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A procedure is deseribed for deriving a quantitative measure of the “ordnancs-likeness" of an
unknown target from electromagnetic induction data, which thus can be used as a clutter
discriminant. This parameter provides a measure of the axial symmetry and aspect ratio of the
target and is formed by taking the ratio of the cigenvalues of the target's magnetic polanizability
tensor. The esigenvalues are derived by measuring the matrix clements of the polanzability
tensor from above-ground spatial data and then performing an eigenvalue decomposition of
this tensor. The method is linear, and does not require a nonlinear parameter search. The
eigenvalue ratio is smaller than one for objects that are symmetric and long {ordnance-like}
and greater than one for objects that are fat and/or irregular 1o shape (clutter-like). This ratio
is independent of the onentation of the target. The procedure is demonstrated using data
derived from samples of metallic clutter and ordnance-like objects (i.e.. cylinders, sections of
pipe and actual ordnance) at different orientations.

Key Words. Unexploded ordnance, electromagnetic induction, subsurface detection, target dis-
crimination, target recognition.

I. Introduction

A critical problem identified by the Department of Defense is the
remediation of military ranges contaminated with a mixture of buried unex-
ploded ordnance (UXO) and ordnance fragments (clutter). As a general
rule, a large majority of the objects detected are not UXQO, so that an effec-
tive means of discriminating between true UXO and clutter would result in
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a significant savings in remediation costs. Geophex, Ltd., has in recent years
developed a series of broadband electromagnetic induction (EMI) sensors
for detecting and characierizing buried conducting anomalies [1-3]. In par-
ticular, the GEM-13 zensor [2], employing co-axial coils, has been shown to
be effective in detecting and i1dentifying buried UXQ. This sensor is well
suited for this purpose because of its mult-frequency capability and is
compact spatial footprint.

Several previous approaches to the UXO-characterization problem
have been based on an attempt to fit a dipole model to EMI data recorded
at multiple points on the surface [4,5]. Typically, the target 1s assumed to
have axial symmetry. In one version, the dipole-fitting algorithm performs
a nonlinear search for seven parameters that characterize the target: the x,
y and = coordinates of its centroid, two angles defining its orientation, and
two eigenvalues characterizing its longitudinal and transverse responses. A
related technigue has been independently proposed for the purpose of land-
mine identification [6].

Here we describe an approach that has the same objective of charac-
terizing the target, but is linear and non-iterative. This has several advan-
tages over nonlinear search schemes: (1) the method is computationally fast,
requiring a single linear least-squares inversion followed by an eigen-
decomposition of a 3 by 3 matnx; (2) the method avoids pitfalls associated
with iterative, nonlinear algorithms, such as sensitivity to starting valucs
and the possibility of getting trapped in local minima; and (3) a sensitivity
analysis can be conveniently performed using the singular-value decompo-
sition to assess the “observability” of the matrix elements of the polariz-
ahility tensor for a given set of spatial samples.

When the sensor/target scparation 1s greater than a few target
lengths, a quite accurate model of the interaction of the fields with the target
1s given by the lowest order term in a multipole expansion of the target
response (the dipole term). Using reciprocity principles, this term can be
expressed in the following form [7-9]:

I?H‘."ﬁq:HT'P'HR (]}

where em/fp is the emf induced in the receiving coil, Hr is the incident mag-
netic field at the location of the target (i.c.. the field in the absence of the
target) generated by the transmitting coil, and Hp is the incident field gener-
ated by the receiving coil if it were used as a transmutter. In Eq. (1), the
target 15 characterized by P, which 15 2 3 by 3 complex. symmetric matnx
known as the magnetic polarizability tensor. As noted. Eq. (1) is the lowest-
order term in a multipole expansion of the target response; the second term
is smaller than this term by a factor on the order of {r/d)". where 4 is the
charactenstic dimension of the target and r is the distance between the target
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and sensor. As a consequence. the approximation expressed hy Eq. (1) is
expected to be reasonable at target ranges three or four times the target
Size, or greater.

