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Abstract

A CNES/DLR rover called IDEFIX will be deployed on the surface of Phobos in late 2028 or early 2029 as part of JAXA's
Martian Moons eXploration (MMX) mission. The goal of the rover is to travel across the surface of Phobos for at least
100 days, with autonomous guidance provided by the navigation cameras (a stereo pair). By taking stereoscopic
images of the area around IDEFIX up to the horizon (resolution of a few millimeters at 1 m), the navigation cameras
aim to provide answers to a number of scientific questions, such as the origin of the color dichotomy, the nature

of space weathering processes, and the extent of dust transport and exogenous contamination on Phobos. Here

we present the IDEFIX navigation cameras, including their ground calibrations, and the science questions they are
intended to address. We also present the architecture of the data processing pipeline being developed at the Labora-
toire d'/Astrophysique de Marseille to address the science objectives of the navigation cameras.
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1 Introduction

The origin of the Martian moons Phobos and Deimos
remains an unresolved mystery, with two main compet-
ing hypotheses: (i) intact capture of two distinct solar
system small bodies and (ii) accretion within an impact-
generated disk. Solving this longstanding puzzle is key to
understanding the evolutionary history of the formation
region of the terrestrial planets (e.g., Ronnet et al. 2016;
Rosenblatt et al. 2016; Hyodo et al. 2017; Canup and
Salmon 2018; Barucci et al. 2021; Hyodo et al. 2022).

Phobos, the largest and closest moon to Mars, is
the principal target of the Martian Moon eXploration
(MMX) JAXA mission, which is scheduled for launch in
2026. The mission will orbit Phobos and perform multi-
ple fly-bys of Deimos, send a rover to the surface of Pho-
bos (Michel et al. 2022) and retrieve and return >10 g of
Phobos regolith back to Earth in 2031 (Kuramoto et al.
2022; Kawakatsu et al. 2023). The primary objective of
the mission is to provide a definitive answer regarding
the origin of the Martian moons. Despite three previ-
ous attempts (Phobos 1 and 2 in 1988 and Phobos-Grunt
in 2011, all of which were unsuccessful), there has been
no dedicated mission to the Martian moons to date
(Duxbury et al. 2014). The mission comprises an orbiter
and a small rover, designated IDEFIX. The latter is a con-
tribution from the Centre National d’Etudes Spatiales
(CNES) and the German Aerospace Center (DLR).

The instrument suite on board the rover will comprise
the navigation cameras (a stereo pair), two wheel cameras
(Murdoch et al., this issue), a Raman spectrometer and a
mini radiometer. The cameras (NavCams & Wheelcams)
are a contribution from CNES, whereas the remaining
two instruments are provided by DLR. In addition to
performing in situ science, IDEFIX will act as a scout in
order to prepare the main spacecraft for landing (Ulamec
et al. 2023). The current baseline predicts that IDEFIX
will be released from the mother spacecraft in late 2028
or early 2029 at a height of less than 100 ms (ideally
40-50 ms). It will then descend ballistically to the surface
of Phobos and come to rest in an arbitrary location after a
few bounces. Following its landing, the rover will upright
itself, deploy its solar panels, characterize the terrain in
front of it, and commence its journey at a typical velocity
of up to a few millimeters per second. The rover mission
is foreseen to last at least 100 days. The surface terrain of
Phobos will have a significant impact on the distance the
rover can travel. A distance ranging from a few meters to
100 ms may be covered.

The present paper provides a summary of the design of
the rover navigation cameras and of their science goals
and describes the ground calibrations that have been per-
formed. It also provides a description of the observation
strategy. Finally, we present the architecture of the data
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processing pipeline that is being developed to address the
science objectives of the navigation cameras.

2 Scientific objectives

By performing stereoscopic imaging of the site surround-
ing IDEFIX, up to the horizon, the navigation cameras
aim to provide answers—in a coordinated effort with
orbiter and other rover instruments (such as the TEN-
GOO and OROCHI cameras (Kameda et al. 2021) and
the MIRS spectrometer (Barucci et al. 2021) on the orbiter,
the Wheelcams, miniRAD and RAX)—to the following
main scientific questions of the MMX mission concern-
ing Phobos’ surface geology:

+ What is the link between geological/topographic fea-
tures and spectrophotometric properties of Phobos’
regolith ?

