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SHARP-INTERFACE RECONSTRUCTIONS IN TIME-DOMAIN
FULL WAVEFORM INVERSION*
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Abstract. Velocity models presenting sharp interfaces are highly relevant in seismic imaging,
e.g., for imaging the subsurface of the Earth in the presence of salt bodies. In order to mitigate the
oversmoothing of classical regularization strategies such as the Tikhonov regularization, we propose
a shape optimization approach for the sharp-interface reconstruction in time-domain acoustic full
waveform inversion. Our main result includes the shape differentiability of the cost functional mea-
suring the misfit between observed and predicted data. In particular, it reveals the expression of the
distributed shape derivative in tensor form, built on a Lagrangian-type approach and regularity re-
sults for the wave equation with discontinuous coefficients. Based on the achieved distributed shape
derivative and the level set method, we propose a numerical approach and present several numerical
tests supporting our approach.
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1. Introduction. Seismic imaging is a set of techniques to produce images of
the subsurface of the Earth. Seismic waves generated by controlled sources at the
surface propagate into the medium, and reflections occur at the transitions between
different materials; the reflection waves are then recorded at a set of point receivers,
located either at or below the surface. Important applications of seismic imaging
include hydrocarbon exploration and imaging of the lithosphere, glaciers, and subsur-
face structures in volcanic areas. Full waveform inversion (FWI) is a recent variant of
seismic tomography that uses the full wavefield information for the inversion, instead
of simpler information such as travel times and phase velocities, by iteratively mini-
mizing the difference between synthetic and observed data; see [16, 45] for an overview.
FWI relies on the numerical solution of the acoustic or elastic wave equations to ob-
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tain a realistic modeling of seismic wave propagation through heterogeneous media;
thus FWI can be formulated as an optimization problem with PDE constraints.

The ill-posed nature of seismic inversion requires the use of a regularization. Due
to its smoothness and ease of use, the Tikhonov regularization is probably the most
frequently used regularization scheme for inverse problems, particularly for FWI. Its
main drawback is that it tends to produce smooth velocity models, which precludes
the reconstruction of singular features such as sharp interfaces, discontinuities, and
high contrasts in the model. Such sharp features are nonetheless crucial for certain ap-
plications. For instance, in hydrocarbon exploration, sound waves travel with greater
velocity inside salt bodies compared to the neighboring sediments. Salt bodies also
present a sharp velocity contrast to the sediment velocities at their boundaries and ir-
regular geometries so that an accurate representation of the interface may considerably
improve the quality of the images. Thus, an alternative regularization that preserves
sharp features and discontinuities is beneficial for the inversion. For this purpose the
total variation regularization is widely used in image processing and has been applied
to seismic imaging; see [1, 15] and the references therein. Another possible approach
is to incorporate prior information about sharp interfaces and high contrast explicitly
in the modeling of the problem; this has a regularization effect which alleviates the
ill-posedness of the problem without oversmoothing the solution. Another possible
advantage of the sharp-interface assumption is the sparse representation, which is
useful in the context of large-scale applications.

In this work, we propose the use of geometric optimization techniques (cf. [42])
for the reconstruction of sharp interfaces in the coefficients (wave speed and mass
density) of the acoustic wave equations. We consider the reconstruction of salt bodies
and assume that the velocity models are piecewise constant for simplicity, with known
but distinct constant values in the salt body and in the sediment region. In this
way, the optimization problem is recast as a shape optimization problem where the
interface of the salt region becomes the unknown. The problem is formulated as the
minimization with respect to the interface geometry of a cost functional measuring
the misfit between the velocity model and the observed data, and the evolution of the
interface is performed using a level set method (see [30, 38]).

FWI can be considered either in the frequency domain or in the time domain.
Shape optimization (design problems) and level set—based approaches have been de-
veloped recently for FWI in the frequency domain (see [13, 17, 18, 20, 22, 23, 26, 32,
33, 41, 46]) but are lacking in the time domain. Our work (see also [2]) seems to be
the first to develop and perform a mathematical analysis of a level set—based shape
optimization approach for time-domain FWT in the acoustic case; see also [27] for a
recent contribution using a level set approach based on reaction-diffusion equations.

One of the main challenges arising in the shape optimization framework is the low
regularity of the solution to the wave equations caused by the discontinuity of the wave
speed and the mass density which affects both the state and adjoint state. The existing
literature on shape optimization problems for the wave equation often assumes smooth
coefficients; see [9, 10, 37], and [34] for an optimal design problem in the context of
exact controllability for the 2D wave equation with an internal control. Optimal design
problems have also been considered for stabilization of the wave equation involving
a discontinuous damping potential in [19, 35, 36], and for exact controllability of the
wave equation in [40]. The uniqueness and stability of the inverse problem for time-
harmonic elastic waves with piecewise constant Lamé parameters and density has been
studied in [6], and the reconstruction of small conductivity inhomogeneities for the
scalar wave equation has been investigated in [3]. In PDE-constrained optimization,
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there are a few contributions on inverse problems governed by the acoustic wave
equation with discontinuous coefficients, and on the Fréchet differentiability of the
parameter-to-solution map; see [5, 24, 43] and [25, 31] in the elastic case. In [7, §], a
semismooth Newton-CG method for constrained parameter identification is studied.
We also refer the reader to [12] for a recent study of the multi-bang control approach
for the reconstruction of the mass density in the scalar wave equations.

To show the global well-posedness and the regularity properties of the correspond-
ing state and adjoint state, we make use of the semigroup theory in combination with
elliptic regularity results and techniques by Ball [4]. The semigroup theory is par-
ticularly suitable to deal with nonsmooth coefficients and the hyperbolic first-order
structure of the PDE model (see, e.g., [11, 25, 47, 48]). Besides the discontinuity of
the coefficients, the possibly low regularity of the interfaces is also challenging for the
shape optimization approach. Indeed, the boundary expression of the shape deriv-
ative, also known as the Hadamard formula, which is commonly used in the shape
optimization approach (see, for instance, [17, 18, 41]), usually requires a certain reg-
ularity of the boundary. Here, we propose a method based on a weak form of the
shape derivative, also called the distributed shape derivative, which allows working
with nonsmooth domains and functions with low regularity and often offers better ac-
curacy than the boundary expression for numerical approximation; see [14, 21, 29, 30]
and the references therein. The proof of the shape differentiability and the calculation
of the distributed shape derivative are achieved using the averaged adjoint method
introduced in [44], which is a Lagrangian-type approach for shape optimization prob-
lems; see also [30]. The shape derivative depends on the time and space derivatives
of the state and the adjoint state where the adjoint is the solution of a backwards
wave equation with terminal conditions. Based on the distributed shape derivative
and on the level set method, we eventually propose a numerical algorithm for the
minimization of the cost functional. The efficiency of the algorithm is demonstrated
through several examples of reconstruction with synthetic data.

