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LEARNED DISTANCE FUNCTIONALS AND
THE LANDWEBER METHOD FOR INVERSE PROBLEMS
WITH AN APPLICATION TO FULL WAVEFORM INVERSION

DAVID HAMMERLING!, LUKAS PIERONEK? ®, AND ANDREAS RIEDER!

ABSTRACT. Nonlinear inverse problems are typically solved by minimizing a data-misfit
functional, which is often non-convex that leads minimization algorithms to stagnate at
a local minimum. A typical example is the cycle-skipping phenomenon in full waveform
inversion (FWI) of seismic reflection or transmission data. To overcome this difficulty,
distance functionals are constructed by training neural networks to emulate a convex
distance measure. Two construction strategies are discussed: (i) a data-converter net-
work that simplifies the forward map so that a standard quadratic loss becomes convex,
and (ii) a scalar-valued distance-network based on the data residual. Training samples
can be generated from measured data exploiting an approximate invariance of the for-
ward operator. Under a set of structural assumptions, it is proven that applying the
Landweber iteration to the learned functional is a well-defined regularization method
that guarantees monotone error reduction and convergence to the exact solution as the
noise level vanishes. Given certain restrictions on the trained network and the non-
linear forward operator, it is validated that these structural assumptions are satisfied
by the learned distance. This methodology is numerically validated on the Camem-
bert benchmark model for FWI in the acoustic regime. Replacing the conventional
L?-misfit with the learned convexified functional considerably mitigates cycle-skipping
and enlarges the domain of convergence for gradient-based optimization. Numerical
experiments show that the Landweber scheme with the learned misfit reaches a lower
reconstruction error than the standard least-squares approach. For comparison, in some
experiments convergence has been accelerated by a limited-memory BFGS optimizer
leading to slightly larger reconstruction errors. Overall, the work provides a systematic
way to embed learned, convex distance measures into inverse problem solvers, supplies a
solid theoretical foundation for their use, and demonstrates practical gains in a seismic
imaging benchmark model.
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1. INTRODUCTION

We are concerned with the solution of a general nonlinear inverse problem

(1) F()=y

where the forward map F': D(F) C X — Y acts between real Hilbert spaces X and Y.
We assume that (1) is locally ill-posed at any point in D(F'), see [27, Def. 1.1]. Concrete
examples include electric impedance tomography, inverse electromagnetic scattering, and
seismic imaging, see [14, Part IV].

A common way to approach (1) is to frame it as the generally non-convex optimization
problem of minimizing the data misfit

D(F) 3@~ |[F(z) = o[l

for measured data y° € Y by gradient descent-like schemes, which are stopped in time to
avoid noise amplification. However, due to the non-convexity of the misfit, these schemes
may become trapped in a local minimum unless they are started sufficiently close to a
global minimum. Therefore, it is crucial to replace the non-convex data misfit with a
convex function

dy: X — [0, 00),

that measures the distance of F'(x) to a fixed y € Y.

A particularly interesting and topical nonlinear inverse problem is the seismic inverse
problem for reconstructing the internal structure of the Earth using seismograms, i.e.,
measurements of reflected wave fields. Full waveform inversion (FWI) is the most ad-
vanced solution technique for this task, as it can exploit the entire information content of
the seismograms, see, e.g., [21, 44]. However, in its standard formulation, FWI is heav-
ily affected by the previously explained non-convexity, known as cycle-skipping in the
geophysical community. Therefore, many attempts have been made to mitigate cycle-
skipping by replacing the image space norm ||-||,, with an improved misfit functional
A:Y xY — R such that the associated cost functional

dy(x) = A(F(2),y)

for a given set of seismograms y = F'(z7) € Y is convex or has a wider range of conver-
gence for standard optimization methods in a neighborhood of the ground truth z*.
Approaches to finding an FWI-adapted distance A include, for example, optimal
transport-based misfits (OT) [18, 19, 24, 34, 35, 36], objective functions obtained from re-
duced order modeling (ROM) [10], and data-driven neural network distances [13, 43]. Al-
though OT offers some interesting convexity properties, its evaluation is computationally
demanding and seismic data do generally not fulfill the requirements from OT naturally,
such as positivity. This is because seismograms are interpreted as “mass” distributions
therein and computing A amounts to solving a (regularized) transport optimization prob-
lem under a chosen ground cost. Applicability is usually achieved through hand-crafted
data transformations which may in turn reintroduce non-convex behavior, see [19], or
by using higher-dimensional data embeddings which further increase the computational
burden, see [24, 35]. Finally, this procedure must be repeated across shots/receivers and
iterations, making it far more expensive than pointwise norms. On the other hand, us-
ing the original least-squares formulation, [10] proposes a ROM-based preconditioner to
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transform the measurement data. This transformation is shown to improve the optimiza-
tion landscape in practice, but due to its implicit definition, the method lacks a theoretical
justification specifying the assumptions under which convexity can be expected.

In contrast, learned misfit functionals can be regarded as cheap-to-evaluate data-driven
surrogates of such convex metrics, prepending the computational costs to the initial
one-time training and thus providing fast inference throughout the iteration afterwards.
Moreover, they allow an analysis as provided in [13] for a Tikhonov-type regularization
by using the learned network’s output as data-fitting term. In this context, we would
like to mention the work [31], where the penalty term in Tikhonov regularization is
defined via a neural network. The training process enforces small regularization values
on plausible solutions and larger values on implausible ones. This approach is versatile
and theoretically backed up as, under suitable assumptions, the regularization property
is validated. A more refined approach to learned regularization terms in the context
of frequency domain FWI can be found in [38], where a denoising network is combined
with a wavelet basis to construct a regularization term. The resulting regularization
objective is optimized via a multiparameter approach in both the wavelet and standard
bases simultaneously. While suitable regularization terms and enlarged parameter spaces
can decrease the non-convexity of the optimization objective, they do not address the
nonlinearity of the forward operator I’ directly.

From our discussion of alternative misfit functionals above, it became clear that two
important shortcomings remain:

(1) Existing learned misfits are usually introduced heuristically and lack a rigorous
regularization analysis.

(2) To the best of our knowledge, there is currently no general regularization theory
for Landweber /gradient-type iterations driven by a general convex objective func-
tional d, (beyond the classical quadratic/Hilbert-space misfit and special struc-
tured choices).

Consequently, it is unclear under which conditions the learned functional guarantees
monotone error reduction, convergence to the exact solution, or stability with respect to
noise.

In this paper we address the above gap and make the following contributions.

1. Under a set of structural assumptions (convexity, Lipschitz continuity of the gradient,
bounded linearization error) we prove in Section 2 that the Landweber iteration applied
to the learned functional is a regularization scheme with monotone error reduction and
convergence as the noise level decreases (Theorems 2.4 and 2.5, Corollary 2.6).

2. In Section 3 we propose two construction strategies for learned convex distance func-
tionals:

(i) a conversion network @y that simplifies the forward map so that a standard qua-
dratic loss becomes convex, i.e.,

1
3 |@g 0 F(z) — Po(y)|5

is convex in x (Section 3.1). Further we present a training concept in Section 3.1.1
to stably train such a simplifier network. For the case &y o F' =~ Id, i.e., $y is an
approximate inverse, there exists a large variety of research in the field of FWI
[3, 13, 32, 45, 46] and other tomography problems [28, 47| as well. However those
approaches use the learned inverter ®, to directly reconstruct the parameters from
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the perturbed data 3° and thus require an extensive and well-chosen training set
like OpenFWI [12]. We, however, avoid these issues by learning a network as a
more general simplifier for an optimization method and thus require a less refined
training process and choice of data.

