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Abstract

In the reconstruction process of unknown multiple scattering objects in inverse
medium scattering problems, the first important step is to effectively locate
some approximate domains that contain all inhomogeneous media. Without
such an effective step, one may have to take a computational domain of a size
that is much larger than the actual sizes of all scattering objects, thus resulting
in huge additional computational effort. In this work, we propose a simple
and efficient multilevel reconstruction algorithm to help locate an accurate
position and the shape of each inhomogeneous medium. Then, other existing
effective but computationally more demanding reconstruction algorithms may
be applied in these initially located computational domains to achieve more
accurate locations and shapes of the scatterer and the contrast values over each
medium domain. The new algorithm exhibits several strengths: robustness
against noise, requiring fewer incidences, fast convergence, flexibility to deal
with scatterers of special shapes and advantages in computational complexity.

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

1. Introduction

In this paper, we are concerned with numerical identifications of inhomogeneous medium
scatterers by scattered fields. The inverse scattering problem can find wide applications in
medicine, geophysics and biological studies. A large variety of numerical reconstruction
methods are available in the literature, such as the time-reversal multiple signal classification
(MUSIC) method [9, 15], the contrast source inversion (CSI) method [1, 17-19], the
continuation method [2], the subspace-based optimization method [4, 5], the linear sampling
or probing methods (LSM) [7, 12, 13, 16, 20], the parallel radial bisection method [14], etc. In
order to carry out any of these methods for the reconstruction of unknown multiple scattering
objects, the first important step is to effectively locate some approximate domains that contain
all scattering objects. Without such an effective step, one may have to take a computational
domain of a size that is much larger than the actual sizes of all scattering objects. In particular,
when multiple separated objects are present, and at least two of them are far away from each
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other, then one may need to set an initial computational/sampling domain to be sufficiently
large in order to ensure a safe covering of all scattering objects, easily selecting a domain
with an area or a volume of 30 or 40 times as large as the actual region required to cover
all inhomogeneous media. A much larger computational domain results usually in a huge
additional computational effort for the entire numerical reconstruction process, considering
the severe ill-posedness and strong nonlinearity of inverse medium scattering problems.

Soitis of great significance for the reconstruction process of an inverse medium problem to
have an effective step that helps locate the initial regions covering each of the scattering objects.
In addition, this first step should be less expensive computationally and easy to implement
numerically. It is mostly challenging to realize this task and to provide an acceptable initial
location of each scattering object at the same time. A direct sampling method was proposed
recently in [8] for the purpose. The algorithm is computationally very cheap as it involves
computing only the inner product of the scattered field with fundamental solutions located
at sampling points. In this paper, we will propose a new algorithm for the purpose, and it
is completely different from the one in [8]. This new algorithm is an iterative one, and also
very cheap; only three matrix—vector multiplications are needed at each iteration, without any
matrix inversion or solutions of linear systems involved. Most interestingly, the algorithm can
first separate all disjoint inhomogeneous medium objects quickly, usually in a few iterations,
then refine its approximation successively and finally provide a good approximate domain for
each separated object.

It is worth mentioning that the multilevel algorithm to be presented here is essentially
different in nature from the multilevel linear sampling method developed in [12]: the new
method is much less sensitive to the so-called cut-off values, it works with much fewer
incident fields, and it does not need to solve an ill-posed far-field equation at every sampling
point. In addition, the new algorithm is robust against noise in the data. More importantly,
unlike most existing methods, the new method does not involve any optimization process or
matrix inversions, so it can be viewed as a direct sampling method. Another nice feature of
the new algorithm is that it is self-adaptive, that is, at each iteration it can remedy the possible
errors from the previous iterations. With an effective initial location of each scattering object,
we may then apply any existing efficient but computationally more demanding methods, e.g.,
the methods in [2, 5, 17, 18], for further refinement of the estimated location and shape of each
scattering object as well as for the recovery of the contrast profiles of different media. Finally,
we would like to emphasize that the new multilevel method aims only at weak scatterers. It
is well known that it is of great challenge to numerically reconstruct strong scatterers (i.e.,
scatterers with both high contrast values and large electrical sizes), since the wave behaviors
inside and among them are highly complex. So far there is still no efficient method that can
successfully tackle this problem, neither can our multilevel algorithm deal with it. However,
considering the fact that the LSM does not need to involve the wave interactions inside and
among scatterers, it may still be possible to locate strong scatterers if the number of incidences
is sufficient.

