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EXECUTIVE SUMMARY

INTRODUCTION

In February 2003, the Naval Researclt Laboratory NRL) Airborne Multi-sensor

Towed Aray Detection System (aMTADS) and the Oak Ridge National Laboratory

(ORNL) Airborne Geophysics System (ORAGS) magnetometer systems surveyed 600

hectares of a former practice bombing range at Isleta Pueblo, New Mexico. The NRL

ground-based Multi-sensor Towed Aruay Detection System (gMTADS) provided baseline

data for comparison. All three systems employed cesium-vapor, total-field

magnetometers (Geometrics Model 822 for the two MTADS and Scintrex CS-2 for

ORAGS) but differed in platform setup and data processing.

. gMTADS employed a low-magnetic-signature vehicle to tow a linear array of

magnetometers. It had the smallest sensor-to-sensor (25 cm) and target-to-

sensor separation (nominal sensor height above ground was also 25 cm).

. Both aMTADS and ORAGS employed similar Bell helicopter models, but

aMTADS mounted seven sensors on a forward boom with 1.5 m spacing,

whereas ORAGS deployed four sensors on a forward boom and four on a

mid-ship boom with I .75 mcross-track spacing. Both helicopters attempted to

fly atanominal altitude of about 2 m.

. Oak Ridge used automatic target recognition algorithms to process the

magnetometer data and classify targets. NRL relied on human judgment aided

by computer-implemented, dipole-ht routines;

PROCEDURE

The Institute for Defense Analyses calculated probability of detection,

background alarm rates, and other appropriate statistics for the NRL gMTADS, NRL

aMTADS, and ORNL ORAGS systems through three major methodologies.

. lI2 ordnance items comprising 60 mm and 81 mm mortars, 105 mm

and 2.75 in. rockets were buried among existing clutter and UXO

former training range.

ES-1



A dig list of unknown items was generated using gMTADS data, and the

unknown items were subsequently dug and identified.

A dig list of unknown items was generated using data from the airborne

systems, and the unknown items were subsequently dug and identified.

Each system operator provided an ordered list of detections and assigned each

detection a "confidence of ordnance" ranging from I being "high confidence UXO" to 6

being "high confidence clutter."

The criteria for the 1-6 classification were determined by each operator utilizing

metrics considered appropriate for his system. The digging of detected unknown items

provided additional statistics, which were analyzed separately from the seeded ordnance.

The ability of the three systems to successfully detect and identify the buried and dug

ordnance was then measured and appropriate receiver operating characteristics (ROC)

curves calculated.

FINDINGS AND CONCLUSIONS

A priori consideration of the hardware similarity between aMTADS and ORAGS

would suggest similar overall performance. However, in spite of that similarity, their

differing platform setup and data-processing methods produced different results, with

aMTADS performing better than ORAGS in testing against emplaced ordnance. As

expected, the vehicle-towed system outperformed both airbome systems in the areas that

it surveyed. For both airborne systems, the detection performance demonstrates that the

-ll(distance)3 dependence of the signal strength converts the increased distance

(compared with a ground-based system) between the target and the sensor into a

challenging problem. Based on the results, we make the following observations:

. Both systems, with their current, associated, data-processing techniques, are

capable of reliably detecting areas of high clutter and potential UXO density.

. If maximum sensitivity is desired, it is important that an airborne system

design allow very low-level flight in areas where that is possible'

. While the ground-based system detected every emplaced ordnance item

within its actual survey area, neither helicopter-based system demonstrated

reliable detection of small ordnance, with aMTADS detecting only three-

fourths of the 105 mm rounds and ORAGS detecting less than one-third of

those rounds. Those detection statistics would argue against the use of the
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helicopter systems for individual UXO detection, except for large ordnance in

benign topography, land cover, and magnetic background situations.

aMTADS's consistent ability to more accurately determine target position

(33 cm average radial error on the emplaced targets vs. 97 cm for ORAGS)

improves target reacquisition performance and reduces ambiguity

opportunities.

Current automated target detection and recognition algorithms do not appear

to be robust or accurate enough to replace the use of human judgment in

interpreting the magnetometer data and determining which targets are likely

UXO.
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I. INTRODUCTION

Under Contract DASW0I-04-C-0003, Task AM-2-1528, the Institute for Defense

Analyses (IDA) supports the Strategic Environmental Research and Development

Program (SERDP) and the Environmental Security Technology Certification Program

(ESTCP) with analyses of emerging technologies in the unexploded ordnance (UXO)

detection and discrimination areas and with independent evaluations of system

performance in technology demonstrations. The purpose of this document is to provide

the results of IDA's evaluation of data collected by the Naval Research Laboratory

(NRL) airborne and ground-based magnetometer systems and the Oak Ridge National

Laboratory (ORNL) airborne magnetometer system in testing conducted at Isleta Pueblo,

New Mexico, during February 2003. We first give a brief description of the test areas and

the data collected. We then summarize the detailed analysis and provide data examples to

allow the reader to understand the basis upon which findings and conclusions are drawn.