The remainder of this paper is organized as follows. In section 2, we give regularity
results for the wave equation with discontinuous coeflicients, which is a key ingredient
for proving the shape differentiability. In section 3 we describe the shape optimization
framework. In section 4, we recall the averaged adjoint method of [44] and compute the
adjoint. In section 5, we apply the averaged adjoint method to compute the distributed
shape derivative of the cost function. Thereafter, in section 6, the application of our
theoretical results to FWI is presented. Finally, in section 7 we show the numerical
algorithm and present several numerical results supporting our approach.

2. Regularity results for the wave equation with discontinuous coeffi-
cients. In this section we give several well-posedness and regularity results for the
solution of the acoustic wave equations with damping and discontinuous coefficients.
These results are essential for the study of the shape differentiability in the subse-
quent sections. Let D C R™, n > 2, be a bounded Lipschitz domain. Let I' C 0D be
a connected subset of 0D where the homogeneous Dirichlet condition is imposed. On
I, := 0D\ T, we impose the homogeneous Neumann condition. Let H{(D) be the
closed subspace of H'(D) of functions with vanishing trace on I'. Furthermore, we
introduce the following Hilbert spaces:

X : = L2((0,T), HN(D)) N H'((0,T), L*(D)),
Xo:={0€X | 9(0) =0}, Xr:={p€X |w(T) =0},
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endowed with the scalar product
T
(u,v)x := / uv + upvy + Vu - Vo
0

and the associated norm || - ||x :=+/(-,")x-
Let us consider the following second-order wave equations:

(1) kug — div(RVu) + nug = f in D x (0,T),
(2) u(0) =0 in D,

(3) u4(0) =0 in D,

(4) u=0onTI x (0,7),
(5) RVu-n=0onT, x (0,7),

where the material parameters k : D — R, R: D — R™"*" and n : D — R satisfy the
following assumptions.

ASSUMPTION 1. Let K € L*(D), n € L*(D), and R € L>®(D,R"*™). There
exist positive constants 0 < k < K such that kK < k(x) <& holds true for a.e. x € Q.
Moreover, n is nonnegative, and R is symmetric and uniformly positive definite; i.e.,
there exists a positive constant R > 0 such that

(6) ETR(x)¢ > RIE)?  for all € € R and a.e. x € R.

A function u € C([0, T], HE(D))NCL([0,T], L*(D)) is called a mild solution to the
hyperbolic forward problem (1)—(5) if and only if

d
7 /D kug () do + /D RVu(t) - Vi) +nu(t)y do = /D f@®) dx
Y for all 1 € HE(D) and a.e. t € (0,T),

u(0) = u(0) =0,

and for every ¢ € H}(D) the mapping t — (ku¢(t), 1) 2(p) is absolutely continuous.

THEOREM 1. If Assumption 1 is satisfied, then for every f € L'((0,T), L*(D)),
the hyperbolic forward problem (1)—(5) admits a unique mild solution u satisfying
u € C([0,T], HH(D)) N C'([0,T], L*(D)) and

t
(8) /Dmﬁ(t)dxgt/o Ik¥ f(0)|z2mydo ¥t € [0,T],

) (/Dmf(t>cm/Dz-zvu(t).vu(t)dgc)é g/ot Ikt f(@)2mydo Ve € [0,

Proof. Uniqueness: Suppose that «(Y), u(?) € C([0,T], HL(D)) N C*([0,T], L*(D))
satisfy (7). Then the difference d := u(") — u(?) satisfies
d

pr /D kdy (t)d(t) do + /D RVd(t) - Vd(t) + nd,(¢)d(t)dz =0 for a.e. t € (0,T).

2dt
integrating the above equality over the time interval [0, 7] for any 0 < 7 < T that

Using the fact that [, nd;(t)d(t) dz = 3 d ||n%d(t)\|%2(m and d(0) = 0, we obtain by

/ kdy(1)d(7) dz + / / RVd(t)~Vd(t)d:vdt+%Hn%d(T)Hsz(D):0.
D 0 D
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Thus, in view of (6), it follows that

d

— 0.
dt

I dOl ) =2 [ s dr <0 Vee 0.7 =
d(0)=0

Exzistence: We introduce the Hilbert spaces
H(div) := {v € L*(D)" | divv € L*(D)},
(10)  Hr(div) := {v € H(div) | (div, ) 2(p) = —(v, V) L2(pyn Vo € Hp (D)},

where the divergence is understood in the distributional sense. Furthermore, let
H = L?(D) x L*(D)"™ equipped with the scalar product

(11) ((uh ’Ul), (’LLQ, ’UQ))’H = (/{ul, UQ)LZ(D) + (R_l’Ul, 'UQ)Lz(D)n .
Using these Hilbert spaces, we introduce the densely defined (unbounded) operator
(12) A:DA) CH—H, Alu,v):=—(x*(dive + nu), RVu)

with the effective domain D(A) := HLE(D) x Hr(div). By definition, it holds for all
(u,v) € D(A) that

(A(uv U)a (u7 U))H (—diV U =Ny, u)LQ(D) - (Ua vu)L2(’D)"
(13)
—(nu,u)r2(py <0

NP,
(10

=

since 7) is nonnegative. In other words, A : D(A) C H — H is dissipative. Let us now
show that the operator A — I : D(A) — H is surjective. To this aim, let (g, q) € H.
By the Lax-Milgram lemma, there exists a unique u € HL(D) such that

(14) (BVu, Vo) p2(pyn + (0 + K)u, ©) 2(p)
= —(kg,9)r2(0)— (4, V@) 12Dy Voo € HA(D).
Making use of the solution to (14), we set
(15) v:=—(q+ RVu) € L*(D)".
In view of (14), the vector field v satisfies
(v, Vo) L2(pyn = ((n + K)u + kg, ) VY € C°(D),
and so the distributional definition of the divergence yields that v € H(div) and
(16) dive = —(n + k)u — Kg.
Furthermore, from (14)—(16), we also have that
(divv, @) r2(p) = —(v, V@) r2pyn Vo € HM(D) = v € Hr(div).
All together, (12), (15), and (16) lead to the desired surjectivity result:

(17) V(g,q) € H, (u,v) € D(A) : (A=1I)(u,v) = (9,9)-
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Thanks to (13) and (17), the Lumer—Phillips theorem [39, Theorem 4.3] implies
that the operator A : D(A) C H — H generates a contraction semigroup {T;}+>o.
Making use of this semigroup, we introduce

(u, 0)(t) = / T, (F(0),0)do ¥t € [0,T],
(18) 0

) =/00f(€>d£ Vo € [0,T].

