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Abstract—We consider the inverse problem of determining both the
shape and the conductivity of an un-uniform conductivity scatterer
buried in a three-layer structure by the genetic algorithm. An un-
uniform conductivity scatterer of unknown shape and conductivity
buried in the second layer scatters the incident wave from the first layer
or the third layer. We measure the scattered field in the first and third
layers. Based on the boundary condition and the measured scattered
field, a set of nonlinear integral equations is derived and the imaging
problem is reformulated into an optimization problem. The genetic
algorithm is then employed to find out the global extreme solution
of the object function. As a result, the shape and the conductivity
of the scatterer can be obtained. Numerical results are given to
demonstrate that even in the presence of noise, good reconstruction
has been obtained.

1. INTRODUCTION

The inverse scattering techniques for imaging the shape of imperfectly
conducting objects have attracted considerable attention in recent
years. They can apply in noninvasive measurement, medical imaging,
and biological application. In the past 20 years, many rigorous
methods have been developed to solve the exact equation. However,
inverse problems of this type are difficult to solve because they are
ill-posed and nonlinear. As a result, many inverse problems are
reformulated as optimization problems. General speaking, two main
kinds of approaches have been developed. The first is based on gradient
searching schemes such as the Newton-Kantorovitch method [1-3], the
Levenberg-Marguart algorithm [4-6] and the successive-overrelaxation
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method [7]. These methods are highly dependent on the initial guess
and tend to get trapped in a local extreme. In contrast, the second
approach is based on the evolutionary searching schemes [8,9]. They
tend to converge to the global extreme of the problem, no matter what
the initial estimate is [10,11]. Owing to the difficulties in computing
the Green’s function by numerical method, the problem of inverse
scattering in a three-layer structure has seldom been attacked. There
are a lot of papers had used the genetic algorithm to solve the problems
in many field [12-18], but there are few papers had applied the genetic
algorithm to reconstruct the shape of a conductor [19-23]. However, to
the best of our knowledge, there are still no numerical results by using
the genetic algorithm for an un-uniform conductivity scatterer buried
in a three-layer structure. In this paper, we present a computational
method to recover the shape of an un-uniform conductivity scatterer
buried in a three-layer structure based on the genetic algorithm. The
steady state genetic algorithm is used to recover the shape and the
conductivity of the scatterer. The steady-state genetic algorithm
[24, 25] can reduce the calculation time of the image problem compared
with the generational genetic algorithm. In Section 2, the theoretical
formulation for the electromagnetic imaging is presented. The general
principle of the genetic algorithm and the way we applied them to the
imaging problem are described. Numerical results for various objects
of different shapes are given in Section 3. Section 4 is the conclusion.

2. THEORETICAL FORMULATION

2.1. Imaging Problem

Let us consider a two-dimensional three-layer structure as shown
in Fig. 1, where (g;,0;) i = 1,2,3 denote the permittivities and
conductivities in each layer and an un-uniform conductivity scatterer
is buried in second layer. The metallic cylinder with cross section
described by the equation p = F(6) is illuminated by an incident
plane wave whose electric field vector is parallel to the Z axis (i.e.,
TM polarization). We assume that the time dependence of the field is
harmonic with the factor exp(jwt). Let E"¢ denote the incident field
form region 1 with incident angle #; as follow:

Einc — Eii-e—‘rjk‘l cos@;ye—jkl sin@ﬂcé (1)

Owing to the interfaces, the incident plane wave generates three waves
that would exist in the absence of the conducting object. Thus, the
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unperturbed field is given by

E1 — Efr€+jk1 cos@iye—jk‘l sin01x2 + E;e_jkl cos@lye—jkl Sin9i$2
Yy >a
E— E E+ +]k2c0592y6 ]kzsln92x +E e szCOSQQ?Je—Jk?l Slno?zA
azy>—a
By = E§r6+jk3 cos 03y o —jks sin O3z 5 y< —a

