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Automated Identification of Buried Landmines Using
Normalized Electromagnetic Induction Spectroscopy

Haoping Huang and 1. J. Won

Abstract—Electromagnetic induction spectroscopy (EMIS) is
used to identify a buried metallic object such as a landmine, based
on its EMI spectrum. EMIS, however, depends on the object’s
electrical conductivity, magnetic permeability, shape, size, depth,
and orientation. For a given mine made of specific metals, shape,
and size, however, the only variables are the mine’s burial depth
and orientation. This paper describes a method of identifying a
landmine using a normalized EMIS spectrum, which is indepen-
dent of the orientation or depth. We assume that the target is small
compared with its distance to or size of the sensor so that the source
field at a target is uniform. In this case, the normalized spectrum
will be range-independent and, therefore, the target identification
is based on only spectral shapes. We have developed and tested
an algorithm that matches a normalized EMIS spectrum to those
of library targets. We applied the new process to 1) numerically
simulated data, 2) experimental data from controlled sites using
inert mines, mine simulants, and clutter items, and 3) finally
extensive field data collected at a blind test site established by the
U.S. Army. Test results show that targets are correctly identified
with a misfit of less than 10%; they also show that 80% of clutter
may be rejected, based on a misfit over 30%.

Index Terms—Electromagnetic induction spectroscopy, identifi-
cation, landmine, normalization.

|I. INTRODUCTION

LECTROMAGNETIC induction spectroscopy (EMIS) isa
promising new method of identifying a buried metallic ob- 7
jectsuchasalandmine, based onits spectralresponseoverabroad ™
induction bandwidth [1], [2]. One of the outstanding issuesisthgl. 1. GEM-3 monostatic broadband EMI sensor.
most metal detectors can detect small metal pieces such as land-
mines, but cannot effectively discriminate alandmine amid ubig- Il. EMIS SENSORS
uitous false alarms in a cluttered environment. False alarms ares sadband sensors suitable for the EMIS application are
anomalies caused by other metallic objects, soll heterogeneitil%%(_:‘r new and still in their commercial infancy. The GEM
and other natural and cultural features. False alarms resultin Dries developed by Geophex is one such group of sensors
necessary excavations and, thus, significantly contribute to

) . T t are commercially available and have been used at many
costoflandmlnecIearance.Amajorresearch|n|t|at|ve,therefog?wironmental sites, including those containing landmines and

is to develop discrimination (target identification) Capabi”tiesunexploded ordnance [1]-[8]. The GEM-3 sensor (Fig. 1)

EMIS response of a metal object depends on its conductivifyasigned particularly for detecting small metallic targets, is
magnetic permeability, shape, size, orientation, and depth. Coe for the experimental results reported in this paper.
binations of these factors may yield similar spectral responsesrpe GEM-3 operates in a bandwidth from 30 Hz—24 kHz. The
for different targets. Even though the spectral response may 8@hsing head consists of a pair of concentric, circular coils that
be unique for a target, the method can significantly reduce thesmit a continuous, broadband, digitally controlled, electro-
number of falsg alarms and reject clutter. We describe in t'?ﬁagnetic (EM) waveform. The two transmitter coils connected
paper a normalized EMIS response that can be used to idenfjfy, opposing polarity, with precise dimensions and placement,
a target. create a zone of magnetic cavity at the center of the two coils. A

magnetic cavity is defined as a region where a directional sensor,

Manuscript received July 5, 2001; revised November 24, 2002. This wogdaced in a specified orientation, produces zero signal induced
was supported by the U.S. Army Night Vision Electronic Sensor Directorafgom the magnetic field. The GEM-3’s receiving coil is placed
(N¥Ees aDJihorS are with Geophex, Ltd., Raleigh, NC 27603 USA. within this magnetic cavity so that it senses only the weak, sec-
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Fig. 2. Computed EMIS spectra of (a) nonpermeable and (b) permeable spheres with conductivity, relative permeability, radius, and depthl ashedicate
rectangles show the current GEM-3 bandwidth. The solid lines stand for the in-phase, and the dotted lines for the quadrature (same for thegeras)ning fi

