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PREFACE

This report assesses the potential for innovative mine detection
technologies to speed clearance of the 45-50 million landmines
around the world. The Office of Science and Technology Policy
commissioned the report because of concerns about the slow pace of
humanitarian demining.

Numerous studies have compared and evaluated the performance of
mine detection technologies—those currently fielded and those
under development. This report is unique because it focuses entirely
on close-in detection of antipersonnel mines and leverages expertise
of two groups of prominent experts including (1) specialists on the
cutting edge of the latest technologies and (2) researchers and pro-
gram managers with long-standing and broad experience in mine
detection. Those in the first group wrote background papers describ-
ing the most recent research on each innovative detection technol-
ogy; these papers are included in the appendixes of this report. Those
in the second group (who are listed as coauthors of this report)
reviewed the background papers and assessed the relative potential
of the different technologies. The main report synthesizes the con-
clusions of this expert group as well as the results of the Science and
Technology Policy Institute’s (S&TPI’s) review of mine detection lit-
erature.

The main report of this book was written to be accessible to a wide
audience, including federal policymakers, the science community,
nongovernmental organizations involved in humanitarian demining,
and the general public. The appendixes provide additional technical
details on specific mine detection technologies and will be of interest
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primarily to the science community. RAND is grateful to the authors
and the corporate, academic, and governmental groups that allowed
us to reproduce this important work in our study.

THE SCIENCE AND TECHNOLOGY POLICY INSTITUTE

Originally created by Congress in 1991 as the Critical Technologies
Institute and renamed in 1998, the Science and Technology Policy
Institute is a federally funded research and development center
sponsored by the National Science Foundation and managed by
RAND. The institute’s mission is to help improve public policy by
conducting objective, independent research and analysis on policy
issues that involve science and technology. To this end, the institute

e supports the Office of Science and Technology Policy and other
Executive Branch agencies, offices, and councils;

e helps science and technology decisionmakers understand the
likely consequences of their decisions and choose among alter-
native policies; and

e helps improve understanding in both the public and private
sectors of the ways in which science and technology can better
serve national objectives.

In carrying out its mission, the institute consults broadly with repre-
sentatives from private industry, institutions of higher education,
and other nonprofit institutions.

Inquiries regarding S&TPI may be directed to the addresses below.

Helga Rippen
Director, S&TPI

Science and Technology Policy Institute

RAND Phone: (703) 413-1100, x5574
1200 S. Hayes St. Web: www.rand.org/scitech/stpi/
Arlington, VA 22202-5050 Email: stpi@rand.org
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SUMMARY

Antipersonnel mines remain a significant international threat to
civilians despite recent intense efforts by the United States, other
developed countries, and humanitarian aid organizations to clear
them from postconflict regions. Mines claim an estimated 15,000-
20,000 victims per year in some 90 countries. They jeopardize the
resumption of normal activities—from subsistence farming to com-
mercial enterprise—long after periods of conflict have ceased. For
example, in Afghanistan during 2000, mines claimed 150-300 victims
per month, half of them children. Although most of these mines were
emplaced during the Soviet occupation of Afghanistan (from 1979 to
1988), they continue to pose a serious risk to returning refugees and
have placed vast tracts of farmland off limits. The United States cur-
rently invests about $100 million annually in humanitarian mine
clearance—the largest commitment of any country. Despite this
investment and the funding from many other developed nations and
nongovernmental organizations, at the current rate clearing all exist-
ing mines could take 450-500 years.

This report addresses the following questions:
* What innovative research and development (R&D) is being con-
ducted to improve antipersonnel mine detection capabilities?

e What is the potential for each innovative technology to improve
the speed and safety of humanitarian demining?

e What are the barriers to completing development of innovative
technologies?
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*  What funding would be required, and what are the options for
federal investments to foster development of promising mine
detection technologies?

We focus on close-in detection of antipersonnel mines rather than
on airborne or other remote systems for identifying minefields.

The report was written by RAND S&TPI staff and a task force of eight
experts in mine detection from universities and U.S. and Canadian
government agencies. In addition, 23 scientists provided background
papers with details on specific mine detection technologies; these
papers are published in this report as separate appendixes.

LIMITATIONS OF CONVENTIONAL MINE DETECTION
TECHNOLOGIES

The tools available to mine detection teams today largely resemble
those used during World War II. A deminer is equipped with a hand-
held metal detector and a prodding device, such as a pointed stick or
screwdriver. The demining crew first clears a mined area of vegeta-
tion and then divides it into lanes of about a meter wide. A deminer
then slowly advances down each lane while swinging the metal
detector low to the ground. When the detector signals the presence
of an anomaly, a second deminer probes the suspected area to
determine whether it contains a buried mine.

The overwhelming limitation of the conventional process is that the
metal detector finds every piece of metal scrap, without providing
information about whether the item is indeed a mine. For example,
of approximately 200 million items excavated during humanitarian
demining in Cambodia between 1992 and 1998, only about 500,000
items (less than 0.3 percent) were antipersonnel mines or other
explosive devices. The large number of false alarms makes humani-
tarian mine detection a slow, dangerous, and expensive process.
Every buried item signaled by the detector must be investigated
manually. Prodding with too much force, or failure to confirm the
presence of a mine during probing, can lead to serious injury or
death. Adjusting a conventional detector to reduce the false alarm
rate results in a simultaneous decrease in the probability of finding a
mine, meaning more mines will be left behind when the demining
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operation is completed. For humanitarian demining, trading off
reductions in false alarms for reductions in the likelihood of finding
buried mines is unacceptable.

CAPABILITIES OF INNOVATIVE MINE DETECTION
TECHNOLOGIES

Research is under way to develop new detection methods that search
for characteristics other than metal content. The aim of these meth-
ods is to substantially reduce the false alarm rate while maintaining a
high probability of detection, thereby saving time and reducing the
chance of injury to the deminer. Table S.1 summarizes these meth-
ods. The second column indicates the detection principle on which
each is based. The remaining columns summarize the strengths,
limitations, and performance potential of each. Chapter Two and the
appendixes provide detailed reviews of each technology.

As shown in Table S.1, no single mine detection technology can
operate effectively against all mine types in all settings. For example,
nuclear quadrupole resonance can find mines containing the explo-
sive cyclotrimethylenenitramine (known as royal demolition explo-
sive [RDX]) relatively quickly, but it is slow in confirming the pres-
ence of trinitrotoluene (TNT). Acoustic mine detection systems have
demonstrated very low false alarm rates, but they cannot find mines
buried at depths greater than about one mine diameter. Chemical
vapor sensors can find plastic mines in moist soils, but they have dif-
ficulty locating metal mines in dry environments.

Given the limitations of individual sensor technologies, major break-
throughs in mine detection capability are likely to occur only with
the development of a multisensor system. The multisensor system
we envision would combine two or more of the technologies listed as
“promising” in Table S.1 and would leverage advanced algorithms
that would process the raw signals in concert to determine whether
they are consistent with known mine characteristics. Rather than
bringing together two commercially available technologies to form
the combined sensor platform, the technology optimization and
integration would occur at the design stage, and the development of
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algorithms for advanced signal processing would be an integral part
of the process. The result would be a single, highly sensitive, and per-
formance-optimized detection system that provides one specific sig-
nal to the operator. The Army countermine program currently is
developing a dual-sensor system that combines separate electro-
magnetic induction (EMI) and ground-penetrating radar (GPR) tech-
nologies as part of a single operational platform known as the Hand-
held Standoff Mine Detection System (HSTAMIDS). However,
HSTAMIDS does not use advanced signal processing. Rather, the
operator receives two separate outputs: one from the EMI device and
one from the GPR. This dual-sensor system does not make optimal
use of the totality of information available from the combined sen-
SOTS.

Advances in signal processing and understanding of single-sensor
systems make the development of a multisensor system with a single
signal possible in principle. Preliminary research has shown the
potential for multisensor systems to reduce the number of false
alarms by as much as a factor of 12. However, additional research is
needed to establish a comprehensive technical basis for the design of
such a system. Based on the time and costs required to create
HSTAMIDS ($73 million over 15 years), we estimate that the new
multisensor system would require a total investment of $135 million.
Currently, the United States is not funding the necessary research. In
2002, the United States invested $2.7 million for close-in mine
detection R&D for humanitarian demining. Of this amount, nearly
$2.0 million went to making incremental improvements to existing
EMI and GPR systems, and the rest funded research on explosive
chemical vapor detection systems. No funding was allocated toward
research that would lead to the development of an integrated
multisensor system for humanitarian demining.

At the outset of this project, the Office of Science and Technology
Policy asked RAND S&TPI whether development of an innovative
mine detection system could enable mine clearance to advance 10
times faster than is currently possible. A multisensor system could
reduce the false alarm rate by a factor of 10 or more. However, gains
in mine clearance speed are not directly proportional to reductions
in the false alarm rate because a substantial portion of the total
clearance time is spent on site preparation activities, such as vegeta-



xxii  Alternatives for Landmine Detection

tion clearance. Very limited research has been conducted to date to
analyze actual mine clearance data for determining what gains are
theoretically possible with improved detection systems. The existing,
limited research predicts that a system that eliminated 99 percent of
false alarms would improve overall clearance rates by 60-300 percent
of current rates, depending on the amount of vegetation present.
Such gains would save billions to tens of billions of dollars in the total
cost expected to clear all mines and would spare a large number of
deminer and civilian lives. Pursuing development of an advanced
multisensor system is worthwhile, even if order-of-magnitude de-
creases in clearance time are not possible with improved detection
technology alone.

RECOMMENDATION: INITIATE AN R&D PROGRAM TO
DEVELOP A MULTISENSOR SYSTEM

We recommend that the federal government undertake an R&D
effort to develop a multisensor mine detection system. The first step
in developing the program should be a short, preliminary study
(costing less than $1 million) to consolidate existing theoretical and
empirical research related to multisensor systems and signal process-
ing. This preliminary study would be used to develop a blueprint for
the R&D needed to produce a prototype system. We estimate that
initial prototype development would cost approximately $60 million.
The program should address the following four broad areas:

e algorithmic fusion of data from individual sensors (to develop
the theory necessary to support an advanced multisensor sys-
tem), funded at approximately $2.0-3.2 million per year;

e integration of component technologies (to address system engi-
neering issues associated with combining multiple sensors as
part of a single-sensor platform), funded at approximately $1.25-
2.00 million per year;

e methods for detecting the chemical components of explosives (to
further develop components of the multisensor system that
would search for explosives rather than for the mine casing and
mechanical components), supported at approximately $2.5-4.0
million per year; and
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* techniques for modeling how soil conditions in the shallow sub-
surface environment affect various mine sensors (to allow pre-
dictions of integrated sensor system performance across the
broad range of natural environments in which mines occur),
funded at $500,000-800,000 per year.

Depending on the amount of resources invested in this research, a
prototype multisensor system could be available within seven years.
Once the prototype is developed, additional allocations totaling
approximately $135 million will be needed to fund the engineering
and development of an optimal, deployable system.

The benefits of a program to develop an advanced, multisensor sys-
tem would include more rapid capability to help restore stability to
postconflict regions, such as Afghanistan; more mines cleared per
U.S. dollar spent on humanitarian demining; fewer deminer and
civilian casualties; and utility to military countermine operations. In
addition, the results of R&D on advanced signal processing and sen-
sor fusion would be transferable to other applications in environ-
mental, geophysical, medical, and other sciences.
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Chapter One
INTRODUCTION

This report assesses innovative technologies for detecting antiper-
sonnel mines at close range. The Office of Science and Technology
Policy (OSTP), concerned about the slow pace of mine detection and
clearance in postconflict areas, asked the RAND Science and
Technology Policy Institute (S&TPI) to assess the performance
potential of innovative mine detection systems and to carry out the
following tasks, focusing on close-in detection of antipersonnel
mines in humanitarian demining operations:

e Identify antipersonnel mine detection technologies currently in
the research and development (R&D) stage.

e Evaluate the potential for each technology to improve the speed
and safety of humanitarian demining.

e Identify any barriers to completing development of new tech-
nologies.

e Provide information on funding requirements to complete
development of new methods.

* Recommend options for federal investments to foster develop-
ment of key technologies.

This report presents the results of RAND S&TPI’s review. This chapter
provides background information about landmines and the limi-
tations of existing mine detectors. The next chapter evaluates the
potential of innovative detection systems to overcome these limita-
tions. Chapter Three recommends directions for a research program
to develop an advanced mine detection system.



2 Alternatives for Landmine Detection

MAGNITUDE OF THE ANTIPERSONNEL MINE PROBLEM

OSTP’s concern about landmines is motivated by the fact that anti-
personnel mines remain a significant threat in many nations despite
focused programs by the United Nations and humanitarian organi-
zations to clear them. Landmines claim an estimated 15,000-20,000
victims per year in 90 countries (ICBL, 2001). The U.S. State Depart-
ment estimates that a total of 45-50 million mines remain to be
cleared (U.S. Department of State, 2001). Worldwide, an estimated
100,000 mines are found and destroyed per year (Horowitz et al.,
1996). At that rate, clearing all 45-50 million mines will require 450-
500 years, assuming no new mines are laid. By some estimates,
roughly 1.9 million new mines are emplaced annually, yielding an
additional 19 years of mine clearance work every year (Horowitz et
al., 1996).1

Mines are inexpensive—costing as little as $3 each—but they impose
devastating consequences on the affected communities (Andersson
et al., 1995). A survey by Andersson et al. (1995) in Afghanistan,
Bosnia, Cambodia, and Mozambique found that one in three victims
of mine blasts die. Many of the victims are children. For example, in
Afghanistan, the survey found that, on average, 17 in 1,000 children
had been injured or killed by mines. For those who survived the
blasts, the most common injury reported was loss of a leg (see Figure
1.1). Loss of arms, loss of digits, blindness, and shrapnel wounds also
occur.

The presence of mines also can cause economic decline (Andersson
et al., 1995; Jeffrey, 1996; Cameron et al., 1998). Most victims are
males of working age, and often they are unable to return to work.
The Andersson et al. survey found that “households with a mine

IEstimates of the total number of landmines, the number of victims, and the mine
clearance rates are highly uncertain because only about 30 countries have conducted
formal surveys (ICBL, 2001). The numbers on total remaining mines that we present
here are based on recent U.S. State Department surveys. The estimates of the number
of victims are from the International Campaign to Ban Landmines, which annually
documents landmine injury data. The estimates of number of mines cleared per year
are from a report prepared for the Defense Advanced Research Projects Agency
(DARPA). References for all these estimates are shown in the text.
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SOURCE: Kaboul. Centre orthopédique du CICR. Photographer:
MAYER, Till. Copyright © ICRC 01/01/1996.

Figure 1.1—Mine Victims at the Red Cross Limb-Fitting Center in Kabul

victim were 40% more likely to report difficulty in providing food for
the family.” Further, the medical bills for survivors can bankrupt
families. Many victims must undergo multiple surgeries. Children
who lose limbs require multiple prosthetic devices over their
lifetimes. Mines affect not only the victims’ families but also the
entire community surrounding the mined area. Even the rumor of
mine presence can halt all activity in an affected area. For example,
in Mozambique, a town of 10,000 was deserted for four years because
of a rumor that mines were present; a three-month clearance
operation later found only four mines (Vines and Thompson, 1999).
The extensive mine contamination of Afghanistan’s fertile valleys has
reduced agricultural production; Andersson et al. (1995) estimated
that without mines, agricultural land use in Afghanistan could
increase by 88-200 percent.

DESIGN OF ANTIPERSONNEL MINES

Antipersonnel mines were first used in World War II to prevent
opposing soldiers from clearing antitank mines. The original antiper-
sonnel mines were improvised from hand grenades and simple
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electric fuses. Since then, mine design has changed substantially.
Modern-day mines can deliver blasts of lethal pellets extending in a
radius of up to 100 m (Ackenhusen et al., 2001). Some can be scat-
tered by vehicles, helicopters, or low-flying planes (Ackenhusen et
al., 2001). Some are designed to resemble toys or other everyday
objects, such as pens and watches. At least 350 mine types exist,
manufactured by some 50 countries (Vines and Thompson, 1999).

Although hundreds of mine varieties exist, mines generally can be
classified as either “blast” or “fragmentation.” Blast mines (see Fig-
ure 1.2) are buried at shallow depths. They are triggered by pressure,
such as from a person stepping on the mine. The weight needed to
activate a blast mine typically ranges from 5 to 24 1b (Ackenhusen et
al., 2001), meaning the mines are easily triggered by a small child’s
weight. They cause the affected object (e.g., foot) to blast into frag-
ments, which blast upward and often are the major cause of damage.

Blast mines typically are cylindrical in shape, 2-4 inches in diameter,
and 1.5-3.0 inches in height (Horowitz et al., 1996). Generally, they
contain 30-200 g of explosives (Ackenhusen et al., 2001). The casing
may be made of plastic, wood, or sheet metal. Plastic-encased blast
mines are sometimes referred to as “nonmetallic mines,” but nearly

RANDMR1608-1.2

SOURCE: Ackenhusen et al. (2001).

Figure 1.2—Blast Mine
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all of them contain some metal parts, usually the firing pin and a
spring/washer mechanism, weighing a gram or so (Horowitz et al.,
1996).

Fragmentation mines (see Figure 1.3) throw fragments radially out-
ward at high speeds. Most are lethal and can cause multiple
casualties at distances of up to 100 m (Ackenhusen et al., 2001). One
type of fragmentation mine, known as the “bounding” mine, is
buried underground but is propelled upward when activated and
explodes a meter above ground, sending lethal fragments in a wide
radius. Other types of fragmentation mines are mounted on stakes in
the ground or on tree trunks.

All modern fragmentation mines use steel and therefore are readily
found by metal detectors (Ackenhusen et al., 2001). However, they
often are activated by tripwires; movement at distances of up to 20 m
can trigger the mine before it is located by a mine detector. Tripwire
clearance therefore is an essential part of demining. Fragmentation
mines come in a wide variety of sizes and shapes, from small cylin-
drical devices containing as little as 3 o0z of explosives to larger con-
tainers containing as much as 1 Ib of explosives.

RANDMR1608-1.3

SOURCE: Ackenhusen et al. (2001).

Figure 1.3—Fragmentation Mine
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LIMITATIONS OF THE CONVENTIONAL MINE DETECTION
PROCESS

The principles of mine detection have changed little since World War
I1. The typical deminer’s tool kit today largely resembles those used
more than 50 years ago. It consists of a metal detector, a prodding
instrument (such as a stainless steel probe, pointed stick, or screw-
driver), and a tripwire “feeler” made of a coat hanger or 14-gauge
wire (Carruthers and McFee, 1996). The demining team typically
divides a mined area into grids (commonly 100 sq m), splits the grids
into lanes (usually 1 m wide), and then slowly advances down the
lanes swinging the metal detector close to the ground (see Figure
1.4). When the detector beeps, the deminer probes the suspected
area to determine whether the detected object might be a mine. If
the object is not a mine, then it is excavated and laid aside. If it is a
mine, then it is detonated in place using a variety of methods
(shooting it with a gun, for example). Variations on this process occur
depending on location. For example, in some cases mine-sniffing
dogs augment the metal detectors. In other places, mines are deto-
nated with mechanical flails or rollers in advance of the detection

RANDMR1608-1.4

SOURCE: RONCO Consulting Corp., www.roncoconsulting.com.

Figure 1.4—At Work in a Mine Detection Lane in Kosovo
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crews.? But in all cases, handheld metal detectors and probes are
critical parts of the operation.

The metal detectors that are the key part of the deminer’s tool kit
employ the same principles as those first used in World War I and
refined during World War II (Ackenhusen et al., 2001). (In fact, the
U.S. military has replaced its standard-issue mine detector only once
in the past 40 years [GAO, 1996].) The detectors operate via a
principle known as electromagnetic induction (EMI). EMI is used for
metal detection not only in mine detection but also by everyday
hobbyists. Although advancements in electronics have enabled the
development of EMI systems that can detect extremely small
amounts of metal and that are lighter and easier to operate than their
World War II counterparts, significant limitations to this technology
remain.

A prototypical EMI detector consists of a single wire coil or, more
commonly, a concentric pair of coils attached to a handle. The
deminer holds the coil close to the ground and sweeps it slowly
around the area being investigated. Electrical current flowing
through the first coil, the “transmit coil,” induces a time-varying
magnetic field in the ground. This primary magnetic field, in turn,
induces electrical currents in buried metal objects. The currents from
the buried objects create a weaker, secondary magnetic field. The
second coil, the “receiver coil,” detects changes in voltage induced by
the secondary magnetic field. The detector then converts these
changes in the electric potential to an audible signal.

The overwhelming limitation of mine detection using EMI is the
inability of EMI systems to discriminate mines from nonmine metal
clutter. In theory, EMI systems should be able to find nearly all mines
because nearly all contain some metal (Horowitz et al., 1996). How-
ever, as the detector is adjusted to signal the small mass of metal pre-
sent in modern plastic blast mines, it also becomes increasingly sen-
sitive to other metal present in the environment (including shrapnel,
bottle caps, bullet casings, and other man-made clutter as well as

2Mechanical mine clearance using rollers and flails alone has proven ineffective even
on flat, clear terrain because many mines fail to detonate on first impact from the
mechanical device (Blagden, 1996). In addition, mechanical systems often scatter the
mines, leaving some intact and highly unstable.
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natural metal in rock). The operator therefore must strike a balance
between tuning the detector so finely, that it generates an over-
whelming number of false positive signals, and not tuning it finely
enough, in which case it misses too many mines.

The balance between the two competing objectives of minimizing
the number of false alarms and maximizing the number of mines
detected is quantified by what is known as a receiver operating char-
acteristic (ROC) curve. A ROC curve plots the probability of finding a
buried mine (the probability of detection, or PD) against the prob-
ability that a detected item will be a false alarm (the probability of
false alarm, or PFA). Both probabilities are plotted as a function of
the threshold used to decide whether to make a declaration (e.g., the
loudness of the tone produced by an EMI detector), thus defining a
curve. Figure 1.5 shows theoretical examples of ROC curves. The
ROC curve for a perfect detector would be a right angle (i.e., 100-per-
cent detection at 0-percent false alarm), while that for a detector
equivalent to random guessing would be a 45-degree diagonal line.

RANDMR1608-1.5
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Empirical studies often report detector operating characteristics with
a variant of the ROC curve that plots the estimated probability of
detection against the false alarm rate (FAR), expressed as the number
of false alarms per unit area, rather than against probability of false
alarm. This is because, operationally, the false alarm rate is a more
natural quantity to consider. It is also more easily calculated because
computing the probability of false alarm requires the difficult task of
determining how many false alarms could have occurred (Rotondo et
al., 1998). Actual ROC curves vary not only with the detector but also
with the environment in which the detector is employed, the mine
type, and the burial depth.

The high false alarm rate associated with conventional EMI systems
accounts for the slow, laborious nature of mine detection (once vege-
tation and tripwires are cleared). Often, demining teams uncover
100-1,000 inert metal objects for every mine (Hewish and Pengelley,
1997). As an example, Table 1.1 provides data from the Cambodian
Mine Action Centre (CMAC) from March 1992 to October 1998. As
shown, approximately 90,000 antipersonnel mines were cleared
during this time, but 200 million scrap items were excavated in the
process. For this period, the probability of false alarm was 0.997
(meaning that for every item detected, there was a 99.7-percent
chance that it was scrap and a corresponding 0.3-percent chance
that it was a mine or unexploded ordnance [UXO] item). Table 1.1
also shows the time spent digging up scrap items and the time spent
digging and neutralizing mines and UXO. In total, 99.6 percent of the
time went to excavating scrap items.

Compounding the false alarm problem is that, no matter how careful
the EMI operator, EMI systems can still miss mines. A recent interna-
tional study, known as the International Pilot Project for Technology
Cooperation, provided the most comprehensive existing evaluation
of all commercially available EMI systems for mine detection (Das et
al., 2001). Probabilities of detection varied remarkably by detector,
location, and soil type. The best performing detector found 91 per-
cent of the test mines in clay soil (see Figure 1.6), but that same
detector found only 71 percent of the mines in laterite (iron-rich) soil
(see Figure 1.7). The poorest-performing detector found 11 percent
of mines in the clay soil and 5 percent in the laterite soil. By compari-
son, the UN standard for mine clearance is 99.6 percent. Based on
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Figure 1.6—Performance of 29 Commercially Available EMI Mine
Detectors in Clay Soil in Cambodia

the performance of EMI systems in the International Pilot Project
field tests, it appears unlikely that the UN standard is being achieved
with current technology, although such quality control measures as
surveying areas more than once improve the overall effectiveness.

The high probability of false alarms and imperfect probability of
detection of conventional mine detectors make mine detection an
occupationally high-risk operation. Data on deminer injury rates are
incomplete, but one report indicated that a deminer is killed or
maimed for every 1,000-2,000 mines cleared (Blagden, 1996). The
amount of time spent investigating false alarms can lead to deminer
fatigue and carelessness in investigating identified objects. The
imperfect probability of detection means that detection crews may
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Figure 1.7—Performance of 29 Commercially Available EMI Mine
Detectors in Iron-Rich Laterite Soil in Cambodia

be exposed to missed mines. A survey of demining accidents in nine
countries found that injuries and fatalities occur most commonly
during the excavation stage. Such casualties account for 35 percent
of all the demining accidents (Office of the Assistant Secretary of
Defense for Special Operations/Low Intensity Conflict, 2000). Pre-
sumably, if the deminer thought there was a high likelihood that a
detected object was a mine, he or she would be more careful during
excavation. The second leading cause of injury, accounting for 24
percent of accidents, was missed mines.

Further improvements in EMI performance are possible with the
development of computer algorithms that can help the operator use
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the return signals to improve discrimination of mines from clutter.
However, as is evident from the length of time that EMI has been in
use, this technology is very mature, and major breakthroughs are
highly unlikely. The next chapter describes research to develop alter-
native mine detection systems that could be used either alone or in
conjunction with EMI systems. The goal in developing alternatives is
to decrease the probability of false alarm and increase the probability
of detection.






Chapter Two
INNOVATIVE MINE DETECTION SYSTEMS

Researchers in physical, chemical, and biological sciences are
studying and developing methods that could reduce the false alarm
rate and maintain or increase the probability of detection for mine
clearance. New detection concepts involve searching for characteris-
tics other than mine metal content. A variety of techniques that
exploit properties of the electromagnetic spectrum are being
explored. In addition, research is under way to develop methods
based on acoustics of the mine casing. Biological and chemical
methods for detecting explosive vapors also are being explored, as
are methods for detecting bulk explosives based on chemical prop-
erties. Work also is under way to develop advanced prodders that
provide information about the physical characteristics of the object
being investigated.

This chapter describes the difficulties of predicting the performance
of innovative mine detection methods and our method for assessing
the potential of innovative systems. It then describes each type of
innovative technology and evaluates its potential to improve on
existing EMI detection systems. Table S.1 in the Summary provides
an overview of the technology evaluations.

METHOD FOR EVALUATING INNOVATIVE MINE
DETECTION SYSTEMS

Predicting the potential for an innovative mine detection system to
reduce the false alarm rate and increase the probability of detection
is an inherently difficult task. Research is being conducted by a myr-
iad of universities, government institutions, and private companies,

15
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with different projects in various stages of development. However,
most of the technologies have not yet been field tested. This makes it
virtually impossible to assess operating characteristics (for example,
ROC curves) with any specificity, thus precluding defensible quanti-
tative performance comparisons.

Compounding the general lack of data to support quantitative evalu-
ations is a lack of comparability of the data that are available. The
performance of a landmine detection system depends on the types
and depths of mines present, the environment in which the system is
operated, and the human operator. For detectors that locate buried
objects, such mine properties as size, shape, and metallic content
substantially affect detector performance, as do the placements
(depth and orientation) of the mines. Detectors that search for
explosives can be sensitive to the type of explosive contained within
the mine. Detector performance is also tied to persistent environ-
mental attributes (such as soil type, terrain, vegetation, and clutter
density) and transient atmospheric conditions (wind, humidity, soil
moisture, and radio frequency or acoustic interference). Finally, such
human factors as individual operator tuning of the detector and
interpretation of the signals introduce additional sources of vari-
ability. Thus, results of reported field tests cannot be generalized,
with operating characteristics being conditional on the set of exper-
imental and field test conditions. As explained in Chapter One, such
variability is clearly illustrated in the results of the International Pilot
Project for Technology Cooperation field tests, shown in Figures 1.6
and 1.7. The primary implication is that even if published field
results were available for all current technologies, comparing per-
formance on these results alone would not be valid because of dis-
parities in the testing conditions and because of variability of detec-
tor performance in different environments.

