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Abstract

The inverse scattering method via low-frequency moments was intro-
duced several years ago. The specific structure of moments permitted
the construction of a linear inversion algorithm that was based on the
assumption that the moments were known, at least theoretically. The
present work goes deeper and aims at providing a systematic method to
reconstruct these moments from measurements. This turns out to be a
demanding inverse problem by itself, serving to establish a realistic imple-
mentation for the underlying inversion method. It is proved herein how to
determine a specific large class of moments. In addition it is proved that
not all the moments are able to be determined purely from the set of data.
A demanding integral equation methodology is produced to estimate the
large class of the remaining moments that are not directly accessible from
measurements.

1 Introduction

A few years ago, the author has contributed to the development and investiga-
tion of a novel analytic approach - the linear low-frequency moments method
- for the solution of the inverse scattering problem. The proposed technique
had been implemented in a series of publications ranging from acoustics [1] to
elasticity [2] and from polynomial [3] to scatterers with continuous curvature
[4]. The basic idea concerned the reconstruction of a polynomial surface or the
polynomial approximation of a smooth scatterer via the exploitation of a finite
number of generalized moments generated by the leading low-frequency approx-
imation of the total acoustic field and provided by the low-frequency asymptotic
analysis of the far-field pattern.

The really striking result consisted of the fact that the exploitation of the
Rayleigh approximation alone was sufficient for recovering the shape of the
scatterer at least in theoretical terms. It had been proved in that series of papers
that taking advantage of all the zero-order low-frequency moments (up to a
number firmly dependent on the surface degree) leads to the formation of a linear
algebraic system, whose solution provides the coefficients of the representation
of the scattering surface in terms of spherical harmonics.



All these years, the linear method of low-frequency moments has been re-
stricted to give exclusively theoretical results. Actually only in [3], the method
is subjected to a partial testing in the case of the ellipsoidal scatterer. Even
in that case, the data of the inverse scattering problem were not constructed
synthetically neither were the outcome of a measurement process. Instead, the
moments were analytically constructed via extended use of integral properties
of the ellipsoidal harmonic functions. In addition we pay attention on the work
[5], where we find the establishment of a parallel algorithm for solving the inver-
sion scheme along with all the theoretical argumentation concerning the error
analysis of the suggested methodology. In general terms, the main idea in all the
aforementioned works was to present the manner to reconstruct the scatterer’s
surface polar representation after the low-frequency moments are given. This
approach was of course accompanied with the theoretical establishment of the
in principle ability to determine the moments starting from being provided with
the low-frequency expansion of the far-field pattern.

The purpose of this work is to form the mechanism connecting the moments
with the real data of measurement processes. The first result of this work is the
production of a stabilized technique decomposing the low-frequency expansion
of the far field pattern into its coefficients. The second effort is the decon-
struction of these far field coefficients into the low-frequency moments, which
theoretically constitute surface integrals of integrands incorporating physical
and geometrical characteristics of the scattering problem and can be obtained
by simple measurements in special orientations and specific excitations. How-
ever, an important byproduct is that, apart from theoretical reasoning, not all
the moments generated by the Rayleigh approximation alone, can be produced
immediately and effectively from the knowledge of the far-field pattern. Some
of them are strictly connected with moments of higher order and their separa-
tion from this bonding, is most demanding and intricate. More precisely, the
moments are divided in two classes: The first one contains surface integrals
directly deduced from measurements. The most representative members of this
class are the moments disposing harmonic kernel and pertaining to the Rayleigh
approximation measure alone. However the last members do not exhaust the
set of directly accessible in measurements moments. The second class is wider
and contains all the moments, which participate in a combined and involved
form, whose decomposition is a feasible but demanding process. The investiga-
tion of this second class of moments is purely analytic, belongs to the regime of
integral equation calculus and introduces the new concept of double moments
permitting the estimation of the inaccessible simple moments.

A revised algorithm for the shape reconstruction from low-frequency mo-
ments will also be reported in the near future [6]. More precisely, in [6], we
will show that in most cases in the framework of the solution of the inverse
acoustic scattering problem, it is strongly preferable to abandon the concept
of constructing a necessarily linear algebraic system with well-known structural
matrix elements, since from the application point of view only a few of these
structural moments are deduced directly from data exploitation. There exist
very interesting cases of polynomial scatterers with a structural symmetry per-
mitting to avoid the implication of the so called inaccessible moments. So in
[6], we will verify that in many cases the first class of the measurable moments
is sufficient for the reconstruction of the shape of the scatterer. However it is
always possible to insist in the linearity of the inversion scheme - staying with



[3] - but in that case it is proved that moments of both classes are necessary
and so the price to pay is the evocation of the heavy integral calculus involving
the double moments.

2 Acoustic scattering and the low-frequency mo-
ments

We consider the propagation of an acoustic harmonic plane wave inside an infi-
nite three dimensional acoustic medium hosting an impenetrable inhomogeneity,
occupying the bounded region D and being separated by the surrounding space
by a soft interface considered to form a star-shaped, smooth surface 9D having
at least continuous curvature. The plane wave under discussion is character-
ized by the time-reduced potential field u*"¢(r;k) = exp(ik - r), which due to
the specific time dependence, represents, modulo some multiplicative factor, the
pressure field of the incident disturbance as well [7]. Notice that k = k k where
k represents the wave number of the process and the unit vector k indicates the
direction of the incidence of the plane wave.

Diffraction of the incident field from the obstacle leads to the creation of
the secondary scattering time harmonic wave, with corresponding time-reduced
potential field u*¢(r; k) obeying, in mathematical terms, to the following exterior
boundary value problem

(A +EHu*e(r;k) = 0, re R*\D (1)
u*(r;k) + exp(ik-r) = 0, redD (2)

8 Ssc N Sc 1
e (r;k) —iku®c(r; k) = O(T—Q), r=|r| — oo. (3)

The scattered field as well as the incident one satisfy the well known Helmholtz
equation (1) outside the scatterer. The boundary condition (2) reflects the free
pressure behavior of the interface, while radiation Sommerfeld’s condition (3)
ensures the outgoing orientation of the scattered field and also determines its
energy rate at large distances. Furthermore, the scattered field obtains the
asymptotic expansion

we(ek) = SO e 00 h), = e - o, 0
ikr r2
where the normalized scattering amplitude fo(T;k) describes the response of
the scatterer in the direction of observation  when it is excited by a plane wave
propagating in the direction k= k/k.
The total acoustic field u!%* = 4" + u¢ satisfies the integral representation
formula [3]

tot
u'(r; k) = exp(ik - r) — G(r,r')

o (r';k)ds(r'), re R\D, (5)
oD

where G(r,r') = exp(ik|r —r'|)/4n|r — 1| stands for the free space Green’s
function of the Helmholtz equation and a% is the normal derivative with respect
to the outward normal unit vector on dD.



The representation (5) yields the following integral formula for the scattering
amplitude

tot

k PN,
Joo(T: k) = —/(SDexp(fzkrm) gn/

o (r';k)ds(r'), e S? (6)

where S? denotes the unit sphere in R3.

The low-frequency treatment ([3], [8], [9], [10]) of the scattering problem un-
der discussion reduces the above exterior boundary value problem to an infinite
sequence of exterior boundary value problems for the Laplace’s operator, which
can be solved iteratively. Specifically, the total field assumes the expansion

wo k) = 3 Mg, o), @
n=0 :

The n-th order low-frequency approximation @, (r; R) vanishes on the scatterer’s
surface D and satisfies the integral representation

b, (riK) = (kr)"= 3 [ er O ) x € RAD. (9

47
p=0 2

The scattering amplitude is then expressed via the low-frequency approxima-
tions as follows

oo n+1 R
Z n(t;k)
n=0
oo n-l—l n R
=Z DML (6K (9)

where we recognize the low-frequency moments met in [3] and given by

M (#;k) = 417T / (£-r')™ gif (r';k)ds(r') #ke S2. (10)
We notice here that the dependence of the moments on the arguments is sim-
plified in the cases (i) M{"(;k) = M{"(#) (the zeroth-order approximation
does not depend on the excitation direction) and (ii) Mlo(f‘;lA() = Mlo(f{) (the
observation point is irrelevant).

The direct scattering problem in low frequencies consists in the solution of
the mentioned above sequence of potential problems leading to the determina-
tion of the low-frequency components ®,,(r; R), whose knowledge is necessary
for the acquisition of the far-field foo(F;k) via the representation (9).

The inverse scattering problem is based on expansion (9) again, but in the
opposite direction. A set of measurements of the far-field pattern foo(r;k) for
several possible observations (vectors r) and excitations (wave numbers &k and
propagation directions 1A<) is now given and this information must be decoded
appropriately so that the surface D of the scatterer to be determined or at
least suitably approximated. This task is characterized by several theoretical
and practical issues as the existence and uniqueness of the solution, the stabil-
ity of the reconstruction schemes and the examination of the influence of the
qualitative and quantitative characteristics of the data (i.e. implication of noise
in data, limiting aperture case etc.) on the inverse problem solvability.



