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Abstract

We derive expressions for the shape Hessian operator of the data misfit
functional corresponding to the inverse problem of inferring the shape of a
scatterer from reflected acoustic waves, using a Banach space setting and the
Lagrangian approach. The shape Hessian is then analyzed in both Holder and
Sobolev spaces. Using an integral equation approach and compact embeddings
in Holder and Sobolev spaces, we show that the shape Hessian can be
decomposed into four components, of which the Gauss—Newton part is a
compact operator, while the others are not. Based on the Hessian analysis, we
are able to express the eigenvalues of the Gauss—Newton Hessian as a function
of the smoothness of the shape space, which shows that the smoother the shape
is, the faster the decay rate. Analytical and numerical examples are presented
to validate our theoretical results. The implication of the compactness of the
Gauss—Newton Hessian is that for small data noise and model error, the discrete
Hessian can be approximated by a low-rank matrix. This in turn enables fast
solution of an appropriately regularized inverse problem, as well as Gaussian-
based quantification of uncertainty in the estimated shape.

(Some figures may appear in colour only in the online journal)

1. Introduction

A feature of many ill-posed inverse problems is that the Hessian operator of the data misfit
functional is a compact operator with rapidly decaying eigenvalues. This is a manifestation of
the typically sparse observations, which are informative about a limited number of modes of
the infinite-dimensional field we seek to infer. The Hessian operator (and its finite-dimensional
discretization) play an important role in the analysis and solution of the inverse problem. In
particular, the spectrum of the Hessian at the solution of the inverse problem determines the
degree of ill-posedness and provides intuition on the construction of appropriate regularization
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strategies. This has been observed, analyzed and exploited in several applications including
shape optimization [1, 2] and inverse wave propagation [3-5], to name a few.

Moreover, solution of the inverse problem by the gold standard iterative method—
Newton’s method—requires ‘inversion’ of the Hessian at each iteration. Compactness of
the Hessian of the data misfit functional accompanied by sufficiently fast eigenvalue decay
permits a low rank approximation, which in turn facilitates rapid inversion or preconditioning
of the regularized Hessian [3, 6]. Alternatively, the solution of the linear system arising at
each Newton iteration by a conjugate gradient method can be very fast if the data misfit
Hessian is compact with rapidly decaying eigenvalues and the conjugate gradient iteration is
preconditioned by the regularization operator [7]. Finally, under a Gaussian approximation
to the Bayesian solution of the inverse problem, the covariance of the posterior probability
distribution is given by the inverse of the Hessian of the negative log likelihood function.
For Gaussian data noise and model error, this Hessian is given by an appropriately weighted
Hessian of the data misfit operator, e.g. [8]. Here again, exploiting the low-rank character of
the data misfit component of the Hessian is critical for rapidly approximating its inverse, and
hence the uncertainty in the inverse solution [4, 5, 9, 10].

In all of the cases described above, compactness of the data misfit Hessian is a critical
feature that enables fast solution of the inverse problem, scalability of solvers to high
dimensions and estimation of uncertainty in the solution. With this motivation, here we
analyze the shape Hessian operator for inverse acoustic shape scattering problems, and study
its compactness. Our analysis is based on an integral equation formulation of the Helmholtz
equation, adjoint methods and compact embeddings in Holder and Sobolev spaces. These tools
allow us to state the shape derivatives in a Banach space setting, and then to analyze the shape
Hessian in detail. In particular, the Gauss—Newton component of the full Hessian is shown
to be a compact operator, and the decay rate of its eigenvalues is quantified as a function of
the shape smoothness. Furthermore, under certain conditions, the eigenvalues can be shown
to decay exponentially.

The remainder of the paper is organized as follows. Section 2 briefly derives and formulates
two-dimensional forward and inverse shape acoustic scattering problems, followed by
section 3 on a general framework for shape derivatives in a Banach space setting. Using
the results in section 3 and a Lagrangian approach, we then derive shape derivatives for the
inverse shape scattering problem in section 4. Section 5 justifies the shape derivations by
studying the well-posedness of the (incremental) forward and (incremental) adjoint equations,
and the regularity of their solutions. Next, we analyze the shape Hessian in Holder spaces in
section 6, and then extend the analysis to Sobolev spaces in section 7. Section 8 expresses
the decay rate of the eigenvalues of the Gauss—Newton component in terms of the shape
smoothness. In order to validate our theoretical developments, we give analytical as well as
numerical examples in sections 9 and 10. Finally, the conclusions of the paper are presented
in section 11, and straightforward extensions of two-dimensional results to three dimensions
are discussed in the appendix.

2. Forward and inverse shape scattering formulations

2.1. Forward shape scattering formulation

For simplicity of exposition, we will exclusively work with the two-dimensional setting;
extensions to three dimensions will be presented in the appendix. We further assume that
the scatterer Qg (for convenience, one scatterer is considered, but all the results in this paper
hold true for multiple scatterers) under consideration is sound-soft. If the incident wave is a
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plane wave, we can eliminate the time harmonic factor e™'*', where iZ = —1, and the acoustic

scattering problem can be cast into the following exterior Helmholtz equation [11]:

VZU+KU=0 in%Q, (1a)

U=-U" onT,, (1b)

lim V7 (8_U - ikU) —o, (10)
r—00 or
where k is the wave number, U the scattered field, U’ the incident field which is assumed to be
an entire solution of the Helmholtz equation (1a), Q2 the exterior domain given by Q = R?\ Qg
and (1¢) the radiation condition which is assumed to be valid uniformly in all directions ﬁ
We have derived the governing equations (1) for two-dimensional acoustic scattering under
time harmonic incident wave assumption. It turns out that two-dimensional electromagnetic
scattering on perfect electric conducting obstacles is governed by the same set of equations.
Consequently, all the results in this paper are valid for both acoustic and electromagnetic

scattering problems in two dimensions.

2.2. Inverse shape scattering formulation

For the inverse problem, the task is to reconstruct the scatterer’s shape given scattered field data
observed at some parts of the domain. For simplicity in the following analysis, the observed
scattering data are assumed to be noise-free.

The inverse task can be formulated as the following PDE-constrained shape optimization
problem:

mmjéi/K@NU—Uwde ()
QS Q
subject to
VU+KU=0 in®Q, (3a)
U=-U" onTy, (3b)
U
lim 7 <_ - ikU) o, (Go)
r—00 or

where quantities with superscript ‘obs’ are the observed data. K(x) denotes the observation
operator with compact support and supp K C 2. We identify

IC(p:/KQOdQ:flsuppKﬁon,
Q Q

where 1gpp & 1s the characteristic function of the set supp K. In particular, if the measurements
are pointwise at x‘j?bs, j=1,...,N°% we have
Nobs

Ko = /QKgon = Z(p (X‘;bs).
j=1

For simplicity in writing, we define I';, = supp K.
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3. Shape derivatives in a Banach space setting

If we restrict our attention to a special shape space which is Banach, the shape calculus
becomes the usual differential calculus on Banach spaces and many interesting conclusions
can be drawn. As we will see in what follows, only Fubini’s theorem and Leibniz’ rule are
necessary to derive the first and second order shape derivatives in this setting.

Following [12, 13], we represent the shape by its boundary. In particular, we assume that
the scatterer Q5 & R? is a simply connected domain and starlike with respect to the origin.
Thus, its boundary 92y can be parametrized as

IQs=T,={r=r@)e :0c[0,2r]}, e =][cosh,sinh]’. 4)

We assume that I'y belongs to the Holder continuous class C™“ for 0 < o < 1. That is, the
radius 7 lives in the Holder continuous space C"™* ([0, 27r]) with the periodic condition

rP0) =rQr), j=0,...,m, ®)

where the superscript (j) denotes the jth derivative with respect to 6. To the end of the paper,
unless otherwise stated, functions defined on [0, 2] are periodic in the sense of (5).

We are now in the position to derive the shape derivatives. For the purpose of this paper,
it suffices to consider the first order shape derivative of the following functional:

T— / F(x)de. ©)
Q

The following lemma provides the shape derivatives of 7 that will be used later in the derivation
of the shape Hessian for our inverse shape scattering problems (an analogous result for interior
problems can be found in [13]).

