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ON THE ITERATIVE REGULARIZATION OF
NON-LINEAR ILLPOSED PROBLEMS IN L*™

LUKAS PIERONEK AND ANDREAS RIEDER

ABSTRACT. Parameter identification tasks for partial differential equations are non-
linear illposed problems where the parameters are typically assumed to be in L*°. This
Banach space is non-smooth, non-reflexive and non-separable and requires therefore
a more sophisticated regularization treatment than the more regular LP-spaces with
1 < p < co. We propose a novel inexact Newton-like iterative solver where the Newton
update is an approximate minimizer of a smooth Tikhonov functional over a finite-
dimensional space whose dimension increases as the iteration progresses. In this way, all
iterates stay bounded and the regularizer, delivered by a discrepancy principle, converges
weakly-* to a solution when the noise level decreases to zero. Our theoretical results
are demonstrated by numerical experiments based on the acoustic wave equation in one
spatial dimension. This model problem satisfies all assumptions from our theoretical
analysis.

1. INTRODUCTION

We consider the numerical solution of non-linear illposed and inverse problems where
the underlying non-linearity ' maps from a possibly multi-component version of L* into
a normed space Y. This scenario appears quite naturally in many parameter identification
tasks for partial differential equations. The application we have in mind, and which has
triggered our research, is full waveform inversion (FWI), the most advanced inversion
technique in seismic imaging, see, e.g., [6, 27]. Depending on the used mathematical
model for wave propagation (acoustic, elastic, or visco-elastic regime) the searched-for
parameters include bulk density, pressure and shear wave velocities, and corresponding
relaxation times. Let

(1) F:D(F)c L®(D)' =Y

map these ¢ parameter functions located on some domain of interest D to the wave
field initiated by a source (explosion or earthquake). The wave field can be recorded at
receivers on the earth’s surface or by hydrophones in the sea. From these measurements
we then try to recover the parameters. Mathematically, we have to

(2) find u € D(F) such that F(u) ~ ¢’

where y° are the (noisy) measurements satisfying ||y° — F(u™)||y < d for one ut € D(F).

For this purpose, Newton-like regularization schemes are well-established iterations
for getting a meaningful approximate solution of non-linear inverse problems. There is
a wealth of literature on the analysis of those methods, mainly in a Hilbert space but
meanwhile also in a Banach space setting; we refer only to the monographs [12, 24| for
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2 L. PIERONEK AND A. RIEDER

a first reading. However, most of the Banach space methods are formulated in abstract
spaces requiring smoothness and reflexivity at least as they rely heavily on duality map-
pings to mimic the Riesz isomorphism. To the best of our knowledge, regularization
schemes applicable to non-reflexive spaces are only considered in [2, 8, 9, 10, 11, 20, 25].
The first six of these publications consider iterative schemes on the basis of proximal
point methods, Morozov, Ivanov, or Tikhonov regularization, respectively. However, all
of them require norm-related minimization whose implementation in the context of L
calls for non-smooth or constrained optimization techniques.

In this work we explore the Newton-like solver REGINN® which extends REGINN of
[21, 15] to a non-linear inverse problem with generic operators F' as in (1). F' is required
to fulfill a few specific properties which are, except for one, satisfied by FWI in all
regimes. This not yet verified property is a structural assumption known as tangential
cone condition (TCC), see (3) below and consult [4] for a first promising result. Apart
from establishing the non-linearity constraint, the main challenge about regularization in
L is its non-reflexive and non-smooth nature. As this space is further non-separable,
convergence of a discretization scheme in the strong topology cannot be expected, see
[20]. Instead, using the well-known limit

|| poo(pye = lim |[ul|papye  for all u € L>(D)",
q—00

for bounded D, our idea is to make use of semi-discrete approximations to F' based on
a family {X"}, of finite dimensional nested subspaces of L>(D)* which are equivalently
furnished with the L (D)*topology for properly chosen ¢, < oo such that g, — oo as
n — o0o. This then implies that the Newton update for the n-th iterate is obtained as
an approximate minimizer of a smooth (provided Y is smooth) and convex Tikhonov
functional over X" with just the Li-norm as penalty term. In particular, the underlying
minimizing procedure can be easily implemented numerically, which is one of the major
advantage of our algorithm, while all iterates are still kept bounded in L* uniformly.

At first glance the IRGNM-Tikhonov method of [9] and REGINN® seem to be quite
similar, but they are separated by significant structural differences: In IRGNM-Tikhonov
the penalty parameter is determined a priori and the Newton update has to be a minimizer
of the Tikhonov functional, whereas for REGINN®> the penalty parameter as well as the
penalty functional itself depend on the current iterate and the Newton update is only an
approximate minimizer. Further, the discrete spaces X™ are an intrinsic part of REGINN®,
so that we can get rid of the L*°-norm with its geometrical and numerical difficulties.
Standard adaptive discretization, in contrast, mainly aims at reducing computational
expenses.

We present our material as follows: In Section 2 we introduce and analyze two versions
of REGINN®*® which differ in what information about the smoothness of the ground truth
is available a priori. Under reasonable assumptions both algorithms are well defined
and terminate with a regularized solution wuy;, € D(F) of (2). Further, we prove the
regularization property, that is, weak-* convergence of {uy }s~o to an exact solution of
F(-) = F(u") as the noise level § tends to zero. Our hypotheses are reasonable in fact
as they are met by FWI with exception of TCC (Section 3) as mentioned above. For the
acoustic regime we are even able to provide the information about the smoothness of the
ground truth which enters the second version of REGINN*°. Finally, Section 4 contains
some experiments concerning a toy model in the acoustic regime for which the TCC
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actually holds. Some technical details that would otherwise interrupt the flow of reading
have been moved to three appendices.

2. REGINN®

For some bounded domain D C R? let F: D(F) C L*(D)* — Y be Fréchet-differen-
tiable and satisfy the tangential cone condition (TCC) at u™, i.e., there are a positive
constant w < 1 and a ball B,.(u*) C D(F) with radius r > 0 such that

3)  |F(u) — F@) — F'@)(u—)|ly <wl|[Fu)—F@)]|y forall u,a € B,(u").

Here, F': D(F) C L*(D)" — £(L>*(D)",Y) denotes the Fréchet-derivative of F and
L>®(D)* is endowed with

¢
[ulloe pye = 11 (uns - ) 1o pye = D il Zoe (-
j=1

For w < 1/2 we can equivalently restate the TCC as
(4) 1F(u) = F(u) = F'(@)(u = u)lly < LI[F'(@)(u—a)y,

with L = w/(1 —w) < 1. Since our method will be explicitly based on discretizing
L>(D)¢, we impose the following assumptions on corresponding spaces X™:

(S1) {X"},en is a sequence of nested subspaces of L>(D)", i.e., X" C X"+ C L>(D)*
for all n € N.

(S2) For each X™ there exists a linear projection operator P*: L>®(D)* — X" that
is, P"u = u for all u € X", satisfying |[P"ul|ppy < Cpllul|poo(pye where the
constant Cp > 1 is independent of n.

(S3) For some C,, > 1 we can find a positive increasing sequence {¢, },en such that

||U||Loo(D)é < CooHUHan(D)e for all u € X".

Note that the L>°(D)%norm is always stronger than the L (D)‘norm, hence the mag-
nitude of C, > 1 in (S3) determines how tight the norm equivalence with respect to X"
is. A family {X"},en enjoying (S1)-(S3) is constructed in Appendix A on the basis of
tensor product B-splines. Finally, we require a compatibility condition of the form

(5) Tim [[F(u) (@~ P"3) |y =0

for all u € D(F) and all @ € L*>°(D)*. This relation ensures that P"% converges to u
as n — oo in a sense which still yields strong convergence of the images under F”(u).
In general, one cannot expect lim,, o, P"% = % in L>®(D)* because the union of X" is
countable while L>°(D)* is not separable.