+ How does space weathering work on Phobos? Is it
Lunar-like or Tagish Lake-like space weathering?

+ What is the origin of the color dichotomy on Pho-
bos?

+ What is the occurrence of grooves and craters at
small scales?

+ What is the boulder/grain size distribution for D>
3-mm particles and how does it compare with other
small bodies?

+ Are exogenous materials present ? If yes, what is their
composition and origin?

+ How does erosion work for boulders and centimeter-
sized rocks on Phobos? How common is boulder
cracking and is it thermally or impact driven?

+ Is there any evidence of dust transport and levitation
on Phobos?

These science questions are grouped according to the fol-
lowing topics and presented in more detail in the follow-
ing subsections:

+ Topography and Morphology

+ Scattering properties of the regolith
+ Space weathering

+ Exogenous contamination

+ Compositional heterogeneity

+ Boulder erosion

» Dust transport

2.1 Topography and Morphology

The navigation cameras’ main purpose will be to deter-
mine with precision the topography of the landscape in
front of the rover, such information being key for the
locomotion. The collected images will allow digital ter-
rain models (DTMs) to be delivered with a ground
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sampling of about 1 mm for the first meter and an accu-
racy of a few millimeters at 1 m. Note that the first DTMs
to be produced will be critical for constraining precisely
the location and orientation of the rover by direct com-
parison with the high-resolution DTMs of the orbiter
produced with the TENGOO data.

The high-resolution DTMs produced with the Nav-
Cams images along with the images themselves will be
used to:

« produce a photo-geological map of each imaged
scene (e.g., Jaumann et al. 2019)

« constrain the surface roughness/waviness

+ characterize the size, shape and distribution of parti-
cles/boulders with diameters greater than a few mil-
limeters and that of small impact craters

+ identify groove-like patterns

+ attempt to constrain the load-bearing strength of the
regolith

+ determine morphology and texture (clasts, joints) of
boulders and/or outcrops (e.g., Otto et al. 2021)

The NavCam observations in tandem with the TENGOO
and OROCHI ones will allow determining the crater
cumulative number density (per km?) as a function of
crater diameter down to a few tens of centimeters, thus
allowing a characterization of the size frequency distribu-
tion (SFD) of the impactor population down to very small
diameters (a few centimeters). Furthermore, the NavCam
observations will allow bridging the gap between the
SFDs of boulders and grains determined by the orbiter
cameras and the rover wheelcams, leading to a con-
tinuous SFD of grains/boulders down to a few hundred
microns when merging all MMX imaging observations.
Such measurements will be key to estimate erosion pro-
cesses such as boulder cracking.

Finally, the produced DTMs and collected images
should allow estimating the penetration depth of the
rover wheels, provided that the rover is able to travel a
few meters at least, thus allowing an independent esti-
mate from the one directly measured by the wheel-
cams. Such measurement will provide a constraint of the
mechanical properties of the regolith, namely of its load-
bearing strength (Bigot et al. 2024, Murdoch et al. this
issue).

2.2 Scattering properties of the regolith

A wide-angle color camera landed on the surface of an
atmosphereless body will provide a first characterization
of Phobos’ regolith light scattering properties, especially
its phase function. Unlike spectroscopic measurements,
which indicate the presence of different minerals, the
phase function, and especially its associated opposition
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effect, gives information on the regolith’s physical prop-
erties such as particle sizes, optical indices, and porosity
(see, e.g., Hapke 2012). In addition, the Bayer filter that
the camera is equipped with will provide a first indication
of the phase function variation with wavelength at the
sub-cm scale, which can be linked to space weathering or
roughness (e.g., Gradie and Veverka 1986).

Such characterizations have been done with cam-
eras landed on other solar system bodies, like the Moon
with the Yutu rovers (Jin et al. 2015; Lin et al. 2020) and
Chang’E landers (Xu et al. 2022), Mars with the MER
rovers (Johnson et al. 2006a, b, 2015, 2021) and Mars
Science Laboratory (Johnson et al. 2022), asteroids like
Itokawa (Lederer et al. 2005; Tatsumi et al. 2018), Ryugu
(Tatsumi et al. 2020; Otto et al. 2023) and Bennu (Gol-
ish et al. 2021) and comet 67P/Churyumov-Gerasimenko
(La Forgia et al. 2015; Otto et al. 2021).