Lemma 1. Assume that f € C' (Rz) ; then, T is twice continuously Fréchet differentiable for
all r € C' ([0, 27)), and its shape derivatives are given as
2

DI(r;7)=— frfd@:—/ f
Iy

0

rr
——ds, (7a)

mlof f of  f rrF
D’I(riF,F) = — L) riFdo = — L) ——d 7b
(r; 7, 7) [0 <8er+r>rrr /p\.(aer—i_V) Ep s (7b)
forall , 7 € C'([0, 27]).

Proof. We use the Leibniz rule to compute the first Gateaux variation to obtain the shape
derivative formulas (7a) and (7b). Then, it is obvious that both DZ(r; #) and D*Z(r; , F)
are linear and continuous with respect to 7 (and 7). Now the continuity of DZ(r; r) and
D*I(r; 7, 7) with respect to r is straightforward owing to f € C' (R?). Hence, a classical result
on sufficiency for the Fréchet derivative [14] ends the proof. ]

4. Shape derivative derivations for inverse wave scattering problems

In this section, we derive the shape gradient and shape Hessian using a reduced space approach,
and the justifications for our derivations are provided in the next section. We begin with a useful
observation on the radiation condition. Since the radiation condition (1¢) is valid uniformly in
all directions =, we rewrite the radiation condition as

Il

U
— —ikU = o(r) = o(r™ /%),
ar



Inverse Problems 28 (2012) 055001 T Bui-Thanh and O Ghattas

where r is the radius of a sufficiently large circle I'.

It can be seen that the cost functional (2) is real-valued while the constraints (3a)—(3¢) are
complex-valued. Consequently, the usual Lagrangian approach will not make sense and care
must be taken. Following Kreutz-Delgado [15], we define the Lagrangian as

U
£=j+/ﬁ(V2U+k2U)dsz+/ s (U+U") ds+/ ﬁ,(a——ikU—q)) ds
Q r, o0 r

+ / u(VEU+IPT) d2+ / uy(U+T") ds+ / " (‘98—7 +ikU — a) ds,
Q T, o
(8)
where the overline, when acting on forward and adjoint states (and their variations), denotes
the complex conjugate.

Taking the first variation of the Lagrangian with respect to u,u;, u, in the
directions #, i, u, and arguing that the variations #, iy, i, are arbitrary yield the forward
equations (3a)—(3c¢).

Now taking the first variation of the Lagrangian with respect to U and arguing that its
variation U is arbitrary yields the following adjoint equations:

Viu+ku=-KU-U" ing, (9a)

u=0on T, 9b)
9

lim /7 <—” + iku) — 0. 9¢)

r—00 or

The other adjoint variables are found to be

du
U, = n only, and wu,=—u only,
n
and they are eliminated so that the Lagrangian now becomes

£=J+/E(V2U+k2U)+v.[(U+U’)Vﬁ] dQ
Q

U u
— | — —ikU — ¢ ) ds — U+U—d
/mu<3r 1 (p) N /x( + )ars

+ [1(vT+#0)+ V- [(T+T) vu] e

oU — —9
—/ u<—+ikU—¢) ds— | WroHLas. (10)
I'so or s or
Now the shape derivative of the Lagrangian (10) can be obtained using formula (7a), i.e.
2w
DJ (r; f):—/ VU +U")-Vi+ VT +T') - Vulrrdo, (11
0

where the boundary conditions for both forward and adjoint states on the scatterer’s surface
have been used to lead to (11).

For the sake of convenience in deriving the shape Hessian, the state and adjoint equations
are best expressed in the weak form. As a direct consequence of the above variational calculus
steps, the weak form of the forward problem reads

S U) = / AV 4 RU) LY (U + UNVE 2
Q

r

—_ /U o
_/ i —ikU—g)ds— | W+UHds=0, Vi, (12)
a oo Br

00
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and similarly for the adjoint problem we have

T(r,u,u):/5[v2u+k2u+K(U—U’”)]+v- (uva dQ
Q

= (du . aU A
— Ul — +iku ) ds — u—-ds =0, VU.
T 8r s 8r

13)

Next, the shape Hessian is obtained by simply computing the first variation of the shape

gradient D7 (r; 7) using the shape derivative formula (7b), i.e.

rirdo

D27 (r: 7. 7) = _/2” VW + U -Va+ VT +T") - Vul
S de,

2
—/ VU +U") - Vi+ VU +U') - Vu] #7d6
0
2 —
—/ [VU(F) - Vi + VU (F) - Vu] r7do
0

2
_/ [V +U") - Vi@ + VU +T') - Vi@l ri-do.
0

(14)

As mentioned at the beginning of this section, the reduced space approach is employed, and
hence the variations in state U and adjoint # cannot be arbitrary. Instead, by forcing the first
variations of S(r, U) and 7 (r, U, e) to vanish, U is the solution of the so-called incremental

forward equation:

. . |~ o(U+U!
fﬁ(v2U+k2U)dsz+/ s [U+g?] ds
Q T, on

de,

_ {8l -
—/ ﬁ(——ikU) ds=0, Vi,
oo or

and  is the solution of the incremental adjoint equation
= . o0 [ ou_
UNVu+k'u+ KU)dQ + — lu+ r|ds
Q T, on 86,

— [/ ou ~
—/ U(—u—i—ikﬁ) ds=0. V0.
» or

The corresponding strong form of the incremental forward equation reads

VU +KU=0 inQ,

~ 0 1
U= _M; nT,,
oe,
k14 -
lim /7 (— — ikU) =0.
r—00 or

Similarly, the incremental adjoint equation in the strong form is
Vi +ki=—-KU inQ,

ou

15)

(16)

(17a)

(17b)

(17¢)

(18a)

(18b)
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lim /r <8—u + ikﬁ) =0. (18¢)
r—00 ar

Unlike the speed method [16], the Banach space setting always guarantees the symmetry
of the shape Hessian due to the standard result on symmetry of mixed derivatives in differential
calculus [17, 14]. The symmetry of the shape Hessian in (14) is hidden in the last two terms.
Our next step is to rewrite them into a form where the symmetry is apparent. In order to do this,
we choose 7 = 7 and & = it(F) in the incremental forward equation (15). For the incremental
adjoint equation (16), we take U = U(#). Then, subtracting the forward equation from the
adjoint equation, after some simple integration by parts, gives

7 = -~ = oA
/ —8(U+U)8“(r)fds=/ U ) 8”;ds+/1(0(f)(7(f)dsz. (19)
r, r Q

de, on dn Jde,
Moreover, on I'y, we have the following trivial identities:
AU +U!
U+U'=0 =VU+UH= %n,
n
ou
u=0 = Vu=—n,
on
r U+ U U+ U r
e -n=— = =— ,
V2 +r(‘)2 ae, on /2 —|—r(‘)2
u u r

= — =,
de, on /r2+r(1)2

Thus, (19) becomes

73U+ U') da(F 7 30 (F) 9 —
—/ WU 3uD) g — —/ (r)—ur7d9+f KU H)0 (7) dS. (20)
0 on on 0 on dn Q

Finally, combining equations (20) and (14) gives the symmetric form of the shape Hessian

D*J(ri F,F) = / K[UMU ) + UFHU ()] dS2
Q

H](r;f,f)
fh AU (F) aﬁ+az7(f) du
0 on on on on

rrdo

Ho (r;F,7F)
/2" AU (F) aﬁ+af/(f) du
0 on on on on

rrdd

Hz(r;f,;‘)
wlow+Uhon oU+T

_/ WU W+ U) du ..
0 on on on n

Hi (r;7,F)
/2" VWU +U") -Va+VT +T)-Vul .
0

rrrdf . 21
de,

Hy(r;F,F)
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5. Regularity of the forward and adjoint solutions

In this section, we will justify what we have done in section 4 by studying the well-posedness
of the forward and adjoint equations, and the regularity of their solutions. We will assume that
the scatterer’s surface [ is sufficiently smooth so that the forward and adjoint solutions can
be shown to be classical using an integral equation method.

First we introduce the standard surface potentials [11, 18],

Sp(x) =2 / O(x. Vo) dsy). xeT, (224)
Iy
2D (x, y)

Do(x) =2 f 90XV ) yydsty), xeT,, (220)
r, on(y)

N ad(x,y)

Dp(x) =2 f Yy dsy), xeT, (220)
r, on(x)

L4 [ ady)
To) =25 /F o ), xeT, (224)

where @ is the zero order Hankel function of the first kind for the (incremental) forward
equation(s), namely

D(x,y) = iHS x—y),
and the zero order Hankel function of the second kind for the (incremental) adjoint solution(s),
ie.
O(x.y) = —Hj (x—y) = = H} (x—y).
Our analysis needs the following useful result due to Kirsch [19, 20].
Lemma 2. Let m € NU {0} and o € (0, 1]. Then,

(i) Let Ty € C" Y ifm > 1, and Ty € C? if m = 0, then:
e S and D map C™*(T'y) continuously into C"t1-*(Ty).
e T maps cmtle(ry) continuously into C"™* ().