Slnce (F,0) € WHL((0,T),H), classical arguments yield that (u,v) € C([0,7T], D(A))N
,T],H) is the unique solution to

f—A ,0)(t) = (F(t),0) Vte[0,T) 3vt+RVu:0,
(12)
(u,2)(0) = (0,0),
(20) (w00 (t) = / T o(f(0).0)do Vi€ [0.T),

where we have used the fact that F’ = f and F(0) = 0 to obtain the above variation
of constants formula. Then, applying the classical result by Ball [4] to (20), it follows
that (ug,vy) satisfies

%((uwt)( £); (s 2))m = ((wr, ) (), A (, 2) )

(
(21) = ((k71£(1),0), (¢, 2)) for all (p,2) € D(A*) and a.e. t € (0,7),
(ue, v¢)(0) = (0,0),

and the mapping t — ((ut, v:)(t), (¢, 2))% is absolutely continuous. On the other
hand, in view of (12) and (10), we have that H{(D) x {0} C D(A) C D(A*) and

—((u,ve) (), A (0, 0))2 = (ue(t), np) L2(py — (ve(t), V) L2(D)n

(22) — / RVu(t) - Vo +nu(t)pdr Yo € HLN(D).
v D
(19)

Therefore, considering z = 0 and ¢ € HE(D) in (21), we conclude from (22) that u

satisfies (7). It remains to prove that u satisfies the stability estimates (8)—(9). Since
{T:}+>0 is a contraction semigroup, the variation of constants formula (18) implies

/Dlwz(t)dx < |l(w,v)(t ||H // k2 f( 2oy dédo Vvt € [0,T7,
(11)

which immediately yields the desired estimate (8). Similarly, the second estimate (9)
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is obtained as follows:

</D ru (t) da + /D RVu(t) - Vu(t) dac)

v(/p““tz(t)dz+/DRlvt(t)-vt(t)d:r>

(19)

t
=N ve) ()] < /0 [62 f(0)[L2(pydo Vit € [0,T].
(11) (20)

2

2

This completes the proof. 0

COROLLARY 2. Let Assumption 1 be satisfied and let f € WH1((0,T), L*(D)).
Then the unique mild solution u € C([0,T], HE(D)) NCY([0,T], L*(D)) of the forward
hyperbolic problem (1)—(5) satisfies the higher regularity u € C*([0,T], L*(D)) and

(23) Kug (t) — div (RVu(t)) + nue(t) = f(t) Vt € [0,T],

i.e., it is the solution to (1)—(5).

Proof. Again by classical arguments, since f € W1((0,T), L?(D)), the variation
of constants formula (20) implies that u; € C'([0,77],L?(D)). Applying this higher
regularity property to the variational equality (7) yields that

/ RVu(t) - Vodx = / (F(t) —nus(t) — kug(t))pdx Yo € HE(D) vt e[0,T].
D D

Thus, as C§°(D) C Hi (D), the distributional definition of the divergence implies that

(24) RVu(t) € H(div) and div(RVu(t)) = —f(t) + nu(t) + kuy(t) Vvt € [0,T].

In conclusion, u is the solution to (1)—(5). d
ASSUMPTION 2. Suppose that there exists an open set O C D such that

(25) R(z)=r(z)l, VzxeO

holds for the identity matriz I, € R™ "™ and a Lipschitz-continuous function r €
C%1(O). Moreover, there exists a positive constant r > 0 such that r(z) > r holds for
allz € O.

COROLLARY 3. Suppose f € WH1((0,T),L?(D)) and Assumptions 1 and 2 hold.
Then the unique mild solution u of the forward hyperbolic problem (1)—(5) satisfies

u € C([0,T], H?(w))

for every open set w C O C D satisfying w C O.

Proof. Let w C O be an open set satisfying i C O. The classical interior elliptic
regularity result implies that for any y € H'(O) and 2 € L?*(O) satisfying

—Ay =z in O (in the weak sense)

it holds that y € H?(w). Furthermore, there exists a constant C, depending only on
w and O, such that

(26) lyllzzw) < Cl2ll20) + 1Yl L20))-
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Now, according to Corollary 2, the unique mild solution v € C([0,T], H(D)) N
C%([0,T),L3(D)) and f € WhHL((0,T),L*(D)) = C([0,T), L*(D)) satisfy for every
fixed ¢ € [0,T] the elliptic problem

—div (RVu(t)) = f(t) — nu(t) — kuy(t) in D,
and so by Assumption 2 it follows that
(27) — Au(t) =771 (Vr - Vu(t) + f(t) — nue(t) — kug(t)) in O VYt €[0,T).

As the right-hand side of (27) belongs to L?(0), it follows that u(t) € H?(w) for
all t € [0,7]. To prove the uniform regularity in C([0,7], H*(w)), let t,7 € [0,T] be
arbitrarily fixed. By the superposition principle, (27) yields that

—Au(t) —u(r)) = r~ (Vr- V(u(t) —u(r)) + f(t) = f(7))
7 (e (t) = ue(r)) = K (t) — ug(1))) in O.
Consequently, the a priori estimate (26) implies that
[u(t) = u(m) || 2wy < C(lr=H(Vr - V(u(t) = u(r)) + f(t) = ()] L2(0)
(28) + [lr 7 (= ue(t) — ue(7)) = m(ue (t) — we (7)) 22(0)
+ [[u®) — u(r) [ 22(0))-
Finally, applying the regularity u € C([0,7], HL(D)) N C%([0,T],L*(D)) and f €
W1((0,T), L?(D)) — C([0,T], L*(D)) to (28), we deduce that
iy t) = () < 0.
In conclusion, u € C([0,T], H?(w)). O

Let us close this section by introducing an appropriate variational formulation for
the forward problem (1)—(5), which is important for our shape sensitivity analysis:

T
FindueXO:/ /RVu-Vz/J—nutwt—knutwdxdt
o Jp
(29) T
:/ /fwdmdt Yy € Xr.
o JD

THEOREM 4. Let Assumption 1 hold and f € WH1((0,T),L*(D)). Then the
variational problem (29) admits a unique solution u € Xy, which coincides with the
solution to (1)=(5). In particular, the unique solution to (29) enjoys the regularity
property u € Xo N C([0,T], H:(D)) NC%([0, T), L*(D)).

Proof. Uniqueness: Suppose that v, u(?) € X, are solutions to (29). By defini-
tion, the difference d := u® — (@ e X, satisfies

T
/ /RVd-Vw—ndtwt—kndtz/}dxdt:O Vi) € Xr.
0 D

Testing the above variational equality with 1 := e for p € C§°(0,T) and ¢ € HL(D)
yields

T T
—/ u'(t)/ Hdt(t)gpda?dt—i—/ u(t)/ RVd(t) - Vo + ndy(t)e dx dt

0 D 0 D

=0 Vuel(0,T),
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from which it follows by the definition of the weak (time) derivative that

d
pn kdy(t)p dx + / RVd(t) -V +nd(t)pdr =0
D

for all p € HE(D) and a.e. t € (0,7).

