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Abstract—The application of a global optimization procedure linearized procedures [12], which can allow for a quasireal-time
to the detection of buried inhomogeneities is studied in the present qualitative imaging, whereas the use of iterative procedures
paper. The object inhomogeneities are schematized as multilayer (computationally more heavy) allows the inspection of highly

infinite dielectric cylinders with elliptic cross sections. An efficient trasted inh iti A the iterati d
recursive analytical procedure is used for the forward scattering contrasted inhomogeneities. Among the Ieralive proceaures,

computation. A functional is constructed in which the field is ex- Stochastic optimization algorithms are potentially able to
pressed in series solution of Mathieu functions. Starting by the obtain the global minimum of a given functional resulting from
input scattered data, the iterative minimization of the functional the formulation of the inverse scattering problem. The global
is performed by a new optimization method called memetic algo- gq|ytion coincides with the “true” solution, whose retrieval is
rithm. o S of main importance in several areas (e.g., medical imaging).
lut:ggg’r‘ygggﬁﬁ‘:amma@’”e“c imaging, elliptic cylinders, evo-  Recently, evolutionary algorithms (in particular, the genetic
' algorithm [13]-[16]) have been widely proposed for solving
optimization problems in inverse scattering [17]-[20]. Several
|. INTRODUCTION different implementations of the genetic algorithm have been
HE DETECTION of buried inhomogeneities is aused, concerning both the coding oft_he unknown and the gene.tic
challenging topic in several applications, including nongpera'ltors.. Actually, one of the main feallt.ur'es of the gepeﬂc
destructive evaluation and testing, civil engineering, medic orlthm IS the possibility of using specific implementations
imaging, and subsurface diagnostics [1]-[8]. Recent efforE}pllcatlon-orlented. H_owever, in the p_resent paper we explore
use of a new version of an evolutionary algorithm, called

have been concentrated on solving the inverse scatter tic aloorithm 211, which tob itable for th
problem, which is the basic formulation for the electromagnetiec ¢ ¢ algor! m [21], which seems to be very suitable for the

imaging at frequencies such that the linear dimensions &‘rfoposed application. In fact, the memetic algorithm, during

the inhomogeneities are of the same magnitude order of |t¢rat|ve evolution, considers onl'y Ipcal minima of the cost
wavelength, unction, so that a great speed-up is introduced in the search

The detection of tunnels, pipes, and other circular structur@Cess- Moreover, since the algonithm population is composed

has been recently addressed in [9], [10] by using a SChem‘,}{%only local optima, the number of individuals involved in the

representation of these structures as infinite cylinders of cyliﬁ}—’odlr’]tll?]gvggg be chosen very little, even equal to the number

drical and elliptical cross sections and resorting toanumericalIn the following. the mathematical formulation of th
model in order to compute the forward scattering needed for the € following, theé mathe cal formuiation of the ap

developed iterative procedure. In the present paper, we still ¢ rfaCh is presented, together with some numerical examples,

sider the same elliptical geometry, but an efficient analytical s%% ich provide a preliminary assessment of the capabilities of

lution is used for the forward scattering computation. Moreove ’e approach.
in order to take into account possible layered inhomogeneous
structures, we let the elliptic cylinder to be multilayer and the
retrieval of the dimensions and dielectric properties of the var- The assumed problem geometry is shown in Fig. 1. A layered
ious layers is one of the aims of the proposed inverse procedundinite cylinder, composed b¥ confocal elliptical layers, is po-
The other novelty of the paper concerns the applied opsitioned in a cross-borehole configuration [9]. The cylinder axis
mization procedure. The inverse scattering problem is a highdgincides with the: axis. A set ofS electromagnetic sources,
nonlinear ill-posed problem [11]. Two approaches are usualhpsitioned at points (in the transverse plaxg)s =1, ..., S,
followed to face this problem. The first one concerns the use iiiminates the objects. Each source generates an incident field,
Ei"(r),i = 1, ..., S. The total electric fieldEt°*(r), i =

Il. MATHEMATICAL FORMULATION
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genericith layer, the total electric field satisfies a Helmholtz

1
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Fig. 1. Geometrical configuration.

system (., v, z) [22]:

1

X equation similar to (1), whose solution is given by

X Cod=L ,

&g ; Bl = 3 [eh M (i u) + ey oM (g5,0)] cem(ai0)
, X ; :
4 &L m=0
+o00
< + D [oh M (i w)+ 0} , M (i) s€m (i, 0)
4)
T WhereMcﬁ,ll), Msg), Cem and sep, are odd and even radial
aj Mathieu functi(_)n_s and;, 1, e, 2, 0,,, 1 ando;, , denote the
unknown coefficients.
X Finally, the known incident field can be expressed as shown

in (5) at the bottom of the page, wharg andv, are the elliptic
coordinates of the source. The corresponding magnetic field can

be derived by the Maxwell equation in a straightforward way.

