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A procedure is described for identifying buried unexploded ordnance (UXQ) from their spec-
tral signatures derived from electromagnretic induction (EMTI) data. Using the dipole response
of the UXO as a first approximation, it can be shown that data obtained from a target at an
arbitrary depth and orientation can be expressed as a linear combination of the target’s longi-
tudinal and transversa responses. The larter are pre-measured {or a set of UXO and stored in
a spectra library. The measured spectrum from an unknown target can then he compared to
the library spectra to identify the UXO type. The optimal linear combination of the longitudi-
nal and transverss responses that produce the best fit to the measured spectra is obtained by
a maximum likelihood procedure. The method is demonstrated using data derived from UXO
and sections of metallic pipe of difTerent sizes, shapes and material.
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i. Introduction

Magnetometry and electromagnetic induction (EMI) sensors have
been shown to be effective tools for detecting buried unexploded ordnance
(UX0), but the task of identifying the type of UXO or of discriminating
between UXO and metallic debris (clutter) has proved to be much more

challenging. If only a fraction of detected anomalies could be identified as
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clutter, significant savings in excavation costs would result. We describe a
new methodology for the discrimination and identification of UXO based
on their multi-frequency EMI response.

Geophex, Lid., has developed a series of broadband electromagnetic
induction sensors [1-3] for detecting buried conducting anomalies. These
sensors have also recently been shown to be effective in identifying buried
UXO. The Geophex GEM-3 sensor, which uses co-axial transmit and
receive coils, 1s particularly well suited for this purpose because of its multi-
frequency capability and its compact spatial footprint [2]. This instrument
also employs a unique transmit-bucking scheme to null the primary ficld at
the location of the receiving coil. The GEM-3 typically operates over a
range of frequencies from 30 Hz to about 24 kHz.

Each UXO type generates a characteristic spectral response which is
a function of its size, shape and composition (conductivity and per-
meability). A reasonable methodology for identifying UXO is to record first
a set of “library spectra” derived from a set of known UXO types. Identifi-
cation of an unknown target can then be performed by comparing spectral
data acquired from the target to the set of library spectra. Unfortunately, a
direct comparison between the raw sensor data and the library data is usu-
ally not feasible because the UXO spectrum (both its shape and magnitude)
varics with the object’s orientation and distance from the sensor head,
Consequently, additional signal processing needs to be performed to remove
this dependence on range and orientation.

One approach is to attempt to estimate the target orientation directly
by fitting EMI data to a dipole model [4-7]. One version of this method
performs a nonlinear search for seven parameters that characterize the tar-
get: the x, y and z coordinates of its centroid, two angles defining its orien-
tation, and two eigenvalues characterizing its longitudinal and transverse
responses. A related approach, which does not require a parameter search
aver orientation, attempts to measure directly the matrix elements of the
magnetic polarizability tensor [7]. This tensor is a 3 by 3 matrix, defined
below in Eq. (1), that characterizes the target response and represents the
first term in a multipole expansion of the scattered field. The matrix is then
diagonalized; its cigenvalues are orientation invariant and are used as the
spectral signatures to be compared to the UXO library spectra. The above
two approaches are, however, relatively labor intensive since they require
EMI data acquired at multiple points above the target. These methods are
also fairly sensitive to uncertainties in the positions of the measurements
relative to the target.

In this paper we describe a procedure that does not require accurate
knowledge of the relative sensor/target position, provided only that the
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sensor/target separation is small enough to provide an adequate target sig-
nal. We shall assume here that the targets of interest are axially symmetric
which, to a reasonable approximation (e.g., ignorin g fins), 1s true of almost
all UXO. In the far field, defined as sufficiently far away 50 that the lowest-
order term in the multipole expansion dominates (the dipole term), the EMI
response of an axially-symmetric target is entirely characterized by its longi-
tudinal and transverse spectral responses [8]. This dipole approximation is
guite good when the target/sensor separation is at least three or four times
the target size. The longitudinal and transverse responses correspond,
respectively, to incident fields parallel and perpendicular to the target axis.
By “incident fields,” we mean the field generated by the transmit coil at the
target and the (hypothetical) field generated by the receiver coil if it were
used as a transmitter. Both of these fields are incident from the same direc-
tion in the case of the monostatic GEM-3 sensor.

