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Abstract

With each domain and material parameter, an infinite number of tensors, called the
Generalized Polarization Tensors (GPTs), is associated. The GPTs contain significant
information on the shape of the domain. In the recent paper [9], a recursive optimal
control scheme to recover fine shape details of a given domain using GPTs is proposed.
In this paper, we show that the GPTs can be used for shape description. We also
show that high-frequency oscillations of the boundary of a domain are only contained
in its high-order GPTs. Indeed, we provide a stability and resolution analysis for
the reconstruction of small shape changes from the GPTs. By developing a level set
version of the recursive optimization scheme, we make the change of topology possible
and show that the GPTs can capture the topology of the domain. We provide numerical
evidence that GPTs can capture topology and high-frequency shape oscillations. Both
the analytical and numerical results of this paper clearly show that the concept of GPTs
is a very promising new tool for shape description.
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stability analysis
1 Introduction
The aim of this paper is to propose a new tool for shape description. Our tool is based on

the concept of generalized polarization tensors (GPTs) introduced in [5]. The concept of
GPTs occurs in several interesting contexts, in particular, in asymptotic models of dilute
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composites (see [21] and [12]), in invisibility cloaking in the quasi-static regime [8] and in
potential theory related to certain questions arising in hydrodynamics [22].

Another important use of this concept is for imaging diametrically small inclusions from
boundary measurements. In fact, the GPTs are the basic building blocks for the asymptotic
expansions of the boundary voltage perturbations due to the presence of small conductivity
inclusions inside a conductor [17, 2]. Based on this expansion, efficient algorithms to deter-
mine the location and some geometric features of the inclusions were proposed. We refer to
[4, 5] and the references therein for recent developments of this theory.

There are many methods for shape description and representation [20]. Of particular
interest are the global scalar transform techniques which compute a scalar result based on
the global shape. Moment based methods are among the most popular and well-known
global scalar transform methods, see, for instance, [24], [18], and [19].

In order to show the use of GPTs for shape description is an efficient global scalar trans-
form technique, we first prove invariance properties of GPTs under translation, rotation,
and scaling. Then we show that the GPTs capture high-frequency shape oscillations as well
as topology. There is a (material) parameter in GPTs. It can be used as color so that GPTs
can describe multiple connected domains with different colors. To handle topology changes,
we implement a level set version of the recursive matching GPTs algorithm introduced in
[9]. Moreover, we prove that high-frequency oscillations of the shape of a domain are only
contained in its high-order GPTs and perform a stability and resolution analysis for the
reconstruction of small shape changes from noisy GPTs. A generalization of the results of
this paper to elastic GPTs [11, 5] (also called elastic moment tensors) would provide a new
basis for shape description. This will be the subject of a forthcoming investigation.

2 Definition and basic properties of the GPT's

Throughout this paper we assume that the domains under consideration have C2-smooth
boundaries and they are two dimensional. Let I' be the fundamental solution to the Laplacian
in two dimensions, i.e.,

1
I(z) = o In |z|.

For a given bounded domain D in R?, the Neumann-Poincaré operator, Kp, is defined for
a density function ¢ € L?(0D) by

Kplé)(x) = = /8 DW’”(%@) do(y).

T on & — y|?

where v(y) is the outward unit normal to 9D at y € 9D and (, ) denotes the scalar product
in R?. Let K} be the L?-adjoint of Kp, i.e.,

1 (r —y,v(x))
K5 (6] (2 :7/ WY B 50y do(y).
D[ ]() o oD ‘I—y|2 () ()

It is well-known that for any real number A with [A| > 1/2 or A = —1/2, (A — K})) is
invertible on L?(dD). Moreover, if [A| > 1/2, then (A — K},) is invertible on LZ(9D) :=

{f e L*D): [,, fdo = 0}. See, for instance, [16].