Ill. ELECTROMAGNETIC INDUCTION SPECTROSCOPY a particular landmine or, if no match is found, to declare it as
F_Iutter. A given minefield would likely contain only a few types

When an electrically conductive and/or magnetically pe ) ¢ ¢ which d simolif th tchi
meable object is placed in a time-varying electromagnet?é mines at most, which would simplify the matching process.

field, a system of induced current flows through the object. By
obsgrving a small secondary magnetic field emanating 'from IV. NORMALIZED EMIS SPECTRUM
the induced current, we attempt to detect the object; this is the
foundation of the well-known electromagnetic induction (EMI) The EMI spectral response of an object is a function of its
method. This method, however, cannot distinguish one metakitectrical conductivity, magnetic permeability, shape, size,
object from another, so the number of false targets generaflgpth, and orientation. For a specific landmine, however, its
far exceeds that of real targets. In other words, it detects meshhpe, size, conductivity, and permeability are given, leaving
objects indiscriminately and, thus, produces much wasted efforientation and depth as the only variables. For the orientation
in excavating false targets. But by measuring the broadbaisgue, we may apply, given the depth, a preprocessing step that
spectrum of the secondary field, we obtain a distinct spectfids the data to a tensor dipole model, from which estimates
signature that may identify the object. Based on the respor@fethe target orientation are derived [13], [14]. Once this is
spectrum, we can “fingerprint” the object. This is the basidone, the target can be effectively rotated into a principal axis
concept of EMIS. coordinate system, and the spectral response in this system can
Although EMI physics is completely described by Maxwell’'s)e compared against those of library objects.
four equations, analytical solutions beyond the simplest geom-We do not consider the orientation issue a serious problem
etry are rare. Thus, we have to obtain the spectral responsedifetause common landmines have cylindrical symmetry and are
most landmines by using physical modeling. Numerical motkid flat for vertical pressure activation. Since the GEM-3 also
eling is easy and fast, but limited to the simplest geometry, sulsas a cylindrical symmetry, the mutual view is fixed when the
as a sphere, which is a useful model because small landmisessor is directly above the mine, and thus, the only factor left
often respond like a sphere. The EMI responses of a conductiselepth with which the spectral response may vary.
and permeable sphere excited by a dipolar alternating magnetitet us assume that the metal parts are small compared to the
field are given by Wait [9], [10], Grant and West [11], and Wardgize of, or distance to, the sensor, so they can be treated as a point
and Hohmann [12], among others. Fig. 2 shows the theoret-a small sphere such that the source field at the point may be
ical spectral responses of nonpermeable and permeable sphe@ssidered uniform. Large mines or clutters may be recognized
Available spectral bandwidth is dictated by hardware, and thefesm the audible tone. Then, the sensor can be raised at a proper
fore, each sensor may have a different frequency window, lagight to make the primary field uniform at the target. Under
shown in Fig. 2. Obviously, the wider the window, the better thiais condition, a mine would produce the same spectral shape
chance of identification. regardless of its distance to the sensor. To equalize the spectral
A general approach for identifying a landmine, as well as f@hape, we normalize an EMIS spectrum by setting, for example,
discriminating between landmines and clutter, is to match tite highest in-phase value to one; in this way, the normalized
EMIS spectrum measured above a target against signatures fielilS spectra measured at various depths will be equal.
known mines that are stored in a library. In a simple scenario, Table | shows properties of the landmine simulants used for
we first conduct a detection survey using multiple frequenciesir initial controlled experiments. These are surrogate mines
optimally chosen for a given geologic and cultural environmentithout explosives and have been developed and manufactured
Once a target is suspected (e.g., using audible tone), we plagethe U.S. Army as compositional representatives of all ex-
the sensor directly over the target (a spot of highest tonal outpising landmines, thus suitable for experiments related to mine
and record the target’s spectrum, which is then scanned throutgiection and classification issues. As can be seen in Table |,
a spectral library for matching, in order to identify the target asome of the simulants consist of multiple metal parts that are
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TABLE |
LANDMINE SIMULANTS AND THEIR METAL CONTENT AND SIZE. THE REST SHOWS EXPERIMENTALLY DETERMINED CONDUCTIVITY,
RELATIVE PERMEABILITY, AND RADIUS OF AN EQUIVALENT SPHERE