3 The determination of the far field
low-frequency components

In this section we present a stable process to obtain the low-frequency com-
ponents M, (f;k) from measurements of the far-field pattern. However this
deduction must take into consideration the involvement of the underlying mea-
surement noise and in general must confront the important issue of stabilization
with respect to measurement inaccuracies.

The investigation of the reliable mining of the quantities H,, (¥; 1A<) from mea-
surements is a multi-parametric problem and constitutes the aim of this section.
The first step is to characterize fully the class of the admissible far field patterns.
Even if measurements are noisy, it is necessary to know exactly the nature of
the "clear” data. This issue has to do with the concept of the characterization
of the far field pattern. Special effort has been devoted to the establishment of
the necessary and sufficient conditions for a function defined on the unit sphere
to stand as a radiation pattern ([11],[12]). In acoustics then, it is well known
that it is sufficient and necessary for a radiation pattern to constitute the re-
striction on the unit sphere S? of an entire analytic function whose L?-norm on
a surface of radius R is of exponential type O(e2*“f). The geometrical meaning
of C' is just the radius of the sphere circumscribing the scatterer D. Denoting
this set of radiation patterns as P(S?), it is clear that P(S?)C L?(S?), while
P(S2) |2 = L?(S?) for almost all wavenumbers k. The last assertion stems
for the fact that P(S?) includes the range of the well known far-field operator
[13], which is dense in case that k? is not a Dirichlet eigenvalue of the negative
Laplacian operator in D. To make clear the dependence on the wave number, we
symbolize the set of admissible radiation patterns as P(S?; k) and mention that
this set includes functions analytic on kes 2 as well as on the wave number k.
Moreover the members of P(S?; k) constitute power series of k in the Rayleigh
region [8]. The set of square integrable functions depending parametrically on
k is denoted as L(S?%; k).

Let us denote the set including all possible polarizations and wave numbers
in low-frequency region as

Q= 0(s?) = {kéRS,ke [O,ko];f(652} (11)

where kg is selected as a close estimation of the upper bound of the Rayleigh
region. The set of square integrable functions on the unit sphere S? - with
respect to the orientation vector f - and on the phase space Q(S?) is the Hilbert
space Hy; = L%(S?;Q). More precisely, H; is considered as the direct sum of

Hilbert spaces
2/ @2,
Do X (5% K); (12)

consisted of the set of all indexed families f = fx with

S Il < os,

keQ(S52)

and endowed with the usual inner product

<fg>= > < fog> e
keQ(S?)



H, is actually the space of all functions with domain Q(S?) (where k belongs),
such that fi is an element of L?(S?) for every possible k. In addition we note
that f € Hy iff f = f(;k) with

A~ ]{)0
/ df/ dk/ dkk?|f(t,k)|* < oc.
S2 S2 0

The family of all possible radiation patterns P(S?%; Q) is the set
2.
®keg(s2)P(S ; k)nonumber (13)

and is dense in H;. A relevant definition holds for the notation L?(S?;5?),
where the phase space dependence concerns all possible orientations k € 52
of the incident field. We denote as Ho the Hilbert space considered as the
direct sum €P,,c g0y Xn (With X, = L?(S2,5?) for every n), endowed with
the weighted inner product

o0 2n—+2
< fig>= Z (37,!)2 < frsGn > L2(52)x12(52)-

n=0

Let us consider the operator L : P(S%; Q) C H; — Hs defined as
L(fs) = (Ho,H1y ooy Hny o) (14)

In case that we have restricted data in the directions forming the set A (C S?)
and restricted excitation directions (B C S?), then the operator L acts on

P(4;Q(B)) € Hi(A, B) = L*(4; Q(B))

and takes values in
H,y(A,B) = HneNXn(A, B)

with X, (A, B) = L?(A, B). Furthermore if measurements refer to a proper
(usually finite) subset of wavenumbers (k € I C [0, ko)), then the operator L
arises mapping P(A4; Q;(B)) in Hy(A, B) where

Q/(B) = {k € R?, keIC[O,kO];f(eB}.

An important case is when the sets A and B are finite containing specific orienta-
tions. Then we denote Ay = {#;, i = 1,2,..., N} and By = {k;, i = 1,2,..., M}
where we pay attention on the finite dimensionality M (V) of the parametric
space B (of the set of measurement orientations A).

In practice we are usually given a sequence of measurements fgo € H,(A, B),
approximating the far field pattern fo, € P(A4; Q(B)), collected at observation
directions in A, produced by excitations in B and corresponding to concrete
wavenumbers in [0, kg]. The error in measurements is expressed through the
level 0, while we make the basic assumption that the signal to noise ratio is
strictly bounded above one. We assume then that for some fixed 7 > 1,

17— fuoll <6< ZIFLI (15)



The aim of this section is to suggest a technique mining appropriately good es-
timations of the low-frequency components H,,, n = 1,2, 3, ... starting from the
knowledge of fgo. To that purpose, we follow the basic ideas of [14], where effi-
cient finite-dimensional stabilization techniques are developed to exploit suitably
the Tikhonov regularization methodology. Let us consider again the operator

L:P(A;Q(B)) C Hi(A, B) — Hy(A,B).

We construct an expanded chain of finite dimensional spaces V; C V5 C ... C
D(L) such that Hy(A,B) C U2;V;. In case that the spaces A, B are finite
dimensional then f € V,, iff there exist constants cn ; such that

f=rfikky) =Y cl K,
1=0
fori=1,2,..,N,j=1,2,..,M and k € [0, ko]. In the general case when A, B
are portions of the unit sphere of infinite cardinality, then

V,, = {f € Hi(A,B) : me(")f )i},

where m(n) is an integer depending on the index n (m(n) =3 oo) and flm(n)
belongs to the space W,y C L*(S?) x L?(S?), consisted of all the products of
spherical harmonics Y7 (f‘)Yﬁu(f{) of order n’,n” less than m(n).

We consider the functional @, (- ; f2), defined on D(L) as follows

Bz f%) = llz = F&I? + ol Lz|*. (16)
We denote by f,‘ia the finite dimensional approximation in V,, defined by

,‘ia = argminzewq)a(z;fgo). (17)
We consider the projection operator P, : Hi(A, B) — V,. It is easily verified
[14] that

= (I +aL:L,) " P,f2, (18)

where L, = Lly, is the restriction of L to V,,. In order to handle the re-
lationship between the approximate and the exact solutions, we need (con-
sult again [14]) the validity of the convergence of the projection method (i.e.
LP, foo—Lfo, as n — o0, for every fo, € D(L)) or the weaker condition that
limy, oo || LP, fooll < || L foo||- Both relations are easily proved due to the essence
of the specific projection, consisting on keeping the polynomial part (of order n)
of the analytic member (w.r.t k) of D(L). This step is necessary and sufficient
for the establishment of the following convergence theorem.

Theorem 1 Suppose that foo belongs to D(L) = P(A;Q(B)) C H1(A,B) =
L?(A;Q(B)). Assume the measurement f° is provided where the error level
§(> 0) is such that the relation (15) is satisfied. Then

(i) There exists Ng such that

ILPn fool® < 6 + | LfoolI?
17 = Pa) foll < 6
70 < ||Puf2ll (19)



for all n > Njs.

(ii) Let n(8) > Ns. The function d(c) = ||f3 , — Puf%| is continuous, strictly
increasing, tends to 0 as o — 07 and there exists a unique o = a(n(d),8) such
that

1.0 = Pafoll = 76 (20)
111) For the above (ii) value of the stabilization parameter o, we have
(iii) p

;jya — foo and Lf;ia —Lfss asd—0 (21)
Proof. The results of the theorem are reformulated issues of the paragraph
5.2.1 of [14], adapted to the current situation. m

The part (iii) of the above theorem assures the convergence of the approxi-
mated estimations fgja of the far field -based on the noisy data fJ - to the exact
data f, and - under the application of L - to the exact far field low-frequency
components {H,;n=0,1,2,...}.

The implementation of the method suggested by the preceding theorem is
well realized when we consider the case of finite observation and excitation sets
A and B. In that case the situation is getting simpler and some of the previous
steps degenerate to trivial processes. As a clarifying example, let us consider
the case of just one specific excitation Ro and only one observation direction rg,
in which we would like to estimate the low-frequency components. The elements
of V,, obtain the simple form z = Y";" ¢, ;k'. The functional ®,(z; f3,) defined
on V,, obtains the form

Balzi ) = [ dRES ik — 3(R) SR @
a(z7 foo) - 0 ‘ch,l f ( )‘ +Olz (’I’L')Q |C7L,l| ( )
1=0 1=0 :

where f9(k) = 2 (#0; kko). Minimizing over the coefficients Cn,1, We obtain the
linear system

2042 2143 I4+1'+3
ko ko ko

ko
o a 1+2 ¢
(04 (n')z + 21 _’_3)0717[ + %é:l m(}ml/ —/0 dkk f (k)

1=0,1,2,...n (23)

The parameter a has of course wave-number dimensions and is selected, accord-
ing to Eq.(20), such that foko dkk?| Y1 ¢ K — fO(R)[? = 76,

Usually, we do not dispose fo(k) for all values of k € [0,kg] but for some
discrete frequencies in this interval. This leads to a consequent discretization
of the integral appeared at the r.h.s. of Eq.(23) and a more general appro-
priate discrete modification of the whole system (23). The main result (iii)
of the theorem of this section assures the convergence L fg’a — Lfy, ie.
(Cio,...,c%’n,o,O,...) — (Ho, ..., Hiy Hit1,...) as 6 — 0, where in this simple
case, H; stands for the single value H,;(rq, Ro) for every i =1,2,3, ... .

