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Abstract.  This paper applies a 3-D nonuniform fast Fourier transform (NUFFT) migrati on
method to image both free-space and buried targets from data collected by a ultra-ileband
ground penetrating radar (GPR) system. The method incorporates the NUFFT algorithm
into 3-D phase shift migration to evaluate the inverse Fourier transform more accurately and
more ezxciently than the conventional migration methods. Previously, the nonuniform na-
ture of the wavenumber space required linear interpolation before the regulardst Fourier
transform (FFT) could be applied. However, linear interpolation usually degrades the qual-
ity of reconstructed images. The NUFFT method mitigates such errors by using hgh-order
spatial-varying kernels. The NUFFT migration method is utilized to reconstruct GPR im-
ages collected in laboratory. A plywood sheet in free space and a buried plexiglaghamber
are successfully reconstructed. The results in 3-D visualization demonstrate the ostanding
performance of the method to retrieve the geometry of the objects. Several buried f@mines
are also scanned and reconstructed using this method. Since the images resolve the features
of the objects well, they can be utilized to assist the landmine discrimination.

Key words : Ground-penetrating radar (GPR); migration; interpolation; phase shift; no nuniform fast
Fourier transform (NUFFT).

1 Introduction
Ground-penetrating radar (GPR) is an ultra-wideband detecting technique used for subsurface

exploration and monitoring. Many works have been done in thearea of statistical signal pro-
cessing to develop powerful statistical models to discrimmate the targets [6,8,10]. On the other
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hand, the abundant information carried by GPR data also provides a possibility to reconstruct

high resolution images of the objects beyond just a con dene of detection. Three-dimensional
image reconstruction from GPR data is therefore of great inerest lately. Migration is one of
the most useful time domain inversion methods as it focuseshie re°ections and di®ractions to
their actual positions. Various migration techniques havebeen studied to refocus the scattered
signals from the time domain back to their true spatial locations in the object space. Kirchho®
depth migration [2{4], nite di®erence migration [16, 17] and phase-shift migration [9, 11] are
the ones most widely used for seismic imaging. Recently, bad on the seismic migration, Song
and Liu [20] proposed a two-dimensional phase-shift migratin method using nonuniform DFT

for GPR landmine imaging and achieved promising results.

The migration methods usually migrate data in the frequencywavenumber domain, therefore
inverse Fourier transform is needed as a key step to transfon the migrated data back to spatial
domain. However, due to the nonuniform nature of the frequery-wavenumber space data, most
of the migration methods share a common problem, i.e., the FF is not directly applicable.
This is because when data are not located on a uniform Cartean grid, the multi-dimensional
discrete Fourier transform can no longer be evaluated by thetensor product of multiple 1-D
FFTs. Previous works used linear interpolation method [27]or direct summation method [20]
to solve this problem. However, the interpolation-FFT method degrades the accuracy of discrete
Fourier transform (DFT) and direct summation is computatio nally too expensive to evaluate.

The problem with the nonuniformly sampled data has been recetly addressed by the nonuni-
form fast Fourier transform (NUFFT) algorithms [1,7,12{15,26]. The direct evaluation of a
nonuniform discrete Fourier transform (NUDFT) costs O(N?) arithmetic operations, whereas
the NUFFT algorithms reduce this to O(N logN). The NUFFT algorithms have been applied
to biomedical image reconstruction [18, 19,23, 25], as wedls to subsurface sensing for landmine
detection and other buried objects [21,22, 24].

Recently, several new data sets for complicated objects anthndmines have been obtained
by an ultra-wideband radar system developed at Georgia Instute of Technology. In this paper,
an NUFFT-based image processing method based on the phase-ghhigration [9, 20] is applied
to process these data sets to achieve high resolution imagesThe nonuniform fast Fourier
transform (NUFFT) algorithm proposed by Liu and Nguyen [13, 15] has been utilized to process
the nonuniform discrete Fourier transform data. The NUFFT-b ased reconstruction method
improves both accuracy and speed compared to the conventi@h phase-migration method. In
section 2, the formulation and application are applied to 3-D objects. In section 4, the new
3-D NUFFT GPR migration method is applied to experimental dat a sets collected at Georgia
Institute of Technology (section 3). The reconstructed reslilts for a plywood sheet, a buried
plexiglas chamber, and several landmines are excellent.