For a monostatic system (such as the GEM-3). the transmitting and
receiving fields, H, and Hz. are incident from the same direction: defining
this direction by the unit vector n, Eq. (1) mayv be written

emfr=f(r’in-P-n (2)

where f(r) is a range-dependent factor, which can be regarded as unknown.
Our only assumption is that f(r) depend on r and not on frequency.
For convenience, Eq. (2) can be written in the form

emfzr=n-S.n (3)
where we define the modified polarizability tensor

S=7(rnpP (4)

2. Eigenvalue Analysis

Qur procedure 1s to measure the matrix elements of 8 from data
recorded at multiple positions on the surface. Diagonalizing S then gives
its cigenvalues; the latter contain intrinsic geometric information about the
target, which 1s independent of the target orientation.

In measuring the matrix elements of S, the first step is to compute
the incident unit vector n at the target location. In principle, this requires
knowledge of the target position relative to the sensor head; one can then
compute the incident field H at the target, from which its direction n=
H/|H| can be derived. The target position (its depth and transverse coordi-
nates) can be esumated, for example, by fitting the target response to a
dipole model using either EMI or magnetometry data. Alternatively, an
approximate estimate of the target's transverse coordinates can be obtained
from the peak of the surface field anomaly, and an estimate of its depth can
be derived from the half-width of the surface anomaly. The latter method
was used in the current work. Note that, although the calculated amplitude
of the field at the target position is quite sensitive to the target's estimated
depth, the field direction, denoted by n, is less so. Thus, some uncertainty
in the target location for the purpose of computing n is probably tolerable.
This appears to have been borne out by the experimental work reported
here.

Once the unit vector n has been computed for each sensor position,
we obtain the matrix elements of S from the spatially sampled data using a
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method described in the Appendix. The matrix S may be written

Sy Sz Sy
S: Jay Sz 53 ESJ
¥31  Saz  Say/

This matrix is symmetnic, as reciprocity arguments dictate, so that only six
independent (complex) matrix elements define it. As a result, six inphase
and quadrature observations performed at six different angles of incidence
(1.e., corresponding to six different unit vectors n) are sufficient to recover
these elements and hence S. In general, more than six spatial measurements
are desirable and the elements of § may be estimated by least squares. The
next step is to compute the eigenvalues of S, denoted by A,(w), A,(w) and
Ax(w), for all measured frequencies w. Thus, diagonalizing S gives

S(w) = OA{w)OT (6)
where O is a rotation matrix, and
A (w) 0 0
AMw)=| 0 A1) 0 (7
0 0 Ax(@)

As noted. the (complex) eigenvalues A {w) characterize the target shape and
are independent of orientation. The Appendix contains a description of the
procedure for computing the matrix elements S from EMI measurements
recorded above ground. Suppose, in the following, that the eigenvalues
A.{w) have been derived in this manner for some unknown object.

Our approach is based on the observation that nearly all ordnance
have an axis of symmetry, implying that 1,{@)=21.(@) if we choose the
third axis as the symmetry axis. Thus, a general test for an object 10 be
“ordnance-like” will be equality (or near equality) of two of its eigenvalues,
which should differ significantly from the third eigenvalue. In practice. per-
fect equality of two of the eigenvalues will never occur due to departures
from the dipole model defined by Eq. (1) and imperfections in the data (e.g..
imperfect compensation for the influence of the soil).

Figure | shows the three eigenvalues. A (@), A2(w) and As{@). meas-
ured from a 37 mm projectile plotted against frequency. Note that the two
upper eigenvalue spectra are close together. These correspond to the two
degenerate transverse responses of the target. whereas the lower most eigen-
value spectrum corresponds to the longitudinal target response. This figure
1s characteristic of axial symmetric objects with an aspect ratio greater than
one. such as UXO-like objects. In contrast. Figure 2 shows the eigenvalue
spectra measured from a bent ferrous fragment (clutter). In this case, the
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Figure 1. Measured inphase eigenvelue spectra of 37 mm projectile.

Figure 2. Measured inphase eigenvalue spectra of piece of ferrous clurrer.
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figure 3. On the left 13 a 37 mm projecule and on the nght s & prece ol ferrous clutier.

wo lower eigenvalue spectra are close together, which is characteristic ol
objects with an aspect ratto smaller than one. Figure 3 shows a photograph
of these two objects,

A convement measure of this difference in aspect ratio can be
obtained by taking the real part of each eigenvalue. denoted bv
Af (). Af(w). Af(w). sorting the eigenvalues at each frequency. such that
Attm) < i @)= AT (w). and then forming the ratio

-t

o ¢m3---’1
i3 ..-T'L:'_E?

