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ESTCP MM-0504: Additional Analysis of Camp Sibert Data

Executive Summary

For the Camp Sibert discrimination study, the team of Sky Research and the University of Brish
Columbia-Geophysical Inversion Facility (UBC-GIF) created 8 different dig-sheets from 6
different sensor combinations: (i) MTADS magnetics; (ii) EM61 cart (classification and size
based); (iii) MTADS EM61 (classification and size based); (iv) MTADS EM61 and magnetics;
(v) EM63; and (vi) EM63 and magnetics. Effective discrimination was demonstrated for all
sensor combinations with just one false-negative for the EM63 when inverted without
magnetometer location constraints. The EM61 cart, MTADS EM61 and MTADS EM61
interpretations suffered from large numbers of “can’t analyze” anomalies that had to be excavated
because an accurate model fit could not be obtained. A large number of these can’t analyze
anomalies were from geologic sources. For the MTADS EM®61 these “geological anomalies”
were caused by spurious signal generated from cart bounce on North-South transects. A further
problem with the MTADS EM61 and EM61 cart datasets was the conservative stop-dig threshold
which resulted in the excavation of many non-hazardous items.

In this report we further analyze the EM-61 cart, MTADS EM-61 and EM-63 datasets collected at
Camp Sibert. In particular we investigated methods to reduce the number of “can’t analyze”
anomalies in the EM-61 cart and MTADS EM-61 datasets, and methods for objectively setting
the stop-digging threshold in all datasets.

We found that the number of “can’t analyze” anomalies in the MTADS EM-61 data could have
been significantly reduced by monitoring the amplitudes or signal-to-noise ratio of data collected
along North-South and/or East-West transects. Simply by rejecting anomalies that did not exceed
the picking threshold of 25 mV on an E-W transect would have resulted in a reduction of 134
can’t analyze anomalies in the MTADS EM-61 dataset (from a total of 285) and 88 can’t analyze
anomalies when the MTADS EM-61 data were cooperatively inverted (from 205). Similar
reductions could be obtained by applying a metal-geology pre-screener which used the relative
SNR in N-S and E-W to determine the likelihood of metal.

We investigated the cause of the can’t analyze anomalies of geological origin whose amplitude
exceeded 25 mV along the E-W transects. We hypothesized that many of these anomalies were
due to sensor movement relative to ground. The background response was modeled by
estimating a ground clearance from the elevation data and assuming that the background
magnetic susceptibility was uniform in each cell. The accuracy of our modeling was limited due
to filtering artifacts in the observed data, the accuracy of the ground clearance estimate, and small
scale topography (i.e. depressions and bumps on the surface that would affect the measured data).

In many cases we found that small scale anomalies could be predicted using our modeling
techniques and that sensor movement was indeed the likely cause. We also found that there were
a number of metallic anomalies whose response could not be properly modeled due to variations
in the signal from the background due to sensor movement. There were also several anomalies
that were caused by longer wavelength spatial variations in magnetic soil properties that were not
suppressed by the detrend filters that were used to pre-process the sensor data. We conclude that
sensor movement relative to the ground is an important contributor to false-alarms and that we, in
principal, have techniques to prevent such false declarations. However, the lack of good ground-
clearance and micro-topographic information prevents the effective use of these techniques.
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We also investigated discrimination performance when polarization tensor models were obtained
from East-West transects only. When depths are constrained by cooperative inversion, there was
very little difference in discrimination performance when using all lines or only East-West lines.
With all data, only 2 false-positives were required before all 118 UXO were excavated compared
to 4 false-positives for the East-West only data. When the cooperative constraints were not used
there was one UXO that was recovered quite late in the dig-list, just 4 excavations before the
operating point. Poor spatial coverage was deemed to be a possible cause for the poor fit obtained
for that particular anomaly. We conclude, that, at least where data coverage was acceptable, there
was very little benefit gained by collecting the MTADS data along perpendicular traverses.

At Camp Sibert, the stop-digging points were selected intuitively based on the characteristics of
the training data. The thresholds were set very conservatively due to the potential for “outliers”
(UXO with feature vectors that differ significantly from the training data). We addressed the
outlier issue by using multiple feature vectors for each anomaly. Performance was improved for
the EM-63 (the false-negative was prevented) but not for the EM-61 cart data. The performance
of the EM-61 cart was degraded because many of the clutter items had relatively poor SNR and
had larger, deeper, UXO-like models that fit the data relatively well. This caused the false-alarm
rate to increase. The use of multiple feature vectors did prevent the occurrence of outliers and
allowed us to objectively set the operating point based on a boot-strap analysis of the training
data. For the EM-63 the boot-strap analysis caused very little change in the operating point, while
for the EM-61 cart, the multi-feature vector operating point could be set more aggressively. With
this more aggressive cut-off the EM-61 cart performance was only slightly worse than was
reported in the original demonstration report, with the added advantage that the operating point
was based on objective criteria. Any bootstrap analysis of the test-dataset will only be relevant to
the training data if the test dataset is representative of the training dataset. Consequently, we
developed a technique to determine the statistical similarity of the test and training datasets and
used it show that both the EM61 and EM63 training datasets were representative of the test
datasets.