2 Theory

In subsurface sensing application of a GPR system, the tramaitter sends out an electromagnetic
wave to the ground. The transmitted signal traverses the grand surface and is scattered by
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Figure 1: The 3-D multi-static GPR experiment setup for the free space target san. The antennas are
placed 73 cm from the surface of the ground and the targets are at a 36.5 cm height.

the target as well as the ground surface and potential hetergeneous soil. The scattered waves
are then received by a receiving antenna, which is usually kcated in a close vicinity of the
transmitting antenna. The ultra-wideband GPR we utilize her e consists of two transmitting
antennas and four receiving antennas, but only data from thetwo closest antennas are actually
used. In Figs. 1 and 2, transmitter T1 and receiver R1 pair shws such a bistatic measurement
setup where the object is located in the air or buried. If the md-point between R1 and T1
antennas is denoted asX;y; z) and is called the location of the GPR, the received signal foa
wideband system can be denoted aa(x;y;z;t) wheret is time. The objective of GPR imaging
is to reconstruct the induced source in the target that givesrise to this received signal.

Imaging the unknown target from the measured waveforms is arinverse problem. Among
various inverse solutions, migration methods [5, 9] is a ver attractive method because of their
simplicity. The objective of migration methods is to refocus the scattered waves back to the
actual spatial positions of the scatterers that give rise tosuch scattering. The phase shift method
[9,27] is utilized here for its simplicity and robustness. Anong various migration methods [5],
the phase-shift method can most easily incorporate the depthvariation in wave velocity of the
medium. The method is based on an exploding-re°ector model wh initial conditions de ned by
a zero-o®set section (i.e., when the transmitter-receiver sing is zero). Similar to the seismic
migration method [9], the 3-D electromagnetic migration method utilized here was developed
by assuming that only one electromagnetic eld component isradiated and received so that
it is reasonable to use a scalar wave equation; this is a reasable simpli cation because in
our measurements, we only used the co-polarized component the transmitting and receiving
antennas. Since the phase-shift migration method has been Walocumented in [5, 9], below we
will only summarize the parts relevant to the NUFFT and its ap plication.
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Figure 2: The 3-D multi-static GPR experiment setup for subsurface target scan. The antennas are
placed 10 cm from the surface of the ground and the targets are buried at depths of 1 cm 40 cm.

2.1 The NUFFT phase-shift migration

The measured waveformu(x;y;z = 0;t) is obtained on a uniform spatial grid on the xy plane
at z = 0 and is sampled uniformly in the temporal (t) direction. From u(x;y;z = 0;t), the goal
of a 3-D phase-shift migration method is to obtain the 3-D induced \source" at the scatterer, or
u(x;y;z;t = 0). To achieve this goal, the time-space domain K;y; z;t) waveform u(x;y;z;t) is
transformed into the frequency-wavenumber domain Ky; ky; z;! ) through a regular 3-D Fourier
transform (FT) to arrive at the transformed wave eld U(ky;ky;z;!). The original wave eld
u(x;y;z;t) can be viewed as the plane-wave expansion of the transformedave eld. In this
transformed domain, the plane wave propagates in the downwal (+ z) direction with a propaga-
tor €22, Therefore, the transformed dataU(ky; ky; 0;! ) can be downward continued with €z2
to obtain the corresponding dataU(ky; ky; z;! ) at a depth z. From the 3-D inverse Fourier trans-
form one can obtain the wave eld atz asu(x;y;z;t). Subsequently, by evaluatingu(x;y;z;t)
at t = 0 where the scatterers are located, one obtains the 3-D indued \source" u(x;y;z;t = 0).
Consequently, starting from surfacez = 0, the wavenumber-space data at an arbitrary depth can
be obtained by this wave extrapolation. Mathematically, the migrated wavenumber-space data
are transformed back to the spatial domain electromagnetic eld u(x;y;z;0) using the inverse
Fourier transform
Z ZZ
u(x;y;z;0) = 1 U(Ky; ky; 0;1 )€ (kextkyy*ke2) gy di ! (2.1)
1 Yo &y 83 X1 Ry, Y, x URy

where the wavenumbersky, ky, k; and frequency! satisfy the dispersion relation

Vi(kg + kG + kD) =12 (2.2)



