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An Investigation of Acoustic-to-Seismic Coupling to
Detect Buried Antitank Landmines

James M. Sabatier and Ning Xiang

Abstract—When an acoustic wave strikes the ground surface, developed by the University of Mississippi has been tested at
energy is coupled into the motion of the fluid/solid frame com- the University of Mississippi and U.S. Army test sites.
prising the ground. This phenomenon is termed acoustic-to-seismic In this paper, the underlying physics of A/S coupling per-

Eg/\;cgl Cv?,il:ﬁl'ggég)gégewggﬂugg[c}:vetﬁ":ts;%%%lL?rS%mgl?xv ;\i'f_l V-?ﬁe taining to landmine detection is reviewed briefly in Section II.

porous nature of the ground causes the entering acoustic wave Section lllemphasizes A/S coupling measurem?ms USingahon'
to bend toward the normal and the acoustic wave propagates contact, remote sensor: a scanning LDV. Section IV describes

downward into the ground. When an object is buried a few cm recent blind field testing at U.S. Army test sites and discusses

below the ground surface, it distinctly changes the A/S coupled the major results achieved during that field testing
motion. These changes can be sensed by measuring vibrational ’

particle velocity on the ground surface. Taking advantage of a

noncontact remote measurement technique, the A/S coupling mea-

surements for antitank landmine detection are conducted using Il. REVIEW OF THE UNDERLYING PHYSICS

a laser Doppler-viborometer (LDV). Recent field measurements

in both calibration and blind mine lanes and the resulting data ~ When airborne sound is incident on the surface of a soil, air

analyses, which demonstrate the effectiveness of this technique,contained by connected pores in the soil is caused to oscillate
are described in this paper. in and out of the pores. The resulting area-average volume flow

Index Terms—Acoustic landmine detection, acoustic-to-seismic iS governed both by the frequency and amplitude of the sound
(AIS) coupling, laser Doppler vibrometer-based landmine detec- waves and by the properties of the soil. The energy from the vi-
tion. brating air above the soil surface couples with the air in the soil

pores. Hence, the penetration of the sound waves is strong if the
I. INTRODUCTION air permeability is high. The transmitted sound is attenuated by
) ) o viscous friction present at the pore walls. Conversely, low air
HEN an airborne acoustic wave is incident at the groungh meanility results in weak coupling and little sound penetra-

'V surface, acoustic energy is coupled into the ground g8y, Through momentum transfer at the air—soil boundary and
seismic motion. This phenomenon is well-documented and\jgcoys attenuation at the pore walls, the energy is transferred
termed acoustic-io-seismic (A/S) coupling in the relevant litefg the soil frame. Strictly speaking, this transfer of energy to
ature [1]-{5]. During the early 1980s, the phenomenon of Afe fiyid-filled soil must be treated using a poro-elastic wave

coupling was used to detect buried objects or landmines. Inthesgory. Biot's model has been used to successfully describe this
early measurements, geophones measured the normal Con&ﬁbling 3].

nent of the ground particle velocity over buried targets. A review The Biot equations of motion include two compressional

of.early experimental investigations on A/S.cioupling for Ianqi'vave solutions and thus two propagation constants or wave
mine detection can be found in [6]. Recognizing the need fol3aq s The waves are referred to as the waves of the first and
noncontact sensor and to investigate the geophone/soil COUp's"éQond kinds or simply as “fast’ and “slow” waves. Both of
effect on the A/S transfer function, a feasibility study using gose waves propagate simultaneously in both fluids and solids
laser Doppler vibrometer (LDV) was conducted in early 199Q§, ¢ there is both fluid and solid displacement for each wave.
[7]. Following the success of this study, additional measurey,. tast wave is analogous to the compressional or seismic

ments were made on buried mines or mine-like objects using iG,ae that propagates in a solid. It is relatively unattenuated
LDV. These studies paved a new road toward developing a LD¥j is not dispersive. The slow wave is a diffusion wave that

based acoustic mine detection system [6]. With_the advanmgghighly attenuated and very dispersive as it propagates [5].
development of LDV technology, more recent field measurgs, o imental studies conducted in Reference [5] show that it is

ments have been conducted using a scarining LDV _[8]' The ¢fis slow wave that carries most of the transmitted energy into
pability of the LDV-based acoustic landmine detection systeffle ground.