Sky Research Inc October 2008
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1 Introduction

For the Camp Sibert discrimination study, the team of Sky Research and UBC-GIF created 8 different
dig-sheets from 6 different sensor combinations: (i) MTADS magnetics; (ii) EM61 cart (classification and
size based); (iii) MTADS EMG61 (classification and size based); (iv) MTADS EM61 and magnetics; (V)
EM63; and (vi) EM63 and magnetics. Effective discrimination was demonstrated for all sensor
combinations (Figure 1), with just one false-negative for the EM63 when inverted without magnetometer
location constraints. The cued-interrogation EM63 data when cooperatively inverted with the magnetics
was the most effective discriminator. The magnetometer had the “worst” inherent discrimination ability as
indicated by the high percentage of base-plates and partial rounds that needed to be excavated by the time
all the UXO items were recovered (Figure 2). In contrast, the EM61 cart, MTADS EM61 and MTADS
EM®61 cooperatively inverted datasets required many fewer false-positive excavations to recover all UXO
(Figures 1 & 2). However, each of these sensor combinations suffered from a significantly higher number
of “can’t analyze” anomalies that had to be excavated because they could not be classified. A large
number of these can’t analyze anomalies were from geologic sources (Figure 3). For the MTADS EM61
these “geological anomalies” were caused by spurious signal generated from cart bounce on North-South
transects (Figure 4). A further problem with the MTADS EM61 and EM61 cart datasets was the
conservative stop-dig threshold which resulted in the excavation of many non-hazardous items (Figure 2).

To improve discrimination performance the following two issues need to be addressed:
¢ Reduction of the number of “can’t analyze” anomalies, particularly for the MTADS EM61;
o More intelligent selection of the stop-digging point.

In an effort to address these issues we conducted the following additional analysis on the data:

1) Re-analyses of MTADS EM61 data using E-W transects only. By eliminating the N-S transects
we can significantly reduce the number of anomalies with a geological origin that exceed the
picking threshold of 25 mV. However, with just one set of transects, there is very little excitation
of the polarization components in the direction perpendicular to the transect paths. We reinverted
anomalies with the N-S transects removed to determine if the inversion fits were degraded,;

2) Exploration of principled methods to reduce the number of anomalies that were classified as can't
decide. There were three main types of anomalies classified as can’t analyze: geological
anomalies that provide poor fits to the dipole model; small or deep anomalies where the signal-to-
noise ratio is insufficient to constrain the dipole model; and anomalies with data quality issues
(poor coverage, bad data etc). We concentrate on analyzing the geological anomalies here. Our
concept of a Figure of Merit provided one potential method to remove the can’t analyze category
and Receiver Operating Characteristic (ROC) curves incorporating this concept were provided in
the main demonstration report;

3) Examination of the impact of digging (i.e. incorporating the increase in truth data) on where one
can stop digging and estimates of probability that no remaining UXO are present. At Sibert, the
stop-digging points were selected intuitively based on the characteristics of the training data. The
thresholds were set very conservatively due to the potential for “outliers” (UXO with feature
vectors that differ significantly from the training data). Here we attack the outlier issue head-on
by using multiple feature vectors for each anomaly. We also attempt to update the underlying
distributions and corresponding stop-dig thresholds iteratively as additional labels are revealed
during excavations; and
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4)

problem with the detrending algorithm that was applied to the data.
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In addition to these three main activities, we also reinverted all EM63 data after discovering a

—— Magnetics
—— EM61 Cart
MTADS

—— MTADS cooperative

I I T
40 60 80 100
FP . (Number of dry-holes)

disc (d)

120

Py T T T

I

——EM63
—— EM®63 cooperative

I
10 15 25

20 30
FPjisc (Number of dry—holes)