Song, Liu, Kim and Scott / Commun. Comput. Phys., 1 (2006), pp. 176-191 180

and v is the wave speed in the medium. The discretization of (2.1)dads to

¢ ke ky¢ ! KKK O T
U(Xp; Yo 2r; 0) = % UKl kM 0;1 Mekxetkfyariiz) (2 3)
j=0 m=0 n=0

where J, M, and N are the number of data points in x, y, and t directions, respectively, and
(Xp; Yq: Zr) denotes the locations of uniform grid points for the 3-D image of the target.

As can be observed from equation (2.2), since the frequencynd wave numbers are nonlin-
early related with each other, at least one wavenumber dimesion is nonuniform if the temporal
discretization is uniform. As a result, the regular FFT cannot be directly applied. In practice,
since the data are sampled uniformly on the ground surface ahin time domain, ky, ky, and
I are equally spaced, thus the samples are then non-equally sped alongk,. Linear interpo-
lation is conventionally used to resample the nonuniform d&a onto a uniform grid. However,
such linear interpolation usually introduces a signi cant approximation error. In this work, Liu
and Nguyen's [13,15] NUFFT is integrated into the phase-shif migration to solve this problem.
The NUFFT algorithm can exciently evaluate the DFT. A weight matrix is computed by ap-
proximating the exponential of one node as a summation of expnentials of g+ 1 nodes. The
approximation error is minimized in a least square sense. Wh this migration algorithm, the
discrete Fourier transforms alongky and ky directions in (2.3) can be accurately evaluated with
the regular 2-D FFT while the one alongk; is computed by the NUFFT, i.e.,

¢ kyC kyC! ,
U(Xp; ¥a: 23 0) = — oo 2= [FFT ko, JINUFFT i, Jf U (K K375 0 ™) (2.4)

The advantage of using the NUFFT algorithm for the above migration are: (a) there is no
need to perform linear interpolation of the data at di®erentmeasurement sites, since the weight
matrices are obtained for the exponential kernel rather than the data; (b) the accuracy is much
higher as the NUFFT uses a much more accurate approximation.

2.2 The NUFFT algorithm

Here we summarize the NUFFT algorithm we used for this imagig application. For more
details, the reader is referred to [13,15]. As is well knownthe condition of using the regular
FFT algorithm is that the data acquisition must be equispaced. However, as described above,
although the data acquisition in our GPR sensing is uniformly spaced on thexy plane and along
the temporal direction, it is not uniform in the k, space because of the nonlinear dispersion
relation (2.2). In [13,15], an accurate and e+cient NUFFT algorithm was developed by using
the regular Fourier matrices. In the NUFFT algorithm, the go al is to develop a fast algorithm
to nd the nonuniform discrete Fourier transform (NUDFT)

Xi 1 R
M = |91ﬁ h(th)et" ™% t, 2 [0:N); m=0:¢¢¢N | 1 (2.5)
n=0
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where for notation simplicity we identify t with the nonuniform wavenumber k; in (2.3). Obvi-
ously, the direct summation of this NUDFT costs O(N 2).