(2)

where Ej is set to be 1 and

o +i2k1 cos Ora l (Zy + Z5)(Z3 — Zp)e I2k2cosbaa ]

_(Zl - Z2)(Z3 + Z2)e+j2k2 cosfza

Er = i
1 (Zl + ZQ)(Zg + Zz)e-l-ijQconga
_(Zl _ Z2>(Z3 _ Z2)€fj2k200892a
Er — lejkz(sin%z—cos@ga)
22
Me—jkl(sin&x—cosela) + 2 — 2y El—e—jkl(sinelx-i-cos f1a)
L Zl Z1 |
1 . .
ET = = jko(sin @2x+cos 62a)
2 26 _
Me—jkl(sinmx—coséﬁa) + Z1+ 2y E;e—jkl(sinﬁlw-i-cos 01a)
L Zl Zl ]
E;,r _ 273 E2+6—jk2(sin O2z+cos O2a) ejkg (sin @3z+cos O3a)
Zy+ 23
kl sin (91 = kz sin 92 = k3 sin 93
ki = w’eipo — jwpoo; i=1,2,3  Tm(k) <0
m 62 13
Z - Z == =
! cos 1’ cos 03
_ Ko . /M /o
m = — — - = I
€1 €3
At an arbitrary point (z,y) ( (r,0) in polar coordinates) in regions

—

1 and 3 the scattered field, E =F - El, can be expressed as

27

By(F) = — / G(F, F(0),0)J(0")d0’ (3)

0



4 Chien

where
J(0) = —jwpor/ F2(0) + F"2(0)Js(0)

and

Gi(z,y;2',9), y>a
Gz, y;2',y") = Ga(z,y;2"y), a>y>—a (4)

G3(x7y;x/7y/)7 Yy < —a

Gy = i je—jn(y—a)

2

(2 + 73)ef2W+0) 4 (yy — g)e 720" +0)
j - e
(71 +72) (72 + 13)e7m2 () + (31 — 72) (2 — y3)e72(24)

1]
Ga = 27 / 29
{l% o 92) (32 + 98)e TV 1724 4 (5 — 91)(3g — )V 1220

(1 +92) (72 +73)e20) + (31 — 72) (72 — 3)e2(29)

(2= 1) (r2+73)e 2+ (o —yg) () TN ey
(1 +72) (92 + 73)ed2(a) 4 (31 — 49) (72 — 73)e972(20)

7ja(:pfx’)da

_l’_

[oe)
Gs = i /jej%(y-i-a)
2

(71 + 72)67]'72(1/70’) + (72 — f}/l)ej’m(yl*a)
(11 4 72) (72 + 73)e772CD) 4 (1 — 72) (2 — y3)e~972(22)

with

e—ja(m—z’)da

Note that G1,G2 and G3 denote the Green’s function which can be
obtained by tedious mathematic manipulation for the line source in
region 2. Note that we might face some difficulties in calculating the
Green’s function. The Green’s function, given by (4), is in the form of
an improper integral which must be evaluated numerically. However,
the integral converges very slowly when (z,y) and (2,y’) approach the
interface. Fortunately, we find that the integral in Green’s function
may be rewritten as a closed-form term plus a rapidly converging
integral (see appendix). Thus the whole integral in the Green’s
function can be calculated efficiently. Js(#) is the induced surface
current density, which is proportional to the normal derivative of the
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electric field on the conductor surface. For an un-uniform conductivity
scatterer with finite conductivity, the electromagnetic wave is able
to penetrate into the interior of a scatterer, so the total tangential
electric field at the surface of the scatterer is not equal to zero. As
described in [26] and [27], the boundary condition for this case can
be approximated by assuming that the total tangential electric field
on the scatterer surface is related to surface current density through a
surface impedance Z4(w):

Ax E = x (ZsJy) (5)

where 7 is the outward unit vector normal to the surface of the
scatterer. The scatterer of interest here is a nonmagnetic (¢ = pp), un-
uniform conductivity with minimum radius of curvature a. The surface
impedance is expressed in [21] and [22] as Zs(w,0) = /jwuo/o ().
This approximation is valid as long as |Im (N.)ka| > 1 and o(6) >
weg, where “Im” means taking the imaginary part, and N, is the
complex index of refraction of the conductor, given by N, = /1 + ;5—2.
The boundary condition at the surface of the scatterer given by (5) then
yield an integral equation for .J(6):

E_u’énc + EQS = Zsj:s

27
inc (= = / / ! / . ] J (9)
EP(7) O/G2<r,F<9 LI )|
N B} (6)
where E3"¢ is the incident field and Ess is the scatter field in second
layer.