4 Investigation of the low-frequency moments

The old version of the moments methoAd aimed at the determination of smooth
scatterers, would the moments M{"(#; k) (pertaining exclusively to the capacity



(zeroth-order) potential) be given, without consideration to the process of ob-
taining these moments from the real measurements of the problem. Indeed, in
these early days, the fundamental theoretical interest of the authors stemmed
primitively from the well known theoretical work of Minkowski, assuring the
ability to reconstruct a surface after the curvature is determined everywhere on
the surface. Of course the determination of the curvature is a non linear difficult
problem but in the case under discussion the authors had conceived that the
Rayleigh low-frequency moments had some very fruitful properties: They con-
stituted the structural elements of the known far-field pattern and on the other
hand transfered the curvature of the scatterer in a concealed but very particular
integral form. So the curvature was brought into the light of exploration via
the carriers of the moments. In fact the curvature was involved in the surface
measure induced by the capacity potential. The amazing fact was that the
curvature remained concealed till the end but its particular involvement in the
polar generalized moments - produced in a methodological though complicated
manner from the original ones - was the basic ingredient for the determination
of the polar representation [3] of the scatterer’s surface. In other words the
moments method detours the determination of the curvature but exploits its
indirect presence in the integral representations, to determine the polar form
of the surface itself. This result was an affirmative response to the theoreti-
cal challenge originated from the concept of Minkowski and no effort was then
devoted to further investigation of the corresponding inverse problem.

The approach of the present work is characterized in principle by the motif
to define the path originated from the far-field information, passing from the
treatment of the moments and leading finally to the solution of the inverse
scattering problem. In this section, we simply mention that the starting point of
the process is the low-frequency expansion (9) of the far-field pattern. Following
the Tichonov regularized scheme presented in the previous section to ensure the
stabilization in the measurement process, we are in a position to obtain the
far-field low-frequency components

n

Mo (k) =Y ()(-1)"M_,(3:k), n=0,1,2, ... (24)

p=0

after exploiting the knowledge of the far-field pattern for several wave numbers k
in the low-frequency region. So we are able to determine the functions Mg (#; R),
MO(#; k) — ML (#; k), MO(#; k) — 2M} (#;k) + M2(#; k) ete, for all observation
and excitation directions.

It is important to describe a systematic manner to define and then to mine
a useful subset along the moments M (f; R), 1=0,1,2,..;n=0,1,2,... - or at
least some useful generalized moments stemmed from them - by exploiting the
determined functions H;(T; lA{) The mechanism suggested in [3] was based on
expanding the functions H;(f; R), 1=0,1,2,... in terms of spherical harmonics
w.r.t the observation vector r and then using the orthogonality properties of
these functions to separate the moments. This is a very useful, from a theoretical
point of view, method, which is going to be exploited again in the present
framework. However this approach will not be adopted in the final step of
the determination of the necessary moments, since it has the drawback that it
requires using the whole information for all possible observation directions. This
is generally undesirable and is not aligned with the reasonable rule that at least



for polynomial scatterers (or scatterers approximated suitable by polynomial
surfaces), the lower the degree of the surface, the smaller is the number of
the needed observation directions. We are going then to develop a process to
obtain all the necessary, in this work, moments, using the optimal number of
observation directions.

The path between the two aforementioned approaches will immediately be
apparent through the next ideas. The forthcoming first result reveals the kind of
the generalized moments - deduced by the zeroth-order low-frequency moments
- that can be produced, at least theoretically, from the far-field components.

Proposition 2 For every n = 0,1,2, ..., the generalized zeroth-order moments
(n,m) . .
My given by the integrals

n,m ]- ~ @
Mg = Recl aano(r)ds(r), m| < n, (25)
where Y, (7) stand for the well known spherical harmonics, are reconstructible

once the far-field low-frequency component H,,(7; k) 18 given.

Proof. We notice first that the scatterer’s surface is star-shaped and so r =
()t sweeps D as t runs over S? with a well defined smooth function r(t).

The proof is simple and is based on analyzing the powers (f-r’)?, appearing in
the kernels of the moments participating in the form of the component H,, (f; R),
first in terms of Legendre functions through the well known formulae [15]

1 521
aoan2 , 520 .
(& 1) 2l_HPo(r r)+(2l+1)(21+3)P2(r V) + ...
(41 + 1)20(21 — 2)...2 L
Py (r - =0,1,2, ... 2
T @ e @y A =012 (26)
3 721
pLpV2H — % p LT ey
(#-#) N3 |(F- 1) + 2T 321 5) 3 (1 - 1) +
4 20(21 — 2)...2
+ (4l + 3)21(21 ) Py i(t-1),1=0,1,2,... (27)

(21 +3)(20 +5)..(4 + 3)

and then in terms of spherical harmonics via the relations

n

P )= 3 mmﬂmf’).

m=—n

Then Hn(f';lA() obtains a polar form where the term corresponding to spheri-
cal harmonics of the highest degree n are provided exclusively by the moment
M (; k). More precisely, we have

(2n+1)-2(3]- (23] -2) -2

Ho(k) = (—1)" 2n+1-23]) 2n+3-2[2]) - (2n+1)

X Z ZI_ l:z (f‘)./\/l(n ™) + ( sph. harmonics of order < m), (28)

m=—n

which immediately guarantees the ability to recover M(()n’m) from the far-field
low-frequency components. m

10



Referring to (28), we notice that the term corresponding to spherical harmonics
of order n’ < n — 1 involve the zeroth-order generalized moments Mén/’m’n)
=L [pYm(®) "6%( )ds(r), |m| < n' together with generalized moments
stemmed from higher order low-frequency approximations ®,,. As an example,
the moment M{"™>™™ is combined with M{"">™ to compose the coefficient
of Y™ ,(r) in (28).

Remark 3 [t is interesting to mention that the privileged independent general-
ized moments M(n’m) constitute integrals imitating “inner products” of 5 9% -2 (7)
with all the harmomc functions r™ Y, (") of degree n (as m runs over all its
possible values), while the integrands in the remaining generalized moments
M(n ™) have lost this behavior. In addition /\/l(()n’m) can be transformed easily
to 7inner products” with all the possible harmonics transfered in cartesian form,
giving place to the moments Mvén’j), i=1,2,....2n+1. As an example the set
of Mé2’m), |m| < 2 is equivalent with the set of moments
MG = i . h27j(7’)aaio( r)ds(r), j=1,2,..,5

where ha j(r) € {z? — y?, zy, vz, yz, x* — 2°}. It will be clear in the inversion
algorithm [6] that “tilda”-type moments emerge in a natural way and form the
structural elements of the inversion scheme.

As mentioned before, proving the ability to determine ./\/lén’m) is only the
beginning. It is necessary to obtain these moments in an efficient manner for
the solution of the inverse problem. The next two Lemmas answer partially
the question about the reasonable mining of the generalized moments from
measurements.

Lemma 4 The moments MO, M (#) and MP(k) are directly deducible from
measurements.

Proof. It is clear that

M) = Ho,
MIE) = S0 (55— Ha 5 )
MYE) = S[Ma(R) + (5K (29)

Remark that Mvgl’l)(: = xaaio (r)ds(r))= M (%), Mv(l - M} (y) and
M= Mi(z). m

Lemma 5 For the determination of moments ./\/lgz’m), |m| < 2 - or equivalently

(according to Remark 8) for the construction of MV(gZ’j), 7=12,..5-o0nly 12
observation directions are needed.

Proof. It is clear from the definition of the far-field low-frequency components
(24) that

Ho¥™ (E5k) &7 [Hz(f k) + Ha(—£: k)] = Mg (8) + M (k) (30)

11



Consequently

i 2 2 % _ sym /a1, sym
=@ =St = (k) - (i)
i 22 % _ SYM (S 1) _ 14SYM 5. 1,
T 07w = k) M
1 9% v o) B — L ke &
T ], s = (G - g k)
1 sym /a1,
- §H2y (Yvk)
1 8<I)O _ sym 1 A AN T _1 sym /.1,
T |, T s = A (k2 k) - gH (%K)
1 ~
- (k)
1 8(]:)0 o sym 1 ~ N1 _} sym (o
= mdsh) = M+ 2k - S K
1 sym /4. 1.
- §H2y (Z,k)

(31)

|
The same technique can be applied to reconstruct generalized moments of
higher degree. The next result is indicative for the development of our approach.