Such in situ curves give a different set of informations
complementary to the orbital one, given the small scale
(typically centimetric) at which they are taken. The fitting
of the phase function with the Hapke model can con-
strain from 3 to 9 regolith parameters depending on the
number of observations and the complexity of the signal.
Those parameters will typically include the single-scat-
tering albedo value, a porosity parameter and asymmet-
ric factors associated with Henyey-Greenstein functions
fitting that characterize the forward and backward scat-
tering properties of the material. Those values can then
be compared to laboratory analogs and other solar sys-
tem bodies to provide the larger context of Phobos’ rego-
lith properties.

2.3 Space weathering

Space weathering processes (irradiation by cosmic and
solar wind ions and bombardment by interplanetary dust
particles) alter the optical properties of planetary sur-
faces that are not protected by an atmosphere or a mag-
netosphere (see Brunetto et al. (2015) and Pieters and
Noble (2016) for reviews). These processes must there-
fore be relevant at the surface of the Martian moons.

In the case of silicate-rich carbon-poor surfaces, these
processes tend to darken and redden the optical proper-
ties of the surface. This is the case for Earth’ moon and
for so-called S-type asteroids. In the latter case, it was
observed that asteroid surfaces age and redden in less
than a million years. This timescale is compatible with
the one obtained via laboratory ion irradiation experi-
ments mimicking solar wind implantation but not with
the one from experiments simulating micrometeorite
bombardment, implying that the solar wind is the main
agent responsible for the color change of S-type asteroid
surfaces (Vernazza et al. 2009).
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In the case of chondrule-poor carbonaceous chondrites
such as ClIs, CMs or Tagish Lake, the color trend is oppo-
site to the one observed for silicate-rich surfaces, with
an increase of the albedo and a bluishing of the spectral
slope in the optical domain (e.g., Lantz et al. 2018; Ver-
nazza et al. 2013).

The two diverging trends described above are highly
relevant for the interpretation of space weathering effects
on Phobos. Phobos’ visible and near-infrared spectrum
is similar to both the Moon (silicate-rich) spectrum and
the one of the Tagish Lake meteorite (Ronnet et al. 2016)
with Phobos’ albedo (~0.07) being in between that of
P/D-type asteroids (~0.04—0.07; Mahlke et al. 2022 and
references therein) and that of the Moon (~0.1—0.2; Xu
et al. 2023 and references therein).

The spectrophotometric observations of fresh areas
on Phobos (mass wasting, small craters, fractured rocks
and if possible the rover tracks) with the NavCams will
reveal how space weathering works on Phobos, includ-
ing whether it reddens and darkens the surface (similar
to Lunar-like), causes blueing (similar to Tagish Lake-
like), or something different. Specifically, the images will
allow to produce albedo and spectral slope maps in the
450-700 nm range using the color information from the
RGGB filters (the spectral slope will be computed for
each pixel as a linear fit across the R, G, G and B reflec-
tance values). We expect the uncertainties of both quan-
tities (albedo, slope) to be less than 10%.

2.4 Exogenous contamination

Contamination of Phobos’ surface with foreign materi-
als is a likely phenomenon as this seems to be a common
alteration process of asteroid surfaces (e.g., McCord et al.
2012; Pieters et al. 2012; Vernazza et al. 2017; Tatsumi
et al. 2021, 2022; DellaGiustina et al. 2021). At Vesta,
carbonaceous chondritic material (McCord et al. 2012;
Pieters et al. 2012; Reddy et al. 2012) was identified as
the main contaminant, whereas on Ryugu and Bennu,
mostly silicate-rich HED-like and ordinary chondrite-like
materials were identified as contaminants (Tatsumi et al.
2021, 2022; DellaGiustina et al. 2021). In the case of Pho-
bos, calculations by Ramsley and Head (2013) and Hyodo
et al. (2019) suggest that minor amounts of Martian soil
(~250-1000 ppm) may be mixed with its regolith, which
does not exclude contamination by other sources.

