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Properties of MUSIC-Type Algorithm for Imaging of Thin Dielectric
Inhomogeneity in Limited-View Inverse Scattering Problem

Won-Kwang Park™

Abstract—It is well known that a Multiple Signal Classification (MUSIC)-type algorithm yields good
results in the imaging of thin dielectric inhomogeneity for full-view inverse scattering problems. In
contrast, it yields a poor result in limited-view inverse scattering problems. In this paper, we verify
the reason for the above by establishing a relationship between a MUSIC-type imaging function and
the Bessel functions of the integer order of the first kind. This verification is based on the asymptotic
expansion formula for thin dielectric inhomogeneity. Various numerical examples are discussed for
confirming our verification.

1. INTRODUCTION

The main purpose of inverse scattering problems is to identify the unknown characteristics of unknown
scatterers, such as locations, shapes, dielectric permittivities, and magnetic permeabilities. Most
inverse scattering problems focus on shape reconstruction. Accordingly, various algorithms for shape
reconstruction have been developed in the recent past. Most of these algorithms are based on Newton-
type iteration schemes. Related works can be found in [1,9,22] and the references therein. However,
for a successful application, an initial guess that is sufficiently close to the unknown target is required.
If not, one must consider the significant amount of computational costs, local minimal problems, and
non-convergence issues.

Alternatively, various non-iterative shape reconstruction methods have been investigated. Among
them, the MUltiple SIgnal Classification (MUSIC) algorithm has been successfully applied to
various problems such as the location search of small defects [3], anti-personnel mines [4], internal
corrosion [5], and the shape identification of thin electromagnetic inhomogeneities and perfectly
conducting cracks [6,17,19,21]. However, in most of the studies that we mentioned above, the MUSIC
algorithm has been applied only in full-view inverse scattering problems. In a limited-view problem
such as the detection of inhomogeneities buried in a half-space problem considered in [4,17], MUSIC
produces very poor results. However, this fact has been observed only in the results via numerical
simulation. Therefore, the development of a mathematical theory about the structure of the MUSIC
algorithm is considered.

Recently, the structure of a MUSIC-type imaging function in a full-view problem has been
established in [10]. However, the mathematical theory about its structure in a limited-view problem
has not been established; it has, however, been used heuristically in many works. Motivated by this
fact, we extend the recent work on structure analysis of MUSIC-type imaging in a full-view problem to
the limited-view problem for the imaging of thin dielectric inhomogeneity by establishing a relationship
between the MUSIC-type imaging function and the Bessel functions of integer order of the first kind.
This is based on the fact that a measured far-field pattern can be written by an asymptotic expansion
formula for the existence of thin inhomogeneity. From the derived structure, we can find out why the
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MUSIC algorithm produces poor results in the limited-view problems and derive a condition for an
acceptable imaging performance.

The remainder of this paper is organized as follows. In Section 2, we introduce two-dimensional
direct scattering problems and the asymptotic expansion formula of a far-field pattern in the presence
of thin dielectric inhomogeneity. In Section 2.1, we briefly mention the MUSIC-type imaging algorithm.
Its structure and certain properties in the limited-view problem are respectively derived and discussed
in Section 3. In Section 4, some numerical experiments are discussed for supporting the identified
structure. A short conclusion is presented in Section 5.

2. DIRECT SCATTERING PROBLEMS AND FAR-FIELD PATTERN

In a two-dimensional homogeneous space R?, there exists thin, curve-like dielectric inhomogeneity T,
which is localized in the neighborhood of a smooth curve ¢ such that

'={x+mmx):x€0, —h<n<h},

where n(x) denotes the unit normal to o at x, and h denotes the thickness of I' (see Figure 1). In this
paper, we assume that h < A\, where A denotes the given wavelength. Assume that every material is
fully characterized by its dielectric permittivity at a given frequency w = 27w /\. Let ¢ and ¢ denote
the permittivities of R? and T, respectively. Throughout this paper, we assume that the magnetic
permeabilities of I' and R? are same as f.

2h

Figure 1. Two-dimensional thin dielectric inhomogeneity I' with supporting curve o.

