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Monte Carlo Simulations for Clutter Statistics in
Minefields: AP-Mine-Like-Target Buried Near a
Dielectric Object Beneath 2-D Random Rough
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Abstract—A rigorous three-dimensional (3-D) electromagnetic
model is developed to analyze the scattering from anti-personnel
(AP) nonmetallic mine-like target when it is buried near a clutter
object under two-dimensional (2-D) random rough surfaces. The
steepest descent fast multipole method (SDFMM) is implemented
to solve for the unknown electric and magnetic surface currents
on the ground surface, on the target and on the clutter object.
A comprehensive numerical investigation of two clutter sources;
the ground roughness and the nearby benign object, is presented
based on using more than 800 random rough surface realizations
which could not be achieved without using fast algorithms such
as the SDFMM. The statistics of the scattered near-electric fields
are computed using the Monte Carlo simulations for both polarizations. For the parameters used here, the results show that the average and the standard deviation of the target signature represent
5–7% and 3–3.5% of the total scattered signal, respectively, while
they represent 16–20% and 7–12% of the signal for the clutter
object, respectively. This study indicates the high possibility of a
false alarm during the detection process when the target is located
nearby a realistic object such as a piece of a tree root.
Index Terms—Clutter statistics, Monte Carlo simulations, multiple buried objects, rough surface scattering, SDFMM, subsurface
sensing.

I. INTRODUCTION

E

LECTROMAGNETIC sensing of targets buried in soil
with two-dimensional random rough surface necessitates
the investigation of clutter sources that may cause false alarms
in the detection process. In real minefields, there are a variety
of clutters that can easily obscure the signal of the target such
as: the roughness of the ground, nearby benign objects (e.g.,
tree roots, rocks, etc.), spots of concentrated inhomogeneity in
the soil, etc. Detecting small anti-personnel nonmetallic mines
is very difficult as it is, but proximity of clutter objects obscures
target detection considerably.
The statistics of the scattered waves from the random rough
ground were previously investigated in the literature either analytically, [1]–[4], or computationally using the Monte Carlo
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simulations, [5]–[10]. The challenging part of conducting the
Monte Carlo simulations is to run a 3-D computer code hundreds of times when the rough ground has large electrical size
and contains multiple penetrable objects buried under the interface. In [1]–[4], integral expressions were developed to calculate
the incoherent radar cross section (RCS) of the rough ground
(no buried objects). These integrations were basically obtained
by considering the ground heights and slopes as random variables producing analytic closed forms in some cases (e.g., at
high frequency). On the other hand, conducting the Monte Carlo
numerical simulations were used to obtain the incoherent RCS
of the rough surface without buried objects in [5]–[8], to obtain the RCS and/or the angular correlation function of a PEC
sphere buried under the rough interface [9] and to obtain the
statistical average of the scattered near-fields when a penetrable
object was buried under the interface in [10].
In our previous work [10] and [11], we implemented the
steepest descent fast multipole method (SDFMM) [6], [12] to
investigate the effect of the ground roughness on the signature
computaof a single target buried under the ground. The
tional complexity of the SDFMM accelerated the calculations
of the unknown surface currents on the shallow mine-like object
buried beneath a moderately random rough ground especially
in conducting the Monte Carlo simulations. Similarly, to study
the influence of the ground roughness (with no buried targets)
on the scattered signals for different minefields, the SDFMM
was used to run the Monte Carlo simulations from Puerto-Rican
and Bosnian soils [13].
To the best of our knowledge, no work is published for investigating the statistics of multiple objects buried under the 2-D
random rough ground, which is the objective of this paper. In
[14], rigorous generalized electromagnetic formulations were
developed for scattering from multiple objects buried under the
rough ground, where the SDFMM was implemented to speed
up the computations. A parametric investigation is conducted
in [14] to study the effect on the scattered signature due to the
objects proximity, ground roughness, object’s material, shape,
location, etc. A variety of object shapes were studied in [14],
e.g., one object is spheroid and the second object is ellipsoid,
spheroid, disk, or horizontal cylinder.
In this paper, we are using the Monte Carlo simulations to
conduct a statistical study of mine-like dielectric target’s signature versus the clutter signature due to both the ground roughness and a benign object as shown in Fig. 1. Even though, we
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Fig. 1. Cross section of a target buried near a clutter object beneath the rough
ground surface.