(ii) Let Ty € C"t2%, then D* maps C"™° (I'y) continuously into C"+1%(T',).

Proof. See Kirsch [20] for the proof. O

Note that C™“(T'y), provided I'y € C™¢, denotes the space of m-times differentiable
functions whose mth derivative is Holder continuous with exponent o on I'y. If T’ is
parametrized as in (4), where r € C™“([0, 2r]), we define C"™“(I'y) as the space of all
functions ¢ such that ¢ (r) € C™*([0,27]). The following corollary follows immediately
from the preceding lemma.

Corollary 1. Let m € NU {0} and o € (0, 1]. Suppose T'y € C"1% ifm > 1, and Ty € C* if
m = 0; then, S and D are compact in both C"™%(T'y) and C"*+1%(Ty).

Proof. The proof is trivial by the following two facts.

(i) For I’y € C*! and i < j, the embedding from C/¢ into C*® is compact [21].

8
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(ii) For continuous linear operators L : X — Y and M : Y — Z, the operator ML is compact
if either L or M is compact [22].

Now it is obvious that S is compact in C™“([';) since it maps C"™*(I';) continuously into
C™*1%(T) and the continuous embedding from C"™*1(I,) into C"™%(I,) is compact. The
proofs for other cases are similar. (Il

A standard approach for solving the (incremental) forward equation(s) using integral
equation methods is to look for solution as the combination of the single and double potentials

v(x) = Dp(x) —iSp(x), xeR*\T}, (23)
where
So(x) = f Sx, Ve ds(y), x e R\, 24)
Iy
~ 0P (x,
Dy (x) = / 90CY) yydsty), xR\ T, (25)
r on(y)

The following extension properties of S and D determine the regularity of the forward and
adjoint solutions.

Lemma 3. Assume m € NU {0} and « € (0,1]. Let Ty € C"*% ifm > 1, and Ty € C* if
m = 0. Then,

(i) S maps C"™°(T'y) continuously into C"*+1¢ (R2 \ QS),
(ii) D maps C"+1%(T') continuously into C"1-* (]R2 \ QS).

Proof. We proceed by induction. The proof for m = 0 is done in [18] (theorems 2.17 and
2.23). Now assume that the assertions are true for m — 1 and we need to show that they hold
for m as well. We begin by the following important identities: Vx € R? \ ;:

~ B ol 9 (1) -
VxSp(x) = ; Vx®(x, y)p(y)ds(y) =8| —— | — D (¢n) (26)

and

5o — [ g 02 Y) 2 < g
VD) = [ vy e dsy) = S (pm) + S (Ve 1), @2D)

T, on(y)
where we have defined the tangent vector T = % and Vyp = (%, —g—f}). We now give the
proof for (26) and the proof for (27) follows similarly. Using Vi ®(x,y) = =V, ®P(x,y), we
have

) D (x,
VySp = — /F [Vy®(x.y) - 7(¥)] @(y) T(y) ds(y) — /F )

» Bn—(y)w(y) n(y) ds(y).

IP(x,y)
ds(y)

A simple integration by parts yields

IP(x, 0
/ IPXY) vy e(y) ds(y) = — / o(x,y) O TOT 00y
r, 0s(y) Ty as(y)

and this completes the proof of (26). Equation (26) shows that VXSNga(x) maps C"™*(I)
continuously into C’”’"‘(R2 \ QS) by the induction hypothesis for m — 1. This implies that Se(x)
maps C"™*(I'y) continuously into C"*%(IR? \ ;). The argument for the second assertion
follows similarly. O

9
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The ansatz (23) automatically satisfies the Helmholtz equation and the radiation condition,
and hence v is analytic in R? \ T'y. What remains is to determine ¢ that satisfies the boundary
condition on the scatterer surface. Thus, the boundary condition determines the space for ¢,
which in turn suggests the correct space for the solution v by lemma 3. Now, by letting x
approach a point on [, provided that ¢ € C(I'y), and using the standard limiting values on
the boundary T’ for the single and double potentials [18, 11], the trace of the solution on I'
can be written as

2v(x) = (p + Dy —iSp) (x), xeT,. (28)
The regularity of the forward and incremental forward solutions is now presented.

Theorem 1. Assume m € NU {0} and a € (0, 1]. Let Ty € C"*"% ifm > 1, and T’y € C? if
m = 0. There hold the following.

(i) The forward equation (3) is well-posed; in particular, U € C"+t12(R?\ Q) and the trace
Ulr, € C"L(Ty). Both U and Ul|r, depend continuously on U’|1-l\, in the C"tH% norm.

(ii) The incrementalforward equation (17) is well-posed; in particular, U ecme (R2 \ Q),
and the trace U|r e C™(Ty). Both U and U|r depend continuously on B(U+U ) § Flr, in
the C"™“-norm.

Proof.
(i) Equations (28) and (3b) allow us to write
(¢ + Dy —iSp) (x) = —2U'|r, (x), x €T, (29)

Now, U’ Ir, € C"*+12(T,) because the restriction of an analytic function on a curve is as
smooth as the curve is. By the compactness of S and D in C"* from corollary 1 and the
injectivity of I + D — iS from [11], the Riesz—Fredholm theory [18] tells us that (29) is
well-posed in the sense of Hadamard [23], namely, /+D—iS : C"*1*(T'y) — C"*+1e(T)
is bijective and its inverse (I + D —iS)~! : C"*1¢(Ty) — C™ () is bounded. As
a result, ¢ € C"1¢(Ty), and hence U e C"'*(R? \ Q,) by lemma 3. Moreover,
Ulr, € C"1*(T;) depends continuously on —U’|r, in the C"*1:%-norm. It follows that
U depends continuously on —U’|r, as well.

(ii) The proof, which is completely analogous to item (i), is clear from the incremental forward
boundary condition (17b) and from the result of item (i). 0

For the adjoint equations, we first state their representation formulas.

Proposition 1. The solution(s) of the (incremental) adjoint equation(s) can be represented as

0D v n
v(x)=/ [ W22EY) g )ﬂ} ds(y)—ng(y)@(x,y)dsz, xe R, (30)

on(y) on(y)
where
A( ) = {K(y)[y(y) — U°(y)] for adjoint equation (9) 31
Ky)U (y) for incremental adjoint equation (18).

Proof. . It is easy by following the proof of the representation theorem for the forward
equation [11] and noting that the appearance of the last term is due to the inhomogeneity of
the (incremental) adjoint equation(s). O

10
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Proposition 1 suggests that one should look for (incremental) adjoint solution(s) of the
form

v(x) = f [M —id(x, Y)] @(y)ds(y) — / Ky)®(x,y)d2, xeR%. (32)
r, L on(y) Q

We are now in the position to address the regularity of the adjoint solutions.

Theorem 2. Assume m € NU {0} and o € (0, 1]. Let Ty € C"+1e ifm>21,and Ty € C? if
m = 0. Then, there hold the following.

(i) The adjoint equation (9) is well-posed; in particular, u € CrLhe(R?\ (R, UTy)), and
the trace u|r, € C"+1(T)).

(ii) The incremental adjoint equation (18) is well-posed; in particular, u € C™*
(R? \ (2 U I'y)), and in particular, the trace u|r, € C"™*('y).

Proof. Denote
g(x)=/1€(y)q>(x, y)dQ, xeR?% (33)
Q

then, g satisfies the Helmholtz equation, and hence analytic, in R2 \ T'p. It follows that the
restriction of g on I'y, namely g|r-, belongs to C" 1 (Ty).

(i) On the scatterer’s surface, again by the standard limiting values of single and double
potentials on the boundary Iy, we have

¢ + Doy —1iS¢ = 2g|r,. (34)

As in the proof of theorem 1, we conclude that u € C"+1-%(R?\ Q) and u|r, € C"1-%(Ty).
(i1) The result is clear from the incremental adjoint boundary condition (18)) and from the
result of item (i). 0

Let us now justify the findings in section 4 in the following theorem.