A. ISLETA TEST SITE

The area of Isleta Pueblo chosen for survey is a former practice bombing range

for Kirtland AFB that was in active use from 1956-196I. Previous surveys and surface-

clearance activities had identified a "bull's-eye" area with a large concentration of

ordnance debris. Figures I and 2 provide a residual magnetic field map and an analytic

signal map of the area, where the bull's-eye is clearly visible. Figure 3 is a topographic

map with the individual survey areas indicated by boxes. A11 three systems surveyed

approximately 20 hectares in the vicinity of the bull's-eye area (indicated as the vehicular

area on Figure 2),but the bull's-eye area itself was excluded from scoring because the

debris density was considered too high for unambiguous association of dug items with

specific detections or for accurate discrimination. A total of II2 ordnance items

comprising 60 mm and 8l mm mortars, 105 mm shells, and2.75-inch rockets were

buried within the joint survey area. Both the NRL airborne Multi-Sensor Towed Array

Detection System (aMTADS) and the Oak Ridge Airbome Geophysics System (ORAGS)

surveyed a total area of about 600 hectares, including all of the area around the bull's-eye

that included the seeded items. Post-survey digs were completed at more than 400

declared detection locations to provide additional truth data for scoring. For the purpose

of this analysis, we have divided the site into two areas, one where all three systems

I r 1



conducted surveys and one where only the two airborne systems surveyed. Dig lists were

produced for both areas. Details on how dig items were selected are provided in the data

description section.
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Figure 1. aMTADS Residual Magnetic Field Map of the lsleta Survey Area
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Figure 2. ORAGS Analytic Signal Map of the lsleta Survey Area
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B. SENSOR SYSTEM DESCRIPTTONS [1, 2l

Three magnetometer systems deployed to Isleta to collect anomaly data. The

primary reason for the testing was to evaluate the performance of two airborne systems

that are capable of providing rapid, wide-area surveys in benign topography/ground cover

regions. The NRL vehicle-towed MTADS, here denoted gMTADS and shown in Figure

4, was used as the "reference" collection platform for a part of the area because it has

better sensitivity than the airborne systems. The gMTADS employs eight cesium-vapor,

total-field magnetometers spaced25 cm in the across-track direction. The sensor sample

rate is 50 Hz, which, combined with a typical vehicle speed of 3 m/s, results in a 6 cm

down-range sample spacing. The major advantage of the vehicle-towed system, however,

is its nominal25 cm sensor-to-ground standoff. With the static magnetic signal strength

falling off at a 1/(distance)3 rate, the much smaller sensor-to-target separation for the

gMTADS translates to much stronger signal strengths. The lesser separation also results

in smaller individual sensor footprints and thus in less area averaging of the detected

sisnal.

Figure 4. NRL Multi-sensor Towed Array Detection System (gMTADS)

The original test plan called for the gMTADS to survey 40 hectares in the vicinity

of the bull's-eye. A system mechanical breakdown during the survey resulted in coverage

of just over half the planned area. Because the area not covered included some of the

emplaced items, scoring of the gMTADS takes into account only the actual area that it

covered.
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Two helicopter-borne sensor arays were demonstrated in the tests at Isleta. Each

was carried on a similar Bell206L Long Ranger helicopter. The arrays employed cesium-

vapor, total field magnetometers (Geometrics Model 822 for aMTADS and Scintrex CS-

2 for ORAGS) mounted on a nonmetallic boom and differential GPS systems to provide

accurate position data for anomaly location and for discrimination algorithm inversion.

The arrays, navigation instrumentation, and data processing differed in a number of

details, however.

ORAGS, developed by ORNL and shown in Figure 5, deployed the

magnetometer sensors on the "Arrowhead" atray. This array includes four outboard

magnetometers, two on each side of the aircraft, mounted on an amidships horizontal

boom, and four magnetometers spaced horizontally on a boom forward of the helicopter

nose. Magnetometer-to-magnetometer spacing was 1.75 m. While this arrangement

provided a very wide array (12.25 m array width and potentially a 14 m survey swath),

the fore-aft spacing of the sensors and the wide lateral spread complicates signal leveling.

The ORAGS data-collection system sampled at a 1,200 Hz rate, but commonly the data

are downsampled to I20 Hz for analysis. In the data-analysis phase, the ORNL team

created an analytic signal map and then employed an automated threshold exceedence

algorithm to pick peaks for analysis. Two automatic algorithms were used for detection

and classifrcation analvsis of the Isleta data.

Figure 5. Oak Ridge Airborne Geophysics System (ORAGS)

The airborne version of the MTADS, which we designate aMTADS and show in

Figure 6, is an outgrowth of the vehicle-towed system. It employed seven magnetometers

on a single horizontal boom in front of the helicopter nose. Magnetometer spacing was
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1.5 m (9 m array width and potcntially, a10.5 m swath), and sensor sampling was

accomplished at 100 Hz. The NRL team handpicked anomalies from thc total field maps

and then applied a dipole-fit analysis in selecting and classifying targets.

.s:r. . -: :

, j * "  $
." ' . '.;.:, .- .
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. 

- .{ht:. :e,

Figure 6. NRL Airborne MTADS (aMTADS)

Both aircraft attcmpt to maintain an altitudc of a few mctcrs abovc thc ground and

a forward spccd of around 20 mls (aMTADS operatcd at about 10 m/s at Islcta). Thc

20 rnls speed rcsults in nominal down-track samplc spacings of 15 20 cm, which is much

fincr than the cross-track sampling for either magnetometcr array. Cross-track sampling

finer than the 1.5 m or 1.75 m scnsor spacing can be provided by multiplc passcs, or

overlapping passcs, at thc cxpcnse of area coverage ratc. NRL typically flies 7 m lane

spacings with a nominal 10.5 m array footprint, to prevcnt holes in covcrage, whilc

ORNL uses 12 m lane spacings, for thcir 14 m array footprint"

C. DATA DESCRIPTION

IDA rcceived scveral basic typcs of data for this system pcrformance cvaluation

effort. Thc first was a list of ordnance buricd within thc three-system scction by

personncl from thc Army Enginccring R&D Centcr (ERDC), Vicksburg, Miss. There was

a coordinatc conversion problem in thc initial list of calibration objects provided by

ERDC to thc demonstrators, and both teams flew the calibration lancs based on the

incorrect coordinates. Errors in calibration target position varied from about 5 m to 25 m.

