IDAPAPER P-3114

DEMONSTRATOR PERFORMANCE AT THE
UNEXPLODED ORDNANCE ADVANCED TECHNOLOGY
DEMONSTRATION AT JEFFERSON PROVING GROUND (PHASE I)
AND IMPLICATIONS FOR UXO CLEARANCE

Thomas W. Altshuler
Anne M. Andrews
Regina E. Dugan
Vivian George
Michael P. Mulqueen
David A. Sparrow

October 1995

Prepared for
Deputy Under Secretary of Defense for Environmental Security

Approved for public release; distribution unlimited.

L10 80709661

INSTITUTE FOR DEFENSE ANALYSES
1801 N. Beauregard Street, Alexandria, Virginia 22311-1772

IDA Log No. H 95-47047
DTIC Quariry (wsPECTED 1




THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



DEFINITIONS

IDA pubtishes the following documents fo report the results of iis work.

Reports

Reports are the most authoritative and most carefully considered products IDA publishes.
They normally embody results of major projects which (a) have a direct bearing on
decisions affecting major programs, (b) address Issues of significant concern to the
Executive Branch, the Congress and/or the public, or (c) address issues that have
significant economic implications. IDA Reports are reviewed by outside panels of experts
to ensure their high quality and relevance to the problems studied, and they are released

by the President of IDA.

Group Reports

Group Reporis record the findings and results of IDA established working groups and
panels composed of senior Individuals addressing major issues which otherwise would he
the subject of an IDA Report. IDA Group Reports are reviewed by the senior Individuals
responsible for the project and others as selected by IDA to ensure thelr high quality and
relevance to the problems studied, and are released by the President of IDA.

Papers

Papers, also authoritative and carefully considered products of IDA, address studies that
are narrower in scope than those covered in Reports. IDA Papers are reviewed to ensure
that they meet the high standards expected of refereed papers in professional journals or
formal Agency reports.

Documents

iDA Documents are used for the convenience of the sponsors or the analysts (a) to record
substantive work done in quick reaction studies, (b} to record the proceedings of
conferences and meetings, (¢) to make available preliminary and tentative results ot
analyses, (d) to record data developed in the course of an investigation, or (e) to forward
information that is essentlally unanalyzed and unevaliuated. The review of IDA Dacuments
is suited to their content and intended use.

The work reported in this document was conducted under contract DASW01 94 C 0054 for
the Depariment of Defense. The publication of this IDA document does not indicate
endorsement by the Department of Defense, nor should the contenis be construed as
refiecting the official position of that Agency.




IDA PAPER P-3114

DEMONSTRATOR PERFORMANCE AT THE
UNEXPLODED ORDNANCE ADVANCED TECHNOLOGY
DEMONSTRATION AT JEFFERSON PROVING GROUND (PHASE I)
AND IMPLICATIONS FOR UXO CLEARANCE

Thomas W. Altshuler
Anne M. Andrews
Regina E. Dugan
Vivian George
Michael P. Mulqueen
David A. Sparrow

October 1995

Approved for public release; distribution unlimited.

)

IDA

INSTITUTE FOR DEFENSE ANALYSES

Contract DASWO01 94 C 0054
Task T-AM2-1282




PREFACE
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tion of Detection, Identification and Remediation of Unexploded Ordnance.”

The authors wish to thank the following people for their help in the preparation of
this document. Robert C. Oliver and Christine Jordan provided insightful and thorough
reviews of the document. After their reviews, we significantly revised the document; it is
substantially improved as a result of their comments and suggestions. Kurt Thomsen,
from PRC, also reviewed the document. We would like to thank him for correcting minor
errors in the description of the test and demonstrators' experiences. Tom Milani skillfully
edited the document under tremendous pressure. Anthea DeVaughan and Susan Taylor did
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LIST OF DEMONSTRATORS, TECHNOLOGIES, AND

DEMONSTRATOR IDENTIFICATION NUMBERS
40-acre, ground-based system demonstrators:
Demonstrator ~ Demonstrator Technology
ID number
31 ADI M Hand-held and surface towed GT-TM4 magnetometer, GT odometer, rope and tape
for navigation.
19 Areto MG Geonics IC, Schonstedt gradiometsr, man-portable GeoDAPS control system.
IC Trimble DGPS.
16 Battelle/OSU GPR Surface-towed GPR and rope/tape/odometer for navigation.
7 ChemradEG&G GPRAC  Gulf-applied GPR and Pulse Tech IC, acoustic USRADS surveying tool.
10 Chemrad/G-822L M 8221 magnetometer, USRADS acoustic positioning system for navigation.
6 Chemrad/GSM-19 MG GSM-19 magnetometer/gradiometer, USRADS acoustic positioning system.
23 Coleman GPRIC  Towed multisensor array system (TOMAS), GPR and IC. GPS for navigation.
B Dynamic Systems M Man-portable system, Billigsley magnetometer, Foerster magnetometer, TopCon
302 Survey instrument.
2 Ensco GPR Several GPRs on sled pulled by modified golf cart. Survey wheel and laser Track.
5 EODT WIC Schonstedt magnetometer and EM-31 conductivity sensor, GEODAPS DGPS.
4 Foerster MG Ferex (Mark 26) Standard Sensor, Ferex Deep Search Sensor, Mines 2FD Standard
IC Sensor. Ferex—gradient magnetometers, Minex—IC. Surface-towed. DGPS.
2 GDE GPR Prototype surface-towed imaging GPR rope/tape/odometer navigation system.
1 Geocenters MG STOLS: 2 Gmtres/Scntx magnetometers and one Foerster hybrid magnetometer/
gradiometer.
<] Geometics M Prototype Geometrics MagDIS man-portable system: § Cesium-vapor
magnetometers. DGPS used for navigation.
L2 Geo-radar GPR Preproduction model of GeoRadar 1000A man-portable GPR.
2 Jaycor GPR Two GPRs mounted on a golf cart. Navigation using existing markers.
k] Metratek GPR Prototype model 200 stepped-frequency GPR mounted on sied pulled by four-wheel-
IC drive vehicle and man-portable Geonics EM61 IC. DGPS used for navigation.
x4 SR GPR Trailer mounted GPR system. Navigation by placing stakes every 100 ft in both
directions to use as guides. Precise positions determined using DGPS.
13 uxs M Hand-carried Schonstedt GA-52B and Foerster Ferex magnetometer. GPS for
navigation.
7 Vallon GmbH M Hand-held, towed, and gradiometer magnetometers were used. SEPOS rope/tape/

odometer navigation system.

KEY: M = magnetometer, G = gradiometer, IC = induction coil, GPR = ground-penetrating radar

80-acre, airborne system demonstrators:

Demonstrator Demonstrator Technology
ID number
9 Airborne GPR Wideband radars centered at 500 MHz and 3 GHz, FLIR 2000F infrared
Environmental IR imager on helicopter, DGPS navigation
Surveys
17 Battelle’OSU GPR 50-750 MHz GPR mounted on aerial platform (chenry picker), Trimble GPS
navigation
K Geonex Aerodat MG IC, cesium vapor magnetometer/gradiometer on boom towed below
IC helicopter, DGPS navigation
ko) Oilton IR FLIR 2000AB infrared imager, AIRDS navigation
0 SRI (Fixed Wing) GPR Bistatic GPR with SAR processing mounted on Beechcraft, DGPS navigation
21 SRI (Rotary Wing) GPR Ultrawide Band GPR operating in UHF and VHF bands mounted on

helicopter, GPS navigation

KEY: M = magnetometer, G = gradiometer, IC = induction coil, IR = infrared, GPR = ground-penetrating radar




EXECUTIVE SUMMARY

In this report we present our best understanding of the performance demonstrated in
the 1994 Unexploded Ordnance (UXO) Detection, Identification and Remediation
Advanced Technology Demonstration at the Jefferson Proving Ground, Indiana. To arrive
at this understanding, we have critically examined the parameters used to evaluate perform-
ance, as well as the limitations imposed by the test itself. We have also illustrated the
importance of good performance to the effectiveness or efficiency of real world UXO
cleanup. Finally, with test limitations, observed performance, and sensor phenomenology
in mind, we have determined what guidance the results can provide for future experiments
and system development.

A. BACKGROUND

It is inevitable that some ordnance does not explode as intended. This UXO
remains as the legacy of past testing, training, and wartime activities. UXO contamination
and the resulting humanitarian and economic impacts have intensified the need for systems
to detect, identify, and remediate unexploded ordnance worldwide.

Current methods for clearing unexploded ordnance from contaminated land are
labor-intensive, hazardous, and costly. Furthermore, a great deal of controversy exists
concerning the capabilities of systems in current use or proposed for use. To address this
issue, and to encourage the timely development and demonstration of technology to detect
and remediate UXO contamination, the United States Congress mandated funds for a
technology demonstration to identify and evaluate innovative and cost effective systems for
the detection, identification, and remediation of sites contaminated with subsurface
unexploded ordnance.

B. PROGRAM GOAL

The intent of the 1994 demonstration at Jefferson Proiling Ground (JPG) was to
establish a controlled site where the performance of technologies for the detection, identifi-
cation and remediation of unexploded ordnance could be measured. Two controlled sites
were established: a 40-acre site used for ground-based detection systems and an 80-acre
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site for airborne systems. A variety of inert ordnance items were emplaced in surveyed
locations on these sites. In all, 27 contractors, 1 DoD laboratory, and 1 DOE laboratory
demonstrated their systems at JPG. Twenty detection systems on ground-based (surface-
towed or hand-carried) platforms, six detection systems on airborne platforms, and three
remediation systems were demonstrated. These sites continue to be in use for a 1995 series

of demonstrations.