Theorem 3. Let m € NU {0} and o € (0, 1]. Suppose 'y € C"*1% ifm > 1, and Ty € C? if
m = 0. Then, the cost functional (2) is twice Gdateaux differentiable. Furthermore, if m > 1,
then the cost functional is twice continuously Fréchet differentiable. The shape gradient and
shape Hessian are well defined and given in (11) and (21), respectively.

Proof. It is sufficient to consider two cases: m = 0 and m = 1. By theorems 1 and 2, if m = 0,
one has

UeC''(R*\Q), ueCIR>\(Q,UT})),
UeC™ R\ Q), iieC"(R*\ (QUTL})),

where we have taken o = 1. This means all derivatives in the shape gradient (11) and shape
Hessian (21) exist almost everywhere, and hence are well defined. Furthermore, if m = 1, and
hence I’y € C>, theorems 1 and 2 additionally imply that they are continuous with respect
to r. A similar argument as in the proof of lemma 1 shows that the cost is twice continuously
Fréchet differentiable. U



Inverse Problems 28 (2012) 055001 T Bui-Thanh and O Ghattas

6. Shape Hessian analysis in Holder spaces

In this section, we use regularity results developed in section 5 to study the shape Hessian.
For concreteness, we restricted ourselves to two exemplary cases of the observation operator,
namely, the observation is everywhere on a closed curved I';, surrounding the obstacle (we call
this case continuous observation) and pointwise observation ', = {x‘;bs}’f:ls. Unless otherwise
stated, we assume I'y € C"*1% m > 1. We begin by studying the first component of the shape
Hessian, i.e. H (r), which can be shown to be the Gauss—Newton part of the full Hessian.

If T, € C"*, n € NU{0}, the proof of theorem 1 implies that the trace of the incremental

forward solution on I, can be identified with the following operator composition:

Ulp, : C"™ () 3 7> UF) = (D° —iS°)(I + D —iS) " 'M 7 € C™*(I'y),
where
3 (U+U)

e

M, : C" () > dr> My dr= — dr e C™*(Ty),

and

Spx) =2 / S, y)pm) dsy),  xeTh,

s

0P (x,y)
D° =2 _—
#x) fr an(y)

Unlike S and D, S° and D° have non-singular kernels. In fact, they are analytic in both x and
yowingtox € I',,y € [y and ', N 'y = @. As an immediate consequence, all the properties
of S and D apply to §° and D° as well. In particular, the following stronger result holds.

e(y)ds(y), xeTy.

Lemma 4. Let Ty € C"1% and Ty, € C%; then, S° and D° are linear, bounded and compact
maps from C"t1-% (') to C»*(T',) for alln € NU {0} and a € (0, 1].

Proof. We rewrite S° and D° as

2
SPp(x) = 2/ DF@D), r(0)eO)VrO) + [rO@)2ds, 6 € [0,2r]
0

2 AA
Dio(x) = 2 f 90O xO) ) /r@Y + FD@)Pdo, 6 e [0, 2],
.  on®)

where x = #(6)e; with #() € C"* [0, 2] and y = r(0)e, with r (8) € C"*1 [0, 27]. Now
it can be observed that differentiation in 6 can be interchanged with integration in 6 due to the
non-singularity and analyticity of the kernels. Moreover, since ® (-, r (8)) € C"* [0, 27 ], we
have

I1S°@llcre < ATDC, @) lene IV F(0)2 + [rD @) Plloll@lloos  Vn.
A similar result holds for D°, and this ends the proof for the first assertion. The second assertion

is simply a direct consequence of the first assertion and the proof of corollary 1. ]

Now, it is easy to see that M; is continuous due to lemma 5 (to be stated and
proved momentarily), and this implies the compactness of U|r, owing to the continuity of
(I 4+ D —iS)~! and compactness of (D° — iS°). Using the definition of the adjoint operator,
‘Hi1(r; r, ) can be written as

Hi(ri 7, 7) = 22Ur, ®), Ulr, M) 2,y = 225, Ulr, (P, Pz

where Z denotes the real operator which returns the real part of its argument, and (-)* denotes
the adjoint operator. Now the compactness of U|r, and U |’lib implies the compactness of H; (7).

12
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We have proved the compactness of H,(r) for continuous observation. An immediate
question that needs to be addressed is whether the same conclusion holds true for pointwise
observation as well. The incremental forward solution evaluated at X;?bs reads

o IO y) .
07 xo%) :/F‘z[Tf(y)—ldxx_,bun(y)} (I +D —i8)™! M7 ds(y)

®;(y)

=M [t+D-i$)""] @, 7

N L2(Ty)
Therefore, H; (r; ¥, F) becomes
Nobs

HiOIRF =22 U (7.x3) T (7. x2)

J
j=1

=22 Y _NoN;, 7 7 , (35)

L2(Ty) L2(Ty)

where AV is the complex conjugate of NV, i.e. N¢ = N¢. Equation (35) shows that the dimension
of the range of 7, (r) is at most N°*. The compactness of H (r) then follows immediately.
Thus, we have proved the following result on the compactness of 7, (r) for both continuous
and pointwise observations.

Theorem 4. The Gauss—Newton component of the Hessian operator, H(r), as a continuous
p P
bilinear form on C"+1%(T'y) x C"t1-*(Ty), is a compact operator:

In order to study the second component of the shape Hessian, i.e. H,(r), we identify the
normal derivative of the incremental forward solution with the following operator composition:

80 m,o m—1,a
—| C"N(T) = C" (),
on
Iy
.UM, . ol g A
1r|—>%=(11—1D*+T)(1+D—15) 'My7

for M 7 € C™“(Ty). This is known as the Dirichlet-to-Neumann (DtN) map [11].

Proposition 2. The DtN map is one-to-one and onto from C™*(T) to C"~1%(Ty), and its
inverse is continuous.

Proof. The proof that the DtN map is bijective with the bounded inverse from C"%(T) to
C%(Ty) is given in [11]. The extension of the proof to the case of mapping from C"%(T';) to
C"=1(Ty) is straightforward with the help of corollary 1, lemma 3, and hence we omit the
details here. O

We next prove the following simple lemma.

Lemma 5. Let u, v € C"™“([0, 21r]) and m € N U {0}, there hold

(i) uv € C™*([0, 27r]) and [luvllcne < ullena V]l one
(i) If mingo x| lu| > € > 0, then 1 € €™ ([0, 27]).
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Proof.
(i) Itis easy to see thatif u, v € Cc%2 ([0, 27]), then

luvllcoe < flullcoa fVllcoa

which in turn implies uv € C% ([0, 27r]) [24]. Now u,v € C™*([0,27]) implies
u, v e €% ([0, 27]), ¥j < m. The proof is now complete by observing that (uv)®
with & < m only involves products of the type u'”v®¥ with i < k, j < k, and that the
product ||u||cne ||V]|cme has more terms than |[uv || cne.

(i1) Let w = 1/u; then, I < |w| < L where 1/] = max(o 2] |u| and 1/L = ming 2] |u|. It is
trivial to show that w € C%%([0, 27]). Now observe that w® for k < m only involves
products of three terms w, u" and u'” for j < k, i < k, and this ends the proof. 0

It is convenient to denote

U+ U - ou -
———— e C"Y(Ty), §=—eC™(Ty).
de, on

If either ¢; or ¢, is zero almost everywhere, then H, () = 0, and hence it will not contribute
to the full Hessian. On the other hand, if this does not happen, then the following result on
‘H, (r) holds.

o=

Theorem 5. Assume minr_ || > €; > 0, min I |{| > €2 > 0; then, H(r), as a continuous
bilinear form on C"™*(I's) x C"™*(Ty), is not compact.

