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ABSTRACT

Sounding radars, also called Ground Penetrating Radars (GPR), have unlocked a third dimension in planetary exploration, offering the possibility to remotely
investigate the subsurface of a planetary object. In the last decade, the increasing developments in the robotic exploration of the Moon and Mars have allowed the
accommodation of GPR on rovers. As such, they can perform soundings at the local scale, directly from the surface. This led to the selection of two Lunar and three
Martian GPR instruments on board 5 different rovers. The interpretation of GPR soundings in terms of distances between buried interfaces/structures, and the nature
of subsurface materials requires the knowledge of the velocity of the electromagnetic wave in the subsurface. This latter depends on the ground dielectric permittivity
with is commonly derived from the shape of diffraction curves, if any, in the acquired radargrams. In this work we propose an automatized technique based on the
Hough transform designed to detect and characterize diffraction curves. All planetary GPR to this day being “air-coupled” (with antennas a few decimeters above the
surface for safety and mobility reasons), the proposed technique accounts for refraction at the surface. It is now included in the data processing and interpretation

chain of WISDOM, the GPR of the Rosalind Franklin ExoMars rover. The technique was validated on both synthetic and experimental WISDOM radargrams.

1. Introduction

The robotic exploration of the Moon and Mars allows the study of
geological sites at the local scale, with instrumented robotic vehicles
named « robotic rovers ». If originally Lunar and Martian robotic rovers
could only explore the surface or at best the very first top centimeters, the
subsurface is now their new target of interest. Indeed, the subsurface
holds essential information to better understand the geological history of
the investigated site and nearly all robotic rovers now carry a Ground
Penetrating Radar (GPR) to explore it. In particular, a GPR is on board all
Lunar and Martian rover missions of the last decade: the LPR instruments
of the Yutu (Fang et al., 2014) and Yutu 2 (Jia et al., 2018) rovers
(Chang’E 3 and Chang’E 4 lunar missions, China National Space
Administration), the RIMFAX instrument (Hamran et al., 2020) of the
Perseverance rover (Mars 2020 mission, National Aeronautics and Space
Administration), the RoSPR (later named RoPeR) instrument (Zhou et al.,
2020) of the Zhurong rover (Tianwen-1 mission, CNSA), and the WIS-
DOM instrument (Ciarletti et al., 2017) of the Rosalind Franklin rover
(ExoMars rover mission, European Space Agency). GPR have the ability
to unveil the structure and average composition of the subsurface below
the rover, by providing radar images named “radargrams”, that are
generated by a series of radar traces acquired along the rover path.
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However, GPR radar traces are not self-consistent: as echoes from
buried interfaces or scatterers are characterized by their time-delays, an
additional information on the subsurface electrical properties (namely its
dielectric permittivity or permittivity) is required to convert these
propagation times into propagation distances travelled in the subsurface,
and by extension into depths. Knowing the ground dielectric permittivity
also provides insights into the subsurface composition and porosity. In
the context of planetary GPR investigation, two main techniques are
commonly used to estimate the subsurface dielectric permittivity: it can
be estimated from the surface reflectivity (Ciarletti et al., 2017; Dorizon
etal., 2016; Hervé et al., 2020) or from the shape of the diffraction curves
(see definition below) present in radargrams. The former technique re-
quires an accurate radiometric calibration of the instrument. It relies on
measurements performed on targets of well-known reflectivity on Earth
and also on a good knowledge of the instrument sensitivity to parameters
such as temperature (in order to properly correct the data amplitude). In
addition, this method is only applicable in the case of a smooth surface
and provides a permittivity value that may be representative of only the
upper shallow layer of the subsurface (a few centimeters in the case of
WISDOM). These are the reasons why the characterization of diffraction
curves is often favored (Ding et al., 2021; Lai et al., 2016, 2019).

A “diffraction curve” is the name given to the pattern formed by
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echoes arising from a point-like reflector in a radargram. A reflector is
considered “point-like” if its dimensions are small with respect to the
GPR wavelengths in the subsurface. On Earth, where most GPR are
operated with antennas in contact with the surface, a configuration
named “ground-coupled”, this pattern is a mathematic hyperbola, which
shape depends on the velocity of the waves in the sounded medium. For a
homogeneous and non-magnetic medium with low electrical losses, the
waves' velocity is given by c¢/+/¢ where c is the speed of light in vacuum
and ¢ the real part of the relative dielectric permittivity of the material
surrounding the reflector, relative to that of vacuum. If ¢ is in theory
frequency-dependent, the effect of frequency is expected to be small over
a GPR spectrum, and for simplicity this parameter is named “dielectric
permittivity” in the following.

By detecting and fitting diffraction curves present in a radargram, the
propagation speed of electromagnetic waves in the subsurface can be
estimated and thus the permittivity value retrieved. However, for
obvious safety and navigation reasons, all aforementioned planetary GPR
have their antennas tens of centimeters above the surface, a configuration
named “air-coupled”, leading to diffraction curves that are not perfect
hyperbolas due to wave refraction at the surface. Diffraction curves in the
radargrams from the LPR instruments of the Yutu rovers were thus fitted
manually (Lai et al., 2016) to infer an average dielectric permittivity (of a
mixture of air and subsurface) then considered as a first approximation of
the ground dielectric permittivity.

In this study, we propose a method to automatically detect and
characterize diffraction curves in “air-coupled” planetary GPR radar-
grams, in order to estimate dielectric permittivity values of the
subsurface.