Simulants | Metal Contents Size (cm) 6 10°(S/m) | p, | a(em)
Co Carbon steel ball 0.32D. 1.00 5.50 | 0.16
Eo Carbon steel pin 0.69x0.16 D. 4.00 5.50 | 0.15
Go Copper tube 1.28x0.32 0.D. | 12.48 11029
Iy Aluminum tube 1.28x0.48 O.D. 7.37 1 ]0.38
Ko Aluminum tube+ 1.28x0.64 O.D. 4.67 1.53 | 0.47
Eo 0.69x0.16 D.
M, Aluminum tube 3.84x0.64 O.D. |3.23 1 |0.67
Oo Steel pin+ 1.38x0.16 D. 1.25 5.2510.89
Mo+ 3.84x0.64 O.D.
Carbon steel spring+ 2.56x0.88
Carbon steel ball 0.64 D.

X&Y

X&Y

log (f) |
-0.5 T T ; T T T T T
Fig. 3. Measured spectrum (circles) of a mine simuldag is fit to 1 2 3 4 5 6 7 8 9 10
the computed normalized spectrum (lines) to determine conductivity and log(

permeability of an equivalent sphere. The solid circles stand for in-phase, and

open circles for quadrature (same for the remaining figures). Fig. 4. Normalized EMIS spectra of a sphere, equivalerit{o as a function

of its distance to the sensor. The maximum in-phase values are normalized to

one.
close to each other, so that the assumption of a point or sphere

model is satisfied. Otherwise, the sensor may be raised at a] ) , ,

higher position to satisfy the assumption. We first experimefiO!l radius of 20 cm and, during a survey, the sensor is usu-

tally determined the conductivity and magnetic permeability &flY Several centimeters above ground, we may assume that the

each simulant by fitting its observed EMIS spectrum to the corf@Urce field is uniform across the target. For a given landmine,

puted spectrum of an equivalent sphere. For example, Figghgrefore, an amplitude-normalized spectral response would be

shows such a fit fod<,, a simulant consisting of a small alu-independent of sensor height. Once a library of landmine signa-

minum tube and a carbon-steel pin. Because there is no simiyees has been collected and stored, we proceed with the identi-

solution for a cylinder for the current sensor geometry, we wilication, using a process expressed as

use a sphere for numerical modeling for these mine simulators.

The right-hand column in Table | presents volume-equivalent

sphere radii of the simulants, all of which are smaller than 1 cm. ) )
Fig. 4 depicts EMIS spectra df, for several values of /a, X = I Mo,

wherez is the depth to the center of the sphere anid the Z (‘Xf

sphere radius. The spectral shape varies much wlien< 5 =1

due to near-field effects. When/a > 5 or at far field, the

spectra are virtually the same because the source field at the

sphere is approximately uniform. For given conductivity an@herey is the misfit in percentX; andY; are the measured

permeability, the spectral shape depends/fin The curves will normalized in-phase and quadrature responséh &equency;

shift to the lower frequency for a larger target and to the highé; andY; are the normalized in-phase and quadrature in the li-

frequency for a smaller target. To meet the uniform source fiefdary forith frequency angth landmine typeM is the number

condition for large targets, we may raise the sensor to increagdrequencies; andv is the number of landmine types stored

z so as to keep/a > 5. in the library. The measured spectrum is scanned through the li-
As noted in Table I, all simulants have an equivalent radidsary to find a best match. Then, according to the goodness of

less than 1 cm. Since the GEM-3 used for this study has an outsatch, we may declare the object as a particular landmine or

Y- v/

)

M .
. (|x - x|+
1=1

+ ‘Yﬁ

i=1,2,...,N (1)
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Fig. 5. Normalized EMIS spectra of six mine simulants, located at 10 cm from the GEM-3, using equivalent spheres as shown in Table |. Rectargiles indicat
current GEM-3 bandwidth.