The key aspect of the physics of air-filled solids as used in

. . . _ acoustic technology for mine detection is that airborne sound is
Manuscript received June 1, 2000; revised February 21, 2001. This work was

supported by the U.S. Army Communications-Electronics Command Night \P—referent'a”y coupled into the soil as slow wave energy [1]_[5]-

sion and Electronics Sensors Directorate. The speed of this wave is much slower than the sound speed in
The authors are with the National Center for Physical Acoustics, Universia,ir, so the slow wave is refracted toward the normal. The slow

of Mississippi, University, MS 38677 USA (e-mail: sabatier@olemiss.edu; nx- . . . .

iang@olemiss.edu). wave dilates both the air and the soil frame as it propagates.
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Fig. 1. Setup for A/S landmine detection field measurements using a scannin
laser Doppler vibrometer (LDV)u(t) represents a band-pass filtered output

voltage from LDV, whilen(t) for a band-pass filtered pseudo-random noise

driving the sound source.

Fig. 3. Agrid of 16x 16 is defined covering a scanned patch of &xni m
resulting in a spatial resolution of 6.7 cm. It is superimposed on the image of the
road surface at U.S. Army Test Lane 11. A VS 2.2 plastic mine is buried 7.5 cm
deep. The integrated (RMS) velocity value in a frequency band between 130 Hz
and 160 Hz is represented. (a) Color dots. The dot-line circle indicates the target
location. Color scale is given in (c). In Fig. 4, individual measured magnitude
spectra on points A, B, C, and D are illustrated. (b) Color map, achieved from
(a) in terms of interpolation and spatial filtering. Color scale is given in (c). (c)
Three-dimensional (3-D) color map derived from (b).

movement of either the frame or the gas. The attenuation of the
slow wave is well-modeled and occurs rapidly with depth [5].

It seems highly plausible that the slow wave scatters from tar-
gets buried in soils and reflects back to the surface, affecting the
vibrational velocity of the surface. Detection depth for buried
objects is controlled by the slow wave attenuation coefficient.
Target resolution is controlled by the wavelength of the slow
wave and spacing of the sensor measurements. Nonporous in-
homogeneities are acoustically detected in soils by means of

Fig.2. Photograph of the LDV-based A/S mine detection system during afiqlﬁese physical phenomena. Experimental results show that the
measurement. Two loud speakers were used as a sound source. The LDV

was mounted onto a vehicle-based platform. The laser beam of the LDV sen coupling measurement technique can detect both metallic
the ground surface in a remote, raster-scanned manner. and nonmetallic landmines.
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Fig. 4. Measured data on a plastic VS 2.2 anti-tank mine presented as functions of frequency at point A, B, C, and D marked in Fig. 3. (a) Magnitude spectra
(b) Coherence functions.

lll. EXPERIMENTAL MEASUREMENT OFA/S COUPLING range between 90 dB (C) to 120 dB (C). The angle of sound in-
cidence is not critical since the porous ground is locally reacting
4].

The vibrational velocity on the ground surface is sensed usiLg}Fig_ 2 shows a photograph of the LDV-based A/S landmine
a laser Doppler viborometer (LDV). In the current experimentaletection system used in a recent blind field test. In this test,
study, a single-point interferometer is employed. A laser beafe LDV unit was placed 3.5 m high above the ground and the
is emitted from the LDV onto a vibrating surface of an objedaser beam was focused downward onto the surface. Two loud-
under test; the surface vibrational velocity causes a Doppler fegreakers (Peavey 118 Sub HC) were used as a sound source.
quency shift of the laser light. The backscattered light from thghey were placed approximately 1 m above the ground and 1.8
measured object takes the opposite path back into the interf@rfrom the center of a scanned patch.
ometer and is sensed by its photo-detector (see [9] for more deThe scanning procedure includes mirror control in a raster
tails about a LDV). As a result, a frequency-modulated (FMjcan manner, data collection, and data analysis. In the current
signal from the photo-detector carries the information about thgeasurement setup, the sound source radiates periodic pseudo-
surface velocity. After FM-demodulation of the detector outputandom noise and the X=Y mirrors move the laser beam to
the signal is proportional to the surface velocity under test. Fpredefined grid points one after the other. The response to the
the purposes of the present discussion, it is sufficient to mentigdoustic periodic excitation is the instantaneous vibrational ve-
that the output of a LDV system is a voltage proportional to thecity of the ground surface and, which is collected through
instantaneous velocity of a particular spot on the object undgrdata collection channel, Fourier-transformed, and averaged
test. over several periods in a complex frequency domain. As the re-