The NavCam images will be used to produce albedo
and low-resolution spectral maps in the 450-700 nm
range allowing the detection of materials with very dif-
ferent albedo and spectral properties. It is worth men-
tioning that the critical 0.8-1 micron region in which
silicates such as olivine and pyroxene possess a well-
defined absorption feature will not be covered by the
NavCams, precluding the identification of such materials.
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Complementary observations with the rover wheelcams
and the accompanying colored LEDs (Murdoch et al., this
issue) will be precious in this respect.

More generally, the rover data are well suited to provide
constraints on the amount of contamination of Phobos’
surface and by extension that of small bodies in general
with unprecedented precision. The previous detections in
the asteroid cases listed above lacked the necessary angu-
lar resolution for tackling such questions.

2.5 Compositional heterogeneity

The surface of Phobos is heterogeneous, exhibiting two
spatially coherent units. The red unit has a spectrum that
slopes more steeply into the near-infrared, while the blue
unit has a less red spectrum (e.g., Murchie et al. 1991;
Murchie and Erard 1996). The red unit also exhibits a
0.65-micron absorption feature, whereas the blue unit is
featureless in the visible domain. The blue unit is concen-
trated around the Stickney crater, suggesting a genetic
relation between the two. As of today, however, no simple
spatial distribution nor stratigraphic relation between the
red and blue materials can be discerned.

The current plan is for IDEFIX to land on the anti-Mars
side in late 2028 or early 2029. It follows that the Nav-
Cam observations will probably not contribute directly
to our understanding of the large color dichotomy on
the Mars-facing side. However, dust migration across the
surface of Phobos after impacts cannot be ruled out, with
blue materials possibly being present on the anti-Mars
side. Observations made by the NavCams in conjunction
with those made by the TENGOO, OROCHI and MIRS
instruments (Kameda et al. 2021; Barucci et al. 2021) will
have a good chance of distinguishing blue from red mate-
rials and contribute to our understanding of how these
materials have been altered, mixed and transformed into
the regolith seen today, and whether blue and red materi-
als also coexist on the anti-Mars side. In particular, the
albedo and low-resolution spectral maps produced with
the images will allow the identification of blue materi-
als, should they be present. Along these lines, data in the
red filter (around 700 nm) will be used to search for an
absorption feature (indicative of red materials), thereby
strengthening the distinction between blue and red
materials.

2.6 Boulder erosion

The NavCam close-up observations of centimeter-scale
rocks and larger boulders will provide unique informa-
tion on rock morphology and texture (Section 2.1) as well
as on rock erosion processes. In particular, on the atmos-
phere-less surface of Phobos, rocks should be affected by
fracturing and fragmentation from meteoroid bombard-
ment and by thermal stresses due to diurnal temperature
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variations. The NavCam observations should, in princi-
ple, allow us to determine the importance of fracturing
by thermal fatigue of centimeter and tens of centimeter
wide rocks (e.g., Delbo et al. 2014, Molaro et al. 2020)
and distinguish it from erosion by meteoroid bombard-
ment. In the case of impact-generated cracks, we would
expect them to be randomly oriented. In the case of ther-
mal fatigue, where diurnal and annual thermal cycles
induce crack growth in rocks, one would expect to
observe cracks with a preferred orientation, namely per-
pendicular to the diurnal path of the heat source (Sun)
on the surface (north—south direction; see Molaro et al.
2020 and references therein). This phenomenon has been
observed on Earth and Mars (e.g., McFadden et al. 2005;
Eppes et al. 2015). In the case of small asteroids such
as Bennu and Ryugu, however, several processes will
affect the alignment of thermal cracks, including mate-
rial movement, reshaping and impacts. Despite these
potential biases, the observed orientation of cracks on
both objects suggests that thermal cycling is the primary
driver of boulder degradation (e.g., Molaro et al. 2020;
Sasaki et al. 2021).

We anticipate a similar situation at Phobos. To distin-
guish between thermal cracking and impact-generated
cracks, we will identify cracks and measure their orienta-
tion with respect to the north—south direction and per-
form a statistical analysis of this distribution. Note that
in the case of Phobos, due to the varying gravity field
(Phobos’ orbit is eccentric), boulders may be subject to
surface movement. This effect, if present, may randomize
the distribution of crack orientations to some extent.