are emphasizing here only on these two types of clutter, however, there are additional types of clutter that may significantly
affect the target signature such as the soil inhomogeneities and
the multilayered nature of the ground, which are not accounted
for in this work. According to the United States Department of
Defense data (U.S. DoD), European agencies and others, it is a
fact that there are hundreds of different types, shapes and manufacturers of the AP-plastic mines. This is one of the reasons
that these mines are difficult to detect. In this work, we are not
modeling a specific type of these mines but instead modeling a
plastic-mine-like target that has a shape very close to an oblate
spheroid. Several examples of spheroid-shape types can be obtained from the U.S. DoD CD-ROM Humanitarian Demining
Equipment database.In Section II the formulations of the electromagnetic model developed in [14] are summarized, numerical results are shown in Section III and conclusions are drawn
in Section IV.
II. PROBLEM FORMULATIONS
The rigorous electromagnetic model developed in [14] is employed in this work to conduct the Monte Carlo simulations for
two objects buried under the 2-D random rough ground as shown
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in Fig. 1. The inhomogeneous scatterer is composed of four different regions; air
, ground
, target
and clutter object
where the relative permittivity and permeability are (
),
), (
) and (
), respectively, as shown in Fig. 2(a).
(
The unknown equivalent electric and magnetic surface currents
) on , (
) on and (
) on . The final
are (
set of surface integral equations on , and in Fig. 2(a) are
given by [14] (1a)–(1f), shown at the bottom of the page, in which
in region
with
the intrinsic impedance is
and
and
,
are the integro-differential operators given in Appendix A. The tangential component
of the incident electric and magnetic fields on the rough surface
are given by
and
. The surfaces
,
and
are discretized into triangular patches where the
unknown equivalent electric and magnetic currents in (1) are approximated by using the Rao, Wilton, and Glisson (RWG) vector
[15], [16] as
basis functions

for

and

(2)

. Upon substituting (2) in (1) and testing using
and
the same vector basis functions, the linear system of equations
is obtained [14]

(3)

has order of
, where the number of unknowns on the
ground, on the target and on the clutter object are 2 , 2
and 2 , respectively. It is necessary to emphasize that this
rigorous electromagnetic model considers all scattering and

The total matrix

(1a)
(1b)
(1c)
(1d)
(1e)
(1f)
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(a)

(b)

(c)
Fig. 2. (a) Two scatterers, R and R , immersed in region R immersed in region R and (b) triangular mesh for the rough ground (upper figure), for the oblate
spheroid and the horizontal cylinder (lower figure).

interaction scenarios; the self-interactions of the ground (
),
) and clutter object (
), the target with the ground
target (
) and the clutter object with
and with clutter object (
, etc. The expressions of these submatrices are
the ground
given in Appendix B. The tested tangential incident electric
and the tested normalized magnetic field
field
on the exterior surface of the ground are expressed as part of
in (3) while the vector represents the unknown
vector
current coefficients on all involved surfaces.
The emphasis of this study is to investigate the statistics of
the target signature versus the clutter signature. The proposed

strategy is to use the same sample of random rough surface realizations four times as follows:
i) once to compute the scattering from the rough ground
alone (no buried objects);
ii) once to compute the scattering from the rough ground
when both the target and clutter object are buried beneath
the interface;
iii) once to compute the scattering from the rough ground
when only the target is buried beneath the interface;
iv) once to compute the scattering from the rough ground
when only the clutter object is buried beneath the interface.
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(a)

(b)

(c)

(d)

(e)

Fig. 3. (a) Top view of the target (oblate spheroid) and the tree root (horizontal cylinder), (b-e) The scattered electric field at multiple views for both the buried
mine-like target and the tree root upon removing the scattering from ground when: (b) 
0 , (c)  = 60 ,(d)  = 120 , and (e)  = 240 . All results are
for  = 0:1 , l = 0:5 ,  = 30 and H-polarization.