For a given frequency, let u(x) be the time-harmonic total field that satisfies the Helmholtz equation
in the existence of I":

:()Au(x) +w? (ex(T) +eox (R*\T)) u(x) =0 in R (1)

Let ug(x) = exp(iw@ - x) be the background solution and us(x) be the unknown scattered field. Here,
0 = [cos 0,sin 6] represents a two-dimensional vector on the unit circle, S' describes the direction, and
us(x) satisfies the Sommerfeld radiation condition

lim +/|x| <8gs‘}(;) —ik:gus(x)) =0

x| —o0

uniformly in all the directions x = x/ |x|. Here, ko denotes the wavenumber ky = w,/Egug. For the
sake of simplicity, we set ¢g = 1 and g = 1, i.e., kg = w. The far-field pattern is defined as a function

Uso (¥, 0) that satisfies
exp(iw|y . 1
usly) = P, (5. 0) 10 ()

VIl VIl

as |y| — oo uniformly on ¥ = y/|y| and @ € S'. Then, the asymptotic formula for the far-field pattern
can be represented as follows: Based on [7], it can be represented as follows:
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Lemma 2.1. [Asymptotic expansion formula] Let u(x) satisfy (1); then, us(y,0) can be represented
as the following asymptotic expansion formula:

Wil(l\/wiﬂi) /U(E —ep) exp(iw(@ —y) - x)do(x) + o(h), (2)

where o(h) is uniform in x € o, y,0 € S'.

Uso(¥,0) = h

2.1. Introduction to MUSIC Algorithm

In this section, we apply the asymptotic expansion formula (2) to introduce MUSIC algorithm. Before
starting, we assume that for a given frequency w, the thin inhomogeneity is divided into M different
segments of the size of order A\/2. Considering the Rayleigh resolution limit from the far-field data,
any detail less than one-half of the wavelength cannot be imaged, and only one point, say X,
m = 1,2,..., M, at each segment is imaged [3,19,21]. In this section, we denote a discrete finite
set of the incident directions as {61,60s,...,0x} and the same number of observation directions as
{91,92,...,9n5}. The MUSIC algorithm is based on the structure of singular vectors linked to the
non-zero singular vectors of the so-called Multi-Static Response (MSR) matrix K(w) = [Kjl(w)]é\fl:l,
whose element Kjj(w) = us(9;,6;) is the far-field pattern collected at observation number j for the
incident wave numbered [.
Let us consider the Singular Value Decomposition (SVD) on K:

N M
K(w) = U(w)S@)V(w)* = > (@) Un (@) Vi (@)* & Y 7n (@)U (@) Vi ()",
m=1 m=1

where the superscript * denotes the Hermitian matrix, U,, and V,, represent the left and right singular
vectors of K, and 7,,, denotes the non-zero singular values that satisfy

m>mn>...>17y and 7,0 for m=M+1,M+2,...,N.

Then, since {Uj,Ug,..., Uy} is the basis for the signal space of K, we can define a projection
operator onto the noise subspace:

M
Pnoise = H(N) - Z UmU:na
m=1

where I(N) denotes the N x N identity matrix. For any z € R?, define a test vector f(z) as
1 . . .
f(z) = Wi [exp(iw8) - z), exp(iwbs - z), . . ., exp(iwby - z)]" (3)
and MUSIC-type imaging function
1
Pnoise(f(z); w)‘ .

Then, Znusic(z;w) will plot the peaks of a large magnitude at z € o and those of a small magnitude
at z ¢ I

Ivusic(z;w) = |

3. STRUCTURE OF MUSIC-TYPE IMAGING FUNCTION IN LIMITED-VIEW
PROBLEM

We explore the structure of a MUSIC-type imaging function in the limited-view inverse scattering
problems. For this, we assume that 0 < 6; < <... <0y <27 and 0, €SI ¢ S! forn=1,2,...,N.
For the sake of simplicity, we exclude the constant hw?(1 +1)/(4\/wm) and the residue term o(h) in (2)
and assume that the incident and observation directions are the same, i.e., 9; = —0; for j = 1,2,..., N.
Then,

M
Kj(w) ~ /(5 — 1) exp(iw(0; + 6;) - x)do(x) ~ % Z (e —1)exp(iw(@; +6)) - xp), (4)

m=1
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where length(o) denotes the length of o (refer to [21]). Based on this, K can be decomposed as follows:
length(o
K = Lg £ 1) Zme (xm)7,

where W (y) is defined in (5). Then, the following result holds.
Lemma 3.1. For 0,, € S., define

W(z) = lexp(iw8 - z), exp(iwby - z), . . ., exp(iwdy - z)]" . (5)

1
VN
Then, Uy, = W (Xxy,) form=1,2,... M.

Further, we introduce a useful formula that describes a relationship between a definite integration
of the exponential function on the subset of a unit circle and the Bessel function of an integer order of
the first kind. A rigorous derivation can be found in [11].