ERDC subscqucntly corrcctcd the list, and thc correctcd list was provided to the

demonstrators before dig lists were submittcd. ERDC rechccked thc coordinates of all thc

buried secd items whcn they wcrc rccovered (calibration and blind area), and maximum

I-7



differences between pre-burial and post-dig position data were typically no greater than a

few centimeters. The second set of data was detection lists from the three participating

systems. Although each list provided ancillary information, the important data items for

the analysis were the estimated position of each anomaly and the likelihood that the

anomaly represented UXO. The standard six-category division of UXO likelihood was

used, where category I represents most likely UXO and category 6 represents most likely

clutter.

An ESTCP, HydroGeologic Inc. (ESTCP support contractor), and IDA team

used the system detection lists to generate separate dig lists for the area covered by all

three systems and for the airborne-only area. The three-system list contained all

gMTADS category I and 2 detections plus some large items from the aMTADS survey

assessed to be of interest. From that dig list, a total of 328 items were dug and

categorized as intact ordnance, ordnance-related scrap, non-ordnance-related clutter,

geology, or as an empty hole. In the area covered by only the airborne systems, all

category 1 and 2 items for both systems were on the dig list. The dig resulted in 161

items for scoring.

For the three-systems area, gMTADS coordinates were provided to the dig team

because of their tighter error statistics. For the airborne-only area, there were two generic

cases. Anomalies on one list either had a match on the other list or did not (i.e., the

position for an anomaly on the other list either fell within a 1.5 m halo or did not). For

the no-match case, the dig team received the coordinates from the anomaly list on which

the target appeared. Where items had a match, the aMTADS (rather than ORAGS)

coordinates were used, againbecause of that system's better geolocation statistics against

emplaced ordnance. While there was a possibility that choice could bias results, use of

the most accurate available location data was felt essential in the heavily cluffered

environment at Isleta. Since in both cases demonstrators were scored against the actual

dug locations of the recovered items, and not against the coordinates provided in the dig

lists, this procedure fairly measures the probability that either system detected a

particular item that was dug.

At ESTCP direction, NRL was required to submit an aMTADS dig list for the

three-system area before data collection by gMTADS. Weather delays in collecting the

aMTADS data compressed the analysis schedule to such an extent that the NRL team

delivered an incomplete analysis, principally for areas on the western end of the survey.

After noting that analysis had not been completed for important areas of the site, ESTCP
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t directed that NRL submit a second, more complete, detection list. IDA denoted that list

"aMTADSE" for aMTADS-extended and used that list for the scoring.

Finally, after IDA's production of a draft memorandum on the demonstration

results, both teams provided position and altitude data for portions of the testing to allow

an analysis of the speeds and altitudes flown by the two systems. Those data were used to

assess how the way in which the systems were operated might have affected

I performance.
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II. ANALYSIS

A. OVERVIEW

IDA has assessed detection performance and location-error statistics for the

emplaced ordnance, for the dug items in the area covered by all three systems, and for the

dug items in an area covered only by the airborne systems (denoted the Primary Area in

Figure 3). We have also assessed discrimination performance, based on the three-system

dig results. Discrimination performance is discussed in section II.C and in Appendix C.

One immediate question in scoring performance concems the size and shape of

the area around an item within which a declaration is counted as a detection. For this

analysis, we use a circular area, denote its perimeter as the detection "halo," and define it

in terms of the radial distance from the center of the target. From a clearance point of

view, the more accurately a system locates an item to be dug, the more efficiently it can

be reacquired for digging, and the less likely it is to be confused with a nearby item. If

discrimination improves to the point that only items judged likely to be ordnance are

excavated, accurate location capability will become even more important. On the other

hand, to fully assess system performance, the radius should be large enough to adequately

represent system-detection capabilities.

To assess halo radii for analysis, we looked at detection results for the two

airborne systems as a function of halo area. Because the percentage of total detections

made by chance begins to rise rapidly as the total area of detection calls becomes a

signifrcant percentage of the survey area, a pure detection analysis is necessarily

incomplete. Reference 3 contains a development that provides an estimate of o'true" and
"chance" detections based on the survey area, halo, total number of declarations, and

total number of detections. Appendix A provides a brief explanation of the analysis and

contains the resulting equations for true and chance detections. If we assume a detection

system exhibits random, zero-mean, location errors, the curve for true detections would

be expected to flatten out as system location error limits are reached and additional

detections became all chance detections. Figure 7 provides such a set of curves for the

Isleta emplaced ordnance. We have plotted the probability of detection (Pd) for the total

number of detections for each airborne system; the "true" Pd based on the chance

II- l



detection analysis of Appendix A; and the percentage

system's declarations would have covered for that halo,

outside the boundaries of the survey area.

lsleta Emplaced Ordnance
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Figure 7. Pdvs. Halo Radius forthe lsleta Emplaced ordnance

Note that the aMTADSE "true" Pd curye behaves as expected, flattening out

between a 1.0 and 1.5 m halo. The ORAGS "true" Pd curve, in contrast, increases until it

reaches a 2.25 m halo, after which Pd begins to decrease. Clearly, true Pd cannot

decrease, and the fact that the curve tums over is an indication that the assumptions of the

theory are being violated. At the point of inflection, over one-third of the survey area

would be included, assuming no overlap. For such large percentages of area coverage,

there will likely be significant overlap of halos. The result of overlap is that actual chance

detections do not go up as rapidly as the theory predicts, providing an apparent decrease

in true detections.