Proof. The bilinearity and continuity are trivial by the definition of H,(#) in (21) and the
property of the DtN map in proposition 2. Now, due to the assumptions on ¢; and &, it is
obvious to see that both

M, :C™* () > dr—> M dr = ¢ dr € C™%(T) (36)
and
M, : C™*(Ty) > dr = M, dr = &ordr € C™%(Ty) 37

are bijective and have bounded inverses due to lemma 5. On the other hand, the operator H, (r)
acting on 7 and 7 can be written as
-k -
A aU . oU .~

Ho(r 7, 7) = 2% | M{— (MaF) + My— (M, 7), F . (38)

on an

L2(Ty)

As can be observed, both terms in the first argument of the L?-inner product in (38) are
a composition of three bijective operators with bounded inverses, and they are adjoints of
each other. As a result, H, (r) is bijective with bounded inverse, and hence is not a compact
operator. ]

In order to study Hs(r) and H4(r), it is convenient to denote

aU + U ou - VWU + U - vu)
G3=—F7———€C"{Ty), &=
on on oe,
where we have used lemma 5 to conclude that ¢3 € C™*(Iy) and ¢4, € C"*(T,). If ¢3 and
¢4 are zero almost everywhere on Iy, then H3(r) = 0 and H4(r) = 0, and hence they have no

contributions in the full Hessian. On the other hand, if H3 and H,4 are not trivial, then their
mapping properties are given in the following theorem.

re " Ty,

14
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Theorem 6. H(r) and H4(r), as continuous bilinear forms on C(I';) x C(I'y), are not
compact. If, in addition, minr, |{3| > €3 > 0 and minr, |{4| > €4 > 0, then Hz(r) and Ha(r)
are not compact in C"™*(T'y) and C"~ 1 (Ty), respectively.

Proof. The fact that H3 () and H4(r) are bilinear and continuous is trivial. On the other hand,
their action on 7, 7 can be written as

3 1y 0%
Ha(r: P, 7) = 2% (M—“a F) , (39)
om om - Jpq,
VWU + U -Vu
H4(r;?,?):2%< VU +0) ”]rf,;) . (40)
aer LZ(I‘A)

The first arguments of the L*-inner products in (39) and (40) are multiplication operators on
C(Ty), and hence H3 and H4 are not compact due to a result in [25].

Moreover, if minr, [{3] > €3 > 0 and minr, [&4| > €4 > 0, lemma 5 tells us that
‘H3(r) and H4(r) are invertible multiplication operators with bounded inverse in C"™* (I'y) and
Cm=Le(Ty), respectively. Consequently, they are not compact. (I

Remark 1. If m = 0, and hence I'; € C2, results for H; (r) and H;(r) still hold, but not for
H>(r) and H4(r). It is not clear to us whether the DtN map is still continuously invertible in
this case. Nevertheless, if @« = 1, H4 () is a multiplication operator in L7 (0, 2r), 1 < p < oo,
and hence not compact in L” (0, 27r) [26].

7. Shape Hessian analysis in Sobolev spaces

The (non-)compactness of the shape Hessian components in section 6 has been carried out
in Holder spaces. This is natural due to our regularity study in section 5. In this section, we
briefly show that it is possible to extend most of the results to a Sobolev space setting. To the
end of this section, we conventionally use C>! for m = {0, 1} in the expression C"* "1,

We first recall some important mapping properties of surface potentials in Sobolev
spaces [19].

Lemma 6. Let s € R, s > —1/2, and m be the smallest integer greater or equal to |s|.

(i) Let Ty € C"tVL, Then,
e S and D map H*(T'y) continuously into H*' (T'y)
o T maps HT(T,) continuously into H*(Ty).
(ii) Let Ty € C"*21: then, D* maps H*(Ty) continuously into H+*'(Ty).

The following compactness result, analogous to corollary 1, is a direct consequence of lemma
6 and the Rellich theorem on compact embeddings of Sobolev spaces [24, 27].

Corollary 2. Let s € R, s > —1/2, and m be the smallest integer greater or equal to |s|, and
Iy € C"V1 Then, S and D are compact in both H*(Ty) and H+' (Ty).

Thus, the Riesz—Fredholm theory still holds to deduce that (/ + D —iS) is bijective
with continuous inverse in both H*(Ty) and H**!(T), since (I + D —iS) is injective
in L2 (T'y) [19].

A result similar to lemma 4 reads as follows.
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Lemma 7. Let s,t € R, s > —1/2, m be the smallest integer greater or equal to |s|, and n
be the smallest integer greater or equal to |t|. Suppose T, € C*' and Ty € C"*'!. Then,
S° and D° are linear, bounded and compact maps from H* ([0, 27]) to H' ([0, 27]) for all
s,teR,s > —1/2.

Proof. We present a proof for S° using the Sobolev space theory for periodic functions
developed in Kress [24], and the proof for D° follows similarly. Denote

D6, 0) = dE®O), r(0)Vr2(0) + [rD(O)1%

then, we immediately have ® (6, 6) € C™! [0, 27r] x C™!' [0, 27r]. As a result, D (6, 6) admits
a Fourier series, i.e.

»@,0) = Z ch’keijéeike’
koo

and its Fourier coefficients decay faster than n-order polynomials in j and than m-order
polynomials in &, i.e.

D MeiulF <00, Y K"l < oo (41)
J.k Jik

Let us denote dy = 5- 02” ©(0)e* dd; then, we have

So(p =4r Z <Z Cj’kdk> eije.
j k
J —_—
T;
Next using the Cauchy—Schwarz inequality and (41), the linearity and boundedness of S° are
readily available such as

1+ .2t i z ,/
IS0l = @2 > (1+ 2) |5 < @ | Y % (Z(l + %)’ |dk|2>,
J Jk k

<00 el
where —1 < s < —1/2. The second assertion follows immediately since the embedding from
H° [0, 2] to H¥ [0, 2] is compact [24, 27]. U

We next need the mapping properties of the potentials S and D to investigate the DtN
map. A result due to Kirsch [19], analogous to lemma 3, states

Lemma 8. Let s € R, s > —1/2, and m be the smallest integer greater than or equal to |s|.

(i) If s € C"™1 then S can be extended to the bounded linear operator from H* (I'y) into
H5+3/2 (m

loc

(ii) If Ty € C™!, then D can be extended to the bounded linear operator from H* (T'y) into
HH—I /2 (5)
loc :

Here comes an extension of the DtN map in proposition 2 from Holder spaces to Sobolev

spaces.

Proposition 3. Let s € R, s > —1/2, m be the smallest integer greater or equal to |s|, and
I’y € C"+U1 Then, the DtN map is bijective with continuous inverse from H* (T'y) to H*~! (T'y).

16
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Proof. Using corollary 2 and lemma 8 instead of corollary 1 and lemma 3, the proof follows
the same line as the proof of proposition 2. ]

We are now in the position to discuss our main results on the (non-)compactness of each
component of the full shape Hessian.

Theorem 7. s € R,s > —1/2, m be the smallest integer greater or equal to |s|, and
F&' c Cerl'l.

(i) H1(r) is compact in HX(Ty).
(ii) Assume minr, |{1] > € > 0,minl || > € > 0; then, H(r) is bijective with
continuous inverse in H(Ty).
(iii) Assume minr, |¢3| > €3 > 0; then, H3(r) is bijective with continuous inverse in H%(Iy).
(iv) Assume minr, |{4] > €4 > O; then, H, (r) is bijective with continuous inverse in H~\T).

Consequently, H,(r), H3(r) and H4(r) are not compact.

Proof. With the above developments, the proofs of these assertions follow exactly the same
line as those of theorems 4, 5 and 6.

(i) Theorem 1 and lemma 5 imply that M is a continuous map in H(I'y). Since (I + D — iS)
is continuously invertible due to corollary 2 and (D° — iS°) is compact due to lemma 8,
the compactness of H; (r) follows for both continuous and pointwise observations.

(i1) With the assumptions minr, [{1] > €; > 0 and min [ |{2| > €2 > 0, M| and M, are
bijective with continuous inverse in H(I'y). Together with the continuous invertibility of
the DtN map, we conclude that H, (r) is continuously invertible.

(iii) Under the assumption minr, [{3] > €3 > 0, H3(r) is a bijective multiplication operator
with continuous inverse in H%(Iy).

