y, x Py, be the I-th iterate of the inner
iteration and (7!, rl) € Y, x S the [-th residual of the linearized problem. Then, the upper part in the

right-hand side vector for the linear system (5.14) is

F l l l l F j
(Cl)che11s+i = (q);l’ulgm’g [Au s A } - (Tuv Ts)v (I);L,p’g,u’g [0’ dﬂ)o S
Y

_ a l al 1l G J
N (Ash’“Au +/\£h’”'§7“’5 [247] r“’)@h’“?’”g [di])(],[(),T]XQ
for j=1,...,Nipy and ¢ = 1,..., Nees. The lower part of the right-hand side is
C2 = ((i)/ k k[Aulvul}f(rl >rl)7(i)l k k[h70])
hopgug u " s hopgug

= ()\f}h,#Aul + /\/Q;L,H[A‘Ll,l] — T‘,lu, )\éh,#h)

O,Yh,XS

Uau! — vl Oh) .
0,[0,T]xsz+( v )5

We solve the linear system (5.14) with the use of its Schur complement
S = By — B)yBoy Bia
which in our case is only a number. Then, we can compute as by a simple division
ap =S ey — BngBl_llcl) . (5.16)
Then, we also can calculate aq:
Biiay = ¢ — Baag

which does not pose a problem since we already calculated Bl_ll for S. For Nj,, = 1 the Matrix By is
easy to invert since we just have to invert the diagonal elements. For Ny,, = 2 the Schur complement for

Bas is Spy, i = (Da2)ii — (D12)%/(D11)iiyi = 1, ..., Neens. With Sp,, ;i we can express the inverse as
Bl D3yt + D33’ D12S7'D12D;;  —Di' D171
1 —S_1D12D1_11 S—l
Since all these matrices are diagonal, all the inverses are easy to calculate. For higher values of Njy

we can use the same inversion formula with the Schur complement, but we have to do it in a recursive

manner.
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Remark 15. In theory, the algorithm would also allow to split the wave field space. A canonic choice
would be splitting the wave field for every time step. This, however, proved to be unstable in small
numerical examples. Further, it poses a problem with regard to computational cost. With this choice the
matriz B3 is a dense symmetric matriz. For every entry one full space-time scalar product would have
to be calculated. This means calculating about %NQ space-time scalar products which is a considerable

numerical effort that is comparable to solving the wave equation N times.

We know from Section 5.3.2 that simply applying the algorithm without a preconditioning step is
unlikely to lead to convergence of the method. Therefore, we use the preconditioner from (5.12) with

B =1:

0 I

The positive definiteness from (5.13) guarantees that the negative gradient remains a descent direction

after application of the preconditioner. The combination of algorithms can be found in Algorithm 5.3.

Remark 16. Since we assume constant material values on each cell, we can also write the d! = d’el

and therefore get for the diagonal entries
(Divia)is = (M g [ AZ] i) ~ (&)t 1€0), B e [e])

These values are similar to the values used in 'Pseudo-Hessian’ preconditioner from (4.15), although they

0,[0,T]x 0,[0,T]xQ

appear in a slightly different location. It is interesting that this type of values appear naturally in our

inversion scheme which is not physically motivated.

0.9 1.0 1.1 -0.1 0.1
-:- transmission mono-parameter v, (AAO-PmSD-REGINN)
I I I
1
= 095
g
¥
2y 09
(<)
I =
il £ 085
©
—
0.8 - y
L L L L L L L
0'750 2 4 6 8 10 12 14
iteration

Figure 5.1: Left: final iterate ;] and difference to true values du,. in the mono-parameter v;, inversion
with AAO-PmSD-REGINN. Right: relative L2-error as defined in (4.11). No inverse crime is committed in

the reconstruction.

Numerical Cost

Before we present results, we want to clarify some aspects with regard to AAO-PmSD-REGINN. Although

we call it an all-at-once algorithm, it is in a way an “all-at-once algorithm in the linearization”. Only
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0.987 1.013 -0.5 3.0
ET O s transmission mono-parameter 7, (AAO-PmSD-REGINN)
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Figure 5.2: Mono-parameter 7, inversion with AAO-PmSD-REGINN. Left: dissipation values (see (4.13))
final iterate ,u%(/JQ, difference of the final iterate to the ground truth 5/15’[/“5. Right: relative L2-error as

defined in (4.11). No inverse crime is committed.

the material parameter part carries over from one shot to the next. In the k-th iteration and the &-th

-1
shot, we take the current iterate ,u’g and consider the linearization in (#?:Sh,u’gJ natfe)" (see line 6

of Algorithm 5.3,where u’g = Q;L’g Jhatfe is calculated). There are several reasons for this: for each
shot in our inversion we would have to save a full wave field, since they differ with regard to the source
location. Hence we are not able to just pass one wave field for all shots as we do it for the material.
Having one wave field for each shot would, however, increase the memory requirement too much. Our
aim is, ultimately to avoid saving wave fields due to high memory consumption (we have to save degrees
of freedom in space times number of time steps per wave field). Moreover, we tested saving the wave
fields in a simple 1D example and found that they stagnate at some point. Then, we had to reset them
to Q;L;g Jn,atfe to achieve convergence. For these reasons we do not carry iterates of the wave fields
in our algorithm. The inner loop of PmSD-REGINN therefore can be seen as an expansion away from the
solution of the wave fields. We set the minimal number of inner iterations [,,;, for AAO-PmSD-REGINN to
3. This is a value we decided on by experience. Note that the value of /,,,;;, has to be at least 2, since the
first inner iteration does not change the material. This can be seen with the following calculation. The
residual in the first iteration of the inner loop is (0, \Ilu’g — Sobs,¢). Set sy = \I/u’g — Sobs,¢- Application of
®"* and the preconditioner yields for first update
((1/A>2f:h o w)
dpc = R ,
0