Because of the barriers to credible quantitative comparisons of inno-
vative mine detection technologies, objective expert judgment is
required to interpret the available data on detector performance.
Without such judgment, it is easy to be misled. For example, many of
the existing field tests have been conducted in environments in
which confounding factors were minimized, yielding high probabili-
ties of detection and low false alarm rates. Nonpartisan judgment
thus was critical to the evaluations presented and to the stated tasks
of the study.
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To make the judgments about detector performance, we identified
two sets of prominent academic, government, and private-sector sci-
entists with expertise in landmine detection: (1) generalists, with
broad and long-standing experience in the landmine detection
community, and (2) specialists, currently at the forefront of develop-
ing specific cutting-edge detection technologies. Working with OSTP,
we appointed eight generalists to form the RAND S&TPI/OSTP Land-
mine Detection Technology Task Force. Based on input from the task
force members and our own independent literature review, we iden-
tified 23 leading specialists in current detection R&D efforts. Each
specialist then wrote a technical paper addressing the mode of
action, current capabilities and limitations, and potential future
performance of his or her specific technology. We requested that
each paper provide the following information:

e brief description of the basic physical principles and mine fea-
tures (e.g., shape, explosives composition, metal content) ex-
ploited by the technology;

e state of development of the technology (laboratory, bench, field);

e current capabilities and operating characteristics (e.g., investiga-
tion times and examples of ROC curves from laboratory or field
tests);

e known or suspected limitations or restrictions on applicability
(background clutter, mine type, environmental conditions, etc.);

e estimated potential for improvement in the next two to seven
years;

e outline of a sensible R&D program that could realize this poten-
tial, with rough projected costs to the extent possible; and

e references to key technical papers describing any testing (espe-
cially field testing) of the technology.

The papers are published as technical appendixes (A-W) to this
report.

The appendixes provided a structure for the task force to evaluate the
potential of each detection method. To conduct the evaluations, the
task force held several conference calls and met for two days at
RAND'’s Arlington, Va., office in May 2002. The “summary evalua-
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tion” section included with each technology description below indi-
cates the results of the task force evaluations.

INNOVATIVE ELECTROMAGNETIC DETECTION SYSTEMS

A number of innovative methods are being explored that search for
buried mines based on changes in the electromagnetic properties of
the surface soil and shallow subsurface. These methods include
ground-penetrating radar (GPR), electrical impedance tomography
(EIT), x-ray backscatter, and infrared/hyperspectral systems.

Ground-Penetrating Radar

Description. GPR detects buried objects by emitting radio waves into
the ground and then analyzing the return signals generated by
reflections of the waves at the boundaries of materials with different
indexes of refraction caused by differences in electrical properties.
Generally, reflections occur at discontinuities in the dielectric con-
stant, such as at the boundary between soil and a landmine or
between soil and a large rock. A GPR system consists of an antenna
or series of antennas that emit the waves and then pick up the return
signal. A small computerized signal-processing system interprets the
return signal to determine the object’s shape and position. The result
is a visual image of the object (see, for example, Figure 2.1) or an
audio signal indicating that its shape resembles a landmine, based
on comparison with a mine reference library.

The major design control in a GPR system is the frequency of the
radio wave. The scale at which GPR can detect objects is proportional
to the wavelength of the input signal, so the quality of the image
improves as the wavelength decreases and the frequency increases.
However, at high frequencies, penetration of the incident wave into
the soil can be poor. As a result, the designer must make a tradeoff
between quality of the image and required penetration depth. The
optimal design for maximizing image quality while ensuring suffi-
cient penetration depth changes with environmental conditions, soil
type, mine size, and mine position. Various alternative GPR designs
are being explored to optimize the tradeoff between penetration
depth and image quality under a wide range of conditions. Also criti-
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Figure 2.1—Images of Landmines Produced by GPR System

cal in the design of a GPR system are signal-processing algorithms,
which filter out clutter signals and select objects to be declared as
mines.

GPR is a mature technology, but it has not yet been widely deployed
for mine detection. GPR was first used in 1929 to measure the depth
of an Austrian glacier (Olhoeft, 2002). The Army tested rudimentary
GPR techniques for mine detection in the 1940s. The first commer-
cial GPR systems were developed in 1972. Since then, use of GPR for
locating buried objects ranging from utility pipelines to archaeologi-
cal artifacts has proliferated. Although GPR is well established for
these other uses, understanding how different environmental factors
and mine characteristics affect its performance is far from complete.
Until very recently, GPR was unable to meet performance targets for
landmine detection established for military countermine operations
(see Appendix E).
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The Army is currently completing development of a landmine detec-
tion system that combines GPR and EMI. This system is called the
Handheld Standoff Mine Detection System (HSTAMIDS) (see Figure
2.2). Field tested at Fort Leonard Wood, Mo., HSTAMIDS has
achieved probabilities of detection of 1.00 (with a 90-percent confi-
dence interval of 1.00-0.97) for metal antitank mines and 0.95 (with a
90-percent confidence interval of 0.97-0.93) for low-metal anti-
personnel mines, with an average false alarm rate of 0.23 per square
meter (see Appendix F). These test results cannot be extrapolated to
predict performance in other mined environments or even under
weather conditions different from those present on the day the test
was performed because of the significant effects of soil type and
moisture on GPR performance, as well as the variations in natural
clutter objects. Nonetheless, they do illustrate the potential for a
combined GPR/EMI system to achieve very high levels of perfor-
mance if the integrated sensor system can be optimized to account
for the effects of the local soil environment.

RANDMR1608-2.2

SOURCE: Minelab Countermine Divi-
sion, www.countermine.minelab.com/
countermine.asp.

Figure 2.2—Prototype HSTAMIDS System



Innovative Mine Detection Systems 21

Strengths. GPR has a number of advantages. First, it is complemen-
tary to conventional metal detectors. Rather than cueing exclusively
off the presence of metal, it senses changes in the dielectric constant
and therefore can find mines with a wide variety of types of casing
(not just those with metal). Generating an image of the mine or
another buried object based on dielectric constant variations is often
possible because the required radar wavelength is generally smaller
than most mines at frequencies that still have reasonable penetration
depth. Second, GPR is a mature technology, with a long performance
history from other applications. A fielded Army system (HSTAMIDS)
combining GPR with EMI for mine detection already exists and is
scheduled for production in 2003. Finally, GPR can be made light-
weight and easy to operate, and it scans at a rate comparable to that
of an EMI system.

Limitations. Natural subsurface inhomogeneities (such as roots,
rocks, and water pockets) can cause the GPR to register return signals
that resemble those of landmines and thus are a source of false
alarms. In addition, GPR performance can be highly sensitive to
complex interactions among mine metal content, interrogation fre-
quency, soil moisture profiles, and the smoothness of the ground
surface boundary. For example, Koh (1998) reports that because
excessive water causes rapid attenuation of radio waves, GPR will
perform poorly in wet soils for landmines buried below a depth of
about 4 cm. However, theoretical investigations by Rappaport et al.
(1999) indicate that increased soil moisture and interrogation fre-
quency may actually strengthen the return signal for nonmetallic
mines, but nonuniform soil moisture profiles (e.g., a wet surface and
dry subsurface) and rough ground surfaces present difficulties. For
the same mine, a given GPR can be very effective or ineffective,
depending on soil moisture and mine location; such complex inter-
plays make performance highly variable and difficult to predict. An
additional limitation is that unless the GPR system is tuned to a suf-
ficiently high frequency, it will miss very small plastic mines buried
at shallow depths because the signal “bounce” at the ground surface
(caused by the electrical property differences between air and soil)
will mask the return signal from the mine. Finally, the GPR system
designer must make a tradeoff between resolution of the return sig-
nal and depth, because high-frequency signals yield the best resolu-
tion but do not penetrate to depth.
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Summary Evaluation. Current-generation GPR technology, such as
that embodied in HSTAMIDS, has the potential for high perfor-
mance. In addition, alternative approaches to GPR design (such as
the Wichmann system referred to in Appendix E) have the potential
to yield significant advancements over the available systems. How-
ever, the ability to model the radar response from different kinds of
landmines and natural clutter is essential for yielding the expected
performance gains. So far, such modeling is in its infancy. Ideally,
GPR systems would be able to provide high-resolution images to a
signal-processing system that could decide whether a buried object
is a root, rock, clutter object, or landmine. Ralston et al. (in Appendix
F) suggest development of a “library” of clutter signatures to aid in
this task.

Electrical Impedance Tomography

Description. EIT uses electrical currents to image the conductivity
distribution of the medium under investigation. Current implemen-
tations use a two-dimensional array of electrodes placed on the
ground, collecting conductivity data from stimulation of pairwise
combinations of electrodes. The data are then post-processed with
an algorithm that renders an image of the conductivity profile of the
subsurface volume. Both metal and nonmetal mines create anoma-
lies in the conductivity distribution that produce images, providing
information about the presence and location of mines.

Strengths. Because both metallic and nonmetallic mines create
conductivity anomalies, the technology is appropriate for detecting
all types of mines. Moreover, it is especially well suited for mine
detection in wet environments, such as beaches or marshes, because
of the enhanced conductivity of the moist substrate. The equipment
is relatively simple and inexpensive.

Limitations. The primary limitations are that the technology requires
physical contact with the ground, which might detonate a mine, and
that it cannot be used in such excessively dry, nonconductive envi-
ronments as desert or rocky surfaces. The technology is also sensitive
to electrical noise. Performance deteriorates substantially with the
depth of the object being detected for fixed electrode array size,
generally making it appropriate only for shallowly buried objects.
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The resolution is not as fine as that provided by other imaging tech-
niques, such as GPR.

Summary Evaluation. Because of its phenomenological limitations,
EIT is probably not well suited for broad humanitarian demining
needs. It has a potential niche for detecting nonmetallic mines in wet
environments, a task that confounds other technologies. Even for
this use, however, EIT is limited because it cannot detect at depth,
and often mines in moist environments, such as rice paddies, are
much deeper than those in shallow environments. A unique role for
EIT in humanitarian demining is not apparent from the available
information.

X-Ray Backscatter

Description. Traditional x-ray radiography produces an image of an
object by passing photons through the object. X rays have a very
small wavelength with respect to mine sizes, so in principle they
could produce high-quality images of mines. Although pass-through
x-ray imaging of the subsurface is physically impossible, the
backscatter of x rays may still be used to provide information about
buried, irradiated objects. X-ray backscatter exploits the fact that
mines and soils have slightly different mass densities and effective
atomic numbers that differ by a factor of about two.

There are two basic approaches to using backscattered x rays to cre-
ate images of buried mines. Methods that collimate (i.e., align) the x
rays employ focused beams and collimated detectors to form an
image. The collimation process increases size and weight and dra-
matically reduces the number of photons available for imaging.
Thus, high-power x-ray generators must be used as sources. The
large size, weight, and power requirements of such systems are not
amenable to person-portable detectors. Alternatively, uncollimated
methods illuminate a broad area with x rays and then use a spatial
filter to deconvolve the system response. They may be suitable for
person-portable detection.

Strengths. To readily distinguish mines from soils, it is necessary to
use low-energy incident photons (60-200 keV). In this energy range,
cross sections are roughly 10 or more times larger than is possible
with most other nuclear reactions that would be applicable to mine
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detection. In addition, because of the reduced shielding thickness
needed to stop low-energy photons, uncollimated systems can be
made small and relatively lightweight. Largely because of the medical
imaging industry, compact x-ray generators are now obtainable.
Low-energy isotopic sources have been readily available for a long
time. Practical imaging detectors are becoming more widespread,
although it may be necessary to custom build for mine detection
purposes. The medical imaging industry is likely to drive further
advances in x-ray imaging hardware.

Limitations. In the required energy range, soil penetration of x-ray
backscatter devices is poor. This limits detection to shallow mines
(less than 10 cm deep). If source strengths are kept low enough to be
safe for a person-portable system, the time required to obtain an
image may be impractically long. In addition, the technology is
sensitive to source/detector standoff variations and ground-surface
fluctuations. Further, to image antipersonnel mines, high spatial
resolution (on the order of 1 cm) is required. This may be difficult to
achieve in the field. Finally, the technology emits radiation and thus
will meet resistance to use because of actual or perceived risks.

Summary Evaluation. X-ray detection using the uncollimated
imaging approach may be useful for handheld confirmatory detec-
tion of antipersonnel landmines. In fielded systems, images of mines
are likely to be fuzzy but should still allow mines to be distinguished
from most diffuse or elongated false alarms. On the whole, however,
x-ray backscatter does not offer particular innovations or likely
avenues of improvement relative to other technologies and is un-
likely to yield substantial improvement in detection capabilities.

Infrared/Hyperspectral Systems

Description. Infrared/hyperspectral methods detect anomalous
variations in electromagnetic radiation reflected or emitted by either
surface mines or the soil and vegetation immediately above buried
mines (see Figure 2.3). The category encompasses technologies of
diverse modes of action, including active and passive irradiation
using a broad range of electromagnetic wavelengths.

Thermal detection methods exploit diurnal variations in tempera-
tures of areas near mines relative to surrounding areas. For example,
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Figure 2.3—Infrared Image of Mines

mines or the soil above them tend to be warmer than surrounding
areas during the day but lose heat more quickly at night. Laser illu-
mination or high-powered microwave radiation can be used to
induce these differential temperature profiles.

Nonthermal detection methods rely on the fact that areas near mines
reflect light (either natural or artificial) differently than surrounding
areas. Anthropogenic materials tend to preserve polarization
because of their characteristically smooth surfaces, allowing dis-
cernment of surface mines. Moreover, the physical activity of
emplacing mines changes the natural soil particle distribution by
bringing small particles to the surface, which in turn affects the way
in which the soil scatters light. Systematic changes in vegetation
moisture levels immediately above buried mines also may be lever-
aged.

Strengths. These methods are attractive because they do not involve
physical contact and can be used from a safe standoff distance. They
are lightweight and are effective at scanning wide areas relatively
quickly. When deployed from airborne platforms, they are particu-
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larly effective for detecting surface mines. Collecting and processing
the signals temporally (as opposed to in “snapshots”) tends to im-
prove performance by tracking diurnal cycles.

Limitations. The methods, particularly thermal imaging, have been
used in several prototype multisensor systems, but extreme variabil-
ity in performance as a function of dynamic environmental charac-
teristics has precluded their use for close-in detection and accurate
identification of mine locations. Despite maturity of the sensor, the
algorithms to process the signals in an informative way are relatively
undeveloped and are not linked to physical phenomena. Thermal
signatures currently are not well understood, and a comprehensive
predictive model does not exist. Moreover, waves at the frequencies
used by the methods cannot penetrate soil surfaces, and the local-
ized hyperspectral anomalies produced by mine emplacement are
ephemeral and are quickly eliminated by weathering. Thus, the tech-
nologies are able to detect buried mines under only limited transient
conditions.

Summary Evaluation. With the possible exception of methods that
would simulate solar heating as a means to enhance the thermal sig-
natures of buried targets, infrared/hyperspectral methods are not
particularly suitable for close-in buried mine detection. The underly-
ing phenomena are not sufficiently characterized, and natural
processes quickly erase the detectable surface anomalies. The tech-
nology has demonstrated ability and expected future promise for
airborne minefield detection, especially for surface mines, but it is
not expected to be useful for close-in detection of buried mines.

ACOUSTIC/SEISMIC SYSTEMS

Acoustic/seismic methods look for mines by “vibrating” them with
sound or seismic waves that are introduced into the ground. This
process is analogous to tapping on a wall to search for wooden studs:
materials with different properties vibrate differently when exposed
to sound waves. These methods are unique among detection meth-
ods that identify the mine casing and components in that they are
not based on electromagnetic properties.
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Description

Acoustic/seismic mine detection systems typically generate sound
(above ground) from an off-the-shelf loudspeaker, although there are
many possible configurations. Some of the acoustic energy reflects
off the ground surface, but the rest penetrates the ground in the form
of waves that propagate through the soil. When an object such as a
mine is buried, some of the energy reflects upward toward the
ground surface, causing vibration at the surface (see Figure 2.4).
Specialized sensors can detect these vibrations without contacting
the ground. A variety of different kinds of sensors (laser Doppler

vibrometers, radars, ultrasonic devices, microphones) have been
tried.

Researchers have field tested acoustic/seismic methods for landmine
detection on approximately 300 buried antitank and antipersonnel
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mines and several hundred square meters of clutter locations at
Army field sites in Virginia and Arizona (see Appendix G). Initial tests
focused on antitank mines and yielded high probabilities of detec-
tion and low false alarm rates. For example, in one test, the acoustic
system identified 18 of 19 mines buried in dirt and gravel, yielding a
probability of detection of 95 percent. There was only one false alarm
in the test, even though the test site was seeded with clutter items
that had confounded a GPR system (Rosen et al., 2000). When the
system was modified with advanced signal-processing algorithms,
the false alarm rate dropped to zero.

Strengths

Acoustic/seismic sensors are based on completely different physical
effects than any other sensor. For example, they sense differences in
mechanical properties of the mine and soil, while GPR and EMI sen-
sors detect differences in electromagnetic properties. Thus, acoustic/
seismic sensors would complement existing sensors well.

Acoustic/seismic systems also have the potential for very low false
alarm rates. In experiments to date, false alarms from naturally
occurring clutter, such as rocks and scrap metal, have been ex-
tremely low (although such hollow clutter items as soda bottles and
cans would cause false alarms because the resonance patterns of
these objects are similar to those of mines). An additional strength is
that, unlike GPR systems, these sensors are unaffected by moisture
and weather, although frozen ground may limit the sensor’s capabil-

ity.

Limitations

The greatest limitation of acoustic/seismic systems is that they do
not detect mines at depth because the resonant response attenuates
significantly with depth. With current experimental systems, mines
deeper than approximately one mine diameter are difficult to find.

Also problematic is the slow speed of existing systems. Speed cur-
rently is limited by the displacement sensor, which senses the vibra-
tions at the surface caused by the sound waves. These displacements
are very small (less than 1 pm) and are thus difficult to measure
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quickly in the adverse conditions of a minefield. The required scan
time for locating antipersonnel mines may range from 125 to 1,000
seconds per square meter (see Appendix H). However, a number of
methods are being investigated to speed up the detection process.
For example, an array of N sensors will speed the system by a factor
of N. Small prototypes of such arrays have been developed and can
be expanded and improved with further work.

An additional limitation of existing systems is that moderate to heavy
vegetation can interfere with the laser Doppler vibrometers that are
commonly used to sense the vibrations at the ground surface. A new
type of sensor could be developed, however, to overcome this flaw.

Summary Evaluation

Significant progress has been made in the past five to ten years in
developing acoustic/seismic mine detection systems. Interactions
between the seismic waves and buried mines and clutter are much
better understood, as are the seismic sources and displacement
sensors. The systems show great potential, but more research is
needed to make them practical. The development of an array of dis-
placement sensors that is fast, can penetrate vegetation, and can
function in the adverse conditions of a real minefield would be
especially useful.

EXPLOSIVE VAPOR DETECTION TECHNIQUES

Each detection technology discussed above searches for the casing or
mechanical components of a mine. Additional research is taking
place to develop methods—both biological and chemical—that
identify the presence of explosive vapors emanating from mines.

Ideally, such sensors would determine whether explosive vapors are
present above an anomaly located by a metal detector or other
device. Although each method has a different theoretical basis, all are
designed to sense low concentrations of explosive compounds or
their derivatives in soil or the boundary layer of air at the soil surface.
Determining the performance potential of each chemical- or biologi-
cal-sensing technology requires an understanding of how explosives
migrate away from landmines as well as knowledge of the chemical
and physical principles of the sensor.
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When a mine is buried in the soil, it almost always will gradually
release explosives or chemical derivatives to the surrounding soil
through either leakage from cracks and seams or vapor transport
through the mine casing (in the case of plastic mines). While typically
about 95 percent of the explosive will adsorb to the surrounding soil,
the remaining 5 percent will travel away from the mine, mostly
through dissolution in water in the soil pores (see Appendix Q). Some
of this explosive will migrate to the ground surface in vapor form.

One of the key issues in detecting explosive vapors and residues is
that the concentrations available for detection are extremely low (see
Appendix Q). Thus the sensor must be able to operate at a very low
detection threshold. The analyte that is the focus of most explosive
detection research is 2,4-dinitrotoluene (2,4-DNT), which is a
byproduct of trinitrotoluene (TNT) manufacturing that is present as
an impurity in military-grade TNT. TNT has a very short half-life in
soil (about a day at 22°C) because it is easily biodegraded and has
very low vapor pressure; 2,4-DNT is much less easily biodegraded
and has a higher vapor pressure, so it is the dominant chemical
present in the explosive signature from most landmines. In
experiments from a landmine test site reported in Appendix Q, the
2,4-DNT and 2,4,6-TNT concentrations in air above the soil were 200
x 10715 g per milliliter and 1 x 10-1° g per milliliter, respectively.

Figure 2.5 summarizes the ranges of concentrations of 2,4-DNT and
TNT vapors likely to be found in surface soils above landmines. To be
effective, an explosive vapor detection system must be sensitive to
concentrations as low as 10718 g per milliliter if the soil is very dry or
as low as 1071 g per milliliter if the soil is moist.

Biological Methods

Biological detection methods involve the use of mammals, insects, or
microorganisms to detect explosives. Like chemical sensors, these
methods rely on detection of explosive compounds rather than on
detection of metal or changes in the physical properties of the sub-
surface. Thus, they have the potential for reducing false alarm rates
from metal clutter. Each of the different methods operates on a dif-
ferent set of principles and is at a different stage of development. The
oldest involves using trained dogs, which were first shown to be
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capable of smelling landmines in the late 1970s (Johnston et al.,
1998). Methods employing insects and microorganisms are newer
approaches that have not yet been fielded.

Dogs and Rats. Description. Mine dog detection teams have long
assisted in humanitarian demining efforts. For example, more than
200 mine detection dogs currently are at work in Afghanistan. These
dogs can detect mines about 95 percent of the time under favorable
weather and soil moisture conditions (Horowitz et al., 1996).

Dogs have a keen sense of smell, originating from their ancestral
survival needs to find food, determine territorial boundaries, and
sense the presence of enemies (see Appendix T). By offering dogs a
reward of food or play, they can be trained to signal when they smell
mines. In the mine detection context, dogs walk ahead of their han-
dlers, noses to the ground, and sit at the first scent of a mine (see
Figure 2.6). A manual deminer then follows and investigates the area
with a probe. In another application, known as Remote Explosive
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Scent Tracing mode, dogs sniff at filters that have collected vapors
near suspected mine locations. If a dog identifies a filter as contain-
ing explosives, then a deminer returns to the location from which the
vapor was sampled to look for a mine.

Currently, dogs are capable of detecting explosive vapors at concen-
trations lower than those measurable by the best chemical sensors,
so the lower limit at which they can detect explosives is uncertain
(Phelan and Barnett, 2002). One recent study recognized that avail-
able laboratory chemical analytical methods are far from the
sensitivity limits of the dog. Nevertheless, it attempted to determine
the detection threshold for dogs by diluting soil contaminated with
explosives to varying levels, two of which were 10 and 100 times
lower (based on extrapolation, not detection) than the current
chemical detection limit (Phelan and Barnett, 2002). The researchers
tested the ability of three different teams of trained dogs (one from
the United States, one from Angola, and another from Norway) to
identify explosives in samples from the various dilutions. They found
that a few of the dogs could correctly identify samples containing an
estimated 10716 g per milliliter of TNT or DNT. However, perfor-
mance varied by many orders of magnitude depending on the indi-
vidual dog, how it was trained, and the manner in which the training
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Figure 2.6—Mine-Detecting Dog in Bosnia



Innovative Mine Detection Systems 33

was reinforced. Further, detection performance of the dogs used in
this study also appears to have been influenced by environmental
conditions associated with the testing location and procedures fol-
lowed, including the inadvertent use of TNT-contaminated soil
samples as “clean” controls in testing at least one group of dogs.

As an alternative to using dogs or in conjunction with using dogs,
researchers at the University of Antwerp have trained African giant
pouch rats to detect mines. The rats are trained using food rewards
to signal the presence of explosives by scratching the ground surface
with their feet. Field tests of the use of rats in mine detection have
begun.

Strengths. Canines are proven to work exceptionally well in many
scenarios and under many environmental conditions. The olfactory
sensitivity of some, but not all, dogs is higher than the best currently
available mechanical detection methods. Advantages of using rats
include the possibility that they could be deployed in large numbers
and that they do not weigh enough to trigger mines, which reduces
the possibility of injury.

Limitations. Dog performance varies widely depending on the indi-
vidual dog, how it was trained, and the capabilities of the handler.
Further, dogs may need to be retrained periodically because they can
become confused if they discover behaviors other than explosives
detection that lead to a reward. An additional limitation is that when
trained to detect high levels of explosives, dogs may not automati-
cally detect much lower levels and may need to be specially trained
for this purpose. Like other methods that rely on vapor detection,
performance of mine detection dogs can be confounded by envi-
ronmental or weather conditions that cause explosive vapors to
migrate away from the mine or that result in concentrations of
vapors that are too low even for dogs to detect. Rats likely would have
similar limitations.

Summary Evaluation. Canines are proven performers and a valuable
asset in demining. However, continued investigation of the sensitiv-
ity of canine olfaction and how this varies with the dog and with
training is necessary to understand the factors that affect reliability.
Additionally, the vapor and particle signature of the mine in the field
must continue to be investigated to better understand performance
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potential for canines. Additional research to explore the potential for
deployment of African giant pouch rats in demining also is war-
ranted.

Bees. Description. By lacing sugar with a target chemical and placing
the sugar in the bees’ natural foraging area, bees can be trained to
associate the chemical odor with food and to swarm over any loca-
tion containing the target odorant. Entomologists have trained bees
to detect a variety of explosives and have been researching ways to
use trained bees in humanitarian demining. There are two suggested
strategies. The first involves monitoring the movement of bees
trained to detect explosives and keeping track of the locations where
they swarm. The second involves sampling the beehive for the pres-
ence of explosives, which can be transported to the hive on the bees’
mop-like hairs.

Several field tests have been conducted to investigate the potential
use of bees in mine detection (see Appendix S). The most recent and
comprehensive test involved placing DNT in petri dishes, covering
the DNT with sand, and placing the dishes in a flat, open space for
subsequent detection by the bees. In these experiments, bees proved
capable of detecting DNT concentrations that were estimated to be
0.7-13.0 ppb (approximately 10~12 g per milliliter). Earlier lab testing
had indicated that bees could detect concentrations down to 20 ppt.

Strengths. Trained bees detect explosives and therefore are not lim-
ited by the same types of false alarms that plague metal detectors.
They also potentially could search a relatively large area in a short
time.

Limitations. As for chemical and bacterial detection systems, more
needs to be understood about the fate and transport of explosives in
the subsurface before the full potential of trained bees to detect
landmines can be understood. To date, no field trials using actual
mines have been conducted. Further, bees can only work under lim-
ited environmental and weather conditions. They do not work at all
at temperatures below 40°F. In addition, all tests to date have been in
clear, open fields; whether bees would perform in forested or other
heavily vegetated environments is unknown. The inability to track
bee movements also currently poses difficulties.
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Summary Evaluation. Continued investigation of the use of bees in
mine detection is warranted. Experiments under more realistic con-
ditions could give a better indication of the potential of this method.
However, clear decision points should be established for determin-
ing whether to continue with research funding, if the method con-
tinues to look promising, or to terminate it, if there are insurmount-
able obstacles.

