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, £ = (I - Gw{rw})- l(inc. 

Equation (2) is written symbolically as 

(Gw{rw})£ = £scat. 

If	 (3) is substituted into (4), the result is (Gw{rw}) (1- Gw{rw})-lfinc = £8 
solution to the inverse scattering problem is found by solving this last equation.f 
This is conveniently done by optimization methods using conjugate gradients 01' 
techniques. The solution is the r which minimizes the square of the L2norm of the eli 
between the predicted and measured scattered fields [2, 7, 8, 18, 19, 20] 

r = min II (Gw{rw})(1 - Gw{rw}t1(inc _ £scat 11 2 • 
r 3 

The solution from equation (5) is at a single frequency only. Time domain so 
are found by inverse Fourier t ransforming a set of such harmonic solutions (elir, 
domain solution methods have been described in [17]). In the case of using the 
Fourier transform, it is sometimes important to incorp orate physical constraints " 
the Kramers-Kronig relations to increase the quantitative accuracy of the reconati 
images [13]. We now demonstrate a series of applications and examples that 
approach; they are taken from computer simulations of ground penetrating radar, 
and sonar imaging, low-frequency electromagnetic (EM ) imaging, and from data co 
in the laboratory. 

31.2 Advanced ground penetrating radar	 , 
31.2.1 Introduction to features of advanced ground penetrating rad 
The projected advantages of applying inverse scattering methods to ground penet " 
radar (GP R) are significant: 

•	 a maximum spat ial resolution of half a wave length at the highest
 
component,
 

•	 quantitative imaging of material phase speed and absorption, and 

•	 removal of reverberation and speckle artifacts. 

The price that must be paid to obtain these advantages includes 
requirements: 

•	 calibrat ion of the transmit antenna beam pattern in the near field, 

•	 calibration of the receiver antenna sensit ivity pattern in the near field , 

•	 calibration of other components of the system transfer function, 

•	 development of elielectrically loaded , wide bandwidth antennas that couple dir ectl 
to the earth (this eliminat es the problem of crit ical angle reflections using air load, 
antennas), and 

•	 development of integrated high-speed digitizers and computational hardware. 

Since the above requirements are formidable, we adopted a two-pronged approach t h~ 

includes 

•	 development of improved methods intermediate between the present GPR and 
inverse methods, and 
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FIG. 31.11. Centerline profile comparison of the true and reconstru cted I'S. 

located at the same x , y positions as the feed elements in the horns, and 

•	 the spectrum of the simulation is calibrated to give the same sand interface signal as 
that observed in the data. 

The main discrepancy between the data and simulation is that the ratio of the tube/ sand 
signals is smaller in the data than in the simulation. The overall waveform shape comparison 
is quite good , however. At this point, this amplitude discrepancy was thought to originate 
from the use of the aluminum reflection to calibrate the theory and experiment. Since the 
sand reflection signal derives from a large angular segment of the antenna radiation pa ttern , 
it may not satisfy the 2-D cylindrical wave approximation very well. 

The data was processed with an inverse scattering algorithm employing a constraint that 
forced the object to have cylindrical symmetry. Figure 31.11 shows a line plot comparison 
of th e true and reconstructed objects on the center axis. 

31.3 Advanced seismic a nd sonar imaging 
To compare standard sonar and inverse imaging methods using simulated data, we also 
performed reconstruction (using inverse scattering) for a rough sur face in addition to the 
random perturbations in the sediment itself. For this simulation , however, we used the 
layered Green's funct ion, which accounts for the head wave phenomena and other interfacial 
wave effects. The random per turbations were instituted in the same manner as previously 
(with the sine-convolved Gaussian random distribution). The background speed of sound 
Co is in this case the sediment speed of sound, namely, 1711 m/sec. Therefore the r values 
for the spherical shell and for the interior of the mine must be different from the previous 
case. In particular, the I inside of the mine is -0.1449. The I for the spherical shell is 
- 0.499, and that for sea water is 0.251. 