sult, a complex velocity functioiﬁ((f) is collected at each grid

B. Acoustic-to-Seismic (A/S) Coupling Measurement Setup point. At the same time, a complex functiéf( /) of periodic

For the detection of anti-tank mines, A/S coupling measurf§eUd0'rand0m noise is also collected through another data col-

ments are performed using a scanning LDV (PSV 200 manuf getion channel (as shown in Fig. 1).
tured Polytec P I, Inc). Fig. 1 schematically illustrates the mea- ]
surement setup employed in outdoor field measurements. The Data Analysis

LDV system is equipped with a video camera and XY scan-To image the mine location from the scanning results, the
ning mirrors. A video image of the ground surface of intereghagnitude of the spectrum of the velocity functigtif) at each
can then be displayed on a PC monitor. A grid of varying sizggid point is integrated over a frequency band chosen because of

consisting of points to be scanned can be defined and superifE occurrence of consistent amplifications in magnitude in the
posed on the image of the ground surface. During scanninggrgsence of mines

sound source radiates pseudo-random noise typically covering

the frequency range between 80 Hz and 300 Hz. This range was

selected based on the results of experiments conducted in the M Jo
frequency range between 40 Hz and 4 kHz. These experiments i~ /1
revealed the optimal frequency range lies between 100 Hz and

250 Hz for anti-tank landmines buried not deeper than 20 cfi, f. denote the lower and upper frequency limits, respectively.
(8 inches). On the scanned patch, the sound pressure level ahare the subscripts of a grid point on tkth row and the

A. Laser Doppler Vibrometer

Vi ()| . @
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jth column of the grid. In this way, magnitude values can & - . == .
presented as data points on a color map. B = T Ay

A typical scanning result in form of color (grayscale) dots i & TN TR -t c
shown in Fig. 3(a), in which colors (grayscales) are assign = i S e i R 551 = Fun
proportionally to the integrated values of magnitude velocit L’ sl Slls 'l
This particular result was for a plastic VS 2.2 mine buried 7. . f
cm deep in U.S. Army Test Lane 11 at Fort A. P. Hill. The V¢ {ﬂ] ' T
2.2 mine is roughly cylindrical with a top-view diameter of 24
cm. Fig. 3(a) illustrates a 16-points by 16-points grid coverir {
a patch of 1 mx 1 m. The grid is superimposed onto the vide: -
image of the ground surface. A surface velocity functiofy) !
is evaluated using (1) at each grid point. A frequency resolutit
of 2.5-10 Hz is often used to represent the discrete veloc
function V(f;). For example, Fig. 4(a) shows the magnitud
spectra of velocity functions on and off the target for the san
mine.

The coherence function between the sending pseudo-ranc
noise N(f;) and the velocity functiorV/( f;) at the output of
LDV is often used as a quality control of the measured veloci
function, which is defined as

1
—_f

-

: )
(/)rm ) (/)'v'v

in which ¢,.,, and¢,,, are the autospectra of(f;) andV(f;),
respectivelye,., ande,,are cross-spectra betwee¥(f; ) and
V(f)] and [V(f;) and N(f;)], respectively. The coherence
function is a real-valued frequency function with values nc
greater than 1.0. Higher coherence function values correspc
to better-measured velocity functio§(f;). Fig. 4(b) shows
individual coherence functions associated with the magnitu
of the velocity function in Fig. 4(a). On the target [at the
grid point A and B marked in Fig. 3(a)], the surface velocit
is highly amplified, resulting in high SNR. Therefore, the "‘i
corresponding coherence functions approximate 1.0 alm
throughout the entire frequency range.