35

40

Figure 1: Receiver operating curves for the magnetics, EM61 cart, MTADS and MTADS cooperative inverted
datasets (a and b) and the EM63 and EM63 cooperatively inverted (¢ and d). The graphs in (a) and (c) include the
“can’t analyze” category”, while the graphs in (b) and (d) exclude them. The colored dots represent the stop-digging
point for each dataset.
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Figure 2: Comparison of the percentage of items of each class that were excavated at the classifier operating point,
at the point where Pdisc = 1 and as “can’t analyze”. Note that the EM63 has the order of the “Operating Point” and
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MTADS Magnetics EMG61 Cart
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Figure 3: Number of “can’t analyze” anomalies in the magnetometer, EM61 cart, MTADS and MTADS
cooperatively inverted datasets.
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Figure 4: Reduction in geological false-alarms in the MTADS data using the difference in the energy in the North-
South versus East-West lines: Energy feature vectors from the (a) training and (b) test-data overlying the classifier
decision surface; and cumulative distributions of classes on the (c) training and (d) test-data when ranked by “metal”
probability. The vertical dashed lines in (c) and (d) represent the suggested operating point of 0.3 metal-class
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2 Reanalysis of MTADS EM61 data using only the E-W transects

2.1 Methodology

One simple method to reduce the number of “can’t analyze” anomalies in the MTADS EM61 data would
be to remove the North-South transects (as these were the predominant cause of the geological false
alarms: Figure 4). In theory, collecting data on perpendicular transects should result in better excitation
and recovery of all three polarization tensor components. As we only used features derived from the
primary polarization, this may not impact the performance of the discrimination algorithm applied at
Camp Sibert.

For this task we implemented the following procedure:

e After removal of the N-S transects, the amplitudes of each anomaly were recalculated. If the
anomaly amplitude did not exceed the detection threshold (25 mV) it was removed from the dig-
list;

e The MTADS EM61 and MTADS EM61 cooperative anomalies were inverted using only E-W
transects;

e All inverted anomalies were manually reviewed to the determine if they fit within the “can’t
analyze” category;

e An automated Figure-of-Merit was calculated for each anomaly;

o Anomalies were classified using the same feature vectors and training data as the original
MTADS EM61 and MTADS EM®61 cooperative datasets. This included the use of different
thresholds for the low and high FOM anomalies.

2.2 Results

Including the GPO and all training data there were a total of 908 anomalies in the MTADS EM61 data
with maximum amplitude greater than 25 mV. After removing the North-South lines, this number was
reduced by 167 to a total of 741 anomalies. 141 of these were training data or GPO, with 600 anomalies
in the test-data. Therefore, just by eliminating the North-South lines we can reduce the number of test-
data by 134 anomalies.

Table 1 and Figure 5 summarize the results for the MTADS EM61 and MTADS EM61 cooperative for all
lines and the East-West lines only. At the operating point, there is a significant reduction in the number of
anomalies excavated. The reduction is almost entirely due to “can’t analyze” anomalies that do not have
to be excavated because they don’t exceed the 25 mV detection threshold.

MTADS EM61 MTADS EM61 cooperative
Can't False FP Can't False FP
# analyze | positives | (excluding # analyze | positives | (excluding
alarms (CA) (FP) CA) alarms (CA) (FP) CA)
All lines 734 285 344 59 734 205 275 70
East-West only 600 150 207 57 600 121 187 66
Difference 134 135 137 2 134 84 88 4

Table 1: Number of anomalies in the MTADS and MTADS cooperative dig-sheets for all lines, and East-West lines

only.
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Figure 5: Receiver operating characteristic (ROC) curves for the MTADS EM61 (a and ¢) and MTADS EM61
cooperative data (b and d). The results are shown including the “can’t analyze” category (a and b) and excluding that
category (c and d).

When depths are constrained by cooperative inversion, there is very little difference in discrimination
performance when using all lines or only East-West lines (Figure 5d). With all data, only 2 false-positives
are required before all 118 UXO are excavated compared to 4 false-positives for the East-West only data.
When the cooperative constraints are not used (Figure 5c), there is one UXO that is recovered quite late in
the dig-list (after 52 false-positives), just 4 excavations before the operating point.

Table 2 lists the key inversion parameters for the last UXO excavated in the East-West only dataset
(anomaly number 1302 which was buried at 40 cm depth), while Figures 6 and 7 show the inversion fits
for all lines and East-West only lines. The so-called “misfit versus depth” curves in the figures are
obtained in the follow way. The optimization routine we use for inversion is a local Newton-type method
that minimizes the least squares objective/misfit. We address the problem of local minima and assess the
level of ambiguity in resolving the depth of an item by choosing multiple starting models. We start each
inversion by scanning the subsurface (x, y, z) up to a 1.2 m depth. At each position we solve for the non-