The proposed technique is validated on data (either synthetic or
experimental) corresponding to the WISDOM (Water Ice Subsurface
Deposits Observation on Mars) GPR of the Rosalind Franklin rover, which
is operating on a broad frequency bandwidth from 0.5 to 3 GHz (i.e.
wavelength from 10 to 60 cm in vacuum). The Rosalind Franklin rover of
the ExoMars mission has been designed to search for potential traces of
life in the Martian shallow subsurface, an environment less hostile than
the surface. WISDOM has been selected to sound the subsurface of the
rover landing site, Oxia Planum (Vago et al., 2017). The characterization
of diffraction curves in WISDOM radargrams will serve the mission ob-
jectives (Ciarletti et al., 2017) on three different aspects: (i) The ExoMars
rover will collect samples down to 2 m in the Martian subsurface, where
preserved biomarkers could potentially be present. WISDOM will guide
the selection of a relevant underground target which requires an accurate
estimation of distances in the subsurface, and thus an accurate estimation
of the GPR signal propagation speed. (ii) The samples will be collected in
the subsurface with a drill. To avoid any hazards which may damage the
drill, detecting buried rocks is essential. Since the signature of these latter
are diffraction curves, the automatic detection of diffraction curves on
WISDOM radargrams will guarantee safe drilling operations. (iii) The
dielectric permittivity of subsurface materials provides clues on their
composition. One of the objectives of WISDOM being to unveil the
geological history of its landing site, any information on the subsurface
composition is of prime importance. However, the proposed method is
applicable to any “air-coupled” GPR, operated on the Earth, Mars or on
the Moon.

In the following, we first introduce the diffraction curve model
(section II), as well as the technique (section III) we selected for the
diffraction curve detector. This technique is based on the Hough trans-
form, a shape detector widely-known in image processing. We then
validate the technique on synthetic WISDOM radargrams (section IV),
generated by a Finite Differences in Time-Domain (FDTD) numerical
code, and apply it on experimental WISDOM radargrams (section V),
acquired in an icy environment for which the electrical properties are
well constrained. Section VI is dedicated to a discussion on the limita-
tions and perspective of the proposed technique.
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2. Diffraction curves models

In the present study we consider the following hypotheses to model
diffraction curves: we consider a buried point-like reflector at a hori-
zontal position X along the GPR traverse path, and a depth Z in a ho-
mogeneous subsurface layer (see Figs. 1 and 2). The subsurface is loss-
less, of dielectric permittivity e. The GPR configuration is monostatic,
with a single point of transmission/reception (Tx/Rx) for the signal. The
point source is considered omnidirectional (no aperture of the antenna
radiation pattern considered here).

Two different geometrical models for the time-delays of echoes from
this buried reflector can then be drawn depending on the GPR antenna
set-up: “ground-coupled” (antenna in contact with the ground) or “air-
coupled” (antenna in the air, typically a few decimeters above the
ground).

2.1. “Ground-coupled” GPR

In the case of antennas directly coupled to the surface (the usual case
on Earth, shown in Fig. 1), the propagation time T back and forth be-
tween the antennas and the reflector can easily be determined for every
horizontal position x of the antennas on the surface as

24/e
T(x) _2ve (x—X)* +22 €))

c

We can identify equation (1) as being the equation of a mathematic
hyperbola, which can be re-written as follows:

T°(x)=a+p(x—7)’ @
where
2
a= <27\/EZ> =T*X)
p=—
y=X

The position of the hyperbola's apex depends on o and vy, and the slope
of the hyperbola for large values of (x —X) depends on p. The dielectric
permittivity ¢ of the subsurface and the position of the reflector in the
subsurface (X, Z) can be readily retrieved by fitting equation (1) to the
diffraction curve, as only one combination of the a, p and y parameters
values is possible for a given hyperbola.

A mathematic hyperbola is defined by three parameters. As a conse-
quence, at least 3 points on a hyperbolic diffraction curve are in theory
required to determine these parameter values. If we consider three
distinct points L, M and N of coordinates (i, j.), (im, ju) and (i, jn), the
parameters «, p and y of the unique hyperbola passing through these
points can be expressed as follows:

. Go? —ju?)in® — G = jn?)ic® + Gi* — in?)ic® — G2 — v’ )i
2((iL2 *J'MZ)iN - (sz 7jM2)iL + (jLz *]'Nz)iL - (sz 7jN2)iM)
I e 6 ©)
(i —7)* = (i —7)°

a :jLz - pBlic - }’)2

With a « ground-coupled » GPR set-up, and in the retained hypotheses,
we thus obtain a diffraction curve model which can in theory be easily
inverted. Hence the intensive use of diffractions curves to estimate the
dielectric permittivity of the subsurface on Earth. In practice, when
manually fitting a hyperbolic diffraction curve, more than three points
are usually considered because a measured diffraction curve is rarely an
exact mathematical hyperbola.



N. Oudart et al.
a.
1 1
Tx/Rx ! :
antenna ’ 1 \ 1
1 1
( ]
1 1
1 1
] 1 1
8 1 1 7
- 1 1
29 | :
-g 1 1
@a 1 1
; _Y.
1 Reflector (D
\ 1 1
L 1 1 ~
n 1 1 Ll
X X

Planetary and Space Science 224 (2022) 105606

b.

GPR traces. 1 ' 2 1 3
’ 1 ~ ’ 1 \ ' 1 \
! 1
1 1
1 1
1 1
1 1 1
L 1 1 [
r T T 17
1'd
>
£
]
°
)
£
[

Fig. 1. (a) Geometrical propagation model used for GPR signals in the case of ground-coupled antennas, (b) Principle of a hyperbolic diffraction curve. The aperture of

the antenna radiation pattern has been here exaggerated.
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Fig. 2. Geometrical propagation model used for GPR signals in the case of air-
coupled antennas. The aperture of the antenna radiation pattern has been here
exaggerated.

2.2. “Air-coupled” GPR

In the case of antennas located at a given height H above the surface
(as illustrated in Fig. 2, with H = 38 cm in the case of WISDOM), elec-
tromagnetic waves transmitted by the GPR are first refracted at the
surface, at a position x,; named “refraction point”, before being trans-
mitted to the subsurface. 6; and 5 correspond respectively to the inci-
dent and transmitted angles.