As motivated in the introduction, the guideline for designing our regularization algo-
rithm is to generate easily-computable and uniformly bounded iterates u,, in L>(D)*
which give sufficiently small residuals

(6) b =y — Flum).

To address all three aspects at once, we build on an inexact-Newton framework and find
the updates from the linearization approximately via Tikhonov regularization with special
adaptive discretization. The latter refers to minimizing proper Tikhonov functionals on
X" which are linked in a pre-defined manner. Note that thanks to assumption (S3)
the penalty term therein can be reduced to the L% (D)*norm while still controlling the
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Algorithm 1 REGINN*
Input: F; uo; ¥°; 6; {fim }m; 75 7 3 Coo 5 M0
Output: uy with [|y° — F(uy)|ly < 76
m =0
B =1 — F(uy,)
while ||6° ||y > 76 do
1= 0812/
determine n > n,, € N and s, € X" Jym(sm) < p2,]|6%, |3
Umt1 = U + Sm
m:=m+1
N =N
W= 1 — F(uy,)
end while
M :=m

corresponding L>(D)*-norm of actual interest which is difficult to cope with numerically.
Hence, given iterates {uy,...,u,} C D(F'), the next Newton step reads

(7) Uyl = U + Sm,

where n,, > n,,_1 and s, € X™ are chosen such that

(8) T (8m) < g1 60,113
Here,
(9) Jnm(8) = [[F"(tm)s — bgq”%f + amlls + (um — u(])Hiqn(D)Z
is a Tikhonov functional for fixed 9° € Y with domain X™ and
160,113
(10) Q=
/>/

is to set successively during run-time. So far, the parameters =y, { i, }men are restricted
to fulfill 0 < p,, < 1 and v # 0. While p,, serves as a stopping criterion in the spirit of
an inexact Newton condition to set the m-th update s,,, v will be responsible for keeping
the resulting iterate u,,,; sufficiently close to u': the larger v is chosen, the better the
initial guess has to be. We stop the Newton iteration by a discrepancy principle with
constant 7 > 1. The resulting inversion scheme REGINN> is summarized in Algorithm 1.
It is well defined under reasonable assumptions according to the following theorem.

Theorem 2.1 (Termination of REGINN®). Let F': D(F) C L*(D)* — Y be as above
satisfying (3) withw < 1/3 in B.(u™) C int(D(F)) and (5), where { X" }en and {P"}en
fulfill assumptions (S1)-(S3). Let y° be given such that |F(u™) —y°|ly <& for one § > 0.
Let A € (-,1) and set

fmax = (1 —w)A — w.
For

”
V Coo,“/max
ro € (O, min {r =V Cooltmax, C’l Hinax — W2}>
P

and
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choose
1+ w

T > .
Vit =GB —

1+w)? ré
Hmin ‘= \/(w + ) + 032)—%
T Y

Restrict all tolerances {m} to (fmin, fhmax) and start with some ng € N and ug € By, (u™).
Then, there exists an Ms € N such that all iterates {uy, ..., up,} of REGINN® are well-
defined and stay in B.(u"). Moreover, ||, 1lly < A0S |ly for m = 0,...,M; — 1,
103,11y < 76, and Ms = O(|logd]) as 6 \, 0.

Further, define

Proof. Before we begin with the proof we discuss our assumptions on the parameters.
First, observe that the open interval for choosing A is non-empty by w < 1/3. The lower
bound for A guarantees that i, > w. Together with the upper bound on ~ this yields
a positive upper bound for ry. Further, the radicand and the denominator of the lower
bound for 7 are positive. Finally, pimin < ftmax-

We use an inductive argument and assume therefore that ||b2 ||y < A™||3||y as well
as |lu; — ut||po(pye < r for @ < m, which holds in particular for m = 0 because of
Juo — ut || poo(pye < 10 < 7. If |09, |ly < 76, REGINN™ stops with w;, := ., and nothing
else needs to be shown. Otherwise, ||b°, ||y > 76 and we next show that a Newton update is
well defined by (8). Let sy, := arg minge xn Jy, m(s) which exists as the unique minimizer
of a strictly convex functional over a finite dimensional space. Then,

Jn,m(sn,m) < Jn,m (:Pn(qu — um))
= [|F" ()P (uh =) = by, [}
+ | P (0" = ) + (i — 0) 700 -

Recursively, we get u,, — ug = so + s1 + ... + S_1 from which we deduce that u,, — ug
is in X™1 as the spaces are nested by (S1). Hence, by (S2), P™(u,, — ug) = ty, — up for
n > n,,_1 and by linearity of P we may simplify

Inm(Snm) < |‘Fﬁ(um>ﬂ)n<u+ — Up) — bfn“?/ + OJmHiPnW+ - UO)Hiqn(D)e
2
n n T

< ()P (0" = ) — B3, |[3- + volg(D)?4 C%V—QH%H%-

In the last step we additionally used (10), Holder’s inequality and || P"(u — ug) || poo(pye <
Copllu™ —ugl| oo (pye < Coro, see (S2). We continue by splitting the residual term according
to

1F" () P" (™ = i) = b lly < 1 F () (0™ = ) = F(u™) = F(u) ||y
+IF @) —y'lly
L () (P (1" = ) = (0" = )}y
< F () (" = i) = F(u™) = Fup)[ly +0
+ {1 () (P (1™ = o) = (" = wo)) I,
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employing again P"(u™ —u,,) = up, —uo to get the bottom line. Since ||u,, —u™ || Loo(pye < 7
by induction, TCC (3) yields
1F" () P" (u* = ) = (y° = F(um))lly
< Wl Fu®) = Fum)lly + 0 + 1 F (un) (P"(u = uo) — (u* = uo)) Iy
and with [|[F(ut) — F(un)|ly < ||F(u®) —y°lly + |05,]ly <+ |63, ]ly we deduce further

1F" () P" (" = ) = (4° = F(um))lly
< w (8 + [1Bmlly) + 0+ [F (um) (P" (" — o) — (u™ —uo))ly-

Taking into account that [|6% ||y > 76, we get

I ()P — ) — (4 — )y
< B3l (10 T2 L ) (P~ 0) — (= 0))
and finally

1+w

. Dnn(nin) < (18l (o 2E2) 4 1 () (97 —Uo)—(u+—uo))||Y)2

+voly(D)/m G35 TP
Since volq(D)¥% — 1 as n — oo and in view of (5), we find that

1 2 2
12)  timsup (o) < 1A (04 2 55) 4 G35 ) = iR

n—o0

Consequently, condition (8) with g, > pmn is feasible for n,, large and appropriate
sm € X" \{0}, where s, # 0 follows by J,,(0) > [|t°,]|2. Hence, ty,11 = Uy + Sy 18
well defined and, relying on (S3) as well as (10), we proceed with

m

[tmt1 — UOH%OO(D)Z = l[sm + (um — )||L°° py < Coo

5
A LA e

m

Hence,

| Umi1 — U+HL°°(D)’~’ < |tmsr — UOHLOO(D)IZ + flut — UOHLOO(D)Z <AV Coolimaxy + 10 < T

by the upper bound of rg, yielding u,,+1 € B.(u") C int(D(F)). Finally, we estimate on
the basis of (4) and (8)

1051 lly = 11t = F' () sm) = (F(tms1) = F(tm) = F'(m)sm) |y

w
<10, = Ftm)smlly + T 1 () sy

w
< Tnmm) + o (Bl + 1F () = B, )

w
(13) <l lly + T (1 ) 8,y
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w
= (it 2 ) )

w
< (i + 20 i) ) 18l < A

Having thus proven the induction part, REGINN* is forced to terminate for any § > 0
due to ||b2,|ly < A™||B3||y < 78 for m sufficiently large. From this estimate, we may even

deduce Ms = O(|logd|) as § \, 0. O

Remark 2.2. a) The name REGINN™ for Algorithm 1 is justified by the stopping condition
(8) for determining the Newton update which is, in view of (9) and (10), equivalent to

|1 F () Sim — ban%/ [$m + (um — UO)Han D) _ 2
AR 72 = Hm:

In particular, s,, satisfies the stopping condition of REGINN [21], i.e., the above condition
without penalty term.

b) Recall that REGINN admits in the Hilbert space setting (and likewise for smooth reflezive
Banach spaces) a so-called error reducing property for the iterates of many inner linear
solvers, keeping thus u,, € B,(u") if the initial guess was chosen so. However, this does
not hold any longer for our L*°-tailored REGINN®® in general. Therefore our parameters
need to be controlled in terms of both w and r, whereas standard REGINN only requires

the knowledge of w for defining admissible tolerances p and stopping constants T, see
Theorem 3.1 in [14].