In principle, the NavCams will be able to image a crack
from multiple aspect angles as the rover approaches a
boulder. Complementing orbital imagery, these multiple
views will allow not only the direction of a crack to be
estimated, but also the orientation of the three-dimen-
sional fracture plane and thus better assess its origin (e.g.,
Schirner et al. 2024). Micrometeoroid bombardment
should be recorded on boulder surfaces by spallation
zones, pits and melt splashes (e.g., Horz et al. 2020). Frac-
tured and clustered boulders should also be expected due
to fragmentation by meteoroid bombardment (e.g., Basi-
levsky et al. 2015; Ruesch et al. 2020; Riisch and Bickel
2023).

2.7 Dust transport
Two main mechanisms can lead to dust transport across
the surface of an airless body: impacts and electrostatic
transport of dust particles charged by UV radiation and
plasma irradiation (e.g., Rennilson and Criswell 1974;
Criswell 1973; Colwell et al. 2005; Wang et al. 2016).
Dust levitation will be searched for via dedicated obser-
vations of the dusk horizon. It should be noted, however,
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that the detection of a distinct glow, as observed on the
Moon (Criswell 1973; Rennilson and Criswell 1974), may
never occur if present, as it would imply substantial dust
levitation leading to a rapid coverage of IDEFIX’s solar
panels (hence to a rapid loss of power).

In addition, the presence of dust on and around rocks
and boulders (e.g., in the form of debris aprons) will be
investigated. This spatial relationship with rock topog-
raphy could lead to insights into impact-delivered dust,
electrostatic transport of dust (e.g., Piquette and Horanyi
2017) as well as new dust production. For example, dust
could be produced from rocks by microflaking driven by
diurnal thermal stresses (Patzek and Riisch 2022) and/
or micrometeoroid bombardment (Risch and Wohler
2022). If data with sufficient variation in viewing and illu-
mination geometry can be obtained, the study of the pho-
tometric properties of dust deposits at different distances
from the boulders could be particularly informative in
revealing dust properties and dynamics (e.g., Riisch et al.
2024).

3 Instrument description

The NavCams are mounted at the top of the front
panel of the rover and are tilted down by 23° (Fig. 1).
The mass of the NavCams (stereo bench) is ~526 g.
Four white LEDs are located in between the stereo
camera to allow observations during the night. The
NavCams consist of a stereoscopic pair with a field of
view (diagonal) of 122°, a focal length (F) of ~7.9mm, a
F/8 aperture and a depth of field from 35 cm to infin-
ity (Fig. 1). The stereo baseline (distance between the
two cameras) is 6 cm. Each camera consists of a wide-
angle optical lens assembly developed by Lambda-
X (Fig. 2) and a CASPEX 2048x2048 pixels CMOS
detector equipped with RGGB Bayer filters (Fig. 3)
provided by 3DPLUS and CNES. The pixel size is 5.5
pm. This corresponds to an angular resolution of 0.6
mrad at the center and 0.9 mrad at the edges, hence
pixel scales at 1 m of 0.6 mm and 0.9 mm, respectively.
The distortion amounts to ~17% on the FOV sides.
The spectral response of each camera, integrating the
properties of both the detector and the optics, extends
approximately from 400 to 800 nanometer. The power
consumption amounts to ~1.2 W. Both cameras have
been tested in a thermal vacuum chamber with 6 ther-
mal cycles. The electro-optical performances have
been measured for the following temperatures: —50°C;
—25°C; 0°C; 25°C; 35°C; 50°C (e.g., Fig. 4). For a full
description of the cameras, we refer the reader to Thé-
ret et al. (2024) and Virmontois et al. (2024), as they
were already present, with the same characteristics,
on the Emirate Lunar Mission (ELM) Rashid rover
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Fig. 1 Overview of the CNES/DLR IDEFIX rover and its navigation cameras

(Almaeeni et al. 2021). The above scientific investiga-
tions and technical objectives require a specific set of
calibrations to be carried out. These requirements are
specified in the next section.