In this situation, the propagation time of electromagnetic waves T
between the antennas and the reflector is determined for any horizontal
position x of the antennas on the surface along the GPR transverse path as

T(x) 22\/ (5o = )"+ H2 +27\/E (X —x)’ +22 @

This is no longer the equation of a mathematic hyperbola, and
equation (4) cannot be easily inverted as x, is a function of x.

Xrf, the refraction point for a horizontal position x of the GPR an-
tennas, is related to x and to the location of the reflector (X, Z) in the
subsurface through the Snell-Descartes law:

sin(6,) = /e sin (6,) 6)]

which can also be written:

— \/E ‘xref - X}
\/(x - xmf)z + H? \/(xmf — X)2 +Z2

In a theoretical study on air-coupled GPR, Persico et al. (2015) further
show that equation (6) is equivalent to a 4th degree equation, namely:

A2 — )2
(2 1 )>xmf2

=

(6)

Xt = 2(x 4+ X)X + <x2 + X% +4xX +

4(1 —e)e
— (22X +2xX? +ix - ﬂX Xref + x%xy? )
2e(1—¢)" 2(1—¢) ’

Coztzzxz e IIZXZ _
de(1 —¢) 4(1 —¢)

where t; =2H and &, = 2 ‘fz are the time delays corresponding to a
distance H travelled in the air and a distance Z travelled in the medium of
dielectric permittivity e, respectively. The analytical solutions of this
equation are determined in the same study where it is demonstrated that
only one solution is physically possible.

It is therefore theoretically possible in an “air-coupled” set-up to
determine the dielectric permittivity € of the subsurface, as well as the
position (X, Z) of the reflector in the subsurface by fitting the corre-
sponding diffraction curve. However, the inversion of the resulting
model is not straightforward. We use a Nelder-Mead optimization algo-
rithm (Nelder and Mead, 1965) to fit a diffraction curve in an “air--
coupled” GPR set-up such as WISDOM's as described in section III.

Prior to that we use an automated diffraction curve detector based on
the Hough transform (Hough, 1964) to detect diffraction curves in
WISDOM radargrams. Indeed, manually fitting diffraction curves and
inverting the corresponding (X, ¢, Z) can be a long and repetitive process,
with many sources of errors. In the frame of the ExoMars rover operations
(and other planetary rover operations), decisions must be taken in a
limited amount of time, and confidently. Automated diffraction curve
detectors allow to objectively and rapidly detect and characterize these
patterns in radargrams. Further, the Hough transform is a proven
method, easily adaptable to any GPR diffraction curves, and not requiring
any training dataset.

3. A hough transform approach

The Hough transform is a shape detector invented by Paul Hough in
1959 (US patent 3069654) and widely used in image processing. While
the original Hough transform only allowed the detection of lines in an
image, the technique was generalized by Duda and Hart (1972) to any
shape that can be analytically defined. In particular, the Hough transform
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has been successfully adapted for the detection of hyperbolic diffraction
curves in ground-coupled GPR radargrams by Capineri et al. (1998) and,
indeed, it has facilitated the interpretation of radargrams for many GPR
applications on Earth, such as land mines detection (Carlotto, 2002),
buried pipes diameter estimation (Windsor et al., 2005), or tree-roots
observations (Li et al., 2016). To our knowledge, the present work pro-
poses the first application of the Hough transform to the detection of
diffraction curves in planetary air-coupled GPR radargrams.

In its adaptation to detect hyperbolas in images, the Hough transform
follows this process:

o The surface echo, antenna coupling and any clutter constant over the
radargram's horizontal axis is filtered by the subtraction of a free-
space measurement and/or the mean value computed on the set of
measurements (for more details see Hervé et al., 2020).

An edge detection algorithm is applied to the image. In the case of
radargrams, it allows the automatic detection of significant echoes.
All the points in the radargram belonging to these detected edges are
selected for the following steps. The edge detection technique we
implemented is a simple peak detection applied to each radar trace,
with a minimum time delay of 0.5 ns between two peaks, and
threshold on the peaks' intensity. This threshold is selected depending
on the level of noise expected in the radargram, and the maximum
number of points allowed by the user for the Hough transform process
(computation time increases exponentially with the number of
points). For this study, a value of 20 dB below the maximum ampli-
tude in the radargram was set as the threshold.

Each possible triplet of points, chosen among the set of points iden-
tified in the previous step, defines an hyperbola. A 3D accumulator is
incremented by one at the position corresponding to the values of the
parameters (o,p,y) of this hyperbola.

Finally, local maxima within a 3D Moore neighborhood in the accu-
mulator are identified. They correspond to hyperbolas actually pre-
sent in the radargram. A threshold is applied to avoid false positives.
In the theoretical case of a homogeneous loss-less subsurface, the
precision on the estimated parameters of each detected diffraction
curve is driven by the discretization steps da ,df and dy in the 3D
accumulator. In the experimental case, these steps must be chosen as a
compromise between the desired precision on X, Z and ¢ and the need
to have clear local maxima. Contributions from a same diffraction
curve could indeed be divided into different (a,f,y) values around the
true parameters due to estimation errors if the accumulator steps are
too small.

The main advantage of the Hough transform over machine learning
techniques is that no training with a relevant dataset of diffraction curves
is required (Herveé, 2018). Such a dataset is indeed difficult to obtain, as
the waveform of echoes constituting a diffraction curve is variable
depending on the sounded subsurface.

The main drawback of the technique is its execution time, which
increases rapidly when testing all possible triplets of points in the
detected contours of the radargram. For this reason, it is common with
the Hough transform not to consider all possible triplets of points, but
instead to use a statistically representative number of randomly selected
triplets. To determine this number K, we use the criterion proposed by Xu
and Oja (1993):

N3
K=p 27 (8
where N is the total number of points, and p is a coefficient between 10
and 100.