(ii) a scalar-valued distance network that directly predicts a convex distance between
two measurements (Section 3.2).

Furthermore, given certain restrictions on the trained network and the nonlinear forward
operator, we prove that both versions of the learned distance meet a majority of the
structural assumptions (Lemmas 3.1, 3.3, and 3.5). Since we could only validate a weak
convexity of our learned functionals, we therefore provide an adapted regularization the-
ory in Appendix A.

3. We suggest practical guidelines for generating training samples from measured data
by exploiting approximate invariances of the forward operator (Remark 3.4).

4. In Section 4 we give a proof of concept by demonstrating our theory on the Camembert
benchmark model for time domain FWI in the acoustic regime. Replacing the conven-
tional L2-misfit with the learned convex functional dramatically reduces reconstruction
error, mitigates cycle-skipping, and enlarges the convergence domain. In some experi-
ments, a limited-memory BFGS optimizer accelerates convergence while preserving the
accuracy gain over the L2-misfit.

Section 5 concludes our exposition with a summary and an outlook on future research
topics.

2. MISFIT LANDWEBER METHOD

In the next section, we will present concepts from machine learning to construct a misfit
functional d,: X — [0,00) for y € Y such that dp+)(z) ~ ||z — 2%|%. The object
we are seeking then is the minimizer of d,, which we compute by an adapted steepest
descent method, terminated by the discrepancy principle, see Algorithm 1. The goal
of the present section is to analyze the convergence of this algorithm under meaningful
assumptions on d, which we discuss and justify in Remark 2.2 below.

Assumption 2.1. Let y € Y. We assume that our misfit functional d,: X — [0, 00)
matches the following conditions:

(i) The misfit functional is Fréchet-differentiable at any x € X with Riesz-representa-
tion d,(v) € X such that

Oy ()] = {d}(x), ) x.

(i) The misfit dy is convex and has a unique minimizer = € X.
(iii) It holds that

dp@ () =0 for all v € D(F).
(iv) There is a constant ¢, > 0 such that
¢y ||d;($)Hi <d,(x) forallze X.

(v) There exists a functional d: Y x X — [0,00) such that d,(-) = d(y,-) and which
is Fréchet-differentiable with respect to y at (F(x™),z"). Set

Ny = Hayd(F<$+)’x+)HYaR'
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(vi) There is a constant ¢, > 0 such that
G lle — 2t X< dy(z)  for allz € X.

Assumption 2.1 needs some motivation and explanation, which we provide in the fol-
lowing remark.

Remark 2.2. a) In the ideal case, we would like to have a misfit measure d, yielding
1

dp+y(z) = 3llz — 2t ||%. So, we try to learn a distance concept d,, such that dp(+)(x) =~
e — 2tk for x in a ball about ™+ with a radius as large as possible. To this end we
train an artificial neural network ® to achieve ® =~ F~'. Then, we set d,(z) = d(y,z) =
tlle — @(y)||%. For this distance concept, it is reasonable to expect the requirements in
Assumption 2.1 to be met. To see this, accept for the moment that F~1 is well defined
on'Y and Fréchet-differentiable. Then, dy(x) = d(y,z) = jllo — F'(y)||% satisfies
Assumption 2.1. In fact, (1)-(iii) are obvious with x* = F~(y) and @(w) =z —F(y).
Further, (iv) holds as an equality for ¢, = 1/2. Finally, we have (v) and (vi) with n, =0
and , = 1/2, respectively. The knowledgeable reader may object here, that the latter
assumptions on F' make the inverse problem (1) well-posed. This objection is of course
true, but a large variety of inverse problems are conditionally well-posed on certain closed
subspaces of X, see, e.g., [1,2,5,6,7,8,9,11, 15, 16, 26, 30, 42], and so it is reasonable
to consider our inverse problem (1) to be conditionally well-posed.

b) We would like to point out that we can delete condition (vi) of Assumption 2.1 when
we replace (ii) by

(ii") The misfit d,, is uniformly convex, that is, for all u,v € X and all A € [0,1],
4y + (1= AJo) + AL = ey (llu = vllx) < My () + (1 = A)dy (0)
with ¢y [0,00) — [0, 00) non-decreasing and vanishing only at 0.

As a consequence of (ii’), the minimizer of d, is unique and

1
8 S0ren (Il = 271) < dro(@)

which is the substitute for (vi). All subsequent results remain correct under this modifi-
cation of Assumption 2.1 (except for Corollary 2.6, see Remark 2.7). Note that cjy from
part a) of this remark also fulfills (ii’) with ¢,(t) = t?/2.

c) Also one could change condition (iv) to a slightly stronger Lipschitz-condition for d,:

(iv’) There is a constant ¢, > 0 such that
||d;(x)HX = Hd’y(x) — d;(a:+)}|x <Gllz —aF||x forallxe X.
Indeed, (iv’) together with (vi) yields (iv).

A straightforward gradient descent for d, leads to Algorithm 1 where 6 > 0 is a bound
for possible noise in the data, i.e., ||y — F(z™)|ly <. The used stopping criterion is the
discrepancy principle. We now prove that the steepest decent iteration of Algorithm 1 is
a regularization following three steps:

(1) well-definedness and convergence for every y = F(z7) to the exact data ™ (The-
orem 2.3),

(2) monotone error decrease under perturbed data until termination (Theorem 2.4),

(3) regularization property (Theorem 2.5).
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Algorithm 1 Misfit steepest descent
Input: y€Y, § >0 %input data with noise level

7>0 Y%parameter for the discrepancy principle
20 € X, {M}en, € (0,00)"  %inital guess and sequence of step sizes
n =70
while d,(z,) > 76 do
Tpy1 = Tn — Andy (Tn)
n—++
end while

Theorem 2.3. Under Assumption 2.1 consider Algorithm 1 with input y = F(x™%) for
zT € D(F), 6 =0, and {\,}nen, € (0,2¢,]N0 where ¢, > 0 is the constant from (iv) in
Assumption 2.1. Moreover,

(3) f:)\n:oo and i)\i<oo.
n=0 n=0

Then, for xo € X, the sequence
Tpt1 = Tp — And;J(xn)a ne NOa

generated by Algorithm 1 either stops after a finite number of iterations with x+ or con-
verges to x: lim,_ x, = x1. In both cases, we have a monotone error decrease

(4) l2ns1 = 2 |lx < flan — 27 |x.

Proof. If Algorithm 1 terminates with xy we have that dy(zy) = 0. Since y = F(z™)
and since the minimizer of d,, is unique by Assumption 2.1(ii), we conclude with Assump-
tion 2.1(iii) that xy = x™.

Now, assume that d,(z,) > 0 for all n. Using d,(z") = 0 and the convexity of d, in
the form of

(5) (dy(u), v —u)x < dy(v) — dy(u),

we get

201 — 2% = llon — Andy(2a) — 27|k
= llon — 213 = 2Xn(dy(20), 2 — o) x + ALl () %
< llan — 2% + 20a(dy(zF) — dy (@) + A lldy () X
= llzn = 27I% = 22ndy(2n) + Anlldy ()5

By Assumption 2.1(iv) and A, < 2¢,,

(6)

lznen = 2[5 < llon = 275 + 2Xn(=dy () + ¢y 1dy (z) %) < Jln — 275
which is (4). Thus, z,, € B,(z") for all n € Ny where p = ||zg — 27 ||x. By recursively

repeating the estimate (6), we obtain

(7) |2nsr = 2t % < llao — a5 =2 Nidy (@) + ¢, Y Ady (w2)

=0 i=0
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where we have used again Assumption 2.1(iv). Now, by (i) of Assumption 2.1,
dy(x:) = dy(x;) — dy(2") = dy(z7) [r; — 7] + of||i — 27 x)
=0

and by x; € B,(z") for all i € Ny, there exists a bound b, such that d,(z;) < b, for all
i € Ng. Bounding the left hand side of (7) from below by zero implies first that

23 " Ndy () < o7+ b,y A
=0 1=0

and then
2 noy2
- P+ cybpd o N
min d,(x; - .
1€{0,...,n} y( ) - 221’:0 )\,L
Our assumptions on {\,} and taking the limit as n — oo yield

inf d,(z;) = 0.

i€Ng

Hence, {d,(z;)}ien, has a subsequence {d,(z;,)}ren which converges to 0. By (vi) of
Assumption 2.1 the subsequence {z;, }ren converges to 2. Due to the monotonicity (1),
the entire sequence must converge. U

In the following we have to distinguish clearly between quantities depending on perturbed
data y° and on exact data 3. To this end, the former are marked by a superscript J.