=

The scattered electric near-fields are obtained in this procedure
at single incident angle, single frequency, for specific polarization (e.g., vertical or horizontal), etc. This shows that conducting the Monte Carlo simulations is computationally expensive requiring fast methods such as the SDFMM. In this case,
the computational complexity of the problem will be of
as described earlier. Once the electric and
magnetic surface currents are obtained, then the scattered fields

above the ground and in the near-zone can be calculated using
the surface integrations given by [17]

(4a)
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(a)

(b)

(c)

(d)

=

Fig. 4. Average scattered electric field at z
0:5 from: (a) the ground with no buried objects, (b) the ground with both the buried mine-like target and tree
root, (c) the ground with only the buried tree root (no mine), and (d) the ground with only the buried mine-like target (no tree root). Data are from Fig. 3(c)
(H-polarization).

(4b)
, the superscripts
where the total electric field is
and refer to the vector potentials and , the point source
) is located on the ground while the observation point
(
) is located above the ground, and are the unit vector
(
and the distance between the observation and the source points,
,
and
are the wave number, the permittivity and peris the differmeability of the free space, respectively and
ential surface element on the rough ground. Every source point
) in (4) is the centroid of every triangular patch on the
(
ground at which the surface currents are approximately evaluated [15].
III. NUMERICAL RESULTS
The principle of computing the target signature at multiple
views was employed in [9] and [11] by rotating the incident
beam around the target, i.e., changing the azimuth angle of
the incident waves. As presented in [14], when the target is
buried nearby a second object, a significant electromagnetic

interference between the two objects is observed in the scattered
fields at single azimuth angle. In this work, the Monte Carlo
simulations will be conducted using the incident beam view
(azimuth angle) that largely indicates the presence of a clutter
object buried nearby the target.
Trying to simulate the ground penetrating radar (GPR) of
center frequency 1 GHz experiments reported in [18]–[19],
the scattered electric fields at
above the rough ground
is the free space wavelength. In
mean are computed, where
addition, to simulate the GPR experimental track, the ground
. For the
is modeled as a plane of dimensions
same reason, all simulations are conducted here at 1 GHz;
however, the current technique was successfully applied for the
frequency band 800 MHz–1.4 GHz (not presented here). The
rough ground surface is characterized with Gaussian statistics
for the heights, assuming zero mean and root mean square
(rms) and for the autocorrelation function with correlation
length . It was observed that the incident beam pattern of
the GPR parabolic antenna reported in [18], [19] resembles a
Gaussian beam. Thus for simplicity, the incident wave in the
current simulations is assumed to be a Gaussian beam tapered
toward the edges of the ground with half-beam width of 1.6
centered at
[9], [20]. The incident angle of the
while the
beam, measured from the -direction, is

EL-SHENAWEE AND RAPPAPORT: MONTE CARLO SIMULATIONS FOR CLUTTER STATISTICS IN MINEFIELDS

(a)

1421

(b)

(c)
Fig. 5. Average scattered electric field upon removing the scattering from the rough ground for: (a) both the mine-like target and tree root, (b) just the tree root,
and (c) just the mine-like target. Data are from Fig. 3(c) (H-polarization).

azimuth angle will be described. As mentioned in Section I,
the AP-mine-like target is modeled here as an oblate spheroid
,
[see Fig. 2(b)] where
with dimensions
,
and
its center is located at
(lower right quadrant of the ground as shown in Fig. 3(a).
While, the clutter object is modeled as a horizontal cylinder [see
Fig. 2(b)] such as a piece of a tree root with radius
and height
with its axis tilted at angle 30 with
,
and
the -direction and located at
measured from the axis mid-point (upper left
quadrant of the ground as shown in Fig. 3(a). This implies a
1.0 distance separating the centers of the two objects. In [14], a
parametric study was conducted for different ground roughness
was shown, as expected, to be
in which the clutter for
[11]. Therefore, in this work,
stronger than that of
with correlation
the rms height is assumed to be
. The relative dielectric constants of the soil,
length
the AP-mine-like target and the tree root object are assumed to
(Bosnian soil with 3.8% moisture at 1 GHz)
be
(TNT) [22] and
(dry wood)
[21],
[23], respectively. The near-electric fields are computed using
above the ground
(4) at point receivers located at

