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1 INTRODUCTION

1.1 Abstract

In this project, demonstrations were carried out for the purpose of ascertaining the buried
UXO discrimination capabilities of UWB, fully polarimetric ground penetrating radar (GPR).
Work concentrated on “cued identification” or “close interrogation” by GPR of signal anomaly
locations that were identified by other means. The unknown buried objects were sorted into UXO
and non-UXO classes and the results scored independently against closely held ground truth. The
ultimate purpose of the work was to contribute to a knowledge base that decision makers might
exploit to determine when GPR application would be beneficial relative to other discrimination
alternatives. “Discrimination” as used here contrasts with “straight detection,” the latter being
simply identification and location of signal anomalies for further attention. The emphasis in
straight detection is on finding as many UXQ's as possible, with only secondary concern for false
alarm rate. The emphasis in discrimination, as the word is used here, is on correct classification,

maximizing correct "dig" decisions while minimizing false alarms.

The demos took place between January of 2000 and November of 2001 at four sites: Tyndall
AFB; Blossom Pt, MD; Jefferson Proving Ground, Madison, IN; and the former Ft Ord in
Monterey, CA. Time requirements at each site are listed in Section 5 below. The one-of-a-kind
GPR operated from about 10 MHz to 810 MHz and was fully polarimetric. The implication of full-
polarimetry is that complete amplitude and phase information is obtained for orthogonal direct and
cross-channel reception, for any particular antenna orientation. Given this information for any
single orientation, one can synthesize the co-polarization and cross-polarization responses for any
other polarizations of transmission and reception. These features allowed operators and analysts to
extract basic discrimination parameters from the data, including prominently the estimated target
depth, horizontal plane location, orientation, complex (frequency) natural resonance, length,
linearity factor, and the density of signal about the most prominent polarization orientation, as well
as spatial distribution of some of those parameters along survey scans. Estimated linearity factor
(ELF), in connection with various of the others, is probably the most crucial of these for the

classification processing sequence that was applied. That processing was designed to ascertain



when the received signal should be construed as coming from an object with the overall geometry
of a UXO or not. Correct sorting of unknown targets into the UXO class counts here as a detection,

while incorrect sorting into that class counts here as a false alarm.

Performance was quantified and analyzed in terms of (misnamed) receiver operating
characteristic (ROC) curves, showing the probability of detection (Pd) on the vertical axis vs the

probability of false alarm (Pfa) on the horizontal axis. These are defined as

Number of correct UXO classifications
Total number in UXO class

Pd =

Number of items incorrectly classified as UXO
Total number in non—UXOclass

Pfa =

Curves, or at least sequences of points, are obtained as decision criteria are loosened or tightened.
In these terms, a system shows discrimination capability better than would be obtained from
completely arbitrary or random guesses when the ROC curve lies above the 45 deg line from (0,0)
to (100%,100%) in the Pd-Pfa plane. The GPR system that was demonstrated exhibited definite
discrimination capability in the baseline performance analyses. Also, despite considerable variation
of relevant environmental e.qg. soil factors, the ultimate ROC curve performance pattern was similar
for the different sites. Before various improvements were applied, about a 55% Pd of UXO-like
targets was obtained with only a 10% Pfa; however, progress along the curve to 90% Pd was
achieved slowly, only after an 80% Pfa was reached. Thus the primary limitation of the system
could be viewed as difficulty achieving high or 100% Pd. If one discards the ground truth
classification in terms of whether or not objects are UXO-like in geometry but sorts them instead
according to true UXO identity, regardless of object geometry (i.e. using "TRUE UXQO" criterion),
then performance in terms of ROC curves is distinctly worse. Under this TRUE UXO criterion the
system shows definite discrimination capability, but not very much, with a peak Pd/Pfa ratio at
50%/30%.

Various processing improvements were tested by which additional external or "prior"
information was worked into the GPR classification system. This produced "collaborative"
processing such as would be achieved by pooling results or parameters extracted from another

sensing mode's data in addition to those from GPR. In the cases considered, use of prior depth



estimates decreased the Pfa by about 15% to 30% without significantly affecting the Pd, provided
that the depth information was accurate. In another test, as a handheld magnetometer preceded the
GPR in the survey, the operator made crude determinations of obvious presence or absence of a
magnetic dipole in the presumed target locale. When this information was pooled with the GPR
parameters, it, too, improved performance, particularly in the resistant upper portion of the ROC
curve (~ 90% Pd obtained at ~ 55% Pfa). Presumably the inclusion of more complete and
sophisticated use of magnetometry or EMI information would reinforce this result or amplify this

trend.