Remark 2.3. We discuss how the statement of the theorem from above carries over to a
semi-discrete situation as it appears under an implementation of Algorithm 1. Typically,
one X™ax represents the finest possible or finest chosen resolution for the sought-for
quantity ut € X™=x and models the implementation from a mathematical point of view.'
Here, X" 45 equipped with the L*°-topology. Now, Theorem 2.1 applies to F, .. where
(5) can be omitted due to

Er o (u)((uh —ug) — P (ut —ug)) =0

T'max

since both ug and ut are assumed to be in X" Further, (12) then reads

1 2 5
) < 10615 ( (o 222) w013 )

and as the only consequence the constant Cp needs to be replaced by voly(D)Y2Cy in the
definition of corresponding REGINN> parameters.

We emphasize that the underlyz’ng semi-discrete inverse problem is: given y° € Y find
u® € X"max sych that F,_, (u®) ~ y° where y° now incorporates measurement noise and
discretization error.

In case that F is linear, i.e., F'(u) = Au for some A € L(L>®(D)%Y), the TCC holds

with w = 0 and r = co. Some observations are in order:

'Recall that Theorem 2.1 in its original version requires an initial guess ug € By, (ut). Since L>®(D)*

is not separable, however, there might be no element in X™ for any n € N which satisfies this closeness
condition. As remedy we may enlarge the parameter space for the semi-discrete problem to Uy + X max
where Uy C L>°(D)* is a proper finite dimensional subspace such that u € Up. In this case, we assume
—+ n
c UO + X max
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» Although 7y can be arbitrarily large now, to still ensure a finite and uniform
L*°-bound on the iterates, 7y < 7 < co needs to be chosen compatibly.
» Because of

I () sm — 00,113 = | Asm — (4° — Aum) |3 = [| Atim i1 — 4" [I5
the iterate wu,,,, satisfies
| Atm i1 = 915 + cmlltimr = wollFanm (py < H 105,115

Hence, u,,,1 can be considered an approximate minimizer of the Tikhonov func-
tional u = || Au —y°[[3 + cunllu — ol 4n,n 1y In the set ug+ X" Put differently:
in the linear case, REGINN® can be viewed as a cascading Tikhonov regularization
iterating over nested finite-dimensional spaces where the penalty term is deter-
mined a posteriori by the previous iterate.

Corollary 2.4 (Regularization Property of REGINN>). Adopt all assumptions and nota-

tions from Theorem 2.1 with B,(ut) C D(F) and set F(u") = y. Additionally, assume
that F'(u™) fulfills

(14) R(F'(u*)") € LY(D)

or that F is weakly-x sequentially closed, that is, u, — x in L=(D)* and F(u,) — y imply
that F(u) =y. Then the set of weak-+ accumulation points of the sequence {uMéi}ieN s

non-empty and consists of solutions to F(-) = y. If u™ is the only solution in B,.(u't),
then even the whole sequence {un; tien converges weakly- to u™ in L>=(D)*.

Proof. By construction in Theorem 2.1 we know that {u M;, }ien yields
(15) ly — F(un,,)

and is uniformly bounded in L*(D)", so there exists weak-x accumulation points in
B, (ut) by weak-x-compactness. Take representatively wpy, A %, In case that F is weak-
'k

[y < lly =y lly + 163, lly < (1+7)8 — 0.

4

* sequentially closed, we can directly deduce F'(u) = y, hence any weak-x accumulation
point solves the equation. In case that (14) holds, we first note that the TCC (3) implies
by the reverse triangle inequality for any u € B,.(u") that

(16)  (1—w)|Fu") = Fu)ly < [[F'(u)@" —u)ly < (1+w)|Fu’) - F(u)y.
With (14) we then obtain for any g € Y*
(F'(u" ), 9)vy~ = (u, F,(u+)*g>Loo(D)’f,L1(D)f
= Jlim (s, o F(u")"9) 0w 01 2201
= lim (F'(uupg, 5 9)yvye
k—o00 “k
= <F/(u+)u+7g>Y,Y*7
where the last equality above follows by the second inequality in (16) with z = u My,
and F(upy, ) — y in Y. We deduce that F'(u")(ut — u) = 0 and combining this
3
relation now with the first inequality in (16) using u = u, we may again conclude F'(u) =
y. Finally, if u™ is the only solution to F(-) = y in B,(u"), the weak-* convergence

of the whole sequence {uMgi}ieN follows by a standard subsequence argument, see [28,
Prop. 10.13(2)]. O
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Remark 2.5. If F'(u") is injective, ||ul|, := ||F'(u")ul|| constitutes a norm on L>®(D)*
with respect to which {upg, }o=o then converges strongly to u™ according to (16) and (15)
at the rate ||[ut — upg |l = O(9) as & — 0. However, this norm is generally weaker than
| - || oo (pye with equivalence if and only if F'(u*) is boundedly invertible. However, for
locally illposed problems F(-) = y we expect its linearization to be illposed as well.

The previous version of REGINN®® requires the determination of successive discretization
levels n,, > n,,_; for possibly many n and corresponding (almost) minimizers s € X"
of (9) need to be computed before meeting the given p,,-criterion in (8). As this can be
numerically expensive, we want to present an alternative version which directly links n
to m. A closer look on the proof of Theorem 2.1 reveals that n,, actually depends on
the decay of ||F'(uy,)(P"(ut — ug) — (u™ — ug))||y. Hence, if we have a concrete upper
bound for this discretization residual in terms of n, feasible choices of n,, can be found
by simple algebraic manipulation. Such upper bounds can be deduced on the basis of
better initial guesses which are governed by some stronger norm. For this purpose we
state the following refined version of assumption (5):

If X C L>=(D)*is a subspace such that

(17) HﬂHLw(D)e < CX||ﬂ||X for all w € X,
then for any u™ such that Bx(u") C int(D(F)), u € Br(u") and u € X we assume that
(18) 1F" () (@ = P a) [ly < CT[allxB(n) ,

where C™ > 0 and g fulfills S(n) N\, 0 with 3(0) = 1. We think of 5 as being rather
independent of u € D(F) once X and {X"},cy are set while the magnitude of C* is
strongly Br(u™)-dependent. The next corollary shows that on this basis we can indeed
determine n,, conveniently for successive Newton steps of REGINN*°.