For a UXO at an arbitrary orientation, the recorded spectrum can
be expressed as a linear combination of its longitudinal and transverse
responses. Our procedure is to determine the linear combination that pro-
vides the best fit to the measured response. This methodology is presented
in the next section. The technique is then demonstrated in Section 3 on a
sct of metallic pipes of different sizes and compositions, and in Section 4,
on eleven different UXO.

2. Matching UXO Data to Library Signatures

From reciprocity principles, the response of the sensor can be
expressed in the following general form [8-10]

wm}=Hr'P[lﬂ]'Hg “]

where F{w) is the emf induced in the receiving coil. Here Hy is the incident
magnetic field at the location of the target (i.e., the field in the ahsence of
the target) generated by the transmitting coil. Similarly, Hg is the incident
field generated by the receiving coil if it were used as a transmitter. In Eq.
(1), the target is characterized by FP{w), which 15 a 3 by 3 complex, symmetric
matrix known as the magnetic polarizability tensor. Equation (1) can be
identified as the first term (the dipole term) in a multipole expansion of the
target response in which the higher order terms have been neglected.

If the skin depth in the earth in which the target is embedded is long
compared to the target depth, then the ficlds Hy and Hg may be regarded
as frequency independent and the frequency response of the target is con-
tained in the tensor P(w) only. This approximation is valid for real earth
conductivities (under | §/m), typical EMI frequencies (under 100 kHz), and
typical UXO depths (0 to 2 m).
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For an axial-symmetnc target, one can write
P(w)= OA(w)O’ {2
where O 18 a rotatton matrx, and

Bulw) O 0
Awy=1 0 fr(w) O (3)
0 0 Brle)

The complex eigenvalues [ (w) and fr(w) characterize, respectively, the
longitudinal and transverse responses of the target. These are independent
of target orientation, and thus serve as our intrinsic target signatures when
measured over a range of frequencies.

When Eqs. (3) and (2) are substituted into (1) and the matrices multi-
plied out, the result is a linear combination of the two eigenvalues:

W)= s; B () + srBr(w) (4}

where the coefficients 5; and sr depend on the incident fields and their angles
of incidence, but are assumed independent of frequency. For example, if a
monostatic sensor is positioned directly over the target and the axis of the
target is inclined by an angle 8 from the vertical, one can show that 5. =
A cos® B and s,= A sin® 8, where A is an amplitude factor depending on the
incident field strengths and the target/sensor separation.

Our approach 1s to measure the longitudinal and transverse
respanses of a set of known targets by placing the sensor over each target
and recording 1ts response while the target 1s in the vertical and horizontal
orientations relative to the sensor axis: this yields B: (@) and Br(@), respect-
ively. The measurement is performed at M discrete frequencies, wy, k=
1,....M. The resulting B;(w.) and Pr{w.) are then stored in a UXO
“library” or data base. Then, given a set of multi-frequency measurements,
W(@,), over an unknown targel, we compute the mean-square error

E= kzl wel V) — 51 Bi (@) = srBr(we)] (5)

for each set of library spectra f; (@) and Br{®w) in turn. In Eq. (5), w,. is a
positive weighting factor that may account, if desired, for differences in the
signal-to-noise ratio of the data. The library spectrum that produces the
smallest mean-square error, E, is then used to identify the most likely target.
The coefficients 5; and sy are computed for every hibrary spectrum by sel-
ecting the coefficients that minimize E for that spectrum. This is done by
setting dE/ds, =0 and 9E/ds-=0, which leads to two linear equations in
the two unknowns s; and sr. The solution to this system 1s
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s;=(Aaby —A-b.)/D (6Ga)
sr=(=dib+4,,5.)/D (6b)
D=A; An— A {6¢)
where
Al ¥ Tl R
Ay = ¥ owelfulm)l (7a}
k=1
M = )
A= ‘_E w |Briw) {7b}
M P
Ai2=Re kEI wi Br (@) Br{wi)* {7c)
bi=Re JEI wy V() Br(we)® (7d)
Lo
b= Re ¥ wi V{w)fr(we)? {7e)
few |