Lastly, to adapt the Hough transform to diffraction curves obtained in
an air-coupled GPR set-up, for each considered triplet of points the curve
passing through is determined with the model presented in equation (4),
and the Nelder-Mead optimization algorithm. To avoid solutions not
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physically possible, the optimization algorithm is initialized by the
values of (a,f,y) obtained with equation (3), and the plausibility of the
solution found by the Nelder-Mead algorithm is checked before incre-
menting the 3D accumulator. The structure of the algorithm is detailed in
Fig. 3.

Due to the accumulation process in the Hough transform, the un-
certainties on the diffraction curves horizontal position, time delays and
dielectric permittivity estimations presented in this work are only the
uncertainties related to the precisions chosen for the Hough transform 3D
accumulator (dt,dx,de). For depth values, the uncertainty is derived from

the dt and de values and the formula Z = 2. These are only partial

ct
uncertainties, as for each triplet of points fitted, all effects not accounted

for in the diffraction curve model will lead to estimation errors.

4. Validation on synthetic WISDOM radargrams

In order to validate the Hough transform technique described in
Section III, we generate synthetic WISDOM radargrams for a subsurface
harboring multiple reflectors. The synthetic radargrams are generated
using a Finite Differences in Time-Domain (FDTD) code named TEMSI-
FD (Ciarletti et al., 2017) which includes a representative model of the
WISDOM antennas and of the waveform of the transmitted signals. The
waveform is a sine-Gaussian model of the WISDOM equivalent impulse in
time-domain, experimentally determined on calibration target (the
pulse-width is 0.3 ns and the central frequency of 1.75 GHz, Hervé et al.,
2020; Hervé, 2018 for more details). TEMSI-FD was developed at XLIM,
France; it includes absorbing boundary conditions with Perfectly
Matched Layers that eliminate as much as possible the parasitic re-
flections occurring at the limit of the computational volume. It is also
able to take into account non-homogeneous environments.

We consider one 4 m-long WISDOM traverse, with radar traces ac-
quired every 10 cm (as planned once on Mars in the frame of the ExoMars
mission), over a homogeneous subsurface of dielectric permittivity ¢ = 4
(a typical value for dry sandstones). Five spherical metallic reflectors are
buried in the subsurface. Their diameter is 10 cm, a compromise between
the maximum size at which a reflector can be considered as “point-like”
for WISDOM (between 5 and 30 cm in a subsurface of ¢ = 4), and the size
of cells in our subsurface model (with a typical numerical cell size of 5
mm, such spheres can be regarded as smooth). Furthermore, three of the
metallic spheres are right below the antennas ground track (sphere
number 1, 2 and 3), while the two others are off-track (sphere number 4
and 5).

It must be noted that metallic targets are obviously not representative
of rocks expected in the Martian subsurface. Metallic targets are obvi-
ously more reflective than lithic ones, leading to echoes of higher am-
plitudes. However, the shape of the diffraction curves is unaffected by the
reflector's composition, which is all that is required to test the Hough
transform technique.

Table 1 summarizes the position of the different reflectors in the
subsurface, namely their horizontal position X and “equivalent” depth Z
in the material that is the shortest distance between the antenna and the
reflector. For a reflector just below the GPR track, Z corresponds to the
actual depth; which is not the case for an off-track reflector.

Fig. 5 displays the simulated radargram obtained by FDTD. The 5
diffraction curves corresponding to the five buried reflectors are clearly
visible. The indicated time delay values are relative to the surface echo,
which is the strongest signal visible at the top of the radargram. An edge
detection algorithm is applied to the radargram (see Fig. 5, right). Points
on the diffraction curves and their repetitions from multiple reflections
are well detected. This set of points is used as the entry of the Hough
transform.

Both the classic Hough transform for mathematic hyperbolas, and the
Hough transform we adapted to account for refraction at the surface
(hereafter referred to as the “corrected Hough transform™) is applied to
the previously obtained set of points. The selected precision steps in the
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Table 1

Dielectric permittivity, horizontal positions and equivalent depths in the sub-
surface of the buried reflectors of the model, along with Hough transform esti-
mations for the radargram shown in Fig. 6.

True values Classic Hough transform Corrected Hough

estimation transform estimation

N° X Z (m) e X (m) Z (m) € X (m) Z (m) 3

(m)

1 1 1 4 0.95 1.43 2.0 0.95 0.99 4.2
+ + + + + +
0.05 0.05 0.1 0.05 0.02 0.1

2 2 1.5 4 1.95 2.01 2.3 1.95 1.56 3.8
+ + + + + +
0.05 0.06 0.1 0.05 0.03 0.1

3 3 0.5 4 295 0.85 1.4 2.95 0.50 4+
+ + + + + 0.1
0.05 0.05 0.1 0.05 0.01

4 1.5 ~090 4 145 1.23 1.8 1.45 0.85 3.8
+ + + + + +
0.05 0.05 0.1 0.05 0.02 0.1

5 2.5 ~1.35 4 245 1.82 2.1 2.45 1.39 3.6
+ + + + + +
0.05 0.06 0.1 0.05 0.03 0.1

3D Hough accumulator are dt = 0.1 ns, dx =5 cm, d ¢ = 0.1. Fig. 6 shows
the results of both methods; with the curves that match the diffraction
curves and the estimations of their associated parameters.

It can be observed that in the hypothesis of mathematic hyperbolas
(classic Hough transform- Fig. 6 left), all 5 diffraction curves are detected
at the correct apex time delays and horizontal distance. However,
because the Hough transform fits to the diffraction curves with a perfect
hyperbola, the estimation of the dielectric permittivity, and thus of the
depth of the reflector, is erroneous. Values of 1.3 + 0.1, 1.8 + 0.1, 2.0 &+
0.1, 2.1 £ 0.1 and 2.3 &+ 0.1 instead of 4 are found for the dielectric
permittivity, leading to depth estimations of 0.85 + 0.05, 1.23 + 0.05,
1.43 £+ 0.05, 1.82 + 0.06 and 2.01 + 0.06 m (to be compared to the true
depths in Table 1). Thus, the depth of the reflectors is systematically
overestimated, which would be an issue in the context of the ExoMars
mission, as a potential hazard for the drill would be considered deeper
than it is in reality and as the sample acquisition might miss the targeted
geological unit.