Using the fact that [, nd,(t)d(t) dz = id ||77%d(t)\|%2(m and d(0) = 0, we obtain by
setting ¢ = d(t) and integrating the resulting equality over the time interval [0, 7] for
any 0 < 7 < T that

T 1, 1
/ kdy (7)d(7) dz + / / RVd(t)~Vd(t)da:dt+§H775d(7-)||2Lz(D) = 0.
D 0 D

Thus, it follows that

d .
ﬁand(t)HQLQ(D):Q/Dfadt(t)d(t)dxgo for ace. t€ (0,T) = d=0.

d(0)=0
Existence: As f € WH1((0,T), L*(D)), Corollary 2 yields that the mild solution
to (1)—(5) enjoys the regularity property u € C([0,T], HE(D)) N C%([0,T], L*(D)) and
satisfies (23); i.e., it is the solution to (1)—(5). It is straightforward to see that u is a
solution to the variational problem (29). O

3. Shape optimization setting. In this section we describe a general shape
optimization framework to find an approximate solution of the inverse problem. The
key tool to perform the sensitivity analysis of the problem is the notion of shape
derivative, which we shall briefly recall in the following. Let us first denote the set of
admissible shapes by

P(D):={QCD|Qopen, dQNID =0}

and introduce F' : R x D x [0,7] — R for the shape functional as follows:
(30) F(u,z,t) pr d,(t)? N,eN,

for given mappings d, : [0,7] — R and w, : D — R. The required mathematical
assumptions for this function and all other data involved in the shape optimization
problem are summarized as follows.

ASSUMPTION 3. Let Q € P(D). The material parameters k and R are assumed
to be piecewise constant:
K= kq = KoXa T kKixp\@ and R = Rq = Roxa + Rixp\a

with positive real constants kg, k1 > 0 and symmetric and positive definite matrices
Ry, Ry € R™ ™. Furthermore, suppose that n € L°°(D) is nonnegative, and [ €
WLi((0,T),L?(D)) is given. C’onceming (30), we assume that d, € WH((0,T),R)
and w, € C*(D) for allp=1,...,N,.

Under Assumption 3, our focus is set on the following shape optimization problem:
min (u, Q) ,x,t) drdt
(31) 7l / :
subject to Q € P(D) and (
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In view of (30), J is a general misfit functional where d, represents the observed data
at a receiver indexed by p. The precise meaning of w, and d, in the context of FWI is
described in section 6. Denoting by u(Q) € Xo N C([0,T], HL(D)) N C%([0,T), L*(D))
the unique solution to (29) associated with k = ko and R = Rq (see Assumption 3),
the minimization problem (31) can be equivalently reformulated as

i Q) = 02),9Q).
(32) lepl(%)J( ) =T (u(2),)
We now recall some basics regarding the sensitivity analysis of shape functionals. For
given k£ > 0 and 0 < a < 1, we define

Che(D,R™) := {0 € C**(D,R") | 6 has compact support in D}.

Let 0 € C21(D,R™) and consider the associated flow ®4(zg) = z(s,x¢) defined by the
solution to the ordinary differential equation

(33) %m(s,xo) =0(x(s,zg)) for s €[0,s0], x(0,20) = €D,

for some given sg > 0. It is well known (see [42, p. 50]) that (33) admits a unique
solution for a sufficiently small so > 0. Note that ®,(D) = D since 6 has compact
support in D. For € P(D), we introduce the parameterized family of domains
Qg 1= D,(N) for all s € [0, s9]. Let us now recall the definition of the shape derivative
used in this paper.

DEFINITION 5 (shape derivative). Let K : P(D) — R be a shape functional. The
Eulerian semiderivative of K at Q € P(D) in direction 6 € CO1(D,R") is defined as
the limit, if it exists,

T K(Qa) _K(Q)
AR (@)(0) = lim ==

Moreover, K is said to be shape differentiable at Q if it has an Eulerian semiderivative
at Q for all 0 € CO1(D,R™), and the mapping

dK(Q) : COY(D,R") = R, 0+ dK(Q)(0),

is linear and continuous. In this case dK(Q)(0) is called the shape derivative of K at
Q in direction 6.

4. Averaged adjoint method. In this section we describe the averaged ad-
joint method introduced in [44] to establish the shape derivative of the reduced cost
functional J(2) = J(u(£2),2). The notation is adapted to the particular setting of
our problem, and we refer the reader to [44] or [30] for a presentation of the method
in the general case.

Let Assumption 3 hold in all of what follows. Furthermore, let 6§ € C%!(D,R")
with the associated flow @4 : D — D and Qg = ®4(Q) as in section 3. Furthermore,
we write us = u(€2s) for the unique solution to (29) associated with k = kg, =
KoX. T kixp\q, and R = Rq, = Roxa, + Rixp\q,-

The averaged adjoint method relies on the use of the Lagrangian £ : P(D) x X x
X7 — R associated with the minimization problem (32) as follows:

T
(31) L(p,1) = /O /D Flo(a,t),2,8) + BV - Vb — rputhy + niprts — fob da dt.
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By definition, it holds that
J(Qs) = ‘C(Q&usaw) VQ/J € XT~

Thus, we can compute the shape derivative using
d
(35) dJ()(0) = &ﬁ(ﬁmumﬂ))\s:o Vi € Xr.

We will see shortly that the above calculation can be significantly simplified by choos-
ing a particular ¢. In order to differentiate £(Qs, , 1)) with respect to s, the change
of coordinates x — P (x) is used in (34). In the process the compositions ¢ o @,
and i o &4 appear, which creates differentiability issues. To compensate for this ef-
fect, one considers the reparameterized Lagrangian £(Q, U1 (¢), U5 1(¢))), where the
pullback ¥y is defined by U (¢) = 1) o D,. It can be checked that Uy : Xg — Xy and
U, : Xp — Xp are bijections; see [49, Theorem 2.2.2, p. 52]. Thus, we introduce the
so-called parameterized shape-Lagrangian G : [0, s9] X Xo X X7 — R as

(36) G(s,0,0) = L(Qs, 00 @7 p 0 ®]H).

Denote by u® := us 0 &, € Xy and by dyG(s,u®,0; 1[)) the directional derivative of G
with respect to 1 in direction ¥ at (s,u®,0). It can be checked, using the change of
coordinates x — ®(z), that the equation

(37) dyG(s,u®,0;9) =0 Vi € Xp

for u® is equivalent to the state equation (29) with x = kg, and R = Rgq,; see (61)
for an explicit expression of (37).

For the convenience of the reader, we now provide the main result of the averaged
adjoint method, adapted to our case. A proof can be found in [44] or [30, Theorem
2.1]. The main idea of this result is to show that the shape derivative can be computed
via the partial derivative of G with respect to s under the use of the averaged adjoint
state. Observe that u = u°, so we will use the notation v in what follows, and we also
use the notation p instead of p° for the adjoint.