Obviously, to show aMTADS in its relatively best light we should pick no larger

than a 1.0 m halo" and to show ORAGS in its relatively best light we should pick a 2.0 or

2.25 mhalo. For most of the results here, we have used the 1.5 m halo as a reasonable

compromise, one that does not provide a significant relative advantage to either system

and for which the spread between true and total detections is not too gleat. Where

appropriate, however, we present 1.0 m atd2.0 m halo results to emphasize system

performance differences as halos change.
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B. EMPLACED ITEMS

The ERDC-emplaced items were blind for the gMTADS demonstrators, so

gMTADS, as well as ORAGS and aMTADS, was scored for those items. Table I

provides the number of each emplaced ordnance type detected for a 1.5 m halo. ORAGS

and aMTADSE surveyed the entire seeded area and are scored on the total number of

items and total area. Because of the mechanical breakdown, gMTADS did not cover the

entire seeded area, so its scoring is limited to the items within the boundaries that it

surveyed. The totals on which it is scored are reflected in its column in the table.

To achieve the detections shown in the table, ORAGS declared 1,937 targets,

aMTADSE declared 165 targets, and gMTADS declared 104 targets. Receiver operating

characteristic (ROC) curves were produced for each system using the six ordnance

likelihood categories. Pd is plotted vs. background alarm rate (in number of alarms per

hectare), where the survey area for the airborne systems was 9.63 hectares and for

gMTADS was 3.71 hectares. Note that a substantial number of items counted as

backgtound alarms are likely ordnance. From the dug items in the three-system atea,

which were based on the gMTADS high-probability UXO calls (categories I and 2),

about 24% (65 of 272) of the items recovered were intact ordnance. Thus, we have not

labeled the abscissa as false-alarm rate because a substantial number of the background

alarms are likely ordnance and not false-alarms at all. Figures 8 and 9 provide the results

for the 1.5 m halo and the 1.0 m halo. In going from a 1.5 to 1.0 m halo, gMTADS lost

no targets, aMTADSE lost I target, and ORAGS lost 24 of 42 targets.

Table 1. Emplaced Ordnance Detection by Type for a 1.5 m Halo

Ordnance Total ORAGS aMTADSE gMTADS

2.75 inch 1 2 7 1 1 2 o f 2

60 mm 20 5 4 6 o f 6

81 mm 40 1 5 1 9 20 of 21

105  mm 40 1 5 29 1 7  o f  1 8

Total 112 42 63 45 ol 47

II-3
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The airbome systems were not designed to routinely detect ordnance smaller than

81 mm, so similar ROC curves were produced with the 60 mm targets removed from the

scoring. Because gMTADS detected all the 60 mm rounds, removing them actually hurt

its ROC curve. ORAGS detected 5 of 20 and aMTADSE 4 af 20 emplaced 60 mm, so

removing the 60 mm improved their overall Pds almost equally. Figure l0 shows the

detection results for the three systems for a 1.5 m halo and the case where 60 mm are not

considered. Figure 1l shows the same results for the three systems for a 2.0 m halo.

Figure 10. ROC Curves for lsleta Emplaced Ordnance Excluding 60 mm Targets for a 1.5
m Halo
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Figure 11. ROC Curves for lsleta Emplaced Ordnance Excluding 60 mm Targets for a 2.0
m Halo

The difference between automatic and manual anomaly selection created a large

difference in the number of detection calls between the systems. It is therefore useful to

apply the chance detection analysis of Appendix A to determine what part that might

have played in the detections. Table 2 shows true and chance detections calculated based

on the 1.5 m halo matches. The formula in Appendix A does not provide integer results,

so values are rounded to the nearest whole number. Because of the relatively few total

declarations by the two MTADS systems, the analysis indicates that none of the

detections provided by those systems were likely chance detections. For ORAGS, a total

of only 223 detection calls were made in the first 3 ordnance likelihood categories, and

the analysis indicates iltat 17 of 18 of the matches to emplaced ordnance were likely true

detections. Categories 4-6 contain a gleat majority of the total number of ORAGS

detection calls (1 ,7I4 of the I,937), and a substantial number of the ordnance found in

those categories were likely chance detections (3 of 7 in category 4,3 of 1l in category 5,

and4 of 6 in category 6).
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Table 2. Total and True Detections for the Emplaced Ordnance and 1.5 m Halo

JXO Likelihood

)RAGS detections

Totalffrue

aMTADS detections

Total/True

gMTADS detections

Totalffrue

1 2t2 24t24 20t20

2 6/6 44t44 32132

3 18t17 60/60 42t42

4 25t21 61/61 44t44

5 36129 62162 45t45

6 42t31 63/63 45145

To further explore the results of Table 2, IDA analyzed ORAGS emplaced

ordnance detections by ordnance type and UXO likelihood category. Of the five 60 mm

mortars detected by ORAGS, one was a category 2, three were category 5, and one was

category 6. For the hfteen detected 8l mm mortars, one was a category 3, five were

category 4, five were category 5, and four were category 6. Thus, 18 of the 20 detected

60 and 81 mm mortars were in categories 4-6. Note from Table 2 that chance detection

theory indicates that l0 of the 24 ORAGS detections of emplaced UXO in categories 4-6

were likely chance detections. Based on those numbers, about 40o/o of the 60 and 8l mm

detections were likely by chance. In contrast, only six of the 22 ORAGS detections of

105 mm mortars and2.l5 inch rockets fell in categories 4-6.