Theorem 2.4. Let y = F(x") and let y° € Y such that 0 < ||y° — y|ly < 6. Let both,
dy and dys, fulfill Assumption 2.1. Call Algorithm 1 with input v, 6, 7> 2n,, 1) € X,
and step sizes {\J} C (0,c,s]N which satisfy the left equation of (3). Here, c¢,s and n,
are as in (iv) and (v) of Assumption 2.1, respectively. Then, for 6 > 0 sufficiently small,
Algorithm 1 stops after a finite number N(0) of iteration steps and the iterates satisfy

|20, — 2t |x < |25 —at||x  for alln < N(5).
Proof. Relying again on (5) we can estimate
s — 2 |5 = g, — Adys () — (1%

= [lap, — 2% — 2\ dps (a7), 20 — 2 %) x + (A2l dys () 1%

< lap, — 2[5 + 20, (dys (27F) = dys (7)) + ()2 dys (20) 5
With dy(z7) = 0 and X’ < ¢,s we get
291 — ¥ % < Nz, — 2% + 27 (dys (27) — dy(a™) = ,d(y, 27)y — ]
+0,d(y, )y — y°] = dys (7)) + Ny s () 15

By (iv) of Assumption 2.1,

2 n = ¥ % < Nl — 2% + A% (2 [dys (27F) = dy(27) = Dy, 2 )y — o]

+20,d(y, a5y — '] — dys (7)) -

In view of Assumption 2.1(v) we bound

Ayd(y, 2 M)y — v°] < 10,d(y, z M)y — v°]| < 110,d(y, )|y =rlly — ¥’ [y < ny6.
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Assume that Algorithm 1 does not terminate. Then, d,s (%) > 76 for all n. Thus,

(
s — 2 1% < llan — 2715 +X0(2 [dys (27) = dy(27) = 9y, )y — y°]]
+ 5 2771/ - ))
Since the asymptotic behavior of dys(z) — dy(z) — 9,d(y,2")[y — v°] = 0(6) as § — 0
is independent of n and since 7 > 21, we have that
51 — 2[5 < llzh — 2% = AnD(8)

where D(d) = o(d) + d(t — 2n,) > 0 for § > 0 sufficiently small independent of n.
Recursively, for all n,

2, — a5 < llag — 215 = D(6) Y A,

which leads to a contradiction in view of (3). Hence, Algorithm 1 terminates with the

claimed error monotonicity.
0

Now we are ready to validate the regularization property of Algorithm 1.

Theorem 2.5. Adopt the notation and assumptions of Theorem 2.4. If z§ — xo and
N =\, € (0,¢,] for alln as § — 0, then

lim 2% = 7.
6—0 N@)

Proof. We benefit from standard arguments as given in [25]. Without loss of generality,
we can assume that N(§) — oo as 6 — 0. According to Theorem 2.3, for any £ > 0 there
exists an m. € N such that ||x,,. — 27 ||x <e. Let § > 0 be so small that N(§) > m.. By
Theorem 2.4,

236 — 2t llx < llzh, — 2" [lx < llag, — 2m.llx +e
Under our assumptions, the stability property readily follows, that is, xfm —> Ty, as

0 — 0, thereby completing the proof. O

Under an additional weak assumption, we can even validate a convergence order. This
result is hardly surprising: As explained in Remark 2.2, under Assumption 2.1 the learned
misfit d,(z) behaves like 1|[z—zT[/%, and since Algorithm 1 is terminated by a discrepancy

principle, we expect Hx‘j\,(é) — 2|l x ~ v/ to hold.

Corollary 2.6. Adopt the assumptions of Theorem 2.5. If 0,d(F(xz"),-) is continuous
at x* then
Proof. We begin with Assumption 2.1(vi) and (v),
Cy“xf\/((s) - :U+||§( < dy(¢§v(5)) = d(yaxﬁ\r(d)),
and proceed according to
d(yyzN ) = d(y#BN( )) d(y ZBN ) + d(?/ xN((S))
< d(y, wyes) — Ay, ) + 76,

Moreover,
d(y, l"?v(a)) - d(yé» 37?\/(5)) = Oyd(F(2™), x(;\r(a))[?/ - yé] +0(9)
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where the o(d)-term depends on y and not on 3°. Hence,

|d(y, x?vw)) - d(?fﬂf\/(é)” < [|9,d(F(zT), $§V(5))||Y—>R5 +0(0)

and the result follows from xf\,(é) — xt as 0 — 0 and the assumed continuity of

Oy(F(xt),-) at z™. O

If both, Assumption 2.1(iv) and (vi), hold only in a ball B,(z"), then above results
carry over provided that the initial guess xg is chosen in this ball. The reason for this
lies in the error monotonicity (Theorems 2.3 and 2.4) so that all iterates stay in the ball.

Remark 2.7. The statement of the above corollary needs to be adjusted if Assumption 2.1
is modified as discussed in Remark 2.2b). Since then we have (2) instead of Assump-
tion 2.1(vi) such that the convergence rate is given by

23 — 2 lx =0 (qb}%ﬁ)((;)) as & — 0.

3. LEARNING MISFIT FUNCTIONALS

In this section, we specify how to construct misfit functionals that satisfy as many of
the conditions of Assumption 2.1 as possible.

The underlying nonlinear inverse problem (1) is typically formulated in an infinite
dimensional setting. Therefore, in the first step we have to discretize it: Let X,, C X
and Y, C Y be finite dimensional subspaces. Define F,: D(F,) C X,, — Y, where
F.(x) = Q,F(z) with @Q,,: Y — Y being the orthogonal projector onto Y;,. We assume
that D(F,,) := D(F) N X,, has no empty interior. Now, the discrete version of (1) reads

Fn() = Mny

where M,,: Y — Y,, models the measurement process. In the next two subsections we
present two ways to construct misfit functionals for this discrete setting.

3.1. Data converter. Let Z be a finite dimensional normed space. We train a neural
network

Dy: Y, = 7,
as a “simplifier” of the forward problem, i.e. it should hold in some sense that
(8) Oy o F,(x) =~ Ax, x € D(F,),

for some “simple”, not necessarily linear, operator A: X,, — Z. Here, 6 € R? represents
the p parameters determining the neural network. For example, these parameters could
be obtained through a standard training process by minimizing the mean-square error

£00) = 5 Sl (&) — A&

for given data points &,...,&y € D(F,), see Section 3.1.1 below for more details on an
implementation of this training procedure.
Having found an optimal 6, we define

disty: Yo, x D(F) = [0,00),  (y,2) = %H@g(Fn(x)) — Do(y)ll7,
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and the resulting misfit is d,(-) = distg(y,-). Please note that, under the optimality
assumption £(#) ~ 0, we have

1
4y(2) ~ 514z — Do(y) .