4 Instrument calibration

The following subsections provide details on the cali-
brations performed on the NavCams. These included
photometry, which links photon count to pixel
response; colorimetry, which links detector response
to standard human perception; radiometry, which
measures the vignetting of the optics and other non-
uniformities; and geometry, which reprojects the pix-
els to a standard/ideal camera for stereo computations.
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NavCams *

4.1 Radiometric calibration

4.1.1 Flat fielding

The NavCams proved to be a significant challenge for
radiometric calibration due to their very large field
of view. The conventional approach to radiometric
calibration involves the use of an integrating sphere.
However, the large field of view of the cameras was
not suited to the limited entrance pupil of the avail-
able integrating sphere, leading to a non-uniform illu-
mination across the field of view. Other methods were
attempted, including the use of a large television screen
and the use of a small diffusive light screen with cali-
brated luminosity.

Finally, we decided to use a low-particulate, coated
paper. In our final setup, the spotlights, which were
already behind their own diffusers, were placed behind
a sheet of clean room paper held very close to the

Interface Plate

Camera Cube

Baffle (when applicable)

I
| {:5‘_1.4 \ La)
|

~\_Front Retainer

Back retainer Lens Cells

Fig. 2 MMX NavCam overview. (left) Camera definition. (right) Overview of the optical assembly
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NavCam stereo bench. The combination of the multiple
diffusers ensured that the light was completely uniform
to the NavCams. To prevent the majority of reflections,
the stereo bench was also concealed behind a black
mask, with the lenses remaining concealed. This low
cost and highly effective configuration is illustrated in
Fig. 5.

It appears that the vignetting is particularly pro-
nounced in the corners, which receive less than 10% of
the light at the image’s center and deviates from a sim-
ple cosine vignetting function (cos*). When correcting
the images for vignetting, due to the low signal level in
the corners, this translates into a loss of signal-to-noise
ratio (SNR). However, in the most useful portion of the
images, this loss of SNR remains functionally very lim-
ited. Furthermore, beyond the pixel-to-pixel response

/ Pixel (0,0)
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non-uniformity, it was observed that there is a column-
dependent sensitivity bias, which creates vertical stripes
in the image at the 2-3% level depending on the integra-
tion time.

4.1.2 Colorimetric calibration

A colorimetric characterization of the NavCams was
conducted with the objective of providing colorimetric
images, that is, images with pixel values that are inde-
pendent of the sensor, expressed in a standard color space
defined by the Commission Internationale de I'Eclairage
(CIE). This involves calculating a Color Correction
Matrix (CCM) to be applied to the NavCams images that
have been previously corrected to remove any deviation
from a flat image surface, which is particularly prevalent

Pixel (2047,0) \
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20

Quantum Efficiency [%]
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300 400 500 600 700
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800 900 1000 1100
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\ Pixel (0,2047)

Pixel (2047,2047) /

Fig. 3 lllustration of the RGGB Bayer pattern order along with their typical spectral response over the bandpass (nm)
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Fig. 4 Electro-optic transfer function of Vegeta (left NavCam) and Sangoku (right NavCam) at 25°C

in images captured using wide-angle optics. The main
advantages of this approach are:

« the images can be visualized in colors that are faithful
to human perception.

+ the images and pixel values can be compared with
images acquired by any other camera during any
other mission, provided that all images are properly
converted to a standard color space.

It is recommended that a Color Correction Matrix
(CCM) is calculated in situ (here, at the surface of Pho-
bos) using the image of a color rendition chart compris-
ing a minimum of 24 color patches, as outlined in Alsam
and Finlayson (2008). As such a color target could not be
accommodated on the rover; the CCM can be estimated
if the end-to-end spectral sensitivities of the imaging sys-
tem are known (measured), as well as the spectral power
distribution of the illuminant at Phobos’ surface (which is
assumed to be similar to that of the Moon). Please refer
to Théret et al. (2024) for a detailed description of the
method and results.

4.1.3 Absolute calibration

The absolute calibration requires the knowledge of the
two parts of the camera: the lens assembly and the image
sensor. The design of the lens assembly gives all the
required parameters but the spectral transmission. The
transmission is characterized by the manufacturer using
a two-step method. First, the absolute transmittance is
measured at a given wavelength (473nm). The results
are obtained by the ratio of the output power with and
without the lens. Second, the relative transmittance is
measured with a broad spectrum illumination source and
a spectrometer. The ratio of the spectrum with and with-
out the lens eliminates any influence from the source.