Let |A| > 1/2. For a multi-index o = (a1, a2) € N? where N is the set of all positive
integers, define ¢, by

Pa(y) == (A = Kp) 7 [v(z) - Va*|(y), ye€dD. (1)

Here and throughout this paper, we use the conventional notation: z® = x7'z5?, |a| =
a1 + ao.

The generalized polarization tensors (GPTs) M,z for o, 8 € N? (|al,|3] > 1) associated
with the parameter A and the domain D are defined by

Mos(\. D) = /8 P oulu)doty) @)

The GPTs are the building blocks in representing the perturbation of the electrical potential
in the presence of an inclusion D of conductivity contrast k. The parameter A is related to
k via the formula ka1
A= ——. 3
2(k—1) (3)
Note that the GPTs are real valued tensors. Key properties of positivity and symmetry
of the GPTs are proved in [5, Chapter 4]. We emphasize that what is important is not
the individual terms M,g but their harmonic combinations. A harmonic combination of
GPTsis ), 5aabgMap where 3 aqz® and 3 45 bpxP are (real) harmonic polynomials. We
call such (aa) and (bg) (real) harmonic coefficients. Let us recall the following symmetry
property:
> aabsMag(X, D) =Y aabsMpa (X, D) (4)
o, a,
for any pair (aa), (bg) of harmonic coefficients. Moreover, the following uniqueness result
holds [3].

Proposition 2.1 If all harmonic combinations of GPTs of two domains are the same, i.e.,

Z aabﬁMaB(/\h Dl) = Z aabﬁMaﬁ(/\% D2)
a,3 a,

for all pairs (ay), (bg) of harmonic coefficients, then D1 = Dy and A\ = Asa.

Proposition 2.1 says that the full knowledge of (harmonic combinations of) GPTs deter-
mines the domain D and A. It is known that the first order GPT, M,s for |a| + |5] = 2,
yields the equivalent ellipse [13, 6, 5]. The equivalent ellipse of D is the ellipse with same
first order GPTs as D. However, it is not known analytically what kind of information on D
and A the higher order GPTs carry. It is the purpose of this paper to exploit the possibility
of using higher order GPTs for the shape description.

In relation to the widely used shape description from moments, we recall the following
result from [5, Theorem 4.13] which says that the GPTs can be estimated from above and
below in terms of the harmonic moments.

Proposition 2.2 Let f(y) = >, c;aay® be a harmonic polynomial. Then

2
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We also recall the following monotonicity of Zaﬁ aqagMap(A, D) with respect to the
domain [7].

Proposition 2.3 Let D & D'. Then, for all (nonzero) harmonic coefficients (aa)ja|>1,

1
Y aaasMas(A, D) <> agagMas(A, D) if A > 3
o, o,

and

1
Z a,aagMag()\, D) > ZaaagMag()\,D’) if A< -5
o, a,B

Particularly interesting choices of harmonic coefficients are those of homogeneous har-
monic polynomials: for a positive integer n and a multi-index « with |a| = n, define (a?)
by

> ana =1 = (o +iw)", (6)
la|=n
where = (r,0) in polar coordinates. Using these (complex) harmonic coefficients, we
introduce for positive integers m and n

My, (AD)= Y > alagMas(A, D). (7)
laj]=m |B|=n

We call M, the contracted GPTs [8]. An efficient algorithm for computing the contracted
GPTs is presented in [15].

3 Translation, rotation, and scaling properties of the
GPTs

In this section we show new properties of the GPTs which are particularly useful for shape
description. Let N be a postitive integer. We prove that the set of (Myg()\, D)) for |a]+|5] <
N is invariant under translation and rotation of D. We also provide a scaling formula for
the GPTs.

3.1 Translation

For T = (Ty,Ty), define DT := {y +T : y € D} and DT = (dD)T, and let y© =y + T.
For ¢ € L?(0D), define T € L?(0DT) as

¢ (y") == ¢(y), wherey e dD.

Note that, for ¢ defined on 0D, we have
T 1 / (2" —g,v("))
aDT

prle’ @) = 5 ot g @) do(d)

1 (2 —y" v(z"))
=3 |y T TP o' (y") do(y)
= Kplel(z).