2. Problem description

Consider an inverse scattering problem where the scatterer €2, possibly consisting of
several separated disjoint components, is located in a homogeneous background medium
RY (d = 2,3). We assume that the scattered obstacles are illuminated successively by a
number of plane wave incident fields uij!‘c (x),j=1,2,..., N;. For each plane wave incidence,
the scattered field uj.c"‘ (x;) is measured by the receivers at locations x7,. . ., xj'\,x; see figure 1 for
the incidences and receivers located on a circle S.
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Figure 1. Geometrical model of the scattering problem.

The inverse scattering problem is to determine the contrast function or index of refraction,
x (x) for any point x varying in the scatterer £2, given a set of scattering data u3™ (x;). The
contrast x has a very important property, i.e., it vanishes outside the scattering objects. For
each incident field ui]?‘c, the total field u; satisfies the Helmholtz equation [7],

Auj(x) + K (x(x) + Dujx) =0, xeR, 2.1

where k is the wavenumber of the homogeneous background medium. The total field u; can
be represented by the integral equation [7],

uj(x) = uijnc(x) + k2/ g, x') x (" u;(x") dv(x'), 2.2)
Q
where g(x, x") is the Green function of the homogeneous background medium,

“HO (kx —x|) for d =2,
g(x» x,) == eiklex’\

B for d =3,

4 |x — x|
where Hél) is the zero-order Hankel function of a first kind. We note that the total field u;
may stand for the acoustic pressure in an acoustic scattering problem, or for the electric field
vector in an electromagnetic scattering, or for the particle-velocity vector in an elastodynamic
scattering. The scattered field is measured on the boundary S of a domain, which is sitting
outside the scatterer 2. We introduce a sampling domain D that completely cover the scatterer
Q. As the contrast function x vanishes outside €2, with the help of (2.2), we can write the
scattered field as

W) = uj(x) — ui;“(x) = k2/ g, x)x (xHu;(x") dv(x’), xe€S. (2.3)
For the sake of convenience,Dwe shall often introduce the contrast source function
w;(x) = x(x)uj(x), xeD. 2.4)
Then, we can write (2.2) and (2.3) in the following more compact forms:
wj(x) = x ()u @) + x (¥)(Gpw;)(x), x €D (2.5)
and
uit(x) = (Gsw;)(x), x €S, (2.6)
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where Gp and Gy are the two integral operators given by

(Gpw) (x) = kZ/ g, xHw') dv(x) Vx eD,
D

(Gsw)(x) = sz g, x)wx’) dv(x’) Vxe€S.
D

Equations (2.5) and (2.6) will be the two fundamental equations for our proposed multilevel
initialization algorithm.

3. Approximate contrast source by backpropagation

We can easily see that the support of the contrast source function w = y u describes the exact
locations and geometries of all the inhomogeneous media, which generate the scattered field
©*®. The aim of this work is to propose a fast and less expensive algorithm that can help locate
all the inhomogeneous media and provide good initial guesses for some computationally
more demanding iterative algorithms to find more accurate locations and shapes of all the
inhomogeneous media and the approximations of the contrast function .

Our algorithm will rely on the approximate contrast source obtained by backpropagation.
Backpropagation is widely used in inverse medium scatterings; see [11, 18] and the references
therein. In this section, we shall give a rigorous mathematical explanation of the approximate
contrast source by backpropagation. Let (-, )25y and (-, -);2(p) be the scalar products,
respectively, in L*(S) and L*(D), and G*: L*(S) — L*(D) be the adjoint of the operator
Gy: L*(D) — L*(S). G* is called the backpropagation operator and given by

(Giw)(x) = kZ/g(x,x’)w(x/) ds(x’) Vx eD.
s

We shall need the following backpropagation subspace of L? (D),

Vb = span{G;u**},
which is formed by all the fields generated by the backpropagation G} on the scattered data
u*®, It follows from (2.6) that

> (x) = (Gsw)(x), xe€S. 3.1
The backpropagation is to seek a best approximate solution wj to the equation (3.1) in the
backpropagation subspace Vj, namely

1% = Gyl sy = min 16 = Govpl - (3.2)
It is easy to see that the solution wy, to (3.2) solves the variational system,

(> — Gywyp, Gyvp) 25y =0 Y, €V, 3.3)
or equivalently,

(Gswp, Gyvp) 125y = (Gyu™*, vp) 2y YU € V. (3.4)
As wy, v, €V}, we can write

wp = AGU?, vy = uGiut?, 3.5)

for some constants A and . Substituting the two expressions into (3.4), we obtain

[|GFus?| |2,
: L @) (3.6)

= b
| |GSG?usca| |iz<s)

which gives the approximate contrast source by backpropagation,

G 2
ST DD Grysea (3.7)

”G‘YG_?MSC?IHIZ‘Z(S) ’

Wp
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4. A multilevel sampling algorithm