For the direct scattering problem, the scattered field F; is
calculated by assuming that the shape and conductivity are known.
This can be achieved by first solving J in (6) and then calculating Fj
using (3). For the inverse problem, assume the approximate center of
scatterer, which in fact can be any point inside the scatterer, is known.
Then the shape function F'(#) and conductivity function o(#) can be
expanded as:

N/2 N/2
F(0) = > Bpcos(nf) + > Cysin(n) (7)
n=0 n=1
N/2 N/2

o(0) = Z D,, cos(nf) + Z E,, sin(nd) (8)
n=1

n=0
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where By, C,,, D,, and E,, are real coefficient to be determined, and 2 x
(N +1) is the number of unknowns for shape function and conductivity
function. In the inversion procedure, the genetic algorithm is used to
minimize the following cost function:

My

CF:{MLZ

tm=1

1/2
exp (= cal (= 2 exp (= \|2 1 2
ESP(Pm) — Eg (Tm)‘ JESP(Fm) " + af F(0)] }

(9)
where M; is the total number of measurement points. E$*P(7) and
E () are the measured and calculated scattered fields, respectively.
The factor a|F'(6)|? can be interpreted as the smoothness requirement
for the boundary F'(f). To make sure that our numerical result (by
the moment method) is correct, the scattered field of the cylinder of
circular cross section is first calculated by the analytic theorem and
compare with those obtained by the moment method, it is found good
agreement has been achieved. Moreover, the discretization number for
the direct problem is two times that for the inverse problem in our
simulation, since it is crucial that the synthetic data generated by a
direct solver are not like those obtained by the inverse solver.

2.2. Steady-state Genetic Algorithm

Genetic algorithm is a global numerical optimization method based on
genetic recombination and evolution in nature. They use the iterative
optimization procedures that start with some randomly selected
population of potential solutions, and then gradually evolve toward
a better solution through the application of the genetic operators:
reproduction, crossover and mutation operators. In our problem,
all parameters B,,C,,D, and F, are encoded using Gray code.
We employ steady-state genetic algorithm for the imaging problem
investigated. The steady-state genetic algorithm is to insert the
new individuals generated by crossover and mutation into the parent
population to form a temporary population. We obtained new offspring
by using rank selection scheme. As soon as the cost function (C'F)
changes by < 1% in two successive generations, the algorithm will be
terminated and the final solution is then obtained.

It should be noted that the calculation of the Green’s function
is quite computational expensive. Steady-state genetic algorithm has
not only the characteristic of faster convergence [19,20], but also the
lower rate of crossover. As a result, it is a suitable scheme to effectively
save the calculation time for the inverse problem as compared with the
generational GA.
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3. NUMERICAL RESULTS

We illustrate the performance of the proposed inversion algorithm
and its sensitivity to random noise in the scattered field. Consider
a lossless three-layer structure (o7 = o2 = 03 = 0) and an un-
uniform conductivity scatterer buried in region 2. The permittivity
in each region is characterized by, €1 = €g, €2 = 2.55¢¢ and €3 = g9
respectively, as shown in Fig. 1. The frequency of the incident wave
is chosen to be 3 GHz, with the incident angles equal to 45° and 315°,
respectively. The width of the second layer is 0.3 m. Ten measurement
points are equally separated on two parallel lines at equal spacing in
region 1 and region 3. Thus there are totally 20 measurements in each
simulation. The population size is chosen as 120. The coding length of
each unknown coefficient, B,, (Cy, D,, or E,,), is set to be 20 bits. The
search range for the unknown coefficient of the shape function is chosen
to be from 0 to 0.1 and the unknown coefficient of the conductivity is
chosen to be from 1 to 200S/m. The crossover probability p. and
mutation probability p,, are set to be 0.05 and 0.025. In the following
simulation, the CPU time is about six hours per case on P4 3.0 GHz
computer.