It is difficult to make cost comparisons between the GPR system here and other
discrimination technologies. This is because 1) it is difficult to identify a "baseline™ discrimination
(as opposed to detection) technology; 2) the GPR technology and consequent application
techniques have developed rapidly during the course of the demos and thereafter during this report's
preparation; and 3) other, e.g. emerging discrimination systems often use different approaches to
analyze tests that were different from those described here, sometimes quantifying results in other
terms. Be this as it may, one can say that the initial capital cost for the GPR equipment as it existed
at the time of the ultimate demos is not great, as survey equipment goes (~ $37k). The primary cost
did and will reside in man-hours in the field and during processing. The average number of man-
hours per target, for all activities over all demos, was about 0.7. During the demos, highly trained
personnel often performed the simplest tasks, given the prototype nature of the system and the
importance of oversight during these tests. This translates into the equivalent of an upper limit of
~ $100 labor cost/target. At the same time, much less skilled and trained personnel could be (and
were also) used for these tasks, and some of the tasks have now been automated. Thus a reasonable

low estimate for future work with essentially the same technology is about $50/target.

Emerging GPR systems (Section 10) should be able to cover a grid of points around a
presumed target location in less time than the demo GPR required to do its few linear scans over a
target. Given this faster surveying and the more complete information it can provide, it is a
reasonable estimation that the emerging GPR survey and processing systems, including
collaborative Mag/EMI data, should be capable of achieving the best of the "improved"
performance examples shown below, at a cost less than the $50/target low estimate for the existing

technology.
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Lastly, there is no a priori reason to suppose that GPR discrimination should supplement
Mag or EMI discrimination, as opposed to the other way around, or as opposed to some flexible
mix. What precedence to give to which aspects or parameters from which system will be case
dependent. In any event, it is unlikely that GPR will gain a prominent position for the straight
detection part of surveying, except in distinct circumstances, such as magnetic but relatively non-

conductive soil/rock or small, shallow, widely dispersed metallic clutter items.

1.2 Official DoD Requirement Statement

Particularly over about the last 100 years, the problem of clearing buried UXO has been an
important task from the point of view of public safety, environmental protection, and land usage
worldwide. The U.S. government specifically has spent a great deal of money and effort on clearing
UXQO’s in recent years and yet the bulk of the task remains before us. Therefore this project
addresses the Tri-Service Environmental Quality Research, Development, Test, and Evaluation

Strategic Plan, UXO requirements, which state in part [1]

There are more than twenty million acres of bombing and target ranges under DOD
control.... Each year a significant fraction (200,000-500,000 acres) of these

spaces are returned to civilian (Private or Commercial) use. All these areas must be
surveyed for buried ordnance and other hazardous materials, rendered certified and safe
for the intended end use. Thisis an extremely labor intensive and expensive process, with
costs often far exceeding the value of the land.... Improved technologies for locating,
identifying and marking ordnance items must be devel oped to address all types of terrain,
such as open fields, wooded areas, rugged inaccessible areas, and underwater sites.

Similar requirements are reflected in the U.S. Army Requirement A(1.6a), titled Unexploded
Ordnance (UXO) Screening, Detection, and Discrimination [2] and described in the FY99 Army
Environmental Requirements and Technology Assessments (AERTA). This Army requirement has
been ranked as the highest priority user need in the Environmental Cleanup Pillar. This project also
addresses the UXO detection and discrimination requirements and recommendations described in
the Defense Science Board Task Force Final Report on UXO Clearance and Remediation published
in 1998 [3]. In response to all of these mandates, the work in this project concentrated on the

assessment of GPR capabilities for UXO discrimination.
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1.3 Background

As the need for systematic remediation of UXO sites has taken shape, safety, efficiency,
and cost have been the main issues in clearance operations. Various sensor technologies have been
under development worldwide in an effort to produce an effective and non-destructive means for
locating potential UXO sites, and for distinguishing UXO from widespread scrap prior to the
excavation. Among the sensors being used, magnetometry (Mag) detects a perturbation of the
earth's magnetic field due to the presence of ferrous metal. As most (but not all) UXO contain
ferrous steel, this has grown to be perhaps the most reliable sensing approach for detection per se,
i.e. identification of a significant signal anomaly that could correspond to a UXO. However, non-
ferrous targets will be missed; the smallest UXO's may be lost against the Mag background; and in
any case some studies have found that large numbers of targets are missed in typical “mag and flag”
surveys [4]. Overall, aside from detection of significant magnetic anomalies, Mag signals offer
only very limited opportunity for discrimination of UXO from widespread clutter. Typically the
target is assumed to behave like a simple infinitesimal magnetic dipole. On the basis of this model

its ground surface location and perhaps depth, size, and orientation are roughly estimated, e.g. [5].