THEOREM 6 (averaged adjoint method). Suppose that there exists so > 0 such
that for every (s,v) € [0, s0] x Xr the following conditions are satisfied:
(H1) the mapping [0,1] 3 ¢ — G(s,Cu® 4+ (1 — {)u, ) is absolutely continuous;
(H2) the mapping [0,1] 3 ¢ — d,G(s, (u® + (1 — C)u, ;@) belongs to L*(0,1) for
all @ € Xo,'
(H3) there exists a unique solution p* € Xr to the averaged adjoint equation

1
(38) /0 dyG(s,Cu® + (1 = Qu,p*;¢)d¢ =0 for all ¢ € Xo;

(H4) we have
lim G(Svuap ) — G(O,U,p )
sN\0 S

Then J is shape differentiable at Q € P(D) in direction 6 € CO1(D,R™) with

= 0sG(0,u, p).
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In view of (39), the shape derivative depends on the adjoint state p € Xp. Taking
s =0 1n (38), the adjoint equation reads as follows:

(40) Findpe Xr: 0,G(0,u,p;9) =0 V¢ € X,

where u € XoNC([0,T], H:(D))NC%([0,T], L*(D)) is the unique solution to (29) with
k = kq and R = Rq. Using 0,F(u,x,t) = Z;V:"l wy(x)(u — dy(t)) and (34), the
variational problem (40) is equivalent to

T
/ /D RVG - Vp — npups + nep da dt
(41) 0

T
= —/ / O F (u(z,t),x, t)pdedt Y e Xp.
o Jp
Our goal now is to show that the adjoint state satisfies a backwards wave equation

with terminal conditions and determine the strong form of the adjoint equation. To
this aim, we consider the following auxiliary problem:

(42) kqy — div(RVq) + nge = =0, F(w(T —t),-, T —t) in D x [0, 7],
(43) q(0) =0in D,

(44) ¢(0) = 0in D,

(45) g=0onT x[0,7T],

(46) RVg-n=0onT, x[0,T].

As u € C?([0,T), L*(D)), Assumption 3 ensures that t — 0,F(u(T —t),-, T — t)
is of class W11((0,T), L?(D)) such that Corollary 2 yields the existence of a unique
solution ¢ € C([0,T], HL(D))NC?([0,T], L*(D)) of (42)—(46). According to Theorem 4,
the solution to (42)—(46) is exactly the unique solution to the variational problem

T
/ / RV Vb — kautss + et da dt

T
:/ /—8uF(u(a:,T—t),x,T—t)wdxdt Vi € Xp.
o Jo

Now, introducing p(t) := ¢(T — t) we obtain
Hptt(t) - le(RVﬁ(t)) - nﬁt(t) = 78uF(u(t), " t) vt e [O, T]

and p € X7 NC([0,T], HL(D)) N C%([0,T], L?(D)). Defining the test function ¢ € X,
by ¢(t) := (T —t), proceeding with the change of variables t — T — ¢ in (47),
and integrating by parts in time the term depending on 7g;t), we obtain the same
equation as (41) for p, also using the fact that R is symmetric. This shows that
p € XrnC([0,T], HL(D)) N C3([0,T], L*(D)) is the unique solution to (41) where the
uniqueness follows the same argument as in Theorem 4. In conclusion, we have shown
the following result.

THEOREM 7. Let u € XoNC([0,T], H:(D)) NC%([0,T], L?(D)) denote the unique
solution to (29), and let Assumption 3 hold. Then the variational problem

T T
(48) / / RVQ-Vp— k@ipy + npep = —/ / OuF (u(z,t),z,t)p Vo € Xq
o Jp o Jp
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admits a unique solution p € X NC([0,T], HL(D)) N C%([0,T], L*(D)) satisfying the
following backwards wave equations with terminal conditions:

(49) kpee(t) — div(RVp(t)) — npe(t) = =0uF (u(t), -, 1) in D x (0,T),

(50) p(T) =0 in

(51) pe(T) =0 in Q,

(52) u=0onT x(0,7),

(53) RVu-n=0onT, x (0,T).

5. Shape differentiability and shape derivative. Applying the averaged ad-
joint method presented in section 4, we prove the shape differentiability and provide

the expression of the distributed shape derivative of the cost functional using a ten-
sorial representation, in the spirit of [29, 30].

THEOREM 8. Let Assumption 3 hold with n € C*(D), f € WHY((0,T), H (D)),
and suppose that 0 € CY1(D,R™). Furthermore, let u € Xo N C([0,T], HL(D)) N
C%([0,T],L3(D)) and p € X7NC([0,T], HL(D))NC?([0, T, L*(D)) denote, respectively,
the unique solutions to (29) and (48). Then the shape derivative of J at Q in direction
0 is given by

(54) 4J(Q)(6) = /D S, : D0 +So-0,

with S; € LY (D,R"*") and Sg € L*(D,R") defined by

T
(55) S = / F(u(t),,t) — kups + RVu - Vp + nusp — fpdt| I,
0
T
- / Vu® R"Vp+ Vp® RVudt,
0
T
(56) So = / Vo F(u(t),-,t) + pu;Vn — pV f dt,
0

where V, F(u,z,t) = %Z;V:"l Vw,(z)(u —d,(t)? and I,, € R™*™ is the identity ma-
trix.

Proof. We check that the assumptions of Theorem 6 are satisfied. Before comput-
ing the shape-Lagrangian G defined in (36), a few remarks are in order. Introducing
Ks = KQ, = KoXQ, T K1XD\0,, We have

(57) ka, © ®s = Koxa, © Ps + KixD\Q, © Ps = KoXa + KixXD\Q = Ko,

and in a similar way R, o ®; = Rg. We also have 9;(p o ;1) = d;p 0 & since @y
is independent of .

Applying definitions (36) and (34) as well as ®5(D) = D, and proceeding with
the change of coordinates x — ®4(z) in the integrals, we get the shape-Lagrangian
GZ[O,S()] X Xg X X7 — R as

Gw%w=ALAﬂﬂam@mMM$

(58) T
+ /0 /D A(s)Vp - Vi — kpihi&(s) + nspib€(s) — fs€(s),
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with £(s) := |det(D®,)|, A(s) := &(s)(D®,)*R(D®,)"T, f, := fod,, and ny =
no®,. For s sufficiently small we have {(s) = det(D®,) > 0. The following asymptotic
expansions hold (see [42, Lemma 2.31]):

(59) &(s) =1+ sdiv() + o(s), DPs =1+ sDO + o(s), D(I>S_1 =1—sD0+o(s),

with o(s)/s — 0 as s — 0 with respect to || - [[¢(p) and || - [|¢(p,rsx3), respectively.
Note that A(s) is definite positive due to (59). The asymptotic expansions (59) imply
that there exists a constant C' > 0 dependent only on 6 such that

(60) () Loe (D) + [ DPs | Los (D g3 x5) + [|DB | oo (D mxsy < 1+ Cso.
Using (58), we obtain the following explicit expression for the equation of u® := uz0®P,
given by (37):
T ~ ~ ~
| [ 46w Vi - nowaudels) + noutiets)
= / / fsb€(s) for all ¢ € Xop.
o Jp

We first check condition (H1) of Theorem 6. We compute

G(s, Cu” + (1 = Qu, )

dC
/ [ uPcu + (1= @), )0 — ()
+ /0 /D A(S)V(u® —u) - Vi) — 60 (u® — w)1p:&(s) + nsO(u® — w)pé(s),
where
Nﬂ
(62) OuF(u,x,t) = pr(x)(u —d,(1)).