Proposition 6 The moments Mvgg’j), 7 = 1,2,...,7 are deducible from mea-
surements.

Proof. The starting point is the representation (24) for n = 3:
Ha (k) = M3 (k) — 3Mj (8 k) + 3MF (i1 k) — Mg (F) (32)
We infer easily that

BM () + M3() = £ [Mo(—#: ) — My (BRI~ Hg™ (1K) (38)

Expanding suitably the integrands in spherical harmonics, we find that

i P 0P, 1 / 3 / P 20%0 /
g /aD(r r)(.3 /(r,k)ds(r)—i—QOﬂ_ a”D(r r')r o (r')ds(r")
m ,m an
12y Collemmren - ek o0
m——3

We apply (34) for three orientations forming an orthonormal basis #;,7 = 1,2,3
€ R®. Multiplying each relation with the corresponding unit vector #;, adding
over ¢ = 1,2,3 and using the well known representation of the unit dyadic
T = Zle r;T;, we obtain

3

~ 2 3 (3—|m|)' > N (3,m) ant
Bi(k) + ¢ Do mr iy DEYTEIMG = =Y [RHE (Fs k)] (35)

Ti=1 i=1
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where

By (k) = > / r’aai?(r’;f{)d( Ny / r’r'zaai?(r')ds(r’) (36)

e 207

depends only in the excitation orientation k.
We make two different selections for the orthonormal basis: (a) (X,¥,2) and (b)

In the first case, Eq.(35) provides, after extended manipulations, the following
relation
5

N R . 21 N
3 B1) + 2MG = 3T RME )%+ SM )y

3

1

302 [ROME)x = SMEM)g) = = SR G (37)
i=1

where the superscript (a) indicates the first choice of vectors and the real and
imaginary parts of the moments have been emerged.
Repeating the same analysis for selection (b), we find that

5 2!
5 B1K) +2MG™ = 3T RMG)x + S(MEH)3)

£ k) (38)

|
w
o
p—
=
<
°w
&
~—
>
I
%
<
“w
&
~—
<>
|
N Ot
N
>
S0~
=
I
3
Y
—~
>

~
Il
—

RO ) = S =30 { T+ 9 (x4 )
+ %(fc -9 gm(%(fc — )5k) — XHEM (% k) — IS k)} (39)

Expressing the harmonic kernels of /\/lég’g’) in terms of cartesian coordinates
and projecting relation (39) on the axes x and y, we find respectively that

| @ =) SR ds) = VIR (o o+ iR
VIR (% - 9 - 2 (5K (40)
| = s GRds() = VIR (= o+ 9K
Vg k) — M (). (a1)

7(X ¥);

13



In a very symmetric manner we find that

= | =3 G wdse) = VI (5 + )R
VIR (o (5 - 2 ) - 2 (5K (42)
= <z3—3zy ) B r)ds(r) = VS (=[5 + )0

—\fH‘”'t( (¥ —2);k) — 2H5" (z; k) (43)

E\

and
]_ a ant 1 5 S\ L
i ), 7 32 G (w)ds() V2H (5@ +%)k)
_’_\[Hcmt( ( _ ) )_ 2Hant( ) (44)
1 a ant I
el MG ), (0)ds(r) = V2H] (—2( z+x);k)
—fH’””( (2 — %);k) — 2H5™ (%; k). (45)

V2

Although we followed a constructive systematic manner to produce the moments
of third degree, it is very easy to verify the relations above, starting from the
right hand side, exploiting the form of H3"* and making simple algebra. In the
same spirit, we can show that

It is interesting to notice that we have determined seven independent generalized
moments of the type MEJS’J), (j =0,1,...7) and every other moment of the same
type corresponding to another cartesian harmonic of third degree, is linearly
dependent on them and so easily reducible from them as a linear combination.
]

It is apparent that when the degree of the harmonic functions entering the
integrand in the definition of the moments increases, the number of the neces-
sary observation points augments. An interesting question arises: Is it necessary
to restrict ourselves to generalized moments referring only to the fundamental
component ®( of the low-frequency approximation (7) of the total field? If the
answer is negative, a second question emerges: Is there any profit produced by
exploiting higher order components of the expansion (7)? The answers to these
simple questions is of fundamental importance for the solution of the inverse
scattering problem. As a matter of fact, this work and the forthcoming inver-
sion algorithm [6] aim at giving the strong evidence that it is indeed possible
to exploit the data pertaining to higher order components in the low-frequency

14



approximation and so establishes a qualitative broadening as well as a strongly
diversification with the primitive method proposed in [3]. It seems that the
exploitation of the moments concerning the components ®,(r; R), (with ¢ > 0)
contributes, at least, to diminish the set of the needed observation points ac-
cordingly. In addition, it is already known that in contrast to the zeroth-order
approximation ®y(r), the higher order terms involve the excitation orientation
1A<, giving so a rich parametric improvement to the characteristics of the mea-
surement data. We are now in position to stimulate the scatterer from several
directions and this geometrical feature is of course inscribed in the far-field pat-
tern, rendering the data more ”informative” for the sought reconstruction. The
moments and the underlying fields of higher order merit special treatment.

5 Fields and moments of higher order
In the framework of exploring the regime of ®;(r ; R), 1 > 1, we start with next

Proposition characterizing the first-order component:

Proposition 7 It holds that ®,(r:k) = —MO®o(r) + k- A(r) where A(7)
satisfies the integral representation

A =r= - [ SE st re BAD (47)
Furthermore 9A 9%
= 0 S(7r
| Gnistn = [ e was(r (49)

Proof. The first order component ®;(r; k) can be expressed in terms of spher-
ical harmonics with respect to the excitation orientation argument k:

& (r; k)=o) +k-A(r +Z Z ”_‘m‘ m(k)A&"W(r) (49)

The integral representation (8) obtains the following form for n = 1.

) 1 1 9%, , -
D1k = (k1) — — /dpmanl (' K)ds(r)
1 [ 0,

- / / 3
I |y O (rYds(r'), re R°\D. (50)

Inserting expansion (49) into the representation (50) and using orthogonality of
the spherical harmonics we obtain the following series of integral equations

(0)
O — a0 L L 9% o as(e!

W) = M- [ T i) (51)

1 1 0A
A _ L il A ’ 2
©) = r- | e ) (52)

1 1 aAm™
AP = Do (as(r'), 0> Ll <0 (53)

dw Jop [t —1'|  On'
(all for r€ R*\D.)

15



In particular
V) =A@r)=A""x)=0, redD (54)

We recall that the Rayleigh approximation ®y obeys to

_ 1 1 0%, , , 3
Dy(r) =1 I Jop o 1] O (rYds(r'), re R°\D (55)

and particularly ®q(r) =0 for r € dD. Comparing Egs.(52,55) and evoking the
uniqueness of the exterior Dirichlet Laplace boundary value problem, we infer
that

o (r) = —MY®y(r), reR\D. (56)

The last equation can be derived through an alternative approach, based on
the integral equation framework, which is necessary several times in the sequel.
More precisely we consider (55) and take the normal derivative on both sides by
approaching from outside a point r € dD. The well known relations concerning
jump properties of layer potentials [16] are evoked to provide

102\ _ 1/ 0 <1) W0 ()isx),  rean (1)

2 On “dr Jop On \Jr — 1/

In terms of the well known integral operator K’ [16] defined by (K'g)(r) =
24+ o a@n ( L )g(r’)ds(r'), Eq.(57) is equivalent to state that the normal

[r—r’|

derivative % belongs to the nullspace of the operator I + K/, i.e.

0P
(I+K)(=2)=0, redD (58)
on
Due to the second Fredholm alternative, the kernel of I+K’ has equal dimension
with the kernel of I + K, where K stands for the double layer potential defined
by (Kg)(r) =2L [,p 52 (ﬁ) g(r")ds(r’). But the kernel of I + K consists
of the traces on the boundary 0D of the harmonic functions defined on D and
satisfying the interior homogeneous Neumann problem (see again [16]). Conse-
quently only the constant functions belong to the kernel of I + K, fact assuring
that dim(I +K') = 1. Returning to equation (58) (or equivalently to (57)), we
infer that there is only one solution % modulo multiplicative constants, i.e.
there exists a unique well defined function w(r) such that %(r) = cw(r). The
constant ambiguity disappears when inserting of 68‘1;0 in the representation (55)
(for r € OD) leads to

1 1
CA4m Jop r—r

c 7 w(r')ds(r’),  for every re€dD. (59)

Applying the analysis above to the component @EO) appeared in (52), we find
that <I>§O) (r) = dw(r), where now ¢’ = —MJc , and inserting this normal deriva-
tive to the integral representation (52), we recover once more the basic relation
(56). A third application of the integral equation technique to Eq.(54) leads to
the result:

Ag"’m) (r) =0, n>1,/m/ <n recR\D. (60)
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The last equation reflects of course the physical argument according to which
no higher order spherical k—harmonics can emerge, when the stimulus of &,
disposes terms till the first order spherical harmonics.