C. DEMONSTRATION SITES

Two sites, a 40-acre and an 80-acre, were chosen for the UXO Technology
Demonstration Program. For the demonstration program, inert ordnance was emplaced on
each site and the orientation, horizontal locations, and burial depths were documented.
Ordnance representative of the contamination at JPG was emplaced and ranged from items
as small as 60-mm rounds to items as large as 2,000-1b bombs. Other items, including
metal fragments and nonordnance items such as beakers, building materials, glass bottles,
metal cans, and drums, were also emplaced in recorded locations. Additionally, some
holes were dug and refilled without the emplacement of any item.

D. CAVEATS FOR EXTRAPOLATING RESULTS

The goal of the site preparation was to emplace ordnance, ordnance-related, and
nonordnance items in as realistic a manner as possible. However, there remain differences
between the demonstration sites and actual ordnance-contaminated sites as well as differ-
ences between the demonstration procedures and actual remediation procedures that limit
our ability to extrapolate the performance at JPG to other sites.

«  Demonstrators were permitted only a single sweep and had limited information

regarding the type of ordnance contamination.

«  The geologic conditions were challenging.

«  Other potential sources of signals may not have been identified and thus not
included in the emplaced item list.

«  No explosive simulants were used; thus, no systems that detect explosives (as
opposed to metal) could be tested.

«  The baseline ordnance distribution created ambiguity in the interpretation of the
data.

e The limited number of ordnance items introduce statistical uncertainties in the
measurement of demonstrator performance.

S-2




«  The relative difficulty of areas searched made it difficult to compare demon-
strators that searched different areas of the site.

« The local conditions are not representative of many possibly contaminated
sites.

Nevertheless, the results of the JPG demonstration provide unique insight into the
state of the technology for the detection of UXO.

E. SCORING DEMONSTRATOR PERFORMANCE

In a test such as the JPG demonstration, analysis begins with a series of
demonstrator declarations, i.e., information that describes where the demonstrator thinks
buried objects are, and ground truth, i.e., knowledge of where the emplaced objects
actually are. The first step in assessing the performance of demonstrators at JPG is to
determine which demonstrator declarations match the emplaced baseline items. This is the
most fundamental part of any analysis, since matched declarations count toward detection
capability and unmatched declarations count toward the false alarm rate. Detection
capability and false alarm rate are the two principle measures of demonstrator performance
at JPG.

The process of establishing matches is nontrivial. We calculated the impact of
various matching schemes and other parameters on the measures of performance for JPG.
The method of assigning matches and the robustness of various methods affected the
results significantly enough to change our understanding of the performance.

The measure of detection capability that most accurately reflects the demonstrators’
performance is the ability of demonstrators to detect groups of emplaced ordnance items on
the area searched by each demonstrator, with the number of detections corrected for
"lucky" matches of false alarms to undetected baseline items. We have removed plastic
antipersonnel mines from consideration. The false alarm rate is calculated as the number of
false alarms per unit area, where the specific unit of area is unspecified. The probability of
false alarm is calculated as the fraction of the site covered by circles of radius 2 and 5 m,
for the 40- and 80-acre sites respectively, around each demonstrator false alarm.

A comparison among demonstrators based on detection capability alone is
inherently flawed. Further, it is difficult to compare the performance of a demonstrator
with high detection capability and a high false alarm rate to a demonstrator with a low
detection capability and a low false alarm rate. Differences in the performance may be
directly attributable to different threshold settings or might be the result of real differences

S-3




in system capabilities. Standard approaches have been developed to quantify the relation-
ship between the probability of detection and the probability of false alarm. These
approaches allow us to determine the relative ability of demonstrators using a single param-
eter that includes consideration of both the probability of detection and the false alarm rate.

F. RESULTS

1. Demonstrators of Ground-Based Detection Systems

Table S.1 summarizes our best understanding of the performance of demonstrators
of ground-based detection systems at the 1994 JPG demonstration.

2. Demonstrators of Airborne Detection Systems

Table S.2 summarizes performance of demonstrators of airborne detection systems.

G. MAIN FACTORS AFFECTING PERFORMANCE AT JPG

Instrument phenomenology, operating conditions and target emplacement affected
the successes and limitations of sensor performance at JPG. Below we summarize the
most important parameters for each technology.

1. Magnetometers

Magnetometers detected buried ordnance with some success at JPG. This is
probably in part due to the relatively favorable fall-off of signal with separation distance
between the sensor and the ordnance item. However, because magnetometers rely on the
magnetic signature of ordnance that can be different for each individual item depending on
size, history, and orientation relative to the earth's magnetic field, detection can be difficult,
even for large magnetic objects. Background magnetic conditions can obscure the magnetic
signature. This problem would be amplified if the site requiring remediation is located in a
region with a high density of magnetic minerals. Finally, the detector system design can
strongly influence the ease of interpretation of magnetic signatures.

2. Induction Coils

Detection by induction coils at JPG was moderately successful. Detection of deep
objects was suppressed, but not eliminated, by the rapid fall-off in signal with increasing




Table S.1. Demonstrators of Ground-Based Detection Systems:
Summary of Performance

Bestestmale . False
Demon- of detection alarm
strator Techno capability,” % ___rate”  Typing Acres Notes
ADI M  Hand-held and surface towed GT-TM4 67 0.43 4  GPR system proposed, elected not to
magnetometer, GT odometer, rope use—soil conductivity too high. Re
and tape for navigation. all anomalies >100 g. (Pd and FA
adjusted to remove fence line.)
Arete MG Geonics IC, Schonstedt gradiometer, 31 0.32 -3
IC man-portable GeoDAPS control
system
Trimble DGPS.
Battelie/ GPR Surface-owed GPR and 0 22 allo 23  Experimental, laboratory version of the
fosu ropeftape/odometer for navigation. radar system. High in clay content.
Chemrad/ GPR Guif-applied GPR and Puise TechIC, 11 2.3 alo 16 Navigation accuracy 6 in.
EG&G IC  acoustic USRADS surveying tool. _
Chemrad/ M 822L magnetometer, USRADS acoustic 40 1.9 allNO 4 Magnetometer range of 20-25 ft for
G-822L positioning system for navigation. detection.
Chemrad/ MG GSM-19 magnetometer/gradiometer, 4 1.5 alo 4
GSM-19 USRADS acoustic positioning system. _
Coleman  GPR Towed multisensor array system 52 0.57 alo %  NolC is mentioned in proposal. All
Ic (TOMAS), GPRand IC. GPS for detections declared as ordnance. High
navigation. _ confidence declarations only.
Dynamic M Man-portable system, Billigsley 47 0.5 allo 55  Sensors have range 15-20 ft.
Systems magnetometer, Foerster magnetom-
eter, TopCon 302 Survey instrument.
Ensco GPR Several GPRs onsled fulled by modified 0 4.8 alo 10
golf cart. Survey wheel and laser Track.
EODT M  Schonstedt magnetometer and EM-31 14 0.42 allo 11 Schonstedtr. of 2-5 ft, conductivity
IC __conductivity sensor, GEODAPS DGPS. sensor range 10-15 ft.
Foerster MG  Ferex (Mark 26) Standard Sensor, Ferex 57 3.23 24 Terrain required sensor to be located
iICc  Deep Search Sensor, Mines 2FD ~ 12in. above ground.
Standard Sensor. Ferex—gradient
magnetometers, Minex—IC. Surface-
towed. DGPS. —
GDE GPR  Prototype surface-towed imaging GPR 0 29.7 allo 69 Demonstrator noted large diameter
rope/tape/odometer navigation system. clods of earth, standing puddies of
water, and mud holes. (Corrected for
__ random hits.)
Geo- MG STOLS:2 Gmtres/Scnix 66 1.33 40  Gmtres/Senix range > 25 ft, Foerster
Centers magnetometers and one Foerster range = 5-10 ft. Areas inaccessible.
hybrid magnetometer/gradiometer. - with STOLS used hand-carried.
Geo- M Prototype Geometrics MagDIS man- 30 0.43 3%  Demonstrator notes: rough terrain—
metrics portable system: 5 Cesium-vapor large clumps of earth and cut-offtumed
magnetometars. DGPS used for up roots. (After removing declared
navigation. _ pipes, trenches,...)
Georadar GPR Preproduction model of GeoRadar 1000A 11 2.6 alo 2  Range ofdetection 510 ft
man-portable GPR. Demonstrator notes GPRs troubled by
_ wet, clay soils.
Jaycor GPR Two GPRs mounted on a golf cart 0 0.81 allo .
Navigation using existing markers.
Metratek GPR Prob model 200 stepped-frequel . 5 System has 12-ft swath and frequei
Ic GPRm.nted on sled pulled by :cy 45 1.95 bayrsld of 0.2-2.0 GHz. Demr:wt}atorfy
wheel-drive vehicle and man-portable note: muddy in low lying areas, dried
Geonics EM61 IC. DGPS used for over week. Conductivity of soil was
navigation. high~~deep targets not reachable.
SRI GPR Trailer mounted GPR system. Navigation 0 1.95 aliNO 13 Demonstrator notes that resistivity
by placing stakes every 100 ftin both would result in attenuation losses
directions to use as guides. Precise through soil such that maximum pene-
positions determined using DGPS. _ fration of radar would be less than 2 m.
uxs M Hand-carried Schonstedt GA-52B and 64 1.51 alNO 0 Pro indicates that GA-52B sensor
Foerster Ferex magnetometer. GPS work to depth of 3 m and Ferex sensors|
for navigation. to depth of 5.8 m. Conditions at JPG
_ "more than meet” the ideal conditions.
[Vation M Hand-held, towed, and gradiometer 65 11.7 alo 12  Proposal states objects up to 7 m deep
GmbH magnetometers were used. SEPOS can be detected and location accuracy
ropeftape/ odometer navigation system. is 5 cm. (With declarations labeled
fence post removed.)