Using Assumption 3, ¢ € [0,1], (60), (62), v € Xr, and u* € C([0,T], H:(D)) N
C([0,T), L*(D)) we get

T
‘dC (s,¢u® 4+ (1 = Qu 1/))’01+C’/0 /D(1+|us|+\u|)\u8—u|§02.

This shows that the mapping [0,1] 3 ¢ — G(s,Cu® + (1 — {)u,v) is Lipschitz and
therefore absolutely continuous; hence condition (H1) is satisfied.
Now we check condition (H2) of Theorem 6. We have, using Assumption 3,

/ 1dyGls, Cu® + (1 — O, >|d<</ /|A )V6 - Vb — rprtbeé(s) + npribe(s)|

<C; due to (59),9€Xr and p€X,

i /OT /D (/ 9 F(Cu’ + (1= O, Bu(a), 0(5)¢] dc) |
SCl+C/OT/D|€(S)¢?I (/011+|Cu3+(1—§)ud<)’

<C5 due to us€Xy and (60)
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where we have used (62) and Assumption 3. This shows that condition (H2) is satis-
fied.

Then it is easy to check that the averaged adjoint equation (38) for p® € Xrp is
given by

/ / Vp* — kipi€(s) + neep*S(s) da dt

// /WFCU + (1= Qu, ®y(@), )é(s) dudtd( Y € Xo.

Introducing an auxiliary function ¢*(t) := p*(T—t) and test functions @(t) := H(T—t),
we have that ¢° € Xy and ¢ € Xp. Using Fubini’s theorem, a change of variables
t — T —t in (63), an integration by parts with respect to t for the term 1n@.q°(s),
and the fact that A(s) is symmetric, one obtains the following equation for ¢*:

T
/ / AV VG — gt €(s) + npagie(s) da di
(64) 0 D

T S~ ~
:—/0 /Dfscpdmdt Vo € X,
where
1
(65)  fulwt) = E(s) / B F(Cu* (@, T — 1) + (1 — Qu(w, T — £), &,(x), T — t) dC.

Using (62) we get

(66)
NP
Bl t) =€) Y w,(®4()) (;u%x,T 1) e T 1)~ dy(T t)) ,
O fs(x,t) zp:wp ( O’ (x, T — )—i—%@tu(x,T—t) —d’p(T—t)) :

Using Assumption 3 and (62) we obtain the estimates

. 2 N,
/ (/ dt) dz < Cy Z ||dp||%1(0,T)
D 0 p=1
2

T
—I—C'l/ (/ |us(x,T—t)+u(ac,T—t)|dt> dx < o0,
p \Jo

2 N,
dt) dx < Co Z ||dp||%/vl,1(0,T)
p=1

fs

/ ( [ o

2
T
+cl/ (/ |8tus(a:,T—t)+3tu(x,T—t)dt) da < oo,
D 0

where we have used (60) and the fact that u® € C([0,T], H:(D)) N CL([0,T], L*(D)).
This shows that f, € WH1((0,T), L?(D)). Thus, we can apply Corollary 2 to (64) with
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A(s) instead of R, k€(s) instead of k, and n€(s) instead of 7, since A(s), x&(s), and
n&(s) satisfy Assumption 1. This shows that the equation for ¢° admits a unique mild
solution ¢* € C([0,T], H:(D)) N C([0,T], L*(D)). Consequently, (63) also admits
a unique mild solution p* € C([0,T], H:(D)) N CL([0,T], L*(D)). This shows that
condition (H3) of Theorem 6 is satisfied.

Now we verify assumption (H4) of Theorem 6. First of all, we have

G(s,u,p®) — G(0,u,p*) / / Fu, ®g( )f( ) — F(u,z,t)
(67) / / Vu Vp® — kuyp; 5(5)571

+/o /p mfs_nutps — @P‘*

To calculate the limit s — 0 of the above expression, we first need a uniform estimate
on p°. In view of (9) and (65), using Assumption 3 and the fact that x€(s) is uniformly
bounded, we also have

Cullg’ % < / /ns (4})*(t) d + / A5V (#) - Ve (1) da

v/ (/ (56 (5))* fu ‘7)||L2(D)da>2
(68) §C2/0 /DfS(x’O)Qé”C?’/OT/DH|u5|2+|u|2,

(66)

In view of (61), using (8) and uniform bounds on fy, &(s), we have

[ e @rde <t [ () L)) 12oydo
(69) D 0

t
<Ct [ 150)ydo Vi€ 0.1,
0

with C' independent of s and ¢. Thus, using (68) and (69) we obtain

T
1% < Cy / 1F(0) ey dt < C,

where the constant C5 does not depend on s, and consequently, due to ¢°(t) =p*(T — t),
we also get ||p®||x < C for some constant C' independent of s.

Since X is a Hilbert space, we can extract a weakly converging subsequence p® — p
in X, using the uniform boundedness of ||p*||x. Due to (59) and € C*(D), we have
the strong convergences (£(s) — 1)/s — div# in C(D), and then (ns&(s) —n)/s —
ndivé + V-0 in C(D). Using f € L1((0,T), H(D)), we also have (f£(s) — f)/s —
fdivO+Vf-0in LY((0,T), L*(D)); see [42, section 2.14]. Using again (59) we obtain
the strong convergence

lim Als) =1 _ (div@)R — DOR — RDA" in L>®°(D,R™").
s S
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We now prove that
lim F(“’v (bs@j)’ t)f(S) — F(u» Zz, t)
(70) sN\0 s
= F(u,z,t)div(d) + V. F(u,2,t) -0 in L'((0,T), L}(D)).

Using a Taylor expansion we have
(71) wp(®s(2)) = wy(@) + sVw,(2) -0+ = -5 wp(Ps(2))]
for some A € [0, s]. We compute the following using (33):

[wp(Ps(2))] = Vwp(Rs(2)) (05 Ps(2), 05Ps(2)) + Viwy(Ps()) - 97D (x)
= V2w, (04(2))(0(2:(2)), 0(Ps(2))) + Vwp(Ps(x)) - DO(Rs(2))0(Ds(2)).

ds?