The unknown coefficients can be determined by truncating
Helmholtz equation, written in a standard elliptic coordinatéie above series (the Mathieu functions in different layers are
not linearly independent sets) and applying the boundary con-
ditions on the tangential componentsiEif!(r) andH"*(r) at

d? (cosh” (u) — cos? (v)) ( oz o2

The solution of this equation can be expressed as [22]:

+oo

m=0

400

+ Z OanHMS%) (qz+1, u) sem (q41, v)  (2)

m=0

whereqr11 is given, fori = L + 1, by

P?FEents 02 Eucart all the dielectric boundaries
> {Ei(ui, v) = B (ug, v) i=1,...,
82Esca EZL ur, v) = E’;ﬂc ur, v) + Ezcatt "
+T2tt + KiEscatt =0. (1) ( L ) ( L ) ( L

H (u;, v) = H* (u;, v) i=1,...,
HE (up, v) = Hi" (ug, v) + H3*" (ur, v)

(6)

whereu = u; is the boundary between tlih and the { + 1)th
E u, v) = eL M) ,u)ce , v layers.

e (1, 0) = D e, m (qr+1, @) cem (141, V) However, an efficient and fast recursive procedure for the
computation of the above coefficients (starting from the external

and the innermost layers) has been proposed in [23] and is used
in the present work for solving the forward problem.

Furthermore, the inverse scattering problem is recast as an

optimization problem by defining the following cost function:

J (&)
qi = <k7d/2)2 (3) s M ) 2
. ) (4) (4) 2 Z_ Egcare (Xm, Xs,wq, &) — Egeate (Xm s Xy wg)
(beingk; the wavenumber of thgh layer) andM ¢,,”, M sy, — s=1m=l
cen, andse,, are the fourth-order radial and angular Mathieu Fmeas (y 2
functions, respectively. Moreover, in (L' andoZt! are Szl mz_: [Eseat (m, %o, wq)|

unknown coefficients to be determined. Analogously, in the

()

B (u, ) =
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wherefk indicates the iteration of the minimization algorithm

and¢ is an array that contains the problem unknowns, which Random creadon of the
is given by imdal M ardividuals
&k = (20, Yo, @1, -+, AL, €1, .., €L, d). (8)

In order to minimizeJ (&) and find (possibly) the global min-
imum, a so-called memetic algorithm is exploited.

It should be noticed that the above functional can be easily
extended to multifrequency imaging.

Individuals minimizaton

[ll. M EMETIC ALGORITHMS

Memetic algorithms are optimization methods that belong
to the family of evolutionary methods. In particular, they can
be thought as hybrid genetic algorithms. The basic idea of the
memetic algorithm is to emulate the idea transmission process.
To this end, the new approach is based on the concept of meme
[21]. A meme is a unit of information that can be transmitted
when people exchange ideas. Memetic algorithms are popula-
tion-based algorithms, in which every “idea” is an individual.
Since people process any idea to obtain a personal optimum be-
fore propagating it, each individual is a point of local minima of
the cost function.

The evolution of the population is modeled by using the same
operators of the genetic algorithm, i.e., selection, crossover and
mutation. Since these operators are not generally able to produce
local optima, an optimization procedure is needed. |

The general schema of a memetic algorithm is shown in
Fig. 2. Let us consider a generic individual denotedchy Choose N individuals {create

the new population)
we= (b oo ) (©) populsY

wherexz;, belongs tdR (real number set). The population of the |
algorithm is composed h¥ individuals:

P={z:k=1,...,N} (10) Individuals minimization

Selection

Crossover

Wutation

where the subscript;* indicates the generation’s number. An
initial population Py is generated by randomly choosing
arrays in the search domain. Generally, these arrays are not
points corresponding to local minima of the cost function;
consequently, a local optimization procedure is applied to every
vector z;, in order to obtain a point of minimume;. Such a
procedure is denoted Y (z;) and is defined as