Figures l2-I4 provide location-error scatter plots for the three systems where the

1.5 m halo data have been used. The ORAGS locations are biased 23 cm north and 22 cm

west, with error standard deviations of 81 cm and 56 cm in each direction. The aMTADS

locations are biased 4 cm north and 4 cm west, with standard deviations of 31 cm and

32 cm. The gMTADS locations are biased 4 cm south and 1 cm east, with standard

deviations of 13 cm and l2 cm.

Figures 15-17 provide similar data for radial location etror, which is defined as

the square root of the sum of the squares of the east and north effors. For the emplaced

items, ORAGS demonstrated an average radial location error of 97 cm, and aMTADSE

showed a 33 cm average radial error for those targets. In contrast, gMTADS average

radial error was only 13 cm.
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C. THREE.SYSTEM AREA PERFORMANCE

The second set of performance analyses was undertaken on the area that was

jointly covered by all three systems. Based on the detection lists produced by each

system, a joint dig list was formed. The gMTADS was effectively used as the reference

to establish the dig list, which included all of the category I and 2 picks for gMTADS,

plus some detections highlighted as very large items. Thus, Pd for the three-system area

is the probability that a system detected dug items initially classified by the gMTADS as

likely ordnance. Even for targets providing matches from all three systems, the dig list

used gMTADS target locations because of the demonstrated superior geolocation

performance of that sensor. In the test, 272 items were dug and sorted into 5 classes:

intact ordnance, ordnance-related scrap, non-ordnance-related clutter, geology, and

empty hole. A match was then performed against the three detection lists, using actual

dug coordinates of the recovered items, not the coordinates provided to the dig team. The

results: 260 of those items matched gMTADS category | ot 2 items, I matched a

gMTADS category 4 item, and 11 matched no gMTADS item. Five digs had no match to

any of the three systems. In every case for the five unmatched items, there was a

declaration within the halo of the dug item, but the declaration was closer to another dug

item and was associated with it instead. These misses apparently resulted from cases

where more than one object was detected by the dig team in the vicinity of a dig list

coordinate, and more than one item was recovered and listed in the database. Because of

the unmatched items, even gMTADS, the reference system for the dig, did not achieve a

Pd of unity. Table 3 provides the number of items in each class, sorted by the gMTADS

discrimination category into which it fell. Note that there were no empty holes in this

case.

Table 3. Three-System Area Dug ltems by Category and gMTADS UXO
Likelihood Category

uxo
Likelihood

Intact
Ordnance

Ordnance-
related scrap

Non-
Ordnance-

related clutter Geology
Empty
hole

1 54 159 7 1 0

2 6 27 4 2 0

4 0 1 0 0 0

No Match 5 5 0 1 0

Total 65 192 1 1 4 0

I I -11



Two classes in Table 3 relate to ordnance. In scoring system performance, we

have chosen to calculate Pd and background alarm rates two ways. First, we count only

intact ordnance in Pd; ordnance-related scrap detections count in the false-alarms (case

l). Second, we group intact ordnance and ordnance-related scrap into Pd; non-ordnance-

related clutter and geology detections contribute to the false-alarm rate (case 2). In both

cases, the dug items are not included in the background alarm rate. Figure 18 provides

both sets of calculations for the 1.5 m halo; Figure 19 provides data for a2.0 mhalo. The

detections and background alarm rates are based on 6,676 declarations by ORAGS, 1,136

by aMTADSE, and 1,237 by gMTADS.

Figure 18. Pd vs. Background Alarm Rate for the Three-System Area and a 1.5 m Halo
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Figure 19. Pd vs. Background Alarm Rate for the Three-System Area and a 2.0 m Halo

We also completed an analysis of location-error statistics. Table 4 provides the

mean location efiors and standard deviations for each system. Figure 20 provides scatter

plots of those data for the 1.5 m halo detections. We also found it of interest to investigate

how the radial errors were distributed, and Figure 21 provides histograms of those data

for the three systems, again for the 1.5 m halo.

Table 4. Location Error Statistics for the Three-System Area and 1.5 m Halo

Mean Error (cm) Error Std. Dev (cm)

System North East North East

ORAGS 45 -1 60 61

aMTADSE 2 6 39 35

gMTADS 1 6 26 25
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Finally, we used the three-system data to evaluate discrimination performance for

all systems. Table 5 gives the airbome system results, cross-referenced for the gMTADS

category I matches in the tables in Appendix C. Because the dig list concentrated on

gMTADS category I and 2 items, we would have hoped that the dig results would be

heavily biased toward intact UXO. Note from Table 3, however, that only 65 of the 272

recovered items were intact ordnance. On the other hand, for the items matched to

gMTADS category | or 2 calls, only 14 of the 260 items were non-ordnance-related

clutter (11) or geological (3) in nature. Thus, the gMTADS appeared to show an excellent

capability for discriminating ordnance-related detections from non-ordnance-related

ones, albeit with much less capacity to discriminate intact ordnance from ordnance-

related scrap.
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Table 5. Airborne System Discrimination Results from the Three-System Area Matches