To form a color (grayscale) map, the data in color (grayscal
dots in Fig. 3(a) are interpolated using nearest- neighbor int:
polation and spatially filtered using two-dimensional (2-D) me
dian filtering to achieve higher pixel resolution [10]. In this way
a color map derived from Fig. 3(a) is given in Fig. 3(b). Its 3-L
representation is Shown in Fig. 3(0) In .Fig.' 3'. a "spot” of in|-=' 5. Agrid of 16x 16 is defined covering a scanned patch of xnd m
terest can be seen in all presentations, indicating presence s.glti.ng in a spatial resolution of 6.7 cm. It is superimposed on the image of
mine. The size of the mine can be estimated by counting gt road surface at U.S. Army Test Lane 11. An M21 metallic mine is buried at
points [in Fig. 3(a)] across the spot. When a spot of interest4$ cm deep. The integrated (RMS) velocity value in a frequency band between

S - . . Hz and 160 Hz is represented. (a) Color dots. The dot-line circle indicates
thotht to indicate a mine, the middle of the spotis assumedt 9 target location. Color scale is given in (c). In Fig. 6, individual measured
be associated with the center position of the buried mine. Thagnitude spectra on points A, B, C, and D are illustrated. (b) Color map,
laser beam can then be moved to that spot thereby marking @ﬁl@!e\{ed from (a) in ter_ms of _interpolation and spatial _fiItering. Color scale is
location on the ground. It usually points to the center of the mifye" I" (©)- () Three-dimensional (3-D) color map derived from (b).
with a radial accuracy of about two centimeters. The smaller the
grid size (pixel), the higher the accuracy will be. Road types (depending on construction material), deep

In similar fashion, Fig. 5 illustrates scanning results on ground layering, and weathering conditions influence off-target
metallic M21 anti-tank mine buried 7.5 cm deep at U.S. Armyelocity responses of the ground, hereafter referred to as back-
Test Lane 11. The M21 mine is a cylinder with a top-view diground velocity responses. For example, Fig. 4(a) and Fig. 6(a)
ameter of 22 cm. The individual magnitude velocity functionshow that the background velocity lies below &&/s in a
at scanning point A, B, C, and D as marked in Fig. 5(a) alorrglatively broad frequency band (from 100 Hz to 260 Hz) at the
with coherence functions are given in Fig. 6. given acoustic excitation level. Mine types, burial depth, and

c(f)
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Fig. 6. Measured data on a metallic M21 antitank mine presented as functions of frequency at point A, B, C, and D marked in Fig. 5. (a) Magnitudd spectra an
(b) coherence functions.

road types predominate in determining signatures of on-targétown in Fig. 8. The sound source was located 1.8 m away
velocity. The detection ability is not significantly influenced byfrom the center of the scanned patch. For the frequency band
whether or not the mines are metallic or nonmetallic as showsed, the scanned patch can be considered within the near
in Figs. 3—6. The maximum ratio between on- and off-targéeld. It is obvious that when a mine is located closer to
velocity in a suitable frequency band can range from tens dowhe lower-right corner of the color maps shown in Fig. 8, a
to two. decision on presence of a mine would become more difficult.

Since detection of mines depends upon determining tRer this reason, it is very important to be able to animate
difference between the ground velocity over a mine and awte scanning results. Using animation, a wave front of the
from a mine (or the background), it is important to study thacoustic excitation can be shown traveling from the lower-left
variability of background velocity functions measured usintp the upper right corner in this example. A mine “spot”
the current LDV system. Taking a sandy-gravel road in U.8ibrates at the same location up and down. In animating the
Army Test Lane 13 as an example (as shown in Fig. A¢anned results, both magnitude and phase information of the
background velocity functions, both within a 1%npatch surface velocity are exploited.
and throughout a 20-m length of road, have reasonably lowAt a specific frequencyfy, the complex velocity function
variability in the frequency range between 120 Hz and 200;(f) is used to achieve instantaneous values
Hz at a given acoustic excitation level. They also assume
low values within this range.