In this section, we propose a fast multilevel sampling algorithm to find the locations and
geometric shapes of all the inhomogeneous media, which are described by the contrast function
x in (2.1). The algorithm proceeds iteratively, and carries out two important steps at each
iteration based on the two fundamental equations (2.5) and (2.6), namely the state and field
equations, respectively. In the first step, we apply the backpropagation technique to compute

an approximate contrast source w; corresponding to each incident ui]?” G=12,....N). It
follows from (3.7) that this approximation is given by
IG5 17
wj=——2 P Gt j=1,2,..., N, @.1)
| |GSGSu] ||L2(S)

With these approximate contributions w; of the exact contrast source w corresponding to each
incident «°, we approximate the contrast x pointwise by minimizing the residual equation
corresponding to the state equation (2.5), namely

Ni

B ; | (xu® = w; + xGpw;) (®)

2
’

4.2)

which yields an explicit formula to compute an approximate contrast value x (x) at every point
x € D when an approximate contrast source w; is available,

S W) (™ + Gpw;) (x)
Y 1@ + Gpw)) ()2

where the overbear denotes the complex conjugate and Re means taking the real part of a
complex number. We remark that it may not be always effective to consider only the real
part as in (4.3), especially for those lossy scatterers whose contrast values may have a small
real part but a large imaginary part. In those cases, we may take the absolute value of the
reconstructed contrast function in (4.3).

Clearly both (4.1) and (4.3) are rather crude, in general, and may provide rather poor
approximations for the exact contrast source w and contrast profile y [6]. But, as will be seen,
when we combine these two poor approximations in a novel manner with some multilevel
technique, it generates a very efficient and robust algorithm for locating an accurate position
and the shape of each inhomogeneous medium.

We emphasize that the unique goal of this work is to develop a simple and less expensive
algorithm that can help to locate an approximate position and shape of each inhomogeneous
medium, but it is not designed for an accurate approximation of the contrast values of the
inhomogeneous media.

The basic idea that motivates our algorithm is based on the following simple observation.
We know that the exact contrast function x (x) vanishes outside the scatterer €2, so its support
provides the location and shape of the scatterer €2, which is formed by all the inhomogeneous
media. This observation, along with the previous two explicit evaluation formulae (4.1) and
(4.3) and a novel multilevel technique, forms the foundation of our new multilevel sampling
algorithm.

For the description of the algorithm, we first introduce two new concepts, the smallest
distance and the first gap interval with index M. For a given finite positive non-decreasing
sequence, {x1, X2, ---» Xm}, its smallest distance is the positive smallest one among all
the distances between two neighboring elements, namely dist (x;, xi+1),i=1,2,...,m — 1.
Among all these m— 1 distances, if there exists some j such that2 < j < m—1 and the distance

x(x) =Re “4.3)
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dist(Xj, xj+1) is M times larger than the smallest distance of the sequence {x1, x2, ..., X;},
then [, x+1] is called a gap interval. The first such interval is called the first gap interval.

Now we are ready to state our new algorithm.
Multilevel sampling algorithm.

(1) Choose a sampling domain D that contains the scatterer 2.
Select a uniform (coarse) mesh on D, consisting of square (2D) or cubic (3D) elements;
write the mesh as Dy.
Select a tolerance ¢ and an index M set an initial cut-off value ¢y := O and k := 1.

(2) Compute an approximate value of the contrast x;(x) at each grid point x € D;_;, using
the formulae (4.1) and (4.3). Then do the following:

(2.1) Order all the values of y; (x) satisfying xi(x) > cx—; into a non-decreasing sequence.
Find the first gap interval of the sequence with index M.
Choose the right endpoint of this first gap interval with index M as the next cut-off
value cy.

(2.2) If xx(x) > ci at a grid point x, select all the grid points of the elements which share
x as one of their vertices.
Remove all the grid points in Dy_, which are not selected.
Update Dy by all those selected grid points.

(3) If |ck — ck—1] < &, set Dy := Dy_; and go to step 4;
otherwise refine the mesh D;_; to obtain Dy; set k := k + 1 and go to step 2.
(4) Output all grid points in Dy for the domains of all inhomogeneous media.

We would like to make an important remark about the index M used in the multilevel
sampling algorithm. This index is basically a limit value to help separate numerically the
contrast values of the homogeneous background medium from those of the inhomogeneous
media. Its motivation lies in the fact that the exact contrast value of the homogeneous
background medium is 0, while the ones for the inhomogeneous media are usually significantly
larger in magnitude since we are comparing 0 (homogeneous medium) and non-zero
(inhomogeneous media), so it is reasonable to locate the interval where the contrast values
have the first expected large jump (namely the first gap interval with index M, and M is to
measure the jump), then classify the grid points with the small contrast values (less than
the cut-off value, i.e., the right endpoint of the first gap interval) as the background medium
region, and the grid points with the larger contrast values (larger than the cut-off value) as the
inhomogeneous medium regions.