TABLE I TABLE 1l
MATCH SCORESWHEN THE SIMULATED DATA ARE ADDED WITH NOISE OF5% MATCH SCORESWHEN THE DATA ARE ADDED WITH CONSTANTS OF5% TO
TO 70%. WHEN THE PROCESSCORRECTLY MATCHES A TARGET TO I TSELF, 70% OF THE IN-PHASE DATA AT THE HIGHEST FREQUENCY. SCORING
THE SCOREIS “1.” WHEN IT PICKS ITSELF AS THE SECOND CHOICE, THE METHOD IS THE SAME AS THAT IN TABLE Il. THE DECIMAL NUMBERS
SCOREIS “2,” ETC. NOTICE THAT FIVE OUT OF SEVEN ARE CORRECTLY IN THE RIGHT-HAND SUBCOLUMNS ARE THE MISFITS IN PERCENT

IDENTIFIED EVEN WHEN THE NOISE LEVEL IS 70%

Target | 5%  [10% [ 15%  [20%  [30%  [40% | 50% | 70%
Target | 5% | 10% | 15% | 20% | 30% | 40% | 50% | 70% Co 110701113 [1]18 [1]23 1132 [1]39 |[1]46 [1]57
Co T 11 11 11 1 11 11 11 By (11101119 [1]27 |113.5 |[1]48 |1160 [1]7.0 [1]86
E, N IS B B B I Go 121932117712 2543 3253450355713 6503803
G T B B R e e T, |1]8.1]1]174]2]250]2 3202|443 2] 548]2]639]2]79.0
0 Ko 117511143 1]20.6]1]263] 113643 45.1]4]526]4]649
Iy 1 |1 L 12 J2 |2 |2 |2 M, | 118410161 1]23.1]1]295|1]408|1]505]1]589]1]72.8
Ko 1 |1 1 1 1 1 1 1 0o |1]3.9/1]7.5 |1]10.8]113.8|1]19.1]1]23.6]1]27.5|1]34.0
My 1 1 1 1 1 1 1 1
Op 1 1 1 1 1 1 1 1

Absolute amplitude of the response is proportional to the total

reject the object as clutter. The declaration requires establishfi§tal contentand, therefore, an importantindicator for the mine
a match threshold, perhaps for each mine separately, base§igs- Ve define the total amplitude as

experiments. The criterion should err on the side of the caution M

so.that the process, when not certain, sides with declaring an A= Z(x? )2 @)
object as mine rather than as clutter. Py
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Fig. 6. Measured EMIS spectra (left) for five mine simulats I, Ko, Mo, andO, located at varying distances to the GEM-3 sensor and their corresponding
normalized EMIS spectra (right).

wherez; andy; are the observed in-phase and quadrature datdla simulants listed in Table I. We then cross-matched the com-

sth frequency. Thus, even when an observed spectrum matcheted spectra by computing misfits among each other, based

well in shape with a library spectrum, the object may be declared (1).

clutter if the total amplitude is significantly wrong within an  Fig. 5 shows the normalized EMIS spectra for the simulants,

assumed depth range. except for £y whose spectrum is very similar to that 6f,.

Mines with very small metal parts, such & and E,, ex-

hibit their spectral peaks higher than the current GEM-3 upper

frequency limit. To detect and discriminate these mines, the
We used a conductive and permeable sphere as a mobdahdwidth must be increased by one or two decades. Simu-

since it has an analytic solution [9]-[12]. The frequency bantknts Gy, Iy, and M, have similar spectral responses because

width used in this study is from 10 Hz to 100 kHz. We first builthe response parameteruw)!/2a is very close for these tar-

a spectral library consisting of spheres equivalent in volume gets. Therefore, it would be difficult to discriminate among

V. NUMERICAL SIMULATIONS
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Fig. 6. (Continued)Measured EMIS spectra (left) for five mine simulatis, I,, K, M,, andO, located at varying distances to the GEM-3 sensor and their
corresponding normalized EMIS spectra (right).
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Fig. 7. Measured and normalized EMIS spectra (circles) of four mine simufants,, My, andO, buried in a hard clay ground, along with the best matching
library spectra (lines) all of which are correctly identified.