The measurement is taken on each flight model (left and
right). The photon flux on the sensor can be computed
for each pixel. However, the sensor only gives the analog-
to-digital converter’s output (in least significant bit, LSB).
First, one must extract the number of photo-generated
electrons reaching the photosensitive elements: the
external quantum efficiency (EQE). The EQE is taken
from the sensor datasheet verified by additional measure-
ments. It takes into account the complete optical stack
(protection window, color filters, microlenses) and the
electrical architecture (epi-layer depth, pixel design). The
photon transfer curve (PTC) plots the variance versus the
mean signal. The linear region slope gives the total con-
version factor (CVF) in LSB/e-. The two flight models
were measured under illumination at three wavelengths

Fig. 5 Radiometric calibration with AIT paper
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Fig. 6 Geometric calibration with a small checkerboard

and multiple temperatures. The CVF changes slightly
depending on the camera, but remains constant with the
wavelength and the temperature.

4.2 Geometric calibration
To perform the geometric calibration, a 7x10 check-
erboard was placed in different positions. These posi-
tions were specifically designed to try and obtain as
much information as possible from the side’s and cor-
ner’s deformations. The positions of the checkerboard
were designed in such a way that the closest intersec-
tion between the squares was separated from the edge of
the image by a distance of between 25 and 30 pixels. An
example of this type of image is shown in Fig. 6.
Ultimately, using OpenCV 4.5.5 to the available data
resulted in the generation of an “r4t2” model with four
radial (r), two tangential (t) and four thin-prism (P) coef-
ficients of the distortion model:

5)-(
7)) \»
where d*=x*+y*

The optimal model identified was the r4t2 model with-

out thin-prism coefficients, which yielded a reprojection
error RMS of 0.24 pixels.!

14rgd?+rsd+red®

ndindided |y (d? +29%) + 2taxy + p3d? + pad*

L andiindd | oy 4 gy (d2 + 242) + prd? + pad®
1+rgd?+rsd*+red®

! This represents an error of less than 0.12 pixels during the operations
because a 2x2 binning will be applied during readout.
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5 Data processing pipeline
A scientific pipeline is currently being developed to
process the raw NavCam data and generate high-level
science products. This pipeline, developed in Python,
benefits from a heritage from the Rosetta mission.

The pipeline aims to generate:

+ Radiometrically and geometrically calibrated stereo
pairs

» 3D digital terrain models (DTMs) of the observed
scenes

+ Albedo and color maps

+ Low-resolution spectral maps

+ Maps of gravitational heights and slopes

The four principal processing steps are as follows:

+ Step 1: Preprocessing of the images to obtain radio-
metrically and geometrically calibrated images using
the laboratory and in-flight calibration data. This
includes the detection of saturated/bad pixels, cor-
rection from bias/flat/dark, application of the abso-
lute calibration factor, debayering and geometric cor-
rection (e.g., Fig. 7).

« Step 2: Calculation of color ratios, spectral slopes
and search for an absorption band in the red filter.
This requires, among others, the identification of the
images sharing a common fraction of field of view
and the subsequent alignment of these images based
on the identification of points of interest.

o Step 3: Calculation of digital terrain models
(DTMs). The Agisoft metashape software (e.g.,
Rahman and Cahyono (2023)) will be used to pro-
duce a first DTM using a stereo pair (e.g., Fig. 8).
This approach requires knowledge of the camera-
surface distance at the center of the field of view.
Points of interest will be used to determine this
distance. The second step will involve the utiliza-
tion of the Multi-resolution PhotoClinometry by
Deformation (MPCD) method (Capanna et al
2013; Jorda et al. 2016) to refine the initial DTM.
This method involves gradually deforming the ver-
tices of an initial mesh to minimize the difference
between the observed images and synthetic images
of the deformed model created with the OASIS
software (Optimised Astrophysical Simulator for
Imaging Systems; Jorda et al. 2010). The OASIS
software employs a shape model described by a tri-
angular mesh in conjunction with geometric and
radiometric parameters in order to generate realis-
tic images of the surface. As inputs, this software
takes the position and orientation of the target in
the camera frame, the radiometric properties of the
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Fig. 7 Before (left) and after (right) preliminary radiometric and geometric calibration

camera, the rotational parameter of the object, and
the reflectance properties of its surface. The MPCD
method has already been successfully applied to
images of small bodies observed by the Rosetta mis-
sion, notably those of comet 67P (Jorda et al. 2016).
It is crucial to emphasize that the MPCD method
requires the acquisition of at least five images with
varying incident angles to ensure the generation of
a reliable and accurate digital terrain model (DTM).
+ Step 4: Calculation of georeferenced maps of physical
parameters. The 3D model, in conjunction with the
geometric data retrieved in Step 3, will be employed
to project spectral slopes and albedos onto the DTM
and to generate the corresponding GIS products.
Additionally, gravitational parameters associated
with the DTMs (dynamic heights and slopes) will be
calculated using the global shape model produced by
the TENGOO, OROCHI and LIDAR observations.