The principle of using the regular Fourier matrices [13, 15]to solve (2.5) is as follows.
Instead of interpolating the input data fh(t,)g, we will interpolate the exponential function
exp (i2%tm=N) for eacht = t, (n=0;¢¢¢N | 1). We consider a discrete sequence

f(m)= spe@*™ N m2f0¢eeN | 1g; (2.6)

wheret, 2 [0;N) is real, q is an even positive integer, and the accuracy factors,, 0- s, - 1

form = 0;¢C¢¢N j 1, are chosen to minimize the error. Denotingw = eiozwi, we will now
interpolate f (m) using the exponential function at g+ 1 points on a unit circle, i.e.,

X:Z
mot — X (WM CHR M =0:¢¢g¢N | 1 (2.7)
k=i gq=2

SmW

where [a] denotes the integer nearest taa, and x; ¢=(t); ¢ ¢ ¢x4(t) are some unknown interpo-
lation coezcients to be determined.

It was shown in [13,15] that the unknown interpolation coexcients x(t) = [ X; g=(t); ¢ ¢ (txqzz(t)]T
can be determined by the least-squares method

x(t) = Fity(t) (2.8)
where forj;k =0; ¢ ¢ ¢qwe have a closed-form solution for the regular Fourier matrix
(
Fik (N;q) = W(;ii KON=2, (ki IN=2 J. =K (2.9)
T wki D) . 16Kk

It is observed that while y(t) depends ont, matrix F(p;N;q) is completely independent oft
and is uniquely determined by° N and gq. The matrix F(°; N;q) is called the regular Fourier
matrix; it is a (q+ 1) £ (q+ 1) Hermitian matrix, F(°;N;q)Y = F(°N:q).

If the scaling factors are chosen as the cosine functiors,, = cos Z“Wm form=0;¢C¢¢N j 1,
vector fyxg can also be written in a closed form:

i1l H Y . o . .
= e aon - X SR i i 2°tg)
Yk m 1. &a@Ftgra 2k+°)
m=0 °=; 11 I

(2.10)

wherefotg= °t  [°t].
The NUFFT algorithm consists of following steps:
(i) Compute yi(tn) by (2.10) for k =0;::;;qandn=0;¢¢¢N j 1. The complexity is O(NQ).
(i) Compute Pj, = quo [Fi 1]jk yk(th), Where the inverse regular Fourier matrix Fi 1 is pre-

computed. The complexity is O(Ng?).
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(iii) Find the inverse of the scaling factor si,’. For the cosine scaling factorssi,' = seci{“Wm for
m=0;¢¢C¢N j 1. The complexity is O(N).
(iv) Calculate Fourier coexcients
X
a= h(tn) CPjn :
i Ptal+j=1

The complexity is O(NQ).
(v) Use the regular uniform FFT to evaluate

ob(i 1

i 21/,m|=°

Tm — é ¢e|2/4ml N :
=0

The complexity is O(°N logN).
(vi) With a complexity of O(N), scale the values to arrive at the approximated nonuniform
FFT
Am = Tm ¢siy:

The total complexity is O(N ¢g? + °N logN), noting that gq» log(1=2) where 2 is the precision,
and® ¢ N (usually °© = 2).

Depending on the nonuniformity of the data, the NUFFT retain s the accuracy of direct DFT
with a relative error level of 101 ® » 10 12, Compared to the linear interpolation method, the
NUFFT relative error is usually ve orders of magnitude lower. Furthermore, the complexity
for evaluating a sequence of lengtiN approachesO(°N logN ), where© is an oversampling rate.
The pre-processing time to calculate the weight matrix has ben reasonably excluded from the
overall processing time since typically it remains unchangd for practical systems where the data
acquisition con guration is xed. This is much faster than t he direct summation approach that
requires O(N ?) operations.

3 Data acquisition

A multi-static GPR experiment has been performed at Georgia hstitute of Technology with
six ultra-wideband antennas. The con gurations for the freespace experiment is illustrated in
Fig. 1, while the con guration for buried objects is shown in Fig. 2. The antenna beams point
toward the ground and the array lies along they axis. A 192 cm-wide synthetic array aperture
is obtained by using reciprocity and synthesizing the scanst 90 positions.