For multi-index « and -, let the coeflicients C,'Z;,Y be such that

(x—T)* = ch,yww, Vo € R (8)
Y

It is worth mentioning that % = 0if |y| > |al.
Let ¢p.o be the density function defined by (1) for a given domain D and multi-index
a. Then we have for 27 € DT

(A = K ) Ih.al@™) =(M = Kb ) [pp.a)(@)
=v(z) - Va* ob

= chvu(a:T) V().

Hence,
T _2: T T
@D,a - Ca»ySDDT,w on 0D )
¥

and the following proposition holds.

Proposition 3.1 Let DT = {y+T :y € D}. Then,

Mo\, D) =Y ch,cl M, (A, DT), (9)

Yy

where the coefficients cgn and cl are given by (8).

Proof. We compute

Meas(A, D) = /w ¥ aly) do(y)

- / 5 — T)*5.0 () do(3)
oDT

— [ S Y e, doli).
oDt v

to find
Maﬁ()‘7 D) = Z ancz;wMﬂ’YO" DT)>
n,7y
as desired. |
For example, when o = (1,0) and 3 = (2,0), we have (z —T)® = 21 — T} and (z—T)% =
(ry —Th)? = 23 — 21121 + T7, and readily get

M1,0),2,0/(A, D) = M1,0y,2,0) (A, D7) = 211 M(1 0y, (1,0)(A, DT).



3.2 Rotation

cosf) —sinf
sinf  cosf
respect to the origin. Set Dy = {yp : y € D} and

For y € R?, let yg = <

o (yo) == o(y), yedD.

Note that, for a density function ¢ defined on 9D, we have

Ko, lan) = 5 [ B 0G) do(

_ 1 (zo — yo,v(20)) ¢
=5 by e —wf  © (y0) do(y)

= Kblel(@).

For multi-index o and v, let the coefficients rfw be such that

(x_g)" = Zriwx"*, Vz € R2%
B!

) < zl >, i.e., the rotation of y with angle 6 with
2

(10)

Again, it should be noted that rfw = 0 if |y| > |a|. The following rotation formula for the

GPTs can be proved in the same way as the translation formula (9).

Proposition 3.2 Let Dy = {yg: y € D}. Then

MCVB()" D) = Z Tgnrg/yMn’Y<)‘a D@),

el

where the coefficients TZ’U and rgw are given by (10).

3.3 Scaling

Similarly, define for a positive real s, D® := {sy : y € D} and set ©*(sy) = ¢(y), y € 9D.

Then, we have

Kile'lat) =5 [ 2B ) aota)

o s — g2
1 (z* —y*,v(a?))
= — ~—2 7 L H*(y®)s do(y
21 Jop  |@® =yt W)s doty)
= Kplel(z).
From )
(s7lo)> = ﬁx“, Vz € R?
sOé

the following holds.

Proposition 3.3 Let D° := {sy: y € D} for a positive real number s. Then

Mas(A\, D) = Mog(N, D?).

3|O‘H‘|ﬁ|

(12)



4 Shape derivative of the GPTs

Let D = szle where D; is a bounded connected domain with C2-boundary. To each Dj,
we associate [\j| > 1/2 and set A = (A1,...,As). The GPTs associated with the multiple
inclusions UleDj and A\ can be defined similarly to the single inclusion case by using a
system of integral equations. We do not give the definition here, instead we simply refer to
[5, Section 4.10]. We emphasize that the translation, rotation, and scaling properties of the
GPTs hold for multiple inclusions.