Electromagnetic induction (EMI) sensors induce transient magnetic fields and currents
within a metallic body, and then detect the consequent secondary magnetic fields that these
produce. The patterns of the induced responses depend significantly on the material and
geometrical character of the object. For this reason as well as its ability to penetrate earth materials
easily, EMI has looked particularly promising for discrimination. Ground penetrating radar (GPR)
transmits radio energy into the ground, which reflects from the metallic body of a UXO. The beam
transmitted by a GPR does not penetrate the target’s metal and is therefore insensitive to material
type. However, as explained below, geometrical characteristics of the object still affect the signal
content very significantly. Thus GPR has both the advantage and disadvantage that its signals are
not complicated/informed by material heterogeneity in the target. Unfortunately, reflections from
dielectric heterogeneity in the environment and signal losses in conductive soil challenge GPR and
frequently compromise its usefulness. Altogether, given that remote sensing of the encased
explosive itself is not possible, these three sensor technologies represent the alternative routes for
UXO detection and classification. All three sensors collect data as a function of sensor position and
thus produce signal maps that may be subject to interpretation. In particular, the magnetometry and
EMI systems have been found to be most effective and accurate in detecting the presence of most

UXO’s within a meter depth. The presence of vast amounts of metallic clutter such as shrapnel in
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many sites reduces the effectiveness of these two sensors by causing significant numbers of false
alarms. This is because there is no a priori way of distinguishing signals produced by UXO from
those produced by similarly sized pieces of clutter. Indications from other project work suggest
that GPR may have very significant advantages relative to Mag and EMI in the face of widespread
metallic (as opposed to dielectric) clutter [6]. However this project focused only on circumstances
in which dielectric environmental properties and their distributions are the main source of clutter

and performance limitation.

Commercial GPR systems are available and have been widely used on a daily basis by
geologists, archeologists, engineers, and industrial enterprises. In UXO/landmine applications, the
Ohio State University ElectroScience Laboratory (OSU-ESL) developed an impulse GPR system
for the U.S. Army in the 1970s, ultimately leading to designs for detection and classification of
anti-tank mines [7-11]. The technology was later adopted by the UK and was used successfully to
locate landmines during the Falklands war. The OSU-ESL became involved in GPR UXO
detection/classification development in 1993 under the support of NAVEODTECHDIV. From 1994
to 1995, the first autonomous multi-sensor UXO platform, the Subsurface Ordnance
Characterization System (SOCS) [12] was assembled under the collaboration of OSU-ESL, Battelle
(Columbus), and the Tyndall Air Force Base Robotics Group. SOCS was capable of surveying a
wide area at a speed of 10 mph and collecting impulse GPR data and magnetometer array data in
real time. The OSU-ESL was responsible for the GPR system and AETC, Inc., was responsible for

the magnetometer array system.

A special cross-polarized antenna was developed for the SOCS system, operating from 50
to 300 MHz. The cross-polarized configuration is well known for its lower antenna mutual coupling
between channels and its relative insensitivity to surface or layer scattering. The impulse GPR data
collected from two-dimensional surveying was used to generate 3-D images using the inverse
synthetic aperture array imaging method [13]. For each detected target, the electromagnetic
signature was extracted for further discrimination based on resonance quality and implied target
length [12]. The SOCS platform later collected data at various Jefferson Proving Ground (JPG)
Demonstrations and at Yuma Proving Ground in 1998, where an additional EMI (EM-61) array was
added. All the measurement results clearly indicated the superior detection capability of the
magnetometry and EMI compared to GPR. GPR suffered from a higher clutter level compared to
its counterparts. During the Yuma effort, the idea arose to use GPR signatures as discriminators

rather than primary detection tools [14]. This has been the guiding notion in the project described

13



in this report. In particular, the GPR survey system is designed to dwell in an area located as a "hot
spot” (signal anomaly) by other means (EMI, Mag, optical examination, historical records...), in
order to perform more intensive measurement and processing for discrimination. That is, having
been cued, the GPR systems seeks to determine which or what kind of object is present, and to
classify it in terms that help enable a dig/no-dig decision. As shown below, information from Mag

or EMI surveying may also be used to enhance the interpretation of the GPR data.