(see Algorithm 5.3). The main numerical cost of one inner iteration is solving two wave equations, one
forward and one adjoint in the preconditioner. So one iteration of the inner loop of AAO-PmSD-REGINN
needs the same number of solved wave equations as one iteration of the inner loop in Red-CG-REGINN.
However, together with the calculation of u’g , we have to solve a minimal number of 7 = 1 + [, - 2
wave equations per inner loop. If Red-CG-REGINN needs less than [, to break, it is always cheaper than

AAQ-PmSD-REGINN per nonlinear iteration. Otherwise, both algorithms cost the same, if they need the
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same number of inner iterations. We apply the same stopping rule as we did in Red-CG-REGINN.

Transmission Reconstruction

Again, we start by applying the method to the example of Fig. 4.1 for the mono-parameter problem for
vp (no inverse crime) for L = 5. In this experiment we set A = 1. In Fig. 5.1 we can see that we can
partly reconstruct the geometry, but we do not attain the same level of error as with the Red-CG-REGINN
method. There are no source artifacts present as we saw in the reduced reconstruction in Fig. 4.4. This
could be a result of the observation we made in Remark 16. These encouraging results prompted us
to test AAO-PmSD-REGINN further. We applied the algorithm with A = 1 to the 7, mono-parameter
experiment. The algorithm does not converge, the L2-error increases from the first iteration. The result
can be seen in Fig. 5.2. It has a lot of artifacts toward the receivers. With prior knowledge where the
inclusions are one is also able to identify the middle and the bottom inclusion in the result, but they
are not distinguishable against the artifacts without that knowledge. We tried the same inversion for
various values of \ in the interval [107%,102%], but it barely changed the outcome of the inversion. Also
increasing Iy did not improve the results. Since the mono-parameter for 7, failed, we do not apply

multi-parameter reconstructions for AAO-PmSD-REGINN and focus on the v}, reconstructions from now on.

5.4 Camembert Model

In this section we present a situation, where the reduced method fails but the all-at-once method succeeds.
This can be illustrated with a variant of the Camembert model, which was first introduced in [GVT86]
as an example of a highly nonlinear problem. We consider a rectangle @ = (0,6000)m x (0,4800)m
with homogeneous Neumann boundary. The background velocity is v pe = 4000 m/s. Within a circle
centered around z,;q = (2400,3000) " with radius 7 = 1600m, the velocity differs from the background
by a constant factor of 1 + p. Therefore, the velocity is va, = (1 +p) - Uppg p > —1. We choose a mesh
width h = 37.5, which yields 245760 degrees of freedom in space. We set T = 2.1 and At = 0.0005.
Most of the calculations in this section are done on the HoreKa (Hochleistungsrechner Karlsruhe). One
wave equation on 256 Intel Xeon Platinum 8368 cores with 2.4 GHz clock frequency takes 5s to solve. A
full inversion takes about 10 hours. On the left side of the domain are Z = 15 equally spaced sources
Zsre; = (100,200 4 400 - i)T,i=0,...,14. The source signal we use is the integrated Ricker wavelet 7
from (4.14) with central frequency f. = 10Hz. On the right side of the domain, there are R = 200 equally
spaced receivers r; = (4700,60 +30-4)",i = 0,...,199. Similar configurations of this problem are used
in [EY20] and [GAO21]. More details can be taken from Fig. 5.3. According to [GVT86] the nonlinearity
stems from the large diameter of the inclusion. This makes the initial model more important due to the
local nature of inversion schemes such as Newton-type methods. In the following section, we will use a

small example to illustrate the specific problem of the inversion of vy,.

Cycle-Skipping

In this section we visualize the phenomenon called cycle-skipping, which can occur in any seismic inversion
for v, and can be explained using the Camembert geometry. In this section we assume that there is only

one source at g7 = (100, 3000)—r but the rest is the same as above. In Fig. 5.4 the whole measurements
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Figure 5.3: Left: Geometry, sources, inclusion, and receiver for the Camembert model. Right: parameters

of the numerical calculation.

for p = {0.00,0.08,0.15} are shown. When we increase p the wave arrives earlier at the receivers the
dotted line shows the approximate first arrival time for p = 0.00. Let s%, be the measurement of the
80-th receiver for the shot mentioned above for a simulation with value p for the Camembert. In Fig. 5.5
on the left we can see sk, for the values p € {0.00,0.08,0.14,0.15} on the interval [1.0,1.7]. We can
further see that the change of v, affects mostly the phase, and has little effect on the amplitude or the
form of the wave. Now, we want to look at a simplified version of the inversion in the whole domain.
Instead of optimizing over v, we optimize over phase shifts for the measurements. In order to do this,

define mP(t) := X[1.0,1.7)840(t) and consider the one dimensional optimization problem