646 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 3, MARCH 2003

100
5 VS22 900 09 | PMA3
o w0
Q
.0-
> 0 - oo > 04
L] o3
X -50 x
100 -0.1
- (] -
. O 1 =829% 2= 4.95%
-150 ; ; -0.6 ; ;
100 1,000 10,000 100,000 100 1,000 10,000 100,000
f (Hz) f (Hz)
(a) (b)
2.0 1.0 »
1.5 4 L, O,
o M14 o % VS50
0 - ¥ 0.5 {
> 05 - >
o3 o3 -
x 00 < °
05 | 0.0 {
= ()
-1.0 - L = 223% . x =6.45%
-1.5 } ; -0.5 ; ‘
100 1,000 10,000 100,000 100 1,000 10,000 100,00
f (Hz) f (Hz)
() (d)
25 . 15
el
204 TS50 1.0 VVALsc? o
o
1.5 4 K
> 9 > 051
s 1.0 o" o
x b x 4
0.5 - ,0° 00
00] ©00-0°° 05 |
’ % =7.32% x =3.84%
0.5 , — -1.0 T SR :
100 1,000 10,000 100,000 100 1,000 10,000 100,000
f (Hz) f (Hz)
(e) ®

Fig. 8. Measured EMIS spectra (circles) obtained from six landmines, along with the best matching library landmine spectra (lines) all of whiebtlgre co

identified.

them in practice. Howevei(, is big in size so that amplitude Off-diagonals are misfits between two different simulants; for
of response will be high, which can be incorporated into thiestance,x;s (=91.90) is the misfit betwee6', and M,. We
identification process.
To test the matching algorithm, we cross-matched the specla—are small, as can be seenigu, x43, X36, X63, X46, and
computed for seven mine simulants and derive a misfit matrigs, indicating that it would be difficult to discriminate among

note that the misfits for three nonferrous targetsy+1,, and

using (1) them. It is noted that the matrix is not symmetric as indicated
by the denominator in (1).

0 18.41 89.83 89.92 80.77 91.90 52.59 We would not have a perfect match in the real world, so that

1871 0 75.61 75.71 65.94 77.95 36.07 a misfit threshold should be established for each mine. If the

145.61 120.59 0 0.17 19.45 3.85 77.75 misfit is below the established threshold, we may accept the

x=| 145.62 120.63 0.17 0  19.53 3.68 77.78 object as the corresponding landmine; otherwise, we declare it
115.81 93.04 17.21 1730 O 19.20 51.57 as clutter. In general, the threshold should be on the safe side
145.69 121.59 3.76 3.60 21.23 0 78.25 so as to prevent a landmine from being classified as clutter. The

55.25 37.29 50.40 50.47 37.79 51.86 0 threshold may vary depending on mine type, local geology, and

(3) cultural noise level of each minefield.

There are two major noise sources: random noise and geolog-
Here, the rows stand for the seven simulants (in the ordeal background noise. For GEM-3 geometry, ground conduc-
of Cy, FEo, Go, 1y, Ko, My, and Op) in the library, and the tivity has little effects in the EM data when targets are metallic.
columns are the same simulants in the same order, now usad susceptibility, however, impacts greatly on the in-phase
as unknown targets. Each diagonal element represents wHata, as observed over magnetic geology such as volcanic rocks
a simulant is matched against itself, which results in a zefbasalt, diabase, etc.) and lateritic soils (residual soil containing
misfit for noise-free data, indicating that the match is perfedton oxides and other magnetic minerals). In such places, the
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Fig. 9. Normalized spectra of selected clutter items (circles), along with the best matching library spectra (lines) shown in Figs. 7 and 8udttisattmegority
of the clutter can be correctly rejected.

