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ABSTRACT

There 1is presently a need for clearing old army ranges of
buried unexploded munitions (UXM). The present operation which relies
on conventional metal detectors is very slow and expensive - mainly due
to the inability of these detectors to provide any information as to
the depth, size or nature (shrapnel or UXM) of detected objects. This
paper discusses the research effort of the Mines and Range Clearance
Group at DRES, towards conceiving and implementing intelligent detectors,
which could provide ordnaﬁce depth, size and possibly identity. 1In
particular, the analysis of magnetic anomaly and pulse eddy current
signatures of typical ordnance are discussed. Signal processing prob-
Tems specific to these applications are indicated and the viability of
various feature selection, extraction and recognition schemes are dis-
cussed.
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I. INTRODUCTION

This paper is primarily concerned with the analysis of magnetic
anomaly and pulse eddy current signatures produced by buried unexploded
munitions (UXM) and shrapnel. First, however, it is necessary to provide
a brief background of the range clearance problem in order to provide
perspective in viewing such analyses.

Some old Canadian military ranges, originally isolated, have
now become attractive, potentially useful real estate resulting in
periodic pressures on the government to release such lands for civilian
use. At the same time trespassers in such areas and soldiers on active
training ranges have been killed by the explosion of old munitions. It
is thus necessary that such lands be cleared of UXM, although the philo-
sophy of when and where to clear and alternatives to clearance is a com-
plex one into which we shall not delve. At the same time, the present
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operation of locating and clearing UXM is extremely labour intensive
and expensive and needs improving.

The present objective of the range clearance program is to
establish methodologies for the detection of UXM subject to a number
of requirements. In brief these are:

Minimization of manpower requirements through
- determination of depth, position and size of object
- discrimination between UXM and false alarms

- design of rapid scan detectors.

Real time operation. This may be relaxed if discrimination is very
effective.

Penetration of at least 2 meters. Since in the Canadian environment,
frost can penetrate up to 2m, frost upheaval can bring to the surface
any object buried at a lesser depth than this.

Over the Tast two years, a large number of possible methods for

UXM detection have been investigated and it is possible to classify them
under these broad headings:

Short Term Methods - those capable of development for prototype
use in the next few years. There are two of these, namely:
- Magnetometer

- Electromagnetic Pulse Induction

These would appear to be the most promising techniques and will be the main
subject of this paper.

Long Term Methods - those which will need technological development
before they become feasible. Included in this classification are:
- Imaging - Electromagnetic and Acoustic

- Time Domain Reflectometry - Electromagnetic and Acoustic

Unlikely Methods - those which appear superficially feasible but
under careful scrutiny are seen to be either unusable due to their
fundamental physical principles or which will require major tech-
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nological breakthroughs to be feasible. Several of these have the
ability to detect the explosive itself, which would make them most
desirable. There are many of these, a partial list being:

- METTRA (metal ReRadiation) - detection of metal contacts due to
reradiated harmonics

- Nuclear Reactions - neutron capture spectroscopy, x-ray backscatter

- Trace Gas Analysis

- Biodetectors - olfaction, bioluminescence, biomagnetism

- Human Perception Channels.

On a typical range, one finds a mixture of shrapnel and UXM both
of widely varying sizes in a mass ratio of between 10:1 and 100:1. The
UXM is usually sparsely distributed and both it and shrapnel may lie at
any depth between 0 and the maximum depth for the given munition. Further,
although there is a statistical distribution of depths for a given muni-
tion, the maximum depth is reasonably well defined [1]. Thus, although
a knowledge of object size will not discriminate between shrapnel and UXM,
it may yield, together with depth information, an informed guess as to the
object's identity. Depth and size information can help in other ways.
Knowledge of depth can greatly speed UXM neutralization by eliminating
unnecessary cautious digging whereas knowledge of size may determine the
degree of care that must be exercised if an object is assumed to be UXM.
Magnetometers and pulse eddy current detectors can determine location
and depth and under certain conditions, size of a ferrous or conductive
object, with good accuracy.

IT. MAGNETIC ANOMALY ANALYSIS

A ferrous object may in general have associated with it a mag-
netic moment composed of a remnant and an induced magnetic moment. The
former, often called a permanent moment, depends upon the metallurgical
properties of the material and the thermal, mechanical and magnetic his-
tory of the object [2]. It is independent of the ambient field and may
or may not, depending on the method of creation of the moment, be related
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to the size of the object. This latter trait can obviously, in some
cases, cause serious problems for size determination.

An induced moment is one induced by the ambient magnetic field,
which is for our purposes the earth's field. The earth's field at our
location is approximately 60000 nT (nanoTeslas) and dips 17° from the
vertical. An induced moment is proportional to the ambient field and
thus for ready determination of the properties of an induced moment based
on its magnetic field, the ambient field must be constant in space and
time during the traverse of the magnetic sensors. The spatial variation
of the earth's field is shown in Fig. 1 and is clearly negligible to us
since the traverse distances we are concerned with are of the order of a
few meters. Local anomalies due to magnetite or similar deposits may
cause some problems but again these are generally spread over distances
much larger than a few meters. Some temporal variations [3] (Fig. 2) may
create more problems. Diurnal variations may exhibit changes of 100 nT
or more whereas typical measured fields from moments induced in UXM are
up to several hundred nT. Fortunately these are very slowly varying,

(a scan taking ~ 10 sec) and can thus be baseline compensated. Micro-
pulsations, too, are negligible over our time scale. Magnetic storms,
however, may have variations of several hundred gamma over short time
periods. They may be compensated by use of a base reference station or
by use of multiple sensors, operating in differential mode since all of
the temporal fluctuations, being produced far away, have very small
spatial gradients.

We now turn to the discussion of the magnetic moment induced
in a buried artillery round. Such rounds are generally doubly tapered
cylinders or tear drop shaped, and exact solutions for the induced moment
are unattainable. One approach is to model the object by finite element
analysis but this requires extensive computation and does not yield an
analytic solution. As a compromise, to study general trends, the shells
were assumed to be prolate spheroids in a constant ambient field. A
straight forward but tedious analysis (Appendix A) shows that the induced
moment, specified by a magnitude per unit volume, m, one polar angle, B8,
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and one azimuthal angle, O (Fig. 3) are functions of parameters related
to the size and material properties of the object, the polar angle, 00>

of the earth's field and parameters, 63, the polar angle, and ¢3, the
azimuthal angle of the symmetry axis of the spheroid. These latter para-
meters relate the orientation of the spheroid to the direction of the
earth's field (Fig. 4, 5, 6). A real shell, of course, will not yield
curves identical to the previous curves, but since shells are reasonable
geometric approximations to spheroids, the general trends should hold and
hence such curves may be empirically obtained. Thus, it is possible, in
theory at least, to determine size information about a shell if the
orientation parameters can be extracted. Clearly, too, we can see that

a significant remnant moment, unless it is size dependent and consistent
in orientation relative to the major axis, will eliminate size informa-
tion. The existance of such moments can be determined through experiments
and will be discussed shortly. It should be pointed out that a similar
analysis of shrapnel is not possible due to its irregular shape, nor is it
useful due to its random orientation.

We have seen that a knowledge of the location, depth, size of
the magnetic dipole and orientation of dipole are necessary to determine
the size, orijentation and permeability of the object. WWe shall now Took
at how such information can be extracted from the magnetic field of the
dipole.

Any dipole, be it induced or remnant, has associated with it a
magnetic field, ﬁ, whose familiar components [4], written relative to a
body fixed spherical coordinate system (r, 6, ¢) are (Fig. 7)

o= Hr? + Heé + H¢$ (1)
Hr = 2nT3 Coso

Hy = 7o Sino

H¢ =0

~ ~ ~ >
where r, 8, ¢, are the unit vectors and M |M[.
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Since the orientation of the moment is not known in advance,
it is necessary to obtain components relative to a known coordinate
system which has been chosen in this instance to be a cartesian system
with the z-axis being the vertical and the dipole lying in the xz plane.
The sets of components are related through a cumbersome 3 x 3 rotation
matrix which can be calculated and yields the following space fixed
components (Appendix B).

H. = M E(_:os (222 - x2 - y2) - 3 Sin B(xzﬂ (47)71
z (x2 + y2 + 22)5/2
Ho=YH + M y | y222 + (xz Cos g + z2 Sin g)?
Yy z 2 (X2 + y2 + z2)2 2 (x + z Tan 8)2 + y2

+ (xz Sin g + (x2 + y?) Cos 8)2|'/2 (47)1 (2)

(x + z Tan 8)2 + y2 B

=Xy 4 M (x + z Tan B);zz2 + (xz Cos B + z2 Sin B)2
Xz % (x2 4 y2 + 22)2 z | (x +z Tan B)2 + y?