(iv) Under the assumption minr, |{4| > €4 > 0, H4(r) is a bijective multiplication operator
with continuous inverse in H*~!(Ty). U

8. Eigenvalues of the shape Hessian

We have showed that the Gauss—Newton component of the shape Hessian, namely H; (r),
is compact while others are not. This implies the ill-posedness of the inverse problem
(2)-(3¢), which is now explained in more detail. Suppose we are solving the inverse
problem (2)—(3c) iteratively using a Newton method. As the iterated shape r is sufficiently
close to the optimal shape, all Hessian components are negligible except H; (r). That is, one
has to invert H; (r) in order to obtain the Newton steps. Due to the compactness of H; (r),
solving for the Newton steps is an example of solving linear equations of the first kind, which
is ill-posed (e.g. [11]). The degree of ill-posedness is reflected by the decay of the eigenvalues
of H, (r). If the eigenvalues decay slowly to zero, the problem is called mildly ill-posed. If the
decay is, however, very rapid, the problem is severely ill-posed [11]. This begs for a study on
the decay rate of the eigenvalues of H, (r). We begin by rewriting H, (r) in terms of operator
composition as

Hi(ry 7, F) = 2B (MIK[(D° —iS°) (I + D —iS) ' 1°(D° — iS°) (I + D — iS) "M\ 7, P)ar,
(42)

17
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for continuous observation, and as
Nobs
Hi(ri 7, 7)=2% | | > M{{U+D —iS)~'1*®;M;[(I+D—iS)'I"®;, 7 T
Jj=1 L2(T) L2(Ty)
(43)
for pointwise observation. We now have the following asymptotic result on the decay rate for
both continuous and pointwise observations.

Theorem 8. Assume m € NU {0} and o € (0,1]. Let Ty € C"*1% ifm > 1, and Ty € C? if
m = 0. Then, the nth eigenvalues of H, (r) asymptotically decay as

1
Ma=0 <anT+a)

Proof. The fact that H;(r) is Hermitian and semi-positive definite is clear from (21). In
fact, it is positive definite for the continuous observation due to the unique continuation
of solutions of the Helmholtz equation. By the analyticity of ®(x,y), M; € C™*(I'y) and
V12412 e C"™%(Ty), equations (42) and (43) show that H;(r) € C™* ([0, 27] x [0, 27]).
Using the main theorem in [28] completes the proof. ]

Remark 2. It is important to emphasize that the result in theorem 8 is asymptotic, and hence
is only valid for sufficiently large n. The decay rate can be improved further if the shape space
and M are analytic. In that case, invoking a result in [29] one can conclude that the decay rate
is in fact exponential.

9. An analytical example

In this section, we present an analytical example in which eigenvalues can be expressed in
terms of Bessel functions and eigenfunctions can be shown to be Fourier modes. Most of the
results are elementary but the proofs are long and tedious, so most of the details are omitted
to keep the length of the paper reasonable.

We first recall that the plane wave e'** in the positive x-direction can be represented as the
superposition of an infinite number of cylindrical waves [30], i.e.

o0
e =" My hkr) e

N=—o0
Next, we assume that the incident wave is one of such cylindrical waves, namely,
U = Jy(kr)e™?, (44)

which is an analytic function in R?. We further assume that the synthetic observation data
U°, as the scattered field obtained from a circular scatterer of radius r = ¢, are observed
everywhere on a circle of radius » = b. Now, we would like to investigate the shape Hessian
evaluated at a circular scatterer of radius r = a < b.

For incident plane wave, the analytical solution for circular scatterers is standard [30],
and one can adapt the derivation easily to obtain the analytical solution for incident cylindrical
waves given by (44). In particular, the solution of the forward equation reads

U= VD e,
H,} (ka)

18
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from which the synthetic observation data follows, namely,
In(k .

= IV b e
Hy, (kc)

The total field is now readily available as

i JIy(ka) | i| NG
U+U* = |JIykr) — ————H,y(kr) | "’
|:N( ) HY (ka) v (kr)
S (kr)
Similarly, the solution of the incremental forward equation can be shown to be

obs

U@ = Au®H)Kkr)e",
n=—00
where
Cy(ka) 1 i
H) (ka) mwaH) (ka)’
By using a Green function approach, one can show that the analytical solution of the adjoint
equation is given by

u= BN |:JN(kI") —

A, (r) =

2
/ N5y d0 and Cy(ka) =
0

Iy (ka)
H} (ka)

Hﬁ,(kr)] e,

gn (kr)
where
B wkb | Jy(ka)  JIn(kc)
N7 [H,lv(ka) H} (kc)
The final step is to substitute these analytical solutions into the shape Hessian (21). We
begin with the Gauss—Newton component H (a). After some simple manipulations, we have

] Hyy (kb)H3 (kb).

Hi@) = Y *ia@an(@)guy(©), (45)
where )
b H! (kb)|*
1,n= 2} ”( )‘27 (46)
2a2w* |HY (ka)|” |H} (ka)|
o (6) = {;"ns RO (47)

As can be seen, the eigenfunctions are Fourier modes. In order to understand the eigenvalues
we need the following asymptotic results for Bessel functions of large orders [31],1.e. n > 1:

1 er\n
h~——(5,) (48a)
Y,(r) ~ 2 <2_n> . (48D)
A/t \ er

Since the first term on the right-hand side of (46) does not depend on 7, it can be omitted
without changing the asymptotic behavior of the eigenvalues. Asymptotically, the eigenvalues
can now be estimated as

[%b) ] a2
M’””[Yn(ka)} ”(Z) ' “49)

19
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Figure 1. Exponential decay of the eigenvalues of H;(a) for ka = 1. We show the eigenvalue
plots for four different values of observation radius, kb = {2, 10, 1000, 5000}, together with the
asymptotic curve for kb = 5000.

Typically a < b, and (49) implies the exponential decay of A;, with respect to the index
n of the Fourier modes. For this example, it is straightforward to prove the compactness in
L?(0, 277) of the Gauss—Newton component #; (a) without using the integral equation method
as in sections 6 and 7.

Proposition 4. H, (a) given by (45) is a compact operator in L*(0, 21).

Proof. First, the series of eigenvalues converges by the root test. Second, if we form a series
of finite-dimensional approximation to H;(a) as
M

Hun(0,0) = D hiapan @) g (6), (50)
n=—M

then Hy (6, 6 ) is trivially linear and continuous from L*(0,27) to L*(0, 27) by Cauchy—
Schwarz inequality and the convergence of the eigenvalue series. That s, H (6, 6)is compact.
Finally, it can be shown that (6, é) converges to H;(a) in the operator norm as M
approaches infinity, again using the convergence of the eigenvalue series. Hence, H; (a) is
compact. (]

In figure 1, we plot A , against the index # in the linear-log scale. Straight lines indicate
exponential convergence to zero, in agreement with the estimation (49). Rigorously, the
exponential decay in (49) is valid only for large n and this is confirmed for the case kb = 5000
in which the asymptotic curve is also plotted. Nevertheless, the decay is very fast so that with
kb = 10, for example, only nine eigenvalues are sufficient to represent the spectrum of H; (a)
accurately since the rest of the spectra are below machine zero. Figure 1 also shows that as the
observation location is further away from the scatterer, i.e. the observation radius b is larger,
the decay is faster, and hence the number of significant eigenvalues is less. We will come back
to this point in the later discussion.

20
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For H;(a), simple algebra manipulations show that

Ha@) = ) hanpun (0o (6),

n=—0o0

where

H'  (ka)—H'  (k
)LZ,n = g—a% |:CN(ka) agN(ka) "71( a) n+1( a):|
T

or H! (ka)
Ignoring all the terms independent of n and using the asymptotic formulas (48a)—(48b) yield
Yo_i(ka) — Yy (ka)

)‘-2 n ~
’ Y, (ka)

Now the estimates

Ypo1(ka) (n + 1)"‘3/2 [2(n + 1)}2

Y, 1(ka) ~ \n—1 cka
Yopi(ka)  (n+1\"""2T20+1)
Y, (ka) n eka |

Yoi(ka) _ (n—1\""" (eka
Y,(ka) ( n ) (E>
imply that A, , grows with n. As a consequence, H; is not compact since the growth of A, ,
violates the necessary condition for a self-adjoint operator to be compact.

For 'H3(a) and Hy(a), it is transparent that they are not compact as follows. Similar to
‘Hi(a) and H;(a), they can be written as

Ha@) = Y 23.u0u0@@n0(@), Hal@)= Y ran@no(®)@n(0),

n=—00 n=—00
where
_ %mm)
d d ar or
han = 2w (PN s omaz | )
’ or or ' or

As X3, and A4, are constants independent of n, they violate the necessary condition for
compactness of Hj(a) and Hy(a). As aresult, H3(a) and Hy(a) are not compact.

The above example is consistent with the theoretical results in section 6 even though
only elementary analytical means are employed here instead of the sophisticated integral
equation method. We have shown that the shape Hessian is not compact for non-optimal
shapes. However, as a shape approaches an optimal one, the non-compact parts of the shape
Hessian, namely, H,(r), H3(r) and H4(r), converge to zero. In that case, the shape Hessian,
as a whole, converges to the compact part H, (r).