in-phase component becomes negative but constant at all freThe effect of soil susceptibility is assessed by shifting the
quencies and is sensitive to the sensor height. Therefore, ith@hase components by a constant and cross-matching the
background noise comes from the variations in susceptibilispectra for seven mine simulants. The constant is supposed to
and the sensor height. If the susceptibility or the sensor heidfe the residual background. Table 11l summarizes the matching
varies rapidly from place to place, the spectrum will be distortedcores for the added constants from 5% to 70% of the in-phase
For identification, we measure both the target and backgrouddta at the highest frequency. Again, the in-phase shift has
spectra at the same sensor height for a few seconds, whicharkigh impact on small nonferrous objectsy and Iy, as
subtracted each other to remove the background response indicated by their low scores even for a small shift. It should be
We now assess the effect of noise by adding random noisated that the score depends upon the items in the library, while
to the data and deriving a misfit matrix similar to (3). Table Ithe misfit depends upon the absolute value of the in-phase shift.
summarizes the identification scores for the added noise levélseese may explain the high score for,, whose spectrum
from 5% to 70%. The number in each cell denotes the rankisf very different from the others and the added shifts may
target selection: if the process selects the correct target astibesmall, since its in-phase value at the highest frequency is
first choice, the number is one, while if it selects the correcglatively small.
target as the second choice, the number is two, etc. All targets
are correctly identified for noise levels up to 10%. Even ata 70%
noise level, the process still correctly identifies five out of seven
mines. The noise mainly affects the small nonferrous simulantsWe then tested the identification process using a GEM-3
Gy andly. This is expected because their spectral responses sgasor, the mine simulants and inert mines. First, the assump-
very similar to each other as shown in Fig. 5. Random noisien of uniform primary field should be proved. We placed
appears to cause little impact on the results because the librargnine simulant in either air or soil and then measured the
is small, and the signatures are relatively distinct. response at several heights above each target. Fig. 6 shows the

VI. EXPERIMENTAL RESULTS
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Fig. 9. (ContinuedNormalized spectra of selected clutter items (circles), along with the best matching library spectra (lines) shown in Figs. 7 and 8. It is obvious
that majority of the clutter can be correctly rejected.

observed (left) and normalized (right) spectra for simulatts TABLE IV

Iy, Ko, My, andOy. The observed amplitude decreases as thé.ANDMINES BURIED IN THE BLIND GRIDS AT A U.S. ARMY TEST SITE. AT
0, £30, 220, 0- STANDS FORANTITANK MINE, AP FOR ANTIPERSONNELMINE, M FOR

distance increases. When normalized against the amplitude, | srgeE METAL CONTENT, AND LM FOR LOW METAL CONTENT
however, the spectral shape becomes remarkably similar for

all distances, indicating that the distance is nothing but a scale Mine name | Type | Burial Depth
factor. This is not surprising because the GEM-3 transmitter 5&329 ‘:g ]I\\A/[ ;frt};:il-;smches
coil with a radius of 20 cm can be treated as a large loop in MI19 AT LM | 1-5 inches
comparison with much smaller landmines. Also note that Fig. 6, TMA4 AT LM | 1-5 inches
the actual GEM-3 data, compares favorably with Fig. 5, the VS2.2 AT LM | 1-5 inches
computed spectra using a sphere model. We may choose any TS50 AP LM | Surface-2 inches
one of the heights in Fig. 6 as a library spectrum of a simulant. V850 AP LM | Surface-2 inches
Next, we tested the identification process by burying flush ?;’;M ﬁ%ﬁ g“r?‘ce'g T"CECS
in the soil_ the simulants and severgl inert mings (i.e.,.aII metal T™MEP3 | AT LM lusr ie:l(;e};esmc =
contents intact but without explosives). The library included M4 AP LM | Surface-2 inches

eleven targets: five simulant&y, Iy, Ko, My, andOy; a low-
mﬁsls aglt\iltigkl\sﬁ? \TSInS% YI'SSZSS ; : : (;j \;2/56?%220;&1 EjAaltD o and, with misfits of less than 30%. We may use the total

were acquired at ten simultaneous frequencies from 330 Hzﬁ@pl'tUdeA as shown in (2) to identify these objects further.