Using w, € C?(D) and 0 € C2*(D,R™) we obtain

(72)

d2
H < C,

[y (@(a)

s=AllL>°(D)

where C' is independent of A. Using Assumption 3 we get

F(u,@s(x),t)g(s) — F(u,l’ﬂf)

— F(u,z,t)div(0) — V. F(u,x,t) - 0

F(u,®s(x),t) — F(u,z,t)
s

£(s) -1

— Vo F(u,z,t) ~9‘

F(u,z,t)

— F(u,2,t) div(@)‘

5(8)—1’

S

o L
5L fpe-er
][ foe fiow

—>d1v(0)

(F(u,®4(x),t) — F(u,x,t))

w(Bla)) ~wy&) g

—0 due to (71)—

41 H‘C(S) -1 — )|

S

—0 due to (59)

£(s

||wp((bs(‘r)) - wp(x)HLoo(D) s

—0

where we used the strong convergences ({(s)—1)/s — div 6 in C(D), (®s(z)—x)/s — 0
in C(D,R"), and also d, € W11((0,7),R), w, € C*(D), and u € C([0,T], H:(D)).
This proves (70).
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Gathering the previous results and using (67), we have shown that

i G(8: 0P ) —G(0,u,p*)
sN\0 S

- 6SG(O7 u, p)

Thus, Assumption (H4) is satisfied and we can apply Theorem 6. This yields the
shape derivative

dJ(Q)(0) = 9,G(0,u, p)
- / ! / F(u,z,t)div(0) + Vo F(u,z,t) - 0
0 D

T
+ / / ((div@)R — DOR — RDO")Vu - Vp — kugp; div(6)
0 D

T
+ / / nugp div(0) + upVn - 0 — fpdiv(0) — pV f - 6.
o Jp
Using the tensor formulae
DORVu-Vp =D : (Vp® RVu) and RDO'Vu-Vp=DO: (Vu® R"Vp),

the fact that R is symmetric, and divf = D6 : I,,, we obtain the distributed shape
derivative in tensorial form (54).

Using the assumption f € WH1((0,T), H' (D)), Theorem 7, and Corollary 2, we
obtain the regularity

u € C([0,T], HA(D))NC*([0,T], L*(D)) and p € C([0,T], H(D)) NC?([0,T], L*(D)).

Then, using n € C1(D) and the fact that F satisfies the conditions of Assumption
3, we obtain the regularity S; € L'(D,R"*") and Sg € L'(D,R") in view of the
expressions (55) and (56) of S and Sy. 0

6. The particular case of FWI. In section 5 we have obtained a general
expression for distributed shape derivatives of cost functionals depending on the solu-
tion of the acoustic wave equation with damping and discontinuous coefficients. The
acoustic approximation in time-domain FWTI fits into this general framework, with the
following choice of parameters: D is a rectangle, the Neumann conditions correspond
to the free surface of the Earth, and we choose R = I, in (1)—(5). This yields the
following damped acoustic wave equation with discontinuous coefficient &:

(73) Kug — Au~+nue = f in D x [0, T,
(74) u(0) =01in D,

(75) u4(0) =0 in D,

(76) u=0onT x[0,T],
(77) Opu=0o0nT, x[0,7T].

In this context, u represents the acoustic pressure and x denotes the square slow-
ness defined as k = 1/c¢2, where ¢ is the acoustic wave speed in the given physi-
cal media. Here ¢ = \/K/r, where K is the bulk modulus and r is the density;
see [16, section 2.3] for a detailed discussion of this acoustic approximation. We
assume that f € WH1((0,T), H (D)) and k € L*(D) is piecewise constant, i.e.,
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K = Ko = Koxa + Kixp\o for some Q € P(D), where ko,x; > 0 are positive con-
stants; see Figure 1. In the context of FWI, the damping n is used to prevent the
reflection of waves on the artificial boundary I' in order to simulate an unbounded
domain. In this case, 7 is chosen equal to 0 inside the physical domain and positive
inside a boundary layer, sometimes called sponge layer or damping mask, in the vicin-
ity of the Dirichlet part I" of 9D; see Figure 2 for an illustration of the damping mask
used in our numerical experiments.

r Qa Ko

Fic. 1. Partition D = QU Q°.

100
75
50
25

0.2 7
04 .
T 06 o3

Fic. 2. 3D view (left) and 2D view (right) of the damping mask n. In the physical domain,
whose limits are represented by the dashed lines, we have n = 0, while n is large close to the artificial
boundary I' in order to mitigate wave reflections.

We assume that N, receivers are located at a set of points z, € I',, for p =
1,...,N,, i.e., the receivers are located on the surface. For p =1,..., N,, the seismo-
grams d, € W1>°((0,T),R) denote the gathered data at these receivers. For the FWI
application, the function F' : R x D x [0,T] — R in the shape optimization problem
(31) is given by (30) with w,(z) := w(z — z,), where w is a mollifier of the Dirac
measure at 0. We assume that w has compact support on a small open subset w C D.

Since the damping n is concentrated on a boundary layer in the vicinity of T',
and the source f is concentrated near the surface I',,, we can make the following
assumption.
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ASSUMPTION 4. The supports of f,n, and 6 satisfy

supp(6) N [supp(n) U supp(f)] = 0.

Under Assumptions 3 and 4, and with the specific choice of parameters described
at the beginning of this section to model the acoustic approximation used in FWI,
the distributed shape derivative (54) is given by

(78) 4I(Q)(0) = / Sy :DO+So-0,
D
with
T T
(79) S = [/ — KUy +Vu~Vpdt] I, f/ Vu® Vp+ Vp® Vudt,
0 0

(80)  So=0.

The adjoint satisfies (49)—(53), and with the parameters used for the acoustic approx-
imation of FWI, (49) becomes in particular

NP
(81) Kpu — Ap —npy = — pr(u —d,) inDxI[0,T].
p=1

7. Numerical implementation. For the numerical tests we take D = {(z, z) €
[0,1] x [0,0.65]}. Here, the Cartesian coordinates (x, z) represent the position on the
surface and the depth, respectively, i.e., z = 0 corresponds to the surface. In the
previous sections we have considered only one source f to simplify the presentation
of the results. In FWI, a set of point sources { fg}ff;l is available, typically Ricker
wavelets at various locations. In this case an acoustic pressure u, and an adjoint p,
are computed for each source f,, and we simply sum the individual contributions of
the cost functionals (30) over o = 1,..., N,, i.e., we replace the objective functional
of (31) by

1 N, N, T )
(s2) 5;; /O /D Wp ) (1 (2, 1) — o (1)) 2,

where d, , denotes the seismogram corresponding to f, and to the receiver at z,.

The global shape derivative is then also the sum of the expressions (78) over
o =1,...,N,. Also, from the perspective of the FWI application, it is natural to
assume that the support of the mollifier w, is smaller than the grid size so that, from
a numerical viewpoint, w, is indistinguishable from a Dirac measure at x,. In this
case, the numerical discretization of (82) approximates

1N N, .
2 2 Z/o (tg (2, 1) — dp o (1))dL,

o=1 p=1

which is typically used in FWI as the objective functional.
In order to obtain a smooth descent direction 6, i.e., a vector field satisfying
dJ(Q)(0) < 0, we solve the following elliptic equation: Find § € H}(D)? such that

/ a19DO : DE + aggh - Edx = —dJ(Q)(€) V¢ € HY (D, R?),
D

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 06/02/21 to 132.252.207.52. Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/page/terms

SHAPE OPTIMIZATION FOR FULL WAVEFORM INVERSION 959

which means
(83) / a1gD0 : DE + aggh - Edx = —/ S, :DE+Sy-¢ V€€ HY(D,R?),
D D

where a; = 0.01, ap = 0.97. The function g : R2 — R is designed to be almost
constant inside D and take large values close to the boundary, in order to force 6 to
take small values close to the boundary, and in particular in the damping layer where
7 is positive.