In this example, we have two parameters, namely the incident wave number k and the
observation radius b. It is then naturally to ask whether these two parameters can affect the
ill-posedness, that is, whether the problem is less or more ill-posed when these parameters
change is of interest to us. For this purpose, we, to the end of this section, consider only H; (a)
and a fixed index n.

9.1. Increase the wave number k

From [31] we have the following asymptotic results as k approaches oo:

J, (kr) %,licos (kr —nm /2 — 1 /4), (51a)
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Figure 2. Variations of 1 ,, for n = {10, 20, 30, 40} as k increases from 1 to 20. Other parameters
area=1,b=10and N = 2.

[ 2
Y, (kr) = [ — sin (kr —nm /2 — 7 /4). (51b)
wkr
The eigenvalues in (46) now asymptotically become
k
)\.Ln ~ m as k — oo. (52)

That is, the eigenvalues tend to be independent of the index n and grow linearly as k increases.
This in turns means that H; (a) tends to be a non-compact operator. In other words, as k — oo,
the problem of finding Newton steps is continuously invertible in the vicinity of an optimal
shape, and hence the ill-posedness due to the compactness of the Hessian is circumvented.
However, increasing the wave number induces a different kind of ill-posedness known as the
non-uniqueness of stationary shapes or multiple minima phenomenon.

Again, the above result is asymptotic for all n, and we would like to know for each
n when the asymptotic behavior is attained. Figure 2 shows A, as a function of k for
n € {10, 20, 30,40}, k € [1,20],a = 1, b = 10 and N = 2. The independence and increase of
the index n as predicted by the asymptotic result (52) are clearly demonstrated. As can also be
seen, eigenvalues with larger indices (smaller eigenvalues) need a larger wave number to bring
them to the asymptotic level. The practical implication here is that while it might be ‘easier’ to
identify the scatterer with a larger wave number, low rank approximation to the ; () needs
more work because the number of dominant eigenvalues grows as k increases.

9.2. Increase the observation radius b

Now let us fix the incident wave number k and allow the observation radius b to vary. The
goal is to study the variation of eigenvalues A, for a fixed index n. Ignoring all constants
independent of b and m and using the asymptotic formulas (51) and (48) yield

n
dn A b|H (kb)[ 2 S~ 2 s \/Z<@> . b— oo, (53)
m |HN(ka)|”  w|H}(ka)| w\2n
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Figure 3. Variations of A;, with n € {2, 5, 10} as kb increases from 2 to 20 and ka = 1. Also
shown is the asymptotic value in (53) for n = 10.

which decay much faster than those in equation (49) for a fixed but large n. This fact can also
be seen in figure 1. We conclude that as the observation radius is larger, the eigenvalues of
the Hessian operator decay faster, and hence the problem of finding the Newton steps is more
ill-posed. In other words, the number of dominant eigenvalues is less, which is advantageous
for low rank approximation of the Gauss—Newton part. It can also be observed in (53) that the
eigenvalues become independent of the observation radius b for sufficiently large b.

In figure 3, we compute the exact eigenvalues n from equation (53) (ignoring constants
independent of b and n) forn € {2, 5, 10} as kb varies from 2 to 20 and ka = 1. The asymptotic
value in (53) is confirmed and attained for small b.

9.3. On the assumption |{1| > €1 > 0, || > €, > 0

Finally we would like to check whether this assumption is satisfied in the above example.
Simple algebra manipulations show that

_ —2i iNo _ —2iBy iNo
= a0 C fo=—"5 "
waH) (ka) maHy (ka)

& ,
that is, ¢, is zero if kc and ka are zeros of the Bessel function of the first kind Jy. But this
cannot happen because both U and U°® would be identically zero in that case.

Recall that the above example is for a cylindrical wave which is a part of the plane wave.
As numerically shown in the following, the assumption is also valid for an incident plane wave
for which ¢; and ¢, become

o0 oo

[ = Z 2i"tley eV g = Z 2in+lBN€NeiN0_
mwaH\(ka) maH? (ka)

n=—0o0 n=—0o

Figure 4 plots ¢; and &, versus 6 for the case of k = 1,a = 1, b = 10, ¢ = 2. As can be seen,
[¢1] > €1 > 0and |§]| > € > 0.
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Figure 4. ¢; and ¢, versus 6 for the case of k = 1,a=1,b=10,¢c = 2.

10. Numerical results

In this section, we numerically compute the eigenvalues of the shape Hessian (21) to validate
our theoretical developments in sections 6 and 7. We choose the Nystrom method [11] to
discretize the integral equations (29) and (33). Since the normal derivatives of the single and
double potentials are required in the incremental forward and adjoint equations, we use the
Nystrom method of Kress [32] to treat hyper-singular integrals properly.

We consider two shape spaces. The first shape space is analytic and is given by Fourier

basis functions:
K

r= Z ay cos(kO) + by sin(kB). (54)
k=0
The second shape space consisting of C* shapes is constructed as follows. We use B-spline
to fit the above Fourier basis in the least-squares sense and enforce the periodic boundary
condition, i.e.

r90) =r902r), j=0,1,2,3.

The Fourier basis functions are sampled sufficiently well so that the original and B-spline
fitting results look identical. The difference between the two shape spaces is therefore on
r) (@) for j > 1. Note that we choose C* shape space since the Nystrém methods in [11, 32]
require the third derivative.

For continuous observation, we choose to synthesize the data on the circle centered at
the origin with radius » = 10, and take unity incident wave number k = 1 unless otherwise
stated. For pointwise observation, the data are synthesized at 31 points equally distributed in
the interval y € [—b, b] and at x = —b. For all examples, we use the trapezoidal rule with
240 points equally distributed in [0, 27r] as the numerical quadrature. We are interested in the
following drop and kite shapes. The original drop shape reads

x=—2sin(0/2) + 1, y=sin(®), tel0,2x].
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(a) Drop shape geometry (b) Kite shape geometry

Figure 5. Shapes of interest: the drop and kite shapes.

Table 1. Convergence of the Nystrom method for the drop geometry.
#Nqg  Z (Usx) I (Us)

120 —1.285454916526683  0.307 119 250858 291
240  —1.285454865187779 0.307 119279365475
480  —1.285454865187758 0.307 119279365 487

However, the actual drop geometry used in our computations is shown in figure 5(a); a 30
degree rotated version of the original one. Note that we have smoothed out the tip of the drop
so that it is a member of the analytic shape space. The kite shape, on the other hand, is given
by

x =cos(t) + 0.65cos(2t) — 0.65, y= 1.5sin(t), ¢t €[0,2n],

whose geometry is shown in figure 5(b).

In order to show the efficiency of the Nystrom method and to verify our implementation,
we present a convergence result for the drop shape (a similar convergence of the kite shape is
tabulated in [11], and hence omitted here). In particular, we are interested in computing the
far field pattern:

1

x
e 4

NEY
We choose X = (1, 0) and show the real together with the imaginary parts of U, namely
Z (Us) and # (Uy), versus the number of Nystrom quadrature points #Ng in table 1. As
can be observed, the exponential convergence is clearly exhibited, and the result suggests that
using 240 quadrature points is enough.

Our goal is to numerically examine the necessary condition for an operator to be compact,
namely the convergence of its eigenvalues to zero. If the set of all eigenvalues has a positive
lower bound (or negative upper bound), then the operator is not compact. However, even in
this case, it is impossible to study all the eigenvalues since they are countably infinite. We
will therefore resort to investigate a small dominant part of the spectrum, from which we
draw conclusions. In the rest of this section, we ‘measure’ the degree of ill-posedness by the
magnitude of eigenvalues. For example, given two ill-posed inverse problems, i.e. the Hessian

Us (X) = /F (n) -x+1)e ™o dsy), [%] =1.
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Figure 6. Eigenvalues of H | (r4rp) versus the number of shape parameters using analytic shape

space.
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Figure 7. Eigenvalues of H; (rie) versus the number of shape parameters using analytic shape
space.

eigenvalues decay to zero, we say one problem is more ill-posed than another if the eigenvalues
of the former are smaller than those of the latter at the same indices.