Often deeper and/or smaller mines lead to scanning results () =
with a lower on-/off-target ratio. In such circumstances, the Y
decision concerning the presence of a mine becomes more
difficult due to clutter. Exploiting the broadband nature oWhereg;;(f) is the phase function df’ij(f) taking the phase
mine signatures facilitates ruling out anomalies and cluttirnction of acoustic excitation into accoufit, is the time pe-
since they result in narrow-band responses relative to the miad introduced artificially for the purpose of animation. With
signature. Therefore, narrow band analysis is performed aldngreasing time, instantaneous valugs; (¢) throughout the en-

a relatively broad frequency band within which consistenire grid can be visualized in the form of a periodic animation,
amplifications caused by buried mines are expected. Fig.agowerful tool for distinguishing buried mines from clutter.
shows an example typical of a deeply buried mine resulting In general, three factors primarily influence the decision con-
in a low on-/off-target ratio. A circular spot in the colorcerning whether or not a mine is present. The magnitude of ve-
maps remains relatively stable when stepping a 20-Hz-witteity is used as the first major cue to detect mines. With con-
subband through a frequency band between 110 Hz and Es&tent amplification of the magnitude of velocity over a relative
Hz. In this overall broadband, the mine caused consistdésbad frequency band, the next major cue is a circular shape in
amplification in the magnitude of velocity. In this examplethe scanning image that remains almost unchanged when step-
the 20-Hz-wide subband is overlapped at 10 Hz when steppipigg through the overall frequency range with a subband. Clutter
through the overall broad band. enters and exits from the subband image. Lastly, the size of the

Note that in the lower-right corner of each color map, apot of interest is exploited for a decision. Occasionally, the
small spot was caused by an inhomogenity of the sound figltiase information is also used in terms of animating scanning
throughout the entire patch. The sound waves propagate frommages to enhance identification of the circular-shaped target
the lower-right to the upper-left corner in the color mapand to suppress anomalies.

V| cos | oot @
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Fig. 7. Variability of background velocity functions in a sandy gravel road, [h. 120 -140 HI]

measured using the LDV-based A/S mine detection system. The standard
deviation of the overall background velocity is presented as error bars across
the average values for each frequency. Averaged background velocity functions
are achieved in terms of averaging all magnitude velocity functions expect for
those on a target. (a) Averaged background velocity function evaluated within
1 m?. (b) Averaged background velocity function from eight £ matches
throughout the sandy-gravel road of 20 m long.

IV. BLIND TESTING AT FORT A. P. HILL

To demonstrate the capability of a detector in a scenario as
nearly approximating real minefields as possible, testing must
be conducted without the testers knowing whether or not a mine
ispresent. Thesetestsarereferred toas “blind” tests. During April
1999, the University of Mississippi participated in an army-spon-
sored blind test using the laser Doppler vibrometer-based A/S
coupling landmine detection system. Throughout the blind test,
the A/S coupling-based landmine detection apparatus was set up
as shown in Fig. 2. As a sound source, two loud speakers were
placed atadistance 1.8 mfromthe center of apatchto be scanned. (c: 130 -150 Hz)

The soundsource radiated pseudo-random noise covering thelﬂ&'& Narrowband analysis of scanning results achieved from a deeply
quency range between 80 and 300 Hz. The LDV was mountegied mine in a sandy-gravel road. When stepping a 20-Hz-wide subband
onto a vehicle-based platform at a height 3.5 m from the groum;pqgh a frequency range between 110 Hz and 150 Hz, a circular spot remains

£ dthe | b fthe LDV f dd reézmvely stable at the same position while other anomalies and clutter change
surface an e laser beam ot the Wwas rocused downwag position and shape. Some of them come and go. When stepping through
onto the ground surface. the entire band, it is reasonable to overlap the subband slightly.
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TABLE |
DISTRIBUTION OF ANTITANK MINES IN DIFFERNET DEPTHS IN ARECENT
BLIND TEST AT FORT A. P. HILL (1IN = 2.54CMm)

Depth (inches) | Number of mines
1 6
2 6
3 3
4 1
6 3

(a)

P
WENIEEE

(b)

Fig. 9. Photographs of two different road surfaces in the blind test lanes. F
Hill. (a) Ground surface of a gravel road. (b) Ground surface of a sandy-grave
road.