Using the corrected Hough transform, all diffraction curves are also
well detected and fitted, and the estimated dielectric permittivity values
are much closer to the expected value of 4, with values of 4.0 + 0.1, 3.8
+0.1,4.2+0.1,3.6 + 0.1 and 3.8 + 0.1. As a consequence, the estimated
depth of the reflectors is also much closer to the expected values, with
depths of 0.50 + 0.01, 0.85 + 0.02, 0.99 + 0.02, 1.39 + 0.03 and 1.56 +
0.03 m. The associated errors are in the order of a few centimetres only;
6 cm for the deepest reflector at 1.5 m below the surface.

detected hyperbolas
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Fig. 3. Steps of the corrected Hough algorithm.

In the above example, only echoes arising from the diffraction curves,
their repetitions, and the surface were considered. In order to further test
the robustness of the corrected Hough transform technique, 500
randomly distributed points have been added to the edge detection re-
sults on the radargram. The resulting cloud of points is superimposed to
the radargram on the left of Fig. 7.

Fig. 7 shows that, both in the case of the classical Hough transform
and of its corrected version, the results are not affected by the presence of
the 500 parasitic echoes; the errors on the estimation of the dielectric
permittivity and thus of the depth associated with each diffraction curve
remain the same (see Table 2).

As another test, we also applied the corrected Hough transform
technique to synthetic radargrams generated for heterogeneous sub-
surfaces with embedded reflectors (at the same locations as in Fig. 4).
Indeed, variations in the dielectric permittivity of the Martian subsurface
of a size comparable to WISDOM wavelengths can be expected. Such
heterogeneities in the subsurface will impact the shape of the diffraction
curves as modelled in section II.2.

Fig. 8 presents a synthetic radargram obtained for a heterogeneous
subsurface. The heterogeneities have a fractal structure, they are gener-
ated using the Diamond-Square algorithm (Miller, 1986). The resulting
distribution of dielectric permittivity values is gaussian with an of
average 4, with variations between 3.5 and 4.5. We selected 16.6 cm as
the characteristic size of heterogeneities, as it is of the same order as that
of the reflector diameter, and around twice the central wavelength of
WISDOM for a dielectric permittivity of 4. As expected, the deeper the

Table 2

Dielectric permittivity, horizontal positions and equivalent depths in the sub-
surface of the buried reflectors of the mode, along with Hough transform esti-
mations for the radargram in Fig. 7.

True values Classic Hough transform Corrected Hough

estimation transform estimation

N° X Z (m) € X (m) Z (m) € X (m) Z (m) €

(m)

1 1 1 4 095 1.47 1.9 0.95 1.04 3.8
+ + + + + +
0.05 0.05 0.1 0.05 0.02 0.1

2 2 1.5 4 195 2.00 2.3 1.95 1.56 3.8
+ + + + + +
0.05 0.06 0.1 0.05 0.03 0.1

3 3 0.5 4 295 0.88 1.3 2.95 0.50 4+
+ + + + + 0.1
0.05 0.05 0.1 0.05 0.01

4 1.5 ~090 4 145 1.23 1.8 1.45 0.85 3.8
+ + + + + +
0.05 0.05 0.1 0.05 0.02 0.1

5 2.5 ~135 4 245 1.78 2.2 2.45 1.37 3.7
+ + + + + +
0.05 0.05 0.1 0.05 0.03 0.1
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Fig. 4. Geometry of the subsurface model used for our FDTD simulations.

Detection of echoes

FDTD generated radargram

Time delay (ns)
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Fig. 5. Synthetic WISDOM radargram obtained by FDTD simulations (on the left), and result of the edge detection applied to this radargram (on the right).

reflector, the more the shape of its diffraction curve is affected by
constructive and destructive interferences from heterogeneities.

Using the same precisions on t, X and ¢ as in Figs. 6 and 7 for the 3D
accumulator, the deepest diffraction curve is not detected by the tech-
nique. Its detection indeed requires degrading the precisions to dt = 0.2
ns, dx = 10 cm and d € = 0.25. These step values should therefore ideally
be chosen according an a priori knowledge of the subsurface heteroge-
neity. With these values, we observe that the secondary echo of the
diffraction curve corresponding the sphere number 1 (Fig. 8 right, in
dashed line) is also detected by the Hough transform. But more impor-
tantly, it can be noted that all estimated dielectric permittivity values
remain within the range of the expected values that is between 3.5 and
4.5. The estimated depth of reflectors are 0.50 + 0.04 m, 0.80 + 0.04 m,
1.09 +0.06 m, 1.34 + 0.06 m and 1.48 + 0.06 m. Such results are within
about 10 cm of the input values (see Table 3) as expected due to the
variations of the subsurface dielectric permittivity.

We validated in this section the Hough transform introduced in sec-
tion III, on FDTD simulated WISDOM radargrams, generated using a

representative 3D model of WISDOM antennas, as well as a representa-
tive model of the WISDOM transmitted signal. Despite the simplicity of
the diffraction curve model the Hough transform is based on (see Fig. 2),
satisfactory estimations of the 5 buried reflectors position and of the
homogeneous subsurface permittivity are obtained. The presence of
randomly distributed points in the edge detection have a very limited
impact on these results, and the presence of a heterogeneous subsurface
with permittivity values between 3.5 and 4.5 still yields reflectors depth
estimations within 10 cm of the true value. Nevertheless, the subsurface
model used to generate our FDTD simulated radargrams is in several
aspects limited (shape and composition of the reflectors, surface rough-
ness). The next logical step in the validation of the Hough transform is
therefore its application to experimental WISDOM radargrams.