with resolution equal to
. Several numerical
experiments, depending on the dielectric constants and on the
ground roughness parameters, were conducted to choose the
discretization distances on all surfaces. The adopted criterion is
to obtain a solution that is independent of these distances. In this
work, 0.08 discretization distance on the rough ground is used
leading to 60 000 (2 ) current unknowns on its surface. For the
two objects, approximately the same discretization distances are
used leading to 600 (2 ) on the AP-mine-like target and 600
(2 ) on the tree root. The triangular mesh for the rough ground,
the target (oblate spheroid) and the tree root (horizontal cylinder)
is shown in Fig. 2(b). To speedup the solution’s convergence,
a pre-conditioner consists of the diagonal self-elements of
in (3) is used. A relative residual error of 10
is used in
the transpose-free-quasi-minimal-residual (TFQMR) iterative
is assumed for the smallest fast
solver [24] and
multipole method (FMM) block size. Moreover, the SDFMM
is validated with the method of moments (MoM) as discussed
in [14]. The complex subtraction process is used in this work
to remove the clutter due to both the random rough ground
and the benign object (tree root) leading to obtain a statistical
study of the target signature compared with these sources of
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(a)

(b)

(c)

(d)

=

Fig. 6. Average scattered electric field at z
0:5 from: (a) the ground with no buried objects, (b) the ground with both buried the mine-like target and tree
root, (c) the ground with only the buried tree root (no mine), and (d) the ground with only the buried mine-like target (no tree root). Data are from Fig. 3(c) for
V-polarization.

clutter [25]. The numerical results are divided into subsections
as follows.
A. Multiple Views
The azimuth angle of the incident beam is varied as
(i.e., the azimuth angle of the plane of
incidence). The fields scattered from just the rough surface realization (no buried objects) is computed and subtracted from
those scattered from the same rough surface realization when
both the AP-mine-like target and the tree root are buried and
shown in Fig. 3(a). The results for the incident horizontal polarization are considered in this case where the electric field is
perpendicular to the plane of incidence. Only four results are
and 240 in Fig. 3(b)–(e).
presented for
The results show almost no indication to the presence of two
where the mine-like target
separate objects except at
signature can be distinguished from that of the tree root. At this
azimuth angle, the plane of incidence is perpendicular to the tree
root axis. The results of Fig. 3(b)–(e) are for single rough surwill be used
face realization. The interesting view at
in all Monte Carlo simulations considered in this work for both
polarizations.

B. Monte Carlo Simulations
A sample of 100 independent random rough surface realizations was used in this work. However, the fields scattered
from the geometry shown in Fig. 1 and described above was
computed 800 times; 400 times for the horizontal polarization
and 400 times for the vertical polarization as described in
cases (i-iv) in Section II. The statistical average of the electric fields, i.e.,
and the standard deviation (STD), i.e.,
, are presented [10]. It is necessary to
mention that in the horizontal polarization case, the incident
electric field is parallel to the tree root axis, while in the vertical
polarization case it is perpendicular to its axis.
1) Horizontal Polarization: The results of the cases (i–iv)
are plotted versus the - and -directions and shown in
Fig. 4(a)–d, respectively. The slight differences between the
results in these figures clearly indicate that the rough ground is
dominating the scattering scenario. Then, the results of case i)
are subtracted from those of case ii) and the output is plotted
in Fig. 5(a) where the average signature of both the clutter
object and the target are shown. In addition, a clutter due to
the interaction between the tree root and the rough ground is
clearly observed in Fig. 5(a). Similarly, the results of case iii)
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(b)

(c)
Fig. 7. Average scattered electric field upon removing the scattering from the rough ground for: (a) both the mine-like target and tree root, (b) just the tree root,
and (c) just the mine-like target. Data are from Fig. 3(c) but for V-polarization.

are subtracted from those of case ii) and the output is plotted
in Fig. 5(b) where the average signature of just the tree root
is shown in addition to clutter due to interaction with the
nearby target. Finally, the results of case iv) are subtracted
from those of case ii) and the output is plotted in Fig. 5(c)
where the average signature of just the target is shown in
addition to interaction with the clutter object. It is important
to mention that the subtraction process does not completely
remove the effect of the rough ground or the nearby object;
however, the remainder of these interactions depends on the
ground roughness and the object proximity [14]. The results of
Fig. 5(c) show a remarkable difference between the magnitude
of the clutter object average signature (max. of 0.037 V/m)
and that of the target average signature (max. of 0.009 V/m).
Moreover in Fig. 5(a), the presence of the target causes the
magnitude of the clutter object signature to slightly increase
due to the interactions with the target as discussed in [14]. All
these results, which are obtained using the same 100 rough
surface realizations, show that a false alarm is highly possible