We remark that, under the assumption of a Gaussian noise model, the
weights 5, and s; obtained in this way are the maximum-likelihood values
of these parameters. Note that for a solution to exist, the determinant D
given by Eq. (6c) must not vanish; this will hold whenever

M I u M

[Rc b3 WkﬁL(mx:'ﬁr(mk]*] - E Wkiﬁi.{mk}11 kE Wk:i.ﬂr(mkﬂz (8)
kwm | =1 =1

Equality will result whenever A, (@)= cfr(@y), where ¢ is a constant inde-

pendent of frequency. This is the case for a sphere, for which A (@)=

Br(w)=Hm,). In this situation, Eq. (5) can be replaced by

M
E= Z “’ki F{ﬂ:‘k} = Sﬁ[mt}iz (9}
k=1

and the s that munimizes E is

,ReLi Wi V(@ofy)”
E:l; 1 We lﬁ(mk}tz

Recall that the s will be pre-measured and stored in a spectra library. For
objects that are non-spherical (or have some reasonable aspect ratio), the
condition (8) will hold and two weights will be computed. For spherical-
like objects in the library, we employ one 8 and a single weight, which is
given by Eq. (10).

(10}
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For a conducting target, the output of the sensor is a complex quan-
tity with its real and imaginary parts identified with the inphase and quadra-
ture components of the recorded signal. In the above analysis, s, weights
both the inphase and quadrature components of the longitudinal response
and, similarly, s weights both components of the transverse response. This
is a consequence of Eq. (4), which follows from the model (1) and the
assumption that the fields Hr and Hy are real. The latter assumption will
hold when the skin depths in the carth are long compared to the target
depth. However, a somewhat more general approach is to consider a linear

combination of the inphase and quadrature components separately. In other
words, we write

V(m}=.5'fjﬁfj[m)+5{3{j ”](m)ﬂ[s E}ﬁiﬂ‘i w}+5{;§' ﬁ{m[ﬂ) (1

instead of Eq. (4), where the s have now been separated into their real and

imaginary parts by writing By = B’ +if{®, and Br=pP+i®. We now
wish to minimize

E= E “’klwfﬂ'k} _S”ﬁ'[“(m*} Snﬁm{wﬂ

=[PP (we) + 5P B ()] (12)

with respect to the four weights i, &4 s1¢ and s4¢’. This leads to a set of
equations for the weights similar to (6), but now all quantities are real. This
approach, where we fit the data using four independent weights instead of
two, resulted in fewer identification errors for our data sets. For data
acquired on a test stand, best results (fewest errors) were obtained using all
{our weights. However, for data acquired over buried targets, best results
were obtained using only the quadrature component of the data. That is,
for the latter case, we discarded the inphase part of the signal and compared
only the quadrature component of ¥(w,) to B¢ (w,) and B (w,). This
gave better results because the quadrature component is generally less sensi-
tive to background variations in the soil.