KEY: M =magnetometer, G = gradiometer, IC = induction coil, GPR = ground-penetrating radar, all O or ali NO: all declarations were typed as either

ordnance or nonordnance.

* Best estimate of performance is described in Chapter 4. Bold italic numbers indicate the high category of detection capability or false alarm
performance. ltalics only indicate the second category. Demonstrators with names and technologies listed in bold italics are in the top category of the
rgro:;’ver 5c:peramm' curve characteristic, d, which accounts for both detection capability and false alarm rate. ltafics only are in the second category. See

er 5.
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Table S.2. Demonstrators of Alrborne Detection Systems:
Summary of Performance

‘Best estmate False

Demon- of detection alarm

strator Technology capability,” % rate” Typing  Acres Notes

Airborne GPR Wideband radars centered at 500 MHz 0.01 0.11 &0

Environ. IR and 3 GHz, FLIR 2000F infrared imager

Surveys on helicopter, DGPS navigation

Battelle/ GPR 50-750 MHz GPR mounted on aerial 0 0.28 alo & Vehicle was limited to roadway and

osu platform (cherry picker), Trimble GPS radar was likely ineffective at distances
navigation > 500 ft

Geonex MG/  IC, cesium vapor magnetometer/ 0.03 0.39 alio &  GPS failed, navigation limited to survey

Aerodat IC  gradiometer on boom towed below lanes marked on ground, winds caused
helicopter, DGPS navigation boom to sway, 31 hr downtime from

_ weather and equipment failures

Qilton IR FLIR 2000AB infrared imager, AIRDS 0 1.7 all NO &  Highvegetation hampered detection,

navigation opticsAllight path not optimized for
imaging ordnance

SRI (Fixed GPR Bistatic GPR with SAR processing 0 0.36 alo 8  Detection hampered by wet soils

Wing) mounted on Beecheraft, DGPS navigation -

SRI GPR Ultrawide Band GPR operating in UHF 0.02 0.22 alo &  Detection hampered by wet soils

(Rotary and VHF bands mounted on helicopter, (maximum penetration 10 m in dry,

Wing) GPS navigation sandy soils)

KEY: M = magnetometer, G = gradiometer, IC = induction coil, GPR = ground-penetrating radar, all O or all NO: all declarations were typed as either

ordnance or honordnance.

* Best estimate of performance is described in Chapter 4. Bold italic numbers indicate the high category of detection capability or false alarm
performance. Italics only indicate the second category. Demonstrators with names and technologies listed in bold italics are in the top category of the
rcer?:;ver gperator curve characteristic, d, which accounts for both detection capability and false alarm rate. ltalics only are in the second category. See

terS. .

depth. The size and orientation of the ordnance item influence detectability by induction
coil systems. Soil attenuation was not a limiting factor in the performance of these systems
at JPG, nor is it likely to be elsewhere.

3. Ground-Penetrating Radars (GPRs)

Detection using GPRs was unsuccessful at JPG. Radar detection of the emplaced
mines at JPG was prevented by the inability to discriminate objects of interest from
background clutter of comparable size. High-frequency radars are needed in order to have
appreciable response to the relatively small mines. These radars also scatter significantly
from stones or other small discontinuities in the soil. At high frequencies, the radar waves
are rapidly attenuated by any moisture in the soil. Discrimination between mines at a given

- depth and stones of comparable size at the same or shallower depth will be impossible.

For larger objects, the radar response in the 50-500 MHz region is sufficiently
large for detection. At JPG, however, there is significant attenuation even at these low
frequencies due to the high ground conductivity. It is not surprising, given the high
conductivity, that essentially nothing was found by the radars. Better performance at
detecting large objects, if they are not too deep, might be expected in other regions if the
conductivity is lower.
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4. Infrared Detectors

Infrared detection of buried objects is challenging under even the most favorable
conditions. For the heavily vegetated terrain at JPG, it might well have been impossible
with any available infrared system. The surprising result was that the surface ordnance
was undetected. This was due to use of optics and flight altitudes that required sub-pixel
detection. We do not believe that the contrasts were likely to be high enough to allow sub-
‘pixel detection, particularly in the presence of the vegetation. However, even if sub-pixel
detection had been possible, the location errors associated with the airborne platforms
would have rendered statistical determination of detection impossible. In the absence of
recognizable imagery, therefore, it is impossible to establish any evidence for detection of
ordnance by the demonstrated infrared systems. It is not likely that infrared techniques will
allow detection of buried ordnance in vegetated areas, unless the burial was recent enough

to allow detection of the scar.
H. CONCLUSIONS

1. Demonstrators of Ground-Based Detection Systems

The performance data allows the following conclusions to be drawn regarding the
technologies demonstrated under the conditions at JPG:

»  Magnetometer systems, on average, exhibited the best performance in this
demonstration, with probabilities of detection of nearly 70 percent using the
best estimate of performance. The number of emplaced items found by the
demonstrators using magnetometers indicate that all the magnetometers were
capable of detecting some ordnance.

« Stand-alone GPRs were unsuccessful at detecting buried unexploded
ordnance.

»  Induction coil metal detectors paired with GPRs did not perform as well as the
best magnetometers, but nonetheless, as a group, systems with induction coils
displayed moderate detection capabilities. Comparison to the detection capa-
bilities of stand-alone GPRs suggests that the induction coil may be
responsible for the detection capabilities displayed by these adjunct systems.

*  Most demonstrators exhibited little or no ability to distinguish ordnance from
nonordnance, or to identify one ordnance item from another.

e Most demonstrators reported multiple false alarms per ordnance item detected.

»  False alarms and inaccuracies in locating ordnance items would cause even the
best demonstrators to disturb 5 times the minimum amount of surface area
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required to recover a buried item; most demonstrators disturb between 10 and
100 times the minimum surface area required. The effect of false alarms is in
many cases an order of magnitude more detrimental than location inaccuracies.

Demonstrators with extensive field experience performed better than those with
little.

Different detection systems might be expected to perform with different levels of
success depending on the size, type or depth of ordnance. Therefore, detection capabilities
were calculated on subsets of the emplaced items sorted by these attributes. This
subdivision produces a much smaller number of items in each category, thereby increasing
statistical uncertainties. With this limit on the validity of the conclusions in mind, the data

shows the following trends.

Bombs are found with the highest reliability, with three demonstrators using
magnetometers finding greater than 80 percent of the bombs. Further, there is a
significant difference in performance between the magnetometers and the
induction coils, with the magnetometers detecting bombs at about twice the rate
of induction coils.

For mortars, which are generally nearer to the surface, detection capabilities for
magnetometer and induction coil technologies were indistinguishable.

Not surprisingly, neither magnetometer nor induction coil technologies were
able to detect the plastic antipersonnel mines.

Magnetometers were more proficient at detecting ordnance items buried below
6 ft, where, in general, the larger targets were located. The ability of the
induction coil systems, on the other hand, to detect ordnance falls off
considerably in the "below 6 feet" range.

When detection capabilities are sorted by size, induction coils perform best at
locating the medium-size targets. The magnetometers, on the other hand,
performed best at detecting the medium and large targets but not the small
targets.

2. Demonstrators of Airborne Detection Systems

The results from the 80-acre site demonstration at JPG lead to the following

conclusions:

There is no evidence that airborne systems detected any ordnance. Thus, it is
difficult to support any contention that rapid, accurate characterization of large
tracts of land contaminated with subsurface UXO is feasible with current
technology.




Accurate navigation and mapping to allow matching of demonstrator detections
with emplaced items was likely a limiting factor for the airborne systems
demonstrated at JPG. This illustrates the important distinction between
sensors that are able to provide images of surface UXO and systems that are
able to support clearance activities.

Integrating sensors on airborne platforms for the purpose of detecting
subsurface UXO is likely to be unproductive with our current level of
understanding. Any sensors proposed for integration should first be tested on
targets with calibrated signatures and then on sites with a realistic placement of
ordnance under field conditions such as at JPG. These tests of a stand-alone
sensor should be a prerequisite for consideration of integration on an airborne
platform. :

3. Implications for Research and Development Efforts

The JPG demonstration has produced summary level performance data with
implications for future R&D efforts into UXO detection. The demonstration was carried
out at a single site, by a relatively small number of demonstrators using only a subset of the
technologies that could be applied to UXO detection. These demonstrators varied in nature
from firms that find UXO commercially to nonprofit, academic technology developers.
The conclusions one infers from the data are limited by the above considerations. Never-
theless, this data is a unique resource for R&D planning in UXO detection. Our conclu-
sions about the implications of JPG data for R&D follow.

Most demonstrators reported more false alarms than detections of ordnance
items. This suggests that improving sensor sensitivity alone is not likely to
improve performance. Better discrimination is required. Improvements in
discrimination will require better understanding of the background features
interfering with the detection of targets of interest and generating false alarms.
This is probably the most important area for research.

There is a set of targets in the JPG demonstration that were found by none of
the demonstrators. All of these targets fall into one of three categories:
(1) small ordnance items in close proximity to larger items, where the
signatures of the larger items may mask the signatures of the smaller;
(2) medium-sized mortars buried more than 3 feet deep; and (3) ordnance
items near trees or survey stakes that may obstruct access to the ordnance
items. Future efforts should determine whether these targets represent a
general feature of buried UXO.

The results from the JPG demonstration suggest that false alarms might be
reducible using sensor fusion. It may even prove possible to reduce false
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alarms with multiple sensors of the same technology. Unfortunately, this
reduction of false alarms requires modest reductions in the detection capability
of single sensors. Reducing false alarms through fusion, while retaining
detection of the rarely detected emplaced items to improve detection capability
over the single sensor values, will require much improved discrimination, if it
is possible at all.