Sky Research Inc October 2008
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diagonalized polarization tensor! for the first time channel (chosen for its superior signal-to-noise ratio).
For each combination of a position and polarization tensor we compute a data misfit (green circles). The
depth-misfit curve is defined by the best fit at a given depth (red line). Starting models for the full
inversion of multi-channel data are selected along the depth-misfit curve among the models with relative
misfit below a given threshold, here 15% (red circles). If the depth-misfit curve contains local minima
these are also selected as starting models. These starting models are used to seed 10 full-nonlinear
inversions whose final depths and misfits (appropriately scaled) are plotted as black asterisks. The depth
versus misfit curve for the inversion with all data has a distinct minimum at 18 cm. Most of the full-non-
linear fits cluster at that depth, which is 22 cm shallower than the ground-truth depth. For the East-West
only data, the misfit-versus depth curve has two minima, one close to the surface, and the other at 80 cm
depth. The full-non-linear solutions cluster near the surface and at 60 cm depth, with the shallower
solutions having lower misfits. Because the inversion converges to a model much closer to the surface,
the polarization tensor model has a relatively low amplitude which is why it’s recovered so late in the dig-
list. The poor data coverage of the East-West lines may be one reason why the model depth is
unconstrained by the data.
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Figure 6: Plan view of time-channel 1 showing MTADS data, predicted data from the recovered polarization tensor
model, residual (observed minus predicted) and the misfit versus depth curve.

! When the polarization tensor is not explicitly diagonalized, the inverse problem is linear
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Figure 7: Plan view of time-channel 1 showing MTADS E-W data, predicted data from the recovered polarization
tensor model, residual (observed minus predicted) and the misfit versus depth curve.

Easting Northing Depth L,(t) L,(ts)/

error (cm) | error (cm) | error (cm) L.(ty)

All 0.15 0.16 0.22 322 0.294
EW lines only 0.10 0.18 0.38 167 0.204

Table 2. Key inversion parameters for anomaly 1302, the last item excavated with the E-W only data.
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3 Exploration of principled methods to handle or reduce the number of
anomalies that were classified as can't decide

3.1 Methodology

As outlined in the proceeding sections, the majority of “can’t analyze” anomalies had a geological origin
(particularly for the MTADS data). In the demonstration report, we investigated the use of a metal-
geology pre-screener that was trained using the anomalies in the ground-truth data (Figure 4). Many of
the geological anomalies were clustered in a distinct region of the feature space. In total, the pre-screener
could have reduced the number of “can’t analyze” anomalies in the MTADS EM-61 data by 130 (from
285 down to 155). For the MTADS EM-61 cooperative inversion the reduction would have been from
226 down to 116. Similar reductions in “can’t analyze” anomalies would have been achieved by simply
rejecting anomalies that don’t meet the threshold criteria on both sets of transect data (Table 1).

For the remaining “can’t analyze” anomalies we have investigated the effectiveness of using a soil model
to provide a correction to the MTADS EM-61 data. The background soil response is modeled by (1)
representing the transmitting field with a number of dipoles, (2) using the analytic solution of a dipole
over a laterally homogeneous earth to calculate the response to each of the dipoles, and (3) summing the
response of all the dipoles to approximate the total signal. Specific details of the calculations can be
found in the annual report for SERDP 1573 [1]. Although numerous assumptions are used in the
calculation, previous analysis of Geonics EM61 MK2 data has shown the technique to be capable of
approximating the measured response (Figure 8).

The MTADS array does not have an altimeter to measure the height of the sensor above the ground.
Therefore, GPS elevation data are used to estimate a ground clearance. We process the data on a “cell-
by-cell” basis, i.e. we analyze a 5 m x 5 m portion of the total data set centered on each target anomaly.
We assume that within each cell of data that the ground surface is flat, such that by removing a linear
trend along each line of elevation data an estimate of the ground clearance will be obtained. Figure 9
demonstrates the effect of removing a linear trend from the elevation data for one of the Camp Sibert data
cells. Figure 9(d) compares the measured data with the background response modeled by using the
estimated ground clearance. The difference between modeled and observed data is likely due to
inaccuracies in the ground clearance estimation process. We note that difference in modeled and
observed response could also be due to the median filtering applied to the data.

There are a number of factors that affect the accuracy of our processing:

= The MTADS data analyzed here were first leveled using a demedian filter. The demedian filter
produced some artifacts in the data.

= The effect of topography was not included in the modeling. The same ruts and bumps on the
ground surface that cause the MTADS trailer elevation to change can also produce EM
anomalies. That is, a void beneath a sensor results in a decrease in amplitude while a bump
produces an increase in the secondary field amplitude.

= In order to reduce computation time, the primary fields generated by each of the EM61
transmitters were generated with only 4 dipoles.

