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Abstract

Inverse scattering data, even though collected in a cdattreinvironment, are usually corrupted by elec-
tromagnetic noise, which strongly affects the effectivemef the reconstruction techniques because of the
intrinsic ill-positioning of the problem. In order to limthe effects of the noise on the retrieval procedure
and to fully exploit the limited information content avdila from the measurements, an innovative inver-
sion scheme based on the integration of an adaptive malte sgrocedure and a fuzzy-logic-based decision
strategy is proposed. The approach is based on an adapiaesecto-fine successive representation of the
unknown object obtained through a sequence of nonlineansctions where suitable weighting coef-
ficients are defined using fuzzy logic. Numerical examplesnfisynthetic and experimental test cases are
given to illustrate the advantages brought by the propoppdbach in terms of reconstruction quality.
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1. INTRODUCTION

Electromagnetic noise unavoidably corrupts inverse edatj data even when collected in a controlled environmAst.

a consequence, effectiveness of inversion strategiesaegy affected because of the intrinsic ill-posedness idnd
conditioning of the problem in hand even because the amduntaymation collectable from the scattering experiments
is limited [1]. In general, microwave imaging algorithms ot consider the actual reliability of the data. As a matfer o
fact, a direct evaluation of the data reliability is usuailyt available or it is difficult, complex and expensive to quify
using traditional mathematics or in terms of experimentds. As a consequence, it is an usual and accepted rule to
simply neglect it. However, and contrary to standard matias, fuzzy theory (see, e.g., [2] and [3]) seems to be a
useful tool to exploit such information and to extract thesimation-content coming from noisy data. Accordingly, an
innovative approach to effectively take into account thesspnce of noise has been presented in [4] where crisp nuaheric
inputs are suitably mapped into crisp numerical outputsleympg the Fuzzy-Logic operations based on fuzzy concepts
and rules. The fuzzy-logic system is able to define suitabipilarization parameters that weight the scattering data
according to their degree of truth. Moreover, a multi-stegrative algorithm [5] has been used in order to adaptively
optimize the resolution level and properly exploit the imi@tion content of the fuzzy-processed data. In order tesass
the benefits of the integration of the fuzzy logic operations reference inverse scattering techniques, selectetbrioal
experiments will be presented and discussed in the follgwin

2. INVERSE PROBLEM FORMULATION

Let us consider a cylindrical two-dimensional geometry mehe set ofl” transverse-magnetid@' (/) plane waves with
EY . (z,y) v =1,...V successively illuminates an investigation dom&iwhere unknown inhomogeneous dielectric
objects are present. The background medium is considerbd tomogeneous and lossless with dielectric properties
equal to that of the vacuumy andu. The unknown scatterer is described by the object funetigiven by
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wherecr ando are the relative dielectric permittivity and the electrancluctivity of the scatterer, respectively, afiis
the frequency of the electromagnetic source.

The field scattered from the scenario under test is colleicteth external observation domashat a set of\/ uniformly
distributed measurement points . The problem is descrilyetidwell-known integral equations (see, e.g., [6]):
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whereG,p denotes the Green function of the background &kjd is the total field within the investigation domain. In
order to achieve a suitable resolution, a multi-scalingrapph [5] can be used. ThE\/ S A (lterative Multi Scaling
Approach) consists of a sequence$successive reconstructions € 1, ..., S) of the unknowns (field and contrast)
through the minimization of a multi-resolution cost furctal (see [5]) proportional to the mismatching between the
measured and reconstructed data.

Unfortunately, in real applications data are usually cpted by equivalent sources of noise and, in order to take into
account this inaccuracies and the uncertainty of the measemt process itself, we decided to use a fuzzy represemtati
[3] of such uncertainty. This is done by means of a fuzzy4dduased strategy, as described in [4]. The proposed system
is composed by two separated blocks. First, the scatteateyale normalized (normalization block) with respect ® th
maximum values of fields recorded in the observation andsinyation domain and then a fuzzy logic inference process
is carried out, according to a specific set of heuristicafifited rules (see [7] for details) and according to the uaa®st

that one associates to every measurement. The outputs pfdbess are the fuzzy coefficients that allow one to take
into consideration the presence of the noise on the data@mskquently rely, with a certain degree, to the data and stat
equations. In order to include in the scheme the FL systesd,MhS A cost function is redefine and the normalized misfits
in the data and state equation are weighted using the fuzfficents as follows
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where(z,y) and(z’, 3') refer to points of the observation and investigation domegapectively, while
_ R(s N(r)
®pata = Yoy Yomory @ (Tn(r) Un(r))
T (:L'n(r)a yn(r)) Eg}ot (:L'n(r)y yn(7)) G2p (kopm(u)n(r))

and N
Pstate = By (2',y') — Zp(r):1 T (l'p(T)7 yP(T))

Eior (p(r): Yp(r)) G2 (Kopnirip(r)

w being a weighting function
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and D>~V the support of the Region-of-Interegt¢/) where the unknown scatterer has been detected gtsthel )-

th step (see [5] for details). The iterative process is reggeantil a ‘stationary condition [10] is verified. Although
global minimization techniques [9] have been shown to bg eéfective in solving this kinds of problems, in this work a
conjugate gradient technique has been exploit in orderttetfecus on the advantages brought by the fuzzy-logiesyst
avoiding the misleading random effects of stochastic sses.