The superior performance of commercial firms suggests that experience is an
important factor in determining performance. Studying the knowledge base of
these firms may provide valuable information to complement the technical data

of sensor developers.




1. INTRODUCTION

The objective of this paper is to describe our best understanding of the performance
demonstrated in the 1994 Unexploded Ordnance (UXO) Detection, Identification, and
Remediation Advanced Technology Demonstration at the Jefferson Proving Ground,
Indiana. To arrive at this understanding, we have critically examined the parameters used
to evaluate performance, as well as the limitations imposed by the test itself. We have also
illustrated the importance of good performance on the effectiveness or efficiency of UXO

cleanup. Finally, with test limitations, observed performance, and sensor phenomenology

in mind, we have determined what guidance the results can provide for future experiments

and system development.

The report is organized as follows:

Chapter 2 provides background information on the nature and extent of the
UXO problem in the United States and worldwide, demonstrating the
motivation of Congress in establishing the Jefferson Proving Ground (JPG)
demonstration. It goes on to describe JPG, the set-up of the demonstration,
and the limitations that the particulars of the demonstration place on
extrapolating the results to other sites.

Chapter 3 describes the measures that were used to evaluate the performance of
the demonstrators and discusses the impact that good or poor performance in
each of these metrics might have on clean-up activities. This information is
likely to be of particular interest to those involved in the evaluation of
technologies for UXO detection.

Chapter 4 critically examines the measures of performance as they relate to
evaluating and comparing the demonstrators. Many aspects of the scoring of
demonstrators require careful examination. Specific parameters used in
calculating the measures of performance affect the outcome. These parameters
are explored in detail and the impact on demonstrator performance is
quantified. Chapter 4 provides insight applicable to system developers and test
designers.

Chapter 5 presents our best understanding of demonstrator performance and
comparisons among demonstrators and technologies, considering the factors
discussed in Chapter 4. It contains a summary of the results from JPG as well
as a ranking of demonstrators.
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Chapter 6 provides a brief description of each of the technologies and describes
the parameters that most likely led to the success or failure of the technologies
at JPG. Further, the performance at JPG is used to frame recommendations
for longer term research and development efforts.

Chapter 7 contains the major results and conclusions that can be reached from
the JPG data.



2. UXO CONTAMINATION AND THE JEFFERSON
PROVING GROUND DEMONSTRATION

It is inevitable that some ordnance does not explode as intended. This unexploded
ordnance remains as the legacy of past testing, training, and wartime activities.
Unexploded ordnance contamination and the resulting humanitarian and economic impacts
have intensified the need for systems to detect, identify, and remediate UXO worldwide.

The scope of the UXO-contamination problem is staggering. The use of ordnance
in conflicts has increased dramatically over time, largely driven by the advent of the cluster
bomb and by the plethora of ordnance items available at relatively low cost. Ordnance
contamination may be on the surface and hence visible, or it may be buried. Within the
United States, greater than 11 million acres of government lands are potentially contami-
nated (Ref. 1). UXO contamination within the United States is predominantly the result of
testing and training activities to prepare for war; however, in some rare cases, ordnance
greater than 100 years old remains from the Civil War and earlier military activities. UXO
contamination in the United States is found on active ranges, on bases slated for realign-
ment and closure, on formerly used defense sites (FUDS), or on other government lands
such as Department of Interior or Fish and Wildlife lands. The United States Department
of Defense has the responsibility for clearance of domestic land contaminated with UXO.

UXO contamination is also a worldwide humanitarian concern. In many countries,
there is a significant fatality rate caused by UXO that remains after military conflicts. In
1991 in France, 36 farmers were killed while tilling their land (Ref. 2). There is one
casualty per day in Khe Sanh, Vietnam (Ref. 3), and more than 14,000 Poles died in the
36 years immediately following World War II (Ref. 2). In the United States, on the other
hand, UXO contamination is typically limited to well-defined areas on test ranges and
training bases, and as a result, rarely poses a danger to the public. Nevertheless, accidents
do occur. In Tierrasante, CA, two young boys were killed and several others were injured
when an old 37-mm round exploded. This accident and other incidents, such as the
discovery of UXO from a World War I munitions facility in a residential neighborhood of
Washington, DC, have raised consciousness within the United States regarding the
potential danger of UXO on land in the public sector.
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The impact of UXO contamination is also economic. In many countries,
unexploded ordnance limits access to farm land and major economic installations such as
power plants and water treatment plants. Many years after a war or conflict, UXO may
inhibit development. As an example, during the construction of a rail bed in France,
deminers were on constant duty to remove ordnance; 5 tons of bombs were removed on a
typical day. In addition, four front end loaders and several earth movers were destroyed
over the course of the project (Ref. 2). On government lands in the United States, UXO
contamination inhibits the transfer of land from the custody of the government to the private
sector during consolidation efforts and base closure and realignment. Cost estimates for
the surface and subsurface remediation of UXO-contaminated land vary, but in the United
States alone, most are in the tens or hundreds of billions of dollars.

Current methods for clearing unexploded ordnance from contaminated land are
labor-intensive, hazardous, and costly. Furthermore, a great deal of uncertainty exists
concerning the capabilities of systems in current use or proposed for use. To address this
issue, and to encourage the timely development and demonstration of technology to detect
and remediate UXO contamination, the United States Congress mandated funds for a UXO
technology demonstration. Subsequently, the Army Environmental Center (AEC), as
program manager, and the Naval Explosive Ordnance Disposal Technology Division
(NAVEODTECHDIV), as technical lead, conducted a large-scale UXO technology demon-

stration at the Jefferson Proving Ground, Indiana.

A. THE JEFFERSON PROVING GROUND TECHNOLOGY
DEMONSTRATION PROGRAM

In 1994, a series of demonstrations of the detection, identification, and remediation
of unexploded ordnance was held at JPG. The objective of the JPG unexploded ordnance
technology demonstration program was to identify and evaluate innovative and cost
effective systems for the detection, identification, and remediation of sites contaminated
with subsurface unexploded ordnance. Proposals were solicited from technology
developers and vendors both within and outside of the United States, and a cross section of
technologies was selected for the demonstration program. The Army, Navy, and Air
Force, one of the DOE national laboratories, and more than 25 private contractors partici-
pated, in various capacities, in the demonstration. Summary statistics describing perform-
ance have recently been published, along with some analysis of the results (Refs. 4, 5).
Tables of demonstrators, identification numbers, and technologies used throughout the
report are located immediately following the Table of Contents at the front of the report.
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B. THE TEST SITE

JPG is located 5 miles north of Madison, Indiana, on an area approximately 5 miles
wide and 19 miles long, covering about 55,624 acres. The primary mission of JPG was to
conduct production acceptance tests, reconditioning tests, surveillance tests, and other
studies of ammunition and weapons systems. Test firing of munitions began at JPG on
May 10, 1941, and a variety of munitions ranging from 20-mm rounds to 2,000-1b bombs
were tested during the approximately 50 years of operations at JPG. The main firing line at
JPG runs east and west near the south end of the base with firing lanes to the north. The
land consists of gentle rolling hills of mostly poorly drained silty loam, and the area
surrounding JPG is principally agricultural.

Two sites, a 40-acre and an 80-acre, were chosen for the UXO technology
demonstration program. Both sites are located north of the main firing line, outside the
safety fan surrounding the adjacent impact ranges. Thus, these sites are thought to be clear
of ordnance and other potentially hazardous substances or wastes. Both sites had surface
vegetation consisting mainly of grass, bushes, shrubs, and small trees with only a few
large trees scattered at each site. The 40-acre site was used for the demonstration of hand-
carried or surface-towed sensor systems, and the 80-acre site was used for airborne sensor
systems. Remediation demonstrations were conducted on both sites.

For the demonstration program, inert ordnance, representative of the contamination
at JPG and other sites, was emplaced on each site and the orientation, horizontal locations,
and burial depths were documented. This ordnance ranged from items as small as 60-mm
rounds to items as large as 2,000-1b bombs. Other items, including metal fragments and
nonordnance items such as beakers, building materials, glass bottles, metal cans, and
drums were also emplaced in recorded locations. In addition, some holes were dug and
refilled without the emplacement of any item. Prior to the emplacement of items, an
explosive ordnance disposal (EOD) team swept the sites to identify potential magnetic
signal sources. The EOD team used handheld magnetometers as well as the government
prototype Surface Towed Ordnance Locator System (STOLS). As a result of the sweep,
several anomalies were added to the emplaced item list as nonordnance.! This ground-truth
serves as the baseline data necessary to evaluate the performance of technologies
demonstrated in the program. The baseline data was not released to the demonstrators and
continues to be held by the government.

1 Details can be found in Refs. 4 and 5.




The method of ordnance emplacement and the ordnance layout plan was determined
in consultation with former- and active-duty explosive ordnance disposal (EOD) personnel

and used data including:
« ordnance testing and training records,
 ordnance delivery and implementation characteristics,
o numerous technical and UXO site reports, and

+ area geology information.

Data from clean-up operations at FUDS were obtained from the Army Corps of Engineers
and used to select various items commonly responsible for false alarms. After all items
were emplaced, both sites were mowed to remove most of the small vegetation, and the

areas were "disked" to present a uniform appearance.

C. CAVEATS REGARDING THE INTERPRETATION OF DATA FROM
THE JPG DEMONSTRATION

The goal of the site preparation was to emplace ordnance, ordnance-related, and
nonordnance items in as realistic a manner as possible. However, there remain differences
between the demonstration sites and actual ordnance-contaminated sites as well as differ-
ences between the demonstration procedures and actual remediation procedures. As an
example, each system demonstration typically involved a single pass on the prepared site;
remediation of an actual site would likely involve multiple passes and the removal of items
between passes. In this section we discuss some of the most important limitations of the
JPG demonstration that both affect the ability to interpret the data accurately and limit the
extrapolation of the performance at JPG to sites with widely differing conditions. These
limitations should be understood to apply to all of the observations and conclusions

presented throughout this report.