For € small, let D, be an e-deformation of D, i.e., there are functions h; € C'(9D;),
1 <j < J, such that

0D, := szl{i" =a +ehj(x)v;(z) 2 € 0D;}, (13)

where v; is the outward unit normal vector on dD;. Suppose that a, and bg are constants
such that H(z) =3_, aaz® and F(z) = 4 bsz? are harmonic polynomials. Then, accord-
ing to [9], the perturbation of a harmonic sum of GPTs due to the shape deformation is
given as follows:

> aabsMap(X, Do) =Y aabsMap(X, D)
a,3 a,B

= Ze(kj - U/an h;(z) [gi‘_g:j‘_ + kljg;i‘_g; _} (z)do(z) + O(€%),

Jj=1

(14)

where k; = (2X; +1)/(2)\; — 1) and u and v are respectively solutions to the (primal and
dual) problems:

Au =0 in DU (R?\D),
uly —ul- =0 on 0D;, 1 <j < J,
ou ou (15)
| k= = ; <5<
61/‘+ Jaulf 0 on 0D;, 1 <j < J,
(u—H)(x)=O0(z|™")  as[z] — oo,
and _
Av =0 in DU (R*\D),
kvl —v|l- =0 on 0D;, 1 <j < J,
ov v (16)
] = = : <5<
6V’+ 81/‘7 0 on 0D;, 1 <j < J,
(v —F)(z) = O(z|™") as |z| — oo.

The shape derivative of GPTs can be easily derived using (14), see Section 6.

5 Stability and resolution analysis in the linearized case

Let D be the unit disk, |\ > 1/2, and k = (2A + 1)/(2\ — 1). Let F(z) = r™e'™ and
H(z) = r"e™? for m,n € N. The solutions u, and v,, of respectively (15) and (16) are



given by

2 .
77’”61719, r <1,
1+k
un(z) =
(1 -k 1 + ) in6 >1
_ e T
1+krm ’ ’
and ok
m iTrLG7 r< 1,
1+ k
Um('r) =
(lfk 1 o) im o1
_ .r
1+ krm €

Let D, be an e-perturbation of D:
0D, :={z =z + eh(x)v(zx) : x € 0D},
where h € C1(D). We use the Fourier convention

R 1 27

p_27T 0

h(0)e™ 0 do,  h(0) = hye®’.
PEZ

Let M¢S,. (A, D) and ME,, (A, D) be the contracted GPTs associated with D, and D
respectively. Since

Oup, | Ovp 10u,| Oup 4k =1)mn 100
- - _|_ _— = s
ov - ov - koTl-oT |- (k+1)2
we obtain -
Mg, (0 Do) = Mg, (0, D) = 21 s + O() (1)
as e — 0.

The asymptotic formula (17) shows that high-frequency oscillations of the boundary
deformation of a disk-shaped inclusion are only contained in its high-order contracted GPTs.
Moreover, only pr for p up to 2N can be reconstructed from the set of contracted GPTs
M, for m,n < N.

Now, let § be a small parameter. Following [1], we perform from (17) a stability and
resolution analysis for the reconstruction of h from noisy Mg, (A, dD.) for m,n < N. For
doing so, we introduce

)\2

= W(Mﬁm()\»5l76) — My, (A, 6D)).

amn
Assume that M, (X, dD.) are corrupted with white noise. Thus,

Ui = Gmn + Win,n,
with the noise terms W, , modeled as independent standard complex circularly symmetric
Gaussian random variables such that

) e2n(m+n)
]EHWm,n| ] = mgng ) (18)



o thus modeling the noise magnitude and x := |log | describing its exponential growth as
a function of m,n.
It follows from (12) and (17) that
qmeas eﬁm+n +oWpn+ eQV;W7

m,n

where V5, , denotes the approximation error. Therefore, introducing the estimator (for

p>2):
p—1 1

A 1
hcst i meas
yields
]fo)st :ilp+%WP+6‘/;7 (19)
with
— 1 =
Wp = Wp—n,’ru (20)
(p—1) 7= (p—n)n
. 1 =
Ve = Ve (21)
p _ _ p—n,n
(p—1) 7= (p—n)n

Note that the independent standard complex circularly symmetric Gaussian random vari-
ables W, are such that

— i -
BIW, ) = oz [ e ooleen) 2 Epeplenl. 2
n=1

We assume that €2 < o, which insures that the measurement errors in the contracted GPTs
dominate the approximation error, and introduce the signal-to-noise ratio (SNR):

SNR = (2)2.