5. Validation on experimental WISDOM radargrams

The corrected Hough transform technique is validated in this section
on experimental WISDOM radargrams, acquired above a subsurface of
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Fig. 6. Diffraction curves detected in WISDOM synthetic radargram when not accounting for refraction at the surface (on the left), and when accounting for refraction
at the surface (on the right). Precisions: dt = 0.1 ns, dx = 5 c¢cm, d ¢ = 0.1.
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Fig. 7. Result of the edge detection applied to the synthetic radargram with the addition of 500 randomly located parasitic detections (on the left), diffraction curves
detected in the synthetic radargram when not accounting for refraction at the surface (in the middle), and when accounting for refraction at the surface (on the right).

Precisions: dt = 0.1 ns, dx = 5 cm, d ¢ = 0.1.

well constrained dielectric properties. Actually, the technique was first
applied on diffraction curves resulting from calibration reflectors in free-
space, for which the dielectric permittivity is expected to be 1 (Oudart,
2021). However, since no refraction effect is involved for a reflector in
free-space, the corrected Hough transform technique could not be fully

validated with such experimental data.

We selected data acquired during the “Dachstein Mars Simulation”
field campaign organized in April 2012 by the Austrian Space Forum
(Groemer et al., 2012). The campaign took place in the Dachstein Giant
Ice Caves site, in Austria. GPR traverses were performed over different
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Fig. 8. Synthetic radargram generated for a heterogeneous subsurface of mean dielectric permittivity 4 (on the left), result of the edge detection applied to the this
radargram (in the middle), result of the corrected Hough transform on this radargram (on the right). Precisions: dt = 0.2 ns, dx = 10 cm, d ¢ = 0.25.

Table 3

Dielectric permittivity, horizontal positions and equivalent depths in the subsurface of the buried reflectors of the mode, along with Hough transform estimations for the

radargram in Fig. 8.

True values

Classic Hough transform estimation

Corrected Hough transform estimation

N° X (m) Z (m) € X (m) Z (m) € X (m) Z (m) €

1 1 1 4405 1.0 + 0.1 1.48 £0.12 2.00 £+ 0.25 1.0+ 0.1 1.09 + 0.06 3.50 + 0.25
2 2 1.5 4405 2.0 + 0.1 1.96 + 0.12 2.50 + 0.25 2.0+ 0.1 1.48 + 0.06 4.25 4+ 0.25
3 3 0.5 4405 3.0+0.1 0.86 + 0.11 1.50 + 0.25 3.0+0.1 0.55 + 0.04 3.50 + 0.25
4 1.5 ~0.90 4405 1.5+0.1 1.20 £ 0.11 2.00 £+ 0.25 1.4+0.1 0.80 + 0.04 4.25 £+ 0.25
5 2.5 ~1.35 4405 2.5+ 0.1 1.78 + 0.13 2.25 + 0.25 2.5+ 0.1 1.34 + 0.06 3.75 4+ 0.25

water ice ponds, with a prototype of the WISDOM instrument mounted
on a kart. Different structures of interest were identified in the resulting
radargrams, such as the layering of the ice sheet, the bedrock at the
bottom of the ponds, and diffraction curves likely originating from rocks
trapped in the ice (Dorizon et al., 2016).

We recall that the dielectric properties of pure water ice are well
constrained at the WISDOM frequencies, with a dielectric permittivity
between 3.1 and 3.2 (Fletcher, 1970). In an initial analysis of the
Dachstein Mars Simulation data acquired by WISDOM, diffraction curves
were manually fitted with a ray-tracing model considering refraction at
the surface (Dorizon et al., 2016). Most inferred dielectric permittivity
values are between 3 and 4, pointing to reflectors in water ice. A few
estimations are also around 1, indicative of reflectors in the air above the
surface, or between 6 and 7, indicating reflectors in the bedrock. During
this previous study, the dielectric permittivity of the near-surface was
also estimated from the surface echo, with a measured value of 3.2 +
0.25. We applied the corrected version of the Hough transform to por-
tions of radargrams with diffraction curves previously identified as
arising from reflectors trapped in the ice.

Fig. 9 displays the Dachstein radargram we selected; it presents a
clear diffraction curve extending upon 24 radar traces, and not inter-
fering much with other echoes. As shown on the right of Fig. 9, the
diffraction curve is correctly detected and fitted for an estimated
dielectric permittivity of 3.2 + 0.1, which is exactly the expected value
for nearly pure water ice, and matches the estimation made by Dorizon

et al. (2016). In contrast, when applied, the classic Hough transform
(which does not account for refraction at the surface) provides a lower
dielectric permittivity estimation of 2.5 + 0.1. The depth of the reflector
estimated by the corrected Hough transform technique is thus 2.27 +
0.04 m (against 2.57 + 0.06 m for the classic Hough transform, 20 cm
deeper).

Though very satisfying, this result was somewhat expected as the
diffraction curve analyzed in Fig. 9 is very clear and extends on more than
2 m in horizontal distance. We therefore also apply the corrected Hough
transform technique to radargrams exhibiting several diffraction curves,
extending on a small number of radar traces, and interfering with other
echoes. Fig. 10 shows such a radargram, where several diffraction curves
are present (at least 3), but extending on short horizontal distances
(around 1 m or less, corresponding to 10 or less radar traces 10 cm apart),
interfering with other echoes, and with only half of the diffraction curve
visible in some cases.