Corollary 2.6. Adopt all assumptions, notations and parameters from Theorem 2.1 and
assume that (18) holds — without loss of generality with ¥ = r by shrinking one of the
radii otherwise. Start with ug € L>®(D)* such that ||u™ —ug|x < min{ry/Cx,1/C*} and
restrict {pim} to (U, tmax), Where

1+w
T

2 2
(19) Yo = (w + + 5) + max { volg(D)?/ o, 1}(]92)% < fhmax
v

for some € > 0 sufficiently small and gy, large with ng € N. Further, let n,, be defined by

(20) Ny = min {n >ng: B(n) < 5Hbany}.
Then we can find s, € X™ satisfying (8) for all m. In particular, REGINN* also

terminates in this case and the reqularization property still holds.

Proof. First, n,, according to (20) is well defined since lim,,_,, 5(n) = 0. Besides, since
|2 ||y is monotonously decreasing in m, we get that n,, is non-decreasing, too. Using
S = arg MiNge xrm Jp,, m($), we may compute with (11) and by (18)

(o) < (Il (5 + 52) 5 1P ) (970 ) = 0" — ) )

2
,
+ Vold(D)Q/q"’" 7—20%||bgm||2L2(D)
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Algorithm 2 REGINN* for improved initial guesses

Input: F; ug; y°; 6; {tmtm; 7575 Coos Mo 5 € B
Output: uy with [|y° — F(uy)|ly < 76
m:=0
bfn =y - F(up,)
while ||6° ||y > 76 do
= (10,115 /7°
Ny, 1= MiN {n >ng: B(n) < €||b§§1||Y}
determine s, € X" Jp, m(Sm) < Mﬁqllbfnlli
U4l 1= Uy + Sy
m:=m-+1
v o=y’ — Fluy,)
end while
M:=m

1+w 2
< (18l (o 252) 4 Pl — wl ) )
T .

g

<1 <ellbg lly

2
.
+ max{voly(D)* "o, 1}0%72||bfn||%2(D)

< (M%mf”b%&%m-

The fact that REGINN® still terminates and also admits the regularization property follows
by Theorem 2.1, Corollary 2.4 and ||ug — u™ ||y (py < Cx|luo — u'||x < ro. O

For convenience, we restate REGINN® in Algorithm 2 subject to u™ —ug € X for which
we need to provide € and 8 as additional input. This version is especially of interest if
the regularity u* € X is known a priori so that uy € X ensures u™ —uy € X, as desired.

3. APPLICATIONS: FULL WAVEFORM INVERSION

Full waveform inversion (FWI) is the state-of-the-art imaging modality in exploration
geophysics, see, e.g., [6, 27]. Basically, it consists of a parameter identification problem
for the governing wave equation in time domain. In this section we will first verify
the compatibility condition (5) for the underlying parameter-to-solution map in quite
a general fashion, including the visco-elastic regime, and the B-spline subspaces from
Appendix A. Confining to the acoustic regime and linear B-spline spaces then, we can
even show (18).

We follow the abstract approach from [13] and consider, for some bounded domain
D C R?, a (multi-)parameter-to-solution map

F:D(F)c L=®(D)" — L*([0,T),H) =Y, wu=(uy,...,u) >y,
which relates certain parameter functions {u;}1<;<¢ C L>°(D) to corresponding solutions
y: [0,T] — H given by
By (t) + Ay(t) + BQy(t) = f(t) in (0,T),

(21 y(O) = Yo-
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Here, H is a Hilbert space and A, B, () are time-independent operator-valued coefficients
on H for which we impose that A € £L(D(A), H) is unbounded and maximal monotone,
Q € L(H) is such that QD(A) € D(A) and B € L(H) is invertible and self-adjoint.
Further, we assume only B to depend on the ¢ parameter functions {u;}1<;<¢. This
suggests introducing an auxiliary operator V: L>*(D)* — L(H) given by (uy, ..., up) =:
u — V(u) := B which we require to be differentiable and such that any uniformly
bounded {@, }nen € L®(D)* with @, — 4 pointwise a.e. implies for all h € H and any
u € L®(D)* that

(22) V' (u)t,]h — [V (u)a)h.

For a concrete definition of the involved spaces and operators for the visco-elastic wave
equation we refer to [13] where it was shown that (21) admits a unique strong solution
y € C([0,T),D(A))NC ([0, T], H) C L*([0,T], H) for yo € D(A) and f € WH([0,T], H).
However, the inverse problem is locally illposed at any interior point u € D(F).

We will need the following two results of [13] for our further considerations.

Lemma 3.1. For f € WY([0,T], H) and yo € D(A), F is Fréchet-differentiable at any
interior point u € D(F). Setting y = F(u), y := F'(u)u € C([0,T],H) for u € L*(D)*
s given as the unique weak solution of

By (t) + Ay(t) + BQy(t) = —[V'(u)u] (y'(t) + Qu(t))

y(0) =0,
that is
%(B@ Vi + @ A)n + (BQY v)n = —([V'(w)d] (v (1) + Qu(t)) ,v)
for a.e. t € (0, T) and all v € D(A*). Further, we have the stability estimate
(23) [T < CIHV (w)al(y" + Qu)ll ..,

where C depends continuously on the operator norms of B, B™1, Q, and on T.

Lemma 3.2. If f € W*([0,T), H) for k > 1 and the compatibility conditions
-1
oo = (B A+ Q) y+ ) (B'A+QYB ) eDA), 1=0,... k-1,
=0
hold, then the solution u of (21) is in C*=1([0,T], D(A)) N C*([0,T], H). Further, we

also have the stability estimate

(24) 1y YOl < C (youller + 1F Pl pro.00,m)) -

where C again depends continuously on the operator norms of B, B~', Q, and on T.

For ¢ € N we define

(25) X" =Xy x---x X (¢ factors)
as well as
(26) P L(D) = X", Pru= (Phug, ..., Phuyg),

where X} and P%; are given by the cardinal B-spline spaces in (44) and (46), respectively.
The convergence properties of {P"},,, see Appendix B, then guarantee (5) according to

the next lemma.
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Lemma 3.3. Let X™ and P" be as above and assume that F is defined for f € WH1([0,T], H)
and yo € D(A). Then we have that

i [|F(u) (@ = P"0) |2 0,0 = 0
for any interior point u € D(F) and all i € L>(D)".
Proof. Let 3, := F'(u)(@ — P"4) be the unique weak solution of

By, (t) + A7, (t) + BQ,(t) = —[V'(u) (@ — P"0)] (' () + Qu(1))
9.(0) =0
which satisfies according to (23) for all0 <t < T
1F" (w) (@ — P"a) (1) < CNV'(w) (@ = P"0)](y" + Qy) o or).m)-

Since C([0,T], H) < L*([0,T], H) is continuous, the assertion of the theorem follows
if we can show that the right-hand side of the above stability estimate goes to zero
as n — oo. Applying Proposition B.1 componentwise we deduce that there exists a
subsequence such that P"*u — u pointwise a.e.. Using ||P" | Lo (pye < Co|[ti]|oo(pye and
(22), we can apply the dominated convergence theorem for integration in time which yields
[V’ (w) (@—P™0) ) (y/+Qu) || 11 (jo,77,ir) — 0 as k — oo. By uniqueness of the pointwise limit
u the latter convergence even holds for the whole sequence, see [28, Prop. 10.13(2)]. O

Unfortunately, the TCC, which is the remaining condition for the rigorous applicability
of REGINN®, is subject of current research in the context of FWI and only special cases
are known to hold. For example, the TCC has recently been shown for a semi-discrete
setting in the acoustic regime which does, however, not meet our requirements, see [4]. To
conclude our discussion about the rigorous scope of REGINN*, we mention that condition
(14) from Corollary 2.4, which guarantees the regularization property, was proven in [13]
for the visco-elastic case.

A stronger result for the acoustic regime. In the remainder of this section we focus
on the stronger compatibility condition (18). For the acoustic wave equation and a special
choice of X™ and X, see (17), we will specify the decay function /.