Data acquisition is performed on targets both in free space ad underground. In these
experiments, a square region of 180 cn8 180 cm is scanned with a sampling interval of 2 cm.
The antennas operate in the frequency range of 60 MH» 8.06 GHz, with 401 equally spaced
frequency sample points. From these frequency-domain datahe time-domain waveforms are
obtained by the inverse FFT to arrive at 1024 equally spaced ¢émporal sample points for each
received signal before our 3-D NUFFT migration processing igerformed.
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As shown in Fig. 1, in the free space case, the antennas are pled 73 cm above the ground
and the targets are at a height of 36.5 cm. The targets scanneih free space include several metal
spheres, landmines, and a plywood sheet of the letters \GT".Fig. 2 shows the con guration
to scan the buried targets. In this case, the antennas are 10n¢ above the ground surface. A
plexiglas chamber, a grid of metal spheres and landmines atmiried under sand at depths varying
from 1 cm to 40 cm. In both of the free-space and underground ca&s, datasets corresponding
to the absence of targets are also acquired for calibration yrpose.

4 Data processing

For the purpose of NUFFT migration, the wave eld data acquir ed by the two closest antennas,
i.e., transmitter 1 (T1) and receiver 1 (R1), are used, and deoted below as \raw data". The
waveform recorded by this pair can be treated as the backscé&tred data, as assumed in the
formulation. One advantage of the NUFFT migration is that it works well without much prior
information about the medium. In contrast, to reconstruct b uried targets, many other inversion
methods require the prior information of soil electrical parameters such as conductivity, per-
mittivity and permeability. However, this NUFFT migration method can process without any
speci ¢ knowledge about the soil properties except the meamwave velocity through the two way
path. We estimate this velocity by using the corresponding 2D migration method as part of the
preprocessing. Assuming that the subsurface wave velocitis generally the same over the entire
3-D volume, a 2-Dxz slice is extracted for velocity estimation. The velocity isgradually changed
from a lower value to the speed of light in vacuum, and the one \ith best focusing performance
is selected. As a result, compared to many iterative invergin algorithms, this method is much
simpler and faster.

The preprocessing of this migration method includes calibation, wave velocity estimation
and calculation of the weight matrix in NUFFT given the measurement con guration. The
calibration rst removes artifacts from the free space meaarements by zeroing out late-time
signals, then normalizes using the through-calibration daa obtained by directly transmitting
the signal from the transmitter to the receiver in the absene of objects. After calibration, one
2-D xz slice containing the target signal is extracted from the 3-D dhtaset and a 2-D NUFFT
migration is performed. The 2-D NUFFT migration method can be readily obtained from the
formulation by "xing one horizontal dimension. An optimal e stimate of wave velocity in the soil
is decided while the migrated image of the target is best focsed, as shown in Fig. 3. The 2-D
processing is used because it can provide an accurate waveogty estimate for the subsequent
3-D migration with litle computation time. Both the calibra tion and velocity estimation are
location dependent hence need to be done for each di®erentrget.

The weights matrix, however, does not need to be re-calculatt as long as the experimental
con guration remains the same. This is one of the key intrinsc advantages of using NUFFT
algorithm versus other interpolation methods. With NUFFT, the speed of Fourier transform
evaluation approaches the regular FFT (except for an oversapling factor of © = 2 in our
calculation). In the GPR processing, since the experimenthsetups for all the targets in both
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Figure 3: The 2-D processing of axz slice to estimate the wave velocity in the soil. For the case of a

buried chamber, the velocity is estimated to be 18 £ 10°m=s. Left: The 2-D GPR raw data. Right: The
2-D NUFFT migrated data.

Figure 4: The 3-D isosurface of the reconstructed \GT" plywood.

free space and underground cases are the same, the weightstnzes for all the reconstructions
are identical and are pre-calculated. The GPR datasets are thn processed by the 3-D NUFFT
migration with the velocity estimated using the 2-D NUFFT mig ration method. Some of the
migrated results are listed in the next section, including aplywood sheet in free space, a plexiglas
chamber and a grid of landmines buried under sand.
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Table 1: The estimated dimensions of the \GT" plywood and the relative estimation errors compared to
the ground truth.