First, it can be noted that the two diffraction curves clearly visible in
the radargram around (1.5 m, 21 ns) and (2.8 m, 17 ns) are well detected
by the technique (Fig. 10, right). A less clear diffraction curve is also
identified around (1.3 m, 20 ns); its actual presence is plausible when
looking at the edge detection (Fig. 10, middle). For all three diffraction
curves, the estimated dielectric permittivity is consistent with water ice
and previous estimates from Dorizon et al. (2016), with values around 3
and 4. A dielectric permittivity of 3.2 being valid for pure water-ice at
WISDOM's frequencies, slightly higher values could be explained by lithic
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Fig. 9. First selected radargram acquired during the Dachstein Martian Simulation campaign (on the left), result of the edge detection (in the middle), result of the
corrected Hough transform technique (on the right). Precisions: dt = 0.1 ns, dx =5 cm, d ¢ = 0.1.
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Fig. 10. Second selected radargram acquired during the Dachstein Martian Simulation campaign (on the left), result of the edge detection (in the middle), result of our
Hough transform technique (on the right). Precisions: dt = 0.1 ns, dx = 5 c¢m, d ¢ = 0.1.

inclusions in the ice. In addition, the three diffraction curves are clearly
interfering with other echoes. This could affect their shape and lead to
dielectric permittivity estimation errors. Another factor potentially
affecting the estimation is the presence of only half a diffraction curve in
some cases.

For the diffraction curve at (2.8 m, 17 ns) which has only one visible
branch, the corrected Hough transform returns a second detection at
nearly the same position, trying to fit it with points on the left which are
clearly not part of the diffraction curve. This incorrect fit results in an
estimated dielectric permittivity of 2.5 + 0.1, lower than that expected
for both water ice and the bed rock, and in disagreement with results
from previous studies. Another diffraction curve is detected around (2.3
m, 17 ns); as no diffraction curve is clearly visible at this location, it could
be a false-positive. However, it is possible that the technique allows the
detection of diffraction curves that are not visible by a simple visual in-
spection because located among many other echoes. As a matter of fact,
this latter detection leads to an estimated dielectric permittivity close to

that of water ice (3.8).
6. Discussion and perspectives

In this work, we propose an automated technique based on the Hough
transform to detect diffraction curves in air-coupled GPR radargrams.
The detected diffraction curves are characterized in order to estimate the
dielectric permittivity of the subsurface around buried scatterers, in the
hypotheses of non-magnetic and low loss-tangent materials. Air-coupled
GPR being integrated to all 4 Lunar and Martian robotic rovers launched
since 2013, and to the future ExoMars rover mission, such a tool is useful
for the interpretation of the radargrams acquired on the Moon and on
Mars in the last and next years to come.

In the context of planetary GPR missions, an accurate estimation of
the subsurface dielectric properties is of prime importance as it is
required to convert echoes time-delays into distances. The dielectric
properties of a material also provide insights into its composition, and



N. Oudart et al.

thus on the geological context of a given site of exploration. In the spe-
cific frame of the ExoMars rover mission, the WISDOM instrument is to
guide the drilling operations, which will collect samples down to 2 m of
depth (Vago et al., 2017). WISDOM will help identify a relevant and safe
drilling location since, in addition to the estimation of the dielectric
permittivity, the detection of diffraction curves will allow the ExoMars
rover to avoid potential subsurface hazards, such as buried rocks.

6.1. Discussion

We validated the technique we propose on both synthetic and
experimental WISDOM radargrams, demonstrating the imperative need
of considering refraction at the surface.

FDTD simulations were used to generate synthetic WISDOM radar-
grams for which the geometry of the antennas and the WISDOM trans-
mitted signal are accurately modelled. We were thus able to confirm the
validity of the technique on such realistic WISDOM GPR signal simula-
tions. In the case of a homogeneous loss-less subsurface with a smooth
surface, the estimated error on the depth of the reflectors is, at worse, of
6 cm at 1.5 m, which is quite satisfactory. However, this subsurface
model is relatively simple, and not representative of the expected Martian
subsurface. Nevertheless, the method was also applied with success on a
heterogeneous subsurface which is a first step towards validations on
more complex subsurface models.

Finally, the technique was validated on an experimental dataset ac-
quired on a subsurface consisting of water ice, whose the dielectric
permittivity value is known. Comparison against results obtained by
manual fits shows that the results obtained automatically by the pro-
posed method are very satisfying, with inferred permittivity values
consistent with laboratory measurements and previous estimates. How-
ever, in more complex cases where many diffraction curves are half-
visible and/or interfering with other echoes, false positives can appear.
A human validation of the detections is thus required after application of
the technique. Such final validation could also be done objectively and
automatically by calculating the correlation between each detected
diffraction curve and the radargram. Unfortunately, this natural envi-
ronment not allowing any digging operations, ground truth is not
available to allow a final validation of the estimated targets location. In
addition, it is important to acknowledge that icy environments such as
this one are very favorable for GPR soundings, leading to diffraction
curves clearer than would be expected in a lithic subsurface. In contrast,
GPR soundings in non-icy natural environments on Earth are often
affected by moisture, which may reduce the size of diffraction curves
compared to what could be expected on a similar environment on Mars.
Nevertheless, further applications of the here proposed corrected version
of the Hough technique should be performed on radargrams acquired in
other types of environments.

The technique we propose being based on a simple geometrical model
for point-like reflectors in an homogeneous subsurface, some limitations
can be foreseen:

e The technique is only valid for the first subsurface layer sounded by

the GPR, and the presence of a clear interface between the surface and

the diffraction curve should alert us that the technique is not appli-
cable in such case.

It has been only tested for non-magnetic and low-losses materials. The

results can be somewhat affected by heterogeneities in the subsurface

(depending on their size with respect to the GPR wavelengths), or by

a gradient of dielectric permittivity. The effect of heterogeneities on

the technique performance deserves further investigation.

e The accuracy of the detection/characterization of diffraction curves is
also expected to be impaired when the reflector is very shallowly
buried. In such case, the corresponding diffraction curve will contain
very few points, and be very close in shape to a hyperbola from a
reflector in free-space. This points to the necessity of a synergy with
other instruments (mainly cameras that could indicate the presence of
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rocks at the surface) to collect as much information on the sounded
site as possible (homogeneity of the geological unit, materials ex-
pected or not to be magnetic or have high-losses).