+ (xz Sin B + (x? + y2) Cos 8)5-1/2 (4m)"1
(x + z Tan 8)2 + y2

—

In general, however, we must also include the ambient magnetic
_+

field intensity, Ho’ such as that of the earth. Thus:

HTx = Hx * Hox
= +
HTy Hy Hoy (3)
HTz = Hz * Hoz
-> o >
HT =H + HO

-
where HT is the total magnetic field intensity with cartesian components

H H H The magnitude of the components of the dipole field tend

Tx* "Ty®> "Tz°
to be at least 2 orders of magnitude less than that of the ambient field.
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Since the orientation of the dipole is unknown, one can measure
only Hr_, a linear combination of H. and HTy (with unknown mixing ratio)

or the total field which to second order is given by (Appendix B):
Hp - HO ~ H, Sin % Cos g * Hy Sin % Sin o + H, Cos Oy (4)

1 [y . . . 5
+ o H (Hx Sin 0, Cos ¢ t Hy Sin 8 Sin ¢ t Hz Cos eoi]
)

> -> >
where Hp = IHTI Hy = [H, | H=|H and

eo, ¢0 are the polar and aximuthal angles respectively of the ambient

field with respect to the cartesian system.

There are two basic types of magnetometer sensors, namely total
field, e.g. cesium vapour, proton precession [5], and vector, e.g. flux-
gate, super conducting Josephson junctions [6], [7]. The former measure
only the magnitude of the total magnetic field (and not its direction)
which is to first order (terms not in brackets in (4)) the projection of
the dipole field along the ambient field direction. The latter type of
sensor measures the field in a particular direction determined by the
sensor orientation and thus requires a choice of axis. Vector magneto-
meters are very sensitive to misalignment relative to one another. This
is in essence due to the large value of the ambient (earth's) field with
respect to the dipole field (often 100:1) and manifests itself as large
Tow frequency baseline shifts. This can be corrected by building pre-
cisely aligned rigid arrays and such a 3 sensor fluxgate array has been
designed and constructed by this laboratory. This alignment problem is
not found for total field sensors. Since all components are, on the
average, the same in magnitude, the only criterion for choice of axis is
mathematical simplicity to enhance computational speed. Clearly, then,
the z-component is the best choice.

Finally, we note that any one of the components of the field
at a point on a two dimensional grid is a function of the coordinates,
X, ¥, 2, the angle of the dipole axis relative to the vertical, B, and
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the magnitude of the magnetic moment, M. This is illustrated in Figs.

8, 9, 10 by two dimensional maps of lines of constant field intensity
(vertical component) for dipoles with parameters typical of buried ord-
nance. For the vertical component, the contour maps are symmetrical about
the x-axis and range from radially symmetric for 8 = 0° to antisymmetric
about the y-axis for 8 = 90°. The contours for given B remain a similar
shape but shrink in dimension as z decreases and their intensity is
directly proportional to M. Contours for x and y components may have
similar shapes as well as biaxially symmetric forms.

It should be noted that in the above analysis, it was assumed
that the object could be represented as a magnetic dipole. Higher order
multipoles manifest themselves as additional terms to the polar components
of the field and considerably complicate the cartesian components. Fortu-
nately, they fall off with distance from the object much faster than does
the dipole field and, as we shall see from our experiments, are negligible
over the range of distances of interest. Even irregularly shaped shrapnel
appear to be dipoles at these distances.

We shall now deal exclusively with sensors moving roughly in a
plane perpendicular to the z direction. Deviations from a plane can be
compensated for by a method to be described and this will be discussed
Tater. We assume that one or more magnetic sensors sweeps in a straight
line in the x-y plane. Thus by choosing the sweep direction as the y'-
axis, a new right handed coordinate system x'-y'-z' may be chosen with
arbitrary but known x'-y'-origin and the dipole located at coordinates
(xO', yo', 0) in the primed system and (o, 0, 0) is the unprimed system.

The angle of the x'-axis relative to the x-axis is given by o (Fig. 11)
and thus the coordinates are related by a rotation matrix in the fol-
lowing manner:

X Cosa Sina x' - xo' (5)
yi{= [|-Sina Cosa 0 y' - yo'
z 0 0 1 z'

Knowing xo', yo' and o eliminates any problem surrounding the specific
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choice of x-axis and origin mentioned earlier and thus everything is
known about the dipole if the six parameters - xo', yo', Z, a, B, M, are

known. It would initially appear (4) that for total field measurements
more parameters would be required. This, however, is not the case, since
6 is a known or measurable constant for a given geographical location

and the sensor traverse bearing angle, og> is easily monitored to deter-
mine 0"

6o = g - @ - /2 (6)

A number of clever attempts have been aimed at determining these
parameters through a knowledge of the distribution of one or more com-
ponents of the dipole field, superimposed on the earth's ambient magnetic
field, which is as previously mentioned 102 to 10° times larger. Space
does not permit a discussion of all methods available, but some of the
more common techniques include graphical interpretation [8], [9], profile
matching techniques either in configuration space [8] or reciprocal space,
specialized geometry methods [10], [11], [12] and the powerful method of
inversion of the field derivative equations [13]. These previous attempts,
however, have generally all incorporated a number of restrictions which
have been acceptable for the situation in question but which would not
permit more general usage. In some cases [13] only a few data points
have been used requiring a high signal-to-noise ratio. In others [3],
the magnetic field sensor (magnetometer) has been required to pass directly
over the object. Assumptions are often made concerning the orientation
of the dipole relative to the earth's field [11], [14], the vertical [10]
or the object's orientation [3]. The assumption is commonly made that the
sensor is stationary or is in a fixed horizontal plane [2], [3]. Also it
is frequently assumed that the total field is the sum of the ambient field
magnitude plus the component of the dipole field projected onto the ambient
field's direction [3]. Some techniques have been designed for single
sensor use [10] or require a knowledge of the field gradient [13] and
some are not real time techniques, such as those which match characteristic
profiles after the fact [8], [9].
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Two methods have been developed by the authors which appear to
be of use in extracting dipole parameters from measured field data. The
methods have been developed, keeping in mind several points:

(i) Assumptions have been minimized.
(ii) Real time operation is highly desirable.
(iii) It is desirable not to halt the search vehicle.

(iv) Methods involving the true gradient cannot be used
since they assume sensor spacing is small with
respect to distance from the dipole. This cannot
be achieved for our small sensor-to-dipole spacings
due to finite sensor size and sensor cross talk.

(v) The special properties of the vertical component of
the dipole field should be exploited, namely

- symmetry about the x axis (Figs. 8, 9, 10)
- extrema located on the x axis (Figs. 8, 9, 10)
- low spatial frequencies (Fig. 11).

We shall now discuss the two methods in more detail.

A. Profile Match Method

Probably the simplest technique in concept and one which, unlike
many other methods, can be model independent, is that of comparing a samp-
led field distribution with a series of stored profiles. Preserving the
salient features of the field profiles in real space would generally require
prohibitively large amounts of computer memory but one can make use of the
Tow spatial frequency properties of the profiles by storing Fast Fourier
Transforms (FFT's) of representative profiles for comparison, by criteria
such as least squares, with measured FFT's. This procedure has been com-
puter simulated using profiles both with and without typical gaussian
noise of up to 4 nT. Using up to three parallel sensor profiles spaced
25 cm apart and an origin coinciding with the point of closest approach,
it was possible to identify dipole parameters to within 6.25 ¢m in depth,
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12.5 cm in distance of closest approach, 11.25 degrees in horizontal and
vertical angles and a few percent in moment value using 5500, 40 element
stored FFT's. The range of parameters was 12.5 to 250 cm for z, 0 to

w/2 for g, 0 to 2n for a, O to 250 cm for the distance of closest approach.
Since M is a simple scale factor for the magnetic field values it was
determined by normalizing to the largest spectral value, classifying by
least squares and then multiplying the normalization factor for the best
fit times the moment value of the reference FFT. Although real time was
not achieved using the IBM 1130 computer it was calculated that this may
be achievable using a dedicated fast minicomputer particularly if the range
of B8 can be reduced to less than theoretical maximum range of O to =

(Fig. 5). Erroneous parameter sets could be selected when single sensor
profiles with or without noise were used, a fact that can be theoretically
shown. This can be and was eliminated by use of multiple parallel path
sensors. It should be noted that in field operations, measured and best
estimate stored profiles must have a common origin, otherwise the spectra
will differ by an indeterminate frequency dependent phase shift which pro-
hibits Teast squares comparison. In theory, if one samples the profiles
for some preset interval on either side of an extremum, this problem could
be eliminated, although experiments have yet to be carried out utilizing
this idea.

B. Model Fitting Method

Assuming that the field of the anomaly can be adequately repre-
sented by that of a dipole, one can model the sampled magnetic data by
the equations (2) to (5). As stated before, there will in general be 6
parameters which can be floated and some iterative technique must be
employed to vary the parameters until the fitted function agrees with the
sampled data to within a specified accuracy. Such a method has previously
been employed for submarine detection using a Mewton Raphson iterative
scheme [12], but simplifying assumptions were made to reduce the number of
free parameters, presumably because the multiparameter MNewton Raphson tech-
nique is quite slow. A much faster method would be nonlinear least squares
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fitting, provided a method could be found for which convergence was inde-
pendent of initial estimates of parameters.

Marquardt's nonlinear least squares algorithm [15] has the
capability to converge to a global minimum in x2 space independent of
initial choice of parameters, provided the x2 surface is smooth and has
no local minima. Other algorithms, such as Fletcher-Powell minimization
[16], are faster than Marquardt’'s but are valid only near a minimum in
the space and hence do not have the required insensitivity to initial
parameter guesses. The algorithm, which was originally designed for one
dimensional data, has been adapted by the authors to process the two
dimensional arrays of magnetic data.

