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AN ANALYSIS OF CONSTRAINT-RELAXATION IN PDE-BASED
INVERSE PROBLEMS

TRISTAN VAN LEEUWEN 2 AND YUNAN YANG?

ABSTRACT. Inverse problems are ubiquitous in science and engineering. Many of these
are naturally formulated as a PDE-constrained optimization problem. These non-linear,
large-scale, constrained optimization problems know many challenges, of which the inherent
non-linearity of the problem is an important one. In this paper we focus on a relaxed
formulation of the PDE-constrained optimization problem and provide an in-depth analysis
of it. Starting from an infinite-dimensional formulation of the inverse problem with discrete
data, we propose a general framework for the analysis and discretisation of such problems.
The relaxed formulation of the PDE-constrained optimization problem is shown to reduce
to a weighted non-linear least-squares problem. The weight matrix turns out to be the
Gram matrix of solutions of the PDE, and in some cases be estimated directly from the
measurements. The latter observation points to a potential way to unify recently proposed
data-driven reduced-order models for inverse problems with PDE-constrained optimization.
We provide a number of representative case studies and numerical examples to illustrate our
findings.

1. INTRODUCTION

Inverse problems are ubiquitous in science and engineering and can often be expressed as
a PDE-constrained optimization problem, where one aims to identify the parameters of a
PDE give partial measurements of its solution. We built on the work presented in [14] where
the PDE-constrained problem is posed as a joint parameter-state estimation problem which
enforces the PDE-constraints only approximately. Effectively, this lifts the search space from
the parameter alone to a much larger joint parameter-state space. It has been observed that
this can mitigate the non-linearity of the optimization problem to some extent [I4} [5]. This
relaxation approach is just one of many that aim to address the non-linearity and constitutes
a line of research that is particularly prominent in exploration seismology and other wave-
based inverse problems (see e.g., [10, 15, 11, 12] and references therein). The focus of this
work, however, is the analysis of the relaxation described in [14].

Concretely, the inverse problem is formulated as estimating coefficients ¢ from given data
by solving

n
(1) _min 337 [Py — dy? + §1L(0)u; — Py,
ij=1
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where L(c) : U — V = U* denotes the partial differential operator with coefficient ¢, P; € V
denotes the linear sampling operator which also acts as the source terms, and d;; = P,
represents the observed data corresponding to the underlying true state @; = L£(¢)'P;
for the true parameter ¢, and p > 0 is a penalty parameter. We denote the adjoints as
L*: U — V. Furthermore, both £ and £* have a well-defined inverse, denoted by £, £7*.
The Riesz map is denoted as R : V — U.

1.1. Contributions. It has been shown empirically that this reformulation can improve
the optimization landscape, making the iterative process less sensitive to initialization, and
hence leading to more robust inversion results [14]. We innovate upon this previous work in
the following three directions:

First, we treat the optimization problem in the continuous setting and thereby provide
a common framework for analysis and numerical implementation of a wide range of inverse
problems based on the weak form of the PDE. Considering a finite number of measurements,
we present a Representer Theorem (see Theorem (1)) which shows that the estimated state
lives in a finite-dimensional subspace of U. This leads to a re-formulation of the traditional
reduced approach for PDE-constrained optimization with an objective function equipped
with a parameter-dependent residual weight. In particular, it simplifies to

n

min J(0) = 53" ey 1600
i=1

where e;(c) € R™ denotes the i"" data-residual whose j-th element is given by e;;(c) =

PiL(c)"*P; —d;j, and G(c) € R™™ is a positive semi-definite matrix with elements G;;(c) =

P (L*(c)RL(c)) " P;, 1 <id,j < n.

Second, based on the Representer Theorem, we analyze the two limiting cases, and provide
an interpretation of the finite-dimensional residuals e; € R™ in terms of the underlying
function spaces U and V. In particular, we show that the relaxed formulation embodies
a rich interplay between

e the finite-dimensional data-residual e;(c) € R",
e the solution-residual L(c)~'P; —u; € U,
e the PDE-residual P; — L(c)u; € V.
Under some simplifying assumptions, we show the following limiting behaviour of J:

p — 00: J(c) measures the norm of the solution-residual projected on to a finite-dimensional
subspace P,, = span{RP;}"_, C U.

p — 0: J(c) measures the norm of the PDE-residual, projected on to a finite-dimensional
subspace W,, = span{R 1 L(c)™*P;}_, C V.

For a finite p > 0, the objective function interpolates between these two limiting situations.
This is schematically depicted in Figure [I One might argue that it is more natural to use
the PDE-residual because it can typically be parameterised to be affine in the coefficient
¢ for many common inverse problems, such as the Calder6n problem [13], full-waveform
inversion [14] and inverse scattering [4]. Precisely, in the p — 0 case, under certain conditions,
we can prove that the optimization problem is convex with respect to ¢ (see Corollary ,
while the original objective function (when p — 00) is known to be highly non-convex, for
all the examples mentioned above.

As a third contribution, we show through a series of case studies how the matrix G(¢)
corresponding to the true coefficient can be estimated from the measured data d;; directly
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solution residual L PDE residual

(L(e)™ — L&) 1) P, —0 s (£(0) - L(e)) i

lprojected length over Py, lprojected length over Wy,

llei(c)]]2 lei(c)]lare) -1

| The limit of p — oo | | The limit of p — 0|

FiGure 1. The two limiting cases of the residual between simu-
lated (P;L(c)"'P;) and measured (d;; = P;L(¢)"'P;) data.  When
p — oo, we measure the (* norm of the data-residual (e;(c) =
Pi(L(c)™' = L(¢)"1)P;), which corresponds to the projected length of the
solution-residual (L(c)™' — L(¢)™')P; on P,. When p — 0, we measure the
G(c)~'-weighted data residual, which corresponds to the projected length of
the PDE-residual (L(c) — L(¢)) @; on W,,.

if the underlying space U is chosen appropriately. It turns out that this construction is
closely related to recent progress on data-driven reduced order models pioneered by [11 2 3].
Thus, this work goes towards bridging the gap between PDE-constrained optimization and
data-driven reduced-order models and opens up an avenue for efficient implementation of
the relaxed formulation.

1.2. Outline. The remainder of this paper is organized as follows: Section [2| introduces the
proposed approach, detailing its formulation and integration with PDE-constraints. In Sec-
tion [3] we present a series of case studies in which we apply the framework to a number of
benchmark problems. Finally, Section [4 concludes the paper with a summary of the findings
and discussions on future research directions.

2. THEORY

In this section we present our main results. First, we pose the inverse problem as uncon-
strained optimization over an extended search space consisting of both the parameter ¢ and
the states {u;}",, followed by an equivalent reformulation in terms of the parameter ¢ and
auxiliary source terms {¢; }!,. Then, we present a Representer Theorem which expresses the
solution of the optimization problem over states or sources as a finite linear combination of
basis functions. Using this representation, we then reduce the PDE-constrained optimization
problem to an unconstrained optimization problem over the parameters only. In particular,
we show that this formulation is equivalent to a conventional reduced formulation with a
coefficient-dependent weight on the residuals.