The test area consisted of 59 predetermineddInm patches in
two different road types. Fig. 9 shows photographs of these tw
road surfaces. Prior to the blind test, it was known that the locs
tion of the center of a mine did not necessarily coincide with the
center of the square scanned patch if a mine was present. Aft
finishing the blind test, the scorer revealed that 19 of the scanne (¢
patches contained antitank mines buried between one and ¢
inches deep. Table | lists the distribution of different depths
among the 19 mines. 31 of the remaining scanned patches we
randomly-chosen blank patches which did not contain mines
The remaining nine patches were chosen due to a high correl
tion with ground penetrating radar (GPR) clutter from previous
GPR tests.

To ensure covering the majority of the diameters of buriec
mines within the scanned area, the patches were scanned us
a larger area of 1.5 nx 1.5 m. To speed up scanning, three
types of scans and a set of rules to govern use of these scs
were defined in the scanning strategy. At each scanned patc

the first scan used 1& 16 grid points, resulting in a 10-cm _ ) .
ial lution. and used a 10 Hz frequency resolution o Féq, 10. Scan results on one patch in the blind test lanes. (a) Coarse scan:

spatial resolu ) q y M@Mx 16 grid points covering an area of 1.5 m1.5 m. (b) Fine scan: 2

the frequency range between 80 and 300 Hz. The complex 2egrid points covering an area of 1.5 1.5 m. A spot of interest near the

locity function at each grid point was averaged over three sca§hter was identified (c) Zoom scan: 616 grid points covering an area of 0.5
m x 0.5 m containing the spot of interest identified by the fine scan. The spot

ning periods. This f'rs_tparsescan too!( apprIOX|mater 3—4 MiN gt interest is resolved into three small pieces after the zoom scan leading to the
and was usually sufficient for detecting mines when they wedtecision: “no mine.”

* 3@ BB 4N
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TABLE I to the ground truth survey for all detections was approximately
RESULTS OF THEBLIND TEST FORDETECTION OFANTITANK MINES 5 cm. Thus, the marked center fell within the footprint of the
Probability  False alarm  Coarse Fine Zoom mine in each instance.
of detection rate (m'z) de i de i di i
Gravel road 910=90%  0/15=0.00 8 1 0
Sandy-gravel road | 9/9 =100% 1716 =0.06 6 2 1
Overall 18/19=95% 1/31=0.03 14 3 1 V CONCLUSIONS
Clutter 0/9=0.00 Knowledge of the physics of A/S coupling is of central impor-

tance to understanding the propagation mechanism of acoustic
energy-induced waves in the subsurface under the ground. The

not buried deeper than 4 in. fine scan consisted of 22 22 porous nature of the ground permits land mine detection based
grid points corresponding to a 7 cm spatial resolution and usggon the distinct changes of the A/S coupled motion on the
a frequency resolution of 5 Hz. Five complex averages were pgfound surface when a target is buried beneath the surface. Be-
formed to achieve one period of velocity function at each grighuse this methodology senses changes of the A/S coupled mo-
point. Including more scan points, using a higher frequency regn in the ground, both metallic and nonmetallic mines can be
olution and increasing the number of averages led tofthés detected. This led to the development of a novel sensor for land-
scan lasting approximately 22 min. For finer resolution to idefnine detection technology: the laser-Doppler viorometer-based
tify areas of interest, a zoom scan was then performedzdbm acoustic landmine detection system.
scan contained 18 16 grid points, covering an areaof 0.5m  The current acoustic landmine detection system utilizes a
0.5m, resulting in a 3 cm spatial resolution and used a frequergdanning single-beam laser Doppler vibrometer for sensing the
resolution of 5 Hz. Zoom scans took approximately 8 min ta/S coupled motion on the ground surface. Complex surface
complete. The fine scan was only needed a few times and m@sfocity functions of frequency are measured using a remote,
resulted in a declaration of “no mine.” There were fewer zoopaster-scanning technique.
scans and only one led to a decision that a mine was present. |n general, three factors are used to detect antitank mines:

As an example, Fig. 10 illustrates the scanning results on omeagnitude of the velocity function and the shape and size of
scanned patch from the blind testin which all three scan types tihe area with increased velocity. The scanning results are trans-
to be applied step-by-step. The coarse scan results in the form tsfianed into an image form. Mine signatures are found to be
colormap are showninFig. 10(a). Sincethe center ofamine hadteadband in nature. A mine is determined to be present when
be withinthe area of 1 m 1 m, a spot of high magnitude velocitythere is consistent amplification of the magnitude velocity over
on the lower-right corner was considered to not be of interest.arelatively broad frequency band and when a circular shape in
spot near the center of the scanned area became clearer viherscanning image remains almost unchanged when stepping
defining the color scale representing the velocity range betweiianough the overall frequency range with a subband. Clutter en-
0 and 45um/s. A fine scan was then performed by increasing thiers and exits the image as the subbands are changed. In addition
spatialand frequency resolutions and the number of averages. Thie circular shape, the size of the spot of interest is exploited
color map of the fine scan as shown in Fig. 10(b) confirmed tfier a decision. Occasionally, the phase information is also used
spot of interest near the center of the scanned area. Its size riidgrms of animating scanning images to enhance identification
have been suitable for a potential mine. Its shape, however, lddircular-shaped targets and to suppress anomalies.
to be resolved with more detail before a final decision could be Applying allthe analysistools describedinthis paper, the scan-
made. Forthis reason, azoom scanwas used by defining a smailieg laser Doppler vibrometer-based A/S mine detection system
areaincluding only the spot of interest, thus increasing the spatighieved a probability of detection of 95% with a false alarm rate
resolution to 3 cm by using 18 16 grid points covering an areaof 0.03 n¥ in a recent field blind test. Up to the current time, the
of 0.5mx 0.5m. The spot of interestwas then resolved into threesearch effort has been dedicated to demonstrating the feasibility
small pieces as shown in Fig. 8(c), leading to a decision that indield measurements using the acoustic technology for landmine
mine was present. detection rather than achieving a high scanning speed. Field tests

The results of the blind test as provided by the Institute dfave been conducted on a limited number of road types. There-
Defense Analysis (IDA) are summarized in Table Il (see aldore, the results described in the current work are restricted to
[11]). Probability of detection and false alarm rates were r#hose burial conditions. The detection ability ofthe currentsystem
ported for each of the test lane road types and for the combirisather field conditions, such as on frozen ground and water- sat-
lanes. False alarm rates were computed as the number of seaated ground, is the subject of further investigation.
in which the results indicated the presence of a mine when therdn the next research and development phase, efforts will be
was no mine divided by the number of blank sites scanned. Rwde to develop the current technique into a vehicle-mounted
false alarms were declared in any of the nine of the GPR clutfegld device. Tofacilitate this, researchisbeing conducted tospeed
patches. Of the 18 total detections, 14 were made without tie the scanning procedure [12], [13], improve the measurement
use of either the fine or the zoom scans. The one mine that vigformance [14], and automatically recognize targets [11].
undetected in the gravel road lane was buried at a depth of 6 in.
When a scan result revealed the presence of a mine, the laser
beam of the LDV was brought to the center of the circular spot
marking the ground. The accuracy of mean radial distance ofThe authors would like to thank Dr. T. Witten and E. Rosen
the marked center from the actual center of the mines accordfiogtheir assistance in this effort. The authors would also like to
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thank R. Craig for his dedication and expertise in collecting thg13]
data for this paper.
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