Limitations on sweep methodology and lack of information regarding type of
ordnance contamination. Many demonstrators indicated that more knowledge of the types
of ordnance items and their likely distribution would have helped in properly "tuning" their
systems for the specific application. Namely, magnetometer system settings and sweep
procedures would be quite different for small, shallow objects than for large, deep objects.
Demonstrators indicated that even limited knowledge regarding the ordnance types (this
corresponds to knowledge of past usage of the site) may have resulted in an increase in the
probability of detection for various categories of ordnance. On the other hand, the demon-
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strator work plan supplied before the demonstration contained a list of the items that would
be emplaced on the site.

In an actual cleanup operation, it would be possible to perform multiple passes on a
particular site and to remove items detected on each pass prior to the next pass. Thus, the
system could be adjusted to respond to the different ordnance types expected at the site,
i.e., large ordnance at large depths, or small ordnance at shallow depths. Even at sites
where little historical information is available, multiple passes on the site at different system
parameter settings may result in the detection and removal of more ordnance overall,
especially if detected items are removed after each pass.

Geologic conditions challenging. The geologic conditions at JPG are challenging in
several respects. On several days there was standing water on some portions of the site,
and vegetation on the 80-acre site was reported to be as high as 48 inches. The standing
water limited the access of several systems to various areas of the site and surface
vegetation limited the effectiveness of infrared systems. Further, the depth of penetration
of ground-penetrating radar (GPR) systems is severely limited by high soil conductivity
and soil moisture content. Some demonstrators with multi-sensor platforms opted not to
use their GPR sensors upon measurement of these parameters at the site. Chapter 6
provides more details.

Presence of other sources of signals. Although the site was cleared before items
were emplaced in the ground, the sweeps may not have identified all possible sources of
signal. After the testing of systems at JPG, a fence line was discovered and additional
analyses performed to quantify the resulting effects on demonstrator performance. Even
s0, it is likely that not all sources of signals were identified. As a result, the division of
"false alarms" measured at JPG into those arising from a deliberately emplaced man-made
nonordnance item and those arising from an unknown source may be artificial.

No explosive simulants were used. Nuclear, chemical, and biological (i.e., dogs)
sensors that detect high concentrations of explosive material could not be demonstrated at
JPG since only inert ordnance was emplaced and no explosive simulants were used. These
systems will have different detection capabilities and may provide information for
discrimination purposes.

Baseline ordnance distribution. The most significant aspect of the test design that
affected the ability to interpret the results is the distribution of baseline items. A nearest
neighbor ordnance distribution for the 40-acre and 80-acre sites shows that a large fraction
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of the ordnance items are separated from their nearest neighbors by only a few feet or less.
This pattern may or may not be typical of the patterns of contamination in real-world sites.
If this separation is at or near the limit of the sensor’s ability to resolve nearby items, then
the measurement of detection capabilities will be affected by the particular pattern of
ordnance distribution and the sensor resolution. Chapter 4 details the effect of closely
spaced targets on measured performance.

Relative difficulty of areas searched. Many demonstrators did not search the entire
site. Because the emplaced ordnance and the local environment vary across the site, it is
difficult to compare demonstrators that searched different portions of the site.

Local Conditions. System performance will be affected by climate, weather, soil,
and other such conditions that are peculiar to the JPG site. Thus, caution should be used
when extrapolating the results to predict performance at different sites.

Statistical Uncertainties. Because a finite number of items were emplaced at JPG,
there are statistical uncertainties in the measures of performance. In some cases, these
uncertainties can be large enough to reverse the order in which one would rank demon-

strator performance.

It should be noted that despite these limitations, the JPG demonstration, albeit at
one location with specific geological conditions, procedures, ordnance types, and ordnance
distributions, provided an opportunity to compare many systems in a blind test. The
results of the JPG demonstration provide unique insight into the state of UXO detection
technology.
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3. MEASURES OF PERFORMANCE AND IMPLICATIONS
FOR UXO CLEANUP

There is great debate regarding the efficacy of currently fielded UXO detection,
identification, and remediation systems. There is a similarly fierce debate regarding the
most appropriate methods for evaluating the performance of these systems. In this chapter
we discuss the measures used to evaluate the performance of systems demonstrated at JPG.
Since few remediation systems were proposed for testing at JPG, we focus predominantly
on systems for detection and identification.

A. MEASURES OF PERFORMANCE

The efficacy of UXO cleanup is driven largely by detection capability. Systems
with a high probability of detection will locate more ordnance than systems with a low
probability of detection. In this regard, a high probability of detection is desirable.
Decades of experience with sensors used for the detection and identification of a myriad of
items have shown that it is possible to increase the probability of detection simply by
lowering the threshold of the system. This, however, also increases the false alarm rate.
Therefore, it is important to consider both detection capability and the corresponding false
alarm rate. If the number of false alarms is sufficiently high, the usefulness of the sensor is
obviated since the cost and time of remediation will be driven by digging holes that do not
yield ordnance items. The remaining performance parameters—target position and depth
accuracy, target classification capability, survey rate, and survey costs—were included to
allow more refined comparisons between systems of similar performance.

Below we provide a summary and brief description of measures for evaluating the
performance of systems for detection and identification:

1. Detection capability

Detection capability is the ability of a demonstrator to detect ordnance items.
At JPG, this is measured as the fraction of emplaced ordnance items detected.
Detection capability was determined in several subcategories, for example, the
ability of a demonstrator to detect bombs.
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2. False negatives
A false negative is a demonstrator declaration of ordnance that cannot be
associated with any object emplaced at the site.

3. False positives
A false positive is a demonstrator declaration of ordnance that corresponds to
an emplaced nonordnance item.

4. Target position and depth accuracy
The average radial distance between the demonstrator declaration and a
matched emplaced item is called target position accuracy or location accuracy.
An analogous definition applies to target depth accuracy.

5. Classification capability

Seven classification ratios were created to measure the demonstrator's ability to
correctly classify detected items. In this report, this measure is calculated by
dividing the number of items of a class detected and correctly classified, by the
total number of items of that class detected.

6. Survey rate

The survey rate is measured as the portion of the site visited in the allotted
40 hours.

7. Survey costs
Costs are based on firm, fixed prices from the demonstrator proposals.

Using these measures, we next discuss the implications of various levels of

performance for UXO cleanup.

B. IMPLICATIONS FOR UXO CLEANUP

We consider primarily the ground-based detection and identification systems
demonstrated on the 40-acre site at JPG. Although the performance parameters discussed
are also broadly applicable to airborne systems, the significance of the results for the
airborne systems is not discussed in detail. The performance of airborne systems demon-
strated on the 80-acre site was poor. Thus, a detailed discussion of the implications of this
performance for the cleanup of subsurface UXO is not likely to yield useful insight. The
level of performance indicates that the use of airborne platforms for rapid, wide area
surveys of land contaminated with subsurface ordnance is not currently viable. Chapter 6,
Technology and System Considerations, discusses several possible reasons for the
observed poor performance of airborne systems. Performance of airborne systems for the
detection of surface ordnance remains to be quantified in a blind test.
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Remediation systems are not addressed in this chapter since the role of these
systems in cleanup, and hence the performance metrics, are substantially different than
those for identification and detection systems. Further, only three remediation systems
were demonstrated at JPG and two of the three were developmental in nature. Hence,
conclusions regarding remediation may not be representative of the currently available
technology.

1. Detection Capability

Detection capability is expressed as the probability of detection, defined as the
number of items detected divided by the total number of emplaced items.! As such, the
ability to mitigate risk is directly proportional to this first measure of performance.
Consider an impact area where 1 million rounds have been fired during testing. It is
common to use 10 percent as an estimate of the "dud rate," or the fraction of ordnance
items that fail to explode. Hence, 100,000 rounds remain as potential explosive hazards.
A sensor system with a probability of detection equal to 90 percent, would allow 90,000 of
the 100,000 potentially hazardous rounds to be located, leaving 10,000 such rounds
undetected. A system with a probability of detection equal to 70 percent would leave three
times as many ordnance items undetected. At JPG, the detection capability of all available
systems demonstrated was less than 70 percent, and the average detection capability was
30 percent.2 Thus, systems with the highest probability of detection demonstrated at JPG
would leave approximately 30,000 of the 100,000 potentially hazardous ordnance items on
the hypothetical impact area described above; a probability of detection equal to 30 percent
would leave 70,000. Despite caveats regarding the ability to extrapolate this performance
to other sites, this performance is well below the advertised capability of these systems.

The expense of ordnance remediation has driven efforts to include future land use
considerations in the decision to remediate UXO-contaminated land. In cases where the
land must be remediated, restrictions on future land use might be considered in the decision
regarding the depth of clearance. For example, if the land were to be used as a national

1 Demonstrators were scored using several different measures of detection capability; these are described
in detail in Chapter 4. For our purposes in this section, these distinctions are not critical.

2 Many demonstrators did not search the entire 40-acre site; therefore, the probability of detection quoted
here is defined as the number of ordnance items detected divided by the number of emplaced ordnance
items on the area searched only. Plastic antipersonnel mines have been removed from the emplaced
item list. Details are provided in Chapter 4. The average detection capability is the average of the
detection capabilities of the individual demonstrators on their area searched as opposed to the total
number of detections divided by the total number of opportunities on the cumulative area searched.
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park, clearance to a depth of 5 m (15 ft) would be unnecessary. Determining the relative
ease with which ordnance can be detected at various depths would be useful for framing
such policy decisions. In Chapter 5 we present the probability of detection demonstrated at
JPG as a function of the depth of the emplaced item.