Lemma 3.2. For @ € S} and z = |z|[cos ¢,sin ¢|T € R?, the following approzimation holds uniformly

N
1 1 =(z;

=5 W, - 7) ~ w0 - 2)d6 = J + ,
N 2 exp(iwb, - z) — /Si exp(iwé - z) o(w|z|) -

where J,, denotes the Bessel function of order n of the first kind and =(z;w) is given by

2(z;w) = 4?31 %Jn(w|z|) sin (W) cos ("(9N +291 — 2¢)) .

Now, we derive the structure of single-frequency MUSIC-type imaging function in the limited-view
problem.
Theorem 3.3 (Single- frequency MUSIC). Let w and N be sufficiently large. Let us write z — X, =
|Z — X|[COS P, 5in @] T then, Tausic(z;w) is of the form:

M

- 2) ~1/2
=(z — Xpm;w

where |c|? = c¢ for a complex number c.

Proof. Let us apply Lemma 3.1 to the projection operator. Then,
exp(iwb - z)

M M
1 1 | exp(iwbs - z) 1
Proise(f(2z); w) ~ (]I - — W(Xm)W(Xm)*) f(z) = —= . - A,
N mzl VN o N\/Nmz1
exp(iwly - z)
where _ ~
exp(iwb; - z) + Z exp{iw(01 - xXm + 0y, - (2 — X))}
neNy
exp(iwls - z) + Z exp{iw(02 - xXm + 0y, - (2 — X))}
A = neN;

exp(iwly - z) + Z exp{iw(ON - xXm + O - (2 — X))}
neNy

Here, Ng :={1,2,..., N} \{s}. Since,
exp(iwls - z) = exp(iwb; - X)) exp{iwbs - (z — xp) },
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plugging this into A and applying Lemma 3.2, we can obtain

M
% Z (exp(iw@s -z) + Z exp{iw(Os - Xpm + Oy, - (z — xm))}>

’nENs

L
1wl - Xpm) (N Z exp{iw®, - (z — Xm)}>
n=1

=(z — xm;w)> .

iw6s - X)) (Jo(w\z — Xpm|) + -

M
S e
m=1

M

> exp(
m=1
Hence, P ise(f(z); w) becomes

exp(iw6; - z) — Ay exp(iwby - Xy,

M= 1M

A exp(iwBs - X))
1 )

exp(iwfs - z) —
Pnoise(f(z); w) =

3
I

2l

M
exp(iwly - z) — Z A exp(iwly - X))

m=1 |

where -
E(z — Xmjw)

A, = — X
Jo(w|z — xpm|) + 7J—

Therefore, we can obtain

g | 2
’Pnoise(f(Z)Q w)’ = <Pnoise(f(z);w) : Pnoise(f(z); w)) = (N Z {1 - 2Re(f1) + foQ}) s

n=1
where
M M
f1:= Z A exp(iwby, - (z — %)) and  fy = Z A exp(iw8y, - Xp,).
m=1 m=1

Now, applying Lemma 3.2 again, we can obtain

1 N 1 N Mﬁ
szl = NZ ZAmexp{inn-(Z—Xm)}
n=1

Mnil mll N u
- Z A (N Zexp{iw@n (z — Xm)}> = Z |A 2. (7)
m=1 n=1 m=1

Since w is sufficiently large, following asymptotic form of Bessel function holds

Jn(wx):\/Zcos <wx—?—1+0(@)>. (8)

(Xm - Xm/) _ 0

On — 01

: /
Hence, if m # m/,

(1]

Jo(w[xm — Xp[) +
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Therefore, by using Lemma 3.2, we can evaluate the following:
N M M

N
oS = o 3D S A expic - (o — X))

n=1lm=1m'=1

M M B 1 N M B M
= > > Anhy (N > exp{iwby, - (xm — xm/)}> = Aphm =D A% (9)
n=1 m=1 m=1

m=1m/=1
Therefore, by using (7) and (9), we can obtain (6). This completes the proof. O