The effectiveness of the multilevel algorithm is not so sensitive to the choice of the index
M and mostly we can take it in the range 80—120. For all the numerical experiments we show
in the following section, we have simply fixed M to be 100.

We can easily see that the above multilevel sampling algorithm does not involve any
optimization process or matrix inversions, and its major cost is to update the contrast values
using the explicit formulae (4.1) and (4.3) at each iteration, and the computational sampling
domain Dy, shrinks as the iteration goes. So the algorithm is rather simple and less expensive.
In addition, as the cut-off values are basically to distinguish the homogeneous background
medium where x (x) vanishes and the inhomogeneous media where x (x) should be essentially
different from O (it can be small, say 0.3, which is still relatively large in magnitude when
compared with zero), so our cut-off values are rather easy to choose and insensitive to the
size and physical features of scatterers. In fact, the cut-off value can start simply with zero,
then it is updated automatically with the iteration. As we shall see from numerical examples

6
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in the following section, the algorithm works well with few incidents, even with one; and it
is self-adaptive, namely it can recover some elements that have been removed in the previous
iterations due to computational errors. In terms of these aspects, this new multilevel sampling
algorithm outperforms the popular linear sampling methods [16], including the improved
multilevel variant [12].

Remark 4.1. Many existing refinement techniques can be used for the mesh refinement
required in step 3. In all our numerical experiments, we have adopted the simple bisection
technique, namely, we divide each square element into four equal sub-squares in 2D, or divide
each cubic element into eight equal smaller cubes in 3D.

5. Numerical simulations

In this section, we present several examples to verify the effectiveness and robustness of the
newly proposed multilevel sampling algorithm.

We first use the state and field equations (2.5) and (2.6) (more accurately, their discrete
forms (A.1) and (A.2)) to generate the synthetic scattered field data. To do so, equation (A.1) is
solved first for the field w; for each incident field uijnc, then the scattered data ujca is computed
from (A.2). Sufficiently fine meshes are used to ensure reliable accuracies of the synthetic
data.

Now we list the parameters that are used in our numerical simulations. The wave number
k and wave length A are taken to be k = 2w and A = 1. For two dimensions, the number of
incidences and receivers are set to be N; = 6 and N; = 30, respectively, and the incident wave
directions are evenly distributed on the unit circle, while the receivers are equally distributed
on the circle of radius 5A. For three dimensions, the number of incidences and receivers are set
to be N; = 20 and N, = 182, respectively, the incident wave directions are evenly distributed
on the unit sphere, while the receivers are equally distributed on the surface of the sphere
of radius 5X. The index M of the first gap interval and the tolerance parameter ¢ are chosen
to be 100 and 1073, respectively. In the two-dimensional numerical simulations, the mesh
refinement during the multilevel algorithm is carried out based on the simple bisection rule,
namely each square element is divided into four equal subsquares, so we have i = 0.4x/2*,
where k is the kth refinement, and % and h; are, respectively, the mesh sizes of the initial
mesh and the mesh after the kth refinement. Moreover, random noises are added to the exact
scattering data in the following form:

wFtx) = ut O +E(n () +ir ()], j=1,2,..., N,

where | j(x) and r, ;(x) are two random numbers varying between -1 and 1, and & corresponds
to the level of the noise, which is usually taken to be 10% unless specified otherwise. All the
programs in our experiments are written in MATLAB and run on a 2.83 GHz PC with 4GB
memory.

5.1. Two-dimensional reconstructions

Example 1. This example shows a scatterer 2 consisting of two squares of side length 0.3,
located, respectively, at (—0.31, —0.31) and (0.3A, 0.31), with their contrast values being
1 and 2, respectively; see the two red squares in figure 3(a). We take the sampling domain
D = [—1.2A, 1.2A] x [—1.2%, 1.2A], which is quite large compared to the scatterer €2, with
an area 64 times the area of one scatterer component. More importantly, we see that these two
small objects are quite close to each other.
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Figure 3. (a) The initial (coarse) mesh on the sampling domain for example 1; (b)-(d)
Reconstructions at the first, third and fifth iterations.
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Figure 4. (a) The initial (coarse) mesh on the sampling region for example 2; (b)-(d)
Reconstructions at the first, third and sixth iterations.

Table 1. Information about the grid points at each iteration for example 1.