2. False Alarm Rate

As mentioned above, it is possible to increase the number of detections obtained by
any sensor by lowering the threshold level at which a detection is declared. In the limit of
near-zero threshold, this endeavor would create an area virtually littered with declarations.
This approach would also require the removal and sifting of all soil at a site to the
maximum depth of remediation desired. Under such circumstances, the sensor ceases to be
useful. Of course, this is an extreme example; nevertheless, it illustrates the point that for a
system to be considered viable, not only must the detection capability be high, but the false
alarm rate must be manageable. Figure 5.1, in Chapter 5, shows how the demonstrators
on the 40-acre site at JPG fared with regard to both probability of detection and false alarm

rate.

In the case of UXO detection, a manageable false alarm rate is one that can be
tolerated given operational constraints and resource limitations. Namely, if a detection-
driven remediation approach is taken (as opposed to a strip mining approach), then the cost
of remediating a segment of UXO-contaminated land will be dominated by, and hence
proportional to, the number of detections that must be investigated. Digging holes that
yield ordnance items is a necessary part of the remediation cost, but resources are wasted
by digging holes that do not yield ordnance items.

In the vernacular of the JPG demonstration, there are two types of false alarms,
false negatives and false positives. A false negative is a declaration that cannot be
associated with any object emplaced at the site; i.e., a false negative may be the result of
a geologic feature, system noise, or any man-made object not deliberately emplaced as part
of the demonstration. False negatives that result from geologic features or system noise
may have serious implications for the remediation timeline in that extended search efforts
may be required for remediation personnel to be convinced that there is not an ordnance
item or other object present. False positives are declarations thought by the demonstrator to
be ordnance but that are other emplaced man-made debris. It should be noted a false
positive may be more readily verified (i.e., an object is found) than a false negative. In this




respect, a false positive may not affect remediation timelines or costs as significantly as a
false negative.3

Some in the sensor-development community object to describing the detection of
man-made objects and geologic features as false alarms since they are clearly associated
with objects that would be expected to generate a signal. For example, an induction coil
would be expected to detect an aluminum soda can and a magnetometer would be expected
to find a highly magnetic rock. Others argue that any detection identified with a non-
ordnance item would lead to remediation efforts that do not reduce the UXO risk and hence
should be viewed as a false alarm. Independent of the definitions, the goal is to remove the
hazard associated with UXO; both false negatives and false positives impede the ability to
accomplish this objective effectively and efficiently.

Greater than half of the demonstrators had more than 10 times as many false
negatives as false positives. It should be noted that a false positive can only be assigned in
cases where a declaration corresponds to a known emplaced nonordnance item. There may
be unverified man-made objects in the locations designated as false negatives. However, if
the demonstrator false negatives corresponded to subsurface items, then we would expect a
correlation of false negatives between demonstrators. In some cases where several
demonstrator false alarms corresponded to each other, an investigation was conducted and
if an item was located, this item was added to the baseline. This could not be accomplished
in all cases; we assume that the preponderance of the remaining false alarms were not
caused by unverified manmade objects.

As an example, let us take a demonstrator to the hypothetical impact area described
above in Section 1 Detection Capability. We will use a demonstrator with performance
similar to that of an above-average demonstrator on the 40-acre site at JPG. Recall that this
impact area contains approximately 100,000 potentially hazardous ordnance items. As a
conservative estimate, we assume that each of the 900,000 additional ordnance items that
exploded as intended results in one object in the impact area that would cause a detection.4

3 Of course, it must be verified that the object recovered is, in fact, the object responsible for the signal.

If we assume that ordnance items of widely different sizes have been used on the impact area, for
example, 20-mm rounds and larger projectiles or bombs, then this assumption seems reasonable. The
fragments of large exploded ordnance items would be comparable in size to small ordnance items.
Some of these small fragments would remain in the ground even after a surface clearance. If, on the
other hand, the impact area was used for only large ordnance items, then sensors may be able to
adequately discriminate small, shallow debris from large, deep ordnance items. In the latter case,
assuming one debris item per exploded ordnance item fired would artificially inflate the estimated false
positive rate.
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For convenience, we will use an ordnance probability of detection equal to 50 percent and
we will assume that the probability of detection for nonordnance is also equal to 50 percent.
The number of false negatives is calculated by estimating the size of the impact area from
other impact area ordnance densities and using the false alarm rate demonstrated at JPG on
this area. We assume no ability to distinguish between ordnance and nonordnance items,
i.e., no classification capability. (This last point is discussed below.) This combination of
the probability of detection and false alarm rates would yield the following remediation on
the hypothetical impact area:
Percentage of Total

Number of Holes Found in the Hole Number of Holes
50,000 Hazardous ordnance item 10 %
450,000 Ordnance-related item, "false positive" 89 %
3,000 Nothing, "false negative” 1%

Total = 503,000

The number of holes that yield ordnance-related items far exceeds the number of holes that
yield intact, hazardous ordnance items. Further, despite digging approximately 500,000
holes, this hypothetical demonstrator would leave 50,000 potentially hazardous ordnance
items remaining on the site. For a demonstrator with a significantly higher false negative

rate, the results would be yet more disturbing.

Of course, many UXO-contaminated sites are not impact ranges. These areas may
be lightly contaminated with ordnance but will not be heavily contaminated with ordnance
debris. At these sites, ordnance debris will not be the driving factor in the generation of
false alarms. Instead, most of the effort will be in exploring miscellaneous sources of
signals such as those generating false negatives in the JPG demonstration. As an example,
during a pipeline construction in Chocolate Mountain, CA, several hundred signals had to
be investigated to find four 500-pound bombs (Ref. 6).

3. Combining Detection Capability and False Alarm Rate

It is difficult to compare the relative performance of demonstrators with high
probabilities of detection and high false alarm rates to those with low probabilities of
detection and low false alarm rates. In Chapter 4, we discuss in detail the use of a receiver
operating characteristic (ROC) curve based on gaussian noise to compare systems with
widely different performance. A ROC curve illustrates diminishing returns: at some point
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along the curve, a modest increase in detection capability is associated with a dispropor-
tionately large increase in false alarms. In this chapter, we compare systems based on the
effect of demonstrator performance on UXO remediation. To accomplish this, we need a
trade-off curve, analogous to the ROC curve, but that shows how increased probability of
ordnance recovery is related to the percentage of the site dug up.

Figure 3.1 shows, for a single demonstrator, the probability of detection® against
the fraction of site surface area that must be disturbed to recover ordnance items. The
fraction of the site dug up is calculated as the fraction of the site surface area covered by
circles of radius R,;; drawn around each demonstrator declaration. The points on the curve
are determined by progressively increasing R until the entire site is covered and
calculating the number of ordnance items recovered at each fraction of the site dug up. This
provides a curve with "probability of detection” varying between 0 and 1. It should be
noted that at large values of the radius, additional items are not truly detected but rather are
uncovered at random. The effect of overlapping circles is estimated as

fraction of site area=1 —e ¥

Nzrr2

x=
Asite
where
N = number of holes
r = radius of hole
Agite = area of entire site.

(This estimate breaks down for large values of 7, therefore, we also calculated exactly the
fraction of the site covered. We found no appreciable difference in the results.)

In practice, the probability of detection would likely be increased by lowering the
threshold of the sensor and tolerating more false alarms rather than by digging
progressively larger holes around existing declarations. This would also increase the
fraction of the site that must be disturbed, although the functional behavior would be
different. Nevertheless, this approach is useful for comparing the performance of different
demonstrators at their chosen operating conditions at JPG.

5 The pattern of ordnance emplacement on the JPG site prompted us to define several measures to bound
the probability of detection. For this calculation, the probability of detection is estimated as the
fraction of ordnance items that would be uncovered in holes of a specified radius R ;. For detailed
definitions refer to Chapter 4.
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The performance of any demonstrator can be measured against the performance that
would be achieved by randomly placing declarations. The dashed line in Fig. 3.1 shows
the theoretical performance of a demonstrator with random declarations on a hypothetical
site where the items have been emplaced randomly. This shows that overall the use of the
sensor by the representative demonstrator allows more ordnance to be located at each
fraction of the site covered. However, it is more useful to compare the added benefit of the
sensor against random declarations at each point along the curve. At any point along the
representative demonstrator curve in Fig. 3.1, a straight line to a probability of detection
and fraction of site covered equal to one (point D on Fig. 3.1) shows the functional
behavior of further "detections" due to randomly uncovering further items in progressively
larger holes. This allows the sensor performance to be compared against "random hole
digging." For example, at points A and B the sensor curve slope is greater than that of
lines A-D and B-D, indicating that the sensor is still performing better than random. At
these points, for a given increase in the probability of detection, the sensor allows a smaller
increase in the fraction of the site covered than would be expected by random declarations.
At point C, however, continuing to use the sensor results in performance that is worse than
random. An anticorrelation between the emplaced items that were easy to detect versus
those that were difficult to detect would create such a result. Such an anticorrelation would
require that circles around detections be quite large before the ordnance items remaining at
the site were detected. To determine if this anticorrelation is a function of the baseline
distribution, we calculated the "probability of detection” for a demonstrator with declara-
tions placed randomly on the JPG baseline. This curve is labeled "Random declarations on
JPG baseline” in Fig. 3.1. This curve illustrates that the baseline ordnance distribution
does not account for the anticorrelation, since the curve for a demonstrator with random
hits does not deviate significantly from the theoretical curve. This anticorrelation is larger
for some demonstrators than for others; we have not been able to identify the source of this
deviation from random behavior.