The following is a description of the two dimensional generali-
zation of Marquardt's nonlinear least squares fitting algorithm which
has been adapted from the one dimensional code of Bevington [17]. Addi-
tional modifications have been made to enhance speed but these will not
be discussed further.

We define a model function f(x,y,g) and a two dimensional
sampled array of data g(xi,yi) which together form a x? space with

minimum on' We can define a matrix o by

I
) of | of
O3k T XYy (a—“—a. (g_“a
J k

:l<32x
B 2 = 2
2 aajaak

X7 T Xg
where o5k is an element of a

W, (7)

.i

ak is an element of 3, the parameter vector

subscript "i" denotes evaluation of variable at sampled coordinates
X.iay-i
wi are the weights at each point XY

We also define a vector B by
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X

B = x5 {9y - f5) 'zf‘ ; (8)
k
S
S22 Ny | P = x,”
and a new matrix o' by
%k‘=aﬂJ1+A) for j = k (9)
= for j # k

G.Jk
Close to a minimum in x2-space it may be shown [17] by expan-
sion of the model function that

_
Bk jsaj“jk (10)

where Gaj is an arbitrary, small increment in the Taylor expansion about
>
the minimum of x2 as a function of a
Thus, we define

L _ X t
Bk jdajajk (11)

Far from a minimum, we choose » large with respect to 1 such that

AT 2
BJ AaJJ aJ (12)

Thus, the parameter increments are in the same direction as the
gradient and are scaled by the factor (Aajj). This is equivalent to a
gradient search method.

Close to a minimum, 2 is chosen small with respect to 1 and thus
B, has the same form as (10). This is clearly equivalent to linearization

of the model function. It can be seen that by appropriate choice of A the
gradient search technique can be employed far from a minimum where the
linearization method is not valid (and might yield erroneous curvatures)
and one can switch to the linerarization method when it becomes valid.
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The algorithm to automatically scale A is given in [17]. It
essentially consists of comparing the old and new chisquares from suc-
cessive iterations and increasing A if the new x? exceeds the old.

The general geometry for obtaining the magnetic data is shown
in Fig. 12. There are two approaches, the stationary method and the
dynamic method. Both may employ vector or total field sensors measuring
the difference in field between them (gradiometer or difference mode) or
the individual field at each (magnetometer mode). The array does not
necessarily have to be horizontal for the algorithm to function properly
and may be man- or vehicle-portable.

In the stationary approach, the array of sensors scans the ter-
rain until a significant field value, possibly a maximum is encountered by
the sensors and there a stationary measurement is taken. An array of at
least six sensors, in general, or five if a maximum is detected, must be
employed to solve a system of six nonlinear field equations by least squares
means as described above. The chief advantages of this method are adapta-
bility for man portable use and the lack of knowledge required concerning
sensor motion. The chief disadvantages besides requiring stoppage of sen-
sors, is a lack of immunity to noise. For situations encountered in UXM
detection where maximum signal-to-noise ratios of 50 or less are common the
minimal number of sensors can yield ill-conditioned sets of equations and
hence a variety of different, nonunique solutions. Time averaging can mini-
mize this at the expense of increased measuring times. Multiple solutions
because of the low number of data points compared to number of parameters,
can be minimized by increasing the number of sensors. This, however, may
make the system overly cumbersome for man-portable use.

The dynamic method lessens problems associated with ill-condi-
tioning by acquiring information from multiple measurements. Essentially,
the method consists of sampling the dipole field at fixed intervals by
sensors whose position relative to each other and a common origin is known.
Sampled data is stored in a buffer to determine the ambient magnetic field
baseline for subtraction and as new data is input, the oldest data is
overwritten. This continues until field values significantly in excess of
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baseline fluctuations occur at which time sampling is allowed to continue
for an additional preset time. After this time interval which is slightly
greater than the duration of the longest profiles expected, the sampling
halts and the data is subjected to the six parameter two dimensional
weighted nonlinear least squares fitting procedure.

If the number of data points is small (which we shall see is
generally true), it is feasible to use multiple commutating buffers so
that the data can continue to be acquired during analysis, rather than
halting the sampling. As in the case of profile matching, the field com-
ponent equations show that there are a number of cases where two signi-
ficantly different parameter sets can yield the same sampled field pro-
file for a given component. The use of more than one sensor eliminates
this problem. The dynamic method, of course, requires a knowledge of the
sensor positions where the field measurements are made. One way of doing
this is to attach an inertial guidance package to the array.

In order to determine speed of the algorithm and the ability to
converge to the correct parameter set (as determined by the shape of the
x2 space), a computer code was written incorporating the algorithm to simu-
late a horizontal linear array of up to 10 magnetic sensors (either vector
or total field) operating in magnetometer mode or difference mode relative
to the center sensor, moving with known, not necessarily constant, velocity
near a buried dipole in the manner previously described and attempting to
extract the dipole parameters. It was noted that sensor spacing, Ax', and
sampling distance, Ay', number of sensors, Ny and number of sampie points

per sensor, ny, affect computational speed and shape of the x2 space.

Optimum values for these quantities could be obtained from the simulation.
The code was written to include electronic and sensor noise as well as
measurable deviations of the sensors in the x', y', and z' coordinates due
to roll, pitch and yaw of the array and variations in velocity. Dipole
parameters were randomly chosen from the range of possible values for
each and the initial guesses were taken as the midpoints of the ranges
for each. Parameter ranges were chosen from those applicable to buried
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artillery shells, namely .25 <z < 2.00m, 0 < B <7, -.5 j.xo' < .5m,
-5 <y, <.5m 0 <a<2r, .06 <M< 6.0A mZ, although the code is
applicable to other situations.

In preliminary tests, two problems were encountered, namely con-
vergence to a local minimum with reduced x2 > 10 and attempted convergence
to a Tocal minimum with very large x2 and at least one very large parameter.
Although these situations were circumvented by appropriate tests in the
code, approach of such conditions degraded computational speed and thus it
was felt best to minimize the occurance of such situations. Simulations
were performed on over 100 different random parameter sets for vertical
axis sensor arrays in magnetometer and gradiometer modes and total field
sensor arrays. Occurance of the above mentioned problems was minimized
by choice of geometry constants; n, = 3, Ax' = .25m, ny = 20, Ay' = .5m

for the first two array types and ny = 40, Ay' = .25m for the last type.

A sensor noise band of 1 nT was used as being representative of achievable
values for moving fluxgate and cesium vapour sensors. In all cases, the
program converged to yield the correct parameter set with reduced x2 between
0.6 and 1.2, and no local minima with reduced x? < 10 or additional extrema
were encountered. In all cases the dipole parameters were correctly deter-
mined to within a few percent and often to within less than one percent.

Run times for 85% of all cases on an IBM370/158 were less than 12 s (ver-
tical-axis sensors in magnetometer mode), 12 s (vertical-axis sensors in
gradiometer mode) and 73 s (total field magnetometer). Time per iteration
was constant at .48 s, .54 s and 1.98 s respectively.

The computation times mentioned are equivalent to pseudo-real-
time operation, and fast minicomputers are available which can increase the
speed of this algorithm by 25%. For buried ordnance, assuming a maximum
vehicular speed of 4 km/hr, these times correspond to a "dead zone" of 10 m
for the first two array types and 60 m for the third type. This is quite
reasonable, since ordnance spaced closer together is usually accompanied
by prohibitive amounts of extraneous background clutter, in the form of
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shrapnel. Of course, as already mentioned, these zones can be decreased
almost to zero by the use of multiple buffers on input.

Finally, it is encouraging that parameters for dipoles whose flux
density extrema did not exceed 15 nT (S/N = 15:1) were well approximated
as well as were parameters yielding peaks of the order of 1000 nT (S/N =
1000:1).

One modification of the dynamic method may speed analysis by
reducing the number of parameters. It is designed for use with only
z-component measurements of the field. Since the extrema of the z com-
ponent 1ie on the x axis of the anomaly, an extremum search could be
employed to locate this axis. Sampled data points would be interpolated
to yield field values on this axis. A five parameter nonlinear fit to
the interpolated profile would then be done, again using the previous
least squares fit routine although only a one dimensional algorithm would
be necessary. Thus, with a known, it is possible to fit the axis profile.
Studies must be undertaken to see if the time taken in extrema location
and data interpolation is compensated by the time gained in reduction of
the parameter space.

It should be pointed out, that in some of the above methods,
detection is achieved after the sensor(s) have passed the object and thus
some reference system must be used to keep track of the vehicle position
to allow post-indication of the object.

A few assumptions have been made in the previous analysis. The
dipole assumption is in general valid only at distances large with respect
to a characteristic length (such as the mean chord length) of the object
and at smaller distances higher order multipoles might become noticable.
Correlated or non-gaussian noise have been neglected since, strictly
speaking, least squares minimization maximizes the likelihood function
only for gaussian statistics. The ratio of remnant dipole moment to in-
duced moment is alsc not known. It was felt, then, that magnetic pro-
files of real ordnance should be obtained to verify validity of the analyses.