Accordingly, there are two requirements on A: First, A should be chosen so that the above
right-hand side is convex in x. Second, property (8) should be feasible with reasonable
training effort. The obvious choice A = 1d, Z = X,,, to achieve the first requirement, as
done in [13], contradicts the second requirement, at least for complex inverse problems.
In general, constructing an appropriate A is challenging and requires a priori knowledge
of the underlying inverse problem, see Sections 4.1 and 4.2 for concrete examples from
seismic imaging. In the first example, the operator A is only implicitly given, and A = Id
is realized in the second.

Now, we will discuss the theoretical justification of this approach with regard to As-
sumption 2.1 and the resulting constraints on the neural network and the training process.
For our analysis below we introduce the notation Eg(z, z) for the linearization error of a
Fréchet-differentiable operator G: X — Y inx € X at z € X

Eq(z,2) = G(z) — G(2) — G'(2)[x — z].

Under certain restrictions on the trained network and the forward operator F), the
misfit dp(,+) locally satisfies Assumption 2.1.

Lemma 3.1. Let y = F,(z") for at € D(F,). Further, let both F,, and ®4 be Fréchet-
differentiable with locally bounded derivatives, i.e., for some Lg,Le > 0 and p > 0 we
have

(9) IF @)l < Lp, |95(Fu(@))ll < Lo, @ € By(z™) C D(F).

Then, d,(-) = disty(y,-) satisfies conditions (i), (iii), (iv), and (v) of Assumption 2.1
locally in B,(x™).

Moreover, d, is weakly convex on every line passing through xt in the following sense
(compare, for instance, [4, Chap. 2]):

(ii") The misfit d, fulfills:
dy(z¥) = dy(2) 2 d(2)[z" — 2] = Co||lz = 2|k, 2 € By(a™),
where the constant C, > 0 gets arbitrarily small for z — x™.

Proof. Conditions (i) and (iii) follow immediately by construction. Conditions (iv) and
(v) are verified as follows.

(iv) For z € B,(«™) we have
d, (x) = F, ()" [Ph(Fu(x))" [Po(Fu(z)) — Po(y)]]
and our assumptions yield
|d, (z)||* < 2LpLed,(x).
(v) The Fréchet-derivative of dy, in y € Y, for x € D(F,) is
0y diste(y, z) = Py(y)" [Pe(Fn(x)) — Po(y)] -
Plugging in (y,z%) we even get 1, = 0, distg(y,zT) = 0.
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For the weak convexity (ii’) let z € B,(z*) and conclude according to

dy(2)— dy(z") = dy(2)[z — 2] = dy(2) — d}(2) [z — =]
= 2 120(Fu(2)) — 2o}~ (Bo(Fu(2)) — Do(y), (B0 F)'(2) [z~ 27]),
- % (Po(Frn(2)) = Po(y), —E@oor)(a™, 2))
_ % (Dg(Fo(2)) — Dy(y), (®g 0 F)(2) [z — 27]),
_ % (Ewor)(x*, 2), E@pory (@™, %)),
_ % ((®go F)'(2) [z —a™] , (R0 F)'(2) [ — 27]),,

1 2
< 5 [Bwpor (@ 2|, = o(llz — 1),
which is the weak convexity. U

Remark 3.2. Note that the constant C, solely depends on the linearization error of
®y o F,,, and as such, condition (8) is a natural requirement on the data converter to
"convexify” the problem.

The rigorous verification of (vi) must fail in this general setting as this condition is
intertwined with the local conditionally well-posedness of the inverse problem (1). As
such it depends strongly on the nonlinearity F' and the discrete space X,,. However, if
the discrete operator F), is locally injective, and if the operator A, the architecture of the
neural network and its training are designed carefully for X,,, we can reasonably expect

(10) Cllz =27 |lx < | ®a(Fu(z) = Po(Fu(zT))llz, = € By(a") C D(Fn),

to hold for one C' > 0 and one p > 0. In other words, we have a local version of (vi) for
d, as in Lemma 3.1. In fact, the intention of the whole training process is to establish the
above Lipschitz well-posedness of the composition ®4 o F}, locally in a large neighborhood
of any ™ € D(F},). The local Lipschitz stability (10) holds, for instance, if the Fréchet-
derivative (®go F)'(zT): X,, — Z is injective, see [16, Lem. C.1(a)] (a similar result can
be found in [11]). In Appendix A we provide a local convergence result for Algorithm 1
under (10) and assumptions that d,(-) = disty(y, -) satisfies (Lemma 3.1).

Under a slightly stronger hypothesis on (®4 0 F')’ we can even verify uniform convexity
of d,. To this end, let (®go F)'(x) be uniformly injective with respect to x, that is, there
exists a constant A, > 0 such that

(11) Amin |2l < (@9 o F) (z)h]|, for all z € B,(z") and for all h € X,.

This injectivity guarantees the existence of some L < 1 and a possibly smaller p > 0 such
that

(12) HE (@goF) (T, 2 ||Z < L|[(®go F)(2)[x—z]||, forallz ze Bp(;v+),
see [16]. The estimate (12) is known under the name tangential cone condition.

Lemma 3.3. Let both (11) and (12) be fulfilled. Then, the misfit d,(-) = diste(y, )
is uniformly convex in B,(x"). Moreover, items (i) and (vi) from Assumption 2.1 are
satisfied.
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Proof. As in the proof of the previous lemma,

4,(2) — dy(a®) = dy(2)[z — 7] = 2 || Bpory (a2

1 !
2l @0o FE) [ -
Using (11) and (12) we estimate
(L2 — 1))\I2nm
(2= D o,

which rearranges to uniform convexity since L < 1. ]

dy(2) = dy(z7) = dy(2)[z — 7] <

We emphasize that we still get (local) strict convexity only under (12).
Our previous analysis indicates that, if F’ is locally injective, the training process
should mimic the constrained optimization problem

1
(13) min o | Eogor(zT, z)H2Z, Amin (P (F(2))*®y(F(2))) > ¢ forall z € X,
S

for some ¢ > 0 where Ay, (M) denotes the smallest eigenvalue of the symmetric matrix M.
Furthermore, z" is the desired solution, which is typically unknown. Thus, a more
sophisticated approach is required to train a conversion network, as we explain below.
We stress the fact that the above constraint yields (11) since F” is supposed to be locally
injective.

3.1.1. Training. Our goal is to train a neural net ®,: Y,, — Z with parameters § € R?
satisfying

Oy o F () = Ax

for a simple operator A: X,, — Z. This operator must be chosen such that the trained
distance functional distg(-,y) is convex, for example, A = Id and Z = X,,. However,
flexibility in choosing A, and hence Z, is allowed to incorporate a priori knowledge of the
underlying inverse problem and/or to reduce the training effort. We provide a concrete
example in the context of seismic imaging in Section 4 below. N

We restrict ourselves to the case where Y, = (V,)Y and Z = Z¥ for some finite
dimensional spaces Y,, and Z. For instance, this setting for Y, reflects the case where
the observations are N finite time series, i.e., Y, C L*(0,T). Moreover, Z represents the
(possibly high-dimensional) output layer of the neural network where the (now convex)
distance will be evaluated. Thus, Z and Z can be understood as some sort of encoding
spaces, where the decoding layer is the distance evaluation. In this setting, the resulting
misfit functional d, can be written as a sum,

dy(x) = Z%z(l’)7

where d denotes a distance on the lower-dimensional space and can therefore be parame-
terized by a smaller neural network. Decomposing the measurement y = (yi,...,yn) € Y,
also increases the number of effective training samples, even when only a limited number
of measurements y is available in practice.
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—~