3. Measurement and Identification of Test Site Targets

Twenty one targets, listed in Table 1, are buried in a test site on
Geophex’s property. The targets are lengths of pipe of different sizes and
compositions. There are nine distinct target types identified by the letters A
through I. The subscript attached to the letter in Table | indicates that a
target of a particular type was buried in several different locations, typically
at different orientations and/or depths. The depths are measured from the
surface to the centroid of the target. Before data were taken at the test site,
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Tahle 1. Targets (Lengths of Metallic Pipe) Buried at the Geophex Test Site
Length oD Weght Depth
D {in} {in) {1h) Composition  Orentation {1}
A, 20 6.1 0.0 Steel Horizontal 40
As 20 6.1 0.0 Steel 45 Degrees 44
B, 18 3.1 1.0 Steel Yertical 28
B, I8 il 11.0 Steal 45 Degrees 12
B, 18 11 11.0 Steel Heorizontal 28
C 12 2.5 6.0 Steel Honzontal 20
C; 12 2.5 6.0 Steal 45 Degraes 24
C; 12 2.5 6.0 Steel Horizontal 24
D 12 2.5 2.0 Ajuminuwim Horizontal 20
E, 6 1.6 1.38 Steal Vertical 12
E, & 1.6 1,18 Steel 45 Degrees 12
E, 6 1.6 1.38 Steel Horizontal 12
E. 6 1.6 1.38 Steel 45 Degrees g
F, 4 1.4 0.81 Steal Horizontal 12
F: 4 1.6 091 Steel Horizontal 12
o, & 0.9 0.09 Aluminum Horizontal b
G, 6 0.9 0.09 Aluminum Horizontal &
H, & 0.9 0.25 Copper 45 Degrees B
"H, 6 0.9 0.25 Copper Horzontal &
I 4 0.8 0.38 Steel Horzontal 4
I 4 0.8 {1.38 Stesl Horizontal 4

identical copies of the nine target types were placed on a test stand and
spectra recorded both in the vertical and hornzontal onentations to obtain
the longitudinal and transverse response functions f3;(w) and f+(w). Ten
discrete frequencies were used in the measurements at 30, 90, 150, 270, 570,
1230, 2610, 5430, 11430, 20070 Hz.

Data were then recorded over the 21 buried targets in the test site.
Using the GEM-3 sensor, the earth at the site was found to have an appar-
ent conductivity of approximately 0.05 S/m and an apparent relative mag-
netic susceptibility of approximately 2 x 107*, Five measurements were
recorded over each target. The first was recorded directly above the target
and the remaining four were recorded at points offset from the point above
the target to the north, south, east and west. This offset distance was about
6 inches for targets less than two feet deep, and about one foot for targets
greater than two feet deep. The purpose of the off-set measurements was to
demonstrate the insensitivity of the technique to uncertainty in the relative
sensor/target position. After the five measurements were recorded, a single
background measurement was made at a distance several feet away. This
background measurement was subsequently subtracted from each of the
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four target spectra to remove the response of the earth as well as the pres-
ence of any residual primary field due to imperfect bucking. Typically, the
bucking will remove all but about one part in a thousand of the primary
field at the receiver coil. For small, or deep, targets, this residual field can
be a large fraction of the detected field.

As noted above, in computing the mean-square error using Eq. (12),
it was found that matching the quadrature component only resulted in the
fewest identification errors. This is because the inphase component was
found to be considerably more sensitive than the quadrature to spatial and
temporal vanations in the background.

The five columns in Table 2 correspond to the five separate measure-
ments for each target. The numbers in the table arc mean-square error
(MSE) ranks. In other words, a number | in the table indicates that the
actual buried target listed in the left-hand column resulted in the smallest
mean-square error, i.e., the target was correctly identified. The number 2
indicates that the true target produced the second smallest mean-square
errof, and so on. When different measurements over a given target give
different MSE ranks, we employed a simple majority decision rule to select

Table 2. Mean-Square Error Ranks for the 21 Targets Buried at the Geophex Test
Site. A Rank of 1" Means That the Target Was Correctly ldentified
el T

ID l

3 4 5 Majority Rule  Sum

Pd d Pl e e e s pes o s P s mes fo] omee
e e e bl e e o] ) e ) mee ks o e [ e e omes D F=J
P e et bt deeen el ol Lad et e e de e e e el B e et e o)
P e Pk s Pt gt DB B et o] e e e e ) e D e e e
e T R e [ I ST OO S T I I _p; [ S ———
D I e e o T P B R S I I I = S i SR
e e vea e e B Lad e me e mee wd s el e fa e b e e
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the most likely match. These are listed in the second to the last column in
the table. Based on this rule, we see that, out of 21 targets, there were 17
correct identifications and 4 errors.