Recapitulating, the following representation is valid for the component @ (r; R)

By (r;k) = —MI®(r) + k- A(r) (61)

where A(r) obeys to Eq. (47).

Finally, to obtain Eq.(48), we multiply relation (47) (considered for r € dD),
with 851;“ and then integrate all over 9D, exploiting simultaneously Eq.(55)
(again considered on the surface D). m

Remark 8 It is obviously deduced from Eqs.(61,48) that
M (k) = —(Mg)? + Mg (k) (62)

In other words, the knowledge of the zeroth-order moment Mg (%) in the forward

scattering direction = kis enough for the determination of the moment Mf(ic)
for every possible excitation. This result is important since it reveals for the first
but not last time that the moments are not independent.

Remark 9 It is interesting to notice that AM] (i ; k) = Ho(—7 ; k) — Ha (i ; k)
and so M} (v ; k) can be reconstructed from measurements. But, due to Eq.(61),
M7 k) = —MOME(#) + #- Cy - k, where the tensor Cy = = op rg—ﬁ(r)ds(r)
s symmetric due to reciprocity.

We keep on by decomposing the second order component of the total field in
terms of harmonics with respect to the excitation orientation k:

Proposition 10 The second order component <I>2(7‘;IA<:) of the low-frequency
approximation of the total field is expanded as follows

ST A (6

where all the involved components vanish on OD. Furthermore

i aAéZ,m)
47 oD 87’1

Antr) =~ { o [ G waston) ot (65)

(r)ds(r) = MF™, |m| <2, (64)

27

while @go)(r) satisfies the integral equation

2 (0) (0)
(0) _ i 1 a(1)2 / N i/ aq)l / /
®27(r) = 3  Ar /OD |r— 7| on' (r)ds(r) 21 Jop On' (r)ds(r)
1 0P
- it (66)
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Proof. Vanishing of all components on 0D is obvious. Starting from the
representation (8) (with n = 2), expanding the excitation term (k-r)? (use (26)
for n = 2) together with the fields ®5(r ; k),®1(r ; k) in terms of k—harmonics
and finally exploiting again the orthogonality of harmonics, we obtain (66) along
with

1 1 0As, , ., 1 [ OA
o) =~ [ S TR - o [ SR 6)
(2,m)
(2,m) _ 2yma 7i 1 0A; / ’ <
G = e - o [ S P Il <2 (69

(all for r € R*\D)

Restricting Eq.(68) on 9D, multiplying with % and integrating over 0D, we
obtain Eq.(64) (by using again representation (55) on scatterer’s surface). In
addition, Eq.(67) is the vector analogous of Eq.(52) and so adopting the argu-
mentation of Proposition 7 and using Eq.(48) we form Eq.(65). m

Remark 11 It is easy to show, using Eqs.(64,65) of the last Lemma, that

My (k) = L 6@%0)( )ds(r') — 2Mg M; (k)
2 _47raD3n’TST 5 M,
2 — ‘m‘ 7 (2,m)
+ Z 2+ \m\ Y3 (k)M (69)
In addition
2
2y L1 [ 20%0 002 N CoImDigmes ) em)

sym

So, the measured low-frequency component Hy”" is written as

H3'™ (i k) = MG (7) + M3 (k) = B+ 2HoH{"™ (75 k)

2
5> ST + v )

here 4nB is equal 207 (1Yds(r) + L [, r/>22e (#)ds(r) and

where 478 is equal to [, F2—(7)ds(7') + 3 [5p ' 52 (7)ds(r') and recov-
erable from measurements via Eq.(71). However the quantity B can not be
separated further. In other words there is not a purely measurement process

decomposing B. The generalized moments f M)—g])ds and lf r22%0 g qre
posing 5. 9 oD “on 3Jop " on

condemned to live together participating always in the same summation and the

only knowledge about them is exactly their sum! Remember that ﬁ faD TQ%CZS

s exactly M((Jo’m’Z), i.e. belongs to the "resisting” to identification type of mo-

ments. There appears for the first time the already mentioned - in the Introduc-
tion - bonding between moments, which can not be broken in applications but, as
a concept, lies in the core of the new method presented in this work. Neverthe-
less, it will be clear in the next section that the members of B can be estimated
via a totally analytic technique, independent of the measurement process.
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Passing to moments of third order, the low-frequency approximation ®3
emerges. A relation of the form (72) is expected to be valid for ®3, obtained
with the same steps followed before:

Oy(r) = o) (r) + 2k As(r ; Z ;__F :Z: Yy (k) AZ™ (r)
+ Z 3 - |m| (R)Ag&m) (I‘), re R3\D (72)

3+|m|

Beginning with the representation (8) (with n = 3), exploiting the expansions
of the excitation term (k - r)3 (use (26) for n = 3) as well as of the fields
®,(r; k),®y(r; k) and ®3(r; k) in terms of k—harmonics and finally using once
more the orthogonality of harmonics, we obtain a sequence of relations reminis-
cent of Egs. (66,67,68). We mention, for completeness, the relation involving
the vector component Aj:

1 1 0A 5 [ O0A
_ 2., = Y3 n 2 2/ ’

As(r) = rr— /aD ] o () 47T/8D (1) ds(r)
5 , A

-2 r—r|==

A 8D 8n'

(r')ds(r’) r € R*\D. (73)

Treating the integral equation involving Agf”m) (r), we restrict it on 9D, multiply

it with % and integrate it allover the surface to obtain the useful relation

0A

1 aAG™ L[ sym
) = (I‘)CIS(I‘):E/a Y5 (2) 5, (®)ds(x), |m[<3. (T4)

In addition the relation involving AgQ’m) becomes

1 1 9AP™ 3 [ oAP™
Agzvm) - _ 3 / d N T 2 / d /
3 (r) 471_ oD |r _ r/| an/ (r ) S(I‘ ) 47T oD 8n/ (r ) S(r )7
(75)
from where and according to Eq.(64), we find that
AL ™ (r) = —3MP™ dy( 3
3 = o o(r), Im| <2, re R\D. (76)

It would be essential to give the next proposition to present how the low-
frequency components develop a strong dependence when we pass to higher
order terms. This interrelation is valuable for the evolution of the inversion
method.

Proposition 12 (i) The components ®g, <I>§O), CIJéO) and A satisfy

o (r) + 3MIDL (r) — 2A(7) - M}, = 3(2(MQ)? — B)®o(r), € RO\D. (77)
(i1) The components <I>§0), (IL(LO), <I>(50) and Az are interrelated as follows

0 (r)+5MI0\" (1) —4A5(r)- M} = 30(2(MQ)> —B)d) (r), re R*\D, (78)

where M} is the constant vector = Jop raaio( r)ds(r).
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Proof. (i) After some straightforward but extended manipulations, it is proved
that the function G= <I>§O) + 3M8<I>;0) — 2A - M satisfies the integral equation

1 1 090G )
:32M°3—B——/ —(r')ds(r’ R*\D 79
Gr) =30 - B) — - [ 2 SR, re RAD, - (79)
which is sufficient to establish what lemma states, as explained several times
before.

(}1) Exploiting the differential properties of the participant functions, outside
D, we find that,

A (00 (w) +5MF@L (x) — 4As(r) - Mp) = 30(2(MF)* - B)(220(x)) ~ (80)
: (0) 060 (1) _ ML T
Then the function (@5 (r) + 5MG®,; "’ (r) — 4A;5(r) Mo) has the

same differential, boundary and asymptotic properties with the function @éo)

and so coincides with it. m
The methodology presented in Proposition 12 can of course be generalized to
components of higher order.

As mentioned before, in this work we prove that we are in position to measure
moments pertaining to higher order components of the total field. The first
evidence has been given in Lemma 4, where MY(k) has been extracted from
measurements. In addition we find simply that M} (#; k) = — T HG (8 k). The
following remark gives more information.

1
30(2(MJ)?—B)

Remark 13 The moments of second order terms, pertaining to the vector com-
ponent A of ®1 are calculated in accordance with Lemma 5. More precisely, the
starting point is the decomposition 3MZ(; k) + MQ(; k) = —H3Y™ (i, k). We
eliminate M3 by substracting measurements in rectangular observations-;, ob-
taining

3ME (i3 k) — 3ME(iy k) = —HSY™ (i 5 k) + HEY™ (7 5 k) (81)

Using the representation ®(r; k) = —MO®q(r) + k- A(r), we can find all the
moments of the type [, ha ;( )a (r)ds(r'). As an example

1 <x2—y2>%i<r>ds<> b= —H ok + 1 s )
oD

——(r)ds(r) (82)

where the last term - referring to the component ®qy - belongs to the type of
moments determined in Lemma 5.

The case of moments of third order referring to A is complex and merits to be
presented:

Proposition 14 The moments of third order generated by A are determined
from measurements.