e BB gy 0 (e) = I =7 = o)l
This is a simplified model of how, in general, the residual is sensitive to the change of v, for a constant
initial value (p = 0.00). In Fig. 5.5 on the right j, is depicted. We can see, that the function is non-
convex for any p, and potentially has more than one local minimum. From the tangents in the three
graphs at s = 0.0, we see that for p = 0.08,0.14 the direction of steepest descent leads into the direction
of the minimum of the function. Therefore, a local gradient method is likely to converge. For p = 0.15
the direction of steepest descent leads away from the minimum. For this case, if we only minimize the
norm of the data residual in the L?-norm, the algorithm cannot get around the local maximum and
therefore cannot converge. This simplified example highlights the strong dependence on the initial value
for inversions of v, when only focusing on the data error. The term cycle-skipping is derived from the

fact that one cycle is skipped, which can be seen in Fig. 5.5 for p = 0.15 (red): to reduce the data-error
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Figure 5.4: Observed data in Camembert geometry with p = 0.00,0.08,0.15 (from left to right). Each

column in each plot corresponds to one receiver. Negative values are blue, positive values red, and zero

is white
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Figure 5.5: Left: measurements of the receiver at rgy for p = 0.00,0.08,0.14,0.15 in the Camembert
model with source at @g. 7 = (100,3000) . Right: plot of j,(s) for p = 0.08,0.14,0.15.

the initial (blue) seismogram moves to the right instead of the left, thereby skipping the full first cycle of

the true seismogram. This phenomenon occurs commonly with real data sets as good initial values are

not attainable most of the time. In this paragraph we showed why only focusing on the data error can

be problematic and since the all-at-once formulation does additionally contain the model error (see the

beginning of Section 4.1.1), all-at-once is likely to be more robust to this problem.

Remark 17. Note that the frequency filtering from Section 4.4.2 is also a tool to reduce cycle-skipping

since cycles with lower frequency have larger cycles, making it harder to skip them. We do not include

frequency filtering in this section to have a more direct comparison of the methods. It is easy to implement
it to AAO-PmSD-REGINN.
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Figure 5.6: Results ,u},i for the Camembert model for p € {0.02,0.10,0.14} Top row: Red-CG-REGINN,

bottom row: AAO-PmSD-REGINN. For both we can see the quality of the reconstruction deteriorates with

increasing p.

Results with Red-CG-REGINN

Now, we turn to the inversion process across the entire domain. Our aim is to demonstrate that the
difficulty of the inversion or the failure of Red-CG-REGINN is not determined solely by the size of the circle.
To achieve this objective, we first start with lower p values, gradually increasing until the inversion fails.
In total, we perform 15 iterations in each inversion. Looking at the final iterate in Fig. 5.6 and the errors
in Fig. 5.8, we observe good results up to a percentage of p = 0.14. However, as p increases, reconstruction
quality declines and the convergence rate slows down. Finally, for p = 0.15 Red-CG-REGINN fails. Some
iterates of this failed inversion can be seen in Fig. 5.7. In the failed inversion, a large blue area is visible,
indicating a decrease in velocity instead of an increase. This is the cycle-skipping effect: the algorithm

uses a local descent in the wrong direction.
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Figure 5.7: Tterates puf; for k € {1,3,15} of Red-CG-REGINN with p = 0.15 .

Results with AAO-PmSD-REGINN

The results of AAO-PmSD-REGINN for p < 0.14 can be seen in Fig. 5.6 and Fig. 5.8. They show that
AAO-PmSD-REGINN is capable of inverting the structure of the Camembert model clearly. In all these
reconstructions we set lyin = 3. With regard to the relative error, Red-CG-REGINN is better (40% vs
50%). One major motivation of AAO-PmSD-REGINN is to find an algorithm that is more reliable in the
sense that it has a larger radius of convergence. Therefore, we will now examine inversions that lie outside
the convergence radius (p < 0.14) of Red-CG-REGINN as discussed in the preceding section. In Fig. 5.11
we can see that for p = 0.15,1,;, = 3 AAO-PmSD-REGINN is able to reduce the error considerably and
therefore shows better convergence results than Red-CG-REGINN. Some iterates and the final result of this
inversion can be seen in Fig. 5.9. We increase the percentage to p = 0.16 and are now comparing the
computational efficiency of two different values of [, namely 3 and 5. In order to have similar run
times, we set the outer iterations of /,;, = 3 to 30, whereas for [,,;, = 5 we keep it at 15. For both choices
we see convergence in Fig. 5.11. Note that the curve for the l;,;; = 3 has twice as many data points as the
other curves. Even though we set increased the number of outer iterations, the algorithm with [, = 3
takes less time. Therefore, considering runtime only the number of forced inner iterations should be kept
as low as possible. In the p = 0.17 case, the algorithm does not converge for i, € {5, 7} but it converges
for Inin = 15. This indicates that higher values of [,,;, can lead to convergence when the algorithm fails
for lower values. Increasing l,;, increases the numerical cost, so ideally one would choose it high enough
for the algorithm to converge and as low as possible. In practice this value cannot be calculated exactly.
Since convergence can critically depend on the value one should not be too eager to choose a value that
is the lowest possible. For p = 0.18 and p = 0.19 we set values as high as 50 of l,;;, and no convergence
is seen. This leads to the assumption that without further modification of the algorithm convergence
cannot be attained for the Camembert model with AAO-PmSD-REGINN. In the failed reconstructions (see
Fig. 5.10), we can see that AAO-PmSD-REGINN is not immune to cycle-skipping, as it also inserts negative
values in the update. That the all-at-once ansatz can also suffer from cycle-skipping and being trapped

in local minima is shown in [Sym20] and in [YZ23].
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Figure 5.8: Relative L2-errors as defined in (4.11) of the Camembert model. Left: Red-CG-REGINN, Right:
AAO-mSD-REGINN. Some of the final iterates are shown in Fig. 5.6.