Thus instead of training a network ®y on the large space (Y,,)", we train a network @
on the smaller space Y,, such that
Oy(F,;(z)) ~ (Az);, forall iec{l,... N},

Where F),; denotes the i-th component of the fully discrete forward operator F,,. With
this approach the whole convexifier ®4: Y,, — Z is build componentwise by

@(yl)
(14) Dy(y) = L
Py (yn)

Then, the new distance A between two measurements y',y? € Y, is

‘ Zde Ui u)-

Here, dy: ?n X i/; — [0, 00) denotes the learned distance between two given measurements
and thus serves as our training objective. In the best case this would yield

2
d@(Fnﬂ'(Il), Fnﬂ(l’Z)) ~ H(Al’l)z — (A'T2)1HZ .
Since in general full knowledge of A, Z and the parameters z is not possible, we generate

a total of Nyaa € N training triplets {(ys, vz, 7e) }per v, € € (Y, x Y, x R)Nasa | where

the pairs (yi,y?) replace (F, ;. (z1), Fn, (22)) for some unknown z},z? € D(F,,) and an
ir, €{1,...,N}. Further, the 7;’s should satisfy

Ay, y? —_||<I>9 - Hz ZH‘I’H yl) — y(y?)

7, 2 || (A )i, — (Az7)i |5 -
In this way, A is only known implicitly. However, should A be known explicitly, then one
can generate the data triplets using test samples from X,,.

With {(yz, Y7, ) } et v, We finally train the neural net by minimizing the L' loss

functional

1 Naata
1(0) = Novia ; ‘de ykayk) }

Remark 3.4. We sketch a way to generate the training pairs (y;., y2) from measurements.

Suppose that the nonlinearity F' satisfies approximately an invariance property F(Rz) ~

SF(x) with operators R: X — X and S:Y — Y. Then, we can choose y;. as our

measurement for F,; (z}) and set yi == Sy;.. Observe that R is not required explicitly.
We apply this approach in Section 4.1.

Now, to achieve the constraint on the Jacobian, see (13), we restrict our net to be of
the form (I)g Y 7 = Yn,

(15) Dg(y) =y + MLPy(y),

where MLPy is a standard multi-layer-perceptron’ with the LeakyReLU” as activation
function. Assuming | MLPy(y)||, < 1 and employing Gershgorin’s circle theorem, we can

IThis is a standard, fully connected, feed-forward network with at least one inner layer of neurons,
see, e.g., [39, Chap. 2.1].
Zsee e.g. [39, Chap. 2.2.3].
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estimate the smallest absolute value of the eigenvalues of the Jacobian from below by

Puain(P(y)) = pmin (1 + MLPy(y)) > 1 — [MLPG(y)ll, > 1 — II Wl -

W eweights(MLPy)

For the last inequality we used that for a standard MLP given as a concatenation of
activation functions and affine linear transformations,

MLPy =00 Apo0---000 Ay,

with A;(y) = Wy + b; the Jacobian is given as a multiplication of the weights and
Jacobians of the activation function:

MLP)(y) = o' (.. )Wo' (.. Y Wiy -0’ (... )W

Since in our case o is the LeakyReLU the Jacobians ¢'(...) are diagonal matrices with
diagonal entries being either 1 or @ < 1 (the negative leakage parameter) and thus
|lo'(...)]l; £ 1. Now an application of the submultiplicativity property for matrix norms
yields the above estimate for the smallest eigenvalue.

If we restrict the weights in the parameter space such that ||[W]|, < C' < 1, then

both ®(y) and ®,(y)*®,(y) are injective. To enforce this constraint, we project the
weights after each training step onto the closed, convex 1-norm ball of radius C'. That
is, if WF = (WF,...,WE) and V¥ = (bf,...,b%) denote the weights and biases at the
k-th training iteration, and if the (unprojected) update map is denoted by U, then one
projected training step consists of the following two stages:

(WEHL2 Ly — (W, by,
W = pLOVMY) foralli € {1,..., L},

where P}, denotes the projection onto {W € L(Y,,Y,): W, < C’}, as described above.

3.2. Distance networks. Another way to train a distance functional is to directly train
a neural network A: Y, — [0, 00), such that d,(z) == A(F,(z) —y) is a convex functional.

In this case we usually need stronger assumptions on the architecture of d, to obtain
a useful optimization objective. If we assume that d,, is similar to an MLP and the non-
negativity constraint is achieved by taking the square of the output, our functional is of
the form

(16) dy(x) = (b7 ®g(Fo(z) —y))",

where ®p: Y — Z is a neural net and (b,0) € Z x R? is the parameter vector which we
optimize during the training process.
In this distance concept we obtain a result similar to Lemma 3.1.

Lemma 3.5. Let y = F,(¢7) for at € D(F,). Further, let both F,, and ®4 be Fréchet-
differentiable satisfying (9). Additionally, let 0 be a zero of ®g (Pg(0) = 0). Then d,
from (16) satisfies conditions (1), (iii), (iv), and (v) of Assumption 2.1 locally in B,(x™).
Moreover, d, is weakly convex on every line passing through x™, that is, (ii’) as formulated
i Lemma 3.1 holds as well.

Proof. Let z € X,,. Again (i) is obvious with
d,(2) = 2 (0" @o(Fu(2) — y)) F'(2)" Py(F(2) — y)*[b].
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Using ®4(0) = 0 we establish (iii). Item (iv) is fulfilled since

3

1% <2312l dy(2),

and (v) holds where 7, = 0.
[t remains to validate (ii’). We have
4,(2) — dy ) = dy )]z — o]
= (b7 Dp(Fu(2) = 9))" = 2 (7 Bg(Fo(2) — 1)) (b, ®h(Fn(2) — y) F'(2)[2 — 27])
= (07 Dp(Fu(2) — y)) (b, Po(Fi(2) — ) — 20(Fu(2) — y) F'(2)[z — 27])
=2 (bT@Q( n(2) = )) (bTE(‘I’e(~—y))OFn( ; >) dy(z)
=2 (b" @o(Fu(2) = 9)) (b E@y(—yor (&7, 2)) -
The claim follows now directly from (b" ®y(F,(z) —y)) = O(]|z — 27| x, ) and the defini-
tion of the Fréchet-derivative. U

We guarantee the condition ®4(0) = 0 by designing the net ®y without biases. Then,
training can be conducted as was done for the data converter by learmng a smaller network

®y on the smaller subspace Y,: With the training samples {(Wie, s ) oy (Y X

----- Ndata
Y, x R)Naawa introduced in Section 3.1.1, we minimize the L'-loss

Naata

1(b,0) =

(qu’e( yk)>2 — T

data 1

to obtain the optimal parameters (b*,0*). Finally, the full distance functional is

b0 =3 () E () )’

i=1

The corresponding b € Z is composed as b = (g, e ,g) € ZN = Z and Dy: Y, —» Zis
~N
again the componentwise application on the product space Y,, =Y, .

Remark 3.6. Under an additional assumption on b and ®g, which is hard to verify,
we can ensure the conditional well-posedness from Assumption 2.1. Suppose, there is a
constant ¢ > 0 such that

[o72]
181l 2 121l

that is, the angle between z and b is uniformly smaller than 7w/2. Then, for any x # x™
using Pg(0) = 0 we get

>c  for any z € $p(Y,)\ {0},

dy(@) = (b7 @p(Fu(z) = )" = e |Ib]5 @0 (Fu(z) — 9)II5
= c||bll7 | ®s(Fu(z) — y) — Lo (0)]

If we now assume the Fréchet-derivative F), is locally injective in a ball B,(x*) C D(F,)
and @y is locally injective in a ball B,(0) C Y, we obtain the conditional well-posedness
locally in a ball about x™, see [16, Lem. C.1(a)].
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4. FULL WAVEFORM INVERSION IN THE ACOUSTIC REGIME

One well-known inverse problem where the non-convexity of the objective functional
becomes an issue arises in time domain full waveform inversion (FWI) due to the phe-
nomenon of cycle-skipping. FWI is the most advanced seismic imaging methodology to
reconstruct the interior structure of the Earth from reflected wave fields. Here, cycle-
skipping is caused by a phase mismatch between the measured wave fields (seismograms)
and reconstructed wave fields [44]. When this mismatch exceeds half a period, optimiza-
tion procedures using L2-distances will become trapped in a local minimum, unless the
starting guess is close to the ground truth.