System Category Intact Ord. Ord. Frag. Clutter Geology

ORAGS 1 9 2 1 0 0

2 1 2 30 0 0

3 1 1 39 2 1

4 7 31 1 0

5 3 I 2 2

6 4 3 0 0

No Match 1 9 59 6 1

aMTADSE 1 44 85 4 1

2 12 48 1 1

3 5 35 1 0

4 2 1 0 0

5 0 2 0 0

6 0 0 0 0

No Match 2 21 5 2

I I - I6
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The aMTADS uses the same discrimination algorithms as gMTADS, but they are

applied against a much less dense set of magnetometer sample points with poorer signal-

to-noise ratio because of increased target-to-sensor separation. aMTADS placed 56 of the

65 intact ordnance items in categories I or 2, with five items in category 3, two in

category 4, andtwo not detected. Similarly, 133 of the 192 ordnance fragment items also

appear in categories I and 2. Seven of the fifteen non-ordnance-related items were not

detected by aMTADS, but seven of the eight detected items were ranked as category I or

2.In fact, 196 of the 242 items matched by aMTADS were in categories 1 and 2, and 4l

more were in category 3, so the classification algorithm leaned heavily toward the more

likely ordnance categories, as categories 4 and 5 had only five matches among them

(three in category 4 and two in category 5), and category 6 had no matches.

ORAGS detection reports were more evenly weighted over the six categories,

with 125 detections in categories l-3 and 62 in categories 4-6. However, otly 2l of the

46 detected intact ordnance items appeared in categories I or 2, and seven intact

ordnance items fell in categories 5 and 6. Ordnance fragment detections were

concentrated in categories 1-4, but with relatively somewhat fewer items in category l,

in conffast to aMTADS. The detected non-ordnance-related items were in categories 3, 4,

and 5, so there was less tendency than in the aMTADS case to call non-ordnance items

likely ordnance related.

D. PRTMARY (AIRBORNE-ONLY) AREA

The third set of data analyzed was from the area covered only by the two airborne

systems. A dig list was generated from the high-priority (category I and2) items for each

system. As noted before, for items that appeared within a halo of each other for the two

lists, aMTADS coordinates were used in the dig list because of the smaller location errors

that system demonstrated against the emplaced targets. Obviously, for items without an

apparent match on the other list, the dig list used the coordinates provided by the

detecting system. As in the three-system area, post-dig matches were done on the dug

coordinates, not the dig list coordinates. Nevertheless, it is possible that preferential use

of aMTADS coordinates resulted in some residual bias in the results, although the

resulting ROC curves and location-error plots are consistent with those based on the

emplaced items and three-system area.

A total of 161 items were dug. ORAGS made 10,876 declarations in the area

scored, and aMTADS made 366 declarations. Of those, 215 of the ORAGS declarations

were in categories I and 2, and 164 of the aMTADS calls fell in the first two categories.
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Of the dug items, 94 of the 131 items matched anomalies on the ORAGS list in

categories I and 2. For aMTADS, 111 of the matching 126 items were in categories I

and 2. Because there was no real reference system, unlike in the three-system area, we

have chosen to label ROC curves ordinates "fraction of dug items matched," vice Pd'

Figure 22 provides a map of the airbome-only area with the dug items and UXO

likelihood category I and trvo declarations from each system indicated.
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Figures 23 and24 provide ROC curves for 1.5 m and 2.0 m radius halos. Scoring,

as for the three-system area, was done twice, once with only intact ordnance contributing

to detection (case 1) and once with ordnance scrap also contributing (case 2). Note that

we have shifted to a logarithmic scale for background alarm rate to better display the

data.

Airborne-only,  1.5 m halo

1  10  100  1000

Background Alarm Rate (#/hectare)

Figure 23. Airborne-Only Area ROC Curves for a 1.5 m Halo

Background Alarm Rate (#/hectare)

Figure 24. Airborne-Only Area ROC Curves lor a 2.O m Halo
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Figure 25 provides location error scatter plots based on the 1.5 m halo data. Figure

26 provides the associated radial error histograms, and Table 6 provides the error

statistics.
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Table 6. Location Error Statistics for the Airborne'Only Area and 1.5 m Halo

System

Mean Error (cm) Error Std. Dev (cm)

North East North East

ORAGS 1 -22 58 62

aMTADSE 5 9 31 30
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ilI. FINDINGS AND CONCLUSIONS

A. FINDINGS

This was the second in a pair of demonstrations designed to test the detection and

classification capabilities of airborne magnetometer systems over a wide range of terrain

types and levels of background clutter. At Isleta, 112 UXO were emplaced in an area

containing substantial ferrous clutter to provide known items against which system

performance could be judged. This report focuses on the detection and discrimination

performance of the two helicopter systems, although it is also enlightening to compare

that performance to the ground-based system.