Combination of Red-CG-REGINN and AAO-PmSD-REGINN

In the sections before we saw convergence of AAO-PmSD-REGINN for this problem for higher values of p
whereas Red-CG-REGINN tended to converge to lower values of the L? error, if it converged. Therefore,
we want to combine the two methods to benefit from "best of both worlds". To this end we start
Red-CG-REGINN with iterates of AAO-PmSD-REGINN for p = 0.16. If these starting values are close enough to
the real value Red-CG-REGINN should converge in a case where we see divergence for the constant starting
value. Four different iterates of AAO-PmSD-REGINN are taken as starting values; ,ufp, Ak =1,3,515. In
Fig. 5.11 we can see that the convergence of Red-CG-REGINN is dependent on the initial value. For k = 1,3
the reconstruction of AAO-PmSD-REGINN is still not close enough to the true value to see convergence in
Red-CG-REGINN. However, for k = 5, 15 the algorithm converges and CG-REGINN seems to be able to further
reduce the error even after AAO-PmSD-REGINN stagnates. In Fig. 5.12 we can see that the boundary of
the circle is clearer and Red-CG-REGINN is able to reduce some of the artifacts while at the same time
introducing some of its own at the source positions. This also worked for p = 0.17 and k = 10, as also is

shown in Fig. 5.12. This demonstrates that we can profit from a combination of the algorithms.
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Figure 5.9: Iterates ,uﬁp for k € {1,3,14} of AAO-PmSD-REGINN for the Camembert model for p = 0.15.
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Figure 5.10: Final iterate p},i of AAOD-PmSD-REGINN for the Camembert model for p €

{0.15,0.18,0.20}(from left to right), the two right ones are failed inversions.
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Figure 5.11: Left: relative L?-errors as defined in (4.11) of the Camembert model with AAO-PmSD-REGINN
for p € {0.15,0.16,0.17}. Red-CG-REGINN fails for these values. Notice, that the black line has 30

iterations, instead of 15 as the others and which is indicated at the bottom. Right: relative L?-errors of

Red-CG-REGINN with initial value NEP,R As initial values, we choose iterates of AAO-PmSD-REGINN ,ufjp, A

for k € {1,3,5,15}, only for k = 5,15 the inversion succeeds to decrease the error.
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Figure 5.12: Top: from left to right: initial values ,ung = Nﬁp,A for k € {5,15} and p = 0.16. The
picture on the right uses and £ = 10 for p = 0.17. Both are Red-CG-REGINN continuation experiments.

Bottom: results 1,  of the inversions.
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5.5 Marmousi

5.5.1 Application of AAQ0-PmSD-REGINN

We apply AAO-PmSD-REGINN to the Marmousi setup from Section 4.4.2. We want to further demonstrate
that the larger convergence radius also carries over to other, more complex, and layered inversions. To
illustrate this, three initial values that lie beyond the convergence radius of Red-CG-REGINN: the 'blurred’
model from Fig. 4.13, the ’averaged’ model (which is the blurred model averaged over each row), and
the ’linear’ model (which assumes a linear increase of the initial model depending on the depth).The
values start at 1500 ™/s at the seabed and increase to 4000 ™/s at the bottom of the model. The latter
initial values can be seen in Fig. 5.13. We set the minimal number of inner iterations to Iy, = 3
and apply no frequency filtering and do not enforce lower and upper bounds on v,. The iteration
numbers are fixed to 20 (blurred,which is stopped earlier because it attains good results earlier) and 25
(averaged, linear) outer iterations. In order to distinguish between the reconstructions from different
initial values, we refer to them as fi,, blur, flv,,avg and iy, 1in- The results in Fig. 5.15 demonstrate that
AAO-PmSD-REGINN is able to produce reasonable results, where Red-CG-REGINN fails. The quality of the
reconstruction deteriorates as the distance from the original value increases, with the blurred initial value
being closest and the linear one farthest away. The reconstruction of the shallow parts is reconstructed
reasonably well, but the deeper parts do not reflect the layered structure well. This is especially true
for the averaged and linear initial value. The L2-errors in Fig. 5.16 show that the error decreases for all
algorithms. They are normalized to the initial error of the linear reconstruction. This is done to show
a quantitative comparison: even the last iteration of the linear reconstruction has a higher error than
the initial value of the averaged reconstruction and the last averaged reconstruction still has a higher
error than the initial blurred reconstruction. This shows that the L%-error can be misleading, because
the final reconstructions arguably carry more information about the subsurface than the initial values of
the other algorithms. We should note that adjusting the frequency filter or modifying the parameter [,

may improve reconstruction results, but it is not the focus of this study.

Remark 18. There also was one case where we did not achieve convergence. We tried to push the
algorithm to its limit and started with a constant initial value with 2750™/s. It did not produce meaningful
results and produced singularities in the model. This reconstruction can be seen in Fig. 5.14. For this
initial value we actually did some tinkering. We applied frequency filtering of Order 2 and 4 to the
frequency 4.5Hz and additionally increased the number of forced minimal iterations Ly, to 7. None of
these measures substantially improved the results, however.