Based on recent works [3, 10, 11, 15, 20|, multi-frequency based imaging function yields better results
than single-frequency based one. In contrast, in the limited-view problem, one cannot obtain a good
result via multi-frequency MUSIC algorithm, refer to [16]. However, this fact has been identified
heuristically so that mathematical identification is still required. Motivated from this fact, we now
explore the structure of the multi-frequency MUSIC-type imaging to identify this phenomenon. For
given S-different frequencies {ws: s =1,2,...,5}, let us introduce following multi-frequency MUSIC-
type imaging function: )

Inmurri(z; S)

S Z Pno1se s)

Then, applying Theorem 3.3, we can immediately obtain following result.

Theorem 3.4 (Multi-frequency MUSIC). Assume that ws, S, and N are sufficiently large. Let us

write z — X, = |2 — Xy |[coS dm, sin ¢ 7. Then, multi-frequency MUSIC-type imaging function can be
represented as follows:

o ¥ ) oy —1/2
Z— X W1, W
Tvurti(z; S) (z — Xpm;wi,ws) + it ; (10)
= On — 01
where
) ws 2 2 w1 2 2 s 2
(7301, ws) ® ———— | Jo(wslz])*+J1(ws|z])® | ———— Jo(wilz])"+Ji(wi|z))* )+ [ Ji(w]z])*dw
wg — w1 ws — w1 w1
and
wg
U (z — Xpm; w1, ws) / E(z — X w)dw
w1
. > "o n(@N — 91) n(eN + 01 — 2¢m) ws
= 4; . sin (2 cos 5 /W1 In(w|z — x| )dw

Proof. Applying Theorem 3.3 and following an indefinite integral of the Bessel function (see [23])

/Jo(:v)2d:v = x<J0(ai)2 + J1($)2> + / Ji(z)?d,

we can immediate obtain desired result. O

Remark 3.5. Theorems 3.3 and 3.4 tell us some properties that can be summarized as follows:

(S1) In the structure of MUSIC-type imaging function, the terms Jo(w|z — Xm|) and ®(z — xpm; w1, ws)
contribute to the imaging performance. In contrast, the terms Z(z;w) and V(z—Xp;w1,wg) disturb
the imaging performance.

(S2) On the basis of the asymptotic property of the Bessel function (8), a good result can be obtained via
MUSIC algorithm when w — +o00. However, this is an ideal condition.
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(S3) Since ®(z—X; w1, ws) oscillates less than Jo(w|z—Xp|), it is expected that multi-frequency MUSIC
improves single-frequency one. However, if the range of the incident (and observation) directions
s narrow, then since O — 01 is small,
=(z;w U(z — X w1, w
Jo(w|z — xm]) < E(ziw) and  D(z — xXp;wi,ws) <K ( mi w1, Ws)
9]\[ — 01 0N - 91
Hence, the results via Inusic(z;w) and Invurri(z; S) would be poor, i.e., there is no improvement.
This is the reason why one cannot obtain good results via single- and multi-frequency MUSIC
algorithms in limited-view problems. In contrast, if the range of the incident directions is sufficiently
wide, one can obtain good results via MUSIC' algorithm and Iyrurri(z; S) will improve Iyusic(z; w).

(S4) On the basis of Lemma 3.2, if we can control the range of the incident directions such that

" (n(eN - 91)) o <n(9N +6) — 2¢m)> »

2 2

then, since the disturbing terms are disappear, one can obtain a good result. However, this is only
the case O — 01 = 2w, i.e., full-view inverse problem because we have no a priori information of
thin inhomogeneities. Therefore, in the case of the limited-view inverse scattering problems, we
cannot expect a good result via MUSIC algorithm.

4. NUMERICAL RESULTS AND DISCUSSION

In order to support Theorems 3.3 and 3.4, we present some numerical examples. For this, we consider the
imaging of thin dielectric inhomogeneities I'; = {x + nn(x) : x € 05, —h < n < h} with two supporting
curves

o1 =1{[5,02]": 0.5 < s < 0.5}

1 s7r+1 . ST 1 3S7TT l<s<1
09 3,2005 5 5s 5 10(:08 5 <s<

with the same thickness h = 0.02. Permittivities of the background space and the thin inhomogeneity
are selected as eg = 1 and € = 5, respectively, and permeability is pg = 1. Throughout this section, the