Bacteria. Description. During the 1990s, researchers engineered a
strain of bacteria that fluoresce in the presence of TNT (see Appendix
R and Kercel et al., 1997). A regulatory protein in the bacteria recog-
nizes the shape of the TNT molecule and fluoresces whenever the
molecule is present (see Figure 2.7). In principle, a bacterial mine
detection process would involve spraying bacteria on the mine-
affected area, possibly using an airborne system. The bacteria would
be allowed to grow for several hours. Then, a survey team would
return to search for fluorescent signals. The search could be con-
ducted either from an airborne system or using a handheld fluores-
cence detector.

One field trial using bacteria has been conducted. Five targets con-
taining from 4 oz to 10 1b (100 g to 5 kg) of TNT were placed in a
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Figure 2.7—Bacteria Fluorescing in the Presence of TNT
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quarter-acre field site. The bacteria detected all five targets, but there
were also two false alarms. Based on this single field trial, it is not
possible to determine the lowest concentration of explosive that
bacteria are capable of detecting.

Strengths. Like chemical sensors, bacteria can be engineered to be
highly specific to the explosive of concern. The regulatory protein
that causes the bacteria to fluoresce recognizes only TNT and struc-
turally similar molecules. Thus, this method has the potential to
reduce false alarms from clutter objects. An additional advantage is
that it may allow coverage of a large area in a relatively short time. In
theory, the unit cost of this method should decrease as the size of the
search area increases.

Limitations. The limited research to date has revealed possible envi-
ronmental limitations of this method. Bacteria are highly sensitive to
environmental conditions. The existing strain used to locate TNT
cannot survive at extreme temperatures. In addition, the method
functions only in moist soil because dry soil quickly absorbs the
bacteria. Another limitation is that the potential for false alarms is
unknown. For example, the two false alarms in the single field test
could have resulted from the migration of explosives away from the
targets or from some other chemical in the environment that trig-
gered the fluorescent response. An additional problem in experimen-
tal trials was that the fluorescence detector missed some of the sig-
nals from the bacteria. Finally, the performance potential of this
method will be limited by the fate and transport of explosives in the
subsurface. If the explosives migrate away from the mine, then the
bacterial signal may occur at a distance from the mine. In addition to
these operational limitations, public concerns about introducing
genetically engineered organisms into the environment may limit the
application of bacteria in mine detection.

Summary Evaluation. The potential for using bacteria in mine
detection remains largely untested, except for the single field trial
referenced in Appendix R. Nonetheless, continued investigation is
warranted as long as clear decision points for terminating or
continuing funding are established. For example, if research shows
that environmental confounding factors (such as moisture condi-
tions and temperature) preclude the use of bacteria in all but an ideal
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environment, then research may need to be halted unless bacterial
strains can be bred to overcome these limitations.

Chemical Methods

Description. A variety of possible nonbiological mechanisms for
detecting low concentrations of explosives in air or in soil samples
have been investigated in recent years (see Table 2.1). Most of these
investigations resulted from DARPA’s “Dog’s Nose” program, which
sponsored R&D leading to the development of highly sensitive odor
detection devices. Some of the techniques were patterned after the
mammalian nose. For example, one approach uses arrays of
polymer-based sensors that detect explosive vapors (and other
volatile chemicals) based on the amount of swelling in the polymers

Table 2.1

Chemical and Physical Methods for Sensing Explosive Vapors

Approximate
Detection Limit
Sensor Category Description (g explosive per ml air)

Fluorescent Measure a change in fluorescence 1071°
wavelength on the tip of a polymer-
coated glass fiber or on an antibody
biosensor that occurs in response to
the presence of explosives

Electrochemical Measure changes in electrical 10712
resistance of arrays of polymers upon
contact with explosive vapors;
alternatively, measure changes in
electrical properties in coupled
electrode pair during reduction or
oxidation of explosives
Piezoelectric Measure shift in resonant frequency 1071
of various materials (thin polymer,
quartz microcrystal, or other) due to
mass change upon exposure to
explosive vapor
Spectroscopic Compare the spectral response of a 1079
sample with that of a reference
material
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caused by exposure to the analyte of concern (Freund and Lewis,
1995; Doleman and Lewis, 2001; Hopkins and Lewis, 2001). These
swelling differences, in turn, lead to easily detected changes in
electrical resistance of the polymers. Like mammalian noses, these
sensors rely on low-level responses of multiple different types of
receptors (many polymer types in the case of the mechanical
sensors, and many types of receptor proteins in the case of the
mammalian nose).

Of the various vapor sensors, a system using novel fluorescent poly-
mers is closest to being deployable and currently has the lowest
detection limit, as shown in Table 2.1 (Yang and Swager, 1998; Cum-
ming et al., 2001). The sensor consists of two glass slides, each cov-
ered by a thin film of the fluorescent polymer. When a sample of air
containing explosives passes between the slides, some of the explo-
sive binds to the polymer and in the process temporarily reduces the
amount of fluorescent light that the slides emit. A small photo-
multiplier device detects the reduced light emission, and electronics
signal the operator that explosives are present. Nomadics Inc. has
developed a man-portable prototype of this system and has con-
ducted limited field tests (see Figure 2.8). The current system can
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SOURCE: Nomadics Inc., www.nomadics.com.

Figure 2.8—Nomadics’ Sensor for Detecting Explosive Vapors
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detect explosive vapor concentrations as low as 10~1° g per milliliter,
and additional development work is expected to lower this threshold
(Cumming et al., 2001).

Advantages. Vapor and residue sensors detect explosives and there-
fore could serve as complements to detection devices that rely on
physical features of the mine. In addition, most of the methods have
the potential to be engineered as small, lightweight, easily trans-
portable, and simple-to-operate systems with relatively low power
requirements. The Nomadics prototype already available is compa-
rable in size to a typical metal detector and, like a metal detector, can
operate at a walking pace. It has an extremely low detection thresh-
old (10715 g per milliliter).

Limitations. Perhaps the greatest obstacle that these systems must
overcome is the need for a probability of detection of one if they are
to replace manual prodders for confirming the presence of mines.
No deminer will exchange a conventional prodder for a device that
has less than near-perfect probability of detection because of the
obvious safety concerns involved. The detection sensitivity of current
technologies, with the exception of the fluorescent polymer ap-
proach, is not low enough to provide for reliable detection of metal-
encased mines in dry soil, and even this method may not perform
well in the driest of environments. Another problem is that the pres-
ence of explosive residues in soil from sources other than landmines
will trigger false alarms. This limitation would apply primarily to
battlefield environments because dispersed explosives remaining
after weapons are fired will biodegrade over time. Naturally occur-
ring chemicals that react with the polymers also may cause false
alarms. For all of these systems, the effects of variations in environ-
mental conditions, especially soil moisture, on performance is not
well understood. Further, the location at which explosive vapors are
present at the highest concentration is often displaced from the mine
location. Current understanding of explosives fate and transport
from buried mines is insufficient to allow for the reliable location of a
mine based on measurement of the extended explosive vapor signal.

Summary Evaluation. Explosive vapor and residue detectors have
the potential to be used as confirmatory sensors for landmines if the
probability of detection can be increased to near one. Whether this is
possible cannot be determined without additional basic research.
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Research is necessary to establish the lower limits of detection for the
different types of vapor sensors. Also needed are further investiga-
tions to allow quantitative modeling of the amounts and locations of
explosives available for detection at the surface under different envi-
ronmental conditions.

BULK EXPLOSIVE DETECTION TECHNIQUES

Biological and chemical methods for detecting explosive vapors cur-
rently are limited by incomplete knowledge of how explosive vapors
migrate in the shallow subsurface. An additional category of explo-
sive detection technologies overcomes this limitation by searching
for the bulk explosive inside the mine. Methods being explored for
this purpose include nuclear quadrupole resonance (NQR) and a
variety of methods that use the interaction of neutrons with compo-
nents of the explosive. These technologies emerged from interest in
detecting bulk explosives in passenger baggage for the airline indus-
try and in investigating the potential presence of explosive devices in
other settings.

Nuclear Quadrupole Resonance

Description. NQR is a radio frequency (RF) technique that can be
used to interrogate and detect specific chemical compounds, includ-
ing explosives. An NQR device induces an RF pulse of an appropriate
frequency in the subsurface via a coil suspended above ground (see
the prototype in Figure 2.9). This RF pulse causes the explosives’
nuclei to resonate and induce an electric potential in a receiver coil.
This phenomenon is similar to that exploited by magnetic resonance
imaging (MRI) used in medical testing, but NQR uses the internal
electric field gradient of the crystalline material rather than an exter-
nal static magnetic field to initially align the nuclei.

Strengths. NQR has a number of features that make it particularly
well suited for landmine detection. The primary attraction of NQR is
its specificity to landmines: In principle, it signals only in the pres-
ence of bulk quantities of specific explosives. Unlike many other
technologies, its false alarm rate is not driven by ground clutter but
rather by its signal-to-noise ratio (SNR). The SNR increases with the
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SOURCE: A. Hibbs, Quantum Applied Sci-
ence and Research Inc.

Figure 2.9—Prototype Handheld NQR Mine Detector

square root of the interrogation time and also increases linearly with
the mass of the explosive. Thus, with sufficient interrogation time,
NQR can achieve nearly perfect operating characteristics (probability
of detection near one with probability of false alarm near zero). This
makes NQR more attractive as a confirmation sensor used to interro-
gate only those locations identified by other detectors (e.g., GPR,
EMI) as likely mine locations. Interrogation times of 0.5-3.0 minutes
may be sufficient for performance that leads to high probability of
detection (more than 0.99) and low probability of false alarm (less
than 0.05). The NQR signal from cyclotrimethylenenitramine (RDX)
is particularly large, implying high performance and small interroga-
tion times (less than three seconds) for detection of mines containing
RDX. Another positive feature of NQR is that it is relatively robust to
diverse soil conditions; for example, because it requires bulk con-
centration of explosives to declare, it is not misled by trace explosive
residues as can be the case with vapor-sensing techniques.

Limitations. The major weakness of NQR is the fact that, because of
its nuclear properties, TNT, which comprises the explosive fill of
most landmines, provides a substantially weaker signal than either
RDX or tetryl, posing a formidable SNR problem. Moreover, TNT
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inherently requires longer interrogation times because its nuclear
properties preclude interrogation more frequently than once per five
to ten seconds. Another significant limitation is the susceptibility of
NQR to RF interference from the environment. This is especially
problematic for TNT detection because the frequencies required to
induce a response from TNT (790-900 kHz) are in the AM radio band.
When present, radio signals overwhelm the response from TNT.

An additional weakness is that NQR cannot locate explosives that are
encased in metal because the RF waves will not penetrate the case.
This is not a major weakness because a large majority of antiperson-
nel mines have plastic cases, and EMI detection can successfully
detect those with metal cases. NQR also cannot detect liquid explo-
sives, but very few antipersonnel mines use liquid explosives.

NQR is very sensitive to the distance between the detection coil and
the explosive. Therefore, the detection coil must be operated very
close to the ground, which can be problematic in rough or highly
vegetated terrain. Moreover, current implementations require sta-
tionary detection for optimal results; detection in motion substan-
tially degrades the SNR.

Summary Evaluation. NQR is an explosive-specific detection tech-
nology that offers considerable promise as a technique for reducing
false alarms as compared with such conventional detection
approaches as EMI. It offers opportunities for improvement not
addressed by competing technologies—most notably that its potency
derives from unique explosive signatures of mines. In principle, this
specificity affords it the possibility of a zero false alarm rate against
nonmetal mines. Currently, the most promising role of NQR is that of
a confirmation sensor used in conjunction with a conventional
scanning sensor or as part of an integrated multisensor detection
system.

Neutron Methods

Description. Neutron interrogation techniques involve distinguish-
ing the explosives in landmines from surrounding soil materials by
probing the soil with neutrons and/or detecting returning neutrons.
Differences in the intensity, energy, and other characteristics of the
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returning radiation can be used to indicate the presence of explo-
sives.

Only three of the many possible reactions involving neutrons or
gamma rays have reasonable potential for landmine detection. The
first, thermal neutron analysis, is the only nuclear technique that is
currently fielded by a military: The Canadian military uses it as a
vehicle-mounted confirmatory detector for antitank mines (see
Appendix N). Size and weight limits imposed by physics preclude it
from being person-portable or being able to detect small antiper-
sonnel mines in practical applications. The second method, known
as fast neutron analysis, has similar limitations. The third method,
neutron moderation, is the only one of the three with the potential to
yield a person-portable detector for antipersonnel mines. Neutron
moderation discerns buried materials with low atomic numbers (e.g.,
hydrogen).

Strengths. The physical properties of neutron moderation allow the
technology to use low-strength source radiation, which reduces
shielding required to protect workers from radiation exposure. Thus,
designing a handheld system may be possible. Costs of a production
imager are expected to be moderate.

Limitations. Neutron activation methods can, at best, measure rela-
tive numbers of specific atoms but cannot determine what molecular
structure is present. Because neutron moderation is most sensitive to
hydrogen, hydrogenous materials, particularly water, produce many
false alarms. Thus, to detect landmines successfully, it is necessary to
use the response from the neutrons to generate a visual image of the
area under investigation. Simulations show that the method will
work in soil with 10-percent moisture or less and may be usable
when moisture content is as high as 20 percent. Ground-surface
fluctuations and sensor height variation also contribute to false
alarms in nonimaging systems. Imaging can reduce these effects,
although some degradation of the image is expected.

With sources having sufficiently low strength to be practical for
handheld use, a few seconds will be required to acquire an image.
This makes neutron moderation imaging more suitable for confir-
mation than for primary detection. Also, there is a perceived (more
than actual) radiation hazard associated with nuclear techniques
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that must be overcome by the users. Broad-area, low-power elec-
tronic neutron sources, under development by Defence R&D
Canada, could reduce this perceived risk.

Summary Evaluation. The majority of neutron technologies have
physical limitations that preclude them from being portable. Only
one technology—neutron moderation imaging—may be useful for
handheld confirmation of antipersonnel landmines. In fielded sys-
tems, images of these mines are likely to appear as fuzzy blobs, but
that will still allow mines to be distinguished from most diffuse or
elongated false alarms generated by moisture. On balance, however,
neutron moderation imaging is very unlikely to yield substantial
improvements in detection speed beyond what is capable with other
confirming detectors.

INNOVATIVE PRODDERS AND PROBES

The last step in mine detection has long been probing manually to
determine whether a signaled item is a mine or just harmless clutter.
The probe operator learns through experience to feel or hear the dif-
ference between a mine casing and other buried objects. Probing is
dangerous. Deminers often inadvertently apply sufficient force to the
mine to detonate it. This excess force does not always cause the mine
to explode, but when it does, the probe itself can become a deadly
projectile. New concepts are being explored to improve the safety of
probing and to help discriminate mines from clutter.

Description

Research to improve prodders and probes has followed two lines of
investigation: (1) development of probes that would signal to the
deminer when too much force is being applied and (2) development
of “smart” probes that provide information about the characteristics
of the item being investigated. These latter probes are intended to
provide information about some physical, electromagnetic, or
chemical characteristic of the object being investigated in order to
identify it. The only such probe engineered to date delivers an
acoustic pulse to determine whether the object is plastic, metal, rock,
or wood (see Appendix W). Performance of this smart probe was
mixed in limited testing: In a Canadian test, it correctly identified 80
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percent of the mines, butin a U.S. test it identified only 69 percent of
the mines. An improved version identified 97 percent of the mines in
a Canadian test. An alternative type of smart probe that is in the
research stage sprays focused jets of cold or heated water at regular
intervals to detect mines by sound or thermal signature.

Strengths

Probing is an established step in manual demining. Improved probes
could decrease the risks to deminers by providing feedback about the
nature of the object being investigated. In addition, theoretically, a
probe could deliver any of a number of different detection methods
(acoustic, electromagnetic, thermal, chemical, etc.), and the proxim-
ity of the probe to the landmine could improve performance. For
example, methods based on identifying explosive vapors likely would
perform better in close proximity to the mine, where vapor concen-
trations are much greater than those on the surface. However, such
advanced probes have yet to be developed.

Limitations

Any improved probe must essentially identify mines 100 percent of
the time to be accepted by the demining community. This is because
deminers view their current conventional probes as 100-percent
accurate. Some field testing has borne this out: A conventional mili-
tary prodder in one field experiment correctly distinguished between
38 mines and 119 rocks (see Appendix W). In addition, instrumented
probes may not be useful in dense ground or in ground with exten-
sive root structures.

Summary Evaluation

Because the probe is likely to remain part of the deminer’s tool kit for
the foreseeable future, limited efforts to develop more sophisticated
probes should continue. To be useful in speeding up demining oper-
ations, probes must be able to identify rapidly and accurately
whether the detected item is a mine or another object. Research
should continue on instrumented probes with detection devices that
analyze the material content of the item under investigation. To
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increase probe safety, work should continue to develop probes that
indicate the level of force being applied.

ADVANCED SIGNAL PROCESSING AND SIGNATURE
MODELING

This chapter described a diverse range of innovative sensors for
obtaining signals that indicate the presence of landmines. Underly-
ing nearly all of these technologies are algorithms that translate these
signals into information that can be used (by either a human opera-
tor or an automated system) to make a declaration decision. Tradi-
tionally, these algorithms have been very simple and have focused on
detecting anomalies in the subsurface, as opposed to providing
information about the size, shape, or chemical content of the object.
For example, conventional handheld EMI detectors provide infor-
mation only about the strength of the return signal. Typically, the
frequency of the audible tone increases as the received signal
strength increases. The operator then decides what signal strength to
use as an indicator of the possible presence of a mine. Without the
additional step of discriminating background clutter from legitimate
targets, the number of false alarms is large and hampers the detec-
tion and clearance process.

The primary goal of advanced signal-processing algorithms is to
maximize the use of information generated by the sensor to help
discriminate targets from background clutter. Recent efforts have
combined information from physical models specific to the
particular sensor technology, statistical analyses of the generated
signals, and spatial information to achieve this goal (see Appendixes
U and V). Advanced algorithms leveraging statistical models have
been shown to reduce the false alarm rate for EMI, GPR, and
combined sensors in certain settings (Collins et al., 2002; Lewis et al.,
2002; Witten et al., 2002). Because of fundamental physical limita-
tions of the technologies, no amount of signal processing will elimi-
nate all false alarms from EMI and GPR systems. Nonetheless, such
advanced algorithms are important to improving mine detection
technologies. For nearly all types of sensors, advanced algorithms
could be or are being developed that make efficient use of the gener-
ated signal to improve operating characteristics. More important,
advanced signal-processing and signal fusion methods are crucial to
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the development of next-generation mine detection systems dis-
cussed in the next chapter.






Chapter Three

MULTISENSOR SYSTEM TO IMPROVE MINE
DETECTION CAPABILITY

No single mine sensor has the potential to increase the probability of
detection and decrease false alarm rates for all types of mines under
the wide variety of environmental conditions in which mines exist.
As is clear from the previous chapter, each innovative method is
subject to limitations under certain conditions of environment and
mine type. Thus it is unlikely that any one technology will provide
the breakthrough necessary to substantially improve humanitarian
demining operation times.

To achieve substantial decreases in mine detection time while
maintaining high probabilities of detection, a paradigm shift is
needed in mine detection R&D. Rather than focusing on individual
technologies operating in isolation, mine detection R&D should
emphasize the design from first principles and subsequent develop-
ment of an integrated, multisensor system that would overcome the
limitations of any single-sensor technology. The goal of such R&D
should be to produce a single system comprised of many different
types of sensors and algorithms for combining the feedback from all
sensors in an optimal manner.

Multisensor systems that combine technologies with different
sources of false alarms could substantially decrease the false alarm
rate. As an example, Table 3.1 lists the individual sensor technologies
that, based on the evaluations in the previous chapter, appear most
promising for close-in mine detection for humanitarian operations.
As shown, the methods have substantially different sources of false

49
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Table 3.1

Sources of False Alarms for Selected Mine Detection Technologies

Detection Technology Primary Source of False Alarms

EMI Metal scrap, natural soil conductivity, and
magnetism variation

GPR Natural clutter (roots, rocks, water pockets, etc.)

Acoustic/seismic Hollow, man-made objects (e.g., soda cans)

Fluorescent polymers Explosive residues

NQR Radio frequency interference

alarms. Multisensor systems also could increase the probability of
finding diverse types of mines and of operating effectively in a range
of environments. Table 3.2 shows the most promising technologies
and the mine and environmental conditions for which they are best
suited. As can be concluded from Tables 3.1 and 3.2, combining
technologies could yield a system that is robust across diverse envi-
ronments and mine types.

The potential of multisensor systems to improve detector operating
characteristics has been demonstrated empirically. In a comparative
field study of different sensor fusion algorithms, Gunatilaka and
Baertlein (2001) showed that fusion of EMI, GPR, and infrared data
achieved better than a factor of 8 improvement in the probability of
false alarm compared with the best individual sensor, at PD = 1.
Similarly, Collins (2000) found that advanced fusion of EMI, GPR, and
magnetometry signals achieved between a factor of 5 and 12 im-
provement in probability of false alarm compared with simple
thresholding on raw data of individual sensors, at PD = 0.8. Finally, in
an extensive field test of five vehicle-mounted systems consisting of
metal detectors, GPR, and infrared sensors conducted by the Insti-
tute for Defense Analyses (IDA), fusion of the three signals improved
operating characteristics for all systems compared with any single
sensor or pair of sensors (Rotondo et al., 1998). These studies, and
others cited in the appendixes, demonstrate that a well-designed
multisensor system has the potential to substantially improve per-
formance relative to detectors that use a single-sensor technology.
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Table 3.2

Mine Types and Soil Moisture Conditions for Which Selected Mine
Detection Technologies Are Best Suited

Mine Types and Soils for Which the
Technology Is Most Effective

Low-

Detection Metal Metal TNT RDX
Technology Mines Mines Mines Mines DrySoil Wet Soil
EMI v v v v v
GPR V J N V J
Acoustic/seismic N \/ v N \/ v
Fluorescent

polymers \/ J \/ \/ \/
NQR S y J 3

KEY DESIGN CONSIDERATIONS

A multisensor system that achieves performance superior to a single-
sensor system across a diversity of environments and target types
will require effective and flexible methods for combining information
from multiple sensors of different modalities. Multisensor systems
can combine or “fuse” the information from the component sensors
in a variety of ways, characterized by the stage of signal processing at
which the information is combined. Broadly speaking, the different
fusion methods can be categorized as “decision-level,” “feature-
level,” or “data-level” (Ackenhusen et al., 2001; Gunatilaka and
Baertlein, 2001; Dasarathy, 1994). In decision-level fusion, each
component sensor of the system provides the operator with a decla-
ration decision from independently processed signals, and these are
combined to make the overall declaration decision. For example,
HSTAMIDS (see Chapter Two) produces two separate signals—one
from the GPR detector and another from the EMI detector—and the
operator must decide whether to investigate an item, depending on
the signals received. “Hard” decision-level fusion bases the overall
decision on only the individual binary decisions (declare/non-
declare) of the component sensors, generally using simple rules (e.g.,
Boolean “and,” “or,” or majority voting). Alternatively, if individual
declaration decisions are augmented with some measure of confi-
dence, “soft” decision rules that give more weight to more reliable



52  Alternatives for Landmine Detection

decisions are possible. In either case, the overall decision is based on
only the independently processed signals from the individual sen-
sors. This is in contrast to feature- or data-level fusion, in which the
signals generated by each sensor are combined algorithmically to
present the operator with a single signal on which to base the decla-
ration decision. That is, rather than combining the processed out-
puts of various sensors, these lower-level fusion methods jointly pro-
cess the received physical information at the signal level. Data-level
fusion combines the raw data collected by each sensor, while
feature-level fusion combines information about informative
“features” extracted from the raw signals.

Situations occur in which one type of fusion might be advantageous,
relative to another. For example, if the multiple sensors detect the
same type of target but have different confounders, decision-level
fusion helps to reduce errors and improve operating characteristics.
However, feature-level fusion would likely be more effective for an
array of sensors, each of which is designed to detect a different kind
of target. Moreover, there are theoretical reasons to believe that
properly implemented fusion at lower information levels (e.g., data
or feature) should be superior to fusion at higher (e.g., decision) lev-
els. This is because such fusion can make more efficient use of the
available information by exploiting the simultaneous characteristics
of the signals ignored by decision-level fusion. Lower-level fusion
also in principle offers a pragmatic advantage because it operates as
an integrated unit, presenting the user with a single signal in a man-
ner similar to traditional EMI detectors. “Primary” and “confir-
matory” sensing would be transparent to the operator. Alternatively,
when multiple signals are presented to the operator, multiple
operating thresholds must be chosen. This makes performance
optimization more cumbersome.

Most work to date has used decision-level fusion, which has been
shown to reduce false alarm rates relative to individual sensor per-
formance while maintaining high probabilities of detection. Data- or
feature-level fusion is more difficult, less mature, and thus far has
been shown to offer relatively modest incremental improvements to
decision-level fusion. For example, in a performance study of deci-
sion- versus feature-level signal processing on data collected from
EMI, GPR, and infrared sensors, Gunatilaka and Baertlein (2001)
demonstrated that hard decision-level fusion did not perform
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appreciably better than the best of the individual sensors (GPR in this
case). However, soft decision- and feature-level fusion offered
marked benefits, with the feature-level algorithm providing a modest
but meaningful additional benefit relative to the soft decision-level
methods.

Because feature- and data-level fusion are relatively new research
areas, it is uncertain how rapidly and to what degree their theoretical
advantages over decision-level fusion will result in practical applica-
tions. Thus, in designing the multisensor system we propose, we
believe it is important to keep an open mind about how to process
information from multiple sensors. Researchers should be receptive
to combining information at whatever level is necessary to achieve
optimal performance in practice. However, given the potential to
improve operating characteristics and simplify multisensor system
operation (by presenting a single signal), research should continue
on advanced lower-level fusion algorithms.

Another formidable challenge to the next-generation multisensor
system is having the flexibility to be effective across a broad range of
field conditions and target types. Regardless of the level at which
information from the component sensors is combined, performance
using a fixed configuration of operating thresholds will vary tremen-
dously across the diversity of field conditions encountered in
humanitarian demining operations. It is impossible to determine
optimal thresholds for all possible field conditions a priori. Thus,
achieving optimal performance will require adjustments to operating
thresholds on a case-by-case basis. Such adaptation may not be
practical for some military demining operations but is practical for
most humanitarian demining operations. The mode of adaptation
conceptually falls along a continuum of end-user responsibility. At
one extreme, the user is completely responsible for optimizing the
system for the field, with no built-in system intelligence for this task.
At the other extreme, the system is entirely self-calibrating and learns
about the field in an automatic, real-time fashion. While the latter
ideal may be a worthy long-term goal, it is unrealistic in the short
term, and initial development efforts should compromise between
system and user optimization. Through both field testing and
aggressive environmental and target-sensor interaction modeling, it
should be possible to learn what environments and targets are most
challenging to the system and how the system can be altered to
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handle them effectively. This information can be embedded into the
system logic, and the user would then input information about a
small number of high-leverage field condition variables that would
result in gross alterations to system thresholds. The remaining user
performance tuning could then be along some manageably simple
dimensions, ideally of complexity on par with current EMI detectors.
We envision that, as research progresses, more of the local adapta-
tion can be off-loaded to the system.

POTENTIAL FOR A MULTISENSOR SYSTEM TO INCREASE
MINE CLEARANCE RATE

The primary motivation for pursuing multisensor systems is to
reduce the false alarm rate and in turn decrease the amount of time
spent on mine detection. In requesting this study, OSTP asked that
RAND S&TPI assess whether improved detection methods could
increase the speed at which mines can be cleared by an order of
magnitude. While we conclude that multisensor systems are the
most promising path for improved performance, we also determine
that it is unlikely that such systems will achieve order-of-magnitude
improvements in clearance rates in the near future. There are two
primary reasons for this conclusion. First, reductions in the false
alarm rate do not bring about equal reductions in mine clearance
time, even under the assumption that the time spent removing
actual mines is negligible. Depending on the specific environment, a
nontrivial portion of the total clearance time may be spent on such
“overhead” operations as vegetation clearance. In some cases, these
preclearance activities may require so much time that even a detec-
tion system with perfect operating characteristics could not achieve
an order-of-magnitude improvement in clearance rates. For exam-
ple, Treveylan estimates that an improved detection system that
eliminated 99 percent of false alarms would speed overall clearance
rates by 60-300 percent of the original clearance rate (meaning 1.6—
4.0 mines could be cleared in the time now required to clear one
mine), depending on the density of vegetation (Treveylan, 2002a,b).
This is in contrast to the hundredfold (i.e., 9,900-percent incremen-
tal) improvement that is theoretically possible if only the time spent
investigating false alarms is considered.
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The second reason we conclude that order-of-magnitude improve-
ments are unlikely in the near future stems from tradeoff between
decreasing the false alarm rate and increasing the probability of
detection. For single-sensor systems, reducing the false alarm rate
decreases the probability of detection. For the near future, the same
phenomenon is likely to occur even for a well-designed multisensor
system. Because of the resulting increased residual risk from more
missed mines, this is not acceptable. Thus, the goal of minimizing
the false alarm rate will continue to be limited by the need to maxi-
mize the probability of detection.