1500 2000 2500 3000 3500 4200 1500 2000 2500 3000 3500 4200
L L L L L s

Figure 5.13: Initial values of the PmSD-REGINN inversion. Left: p, avg, Right: pt 1in-
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Figure 5.14: Left: constant initial value, Right: result after 15 iterations.
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Figure 5.15: Left: final reconstructions ui&blur, Mgi"avg, M?f,,nn (top to bottom) of AAO-PmSD-REGINN and
25

differences to the true model 043 11y 045 v 01127 1in

5.5.2 Continuation

While it was not our goal to attain the best error in the reconstruction, we still want to show that combin-
ing the AAO-PmSD-REGINN method with Red-CG-REGINN is able to produce results that are better than just
applying AAO-PmSD-REGINN. In this reconstruction we just added one reconstruction with Red-CG-REGINN
without frequency filtering or the Pseudo-Hessian preconditioner. The final iterates are shown in Fig. 5.17,
and the relative error reduction with respect to the initial value produced by AAO-PmSD-REGINN is shown
in Fig. 5.16. For the linear and the averaged initial, the additional error reduction is moderate (3% and
4%), while for the blurred starting model there is a more significant reduction of 15%. Note that the final
error of the blurred inversion AAO-PmSD-REGINN is comparable (28.9% relative reduction with respect
to the initial value) to the error at the end of the three stages of Red-CG-REGINN from (30.5% relative
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Figure 5.16: Left: errors for the inversions from Fig. 5.15, Fig. 5.18, and Fig. 5.17 relative to the initial
error of the all-at-once Marmousi inversion with the linear initial value. Right: relative improvement of

the final iterate for the continuation with Red-CG-REGINN of ;120 u%iwavg, p%ihn.

vp,blur?
reduction with respect initial value, see Fig. 4.17).

5.5.3 Marmousi with noise

Now we run the Marmousi experiment AAO-PmSD-REGINN with strong noise, that is, SNR € {0.1,1}, is
SNR the signal-to-noise ratio from (4.17). The error of this inversion is shown in Fig. 5.16. For SNR = 1,
the final error even drops below the error of the data without noise. This reconstruction can be taken
as evidence that AAO-PmSD-REGINN is stable even for noisy data. The algorithm does not converge for
SNR = 0.1. In Fig. 5.18 we can see that although the reconstruction is heavily riddled with noise artifacts,

we can still see the structure of the upper part of the Marmousi model.
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Figure 5.17: Final reconstruction p!° ,uzl}g,avg, ull)g’“n of the combination of AAO-PmSD-REGINN and

vp,blur’

Red-CG-REGINN and difference to the true model 5@}}27““, 5p11,27avg, opl0 . for the blurred, averaged and

vp,lin

linear initial value from top to bottom.
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Figure 5.18: Reconstructions of Marmousi with noisy data with AAO-PmSD-REGINN. Left: final result of
the inversion, Right: difference to the true model. The initial value and SNR from top to bottom are:
blurred with SNR = 1, blurred with SNR = 0.1, averaged with SNR = 1, linear with SNR = 1.
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5.5.4 On the choice of the penalty factor A in (AAO)

So far, not much consideration was put into the choice of A. We simply set it to 1 in most inversions and
saw good results with this choice. Now, we want to expand on this aspect and see if we can influence the
result or the speed of convergence of the inversions by changing A. Before we start with numerical results
of the study, we calculate the first update of the inner loop (see Algorithm 4.4) of AAO-PmSD-REGINN.
Let sons be the observed data and define s, := \I/f.‘,;LJh’Mf — Sobs- Then, the starting inner residual
is 79 = (0,s,)". Applying i’; and the preconditioner we get dp = ((1/)\)25:;’;@;;\11*8A,0)T. Since
there is no update in the material, we can ignore all blocks in the linear system (5.14) that are related to

2

the material. The whole block matrix therefore reduces to the scalar Bay = Hé;[dopcﬂ 0.y, xs- We only

have to consider the formula from (5.16) to calculate the factor for the wave update directly:

(#anc] ()
0 0,Y xS

HQQL[d%C“ (%,Y}LXS

«

which yields

(WA‘QQ;,}LQ;L\IJ*SA, 8A> <

0
Qg = po— 1 ~ =«
”)‘71£h,qu*3A”8,[0,T]xQ + ‘|A72\Ij£h,u£h,uq]*sA||25
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~—] ~—% *
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Therefore, the first iterate of the inner loop is

~—] ~—
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ot = af/0A(R, ), 80 050, 0) = AY(2,, &, 0784, 0) with G = [ A4+ ]
H‘Q}L,M\II*SAHg,[O,T]XQ

From this representation we can see that

a1l g—*_ .
5\ - ||\I/£h,u2h,u\p SAHS

— (5.17)
[EVIA SN

0,[0,T]xQ

is a pivotal point in this update. While for A < A the factor &Y stays approximately constant, around
A &~ X the behavior changes into a transitional phase, and for A > X it decreases with the speed of A~2.
We conduct two studies: we start AAO-PmSD-REGINN for the failed 7, mono-parameter example from from
Fig. 5.2 and for the Marmousi geometry, together with the blurred initial value with a wide range of
values for A, and let it run for one iteration. We denote the result of the inner loop (which runs for 3 and
7 iterations for the 7, experiment and the Marmousi experiment, respectively) by (Ahy, Apy) " and the
final residual by (Ryes,z, Sres, A)T. The subscript A emphasizes the dependence of these quantities in terms

of the penalty factor. We want to look at the evolution of ||Ahxlo,0,77x, | Al

0,25 [[Ares,allo,[0, 71 x 2
and ||Sres 1 ||s over A. We do this for the first shot each, but the results apply — for these two examples — to
all shots. In Fig. 5.19 and Fig. 5.20 we can see the plot of these quantities over A\. The dotted line shows
the discrete value of A = 5.311-10%, A = 1.318-10° for the Marmousi and the Tp experiment, respectively.
The results in Fig. 5.19 illustrate that when X is less than A, the norms | AR lo,j0,77x0 [[Aprllo,o Temain
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constant. As A\ approaches A from below, the norms show a quadratic decrease. This is evident as the
norms parallel the dashed line. Not only the norm of the updates stays more or less the same, the updates
themselves are very similar, too. For the Marmousi experiment in the constant section of the curve in
Fig. 5.19 (left) we calculate