y

A

Hl Region 1
[
Y=a
%:\

A
\0<
&/ ,
(97

P@}‘ Y =-a

Region 3

Figure 1. Geometry of the proposed problem in (z,y) plane.
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In the first example, the shape and conductivity function are
chosen to be F'(#) = (0.03+ 0.01sin 20) m and o(¢) = (80 + 20 cos 20 +
20sin€)S/m. The reconstructed shape function and conductivity
function for the best population member are plotted in Fig. 2(a)
and Fig. 2(b). The errors for the reconstructed shape DR and the
reconstructed conductivity DSIG are shown in Fig. 2(c), of which DR

0.1
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Figure 2a. Shape function for example 1. The star curve represents
the exact shape, while the solid curves are calculated shape in iteration
process.

220 : .
200! + exact i
© initial
g 180} ~-eoth |
;”3. 160} — final i
2 140| |
5 .
S 120} ' 4
8 B .
— 100 {ting, B ™ 1
8 N #P% STy ,;r*
g 80 %Wﬁ' ﬁﬁ f* |
> 6ol #t; Ef 1
40} | e ]
0 100 200 300
horizontal co-ordinate,degree
Figure 2b. Conductivity function for example 1. The star

curve represents the exact conductivities, while the solid curves are
calculated conductivities in iteration process.
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Figure 2c. The shape and conductivity function errors versus
generation.

and DSIG are defined as

L ) 1/2
DR = > [Fcal(ai)—F(ei)} JEF2(6;) (10)
| , 1/2
DSIG =\ 373 [o°(0:) — 0(6:)]” /o (03) (11)

where N’ is set to 100. Quantities DR and DSIG provide measures
of how well F°(f) approximates F() and o°?() approximates
o(#), respectively. From Fig. 2a and Fig. 2b, it is clear that
the reconstruction of the shape and the conductivity function are
quite good. In addition, we also see that the reconstruction of
conductivity does not change rapidly toward the exact value until
DR is small enough. This can be explained by the fact that the
shape function makes a stronger contribution to the scattered field
than the conductivity does. In other words, the reconstruction of
the shape function has a higher priority than the reconstruction
of the conductivity. To investigate the sensitivity of the imaging
algorithm against random noise, two independent Gaussian noises
with zero mean have been added to the real and imaginary parts
of the simulated scattered fields. Normalized standard deviations of
107°,1074,1073,1072 and 107! are used in the simulations. The
normalized standard deviation mentioned earlier is defined as the
standard deviation of the Gaussian noise divided by the rms value of
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Figure 3. Relative error of shape and conductivity as a function of
noise.

the scattered fields. Here, the signal-to-noise ratio (SNR) is inversely
proportional to the normalized standard deviation. The numerical
result for this example is plotted in Fig. 3. It is understood that the
effecgt of noise is negligible for normalized standard deviations below
107°.

In the second example, we select the following shape function
F(0) = (0.03 + 0.01cos36 + 0.01sinf) m and conductivity function
o(f) = (80 + 15sinf + 20sin36) S/m. The purpose of this example
is to show that our method is able to reconstruct different shape
conductivity. Satisfactory results are shown in Fig. 4a and Fig. 4b.
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Figure 4a. Shape function for example 2. The star curve represents
the exact shape, while the solid curves are calculated shape in iteration
process.
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Figure 4b. Conductivity function for example 2. The star curve
represents the exact conductivity, while the solid curves are calculated
conductivities in iteration process.