The aperture in this scenario was severely limited, compared to the case above. The 
scenario and its geometry are as shown in Figure 31.12. A cylinder is buried below a 
rough surface. The rough surface is added to simulate a worst case. Also included is a 
random speed of sound in the space to be imaged. In order to see the effect of t he random 
background, two sets of simulated data were made, both with a random surface. The first 
set has no random background, while the second set does . An example of the first set 
of data is shown in Figure 31.13, while the corresponding image made by backprojecting 
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FIG. 31.13. Data from thefirst im~mit~er ~ifi ~ll 72 '~e.ceiv er.S ind1tarrllYl~lXltei 
wavelengths above the bottom (at 150 kHz). No rarUIom ba ckgro h ~d in the objeCt was used,btit 

random surface was inclttded. The phas ~ speed ojs&ii1tie~ twas set equartothai o{sea watei-. ' 

72 receivers eventy distribulad along array . ~ 

•••••• • •••........ ·· 7 
9 transmilt8rs placed 
at evenlyspaced 
pcintaalong array 

seawaW 

FIG. 31.12. Geometry for simulation of inverse scattering irrw.ging of a buried object in rand; 

media with a rough surfa ce. Ttie -imaqe area is 72x.f8 pixels and each pixel is ~.A for>. correspo 

to sea water and here 0 = arctan (h) = 23.2 degrees. The average speed in imaqe array is 1 

m f s with a standard deviation of 17 m ]s'The shellwafl ~pet:r:l is 2400 mhand s~ell Cffftter 

is 1850 mf s. 

(beam forming) with normal radar migration iss hown in Figure 31.14. The image is 
good , but still , the average location of the rough.surface is .y isible and the top .and bo~~ 

of the cylinder can be identified. The corresponding data .and migrated image, with · 
random background turned on, issh()wn"reSp~FVt::ly, iufigures31.l5 and 31.16.. N"' 
how the random background has addlXl complex background artifacts to the data ~d 
image, so the surface of the sediment and the cylinder canno longer be identified. .. 

The dramatic improvement in image quality by the use of inverse scat tering is sh ...
Figure 31.17. The left panel shows the starting image containing the random backgr()u 

. . . . ." . J' : . iij~ 

FIG. 31.14. In the left frame the object is below the random surface in nonrandom media ~lj 
water} . The right frame shows the reconstruction by beam forming using data from the previ 

panel. 
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F IG. 31.1 5. Data from 72 receivers using only the 4th transmitter. A random background and 

a rough surfa ce was used. 

F IG. 31. 16. A back projected (i .e., synthetic focus or migrated) im age usi ng data made from 

an object in a random background and a rough surface. 

F IG. 31 .17. Model an of object buried in a random sediment below a rough surface is shown 

on left . The in verse scattering reconstru ction is shown on the right. The random rough surface is 

also reconstructed. 
.~ 
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and random surface. The right panel shows the reconstructed inverse image. f 

excellent-to-good quality of the imaged surface.trandom background, and the cyIili., 
Due to the nature of the layered Green's function used in the recons truction 

the generation of the'data,thel>asisfunetions usectinthe vertican<lfr~tion8 ('&5 

~:!::=~~:~;~}ri:~~~~~~.lr
 
10% achieved by the sine basis function algori thm (for thefree space case ). Furt " 
the Jacobian employed in the inversion was a Born.:.Iike approximation rather thant 
form. 

31.4 Advanced low-frequency EM imaging " 
As a final example of inverse methods, we demonstrate the properties of a po tential] 
valuable tool for 3-D imaging of th e resistivity (reciprocal of conduct ivity) of th~ 
at ranges of up to 3 meters . This range cannot be obtained using CPR because ', 
high absorption at radar freque~cies; ; 'Vsingfl:~l.1~ncies ;gf 10 kHz to 1 MHz provi " 
needed penetration , but spatial re.s<>11itio~Sliff~iedJ<F1lrthermore, at these low frequi
 