(w)— 4N w)
(W)= AT w)

(8

For objects with an aspect ratio much greater than one. Af(wl«
Aftw)=Afw). which implies patwi< 1. and for objects with an aspect
ratic much less than one. }_fim] == E._-RLm]f;r; Af—f‘[m;_ which implies pglw)» 1.
For objects with an aspect ratio near one. pgiwi=1. For convenience. we
compute the log of pgla). so that logfpglwi} <0 for UXO-like objects and
log{pel®)]=0 for objects that resemble clutter. A simular ratio can be
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Table 1. The Label under “Orientation” Indicates the Direction along the Longer Dimension
of the Qbject. The 27mm Projectile and Clutter 91 are Shown in Figure 3

Object Type Orientation Dimensions
37 mm projectile uXxo Yertical 3.3cm diamerer. |1 cm long
Steel eylinder UXO-like Vertieal Liem diameter. [0cm long
Aluminum cylinder UXO-like Vertical =.7em diameter, [0cm long
Aluminum cvlinder UXO-like 43 degrees 2.5cm diameter. [0cm long
Aluminum cylinder UX0-like Horizontal Y 35em diameter. [0cm long
Aluminum disk Clutter Horizontal [2cm diameter, thun
Aluminum disk Clutter Vertical |2 cm diameter. thin
Paint can lid Clutter Harizontal |5 em diameter. thin
Crushed soda can Clutter Horizontal &cm diameter. 2.5 cm long
Coil of wire Clutter Horizontal |6 cm diameter. thin
Brass disk Clutter Horizontal 7.5em diameter, 2.5 cm long
Clurter #21 Clutter Horizontal irregular shaped ferrous steei,

10cm=11cm

Aluminum box Clutter Haorizantal Tiemxbemx Sem

formed using the imaginary parts of the eigenvalues, but this was found to
be a less effective measure of symmetry and aspect ratio.

J. Experiments with UXO-Like Objects and Clutter

To demonstrate the above theory, the GEM-3 sensor was used to
record multi-frequency data over a variety of targets, both clutter-like and
UXO-like. In the latter category, we include cylinders, sections of pipe, and
real UXO. In the first set of measurements, data were recorded on a test
stand above the ground. The items examined are listed in Table 1. The
center of the sensor head was moved relative to the center of the target on
a 5 by 5 square grid of points, with a grid point spacing of 10¢cm. The
distance between the plane of the grid and the center of the target was
35cm (the “depth™). The instrument was set to record eight frequencies
simultancously: 330, 570, 1100, 2070, 3810, 7050, 12,990, 20,010 Hz.

From the spatial data, the eigenvalues and the quantity log[p.{w)]
were computed [or each object at all cight frequencics. Figure 4 shows
log{pr(w)] plotted as a function of frequency for the items listed in Table
l. We see that the spectra for the objects that are clutter-like have positive
values, whereas the objects that are UXO-like have negative values, as
predicted.

We also computed the ratio of the imaginary parts of the eigenvalues
(obtained from the quadrature component aof the data), as follows

Ad(w) - A (w)
As(w) - Al(w)

pilw) = (9)
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logielganvalee ratic

Figure 4. log (ratio of cigenvalucs).

where the *“/” stands for imaginary part. This quantity was not found 1o be
as effective in separating the UXO-like objects from clutter. This may be
due in part to the fact that the quadrature component is a somewhat more
complex function of frequency than the inphase component. In fact the
imaginary parts of the three cigenvalues generally peak at three different
frequencies, making interpretation of p,{@w) more difficult than pg(m).

To obtain a single “UXO-likelihood” index, we computed the mean
of the log ratios log{pg(w)] over all frequencies, denoted by log[px]. Simi-
larly, we let log[p,] signify the mean of log{p,(w)]. Figure S shows a 2-D
plot of the points (log[p,], log[px]), one point per target, where the hori-
zontal axis is the log[p,] value and the vertical axis is the log[ps] value. In
this figure. the letters C and U identify, respectively, a clutter-like item and
a UXO-like item. Figure 6 is the sume plot with more detailed labels. Note
again that the clutter-like items all lie above the horizontal axis (positive
log{ pg]). whereas the UXO-like items fall below this axis (negative log[Dg]).
From these figures it is clear that the discriminatory power of the parameter
Prlw,,) 1s much greater than that of p;(w,).