O:R™ 514, — ) € R™ (11)

Convergence
_ check

whereR™ is the search space. The new individuals, caligd
k=1, ..., N,generated by the optimization process, represer%_ 5
the new initial population?; of the algorithm. The algorithm

core is composed by three operations, i.e., selection, reprod%—erea is a random variable uniformly chosen in the interval

tion and mutation, which are applied sequentially. (0,1). The mutation operator is the standard uniform mutation

The s_ele_c_t|on mechanism is applied to t_he populanon o 3]. Letz; be the individual selected to mutate; the new indi-
lect the individuals to mate. The used selection is the tournam mualxz is generated according to the following rule:

selection [13], where the individuals are selected by randomly
choosing (with uniform probability density) a subset of the cur- 2o =M(z1) =214V (13)
rent population. The reproduction mechanism adopted in thi%
work is the proportional selection. Let; andz, be two se- where v
lected individuals. Reproduction generates a new indiviggal
such that

Memetic algorithm flow chart.

is an uniform random array chosen in the range
of variation of the variables. The reproduction and mutation
operators are executed with probabilitiegndp,,, , respectively.
The applied recombination operators geneféteand N,,, new

x3 = R (1, x2) = ax1 + (1 — a) x9 (12) individuals, respectively, according to the reproduction and
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Fitness function, J
Fitness function, J

N &/gy

Fig. 3. Fitness function versuscoordinate of the cross-section center. Fig. 4. Fitness function versus the dielectric permittivity of the first layer
(normalized to the background permittivity).

mutation probability. At thesth iteration, a new population, i .
called P, is generated by joining the old populatidh (that layer. As can be seen from these figures, the cost function ex-

containsV individuals) and theV, + N,,, new individuals. Since hibits some minima, both along the space direction related to

P! contains more vectors than thé needed, it is necessary tothe y coordinate of the cross-section center and along the one

reduce the population dimension. The individuals to propagdfdated to the dielectric permittivity. This behavior can justify

are chosen according to the following rule. The reproduced afit¢ Use of the proposed algorithm, which explores the search

mutated elements are always propagated. Moreous¥, fN,, SPace only by jumping into the minima. , o

is less than the population si?€, the best individual and some  AS 2 first test, the reconstruction of the dielectric cylinder

randomly chosen arrays of the old generation are propagat'éd?ons'dered' The original relative dielectric perm|tt|V|t|es_of
The obtained population, callddl. , is composed by arrays the three layers are equal_to 12.0, 480 and 30.0, respectively.

that are not local minima and the local search procedte) 1he crossover and mutation probabilities are = 0.9 and

is applied again. As a result, the new population of the memetie = 0-3 and the dimension of the population is chosen equal

algorithm P, is generated. Since the population is composé8 the number of unknowns, whereas the maximum numbers of

by only local minima, the individuals evolve over the search d(geproduce_d and mutated individuals are calculated according to

main by “jumping” from a minimum to another one and a gredf'€ following rule:

speed up in the optimization procedure is obtained. Moreover, NP N

since the population is only composed by local minima, a re- T br

duced number of elements can be considered (e.g., equal to the Nyp™ = [(N = Ny) - pm + 1] (14)

number of unknown), with a significant computational saving. L . .
) 9 P gwhereLa:J indicates the biggest integer smaller than