Size Ground Truth | Estimation | Relative Error (%)
Width 38.5cm 38 cm 1.30%
Height 46.5 cm 44 cm 5.38%

Thickness 1.8 cm 1.76 cm 2.22%

5 Results

3-D images are obtained by the NUFFT migration of array wavefams collected at the 2-D array
parallel to the ground surface. Horizontal slices at specied depths are good presentations of
the 3-D migration results. Below the raw data and the images olained by migration are listed
together for comparison.

5.1 Case 1. The GT plywood

A plywood sheet is carved into a relatively complicated shaj consisting of two letters \G" and
\T". The plywood is 38.5 cm wide, 46.5 cm high, and 1.8 cm thick and lies on a horizontal
plane parallel to the ground surface. The complicated shapand small thickness pose signi cant
challenges for accurate reconstruction. The magnitudes dhe inverted wave eld as well as the
raw data are plotted as gray scale images and shown in Fig. 5. Ae reconstructed \GT" sign
(right) using NUFFT migration is very close to the true targe t and the complicated details are
well resolved. Itis certainly much better than the image of raw data (left). The raw image su®ers
from the overlapping di®raction hyperbolae in the receivedGPR waveforms, while the NUFFT-
migration method collapses those hyperbola to their di®ration apices, thus uncovering the true
3-D image of the target. The horizontal slice suggests good otrast on the boundary of the
reconstructed image so that the target can be clearly di®ergiated from the background. A 3-D
visualization of the \GT" plywood generated using an isosurface is provided in Fig. 4 to further
demonstrate that the method is capable of reconstructing tre high-resolution target geometry.
The isovalue selected to produce the 3-D view is 0.5226 relat to the maximum. Actually, the
dimensions of the plywood sheet can be estimated quantitatiely using the migrated 3-D image.
The estimated object is 38 cm wide, 44 cm high, and 1.76 cm thic The horizontal spatial
resolution is 2 cm in each of the two dimensions and the vertial spatial resolution is 0.29 cm.
The relative estimation errors of this \GT" plywood geometr y are listed in Table 1.

5.2 Case 2: A buried plexiglas chamber

A chamber made of 2.54 cm-thick plexiglas is buried in a sand piat a depth of 9:5 cm from
the top of the chamber. The exterior dimensions of the chambeare 40.64 cm£ 30.48 cm£
20.32 cm. Based on the 2-D migrated results, a wave velocity of:8£ 10° m/s is utilized for
the sand in the 3-D processing. The horizontal slices at the d&hs of 12 cm (near the upper
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Table 2: The estimated dimensions of the buried plexiglas chamber and the relativestimation errors
compared to the ground truth.

Size Ground Truth | Estimation | Relative Error (%)
Width 40.64 cm 42 cm 3.35%
Height 30.48 cm 34 cm 11.55%
Thickness 20.32 cm 16.1 cm 20.77%
Depth 9.5cm 10.5cm 10.53%
10 -8 -6 -4 -2 0 2 -8 -6 -4 -2 0
x‘1074 x107*
-80 -80
-60 -60
_40 -40
_20 -20
E o E o
) 20 r ) 20
40 r 40
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Figure 5: The horizontal slice of the raw image and the 3-D migration reconsucted image of the GT
plywood in free space. Left: The GPR raw data. Right: 3-D NUFFT migrated data at the plywood
surface. The estimated size is 38 cm wide, 44 cm high and 1.76 cm thick.

chamber's surface) and 17 cm (around the middle of the chamb® from the ground surface are

shown in Figs. 6 and 7. Because of the ground surface re°ectis and interference of the soil,

as expected, the reconstructions are not as good as the abofree space case. In particular, the
image resolution is limited by the relatively low signal-to-noise ratio of the sensor data and the
velocity estimation error as the soil is never strictly homageneous. However, compared to the
raw images, this NUFFT migration method signi cantly enhan ces the detection of the object
and the identi cation of the geometry. The NUFFT migrated re sult of the chamber provides an

estimation of 42 cm in width, 34 cm in length, and 16.1 cm in heght, and the relative errors are

given in Table 2.
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Figure 6: The horizontal slice of the raw image (left) and the 3-D migration reconstructed image (right)
of the plexiglas chamber at a depth of 12 cm.
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Figure 7: The horizontal slice of the raw image (left) and the 3-D migration reconstructed image (right)
of the plexiglas chamber at a depth of 17 cm. The estimated size is 42 cm in width,43cm in length, and
16.1 cm in height.