2.1. Preliminaries. For the remainder of the paper we consider the weak form of the PDE

(2) Ac(u, ¢) =P(9), VoeU,
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where A, : Ux U — C is a sesquilinear form (i.e., linear in the first argument and anti-linear
in the second argument) with parameters ¢ € C and P € U* is an antilinear operator. These
slightly unconventional definitions are chosen to treat the case where U is a complex Hilbert
space. We furthermore introduce the linear Riesz map R : U* — U which allows us to
represent any P € U* by a corresponding p € U, i.e., p = RP, such that

P(U) = <RP7U>U7 <p7 u>U = (R_lp) (U),
where (-, )y denotes the inner product in U, which is also defined to be linear in the first
argument and anti-linear in the second. Note that this definition of the Riesz map for
complex-valued replaces the definition presented in the Introduction.
Throughout, we assume that the weak formulation is well-posed uniformly for all ¢ € C and
that the Riesz representations {p;}?; of the functionals {P;}?_, are linearly independent.
Given solutions {u;}!, correspondlng to source terms {P;}" ,, we consider measurements

dij:Pi(uj>7 i,jzl,...,n.

The goal is to estimate the parameters ¢ from these measurements. The classical approach
to doing so is by solving a PDE-constrained optimisation problem:

(3) %161512 Z ‘73’ u;) W{Q s.t. Ac(uy, ¢) = Pj(¢), Vo € U.
,7=1

Even though this notation suggests that we assume full-array data (i.e., each source also acts
as a receiver) we can easily modify this by including a binary weight s;; in the double sum
to select only those source-receiver combinations that are actually measured. For ease of
notation we leave it out for most derivations and will make specific remarks for those results
that generalize to the case of incomplete data.

This optimization problem often suffers from very non-convex misfit landscapes that are
challenging for gradient-based optimization algorithms. Some of the difficulties come from
the “hard” equality constraint A.(u;,¢) = P;(¢), V¢ € U. Motivated by the challenges,
we instead consider a relaxation of this problem by using a “soft” constraint, as proposed
by [14].

2.2. Constraint-relaxation. An alternative to the constrained optimization problem
is the following:

min 5 Z Piuy) = dig|”" + 83 " llgsll} st Acluy, 0) = (P + R7'q;) (¢), Vo € U,
j=1

ceC,geUn
t,j=1

where ¢ = (¢1, q2, - - -, ¢,) represent auxiliary source terms, and p > 0 is a trade-off parameter.
Rather than enforcing that each u; has to be exactly the PDE solution for a fixed parameter
c with the source term P;, we allow the source term to “deviate” from P; by a quantity
determined by ¢;, and then penalize the size of ¢; through £{|g;||u.

The introduced extra degree of freedom, i.e., an enlarged model capacity, can help match
the data more easily. It is also a relaxation from the original “hard” PDE constraint as
will reduce to the traditional approach in the limit of p — oo. In this sense, this
formulation fits in the context of model extension, pioneered by [10] 15, 12, [11]. It has been
shown that enlarging the search space can make the optimization problem have a better
optimization landscape, and thus make it less sensitive to initialisation of the parameter
¢ when using gradient-based optimization algorithms. However, it is computationally not
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feasible to explicitly optimise over the enlarged space C x U". To address this, we show
in Corollary (1| that this extended formulation is equivalent to minimizing a weighted residual
over C only through the application of the Representer Theorem (see Theorem .

Before moving forward to the theory, we first equivalently reformulate (4)) as

. a 2 - 2
(5) CEICT}(IIQU”%;W@'(%) — ey +§.21qu““’
1,j= J=
s.t. Ac(uj, ) = Pi(¢) Vo € U,
Ac(vja ¢) = Rilqj(qﬁ) v¢ € U7

where the term
(6) eij = dij — Pi(u;)
depends on ¢ implicitly through u;. We will use for the following derivations.

2.3. A representer theorem. When the parameter c is fixed, both and are reduced
to an inner problem, which is quadratic with respect to q. Next, we show that its solution has
a finite-dimensional representation. To facilitate the discussion, we split the inner problems
for {g;}}_; in in n independent quadratic subproblems and introduce

g 2
(7) Ti(a) = 3> [Pavy) — e + 8llgs 15,
i=1
where v; depends on ¢; € U through the weak form of the PDE:
Ac(vj7¢> - <Qj7¢>U V¢E uU.

Note that, since c is fixed, ¢;; is fixed as defined above.

Theorem 1 (A Representer Theorem). The functional defined in admits minimizers of
the form

(8) q = Z Qjj W,
k=1

where wy € U satisfies an adjoint equation

(9) Ac<¢a wk) = Pk(@,

and the complex-valued coefficients {o,}7_, are solutions to the following linear system
Zgikajk+p06ji = €55, 1=1,...,n,
k

with g = (w;, wi)y.

Proof. Noting that

Pi(vj) = Ac(vj,wi) = <Qjawi>U = <@Uz’,%’>u,
we can rewrite @ as

n
Ti(g) =3 Nwi,q)u — ei” + 2l 13-
=1

We can now directly apply Lemma [3| (see Appendix) to find the desired result. O
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Remark 1. As we apply the representer theorem separately to each source index, j, the
statement in Theorem 1 extends to the case of incomplete array data by only including the
relevant receivers for each source.

2.4. A reduced formulation. With the above-stated result, we can now derive a reduced
formulation of that depends on the parameter ¢ only.

Corollary 1 (Variable metric reduced formulation). The relazed problem in (c,q) €
C x U™ can be formulated equivalently in reduced form as

min J(c),

ceC
with

(10) Z les()frsp-16(ep-1 = strace [E(e)*(I + p~'G(e) " E(0)]

with e;(c) = le1j(c), ..., eni(c)]", and the matriz G € C™" as defined in Theorem .

Proof. Using the result from Theorem [I} we have that, at the optimizer,

ww q] Zgzka]ka
lg;l1E = Z Za_ﬂc%lgk,Z-

k=1 I=1
Then
Ji(@;) = 5|Gey; — ejl3 + S Gay;.
Using that (G + pI)o; = e; and the Woodbury matrix identity, we immediately find
Ti(gj) = ze5(I +p~'G) ey,
after simplification, which yields . O

Remark 2. In the case of incomplete array data, the Gram matriz would generally depend on
7, containing only the inner-products of the adjoint solutions for the corresponding receivers.

2.5. Limiting cases. Here, we analyse the limiting behaviour of the objective defined in
for p — 0 and p — oo, which sheds light on the interpolative nature for a finite p > 0.