. . or instance, the total amplitude of the nickel is much bigger
23.970 kHz. Fig. 7 shows the normalized EMIS spectra of fo‘fﬁan that ofly and, therefore, clutter. Total amplitudes of the

simulants along with the best matched spectra in the libraf ther two items, however, have no significant difference from
Fig. 8 shows similar results for six inert mines. Note that aIi L . ' 9
g ose stored in the library. Therefore, we do not have enough
MISfits are less than 10%. evidence to declare them as clutter. Thus, under a 30% misfit
When a target shows large misfits to all library mines, oné ' ' 0

. . . . 0
may declare the target as clutter. When the misfit is not sufﬁ-menon’ we can reject eight out of ten clutter items, or an 80%

ciently large, however, the entire process is shaky at best. 8tt_er r_ejection in this particular experiment, a significant re-
illustrate this dilemma, Fig. 9 shows EMIS data obtained fro uction in false-alarm rate.

ten clutter items (i.e., not mines) whose signaturesnaten-
cluded in the library. Each clutter is named on the upper left
corner, while the best matched mine and misfit are indicated onThe site consists of a small “calibration plot” containing iden-
the lower-right corner of each panel. It is obvious that the méfied landmines and a large blind test area that contains 980 test
jority of the clutter shows very poor matches to any mines, so sguares of k1 m. Each square may contain at the center amine,
to allow us to correctly declare them as clutter. Three items—thbhutter, or nothing. The calibration plot contains all mine types
1-cm-D nut, the U.S. nickel, and the U.S. zinc penny—matdkee Table IV for the list) that are seeded in the blind grids.

VII. DEMONSTRATION AT U.S. ARMY TEST SITE
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Fig. 10. Normalized EMIS spectra (circles) obtained from six blind grids at U.S. Army Test Site, along with the best matching library landmin@rspsctra
Each target was declared as the indicated best matching landmine.

We operated the GEM-3 at ten frequencies ranging fromOnce we have established the misfit threshold for each mine,
750 Hz to 23.970 kHz. The EMIS library was made from theve may accept a target as a mine if the misfit between the two is
mines seeded in the calibration plot. Fig. 10 shows six exampss tharmve + 2dev and reject it as clutter if greater thane +
spectra obtained from the blind grids, along with their corr@dev. The M14 spectrum shown in the last panel of Fig. 10,
sponding, best matching library spectra. Since all misfits afer instance, matches the library M14 with a misfit of 13.5%,
very low, and the total amplitudes of measured data are within tvich would identify the target as M14 with high confidence
range of those of corresponding library spectra, we identify thelsecause its average misfit could be higher than 20% in this case.
targets with high confidence. The misfit threshold to declarela contrast, we declare the target Fig. 11(a) as clutter, since its
targetas clutter depends on many factors, as we described eantésfit of 7.3% with its closest match, VAL69, is greater than
Generally, the threshold should be inversely proportional to thee + 2dev, even though the absolute value of the misfit is low.
target’'s metal content and proportional to its depth. The tdskewise, the target in Fig. 11(b) matches to the T72 mine very
indicated that the average misfitve) and its standard deviation well; however, the target’s total amplitude is much higher than
(dev) are 2.5% and 0.6% for TM46, 2.7% and 1.4% for VAL69that for T72, and therefore, we confidently declare it as clutter.
4.3% and 4.0% for VS50, and 17.8% and 10.2% for TS50. TheFor the test, we duplicated the data collection using two
figures would be higher as the metal content decreases. GEM-3 sensors, each by a different operator, in order to check



650 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 3, MARCH 2003

15 06
VAL69 0471 172 00000°
0.2 g.-0-0°"°
1.0 o 0.0 ]
° . 0.2 ]
> Seeat > 4
& 05 iy £ o o3 0.4
< ) %0, < -0.6 1
-0.8 4
0.0 | 1.0 ]
1.2] ,
x=73% 1.4 ] x=34%
05 : . 16 : :
100 1,000 10,000 100,000 100 1,000 10,000 100,000
f(Hz) f(Hz)