To this end, the test facility shown in Fig. 14 was constructed.
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A shell or piece of shrapnel was passed on a "railway cart" running east-
west under a stationary magnetometer array which was positioned at the mid-
point of the track. Shell position was determined by position switches
which alternately switched a flip-flop. Position accuracy was taken as *
1 cm. The electronics box contained drive and sense circuitry for the
fluxgate sensors plus battery power. A triangular drive waveform of
approximately 31.4 KHz was employed in conjunction with a peak detectijon
circuit designed in this lab. Sensor feedback [6] was not employed.

The array chosen for the first set of tests was a vertical array con-
sisting of three 2.5 cm diameter 4-79 permalloy ring core fluxgate sensors.
Fluxgates were chosen due to their low cost, portability and direc-
tionality. Their noise properties, typically 0.5 nT for a 0 to 10Hz pass-
band, were adequate for our purposes. Sense and drive windings were the
same configuration as that of a Brown magnetometer [6]. The sensitive
axes of the ring cores were aligned roughly vertically and then adjust-
ment of amplifier gain was employed to equalize sensitivities. Vector
magnetometer sensors, such as fluxgates, have a serious limitation in

that they are severely orientation sensitive. This is primarily due to
the order of magnitude difference between the ambient and dipole fields.
The Timitation can be defeated by using the magnetometer in a stationary
manner, which is of course not practical for range clearance, or by
aligning the sensors very accurately (< .01°) and operating in gradio-
meter mode. The former was done for the experiments that have been pre-
viously described since sensor motion was not required. This laboratory
has recently completed construction of a three sensor fluxgate (vector)
magnetometer theoretically capable of up to .0003° accuracy in alignment
between sensors. This should allow measurement of gradients in the
vertical field component accurate enough for our purposes for up to 10°
roll and pitch of the sensor array.

Amplified sensor outputs and the position flip-flop output were
fed to an oscilloscope for direct viewing and also to an ADC. Profiles

were sampled, digitized and stored under control of a ProLog microprocessor
system and were output on teletype or papertape to allow input to an IBM
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1130 computer. The entire track, cart and frame assembly was made of wood.

Freguency histograms of the noise on two of the sensors are
shown in Fig. 15. One can clearly see the strong gaussian shaped elec-
tronic/sensor noise component of approximately 1 nT and the weaker cusp
shaped component which is presumably sinusoidal and may be related to low
frequency staff oscillations. A baseline shift is also obvious in the
middle sensor. The bandwidth employed was 0 to 10 Hz.

As a preliminary experiment, profiles were obtained for shell
orientations of 0, 45, 90° with respect to the vertical and 0, 45, 90°
with respect to the track direction, with the shell directly under the
track. The dipole origin was assumed to be the center of mass and the
symmetry axis was taken to be the equivalent spheroid 3-axis designated
by polar anglie 63 and azimuthal angle ¢3 as in Appendix A. Thirty-three
profiles corresponding to depths of 70, 95 and 145 cm (+ 1 cm) were obtained
for a 105 mm shell and 60 and 70 cm for representative shrapnel. Each pro-
file consisted of 256 samples obtained by pushing the shell over the 7 m
length of the track at roughly uniform walking speed. A given profile
took approximately 10 seconds to obtain which translates to a sampling
rate of approximately 30 Hz or 70 cm/sec. Since the sensor passband cut
off at 10 Hz, the llyquist criterion was satisfied.

A code was written for the IBM 1130 computer to convert the
papertape data to card format. This data was in turn used as input for
an analysis code written to run on an IBM 370/158. The program first
found the relative shell-sensor position for each sampled point by linearly
interpolating the position sensing ("flip-flop") track. The profile was
then fitted using as a model the vertical component equation plus a d.c.
shift (7 parameters). The fitting routine used was the generalized Mar-
quardt algorithm previously described. Reduced y2 values for the fitted
function together with depth estimates and uncertainties are given in
Table 1. Typical sampled profiles and fitted functions are shown in
Figs. 16-19. The results were quite encouraging.

For an assumed R.M.S. sensor noise of 3 nT {(chosen to include
correlated noise), all profiles with maxima less than ~ 750 nT could be
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fitted yielding reduced chi-squares of one or less. For those with
values greater than 750 nT, sensor nonlinearities affected the fit,
making chi-squares from 4 to 25 times higher.

Correlated noise did not cause any apparent deterioration in
goodness of fit, although it did appear to cause an overestimation of
the variance of the noise band.

Estimates of depth (Table 1) were good for most profiles, even
for poorer fits, deviating on average by no more than 5 cm from the cor-
rect values. This error may be explained in part by the fact that the
dipole origin and shell center of mass do not necessarily coincide.

The explanation is reinforced by the observation that most depths are
consistently slightly Tow.

Extracted magnetic moment data are shown in Figs. 20-22 for a
105 mm shell and an essentially intact but hollowed out piece of 105 mm
shrapnel. Since the effective volume of the shells was not known, the
values of m were normalized to the maximum value for each object. It is
interesting to note that although the "m" curves are in rough agreement
between shell and shrapnel, the g and ¢, Curves are substantially dif-

ferent. In addition, it is found that the curves disagree sharply with
curves derived from the spheroidal model using parameters typical of a
105 mm shell (Appendix A). This could be caused by 1) large ambient field
gradients, 2) shift of the ambient field direction, 3) the presence of
permanent magnetic moments in the objects or 4) lack of validity of the
spheroidal model. The first and second possibilities would presumably

be due to ferrous materials in the room. The first possibility was dis-
counted because good fits to a single dipole were obtained and very large
gradients are required to substantially alter the induced moments (Appen-
dix A). Using orientations of ambient field differing from that of the
earth for the model curves did not improve the agreement, thereby elimi-
nating the second explanation. Thus, the possibility exists of permanent
magnetic moments being present, which if true, would hamper size deter-
mination. Finally it is interesting that, although single profiles were
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fitted, no examples of multiple solutions for a given profile arose.
This is presumably attributal to the fact that although such cases can
theoretically exist, they are not common for high signal-to-noise ratios.

A number of areas still remain to be investigated. The effect
of magnetic background due to random dipoles, such as shrapnel, must be
studied. If this proves to be troublesome, surface clearance (pickup of
all surface lying ferrous objects) may be employed. Magnetite bearing
soil may also contribute a troublesome background signal. The ability to
distinguish and extract parameters from UXM lying close together must be
ascertained. As the previous experiments have shown, the dipole approxi-
mation is valid for minimum shell-to-sensor distances of 60 cm. For
smaller distances such as might be encountered for small UXM lying very
close to the surface, the effect of higher order multipoles must be ex-
plored. Finally, methods of cheaply monitoring the motion and position
of the sensor array should be investigated.

Testing of the precise alignment fluxgate array, previously
mentioned, will commence soon. Feedback systems, to improve linearity
of fluxgate sensors, are being investigated. Ring cores of 6-81 perm-
alloy with improved noise characteristics and temperature sensitivity
have been obtained and will be tested. Finally, a nonmetallic building
has been constructed complete with a set of large Helmholtz coils. This
will allow experiments in small gradient ambient field conditions in order
to carry out the previously mentioned investigations.

ITI. ANALYSIS OF PULSE EDDY CURRENT SIGNATURES

The purpose of this section is to give a brief overview of the
research aimed towards the development of a metal detector, based on the
pulse induction principle, which may provide information as to the depth,
size and type of a buried artillery round. Basically, the method relies
on the fact that when a conducting object (permeable or non-permeable) is
subjected to a steptype magnetostatic field, eddy currents are generated
in it, which subsequently decay in a manner characteristic of the object's
size and its material properties. An analysis of the voltage induced by
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these eddy currents should, in principle at least, provide information
about the object.

1. Geometry and Signal: A pulsed magnetic field is produced by driving
a current pulse through a coil of wires (Fig. 23). Subsequent to the
collapse of the drive pulse, the decaying eddy currents in the object
induce a voltage in a receive coil. The question of sensitivity and

the design of suitable coils and electronics for such a system will not
be discussed here.

Since the shapes involved do not permit a ready electromagnetic
analysis, as a first step, they have been modelled by ‘'equivalent' spheres
which have the same surface areas as the rounds. For lack of a better
method, at this moment, any effect of shape and orientation has to be
determined from measurements.

The signal induced by a sphere of radius, a, conductivity, o,
and relative permeability, W is given by [18] (t > 0):

CR122 L _th
v(t) = 24+d2)3/2 ; 2 V3/2 2 Ak € nz (13)
(RT+dT) / (R1,2+d ) / 0n=] n uoad
The constant C is given by
2
C _ WNTNI,QRTIT
2

where

Ny = number of turns of the transmit coil

N1,2 = number of turns on receive coils 1 or 2

IT = peak current in the transmit coil.

Other symbols in (13) are defined as follows:
d

T = distance to object centre from transmit coil centre

distance to object centre from centres of receive
coils 1 or 2 respectively

dy 2
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Ry, = radii of receive coils 1 or 2 respectively

R = radius of transmit coil

t = time measured from the instance of collapse of the
transmit current

U = UMy

My = Amox 10=7 H/m

B = Sk (y#2) + D) (14)

and kn's are the solutions of the trancendental equation
ko (u.-1)

2 -
ke + (u,.-1)

tan k_ = (15)

n

The properties of the solution to (15) and of the signal represented by
(13) will be discussed later, but first we shall discuss how depth can
be determined by using (13).