1.8 35 3.5
1.6 3 3
1.4 2.5 2.5
o / 12 o )
3 1 % 2 % >
> 08 O 15 > 15
0.6 1 1
0.4 05 0.5
-1 0.2 - - R
-1 05 0 0.5 1 - -05 0 0.5 1 -1 05 0 0.5 1 - -0. 0 0.5
X axis X axis X axis X axis
(a) 6o =0 and Oy=m/2 (b) 8 =0 and By=n (c) 6o =0 and Oy =3m/2 (d) 8 =0 and 6y =2n
7 18
6 16
14
5 o 12
4 8 10
> 8
s 6
2 4
) B 2
1 0.5 0 0.5 1 -1 -05 0 0.5 1 -1 -05 0 0.5 1 -1 05 0 0.5 1
X axis X axis X axis X axis
(€) 8o =0 and Oy=m/2 (f) 6 =0 and Oy=n (g8) 60=0 and 6y =3n/2 (h)6p =0 and Oy =21

Figure 2. Maps of Zyusic(z;wi) (top) and Zyurri(z; 10) (bottom) when the thin inhomogeneity is
I.
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wavelengthes A\g, s = 1,2,...,5(= 10), satisfy \y > A2 > ... > Ag and
A1 = 0.5 x length(c1) = 0.5 and Ag=0.2 x length(o1) = 0.2.

In every results, the far-field pattern u.(9;, ;) computed by a second-kind integral equation introduced
in [14].

Figure 2 shows the maps of Zyusic(z;wi1) with various ranges of incident directions when the
thin inhomogeneity is I'y. This result shows that when the range of incident directions is narrow (see
Figure 2(a)), based on the observation (S3) of Remark 3.5, one cannot identify the true shape of T';.
In contrast, in Figure 2(b), although some blurring effect appeared in the neighborhood of I'y, we can
recognize the approximate shape of I'j when 8y = 0 and 0 = 7. Note that if §; =0 and 7 < 0y < 2,
very good results appear.

Figure 3 shows the maps of Zyusic(z; wi) for I's. In contrast to the results shown in Figure 2, the
true shape of I's can be obtained in the full-view configuration. Hence, we conclude that if one wants to
image a complex shaped target, the range of incident (and observation) directions must be sufficiently
wide as we observed in (S4) of Remark 3.5.

o

1 .
9 16 05 12
s 14 0.45
o o 2o sl 10
2 6 2 10 % 04 £ 8
© 5 © © ©
> 4 > 8 > 0.35 >\_ 6
3 6 03 4
2 4
1 2 0.25 2
“2 a1 0 1 “2 a1 0 1
X axis X axis X axis X axis
(a) 6o =0 and Oy =7/ 2 (b) 8 =0 and Oy == ()8 =0 and Oy =37/2 (d) 8p =0 and Oy=2n
2 10 18 14 12
15 9 16 12
1 8 14 - 10
o 05 7 ° 12 4 2 8
5 6 x ” 10 % 8 ES
> 5 > ‘ 8 > > 6
-0.5 4 - 6 -
6 4
1 3 4
-1.5 2 4
.2 5 5 5
- -1 0 1
X axis X axis X axis X axis
(€) 8 =0 and Oy =m/2 (f) 0o =0 and Oy == (g) 6o =0 and Oy=3m/2 (h) 8 =0 and 6y =27

Figure 3. Same as Figure 2 except the thin inhomogeneity is I's.

5. CONCLUSION

In this paper, we discovered the structure of the MUSIC-type imaging function of thin dielectric
inhomogeneity located in the two-dimensional homogeneous space in the limited-view inverse scattering
problems. On the basis of the relationship between the imaging function and the Bessel functions
of the integer order of the first kind, we identified certain properties of the MUSIC algorithm in the
limited-view inverse scattering problems.

In this paper, the imaging of thin dielectric inhomogeneity was considered. We believe that the
analysis could be extended for a purely magnetic contrast between the inclusions and the embedding
domain, and the combined cases. Furthermore, extension of the analysis to the imaging of a perfectly
conducting, arbitrary shaped crack is expected.

Note that topological derivative based non-iterative imaging algorithm has been developed but
considered only in full-aperture inverse scattering problems, refer to [2,12,13,15,17,18]. Motivated
from this fact, an analysis of topological derivative imaging function in the limited-aperture problem
should be an interesting work.
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