Lemma 1. For p — co we can express the objective as
J(c) = Ltrace[E(c)*E(c)] + O(p ).
Proof. This follows directly from by expressing (I + p'G)™' = 322 ,(—p) "*G* which
is valid for p > ||G||, i.e., p is larger than the largest eigenvalue of G. O
Lemma 2. We can write the objective for p — 0 as
J(c) = Strace [E(c)*G(c)_lE(c)} + O(p?).

Proof. Since we assumed that {p;}}, are hnearly mdependent so are {w;}"; and G is
invertible. We can then express (I—l—p G = pG I+ pG 1) = pG7E Y2 (—p)FGTF,

which is valid for |G| < 1/p, i.e., p should be smaller than the smallest eigenvalue of the
matrix G. The desired result follows immediately. 0J
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Based on these limiting cases, we define the following

(11) Jo(c) = plgrolo J(c) = strace [E(c)*E(c)]
(12) Jo(e) = };i_rf(l) p~J(c) = strace [E(c)*G(c) " E(c)] .

Remark 3. The asymptotic analysis also holds for the case of incomplete array data, albeit
that the resulting expressions are slightly less compact.

2.6. Noiseless data. We can furthermore interpret these limiting cases in terms of projec-
tions of certain infinite-dimensional residuals on finite-dimensional subspaces. We assume
noisless data d;; = Pi(u;) with @; the (weak) solution corresponding to P; for the true
coeffienct ¢, 1 <1i,7 < n.

Theorem 2. When the Riesz representers {p;}I_, are orthonormal and the measurements
are noiseless, the functional J defined in (11]) can be equivalently expressed in terms of an
orthogonal projection of the solution-residual u;(c) —u; € U on P, = span{p;}!-, as

¢) = %Z T, (uj(e) = )15

where Ilp, is the orthogonal projection on P,, u;(c) is the weak solution corresponding to
coefficient ¢, and U; is the true state corresponding to the true coefficient ¢.

Proof. Since we assumed {p;}! ; to be orthonormal, the projection of the solution residual
u;(c) — @, over P, is given by

n

Mp, (u;(c) = it;) = Y {uj(c) = iy, pi)u pi-

i=1
Taking the norm we obtain

5> Tte, (uy(e) = )} = Z

2 n

Z m@u pz">U €irj (C),

U =1

> el

=1

with e;;(c) = di; — (pi,uj)u as defined before (see Equation (6])). Using orthonormality of

{pi}~, again we get the desired result. O
In Theorem |2 I below, we assume that {p;} ; forms an orthonormal basis. If this is not the
case, Jo, still measures the || - ||y norm of the prOJected solution residual, but it represents a

weighted rather than an orthogonal projection.

Theorem 3. For noiseless measurements, the functional Jo(c) can be equivalently expressed
in terms of an orthogonal projection of the PDE-residual £;(c) = Ac(j,-) — As(uj,-) € V,
j=1,...,n, on W,, = span{w;}_, as

¢) =35 IMw,RE ()G,
j=1

with w; denoting the true state corresponding to the true coefficient ¢, and w; the adjoint
state defined in @D with the current coefficient c.



8 AN ANALYSIS OF CONSTRAINT-RELAXATION IN PDE-BASED INVERSE PROBLEMS

Proof. Consider the Riesz presentation of the PDE-residual s;(c) := RE;(c) € U, for any
j=1,...,n. Its orthogonal projection on W,, = span{w;}?_; C U is given by

n
Mw,s;(c) = ) _ @i,
=1

where O = G_lr_j, O = [Oélj,...,Oénj]T, r, = [le,...,rnj]T with Tij = <5j(c),wi>u =
(RE;(c),w;)y = &j(c)w; and the matrix G with entries g;; = (w;, w;)y. First note that, since
Ae(tig, wi) = Ac(uj, wi) = Pj(wy),

rij = Ae(ly, w;) — Ae(ty, wi) = Ac(ty, wi) — Acuy, wy) = (pi, 45) — (pi> uy) = €5,
with e;; = d;; — P;(u;) as defined in (6]). Taking the norm it follows that

TIw, 55()[I§ = a;Gar; = legll&-1
where e; = [e1j,. .., €ij, ..., €nj] " Il

Remark 4. The results in Theorems[3 and[3 are the analogue of the relations sketched in
Figure[]

Remark 5. Theorems [4 and [ can be extended to incomplete array data by allowing a
different orthogonal projector for each source index j.

2.7. Towards a convex formulation. So far, the Riesz representations {p;}?_, followed
from the definition of {P;}? , and U. Alternatively, we can start from {p;}? , and consider
a finite-dimensional space U = P,, = span{p;}_;. That is, the underlying solution space are
precisely spanned by the Riesz representations of the source/measurement operators. In this
setup, the objective Jy then simplifies significantly, as is shown in the following Corollary.

Corollary 2. Suppose U = span{p;}_,, where {p;}?_, are real-valued, sufficiently regular
and linearly independent functions. Then it holds thats

(13) Jo(c) = ttrace [(M — A(c)M D) M~ (M — A(c)M'D)],

— 2
’lUZth Mij = <pi7pj>U CLTLd A(C)ij = Ac(p],]%)
Proof. Following the Galerkin approach, for each j, we let

n
u; = E Uk;j pr,
=1

where the coefficients Uy; € C are solved from

n
ZAC(pk7pi)Ukj = (pj,pi)u fori=1,2,...,n.
k=1
The n-by-n matrix U has the kj-entry Uy;, 1 < k,j < n.

Note that this assumes that the functions {p; }?_; are sufficiently regular to be considered as
the test functions in A.(pg, p;). Similarly, assume the adjoint equation solution corresponding
to the j-th source termis >, Wi;pk, 1 < j < n. Then coefficients for the adjoint wavefields,
Wi, 1 <k, 7 <n, which gives rise to the matrix W, are solved from

ZAc(pzapk)Wk] - <p]7pz>U for i = 172a"'7n'

k=1
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Then the data residual matrix F(c) and the Gram matrix G(c) have their ij-th entries to be

n

k=1 U

k=1
and
n n
9ij = <Z Wik , Z szpe> = Z WiiW i (P, pe)u-
k=1 =1 Ukt
We introduce two more n-by-n matrices M and A with entries m;; = (p;,p;)u, a(c); =

Ac(pj,pi). Note that, by our assumptions, both matrices are invertible. Moreover, M is
Hermitian, i.e., M = M*, where M* denotes the Hermitian transpose of M. We now find
E(c)=D—MU(c) =D — MA(c)"' M,
G(c) = W(e) MW (c) = MA(c) "MA(c)* M.
Substituting this in the result of Lemma [2| we get the desired result. ([l

Remark 6. If A. is affine in ¢, and the inner produce (-, -)y does not depend on c, then Jy(c)
1 quadratic in ¢, which s ideal for many gradient-based optimization algorithms. However,
this result does not imply that c¢ is uniquely recoverable from the measurements, as this
additionally would require A(cy) = A(cx) = ¢4 = o,V ep, 00 € C. Moreover, we do not have
any quarantees that the minimizer will coincide with the true coefficient as this choice for U
may not yield a reasonable approximation of the underlying physics described by the PDE.