In the third example, the shape and conductivity function are
selected to be F(f) = (0.05 + 0.02sin6 4 0.01sin 26 + 0.02 cos 30) m
and o(f) = (90 + 15cos26 + 20sinf + 25sin36) S/m. Note that the
shape function is not symmetrical about either x axis and y axis. This
example has further verified the reliability of our algorithm. Refer to
Fig. ba and Fig. 5b for details.
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Figure 5a. Shape function for example 3. The star curve represents
the exact shape, while the solid curves are calculated shape in iteration

process.
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Figure 5b. Conductivity function for example 3. The star curve
represents the exact conductivity, while the solid curves are calculated
conductivities in iteration process.

4. CONCLUSIONS

We have presented a study of applying the genetic algorithm to
reconstruct the shape and the conductivity of an embedded un-uniform
conductivity scatterer. Based on the boundary condition and measured
scattered field, we have derived a set of nonlinear integral equations
and reformulated the imaging problem into an optimization one. The
genetic algorithm is then employed to de-embed the microwave image
of scatterer. In our experience, the main difficulties in applying the
genetic algorithm to the problem are to choose the suitable parameters,
such as the population size, coding length of the string (L), crossover
probability (p.), and mutation probability (p,,). Different parameter
sets will affect the speed of convergence as well as the computation
time. Numerical results illustrate that the conductivity is more
sensitive to noise than the shape function is. Numerical results also
show that good shape reconstruction can be achieved as long as
the normalized noise level is < 1072. But the good conductivity
reconstruction can be achieved only the normalized noise level is 1073,

APPENDIX A.

To calculate the Green’s function, we can use the following formula.

/:):T_le_ﬁx cosdxdr = %(ﬁ + jo) "T[r, (B + jo)u]
t

58— o) Tl (5 - joy] (A1)
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for Re 8 > |Im 6| where I'(a, Z) = [ e~ 1dt. T is the incomplete

z
Gamma function which has the following properties

n n-l m!
N(-nz) = [r(o,m Sy
' m=0
00,9 = 7=tz = S ()] <) (4

in which ~ is Euler’s constant, i.e., v = 0.5772156649.
Let us consider the following integral

oo
Gy = 1 /je—jm(y—a)
27
— 0o

(ro + 13)edm2W'+a) L (g — p3)e=im2(¥'+a) —ja(a—a') g,
(r1 4+ 72)(ro + 7r3)ed™2(20) 4 (r{ — r9)(rg — r3)e—ir2(20)
1 / jeminr—a)
T

(ra + r3)elWH) 4 (pg — py)e—ir2lra)

/
4 - —x)d
(r1 +r2)(r2 +13)ed™2R0) 4 (11 —1ra)(ry — r3)e~Ir2(2e) cosa(w —)da

where 72 = k? —a?, i=1,2,3, Im(y;) <0, y > a, a >y > —a.
The integral G; may be rewritten as follows

[e.o]
Gy = l/jefjrl(y*a)
i 0

(ra +73)em2W ) 4 (py — py)eir2Fe)
(r1 4+ 72)(r2 + 1r3)ed™2(a) + (ry — o) (ry — r3)e—ir2(20)

1 7 [ea(yy’) (k3 — k3) e—olyty'+29)
+

cosa(z — 2')da

_{_7

] cosa(r — x')da
27

a 4a3
a0

1 Tle—aw=y) (k2 _ k2) e—ly+y'+2a)
b / e n (k3 —K3)e
2 a 403

] cosa(r — 2')da
ao

in general, we choose ag > |k;i|, i = 1,2,3.
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By Eq. (A1), we get

1 T le—ew-v) 2 _ 1.2) p—a(y+y'+20)
/[e + (ks — ) e cosa(z — 2')da

S or o 403

@Q

= —ﬁ{F[O, [(y—9") +4(x — 2")]ao] + [0, [(y — y') — j(x — 2)]o] }
[(y+ o +2a) + j(z — 2/))?
(k3 —k3) | T[-2,[(y + ¥ +2a) + j(z — 2')] o]
167 +[(y+ o +2a) — j(z — 2/)]?
L=2,[(y + ¥ +2a) — j(z — 2)]ag]