Iteration 1 2 3 4 5

Number of removed grid points 32 18 41 64 59
Number of remaining grid points 17 31 56 118 401
Number of total grid points 49 49 97 182 460

We first show some figures to compare the exact data with the noisy data. When the exact
data is polluted with 10% noise, and 30 receivers are used to measure the data corresponding
to one incidence, the exact and noisy data are shown in figure 2(a) for the real part of the data,
and figure 2(b) for the imaginary part.

The numerical reconstructions are shown in figures 3(b)—(d), respectively, for the first,
third and fifth iterations. One can observe from the figures that the algorithm converges
very fast and provides quite accurate locations of the two medium components in only five
iterations. Moreover, we can see an important advantage of the algorithm, i.e., it can separate
the disjoint medium components quickly. One can find more detailed behavior of the algorithm
from table 1, which lists the number of grid points that remained or were removed after each
iteration.
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Figure 5. The reconstructed contrast values and the first gap intervals of the first six iterations for
example 2.

Table 2. Information about the grid points at each iteration for example 2.

Iteration 1 2 3 4 5 6

Number of removed grid points 32 18 33 84 13 10
Number of remaining grid points 17 31 64 98 452 1604
Number of total grid points 49 49 97 182 465 1614

Example 2. This example is the same as example 1, except that the contrast values of the two
medium components are now variable functions, namely
7 (10|x] — 1.5) . w(10]y| — 1.5)
sin .

3 3
The numerical reconstructions are shown in figures 4(b)—(d) for the first, third and sixth
iterations. Again, we observe from the figures that the algorithm converges fast, provides very
satisfactory locations of the two medium components in only six iterations, and can separate
the disjoint medium components quickly.

For a better understanding of the first gap interval, we present in figure 5 the reconstructed
contrast values of the remaining grid points and the first gap intervals obtained in the first six
iterations. For the plots of the fifth and sixth iterations we have selected only the first 200
and 300 grid points (in a non-decreasing order as the algorithm did), otherwise the points
are too many to show in one plot, and the first gap intervals are also difficult to see. As we
observe from figure 5(f) that there is nearly no first gap interval at iteration 6, indicating that
the remaining grid points are nearly all inhomogeneous media when the algorithm converges.

To see the more detailed behavior of the algorithm in terms of grid points, we have listed
in table 2 the number of grid points that remained or were removed after each iteration.

x (x,y) = sin

Example 3. This example considers a scatterer 2 of a thin annulus with the inner and outer
radii being 0.3A and 0.5A, respectively, and centered at the origin. The contrast value x (x) is

10



Inverse Problems 29 (2013) 095003 K Liu and J Zou

D D

i
1N

(©) (d)

Figure 6. (a) The initial (coarse) mesh on the sampling region for example 3; (b)-(d)
Reconstructions at the first, third and fourth iterations.

Table 3. Information about the grid points at each iteration for example 3.

Iteration 1 2 3 4

Number of removed grid points 204 20 37 76
Number of remaining grid points 21 45 111 303
Number of total grid points 225 65 148 379

2 inside the thin annulus. The sampling domain D is taken to be a square of side length with
5.6A, as shown in figure 6(a).

It is easy to see the sampling domain D has an area about 62 times as large as the annulus,
and the annulus has a very thin thickness, i.e., 0.2A. The numerical reconstructions are shown
in figures 6(b)—(d) for the first, third and fourth iterations. As for the previous two examples, the
reconstructions are quite satisfactory and accurate locations for the scatterer can be achieved.
Table 3 gives more detailed information about the number of grid points that remained or were
removed after each iteration of the multilevel algorithm.

Example 4. This example considers a scatterer 2 of the Austria profile with two cylinders
of radii 0.2A and the ring of the inner and outer radii being 0.3A and 0.61, respectively. The

11
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Figure 7. (a) The initial (coarse) mesh on the sampling region for example 4; (b)-(d)
Reconstructions at the second, third and fourth iterations.

contrast value y (x) is set to 1 inside the Austria. The sampling domain D is taken to be a
square of side length with 4.8, as shown in figure 7(a).

Itis easy to see that the sampling domain D has an area about 21 times as large as the Austria
profile, and the annulus has a very thin thickness, i.e., 0.31. The numerical reconstructions are
shown in figures 7(b)—(d) for the second, third and fourth iterations. As for the previous three
examples, the reconstructions are quite satisfactory and accurate locations for the scatterer are
achieved. Moreover, the algorithm can separate the top two small circles from the annulus,
although the distances between them are rather small.