Although order-of-magnitude decreases in mine clearance rates are
unlikely to be achieved in the near term, focused investments in
multisensor system development would yield substantial savings in
time and money. Reductions in false alarms translate into reductions
in operation times, even if these reductions are not proportional;
therefore, operation costs should decrease substantially. For exam-
ple, the United Nations has estimated that the average cost of clear-
ing a mine is $300-1,000 per mine (Hubert, 1998). Based on this aver-
age, the cost to clear all 45-50 million mines worldwide will total
$14-50 billion. Given that a large fraction of these costs derive from
paying deminers for time spent investigating false alarms, even mod-
erate time savings could save billions of dollars. For example,
Treveylan (2002a,b) has estimated that if 50 percent of false alarms
were correctly declared as nonhazardous, then demining speed
would improve by approximately 30 percent in a highly vegetated
country, such as Cambodia, and by approximately 60 percent in a
minimally vegetated country, such as Afghanistan, compared with a
detector that has no ability to distinguish false alarms from mines. If
one assumes that the improved system would increase demining
speed by 30-60 percent worldwide and that such gains in speed
translate directly into cost reductions, then the improved detector
would save 23-38 percent of the total demining cost of $14-50 billion.
Improvements beyond an ability to correctly identify 50 percent of
false alarms are expected, with proportionately higher decreases in
mine clearance time and costs. For example, Treveylan (2002a,b)
estimates that a system that correctly identified 90 percent of false
alarms would speed demining by 60 percent in Cambodia and 200
percent in Afghanistan.
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In addition, the development of an effective multisensor system, and
the resulting reduction in false alarms, has numerous tangible bene-
fits beyond reduction in operation times. The vast number of false
alarms encountered in demining operations may foster inattention
and carelessness, which may increase the occurrences of demining
accidents. A reduction in the false alarm rate thus has the potential to
improve demining safety. Moreover, although the discussion of
multisensor systems has focused on the potential for minimizing the
false alarm rate, it is possible that modest false alarm rate reductions
could be coupled with improvements, rather than degradations, to
the probability of detection. This ultimately improves public safety.
Also, the R&D necessary to pursue the integrated multisensor system
will require aggressive interdisciplinary efforts by top researchers
and is likely to result in technological advances that can be leveraged
in other applications of public interest (such as chemical weapon
detection, airline safety, drug enforcement, military countermine
operations, and improvised explosive device detection). Finally, even
if order-of-magnitude improvements are not achievable in the near
term, incremental improvements may lead to an order-of-magnitude
improvement over time.

CURRENT U.S. R&D INVESTMENT IN MINE DETECTION
TECHNOLOGIES

The primary conclusion of this report is that development of an
advanced, integrated multisensor system is the most likely pathway
to substantial improvements in humanitarian demining operations.
However, the federal government currently has no research program
that is directed specifically at designing such a system. While the
United States funds research related to humanitarian mine detec-
tion, the amount allocated is very small. Further, existing funding is
not optimized toward design from first principles of an advanced
multisensor system.

Currently, federal funding for R&D on humanitarian mine detection
is limited. The only federal R&D program dedicated to humanitarian
demining is the Department of Defense Humanitarian Demining
R&D Program (HD program), established in 1995 and administered
by the Assistant Secretary of Defense for Special Operations/Low-
Intensity Conflict. Total funding for this program in 2002 was $13.5
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million (UXO Center of Excellence, 2002). Of that amount, $4.9 mil-
lion was allocated for detection technologies.! Nearly half ($2.2
million) of the detection technology budget was spent on wide-area
detection R&D (for use in remote identification of potential mine
field locations). Thus the total amount available for R&D on close-in
detection technologies was $2.7 million.

Existing federal funding for humanitarian mine detection is focused
primarily on optimizing the performance of EMI and GPR systems.
As shown in Figure 3.1, most of the $2.7 million spent on close-in
methods in 2002 was concentrated on GPR and EMI. The only other
detection method included was chemical vapor-sensing technolo-
gies. No funding was invested in researching a multisensor system.

The HD program emphasizes traditional detection methods because
it is an applied research program and is by design not positioned to
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NOTE: Total funding for detection technologies was $4.9 million. Data in figure are
from R. Weaver and S. Burke (personal communication, August 15, 2002).

Figure 3.1—Detection Technologies Funded by the U.S. Humanitarian
Demining R&D Program in Fiscal Year 2002

nformation obtained from personal communication with R. Weaver and S. Burke,
Army Night Vision and Electronic Sensors Directorate, Ft. Belvoir, Va., August 13, 2002.
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conduct basic research. The U.S. Department of Defense organizes
its research into five tracks corresponding to level of maturity of the
technology, with track 6.1 dedicated to basic research projects and
tracks 6.2-6.5 dedicated to applied research and engineering design
leading to an operational system. The HD program is strictly an
applied research program, focused on development (corresponding
to the 6.2 and 6.3 R&D levels) of concepts for which the critical basic
research questions already have been answered. The existing funding
allocation makes sense given the program’s applied nature. How-
ever, the knowledge necessary for engineering development of a
multimodal sensor of the type recommended in this report does not
exist and would need to be developed through basic research.

The Army Research Office funded a five-year basic research effort
through the Department of Defense Multidisciplinary University
Research Initiative (MURI) from 1996 to 2001. It provided a total of
$3.2 million per year to three university consortia for basic research
on a variety of mine detection technologies. Some of this funding
was for development of theory to support fusion of information from
multiple sensors. However, a comprehensive, predictive theory for
fusing signals or information from multiple landmine sensors still is
not developed (J. Harvey, personal communication, 2002). Like other
MURISs, this initiative covered only a five-year period and is not being
continued. Current Army Research Office MURI investments,
initiated in 2002, are funding three consortia a total of $9.2 million
over the next five years (about $1.8 million per year) to explore three
areas related to mine detection: (1) real-time explosive-specific
chemical sensors, (2) the science of land target spectral signatures,
and (3) detection and classification algorithms for multimodal
inverse problems (UXO Center of Excellence, 2002). While some of
the results of these efforts may be applied to mine detection, mine
detection is not the exclusive focus of these new MURI projects.

The majority of U.S. funding for mine detection research is allocated
to development of systems for countermine warfare. In 2002, the
federal government invested $106 million in countermine research,
about $75 million of which was spent on detection technologies
(UXO Center of Excellence, 2002). The humanitarian demining
community could leverage the technology developed for counter-
mine operations, although some of the requirements are significantly
different. (For example, detectors for countermine operations need
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not achieve the near-perfect probabilities of detection required for
humanitarian demining.) The distribution of funds for countermine
research resembles that for humanitarian mine detection in that the
funding is concentrated on traditional GPR and EMI systems because
of the emphasis on applied research.

As in the humanitarian demining program, the knowledge needed to
field a multisensor system that yields one signal has not been devel-
oped through the countermine program. As discussed earlier, the
development of HSTAMIDS, which combines GPR and EMI, has
been a major focus of countermine research. However, because
HSTAMIDS was developed in response to the immediate need for a
system that works better than traditional metal detectors, it does not
optimize use of the signals from the individual sensors. It combines
separately designed EMI and GPR technologies on a single platform
but does not necessarily represent the optimal combination of these
two systems. Further, the output it produces is not aided by multi-
sensor decision algorithms. The operator hears two separate signals
from the EMI and GPR sensors and is not assisted in deciding which
combination is most likely to indicate the presence of a mine. The
decision about whether to declare an item a mine is not straightfor-
ward.

In some cases, strong signals from both the EMI and GPR detectors
signal a mine, but in other cases the absence of a signal from one in
conjunction with a strong signal from the other would indicate that a
mine may be present. For example, consider a low-metal mine
buried in dry sand with wet spots in the sand. An EMI detector will
sense the currents induced in the metal or in the wet spots as being
“targets.” A GPR detector will identify a strong return signal from the
wet sand and a relatively weak return signal from the plastic mine
case, which has a similar dielectric constant as dry sand. In this case,
the presence of a strong EMI response and the absence of a GPR
response would indicate the presence of a target. This example illus-
trates the need for sensor fusion algorithms to assist the deminer in
making declaration decisions. HSTAMIDS does not include such
algorithms.

In sum, currently there is no basic research program focused on
developing the fundamental knowledge needed to engineer novel
multisensor detection systems for humanitarian demining. The
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funding allocated for humanitarian mine detection R&D is limited,
and it is not dedicated to research toward a multisensor system. R&D
conducted under countermine programs is well funded but is not
optimized for multisensor system development. No basic research
program exists to continue development of the theory needed to
support a multisensor system.

RECOMMENDED PROGRAM FOR PRODUCING AN
ADVANCED MULTISENSOR SYSTEM

Development of an advanced multisensor mine detection system will
require new, targeted R&D funds. The program should focus on the
following areas:

1. algorithms for fusion of data from the individual sensors (to
develop the theory necessary to support an advanced multisen-
sor system);

2. integration of component systems (to address engineering issues
associated with combining multiple sensors as part of a single
device);

3. detection of the chemical components of explosives (to further
develop components of the multisensor system that would
search for explosives rather than for the mine casing and
mechanical components); and

4. understanding of the fundamental physics of how the soil condi-
tions in the shallow subsurface environment affect different sen-
sors (to allow the development of models to predict performance
across a range of environments).

This should be a long-term program, continued until the basic sci-
entific and engineering knowledge needed to field an integrated,
multisensor system is complete.

Because the long-term program will require a sustained commitment
of substantial resources, we recommend that a short, relatively inex-
pensive preliminary study be conducted. The study should not focus
on new research; rather, it should consolidate the existing empirical
and theoretical work on sensor fusion and signal processing, with a
focus on applications in landmine detection. The results of such a
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comprehensive literature review and assessment will help to narrow
the focus of the long-term program we recommend to the most-
promising avenues. This report covers some of the most-promising
results to date; however, signal processing and sensor fusion are
rapidly growing research areas and are being pursued by a broad
array of academic, industrial, and governmental organizations in a
diversity of disciplines. The resulting fragmentation of key empirical
results and theoretical investigations makes it difficult to distinguish
the rhetoric of sensor fusion and signal processing from the reality.
Prior to investing in the long-term program, we believe it is crucial
for decisionmakers to have a comprehensive assessment of the
potential benefits and limitations of signal processing and sensor
fusion for landmine detection, expert-informed guidance about
which combinations of technologies and algorithms are most
promising, and realistic estimates of the potential for improved
operating characteristics.

COST OF DEVELOPING A MULTISENSOR SYSTEM

As in any R&D initiative, the costs of developing a multisensor sys-
tem are difficult to predict in advance. If the path forward for devel-
oping a next-generation detector were clearly defined, this would no
longer be a research issue but strictly an engineering problem. Esti-
mates of total anticipated research costs can be made based on prior
experience, but it is important to keep in mind that these estimates
may change over time as additional knowledge is gained.

To predict what investment might be needed to develop the next-
generation mine detector, we used actual R&D costs of HSTAMIDS as
a model. Table 3.3 shows actual costs of the various stages of
HSTAMIDS development in the third column. The fifth column
shows predicted costs of developing the next-generation multisensor
system (excluding the costs of the preliminary study to consolidate
existing research). The predictions for the next-generation detector
are based on two assumptions:

1. that basic research to develop the new system will require three
times as many researchers as participated in HSTAMIDS devel-
opment, and
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Table 3.3

Estimated Costs and Time Required to Develop a Next-Generation
Multisensor Landmine Detector

Estimated Estimated
Time for Next- Cost for Next-
Time Generation Generation
Required for Cost for Multisensor Multisensor
R&D Stage HSTAMIDS HSTAMIDS System System
Basic Research 4 years $5 million 5-8 years $50 million
(1990-1994)
Prototype 2 years $8 million 2 years $10 million
Development (1994-1996)
Demonstration 5 years $33 million 5 years $40 million
and Validation (1996-2001)
Engineeringand 4 years $27 million 4 years $35 million
Manufacturing (2001-2005)

Development

2. that once the basic research is completed, the remaining stages
of engineering the new system should cost approximately the
same as the equivalent stages of building HSTAMIDS, adjusted
by 1.1 percent per year for inflation.

The basic research for the next-generation detector will be consider-
ably more complicated than that required for HSTAMIDS for two
primary reasons. First, HSTAMIDS incorporates two mature tech-
nologies (EMI and GPR), whereas the next-generation system might
include newer detection methods, such as NQR and/or acoustic/
seismic sensors. Performance of these newer methods cannot be
optimized or predicted without additional research. Second,
HSTAMIDS does not include advanced algorithms for sensor fusion.
The theoretical basis needed to accomplish advanced sensor fusion
is not yet complete. As Table 3.3 shows, we expect that eight years of
basic research will be required to support an advanced, multisensor
detector, but it is possible that this research could be compressed
into five years, with the total amount of funding remaining the same
but with a higher amount spent each year. A prototype system could
be available within two years of completing the basic research.

Table 3.4 summarizes the types of basic research required to support
development of a next-generation, multisensor mine detector, as



Multisensor System to Improve Mine Detection Capability 63

Table 3.4

Itemization of Basic Research Requirements and Costs over the Next Five
Years for a Next-Generation Multisensor Mine Detector

Estimated
Number of
Researcher Estimated Cost
Years over the  over the Next Anticipated Results After
Research Area Next Five Years Five Years Five Years of Research
Algorithms for 40 $10.00 million Minimal set of sensor-level
sensor fusion fusion algorithms for specific
sensor suite
Integration of 25 $6.25 million =~ Multisensor prototype
component detector with three to four
sensor sensor technologies
technologies
Explosives 50 $12.50 million  Set of sensors suitable for
detection integration in multisensor
technologies prototype; three to five would
be candidates for immediate
integration, with remainder
used for backups or requiring
long-term research for
midlife upgrades
Subsurface 10 $2.50 million  Understanding of major soil
environment parameters that affect the
effects on sensors identified above; set
Sensors of simple tests that can be

performed in situ to provide
information to improve or
predict performance of those
Sensors

recommended in this report. Research costs are based on the judg-
ment and experience of the S&TPI/OSTP Landmine Detection Tech-
nology Task Force. The amounts shown here assume that the basic
research work is not compressed—i.e., that significant progress will
occur after five years, but that funding is not sufficient to complete
the work in this time frame.

As shown in Tables 3.3 and 3.4, the total estimated costs for basic
research toward developing a next-generation detector are $50 mil-
lion over five to eight years, or $6.25-10.00 million per year. (The
higher annual figure assumes that the research would be compressed
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into five years.) The total anticipated costs, including basic research,
prototype development, demonstration and validation, and engi-
neering and manufacturing development are $135 million over 16-19
years ($7.1-8.4 million per year). As shown, a prototype system could
be available within seven years at a total cost of $60 million ($8.6
million per year) if the basic research were compressed with higher
up-front spending.

SUMMARY OF RECOMMENDATIONS

In sum, no basic research program focused on developing the fun-
damental knowledge needed to engineer novel multisensor detec-
tion systems for humanitarian demining currently exists. We rec-
ommend that the United States invest in developing such a system to
enable more rapid, safer clearance of antipersonnel mines. Such a
system would save billions of dollars in the cost of mine clearance,
and the resulting advances in signal processing and sensor fusion
would be transferable to many other disciplines and applications.

The first phase of the multisensor mine detection program should be
a limited, proof-of-concept study (costing less than $1 million) that
would consolidate existing research on sensor fusion and signal
processing. This study would identify the most-promising directions
for multisensor development and the key information gaps.

Once the proof-of-concept study is completed, the full multisensor
development initiative would begin with research focused on the
following broad areas:

e algorithmic fusion of data from individual sensors ($2.0-3.2 mil-
lion per year);

e integration of component sensor technologies ($1.25-2.00 mil-
lion per year);

e detection of chemical components of explosives ($2.5-4.0 million
per year); and

e modeling of the effects of soil conditions in the shallow subsur-
face on sensor technologies ($0.5-0.8 million per year).
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ELECTROMAGNETIC INDUCTION (PAPERI)
Yoga Das, Defence R&D Canada—Suffield?

OPERATING PRINCIPLE

Electromagnetic induction (EMI) is the basis for the familiar hand-
held metal/mine detectors. The metal parts present in a landmine
are detected by sensing the secondary magnetic field produced by
eddy currents induced in the metal by a time-varying primary mag-
netic field. The frequency range employed is usually limited to a few
tens of kHz. The primary field is produced by an electrical current
flowing in a coil of wire (transmit coil), and the secondary field is
usually detected by sensing the voltage induced in the same or
another coil of wire (receive coil). Present research is investigating
replacement of the receive coil with magnetoresistive devices. EMI
detectors are often classified into two broad categories: “continuous
wave” and “pulse induction.”

This appendix discusses EMI detectors primarily in the context of
minimum-metal antipersonnel landmines encountered in humani-
tarian demining. Words such as “EMI sensors,” “EMI detectors,”
“metal detectors,” and “metal/mine detectors” are used inter-
changeably throughout.

1Originally published by Defence R&D Canada-Suffield, 2001. Reprinted with permis-
sion.
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STATE OF DEVELOPMENT

The basic technology is very mature. The EMI principle appears to
have been used for landmine detection in World War I. EMI
metal/mine detectors were further developed during World War II
and have been routinely used to detect landmines since. The use of
EMI to detect conducting objects is also well established in other
application areas such as mineral exploration, nondestructive test-
ing, treasure hunting, security and law enforcement, and food pro-
cessing.

Although earlier development of EMI mine detectors was led by gov-
ernment agencies (examples include the development of the 4C and
the AN/PSS-11), recent development of this technology has been
driven, in large part, by the commercial interest of the private sector.
As a result, a number of detector models from various companies
worldwide are available as commercial-off-the-shelf (COTS) items.
However, most of these items were not developed to meet any spe-
cific statement of requirement for mine detection.

The private sector has carried out product improvement through its
own research and development (R&D). Government organizations in
various countries have continued to conduct or sponsor research in
areas of EMI mine/unexploded ordnance detection, which are con-
sidered to have low probability of success but high potential payoff.

CURRENT CAPABILITIES

Largely due to the advancement in electronics, the sensitivity,
sophistication, and ergonomics of metal detectors have improved
tremendously since their beginning in World War II. A good modern
metal detector can detect extremely small quantities of metal (e.g.,
that found in an M14 or 72A antipersonnel landmine buried up to 10
cm) under various soil (e.g., magnetic) and other environmental (e.g.,
wet tropical) conditions. The speed at which a handheld metal detec-
tor can be used to sweep the ground is typically less than 1 m/
second. However, the effective rate of area coverage will depend on
many factors, which include the search halo of the detector, the
frequency of occurrence of metal fragments and actual landmines,
and the operating procedure employed.
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The capabilities of COTS metal detectors vary over a wide range.
Because most of these were not developed to meet any specific mine
detection requirement and quality control standard, there is wide
variability in the performance and quality among the various detec-
tor models. Developing and standardizing systematic testing and
evaluation procedures to help select detectors best suited for a given
set of circumstances will, in itself, represent a worthwhile contribu-
tion to mine detection.

LIMITATIONS

The most obvious and serious limitation of metal detectors used to
detect landmines is the fact that they are metal detectors. A modern
metal detector is very sensitive and can detect tiny metal fragments
as small as a couple of millimeters in length and less than a gram in
weight. An area to be demined is usually littered with a large number
of such metal fragments and other metallic debris of various sizes.
This results in a high rate of “nuisance” alarms since a metal detector
cannot currently distinguish between the metal in a landmine and
that in a harmless fragment. The more sensitive a detector is, the
higher the number of nuisance alarms it is likely to produce in a
given location. Operating a detector at a lower sensitivity to reduce
the number of such nuisance alarms may render it useless for detect-
ing the very targets it was designed to detect, that is, the minimum-
metal-content landmines buried up to a few centimeters.

Electromagnetic properties of certain soils can limit the performance
of metal detectors. Only a few detectors in the market are designed to
and can cope with magnetic soils without serious loss of sensitivity.
But not all of these detectors can cope with magnetic soils to the
same extent. Because magnetic soils are found in most parts of the
world that have landmine problems, the inability to operate satisfac-
torily in such soils is a significant limitation of some metal/mine
detectors. Further, performance of some detectors could be severely
limited by certain other environmental factors, such as accumulation
of moisture on the detector head. However, this is not a limitation of
the basic EMI technology.
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POTENTIAL FOR IMPROVEMENT

Because metal detectors have been around for a long time and have
been extensively researched, startling breakthroughs are not
expected. It is doubtful if an order of magnitude improvement in
metal detector performance is possible in the next two to seven
years. However, sustained effort on a few fronts will contribute to a
more efficient utilization of this technology in demining and to sci-
entific progress in this area of sensing. A brief analysis of potential
research areas, some of which are interrelated, and the expected
results are described in the R&D outline that follows.

RESEARCH AND DEVELOPMENT PROGRAM OUTLINE

This outline introduces the various potential research areas, makes a
hypothesis about the possible improvement from each, recommends
specific research goals, and indicates expected results. Because the
author is not familiar with the cost of doing R&D in the United States,
only a very crude guess of the level of personnel effort needed is
included. As well, a level of priority on a scale of 1 to 3, with 1 being
the highest, has been assigned to each research area with a brief
explanation. This prioritization should help when a resource alloca-
tion choice has to be made.

Nuisance Alarm Reduction

A major improvement in the utility of a metal detector would be
achieved if the number of nuisance alarms could be reduced without
sacrificing detectability of the landmines. The following three general
approaches address this issue: signal processing, imaging, and mul-
tiple sensors. Of these, the use of multiple sensors would likely have
the most immediate impact. However the topic of multiple sensing is
beyond the scope of this report and hence an R&D plan for it will not
be included here.

Signal Processing. The signal-processing approach consists of ana-
lyzing the EMI response waveform of an object to distinguish it from
other objects. It is highly unlikely that this approach will ever result
in a standalone metal detector capable of reliably differentiating
between landmines and metal fragments in a field situation. How-
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ever, advancements in this area, expected to be slow, may provide
synergistic improvement to other approaches. Research in this area
has lacked experimental emphasis—many techniques have been
proposed, but very little experimental validation exists. Potential
improvement offered by this approach can only be established
through a program of extensive experimentation that would include
measurement and analysis of EMI response of a large number of
objects under various conditions.

Recommended R&D: Conduct an extensive experimental study to
measure EMI response of a large number of targets of interest—first
with the targets in air and then buried. The focus of this study would
be to validate or establish the limitations of proposed discrimination
techniques. This study will also establish whether current EMI sensor
technology is capable of providing the quality of data needed to
apply these techniques.

Expected results: Antipersonnel landmine/metal fragments discrimi-
nation is considered high-risk and long-term research, and as such it
is not expected that a fieldable method would emerge in the two-to-
seven year time frame. However, the recommended research will
answer important questions on the viability of the signal-processing
approach.

Recommended level of effort: three to four person years (PYs) for five
to seven years. Personnel: technologists, engineers, and scientists.

Priority: 2. This area has been researched for a while and past
progress has been slow. However, this research should be sustained.

Imaging

Producing images, even crude ones, of the detected objects would
reduce nuisance alarms. Even the ability to image some of the larger
pieces near the surface would help. Imaging with EMI sensors is in its
infancy. Some metal targets have been imaged in the laboratory
using data from a metal detector scanned on a plane over the object.
EMI imaging techniques, using data from an array of sensors, have
also been proposed to image faults in nondestructive testing of metal
parts. A basic requirement for imaging is the availability of response
measurements as a function of sensor position. This can be achieved
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either by knowing the position of a single sensor as it is moved or by
using a suitable array of sensors. Magnetoresistive sensor arrays
appear to be an attractive option for the latter approach.

Recommended R&D: Investigate both of the above approaches to
imaging for their applicability to landmine detection. This will entail
both theoretical and experimental studies. Data gathering with a
single detector as well as with proposed magnetoresistive sensor
arrays should be investigated.

Expected results: As with discrimination through signal processing,
the imaging approach is also high risk and long term. A fieldable
imaging system is not expected in the two-to-seven-year time frame.
However, this research should answer some crucial questions
regarding this approach, such as: Are current sensors, including
position sensors, capable of providing data needed to produce an
image? What are the limits on the size and depth of objects for which
such data can be obtained? How quickly can a needed data set be
gathered and an image produced?

Recommended level of effort: three to four PYs for five to seven years.
Personnel: technologists, engineers, and scientists.

Priority: 1. This area has not been explored much. If successful, the
potential benefits would be high.

Enabling Technologies

New Sensors. Magnetoresistive sensors and sensor arrays may pro-
vide an attractive alternative to the conventional EMI sensors and
merit a separate investigation. Potential advantages of this technol-
ogy include small size, high bandwidth, and availability of an array
with a large number of elements. Both individual and arrays of mag-
netoresistive sensors have been investigated to replace conventional
wire coils. Work on sensor arrays has stopped over the past couple of
years.

Recommended R&D: (a) Further investigate the development and
testing of magnetoresistive sensor arrays?for landmine detection,

Zpreviously investigated by Blackhawk Geometrics and NVE.
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and (b) characterize the performance limits of a single sensor as a
replacement for a wire coil in a metal detector.

Expected results: This research will establish whether current magne-
toresistive sensors and sensor arrays can provide signals of sufficient
strengths from targets of interest in antipersonnel landmine detec-
tion. If they can, such sensors will be of great help to both signal-
processing and imaging efforts already described.

Recommended level of effort: one to two PYs for two years. Personnel:
technologists, engineers, and scientists. Development of the basic
technology of magnetoresistive sensors will continue to benefit from
anumber of other applications.

Priority: 1. This area has not been sufficiently explored. This is truly a
new area of research in EMI detection. In spite of known problems,
this area should be explored extensively because the potential ben-
efits would be high.

Positioning Systems. Light, inexpensive, and compact positioning
systems that can be integrated to a handheld detector will enable
those detectors to provide real-time EMI data as a function of sensor
position. Such data are needed for imaging and target localization. A
few systems have been proposed to address this requirement.

Recommended R&D: Conduct a critical review of proposed systems
and develop, if needed, light, compact, and inexpensive positioning
systems to integrate with metal detectors.

Expected results: This research is considered low risk and short term.
A suitable positioning system will greatly help target localization and
imaging efforts.

Recommended level of effort: one to two PYs for two years. Personnel:
technologists and engineers.

Priority: 2. There is some ongoing research in other countries that
one may be able to harness.
Speed of Coverage Improvement

Current practice involves an individual deminer sweeping with a
single detector and localizing targets manually using hand, ear, and



82  Alternatives for Landmine Detection

eye coordination. Use of wide detector arrays as well as quick and
accurate target localization should speed up the overall demining
process.

Recommended R&D: (a) Develop wide detector arrays further to
make them suitable for antipersonnel landmine detection, consider
the possibility of person-portable arrays, and improve target local-
ization algorithms for arrays; and (b) develop and integrate auto-
matic target localization into current handheld systems possibly
including overlaying of target positions with a photo of the scanned
area. This research should be coordinated with research on position-
ing systems.

Expected results: This should be considered low risk and medium
term. With proper focus, this research should result in fieldable
improvements.

Recommended level of effort: On (a) three to four PYs for four to five
years. On (b) one to two PYs for two years (this part would gain lever-
age from effort on positioning systems). Personnel: technologists,
engineers, and scientists.

Priority: 2. Other countries are looking at some aspects of this.