Remark 7. This result suggests a direct method for solving the inverse problem by setting
up a system of n?® (linear) equations of the form

A(c) =MD M,
for a suitable parameterisation of c. If A. is affine in ¢, we only need to solve a linear system
with respect to c.

Remark 8. If A. and (-, )y are both affine in ¢, in particular, if (p;, p;)u = Ac(pi, p;) which
implies that M = A(c), then Jo(c) can still be convex under suitable conditions.

3. CASE STUDIES

In this section we present a few case studies. The choice of U plays a central role. The
two important aspects that we treat for each are i) well-posedness of the weak form for the
chosen space, and i) how to compute the Grammian matrix G from the given measurements.

3.1. 1D Elliptic equation. We consider a 1D elliptic PDE
—(c(2)d'(2)) = f(z), ve€Q,

with the boundary condition u|gg = 0. The corresponding forward (PDE) operator is de-
noted by
L(c): Hy(Q) — H(Q).
Here,  C R is a bounded domain for the solution wu, and u|sq denotes its boundary. The
short-hand notation for the PDE is L(c)u = f € H1(Q).
We further assume that the coefficient ¢(z) is bounded both from above and below, i.e.,
0 <a<c(r) <b< oo. Therefore, the PDE is uniformly elliptic.
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3.1.1. Weak formulation. We consider real-valued functions, so A is bilinear and P is a linear
operator:
N%@—/MMHWMNL

0= [ s

We let U= H}(Q) with a weighted H 1( )-inner product:

(14) {(u,v)y :/Qv(x)ﬁ(c)u(x)dx:/Qc(:c)u'(x)v'(:v)dx.

The operator P is well-defined with f € H'(Q). We can view the Riesz map as R :
H=Y(Q) — H}(Q), defined through solving the PDE, — (¢(z)u(x)) = f(z), with homoge-
neous Dirichlet boundary conditions.

Let U be the space H} () functions but equipped with the weighted inner product given
n (14)), which induces the norm || - ||y = y/(u, u)y. Note that this is an equivalent norm to
the standard H' norm since al| - ||z < || - [Ju < a7 - ||z for some constant a > 0 given by
the Poincaré inequality.

3.1.2. Data-driven kernel. The Green’s function for £(c), denoted by G(c), is a continuous
symmetric positive definite kernel. Moreover, the Dirac delta function §(x) € H~'(Q) since
2 C R. We define P;(u) = u(x;), which is equivalent to f;(x) = d(z — z;) for z; € Q. We
denote by u;(z) the PDE solution with the source term f;, j = 1,...,n. In this case, our
measurements

dij = PZ<UJ) = Uj([EZ'), 1 S ’L,j S n.

We can verify that (H}(Q),|-|lu) is a reproducing kernel Hilbert space (RKHS) with
the reproducing kernel being G(c). Thus, v; = g; in (5), where v; is the PDE solution in
(HY(Q), |l - [lu)- In this example, the source operators are Dirac delta functions, belonging
to H~1(Q), which is the dual space of H}(Q). As a result, for any fixed j = 1,...,n, we can
reformulate ([7) as

mln 22|q l‘z eij!2+§HQH3-

q€(H3 (), |lv)

The optimal solution g; is

= Z aiG(c)(x, ) = Zajk ug(z)

where a; = (G(c) 4+ pI)~'e;. The ij-th entry of the kernel matrix G(c) is

gUIWMmuzLWWM@W@WJﬂMIW®ﬂ=%r

Note that g;; = g;;, and the symmetry comes from the fact that (u,v)y = (v,u)y. That is,
we can obtain the Gram matrix G directly from the data.

Remark 9. In this example of the 1D elliptic equation, our method coincides with the Rep-
resenter Theorem in the theory of RKHS. However, the connection with RKHS is no longer
true for higher-dimensional elliptic equation examples since §(x) is not in H=° for s < d/2
where d is the dimension.
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3.2. 2D Elliptic equation. Consider the 2D diffusion equation on a compact domain
with a variable coefficient

(15) —V - (c(x)Vu(z)) = f(z), €

with the zero Dirichlet boundary condition on 092. We further assume that 0 < a < ¢(z) <
b < oo, which implies that the PDE is uniformly elliptic and well-posed for the set of variable
coefficients that we are interested in.

3.2.1. Weak formulation. The weak formulation is to find u(x) € U such that
(16) Ac(u,¢) =P(¢) Vo e U,
with
A (u,v) = / c(x) Vu(z) - Vo(z) dz,
Q

P(u) = / f(x)u(z) da.
Q
The weak formulation of the adjoint problem is to find w € U such that
(17) Ac(¢,w) = Ac(w, ¢) =P(¢) Vo €U,

with A, and P as before. Since the given elliptic operator is essentially self-adjoint, the
adjoint problem ([17)) is exactly the same as the forward problem .

3.2.2. Data-driven kernel. Similar to the 1D case, we can define the inner product (u,v)y =
A.(u,v) which is a weighted H! inner product by the positive variable coefficient c¢(z). Then
the Hilbert space U is given by

U={u|Au,u) < oo, ulsgo =0},

and its dual space is also defined accordingly. Then the weak forms and are
well-posed.

We consider a finite number of sources {f;}, ¢ = 1,...,n, and define p; = Rf; € U,
Pi(u) = fQ fiudx, 1 < i < n. The function f; takes the form

fi(z) = exp (—20|x — xi|2), z € R?,

where z; is the center of the Gaussian. We use n = 40 sources and their location are depicted
in Figure 2] The corresponding PDE solution with the source f; is denoted by w;. We first
note that w; = u; in (17)) with P replaced by P; since the PDE is self-adjoint. As a result,
the Gram matrix is given by
(18)

gw<k') = <ui7uj>U - / C(J?)VUZ . VUj dz = AC(U,Z',UJ‘) == P](uz) == djia \Vll,j == 17 Lo,

Q

That is, if {P;} act as both the sources and the receivers, we can obtain the kernel matrix
G for the true coefficient through data measurements.
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FIGURE 2. The location of the Gaussian centers for the direct method on the
domain [0, 1]2.

3.2.3. Numerical example. Next, we use an example to illustrate the impact of p as well as
the choice of inner product (-,-)y in the optimization landscape of the objective function .J
in (10) with respect to the coefficient c. Here, the domain €2 is a unit square [0, 1]2.

We consider a parameterized variable coefficient

c(xy,9;0) = |sinay|* + | sina|? + (14 1000)|sin(10z)|* + [sin(10 25)[*,  [21,20)" € Q,

where 6 € [0, 2], the range of possible parameter values and the ground truth is * = 0. Note
that c is linear with respect to the parameterization . Thus, the convexity of J with respect
to ¢ is represented here by the convexity of J with respect to 6.