In our abstract formulation (21), the acoustic wave equation is represented when setting
u=(p,v),y=(p,v)e€ L?[0,T],H), H= L*(D) x L*(D,R%) and

(27) Ay = (di%f)) . Bly= (p_;j}p) . Q=0
subject to
(28) D(A) = {(p,v) € H)(D) x L*(D,R?) : div(v) € L*(D,R%)}.

The two parameter functions are the bulk density p and the pressure wave speed v taken
from the set

(29) D(F) = {(p,v) € L®(D)?: 0 < pmin < p < pimax < 00 and
0 < Vpin <V < Vpax < 00 a.e. in D}

which is the domain of definition of the corresponding parameter-to-solution map.
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Our discretization space X™ = X7' x X7 from (25) is now specified by £ =2 and N =1
and thus consists of piecewise constant functions. The associate projector (46) reads

(30) Pru="Y 27 < /

k€n

u(z) d$> 1oy

n
k

where
(31) 07 .= 27"([0,1]* + k)

is the translated and dilated unit cube. Further, J,, = {k € Z¢ : (0} C D}, see (45).

We are left to determine X C L>(D)? where the subspace X is governed by a stronger
topology measuring some kind of smoothness. Intuitively, X should be large enough
to still contain a wide class of discontinuous profiles, on the other hand we need some
minimal a priori regularity such that its X™-projections facilitate a common decay rate
in (18). For s > 0 fixed we set

X = L>(D)?

whose component spaces are characterized by

.—h) — )
h£0 |hf*

with D" := {x € D: 2 — h € D} for any h € R?. We assign the norm
I gy = I - ooy + [as o (0);

where []gs _(p) is a semi-norm given by the magnitude of the sup within (32). Originally,
['|Bs _(p) emerges from the definition of Hilbertian Besov-Nikolskii spaces

-—h) — 5
B; (D) = {u € L*(D) : sup LI ) — ullzzon < oo}
’ ht0 |h®

with
[ -

cf. [26]. We obviously have || - || fe(py2 < || - ||x for

B3 (D) "= |- lz2py + []Bs

2,00

(D)>

lullX = llollig oy + V1 ().

LP(D) C Bs (D) and X' C L¥(D) if s < 1/2. The latter can be seen for |h| < 27"
with h = (hy,...,hy) and h; > 0 without loss of generality thanks to symmetry of the
cube by the estimate

1T prop — Top 172 (pny < 2volg ([0, 277 N\[0,27" — hy] x -+ x [0,27" — th

=227 - lj (27"~ h))

<2(27 - (27 = |))")
< d2—n(d—1)+1|h|

for all £ € J,,, where we used the mean value theorem in the last step. We have a first
approximation result.
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Lemma 3.4. Let D be a bounded Lipschitz domain and let P™ be as in (30) for general
¢ € N. Then, for any u € L=(D)* and 0 < s < 1/2,

lu = P ull 2 (pye < Cllullpge(pye2 "7,
where C' only depends on D and the dimension d.

Proof. 1t suffices to prove the assertion for ¢ = 1 since the case ¢ > 1 follows by a
componentwise consideration. Let (0 C R? be a sufficiently large rectangle containing D.
By [22] there exists u € Bj  (0) such that u|p = u and |[u]|p; (@) < Cllul
HUHBS,OO(D) can be replaced by the stronger norm ||ul|ze(py. Uéing a dyadic partition of [J

B3 (D), Where

at level n based on our cubes {07} (for which we restrict O to have integer side length),
we have

i — Pl 2y < (@02,
see [1], where P" is defined as in (30) but with respect to the larger index set 9, (0) =
{k €z®:0¢ c O}. Setting
D,= |J O,

keln (D)

we conclude that P"u|p, = P u|p, and Pul p\p, = 0. The latter implies

lu = P ul 2o =l 2\00) < V/3OL(DND) [l <0 < V/¥0lalD\Do) fll o)
for which we can estimate for some Cp < oo
vol(D\D,,) < CpH*(aD)2™"

according to the inclusion D\D,, C Uzean(z + 27"[—1,1]9]), where H*"1(0D) denotes
the d — 1-dimensional Hausdorfl measure of 0D. Altogether, we obtain for s < 1/2 that

Ju =P "ullz2(py < [lu— P ullr2(p,) + [l — P ull 22>\,
< (C27ms/d 4 \/CpHEL(AD)2™™?) |[ul| poe (y
< Cllull o (py 27"
which proves the lemma. U

If F(u) admits higher integrability in space for all  in a neighborhood of the exact
solution u™, we can use the latter approximation result to verify (18) in quite a general
fashion.

Lemma 3.5. Let X = L>(D)* for some 0 < s < 1/2 and let ut € D(F) be some interior
point such that ||y' + Qyl|L1(o,r),zey < C" for all ||u — u™||peo(pye < 7', where y = F(u) is
defined by (21) and H? is the Li-version of our L*-based Hilbert space H for some q > 2,
that is in the acoustic case

(33) H?:= L9(D) x LY(D,R%).

Then, on the basis of (26) and (30), we have for allw € X and w in a neighborhood of
ut that

(34) HF/(u) (ﬁ — fP"a) ”LQ([O,T],H) < o4 HaHX (2—s(q—2)/(3qd_4d))n'
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Proof. The proof uses a more elaborate analysis of the stability estimate

1F"(u) (@ = P"@) ()| 20,101y < CIIV (w) (@ = P T) (¥ + Qu)ll 2 (07,00,
compared to Lemma 3.3. Recall that the constant C' depends continuously on the operator
norm of B = V(u), B™', @ and on T according to (23). Since V and B + B™!
(locally) continuous, we can assume without loss of generality that the above inequality

holds for some fixed C' = Cyv .+ > 0 for any [|u —u™|| e (pye < r’ by shrinking the original
r’ > 0 otherwise. Then, for any § > 0,

V' (w) (@ — P") (' + Qy)l| L1 (o,1),m)

u— P
N ku) (A—) (' + Q) (L ga—srazsjalxy + Lga—snai<slilx)))

L1((0,T),H)

@ — Pl (p
]l x
V' (@l gz (pye,crryd || (' + Qy) Lgja—rnar<sialxy || 11 oy el x-

Due to [|[u — P"Ul|poo(pye < (1 + Cp) ||| poo(pye < (1 + Cop)||ul|x by (S2) and Cx =1 in
(17), we obtain by dropping the complementary indicator function in the bottom line
above

< V' ()| g (oo Dyt e (a) || Y+ Qy) Ly ?”u|>5\|u||X}HL1 o..m Ellx

V" (u )(a_?nA)(y/JFQy)HLl ((0,T),H)
< (L4 Co) V" (W)l g (o (pye,e oy || (V' + Qy) Lga— ‘.P"u|>5||u||X}HL1 o.m.m 1tllx
IV (@)l oo oye.ccyd 1Y + Qull pro.r).1 ||U||X

The middle line here can also be directly expressed in terms of o accordlng to our higher
integrability assumption and applying Holder’s inequality with exponent ¢/2 > 1 to

1y + Qu) (Lga—smarzsianx | 11 o).