We can see from (19) and (22) that in order to resolve the pth mode h, of h, for p < 2N,
we need the following resolving condition to be satisfied [1]:

1
N < —InSNR 23
<g-ln , (23)

provided that ﬁp,p < 2N are of order one. This shows that a very high SNR is needed if
one wishes to resolve the high order modes of the perturbation h. Furthermore, since k is
a decaying function of §, we get the expected result that it is more difficult to estimate the
high order modes of the perturbation h as the radius § of the inclusion is smaller.

6 GPTs matching approach

6.1 Minimization algorithm

Let D be an unknown domain, which could be a cluster of separated inclusions as in Section
4. We let Myg(\, D) denote the GPTs associated with D = U;-]:le and A = (Ag,...,Aj).



Suppose that Myg(A, D) are known for all |a|+|3| < N for some number N. We reconstruct
the location and the shape of D by minimizing the discrepancy between the given and
simulated GPTs. In [9], a recursive algorithm to approximate the shape of D is proposed.

The recursive optimization procedure is to minimize over B for [ =3,..., N,
2
1
JO[B] = 5 > D aabsMap(A\,B) =Y aabsMas(A,D)| . (24)
lo]+|BI< |, a,p

Here the coefficients (a,) and (bg) are such that H(z) = Y anz® and F(z) = Y bga? are
homogeneous harmonic polynomials. At step [ one uses as an initial guess the result of step
[ — 1. At the first step (I = 3) one gets an equivalent ellipse as well as the location of the
domain [9].

Note that using definition (7) of the contracted GPTs, one can see that minimizing 7
is equivalent to minimizing

JLB] = 3 Z | M, (A, B) = My, (A, D). (25)

n+m<lI

To minimize J (l)[B] we need to compute the shape derivative, dgJ®, of J®, which it
can be obtained easily using (14). Suppose that B has J’ components, i.e., B = UJl —1Bj,
and the conductivity of B; is k;. Let h = (hi,...,hy) be the functions determlmng the
deformation of 9B;, j =1,...,J'. Let

8u a’U 1 au 8’0
HF _ A _— _ e amr
wj' " (2) = (kj = 1) {ay‘_au’_ k; T |- T |-

} (x), z€0B;

where u and v satisfy (15) and (16) with D replaced by B, respectively. From (14) the shape
derivative of 7 at B in the direction of h is given by

(dsTD[B Z 5HFZ J)L2(8B;) (26)

lo]+|B] <l Jj=1

where
Sup = ZaQbﬁ w5\, B) — Mas(), D)).

It is worth mentioning that the only information about h; which is used in formula (26) is
the projections onto the space spanned by wi ¥

If the target domain D is connected (and consequently all the domains B under consid-
eration are connected), one can modify the earlier shape B to obtain B™°¢ for the next step
by applying the gradient descent method:

0}
aB™d = 9B — J1B] - Z ds TV [Bl,wFyw™ v, (27)
ZH,F (<dS~7(l) (B], wHF

where v is the outward unit normal to B. This procedure was implemented in [9] and

computational results there clearly show that fine details of the shape can be reconstructed
provided that the domain is connected.

10



In the same paper the procedure is applied to detect the domain with multiple compo-
nents. The results show that the process can create shapes approaching the target shape,
but not changing topology. In order to be able to change topology and reconstruct domains
with multiple components, we develop a level-set version of the matching GPTs procedure
described below.

6.2 Level-set framework

Adopting the level-set framework, one can change the topology in the shape reconstruction.
See, for instance, [23, 14]. Hence, one can reconstruct the cluster of inclusions D = U;D;
without knowing the number J of separated components of D in advance.