Proof. We start by considering Hy(#; k):

Ha(t;k) = MJ(k) — 4M; (8;k) + 605 (f;k) — 4M7 (f;k) + Mg (8).  (83)
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We deduce that
M; (8 k) + M (#;k) = fH“"% £; k) (84)

where the antlsymmetrlc part H3" is defined similarly as several times before.
Inserting the k—expansmn of the underlying fields in Eq.(84), considering a new

equation produced by the opposite excitation (—R) and substracting the two
equations, we obtain

1 {3 B N B . B
4W{10/aD<r-r>8n,““’<r>ds<r>-k 5 2 G

A./aA:())&m) / / 1 A./3a~A / AN M G
(/BD(I‘ r') 5 (r)ds(r))—i—Q/aD(r r') an/(r)ds(r) k}_

n

16 (Hant( k) — MG (1 R)> (85)

Expanding (#-r’)3 in terms of spherical harmonics and using Eq.(74) we trans-
form Eq.(85) in the form

l%f- {/ (r/aai? (r) +r/2r'§:?/(r’)> ds(r’)} -k

+ Z 3+Im| <Y37n(1;)f+3%1;>./(9Dr,3ygm(ff)g§(r/)ds(r/):

—iw (HZ”t(f; k) - " (35 k) ) (86)

We denote generally
A (8:K) = 5 (M (8:K0) — 3 (5K ) (87)

We apply (86) for three orientations forming an orthonormal basis #;,7 = 1,2,3
€ R? and for three perpendicular excitations building the basis Ej, j=123
€ R3. Multiplying each relation with the corresponding dyadic f'il;j, while
considering the same sets t; :lAq, 1 =1,2,3 and finally adding over i,j = 1,2, 3,
we obtain

3 { / (r'%flf’ () 4177 O ’)) ds(r’)}

+ Z 21 :Z: IZ (rlym )/D Tlgysm(f/)%(r/)ds(r/) =

g Z Z P HIY (B4 I;)r;] (88)

Following the same manipulations as in Proposition 6 (the technique exactly
after Eq.(35)), it is proved that Eq.(88) can provide with all the necessary mo-
ments of the type [, Y ()

of the type [, hs ;(r’) g‘;‘,’ (r')ds(r’), where A;,l =1,2,3 are the components of

gﬁ (r')ds(r’) or the equivalent set of moments
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the vector A and hg ;(r’) (j = 1,2,...7) stand for an independent set of carte-
sian harmonic functions (the same met in Proposition 6). So, in accordance
with Eqgs.(40,41), we find

1 , DA R N B BN
= [ st st = {9 sk D))
R (4 30 = (% - )&~ 9) 4 VIR (k4 i)
R (k= ) (R )& +3) 4 VIR (k- )i
1 1

FHE (= (k= ) —= (X — §) (% — §) — 2H™ (% %)%

TR ()5 - 2R (%)) (39)
ﬁ 6D(y3 - 3y$2)67(r)ds(r) = é {ﬂi"t(\}i(” +3); %(x FINE+Y)
1 1 ) 1

Rt g
A ) %(fc — P& - §) - 2HI (3 %)%
—IHG (35 9) — 2™ (3:2)7 | (90)

Reciprocity relations for the low-frequency components H‘"‘t can be used to
prove the mirror (X < y) relationship between the representations above. Fol-
lowing cyclic permutatlons of (%, y, ), exactly as in Lemma 4, we can define
also the moments 4 Jop W —3yz*) 22 (r )ds( )= de 2% — 329%) %2 (r)ds(r),

fBD 23 — 3222 ) A (r)ds(r) and £ faD x® — 322%) 22 (r)ds(r). The last mo-
ment = [opayz2 ( )ds(r) can be deﬁned as in Proposmon 6, but no use of it
will be needed. = A A
The reciprocity property H,(&;k) = H,(—k; —t) has been just mentioned be-
fore and presents a lot of very interesting consequences. Actually, what has
been evoked in the previous Lemma is the reciprocity entailed (as easily can be
shown) from the original measurements to the functions ’}:[Z"t met frequently in
this work.

It is useful to reconstruct more intrinsic moments from measurements, as
the following Proposition reveals.

(2,m)
Proposition 15 The generalized moments faD ha;(7) aAgn

1,2, ...,5 are recoverable from measurements.

(r), Im[ <2, j =

Proof. We refer to the low-frequency component H,(t; k) of the far-field pat-
tern and obtain easily that

H3™ (E5k) = M (k) + 6M3 (#: k) + M ()
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or

L 9Py, , - 008
SYM 8 oy ‘. / 292 /
H" (k) = o O (r'; k)ds(r’) + 6/6D(r r’) 5 (r')ds(x")
2 (2,m)
2 —ImD'T ot / o204, N
+4m:E - o |m|)!Y2 (k) aD(r r') B (r')ds(r")

~ /26A2 / ! [ N "4 / !
+6/6D(r-r) an/(r)ds(r)-k—l—/@D(r-r) an/(r)ds(r)

Introducing

- . 1 . .
HP (k) = 5 (M3 (5K + H (5 -K))

and an orthogonal triple of unit vectors rn, @ = 1,2, 3, we find that

() — |m|)!
G/E)D((f'a . I‘/)2 o (f‘g . r/)2)a;[:j/ (r/)ds(r/) +4 Z E; n :m:;:
y—_— - /2 A 2 aAgQ,m) / ’
x Y] (k)/BD((ram) —(tg-r')7) B (r')ds(r")
[ (0 x) = i ) G =
HV™ (fo; k) — HY ™ (E53K), o, f=1,2,3,...

(91)

Selecting the vectors 1, to coincide with the cartesian unit vectors and stim-
ulate in appropriate directions k, we may easily recover all moments of type

@m)
Jop P2.;(r) aAgn (r). More precisely, we obtain

72 /2 6A52,2) / AN
2 [ @2y RGO =
(H™ (% %) — TP (%)) — (V™ (% 9) — HP™(:9),
72 ! 2\ Cx 8‘4&272) / AN
2 [ @2y )i =
(H™ (% %(fc L) - HP %(fc +9))
—<szm<&;%<fc ) —sz"%y;\%(&—ym

2A>" aAL?)

(92)

12 _ 02 rds(r') = $/2—/2 r s(r’
4 @ty D) = [ @ -y ARt

R (55) = FP™(3:2)) — (Y™ (5 %) — ™ (9550,
/2 /2 814%2’1) / AN sym 5. 1. S
[ @2 RO st = (R s+ 2)
R4 ) ) - (R k- )
R 5 (k- 2)).
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AP <y—z>>) (96)

Cyclic permutation of the observation directions lead to the determination of
moments representing ” projections” on the harmonics y' 2— 2’ 2 and 2’ 2 —a’ 2.
The remaining moments pertaining to the harmonics z'y’, 3’2’ and z'z’ are
determined by measuring (and substracting each time) in the direction pairs

(L& +9) L& = 9), (L +2), 56 - 2) and (L@ + %), L2 - %)
respectively. m

A methodology of the same spirit can be applied to ®; with ¢ > 3 and to
the underlying moments. However, the corresponding quantitative burden is
expected to augment drastically. An essential escort to this tough effort would
be the evocation of interrelations of the type introduced in Proposition 12.
However, the complete presentation of all this analysis for higher order terms is
out the scope of this work.

6 Analysis of the second class of not directly
accessible in measurements moments

The members of the measured quantity B are the first resisting to identification
moments that already have made their appearance (see remark 11). The term
B that denies to be decomposed, constitutes the mean value of Hy (¥, k) over
52 x S2, while all other participants of Hg(f‘,f() display clearly their building
stones.

A fundamental reason for this resisting connection is that the terms participating
in B depend strongly on the position of the coordinate origin, which is not of
course a physical but a geometrical feature of the problem.

Lemma 16 Let us stimulate the scatterer by the incident field exp(ik-r—ik- d)
instead of exp(ik - r), where d is some specific translation. The low-frequency
series of the new total field obtains the form

it (k) =3 NG iy, (o7)
n=0 :

where the new components are expressed via the old ones (¥, (r;k)) as follows

n

Bu(rik) =Y (~1)°(3)(k- )@y y(r; k) (98)
p=0

Proof. Obtaining Eq.(98) is a straightforward task. m

The important remark is that if we change (translate) variables and consider the
new coordinate origin O” as the trace of the position vector d, then the new po-
sition variable is r” = r —d and clearly uf® (r";k) =S >° ¢ (7 k O).

new n=0 n!
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Then Eq.(98) can be used to give the relation

n

(1K, 07) = S (=17 () (k- )P B

p=0

=

(99)

We remark that ®( is not affected by the phase shift (or the equivalent coor-
dinate translation) but all the other components are affected. So the initial
moment Mg () is transformed to Mg .., (t) = Mg (£) — (£ - d) M. Selecting

1 1 0P 1
d= ﬁgﬂ /(9D r anlo (r')ds(r’) = mMé (100)
we find Mg .., (F) = 0. So, this particular d stands for the ”physical” center
of the scatterer with respect to which the vector moment M} vanishes, fact
reflecting the annihilation of the weighted mean value of the locations of the
scatterer’s points (£ [, 1" gf,o, (r")ds(r") = 0). We recognize here the well
known result that a shift in the phase of the incident field can be ”assigned” to
shifting of the coordinate origin. We mention that in case that the scatterer has
inversion symmetry then the ”physical” center d coincides with the geometrical
center of it.