2. Determination of Depth: The concept of using signals induced in
two receive coils to determine the depth of a detected object has been

applied before. We, however, have carried out extensive investigation
of the suitability of various coil sizes and configurations. In the
following, an outline of the principle and some typical calibration
curves will be presented. One of the configurations studied consists of
two receive coils of radii R; and R, separated vertically by an amount

di-d, = ad (Fig. 23). The ratio of signals in R; and R, at time t. is

N,)

given by (assuming N;

Vo{ti)  RZ(R24(d,-nd)?)3/2
2 2,3/2 (16)

)
Rl(ti) RI(Ry+d;

VR(ti) = y

Knowing VR(ti), R;i» Ro and Ad, the distance d, from R, can be determined.

In practice the average value of VR(ti) over a number of ti's should be
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used. Normalized depths (d;/R,) are plotted against voltage ratios for
various R;/R, in Fig. 24 for a given separation of coils. The parameters
should be chosen to obviate multiple positive real solutions for d,. It

is apparent from these curves that depth could be reliably determined
using these configurations only over a certain range. A final choice
of coil configuration has not yet been made.

3. Properties of the Signal: We will now briefly describe the proper-
ties unique to the signal at hand in order to point out the difficulties

involved in extracting information about the object from such a signal.
The salient features can be described by looking at the time-

varying part of Equation (13) which is:

u(t) =
n

n o8

A, e % b (17)
1 kn n

This is a series of damped exponentials with decay constants given by

ukn = knz/(uouroaz), n=1,2,3.c00cive.. (18)

where akl < oy < LY € iieennees < o < e

2 3

The variation of kn with W, and n is shown in Table 2. For non-permeable
objects (“r=])’ the kn's are simple multiples of =, namely nw, while for
permeable objects they are slightly higher than nwn, depending on Mo and
reach a limiting value as U, increases. The values of kn are such that
the values of the decay constant o increase more rapidly with n for a

n

non-permeable than for a permeable object.

The most interesting feature and also a source of difficulty in

extracting object parameters is how the amplitudes Ak 's are related.
n

A=A = ... . =A , u =1 (19)
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For a permeable body, Ak starts off with a small value for n = 1 and
n

increases slowly with n, reaching, in the limit, the value for the non-
permeable case.

Figs. 25 and 26 show the behaviour of the first ten terms res-
pectively for a non-permeable and a permeable body. In the non-permeable
case, the higher order terms decay significantly after a "sufficient"
time interval and the first order term dominates the response. But in
the permeable case, since the terms which decay faster have higher initial
amplitudes, no section of the response with amplitude sufficient for analy-
sis can be identified as being dominated by any particular term. This
precludes the use of a well-known method used in related fields, where the
tail of the response is analysed to estimate the dominant decay factor for
a non-permeable object. Further, in our particular application, the signal
strengths involved (due to the distances between the coils and the object)
are usually low and the tail of the response, in such cases, might have
too lTow a signal-to-noise ratio to allow such an estimate even for a non-
permeable object.

4. Signal Analysis: The question of real time operation will be set
aside for the moment. Given a set of measured samples of a signal of

the form

N
u; = u(t:) = = A.e™%j
i i o1

ti 4+ Noise, i=0,1, 2, ouvn... M-1 (20)

information about the parameters of the sphere, namely Hps O and a could
be obtained if we could extract the Aj's and the aj'S reliably. Two

methods address this problem - one is a nonlinear least-square fitting
[17] and the other is Prony's algorithm [19]. These two methods were
investigated to establish their suitability in analysing typical signals
for our application.

A. Nonlinear Fitting: Theoretically, nonlinear fitting of the
NT —
data, u;, with a function of the type, y(t) = : K&e _“jt, could
3=1
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J
respectively. However, nonlinear fitting is difficult at best
and its success is very much dependent on the fitting function it-

provide estimates K&, 55 of the required parameters Aj and o,

self. It is very time-consuming for any reasonable number of un-
known parameters and often requires a "good" initial guess of the
parameters to be estimated. Further, to make matters worse, in our
application the functions involved are highly damped real exponen-
tials which are strongly correlated with each other - making accu-
rate estimates of parameters o5 very difficult. The need to use

a high value of N (for permeable objects) adds further to this dif-
ficulty. Thus in our particular application, it is doubtful if this
method would be useful in the field. However, this method was in-
vestigated as a potential tool for analysing data measured in the
laboratory to establish the effect of shape and orientation of the
decay factors and amplitude coefficients. This would be facilitated
by the fact that laboratory data can be obtained with high signal-
to-noise ratios, and analysed on a general purpose computer with

no real time restriction. Also, in the laboratory situation, the
magnitude of the problem could be drastically reduced by knowing

the permeability of the object under test, since if M, could be

assumed known, then all the Aj's and aj's could be related to only

one fundamental amplitude and decay constant respectively - thus
reducing the number of unknown parameters to be estimated to only
two.

In particular when “r=]’ the fitting function could be
be reduced to

T —
Ke ~Juat (21)

I~ =

y(t) =

J=1

and only A; and a; would have to be determined. For My, # 1, the
relation between the K&'s and A;, and between the E&'s and a;, would

be known from a solution of Equation (15). The same simplification
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might be possible in the field, if the objects concerned were
either non-permeable or permeable with the same Wy.e This might

not be too farfetched, because in our application the permeable
objects are all made of similar grades of steel. Moreover, for
high enough values of Wy the values of kn vary slowly with .

as can be seen from Table 2.

With this background, a nonlinear fitting algorithm was
used to fit and extract parameters from simulated data typical of
our application. The types of fit obtained in three test cases
along with the estimates of the parameters are shown in Figs. 27,
28, 29. Additional results are shown in Table 3. Even though
reasonably good fits were obtained in most cases, the accuracy of
the estimates of parameters were, as expected for the functions
involved, very much dependent on the knowledge of the actual number
of significant exponential terms in the signal. Thus, in practice,
either a number of values of NT should be tried to fit unknown data
or a reliable means of ascertaining the inherent number of signifi-
cant exponentials should be applied. These aspects will be investi-
gated in the future.

B. Prony's Method: This method [19] has been used with some degree
of success in underwater acoustics and electromagnetics, where wave-

forms involved contain a series of damped complex exponentials. The
performance of this method on data containing only damped real ex-
ponentials has not been evaluated to the same degree. It was recog-
nized, at the beginning, that accurate estimation of the decay factors
is difficult in the case of damped real exponentials which are highly
correlated. Prony's method can be briefly described as follows:

Given uniformly spaced (AT) samples of a waveform

» 1 =0,1, 2, «....... M-1 (22)

the algorithm consists of first solving a linear system of equations
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of the form
M-

I awu

p=0 P

pri = TUN+i? i=0,1,2, «evvienennt. M - N-1 (23)

to obtain estimates of the coefficient ap's. Let us denote these

as Sb. Next a polynomial of the form,

N_-] --------------- + alz + ao = 0 (24)

is solved for its roots 75 where 73 = e %j (25)

The estimates of decay constants, 65, are then determined from

._=—_~]_ —_
j= a4

Once the E&'s are found the K&'s can be found from the solution of

a linear system of equations. Since Prony's method is basically

a nonlinear fitting procedure where the nonlinearity of the system

is concentrated in a single polynomial, most of the general comments
made with regard to nonlinear fitting are applicable to Prony's met-
hod. One advantage of Prony's method over standard nonlinear fitting
is that one does not need an initial guess of the parameters. As a
first attempt, we investigated this method only for the case where

M = 2N, i.e. the number of sample points used was exactly twice the
assumed number of exponentials in the waveform. This results in
Tinear systems that can be uniquely solved for the Eb's and K&'s.

Redundancy obtainable from additional samples and least
squares solutions of overdetermined systems of equations might be
required to make the method viable in case of noisy data.

Results obtained for decay constants in some representative
test cases are shown in Table 4. In the cases shown, the parameters
g were quite accurately estimated provided:

1. The number of exponentials, N, in the waveform was known.
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2. The sampling interval, AT, was properly chosen.
3. The signal to noise, S/N, ratio was adequate.

A detailed evaluation of all these factors has not been
carried out yet. However, the following observations were made from
the cases tried. A lack of knowledge of N resulted in either in-
accurate or compliex values of the E&'s or in negative real roots,

75, of the polynomial (24). Too small a sample interval, AT, pro-
duced roots, 73, very close to each other, making the solution of

(23) and (24) unstable. It was noticed that a sampling interval,
AT, of the order of twice the lowest time constant to be resolved,
was often a good choice. A sampling interval much lower than this
resulted in numerical instability. This interesting aspect of
Prony's method was found extremely sensitive to noise. Since the
signal amplitude decays rapidly with time resulting in rapidly
decreasing S/N ratio, the degrading effect of noise will overcome
the benefits of sampling at widely separated times. For a given N,
a compromise between AT and S/MN ratio has to be found.