To develop and test the pipeline, we have developed a
simulator that generates realistic stereo pairs of Pho-
bos’ surface (Fig. 8). It is based on fractal subdivisions
of local areas extracted from the global shape model
of Phobos (Ernst et al. 2023). Random shape boulders
with a random power-law size distribution are added to
the local shape model. The rendering is performed with
the Blender software (Hess 2010; Community 2018).

6 Observation strategy and operations

The NavCams represent the inaugural instrument to be
used on IDEFIX, starting image acquisition even before
landing. A series of images will be acquired during the
SLUD (Separation, Landing, Uprighting and Deploy-
ment) sequence. The sequence starts before the separa-
tion, intending to capture an image of Phobos, possibly
including Mars. Image acquisition continues as the rover
descends from an altitude of approximately 40 m, fol-
lowing its separation from the MMX spacecraft. Some
of these images may be retrieved in a heavily binned or
compressed form before the spacecraft loses commu-
nication with the rover. During the rover’s bounces, the
integration time will be reduced in an attempt to mini-
mize the effects of motion blur. Finally, the NavCams will
be activated during the uprighting sequence, as the rover
pivots to its belly and stands up on its legs. The majority
of these images will be monocular due to the constraints
of limited bandwidth.

Subsequently, the NavCams will be used as the prin-
cipal sensor of the rover for contextual information. The
initial image captured following the rover’s uprighting
will be used for the localization of the rover at the surface
of Phobos, within an uncertainty ellipse of up to 100 m
in diameter. NavCam images will be acquired before and
after each displacement. Context images will be given
priority in all science telemetry.

The NavCams will be an essential sensor for the two
autonomous navigation software programs (from CNES
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and DLR) that are being tested on the IDEFIX rover.
For context and navigation purposes, the images will be
binned 2x2 and the color information will be lost. How-
ever, for scientific purposes (see section 2), full-frame
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<« Fig.8 DTM reconstruction from synthetic images. a Original DTM
used to create the synthetic images. We used the most recent 3D
shape model of Phobos (Emnst et al. 2023) on which boulders were
locally added. b Realistic stereo pair of NavCam images. These
synthetic images were produced using the parameters of the camera
(focal length, field of view, pixel scale, position above the surface,
etc.) as well as the starting DTM shown in (a). Rendering was done
with the Blender software. ¢ DTM reconstructed with the Agisoft
metashape software using the stereo pair (b) as input. d Distance
map computed as a—c representing an estimate of the error which
is typically less than T mm within the first meter

2048x2048 images, monocular and/or stereo, will also be
acquired.

A final observation that will be attempted is the imag-
ing of levitating dust at dusk. This phenomenon has been
observed on the Moon, and it has been hypothesized that
it also occurs on small bodies like asteroids. At night, the
NavCams will take long exposure images with the four
white LEDs switched on to ascertain whether any discern-
ible phenomenon becomes visible at night.

7 Conclusions

The CNES/DLR IDEFIX rover of the JAXA MMX mission
is scheduled to be delivered to the surface of Phobos on the
anti-Mars side in December 2028. The goal of the rover is
to travel across the surface of Phobos for at least 100 days,
with autonomous guidance provided by the NavCams.
During this expedition, the first of its kind on a low-gravity
body, the images collected by the NavCams will provide
elements of answers to a number of scientific questions,
including but not limited to the origin of the color dichot-
omy and the nature of space weathering processes on
Phobos. Ground calibrations of the NavCams performed
at CNES (Toulouse) have shown that all scientific require-
ments will be met. A processing pipeline is currently being
developed at the Laboratoire d’Astrophysique de Marseille
to transform the raw NavCam data into high-level science
products.
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