Another approach is to add together the five spectra before the fitting
procedure is applied. This is a valid approach since the sum of a linear
combination of 5, (w) and f(w) is again a linear combination. It might be
expected that the sum of measurements recorded at different offsets could
provide a somewhat more robust result since it combines measurements that
view the target from different directions. The MSE rank computed using
this method 1s listed in the last column in Table 2, labeled “sum.” This
procedure gives one less error than the “majority rule method,” resulting in
18 correct identifications out of 21.

To illustrate how well the optimal linear combination of the longi-
tudinal and transverse responses fit the data, we show in Figure 1 plots of
B.(@) and Br(w) for target E,. For this target, Figure la shows the inphase
and quadrature components of the longitudinal response and Figure 1b
shows the inphase and quadrature components of the transverse response
Br(w). The data acquired from this buried target is plotted in Figure 2
(the solid curves) along with the fit to the data given by the optimal linear
combination of B;(w) and B () (the dashed curves). The plot shows, for
this case, that a close fit is obtained.

4. Test Stand Data Using UXO

Data were also recorded from cleven different UXO, where each ord-
nance item was placed on a test stand below the sensor. The characteristics
of the UXO are listed in Table 3. Sets of data were taken for each target in
the vertical and horizontal erientations to obtain f; (@) and Br(w). A second
set of measurements was taken at a 45 degree orientation at a greater
sensor/target range (about 15 cm larger). The vertical and horizontal data
were employed as our library spectra and the set of 45 degree measurements
as our test spectra. The fitting procedure was again applied by computing
the mean-square errors using Eq. (12). The MSE rank for the eleven UXO
are listed in Table 4. Again, a rank of **1" indicates a correct identification
and a rank greater than “1™ indicates an incorrect identification. For
example, the rank “4” for the 7.6 mm projectile indicates that this target
produced the fourth smallest mean-square error. Table 4 shows that nine of
the UXO items were correctly identified, with two errors. Improved results
might be expected by increasing the number of frequencies beyond 10 and/
or by expanding the bandwidth of the transmitted signal.
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Figure 1. {a) The solid and dashed curves are respecuvely the inphase component of the long-

tudinal and transverse fs; (b) the solid and dashed curves arc respectively the quadrature
component of the longitudinal and transverse Ss. The horizontal axis i¢ in Hz.
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Figure 2. {a) The solid curve is the inphase component of the measured target spectrum and
the dashed curve is the optimal linear combination of the inphase 8s that provides the best fit
to the measured response: (b) the quadrature spectrum and its best fit.
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Table 3. UXO Tested

Morton, Won, and Cespedes

X0 Type Diameter Length
20 mm Projectile 20cm 7.3 em
60 mm Mortar 6.0 cm 18.4 cm
&0 mum Mortar 6.0 cm 23.2 cm
57 mm Prajectile 57 cm 12.0 cm
105 mm Projectile 10.5 cm PN8Bcm
4.2 inch Mortar 10.7 cm S52.5 cm
76 mm Projectile 7.6 cm 40 5 cm
Bl mm Mortar 81cm 2175 cm
152 mm Projectile 13.2¢m 48.35 cm
2.75 inch Rocker 7.0 em 408 em
5 inch Projectile 12.7 em 68.0 cm

5. Conclusion

We have developed and demonstrated a simple speciral matching
procedure for identifying buried UXO by comparing their spectra to a set
of pre-measured library spectra. The advantage of this approach is that it
1s insensitive to the target orientation and depth. Also, unlike dipole-fitting
methods, accurate knowledge of the sensor position relative to the target is
not needed. Our results suggest that the spectra of different UXO and sec-
tions of pipe are almost always sufficiently distinct to allow correct identifi-
cation given an adequate target signal-to-noise ratio.
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Table 4. UXO Identification Results

LIXG Type

MSE Rank

2 mm
60 mm-a
&0 mm-b
37 mm
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4.2 inch
1.6 mm
&1 mm
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275 inch
5.0 inch
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