As a coarse estimate, let us assume that the cost of site remediation is proportional
to the fraction of the site that must be dug up. Figure 3.1 shows that, initially, a modest
increase in the radius of the hole dug around each declaration has a large effect on
probability of detection. Up to a probability of detection of 70 percent, less than 10 percent
of the site needs to be disturbed, and there are clear advantages to using the sensor. As
described above, as long as the slope of the curve is greater than the line drawn to point D,
the sensor provides an advantage over digging random holes. This initial steep climb of
probability of detection is an indication of the demonstrator's location accuracy, and there is

3-9




little influence of false alarms, although the size of the holes around the false alarms is
growing also. Above a detection capability of 70 percent, the curve flattens. In this flat
region, the size of the holes continues to grow, but few additional ordnance items are
recovered since all additional ordnance items are uncovered at random. To increase the
number of ordnance items recovered to 80 percent would require 40 percent of the site
surface area to be disturbed.

Figure 3.2 shows the probability of detection against the fraction of site disturbed
for a representative sample of demonstrators. This allows the performance of demon-
strators (at the operating conditions chosen for JPG) to be compared over a wide range of
probabilities of detection. The demonstrators with initially steep slopes are superior to those
with initially shallow slopes, since they allow more ordnance to be recovered at low
fractions of site area disturbed. For these demonstrators, even after the performance is
random, the initially high probability of detection allows more ordnance items to be
recovered with a smaller fraction of site area disturbed. Figure 3.2 shows the value of
comparing demonstrator performance over a wide range of probabilities of detection: some
of the demonstrators with initially high probabilities of detection are not the best over the
entire range; for example, see demonstrators Coleman and UXB.

4. Distance and Depth Accuracy

The ability to accurately locate a subsurface ordnance item both decreases the
amount of earth that must be removed to remediate an ordnance or nonordnance item and
helps one to choose the proper tools for remediation. The data on distance and depth
accuracy achieved by the demonstrators at JPG are provided in Chapter 4.

The volume of earth that must be moved to remediate an emplaced ordnance item
increases as the square of the radius of the hole that must be dug.

V%anhnunowui“=’2

In other words, decreasing the radius of the hole by a factor of two decreases the volume of
dirt that must be removed by a factor of four. Therefore, distance inaccuracies can have a
significant effect on the amount of dirt that must be removed to locate and remediate

subsurface items.
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To illustrate the effect of distance accuracy on remediation, we calculated the mini-
mum surface area that must be disturbed to recover all emplaced ordnance items. The
minimum surface area required to recover one ordnance item is calculated as the area of a
circle with diameter equal to the maximum dimension, /, of an emplaced ordnance item
when the dimensions of the ordnance item are projected to the surface. The total minimum
area is the sum of the area of all ordnance items detected by a particular demonstrator. The
actual area required for remediating these detected items is calculated using the demon-
strator's average location accuracy, 7, plus one standard deviation as the radius of a
circle.6 We then also add the portion of the minimum area circle that lies outside the
demonstrator's circle. These areas are described by the following equations and Fig. 3.3:

T, \2
Apin = Zordnance detectedz(l )

Ajpe = Y ordnance demcd[zz(? + 10‘)2 + (portion of Ay,;, outside Ay, )]

The ratio of these two numbers reflects the impact of location accuracy on remedia-
tion activities. To compare the importance of location accuracy to the impact of false
alarms, we also calculated the amount of surface area that must be disturbed when both the
location inaccuracy and the false alarms are considered.

_ n X )
Alpc+FA = Zordnance detwed[n(r +10)” +(portion of A, outside Ay, )]
- 2
+Z FAs[ﬂ(r+10') ] .

Since demonstrators had different detection capabilities, Fig. 3.4 compares the ratio
of Ajoc/Amin and A (joc+FAYAmin. This figure shows that even demonstrators with above
average distance accuracy typically disturb 5 times the minimum amount of surface area
required; most demonstrators disturb between 10 and 100 times the minimum surface area
required. Nevertheless, Fig. 3.4 shows that at JPG, the effect of false alarms is in many
cases an order of magnitude more detrimental than location inaccuracies.

6  See Chapter 4 for detailed definition of location accuracy.
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Figure 3.4. Comparison of the Effect of Location Inaccuracles to the Effect of False Alarms on Amount of Area

That Must Be Disturbed to Recover Ordnance items




It would be useful to express these numbers in terms of volume of earth that must
be removed rather in terms of surface area. However, it is difficult to anticipate the impact
of depth inaccuracy on remediation: even if depth is underestimated, remediation activities
will likely continue until the item is found; similarly, if the depth is overestimated,
remediation activities would cease once the item is located. Further, the amount of earth
that must be removed is not a linear function of the depth since, for safety reasons, it is not
possible to dig straight-walled holes.” Thus, we make no attempt to quantify the effect of

depth inaccuracy on cleanup activities.

5. Classification Capability

Most of the sensors used for the detection of unexploded ordnance capitalize on the
metal content of ordnance items. The result of this approach is that all metal objects, such
as ordnance fragments and construction materials, which are common on impact areas, are
also detected. In the above example, wherein 1 million ordnance items were fired in an
impact area, the estimated number of hazardous ordnance items was 100,000. If we esti-
mate the number of non-hazardous ordnance-related items to be the balance, or 900,000,
then a sensor with a detection capability of 90 percent would find not only 90,000 of the
100,000 hazardous ordnance items, but also 810,000 of the 900,000 non-hazardous
ordnance items. Further increases in detection capability without concomitant increases in
discrimination capability would increase the fraction of both hazardous and non-hazardous
items detected. Clearly, the cost of remediation would be driven by the examination and
removal of non-hazardous items. The ability to distinguish between potentially hazardous
ordnance items and other nonhazardous items would reduce both the cost and the time
required for remediation efforts.

Both ordnance and nonordnance items were emplaced at JPG. Figure 3.5
illustrates the relative ability of demonstrators to detect ordnance and nonordnance items,
regardless of their ability to correctly classify the items. This figure shows that the ability
of demonstrators to detect ordnance and nonordnance is comparable. Thus, as the above
example illustrates, an ability to classify detections as ordnance or nonordnance, would be
critical in controlling cleanup costs. Notably, of the 20 demonstrators at the 40-acre site,
12 did not even attempt to distinguish between ordnance and nonordnance, and one found
nothing. Of the remaining seven demonstrators, three found only ordnance and two found

7 Worker safety considerations influence the size of the hole that must be dug: to avoid cave-ins, holes
must have sloping sides.
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only nonordnance. Thus, only two of the demonstrators that attempted to distinguish
between ordnance and nonordnance found some of both. For these two demonstrators, the
probability of correctly identifying ordnance was greater than 90 percent, but the
probability of correctly identifying nonordnance was less than 10 percent. This is a result
of the demonstrators declaring nearly all items as ordnance and translates to essentially no
classification capability whatsoever.

Ultimately, the ability to more accurately classify buried ordnance is important for
the purpose of establishing the level of contamination at a UXO-contaminated site and also
for remediation. The classification capability demonstrated at JPG indicates that it is not
currently possible to distinguish ordnance from nonordnance and ordnance debris, much
less specific ordnance items from one another. Most demonstrators at JPG showed no
appreciable ability to provide even coarse classification sufficient to guide remediation
equipment choices, i.e, shovel or backhoe.

6. Survey Rate

The prevalence of contaminated land in the United States and abroad requires that
UXO detection surveys be conducted as rapidly as possible. One would expect some
tradeoff between the speed of survey and the reliability of the survey. The demonstrators
with the fastest survey rate were those that searched the entire site in the allotted 40-hour
time period. We might expect some of the demonstrators with slower survey rates, i.e.,
those that did not search the entire site, to have higher detection capabilities than those that
searched the entire site. This is not the case. The demonstrators with the highest survey
rate are also those with the highest probability of detection. Therefore, to achieve the
higher detection capabilities and lower false alarm rate demonstrated at JPG would require
1 hour per acre of land surveyed (40 hours/40 acres); to investigate the 11 million acres of
land in the United States potentially contaminated with UXO would require 11 million
hours. Assuming a 10-hour work day, a 5-day work week, a 50-week work year, and 100
systems, this corresponds to 44 years. An order of magnitude increase in the number of
systems would allow the survey to be completed in 4.4 years. This estimate assumes that
all potentially contaminated land can be surveyed at the same rate as JPG, and that surveys
can be conducted year round, assumptions that doubtless make the estimated survey time
low.

Clearly, it would be desirable to do wide area, rapid surveys using airborne plat-
forms. However, the performance of airborne systems demonstrated at the 80-acre site at
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JPG indicates that it is not currently possible to detect and accurately locate subsurface
ordnance in this manner. Therefore, some prioritization of sites is required to accom-

modate more time-consuming ground surveys.