Lemma 17 Translating the coordinate origin from the physical center to a new

position, the members % [, 1 684;0 (r)ds(r), Jop agn (r)ds(r) of B are aug-

mented equally by the amount d2(47r) MY, where d is the distance of the two
coordinate centers.

Proof. Clearly, the new moment % faD r? %q;(’ (r',0")ds(r") with respect to the

new center O’ - pointed from the physmal center via the location vector d = dd
- is given by

B/aDr n —— (r',0")ds(r )73/3,37’7871 (r)ds(r) 3(47r)d M,
2 (4m) g0 = 1/ 2220 (1 ds(r) + a2 (am) 2010 (101)
37973 );p On 37

In addition, in accordance with Eq.(99) (with n = 2) and keeping k-terms of
zeroth order, we find that

© 0) )
/ 9% (1, 0')ds(x') = / P22 (yds(r) — 2d- [ PR(x)asr)
o o

D on’ D on 8D on

(0)
022 (w)as(r) + () 5
D

3M8 (102)

1
—|—d2(471')7M(()J = /
3 P

since as we know (from Eq. (48)), [, Bn( r)ds(r) = (47)M}, which is zero
with respect to the physical center. Comparing Eqs.(101,102), we verify the
statement of the lemma. It is interesting to note that evoking Eq.(66) (on 9D)
and integrating over the scatterer, we obtain

1 5 0P 8‘1)50) _ 03
; /6 PSR ws(e) — [ EE(r)asle) = —2(4m)(019)

D
/ / 8(I>0 (r) ?)i? (r')ds(r)ds(r"). (103)
oD JoD
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The r.h.s of last equation is invariant with respect to coordinate system transla-
tions and this assures alternatively the stated equipartition of moments increase
although no information about the amount of change is provided. ®

The next Lemma is indicative for the dependence of the moments as the order
of them increases.

Lemma 18 The mean values of the functions Ho(7, k), Ha(7 k) and Hs (7 k)
over S? x S? (i.e. the constant moments produced by these components) are
dependent.

m (m)

Proof We define the quantities N’r(l,,l) = ﬁfaD 134;7;1 (r)ds(r) and N,,; =
e 68(1;{’ (r)ds(r). Let us exploit the pair (83, 26) (keeping the constant

terms), and obtain the measurable quantity By o = 2]\72(?2) +iNgsa+ N i?g . We

need additionally the - deducible from Hs - constant moment Bs o = N1(?4) +
%Nég + N5(?0)~ Using Eq.(56), we find that

10
Bso=—MyNos+ gNé?Q) + Né?o). (104)

The two outcomes of Proposition 12 provide the following two results (assuming
w.l.o.g that M(l) = 0 reflecting the specific choice of the coordinate origin):

N?SOQ) +3Mg N. 2 % = QNos (105)
NS +5MINLY = 10QNS) (106)

where Q = 3(2(MJ)3 — B). We recall that B is the mean value of Hy. Using
Eqgs.(105, 106), we transform Eq.(104) into the form

_M0N04+ [QNO _3M0N2(02)} +10QN2(00 —5M0Ni00) = Bs,0
Inserting B4 o into the process, we find

IOQ[ No,2 + NQ( )] — 5M864,0 = B570 or
10QB — 5M{Byo = Bs 0. (107)

Last equation expresses the stated dependence of the moments. m

This is the point to introduce a very useful concept to the service of the recon-
struction of the moments. In contrast to not directly accessible in measurements
moments, there exist integral quantities involving as integrands the same nor-
mal derivatives of the components ®,,, that can be recovered. More precisely
we introduce here the notion of double moments. These quantities are useful in
the inversion scheme since they provide good estimations of surface fields in the
case of star shaped scatterers.

Lemma 19 The integrals of the normal derivatives 8;‘1 (g = Do, A, <I>( )) over

the surface D, with respect to the measure (r- i) 88‘1;0 are defined as the double

moments and can be expressed in terms of measured simple moments.
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Proof. We start to evaluate Iy = [, (r - n) (8;;0 (r))2 ds(r) or equivalently
L = faDr . V@o%ds. After applying the operator r - V on representation
(55) and restricting the result on D, (using the well known jump properties of
surface layers), we find that

1 1 1 6(1)0

or

ot V() = o [ SR as()

A Jop v —1'| OO0/

+i/aDv' <1> r%io( Nds(r'), redD.  (109)

4 |r — 1’|

We multiply Eq. (109) with %, integrate over 0D, use Eq.(108) (with inter-
changed ”primed” and ”unprimed” coordinates) and Eq.(55) (on D) to obtain

1 6(1)0 1 0%y, , 00
5/3Dr Vo(r ) on T /aD /8D v —r/| on/ o ) an on (x)ds(x)ds(r)

_1 ! / / 8(I)O !
2/aDr V@O(r)an/(r)é
B oLON 0
L = /aD(r n) ( n (r )> =4rM,. (110)
Similarly we prove that
6A 8@0 _ 1
/0D <8n(r)> (r-n)— o (r) = 87 M. (111)

(0)

2 (r)ds(r).

We pay attention to the double moment involving the component
So we follow the above methodology to determine the integral

B 9%, . 0Dy
I = /w@) ) 222 (r)ds(r).

on on

The starting point is now Eq.(66), which after being subject to the application
of the operator r - V, provides

1 2 (0)
—r- Vol (r) = 2l L r-V ( L ) 0%, (r')ds(r")
oD

3 4r v —1'| ) on

1 r—r' 909
- r-

dr Jop  |r—1'| O/

(r')ds(x'), r€ oD (112)

Similar manipulations as before lead to

1 2 1 oo
e Vol (r) = — -+ — / 0% ()ds(r')

2 3  dm Jop |r—1/| On

1 ! A 1 8(b50) / /
+47T aDr \% <|r—r’|> o (r')ds(r")

1 r 8‘1)0

— _ D 11
+47r/8Dr ] o —(r')ds(r’), red (113)
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and then

00 0®, _ L[ 0%
/SD@ ) S () G ws(e) = —3 [ TR )

8<I>2 r-r 0% 0%, ,
[ S was - [ /@ T G Rdswds(). (114

Next we multiply Eq.(66) (considered on D), with Baio and integrate over the
surface. We obtain

+

1 , 0P 02y”
5/3 r? ano( )ds(r)_/a (r)ds(r) + 2(4)(Mg)?

Dan

D
oD BD

We remark that

/ | v S s ws(e)
oD JoD
‘I‘ - T |2 8@0 8(130 ’ no_ r 8@0 s(r
=/ I G ds(x)s(x) =2 [ 2 st

p [r—r/| on

r-r 09y, 0Py, , ,
e /aD /BD (r) 5,7 (1) ds(x)ds(r'). (116)

r—r/| on

Combining Eqgs.(114,115,116), we conclude that

90 0w, 3
Igz/aD(r-n) oo (r) > O (r)ds(r) = dn[5B = (Mg)°]  (117)

where we recognize again the measurable "mixed”-type moment B with

4B =L [, 292 (r)ds(r) +faD 5= ( )ds(r). m

Last lemma reveals some fundamental quantitative properties of the normal
derivatives of the total field low-frequency components. First, we see immedi-
ately that the mean value of (r - 1) d%( ) with respect to the positive measure
% is equal to 1. In other words, 8(1;" represents, in mean, the inverse of the
inner product (r-n), which provides indicative information about the curvature
of the surface dD. In addition, the same weighted mean value of (r-f)%2 oA ~(r)
represents the physical center of the scatterer. Finally, referring to star shape

scatterers -to guarantee the positiveness of (r-n)- combining Eqgs.(109,110) and

(0
applying the mean value theorem, we determine the mean value of (8372) / 3%)

to be equal to the quantity [38 — (M(?)?’]ﬁ Then we may estimate the not
0

directly accessible moment ;- [, 8;1; (r)ds(r) by the number [38 — (MJ)3].
This result turns out tr1V1ally to be an equality in the case of a sphere for
example, but generally must be considered as an estimation produced via the
application of the mean value integral calculus to the double moments regime.
The following lemma opens up the possibility to give a more rigorous basis to
the present formal argumentation:
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0®, 00y

Lemma 20 The normal derivative fields g = %°, —52— satisfy the integral

equation

2 [ gtnds(r) = [ (r (Vs glryds(r) =0,
oD oD
where Vg is the surface gradient operator on 0D.