In summary, if a favourable S/N ratio could be obtained
in the laboratory, Prony's method might be applied with a suitable
sampling interval to obtain estimates of the decay factors to deter-
mine their dependence on shape and orientation of the object.

C. Profile Matching Methods: Since there does not appear to be any
simple and quick way of extracting object parameters from the wave-
forms, attention was turned to methods of comparing an unknown wave-

form with a catalogue of stored known waveforms. An efficient method
of achieving this must first represent the waveform with a small
number of features. No analysis of various feature sets for the
waveforms concerned was made. Instead, a set of features was chosen
intuitively based on the following argument: A sum of exponentials
can be thought of as an equivalent single exponential which has a
time-varying decay constant. It was argued that due to the high
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correlation between damped exponentials, it should be possible to
fit single exponentials to small enough segments of the waveforms.
A waveform normalized at t = 0 was thus broken into P segments of
50 uS each and a single exponential was fitted to each segment to
estimate an 'equivalent decay factor' for that interval. The
collection of these decay factors representing the waveform during
the various time segments was taken as the feature set to describe
the waveform. Except for very small times (the first 50 uS) for
small objects, good fits were obtained in all representative cases.
Two samples are shown in Figs. 30 and 31. The uncertainty in the
estimates of the parameters increase as we approach the noisy tails
of the waveforms.

Another feature selection scheme which seems natural to
signals which are sums of damped exponentials is the use of a com-
plete set of orthogonal exponentials to approximate the waveforms
[20]. One foreseeable problem with this method is the choice of an
appropriate small set of decay constants that would approximate
waveforms which have a wide range of decay rates. This is the case
for the application at hand. Preliminary investigation of this
aspect has been initiated.

Feature vectors employing the former scheme were calculated
for a total of 18 equivalent spheres representing 9 rounds ranging
from 20 mm to 155 mm and Steel, Al and Cu spheres ranging in diameter
from 2.54 to 7.62 cm from computer simulated responses with added
Gaussian noise (Table 5). The known set of feature vectors (also
called the design set [27] was obtained from responses simulated
with noise of standard deviation op = 0.001, which corresponds to

a signal to noise amplitude ratio of 1000:1 at the signal maximum

(t = 0). This quality of data is thought to be achievable for the
design set which could be gathered under laboratory conditions where

a large number of responses of an object could be averaged. Two
unknown sets of feature vectors (also called test sets) were generated
from responses with Gaussian noise of standard deviation, o, = 0.005
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and 0.01 respectively. As a preliminary effort, the following
classification scheme was applied to the above design and test
sets. Each unknown feature vector was compared with all of the
stored known feature vectors by calculating the weighted distance
as defined below:

P s R s ez )
d.. = 2
5T ] (27)
g 2 2 )
k=1 (o +0
Rik ~ Yjk
where
dij = weighted distance in parameter space between 1th stored
signature and the jth unknown signature
T?k = the kth time constant of the ith stored signature
Tgk = the kth time constant of the jth unknown signature
o2 o2 = variances of TR and rU respectively
R.,.* "U. ik Jjk
ik Jk
P = number of time constants (extracted from the first P

segments of the waveforms) used in calculating dij'

An unknown object, j, was then associated with that known object, i,
whose feature vector was the closest to that of the unknown, i.e.
minimum dij for all i. This experiment was repeated 20 times with a

new set of unknown responses simulated with different noise samples
for each selected noise variance. Also for each case the number of
features used, P, was varied. The results of these trials for
various P's and cU's are summarized in the form of "confusion mat-

rices" in Tables 6(a) to 6(j) and 7(a) to 7(j). In these tables
the objects are arranged in decreasing order of their response para-

meters, i.e. the product "uca?". The entry in the jth row and ith

th

column denotes the number of times out of 20 trials, the j~ unknown
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object was classified as the ith known object. An empty space in
the tables represents a zero.

It must be emphasized that these results are only explora-
tory and should not be used to reach a conclusion as to the practi-
cality of a profile-matching technique. However, the following
observations can be made from the results, which should be utilized
in future work.

(1) For a given noise variance oﬁ, the performance of the

classifier first improves and then deteriorates with
increasing number of parameters used - suggesting a
range of optimum values for P for the given trials.
Although the optimum range seems to be 5 to 7 for the
trials, the choice of P has to be made from performance
of the method on measured data.

(2) As is obviously expected, the overall performance of
the method is better for lower noise variances for a
given number of parameters.

(3) The Tess than ideal performance for objects 2, 3 and 4
may be attributed to the fact that they have the same
permeability and conductivity and differ only a small
amount in radius, though not enough in the presence of
noise to always identify them correctly. Discrimination
between 17 and 18 gets worse with increasing number of
parameters. This is to be expected because their res-
ponse parameters are relatively small and hence the
effect of noise predominates after a shorter period of
time. These observations point to the fact that for a
given noise level, restrictions have to be established
by measurements on identifiable differences between
objects. Also, the number of parameters used may have
to be different for different objects.
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In addition, a conclusion as to the practicality of the
profile-matching technique in range clearance must await the com-
pletion of the investigation of at least the following aspects:

(1) Performance of profile-matching schemes with measured
responses for different positions and orientations of
actual shells (whose electrical properties are expected
to vary even among the same type) with respect to the
sensor, geometry has to be evaluated.

(2) Effect of actual noise and the number of parameters
used in a particular scheme must be determined to
establish 1imits of performance.

(3) Typical shrapnel types should be included in the test
to ascertain the probability of their being misclassified
as a shell.

(4) Performance of other feature selection and classification
schemes should be investigated possibly incorporating
the concept of unequal frequency of occurence of a shell
and shrapnel. In such a scheme, more penalty for mis-
classifying a shell as a piece of shrapnel would be
assessed than for misclassifying a piece of shrapnel
as a shell.

IV. SUMMARY

This paper has explored two potential short term methods for the
detection of buried ordnance, namely magnetometer and electromagnetic in-
duction techniques.

It has been demonstrated that magnetometers can be used to accur-
ately determine depth and location of buried ferrous ordnance and the
orientation and magnitude of the associated dipole moment in pseudo-real-
time. It was shown that there are fundamental difficulties associated with
determining object size and based on the knowledge of the orientation and
magnitude of the dipole moment further experimentation is required to deter-
mine the extent of these difficulties.
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Electromagnetic induction was shown to be capable of determining
the depth and location of ferrous and nonferrous ordnance in at least pseudo-
realtime. The question of determination of size and electromagnetic pro-
perties of the object from its electromagnetic pulse induction signature
was extensively studied. It was found that explicit determination of the
above properties is difficult, if not impossible. Methods of object classi-
fication based on stored signatures were investigated as a possible alter-
native. The feasibility of such methods will only be known following further
experimental studies.

It should be emphasized that both methods are complementary. It
is envisioned that future range clearance systems would consist of both
detector types to ensure more reliable detection and identification.
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APPENDIX A

DERIVATION OF THE EQUATIONS OF THE
MAGNETIC DIPOLE MOMENT INDUCED IN A PERMEABLE
SPHEROID BY AN AMBIENT MAGNETOSTATIC FIELD

The shapes of artillery shells are complex and are not governed
by simple equations. One might, however, as a reasonable first approxi-
mation, choose to model such objects by prolate spheroids. Although
clearly not completely accurate, such a model will serve to demonstrate
how size can be extracted from the dipole parameters. Consider a uniform
ferrous spheroid and choose a spherical polar coordinate system (Fig. 3)
such that the components of the ambient magnetostatic field are (Hy, 6y, 0).
The component, H03, of the ambient field along the major (3) axis of the
spheroid is given by

._)

Hos = (Hg3s 63, ¢3) (A-1)
and we define a vector ﬁ012 orthogonal to ﬁog such that

-> > ->

Ho = Hg3z *+ Hpi2 (A-2)

.+

Hoi12 = (Hp125 8125 ¢12)

The induced magnetic moment of the spheroid may be derived from the
equations for the magnetic field in the spheroid [22] and is given by

> > 4 (U1/u0) -1 > (Ul/U ) -1
M=Vm = 5‘ mac H03 + H012 (A-3)

2
1+ —“E'(ul - U2)A3 1+ — (Ul - Uz)A1z
2112 2 H2

where E is the dipole moment per unit volume
V is the volume of the spheroid
a is the length of the semiminor axis of the spheroid
c is the length of the semimajor axis of the spheroid
ug is the permeability of free space
u; is the permeability of the spheroid
uo is the permeability of the medium surrounding the object
(usually = ug)
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and a2cA; = ceefl, 1 Ln (e - (e? - 1)1/2i>
e2-1\e (e2-1)1/2

a2chy, = -5— (e + ——— In (e - (e? - 1)1/2)>
e2-1 (e2-1)1/2

e =c/a>1

1)

(A-4)

(2]

Values for the components ﬁ03 and ﬁ012 may be readily obtained
by calculation of the applicable scalar products:

Hoz = Ho(Cos 8y Cos 63 + Sin @, Sin 83 Cos ¢3)
Ho122 = Hp? - Hg3® (A-5)

Ho
Ho12

b3 -~ Cos™!? < =1 >
Tan 63 Tan 8o

Thus, by use of equations (A-3) to (A-5) we can calculate the
>
components of m (m, B8, ¢m) as a function of 63, ¢3. These are plotted