the size of CP R antennas are large 'fu14; 1lJ:i~el<ir {the~atetYPicaUY half a waveleni
 

~~~~f~§~~afll'{i~!$E~ 
the size of a wavelength) to efficiently'coupleelectrom~etic energy into space or the ~ 
This feature is enhanced when IIl.~terilili :iwithhigh~rih~bility (such as ferri t es )ar~ 
as a core on which the coil is wound. The second factor is the use of euperresolution. 
is possible in the near field of the source and receiver antenna (coil). A further fact 
t he sma ll effective wavelength at these lower frequencies due to the high dielectri c coW 
of soils with high water content and due to the lower speed of propagation of waYl 
high conductivity media (by Lenz' s law, the conductive earth tries to maintain the ind{ 
currents ra ther than letting them propagate unimpeded, as in a vacuum). Spati al resolu 
of about the size of the coil for neighborhoods within about one wavelength of the anti 
coil is possible when using synthetic apertures. 

Figure 31.18 shows the geomet ry of a 2-D distribution of resistivity representin 
layers of dense nonaqueous phase li9tllc1(1?NAPL) contaminatioIl.A. \Vell, which cont . 
bistatic antenna, is loCated ~ .~ters ·frQpi 'tb.b closeste#g;r9fit~e sO¥taminat ion. The 0 

between trans mitting aIldr~iver 9?iJ1 ; i ~ held ' fbced~t abQ"ut Ff6<>t as the antenna 
is lowered down the wentoc~~.te ·~?~ypth~tic~peri~'The ~ent in th e transmit ti 
coil is fixed as a step fwiction (y/iW';~he.htia.l fall~off .orasal()Ilg p eriod, square wavE 
to allow the receiver coil topiCk hpthi/ reft&tedtransient illduced field. The ra te of d " 
of features in this t ransient field provide the encodedrange to regions of inhomogeneoi 
resistivity. One would expect -that inversion methods would be optimal for imaging t 
resist ivity from these trans ient data. We have found that the use of migration (b 
projection) -type algorithms [21, 22], with an assoc iated change of variable to approxim 
the reflect ion coefficient of the soil at each resolvable range bin , provides remarkably g, 
and useful ima ges without full inversion [21 ]. Figure 31.19 shows the data collected fro " 
this geometry. Figure 31.20 shows the migrated image made from these data. Note th at tb 
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FIG. 31. 18. Geometry of a 2-D distribution of resist ivity represen ting three layers of dense
 

nonaqueous phase liquid (DNA PL) contamination.
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FIG. 31.20. Geoelt?£tric model of a dense rS;7lfJqueous phose liquid showing the migrat
 

reconstructed from data of Fig. 31.19 for the geometry shown in Fig. 31.18.
 

major structures have been resolved and arer~n~blY qUll-ntitatively accurate ," 
reconstruct ions are obtained with as much as 20 percent'noise <i:dded to thedate ; 

31.5 Summary and conclusions 
In this paper we have described the advantages of inverse imaging over present 
imaging methods. These advantages include improved spatial resolution, freedo 
multiple scattering and reverberation artifacts, 'and true quantitative imaging. wi 
illuminated the path ofBrogress frol1l theory t3;~imulation to laboratory expel' 
and planned field expe~~t.~: . Wl:l/~Ilv~shown ..~~mp les of inverse imaging using : 

:~~~:~dt ~:~~::~e~~~~~th~~v~~;h~~I~~~~c: ~~~:t~~:i:~;~V:
 
the predictions of the advari.tag~pf igYI:lrs€imagig~ov~r<:X)nventi ()naLmet hods . In 01"< 
implement inverse imaging nsini ~~f<l4t~" j;h~ A~r8ft¢tistics of the source of radiatioli 
the receiver of the scatteredr~~t.jdh (~!r;;·,:~nt~rma:sot;·~~~nsducers) must be combined' 
the wave equation models. Sin~.th~ .·~r~t.~ristic.s i~re .not . known and are notn 

i~~=:~:7~~~7:~i:a~:~1l~te~.i~~tll~h;~~;~!I~e:~a~:~::asm~:r:in
 
laboratory data and such calibration procedures and thus illustrate the value of calibr 

The role of inverse imaging in field servicedepends on several factors : 

•	 replication of the laboratory results at larger .field.scale, 

•	 implementation using more precise instrumentation to obtain
 
more repeatable data,
 

•	 incorporation of antenna or transducer calibration procedures, and 

•	 use of faster computers to reduce the cost of image computat ion and to allow la 
images to calculated. 
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The development of faster inverse .imaging algorithms and even faster approximate 
inverse imaging algorithms will also be clearly beneficial. The present state of inverse 
imaging methods and computer speed should allow these powerful methods to be applied 
in selected examples where the advantages of inverse methods are needed. Further evolution 
in th e speed and efficiency of algorit hms and hardware will bring inverse methods to wider 
application. 
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