These two systems employ similar cesium vapor magnetometers carried on

identical helicopters, so we would expect their inherent signal sensitivities to be similar,

and that was the case for the calibration targets and airfield targets analyzed in the earlier

Aberdeen Proving Ground report [5]. However, as in the earlier case, the aMTADS flew

at lower altitudes than did the ORAGS. Based on an IDA analysis of altitude data

provided by NRL and ORNL, aMTADS flew Isleta at an average altitude of 1.4 m with a

0.5 m standard deviation, and ORAGS flew at an average altitude of 3.0 m with a 1.5 m

standard deviation. Jeff Gamey of ORNL, in a personal communication [6], stated that

ORAGS typically flew at altitudes between 1.5 and 2.5 m over the areas where most of

the scoring was done. In a situation where signal strength is expected to fall off as

1/(distance)3, a 26o/o difference in altitude results in a factor of 2 difference in signal

strength, and going from 1.4 m to 2.5 mreduces signal strength by more than a factor of

5. Thus, as at APG, aMTADS's lower altitude gave it a signal strength advantage that

certainly contributed to its better detection performance"

While the difference between ORAGS and aMTADS performance was

significant, both suffered in comparison to the vehicle-towed system. The gMTADS

25 cm sensor, height should give it much better detection performance than the helicopter

sensors, and that proved to be the case. gMTADS detected every one of the emplaced

ordnance items over which its sensor array traveled. In evaluating the two missed items

within the gMTADS survey area, it was apparent from recorded vehicle track data that

the items fell in coverage gaps that were recognized and would have been resurveyed,

il-l



had not the system broken down. In contrast, the airborne systems did not fare that well

in the cluttered Isleta environment, even against the larger emplaced UXO. aMTADS

detected only 19 of 40 8l mm mortars and 29 of 40 105 mm shells, while ORAGS did

even more poorly, detecting 15 each of the 8l mm and 105 mm emplaced targets. Neither

helicopter-based sensor system was initially designed to detect targets as small as 60 mm

mortar shells, and the Isleta testing confirmed that neither system fares well against such

targets in a cluttered environment.

B. CONCLUSIONS

Several conclusions can be drawn from the results of these demonstrations:

Both systems, with their current, associated, data-processing techniques, are

capable of reliably detecting areas of high clutter and potential UXO density.

If maximum sensitivity is desired, it is important that an airborne system

design allow very low-level flight in areas where that is possible.

While the ground-based system detected every emplaced ordnance item

within its actual survey area, neither helicopter-based system demonstrated

reliable detection of small ordnance, with aMTADS detecting only three-

fourths of the 105 mm rounds and ORAGS detecting less than one-third of

those rounds. Those detection statistics would argue against the use of the

helicopter systems for individual UXO detection, except for large ordnance in

benign topography, land cover, and magnetic background situations.

aMTADS's consistent ability to more accurately determine tatget position

(33 cm average radial effor on the emplaced targets vs. 97 cm for ORAGS)

improves target reacquisition performance and reduces ambiguity

opportunities.

Current automated target detection and recognition algorithms do not appear

to be robust or accurate enough to replace the use of human judgment in

interpreting the magnetometer data and determining which targets are likely

UXO.
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I ACRONYMS

aMTADS Airborne Multi-Sensor Towed Anay Detection System

I aMTADSE Airbome Multi-sensor Towed Array Detection System-
r Extended Data Set

ERDC Engineering R&D Center
I

ESTCP Environmental Security Technology Certification Program

gMTADS Vehicle Towed Multi-Sensor Towed Array Detection

System

GPS Global Positioning System

I IDA Institute for Defense Analyses

t MTADS Multi-Sensor Towed Array Detection System

NRL Naval Research Laboratory
I

ORAGS Oak Ridge Airborne Geophysics System

f ORNL Oak fudge National Laboratory

t Pd probability of detection
I 'r ROC receiver operating characteristics

r SERDP Strategic Environmental Research and Development

Program

UXO unexploded ordnance
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APPENDIX A

CHANCE DETECTION ANALYSIS

Evaluators long ago realized that in analyzing detection performance, some

number of detections were likely to be due to chance. That is, a certain number of

detections that are graded as true detections are not actually associated with the item

assumed to be detected. To illustrate the point, if N detection calls were randomly

distributed over a test plot with area A, a demonstrator might expect, just based on

chance, to achieve an apparent probability of detection approximately equal to NxRnzlA,

where Rr, is the radius of the halo used. A more sophisticated analysis is developed in

Reference 3 to assess the number of "chance" detections. The assumption made is that

the survey instrument has inherent random errors in locating targets that can be described

by zero-mean and equal variance Gaussian distributions in two orthogonal dimensions.

For that assumption, we would expect that the probability density function for the radial

error would be Rayleigh and the probability of detecting an object within a radius Rn of

the declared location would be given by [a]:

Rh -  - ,2 . /  a [&l '
P ( r  < R r ) =  [ + " ' / z o '  

-  1 - " J z \ '  ) ,
'  

i o "

where o is the location error standard deviation in the east and north directions. If the

halo is substantially larger than the error standard deviation, then the probability that a

detected target lies inside the halo is essentially unity. For example, for an Rnlo: 2, the

probability is 94o/o, and for R1,lo: 2.5 it is 99oh. From the Isleta emplaced object

detections, the average of the east and north error standard deviations was 69 cm for

ORAGS and 32 cm for aMTADS. The 1.5 m standard halo used in the Isleta analysis is

just more than twice the ORAGS average standard deviation, and so approximating the

probability as unity, while not as accurate as might be desirable, is still reasonable. In

many cases, however, we have also provided results for a 2.0 m halo to illustrate the

detection difference that value provides for the ORAGS. Applying the approximation that

the probability distribution function equals unity to the analysis gives the number of
ootrue" detections as

T = M - U . F ' a



where
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Z: number of true matches