Based on the experiences described above, a new type of GPR antenna was designed and
developed for the demos reported here. Its features were selected to address the sensitivity and
stability issues associated with commonly used dipole antennas when they are operating close to the
ground. This new design exploited the dielectric-loaded horn-fed bowtie (HFB) antenna design first
introduced in 1997 [15]. Two single-polarization HFB prototypes were built to replace the previous
cross-polarized antenna. The new antenna also measured co-polarized data and was much lighter
and smaller compared to previous SOCS antenna. Better stability and broader bandwidth was
achieved with this new HFB design. During the JPG IV field tests, use of the polarization signature
was introduced for UXO classification using a newly constructed fully polarimetric version of HFB
antenna [16]. Fully polarimetric GPR data were collected directly above a “hot spot” using a step-
frequency system while the antenna was physically rotated. “Fully polarimetric” means that
reflections are recorded having both the same polarization and the orthogonal polarization relative
to that transmitted. Further, two transmitted fields are produced with orthogonal polarizations. As
explained below, the resulting matrix of fully polarimetric signals may be rotated mathematically to

obtain principal directions of the scattered response.

The polarization signature from a UXO relies in large part on the fact that the scattered
field from an elongated object tends to be linearly polarized. Thus one may examine the angular
spectrum of each individual polarization channel (two co-polarized and one cross polarized),
obtaining the response as the orientation of each transmission is rotated horizontally. It was
possible to use this for classification because a linearly polarized field results in peaks of energy in
the angular spectrum. The JPG-IV classification results were inconclusive because of (1) excessive
dielectric clutter caused by surface depressions that created a variable and distorting air gap beneath
the HFB; (2) limitations on physical dimensions of the rotating device so that the new fully
polarimetric HFB was not optimized to reduce antenna ringing. In a later version of the antenna
system, as used in this project, a fixed orientation of the antenna was used and the scattering matrix

was rotated mathematically, which also reduced recording time.
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1.4 Objectives of the Demonstration Series

The overall objectives of the demonstration series were

e To show what, if any, the UXO discrimination capabilities of the UWB full-polarimetric
GPR are;

e To quantify the discrimination capability as a function of environmental conditions, UXO
and clutter types, and processing approaches;

e Where possible, to compare the GPR's discrimination performance with that of other,
baseline technologies; and

e To estimate cost and cost savings from using GPR for UXO discrimination.

Showing some discrimination capability means producing a more successful UXO/non-UXO
classification than random or arbitrary classification of anomalies. In terms of ROC curves,
material in the sections below explains what corresponds to “random or arbitrary” classification and

how departure from that is quantified.

1.5 Regulatory Issues

All the demos were carried out at DoD or former DoD government-managed facilities. All
activities and aspects of the technologies necessarily complied with applicable regulations as
enforced by the site institutions. To the authors’ knowledge, there are currently no regulations
elsewhere that would prohibit use of the GPR survey technology. The primary regulatory issue
facing this and other UXO discrimination technology is gaining confidence and approval of
Federal, state, and local regulators and stakeholders. Hopefully the publication of findings in
reports such as this, dissemination through ESTCP and other publication, and tech transfer as
outlined below will all contribute to this. Further, government entities such as the U.S. Army Corps
of Engineers and the Naval Facilities and Engineering Command must be induced to design
requests for cleanup proposals so that newer technologies and approaches may be considered.

Contract specifications in terms of performance standards instead of approach used is a desirable
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option. This would place greater burden on quality assurance and quality control measures, which

would then logically have a prominent place in contractual arrangements.