due to the presence of a nearby clutter object (a piece of a tree
root in this case).
2) Vertical Polarization: Upon changing the incident fields
to the vertical polarization, then cases (i–iv) are re-computed
and plotted in Fig. 6(a)–(d), respectively. In these figures, the
maximum magnitude of the average scattered electric fields
has dropped by almost 50%, even for the case of rough ground
alone, compared with the horizontal polarization results in
Fig. 5. This is because the incident electric fields at oblique
angle are decomposed into two components; a component
in the -direction and a component parallel to the – plane
(perpendicular to the tree root axis). While for the horizontally
polarized incident fields, all the electric fields are parallel to
the – plane (parallel to the tree root axis). Similarly, results
of Fig. 6(a)–(d) show that the rough ground is dominating the
scattering mechanism such that a slight difference between
the results in Fig. 6(a)–(d) can be observed. The subtraction
process is repeated in this case and the average signature of
both the clutter object and the target is shown in Fig. 7(a),
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(a)

(b)

(c)

(d)

Fig. 8. Standard deviation of the scattered electric fields for (a) just the tree root, (b) just the AP-mine-like target, for the H-polarization, (c) just the tree root,
and (d) jut the AP-mine-like target, for the V-polarization. Data are from Fig. 3(c).

of just the clutter object is shown in Fig. 7(b) and of just the
target is shown in Fig. 7(c). The magnitude of the average
target signature (max. of 0.0075 V/m) is smaller than that of
the clutter object (max of 0.018 V/m), which agrees with the
observation in the horizontal polarization case.
The standard deviation of the scattered fields is plotted in
Fig. 8(a) for just the tree root, in Fig. 8(b) for just the target
for the horizontal polarization. In theses figures, the maximum
standard deviation occurs almost at the location of the tree root
as shown in Fig. 8(a) and of the target as shown in Fig. 8(b). For
the vertical polarization case, the standard deviation is plotted
in Fig. 8(c) and (d) for the tree root and for the target, respectively. However, the results show that the maximum standard
deviation of the clutter object is shifted from the location of the
object. This could be attributed to the electromagnetic interference between the target and the clutter object [14]. In addition,
the maximum magnitude of the standard deviation of the target
signature is almost the same for both polarizations, however, for
the tree root it is reduced by almost 50% in the vertical polarization. Therefore, the relative statistics are computed with respect
to signature of the ground without buried objects (i.e., object
signature/ground signature) as summarized in Table I.

TABLE I
MAXIMUM RELATIVE STATISTICS FOR
SCATTERED ELECTRIC FIELDS

THE

The total CPU time required for computing the scattered electric fields from one surface realization is less than 3 h (after almost
200 TFQMR iterations) and the required computer memory is
850 MB. These computations were conducted using the Compaq
Alpha Server (GS140 EV6) with 667 MHz clock speed [14].
It is necessary to mention that the current work is not a signal
processing technique that can be applied to the real measured data
[26]. However, the current technique presents a powerful computational tool to analyze, study and statistically estimate some of
the causes of false alarms encountered in the detection process.
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(B1)

(B2)

(B3)

IV. CONCLUSIONS

APPENDIX B

The statistics of the target, the rough ground and the clutter
object signatures depend on several factors such as the orientation, dielectric constants, proximity between objects, burial
depth, etc. For the parameters used in this work, the statistical
study showed that the target signature appears much weaker
than the clutter object signature even for a small realistic nearby
buried object such as a piece of a tree root. Moreover, consistent with our previous work [10]–[11], the rough ground clutter
dominates the scattering scenario necessitating its removal in
the detection process. The conducted statistical study is based on
running the 3-D scattering computer code more than 800 times
which could not be achieved without using a fast algorithm such
as the SDFMM.

in (3) are given by [14],
The elements of the submatrix
de[16] (B1), shown at the top of the page, in which
notes the complex inner product between vector functions and
on a surface . The submatrices
,
, and
are given
by (B2)–(B3), shown at the top of the page. Similar expressions
can be obtained for all other submatrices in (3).

APPENDIX A
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