From a mathematical point of view, FWI entails a parameter identification task for the
underlying wave propagation model, that is, the used wave equation. For our numerical
experiments, we rely on the acoustic wave equation with constant bulk density in a
bounded Lipschitz-domain  C R2. In this setting the forward operator F' = M, F
consists of the following two building blocks:

e The parameter-to-state map
F:D(F) C L®¥(,R) — L*([0,T], L*(Q)), v+ u,
which maps a pressure wave velocity
veDF) = {w € L®(QR) : Vimin < W < Vpax a‘e.}

to the solution u: [0, 7] — L*(2) of the acoustic wave equation,
1
(17) —Ofu—Au=f, u(0)=0, du(0)=0.
v

Here, 0 < Vpin < Vmax are physically meaningful constants and f € L?([0, T, L?(Q2))
is the source term. If f is sufficiently regular in time and the boundary restriction
u|q = 0 is satisfied, then (17) admits a unique weak solution. Thus, F is well
defined and moreover Fréchet-differentiable, see [29].

e The measurement operator

M, : L*([0,T], L*(Q)) = Y, = RV Ns g1 5,

which maps a wave field u to the observed seismograms s at Ng receiver locations
and Np points in time.

As a benchmark model to compare the proposed distance functionals with the standard
L?-objective, we use the established Camembert model, also known as the circular in-
clusion model [22]. The resulting inverse problem is highly nonlinear and susceptible to
cycle-skipping.

In our example we choose 2 = [—35,35]? and the sought-after velocity is given as
120, |z| <20
18 = ’ - e 0.
(18) ve(z) {100, else, ’

The velocity of the Camembert is 20% higher than the background velocity, which renders
the inverse problem severely ill-posed. As discrete space X,, for the velocities we choose
piecewise constant functions on a 301 x 301 equidistant grid in the square [—35, 35]°.
So, dim X,, = 90601 and the discretization step size in each coordinate direction is h =
70/301 ~ 0.23. We equip X,, with the Euclidean inner product with respect to the grid
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FIGURE 1. Test velocity (18) with source (red crosses) and receiver locations
(green crosses).

values. Our fully discrete, Fréchet-differentiable forward operator between Hilbert spaces
is then

F,.D(F)NX,C X, =Y, F.(v)=MF({).

For our transmission experiment, we place 15 equidistant point sources left of the Camem-
bert and measure the excited wave fields at Ng = 200 receiver points on the right; see
Figure 1 for the geometric setting. As the number of points in time is Ny = 400 for each
receiver in any of our examples below, we have dim Y,, = 80000 throughout.

As source signal in time, we applied the Ricker wavelet

r(t) = (1—-20%(t)) e O, o(t) = mw, (t — 1),

with central frequency w. = 10 Hz and time-shift ¢, = 0.15s. The complete source term
for (17) is then

15

(19) flx,t) =) r(t)s (x),

=1

where {z;:i=1,...,15} C Q is the set of source positions. In addition, ¢" is the
characteristic function of the square 2;4[—h/2, h /2], normalized such that [, 07 (z)dz =
1. Here, h is the discretization step size associated with X,,. Moreover, supp 6’;], N

supp (5;2 = () for i # j. Please note that we perform a one-shot experiment. Only one
source is fired at 15 spatially separated locations simultaneously.

In our numerical examples below, we used PyTorch [37] to implement neural nets ®
with architectures specified in (14) and (15). Further, we used its auto-differentiation
utilities to avoid the expensive adjoint state methods. We relied on the wave solver
Deepwave [40] to compute the forward map F,. Following the work [33], Deepwave
implements an absorbing layer around €2 to prevent waves from propagating back into
the domain after reaching the boundary.
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Example Seismogram L2-misfit

0.15

0.0007 q

0.101
0.0006

0.05 1 0.0005
0.0004

0.00 1
\ 0.0003
—0.051 0.0002

0.0001

—-0.101

0.0000

T T T T T T T T T T T T T T T T
000 025 050 075 100 125 150 175 2.00 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

t t
FIGURE 2. Example seismogram on the left with corresponding L?-Misfit on the right.

The Python code for all of our experiments below and additional material can be
downloaded from the GIT repository
https://gitlab.kit.edu/david.haemmerling/learned-distance-functionals.

4.1. Time-shift training data. Within the seismic community, a common intuition for
non-convexity of the standard L?-objective .J,(v) := 1 | F(v) — y||7» are time shifts in the
seismic data. When the velocity v changes, the arrival time of an emitted shot at receiver
locations also changes, as well as the reflections of the signal, but not so much the shape
of the signal itself. This phenomenon has already been described in the introduction of
this section and is called cycle-skipping. It is illustrated in Figure 2 by a seismogram s

measured in the Camembert experiment and the standard L2-Misfit
1
(20) te S llst) —s( - t)|72

as a function of time shifts (the norm above is the weighted Euclidean norm on RM7
to approximate the indicated continuous norm). Motivated by this observation it has
been the goal in the seismic community to construct a misfit functional A: L([0,T]) x
L3([0,T]) — [0, 00) which is convex with respect to the time shifts (see e.g. [18, 34]). In
the best case scenario such a misfit functional would be given as the normal parabola,
i.e. for a given seismogram s € L?([0,T1]), extended by 0 outside of [0,T], we would like
to have
(21) A(s,s(- —t)) = 2
for any time shift t € [T, T]. This approach fits into the setting of Remark 3.4, when
S is the shift-operator S = S;: L*(R) — L*(R), S;s(-) = s(- — t). Since a time shift of
a seismogram corresponds to a change in wave speed, we postulate the existence of an
operator Ry: L>®(Q) — L*(Q2) such that S; o F = F o R;. Accordingly, for any given
seismogram s, we can generate a useful training triplet (y',y? 7) = (s, S;s, %) for any t.
Now suppose we are given a collection of seismograms y° = (si,..., sng) € Y, In
agreement with the discussion in the previous paragraph, our training samples are

{(si,8i(- —t.),13):i=1,...,Ng, l=1,..., Nauirs} C Y, X ¥,, x R

where ?; = RVt = R and ¢,...,tn,, € [-T,T]. Thus, Ngaa = NgNapnir. For all
experiments, we set Ny = 60 and randomly split the obtained dataset into training and
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L2-misfit Learned misfit
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FIGURE 3. Comparison of the L?-Misfit from (20) and the learned misfit from (21).

validation sets with a size ratio 9 : 1 to avoid overfitting. All of the following experiments
were run on an NVIDIA RTX A4000 GPU.

For our first experiment we rely on consistent data y := F,,(P,v¢) where the value of
P,ve € X,, on a grid cell coincides with the value of vo at the cell’s midpoint. When
plotting the standard L2-misfit for one of the seismograms “measured” at the receivers,
we observe a non-convex L?-misfit with local minima, which potentially give rise to the
cycle-skipping phenomenon, see Figure 3 (left).