First, we assume a finite-dimensional space U = span{p;}? ;. That is, the solution space
is a linear combination of the Riesz representation of the source terms {f;}. The sources
are located near the boundary of the domain. In this setup, we consider two different inner
products: a variable coefficient-independent one (u,v)y = [, Vu - Vodz and a variable
coefficient-dependent inner product (u,v)y = [, c(z)Vu - Vodz = A.(u,v), for any u,v in
the Hilbert space U. For the former inner product, the Riesz map R = —A~!, while for the
latter, R = (=V - (¢(z)V)) ™", both having the zero Dirichlet boundary condition.

We remark that, for the variable coefficient-dependent case, the data-driven kernel for-
mula still applies even though U here is an uncommon choice of finite-dimensional
solution space. We calculate the objective function J(c) defined in for these two in-
ner products, and examine the optimization landscape with respect to different values of p.
Results are shown in Figure |3| for these two different inner products.

Note that this example satisfies the assumptions in Corollary [2] so the statements apply.
Based on Remark [6], when the inner product does not depend on ¢ and p = 0, the objective
function is quadratic with respect to the ¢, which can be seen in Figure (A) On the
other hand, when (-, -)y = A.(+,+), Jo is linear in ¢ as addressed in Remark [§ and illustrated
in Figure (B) Moreover, with the c-independent inner product, the classic PDE-constrained
optimization is known to be non-convex, corresponding to the case p = oo in Figure (A)
Interestingly, this is no longer true if we use the ¢(z)-dependent inner product, which yields
a convex objective function with respect to the coefficient c¢(x).
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FiGURE 3. The optimization landscape for PDE-constrained optimization
based on the 2D inverse conductivity problem, for which the forward prob-
lem is the Poisson equation with a variable coefficient . The Hilbert space
U = span{p;}!_,. In (B), the inner product is given by (u,v)y = [, Vu-Vuvdx
while the inner product in (B) is given by (u,v)y = [, ¢(z)Vu - Vo dz.

Next, we repeat the example above except that the Hilbert space U is now spanned by 2D
first-order Lagrange elements over the entire domain [0, 1]?, a common choice in a low-order
finite-element method (FEM). Figure 4| shows the optimization landscapes corresponding
to various values of p € [0,00) and the two inner products. When p = oo, the problem
reduces to the classic PDE-constrained optimization based on the 2D Poisson equation with
the squared L? norm to measure the data misfit. Since the measured solution is nonlinear
in ¢, the resulting objective function is non-convex, as seen in Figure [ As we gradually
reduce p from oo to 0, the optimization landscape varies and eventually becomes a linear
function for the c-dependent inner product, and a quadratic function for the c-independent
inner product, both are advantageous for finding the global minimum 6* = 0. The convex
landscapes at p = 0 align well with those in Figure [3|even though our theory, i.e., Corollary 2]
currently does not apply to this setup.

In both figures, we observe the gradual variance from the case p = 0 to the other limit
p = 0o. These plots show the interpolative nature of the proposed norm for measur-
ing the data misfit and the effectiveness in improving the optimization landscape when we
incorporate the model and parameter properties into the objective function.

3.3. 1D Helmholtz equation. Our next example is the 1D Helmholtz equation
—u"(z3k) — (k/c(2))*u(z; k) = f(2),

with boundary conditions
u(0; k) =0,

uw'(1;k) — o (k/e(1) u(1; k) = 0.
We furthermore assume that 0 < a < ¢(z) < b < 0.
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F1GURE 4. PDE-constrained optimization based on the 2D inverse conduc-
tivity problem, for which the forward problem is the Poisson equation with
variable coefficient . The Hilbert space U is spanned by 2D first-order
Lagrange elements over the domain [0,1]. In (A), the inner product is
given by (u,v)y = [,Vu-Vuvdz. In (B), the inner product is given by
(u,v)y = [, c(x)Vu - Vodz.

3.3.1. Weak formulation. The weak formulation is to find u(-; k) € U such that
(19) Ack(ul-5 k),0) =P(¢) Voel,
with the bilinear form defined by

Aci(u,v) = /0 u (z)v' (z)dz — k‘z/o c(x)2u(z)v(x)dz — ke(1) " u(1)v(1),

1
PO) = [ 1)
0
The weak formulation of the adjoint problem is to find w(-; k) € U such that

(20) Ack(p,w(-5 k) =P(o) Voel,

with A, and P as before.
We define the inner product as (u,v)y = 01 u (x)v'(x)dz and define the Hilbert space U
as

U={u:[0,1] = C |||ul]ju < oco,u(0) =0}.

We then define its dual in the usual way. The the weak forms and are well-posed
for f € H' [d].
The measurements are defined correspondingly by

slh) = Pilus( 1) = [ poliGids
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where 7,7 = 1,...,n, and u;(-; k) is the solution to with the source term f;. Moreover,
we assume { f;}7_; are real-valued functions. Correspondingly, w;(-; k) is the solution to (20)
with the source term f;, j =1,...,n.

3.3.2. Data-driven kernel. We first note that w;(z;k) = w;(z;k) based on the properties
of and (see Lemmal[d)), so the Grammian G(k) € C**" (cf. Theorem L)) has elements

9ij(k) = (us(-s k), ui (- B))u-

We then find the following expression for the Grammian in terms of the data d;;(k) and the
values of b;(k) = u;(1; k) (see Lemma [6):

1) 9is (k) = R (dsy (k) + S, (k) + 2255 (1Yo () — B (RIB) () )

where d; and b; denote the derivatives of d;; and b; with respect to k. Thus, we can compute
the Grammian from the measurements if we have access to the response of the sources at
x = 1 and can compute the derivatives of the measurements with respect to k.

3.3.3. Numerical example. We consider a constant sound speed (c(x) = ¢) and Piu = u(z;)
(i.e., fi(r) = 6(x — x;)). The solution in that case is given by the analytic formula

wlas k) = {(k/crl sin((k/c))e 9% @ <,
o (k/c) tsin((k/c)zy)e' /9T x> ;.

This allows us to compute the Grammian G in closed form and plot the objective functions
resulting from the different formulations:

(22) Jo(c) = strace (E(c)*E(c)),
(23) J,(c) = Ltrace (E(c)* (I+p7'Gl(c) " E(c)) ,

(24) T,(c) = Ltrace (E(c)* (I + p—lé>_1 E(c)) .

In this notation, the wavenumber k is implicit and fixed. The fundamental difference be-
tween and is that the former uses a parameter-dependent Grammian, which we
denote by G(c¢) in a slight abuse of notation, while the latter uses the data-driven Grammian
defined in , which here we denote by G.