The evolution of the domain is modeled via a level set method, introduced in [38].
The key idea of this numerical method is to implicitly represent the boundary of the
moving domain Q, C D € RN as the zero level set of a Lipschitz continuous function
¢ :D x[0,s0] = R. A family of moving domains Q; C D is defined as

Qs :={(z,2) € D | ¢(x,2,8) <0}, sothat 905 ={(x,2) €D ]| é(z,z,5) =0},

where we assume |V@(-, s)| # 0 on 99 for all s € [0,s0]. It can be shown that the
evolution of ¢ depends on the descent direction # through the following transport
equation:

(84) 0sd(x,2,8) +0(x,2) - Vo(x,z,8) =0 in D x [0, sq] .

The algorithm consists in first calculating 6 using (83) and then solving (84) to update
the domain Q,. We use a Lax—Friedrichs flux for the discretization of (84) and refer
the reader to [28] for implementation details.

To simulate noisy seismic data, each synthetic seismogram d, , is first generated
using the ground truth, and then corrupted by adding a normal Gaussian noise with
mean zero and standard deviation ¢ - ||d, ||oc, Where 0 is a parameter. Let d, , and

d,.- denote, respectively, the noiseless and noisy seismograms corresponding to the
source f, and recorded at the receiver p. The noise level is then computed as

1/2

SN SN Ny (8) — o (1)

P,0
T <—~N, N,
fO Zazl Zp:pl |dP’U (t)|2

We present three numerical experiments with the acoustic wave speed ¢y = 4.12
km/s and ¢; = 1.95 km/s, with kg = 1/c3 and k1 = 1/c¢?. These specific values
of ¢y, ¢1 are based on common geophysics standards and correspond to real data of
wave speed propagation inside salt and sediments, respectively. The domain D is a
rectangle of length 1 km on the z-axis and depth 0.65 km on the z-axis, which is
meshed using a regular grid with n, X n, grid points.

The wave equations (73)—(77) are solved using a second-order explicit finite-
difference scheme. The time step At is constrained by the CFL condition

noise level =

At < a
~ Cmaz(Az71 + Az

with the grid steps Az = 1/n, and Az = 0.65/n,, where ¢pqe, = max{c(z) | x € D}
is the maximum of the wave speed inside the domain D, and a is the Courant number
equal to 0.4 in our numerical experiments.

In all three numerical experiments, we use N, = 10 shots modeled by Ricker
wavelets with dominant frequency of 5Hz to simulate the data acquisition, and IV, =
80 receivers placed on the surface I'), with a spacing of 0.01 km between the receivers.
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0 0
0.1 0.1 4
0.2 0.2
0.3 - 0.3 -
0.4 0.4
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0.6 0.6 4
0 012 014 016 018 1 0 012 014 016 0.‘8 1
0 0
0.1 4 0.1
0.2 4 0.2 4
0.3 - 0.3 -
0.4 0.4 4
0.5 0.5
0.6 0.6 4
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

F1G. 3. Reconstruction of one inclusion, using 10 shots modeled by Ricker wavelets with dom-
inant frequency of 5Hz, 80 receivers placed on the surface 'y, a 200 x 130 grid, and a noise level
of 2.05%. Superposition of ground truth (gray shape) and dashed contour of the initialization (top
left), ground truth (top right), contour of the reconstructed shape Q0 (bottom left), and superposition
of the reconstruction and of the ground truth (bottom right).

The shots and receivers are placed at grid points for simplicity. We use a regular grid
with n, X n, = 200 x 130 grid points, and synthetic seismograms of T' = 2 seconds
are recorded at the receivers using the ground truth.

In the first experiment, the ground truth consists of one block representing the salt
body, and we initialize Q) using a large ellipse; see Figure 3. In the second experiment,
the ground truth consists of two disconnected blocks representing two salt bodies,
and we initialize  using two small disks; see Figure 4. In the third experiment,
the ground truth consists of three disconnected blocks representing three salt bodies,
and we initialize 2 using three small disks; see Figure 5. We observe that in all
three experiments the interface reconstruction is very accurate in the upper region
of the salt body. In the first experiment (Figure 3) the reconstruction is also very
accurate in the lower part of the salt body, although small defects can be observed.
In the second and third experiments (Figures 4 and 5), the reconstruction is still
reasonably accurate in the lower region, but the defects are visibly larger than in the
first experiment. These inaccuracies were expected due to the lack of illumination of
the lower parts of the salt bodies and are standard in FWI.

These numerical results show that the method is capable of accurate reconstruc-
tions in the framework of piecewise constant velocities. A line for future research
consists in filling the gap towards more realistic applications. In particular, this in-
cludes applications to large-scale 2D and 3D problems, and extending the method to
handle more complex structures such as piecewise smooth reconstructions.
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0 0
0.1 0.1
0.2 ‘ 0.2 ‘
0.3 0.3
04 04
05 1 05 1
0.6 0.6 1
0 02 04 06 08 1 0 02 04 06 08 1
0 0
0.1 0.1
0.2 O 0.2
0.3 0.3
04 04
05 - 05 1
0.6 0.6 1
0 02 04 06 08 1 0 02 04 06 08 1

Fic. 4. Reconstruction of two inclusions, using 10 shots modeled by Ricker wavelets with
dominant frequency of 5Hz, 80 receivers placed on the surface I'y, a 200 x 130 grid, with a noise
level of 2.0%. Superposition of ground truth (gray shape) and dashed contour of the initialization (top
left), ground truth (top right), contour of the reconstructed shape Q (bottom left), and superposition
of the reconstruction and of the ground truth (bottom right).

0 0
0.1 1 0.1 1
0.2 0.2 ~
0.3 03 1
04 | 04 |
05 - 05 -
0.6 0.6
0 02 04 06 08 1 0 02 04 06 08 1
0 0
0.1 0.1 1
02 @ 02
0.3 03 |
04 04
05 - 05 1
06 - 06 -
0 02 04 06 08 1 0 02 04 06 08 1

Fi1G. 5. Reconstruction of three inclusions, using 10 shots modeled by Ricker wavelets with
dominant frequency of 5Hz, 80 receivers placed on the surface I'y, a 200 x 130 grid, and a noise level
of 1.88%. Superposition of ground truth (gray shape) and dashed contour of the initialization (top
left), ground truth (top right), contour of the reconstructed shape Q0 (bottom left), and superposition
of the reconstruction and of the ground truth (bottom right).
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