However, after training a data transformer with an architecture as described in Sec-
tion 3.1.1 consisting of 25 linear layers with a total of 554000 parameters, the misfit
functional loses its local extrema, see Figure 3 (right). Since we work with consistent
data in a rather low-dimensional discretization, regularization is a minor issue in this
experiment. Instead of the Landweber iteration, we therefore use the faster L-BFGS
method from [20] for minimizing the L?- and the learned misfit, starting with the con-
stant background velocity 1y = 100, which we also use as initial velocity in the other
experiments below. The outcome after 100 iterations can be viewed in Figure 4. Note
that the reconstruction on the left is near a local minimum. Earlier iterates with the
same starting value do not fundamentally differ in shape and quality from this result. A
similar observation is reported in [23, Fig. 1].

We emphasize that all displayed reconstructions are clipped to values in the range
(100, 120] to show more detail.” So, some reconstructions may appear better than they
actually are. Therefore, to quantitatively compare the different reconstructions, we define
an error measure relative to the starting guess by

o v — PnVCHXn

N lvo — PnVC”Xn.

err(v) :

For the reconstruction vz, obtained by minimizing the L*-misfit (Figure 4, left), we have
err(vp2) ~ 1.53. In other words, its error is about 53% worse than that of the initial guess!
On the other hand, the velocity vg, fitted with the learned functional, has a relative error
of only err(vg) =~ 0.61.

3Instead of the reconstruction vec, we plot max {min {z4ec, 120}, 100}.



20 D. HAMMERLING, L. PIERONEK, AND A. RIEDER

120.0 120.0

-30 §

117.5 117.5

-20

115.0 115.0

1125 —101 112.5

110.0 0 110.0

107.5 104 107.5

105.0 105.0

201 |

102.5 102.5

30 |

100.0 100.0

-30 -20 -10 0

FIGURE 4. Reconstructions after 100 iterations of L-BFGS. Left: Reconstruc-
tion v;2 using the standard L?-misfit with err(v;2) ~ 1.53. Right: Reconstruc-
tion vg using the learned misfit A (21) with err(ve) ~ 0.61.

In the previous example (Figure 4) we committed an inverse crime: We generated the
seismogram with the same wave solver that we used in the L-BFGS minimization pro-
cedure. Now, we are training the same network layout based on inconsistent data that
we generated using our own finite difference time domain solver. Additionally, we have
perturbed the seismograms by 1% relative L?-noise. Figure 5 displays the resulting misfit
functional for one seismogram and the reconstruction after 5000 Landweber iterations’.
This reconstruction is overfitted as indicated by the error plot in Figure 6 (left, blue
curve), which reveals the typical semi-convergence of iterative regularization schemes ap-
plied to ill-posed problems, see, e.g., [17, 41]: The error first decreases and then increases
after an optimal stopping index (iteration number) is reached. Here, the optimal stop-
ping index is 1140 and the corresponding iterate is shown in the right of Figure 6. Please
observe that the error decreases strictly monotonically up to the optimal stopping index,
which is in full agreement with Theorem 2.4.

Employing the faster L-BFGS scheme to minimize the learned distance yields the
best reconstruction with respect to the L?-norm after only 49 iterations, see Figure 7
(right). However, its error err(v5F¢%) ~ 0.62 is larger then err(vF2d) ~ 0.58 for the best
Landweber reconstruction. Furthermore, as the error evolution in Figure 7 (left) reveals,
the error does not decrease monotonically up to its minimal value at v5FS5. Hence, it
is not straightforward to carry over the regularization theory for the Landweber method

from Section 2 to the L-BFGS scheme, if it is even possible.

Remark 4.1. A comment on computer time consumption is in order. To set up the
neural net used for the reconstructions in Figure 4, we minimized the loss functional with
the Adam optimizer over 200 training epochs and selected the set of parameters with the
lowest validation loss. This process took about 4:39 min®. The 100 L-BFGS iterations to
generate the reconstructions vz and ve required 2:56 min and 2:20 min, respectively.

4We worked with a constant step size of 50000, which we also used for the reconstruction shown
in Figure 6. The step sizes for the reconstructions in Figures 8 and 9 are 2500000 and 200, respec-
tively. These large values compensate for the rather small magnitude of the source (19), that is, ¢, in
Assumption 2.1 (iv) can be large, and so the step size as well, see the hypothesis on the step sizes in
Theorem 2.4.

STraining times for the other networks in this section are similar.
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FIGURE 5. Left: Learned misfit A (21) for one seismogram based on data
generated without inverse crime (inconsistent data). Right: Corresponding Re-

construction v after 5000 Landweber iterations with err(viand) ~ 0.61.
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FIGURE 6. Left: Relative L?-error of the Landweber iteration as a function of
the iteration index for the learned (blue) and the L?-misfit (red dashed). Right:
Optimal reconstruction, i.e., the Landweber iterate based on the learned misfit
after 1140 iterations which has the least error err(v2id) ~ 0.58.

Finally, we compare the runtime for computing the optimal reconstructions on display
in Figures 6 and 7. The 1140 Landweber iterations took 19:57 min, whereas the 49 L-
BFGS iterations finished in only 1:15 min.

With the modified Armijo rule for step size selection in the Landweber method, the
optimal reconstruction is obtained in 725 iterations, consuming 18:28 min of GPU time,
while retaining the accuracy of the reconstruction in Figure 6. The more sophisticated
Fletcher-Reeves (nonlinear conjugate gradients) scheme together with the Armijo rule
delivered its optimal result in 1:27 min after 49 iterations with an error of 0.64. For more
details, see the above-referenced GI'T repository.

For a further experiment, we trained the distance network from (16) relying on the

same training data as above and obtain similar results for data with and without inverse

crimes. Figure 8 (left) shows the L-BFGS reconstruction v&F%S based on consistent

data yielding err(v4 “5) ~ 0.68. Here, the stopping rule of the L-BFGS implementation
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FIGURE 7. L-BFGS error history (left) minimizing the learned misfit and cor-
responding optimal reconstruction (right) after 49 iterations with err(yﬁ)FGs) R~

0.62.
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FIGURE 8. Reconstructions obtained from minimizing the direct misfit (16).

Left: L-BFGS result 5G5S for consistent data with err(v89S) ~ 0.68. Right:

Landweber result vH5d for inconsistent data with err(viaid) ~ 0.52.

from [20] terminated the algorithm after 50 iterations. On the right of this figure, the
optimal Landweber iterate viid using inconsistent data, is displayed which we picked

by monitoring the error evolution. Its error is the lowest so far: err(vind) ~ 0.52.

4.2. Constant parameter training data. Another way to set up a data converter is
to make ®y an approximate inverse of the discrete forward operator F),, that is,

Byo F, ~ A=1Id,
see (8). To achieve this, we need to generate data samples (u;, F(1;)),_,

=1,..., Nparam
(X, X Yn)NPa‘am for a total of Nparam parameters p; in X,,. However since the dimension
of X,, can be arbitrarily large (here, dim X,, = 90601), it is nearly impossible to reflect all
the small variations in the discrete materials by the training set. Therefore, we generate
only a small number of constant parameters p; € R and the corresponding seismograms
F(pi) = (Yia,---,Ying), s0 that we can at least accomplish

(Pgo F)le =1d|e
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FIGURE 9. Reconstructions from constant velocity training data. Left: vH1GS

with err(vhESS) ~ 0.53, obtained after 100 iterations of L-BFGS using consistent
data. Right: vId with err(v2d) ~ 0.53, obtained after 3131 iterations of

Landweber’s method using inconsistent data.

for the subspace C C X, of constant velocities. Then our training samples for this data
converter, as described in Section 3.1, are

{(yi,l,yj,l,(ui—,uj)z): l=1,...,Ng, i, = 1,...,Nparam} CY,xY,xR.

