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Fic. 31.11. Centerline profile comparison of the true and reconstructed «y’s.

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

e 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 pattern,
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 the true and reconstructed objects on the center axis.

31.3 Advanced seismic and sonar imaging

To compare standard sonar and inverse imaging methods using simulated data, we also
performed reconstruction (using inverse scattering) for a rough surface in addition to the
random perturbations in the sediment itself. For this simulation, however, we used the
layered Green's function, which accounts for the head wave phenomena and other interfacial
wave effects. The random perturbations were instituted in the same manner as previously
(with the sinc-convolved Gaussian random distribution). The background speed of sound
¢, is in this case the sediment speed of sound, namely, 1711 m/sec. Therefore the « values
for the spherical shell and for the interior of the mine must be different from the previous
case. In particular, the v inside of the mine is —0.1449. The ~ 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 the 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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Fic. 31.12. Geometry for simulation of inverse scattering imaging of a buried object in random
media with a rough surface. The image area is T2x 48 pizels and each pizel is -é/\ for X corresponding
to sea water and here § = arctan(-l%) = 23.2 degrees. The average speed in image array is 1711
m/s with a standard deviation of 17 m/s. The shell wall speed is 2{00 m/s and shell center speed
is 1850 m/s.

Fic. 31.13. Data from the first transmitter and all 72 receivers in an array located 10
wavelengths above the bottom (at 150 kHz). No random background in the object was used, but a
random surface was included. The phase speed of sediment was set equal to that of sea water.

(beam forming) with normal radar migration is shown in Figure 31.14. The image is not
good, but still, the average location of the rough surface is visible and the top and bottom
of the cylinder can be identified. The corresponding data and migrated image, with the
random background turned on, is shown, respectively, in Figures 31.15 and 31.16. N'o_'t‘
how the random background has added complex background artifacts to the data and th
image, so the surface of the sediment and the cylinder can no longer be identified.
The dramatic improvement in image quality by the use of inverse scattering is shown in
Figure 31.17. The left panel shows the starting image containing the random backgroun
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F1G. 31.14. In the left frame the object is below the random surface in nonrandom media (sea

water). The right frame shows the reconstruction by beam forming using data from the previous
panel. '
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Fic. 31.15. Data from 72 receivers using only the 4th transmitter. A random background and
a rough surface was used.

FIc. 31.16. A back projected (i.e., synthetic focus or migrated) image using data made from

an object in a random background and a rough surface.

Fic. 31.17. Model an of object buried in a random sediment below a rough surface is shown
on left. The inverse scattering reconstruction 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. No
excellent-to-good quality of the imaged surface, random background, and the cylin

Due to the nature of the layered Green’s function used in the reconstruction :
the generation of the data, the basis functions used in the vertical directions could
be the sinc functions. The sinc functions could, however, be used (and were used)
horizontal direction. Pulse basis functions were used in the vertical direction, resultin
& numerically less well posed problem. The Yerror in this case was only 32%, instead
10% achieved by the sinc basis function algorithm (for the free space case). Furtherm
the Jacobian employed in the inversion was a Born-like approximation rather than the e
form.

31.4 Advanced low-frequency EM imaging
As a final example of inverse methods, we demonstrate the properties of a potentially
valuable tool for 3-D imaging of the resistivity (reciprocal of conductivity) of the e
at ranges of up to 3 meters. This range cannot be obtained using GPR because of
high absorption at radar frequencies. Using frequencies of 10 kHz to 1 MHz provides
needed penetration, but spatial resolution suffered. Furthermore, at these low frequ
the size of GPR antennas are large and unwieldy (they are typically half a wavelengt
diameter at the lowest frequency component) and are difficult to place in wells or bore hol
However, the special nature of low-frequency electromagnetic energy and circuitry prov ]
at least two compensating factors that allow higher spatial resolution and smaller equiva
antennas than would be predicted by simply scaling down the frequency of common GPl

The first factor is the capability of small inductive loops or coils (as small as 75 to T :
the size of a wavelength) to efficiently couple electromagnetic energy into space or the eart]
This feature is enhanced when materials with high permeability (such as ferrites) are
as a core on which the coil is wound. The second factor is the use of superresolution that
is possible in the near field of the source and receiver antenna (coil). A further factor
the small effective wavelength at these lower frequencies due to the high dielectric consta:
of soils with high water content and due to the lower speed of propagation of waves
high conductivity media (by Lenz’s law, the conductive earth tries to maintain the indu
currents rather than letting them propagate unimpeded, as in a vacuum). Spatial resolution
of about the size of the coil for neighborhoods within about one wavelength of the antenr
coil is possible when using synthetic apertures.

Figure 31.18 shows the geometry of a 2-D distribution of resistivity representin
layers of dense nonaqueous phase liquid (DNAPL) contamination. A well, which contains
bistatic antenna, is located 5 meters from the closest edge of the contamination. The offse
between transmitting and receiver coils is held fixed at about 1 foot as the antenna pair
is lowered down the well to create a synthetic aperture. The current in the transmitting
coil is fixed as a step function (with exponential fall-off or as a long period, square wave)
to allow the receiver coil to pick up the reflected transient induced field. The rate of decay
of features in this transient field provide the encoded range to regions of inhomogeneous
resistivity. One would expect that inversion methods would be optimal for imaging the
resistivity from these transient data. We have found that the use of migration (back-
projection) -type algorithms [21, 22|, with an associated change of variable to approximate
the reflection coefficient of the soil at each resolvable range bin, provides remarkably good
and useful images without full inversion [21]. Figure 31.19 shows the data collected from
this geometry. Figure 31.20 shows the migrated image made from these data. Note that the
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Fic. 31.18. Geometry of a 2-D distribution of resistivity representing three layers of dense
nonaqueous phase liqguid (DNAPL) contamination.
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Fic. 31.19. Geoelectric model of a dense nonaqueous phase liguid showing the data collected

from the geometry shown in Fig. 31.18.
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Fic. 31.20. Geoelectric model of a dense nonagueous phase liquid showing the migrated im
reconstructed from data of Fig. 31.19 for the geometry shown in Fig. 31.18. :

major structures have been resolved and are reasonably quantitat.iveiy accurate.
reconstructions are obtained with as much as 20 percent noise added to the data.

31.5 Summary and conclusions
In this paper we have described the advantages of inverse imaging over present stand
imaging methods. These advantages include improved spatial resolution, freedom fr
multiple scattering and reverberation artifacts, and true quantitative imaging. We
illuminated the path of progress from theory to simulation to laboratory experiment
and planned field experiments. We have shown eXé;mples of inverse imaging using rads
sonar, and low-frequency EM probing radiation. For the case of radar and sonar, we
compared the inverse images with oonventmnal images. These comparative images va
the predictions of the advantag% of i mverse imaging over oonventnonal methods. In or
implement inverse imaging using real data, the characteristics of the source of radiation a
the receiver of the scattered radlatlon.;_(_ .g., antennas or transducers) must be combined w
the wave equation models. Since these charactenstzcs are not known and are not neede
for conventional imaging methods, it is necessary to calibrate the antennas or transduces
incorporated into the imaging system. Excellent inverse images have been made using real
laboratory data and such calibration procedures and thus illustrate the value of cahbratlon

The role of inverse imaging in field service depends on several factors:

e replication of the laboratory results at larger field scale,

e implementation using more precise instrumentation to obtain more accurate, a
more repeatable data,

e incorporation of antenna or transducer calibration procedures, and

e use of faster computers to reduce the cost of image computation and to allow large
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 the speed and efficiency of algorithms and hardware will bring inverse methods to wider

application.
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