Operational Improvement

Capabilities of available detectors vary widely. Proper equipment
selection will make sure that the best that current EMI technology
can offer is used in demining. To this end, development of an inter-
nationally accepted standard for scientific testing of EMI detectors
for landmines will help improve quality and possibly speed of
demining. The developed standard must include a method of
unambiguously defining a “detection” that accounts for the effect of
the operator. Normally an operator makes a “detection” or “no
detection” decision by listening to the audio output from a detector.
Such a process is obviously prone to variability introduced by the
operator.

Recommended R&D: (a) Critically review existing test methodologies
proposed over the years and contribute to current international
efforts to coordinate development of a standard for metal detector
testing for humanitarian demining. (This is considered low-risk but
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high-priority work.) (b) As a part of (a) or as an independent effort,
develop computer processing techniques and/or experimental pro-
tocols to account for the influence of the operator.

Expected results: An objective standard for scientific testing of metal
detectors used in humanitarian demining will help improve the
average quality of COTS detectors.

Recommended level of effort: two to four PYs for two years. Personnel:
engineers and scientists.

Priority: 1. This “low-tech” effort will have the most immediate im-
pact on product improvement by the private sector and on humani-
tarian demining.

Soils Study

Analytical and Experimental Study. EMI sensors are affected by the
electromagnetic properties of soil, particularly the magnetic suscep-
tibility. Although a few detectors can cope with magnetic soils to a
degree, the influence of soil electromagnetic properties on EMI sen-
sors is not fully understood. Such an understanding will help us pre-
dict as well as improve the performance of EMI detectors in magnetic
soils.

Recommended R&D: Conduct analytical and experimental study of
the effect of soil electromagnetic properties (magnetic susceptibility
and electrical conductivity) on EMI sensors in the specific context of
landmine detection. An integral part of this work should be selection
and/or development of suitable instrumentation to measure relevant
soil properties.

Expected results: This research will involve significant intellectual
effort from specialists and should produce: (1) a model to predict the
sensor response as a function of soil electromagnetic properties and
(2) a guide to characterizing soils in terms of their electromagnetic
properties to help compare performance of different detectors in
various soils. Results of this will also feed the effort on development
of testing standards.

Recommended level of effort: three to five PYs for at least five years.
Personnel: scientists and technologists.
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Priority: 1. This long overdue and challenging research will provide
important information of practical value.

Soil Database. An information database (and/or a soil map) of the
electromagnetic properties of the top 50-cm layer3 of soil of the
landmine-affected regions of the world will be a very valuable
resource. Such information will help planning of current demining
operations as well as research on landmine detection.

Recommended R&D: Initiate and/or contribute to international
efforts to develop an information database of the electromagnetic
properties (initially magnetic susceptibility and electrical conductiv-
ity) of the top layer of soil in landmine-affected parts of the world.

Expected results: This will likely be an ongoing long-term effort. The
information as it is gathered will populate an electronic database and
will be immediately useful to researchers and planners.

Recommended level of effort: Cost will depend on scope of the pro-
ject. Personnel: scientists, engineers, and technologists of multiple
disciplines.

Priority: 3. This will be a project of large scope and some initial effort
will go toward planning.

FURTHER READING

A vast literature exists on the many aspects, including field testing, of
EMI detectors. The following is the latest multinational report
describing comprehensive testing of COTS metal detectors for use in
humanitarian demining:

Y. Das et al., eds., Final Report of the International Pilot Project on
Technology Co-operation (IPPTC) for the Evaluation of Metal/Mine
Detectors, EUR 19719 EN, June 2001 (published on behalf of the par-
ticipants by the European Commission, Joint Research Centre, Ispra,
Italy).

3Such a database will also help R&D on other sensors.
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ELECTROMAGNETIC INDUCTION (PAPERII)
Lloyd S. Riggs, Auburn University

INTRODUCTION

Electromagnetic induction (EMI)-based detection techniques find
application in a variety of areas, including nondestructive testing
(e.g., locating cracks in turbine blades), ore body location, as well as
the detection and identification of landmines and unexploded ord-
nance (UXO). The common metal detector is probably the most
ubiquitous EMI device in use today.

Typical components of a metal detector include a transmitter and
receiver coil. As depicted in Figure B.1, electric currents that flow in
the transmitter coil radiate a primary magnetic field that penetrates
the surrounding medium and any nearby metallic object. A time-
changing primary magnetic field will induce so-called eddy currents
in the buried object, and these currents in turn radiate a secondary
magnetic field that is sensed (picked up) by the receiver coil. An
audio tone is produced whenever the metallic object causes the
induced receiver coil voltage to exceed some threshold.

Modern metal detectors are quite sensitive and can detect buried low
metallic (LM)-content landmines that contain only a few grams of
metal [1]. Examples of modern-day metal detectors include the U.S.
Army’s standard-issue AN/PSS-12 manufactured by Schiebel Corpo-
ration of Austria and the F3 manufactured by Minelab Corporation of
Australia. Unfortunately, as the name implies, a metal detector will
produce an audio alarm whenever any metallic object is brought
near its search coil(s). At present, commercially available metal
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Figure B.1—Typical Electromagnetic Induction System

detectors have very limited ability to discriminate between land-
mines and buried metallic clutter. False alarms generated by metallic
clutter severely limit the speed and efficiency of mine clearance
operations. For example, Minelab, whose EMI instrumentation is
frequently used in humanitarian demining operations, reports that it
is not uncommon to remove 1,000 metallic clutter items per mine.
The goal for modern EMI systems is, however, more than detection.
In order to discriminate clutter from LM mines, additional informa-
tion has to be gathered about the target.

The additional information that is available with an EMI sensor is
contained in the details of the orthogonal mode structure of the eddy
currents and associated induced fields, and how they evolve over
time. The eddy current modes are related to the eigenvalues (referred
to as “response coefficients,” or “Bs”) of the magnetic polarizability
tensor [2,3]. EMI sensors are generally characterized as pulse induc-
tion or continuous wave, with the former using, as the name implies,
short pulses of current in the transmitter coil while the latter forces a
continuous sinusoidal current to flow in the transmitter coil. Both
are capable of measuring how the eddy currents evolve over time,
yielding time or frequency-dependent s that are related to each
other by Fourier transforms, and each technique has advantages and
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disadvantages [4]. The GEM-3 manufactured by Geophex is an
example of a continuous wave detector, and the AN/PSS-12 and F3
mentioned above are examples of pulse-induction detectors. Dis-
crimination experiments with the AN/PSS-12 will be described in the
next section.

ACHIEVING DISCRIMINATION CAPABILITY WITH A
MODIFIED AN/PSS-12 [5]

EMI discrimination research has focused on either the UXO or the
mine problem. In the former case, one is generally interested in
discriminating between large unexploded bombs and surface clutter
while in the latter, as described above, the problem is one of discrim-
inating between LM-content landmines and clutter. UXO can be
buried several meters deep while antipersonnel mines are typically
buried no more than 6 inches below the surface. EMI sensors
designed to detect UXO usually incorporate rather large coils (on the
order of a meter in diameter) while sensors designed to detect LM
mines usually employ coils less than 12 inches in diameter. It should
be mentioned that large LM “plastic” anti-vehicular mines are fre-
quently more difficult to detect (and therefore discriminate from
metallic clutter) than smaller LM antipersonnel mines. This is
because they both contain approximately the same amount of metal
(usually a small metallic detonation tube and firing pin), but the anti-
vehicular mine is usually buried deeper than the antipersonnel mine.
For explanatory purposes, this discussion will focus on the mine
problem emphasizing modifications to the Army’s AN/PSS-12 metal
detector in order to enhance landmine discrimination capability.

Although the AN/PSS-12 is quite sensitive and can detect very small
amounts of metal, it was not designed to discriminate among metal-
lic objects, or, more specifically, between metallic clutter and LM
“plastic” landmines. It has been shown that the response of a metal-
lic object is characterized by distinct real-axis poles in complex fre-
quency domain or equivalently by a sum of simple non-oscillatory
exponentially decaying functions in the time domain [3]. For exam-
ple, the response of a loop of wire (sometimes referred to as a q-coil)
may be represented as r(t) = A exp(-t/ t) with t = L/R, where L is the
inductance of the loop and R is the resistance. An arbitrarily shaped
metallic object will also exhibit an exponentially decaying response
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with decay rate dependent on the object’s shape and constitutive
parameters (conductivity and permeability). Therefore, in theory at
least, the potential exists to discriminate among metallic objects
based on their different decay rates.

Several hardware modifications were made to the AN/PSS-12 to ren-
der the device more suitable for discrimination purposes. In particu-
lar, we observed that the first stage of amplification following the
receiver coil is nonlinear and of limited bandwidth. We therefore by-
passed the entire receiver circuitry of the AN/PSS-12 and attached
the output of the receiver coil to the input of cascaded AD524 ampli-
fiers—the first (nearest the receive coil) operated at a gain of 10 and
the second at a gain of 100. Also a properly adjusted resistance in
parallel with the receiver coil yielded a critically damped system
response. A National Instruments Scope Card, NI-5102 (15 MHz, 20
MS/s, 8 bits), was used for data acquisition. The data acquisition card
resides in the PCMCIA slot of a laptop computer and is controlled
using National Instruments LabVIEW software. Our data acquisition
system allows the entire exponentially decaying response of a con-
ducting target to be sampled, stored, and then used “off line” to
develop discrimination algorithms. An additional increase in system
bandwidth was achieved by eliminating the upper half of the original
bipolar AN/PSS-12 excitation waveform. The ability to capture an
object’s entire exponential response provides substantially more
information than that available from the original AN/PSS-12 cir-
cuitry.

After modifying the AN/PSS-12’s transmitter and receiver circuitry as
described above, laboratory tests were conducted to ensure that we
could capture, with good fidelity, the true exponential response of
commonly encountered LM mines. A number of q-coils, all with the
same diameter, were constructed using progressively higher wire
gauge (thinner wire) so that the exponential decay rate of the loops
increased with increasing gauge. The theoretical decay rates of the q-
coils were computed and compared with the decay rates extracted
from measured q-coil data. Excellent agreement between the two
data sets was obtained. We then extracted the decay rates from
commonly encountered LM mines and compared their decay rates
with those of the g-coils. Because the LM mine decay rates fell within
the range of measured loop decay rates, we concluded that our
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modified AN/PSS-12 data collection system had sufficient bandwidth
to accurately measure the decay rate of most LM mines.

Field trials with our modified AN/PSS-12 were conducted at the Fort
A. P. Hill, Va,, test site. The Joint Unexploded Ordnance Coordination
Office in conjunction with the U.S. Army developed this test site,
which contains a variety of different mine types and an assortment of
metallic clutter commonly encountered in battlefield environments.
The test site consists of a large 20 m x 49 m blind test grid and a
smaller 5 m x 25 m calibration grid. Every square meter in both grids
is set up as a decision opportunity for the detector under test (our
modified AN/PSS-12). A landmine or possibly a piece of metallic
clutter may be buried at the center of each grid square while some
grid squares are intentionally left empty. The calibration grid is used
as “ground truth” and data collected there can be used to develop
discrimination algorithms. Ground truth associated with the
calibration grid is publicly available, whereas only the U.S. govern-
ment knows ground truth for the blind test grid. Performance is eval-
uated by an independent government contractor and ultimately
presented in terms of a receiver operating characteristic (ROC)
curve—created by plotting probability of detection versus probability
of false alarm.

Our data collection procedure at Fort A. P. Hill included collecting
background data with the search head in contact with the soil. We
then subtracted the background data from five measurements made
over each target location. The five measurements were made with
the target at the center and at the top, bottom, right, and left side of
the search coil. Multiple measurements per target location ensure
that all independent target modes are measured [6].

A discrimination algorithm based on Bayes’ theorem was used to
predict, based on the data collected, which squares in the blind grid
contained mines. Figure B.2 shows the resulting ROC curve. Note
that, at very low false alarm rates, the location of approximately half
the mines was correctly identified. The other curves in the figure cor-
respond to algorithms that incorporated only a subset of the five
measurements described above. Our research indicates the impor-
tance of collecting data that adequately represents all the indepen-
dent target modes.
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Figure B.2—ROC Curve Results for Modified AN/PSS-12 Sensor

STATE-OF-THE-ART AND FUTURE TRENDS IN EMI
DISCRIMINATION RESEARCH

Results in the previous section clearly indicate that the potential
exists to discriminate between mines and clutter based on a metallic
object’s low-frequency quasimagnetostatic response characteristics.
It is important to mention that others, in particular researchers at
Duke University [7], Johns Hopkins University [8], and AETC Inc. [9],
have also conducted successful discrimination experiments. Al-
though discrimination has been successfully demonstrated, the state
of the art is still somewhat immature. In particular, “real-time” dis-
crimination capability has yet to be demonstrated and questions
remain as to the best way to present the operator with the additional
information available from advanced sensors and signal-processing
algorithms. A typical envisioned scenario could be that the handheld
sensor is operated in two distinct modes. First, the advanced sensor
would operate much like a common metal detector, producing an
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audible alarm whenever a metallic object is nearby. In the second
operational mode, perhaps initiated by a simple switch or button,
the detector would provide additional information in the form of a
heads-up display or electronic voice (or both) indicating which of a
set of known threats is most probable. Of course, a host of machine-
human interface problems as well as training issues must be
addressed before this vision becomes a reality. Improvements in EMI
sensor design are also needed. It is desirable to develop an EMI sen-
sor that can pinpoint a target’s “center of mass”—and obviously
increased sensitivity and bandwidth are also desirable sensor fea-
tures. Last, environmental issues must also be addressed with par-
ticular attention devoted to understanding how highly conducting
soils can affect a metallic object’s EMI response.

It is the author’s opinion that a five-year research and development
program funded at approximately $1 million per year could realisti-
cally yield a robust real-time handheld discrimination system. The
first two years of the envisioned program would focus on sensor
improvements, with the next two years devoted to signal-processing
development and machine-human interface issues. The final year of
the program would be devoted exclusively to field trials leading to
final user acceptance.
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Appendix C
INFRARED/HYPERSPECTRAL METHODS (PAPERI)

Brian Baertlein, Ohio State University

Electro-optical (EO) sensors, which include both infrared bands and
hyperspectral sensors, are attractive candidates for some mine
detection tasks because they can be used from a considerable
standoff distance, they provide information on several mine prop-
erties, and they can rapidly survey large areas. Their ability to detect
mines has been recognized since the 1950s [1]. These sensors
respond to electromagnetic radiation in a sensor-specific wavelength
range. The source of the received signal may be either natural (i.e.,
thermal emission from the target or scattering of sunlight) or artifi-
cial (e.g., a laser illuminator), which leads to both active and passive
sensor concepts. Antipersonnel mines may be buried or surface-laid.
Detection of surface mines, which is a trivial matter for a nearby
human observer, is of interest in wide-area search operations using
airborne sensors.

In spite of their long history, there is little compelling performance
data available for EO detection of antipersonnel mines. Two likely
reasons for this are as follows: First, EO mine signatures tend to be
highly dependent on environmental conditions, which complicates
data collection and performance assessment. Indeed, a number of
multisensor mine detection systems have included an EO sensor
(typically, a thermal imager) but have not used it because of unreli-
able data quality. As a result, much of the work to date comprises
concept demonstrations and studies of specific phenomena. Second,
the only EO performance tests involving statistically meaningful
sample sizes have been conducted on U.S. Army test sites containing
primarily antitank mines. Detection of antipersonnel mines is signif-
icantly more challenging than detection of antitank mines, and per-
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formance results for the two cases are not easily related. Further-
more, much of the recent work addresses detection of surface-laid
antitank minefields. Minefield detection is typically much easier
than detection of single mines because of the large number of mines
involved and the additional spatial information (e.g., the presence of
a spatial pattern). Some data have been acquired at mixed anti-
personnel/antitank test sites in the United States, but scores for the
two mine classes are typically not reported separately. Significant
European research in antipersonnel mine detection is under way,
but test sites commonly used in those efforts [2,3] are smaller.

Both thermal emissions and surface-scattering phenomena con-
tribute to EO mine signatures, and the relative importance of these
phenomena depends on whether the mine is deployed on the sur-
face or is buried. The discussion that follows is organized first by
mine deployment, and then by detection approach. References to
relevant performance data are provided when available, as are spe-
cific limitations. Recommendations for research and development
(R&D) programs that span several sensor concepts are presented at
the end of this appendix.

BURIED MINES

Detection of buried antipersonnel mines comprises a very challeng-
ing problem. A number of concepts have been examined for this
problem.

Passive Thermal Detection

Physical Basis. A large part of the solar energy incident on soil is
absorbed, leading to heating. As a result of this heating, the soil emits
thermal radiation detectable by a thermal infrared (IR) sensor. Natu-
ral solar heating and cooling over a diurnal cycle tend to affect a
buried object and the surrounding soil differently, which leads to a
detectable temperature difference. For a buried mine this difference
arises because the mine is a better thermal insulator than the soil.
During the day, the thin layer of soil over the mine tends to accumu-
late thermal energy because the mine impedes the transport of that
heat deeper into the ground. As a result, soil over a mine will tend to
be warmer than the surrounding soil. Conversely, in the evening
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hours, the soil layer over the mine gives up its thermal energy more
rapidly than the surrounding soil and it appears cooler. Twice daily
the soil over the mine and the background soil will assume the same
temperature, making thermal detection impossible. The temperature
difference and its temporal behavior depend strongly on a variety of
variable natural phenomena, including the time of day, prior solar
illumination, wind speed, ground cover, and soil composition (e.g.,
moisture content).

Most thermal detection concepts involve single looks (“snapshots”)
of the region of interest. The soil over a mine has different thermal
dynamics than homogeneous soil and, as a result, a time sequence of
images can often produce better detection than a single image.
Hence, staring sensors, which are impractical for many military sce-
narios, may be attractive for humanitarian demining.

Development Status. Broadband passive sensors at IR wavelengths
are mature and available commercially from several vendors. Algo-
rithms for mine detection, another critical part of any detection sys-
tem, are somewhat less mature, although a number of groups have
reported progress in his area.

Current Performance. As noted, compelling performance data for
EO detection of antipersonnel mines are limited. Receiver operating
characteristic (ROC) curves for thermal IR detection of a mixture of
antipersonnel and antitank mines were reported by Baertlein and
Gunatilaka [4], but those results comprised only 27 mines (examined
under poor environmental conditions), of which roughly half were
antipersonnel. Data from the TNO (Netherlands Organisation for
Applied Scientific Research) mine lanes in the Netherlands were
examined by Milisavljevic et al. [5], and performance results are
reported therein for 15 antipersonnel mines. Additional results
involving 18 antipersonnel mines were reported by Chen et al. [6]. In
that work the data collection extended over several hours, and tem-
poral processing was used to improve performance. Limited results
on thermal IR detection of buried antitank minefields from airborne
sensors are summarized in Miles, Cespedes, and Goodson [17].

Limitations. Signature variations with time and environmental
conditions are a persistent problem for thermal IR mine detection.
The optimum time for detection and the expected contrast depend
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on factors noted above that are often unknown to a remote observer.
Surface clutter from reflected light and inhomogeneous soil proper-
ties are also problematic. In many cases the size of these clutter arti-
facts is comparable to that of antipersonnel mines, which leads to
false alarms. Thermal emission from foliage (at the temperature of
living, respiring vegetation) tends to mask the temperature of the
underlying soil (and the thermal mine signature).

Potential for Improvement. The processes that produce thermal IR
target signatures and clutter are poorly understood. In some cases,
good detection performance has been demonstrated, but when such
systems fail, the reasons for failure are often not evident. A better
understanding of target and clutter signatures could substantially
improve their effectiveness by allowing them to be deployed appro-
priately. Staring sensors should also be considered, which take data
over an extended period in time, waiting for favorable conditions to
arise. Time-history information will also help to compensate for the
variability of thermal signatures with time and environmental condi-
tions.

Active Thermal Detection

Physical Basis. Passive thermal detection is based on solar heating of
the soil, and it is prone to fail when environmental conditions are not
conducive. Active analogs of the process have been investigated, in
which intense optical [7,8] or high-power microwave (HPM) [9-11]
sources are used. Soil has a low optical albedo and a moderately high
radio frequency conductivity, both of which lead to effective heating
by external sources. In contrast, the mine is typically either plastic (a
good electrical and thermal insulator) or metallic (a good electrical
and thermal conductor). The HPM approach to heating is particu-
larly attractive because an HPM antenna can be shared by a ground-
penetrating radar (GPR). In addition to the thermal effects of HPM,
the presence of the mine manifests itself in another way: The mine’s
dielectric discontinuity produces reflections of the illuminating
microwave field (a “standing wave pattern”), which affects HPM
absorption and heating.

Development Status. The investigation of this approach has not pro-
gressed beyond small-scale experiments. Progress is not significantly
hampered by the instrumentation. Suitable optical and HPM sources
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are available, and the thermal IR sensor required here is identical to
that described in the previous paragraph.

Current Performance. Controlled demonstrations using heat lamps
[7], lasers [8], microwaves [9,10], and two-frequency microwaves [11]
have been presented, but only a few mines were imaged. No perfor-
mance data are available.

Limitations. Relatively long exposures (up to 12 minutes in Storm
and Haugsted [7]) are required to heat the soil, and the peak contrast
may not be observed for several minutes after heating, but suitable
operational concepts could be defined to make this detection
paradigm practical. The HPM approach is somewhat better devel-
oped than the optical approaches. The key issues are (1) producing
uniform illumination on a rough ground, (2) producing sufficient
power to heat the ground at a distance, and (3) avoiding the human
health hazards associated with HPM.

Potential for Improvement. The ability to generate a new sensor
paradigm by simply adding an HPM source to an existing GPR sys-
tem is attractive. Studies of this detection concept are incomplete,
but the dynamics of the thermal processes suggest that it is impracti-
cal for rapid area scans. Additional research will be required to
determine the limits of the method.

Passive Detection of Nonthermal Surface Phenomena

Physical Basis. Buried mines are also detectable via soil disturbances
and vegetation stress. Soil comprises a mixture of materials having a
range of particle sizes. Natural processes tend to move the smaller
particles deeper into the soil. Excavation for mine burial brings the
smaller particles to the surface, where they affect surface scattering.
The most effective sensors of this behavior are hyperspectral,
although polarimetric effects have also been alleged. Because it
obscures the surface, vegetation presents additional challenges to
buried mine detection, but another phenomenon can be exploited in
this case. The mine presents a moisture barrier to the upward and
downward flow of soil water. This leads to a (temporary) pooling of
water over the top of the mine after a period of rain and drier soil
over the mine in the absence of rain. The latter condition tends to
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produce drought stress on the vegetation, which can be detected
with a hyperspectral sensor.

Development Status. A large-scale experimental collection of the
underlying hyperspectral signatures (0.35-14 pm) for soil and buried
mines was performed by Veridian-ERIM [12], with a subsequent
analysis by Kenton et al. [13]. An outdoor surface mine collection
using a nonimaging spectrometer was reported by Haskett et al. [14].
A hyperspectral imaging visible/near infrared (VNIR) sensor has
been flown on an airborne platform by the Canadian Defence
Research Establishment-Suffield (DRES) [15]. The U.S. Marine Corps
developed the Coastal Battlefield Reconnaissance and Analysis
(COBRA) system [16], which employs a multispectral camera (VNIR)
on an airborne platform.

Current Performance. Performance data for 18 mines buried under
three soil types are reported by Haskett et al. [14]. Limited perfor-
mance data are reported in McFee and Ripley [15] for buried antitank
and antipersonnel mines under a variety of ground covers. Those
data were acquired after the mines had been in place for some time.
The antipersonnel mine detection performance was encouraging,
but the sensor was hampered by insufficient resolution for these
smaller mines. Detection of minefields, portions of which were
underwater, is discussed in Stetson et al. [16] for the COBRA system.

Limitations. A number of challenges are encountered in nonthermal
detection of buried mines. The effect of the soil disturbances
described above is transient and is greatly reduced by rainfall. Vege-
tation stress also depends on recent rainfall, but it is also a longer-
term effect, which may not be evident for recently buried mines.
Both phenomena are unreliable in areas with broken grass or low
shrubs, which present false alarms.

Potential for Improvement. The findings of McFee and Ripley [15]
bear further study. A hyperspectral sensor with high spatial resolu-
tion should be developed for antipersonnel mine detection.

Active Sensing of Nonthermal Surface Phenomena

Physical Basis. Active hyperspectral or polarimetric sensing of the
phenomena described in the previous section are also feasible for
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buried mines. This approach circumvents the problem of uncon-
trolled, variable solar illumination by using a scanned laser illumina-
tor. An accompanying narrowband receiver can be used to reject
ambient light, thereby improving image contrast.

Development Status. From 1987 to 1992, the U.S. Army developed
the Remote Minefield Detection System (REMIDS) [17] as part of the
Standoff Minefield Detection System (STAMIDS). REMIDS comprises
an airborne sensor package using both active polarimetric and pas-
sive thermal sensors. The system was used in field tests at Fort
Hunter-Liggett, Calif., and Fort Drum, N.Y., in 1990-1991. This tech-
nology formed the basis for the Airborne STAMIDS (ASTAMIDS) pro-
gram [18], which was field-tested during 1996.

Current Performance. The REMIDS sensor has been tested against
both surface-laid and buried mines. A summary of the performance
against antitank minefields is presented in Miles, Cespedes, and
Goodson [17]. Limited results from the ASTAMIDS sensor are sum-
marized in [19] for buried and surface-laid antitank minefields.
Buried mine detection performance was limited.

Limitations. Some relevant issues are noted in the previous Limita-
tions subsection. The detection range of active sensors is also neces-
sarily limited by the transmitter power.

Potential for Improvement. Prior work with active polarimetric sen-
sors (REMIDS) for buried antitank mines has been disappointing. To
date, there does not appear to have been a study of hyperspectral
sensors for this application. The modest successes described above
in Passive Detection (under Current Performance) should be ex-
plored for active detection of antipersonnel mines using a suitable
spatial resolution.

SURFACE MINES

As noted, surface mine detection is primarily of interest for airborne
or other platforms with an appreciable standoff distance. At large
distances, the number of pixels on the mine decreases, but some
compensating factors exist. First, the surface scattering properties of
the mine are detectable in addition to thermal phenomena. Second,
whereas the thermal signatures of buried mines often have indistinct
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shapes, the shapes of surface mine signatures contain significant
information and may be useful discriminators. Finally, when the
illumination arrives at low elevation angles, shadows may also be
exploited in detection.

Passive Thermal Detection

Physical Basis. Because a mine’s thermal properties are considerably
different than those of vegetation, a solar-heated mine viewed with a
thermal IR sensor typically has a high contrast. This contrast often
exists even when the mine is painted to camouflage its presence. Dif-
ferences in paints or coloration on different parts of the mine (e.g.,
the central trigger assembly vis-a-vis the main body) may lead to
complex, distinctive thermal signatures because of different solar
absorptions.

Development Status. The U.S. Department of Defense has developed
several IR minefield detection systems for airborne and vehicle plat-
forms, including the REMIDS and ASTAMIDS systems. As noted pre-
viously, those systems have been principally used against antitank
mines. Another more recent development is the U.S. Army Light-
weight Airborne Minefield Detection (LAMD) system, in which both
passive thermal IR and active polarimetric near infrared (NIR) sen-
sors will be used against surface antitank mines. The development of
an interim system is reported in Trang [20].

Current Performance. Information on thermal IR detection perfor-
mance for surface-laid antipersonnel mines is not available in the lit-
erature, but there are significant data on antitank mine detection.
The performances of some airborne thermal sensors of surface mine-
fields are reported in Stetson et al. [16]. ROC curves for detection of
surface antitank mines using a thermal IR sensor were reported in
selected reports [20-22].

Limitations. With due attention to the increased role of surface
scattering and the more rapid time-dependence of surface mine
heating, the limitations noted above for buried mine detection are
also relevant here.

Potential for Improvement. As noted for buried mines, there is a
need to better understand the signatures and their relation to envi-
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ronmental conditions. Knowledge of the sun angle could be used to
predict heating patterns, which may improve detection and false
alarm rejection.