In this experiment, we take measurements at z; = i/(n+ 1) for ¢ = 1,...,n and generate
(noiseless) data for ¢ = 1. The behavior of the three objectives for various values of (n, k, p)
is shown in Figures

We highlight a few interesting observations. First, the optimization problem generally gets
more challenging (with more local minima) for larger k (higher frequencies). This is expected
and well-known behavior for inverse problems with the Helmholtz equation. Second, the
relaxed approach for small p makes the problem easier to solve (i.e., with fewer local minima,
which is advantageous for gradient-based optimization algorithms) when more measurements
are available (following Theorem [2)). Third, the data-driven metric formulated in is a
good alternative to the variable metric approach given in in these examples. Note that
we do not need to differentiate the Grammian using the data-driven metric, but only the data
misfit F(c), which can be computed using the adjoint-state method. Therefore, using any
gradient-based optimization algorithms, such as steepest descent and nonlinear conjugate
gradient methods, the objective function (24]) incurs the same computational cost compared
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F1GURE 5. Helmholtz example: different objective functions for n = 2; con-
ventional (dashed), variable metric (blue), data-drive metric (orange).

to the objective function (22)). Finally, we note that for n = 10 we observe the convex
behavior suggested by section as only in the limit of large n does the finite-dimensional
space yield a sufficiently accurate representation of the solution of the PDE.

3.4. Schrodinger equation. We consider the following Schrodinger equation
(25) —V2u(x; \) + c(z)u(z; N) — Au(z; \) = f(r), z€QCR

with homogeneous Dirichlet boundary conditions. The inverse problem of estimating the
scattering potential ¢(x) from measurements of u for various source term f(x) and different
values of A is often studied in the context of inverse scattering [7, [9].

3.4.1. Weak formulation. To guarantee the well-posedness of the forward problem, it is nat-
ural to consider the function space U = H}(Q2), so the forward problem well-posed for
fie HY(Q) [].

We first define the bilinear form

Ac(u,v) = /QVu(:v) - Vo(z)dz + /Qc(x)u(:v)v(x)dx - )\/ u(z)v(x)de,

Q

P(u):/ﬂf(x)u(m)dx

We consider n source functions {f;}?_, C U*, whose Riesz representations are {p;}!, C U.
The measurements are then denoted by

dij()\) = P@'(“j('; A)) = <Piauj<'§ )‘)>U,

where w;(-; A) is the (weak) solution of the Schrédinger equation for frequency A and source
term f;. Due to symmetry we immediately find d;;(A\) = d;;(A), i, = 1,...,n. We will
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first consider this choice with a ¢(x)-weighted inner product to be able to derive a data-
driven Gram matrix G. Alternatively, we can also use the usual (unweighted) H}(f2) inner
product and consider a finite-dimensional subspace spanned by the Riesz representations
{pi}r, C HY(Q) of f; € H"1(Q) to derive a direct inversion method according to Theorem 2]

3.4.2. Data-driven kernel. To derive an expression that relates the kernel to the measure-
ments, consider the weighted inner product:

(u, v)y :/QVU(:B)-Vv(a:)dx+Ac(as)u(:r)v(:v)da:.

Since the equation is self-adjoint, we get w; = u; for © = 1,...,n, and hence the 7j-th
entry of the Gram matrix is given by

9ij(A) = (ui(-5 A), ui (-5 A)u.

We will use the short-hand notation u;(\) = u;(-; A).
{ui(A); wj(1))u = Mua(N), s (1) 22 (0) = di (1)
(ui(A), ui(p))u — p(us(A), ug (1)) 20y = dij(A).

Using these two relations, we can rewrite the ¢j-th entry of the Gram matrix as

_ e Bdig(p) — Adij(A)
Gij(A) = (ui(A), u;(A)u = Ly A :

From the weak form, we find that

Uy
U

This simplifies to
gij<)‘) = lim (/\ - h)dlj(/\ + h) — )\dz](A)

h—0 h

To calculate G;;(\), we thus need to measure the derivative of the measurements with respect
to the hyperparameter A as well, which can only be computed when we have measurements
with densely varying A so that a divided difference approximation yields a reasonably good
result.

3.4.3. A direct method. To illustrate the effectiveness of the direct method in Remark [7]
we consider the c-independent inner product: (u,v)y = [, Vu(z) - Vu(z)dz and define
p; as the solution of —V?p, = f; with the zero Dirichlet boundary conditions. That is,
p; is the Riesz representation of f; given this inner product. Moreover, we assume that
U = span{py,...,pn}, and the domain Q = [0, 1]* C R?.

We can now apply the approach suggested by Corollary 2] and Remark [7] Expressing the
scattering potential c¢(x) in terms of a basis {1 }7_,, i.e., c¢(z) = ZZ/:l crr(x), we get the
following set of n? linear equations for its coefficients {c; }7_;:

(26) Zhijk Ce = —Myj + >\8ij + (MD(/\)—IM)U 5 Z,j = 172, ey ny
k=1

with
hije = (Vrpi» Pj)r2) >  ™Mij = (Dis Pi)u,  Sij = (Di, Pj)12(@)-
Note that if n? > n/, the linear system is severely over-determined. We may use a subset of
the n? equations instead.
The basis function for the variable coefficient ¢(z), {¢x}, is set to be

Up(z) = |sin(kz)|?, ze€R?*, k=1,2,...,10.
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FIGURE 8. A direct method to reconstruct the variable coefficient for the
linear Schrodingr equation. (A): the true coefficient c¢(z); (B)-(D): the direct
reconstruction using the Gaussian sources of different parameters, ranging from

a=1(B),a=3(C)toa=10 (D).

The reference coefficients {c,}}2, are randomly drawn. In Figure (A), we present the
groudtruth for reference. We set up the tests such that the source function f; is a Gaussian
centered at location z; with different width a > 0:

fi(z) = exp (—alx — z]*), z€R*, i=1,...,40.

The location of the Gaussian centers {z;}2, is fixed for all sets of basis; see Figure [2| for an
illustration. The basis functions {p;}1°, are the Riesz representation of f; in U with respect
to the H! inner product.

In Figure [§(B), (C), and (D), we use 40 basis functions, but with the Gaussian parameter
a varying from 1, 3 to 10, respectively. Since n = 40 and m = 10, the problem is very
over-determined. We fix j = 1, and consider 7 = 1,...,10 in (26]). Thus, the linear system
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FIGURE 9. Left: ground-truth velocity; middle: initial velocity for Case 1;
right: initial velocity for Case 2.

to be solved is fully determined. The set of basis functions with the largest coverage yields
the best result (see Figure [§(B)), and the inversion worsens as the variance of the Gaussian
basis in defining the {f;} decreases. This is to be expected since the larger the variance of
the {f;} located on the boundary, the more overlap between their Riesz representations {p; }
and the variable coefficient ¢(x) defined on the interior of the domain.

3.5. Seismic inversion with 2D Helmholtz equation. Our final example is seismic
inversion constrained by the 2D Helmholtz equation on a half-space:

VZu(z) + ke(z)2u(z) = f(z), ze€QcCR?

with absorbing boundary conditions. Given a sequence of sources { f;}; located on the upper
boundary of the domain, the inverse problem aims to recover the wave propagation speed c(x)
which represents the property of the subsurface material. In our tests, we use a rectangular
domain of size 3 x 11 km and collect data for 124 equally spaced sources / receivers across
the z-axis from 0.1km to 10km at the depth of 0.04 km in the 2z axis at a single frequency
(to be specified below). The true coefficient is show in Figure [0fa).