5.3 Case 3: A grid of mines and clutters

Finally, a grid of several landmines and rock clutters are buied at di®erent depths. The mines
include M14, TMA-5, TS-50, PFM 1, VS 1.6, and VS 2.2, and the cluters are metal spheres,
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Figure 8: The buried map and sizes of the testing landmines.

rocks and a Nylon cylinder of various dimensions. The recorguctions at two depths (4 cm
and 17 cm) in Figs. 9 and 10 are compared with the actual depthsand sizes of the mines
in Fig. 8. Both positions and geometries of TMA-5, VS 1.6 and VS2.2 landmines are well
reconstructed, but mines of smaller sizes are much more difgt to reconstruct. Although
these reconstructed images alone may not be sutcient to aceately classify between mines and
clutters, the focused energy and coarse geometry informain will be very useful information for
improving the discrimination based on the target features. Therefore, the NUFFT migration
method can be further integrated with existing statistical classi cation techniques to improve
the detection performance. A 3-D visualization of the VS 2.2 &ndmine buried at a depth of 13
cm is compared to the real geometry of the mine in Fig. 11. Thedovalue selected for the 3-D
view is 0.3200 relative to the maximum intensity value.

5.4 The processing speed

Besides its accuracy, the fast processing speed and the sitigity are also the advantages of
the NUFFT migration method. With the weights matrix pre-comp uted, a 2-D slice can be
processed within 0.2 second and the 3-D processing time for aathset of 1024£ 91£ 91 size is
around 40 seconds. The fast evaluation of NUFFT enhances thepeed of the overall migration
processing. Given the GPR acquisition of a 3-D object usuallytakes around one minute, the
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Figure 9: The horizontal slice of landmine image at a depth of 4 cm. The four buriedTS-50 mines
centered at (j 20;i 40;1:5) cm, (20;i 40;1:5) cm, (45, 40;2) cm and (45 5; 1:5) cm, the mine stimulant
at (0;j 20;2) cm and two PFM-1 at (0;5;2) cm can be observed on the reconstructed image.
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Figure 10: The horizontal slice of landmine image at a depth of 17 cm. The buried MA-5 centered at

(i 45;i 50;12) cm, the VS 2.2 at (0 50;13) cm, the Nylon cylinder at (45;50; 10:5) cm, and the VS 1.6
at (0;j 40;115) cm can be observed on the reconstructed image.

NUFFT migration method can nish the processing of one datat within the acquisition time
of next dataset. This makes the real time 3-D GPR imaging very pomising.
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Figure 11: The actual (left) landmine VS 2.2 and its reconstructed 3-D isosurfaceThe landmine has a
diameter of 24.0 cm and a height of 12.0 cm.

6 Conclusions

A 3-D NUFFT migration method has been applied for GPR image remnstruction. With the
help of NUFFT, the Fourier transform of nonuniform frequency-wavenumber space samples can
be evaluated exciently and accurately. The method is demonsated on several ultra-wideband
GPR data collected in laboratory with multi-static experime nts. It successfully reconstructs the
3-D geometries of several targets in both free space and budeunderground. The estimated
object sizes are very close to the ground truth. The method issimple, robust and ezcient.
Only a little background information is needed for the recorstruction. The processing speed
is approximately the same as that of FFT because the latter irtlude data interpolation, but
NUFFT has an accuracy several times higher based on our syn#tic image reconstruction.
Thus, the NUFFT migration method is promising for real time G PR imaging of subsurface
objects. The application on landmine, in particular, suggests that it can signi cantly improve
the feature information from the raw data. It is hence very hdpful to the mine detection if
incorporated with existing statistical demining models.
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