Passive Nonthermal Detection

Physical Basis. The surface scattering properties of mines are dis-
tinct from those of soil and vegetation, particularly when measured
in the spectral domain, and that spectral dependence can be a pow-
erful discriminator. In addition to their spectral properties, many
mines are relatively flat and covered with the same material over
much of their top surface. This leads to the appearance of a uniform
region in the imagery, which tends to be useful in image processing.
The polarization properties of surface-laid mines can also be
exploited by a passive sensor. The polarimetric signature of unstruc-
tured random surfaces such as grass tends to be random itself, which
leads to an unpolarized return. In contrast, the smooth surfaces of
man-made materials tend to produce a polarized signature when
viewed at low elevation angles. Polarimetric signatures can exist even
where there is no detectable thermal signature.

Development Status. Detectors of passive broadband polarimetric
emissions have been described by the Defence Evaluation and
Research Agency (DERA) in the United Kingdom [23], by Larive et al.
in France [24], and by Cremer et al. in the Netherlands [25], all of
which are based on commercial mid-wave infrared (MWIR) cameras.
The DERA system, developed by Nichols Research in the United
States, uses a micropolarizer array bonded to the focal plane array.
The French and TNO systems use uncooled rotating wire-grid
polarizers in front of the sensor. The DERA system has been used in
vehicle-mounted data collections, and work on the data processing
algorithms has been described. The TNO system has been used for
tests over a diurnal cycle while staring at emplaced mine surrogates.
Significant progress was reported in modeling the signatures. A pas-
sive imaging, hyperspectral, polarimetric sensor has been demon-
strated by Iannarilli et al. [26]. The sensor was used to image mine
surrogates, and techniques for data analysis were presented. Air-
borne detection of surface minefields has been demonstrated by the
DRES hyperspectral system [27]. That test involved approximately
half antitank and half antipersonnel mines.
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Current Performance. Few detection performance estimates are
available for passive nonthermal detection of antipersonnel mines.
DRES [27] reported the performance of ground-based and airborne
hyperspectral sensors using several detection algorithms. Limited
antitank mine detection performance estimates for the multispectral
COBRA sensor are available in Stetson et al. [16].

Limitations. The sensor concepts described here, like the other pas-
sive sensors described above, are limited by uncontrollable variation
in solar illumination. Surface mine signatures are also strongly sen-
sitive to the sun angle, which causes shadows and heating on specific
parts of the mine. Additional sensor-specific issues arise. Passive
polarimetric signatures tend to be weak for mines with rough sur-
faces. For mines with smooth surfaces, the polarimetric signature is
strongest when viewed at low elevation angles. Unfortunately, at
those angles, the mines can also be obscured by vegetation. Hyper-
spectral sensors also have limits. In principle, the spectral signature
of mines can be measured and subsequently used to improve detec-
tion algorithms, but the unpredictable effects of rust, dirt, and mate-
rial aging make it difficult to do so. Fielded hyperspectral detection
algorithms often comprise simple anomaly detectors.

Potential for Improvement. Greater use of hyperspectral and polari-
metric methods will permit more information per pixel, which aids
detection. More extensive tests should be conducted on antiperson-
nel mines to determine the true performance of these sensors. In
such work, improved spatial resolution will be required. Finally im-
provements in image processing techniques are likely to offer signifi-
cant gains.

Active Sensing for Surface Mines

Physical Basis. Only active sensors of nonthermal phenomena are of
interest because actively provoking a thermal signature from a signif-
icant distance requires impractical amounts of power. The relevant
physical phenomena for this sensor concept have been described
above. The use of active sensors is appealing for polarimetric sensors
in which a fixed polarization can be transmitted. The basis for an
active polarimetric sensor is quite different from the passive polari-
metric sensors noted above, in which low elevation angles are pre-
ferred to detect the polarized signature of the mine. Active sensors
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tend to operate at near-nadir viewing angles, where a smooth mine
surface will not depolarize the (polarized) illumination, while scatter-
ing from randomly oriented foliage will be depolarized.

Development Status. Active sensors have been extensively investi-
gated by a number of U.S. programs, including the REMIDS and
ASTAMIDS studies. The Army is currently developing the LAMD-
Laser system, in which a polarized laser illuminator will be used to
detect co- and cross-polarized returns from surface antitank mines.
Current plans call for fusion of the active sensor and a passive MWIR
imager. Other sensors have been investigated. Three active sensors
operating in the NIR and short-wave infrared (SWIR) bands have
been demonstrated by de Jong et al. [28] in the Netherlands. Those
experimental sensors were used in controlled, small-scale outdoor
tests on a smooth sand background. An active hyperspectral imaging
system was demonstrated by Johnson et al. [29], who imaged a num-
ber of artificial materials in vegetation. Tripwire detection is a closely
related field of interest. Relevant work is described by Allik et al. [30]
for SWIR sensors and by Babey et al. [31] for ultraviolet, VNIR, and
SWIR.

Current Performance. Results were presented in de Jong, Winkel,
and Roos [28] for a test site having 25 surface-laid mines and clutter
objects on a smooth sand background. Although most of the objects
show high contrast, no performance data are provided. Summary
minefield performance data for the REMIDS sensor are given in Stet-
son et al. [16]. No performance data are yet available for the LAMD-
Laser system, although at the time of this writing preliminary data
had been acquired from several tests sites. Sensor enhancements
and algorithm development are under way.

Limitations. A number of relevant issues were noted in the previous
Limitations subsection. The need to operate at near-nadir viewing
angles for active polarimetric sensors was described above.

Potential for Improvement. As noted, there is little performance data
available on antipersonnel mines for active sensors, but exploratory
tests have been encouraging. Future work should focus on a quanti-
tative assessment of this sensor concept.
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R&D PROGRAM RECOMMENDATIONS

EO sensors are among the most attractive technologies for achieving
wide-area antipersonnel mine detection. Although they have been
investigated at some length for antitank mines (and minefields), they
have not been explored significantly for antipersonnel mines. To
address this deficiency, any R&D program should include the follow-
ing activities:

* creation of an antipersonnel mine test range with a statistically
significant number of mines

* collection of baseline data sets on that test range

* development of suitable processing algorithms leading to per-
formance statistics

* closer collaboration with European colleagues working in this
area.

Some specific research goals are as follows:

Passive Thermal Detection of Buried and Surface-Laid Mines

A better understanding of the processes that produce thermal mine
signatures should be initiated for both buried and surface mines. A
combination of theoretical and experimental work is required. The
environmental parameters required to predict thermal IR perfor-
mance should be determined. The goal of the work should be a
model using environmental parameters as inputs and capable of
predicting the best times to deploy thermal IR sensors.

Active Thermal Detection of Buried Mines

Further investigation of the HPM approach is warranted, beginning
with an investigation of the nonuniform illumination problem and
definition of an operational sensor concept.
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Active and Passive Hyperspectral Detection of Mines

Buried mine detection should be investigated first. A better under-
standing of the phenomena that produce hyperspectral signatures
for disturbed soil and vegetation stress should be undertaken. Signa-
tures should be acquired both for recently buried mines and for
mines that have been allowed to “weather in.” Both bare soil and
vegetated surfaces should be examined. A hyperspectral sensor with
high spatial and spectral resolution should be developed and used in
the testing. The sensor should also be used to image both buried and
surface mines, and a comparison of hyperspectral and polarimetric
detection (see next paragraph) should be undertaken.

Active and Passive Polarimetric Detection of Surface Mines

Past experience with active polarimetric sensors (e.g., REMIDS) for
surface antitank minefields has demonstrated encouraging perfor-
mance, and further development of this concept (e.g., LAMD-Laser)
is under way. Tests of new sensors should also be performed for
antipersonnel mines using commensurately smaller spatial resolu-
tion. A passive, imaging polarimetric sensor should be fielded and
tested. Data on a large set of antipersonnel mines should be
acquired. The data acquisition effort should be supported by a paral-
lel effort in detection algorithm development.
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INFRARED/HYPERSPECTRAL METHODS (PAPER II)

John G. Ackenhusen, Veridian International®

BASIC PHYSICAL PRINCIPLES

This appendix addresses landmine detection performance for infra-
red (IR) and hyperspectral (HS) sensors, which include broadband,
multispectral (2-20 bands), and hyperspectral (more than 20 bands).
Bands include the VNIR, SWIR, MWIR (both reflective and thermal),
and LWIR.2 It also considers the use of polarization information
within these bands.

Figure D.1 displays the myriad of conditions under which mine
detection must be accomplished. Indeed, one of the factors deter-
mining the success of a sensor is its ability to cover this variety of
conditions within the environment, ground cover, soil, and mine.

Broadband IR mine detection operates in the thermal domain,
measuring the apparent temperature difference between the target
and background. Here, the target can be either a mine on the surface
of the ground or the area over a buried mine. The presence of a mine
leads to a difference in the rate of heating or cooling of the area over
the mine, producing a diurnal cycle to the signature and a contrast
reversal of the mine area versus the background that occurs over the
daily cycle.

IThe author acknowledges the assistance of Jack Cederquist, Robert Horvath, and
Craig Kenton in preparing this work. Originally published by Veridian International,
2001. Reprinted with permission.

2VNIR, SWIR, MWIR, and LWIR are visible/near, short-wave, mid-wave, and long-
wave infrared, respectively.
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Figure D.1—Successful IR/HS Mine Detection Must Accommodate a Wide
Variety of Conditions

Spectral mine detection either examines the apparent temperature
difference in more detail (because multiple bands are used instead of
one) or detects reflective color difference of mines or their covering
material with respect to their backgrounds. Spectral detection
depends on detecting the effect on soil or vegetation as a result of
burying the mine, not the buried mine itself. Upon burying the mine
in bare soil, the placement or presence of the mine will change the
observables of a small region around it. Immediately upon place-
ment, particle size, texture, or moisture differences can be detected
by broadband IR or spectral methods. However, most prominent
effects weather away with time.

The largest bare-soil effect is the result of a change in the distribution
of particle sizes of the soil upon disturbance for mine burial. Soils
consist of a range of particle sizes, and small particles (e.g., 2 um) are
much more mobile than larger particles. Spectral behavior depends
on the soil particle size relative to the wavelength of light. Freshly
disturbed soil has more fine particles that cover larger particles. This
covering effect suppresses or smooths out the spectral features of the
large particles in recently disturbed areas. Undisturbed areas tend to
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display spectral characteristics of the bulk (larger particles) of the
soil. Examples include the quartz doublet feature centered at 8.5 pm
and 8.9 um—fine particles of recently disturbed soil suppress this
feature, but undisturbed soils display it more strongly.

Other spectral measurements detecting disturbance are based on
color changes in vegetation—VNIR and SWIR spectra can show
change in chlorophyll and water spectral features. Disturbances of
soils high in organic materials may be detected in SWIR by observing
features from lignin and cellulose. Mine burial may permanently
alter the vigor of overlying vegetation if the root zone is greatly dis-
turbed. Excavating other minerals during burial may also provide
spectral feature evidence of disturbance.

Polarimetric effects are useful for detecting surface mines. Passive
polarimetry either uses the sun or sky for illumination, or uses ther-
mal emissions. Active polarization uses a probe light, generally from
a laser, and looks at polarization of the returned light. Natural mate-
rials tend to depolarize the radiation that is returned, while man-
made materials, which are smoother, tend to preserve the polariza-
tion of incident radiation upon reflection, attributed to specular
surfaces, or emit polarized light in accordance with the Fresnel
equations. By supplying the illumination, active polarization estab-
lishes a known geometry (position and polarization of the light
source) and is more reliable than passive polarization (for which the
light source, such as the sun, varies in location).

STATE OF DEVELOPMENT

The maturity of IR/HS mine detection techniques is determined
more by algorithm capability (i.e., the ability to transform the
observed sensor outputs into decisions on the presence or absence
of mines or minefields) rather than sensor maturity. All three tech-
niques (broadband, spectral, and polarimetric) have been the subject
of recent field tests. These are considered in order of decreasing
maturity.

Work in broadband IR detection of mines has been conducted by
Northrop Grumman, TRW, BAE Systems, and the government
organizations of the U.S. Army Night Vision and Electronic Sensors
Directorate (NVESD) and the UK Defence Evaluation and Research



114 Alternatives for Landmine Detection

Agency (DERA). Broadband IR sensors are commercially available,
and such sensors have been used in handheld, vehicle-based, and
airborne field tests. However, the processing algorithms have not
been able to detect mines with sufficient accuracy, or to discriminate
mines from other mine-like objects, to meet requirements.

Spectral mine detection has been carried out by companies that
include Aerospace Corp., BAE Systems, Raytheon, Space Computer
Corporation, SAIC, the University of Hawaii, and Veridian. Active
government organizations include the Defense Advanced Research
Projects Agency (DARPA), the Navy’s Coastal Systems Station (CSS),
and NVESD.

The market for spectral sensors is extremely limited, becoming
smaller as both the number of bands and the wavelength increase.
Commercial off-the-shelf sensors are restricted to multispectral sen-
sors in the VNIR range, such as those sold by Xybion. As the wave-
length increases to LWIR, the technology becomes more complex,
requiring more expensive focal plane detector arrays and cooling.
However, successful one-of-a-kind hyperspectral LWIR sensors have
been built, and some current U.S. government programs are directed
to building LWIR hyperspectral sensors with a form factor compati-
ble with unmanned aerial vehicles (e.g., BAE Systems, Long Island,
N.Y.; Raytheon, Plano, Tex.). VNIR multispectral minefield detection
has been proven to work in the littoral zone under the Coastal Bat-
tlefield Reconnaissance and Analysis (COBRA) program of CSS and
Veridian, meeting the operational minefield detection requirements
set by this advanced technology demonstration. The basic phe-
nomenology of hyperspectral minefield detection has been studied
to identify those observables that may be sensed to detect mines
(NVESD, Veridian, MTL, and SAIC). STT is now flying a prototype vis-
ible HS sensor (“LASH-MCM”). A limited field test of hyperspectral
mine detection was conducted as part of the Airborne Standoff
Minefield Detection System (ASTAMIDS) test, with DARPA using the
LWIR HS sensor of the University of Hawaii (“AHI”).

Polarimetric minefield detection activity has been conducted by
Lockheed Martin (Orlando), Raytheon, TRW, and Veridian, with
government activity by the British DERA and the U.S. NVESD and
Army Waterways Experiment Station (WES). A polarimetric active
sensor with an additional thermal IR channel was built for the
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Remote Minefield Detection System (REMIDS) program of WES, and
again for the ASTAMIDS of NVESD. These sensors were extremely
fragile. Another such sensor is now under development for NVESD’s
Lightweight Airborne Minefield Detection program by Lockheed
Martin. In cooperation with the Central Measurement and
Signatures Intelligence (MASINT) Office and Air Force Research
Laboratory, Veridian and Aerospace have built an LWIR spectral-
polarimetric sensor and shown its usefulness in camouflage,
concealment, and deception target detection. It has not been tested
on mines. Field tests have used active polarimetric and thermal IR for
both human-aided minefield recognition (REMIDS) and fully
automated detection (ASTAMIDS/Raytheon).

Two types of field tests are considered—data collection (for algo-
rithm development) and performance testing (by an independent
agent against requirements, often compounding detection perfor-
mance with constraints upon processing time or the size of the sys-
tem). All airborne tests to date have focused on the antiarmor mines
(about 12 inches in diameter), and have not yet been including the
smaller antipersonnel mine (about 4 inches in diameter). Typical
data collection (planning, laying mines or using an existing mined
site, integrating available sensor with aircraft, collecting data,
truthing it, and post-processing it) can range from $400,000 to
$800,000 for each site. Independent performance testing of an estab-
lished system, involving a greater range of locations, more conditions
at each location, and use of an independent test organization, would
approximately double the cost to $800,000 to $1.6 million. Collection
of minefield data (large orderly arrays of mines placed as representa-
tives of tactical deployment) is perhaps 30 percent more expensive
than individual mine detection experiments.

CURRENT CAPABILITIES AND OPERATING
CHARACTERISTICS

Table D.1 summarizes the current field-tested performance of these
technologies. The ASTAMIDS tests (index numbers 1, 5, 7, and 8 of
the table) were conducted at Fort Huachuca, Ariz., over an arid
ground with vegetation cover of sparse grass, low bushes, scrub oak,
and cactus, with soil that was a reddish mixture of clay and rocks.
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The tests involved over 500 minefield encounters for numbers 1 and
7, while 5 used extremely limited data from which no conclusions can
be drawn. All tests except 8 were conducted independently, i.e., by
an agent other than the developing organization. The COBRA spec-
tral sensor tests (2) were for surface minefields under excellent
conditions of white sandy beaches at Eglin Air Force Base, Fla.; the
other tests (3) were conducted over more realistic littoral and land
regions in Newfoundland, Canada. The REMIDS program (6) used
human interpreters to make minefield decisions by inspecting the
sensor data.

KNOWN OR SUSPECTED LIMITATIONS OR RESTRICTIONS
ON APPLICABILITY

The best performance for broadband IR is for mines buried under
uniform bare soil. Thermal IR performance for surface mines is bet-
ter at night than at day. It also performs best when the time of obser-
vation can be chosen and/or multiple observations can be made at
different times of day. Poorest performance occurs with nonuniform
soil and soil covered with vegetation (which blocks thermal IR).
Overall broadband IR is not as useful as a stand-alone sensor com-
pared with the other sensors considered here. Its performance is
limited by the diurnal cycle characteristic and by the high degree of
mine-like clutter, with insufficient information available in the
broadband IR to allow discrimination. Progress in the study of spec-
tral phenomenology has led to better understanding of the origins of
the broadband LWIR signature, as exploited by the Northrop Grum-
man ASTAMIDS, and now single or multispectral IR bands can be
tailored to improve broadband IR performance.

Spectral detection performance is the best of these three sensors but
is at the expense of a more complex sensor design. Detailed experi-
ments on the physics of disturbed soil indicate that with a sufficient
number of pixels on target, statistically significant discrimination
ability between mine target signatures and their local backgrounds
occurred within all bands (VNIR, SWIR, MWIR, and LWIR) [6,7]. Joint
use of spectral bands has been shown to further improve perfor-
mance [9,10]. This detector excels in detecting recently buried mine-
fields (less than four weeks old); it is also excellent at surface mine-
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field detection on relatively clear ground (e.g., littoral region [2]).
Spectral methods perform most poorly for long-buried mines, over
which the soil has returned to its natural state. The performance for
buried mines is limited by the fact that buried mines are detected
indirectly, through the associated disturbance of surrounding earth,
which weathers away. Performance for surface minefield detection is
limited by vegetative clutter that covers the mines.

Active polarimetry excels in the detection of surface mines upon un-
covered ground, especially when mines are placed in regular pat-
terns. Polarimetry combined with spectral sensing offers the possi-
bility of excellent performance for both surface and buried mines
(e.g., spectral/polarimetric sensing). Polarimetry has limited ability
to detect buried mines—no specific phenomenology effect has been
identified yet. Passive polarimetry is of limited utility because of the
wide variation of illumination/receiver geometries and uncertain
polarization of the illuminator, yet progress here has been shown.

ESTIMATED POTENTIAL FOR IMPROVING TECHNOLOGY
OVER TWO TO SEVEN YEARS

Performance of IR/HS sensing is more limited by the detection
algorithms than by the sensors. Sensor challenges include the engi-
neering of robust, production-quality versions of the research proto-
types used in field tests. Finer spatial resolution is believed necessary
for accurate mine/clutter discrimination, especially for smaller
mines.

For broadband IR, an example of the power of algorithm improve-
ments provides an improvement in detection rate by more than a
factor of two [5]. Improvements to pursue for this sensor include:
(1) automatic compensation for time of day, thermal heating history,
terrain (and confuser) type; (2) use of higher spatial resolution to ex-
ploit shape and within-silhouette information (e.g., texture) to aid
discrimination against false alarms (FAs); and (3) leverage of mine-
field detection algorithms to aggregate incomplete mine detections
into a more accurate field declaration. While broadband IR is un-
likely to meet operational requirements of greater than 0.8 probabil-
ity of detection (PD) for minefield detection, less than 1.0 FA per
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square kilometer on its own, an IR sensor may be combined with a
complementary sensor.

Spectral limitations include the requirement to use higher-order
decision statistics to achieve target/clutter discrimination (e.g., co-
variance rather than mean). This requires more pixels on target and
more spectra needed to set detection thresholds. Spectral sensing
also is limited in its ability to discriminate spectral anomalies due to
soil disturbance from mine placement from other spectral anoma-
lies, which increases false alarm rates. The understanding of possible
false alarms due to burial of other objects has not been explored.
Promising evidence of the far-reaching applicability of the disturbed
soil phenomenology was obtained by tests that went to six locations
around the world, carefully chosen for diversity, and including real
minefields in Bosnia and Jordan [7,8,9], yet some additional confir-
mation is needed. The understanding and ability to model or explain
effects of weathering, which gradually erases the effects of mine
burial, is limited. Other limits, imposed by perhaps temporary needs
to limit sensor complexity (size), include the choice of which multi-
spectral bands to use if full HS capability is not possible, how to
adapt these with terrain, and the limits of VNIR spectral sensors to
daytime. All these limits, except perhaps solving the weathering
effect, can be addressed successfully in a five-to-seven-year program,
resulting in a spectral-based mine detection system capable of
detecting nearly all recently laid minefields (PD greater than 0.8) at
acceptable false alarm rates (less than 1.0 FA per square kilometer).
Focus is recommended on reliably designing HS sensors accompa-
nied by adaptive band-subsetting (i.e., adaptively and intelligently
combining 100s of bands to 10s of bands for subsequent processing),
as opposed to building ever-more-complicated multispectral sensors
based on filter wheels or tunable filter cameras.

Polarimetry is most successful for, but limited to, detection of surface
mines and minefields. Sensor complexity, in particular achieving
multiple pixels on a mine-sized target while achieving the necessary
subpixel registration accuracy between the polarization channels,
sets the limits on surface minefield detection performance for this
sensor.
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OUTLINE OF A SENSIBLE RESEARCH AND DEVELOPMENT
PROGRAM

Several points anchor a general philosophy on which a research and
development program would be based:

Harvest existing data that has already been collected to bolster
phenomenology understanding and pattern recognition algo-
rithm performance.

Collect HS data across all bands (VNIR-LWIR), using the HS test-
ing to determine the ultimate band count that is needed and
whether these needs can be met with a multispectral sensor or
even an agile (adaptively tuned wavelength) sensor. Seek to
understand the utility of joint spectral bands that have shown
improved performance [10] (e.g., VNIR with SWIR, MWIR and
LWIR). Study the effects of aging over several months, and exam-
ine both passive and active polarimetry.

Conduct ground-based tower-mounted data collections to
understand phenomenology, and then collect data using a heli-
copter test bed with a stabilized sensor cavity and the same sen-
sor suite to improve false-alarm and minefield ROCs.

Do not encumber these data collections with expectations of a
performance test, e.g., with sensor size or real-time constraints
(but do not ignore their importance for realism—e.g., resolu-
tion/aperture).

Datamine any field test with after-test improvements as exem-
plified by Radzelovage and Maksymonko [5] to realize full gain
from all information obtained.

Table D.2 presents a sequential program based on the above pre-
cepts that would be a reasonable, five-to-seven-year, $31 million
approach to achieving satisfactory IR/HS minefield detection. It
places about a third of the effort on physics and phenomenology, a
third on sensor design, and another third on a final performance
validation test.
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Appendix E
GROUND-PENETRATING RADAR (PAPER)

Lawrence Carin, Duke University

This appendix focuses on the application of ground-penetrating
radar (GPR) to landmine detection. We address the particular appli-
cation for which the sensor is near the ground.!

BASIC PRINCIPLES AND MINE FEATURES

GPR senses electrical inhomogeneities, with these manifested, for
example, by the electrical contrast of a metal mine in the presence of
a far-less-conducting soil background. Of much more difficulty, GPR
senses the electrical inhomogeneity caused by a dielectric (plastic)
landmine in the presence of soil. Often this contrast is very weak,
implying that the landmine GPR signal is very small. This is exacer-
bated by the fact that there are many electrical contrasts that may
exist in the landmine problem, which significantly complicate sens-
ing. For example, the largest contrast typically exists between the air
and the soil, and therefore GPR is typically characterized by a very
large “ground bounce.” If a landmine is buried at a shallow depth,
such that the available bandwidth implies limited resolution, the
often weak landmine signature will be “buried” in the very strong
ground-bounce return. This implies that bandwidth (resolution)
plays an important role in defining the target depths at which a
landmine may be observed by GPR. We also note that natural
subsurface inhomogeneities, such as rocks, roots, surface roughness,
and soil heterogeneity (e.g., pockets of wet soil), also yield a signature

11 do not consider the use of radar for airborne, wide-area sensing because it was indi-
cated to be of less interest to RAND and the Office of Science and Technology Policy.
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to a GPR sensor; such clutter represents the principal source of false
alarms.

CURRENT STATE OF DEVELOPMENT

GPR is one of the oldest landmine technologies, probably second
only to induction sensors. Nevertheless, development is still at a rela-
tively early stage, as only very recently have electromagnetic models
been developed to aid in phenomenological understanding. Conse-
quently, only recently has enhanced understanding of the underlying
phenomenology been exploited in new systems, such that the ulti-
mate potential of GPR can be realized.

As for recent efforts, GPR is being employed by Cyterra in the context
of the U.S. Army Handheld Standoff Mine Detection System pro-
gram. The Cyterra system is based on multiple spiral antennas and
operates in the frequency domain. Another important system has
been developed in Germany by Gunter Wichmann, with this tech-
nology now being pursued in the United States by NIITEK. The so-
called Wichmann system operates in the time domain, with a very
large bandwidth (from approximately 200 MHz up to 10 GHz). A
novel antenna design has significantly reduced the antenna “self
clutter,” resulting in a very-high-resolution transient waveform. This
system is not at the stage of development of the Cyterra system, but it
represents a significant enhancement in GPR technology (the result
of three decades of development in Germany).

With regard to development of modeling tools to understand GPR
phenomenology, there are several universities that have directed
significant attention on GPR for landmine detection, including Duke,
Georgia Tech, Northeastern, and Ohio State. The state of model
development is now becoming quite sophisticated; it is now possible
to rigorously model a three-dimensional GPR system on a computer.

CURRENT CAPABILITIES AND OPERATING
CHARACTERISTICS

It is difficult to separate GPR performance from the particular system
and classification algorithms in question. Moreover, the Cyterra sys-
tem combines both GPR and induction, and therefore the perfor-
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mance of this system is generally not simply based on the GPR char-
acteristics.

It can be said, however, that significant strides have been made in
the last several years in the context of GPR sensors. There is a “blind
grid” of buried landmines and clutter developed by the Joint Unex-
ploded Ordnance Coordination Office at Fort A. P. Hill, Va. The
investigator is told where to sense (on the grid), but the subsurface
target identity is unknown. Using the Wichmann system, with very
preliminary algorithm development, approximate results are a prob-
ability of detection of 0.8 at a probability of false alarm of 0.1. It is
anticipated that these results will improve as the algorithms are en-
hanced. It is believed that the Cyterra system achieved comparable
results when it deployed its GPR alone (although the results were far
better when the Cyterra GPR and induction sensors were fused). This
test site was designed to be particularly challenging.

It is important to emphasize that the quality of the signal-processing
algorithms plays a very important role in the ultimate effectiveness of
a GPR system. For example, GPR has been used in the context of the
Ground Standoff Mine Detection System (GSTAMIDS) program
(vehicle program). Previously, GPR produced an unacceptably high
number of false alarms for on-road sensing. The recent development
of such algorithms as hidden Markov models has significantly aided
GPR classification performance within the GSTAMIDS program, and
these algorithms (and performance) continue to improve.

KNOWN OR SUSPECTED LIMITATIONS ON APPLICABILITY

As indicated in the first section, GPR is not a landmine sensor—it is
an electrical (and possibly magnetic) contrast sensor. Any such con-
trast will register a signal to GPR, and often subsurface clutter can
manifest a signal comparable to that of a landmine. Moreover, in the
context of plastic or dielectric (wood) mines, the properties of the soil
play an integral role in ultimate GPR utility. For the same mine, a
given GPR can be effective or ineffective depending on the soil
properties. This implies that such elements as rain, or the lack of
rain, can play a critical role in the context of the target-soil contrast,
affecting ultimate sensor performance.
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There are also important issues in the context of very small plastic
mines buried at shallow depths (e.g., flush-buried). The strong
ground-bounce return can “mask” the much smaller signal from the
landmine. This is why bandwidth is a particularly important issue: A
higher-bandwidth GPR system will have enhanced resolution to deal
with shallow-buried targets.