0,Q

HA/'LN - Aﬂ)\j ‘
max —

=3.16-1073.
Xi,A;€{10-8,10-7,...,104} | A,

0,2

The maximal relative difference between the updates in the flat part is less than 3.16 - 1073, This shows
that changing A does not change the updates in a significant way. The behavior of || Ares,all0,[0,77x 2> | Sres,Alls
over A is shown in Fig. 5.20 in the right column. When the value of X is less than A, the residual norm
Sres,x decreases in relation to the initial residual s,. From A =~ \ on, |Sres alls = [|salls. The wave field
residual norm seemingly does not influence the updates and peaks at A. This residual does not seem to
give any information about the success of the inversion, while the reduction of the data residual seems to
carry crucial information. This shows, as long as A < A, the algorithm is not very sensitive to A. Note
that the behavior does not change exactly at A but can also start earlier as we approach this point (we
called this ’transitional phase’ above). Moreover, numerical errors can change the tipping point in these
numerical calculations. Since we primarily want to avoid very small updates, we want to stay in the
flat’ part in the plots. Therefore, we suggest choosing A = s\ with s < 1073. Note that calculating A
does not add any numerical cost. We can calculate ||,§:}:’:L\I’*SA llo,j0,71x and ||\IJQ;LQZZ\II*3AHS while
applying the preconditioner and save it for later for the calculation of aJ. In our experiments the value
of A almost did not change over the course of the inversion (for A\ = 1). Also, it was the same order of
magnitude for all shots. Nevertheless, we suggest calculating A and adjusting A accordingly for each shot
individually. This is especially true for cases where we may have different source signals or apply source
inversion in real measurements since this could lead to different orders of magnitude in A. To conclude
this consideration, we could say that in the interval where we want A to be in, the algorithm is not very
sensitive to it. This result can be seen as an advantage since we do not have to calibrate the factor and do
not have to think of it all that much after choosing it once/calculating it on the fly. Therefore, we have
one parameter less to tune. However, we cannot control how much influence is put on the wave equation
part in the inversion which was one of the motivations for the optimization ansatz (5.4). Moreover, the

algorithm does not revert to a reduced algorithm as we increase .

Remark 19. The result from our calculations mirrors an observation in [vLH15] for the parameter
choice. They identify the operator norm of \IIE;L as an interesting value and say anything smaller or
larger than the operator norm can be considered a small respectively large value of X. Although their
algorithm is mot connected to ours, they draw this conclusion from an analysis of an expansion of the
wave field in their inner loop for different values of X. A small calculation shows the link from our

suggestion to their observation:

~—1 ~—1 ~—%
- ve ve, L, Urs
L

17llo.t0,r1xe70 [ Fllofor1xe ™ || &, wrs,|

0,[0,T]xQ

So, in their words, our algorithm only works for small values of A.
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Figure 5.19: Evolution of the norms of the components Ahy, Apy of the update (result of the inner loop)
in the first nonlinear iteration over A. The dotted line marks the value of A from (5.17). Left: values
of the v, inversion for the Marmousi geometry. Right: values of the 7, inversion for the Transmission

geometry.
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Figure 5.20: Evolution of residual component norms Ayes x, Sres,x in the inner loop. The dotted line
indicates the numerical value of A from (5.17), while the green line signifies the residual in the seismogram
at the start of the inner loop.

Left: values of the v, inversion for the Marmousi geometry. Right: values of the 7, inversion for the

Transmission geometry.
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CHAPTER

SIX

CONCLUSION

Even almost 40 years after its inception, Full Waveform Inversion remains an actively researched topic.
Applications in global scale models allow for new insights into the structure of the earth and local scale
models allow for a more efficient way to find and exploit natural resources. Due to its ill-posedness,
a careful approach to FWI is necessary. A large amount of data and high numerical cost for each
iteration make regularized methods necessary that converge in a fast and stable manner. With increasing
calculation power, new possibilities arise to exploit the method to its full potential. One way to exploit
the potential is putting research into new formulations of the underlying problem of FWI that were not
computationally viable before but have merits with regard to the inversion. In this thesis we did both.
We applied an inexact Newton method that proved to be flexible and is known to be able to stably solve
ill-posed problems (for examples in Electrical Impedance Tomography, see [WR15, MRL14]). Moreover,

we developed and applied a new type of REGINN algorithm in the all-at-once formulation in time domain.