- /oT (/p [y/(t) + Qu(D) (@) Lyg—smaizsiai ) dx) v dt

T
= / <Hy/(t) + Qy(t)qu vol ({|ﬂ — Pl > 5”@“)(})((1—2)/(2(;))1/2 gt

o~ 2
= Iy + Qull s o.ry.zry vol ({17 — P"ai| > o[l x 1) >

nos (¢—2)/
HU_U) u||L2(D e
o2|[all%

< Ily" + Qull L (0,1, 1) (

In the last step we employed Tschebyschefl’s inequality, see, e.g., [7]. Applying Lemma 3.4
componentwise, we can further estimate

@ = Pl Claf (29)" C2trm)”
cluly  — Sl 02
Altogether, we get with a similar Holder-inequality argument for

1y + Qullror).m) < |y + Qull Lt (0,1), 19 voly(D)(@=2/1

that
V' (u) (@ — ") (v + Qu)ll Lr0.1),m)
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< ||a||X||V/(U)||L(Loo(D)f,L(H))||?/ + QyHLl((o,T),Hq)

n\ (@—2)/q
O (9 (5/d)
X ((1 + C(P) (%) + 5V01d(D)(q_2)/q>

which holds for all § > 0. Optimization in § then yields § oc (273(2-2/(34~4d))" " Gince
|y + Qyll1(0,r),mey < C’" in a neighborhood of u* and V' is continuous by assumption,
we can indeed find C'* < oo in (34) which proves the lemma. O

Finally, we show that under reasonable modeling assumptions the necessary higher
integrability condition from the previous lemma can indeed be fulfilled in the acoustic
regime.

Lemma 3.6. Let D be C'-domain with d € {1,2,3} and assume that f = (fi, f2) €
W2LY([0,T], H) with f, € C([0,T], L(D,R%)) for some ¢ > 2 such that f(0) = f'(0) =0
and yo = 0. Then for any interior point ut € D(F) there exists a neighborhood such that
corresponding solutions y = F(u) to

]- Y . .
(35) Wp —div(v) = f1 in D x (0,7T),

pv' —=Vp=fy inDx(0,T),

satisfy ||y ||orqor,mey < €' < 00 and ¢ > q > 2 only depends on D and the ratio
Pmax/ Pmin < 00 from the definition of D(F).

Proof. The proof makes use of converting higher time regularity to higher spatial in-
tegrability. By Lemma 3.2 and our compatible source and initial data, we know that
for u™ € D(F) we have 3y = (p/,v') € C([0,T],D(A)) N C*([0,T], H), in particular p’ €
LY([0,T], H'(D)). By Sobolev embedding, see [5], we obtain at least p’ € L'([0,T], L5(D))
for d € {1,2,3}. Since the constant in (24) depends continuously on B and thus on u,
we can actually conclude ||| 11 (jo,71,26(p)) < 0o uniformly in a neighborhood of u*. Con-
cerning v’, we only have integrability information about its divergence. Therefore, we
first note that by (35) we have

div (%Vp) = div(v') =

in the sense of distributions. As (p,v) € D(F) is bounded away from 0 uniformly, the
non-divergence summand on the right hand side is in C([0,T], L?(D)) by assumption.
Hence by well-posedness of the Laplace equation in free space for fixed ¢ € [0, 7], there
exists g = g(t) € HL (R? R?) such that div(g) = 1p(p” — f{)/(pr?) and

loc
11 /
P = fi
pv?

' = fi
pv?

+ le(fQ)

gl oy < c]
L2(D)

for some d- and D-dependent constant C' > 0. Again, by Sobolev embedding we obtain
g € L%(D,R?) and the second order equation for p reduces to

1
div (—Vp) =div(fa +g)
p
with (fy + g) € L™™@6 (D R?). Now Meyers’ estimate, see [18], implies that
Vol Laprey < Cllfa + gllLapre)
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for some min{q,6} > ¢ > 2 and a constant C' both of which only depend on D and
Pmax/Pmin < 00. In particular, ||Vpl|11(0.7),20(p,re)) < 00 uniformly in a neighborhood of
u* and using (35) we finally get that also ||v|| 11(jo.79,04(p,ra)) < 00 locally uniform in u.
This completes the proof. U

4. NUMERICAL RESULTS

We present numerical experirnents2 on multi-parameter reconstruction to demonstrate
the operation of REGINN® in an easy test scenario where all assumptions required for our
analysis in the previous sections are satisfied.

Recall from Corollary 2.4 that, in general, the regularization property holds only in the
weak-x topology permitting a kind of strange convergence behavior. Therefore, we test
Algorithm 1 as the noise level approaches zero and also how it behaves under different
initial spaces X™. We will start with a rather low dimensional X" such that n,, increases
successively in the course of the Newton iteration (while-loop) and in contrast also
with some large dimensional X™ which corresponds to a more static use of Tikhonov
regularization throughout all iterations.

Our experiments rely on the acoustic wave equation in one spatial dimension, d = 1,
where D = (0,1) and T" = 1:

1
Wpl — 8361} = f1 n (O, 1) X (0, 1),

(36) pvl - aa:p = f2 in (07 1) X (07 1)7
U(O,-) :p(07) =0 on (Oa1)7
p(uo):p(v]-):() on (Oa1>

The source components fi, fo: [0,1] x [0,1] = R are

falt, z) = 100( —t(2x — 1) + sin (ga:> p(a:)),

where

1 1
(38) p(l‘) =1+ 5 ]].[7/30,17/30]@(3) and IJ(CL’) =1- 1—0 ]]_[13/30723/30] (ZE)

The corresponding exact data, that is, the solution of (36) and (37), are given by
(39) p(t,x) = 100tz(z — 1) and w(t,x) = 100t¢sin <g$> ‘

We solve the appearing wave equations during inversion for the parameters by the FEM-
based MATLAB (R2021a) command pdepe with 300 spatial and 100 temporal grid points.
Both sets of points are distributed equidistantly in [0, 1].

Our discrete parameter spaces X™ = X7 x X| are generated by the piecewise constant
cardinal B-spline as explained in Appendix A. So, conditions (S1)-(S3) are fulfilled. Note

2For the reader’s own experiments we provide our MATLAB code on http://www.math.kit.
edu/ianm3/~rieder/media/reginn_infty_fig2.m. Executed in MATLAB (R2021a) on an Intel(R)
Core(TM) 15-1035G4 CPU under Windows 10, the code produces the output shown in Figure 2. In
our program we use a routine by John D’Errico (2021): Piecewise functions (https://www.mathworks.
com/matlabcentral/fileexchange/9394-piecewise-functions), MATLAB Central File Exchange.
Retrieved November 29, 2021.


http://www.math.kit.edu/ianm3/~rieder/media/reginn_infty_fig2.m
http://www.math.kit.edu/ianm3/~rieder/media/reginn_infty_fig2.m
https://www.mathworks.com/matlabcentral/fileexchange/9394-piecewise-functions
https://www.mathworks.com/matlabcentral/fileexchange/9394-piecewise-functions
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that the dimension of X7 is 2". In view of Remark 2.3 we set ng,.x = 8 yielding the
semi-discrete parameter-to-state map

(40) Pt D(Fry) © X = L2([0,1], H),  (p,v) = (p,v),

where (p,v) € L*([0,1], H), H = L*(0,1)?, solves (36) with (37) and (p,v) € D(F,,,..) =
Xmmax D (F), see (29) for D(F). Within our computations, || - || z2(,1],a) is discretized by
the corresponding space-time Euclidean norm and denoted by || - ||. Since F, . satisfies

the TCC (3), see Appendix C, Theorem 2.1 guarantees termination of REGINN> applied
to the inverse problem

(41) find (p,v) € X" F, (p,v) =~ (p°,0°).

To simplify notation we use the same symbols for the continuous and the discrete versions
of functions such as p, v, p, v, etc.