To test the robustness of the inversion process to initialization, we consider two experi-
mental setups with different initial guesses. In the first case, the initial velocity is a smoothed
version of the ground-truth velocity, while in the second case, the initial velocity is a linearly
increasing profile, see Figure |§| (b-c). For each experiment, we perform PDE-constrained op-
timization with the three objective functions in , and , respectively. These three
objective functions correspond to the conventional least-squares method, the least-squares
method with a variable metric, and the least-squares method with the data-driven metric. In
both cases, the hyper-parameter p in the objective function with a variable metric (23]) and
the one with a data-driven metric (24) are fixed to be 1 throughout. To solve the resulting
optimization problems we use L-BFGS and run to convergence.

We run the following experiments:

Experiment 1 Here, we set the frequency to be 4hz, the initial velocity as depicted in Figure |§|(b)
The top row of Figure [10] shows the reconstructed velocities. The bottom row com-
pares the actual observed and simulated data at receivers from one source.

Experiment 2 Here, we set the frequency to be 6hz, the initial velocity as depicted in Figure |§|(c)
The top row of Figure [11| shows the reconstructed velocities. The bottom row com-
pares the actual observed and simulated data at receivers from one selected source.

km/s
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F1GURE 10. The top row shows the reconstructed velocities. The bottom row
compares simulated and true data from one source. From left to right shows
the result using the objective function , , and , respectively. This
sets of result correspond to Case 1, i.e., the initial velocity is the middle panel
of Figure [9]

From the numerical results in Figures[10|and [LT], we see that inversions using the objective
function with a variable metric and the one with a data-driven metric achieve better
data fitting. At the same time, the conventional method (22)) shows an evident local minimum
trapping. Moreover, the reconstructed velocities under and have a better recovery
in the deeper part of the velocity (when z is large) with more low-wavenumber components
recovered. Even though the weightings in the objective functions apply to the data side,
they also consequently scale the velocity components during inversion. Although our theory
part in Section [2]is based on simple setups with assumptions, this set of tests sheds light on
the potential of variable-dependent metric and data-driven metric as an objective function
in mitigating local minima in PDE-constrained optimizations.

4. CONCLUSION AND DISCUSSIONS

We provided a unified framework for analyzing and discretizing certain PDE-constrained
optimization problems arising in inverse problems. Here, the inverse problem is to estimate a
spatially varying coefficient (i.e., the parameter) from a finite number of linear measurements
of the solution of the PDE (i.e., the state). In particular, we consider constraint relaxation
and show that the joint parameter-state estimation problem can be reduced to a variable-
metric formulation depending on the parameter alone. This allows us to have two limiting
cases, and we interpret these in terms of projections of certain infinite-dimensional residuals
onto finite-dimensional subspaces. One limit yields the conventional reduced approach, while
the other yields a residual that is affine with respect to the parameter if the PDE operator
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F1GURE 11. The top row shows the reconstructed velocities. The bottom row
compares simulated and true data from one source. From left to right shows
the result using the objective function , , and , respectively. This
sets of result correspond to Case 2, i.e., the initial velocity is the right panel
of Figure [9]

is affine with respect to the parameter. The latter is arguably more attractive for gradient-
based optimization methods. Under further assumptions, we can show that this limiting
case, in fact, yields a quadratic problem in terms of the parameter.

Moreover, the reduced formulation is the starting point for deriving a data-driven ap-
proach, where the variable metric is replaced by one estimated from the measurements. In a
few well-chosen case studies, we show how the framework can be applied and how the metric
can be computed from the available measurements. In some simple cases, we numerically
demonstrate that the data-driven relaxation indeed yields a convex optimization problem
with respect to the unknown coefficient. A more complex numerical example in 2D seis-
mic inversion showcases that the variable metric and data-drive metric can achieve a better
data-fit and qualitatively superior results to the conventional approach.

The proposed framework forms a natural starting point for implementing the relaxed
formulation using the finite element method. For practical implementation on large-scale
problems, the matrix defining the metric (either variable or data-driven) will need to be
approximated. Whether such approximations will retain the benefits of constraint relaxation
will need to be investigated further. Another practical issue we leave for future work is the
effect of noise on the data-driven metric. We furthermore expect that stronger statements
about the quadratic nature of the relaxed problem can be made in specific cases, and this
also is the subject of ongoing research.



AN ANALYSIS OF CONSTRAINT-RELAXATION IN PDE-BASED INVERSE PROBLEMS 23

ACKNOWLEDGEMENTS

The first author thanks Gabrio Rizzuti, Felix Herrmann, and Bill Symes for the numerous
fruitful discussions about this topic. The second author is partially supported by the Office of
Naval Research (ONR) under grant N00014-24-1-2088 and the National Science Foundation
under grant DMS-2409855. We also gratefully acknowledge the Banff International Research
Station for their support of the workshop New Ideas in Computational Inverse Problems
(22w5118), during which the foundations of this paper were laid.

REFERENCES

[1] Liliana Borcea, Vladimir Druskin, Alexander V Mamonov, and Mikhail Zaslavsky. Untangling the non-
linearity in inverse scattering with data-driven reduced order models. Inverse Problems, 34(6):065008,
jun 2018.

[2] Liliana Borcea, Vladimir Druskin, Alexander V. Mamonov, Mikhail Zaslavsky, and Jérn Zimmerling.
Reduced order model approach to inverse scattering. STAM Journal on Imaging Sciences, 13(2):685-723,
2020.

[3] Liliana Borcea, Josselin Garnier, Alexander V Mamonov, and Jérn Zimmerling. Waveform inversion via
reduced order modeling. Geophysics, 88(2):R175-R191, 2023.

[4] Fioralba Cakoni and David Colton. Qualitative methods in inverse scattering theory: An introduction.
Springer Science & Business Media, 2005.

[5] Zhilong Fang and Laurent Demanet. Lift and Relax for PDE-constrained inverse problems in seismic
imaging. IEEE Transactions on Geoscience and Remote Sensing, 59(9):8034-8039, 2020.

[6] Frank Ihlenburg and Ivo Babuska. Finite element solution of the Helmholtz equation with high wave
number part II: the h-p version of the FEM. SIAM Journal on Numerical Analysis, 34(1):315-358, 1997.

[7] O Yu Imanuvilov and Masahiro Yamamoto. Inverse boundary value problem for Schrodinger equation
in two dimensions. STAM Journal on Mathematical Analysis, 44(3):1333-1339, 2012.

[8] Victor Isakov and Jenn-Nan Wang. Increasing stability for determining the potential in the Schrodinger
equation with attenuation from the Dirichlet-to-Neumann map. Inverse Problems and Imaging,
8(4):1139-1150, 2014.