(@) (b)
Fig. 11. Normalized EMIS spectra (circles) obtained from two blind grids at U.S. Army Test Site, along with the best matching library landmir@reg®ctra

TABLE V opportunities for false alarms; theaxis is the probability of
COMPARISON IN TARGET DECLARATION STATISTICS OF TWO GEM-3 detection (PD), which is the number of correct declarations
SENSORSTHAT WERE USED INDEPENDENTLY BY DIFFERENT .. . "
OPERATORS ATU.S. ARMY TEST SITE divided by the number of target detection opportunities. The

results from the two GEM-3 sensors are virtually the same,

Mine Name | Quantity Declared although the data have been collected and processed indepen-
VTS ?emoré §ensor7 dently. The inflection point on the ROC curves indicates that,
VALG6O 5 5 overall, we identified 92% of the landmines at a false-alarm
TS50 35 35 rate of 12%.

VS50 10 10 Even though the PFA may seem acceptably small in this blind
Other LM | 158 159 test, we need to understand the causes so that we may continue to
Clutter 769 768 improve the process. Some low-metal landmines, such as M19,

may be easily misidentified because of their small metal content.
We declared many more clutter as low-metal mines and vice
versa. The signals from these low-metal mines are relatively low
and, thus, are susceptible to various noises and requiring a high
misfit threshold, which tends to produce erroneous results.

VIIl. CONCLUSION

= The normalized EMIS spectrum described here is based on
Geophex - S ensor6 the assumption that the primary magnetic field at a target is
04 Geophex - Sensor”™ . . . . . N
uniform. This assumption is valid for most types of landmines,
us b since the targets’ metal parts are small enough compared to the
! size and distance to the source. We have proved this assumption
0:F through theory, controlled tests, and an extensive blind test at a
01k U.S. Army test site. The normalized spectrum eliminates the un-
Ui T T T N T T T T T certain factor of depth. The normalized spectrum along with an
0 01 02 03 04 05 06 07 08 09 1 associated amplitude threshold allows EMIS to be used in real

Pfa time without requiring spatially distributed data. The concept is

Fig. 12. ROC curves for two GEM-3 sensors showing their performance ﬁimple and practical.
terms of the PD and PFA based on the test result from U.S. Army Test Site.  In practice, an EMIS library should be developed preferably
for each new minefield clearance operation. Starting with an
the potential dependence on sensor or operator. Table V shangpty library, we should conservatively excavate as many tar-
the number of mines declared by each sensor (labeled gags as practical in the beginning, store the spectrum before ex-
Sensor 6 and Sensor 7), indicating a remarkable consistewayation, and, if the excavated item turned out to be a mine, add
in performance between the two sensors. Based on our tib& spectrum into the mine library. This is a “learn-as-you-go”
results (including detection, mine or not-mine declaration, argproach. Occasionally, a similar mine type may show different
associated confidence level) from the blind test grids, the NigBMIS spectra, depending on manufacturer or batch; in that case,
Vision Laboratory, the testing agency in this case, constructe@ would treat each as a different mine. On the other hand, the
the so-called receiver—operator characteristics (ROC) sholibrary should be kept as small as possible so as to simplify the
in Fig. 12. Thez axis indicates the probability of false alarmidentification process.
(PFA), which is calculated by dividing the number of target If an EMIS library includes all landmines occurring in a par-
declarations that are not truly targets by the total number wular minefield, and if a target shows a large misfit in spec-
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tral shape or in total amplitude, the target should be declared1]
as clutter. A misfit threshold must be carefully established for

. : 12]
each landmine based on local geology, clutter density, and cuﬁ—
tural noise at a given minefield. According to our limited exper-
iments, such a threshold may be specified as an average misfit
plus two times standard deviation. Further research and experi-
ments are needed to establish a firm ground for such thresholds.
We also need to expand the sensor bandwidth, particularly to tH&l
high-frequency end, to detect and discriminate small, low-metal
mines.
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