2 Technology Description

2.1 Overview of System Development and Its Implementation in the

Demos

To demonstrate the UXO classification capability of GPR and to establish its performance
baseline, the OSU and the Cold Regions Research and Engineering Laboratory (CRREL) of the U.S
Army Corps of Engineers Engineer Research and Development Center (ERDC) teamed up for a
three-year project supported by the DoD Environmental Security Technology Certification Program
(ESTCP). Dr. Kevin O'Neill of ERDC-CRREL was the Pl with Dr. Chi-Chih Chen Co-PI and
leader of the OSU-ESL team. First, a broadband fully polarimetric GPR prototype was set up by
the OSU-ESL with improved dual-polarization HFB antennas. Although the network analyzer
based prototype has the disadvantage of slow data rate compared to most commercial units, its
ultrawide bandwidth and fully polarimetric features could not be matched by any of the commercial
GPR systems. Also, pending successful demonstration, the data rate could readily be improved.
This prototype was taken for blind classification demonstrations (demos) at four test sites, the
details of which are contained in reports on the individual demos [17-21] and in the references
therein. At each site, the CRREL-OSU team collected GPR data locally around each flagged “hot
spot,” not knowing whether the spot contained a UXO. The flagging and decision as to what
locations to flag were executed at each demonstration site by a field crew associated with the
particular site, usually in consultation with ESTCP, without divulging this information to the OSU-
ESL/CRREL survey team. In the last two demos, the flag locations and their uncertainties were
chosen to resemble the locations that would be obtained from magnetometer or EMI surveys at live
sites. All ground truth was closely held until after the CRREL/OSU crew reported results of

processing.

Data were collected between 20 MHz and 810 MHz in typically well drained sandy soil or
between 10 MHz ands 410 MHz in lossy soil (soil with a strong tendency to absorb the radar signal,
e.g. wet soil). UXO classification was done during post processing, after the team returned from the

field. The first processing pass was generally completed overnight. Processing refinements for the
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more inobvious cases were pursued later at a home base. In the ultimate form of the system, targets
were sorted according to target types (UXO-like or non-UXQ) and confidence level (high, medium,
or low). This information was then delivered to the ESTCP office, along with other estimated
target features such as depth, length, and azimuthal orientation, for each measurement cell. In
detailed reports submitted for each demo, after the ground truth had been provided, other
summarizations of results were also included, such as ROC curves. The initial (blind) reporting
usually took approximately from two to four weeks after the field measurements. Sometimes the
ESTCP staff and/or site crew released the ground truth in stages, for further performance

assessment of processing in which some partial prior knowledge is available (see below).

As the project evolved, system configuration, measurement approaches, data pre-
processing techniques, feature extraction methods, classification rules, and performance assessment
methods were refined and the improvements implemented. For instance, after the first field test
conducted at Tyndall AFB, Florida, January 2000, it was apparent that collecting data at a single
position directly above a “hot spot” had undesirable limitations. In practice, the antenna was swept
along lines over each supposed target location, in a variety of line orientations. However, at
Tyndall this was done primarily to ascertain the best (single) location from which to select data for
processing, and there were only seven measurement positions on each line. The frequency and
angular spectra were examined for target linearity, meaning here evidence that an object was
elongated, with a dominant axis. In this context, the opposite of "linear" is "compact" (for lack of a
better term), meaning "having no strongly dominant orientation." While a flat plate has a distinctly
elongated profile when viewed from the edge, the response is weak from that orientation; further,
when viewed by GPR from the side, a plate produces strong responses for any horizontal rotation
about an axis normal to the side. For this reason, it is not considered to show high linearity in the
sense used here, such as would apply to an elongated body of revolution. Establishing this,
however, requires diverse enough views to delineate the relevant signal patterns. Also, initially the
position directly above a UXO, usually more or less coinciding with the flagged location, was
considered the "logical” position for which to process measurements. Actually, this antenna
position produces weaker response and reduced resonance excitation whenever a UXO is tilted
more than 30 degrees from the horizontal. This accounted for several UXO’s missed during the
Tyndall test [17, 18, 22]. In subsequent demos, a more general system was implemented. Data
were examined for many more closely spaced positions along each antenna pass. Spatial and

frequency patterns along each pass were also exploited. This is explained further below.
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In order to assess the GPR classification performance appropriately at Tyndall and the
subsequent sites, two systems were employed. In the first, default system, any object in the target
list with a length-to-diameter (L/D) ratio greater than three was designated as UXO-like. That is,
this was the criterion applied to sort items within the ground truth list into UXO-like or non-UXO-
like classes. Its use was based on the notion that such items would have to be dug if any sensing
system produced comparable shape/size information. As explained more specifically below,
virtually all other available classification systems are based in effect on equivalent inferences. The
radar signal processing does not directly produce an estimate of L/D. Rather, other parameters are
obtained and used to estimate likeness to a UXO response. When the GPR parameters indicated
that a particular target was UXO-like and the corresponding object in the ground truth list had an
L/D greater than or equal to 3, this was viewed as a successful detection. If the GPR parameters
indicated that an object was UXO-like by these criteria but in fact its L/D was less than 3, then this
constituted a false a