We apply REGINN> (Algorithm 1) to (41) where we choose ¢, = n/log, Cs for J,
from (9) in accordance with the lower bound in (47) below. For each m the computation of
Newton update candidates s, € X" is realized — benefiting greatly from the smoothness
of the Tikhonov functionals — by a steepest descent routine in a loop over n until (8) is
met. We adapt p,, during iteration according to the rule proposed in [21]: we start with
1 = o and set

. {min{l =32 1), 0999, ot Z Gz

0.9pm—1, otherwise, ’

where o € (0,1) is user-supplied and j,, denotes the number of gradient decent steps
needed to compute the update s,,. Complementary, the underlying discretization level n
will be increased if the gradient descent loop stagnates on X™, which we consider to occur
if the ratio of two successive gradient step evaluations does not exceed a fixed threshold
close to 1, say 0.99999. We stop the algorithm either by the discrepancy principle or
if n > nmae happens, that is, if the discretization of X™ would become finer than the
computational grid used in the pdepe-routine for solving the wave equation. In the latter
case, we still perform x,,.1 = z,, + 5, with the last update candidate s,, € X™= before
abortion. We emphasize that s, is a not Newton update in the sense of (8), but the
corresponding x,, 1 might fulfill the discrepancy principle unlike x,,.

In our experiments we especially want to detect the jump regions [7/30,17/30] and
[13/30,23/30], where the parameters differ from the homogeneous background material
(po, o) = (1,1) € X™=x respectively, that we take as initial guess. Note that no grid
point of X™ coincides with either of the jump discontinuity points for all n so that the
error of any reconstruction of p and v will always be at least (max p — minp)/2 = 1/10
and (maxv —minv)/2 = 1/20 with respect to the L>-norm, respectively.

First, we investigate the case of ‘exact’ data, that is, (p°,v°) = (p,v) with (p,v) from
(39). Despite of 6 = 0 our data might still be contaminated by some discretization error
with respect to F), .. since the corresponding analytical solution (p,v) given by (38) is
not contained in X", Choosing pg = 0.7, v = 0.8, Cs, = 1.1, we run Algorithm 1 for
different ng to observe how its choice affects the outcome. Note that setting 7 is redundant
here because termination is solely forced by n exceeding n.,... Figure 1 displays the exact
parameter functions p and v (orange) and the corresponding outputs py; and vy, (blue)
of Algorithm 1 when starting with ng € {2,5, 8}, respectively. We see that the larger ng
is, the smoother the output becomes, while the points of discontinuity are more sharply
located for smaller ng. Hence, for the reconstruction of jump discontinuities, ng shall be
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FIGURE 1. Approximate solutions pys (blue, left column) and vy, (blue, right
column) by Algorithm 1 with initial spaces X2, X°, and X® (top to bottom).

chosen large enough to locate discontinuity points sufficiently precise while at the same
time it should not be too large to prevent oversmoothing. Figure 2 shows a more detailed
convergence history in the case ng = 2 and confirms that the majority of Newton steps
is indeed undertaken with n,, < 4.

Next, we study the case of noisy data. For this purpose we generate noise vec-
tors ¢ as random samples from a centered Gaussian distribution and scale it such that
IICIl = d]|(p,v)||l. Since § is a relative perturbation here, the discrepancy principle must
be adjusted accordingly. As before, we employ Algorithm 1 with pug = 0.7, v = 0.8,
Csx = 1.1, 7 = 1.1. Using the insights from our exact data case we set ng = 5 as ini-
tial value to balance the aforementioned effects of globally smooth and locally oscillating
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FIGURE 2. Left: Convergence history for exact data case ng = 2 from Figure 1.
Peaks for j,,, arise whenever the discretization level n,, is increased as cumulative
contribution. Right: Graphical presentation of the values j,, (blue) and ppm,—1
(black dashed) as functions of m € {11,...,17} where n,, = 4. Moreover, we
have included the quotient ||b2,|/][6%, ;|| (red) which is always below fi,,,—1. This
illustrates that (13) holds for a tiny w.

reconstructions. The corresponding results for py; and vy, are shown in Figure 3 for
0 = 5%, 6 = 2%, and 1%. We see that the reconstructions’ profiles approach the correct
jump height of the exact solution as d becomes smaller. In all three cases, termination
occurs by reaching the discretization limit, however, each last update fulfills the discrep-
ancy principle afterwards. Altogether, the plots illustrate the regularization property of
REGINN> with respect to weak-x in L>(D) as ensured by Corollary 2.4.

5. CONCLUSION

We have investigated a novel iterative regularization algorithm tailored for non-linear
illposed problems between L>(D)* and a normed space Y. The main focus was on
generating uniformly bounded iterates relying on a Tikhonov-like regularization term.
Due to the non-smooth structure of L>(D)* a straightforward implementation would
require non-smooth or box-constrained calculus which we could circumvent by using
discretization in combination with equivalent LP(D)*norms for p < oo. Under reasonable
assumptions on the input parameters, our algorithm REGINN*> terminates after finitely
many steps. Further, it fulfills the regularization property in the weak-x topology as the
noise level of the Y-data tends to zero. Depending on the non-linearity, this convergence
can be reformulated as convergence with respect to a norm. Numerical experiments with
a model problem illustrate the theoretical findings.
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FIGURE 3. Regularized solutions pys (blue, left column) and pys (blue, right
column) by Algorithm 1 for relative noise levels of 5%, 2% and 1% (top to

bottom).

Future research may include a convergence rate analysis under higher regularity as-
sumptions as in (18) or under more general variational source conditions with respect to
a Bregman distance [10]. We could even incorporate a metric to overcome that L°°(D)*
is non-separable; an approach proposed in [20]. Concerning the data space, especially the
task of finding proper measures for the misfit in seismograms, the Kantorovich-Rubinstein
(KR) norm has recently proven advantageous in exploration geophysics, see, e.g., [16, 17].
This fact demands an implementation of our method under the KR-norm on Y. Moreover,
our theory allows more general distance functions on Y. Indeed, any distance concept is
admissible which is convex in one of its two arguments (e.g. Bregman distances).
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APPENDIX A. A FAMILY OF ADMISSIBLE SUBSPACES

In this appendix we give a concrete construction for a family {X"},en of subspaces
of L>®(D)* which satisfies our assumptions (S1)-(S3) of Section 2 for D an open and
bounded subset of R?. Using Cartesian products in case of £ > 1, cf. (25), we restrict our
attention to £ = 1 here.

We will rely on the cardinal B-spline ¢ : R — R of order N € N which is recursively
defined by

1
en(t) = pn_1x@i(t) = / on-1(t —s)ds, @1 = L.
0

It obeys the scaling relation

(42 ox(t) =205 () ont2t = 1)

Further properties are

» suppon = [0, N], enlon; >0, on€CV2
» for each k € Z, on|k,k+1) is a polynomial of degree N — 1,
» for all t € R,

(43) 1= it —m)

see, e.g., [23].
Using the tensor product B-Spline ®(z) := [, on(z), = (z1,...,24)7 € R% and
the notation ®,, ,(v) = 2"¥2®(2"x — k), n € N, k € Z?, we define

(44) X" = X{(D) :=span{®, x|p : k € I,(D)}
with
(45) J, =3,(D) = {k € Z* : supp ®,,, C D}.

These spaces are nested due to (42), so that (S1) holds. Note that Uyes, supp @, x C D
which is a proper inclusion in general.
Next we demonstrate (S2). To this end we set

(46) Pru=Phu =Y (u, P p)r2pyPos  for u € L¥(D)

k€ln

where @ is a compactly supported dual function to ® satisfying the biorthogonality
(®(-), (- — k)) r2(ry = Oo,k-

The existence of such functions has been shown in [3]. The biorthogonality yields
Py ®pr = @i, for all k£ € J,,. Hence, the required projection property holds: PRu = u
for all u € X% (D). We proceed with

PRl Loy = SUP‘ Z D k) 2(D) Pri (2 ‘ = ‘ Z D k) £2(D) P (27)

kedyn k€n

< @) 2oy Pag(@”) < lullzepy D 1 @nkllzr(p) Poi(z).

k€ln k€ln
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Since

o - & * « (43) on
il <27 [ B@lde and Y @) € 3 Bl L2
R

k€n kezd

we have established (S2) with Cp < H(§||L1(Rd)‘ Observe that H&SHLl(Rd) > 1 as ® has
mean value 1 just as ®.
It remains to validate (S3). Let u € X3(D) with |[u||zepy = 1. Then,

[ullza(py 2 04 >0

for
0y = irélﬁ l9llapy where M = {U € XN(D) : [Jullpeo(p) = 1}'

This minimum is non-zero and exists as M is compact in the finite dimensional space
Xy(D). Since dq = ||uq|ze(py for one vy € M and as 6, — 1 for ¢ — oo (see below), we
find a ¢ with 6, < 1/Cx for any given Cs > 1. Hence, 1 < Cu ||ul|e(py for all u € M
and (S3) follows by the homogeneity of norms.