= We assume the magnetic susceptibility within a cell is constant. Data features produced by small
spatial scale variations in magnetic susceptibility are not modeled.

Thus, there are limitations to the procedures used (the lack of detailed topographic model is the most
limiting factor) but nevertheless the results are quite revealing.
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(a) Setup for the Tilt test (b) Tilt test modeling result
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Figure 8: Tilt and height testing modeling results. A Geonics EM-61 Mark 2 sensor was used to collect
data on Kaho’olawe, Island at a number of different heights and tilt angles. The signal was calculated by
representing the transmitter loop with 8 dipoles.
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(a) Line 164 (b) Raw Elevation
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Figure 9: Example of how detrending the elevation can produce inaccurate results: (a) plots the line of interest
from Cell 809; (b) the raw elevation; (c) The detrended elevation which was obtained by removing a linear trend.
(d) the data and modeled background;

3.2 Results

The MTADS data were acquired along North-South and East-West lines. Many of the geology related
anomalies on the site were due to ruts that ran along an East-West direction. When the MTADS trailer
wheels would pass over these ruts, the distance between the magnetic soil and the sensors would decrease
resulting in an increase in the signal measured by the sensors. These cross-track ruts were not as
pervasive during E-W traverses of the site. For data collected along the East-West direction, the sensor
motion anomalies were generally much smaller in amplitude. An example of this type of anomaly was
found in Cell 644 (Figures 10-12). Figure 10(a) plots the first time channel of de-trended data. In the N-
S lines there is a maximum anomaly magnitude of 40 mV, while the maximum amplitude in the E-W
lines is 10 mV. Figure 10(b) plots the elevation determined from the three GPS sensors. Figure 10(c)
plots the ground clearance estimated by removing linear trends from the elevation data. Removal of a
linear trend predicts that the ground clearance varies by about 13 cm for data collected along N-S lines,
and 5 cm for data collected along E-W lines. By comparing Figures 10(a) and (b), we see that the regions
where the MTADS ground clearance is predicted to be closer to the ground are correlated with higher
amplitudes in the recorded signal. We have found that there may be a slight lag issue with the data, as we
consistently achieve better correlation between the ground clearance data and the secondary field when
lagging the position by a couple of points. Figure 10(d) plots the data predicted by modeling the
background with a constant magnetic susceptibility. We see that general shape of the predicted data is
similar to the measured data. Figure 11 and 12 compare the data as profiles along N-S and E-W lines,
respectively. In both figures four lines over the center anomaly are plotted. It is clear that anomaly 644 is
caused by an increased response from magnetic soils due to the being closer to the ground during the NS
traverse. There are smaller scale geology signals in the EW lines since there are smaller variations in the
ground clearance of the sensors.
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We have already seen that we can effectively eliminate many geological anomalies through the significant
differences in energy or amplitude between the N-S and E-W lines. The geological anomalies with
significant energy along both directions present a bigger problem. There were twenty anomalies classified
as geology that had significant energy in the E-W data in addition to having a ground clearance variation
of greater than 10 cm. These anomalies can be divided into four groups

1. Sensor motion anomalies. For these anomalies, estimated ground clearance and the sensor data
appear to be correlated. Most of these types of anomalies can be eliminated by comparing E-W
and N-S amplitudes.

2. Sensor motion anomaly and compact target. For these anomalies, there is appears to be a
compact target present as well as a portion of signal correlated with the estimated ground
clearance. For these anomalies there is a significant difference in amplitude between the E-W
and N-S data.

3. Larger scale geology. Larger linear features in the data that were not removed using the filter.

4. Compact anomaly in both N-S and E-W data. Sensor data not well correlated with estimated
ground clearance. The compact anomaly could be due to buried metallic target that was not
found during excavation or possibly due to a concentration of magnetic soil. Additional time
decay information could be used to help determine the likelihood the anomaly was due to soil.

We now provide examples from each of the four groups.

1. Sensor motion anomalies.

Figures 10-12 contained an example of a sensor motion anomaly (anomaly 644). In that case, the
anomaly could be identified as originating from sensor motion by recognizing that the E-W lines have a
low amplitude. If E-W data were not available, the predicted response based on a magnetic background
would have indicated that the anomaly is likely due to sensor movement. Figures 13 and 14 contain
results of modeling data from Cell 658. For this cell, there is a 60 mV anomaly in the E-W lines. There
was poor data coverage in the N-S lines, such that comparison between N-S and E-W data magnitudes is
not possible. The estimated ground clearance (Figure 13c) indicates that there may have been a
depression that caused all of the sensors to move closer to the surface. The range of ground clearance is
greater than 20 cm for this cell. Our modeling is able to p