ESTIMATED POTENTIAL FOR IMPROVEMENT (OVER TWO
TO SEVEN YEARS)

GPR has limitations, as indicated in the previous section. However, it
is likely to be an integral component of any landmine sensor suite
because a properly designed system, with appropriate signal-pro-
cessing algorithms, has demonstrated significant potential in quickly
sensing landmines. In concert with other sensors, such as induction
and nuclear quadrupole resonance (NQR), GPR constitutes a very
powerful technology.

There is significant potential for GPR improvement in the next two to
seven years. As indicated in the Current State of Development above,
only recently has the fidelity of electromagnetic models put develop-
ers in a position where they can understand the various tradeoffs in
GPR design, such as antenna configuration, bandwidth, and polar-
ization. Now that this insight can be transitioned to the development
of improved GPR sensors, there is significant potential to realize
significant improvements in GPR performance, particularly in the
context of a multisensor suite.

Issues that should be addressed include examination of the effects of
antenna design on ultimate performance. The Cyterra and Wich-
mann systems, for example, are based on entirely different antenna
systems, although both are yielding promising results. It is of interest
to carefully examine the relative strengths and weaknesses of each
system (and others) such that an overall improved design can be real-
ized. Moreover, within the context of a multisensor suite, one should
examine design of the GPR such that it is most effective, for example,
as a prescreener for such sensors as NQR (which appears to be a
promising confirmation sensor).
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OUTLINE OF A SENSIBLE RESEARCH AND DEVELOPMENT
PROGRAM

The ultimate multisensor platform is almost surely going to include
GPR as an integral component. I would therefore recommend first
performing a systems-level study to identify the role of GPR and how
it will be manifested in the context of multiple sensors (e.g., GPR and
induction may be prescreeners for NQR). Once these systems-level
issues are addressed, it is desirable to design a GPR system that
would meet the objectives of the overarching systems-level mission.
The ultimate system construct may constrain or motivate such items
as GPR bandwidth, polarization, antenna design, and size.

In addition, there are several existing systems (e.g., the Cyterra and
Wichmann systems) that operate in very different ways, although
each has yielded encouraging results. It is of significant interest to
gain a further understanding of these systems, based on measure-
ments and modeling, such that one may take this insight to develop
the next-generation GPR system. This research should build on and
extend recent encouraging research in the area of modeling and
radar development.

It should also be emphasized that, as indicated above, within the
context of GPR, one cannot separate the system from the associated
signal processing and ultimately how the system will be deployed by
the user. It is strongly recommended that the modeling, sensor
design, and GPR signal processing be strongly coordinated from the
outset. Typically, GPR systems are designed prior to considering how
the data will be processed, and therefore processors must deal with
the subsequent GPR data without the ability to motivate change in
underlying sensor design. GPR must be viewed in the context of an
overarching system, accounting for the other sensors that will be
deployed as well as the ultimate manner in which the data will be
processed and presented to the user.

REFERENCES

The best source of reference to field-testing papers is likely to come
from reports delivered to the sponsors (Countermine Office, Fort
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Belvoir, Va.) and from the proceedings of the International Society
for Optical Engineering’s AeroSense Conference (primarily from 1998

to 2002).
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GROUND-PENETRATING RADAR (PAPERII)

James Ralston, Anne Andrews, Frank Rotondo, and Michael Tuley,

Institute for Defense Analyses!

BACKGROUND AND SUMMARY

It is understood that information on the performance of individual
landmine sensors and groups of sensors is being considered in the
context of a mine remediation process that includes site identifica-
tion, the location of individual mines, and appropriate mine-by-
mine remediation measures. This understanding must include sev-
eral key points, detailed in the following paragraphs:

Study the remediation process. This must be done before attempt-
ing to model the process. It must also be recognized that remediation
includes any measures applied to the mined area before sweeping
with detection systems. For example, it is sometimes the practice to
use heavy rollers in an attempt to detonate some mines before
sweeping. This can be effective in preemptively disposing of many
mines at relatively low cost and risk, but the aftermath can be detri-
mental to the function of detecting sensors if some unexploded
mines are inadvertently buried to greater depths, misoriented, or
tilted so that they become hazardous to probe manually, or if their
soil context is changed in ways that may affect certain sensors, such
as radar, acoustics, or infrared. Any attempt to draw conclusions
about enhanced remediation on the basis of modeling must first
ascertain that the model’s assumptions are realistic.

1Originally published by the Institute for Defense Analyses, Alexandria, Va. Reprinted
by permission.
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Understand local differences. For a variety of political, cultural, and
economic reasons the process of landmine remediation proceeds
differently in different countries. This must be respected in assigning
overall costs to various stages of the process. For example, operations
that would be “prohibitively labor intensive” in one country may be
acceptable in nations that have large populations of unemployed
farmers. Elapsed time or man-hours is not generally a good proxy for
cost. Properly administered, mine remediation in such countries
may represent economic as well as humanitarian assistance.

Fusion is critical. The goal should be to find not the best sensor but
the best combination of sensors. Fusing the two best individual sen-
sors does not necessarily lead to the best fused performance. Data
collections should emphasize establishing statistical correlations
between detections and false alarms of all sensors, rather than sim-
ply measuring individual sensor performance.

Performance is situational. All sensors will work better in some envi-
ronments and against some threats than in and against others. The
best choice of sensors and fusion techniques will depend on the
specifics of each environment.

Prospects for improvement. The most likely research and invest-
ment areas leading to possible significant reductions in mine reme-
diation rate are as follows:

* Reducing false alarms by emphasizing fusion of multiple sensors
or the use of multiple stages of detection and confirmation sen-
SOTS.

* Identifying the specific classes of false alarms whose characteris-
tic features can be recognized and confidently rejected. The
classes may include particular man-made objects (e.g., soft-drink
cans) as well as naturally occurring soil phenomena. The feature
set investigated should not be limited to the output of a single
Sensor type.

e Seeking cost reductions in the most advantageous suite of sen-
sors and remediation techniques, once it is identified.

Andrews, Ralston, and Tuley [1] document the results of an Institute
for Defense Analyses (IDA) assessment of the state of current
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research on ground-penetrating radar (GPR) as applied to counter-
mine and unexploded ordnance (UXO) clearance. Despite significant
long-term investment in GPR for mine and UXO detection, it remains
true that no GPR system that meets operational requirements has yet
been fielded; however, recent advances in several mine detection
radars under development have produced significant improvements
in detection performance and false-alarm mitigation over what was
achievable only a few years ago. The authors’ report examines exist-
ing GPR research and development efforts with emphasis on mis-
sions where GPR has the potential to provide a unique capability and
to achieve operationally meaningful performance. It identifies data
collections and analyses that will be necessary both to make deci-
sions about the suitability of GPR for particular missions and to
achieve performance gains necessary for operational utility.

The Joint Unexploded Ordnance Coordination Office (JUXOCO)
sponsored a GPR workshop held at IDA in June 1999. Investigators
from all currently funded GPR efforts in countermine and UXO were
invited to present their work. An independent panel representing
government, federally funded research and development center, and
university expertise in GPR was assembled to assist the government
in the assessment role.? Panel discussions were held during the
course of the three-day workshop and a one-day follow-on meeting.
The report of Andrews, Ralston, and Tuley [1] does not an attempt to
express a consensus of the panel, which likely does not exist; how-
ever, the comments and insights provided by panel members are
reflected in the emphasis and conclusions of this report.

CONCLUSIONS

The principal conclusions of Research on Ground Penetrating Radar
for Detection of Mines and Unexploded Ordnance [1] are as follows:

e Phenomenology controlling performance is not sufficiently well

understood. Advanced development work must be preceded by
concomitant research understanding.

2presentations to the workshop are summarized in Andrews, Ralston, and Tuley [1].
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* Too little analysis has been carried out on the data that have
been obtained. A synergistic analysis effort that stretches across
programs might provide real dividends.

* While there are exceptions, current system performance is typi-
cally limited by false alarms. That is, detection is clutter limited,
not noise limited. Only when target and clutter characteristics
are both well understood can signal processing be applied effec-
tively.

* Much more effort has been spent studying target characteristics
than has been spent on clutter. Efforts defining target signatures
are necessary, and target-related research should continue; how-
ever, substantial efforts must be focused on clutter research and
data collection.

* Predicting performance requires understanding sensitivities to
the environment. Models will not provide the realistic data useful
in algorithm development until the understanding of clutter is
improved.

* Incorporation of diverse expertise in sensor hardware, algorithm
development, modeling, and testing has been beneficial. The
Multidisciplinary University Research Initiative (MURI) and the
red team approach to the Handheld Standoff Mine Detection
System (HSTAMIDS) program have resulted in a better under-
standing of the sensor functionality and performance improve-
ments.

* There is a need for controlled, repeatable testing to evaluate sen-
sor performance independent of operator skill and technique,
and not subject to uncontrollable alterations in the environment.
This capability is important for comparing different sensors and
tracking changes in performance with sensor modifications.

RECOMMENDATIONS

1. GPR countermine performance is limited by clutter, and clutter
is not well understood.3 Thus, the focus of research should be on

3Clutter is defined to be returns identified by the sensor system as targets that do not
correspond either to intended targets or to random system noise; that is, clutter repre-
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defining, understanding, and measuring clutter. To that end, the
following steps should be undertaken:

— Determine the range of clutter and target data needed to
support system design decisions, algorithm development,
and modeling research.

— Build a suite of research-quality data-collection instruments
not constrained by operational requirements.

— Collect and analyze clutter and target data, with a focus on
clutter. Data collection should be driven by three concerns:
better understanding clutter characteristics, providing train-
ing and test data for signal-processing algorithm develop-
ment, and providing both input and validation data for elec-
tromagnetic model development.

— Table F.1 provides our recommendations for the system
design and parameter space to be covered by the instru-
ments and the data collection. These recommendations are
for reasonable, notional parameters for the instruments and
the experiments, but they do not represent the results of a
rigorous study of the trade space or practical engineering
considerations. As such, final designs should be based on an
extensive red team effort involving hardware engineers, sig-
nal processors, modelers, and test designers.

— Develop a research program to provide the necessary knowl-
edge of clutter characteristics. Such a program should involve
a careful physical and electromagnetic description of envi-
ronments of interest, ranked in order of importance. These
could be used to prioritize data collections. Clutter is highly
variable, and that complicates its description. The focus of
the research should be an attempt to group clutter into a
limited number of classes relevant to system design. To that
end, a careful evaluation of a combination of statistical and
discrete approaches for clutter characterization is warranted.

sents real sensor responses to discrete items or environmental conditions that are not
of interest.
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Table F.1
Data Collection Matrix
Parameter Value Range
Frequency range 200 MHz-6 GHz
Polarization Full
Grazing angle Full hemisphere
Aspect angle Full hemisphere
Road/terrain/area Increasingly complex media, small patches
Target type/configuration/  Individual target interrogation:
quantity —Buried mines
—UXO

—Discrete clutter objects
—Standard metal and dielectric targets

Spatial resolution Less than minimum target size, best attainable
with radar, centimeters

Waveform Stepped frequency

Azimuthal processing Three-dimensional SAR

Antenna height Close coupled to earth

— Support research on the characterization of electromagnetic
propagation and scattering in soils. Investigate a statistical
paradigm similar to the atmospheric weak-scattering case.
Bolster theoretical analysis with carefully calibrated mea-
surements and computer modeling. Efforts should begin
on simple, well-characterized media. As understanding is
gained, more complex compositions should be tackled.

2. We should do a better job of exploiting data from current pro-
grams. There are two important facets of such an effort:

— Make data and specific analyses deliverable from contrac-
tors. Every effort should be made to ensure that data collec-
tions and analyses serve the broader goals of the counter-
mine program.

— Set aside resources for independent analysis of data. Such
efforts provide potentially valuable insights that are not
likely to come out of program-driven analyses. An example is
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the red team analysis of HSTAMIDS* data, which provided
significant input to focus system improvements.

3. The HSTAMIDS red team is an example of how accessing a larger
body of knowledge in the countermine area can pay dividends
for a specific program. Research results coming out of MURI and
applied to data from the BoomSAR, Wichmann, and Geo-Centers
systems show significant performance improvements. Such
interactions should be encouraged through a red team approach
to system engineering decisions.

4. Measurement, modeling, and detection/discrimination algo-
rithm development must be tightly integrated. As discrimination
of mines from clutter is typically the problem faced by mine
detection systems, discrimination algorithm development is the
key to performance improvement. Algorithm success depends on
the signals provided.

5. Sensors delivered to the government at the end of programs
should be well documented and well calibrated.

6. Existing platforms from other Department of Defense programs
should be leveraged to the extent possible. Specifically, the De-
fense Advanced Research Projects Agency ultra-high-frequency
ultra-wide-band synthetic aperture radar (DARPA UHF UWB
SAR) and the Army Communications—Electronics Command
tactical unmanned aerial vehicle SAR should be tasked for data
collection and baseline performance determination for coun-
termine and UXO detection.

7. Develop protocols and equipment for standardized sensor test-
ing.

8. Other specific recommendations are summarized in Table F.2.

4HSTAMIDS is under development for the U.S. Army. The system incorporates both
GPR and electromagnetic induction (EMI) sensors.
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Table F.2

Other Recommendations

Soil characterization Develop a statistical description of soils, patterned on
atmospheric physics

Develop numerical modeling approaches that accurately
represent realistic soils

Initiate a measurement program to support above

Discrimination Continue modeling efforts to identify discriminants
Use above data collection for signal processing
Investigate utility of polarization

Investigate utility of spectral response

Curtail complex natural resonance research

Curtail 3rd harmonic research

Fusion Require analysis and reporting of target and clutter
statistics for current data

Make raw and processed data deliverable.
Initiate independent analysis

Task collection of coregistered data sets for forward-
looking radar with NQR and forward-looking and down-
looking radar

HANDHELD DETECTOR PERFORMANCE

Below we survey results of recent tests of HSTAMIDS. This sensor
system incorporates both a GPR and a metal detector. In the most
recent testing [2], both sensors were used, and test results reflect a
fusion of both sensor indications. In earlier tests [3], the performance
of the individual sensors was separately tabulated. Here we use
HSTAMIDS as a proxy for a state-of-the-art GPR sensor for small
mine detection to quantify what performance improvements are
necessary.

All of these results are influenced by the location and procedures of
the particular test, as well as previous engineering design choices in
the systems tested. Thus they are not easily extrapolated to general
statements about capability. This points to important considerations
about testing and evaluating detection systems. That is, there is a
need to evaluate sensors in a standard environment on a common
and reproducible target set where the influences of the operator are



Appendix F 141

eliminated. This is particularly important for tracking system devel-
opment and for evaluating competing sensor concepts. In field tests,
true performance of sensors can be masked by contributions from
footprint and coverage, as well as operator skill or fatigue, exploita-
tion of visual cues, familiarity with the test site, or the means of pre-
senting the data to the operator.

The HSTAMIDS Operational Requirements Document sets the
requirement for detection of surface and buried antipersonnel and
antitank mines at probability of detection (PD) = 0.90, with a false
alarm rate not to exceed 0.6 per square meter [4]. Historically, hand-
held GPR sensors have been stressed by low-metal-content antiper-
sonnel mines. (See, for example, Andrews et al. [5], where systems
incorporating GPR and EMI sensors were tested in 1996.) Recent
modifications in sensors under the HSTAMIDS program have re-
sulted in performance improvements over what was achieved only a
few years ago [2].

CLUTTER

A review of baseline data quickly leads to the conclusion that, in
many cases, the fundamental problem of GPR performance is not the
absence of a sufficient mine- or UXO-generated signal for the radar
to detect.? Rather, the problem is the multitude of signals originating
from surface and buried clutter. Here, the concern is separating tar-
get signals from clutter signals. Thus a thorough understanding of
clutter becomes fundamental to understanding GPR performance
and limitations.

We define clutter as returns identified by the sensor system as targets
that do not correspond to intended targets or system noise, that is,
real sensor responses to discrete items or environmental conditions
that are not of interest. Clutter might be considered as a set of area-
or volume-extensive attributes of the environment in which a GPR
must work. Conversely, we might think of clutter as a collection of
discrete, but undesired, targets to be separated from those we desire
to detect. It is likely worthwhile to employ a mix of both views of

5An exception is likely to be detection of dielectric mines buried in soils with similar
dielectric constants, where little or no contrast may exist.
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clutter, and we do so here by defining two clutter study modalities:
volume and discrete.

In either case, clutter statistics, which will quantify the ability of a
feature or set of features to separate targets and clutter, must be
measured for each potential discrimination feature of interest and
will differ for each radar configuration. A library of target and clutter
measurements taken in a variety of environments can be used to
determine the robustness of clutter suppression approaches.

Features of discrete clutter objects (e.g., rocks, roots, cans, water-
filled inclusions) may allow for discrimination and identification to
reduce false alarms. It is possible but not currently known whether a
significant fraction of false alarms arise from a small number of dis-
crete types of clutter. This makes identification of the sources of false
alarms an imperative part of any sensor improvement clutter study.
If discrete objects or features of the ground can be identified and
characterized, they can be screened out where they differ sufficiently
from targets.

Studies of clutter are often neglected because of the desire to obtain
data that are universally useful. Because the sensor must perform in
a highly variable and continuously changing clutter environment,
however, ways must be found to understand clutter. Framing exper-
iments to study clutter is difficult because any study will be of the
specific clutter at a specific site as seen by a specific instrument.
There will be great variability in the clutter itself, based on uncontrol-
lable variables such as geology, climate, and history of use. Clutter at
the same site may have temporal variations depending on recent
weather patterns. Further, the clutter will depend on features of the
radar itself, such as grazing angle, spot size, resolution, frequency
band, and polarization, as well as the processing. A clutter experi-
ment therefore will require careful research planning, data collec-
tion, and analysis. Ongoing programs provide numerous data collec-
tion opportunities. There is a need to make sure the right data are
taken, that they are analyzed, and that the analysis parameterizes the
data in a meaningful way.

Recently, DARPA conducted a data-collection program that focused
on understanding clutter for the buried mine and UXO problem [6].
Numerous sensors were tasked to survey four 1-hectare sites, with
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the goal of producing co-registered clutter maps from multiple sen-
sor modalities for magnetometry, EMI, radar, and infrared sensors.
All three radars in the study were sensors of opportunity, so in any
event the data collected explored dimensions determined by previ-
ous design choices. The experiment also experienced navigation dif-
ficulties that made interpretation of the data difficult. Nevertheless,
algorithm work done by Paul Gader on Geo-Centers radar data set
resulted in a many-fold decrease in the density of false alarms at a
comparable PD [7].

The necessary clutter study will require an effort such as this. This
experiment should be conducted in a variety of clutter environments
on well-characterized sites. Research-grade sensors with the flexibil-
ity to explore the widest accessible parameter space are required.
Only through an effort such as this can we build the library of clutter
data necessary for making engineering design choices; supporting
modeling of real-world conditions, signal processing, and algorithm
development; and for determining the robustness of sensor perfor-
mance.

GPR SYSTEM CONSIDERATIONS

GPR design is complex and challenging because of the array of hard-
ware and system choices and the coupling of many of those choices.
This section provides a brief discussion of some of the choices that
can be made and their implications.

The most fundamental choice in GPR is the center frequency and
bandwidth of the radar. Low frequencies provide improved soil
penetration; the depth at which targets must be detected and the soil
types within which they must be detected drive the choice for the
lowest frequencies to be transmitted. For example, UXO detection
would generally call for lower frequencies than mine detection
because of the greater depths at which targets may be located. Prac-
tical limits on low-frequency performance are often determined by
the maximum size of the antenna that can be deployed. Range reso-
lution is governed by bandwidth, with the achievable resolution
given as the speed of light in the medium divided by twice the band-
width:
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where c is the speed of light, B is the bandwidth, p;is the relative
permeability, and ¢, is the relative dielectric constant. Thus, if high
resolution in range is desired, wide bandwidth is required, and the
higher the center frequency, the narrower the percentage bandwidth
for a given resolution and the more straightforward the radar design
job. Because of the dispersive properties of soil, high frequencies will
be attenuated more than low frequencies. Rather than considering
the waveform that is transmitted, the GPR designer must plan his
processing and detection strategies around the expected spectrum of
the return after propagation to the target, reflection, and propagation
back to the radar antenna. Thus, having low frequencies that pene-
trate well may be of little consequence if the detection algorithm
depends on fine resolution and the higher frequencies that provide
bandwidth are severely attenuated. The chosen frequency regime
also controls less obvious radar characteristics, such as achievable
cross-range resolution, in SAR systems and the level of radio fre-
quency interference (RFI) with which the system must contend.

AR =

Most GPRs for mine detection are wideband devices because good
range resolution is required to separate targets from clutter. Two
general approaches to obtaining wideband performance are avail-
able to the system designer. Each has advantages and disadvantages.
The first utilizes waveforms having time-bandwidth product that is
near unity. These systems are represented by the family of impulse
radars that have been developed for ground-penetration missions.
The major advantages of an impulse radar are that lower dynamic
range receivers are required to discriminate against clutter, the
waveform generation time is short, and a high-range resolution dis-
play is available with little or no processing. The major disadvantages
are the need to control radio frequency dispersion over a wide
instantaneous bandwidth, susceptibility to RFI because of the wide-
band receiver front end, the need for very-high-speed analog-to-
digital converters (or the inefficiency of a sampling oscilloscope
approach) for waveform capture, and difficulty in controlling details
of the transmitted spectrum.
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The alternative to impulse is to employ a waveform with a time-
bandwidth product much greater than one. Such systems have been
implemented using stepped frequency, linear FM (frequency modu-
lation) chirp, or phase codes. The major advantage of stepped fre-
quency or linear FM chirp is that the frequency spectrum can easily
be chosen to fit what the designer considers optimum. In fact,
notches can even be placed in the transmitted spectrum to avoid
interference with or by other systems. Stepped-frequency waveforms
in particular allow narrow instantaneous receiver bandwidth, lower
bandwidth analog-to-digital converters, and wider dynamic ranges.
This last advantage is often offset by a need for the wider dynamic
range because the large surface clutter return and target returns are
not temporally separated as they are in an impulse system. Other
advantages of high time-bandwidth product waveforms are higher
average powers and an ability to tailor the frequency response on
receive through processing. Phase and amplitude calibration and
equalization are easily accomplished at each discrete frequency step.
The major disadvantages are the required dynamic range mentioned
above and the time required to generate one complete waveform.

A waveform and bandwidth having been chosen, the GPR designer
must implement an antenna commensurate with the bandwidth.
Antenna design becomes particularly critical in systems whose
geometry provides little standoff from the surface of earth. A major
obstacle in using wideband antennas is eliminating internal reflec-
tions over their entire frequency band. Such internal reflections
result in antenna “ringing” that can hide target returns in systems
that operate close to the surface. In down-looking systems, that
problem is exacerbated by the very large surface clutter return that
may also reverberate within a poorly matched antenna structure.
Closely coupled antennas can reduce that problem, as can the use of
cross-polarized antennas that tend to discriminate against the sur-
face clutter return. While no designer would intentionally choose an
antenna known to produce significant internal reflections, two
design approaches are generally viable. In one, the designer makes
heroic attempts to reduce antenna internal reflections, thereby
simplifying the signal-processing problem. Such an approach is illus-
trated by the Wichmann radar, where the array antenna is designed
to minimize both internal reflections and reverberation between the
antenna face and the ground surface. The second option is to have a
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certain amount of antenna internal reflections and take those out in
signal processing. This is most easily done with a stepped-frequency
system, where the internal reflections can, in principle, be measured
at each frequency and then coherently subtracted from the return.
The flaw in such an approach is that the reflections will depend to
some extent on the details of the surface clutter return, and as that
changes, coherent subtraction may be less effective. Internal reflec-
tions are of less concern in standoff radars, but at the low frequencies
often employed in GPR they may be a problem even in that case. In
particular, at low frequencies the entire structure on which the
antenna is mounted becomes part of the radiating structure, and
reverberations may linger in time. That problem has been noted in
several GPR implementations.

Signal-processing and display options are strongly driven by the
waveform choice and the antenna implementation. For example,
with a single antenna that is manually scanned, it is very difficult to
generate a display output more sophisticated than a simple one-
dimensional range profile. Such a display is available with little or no
processing from an impulse system and with simple pulse-compres-
sion processing from a large time-bandwidth product system. Linear
array antennas or those antennas that scan across mine lanes pro-
vide more flexibility in display. A linear array can be used to provide a
waterfall plot of time (range) images closely spaced in the cross-track
direction, as in the Wichmann radar; a real aperture two-dimen-
sional image, as in the Geo-Centers display; or a form of synthetic
aperture image. A scanned antenna can also be used to produce a
synthetic aperture image. Finally, scanning in both cross-track and
down-track allows formulation of three-dimensional images. Doing
so, however, requires careful attention to knowledge of antenna
position and correction of propagation effects within the soil.

There should be a clear connection between an operational concept
for GPR in countermine operations and a focused plan for conduct-
ing the necessary supporting research and obtaining needed engi-
neering design data. The focus of the JUXOCO report [1] is on defin-
ing the research necessary to design an optimal operational system,
not to design the operational system forthwith. As such, it is impor-
tant to remember that the recommendations herein are for instru-
mentation and experiments to collect necessary data rather than to
support operational requirements. We will generally want data-



Appendix F 147

collection experiments to cover a wider range of operating parame-
ters than would be practical for a fielded system so that we can be
confident that the limits of the operating system are optimally
chosen.
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ACOUSTIC/SEISMIC METHODS (PAPERI)

James Sabatier, University of Mississippi*

BASIC PHYSICAL PRINCIPLES AND MINE FEATURES
EXPLOITED BY THE TECHNOLOGY

Acoustic-to-seismic (A/S) coupling-based mine detection is based
on the ability of sound to penetrate the ground and excite reso-
nances in buried compliant objects [1]. Sound produced in the air
efficiently couples into the first 0.5 m of the soil because of the
porous nature of weathered ground resulting in acoustic vibrations
that are sensitive to the presence of buried mines. This phenomenon
has been termed “acoustic-to-seismic coupling” in the research liter-
ature. Off-the-shelf loudspeakers are used as the sound source and
readily available laser Doppler vibrometers (LDVs) are used to mea-
sure the increased ground vibrations due to the presence of the
buried mine [2]. The use of airborne acoustics for mine detection
exploits three new phenomena that previously have not been
explored for the purpose of buried mine detection. First, a landmine
is a man-made, acoustically compliant object that is much more
compliant than soils. This results in a high-vibration contrast
between soils and buried mines that does not occur because of the
presence of rocks, roots, and other man-made solid objects, such as
concrete and metal. Second, the mine is a nonporous object that
offers additional contrast to the porous soil in the presence of cou-
pled sound. Third, the interface between a mine and the soil has
been shown to be nonlinear; the interface between the soil and the

1Originally published (in another format) for the U.S. Army, January 2003.
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mine is not continuous when vibrating. This phenomenon results
from the strong acoustic compliance of the mine compared with soil.
This nonlinear phenomenon allows for unique measurements that
are in theory absolutely free of false alarms [3].

STATE OF DEVELOPMENT

Is the technology in basic laboratory research, or has it been field
tested? What organizations and research programs are examining it?
What are the realized or projected costs of field testing?

Extensive laboratory and field research of A/S coupled buried mine
detection has been performed in recent years. Because of the applied
research development level, an operational configuration for system-
level development test and evaluation and operational test and eval-
uation has not been established. Both nonlinear and linear acoustic
techniques are currently being field tested by the University of Miss-
issippi’s National Center for Physical Acoustics (NCPA) and Stevens
Institute of Technology (SIT). NCPA, working with Planning Systems
Inc. of Slidell, La., and MetroLaser Inc. of Irvine, Calif., is developing
an acoustic-based antitank mine detection data collection platform
with multiple laser vibrometers for the U.S. Army Communications—
Electronics Command Night Vision and Electronic Sensors Direc-
torate (NVESD), Fort Belvoir, Va., that will move at a few kilometers
per hour with a 1-m-wide swath. The Army Research Office and the
Office of Naval Research have also provided additional funds for
related research to NCPA. Current budgets for the NCPA and SIT
efforts are provided by the congressional plus-ups and have totaled
approximately $3 million per year. Because of the expressed interest
of the sponsor, the majority of the funds are used for the antitank
mine detection effort.