As we have emphasized earlier, a good feature of the multilevel algorithm is its self-
adaptiveness. We may see from figure 7 that the result from the second iteration (figure 7(b))
has excluded four subregions (two on the top middle and two near the bottom left and right) of
the inhomogeneous media, but they are basically recovered at the next iteration (figure 7(c)).
So the self-adaptiveness of the algorithm may remedy some possible errors from the previous
iterations at a current step.

Example 5. In this example, we test the algorithm with partial data to reconstruct an

inhomogeneous scatterer. We use only two incidences at directions, d = ‘/75(1, 1) and
‘/75 (—1, 1), and nine receivers evenly distributed on the top half of the circle of radius 5XA. The
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D D

(c) (d)

Figure 8. (a) The initial (coarse) mesh on the sampling region for example 5; (b)-(d)
Reconstructions at the first three iterations.

sampling domain D is selected to be a square of side length with 5.6A, as shown in figure 8(a).
The inhomogeneous medium is a small circle of radius 0.5 with a contrast value 1, and the
result is shown in figure 8. We can compute that the sampling domain D has an area about
40 times as large as the small circular profile.

As one may see, the location of the inhomogeneous medium is basically accurate, with the
top boundary quite well reconstructed but the bottom boundary less accurately reconstructed.
The reconstructions seem reasonable as we have only two incidences and measurements on
the top part.

5.2. Reconstruction for the contrast function x

Many numerical methods are available in the literature for reconstructing the contrast
profile function x. These methods are usually more refined and accurate than the new
multilevel method for recovering both the geometric shapes and the contrast functions of
the inhomogeneous media, but they are usually more complicated technically and much
more demanding computationally, as they mostly involve nonlinear optimizations and matrix
inversions. Without a reasonably good initial location for each inhomogeneous medium, we
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I /

Figure 9. True scatterer for (a) example 1 and (d) example 3. The reconstructions by ESCI
applied to the originally selected computational region for (b) example 1 and (e) example 3. The
reconstructions by ESCI applied to the domain provided by the multilevel sampling algorithm for
(c) example 1 and (f) example 3.

' (C>.

may have to take a much larger sampling domain than the actual size of the inhomogeneous
media for these methods, so they can be extremely time consuming, especially in three
dimensions. Using the newly proposed multilevel algorithm in section 4, we can first locate a
much smaller sampling domain than usual (or the one we originally selected) in a numerical
reconstruction for the contrast y. Then we can apply any existing reconstruction algorithms
for more accurate reconstructions, starting with an initial sampling domain provided by the
multilevel algorithm. This may save us a great fraction of the entire computational costs.
Based on above few observations, we think that there is a significant advantage to applying
an optimization-type method to the domain achieved by the multilevel sampling algorithm.
For comparison, we show some numerical tests using the popular extended contrast source
inversion (ECSI) method [18] and the newly proposed multilevel method combined with
ECSL

We consider the same scatterer €2 and the setups as in examples 1 and 3 of section 5.1;
see figures 9(a) and (d). Then we apply the ECSI method [18] with mesh size 7 = 0.015A,
respectively, to the originally selected computational regions and the reconstructed domains (cf
figures 3(d) and 6(d)) by the multilevel algorithm. The reconstructions are shown in figures 9(b),
(c), (e) and (f). The four figures are the inverted images of ECSI when it is terminated at the
relative L2-norm error ¢ = 1072 of the reconstructed contrast values. Clearly, figures 9(c)
and (f) give much better reconstructions than figures 9(b) and (e), with quite satisfactory
reconstructions of both locations and contrast values. Figure 10 shows the convergence curves
in terms of the relative L2-norm errors against the number of iterations. It is obvious that the
ECSI with the help of the multilevel algorithm gives more accurate reconstructions, and with
much less computational effort.
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Figure 10. Convergence curve by ECSI applied to the originally selected computational region
for (a) example 1 and (b) example 3. Convergence curve by ECSI applied to the domain achieved
from the multilevel sampling algorithm for (c) example 1 and (d) example 3.

(a) (b)

Figure 11. Scatterers imbedded in a large sampling domain: (a) two cubic components close to
each other in example 6; (b) a torus in example 7.
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Figure 12. Numerical reconstructions by the first fourth iterations for example 6.

5.3. Three-dimensional reconstructions

Example 6. This example tests a three-dimensional scatterer €2 consisting of two small cubic
components,

Q; = [-0.45x, —0.150]}, €, =[0.15, 0.451]°.

The two squares are quite close to each other, both with constant contrast values 2; see
figure 11(a). We take the sampling domaintobe D = [—1.2A, 1.21]%, which is about 500 times
of the volume of ©2; or 2.