This results in a total of Ngaa = NgaramNS training samples. After generating seismo-
grams for the Nparam = 13 constant velocities 85,90, 95, ...,145, we train a neural net
as described in Section 3.1.1 with Ny, = 33800 training samples, again randomly split
into training and validation samples. The results are shown in Figure 9 where, on the
left, the reconstruction vBESS from consistent data is the output of L-BFGS stopped
after 100 steps, as further iterations decreased the error only insignificantly. We have
err(vBEGS) ~ 0.53. The image on the right is v which is the best outcome of the
Landweber method from inconsistent data with respect to the error measure, yielding

err(viand) ~ 0.53.
5. CONCLUSION AND OUTLOOK

First, in Section 2, we established a regularization theory for the Landweber iteration
applied to general convex distance functionals. Next, in Section 3 (and also in Appen-
dix A), we theoretically justified the use of neural networks to construct such convex
functionals. We also presented an application-driven training strategy to stabilize the
training of these networks.

Finally, in Section 4 we investigated the proposed approach numerically on the Camem-
bert benchmark model. We found that the distance functionals can be constructed and
optimized without excessive computational cost. Moreover, the learned misfit function-
als can convexify the problem and yield reconstructions that outperform the standard
formulation. We also tested a more common optimization method, namely L-BFGS, and
observed no notable differences in the reconstructions; however, we did not observe the
error monotonicity required by the theory in Section 2. Hence, additional modifications
would be needed to prove that a standard L-BFGS scheme is a regularization method.

This leads directly to our outlook. From a theoretical perspective, we have so far es-
tablished convergence for noisy data only for (a suitable) gradient descent scheme. It
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is therefore natural to investigate other optimization methods and assess under which
conditions they can be interpreted as regularization schemes. From a machine learning
perspective, alternative constructions of convex functionals and different network archi-
tectures merit further study, since our experiments were restricted to standard MLPs. In
the context of FWI, the proposed methodology could be applied to additional benchmark
settings and, in particular, to multiparameter reconstruction and to field data. In these
scenarios, our approach of training a network using only the measured seismograms (to
mitigate cycle-skipping) could be especially beneficial.

APPENDIX A. LOCAL CONVERGENCE FOR WEAKLY CONVEX FUNCTIONALS

In this appendix we will show that Algorithm 1 still converges and has the regularization
property when the learned distance functional is only weakly convex instead of convex.
To this end, we modify Assumption 2.1 to be consistent with the discussion and results
in Subsection 3.1 (Lemma 3.1 and explanations given in the context of (10)).

Assumption A.1. Lety € Y. We assume that our misfit functional d,: X — [0, 00)
matches the following conditions:

(i) The misfit functional is Fréchet-differentiable at any x € X with Riesz-representa-
tion d,(v) € X such that

Opdy(x)[h] = (d,(x), h)x.
(i) The misfit dy is weakly convex in a ball B,(x") in the following sense:
dy(z) —dy(2) > d(2)[z* — 2] = Byllz — 2[5 for all z € B,(x*)

and for some constant 3, > 0.
(iii) It holds that

dp@(x) =0 for all v € D(F).
(iv) There is a constant ¢, > 0 such that
¢y Hd;(x)Hi( <d,(z) forallx € B,(z")

(v) There exists a functional d: Y x X — [0,00) such that d,(-) = d(y,-) and which
is Fréchet-differentiable with respect to y at (F(x%),xT). Set

Ty = Hayd(F(x"'),x"')Hy_)R.
(vi) There is a constant ¢, > 0 such that
G llz — 2t |%< dy(x) for all x € B,(z")
with ¢, > 28,.

Under these assumptions we can again prove local convergence for starting values in
B,(2") in the noise-free setting.

Theorem A.2. Under Assumption A.1 consider Algorithm 1 with input y = F(z™) for
T € D(F), § =0, and {\n} C [Mmin, Amax)© with 0 < Apin < Amax < 2¢, (1 — By/¢y)-
Further, assume that ¢, — \/(y/cy < By < (. Then, for xy € B,(z"), the Landweber
sequence

Tnt1 = Tn — Andy(Tn), n € Ny,
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generated by Algorithm 1 either stops after a finite number of iterations with x+, or
monotonically converges to x*: lim, . x, = 2+ and

(22) [ = 27 [[x < [lon — 27
Proof. For z,, € B,(z"), we estimate
| Tns1 — 93+H%( = |lzn — )‘nd?g(xn) - 517+||§(

= llzn = 2¥ X = 2Aa(dy(20), 20 — 27)x + Al () 1%

)\2
<z — 2% + 20 (dy(27) —dy(20) + Byllzn — 2I1%) + =2dy(z0)
\\_6_/ Cy
An
<flea =T = 0 (22282 = 22 dy o)
G Gy
where we used Assumption A.1(vi) for the last bound. By our hypotheses, 2?—5 + ’Z—; <2
which immediately implies (22). A further application of (vi)

An
lznsr — 2t % < {1 =Gy (2 oy e lzn — 2% < (1= A)llen — 2%

G Gy
for

o omi By AN,
O<A=¢¢mn{A|(2-2="—— ] A€ { i Amax} ¢ < L.
G ¢y

The claimed convergence follows now inductively. U

The error monotonicity and termination follow as in Section 2.

Theorem A.3. Let y = F(x%) and let y° € Y such that 0 < ||y° —yl|ly <& for all 6 > 0
sufficiently small. Let both, d, and d,s, fulfill Assumption 2.1. Call Algorithm 1 with input
Y, 0, ) € B, ; (z1), and step sizes {\,} C (0, Amax)™0 with 0 < Apax < 2¢,6(1—28,5/ys)
which satisfy the left equation of (3). Here, cys, pys, 1y, and (e are as in (iv), (v), and
(vi) of Assumption A.1, respectively. If

2(1 + 25y5/cy5)ny

(2= 48, /G = A/ )

then, for o > 0 sufficiently small, Algorithm 1 stops after a finite number N () of iteration
steps and the iterates satisfy

1251 = @ llx < llaf —a*|lx  for alln < N(9).

T >

Proof. Let 20 € pr5 (™). As in the previous proof we start with

g0 — 2t (% < ) — a7 (1% + 270 (dys (27) — dys (29) + Byslla, — 27 [I%)
XS 2
+ @dyé(l'i).
Yy

Let 2° be the unique minimizer of d,s according to (ii) of Assumption A.1. By (vi),
2
ey, — 217 < 2(flan — 2°l% + [|2° — 27 [1%) < —(dys(@h) + dys(27T)),

Cyo
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so that
4 A2
s — a1 < o — %+ 30 (21 + 22 Yde(e) — (2 2 2 (a)
Gyo Cyo Cys
The factor in front of d,s(z3) is positive. Hence, if d,s(z%) > 76 then
2 4 o
R Rl P R P I e e
Cya Cyé Cys
We proceed with
dys(27) = dys (") — dy(z*) — 8,d(y, )y’ — y) + 9, d(y, 2 ™) [y’ — ¥
< 0(0) + 1m0
yielding
(23) 2541 = ¥ % < Nz, — 2 ¥ 1% = XA(0)
with
4 A
A(0) =o(d) + (2_ Bys __n)7_2<1+ 20y > J.
Gyo Cys Gyo
By the choice of 7, A(§) > 0 for § > 0 sufficiently small independent of n. From (23) we
can finish exactly as in the proof of Theorem 2.4. U
The regularization property and the convergence order of Theorem 2.5 and Corol-

lary

[1]

2.0, respectively, carry over to the present situation.
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