As a more realistic test, measurements were performed over a second
set of targets below ground, either buried or placed in a hole. These items
are listed in Table 2. In this case. the sensor was moved to different points
on a5 by 5 gnd on the surface with a grid point spacing of 12.5¢m. The
frequencies were 150. 270. 510. 990. 1950. 3870. 7710. 11.430 Hz. The pur-
pose of the in-ground test was to determine the sensitivity of the procedure
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Figure 5. Quadrature vs. inphase log ratios,

to the influence of the ground. Previous measurements have shown that
the ground contributes a significant offset in the inphase component of the
measurement, which is a function of sensor height. The soil at the site was
found to have a mean apparent conductivity of approximately 0.05S/m and
a mean apparent relative magnetic susceptibility of approximately 2x 10~
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Figure 6. Quadrature vs. inphase log ratios.
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Table 2. The (B) or (H) in the Column under “Type” Indicates Whether the Object Was
Buried or Placed in a Hole. The Label under “Orientation” Indjcates the Direction
along the Longer Dimension of the Object

T T

Ohbject Type Orientation Depth Dimensions
30 mm projectile UXO (H) Vertical 0em 3em diam., 10cm long
37 mm projectile UXO (H) Vertical 20em  3.7cm diam., 11 cm long
37 mm projectile UX0O (H) Vertcal 20cm 5.7cm diam., 12cm long
Steel cylinder #29  UXO-like (H)  Vertical 20ecm  2.5c¢m diam.. 10cm long
Steel mipe #1 UNXO-like (H)  Vertical 23em  2.5cm diam., 10cm long
Steel pipe #1 UXO-like (B) Honzonal 15cm 2.5cm diam., 10em long
Steel pipe #3 UXO-like (B}  Vertical 35em  4com diam.. 15¢m long
Stesl pipe #4 UXO-like (B) Horizontal 35cm  5cm diam., 10.5em long
Steel pipe #3 UXO-like {B) Honzontal 35cm  4cm diam., 15¢cm long
Steel pipe #6 UXO-like (B) Horizontal 35em  4cm diam., 15 cm long
Steel pipe #7 LUXO-like (B) Horizontal 35cm  5cm diam., 10.5cm long
Sieel pipe #8 UXO-like (B) 45 degrees  25cm 4com diam., 1Scm long
Steel pipe #10 UXO-hke (B) Horizontal 15em  2.5cm diam.. 10 cm long
Steel pipe #M1 UXO-like (B)  Vertical 85cm  7.5cm diam., 45 cm long
Steel pipe #M3 UXO-like (B} Horizontal 55c¢m  6om diam.. 30cm long
Steel pipe #M4 UXO-like (B) 45degrees  65em  éem diam., 30cm long
Clutter 9] Clutter (H) Vertical 25em I0em = 11 ¢m (steel)
Clutter #125 Clutter (H) Vertical © 25cm 9om diam., 6em long (alum.}
Clutter #134 Clutter (H) Vertical 25em  Sem diam., 14 em long (alum.}
Aluminum plate Clutter (H) 45 degrees  30em  9cmx9cm
Aluminum box Clutter (H) Horizontal 30cm 7.5cmxfcmx Scm
Crushed soda can  Clutter (H) Horizontal 30em  7em diam., 2em long
Paint can lid (benty  Clutter (H) 45 degrees  25em 15¢m diam.
Putty knife Clutter (H) Yertical 25¢m BecmxEcm
Short sieel cylinder Clutter (H) Horizontal 3U0cm  Sem diam., 4em long
C-clamp (closed) Clutter (H) Yertical 0em [3emx8em
C-clamp (open) Clutter (H) Vertical J0em  JIcmx8om