6.1 Contribution

We started with the reduced formulation and applied the algorithm we called Red-CG-REGINN. The combi-
nation of tools (formulation of the wave equation, discretization, and inversion algorithm) was used before
in [BFE"21] for a transmission example only. After adding some techniques known from the literature
(frequency filtering, Pseudo-Hessian preconditioner) we expanded on the usefulness of this combination
by successfully applying Red-CG-REGINN to the Marmousi geometry. In this geometry we showed stability
of the v, inversion with Red-CG-REGINN in a viscous medium. Even for noisy data with a SNR up to 1.
After that we turned to the problem of multi-parameter inversion, which means that we want to invert
for multiple parameters at once. In Section 4.5 we presented and applied a novel and flexible ansatz (we
called mSD) in the REGINN context that allows to balance different parts of gradient updates in a way
that is well-suited for the multi-parameter inversion. In the reduced context the algorithm was called
Red-mSD-REGINN, and we applied it to a multi-parameter problem in a transmission geometry. We saw
monotone error decay for 7, vy, where Red-CG-REGINN was unable to reconstruct values in 7,. This re-
sult demonstrated the potential of Red-mSD-REGINN to improve multi-parameter inversions in the reduced

formulation.
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In Chapter 5 we took the theoretical results for the all-at-once formulation from [Rie21] and presented
discretizations of the operators therein. We implemented and investigated an algorithm from the litera-
ture in time domain that was previously considered in frequency domain. Moreover, we developed and
presented a combination of the previously presented mSD ansatz and REGINN called AAO-PmSD-REGINN
with a preconditioner that is adapted to the all-at-once formulation. For the same geometries we used
for Red-CG-REGINN, we conducted and presented numerical experiments for AAO-PmSD-REGINN that show
viability for v, inversions and robustness under addition of artificial noise. Additionally, we showed
that AAO-PmSD-REGINN can be used to avoid cycle-skipping to some extent: In examples where the re-
duced ansatz failed, we saw convergence of AAO-PmSD-REGINN. This highlights that the algorithm is less
dependent on the choice of the initial value. In the same geometries we used for Red-CG-REGINN, we
conducted and presented numerical experiments for AAO-PmSD-REGINN that confirmed the viability for
vp inversions and robustness under addition of artificial noise. We demonstrated that a combination of
AAO-PmSD-REGINN and Red-CG-REGINN can be advantageous, that is, starting Red-CG-REGINN with the
result of AADO-PmSD-REGINN. The algorithm AAO-PmSD-REGINN is more robust with regard to the initial
value, and Red-CG-REGINN converges to better results as soon as it converges. With this combination we
get the benefits of both strengths of the algorithms. Further, we suggested an easy-to-realize choice of
the penalty parameter A due to a brief analysis which was backed up by numerical experiments. Finally,
we also want to include a minor point: We developed a brief analysis on the origin of artifacts around
sources and receivers that are inherent to reduced methods. We also provided complimentary numerical

calculations to show the behavior of material updates in a very simple geometry.

6.2 Outlook

The final goal of most seismic inversion techniques is to be feasible and performant to real-world appli-
cations. That means inverting real measured data in a three-dimensional setting. After some additional
features (such as source inversion) are implemented, the algorithms Red-CG-REGINN, Red-mSD-REGINN,
and AAO-PmSD-REGINN can be applied to real measured data. However, for AAO-PmSD-REGINN it poses
an additional challenge to do three-dimensional inversions. The all-at-once algorithm we presented needs
to save at least four wave fields simultaneously. One each for the iterate, the update, the residual, and
one temporary while applying the preconditioner. This is a lot and can only be executed on very large
modern calculation clusters: Typical applications have at least ~ 10 grid points (see [Igel6, vILH15]).
For a simulation with L = 3 we have 3 velocity components and 4 pressure components. Therefore, one
time step in double precision consumes ~ 1 GB RAM, making a full wave field easily consume more than
1TB. Hence, before the algorithm can be applied to three-dimensional problems, it should be altered
in a way that is more memory-friendly. A standard technique in reduced methods is saving snapshots
and recalculating parts of the wave field when needed. In AAO-PmSD-REGINN this is not possible, since
the wave fields are not just solutions of the wave equation. Also, we cannot store the right-hand sides
that produce the wave field. They are results of previous calculations and not known as in reduced appli-
cations. Furthermore, other preconditioners could be explored that do not rely on saving an additional
wave field. One possible way to save memory could be hp-adaptive space-time methods (cf. [DWZ20] for
a p-adaptive variant or [CDW22] for a variant with an error indicator). The space-time ansatz offers more

flexibility to adapt both h and p in space and time. In a certain sense, space-time methods are a perfect
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candidate for all-at-once methods: Solving (5.10) comes much more natural in a space-time setting, since
we are forced to consider the whole system anyway and cannot just use time-stepping. A small study
concerning space-time methods in the context of reduced FWI was done in [Ern18] and could be extended
to all-at-once methods. This space-time approach could also open up a new class of preconditioners such
as wave adapted space-time multi-grid methods.

Note that a natural extension of all algorithms in this thesis would be including elastic or visco-elastic
modeling (including shear waves), which would further increase the memory needs of AAO-PmSD-REGINN.
An optimal choice of the minimal number of inner iterations I, also remains an open question. In
the Camembert example, we saw that the convergence of AAO-PmSD-REGINN can depend on [lyj,. Other
non-systematic testing indicates that l,;, should be chosen as small as possible: The speed of the in-
versions did not improve with regard to calculation time when we increased it over the threshold of
convergence. However, we did not present a heuristic to choose a good value for l,;,. This should be
researched further. Also, the reconstruction of 7, with AAO-PmSD-REGINN warrants further research. It is
an open question whether AAO-PmSD-REGINN is capable of reconstructing attenuation. Although our first
experiments indicate that in its current version it is not, there may be some modification that improves
the sensitivity to attenuation. Finding a way around this restriction could lead to a viable algorithm for
multi-parameter problems, because the structure of the By; block (see (5.15)) provides a very natural way
to implement multiple-parameters into the linear system (5.14). Perhaps it may even reduce cross-talk
due to its correlating nature.