We take an initial mesh size of iy = 0.8 in the multilevel algorithm. The mesh refinement
during the multilevel algorithm is carried out based on the bisection rule, namely /; = 0.81/2%,
where k is the kth refinement, and /4y is the mesh size after the kth refinement. The numerical
reconstructions are shown in figure 12. As for the previous two-dimensional examples, the
reconstructions are quite satisfactory and accurate locations for the scatterer can be achieved,
and two inhomogeneous medium objects can be quickly separated. From table 4, we can see
more detailed information on the number of grid points that remained or were removed after
each iteration of the multilevel algorithm.
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(c) (d)

Figure 13. Numerical reconstructions by the first three iterations for example 7; (d) is the same as
(c), but viewed from a different angle.

Table 4. Information about the grid points at each iteration for example 6.

Iteration 1 2 3 4

Number of removed grid points 18 170 122 287
Number of remaining grid points 46 53 127 398
Number of total grid points 64 223 249 685

Example 7. In this test, we consider a torus scatterer (see figure 11(b)), with a contrast value 2.
The torus has the following representation,

R—V2+ )+ =1,
where r = 0.11 and R = 0.4A (R is the radius from the center of the hole to the center of the
torus tube, r is the radius of the tube). The sampling domain is taken to be D = [—1.24, 1.2113,
which is about 170 times the volume of the torus.

We take an initial mesh size of 4y = 0.4 in the multilevel algorithm. The mesh refinement
during the multilevel algorithm is carried out based on the rule i; = 0.44/2%, where k is the
kth refinement, and /4y, is the mesh size after the kth refinement. The numerical reconstructions
are shown in figure 13. As for the previous two-dimensional examples, the reconstructions are
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Table 5. Information about the grid points at each iteration for example 7.

Iteration 1 2 3

Number of removed grid points 244 390 516
Number of remaining grid points 99 135 249
Number of total grid points 343 525 765

quite satisfactory and accurate locations for the scatterer can be achieved. Again, we can find
more information from table 5 on the number of grid points that remained or were removed
after each iteration of the multilevel algorithm.

6. Concluding remarks

This work proposes a multilevel sampling algorithm which helps to locate an initial
computational domain for the numerical reconstruction of inhomogeneous media in inverse
medium scatterings. The algorithm is an iterative process which starts with a large sampling
domain, and reduces the size of the domain iteratively based on the cut-off values, which
are computed adaptively by using the updated contrast source strengths and contrast values
at each iteration. The iterative algorithm can be viewed actually as a direct method, since
it involves only matrix—vector operations and does not need any optimization process or to
solve any large-scale ill-posed linear systems. The algorithm works with very few incident
fields and its cut-off values are easy to compute and insensitive to the sizes and shapes of
the scatterers, as well as the noise in the data. This is a clear advantage of the algorithm over
some popular existing sampling methods such as the linear sampling type methods, where the
cut-off values are sensitive to the noise and difficult to choose, and the number of incident fields
cannot be small. In addition, the multilevel algorithm converges fast and can easily separate
multiple disjoint scattering components, often with just a few iterations to find a satisfactory
initial location of each object. Another nice feature of the new algorithm is that it is self-
adaptive, that is, it can remedy the possible errors from the previous levels at each current
level. With an effective initial location of each object, we may then apply any existing efficient
but computationally more demanding methods for the further refinement of the estimated
shape of each scattering object as well as for the recovery of the contrast profiles of different
media. However, we would like to emphasize that the new multilevel method aims only at
weak scatterers. We know from the numerical point of view that it is rather challenging to
reconstruct strong scatterers. There is still no efficient method that can successfully tackle this
problem, and neither can our multilevel algorithm deal with it. Nevertheless, with the linear
sampling method it may still be possible to locate strong scatterers if the number of incidences
is sufficient, since it does not involve wave interactions inside and among scatterers.
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Appendix. Discretization

In the numerical implementations of the multilevel sampling algorithm proposed in section 4,
we have to discretize all the integrals involved. In this appendix, we discuss briefly the
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numerical discretization of these integrations. We illustrate only the discretizations of the state
and field equations (2.5) and (2.6), as all other integrations involved in the algorithm can be
approximated similarly. To do so, we divide the domain D into smaller rectangular or cubic
elements, whose centers are denoted as xy, x2, ..., X.