We finish with proving limg . d, = 1. Obviously, &, = |luglzep) < volg(D)Y? —
1 as ¢ — oo. Therefore {J,} is bounded and admits a convergent subsequence, say,
lim; o0 0y, = 0* < 1. For each g let z; € D with |u,(z)| = 1. If N =1, u, must be equal
to unity in a whole cube of length 27" as a subset of D containing z;. So we can estimate

_nd\1
(47) gl Lapy > (2779) !

as ¢ — oo which proves the assertion in this case. If N > 1, we can still find for any
e > 0 sufficiently small a § > 0 such that |u,| Bé(w;)mD\ > 1 — ¢ for all ¢. This follows
by uniform equicontinuity ensured by the Arzela—Ascoli theorem since M is compact in
C(D) as a bounded, closed, and finite dimensional set. Further, we have that

voly(Bs(ry) N D) > ¢ >0

for all q. This follows by the more general observation that the union over m € N of

1
Vi = {u € R*: voly(Bs(z) N D) > —}
m
is an open cover for D, so we can find a maximal m such that D C V,, by compactness
of D. Altogether, we can again deduce a lower bound of the form

gl Lapy > (1 =€) vola(Bs(x;) N DYi>(1—e)c1—1—¢

as ¢ — 0o. We conclude 0* = 1 since € > 0 can be chosen as small as we wish. Finally,
any subsequence of {d,} contains a subsequence which converges to 1. So, the whole
sequence must converge to 1, see, e.g., [28, Prop. 10.13(2)].

A different approach. The functions of X3 (D) from the above construction vanish
on the set D\ Ugeg, supp @, which is non-empty in general. Here we present briefly
an alternative approach to overcome this drawback. Basically, we extend the preimage-
space of the map F' of Section 2 while keeping all its necessary properties to carry over
Theorem 2.1 to the extension. _

Let D be an open superset of D: D C D. We will need two operators: the extension
operator E: L>*(D) — L*(D), which extends a function by zero, and the restriction

operator R: L>*(D) — L*(D), which multiplies a function by the indicator 1p.
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We define F: D(F) C L¥(D) — Y by D(F) = ED(F) and F (@) = F(Ru). This F is

Fréchet-differentiable just like F. Moreover, the TCC holds in B,.(FEu™) C D(F). Indeed,
let & € By(Eu") then [|Ru — u*||re(p) = ||Ri — REW"||po(p) < || — Eu™|| 5y < 7,
that is, Ru € B.(u™) C D(F). Thus, for u,u € B.(Fu"), we get

|F(u) — F(@) — F'(@)(u— )|y = | F(Ru) — F(RT) — F'(Ra)(Ru — R)|y
< w||F(Ru) — F(R@)|ly = w|[F(u) — F@)|y-.

For this F' we can define spaces X™ = X7 (D) as above but with respect to D rather

than D. Now, the union of the supports of ®,,;, for £ € J,,(D) covers D when n is large
enough.
Condition (5) does not transfer directly to the new construction but we have, for

u € D(F) and u € L>(D), that
48) ||F'(@)(a — Pya)|ly < ||F'(Ru)(Ra — Py Ra)|y + || F'(Ra)(PYy Ra — RPya)|y

where P%: L>®°(D) — X3 (D) and f)v”]v L>*(D) — X7 (D) are the corresponding projec-
tion operators in accordance with (S2). The left norm on the right hand side of (48) tends
to 0 for n — oo by (5). The right norm converges to 0, for instance, if F'(z): L*°(D) - Y

is weak-+ continuous for all u € D(F): both sequences {P% R}, and {RP% 4}, converge
to Ru pointwise a.e. This convergence can be verified by standard arguments, see e.g.,
[23, Chap. 12.3] and [19, Chap. 2]. Further, both sequences are uniformly bounded due

to (S2). Hence, PR, Ru — RPYu — 0 weakly-x.

APPENDIX B. AN APPROXIMATION RESULT

Proposition B.1. Foru € L*(D) and {P"},, as in (46) we have that P"u — u in LI(D)
for all ¢ < 0.

Proof. Let [ be a rectangular superset of D and Oa superset of L. Further, extend u by
zero outside of D. The convergence results of Section 12.3 from [23] yield that P"u — u
in L9(0) for any g < oo where P" is defined as in (46), however, with respect to J,(0J)

X"(0). Hence, for any s € D we have that P u(z) = P u(x) for n large enough such
that x € D,,, where

D, = {x €D: > Typ(r) = 1} :
k€T,
in particular volg (D\D") — 0. Because of || P"u| r~py < Cp|lu||L=(p) by (S2), we can
estimate
[ = P ull ooy = llu = P ullLa(prp,) + lu = Pl Lo,
< volg (D\Da) """ (Co + Dl (o) + [lu = P"ul| o,
< volg (D\Dn)"* (Cyp + 1) [ull sy + 1w = P"ul| ey

and the assertion follows. O
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APPENDIX C. ON THE TANGENTIAL CONE CONDITION FOR THE OPERATOR IN (40)

Here we argue that the semi-discrete non-linear operator F,, _ defined in (40) satisfies
the TCC (3).

The underlying abstract system is (21) with the concrete settings (27), ug = 0, and
(28) where D = (0,1), T =1, that is, d = 1 and u = (p,v) € L*([0,1], H), H = L*(0,1)>.
Thus, we obtain the acoustic system (36) which has a unique classical solution under
(p,v) € D(F,,..) and for the sources (37). In view of Lemma 3.1, F,, . is Fréchet-

max

differentiable arﬁaé we have F! ,v)(p, V) = (p,v) where (p,v Weakl sorlnxa;S
Nmax \P p y
T _ _
Wp 9,v = —pp’ in (0,1) x (0,1),
(49) pv' —0,p=—vv' in (0,1) x (0,1),

v(0,-) =p(0,-) =0 on (0,1)
(-,0)=p(-,1)=0 on (0,1).

In a first step we validate injectivity of F}, (p,v) for any (p,v) € D(F,,,..). To this
end, assume F!  (p,v)(p,V) = (0,0). From (49) we get

0=pp and 0=7v in (0,1) x (0,1).

Assume 0 # p € X"™=x. Then, there is a non-empty interval [a,b], a = 27"k, b =
27mmax(k + 1), k € Ny, where p does not vanish. Hence, p’ = 0 in [0, ] X [a,b]. By the
first equation in (36), —0,v = f1 in [0, 1] X [a, b], that is,

v(t,x) =v(t,a) — /x filt,y)dy, (t,z) € (0,1) x [a,b].

Recalling the zero initial value v(0,-) = 0 we get the contradiction 0 = [ f1(0,y)dy < 0
for x € [a,b]. So, p =0 1in (0,1). One argues analogously to validate 7 = 0 in (0,1).
Hence, F;,  (p,v) is one-to-one which implies the TCC at any interior point of D(F,,..)
due to Lemma C.1 of [4].
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