[}

Cos 6, Sin 63 (Cos 84 Sin 65 - Sin 6, Cos 65 Cos ¢3)

b12

in Figures 4, 5, 6 for u; = 51 yp, a = 0.05m, ¢ = 0.20 m, 65 = 17° and

ugHg = 60000 nT which are typical values for medium size howitzer shells

at Tatitudes similar to those of many Canadian artillery ranges. Since

> > >

M is directly proportional to Hps and Hg;2 and even during magnetic storms,

Ho does not vary by more than about 0.2% [3], [23], a given class of
spheroids (constant mass density, u;, e) should have the same family of
curves for a constant geographical location. It should then be possible
from values of M, g and a (o = ¢g - ¢m + 7w/2 where op is the known traverse

bearing angle) determined by the nonlinear fit, (Section II) to determine

m and hence the volume or mass of the spheroid. Clearly the curves indicate
that a finite probability exists of obtaining multiple mass values and this

probability increases as desired resolution in mass increases. Further, if
additional significantly different classes of spheroids are expected to be
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encountered, extra sets of curves must be employed thereby increasing
the probability of obtaining multiple mass values. The same rationale
applies to the different shaped shells that might be found on an
artillery range. In this case, the curves for each shell type would be
found empirically prior to employing the detector array. There would
generally be about ten different types of shells and knowledge of mass
would be required to within about 25%. Only actual experiments would
show if it were feasible to extract mass, volume and body orientation
from M, 8 and o for a given type of problem.

UNCLASSIFIED




APPENDIX B

DERIVATION OF THE CARTESIAN AND TOTAL FIELD
COMPONENTS OF A MAGNETIC DIPOLE




UNCLASSIFIED B-1

APPENDIX B

DERIVATION OF THE CARTESIAN AND TOTAL FIELD

COMPONENTS OF A MAGNETIC DIPOLE

Consider a magnetic dipole with body fixed spherical polar

coordinates given by (1) using the geometry of Figure 7. We define a
cartesian coordinate system whose origin coincides with the dipole
location, such that the dipole axis forms an angle, B, with respect to
the z axis and lies in the xz plane. The cartesian components, (Hx,

y

H , HZ), are related to the spherical polar coordinates by the 3 x 3

matrix of inner products

-

since H, =

¢

Only

0.

two additional

Coss

Cosvy

Cosy

-
X.r z.6 X.¢ Hr
= |y.r y.o y.o| | Hy (8-1)
z.r z.86 z.6| {H
i UL

six elements of the matrix of inner products are required

Using geometrical construction, we find that we can define

angles, ¥ and y, to yield three cosine relationships

(zCos 8 - xSin g)/r

(x + zTan 8)/{y2 + (x + zTan g)2)1/2 (B-2)

-Cos¥ Sing

The necessary inner products can be then written as

N> & &> X> x>

N>
.

<> D> -S> D> -~ >

D>

= x/r

= Cosy/Sin (y-0) - x/(rTan (y-0))

=y/r (B-3)
= Siny/Sin (y-0) - y/(rTan (y-6))

=z/r

= -z/(rTan (y-90))
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Tedious substitution and simplification lead to equations (2) and (3).

>
The total magnetic field, HT’ is defined by

> - >

Hp = H  + H (B-4)

High precision total field instruments measure only the magni-
tude of the magnetic field, HT = |ﬁf|, and not its direction. The magni-
tude 1is given by

2 2 0oy1/2
HT = (H0 + H- + ZHO-H) (B-5)
-
where Ho = |ﬁ6| and H = |H| as in equation (3).

If we expand (B-5) using a Taylor expansion to second order
e get
we g "

= N7 cip2 -
HT H CoseAD + H Sin oap * H0 (B-6)
o

where 6ap is the angle between the ambient and dipole field directions.

In geophysical studies, it is common to omit the second (second order)
term on the right hand side of (B-6). For our use, substitution shows
that such an omission can lead to errors of 1 nT for a 250 nT anomaly
in certain orientations, which could be significant.

We define 0, and b = by = T (¢m is defined in Appendix A) as

the polar and azimuthal angles of the earth's field with respect to the

z- and x-axes respectively of the dipole. Geometrical construction easily
shows that

HxSinGOCos¢0 + H¥§in9051n¢0 + HZCose0

2 2 2y1/2
(HX +Hy +HZ)

CoseAD = (B-7)

Substitution of (B-7) into (B-6) leads to (3).
The advantage of equation (4) is that H0 and hence HT are orders
of magnitude greater than H and thus baseline subtraction of Ho from equa-

tion (4) yields an expression whose value is much more sensitive to the
magnetic anomaly than the total field value unaltered.
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TABLE 1 (Cont'd)

Object Nrientation Depth of Estimated Reduced x?
Type Center of Mass Dipole Center . of Fit (r.m.s.
83(°) ¢3(°) (z in m) Depth data uncertainty
(£0.01) (m) = 3 nT)
105 mm 0 - 0.70 0.641+0.002 1.2
shrapnel 90 90 0.70 0.713+0.009 0.6
intact but 90 135 0.70 0.766+0.010 0.4
hollowed out 90 180 0.70 0.709+0.007 0.3
45 90 0.70 0.679+0,002 0.6
45 135 0.70 0.702+0.003 1.0
45 180 0.70 0.697+0.002 0.3
shrapnel? - - 0.60 0.566+4.011 22.8!
shrapnel? 3 - - 0.60 0.493+0.105 0.6
shrapnel? - - 0.60 0.634+0.005 1.0
shrapnel? 3 - - 0.60 0.465+0.025 0.5
shrapnel? 3 - - 0.60 0.891+0.050 0.7

1 Data values in excess of 750 nT
2 Shrapnel are very irregular shapes and range in mass from 1 to 8 kg

3 VYery Tow maximum signal to noise (- 8 - 15)
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TABLE 1

CALCULATED AND MEASURED
OBJECT DEPTHS

2
Object Orientation Depth of Estimated Reduced x
Type Center of Mass Dipole Center of Fit {r.m.s.
03(°) ¢3(°) (z in m) Depth data uncertainty
(+0.01) (m) = 3 nT)
105 mm shell 0 - 0.70 0.649+0.004 14.91
dummy round 0.95 0.913+0.005 2.31
14.3 kg 1.45 1.445+0.012 0.7
105 mm shell 90 90 0.70 0.677+0.004 0.5
0.95 0.907+0.015 0.7
1.45 1.565+0.058 0.4
105 mm shell 90 135 0.70 0.703+0.003 0.4
0.95 0.915+0.011 0,6
1.45 1.907+0.001 0.3
105 mm shell 90 180 0.70 0.721+0.005 0.7
0.95 0.944+0.014 0.7
1.45 1.408+0.044 0.3
105 mm shell 45 90 0.70 0.677+0.002 0.6
0.95 0.948+0.006 0.6
1.45 1.555+0.023 0.3
105 mm shell 45 135 0.70 0.671+0.002 0.7
0.95 0.927+0.005 0.6
1.45 1.552+0.020 0.3
105 mm shell 45 180 0.70 0.681+0.002 2.6!
0.95 0.940+0,003 0.6
1.45 1.458+0.004 0.6
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TABLE 3

ADDITIONAL RESULTS FOR NON-LINEAR FITTING

OF SIMULATED DATA

Data
AﬁAuH.N,...NmmV

Ratio of Fitting Function
Signal and
amplitude at Initial Guesses
t=0 to noise
St. Dev

-0.001¢t.;

i IwHﬁ lWNﬁ

y(t)=A;e  +Aje -B3t

-0.004t, *Ase
+e Initial guesses for
_ B, By, B3 were exact
o.oooﬁﬁ values of them, i.e.
0.001, 0.004, 0.009
respectively. Guesses
for Ay, Ay, A; were 1.9,
3.8, 9.3 respectively.

1500

+9e

Bt -B,t
Kﬁﬁvu>pm +>Nm IWwﬁ
+>wm

+4e Initial guesses for

By, By, Bs were exact

+9¢ values of them, i.e.
0.001, 0.004, 0.009
respectively. Guesses
for Ay, Ay, A3 were 1.9,
3.8, 9.3 respectively.

U(t.)=2e 100

Extracted
Parameters

A,=1.9220.01
B,=0.00099+.00002
A,=3.82%0.01
B,=0.00377+0.00003
R3=9.26=.01
B3=0.00893+.00001

A;=1.94£0.30
B,=0.0013+0.0007
A,=3.83:0.37
B,=0.0035+0.0008
A3=9.27+0.40
B3=0.0091+0.0003

Remark

Good fit obtained.
Good estimate of
parameters.

Good fit obtained.
Reasonable estimate of
parameters. Effect of
increased noise is
greater uncertainty in
parameters.
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Data
AﬁAuH“m,...mmmv

-o.ooHﬁﬁ
cAﬁﬁvumm
-0.004¢t.
+4e !
IO.OO@&A
+3e
-o.ooHﬁa
cAﬁ*qum
-o.ooaﬂA
+4e
IO. Oow.ﬁnm
+9e

Ratio of
Signal
amplitude at
t=0 to noise
St. Dev

100

10

TABLE 3
(Continued)

Fitting Function
and
Initial Guesses

leﬁ |WNﬁ
y(t)=Ae +A,e

-B,t
+>wm

Initial quesses for
By, By, B3 were 0.005,
0.01 and 0.015; for
Ay, Ay, A; were 3, 6,
10.