Using the coupled-dipole method or discrete dipole approximation [3, 10], we can
discretize (2.5) by

w; () = X ) (6) + K x () Y AngCm x)w;(x),  [=1,2,..., L, (A.1)
n#m

where A, is the area or volume of the nth element. Similarly, we can discretize equation (2.6)

at every pointx € S by

L
W) =Y Anglx,x)wi(x) for j=12,... N, (A.2)
=1

References

[1] Abubakar A and van den Berg PM 2002 The contrast source inversion method for location and shape
reconstructions Inverse Problems 18 495-510
[2] Bao G and Li P 2005 Inverse medium scattering for the Helmholtz equation at fixed frequency Inverse
Problems 21 1621-41
[3] Belkebir K, Chaumet P C and Sentenac A 2005 Superresolution in total internal reflection tomography J. Opt.
Soc. Am. A 22 1889-97
[4] Chen X 2009 Application of signal-subspace and optimization methods in reconstructing extended scatterers
J. Opt. Soc. Am. A 26 1022-6
[5] Chen X 2010 Subspace-based optimization method for solving inverse-scattering problems /IEEE Trans. Geosci.
Remote Sens. 48 42-9
[6] Chew W, Wang Y, Otto G, Lesselier D and Bolomey J 1994 On the inverse source method of solving inverse
scattering problems Inverse Problems 10 547-53
[7] Colton D and Kress R 1998 Inverse Acoustic and Electromagnetic Scattering Theory 2nd edn (Berlin: Springer)
[8] Ito K, Jin B and Zou J 2012 A direct sampling method to an inverse medium scattering problem Inverse
Problems 28 025003
[9] Kirsch A 2002 The MUSIC-algorithm and the factorization method in inverse scattering theory for
inhomogeneous media Inverse Problems 18 1025-40
[10] Lakhtakia A 1992 Strong and weak forms of the method of moments and the coupled dipole method for
scattering of time-harmonic electromagnetics fields Int. J. Mod. Phys. C 3 583-603
[11] Levy B and Esmersoy C 1988 Variable background Born inversion by wavefield backpropagation SIAM J. Appl.
Math. 48 952-72
[12] LiJ, Liu H and Zou J 2008 Multilevel linear sampling method for inverse scattering problems SIAM J. Sci.
Comput. 30 1228-50
[13] Li J, Liu H and Zou J 2009 Strengthened linear sampling method with a reference ball SIAM J. Sci.
Comput. 31 4013-40
[14] Liu K, Xu Y and Zou J 2012 A parallel radial bisection algorithm for inverse scattering problems Inverse
Problems Sci. Eng. 21 197-209
[15] Marengo E A, Gruber F K and Simonetti F 2007 Time-reversal MUSIC imaging of extended targets /EEE
Trans. Image Process. 16 1967-84
[16] Potthast R 2006 A survey on sampling and probe methods for inverse problems Inverse Problems 22 R1-47
[17] van den Berg P M and Kleinman R E 1997 A contrast source inversion method Inverse Problems 13 1607-20
[18] van den Berg P M, van Broekhoven A L and Abubakar A 1999 Extended contrast source inversion Inverse
Problems 15 1325-44
[19] van den Berg PM and Abubakar A 2001 Contrast source inversion method: state of art Prog. Electromagn.
Res. 34 189-218
[20] Xu Y, Mawata C and Lin W 2000 Generalized dual space indicator method for underwater imaging Inverse
Problems 16 1761-76


http://dx.doi.org/10.1088/0266-5611/18/2/313
http://dx.doi.org/10.1088/0266-5611/21/5/007
http://dx.doi.org/10.1364/JOSAA.22.001889
http://dx.doi.org/10.1364/JOSAA.26.001022
http://dx.doi.org/10.1109/TGRS.2009.2025122
http://dx.doi.org/10.1088/0266-5611/10/3/004
http://dx.doi.org/10.1007/978-3-662-03537-5
http://dx.doi.org/10.1088/0266-5611/28/2/025003
http://dx.doi.org/10.1088/0266-5611/18/4/306
http://dx.doi.org/10.1142/S0129183192000385
http://dx.doi.org/10.1137/0148056
http://dx.doi.org/10.1137/060674247
http://dx.doi.org/10.1137/080734170
http://dx.doi.org/10.1080/17415977.2012.686498
http://dx.doi.org/10.1109/TIP.2007.899193
http://dx.doi.org/10.1088/0266-5611/22/2/R01
http://dx.doi.org/10.1088/0266-5611/13/6/013
http://dx.doi.org/10.1088/0266-5611/15/5/315
http://dx.doi.org/10.2528/PIER01061103
http://dx.doi.org/10.1088/0266-5611/16/6/311

	1. Introduction
	2. Problem description
	3. Approximate contrast source by backpropagation
	4. A multilevel sampling algorithm
	5. Numerical simulations
	5.1. Two-dimensional reconstructions
	5.2. Reconstruction for the contrast function
	5.3. Three-dimensional reconstructions

	6. Concluding remarks
	Acknowledgments
	Appendix. Discretization
	References