Figure 6 shows the eigenvalues of {(rgop) for both continuous and pointwise
observations using the analytic shape space. The number of shape parameters is chosen to be
2K—1 € {11, 21, 31, 41}. As can be seen, the numerical spectrum as a whole converges rapidly
and exhibits dimension-independent property. The spectrum for the pointwise observation
tends to converge faster than that of the continuous one. One can also draw a similar conclusion
for the convergence to zero of the eigenvalues. This is intuitively consistent since the pointwise
case is expected to be more ill-posed, i.e. the decay rate of the eigenvalues to zero is faster.
Moreover, the linear—log scale in figure 6 shows the exponential decay to zero, agreeing with
remark 2.

Similar to figure 6, we plot A; , (7kite ) versus the index  in figure 7 for both continuous and
pointwise observations using the analytic shape space. Since the kite shape is non-convex and
has small features at the wing tips, the number of shape parameters is expected to be large for
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Figure 8. Eigenvalues of H | (r4rop) and H | (rite) versus the number of shape parameters using C 3
shape space and continuous observation operator.

the numerical spectrum to converge. This is clearly demonstrated in figure 7 in which we use
2K — 1 € {21, 51, 101, 201} shape parameters. Compared to figure 6, five times more shape
parameters are used, yet the numerical spectrum does not seem to converge for the continuous
observation case, especially for small eigenvalues. Since the pointwise observation case is
more ill-posed, the convergence is expected to be faster and this is confirmed in figure 7(b). In
either case, the compactness of H (r) is clear from the exponential collapsing of eigenvalues
to zero on the linear—log scale.

It is of interest to see how the eigenvalues A, behave in the less smooth C* shape space
using continuous observation (similar results are observed for the pointwise observation case,
but not presented here). Figure 8 shows that the eigenvalues decay exponentially to machine
zero for both the drop and kite geometries and for all numbers of shape parameters under
consideration. Note that this does not contradict theorem 8. Instead it suggests that numerical
dominant eigenvalues, captured by the shape space under consideration, already converge
to machine zero before we can see the asymptotic result predicted by theorem 8. It can be
observed that for both geometries, the dominant numerical eigenvalues for C? shape space
in figures 8(a) and (b) are almost identical to those for analytic shape space in figures 6(a)
and 7(a). Since the B-splines are piecewise polynomial, the result indicates that countable
discontinuities in higher order derivatives of shape basis functions have insignificant impact
on the numerical spectrum.

We next study the variation of A;, when the observation radius b increases. For
convenience, we choose the drop geometry and 41 shape parameters for the analytic shape
space. Figure 9(a) shows that for a fixed index n, the corresponding eigenvalue of the continuous
observation case decreases initially but then stays constant for sufficiently large b, which is
consistent with our analytical result in section 9. For pointwise measurement, however, the
eigenvalues, shown in figure 9(b), are observed to decrease constantly as O (%) . This is expected
since we lose a factor of b by changing from continuous to pointwise observation as can be
seen in (21).

Analogous to section 9, we now study the variation of eigenvalues A; , when the incident
wave number k increases. Again, we choose the drop shape and 41 shape parameters for the
analytic shape space. Figure 10 shows that, for a fixed index n, the corresponding eigenvalue
increases, in agreement with the result and discussion of section 9. That is, solving for Newton
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Figure 9. Variation of eigenvalues of H (rgrop) as the observation radius b increases using analytic
shape space.
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Figure 10. Variation of eigenvalues of | (r4r0p) as the incident wave number k increases using
analytic shape space.

steps in the proximity of an optimal shape is less ill-posed as the incident wave number
increases.

To the end of this section, we will numerically study the eigenvalues of H, (r) and H3(r)
(H4(r) is similar to H3(r) and hence omitted). Since the results for continuous and pointwise
observations are similar, only the latter will be presented using the analytic shape space. We
synthesize observation data from the scattering field of a unit circle centered at the origin,
and evaluate the eigenvalues of H,(r) and H;3(r) for both the drop and the kite geometries.
Figure 11 plots the numerical spectra of H(rgrop) and Ho(riie) for various numbers of
shape parameters. For all numbers of shape parameters under consideration, the plots suggest
the smallest eigenvalue of 0.014 for the drop and 1.7 for the kite. As the number of shape
parameters increases, the numerical spectrum resolves more eigenvalues above the smallest
eigenvalues. We deduce that H,(r) is not compact, in agreement with our analytical results
in sections 6 and 7. This validation would be rigorous if we could check all the eigenvalues
of H,, but it is again an impossible task. Hence, we have shown only the trend up to 201
eigenvalues.
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Figure 12. Eigenvalues of H3(rgrop) and H3 (rkje) versus the number of shape parameters using
analytic shape space.

Figure 12 is similar to figure 11, but now for 3. As can be seen, the numerical results
validate the non-compactness of Hj proved in sections 6 and 7. Again, up to 201 shape
parameters, the trend of having smallest eigenvalues of 0.004 for the drop and 1.23 for the kite

is clear.

It should be pointed out that, unlike the compact Gauss—Newton part, the spectrum of the
non-compact parts of the Hessian does not exhibit dimension-independent property.

11. Conclusions

We have presented a shape Hessian analysis for inverse acoustic shape scattering problems.
In either Holder or Sobolev space settings, the shape Hessian is shown to be symmetric and
consists of four components, the Gauss—Newton part of which is a compact operator while the
others are not. The relationship between the decay rate of the eigenvalues of the Gauss—Newton
part and the smoothness of the shape space is presented, which shows that the smoother the
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shape space, the faster the decay rate. At the heart of our analysis are the integral equation
method, Riesz—Fredholm theory and compact embeddings in Holder and Sobolev spaces.
Analytical and numerical examples are shown to be in agreement with our theoretical results.
Ongoing research is to extend our analysis to inverse shape electromagnetic and inverse
medium acoustic scattering problems [33, 34]. Our future work also includes application
of knowledge of the Hessian and the decaying eigenvalues of the Gauss—Newton part in
constructing effective algorithms for inverse shape scattering of acoustic waves.
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Appendix

In the following, we provide necessary ingredients to extend our theoretical results to three-
dimensional scattering problems. To begin, we again identify shapes with their boundaries,
but this time for both two and three dimensions in a unified manner. In particular, we assume
that the scatterer Qg & R? ford = 2, 3 is a simply connected domain and starlike with respect
to the origin. Thus, its boundary d<2g can be parametrized as

0Qs =T ={r=r(0)e,:0cS},

where
0_{9 ifd =2
O, %) ifd=3
[cos O, sinO]" ifd=2
r= {[sin@ cosyr, sin@siny, cos8]”  ifd =3
and

S — [0, 2] ifd =2
110, 7] x [0,2n] ifd =3
The shape derivatives for the functional Z in (6) can be shown to be
DI(r;r) = —/fr?ng,
S
ad
D%@ﬁﬂ:—/[f+w—niyﬁ@a
S 88, r
where
1 ifd=2
§= \rsing ifd=3

The following useful identities are employed to derive the shape gradient and Hessian:

e -n= —; and ds=gnde,
n
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where
2+ (rH)2 ifd=2
M\ 2

PO+ () ifd=3
sinf

N|
I

where the subscripts 6 and ¢ denote partial derivatives with respect to 6 and ¥, respectively.
The fundamental solution of the Helmholtz equation is now given by
1HY (x—y) ifd=2

DP(x—y)=1 1 elklxl ,
y © ifd =3

4 [x —yl

and the radiation condition can be written as

ou
ar ikU = ¢(r) = o(r(l_dw) .
P

With all these prerequisites, it can be verified that the shape gradient and Hessian now
read, ford = 2, 3,

DI (r: ) =~ / VW +U") - Vi+ VT +T) - Vul i gdb.
S

0P om0 ) ou

D*J(r; F,F) = / KIUMUF) + UFHU ()] d2 — / rigdo
Q S on 0Jn on 0n
Hi(rhh Ha(rih.F)
A0 ou  AUG) du | .
— — — | rigdd
S on 0Jn on 0Jn
HQ(F;;,;)
JU+UY T dU+T) 9
—/(d—l) g_u_i_g_u 7 gdo
S on on on an
Hs(r;;’,f)
/ VW +U") -Va+VT +T')-Vul
- rirgdé .
S de,
Hy(r;7,7)

One can also verify that all the results from section 5 to section 7 hold for three-dimensional
setting as well with minor adjustments; hence, we omit the details. Results on the decay of
eigenvalues of the Gauss—Newton part similar to that of section 8 can be extracted from [35].
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