Using the above relation, we obtain

Gy = l /je—jﬁ(y—a)
T

(ra +73)em2W ) 4 (py — py)eir2Fe)
(r1 + 72)(r2 + 1r3)ed™2(a) + (ry — o) (ry — r3)e—ir2(20)

17 [ea(yy’) (k3 — k3) e—olyty'+20)
-5 +

cosa(zr — 2')da

13 cosa(r — x')da
o o

— 5 L0 [y = y) +j(z —2)]ao) + L0, [(y — ¥) — j(z — 2/)]ao]}
[(y+ v +2a) + j(z — 2/)]?
(B -k ) T2y +y +2a) + j(z — 2")]a]

167 +(y+ 9 +2a) — j(z —2'))?
U[=2,[(y + ¢ +2a) — j(z — 2’)]v]

(A3)

Now, the integral (G; is written as a rapidly converging integral plus a
dominate integral. We can use Eq. (A3) to evaluate G; by means of
Simpson’s rule easily. Similarly,

) 2r
{ (r1 + 1r2)(ro +13)e220) 4 (11 — 1rg)(rg — r3)e=r2(20)

(ro—11) (ro+13)ed WV 4 (ry —13) (1) 41 ) e I72 U HY] B je~ir2ly=y'l
(r1 4+ 72)(1rg + 73)ei™2(20) 4 (ry — 19)(rg — 13)e~I2(20)

17 g
Go==- [ 2
(r1 4 7o) (ra + rg)e 2 lv=v1720l 4 () — 1) (ry — T3)€jr2[y_y/|_2a]]

2r9
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cos oz — a')dar + iﬂém <k2\/(x —a)+ (y— y’)>
0 (/C% — k%) (k?% — k%) 6—04[4a—|y—y’H N

1 1605 ,
+—/ (k2 —k3) e—aCav—v) (k2 _2) c—als'+v+20) cos a(x—x')da

4 s 4 s
[(2a —y —¢) +j(z —2')]?
(B =K | T[-2,[(2a—y —y) +j(z — 2")]ag]
167 +2a—y—y) —jlx—a)P
[[-2,[(2a —y —¢) — j(z — 2’)]v]
[(y+y +2a) + j(z — 2)]?

(B k) ) T[=2,[(y+ ¢ +2a) + j(z — 2")]ag]
167 +(y + ¢ +2a) — j(z —2)]?
U[=2,[(y + ¢ +2a) — j(z — 2’)] ]
[da — |y — /| + j(z — 2)]*

(K2 —K3) (k3 —K3) ) T[4, [da — [y —y'[ + (2 — 2')]e]
G4 +[da—y =y —j(z —2")*
U[—4,[da — |y — 9| = j(z — 2")]x]

And

1 o
Ga — i Jr3(y+a)
3 o /.76
—0oQ

(r1 + r2)e 20 ) 4 (ry — ry)ed720'—0)

—ja(z—=z')
(11 4+ 79) (1o + 1r3)ed2(20) 4 (r — ro)(rg — r3)e—i2(20) da
_ 1 / jedrsuta)
T
(Tl + T2)€—jr2(y'—a) + (T2 - rl)ejrg(y’—a) 7ja(a:fx’)da

(r1+72)(r2 +73)e2 (20 4 (1 — 13)(rp — r3)eIr2(20)

1 Tleow—v) (k2 _ k2) e—Ra—y—y)
_/ [e n (ki —K3)e

+ o 5 e cosa(z — 2')da

@Q

——{ (" = y) + j(z — 2)]ao]D[0, [(¥' — y) — j(z — 2")]ao]}
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[(2a —y —y) +j(x —2)?
(k1 —k3) ) T[-2,[(2a—y —y') +(z — 2")]a]
16m +H2a—y—y) —j(z—2)P
I[=2,[(2a —y —¢) = j(z — 2')]ov]
(A4)
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