In the in-ground test. the depth of the target was not assumed known
a priori. but computed from the width of the surface field anomaly. This
width was found by fitting a two-dimensional Gaussian surface 1o the field
pattern sampled by the 2-D grid. The Gaussian surface was assumed to
have two principal axes. each with a different standard deviation, and an
arbitrary orientation. The algorithm performs a five parameter fit to the
surface field pattern: the x and » coordinates of the center of the anomaly,
the two Gaussian standard deviations, and the orientation angle of the
Gaussian surface. The fitting procedure employed a Levenberg-Mardquardt
iterative least squares algorithm. The actual depth was found to be approxi-
mately 1.5 times the average of the two Gaussian standard deviations. This
value was used as our depth estimate and was within about plus or minus
25% of the true target depth.
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Figure 7 shows the targets listed in Table 2 piotied in the

{log[p:], log[ pr]) plane, where again C and U identify clutter and UXO-like
items. Figure 8 is the same plot with more detailed labels. Note that most
of the UXO-like items are separated from the clutter by the horizontal axis
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but there are a few errors. If the UXO/clutter separation threshold is ser at
log[pz] =0, all 10 of the clutter items are correctly classified, but of the 17
UXO-like items. 4 are misclassified as clutter. One of these misclassifications
(pipe #10) was due to a particularly poor depth estimate due 1o the fact that
this target was very shallow. All of the misclassified objects are fairly close
to the threshold log[ps] =0, and if this threshold were increased to
log[Px] =1, then all the UXO-like targets would have been correctly classi-
fied with 4 false alarms (i.c., 4 clutter items declared UXO-like). From
another point of view, the projection of the points onto the vertical axis
gives rise to two well-separated distributions, although the two distributions
have some overlap. This means that most, but not all, items will be correctly
classified. Projection onto the horizontal axis does not appear to produce 2
meaningful separation of the UXO and clutter, but mare data are needed
to establish this.
Several reasons for the imperfect classification are possible;

(1) For targets buried in the ground, exact correction for the influ-
ence of the soil on the inphase component of the measured field
is not possible. We attempted to subtract the background due to
the ground using the average of the values recorded at the four
corners of the grid. This worked reasonably well, but an investi-
gation of more effective background removal strategies would be
worthwhile and is under study.

i2) The estimated target depth based on the surface anomaly width
is fairly inaccurate. A more accurate depth estimation procedure
based on fitting to a dipole model using either the EMI data or
magnetometry data should improve performance.

(3) The spacing of the grid points was probably not optimal for all
targets. For larger. deeper targets, the grid point spacing should
be increased to cover the most significant part of the surface
anomaly. Smaller, shallower targets require a smaller grid
SPacIing.

4, Conclusion

We have begun a preliminary investigation of a technique for separ-
atng UXO-like objects from clutter using spatially-sampled EMI data. Thus
far. the results are encouraging. but more testing on a wider varicty of UXO
and clurter items is needed. It is expected that classification errors can be
reduced with a more effective background-removal strategv and a more
accurate method of estimating target depth.
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Appendix

To describe the procedure for compuling the elements of the matrix
S from data, we employ the following dyadic expansion of §

- T
S= 3% Y XX (Al)
izl f=1
where x,. X2 and x; are any set of convenient orthogonal unit vectors. As
noted, because s;=s;. S is defined by the six independent elements
Si1, 8220 5330 812, 513, S2a |
Suppose N measurements are made above ground, denoted by
emf's', with corresponding unit vectorsn,, k=1,... | N. We then obtain by
substituting Eq. (Al) into (3), the following N equations n the six
unknowns {5y, 522, 533, 512, 513, S23 }

3 i
emf =3 I 5Ki', k=l...N (A2)

f=]j=t

where

K‘;’ = (M X, )y X ) (A3}

The NV linear equations given by Eq. (A2) can then be solved to recover the
six elements {5,,, $12, 533, 513, $23 . If NV is greater than six, the resultant over-
determined system can be solved for the elements by the method of least
squares. We solve the over-determined system by computing its singular-
value decomposition, which provides a quantitative measure of the “observ-
ability” of the matrix elements given a set of sensor coordinates, which
define the coefficients K'’. Such a sensitivity analysis can be used to optim-
ize the spatial sampling of sensor data to provide the most robust estimate
of the elements of S. Ideally, we would like to position the sensor so that
the incident magnetic field *“views” the ordnance from many different

directions.
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