In the context of the reduced FWI formulation other REGINN variants could be explored. Variants that
include additional variational regularization or other measures of distance than the L?-norm. One such
variant is a L° approach presented in [PR23], which was not yet implemented for two-dimensional prob-
lems. Methods that include evaluations of the second Fréchet-derivative are often considered in geophysics
and are a promising way to improve reconstructions, especially for multi-parameter inversions. There-
fore, a combination of REGINN and methods from the inverse problems community that include a second
derivative (such as [HR99]) could be explored.

For Red-mSD-REGINN more complex geometries for multi-parameter inversions could be tested. Addition-
ally, the flexibility of the decomposition of the update could be further explored. For Red-mSD-REGINN
we could not only split the different material parameters but could also separate the updates spatially.
For example with prior information about a region of interest, or by splitting the update depending on

the depths and realizing a better scaling of deeper layers that way.
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APPENDIX
A

GREEN’S FUNCTIONS

In general a Green’s function G is a function (or in some cases distribution) that solves
LG = 0y,

if L is a linear operator given by a linear differential equation with constant coefficients and dq is Dirac’s
delta distribution i.e. do(f) = f(0),Vf € C°(R?). With this knowledge we can solve the differential
equation

Ly=f

for any compatible right-hand side f. The solution then reads
y=G=xf.
For the second order wave equation

5 ORG(@,1) — AG(w,1) = 8(w)3(0), p(w,0) =0, p(w,0) =0,

P
we can easily find Green’s functions in the literature [Igel16]. The Green’s function for the wave equation
is dependent on the dimension which will be be denoted as subindex. For an arbitrary source position

Tsrc,0 they are

1 — Lsr
Gi(z,t) = %H (t _ w) ,
p

Up
1 o (t _ ||wfmvsrc,oH2)
GQ(ZC t) = >
’ 2
2vgm g2 _ llm=micol3
vp

(e %)

G3(€I¢,t)_ 1 <t— ||m_wsrc,0||2>

B 477113“:1: — Tgre,0|2 Up

With H: R — R, H(xz) =0if 2 < 0,1 else. Assuming constant material parameters, we can transform

our first order formulation into the equation above. Recall the equation from (2.8) with L = 0:

Q(?{U((L’,t) = Vp(:at)

LI t) = di ¢ t (A1)
ing tp(wv )* IVU(w, )+f(:13, )
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with v(x,0) = 0, p(x,0) = 0 on the whole R? d € {2,3} and t € [0,T]. Note that for f(x,0) = 0, we
also have that d;p(«,0) = 0. Deriving the second equation in time yields
1
— 02p(x,t) = div Oy (z, t) + 0; f(x, 1)
ov2
plugging in the first equation we get
1
ﬁ a?p(a:a t) - Ap(wvt) =0 atf(wat)
p

with A = div(V:) being the Laplacian. This problem is equivalent to the system (A.1) for constant
material parameters and well-defined with p(x,0) = dyp(x,0) = 0. Likewise, we can do the same for the

adjoint equation and get the same differential equation, but with terminal conditions

1
,072 8tZQ(w7 t) - Aq(wvt) = Qatg(w?t) 'LU(SC,T) =0 aatQ(maT) = Q(w7T) =0.
P

Therefore, the solution of the adjoint equation is given by

Q(mvt) = G(’T - ) * (_6tg('aT - ) .
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APPENDIX

B

CALCULATION TIMES

We want to give a short overview over the different computing clusters we used. Some information on
HoreKa, HORST and PDE (not all nodes have the same architecture, we only list the two we used which

have the same architecture), the latter two are local nodes exclusive for the mathematics department is

compiled in the table Fig. B.1. For typical calculation times see Fig. B.3

Name # procs per node ‘ RAM per node ‘ nodes ‘ proc name clock frequency

PDE 128 1TB 2 AMD EPYC 7713 64-Core 2.0 GHz
HoreKa 76 256 GB 570 Intel Xeon Platinum 8368 2.4 GHz
HORST 20 90 GB 12 Intel Xeon E5-2609 v2 2.5 GHz

Figure B.1: Comparison of the calculation clusters.

Problem (L, k) ‘ dofy, ‘ time steps | space-time dofs
Transmission (5,2) | 1198080 1200 1.44 - 10°
Camembert (0,1) | 245760 4200 1.03 - 10°

Marmousi (3,1) 1618176 1050 1.69 - 10°

Figure B.2: Degrees of freedom for the three problems. It should be noted that although we can compare

the numbers, the different amount of damping factors L and polynomial degree k change the structure

of the matrix and therefore change the cost of matrix multiplications.
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Appendix B. Calculation Times

Problem/ Calc. Time | HORST PDE HoreKa
Transmission (E) ~ 625(32) ~ 16 -
Transmission (I) ~ 90s (64) ~ 165 -

Camembert (T) - - ~ 5 — 65(256)
Marmousi (E) ~ 30s(64) ~40s -
Marmousi (T) - ~ 35s (64) -

Figure B.3: Calculation times of one forward or one adjoint wave equation on the different architectures,

with (E) and (I) we denote whether the time discretization was explicit or implicit. The number in

parentheses behind the time is the number of processors used for the calculation
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