7. Survey Cost

The cost of surveying the 40-acre site is listed by demonstrator in Ref. 4.
Figure 3.6 shows the probability of detection (measured as Pgroyp (ordnance only); see
Chapter 4) on the area surveyed and the cost of each of the demonstrators on the 40-acre
site. For the demonstrators with higher detection capabilities, the survey cost ranges
between $1,000 and $10,000 per acre. However, for three of the demonstrators with low
false alarm rates, the survey cost is approximately $2,000 per acre. If we extrapolate this
cost to the 11 million acres potentially contaminated with UXO, the survey cost alone
would be in excess of $22 billion. Even the least expensive system demonstrated at JPG
was approximately $1,000 per acre, which is only a factor of 2 decrease in the above
estimated cost. These numbers should be viewed as preliminary since many of the systems
demonstrated at JPG were developmental in nature. Alternatively, some of the demon-
strators may have partially subsidized their demonstration costs, which would make these
estimated costs low. Travel expenses have not been eliminated from the demonstrators'
reported total cost at JPG; however, logistical support and surveying stakes were provided
at no cost.
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4., CALCULATION AND CRITICAL EXAMINATION OF
MEASURES OF PERFORMANCE AT JPG

In a test such as the JPG demonstration, analysis begins with a series of demon-
strator declarations, i.e., information that describes where the demonstrator thinks buried
objects are, and ground truth, i.e., knowledge of where the buried objects actually are.
The first step in assessing the performance of demonstrators at JPG is to determine which
demonstrator declarations match the emplaced baseline items. This is the most fundamental
part of any analysis, since matched declarations count toward detection capability and
unmatched declarations count toward the false alarm rate.! At the same time, the process of
establishing matches is nontrivial. Consider questions such as:

How close does a demonstrator declaration have to be to a known emplaced
item to be considered a match?

If a demonstrator littered an area with declarations, how should the detection
capability be calculated given that many of the matches were likely lucky?

If there are several closely spaced emplaced items and a demonstrator makes
only one declaration in this area, did the demonstrator detect the group of
items or only one individual item?

If a demonstrator used a sensor that does not respond to the physical

characteristics of a certain type of emplaced ordnance items, should these

items be counted as missed?
In this chapter we address these questions and calculate the impact on the measures of
performance for JPG. The method of assigning matches and the robustness of various
methods is important since it affects the results significantly enough to change our

understanding of the performance at JPG.

A. TARGET MATCHING ALGORITHM

To analyze the results of the JPG demonstration, the government contracted with
Automated Research Systems, Inc., to write a computer program that would establish

1 Results presented in the IDA reports differ slightly from the measures in the Unexploded Ordnance
Advanced Technology Demonstration Program at Jefferson Proving Ground (Phase 1) report prepared
by PRC Inc. (Ref. 5). The reasons for these differences are discussed in Appendix A.
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matches between demonstrator declarations and emplaced items. This program is called the
Target Matching Algorithm (TMA) and was used to calculate all the results presented in the

PRC report (Ref. 2).

The TMA uses a scoring mechanism to arrive at a one-to-one pairing of emplaced
baseline targets with demonstrator declarations. The inputs to the TMA include a critical
radius, depth, and azimuthal and declination angles. For a demonstrator declaration and an
emplaced item to be considered as a potential match, their horizontal separation (projected
to the surface) must be less than the critical radius, their depth discrepancy less than the
critical depth, and so on. For this demonstration, a horizontal separation less than the
critical radius was the only requirement for a match. Other attributes were used only to
select a preferred pairing when more than one demonstrator declaration was within the

critical radius of an emplaced target or vice versa.

The TMA examines each demonstrator declaration in turn, moving from west to
east, finding all emplaced targets that are within the critical radius of each demonstrator
declaration, and computing a "score” for each of these potential matches. Points are
awarded to a potential pairing for agreement on location, depth, size, classification, type,
and angles. The number of points awarded for a match is not affected by the proximity of
the match; i.e., all targets within the critical radius are awarded all of the points allotted for
a location match. After all demonstrator declarations have been processed, the TMA
revisits each declaration to pair it with the emplaced target that has the highest score. At
this point, it is possible for a single emplaced target to be matched to more than one demon-
strator declaration. To detect such an occurrence, the TMA next visits each emplaced item.
If an emplaced item has been matched to more than one demonstrator declaration, the
pairing with the highest score is used. The other demonstrator declaration is matched to the
emplaced item that has the next highest score. The algorithm repeats this process until there
are no more emplaced targets matched to two or more demonstrator declarations. A similar
process is used if more than one emplaced item is matched to a demonstrator declaration.
Thus, from this algorithm, a set of "optimized" one-to-one matches between baseline
targets and demonstrator declarations is constructed.

For two emplaced items within the critical radius, Rcrjr, of a demonstrator declara-
tion, the first tie breaker in the TMA is depth match. For example, consider two baseline
items that are within R.r;; = 2 m of a demonstrator declaration; one item is 10 cm from the
declaration and the other is 1.5 m away. The depth of the emplaced item 1.5 m away is
within the critical depth set in the TMA, but the depth of the emplaced item 10 cm away is
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not. In this situation, the farther target will be allotted more points and hence matched to
the declaration, even though it is likely that the declaration was prompted by a return from
the nearer target. (This, of course, assumes that the demonstrator has good navigation
ability.) If both emplaced items match the declaration in critical depth (or if neither match)
the tie is then broken on the basis of size. The result of this tie-breaking scheme is that the
characterization of demonstrator capability for determining target depth in the TMA is
corrupted by preferential depth matching. The depth characterization capabilities reported
for the JPG experiment from this algorithm are thus better than they would be if all
declarations were matched to the nearest target in horizontal space. In practice, the critical
depth selected was very large, and therefore few ties were broken on the basis of depth
match. Instead, most ties were broken on the basis of the next criteria, size match. In
either case, matching demonstrator declarations to emplaced items that are farther away than
the item generating the return will result in a measure of demonstrators' location ability that
is worse than it would be if declarations were matched to the nearest emplaced item. The
tie-breaking scheme of the TMA will also affect measurement of the classification ratios,
typing, and sizing abilities.

As mentioned above, the TMA has distinct limitations. In later sections, we
consider alternative algorithms for matching baseline items with demonstrator declarations
as a means of quantifying the limitations of the TMA. To distinguish among these
alternatives, the probability of detection determined using the TMA is referred to as Ppgsch.
Although we do not consider Pparch to be the best representation of probability of detection
as it is usually meant, analysis and interpretation using the numbers derived from the TMA
provides consistency with the PRC report.

Figures 4.1 (a) and (b) show the probability of detecting ordnance items calculated
using the TMA, Pq¢ch(ord), for each demonstrator on the 40-acre site. Figure 4.1 (a)
shows the number of matches over the whole site regardless of the fraction of the site
searched by the demonstrator. As most of the demonstrators searched only a portion of the
site, Figure 4.1 (b) shows the probability of detecting ordnance only on the area searched.
It should be noted that the reported searched area may not exactly correspond to the grid
square boundaries that are used to determine the baseline data sets for demonstrators that
did not search the entire site, and the relative difficulty level of a particular demonstrator's
searched area is not accounted for.
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Figure 4.1. Performance of Ground-Based Detection Systems

B. CHOOSING A PROXIMITY REQUIREMENT FOR MATCHES

A demonstrator declaration is considered to match an emplaced target if the horizon-
tal separation of the two is less than some critical radius, Rcrir. Because the probability of a
match will increase with Rrir, the selection of Rriy will influence the results. Further, as
the critical radius becomes large, more demonstrator declarations will fall inside the region
of consideration for a match. Especially for demonstrators with a high number of false
alarms, this artificially inflates the calculated detection capability. We refer to these types of
matches as "lucky" matches, and at large values of the critical radius, the detection
capability of some demonstrators needs to be adjusted for these occurances.

As a practical matter, the effect of the selection of R.rj;on detection capability
would not be an issue if false alarms had been sparse, so long as the Rri; chosen was large
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enough to account for location inaccuracies.? It is an issue for the JPG data because there
are multiple false alarms per ordnance item detected, and false alarm rates vary widely
among demonstrators. If Rcri; is set too high, a demonstrator with poor detection capability
and a high false alarm rate might be credited with a larger number of matches than a
demonstrator with a good detection ability but a low false alarm rate. If R¢ri;is too small,
location inaccuracy dominates the ability to establish matches, and a demonstrator that
successfully finds emplaced items, but determines their exact locations inaccurately, will be
ranked below a demonstrator that is not as proficient at finding emplaced items but has

more precise location measurements.

To avoid such biases in the measurement of demonstrator performance, the
detection capability must be determined by a means that is relatively unaffected by a high
false alarm rate, and stable against changes in Ryi;. This is accomplished with a judicious
choice of the critical radius. First, R.ri; should be chosen at a point where the change in
detection capability with R.r; is slow. Second, in some cases a correction to the detection
capability that accounts for lucky matches is necessary.

The number of matches (and hence the detection capability) is a monotonically
increasing function of the critical radius. However, the number of matches increases
differently for each demonstrator, depending in part on the total number of declarations.
As a notional example, Figure 4.2 shows the number of matches versus Ryt for two
imaginary demonstrators. Demonstrator B, with good (horizontal) location accuracy, has a
greater initial slope than demonstrator A, with poor location accuracy. In the region of
large Rrjs, for demonstrator A, with a high number of false alarms, the number of matches
will increase faster with R;; than for demonstrator B, with fewer false alarms. Thus, the
relative ranking of demonstrators on detection ability can be directly affected by the
selection of the critical radius. Further, Figure 4.2 illustrates that the ranking on detection
capability alone, without considering location accuracy and false alarm rate, is not
meaningful. For example, if we consider demonstrators A and B, who declared 600 and
250 targets, respectively, at points where they would uncover equal numbers of emplaced
items, we observe the following:

» At the point where each would uncover 80 targets, demonstrator A would have
520 false alarms and the holes dug would be of radius 2 m. On the other hand,

2 By location inaccuracies we mean the inability to pinpoint the location of an item. For most demon-
strators, we believe that location accuracy is limited primarily by navigation.
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demonstrator B would have 170 false alarms of radius 1 m. Despite the equal
number of matches, demonstrator B would be a superior choice for clean-up
activities.

» At the point where the curves cross, both demonstrators would uncover 103
emplaced items. Demonstrator A would have 497 false alarms and demon-
strator B would have 147 false alarms. The holes dug for each demonstrator
would be 4 m in radius. Again, despite equal matches, demonstrator B's
performance is superior.

+ At the point where both demonstrators 