Initial guess. Given M,s for |a| = |8 = 1 (called PT for polarization tensor), one can
find an (equivalent) ellipse with the same PT but not its location since the PT is invariant
under translation. One can locate this ellipse provided that its GPTs with |a| + |3| = 3 are
known, and it provides a good initial guess. The method is explained in detail in [4] and [9].

Recursive scheme. Within the level set framework, one represents dB as the zero level
set of a continuous function ¢ so that B = {¢ < 0}.

As (27), one converts the minimization problem of (24) into a level set form by choosing
the gradient ascent direction V' (x) on = € 0D; as

JW[B] 0 HF HF
Viz) = - dsJ"|Bl,w; " |B sw; [ Bl(),
(2) S e X0 ({dsT OB wlF (Bxon,)’ g sTVB),wf" [Blxon, i [B)(x)
(28)
for each j =1,...,J". We can simply set
V(z) =Y of " [Blwf'F[B](x), (29)
H.F

where o' is defined by (28). Then we evolve ¢ by solving the Hamilton-Jacobi equation

9¢

— +V|Ve| =0 30

VIV =0, (30)
for one time step.

It is worth emphasizing that in (29), V' is only defined on the boundary 0B, even though
under the level set framework it has to be defined on the whole domain. Since v = V¢/|V],
we can modify ijF as

1 Vo ) < Vo ) 1
HF
w; Bl =(k;j — —) | Vv|B]|- - = VulB]|- - == | + (1 - —)Vu[B]|- - Vu[B]|_,
S = - ) (Yol g ) (Tl ) + (- Vel - Vul]
(31)
and

Vo

wi T [B]|4 = (—HZj—é) (Vv[B]|+ : %) (vU[B]|+ 5l

)+(1—ljj>w3n+-w[3n+,

(32)
where u and v satisfy (15) and (16), respectively (with D replaced with B).

11



7 Numerical experiments

In this section, we perform some numerical experiments of recovering the shape of a domain
from its GPTs. In all of the numerical examples presented in this section, we apply the level
set approach presented in the previous section. We emphasize that we do not make any a
priori assumption on the number of connected components of the domain.

In order to acquire the GPTs, we solve the boundary integral equation (1) numerically;
see [9] for more detailed explanation. All the \; are set to be 1 except in Example 6.

Example 1. Figure 1 shows that the equivalent ellipse is separated into 2 pieces and
gradually modified toward the target domain. The first image is the equivalent ellipse and
the others are the reconstructed images after 20, 30,40,70,90 iterations. Figure 2 is the

graph of the relative area difference |D|g|B|, where B is the reconstructed domain.

| =0 10 O

-1 -1 -1

o O 0 O 0O

Figure 1: The GPTs of order N =4, i.e., Mg with 2 < |a|+ |§] < 4, separate the inclusion
of 2 pieces. The first image is the equivalent ellipse and the others are the reconstructed
images after 20, 30, 40, 70, 90 iterations. The gray curve is the target domain and the black
curve is the reconstructed one.

Example 2. The example in Figure 3 shows the reconstruction of the 3 inclusions D using
M(1, D) + &, instead of M(1, D), with various relative noise & with

1
2

(X)aj+181<6(2 aabsEap)?)
(2418126 (2 aabsMap)?)

Here we use GPTs up to order 6, i.e., N = 6.

=0, 0.1, 0.2.

Nl
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Relative area difference

0 10 20 30 40 50 60 70 80 90
Iteration

0 I I I

Figure 2: The relative area difference of the example in Figure 1.

Q O

O
O

Figure 3: Reconstructed images after 150 iterations using GPTs of order up to N = 6. The
first, second and third figure is from the data with 0%, 10%, 20% relative noise, respectively.