Surface roughness has not been considered. The extent to which the
surface roughness would affect the dielectric properties retrieval from
the diffraction curves is driven by the roughness metrics compared to
the GPR wavelengths of operation. WISDOM operates at frequencies
between 0.5 and 3 GHz, thus wavelengths between 10 and 60 cm in
the air. According to the Rayleigh criterion, a surface can be regarded
as smooth for WISDOM if the standard deviation is smaller than 1 cm.
In this case, no impact on the method is to be expected. If the varia-
tions of height are larger than the wavelength and take place over a
horizontal scale with a order of magnitude of several tens of centi-
meters, they can be considered as “topography”. The digital elevation
model built by the rover's cameras together with the recorded rover
attitude will allow to reconstruct the local geometry and correct this
effect on the radargram. In an in-between configuration, surface
roughness would induce a deterioration of the GPR vertical resolu-
tion, and the reduction of the diffraction curve's signal strength
concomitant with an increase of the clutter. This would make
diffraction curves harder to detect. In mission, the digital elevation
model provided by the rover's cameras would indicate if the proposed
method is compatible with the surface roughness or not.

Eventually, a reflector too large to be considered “point-like” at the
GPR wavelengths in the subsurface, or with a complicated shape,
would make the diffraction curve different from the one modelled.
This would cause errors in the dielectric permittivity estimations.
Nevertheless, a diffraction curve too different from the model would
lead to less clear peaks in the Hough accumulator, decreasing the risk
of detecting it.

Some aspects of the Hough transform technique in itself can be dis-
cussed. The 3 mains are:

e The edge detection we apply to the radargrams is a simple peak
detection, with a threshold on the peak intensity. A large amount of
detected points is useful to the Hough transform, but at the expense of
computation time. Time allocated to WISDOM processing being
limited by the ExoMars mission constraints, the threshold is currently
selected to account for an acceptable number of points, leading to an
acceptable computing/processing time. However, this threshold se-
lection is arbitrary, and the technique would benefit from an objective
criterion.

e When looking for peaks in the Hough 3D accumulator, we currently
search for local maxima within a 3D Moore neighborhood. This way,
we try to avoid multiple detections close to a hyperbolic vertex
without impairing too much our ability to detect diffraction curves
with vertices very close to each other. However, doing so, we prob-
ably allow multiple detections or miss overlapping diffraction curves
(see Capineri et al., 1998). For the tests shown in this article, this was
not much of an issue. However, this effect is expected to become more
important if we wish for more precision in the 3D Hough accumulator
The technique would in this case benefit from a method to reduce
such multiple detections (for an example see Gerig and Klein, 1986).

e Another point of the peaks search in the Hough 3D accumulator that
could be optimized is the setting of a threshold on the peaks to be
considered as diffraction curves detections. This is a delicate point in
the application of any Hough transform for which probabilistic
techniques have been proposed in the case of straight lines detection
(Princen et al., 1990). Currently, this threshold can be set manually in
our software after application of the Hough transform to the radar-
gram. However, the technique's automation would benefit from an
objective criterion.

e Finally, the precisions on the estimated horizontal position, time
delays and dielectric permittivity for each diffraction curve are
directly driven by the precision on each axis in the 3D accumulator.
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These 3 parameters chosen by the user can impact detection: too
much precision will lead to reduced peaks values in the accumulator,
making them harder to detect, but not enough precision will prevent
the separation of diffraction close to each other. This parameter is also
selected arbitrarily, and would benefit from an objective criterion.

6.2. Perspectives

Despite the limitations discussed in the previous sub-section, the
technique we proposed in this paper represents a step ahead in the
interpretation of planetary GPR data, for which diffraction curves are
often fitted manually, and from which the subsurface dielectric permit-
tivity is often inferred without accounting for refraction at the surface
(e.g., Lai et al., 2016). In the case of the WISDOM example, the dielectric
permittivity of the first subsurface layer can also be estimated from the
amplitude of the surface echo, as calibration measurements have been
performed on a perfect reflector (Ciarletti et al., 2017; Dorizon et al.,
2016; Hervé et al., 2020) (provided that the surface can be regarded as
smooth). Unlike the estimation from the surface echo, the new technique
proposed here is less affected by the surface roughness, and does not
require an accurate radiometric calibration. Machine learning techniques
have also been developed by the WISDOM team to detect diffraction
curves in radargrams (Hervé, 2018). However, the need for a large
dataset of experimental diffraction curves, so far, prevented us from
applying the technique to experimental radargrams. Nevertheless, the
corrected Hough transform technique could also help building a data
base of diffraction curves from future Martian radargrams, to feed the
machine learning algorithm we developed.

The next logical step in the validation of the corrected Hough trans-
form technique is a thorough analysis of the effect of heterogeneities on
the dielectric permittivity estimations. Further simulations and WISDOM
experiments are planned over materials having heterogeneities of
different sizes and different dielectric contrasts. More realistic subsurface
models, with more complicated targets will also be considered. In addi-
tion, the super-resolution technique named “bandwidth extrapolation”
recently implemented to the WISDOM processing chain is expected to
improve the performances of the corrected Hough transform, by better
separating diffraction curves from other echoes (Oudart et al., 2021).
Preliminary successful tests have been conducted on diffraction curves
resulting from echoes on metallic spheres in free-space. Eventually, the
technique will be applied to data collected during future field campaigns,
in preparation for the ExoMars rover mission on Mars (especially in the
periglacial landforms of Svalbard, Norway). This will be the first appli-
cation of the technique to data acquired in relevant Martian analogue
environments before its application to actual ExoMars observations.
Applications to other Martian GPR observation can also be foreseen, as
radargrams are currently being acquired from the Martian surface by the
RIMFAX and RoPeR instruments. Furthermore, preliminary results from
both instruments have already been published, with subsurface dielectric
permittivity estimations from diffraction curves providing insights on the
geological history of the rovers' landing sites.
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