Bt -B,t
y(t)=Aje  +A,e

-Bst
+>wm

Initial guesses for
WHu WNo Ww were 0.0omu
0.01 and 0.015; for
Ai, Ay, As were 3, 6,
10.

Extracted
Parameters

A;=2.59+0.30
B;=0.0012+0.0004
A,=4.910.42
B,=0.0053+0.0008
A3=7.53+0.43
B3=0.00940. 0005

A=3%3
B;=0.002+0.005
Ay=4+4
B,=0.004=0. 007
A3=8+4
B3=0.010+0.004

Remark

Good fit obtained.
Parameters more
uncertain.

Poor estimation of
parameters.
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Data
AﬁAuH,mv...mmmv

-o.ooHd¢

cAﬁ¢vumm
-0.004¢t.
+4e 1
-o.oooﬁ¢

+9e
-o.oopﬁﬂ

cAﬁivnmm
-o.oopﬁﬁ

+4e
lococoﬁﬁ

+9e

Ratio of
Signal
amplitude at
t=0 to noise
St. Dev

10

1500

TABLE 3
(Continued)

Fitting Function
and
Initial Guesses

Bt -Byt
%Aﬁvu>Hm +>Mm lmwﬁ
+Aze

Initial guesses for

By, B, By were exact
values of them, i.e.
0.001, 0.004, 0.009
respectively. Guesses
for Ay, A,, A3 were 1.9,
3.8, 9.3 respectively.

Byt -B,t
y(t)=he  +Ase

-Bst
+>wm

Initial guesses for
B;, B,, By were 0.005,
0.01 and 0.015; for
Ay, Ay, Ag were 3, 6,
10.

Extracted
Parameters

A,=2+4
B,=0.003%0.011
A =414
B,=0.003+0. 006
A3=9+4
B3=0.010+0. 003

K,=2.5620.02
B,=0.00115+0.00003
A,=4.94+0.03
B,=0.00523+0.00005
A3=7.50+0.03
B3=0.00937+0. 00003

2.

Remark

Poor estimate of
parameters.

Good fit obtained.

But Calculated
parameters differ

from actual ones.

This and the following
two examples show the
effect of initial
guesses.
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Decay Constants,
as present in the

data (time in us)

0.001, 0.004,
0.009

0.001, 0.004,
0.009

0.001, 0.004,
0.009

0.001, 0.004,
0.009

0.001, 0.004,
0.009

0.001, 0.004,
0.009

TABLE 4

SOME REPRESENTATIVE RESULTS WITH PRONY'S METHOD

Sampling

Ratio of Signal
Interval (us)

Amplitude at

t=0 to noise AT
St. Dey

o 400

o 200

w 100

o 50

7500 200

750 200

‘Assumed

Value of
N and M

N=3, M=6

N=3, M=6

N=3, M=6

N=3, M=6

N=3, M=6

N=3, M=6

Extracted decay
constants,
- 1

.u.lllDl.ﬂ_l:Nu

0.001, 0.004,
0.009

0.001, 0.004,
0.009

0.001, 0.004,
0.009

0.005+i0.0002,
-0.0002

0.001, 0.004,
0.009

0.0006, 0.002,
0.007

Remark

a.'s properly

® .

recovered

=~
J
recovered

s properly

mw_w properly
recovered

Qu_m are non-

physical AT
too small

mm.
recovered at
this noise level

s properly

mm_m are real but

inaccurate, probable
cause: noise.
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Decay Constants,
a., present in the

J

data (time in us)

0.001, 0.004,
0.009

0.001, 0.004,
0.009, 0.016

0.001, 0.004,
0.009, 0.016

0.001, 0.004,
0.009, 0.016

0.001, 0.004,
0.009, 0.016

Ratio of Signal
Amplitude at
t=0 to noise

St. Dev

10,000

10,000

TABLE 4
(Continued)

Sampling
Interval (us)
AT

125

125

62.5

125

50

Assumed
Value of
N and M

N=4, M=8

N=4, M=8

N=4, M=8

N=4, M=8

N=4, M=8

Extracted decay
constants,
- 1

j ATk g

0.009+i0.006,
-0.003,
-0.0014-10.025

0.001, 0.004,
0.009, 0.016

0.018, 0.016x
10.001, -0.0002

0.001, 0.008,
0.014,
0.012-i0.025

0.001, 0.009,
0.016,
0.034-i0.025

Remark

mm_m are non-

physical. N used
is not equal to
number of o.'s in
data. J

eu_m properly

recovered

Some o.'S are non-

J
physical. AT too

small

Effect of noise

One non-physical

as. Properly recov-

ered mW_m are more

accurate than for AT=
125
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TABLE 5

OBJECTS AND THEIR PARAMETERS

Object Conductivity Relative Equivalent | Response
sa {s/m)- Permeability Radius Parameter

M. a (m) noa?

(sec)

1. 155 mm Shell 107 21 0.1378 5.012

2. 105 mm Shell 107 21 0.1077 3.062

3. 3.5" Rocket 107 21 0.1039 2.850

4. 4.2" Projectile 107 21 0.1001 2.645

5. 81 mm Mortar 107 21 0.0778 1.598

6. 60 mm Mortar 107 21 0.0576 0.876

7. 40 mm Shell 107 21 0.0481 0.611

8. 3" Steel Sphere 107 21 0.0381 0.383

9. 66 mm Rocket 3.54 x 107 1 0.0923 0.379

10. 2" Steel Sphere 107 21 0.0254 0.170
11. 20 mm Shell 107 21 0.0202 0.108
12. 3" Copper Sphere | 5.65 x 107 1 0.0381 0.103
13. 3" Aluminum 3.54 x 107 1 0.0381 0.065

Sphere
14. 2" Copper Sphere | 5.65 x 107 1 0.0254 0.046
15. 1" Steel Sphere 107 21 0.0127 0.043
16. 2" Aluminum 3.54 x 107 1 0.0254 0.029
Sphere

17. 1" Copper Sphere | 5.65 x 107 1 0.0127 0.011
18. 1" Aluminum 3.54 x 107 1 0.0127 0.007

Sphere
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Figure 1

Spatial variation of the earth's magnetic field.
One gamma equals 1 nT. Taken from Ref. 3.
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Figure 2
Temporal variations of the earth's magnetic field.
One gamma equals 1 nT. Taken from Ref. 3.
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Figure 3

Geometry for calculation of the magnetic moment induced in a spheroid.
The ambient magnetic field, ﬁo’ lies in the z" - X" plane.
See Appendix A.
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Figure 7

Relationship between cartesian and polar coordinates of a dipole.
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Figure 8

Lines of equal field intensity (vertical component) for a
dipole with parameters (Appendix B) as indicated on the
figure. Profiles corresponding to lettered paths and
normalized in path length and intensity, are shown in
the corners of the figure.
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Figure 9

Lines of equal field intensity (vertical component) for a
dipole with parameters the same as those of Fig. 8,
except that g = 45°.

UNCLASSIFIED




UNCLASSIFIED SR 283

X —
+5.20m
Z=100m 41
B = 90° 4
M=20A m? c
2
0? ' 3
Y
ompb————— >D
S
=
[72]
-4
o
E4. 2.1-
[&] A D
2 0 :
= i 2|1 34 s
35 0 $ $ } $ —t |
;c; i 2 3 4 5 | -2 7
TRAVERSE DISTANCE | -4l
| 1
}
-4.80m Om +5.20m
Figure 10

Lines of equal field intensity (vertical component) for a
dipole with parameters the same as those of Fig. 8,
except that g = 90°,
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Figure 11

Fast Fourier Transform of a typical single profile of a magnetic
dipole field. Dipole parameters are z = 1.0 m, 8 = 45°, o = 0°,
x'o =0m, y',=0m M=2.0 Am2. Profile was 10 m long and
samplied at 0.01 m intervals to yield a possible frequency domain
of 0.98 m™! to 500 m~1. Transform is normalized.
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Figure 12

Geometry for horizontal linear array methods of magnetic
detection (Section II).
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Figure 20

Measured dipole moments per unit volume as a function of orientation
relative to the ambient field. Orientation parameters, 63 and ¢35 are
defined as for a spheroid (Appendix A) with the symmetry axis of the
shell being the 3-axis. The dots correspond to a 105 mm howitzer
shell and the triangles to a piece of 105 mm shrapnel (hollowed out
but intact). Uncertainties, where not shown by error bars, are
smaller than the dots or triangles. Values are individually norma-
lized to the maximum value for each object type. The curves are
merely to show trends.
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Figure 21

Polar angle of the dipole moments of Fig. 20.
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Figure 22

Azimuthal angle of the dipole moments of Fig. 20.
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Figure 23
Geometrical arrangement of coils.
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Figure 25

Behaviour of the first ten terms of the response of a
non-permeable sphere.
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Figure 26

Behaviour of the first ten terms of the response of a

permeable sphere.
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