Proof. We consider the fields

wi(r) =r-V®y(r), re R*\D (118)
2 1 1 2
wa(r) = 5r- VO () = 287 (x) = 52 (r) + S(MF)*@o(r). T € R\D

(119)

It is straightforward to prove that these fields are harmonic outside the scatterer.
In addition, in the far-field region, we apply asymptotic analysis to obtain

1 1
wy(r) = Mg; —|—o(r—2), 7 — 00
1Q 1
wa(r) = §?+0(72)’ r— 00 (120)

where Q is the quantity [38 — 2(MJ)3]. Let us use now the Green’s theorem
20n %ds = fQR Awjdr =0 (j = 1,2), where Qg is the region between a large
sphere Bp of radius R and the scatterer D. The boundary 92g consists of the

surfaces 0D and 0Bpr. Obviously, we obtain

8w1 _ 0

op %(I‘)ds(r) = 47TMO

8w2 ~
—(r)ds(r) = —

[ SR waste) = =

On the basis of Egs.(118,119), the relations above provide that

0 9%, 0 ©) / oo
—(r-V®qg)ds = — —ds, —(r- V&5 )ds = — ds,
oD 67’l( O) oD 871 oD 871( 2 ) 8D 311
which are written equivalently as
2
2/ %ds Jr/ (r- ﬁ)@ds =0, (121)
8D on oD 8712
(I)(O) 2@(0)
2 0%, ds+/ (r.ﬁ)uds: (122)
oD 87’1 oD 3n2

Using the decomposition of the Laplacian operator in terms of surface and nor-
2
mal terms A = Ag + (Vg - fl)é% + % [17], we prove easily that the func-

(0)
tions % and 6‘;21 satisfy the stated integral equation on dD. For the sake

of completeness, we just mention that applying manifold differential calculus
we can prove that the stated integral equation is equivalent with the relation
JopT - Vsg(r)ds(r) = 0. Last equation (as the original one) is useless for a
spherical scatterer, but informative for every other case. m
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Remark 21 We use now the results of the preceding lemma in conjunction with
the outcomes of lemma 19 as follows:

ooy 1 . 0o
i d 2/6D(7’-n)(VS-r) o ds
100y 1 ®,
= 5 guhne [ (r (s s
3 0 1 / % 3o 2003
58— (Mg)° ]Mo o =4 w58 = (My)”] (123)

Consequently we estimate again the “hidden” in measurements moment

faD 82 ds with purely analytic tools, without any aid from the measure-
ments arsenal.

The analytic determination of moments of higher order is cumbersome. Indeed

the next step is the decomposition of the moment By g = 2N2(?2) + %NOA —I—Ni?o) in

their components. This is much more demanding than before as it involves the
(0)

measure 33;1

this measure.

. The next proposition provides the double moment pertaining to

(0)
Proposition 22 The double moment faD &g—i( ) aaq;o ds is analytically esti-

mated.

Proof. The main steps of the argumentation can be only presented here since
the whole proof process is very complex and elongated. The starting point is
Eq.(8), orrespondlng to n = 4 and actually its zeroth-order term with respect
to the wave vector k. We ’ "project” as usually this integral representation on
68% while in parallel we execute the same projection after applying on Eq.(8)
the surface operator (r - V). Applying suitable jump relations and integral

manipulations, we obtain the following equations:

L[ 40% o\ / a¢><0>
- 0 — s —4MY

(0)
—6—/ / 6%8@21 dsds’
oD JoD dn  On
8(1)0 0P ,
4M
+ 047T/8D/8D B 8,dsds
8<I>0 0P ,
dsds' =0 124
i Lo L (124)
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00" 9®, 4 , 0%
/aD(r n) on 0On Tn 5= g/@D on an 48

3 Dy 0D
+/84d—6—// 8082dd’
ap On oD JoD on’
_67/ / r—r, ) 0, @g‘l)dd
8D JoD |I‘*I'| on on
1 20% oo
—8— ——ds ds’
47'(' BD 8n 8D an
8(1) 8(1)
713 0 0
. 12

0)
5.~ to obtain

R i g L R
3 Jap oD JoD on  on’

(0) ©) ()
DY <1> i
+2(M8)2/ 0 / / a 382 dsds' =0  (126)
4] oD JOD

Dan

In addition, we project Eq.(66) on

We project also Eq.(112)

v C(r—r ) 8(1)0 61132
[r—r’| On

"tough” integral [, r

dsds’ appeared already in Eq.(125) in

order to eliminate it. Finally, ehmmatmg Jop Jop It — 1’ |388<I;° %‘io dsds’ from

Eqgs.(124, 125) and using Eq.(126) together with the first interrelation outcome
of Proposition 12 (to absorb ®3), we obtain

)2ds

1 00" 89, 1 RIS
— =0 B —3— TR (2
4r Jop ron n on 0 270 4m /BD(r " o

(0)
3B — QL/ 00y ds
47 oD 8

1 02y 1 [ ooy
4 0 Ml 2 Q= / /
+24Mo My 847T( op On ds) |35 - 347r ap On ds

We verify that Eq.(127) expresses the aimed double moment in terms of mo-
ments of lower order that have already been measured or analytically esti-
mated. Actually, among the terms participating in the r.h.s. of Eq.(127),
only the second one merits some special care and this can be estimated as

ErIS 9%
4:;[ o ac}>o Jinv. ap(r-1)(5 O)st— iJQV?IU

—12(Mg)* |3 +6Q(M)?

(127)

Working as before, we estimate,

(0 ) CLow

the moment Ny ¢ = ;=[5 5+—ds to be just the r.h.s £ of Eq.(127). m

Remark 23 The measured moment By g = QNQ(?Q) ++No4a —&—Ni,oo) is decomposed

as follows: The term Ni?o) has just been defined in proposition 22, while N2(02) 18
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estimated as

i r28q>§0)d8_[8<1>g0) L} i/ 28@0
At Jop Om T ' Om % "4 Jop On
3 1 3
= (35— )] sl 35+ 3083 (128)

8@0

Then the remaining moment No 4 = ﬁ faD rd ds, pertaining to the Rayleigh

component ®qy, can be appropriately determmed

Similar deconstruction can be executed in more intrinsic moments. It is not
possible to present extensively all the cases but we present the following indica-
tive steps, omitting the lengthy proofs, which in principle could be reminiscent
of techniques already well exhibited in this work.

Lemma 24 (i) The vector moment By = -~ {2 [, aa‘iSds + [op 7’2%—‘3} ds is
metrizable and equal to

e 2 i i m
ZZHSW i )y — 2 Z 3+:Z: (8 IS v .
m= J

(129)

where 73, k; stand for orthonormal cartesian basis in R3.

(ii) The vector moment By = 1= {3 Jop 7’83721 ds+ 32 [y r? 8 }ds is mea-

sured to be:

2
ant ( |m|) m 2 % s

2 & (3 |ml)! RO
_3; 3+| 'ZY k ’

for arbitrary excitation direction k. The involved moments Jon rznm(?')g—‘:ds(r)
are constructed in Remark 13.

8A3 6<1>0
on

ds is equal to 531 +

Proposition 25 The double moment 1~ faD

5Bj — 158 5o M,

Following the usual method, we infer that the moment ﬁ J. oD 6813;13 ds is esti-

mated by the quantity gBl + 5By — 158%1\/[(1). Then it is possible to ob-
0

tain an appropriate evaluation of the moment - [, r?22ds as the quantity
1l
95 31 M} — 3B,.

7 Discussion

In the present work, we investigated all possible ways to determine the surface
moments of the scattering process, which are included in the far field pattern.
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We paid attention first on establishing a systematic method for the determi-
nation of the low-frequency components of the scattering amplitude in a sta-
ble manner, exploiting the data for several wave numbers in the low-frequency
regime. These components contain the moments, which constitute integrals
over the scatterer’s surface with integrands built over the components of the
low-frequency expansion of the total acoustic field. The principal concern of
this work has been the settlement of a method aiming at extracting the mo-
ments from the far field. The moments pertaining to the fundamental total field
component (the Rayleigh component) had been already presented in a series of
introductory papers, which brought into light a novel method for the solution
of the inverse scattering problem. The moments referring to the Rayleigh com-
ponent are not influenced by the excitation direction. In contrast, the moments
corresponding to higher order components of the total field depend strongly
on the direction of the incident plane wave. In any case, in the present work
we prove that the moments are divided in two categories with different char-
acteristics. The first class involves the moments that are deducible from the
measurements - and the present works investigates this deduction - while the
second class contains all the other moments that build measurable superstruc-
tures, which can not be decomposed via the data information. Nevertheless,
these inaccessible moments can be estimated analytically via the integral equa-
tion calculus of double moments, leading to resolving of this involvement of
moments. This methodology is demanding and becomes more complicated as
the order of the total field component increases. As it will be apparent in the
subsequent relative work, insisting in the linear version of the method renders
inevitable the evocation of this analytic complex calculus. However, it is pos-
sible to detour this analysis, drop the not directly accessible in measurements
moments and work only with the first class of moments, for several interesting
cases. The price is to renovate the method in a non linear form, confronting
both the case of polynomial scatterers as well as the case of scatterers estimated
by polynomial manifolds. Working in the old or new framework, it is necessary
to define with stability the path originated from the data and leading to the
determination of the moments and this is the outcome of the present work.
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