The results are shown in Figs. 5-7 and demonstrate that the
algorithm reaches the correct solution after only 15 iterations.
Some preliminary results are reported in this section. With particular, Fig. 5 gives the reconstructed values of the dielec-
reference to the problem geometry shown in Fig. 1, we consideac permittivities of the various layers and Fig. 6 shows the be-
a three-layer cylinder. The semi major axes of the ellipses dravior of the fithess function versus the iteration number. As
0.3\, 0.39\;,, and 0.48,,, being )\, the wavelength of the in- can be seen, the fitness function assumes only a limited set of
cident radiation in the background medium, which is characteralues, corresponding to local minima. The proposed algorithm
ized byer, = 12.0e9 andu, = po. The semi-focal distance is does not use the elitism [13]: this causes the presence of oscil-
equal to 0.024,, and the cross-section center is at point £g,3 lations in the cost function, since the same minimum is repeat-
—0.7\p). edly encountered. Finally, Fig. 7 shows the reconstructed profile
The cylinder is illuminated by a single line source locatedf the cylinder at some significant iterations. The above sim-
in the transversal plane at = (0, —0.7\;,). The total electric ulation has been performed starting from noiseless analytical
field is measured by a set of 21 sensors, uniformly distributeldta. The same computation has been repeated after corrupting
along a probing line in the borehole locatedrat 0.6\;,. The the input data by adding random sequences corresponding to
distance between two sensors is O\)6 Gaussian noise with zero mean values and variances related to
First of all, a study of the cost function has been performele fixed signal-to-noise ratios (SNRs). In the case in which
in order to evaluate the degree of nonlinearity. Results of tHBNR = 20 dB, a rather accurate reconstruction has been ob-
study are shown in Fig. 3 and Fig. 4. In particular, Fig. 3 showtained after 20 iterations. In particular, the dielectric properties
the behavior of the cost function when only the y coordinateave been retrieved with minimum, mean, and maximum square
of the cross-section center is changed, while Fig. 4 shows tors equal to 0.0025, 0.092, and 0.24. The quality of the data
variations with respect to the permittivity value of the internahversion becomes worse when the SNR is reduced to 10 dB.
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Fig. 5. Values of the normalized dielectric permittivities in the three layers &fig. 7.

the elliptic cylinder versus the iteration number.
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In this case, the same reconstruction errors are equal to 0.0C
0.12, and 0.36.

In another test, only the center of the cylinder is changed. Th
values of the relative dielectric permittivities used for this test
are 24.0, 30.0, and 36.0, respectively. The other parameters ¢
left unchanged. The obtained results are shown in Figs. 8 and
In particular, Fig. 8 shows the behavior of the retrieved cross
section centeri( andy coordinates) versus the iteration number.
Moreover, Fig. 9 shows the cost function versus the iteratiol
number. As can be seen from these figures, the convergen
is reached in only three iterations, and after one iteration th
candidate solution is already very close to the correct solutior
even if the initial guess is very far from it.

Although the number of unknowns is small, a deterministic
algorithm is not able to reach the exact solution as can be de-

3

nction,

Fitness fu

1 !

1 2 3

Iteration number, k

duced from the results reported in Figs. 10 and 11, which harg. 9. Fitness function versus the iteration number.

been obtained by using a conjugate gradient (CG) procedure for

comparison purposes. In particular, Fig. 10 gives the plots of tigere¢,, denotes the current solution of the CG procedure and

functional J [(7)], calculated as follows:

the starting point, is assumed to be equal to the best starting

point of the memetic algorithm¢; indicates the point where
J(t) =J (& + (& — k) —05<t< 1.5 the global minimum is located. It is evident that the determin-
k=0,1,2,... (15) istic procedure falls in a local minimum after only a few iter-
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Fig. 10. Behavior of the fitness function [(15)] plotted along a straight line
connecting the current solution (at thegth iteration) and the exact solution,
for different values of the iteration number of the conjugate gradient procedure.

(6]

(7]
(8]

(9]

Fitness function, J

[10]

[11]

. S n2

Fig. 11. Behavior of the fitness function [(15)] plotted along a straight line [13]
connecting the current solution (at the A th iteration) and the exact solution,
for different values of the iteration number of the memetic algorithm.

(14]
ations. On the contrary, the MA-based inversion procedure L]
able to reach the exact solution as shown in Fig. 11, where the
same quantity is provided for different iteration values of thel16]
stochastic algorithm.
(17]
V. CONCLUSION

A new optimization method has been applied to the del18l
tection of multilayer infinite cylinders describing buried in-
homogeneities. The optimization process is performed by &9l
memetic algorithm, in which a series of local searches precede
the global search performed by a genetic algorithm. At any
iteration, the population is constituted by local minima. Thel20
approach has been found to be effective in dealing with the func-
tional derived from the line-source inverse scattering problent21]
for multilayer elliptic cylinders (which exhibits a number of
local minima in all the directions of the search space). The
obtained results, although preliminary, are rather interestiné?!
and indicate that a limited number of iterations is sufficient to
obtain a correct localization of the multilayer elliptic cylinder, [23]
for which the forward problem, at the various iterations, has
been analytically solved by an efficient recursive procedure.
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