CURRENT CAPABILITIES AND OPERATING
CHARACTERISTICS

What receiver operating characteristics (ROCs) have been realized in
either laboratory or field tests? What are typical implementation (e.g.,
scan and investigation) times?
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NCPA has collected A/S coupled mine detection data on more than
300 separate buried antitank and antipersonnel landmines and hun-
dreds of square meters of clutter spots at U.S. Army field sites in
Northern Virginia and Arizona. These sites have allowed for the
technology to be tested under a wide range of environmental condi-
tions. Blind tests of this technology, sponsored by the Army, have
resulted in unprecedented results for the high probability of detec-
tion and low false alarms [4]. NCPA has provided A/S coupled mine
detection data to the Army which has in turn been provided to uni-
versity faculty in Florida and Missouri and to other Army contractors
for the purpose of automatic target algorithm development. The use
of these algorithms has resulted in almost perfect detection and zero
false alarm rates [5]. The current implementation using a single LDV
for data collection requires approximately two minutes to scan a
square meter since it can only interrogate a single point on the
ground at any given time.

KNOWN OR SUSPECTED LIMITATIONS OR RESTRICTIONS
ON APPLICABILITY

Under what conditions (background clutter, mine type, environmen-
tal conditions, etc.) should the technology perform exceptionally well
or poorly? What are the principal factors limiting current perfor-
mance?

The ideal operational condition for A/S coupled mine detection is a
desert, sandy soil environment. The most serious limitation of the
physics of A/S coupled buried mine detection is attenuation of the
acoustic signal with depth, realistically limiting the detection depth
to less than 30 cm. The technique is immune to moisture, weather,
acoustic, and seismic noise sources as well as most natural clutter,
including rocks and roots. Some man-made compliant objects, such
as empty soda and paint cans, will emulate landmines. Based on
winter testing in Alberta, Canada, hard frozen ground may also limit
the capability of this sensor. From a measurement standpoint,
detection speed is currently a limiting factor, as is the presence of
heavy vegetation on the ground. Detection speed is limited by the
measurement technology, which currently uses only a single LDV.
Also, heavily covered grassy surfaces, particularly those with dead
vegetation not directly rooted into the soil, present a challenge to the
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LDV currently used to measure the A/S coupled vibrations at the
ground’s surface.

ESTIMATED POTENTIAL FOR IMPROVEMENT IN THE
TECHNOLOGY OVER TWO TO SEVEN YEARS

Can the current limiting factors be overcome, and if so, what is the
best realistic performance (in terms of ROCs and operational times)
that could be expected?

Considering that the ideas presented thus far have been funded and
investigated for less than five years, the results are phenomenal. The
most significant progress to be made will be in the area of the sensor
used to measure the surface vibrations. Europe leads the world in the
development of optical techniques for vibration sensing and the
sensors used to date in the program are purchased from European
countries. Significant increases in detection speed up to a 3-m swath
at a few kilometers per hour may be accomplished through the use of
multiple LDVs operating in parallel or development of alternative
sensors. Potential alternative sensors for vibration measurement
include Doppler focal plane array cameras, optical tilt cameras,
Doppler radar, Doppler acoustics, and holographic speckle sensors.
These alternatives face challenging sensitivity issues, and some,
including Doppler radar and acoustics, have been able to sense the
vibrations from mines in vegetation under laboratory conditions.

OUTLINE OF A SENSIBLE RESEARCH AND DEVELOPMENT
PROGRAM THAT COULD REALIZE THIS POTENTIAL, WITH
ROUGH PROJECTED COSTS TO THE EXTENT POSSIBLE

The crucial elements of an A/S coupled mine detection research and
development effort must include development of a continuously
moving LDV array, further research into nonlinear acoustic phenom-
ena, and investigation of alternative sensors. To further increase the
probability of detection and reduce false alarms, NVESD is planning
to fund an effort to fuse NCPA’s A/S technology with a ground-
penetrating synthetic aperture radar (GPSAR) developed by Planning
Systems Inc. These two technologies are orthogonal in that they
exploit disparate physical phenomena yet produce data in similar
formats allowing fusion at the pixel level. They optimally operate
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under different conditions. Whereas A/S mine detection is limited to
shallower depths, GPSAR works best at greater depths. A/S mine
detection works best against plastic mines, while GPSAR works better
against metallic mines [6]. Consequently, an ideal mine detection
program would not only address the A/S issues but would also incor-
porate sensor fusion to include the GPSAR capability as well.

As mentioned above, the current mine detection effort is primarily
focused on antitank mine detection at the direction of the sponsor.
Because of the smaller size and multiplicity of shapes encountered in
antipersonnel mine detection [7], a separate, independent program
is advisable. NCPA estimates a need for approximately $3.5 million
per year for four to five years to make this system ready for use.
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Appendix H
ACOUSTIC/SEISMIC METHODS (PAPERII)
Dimitri M. Donskoy, Stevens Institute of Technology

PHYSICAL PRINCIPLES

The essence of the acoustic/seismic approach is to excite low-
frequency (typically below 1,000 Hz) vibration of a buried mine and
measure surface “vibration signature” above the mine using remote
sensors. Excitation of a mine and surrounding soil is achieved by
using airborne (acoustic) and/or solid-borne (seismic) waves.
Remote sensing is achieved with laser Doppler, microwave, or ultra-
sonic vibrometers.

The technique does not depend on the material from which the mine
is fabricated, whether it be metal, plastic, wood, or any other mate-
rial. It depends on the fact that a mine is a “container” whose pur-
pose is to contain explosive materials and associated detonation
apparatus. The mine container is in contact with the soil in which it
is buried. The container is an acoustically compliant article whose
compliance is notably different from the compliance of the sur-
rounding soil. Dynamic interaction of the compliant container and
the soil on top of it leads to specific linear and nonlinear effects used
for mine detection and discrimination. The mass of the soil on top of
a compliant container creates a classical mass-spring system with a
well-defined resonance response. In addition, the connection
between mass (soil) and spring (mine) is not elastic (linear) but
rather nonlinear because of the separation of the soil/mine interface
in the tensile phase of applied dynamic stress. These two effects,
constituting the mine’s “vibration signature,” have been measured in
numerous laboratory and field tests, which proved that the reso-
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nance and nonlinear responses of a mine/soil system can be used for
detection and discrimination of buried mines. Thus, the fact that the
mine is buried is turned into a detection advantage. Because the
seismo-acoustic technique intrinsically detects buried “containers,”
it can discriminate mines from noncompliant false targets, such as
rocks, tree roots, chunks of metal, bricks, etc. This was also con-
firmed experimentally in laboratory and field tests.

STATE OF DEVELOPMENT

The technology is at the applied research stage. This consists of a
considerable amount of laboratory research. The University of Miss-
issippi and Stevens Institute of Technology have gone into the field
to take data under semi-realistic conditions at Army test lanes. The
Georgia Institute of Technology may soon initiate field tests as well.
The University of Missouri, University of Florida, Ohio State Univer-
sity, SAIC, and Scientific Systems Company Inc. make efforts in the
area of data processing and automatic target detection using seismo-
acoustic data. MetroLaser Inc. has a program to build improved laser
Doppler vibrometers, which would improve speed and sensitivity.
Stevens Institute of Technology, in collaboration with Land Mine
Detection System Inc., is in the process of developing an inexpensive
microwave vibrometer/seismometer. The Army’s Night Vision and
Electronic Sensors Directorate has an in-house research program,
funds most of the preceding organizations, and provides test facili-
ties, coordination, and oversight.

Field testing is an integral part of the overall program and cannot be
priced separately.

CURRENT CAPABILITIES AND OPERATING
CHARACTERISTICS

Excellent receiver operating characteristic (ROC) curves have been
obtained against antitank mines. ROC curves do not exist against
antipersonnel mines, although for some implementations very
promising results were demonstrated.

Scan times are at present relatively slow: An off-the-shelf scanning
laser Doppler vibrometer scans at discrete points with 50-100 m per
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dwell point. Antitank mines may require approximately 5-10 cm
spatial resolution, while antipersonnel mines may require 1-2 cm
resolution. Scan time is 6-45 seconds per square meter for antitank
mines and 125-1,000 seconds per square meter for antipersonnel
mines. However, several efforts are under way to greatly improve the
speed. Specifically, an array of inexpensive sensors could increase
scanning speed to at least an order of magnitude.

KNOWN OR SUSPECTED LIMITATIONS

The technology is most sensitive to dynamically compliant mines. As
a rule, nonmetallic mines are more compliant and easier to detect
with seismo-acoustic detection.

To the extent that it has been tested, the technology is insensitive to
most clutter and environmental conditions. While the technology
has been shown to work in short grass, the use of a laser Doppler
vibrometer prevents operation in moderate to heavy vegetation, and
new types of sensors are needed to overcome this limitation.

The principal factor limiting current performance is limitation of
existing sensing technology. Commercially available laser Doppler
vibrometers cannot perform continuous scanning, do not provide
adequate sensitivity because of speckle noise, exhibit unstable
behavior in outdoor use because of environmental factors (temper-
ature, humidity, etc.), and have inadequate laser power for soils with
low reflectivity, degrading performance for oblique angles.

POTENTIAL FOR IMPROVEMENTS

Potential improvements include increased operating speed (order of
magnitude), improved sensor sensitivity and stability of operation
under variable outdoor conditions, and development of vegetation-
penetrating sensors to measure ground vibrations. Realistic ROC
curves are expected to be excellent.

OUTLINE OF A SENSIBLE RESEARCH AND DEVELOPMENT
PROGRAM

A research program should address the following major tasks:
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e sensor development to overcome limitations outlined above
» efficient acoustic/seismic energy delivery systems
e algorithms for data processing

» field testing and large-scale data collection.

The estimated cost of this program is $10-12 million per year for
three to four years.
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Appendix I
ELECTRICAL IMPEDANCE TOMOGRAPHY
Philip Church, Neptec Design Group

BASIC PRINCIPLES

Electrical impedance tomography (EIT) is a technology developed to
image the electrical conductivity distribution of a conductive
medium. The technology is of interest because of its low cost and
also because the measurement of the electrical conductivity brings
direct information about the composition of the conductive
medium. Because the ground is conductive to a certain extent, the
technology can also be used to detect buried objects. The application
of landmine detection is of particular interest because the object is
usually buried at shallow depths and causes a discontinuity in the
soil conductivity that can be sensed from the surface of the ground.

EIT uses low-level electrical currents to probe a conductive medium
and produce an image of its electrical conductivity distribution.
While a pair of electrodes is stimulated, the electrical voltage is mea-
sured on the remaining pairs of electrodes. After all the independent
combinations of interest have been stimulated, an algorithm using
the measured data reconstructs an image of the electrical conductiv-
ity distribution within the volume. In the case of ground probing, an
array of electrodes is placed on the surface of the ground to provide
an image of the conductivity distribution below the surface. The EIT
technology will detect mines buried in the ground by detecting
ground conductivity anomalies. The presence of a metallic or non-
conductive mine will disturb the conductivity distribution in the soil.
The signal characteristics are based on the size, shape, conductivity,
and depth of the buried mine.
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Figure 1.1 shows an EIT detector prototype optimized for antitank
landmines. A typical EIT detector has three major components: the
electrode array, the data acquisition system, and a data processing
unit. In this case, the electrode array comprises 8 columns and 8
rows of electrodes—for a total of 64 electrodes. The electrodes are
spring-loaded and can adjust with the terrain variations. The data
acquisition system incorporates the electronics and firmware
required for the electrical stimulation of the electrodes and the
recording of the resulting potentials. Typically the stimulation cur-
rent is on the order of 1 mA and the frequency of the stimulation is
about 1 kHz. The data processing unit is a software application that
processes the raw measurements using a mine detection algorithm
based on a matched filter approach. The detector response is
precalculated for a replica of the size and shape of the object of inter-
est—for a number of grid locations underneath the detector. A corre-
lation is then performed between the detector response for the
replica and the actual detector response obtained from the mea-
surements, for all the replica positions considered. The position that
yields the largest correlation value is identified as the most likely
position for the mine. Figure 1.2 shows an example of the detector

RANDMR1608-1.1

Figure I.1—FEIT Landmine Detector Prototype
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response for a nonconductive mine-like object buried at a depth of
14 cm in a sandy soil. The three-dimensional graph represents the
detector response as a function of the positions in the x-y plane, in
units of meters. The detector provides a similar response for a metal-
lic object, with a sign reversal.

The prototype shown in Figure 1.1 was built in view of evaluating the
EIT technology as a confirmatory detector for antitank mines. A
smaller lab unit was also built, suitable for objects with a size typical
of antipersonnel landmines.

STATE OF DEVELOPMENT

The EIT technology is relatively recent and has been researched
mostly for medical diagnostic applications. The research done in the
application of EIT to detect landmines has been very limited. Under
the sponsorship of Defence R&D Canada-Suffield (DRDC-Suffield),
research has been conducted to assess the EIT technology capability

RANDMR1608-1.2

3D Detection at Depth =-14 cm

Figure I.2—Detector Response for an Antitank Mine-Like Object
Buried at a Depth of 14 cm
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to detect, first, buried unexploded ordnance (UXO) and, later, buried
antitank mines. Wexler was one of the first investigators to apply EIT
to the detection of UXO in the ground [1,2]. The detection of UXO
requires probing depths that are large relative to the size of the
surface electrode array and EIT may not be the best technology for
this particular application. The EIT technology is sensitive to noise,
which prevents its use at depths that are large with respect to the
electrode array size.

It holds promise, however, when the problem is constrained to the
detection of objects buried at shallow depths. The author of this
report, in conjunction with John McFee of DRDC-Suffield, has
recently developed a prototype EIT detector aimed at antitank
landmine detection. Additional details on the detector design and
performance are reported in previous reports by the authors [3,4].

An amount of approximately $400,000 has been invested so far in the
evaluation of that technology for landmine detection. A prototype
EIT detector has been built and evaluated in a laboratory environ-
ment and in a limited set of field trials. Further evaluations are
required to assess its performance in various environmental condi-
tions.

CURRENT CAPABILITIES
Detection Performance

Currently, insufficient data exist to derive a statistically meaningful
set of receiver operating characteristic (ROC) curves. The detector
has been evaluated in soils of conductivity varying from 1 mS per
meter to 15 mS per meter. The detector performed well in detecting
antitank mines and antitank mine-like objects down to a depth of
15-20 cm, where the depth is measured from the top of the object to
the surface of the ground. As a general rule, reliable detections were
obtained down to a range of 1.0-1.5 electrode spacings for objects
with a size on the order of two electrode spacings. The matched filter
approach is also very efficient at reducing the false alarms caused by
objects of different sizes.
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Data Acquisition and Processing Time

The acquisition and processing time is determined by the number of
independent configurations of stimulating and recording pairs of
electrodes. For a 64-electrode detector, there are approximately
2,000 independent configurations. The data acquisition time, using
currently available data acquisition electronics, is on the order of 1
second for a complete scan. The core of the data processing devel-
oped for the current prototype is based on a matched filter imple-
mented through matrix operations. This takes a few seconds in the
Matlab™ tool environment but would take only a few milliseconds
on a dedicated processor.

STRENGTHS AND LIMITATIONS
Strengths of the Technology

In a mine detection application, EIT technology has the following
strengths:

Metallic and nonmetallic landmines. Because the EIT technology
detects a perturbation in the local soil electrical conductivity, it does
not matter whether the perturbation is caused by a conductive or
nonconductive object.

Performance in wet areas. The EIT technology appears to have a
special niche in wet environments, such as beaches, ocean littorals,
rice paddy fields, marshes, and other wet areas, because this is where
EIT works at its best, mostly because the environmental wetness
ensures a good electrical contact. The detector has proven to be un-
expectedly efficient in sand, even if the sand is poorly conductive, as
long as it holds a bit of moisture. Currently, very few detectors can
detect nonmetallic mines buried in wet, conductive areas.

Low cost. The hardware required to build an EIT detector is simple
and of relatively low cost.
Limitations of the Technology

In a mine detection application, EIT technology has the following
limitations:
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Electrode-soil contact. The EIT detector requires an electrical con-
tact between the electrode array and the soil. Electrical contact can-
not be ensured in some environments, and the deployment of elec-
trodes in close proximity to explosives is a potential operational
issue, although no large force is required to achieve the electrical
contact. The use of the detector in a water environment eliminates
the need for a direct contact because the electrical conduction is
achieved through the water medium.

Environment. The EIT detector requires an environment that is
electrically conductive in order that it work properly. The detector
cannot work properly in such environments containing dry sand or
rock covered surfaces.

POTENTIAL FOR IMPROVEMENT

There is significant room for the improvement of the EIT technology
applied to landmine detection. In particular, further work would be
especially useful in the areas of environmental evaluations, deploy-
ment, and instrumentation. This is discussed in more detail below.

Environmental evaluations: Elaborate field trials are required to
better understand the performance of an EIT detector in terms of
ROC curves, in a variety of environments. The EIT technology is
showing a significant potential for the detection of mines in wet envi-
ronments. Further evaluations should be carried out in environ-
ments, such as beaches and marshes, where this detection approach
can make a difference with respect to other landmine detection
modalities.

Deployment platforms: Further work is required to design and eval-
uate deployment platforms for environments where the EIT technol-
ogy is especially promising. Conceptual deployment platforms
include, for example, remote-controlled rovers equipped with elec-
trodes embedded in tracks to go over beaches or flexible mats with
embedded electrodes to be dragged on the bottom of a body of
water.

Instrumentation improvements: Current technology allows for data
acquisition and processing on the order of 1 second. This could be
improved with faster electronics and dedicated processors. The
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development and evaluation of fast algorithms capable of identifying
a conductivity perturbation in environments having a complex con-
ductivity distribution, such as multiple conductivity layers, is also of
interest.

SUGGESTED RESEARCH AND DEVELOPMENT PROGRAM

It is suggested that a research and development (R&D) program
aimed at advancing the EIT technology for mine detection applica-
tions should include the items identified above as “potential for
improvement.” A rough order of magnitude (ROM) cost estimate to
perform such an R&D program is provided in Table I.1.

TableI.1
Suggested R&D Program
R&D Component ROM Cost Description
Environmental $1-2 million Field trial evaluations in environments
evaluations for which the EIT technology is

especially well suited, such as beaches
and marshes.

e Preparation and execution of the
field trials

* Analysis of the data
¢ Preparation of a report and

recommendations
Deployment $5-10 million Design and build prototype platform(s)
platforms that are adapted for the environments
where the EIT performs best.
Instrumentation $2—-4 million Improvements to data acquisition
improvements electronics and data processing

algorithms.
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NUCLEAR QUADRUPOLE RESONANCE (PAPER )
Andrew D. Hibbs, Quantum Magnetics

INTRODUCTION

Nuclear quadrupole resonance (NQR) combines the spatial localiza-
tion capability and convenience of metal detection or ground-pene-
trating radar (GPR) with the compound specific detection capability
offered by chemical detection techniques. Starting in the mid-1990s,
groups at Quantum Magnetics Inc. and the Naval Research Labora-
tory made considerable improvements in the basic scientific and
instrumentation techniques for performing an NQR measurement
over the ground. These advances have led to programs to build a
vehicle-mounted NQR system to work in conjunction with the Army
Ground Standoff Mine Detection System (GSTAMIDS) mine clear-
ance system, and a man-portable system to meet Marine Corps
requirements for a man-carried mine detector. Overall, NQR is the
only new technology in the past 10 years to progress to the stage at
which practical deployment has become a possibility.

NQR is an electromagnetic technique-based operating system in the
frequency range of 0.5-5.0 MHz. Its current limitations for landmine
detection are

* Insufficient signal for rapid detection of small deeply buried TNT
mines

* Radio frequency interference; in particular, commercial AM
radio stations within 20 kHz of the frequencies for detection of
TNT, and electromagnetic noise sources in the immediate vicin-
ity of the system.
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To develop the full potential for NQR landmine detection, a number
of ancillary issues must be addressed:

e Development of techniques to enable an NQR system to operate
while in motion. In its present form, an NQR detection coil can
operate only while stationary.

e Development of array techniques in order to operate multiple
NQR detection coils in close proximity of each other.

* Reduction of the overall system size, weight, and power to enable
integration of an NQR with other mine detection sensors on a
single platform.

* Engineering modifications to improve reliability and reduce
system cost.

There are two general approaches to deploying NQR technology for
landmine detection. The first is to work to solve the basic limitations
(e.g., the first items of the lists above) in order to build a stand-alone
NQR system operating in a conventional sweeping mode detecting
all types of mines. The principal risk is that some problems, item 1 in
particular, may be difficult to solve completely. The second approach
is to focus on using NQR where it is presently strong, such as in the
detection of RDX and CompB mines, or operating in a stationary
mode as a confirmation sensor to augment other mine detection
technologies. This appendix will address the results that can be
expected in taking each of these approaches.

MAGNITUDE OF THE NQR SIGNAL FOR THE EXPLOSIVES
USED IN LANDMINES

In contrast to GPR, metal detection, and many other technologies
that are primarily limited by ground clutter, NQR technology is
usually limited by its own internal system noise. This noise is ther-
mal, which means that extending the interrogation time, t, increases
the overall signal-to-noise ratio (SNR) of the measurement by 't

(for example, doubling the measurement time increases the SNR by a
factor of 41 percent). Cancellation of radio frequency interference
(RFI) appears to scale as 't also, and so its effect can be included by
a fixed decrease in the system SNR. Given that the NQR signal is pro-
portional to the mass of explosive, the most suitable way to describe
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the performance of an NQR system is the SNR per unit time per unit
mass of explosive. The present SNR for the present man-portable
NQR system on 100 g of the three types of explosive used in antiper-
sonnel mines deployed at tactical depths with zero RFI for a 1-
second measurement is listed in Table J.1.1

Because the statistics of the NQR system noise are well defined, the
relationship between the probability of detection (PD) and probabil-
ity of false alarm (PFA) for a given measurement SNR can be accu-
rately calculated. PD/PFA pairs at operating points relevant to mine
detection are shown in Table J.2.

For example, these results show that an NQR measurement on a
small RDX mine in an RFI environment that results in a 20-percent
loss in SNR (the present target for the antitank detection systems)
provides an SNR of 4.7, which is easily large enough to meet present
performance goals. The worst case at the present time is the TNT
antipersonnel mine, for which a 1-second measurement is inade-
quate even under conditions of zero RFI. To combat this, four indi-
vidual measurements are necessary to detect such mines. Unfortu-
nately, a property of NQR for TNT (not shared by RDX and only in a

Table].1
Present Signal-to-Noise Ratio for a 1-Second NQR Measurement of
100 g of Explosive
100 g RDX 100 g TNT 100 g Tetryl
SNRin 1 second 13.1 1.2 10.7
TableJ.2

Example PD and PFA Operating Points 2 to 7 for NQR SNR

Operating Point/SNR
2 3 4 5 6 7
Probability of detection (%) 88.00 91.00 95.00 99.60 99.80 99.99
Probability of false alarm (%) 20.0 5.0 1.0 1.0 0.1 0.1

IThe NQR signal is also temperature dependent and varies a little with ground con-
ductivity. The data are at 20°C and are for typical ground conditions.
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minor form by tetryl) is that immediate repeat measurements are not
possible. Instead, a dead time on the order of 5-10 seconds is
required between TNT measurements (e.g., the optimum time for
four measurements at 20°C is 20 seconds). The need for this dead
time considerably complicates the use of NQR to detect antiperson-
nel mines that contain only TNT.

PERFORMANCE PROJECTIONS FOR NQR AS A STAND-
ALONE MINE DETECTOR

To date, two separate mine detection configurations have been pur-
sued: large vehicle-mounted coils for road clearance applications
and minimal weight systems for man-portable use. The size and
weight of NQR technology is comparable to GPR and metal detection
systems, and so these two categories naturally apply to NQR systems
as well. It should be noted that NQR per se cannot be used to detect
metal-cased mines because of shielding of the applied RF field. How-
ever, a metal-cased mine is easily detected by a low-grade metal
detector and tests have shown that such mines can also be detected
by their electrical loading effect on the QR coil. Furthermore, it is
believed that a stand-alone NQR system could be easily modified to
detect metal-cased mines at a level greater than 99-percent PD, and
so such mines are excluded from this study. To include such mines in
the analysis below, the projected PDs should be increased by a
weighting factor based on the respective ratio of mine types.

Performance of Current NQR Technology as a Stand-
Alone Sensor

As indicated, NQR is adequate to detect RDX and tetryl-based anti-
personnel mines at present tactical depths and for present mine
sizes—but not for small TNT mines. However, not all mines are small
and contain TNT, and it is of practical interest to consider a spec-
trum of explosive types, explosive masses, and mine burial depths.
Computer simulations using outdoor experimental results as cali-
bration have been written to calculate the average PD for the type of
mines contained in the Army test lanes at Yuma (Ariz.) and Aberdeen
(Md.) proving grounds, over the full range of expected temperature
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and mine depths.2 The results are listed in Table J.3 for the man-
portable NQR system presently under development. Also included,
for reference, is the PD on antitank mines for the man-portable
system and also for the vehicle-mounted NQR system currently
under development. The present hardware for these two systems is
shown for reference in Figure J.1. Each system detects mines roughly
within the footprint defined by the diameter of the detection coil.
The vehicle-mounted system is designed to detect antitank mines
only. However, antitank mines are a potential threat in humanitarian
demining, and, in addition, the larger NQR detection coil for the
vehicle-mounted system could be split into a number of smaller coils
to detect antipersonnel mines with a larger area per measurement,
thereby increasing clearance rate.

The projections shown in Table J.3 are fully supported by previous
tests3 and show that NQR has adequate sensitivity in its present form
to provide a threshold level of sensitivity. However, these results
should be viewed with the following caveats, all of which affect the
system SNR and highlight the need for continuing development
efforts in NQR:

1. All NQR systems to date have been operated with a stationary
detection coil. Thus the present systems must be moved from

Table J.3

Projected Results for Detection of Low-Metal Landmines at Aberdeen and
Yuma Proving Grounds (Net PD at 5-Percent PFA Over All Mine Types,
Burial Depth and Temperatures)

Low-Metal AP Mines (%) Low-Metal AT Mines (%)
Man portable 96.7 94.9
Vehicle mounted N/A 99.5

2The variation of SNR with mine depth is very similar to that for metal detectors.
Based on experimental data, ground conductivity is taken to be 50 mS per meter for
the man-portable system and 20 mS per meter for the vehicle mounted.

3The vehicle-mounted NQR system was formally tested at Yuma Proving Ground in
April 2002. The final test results have not yet been made available for release. In a dry
run, in February 2002, the system recorded 100-percent PD (63/63).
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RANDMR1608-J.1

Figure J.1—Present Configuration of the Man-Portable (left) and Vehicle-
Mounted NQR Systems (right)

point to point, stopping to carry out the measurement. Prelimi-
nary experiments show that the NQR signal for a moving system
is about a factor of 2 lower than that for a stationary system and
that this signal decreases by about 10 percent going from
velocities of 1 to 3 m per second.

2. The projections for the present performance are for a coil-to-
ground standoff of 2.0 cm and antipersonnel mines at depths of
up to 7.5 cm. This is comparable to the present use of the Hand-
held Standoff Mine Detection System (HSTAMIDS) currently
being developed by the Army, but the NQR signal decreases
more with increased standoff than GPR. Increasing the separa-
tion from the mine to the NQR by 1 cm reduces the SNR by a
factor of approximately 30 percent.

3. The analysis assumes that the background RFI level is mitigated
to within 1 decibel of the coil noise floor. There is an insufficient
amount of field data at this time to know to what extent the 1-
decibel target can be met, but the RFI level is generally low in
regions where humanitarian demining is needed. Note that the
question of RFI for NQR is analogous to the problem of clut