3. NUMERICAL RESULTS

The effectiveness and robustness of iléS A — Fluzzy approach have been assessed through an extensive set af-nume
cal simulations and in the following a representative d@emf such experiments concerned with syntheticallyegated
as well as experimental scenarios will be presented.

In the first example, the scatterer is a square homogeneelectlic ¢ = 1.5) cylinder of sidel = 1.2 )\ located at

x. = 0.4 \g andy. = 1.0 )¢ in an investigation domaif = 4 )\ in size. D has been illuminated by = 8 plane waves
and the scattering data have been collected/in= 50 v = 1,...V measurement points on the circular observation
domains, r.ps = 2.93 A\ in radius.

In order to show the effect of the reliability indexes, , and 3, , on the reconstruction capabilities of the imaging
procedure, the grey-scale representations of the reaatigtns obtained with the referenéd/ S A with and without the
FLS in different noisy conditions are reported in Fig. 1. Whea tivise level is low§ NR > 20dB), the F'L block
behaves, as requested, in a “transparent” way and its éfféetms of reconstruction accuracy appears almost nédgigi
as pictorially shown in Figs. &) and 1f). On the other hand, and as expected, the fuzzy system, abisthefore the
cost function minimization, significantly impacts wh8iv R < 20 dB. When the level of noise increases, the dielectric
profile reconstructed by means of the standatdS A presents some inhomogeneities and artifacts while theemsag
retrieved using thé”’ L system turn out to be more homogeneous.
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Figure 1. Reconstruction of an off-centered square homegesdielectric{ = 1.5) cylinder - Samples of the dielectric
profiles reconstructed by using tiié/ .S A (left column) and thel M S A — Fuzzy method fight column): (a)(b) SNR =
20dB, (c)(d) SNR =10dB, and €(f) SNR = 5dB.

The performances of the two strategies are pictorially sanwed in Fig. 2 where the plot of the quantitative error figgur
(;o; (defined as in [10]) versuSN R are shown. The analysis of the cost functional clearly iatdis that also from a
computational point of view, théM S A technique positively benefits from the introduction of te&ability coefficients
am.» andpg, ,. Such a positive effect is further pointed out from Figure I2ene the averaged total number of iterations

needed for achieving the stationary condition is reported.
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Figure 2. Reconstruction of an off-centered square homeges dielectric£ = 1.5) cylinder - Behavior of the error
figure ¢op) and average iteration numbeb@ttom versus SNR.

The effectiveness of théM SA — Fuzzy technique when experimental scattering data are dealt hathalso been
addressed processing the scattering data provided by #tieutrFresnel in Marseille, France [11]. The imaging setup
consists of a 2D bistatic measurement system with an enpitseed at a fixed position, while the receiver is rotated
with an arm along the vertical axis of the cylindrical scegteunder test. Such a system allows to implement a multi-
illumination/multi-view acquisition procedure charagted byV = 36 views andM,, = 49 sample measurement points.
In particular, we considered the inversion of an off-ceatehomogeneous circular cylindér= 30 mm in diameter
(“dielTM_dec8f.ex}). Such an object is characterized by an object functioreétprr (z,y) = 2.0 £ 0.3 and it is located
atz. = 0.0, y. = —30mm. As far as the investigation domaif is concerned, a square domait x 30 cm? has
been assumed and the complete set of measures has been liBedgimultiple-frequency schemes have been shown

to be very effective in enhancing the quality of inversiongadures, in this work only mono-frequency data have been
considered.

The first computational test has been performed by using ¢htesing data collected gt = 3 GHz. Although the
retrieved distributions turn out to be smoothed versionthefactual profile, it is possible to clearly detect the objec
under test as well as its location and shape. As far as the aisop between thé M SA and thelMSA — Fuzzy

is concerned, thé'L-based approach allows one to obtain a more homogeneousespation of the dielectric profile
under test. However, small differences can be observedemidiprovement in the reconstruction accuracy does not turn
out as large as for the synthetic test cases. Such a behavidwegjustified by a bettef N R (greater than that of previous
synthetic test cases) for the low-frequency scattering déien collected in a controlled-environment.

The reconstructions at an higher frequengy< 8 G H z) has also been carried out and the results are shown in Fig 3.
pointed out by other authors, and further confirmed by thelteseported, the reconstruction accuracy reduces. Herwev
because of the decreasing of th& R in correspondence with the increasing of the frequefittye improvement allowed
by the F'LS is non-negligible in terms of the qualitative imaging.
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Figure 3. Reconstruction of an off-centered circular cglen (Marseille dataset [11] dielTM_dec8f.exp f = 3GH z,
IMSA @ and Fuzzy-Logic-enhanced IMSB)(f = 8 GH z, IMSA () and Fuzzy-Logic-enhanced IMSd) (

4. CONCLUSIONS

In this paper, a further assessment of the effectivenessteftaique integrating the iterative multi-scaling apmoa
with a fuzzy-logic strategy to estimate the uncertaintyoaggied with scattering measurements has been presertied. T
exploitation of the information content available from sypicorrupted scattering data through a fuzzy-logic-baystem
and its integration with a multi-resolution representataf the profile under test yields reliable reconstructioiifie
numerical assessment, carried out on different condimokdata sets showed the effectiveness of the proposeddaehn
providing satisfying reconstruction accuracy, robussnesnoise and significant computational savings.
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