Example 3. This example is to demonstrate that the more components the target has,
the higher GPTs are required to separate them. Figure 4 shows that one can not separate
two components using N = 3, while N = 4 can. Similarly, one cannot separate 3 and 4
inclusions using the GPTs of order up to N =4 and N = 5, respectively, see Figure 5 and
Figure 6. Figure 7 shows that the GPTs needed to separate multiple inclusions depends
on not only the number of inclusions but also their placement. In fact, using GPTs up to
N =5 may not be enough to separate 3 inclusions.

Example 4. Figure 8 shows that if two inclusions are located too close, one cannot separate
them. It turned out from the numerical simulations that one cannot separate two disks of
radius 0.5 using the GPTs of order up to N = 6 if the distances between them are smaller
than 0.38.

Example 5. High-frequency information is undetectable, see Figure 9.

Example 6. Even when ); of the inclusions D; are different, one can separate 4 inclusions
using the GPTs of order up to N = 6 if they have the same signs. In Figure 10, the A; of left,

13
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Figure 4: Reconstructed images after 70 iterations. The first figure is obtained using GPTs
of order up to N = 3, and the second is of order up to NV =4. GPTs of order up to N =3
cannot separate 2 inclusions.

Figure 5: Reconstructed images after 100 iterations. The first figure is obtained using GPTs
of order up to N = 4, and the second is of order up to N = 5. GPTs of order up to N =4
cannot separate 3 inclusions.

bottom, right, and top inclusions are 1,1,11/18,15/26, respectively. For reconstruction we
use A = 1. If \; have different signs, some of them may not be detected. This phenomenon
is closely related to our construction of GPTs vanishing structures in [8]. For example,
when we reconstruct in Figure 11 inclusions assuming A = 1, the ones with negative A are
undetectable.

8 Conclusion

In this paper we have presented a new approach for shape description and matching. Our
approach is based on a novel global shape descriptor, the notion of GPTs. Compared to
moments, which provide a region descriptor, the GPTs can be viewed as a boundary de-
scriptor. We have performed numerical simulations to demonstrate that GPTs capture both
high frequency shape oscillations and topology. Moreover, the notion of GPTs gives a nat-
ural hierarchical shape distance. The discrepancy between the contracted GPTs, Mg, for
m,n < N, associated to two clutters of inclusions measure the similarity between them.
Higher is N, better is the correspondence between the high-frequency details in the two
clutters. This will be used in a forthcoming work for target recognition from wave imaging
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Figure 6: The first and second columns are reconstructed images after 400 iterations using
GPTs of order up to N = 5 and N = 6, respectively. GPTs of order up to N = 5 cannot
separate 4 inclusions.

Figure 7: Reconstructed images after 100 iterations. The first figure is obtained using GPTs
of order up to N = 5, and the second is of order up to NV = 6. The number of GPTs needed
to separate multiple inclusions depends on not only the number of inclusions but also their
placement.

data. As shown in [10], GPTs can be accurately obtained from (multistatic) wave measure-
ments by solving a linear system. Therefore, it would be very interesting in wave imaging
to design a fast algorithm which identifies a target using a dictionary of precomputed GPTs
data. Another challenging problem is to understand the relationship between the number
of connected components of a target and the number of GPTs needed to separate them.
It would be very interesting to find a formula for the number of GPTs needed to separate
multiple disk-shaped inclusions as function of their number, radii, and the distances between
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Figure 8: Reconstructed image after 100 iterations using GPTs of order up to NV = 6. When
two inclusions are located too close, one cannot separate them.

v
0
v,
O

o O

Figure 9: The first, second, and third figure is the reconstructed image using the GPTs
of order up to 4, 5, and 7, respectively. High-frequency (compared to the GPTs order)
perturbation is undetectable.
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Figure 10: Reconstructed image after 400 iterations using the GPTs or order up to N = 6.
The A; of left, bottom, right, and top inclusions are 1,1,11/18,15/26, respectively.

them.
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Figure 11: Reconstructed images after 400 iterations using the GPTs of order up to N = 6.
The A; of red and blue colors are —1.5,11/14, respectively. For reconstruction we use A = 1.
Inclusions of negative \ are undetectable.
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