U: true number of missed detections : B - T

B: number of items buried

F: true number of false detections : D - T

D : number of target declarations

a: (area of halo)/(area of site)

M: Sum of true + lucky matches

This results in a quadratic in T whose solution is

T _
2

Curves of true detections as a function of halo should increase as halo size increases and

reach an asymptotic value that is indicative of sensor detection performance. For a sensor

that produces small position estimation errors, the curve rises rapidly to its final value,

but for a sensor with less accurate positioning, the curve asymptotes more slowly' When

actual data are plotted, however, curves of true detections reach a peak value and

eventually start to decrease with increasing halo. The apparent decrease is due to a

violation of the assumptions under which the above equations were derived. The analysis

assumes that declarations are widely enough separated so that halos never overlap and

that portions of halos never lie outside the analysis area. At some point, those

assumptions break down and the number of chance detections does not continue to rise

proportionally to the halo area, so more chance detections are calculated than actually

occur. However, until the assumptions are violated, the above development gives a good

estimate of true versus chance detections'
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APPENDIX B

THREE-SYSTEM AREA DIG RESULTS

This section provides the results of the recovery operation based on gMTADS

category I and 2 calls in the area covered by all three systems. The coordinates provided

to the dig team were based on gMTADS positions; however, the coordinates in the table

are the actual locations of the items as they were recovered. IDA sorted the items into

five categories for scoring: intact ordnance, ordnance fragments, non-ordnance-related

clutter, geology, and empty. The match list is based on a 1.5 m halo around the recovered

item, and the miss distance for each system is provided.
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APPENDIX C

DISCRIMINATION RESULTS

This appendix provides discrimination results based on the gMTADS category I

(most likely UXO) items dug from the three system area. Two tables are provided that

cross-reference the aMTADS and ORAGS picks. Table C-l sorts by ORAGS picks, and

then within each category the corresponding aMTADS picks are sorted. Table C-2

reverses the procedure, sorting first by aMTADS picks and then sorting the ORAGS

picks within each of those categories.

The first thing to note from the top row of data in each table is that the gMTADS

category I selections did a very good job of discriminating ordnance-related items from

other objects (only 8 items of 22I were not ordnance-related). However, a much poorer

job was done of discriminating intact ordnance from ordnance fragments, with about

three times as many fragments being selected as intact ordnance items. Because only 39

gMTADS category 2 items were dug, complete tables for those items are not provided.

Of the category 2 items, 6 were intact ordnance, 27 were ordnance fragments, 4 were

non-ordnance clutter, and 2 were geologic in origin. Thus, results were similar to those

for category I items, where a good job was done in discriminating ordnance-related items

from others, but not intact ordnance from IIXO fragments.

From Table C-2 we see that aMTADS matched 39 of the intact ordnance items in

category I and 10 additional items in category 2. Two each were listed as categories 3

and 4. One intact ordnance item was not detected. Further, 115 of the 159 ordnance

fragment items also show up in categories I and 2, mirroring the perforrnance of the

gMTADS, where non-ordnance-related items were generally not classed as likely LIXO,

but where little discrimination capability between intact IIXO and IJXO fragments was

demonstrated. That is not surprising, as gMTADS and aMTADS use identical

discrimination procedures and algorithms.

The ORAGS automatic discrimination algorithms did not show perfonnance as

good as the manually manipulated dipole-fit algorithms used for the MTADS systems.

Here, 9 intact ordnance items were category I picks, 10 were category 2, and 8 were

category 3. Categories 4-6 contained a total of 10 intact I-IXO, and 17 intact I-IXO items

were not detected by ORAGS. Although 55 of the ordnance fragment items were not



detected by ORAGS, those that were generally showed up in categories 1-4 (94 of 103),

again showing the diffrculty that magnetometer discrimination algorithms appear to have

in sorting intact UXO from LIXO fragments.
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Table G-l. Gross-Referenced Data-ORAGS then aMTADS

lntact Ord Ord Fraq Nonord Geoloqv No Find
qMTADS Cateqory 1 Totals 54 159 7 1 0

ORAGS aMTADS
1 1 6 1 1

2 3 2
3 2
4
5
6

No Match
2 1 o 1 6

2 1 7
3 2
4
5
6

No Match 2
3 1 8 1 6

2 1 0
3 3
4
5 2
6

No Match
4 1 4 12

2 2 6
3 3
4 1
5
6

No Match 1 1
5 1 1 3

2 2
3 2
4
5
6

No Match 2 1
6 1 2

2 1
3 1
4
5
6

No Match 1
No Match 1 1 1 1 4 2

2 3 1 4
3 1 1 2
4 1 1
5
6

No Match 1 1 3 2
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Table G-2. Cross-Referenced Data-aMTADS then ORAGS

lntact Ord Ord Fraq Nonord Geoloqy No Find
qMTADS Cateqory 1 Totals 54 159 7 1 0

aMTADS ORAGS
'l 1 6 1 1

2 I 1 6
3 8 1 6
4 4 1 2
5 1 3
6 2

No Match 1 1 1 4 2
2 1 3 2

2 1 7
3 1 0
4 2 6
5 2
6 1

No Match 3 1 4
3 1 2

2 2
3 3
4 3
5 2
6 1

No Match I 12
4 1

2
3
4 'l

5
6

No Match 1 1
5 1

2
3 ?
4
5
o

No Match
6 1

2
3
4
5
6

No Match
No Match 1

2 2 1
3
4 1 1

5 1 1
6 'l

No Match 1 1 3 2
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