[9] Roman G Novikov. Multidimensional Inverse Scattering for the Schrodinger Equation. Mathematical
Analysis, its Applications and Computation: ISAAC 2019, Aveiro, Portugal, July 29-August 2, 385:75,
2022.

[10] W Symes. Seismic inverse poblems : recent developments in theory and practice. In A.K. Louis, S. Ar-
ridge, and B. Rundell, editors, Proceedings of the Inverse Problems from Theory to Applications Con-
ference, pages 2—6. IOP Publishing, 2014.

[11] William W Symes. Wavefield reconstruction inversion: an example. Inverse Problems, 36(10):105010,
2020.

[12] William W. Symes, Huiyi Chen, and Susan E. Minkoff. Full waveform inversion by source extension:
Why it works. SEG Technical Program Expanded Abstracts, 2020-October:765-769, 2020.

[13] Gunther Uhlmann. Electrical impedance tomography and Calderén’s problem. Inverse problems,
25(12):123011, 20009.

[14] Tristan van Leeuwen and Felix J Herrmann. A penalty method for PDE-constrained optimization in
inverse problems. Inverse Problems, 32(1):015007, 2015.

[15] Michael Warner and Llufs Guasch. Adaptive waveform inversion: Theory. Geophysics, 81:R429-R445,
11 2016.

APPENDIX A. AUXILIARY RESULTS

Lemma 3. Given a the functional J : U — R defined as

n

J(@) = sl a)o = bil* + §lallg,s

=1
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where {v;}_, are linearly independent, it admits minimizers of the form

q= vaia
i=1
where the coefficients a € C™ are solved from
(G+pl)a=b,
with Gij = <Ui7 ’Uj>U.
Proof. First, for any € > 0 and h € U, consider

J(g+eh)— J(q) = Z [269%( Vi) — b;) (R, v@>) +62]<h,vi)|2] + 2 (2eR(h, q) + E[B]3)

where “Rx” denotes the real part of the complex argument z.

Note that ignoring the O(e?) terms does not give us the Fréchet derivative since the
resulting operator is not a linear operator over C. We address this by introducing ¢ = qg+1q;
with ¢ being the imaginary unit and ¢z and g; real-valued. Consider the Fréchet derivative
with respect to (qr, q;) evaluated at the direction (hg, hy):

DJ(gpar) (hr; ) = Kha, > B+ pq> +1 <hz, > Bivi + PQ>
i=1 =1

with f; = (v;, ¢) — b;. The optimality condition, DJy, ¢, = 0, is satisfied by letting ¢ be of

the form
n
q = Zaivia
i=1

where the coefficients o = [ay, -+, ;] T € C" can be determined by plugging this expression
for ¢ back into J:

J(a) =L[|Ga - b} + La*Ga,
with G;; = (v;,v;)y. The corresponding normal equations are
(G* + pG) a = Gb,

which reduces to
(G +pl)a=b,
because G has full rank as a result of {v;}!'_; being linearly independent. O

Lemma 4. Let
U={u:[0,1] = C |||lu]lu < co,u(0) =0},

with (u,v)y = fol W (x)v'(x)dz and define its dual in the usual way. Consider the weak
formulations for the forward and adjoint 1D Helmholtz equation

Ack(ul-; k), ¢) =P(¢) Voel,
Ack(o,w(-5 k) =P(¢) VoelU,

with

Aep(u,v) = /0 u ()0’ (z)dz — k:2/0 c(x)2u(z)v(x)dz — ke(1) u(1)v(1),
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1
Plo) = [ s(wiats
for real-valued f € H™'. These weak formulations are well-posed [6] and we have the follow-
ing relation between their solutions
w(- k) = ul-, k).
Proof. First note that the adjoint solution satisfies
Ack(@,w(-5 k) =P(¢) =P(9) Vo €U,
since f is real-valued. Note furthermore that
Aci(u,v) = Acp(0,1)  Vu,v € U.
Thus the solution to the forward problem, u(-; k), satisfies
Ack(@,u( k) =P(9) Vo€ U.
Introducing ¢ = ¢ yields

Acp(,u( k) =P@p) =P¥) Ve U.

Thus, u(-; k) satisfies the adjoint equation, implying that the solutions to the forward and
adjoint equations are related as w(-; k) = u(+; k) as stated. O

Lemma 5. Let d;; = P;(u;) with u; the solution of A.(u;, ) = P;(¢), V¢ € U, as defined

in Lemmal[f) Then we have

di; = dj;.

©j 71

Proof. We have d;; = P;(u;) = Acr(u;,w;) = Pj(w;) using the definition of the adjoint
equation. Using the fact that f; is real-valued we have P;(w;) = P;(w;). Using Lemma ,
this yields P;(w;) = P;(u;) = d;;, completing the proof. O

Lemma 6. Define

9ij (k) = (wi(-; k), w; ( k))u,
where w;(+; k) is a (weak) solution of the adjoint 1D Helmholtz equation, as defined in
Lemmal4 Furthermore, let d;j(k) = P;(u;(-;k)) and bi(k) = ui(1; k) with w;(; k) a (weak)
solution of the 1D Helmholtz equation. Then we have
(27) i (K) = R (dsj (k) + 5, () + 5555 (G000 (k) — BaCRIB) () )
where d;; and b denote the derivatives of di; and b; with respect to k.

Proof. First note that we can express
9i5(k) = (uj (- k), w5 k),
because @; = w; (see Lemmald). Introducing the sesquilinear forms M (u,v) = fol c(z)2u(z)v(x)dz
and B(u,v) = ¢(1) " u(1)v(1) and use u;(-, £) as test function in the weak form, we find
dij(0) = (w3 k), u; (50)u = KM (ui(5 k), ws (3 0)) — kBui (5 k), (5 0))-
Similarly,
dji(k) = (w3 k), ui (5 0)u — CM(ui(5 k), uz(50) + 2B (5 k), wi(0)).
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Combining the relations for £2d;;(¢) and kd;;(k) and using that d;; = dj; (see Lemma [5)) we
find
Cdy;(0) — K2di (k) ke
1: . k . . g p— Z] Z] 7/ . k y ., ’g .
<U<’ )7“](7 >>U <€+k)(€—k) +€_k6<u(7 )7u](7 ))

On the other hand, we can express g;;(k) as
g3 (k) = T 5 ((u; (5 ), (5 O)u =+ (g (5.0), w5 K))u)
This yields
) = ting RO EROSR) E ((y0),w50) — Bl 0,5 )
I = B W+ k)= k) 2(0— k) AR

We readily observe that the first term yields R(d;;(k)+ gdgj (k)). For the second term, observe
that we can express it as

1kl
g7 Bl k) = (50 w5 0) + Blus (.0 w5 6) — w1 1))

This yields

a8 = (a0 + 5,0 ) + 5 (5 (w0, ) ) = B (Gt ) ).

Introducing b;(k) = u;(1; k) and using the definition of B yields the desired result. O
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