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Mission Programming
for the Mars Moon eXplorer Mission

Maxime Astruc

Abstract—This thesis presents a way to maximise the photo-
graphic coverage of Phobos, one of the two Martian moons, as
part of the space mission Mars Moon eXplorer. This coverage
is performed by the French hyperspectral imager MacrOmega,
and two criteria are selected: the area covered and the resolution
of the pictures. The approach considered is a greedy algorithm,
and elements of basic theory are provided. This greedy approach
is compared to a chronological algorithm, whose results were
already approved for the mission.

Sammanfatning—Detta examensarbete presenterar ett sätt att
maximera den fotografisk täckningen av Phobos, som är en av
Mars två månar, som en del av rymduppdraget Mars Moon
eXplorer. Den fotografiska täckningen ska utföras av den franska
hyperspektralavbildaren MacrOmega, och två kriterier har valts
ut: (i) området som omfattas samt (ii) bildens upplösning.
Metoden som testas är en girig algoritm och baselementen i
algoritmen presenteras. Den giriga algoritmens resultat jämförs
med resultat från en kronologisk algoritm, vars resultat redan
godkänts för uppdraget.

NOMENCLATURE

Angles
φ Roll Euler angle from MF to VF
ψ Yaw Euler angle from MF to VF
ΨX Cross track angle
ΨY Long track angle
θ Pitch Euler angle from MF to VF
Frames
ICRF International Celestial Reference Frame
LOF Local Orbital Frame
MF Mission Frame
PRF Phobos Reference Frame
SF Satellite Frame
VF Viewing Frame
Other Symbols and Acronyms
ρ Precision step of a grid
Θ Opening semi-angle
d Distance between MMX and the target point
i Viewing incident angle with respect to the local

normal direction on Phobos surface
ilat Latitude index of one cell
jlon Longitude index of one cell
N Number of pixels on one side of the instrument

matrix
R Resolution of MacrOmega at a given date and for

a given target on Phobos
CNES Centre National d’Etudes Spatiales or National

Centre for Space Studies
FoV Field of View
IAS Institut d’Astrophysique Spatiale or Institute of

Space Astrophysics

JAXA Japan Aerospace Exploration Agency
MMX Mars Moon eXplorer
NASA National Aeronautics and Space Administration
QSO Quasi Satellite Orbit
Weight Parameters and Coefficients
αglobal Parameter of the Global difference in resolution

coefficient
αlocal Parameter of the Local difference in resolution

coefficient
β Parameter of the insertions number coefficient
∆RCglobal Global difference in resolution coefficient
∆RClocal Local difference in resolution coefficient
γ Parameter of the accesses number coefficient
k Parameter of the Surface Coefficient
nbAcrit Critical number of access opportunities
nbAC Accesses number coefficient
nbIC Insertions number coefficient
SC Surface Coefficient
W Weight of a cell

I. INTRODUCTION

Mars and its surroundings are more and more at the center
of our attention and generate strong interest. Learning about
this area is today a common project among space agencies.
The Mars Moon eXplorer (MMX) mission is one of these
projects, and it gives its name to the satellite. Led by JAXA
and planned for 2024 [1], this mission involves several partners
such as CNES and NASA for instance [2].

It is today commonly accepted that our Moon has been
formed by accretion after a giant collision between Theia, a
protoplanet the size of Mars, and Earth, which had no moon at
that time. 4.6 billion years ago, this collision released material
into space. Part of this material did not reach the liberation
speed and started to aggregate in what is now our Moon.

Although we well know the history of Earth and of the
Moon, the history of Mars is more uncertain. Mars has two
moons, Phobos and Deimos, which present different charac-
teristics. Have they been formed by accretion in the way the
Moon did, or are they asteroids that have been captured by
the martian gravitational field? These two possibilities would
lead to different chemical compositions that MMX will aim
to detect: is it closer to either the composition of Mars or the
composition of asteroids? For this purpose, several instruments
are being developed, among which a spectrometer developed
by the IAS. This hyperspectral imager, called MacrOmega,
observes in near infrared, and CNES ensures its expertise. Its
range permits to identify forms of silicates, oxides, minerals,
ice and organic compounds in the moons soil. It will also
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be possible to map clouds and aerosols in Mars atmosphere.
These images will also be used for determining a favorable
landing site to collect a sample about 10 g of Phobos’s soil
[3].

Announced during late 2015, the mission is currently at
the transition between phases A and B. In order to optimise
the use of the satellite once in space, in-depth studies are
conducted: mission programming. This current thesis project
is part of the programming phase, it focuses on Phobos and the
hyperspectral spectrometer MacrOmega. The figure of merit is
the coverage percentage of the body per level of resolution,
aiming for a minimal spatial resolution of 20 m per pixel of
MacrOmega [2].

II. MISSION OVERVIEW

A. Introduction to Phobos

Mars has two moons: Phobos and Deimos. Phobos is the inner-
most one, it is also the most massive of the two. Only Phobos
will be considered in this report. Some of its characteristics
are given in Table I below:

Table I: Phobos characteristics [4]

Dimensions [km3] 26.8 × 22.4 × 18.4
Mean radius [km] 11.1
Surface area [km2] 1548.3
Semi-major axis [km] 9376
Orbit eccentricity 0.0151
Orbit inclination [◦] 1.075
Orbital period [h] 7.65 (07:39)

Phobos is small and has an oblate shape with a rugged terrain
due to multiple impacts, especially its 9 km wide crater called
Stickney [5]. Given its small value of orbit inclination, one can
consider that Phobos orbits inside Mars equatorial plane. Due
to tidal effects, Phobos rotates synchronously with Mars [6],
which means that an observer on Mars would always see the
same side of Phobos, as we always see the same side of the
Moon from Earth. Ultimately, its small dimensions coupled
with its proximity with Mars, around 6000 km above Mars
surface, prevent satellites from orbiting around Phobos in a
stable way. Mars attraction is too strong, and satellites would
eventually crash onto the surface.

Studying Phobos is no new idea. Several past missions
already provided us with first images of the moon and elements
of what we know today from it. It is the case of Mariner
9 in 1971 and 1972 [7] or Viking 1 in 1977 [8]. However,
these NASA missions were not dedicated to Phobos but
Mars, Phobos was a complementary goal. One has to look at
Soviet programs to see the first missions with Phobos as the
main goal. The Phobos program consisted of two spacecrafts:
Phobos 1 and Phobos 2. Phobos 1 failed en route to Mars, but
Phobos 2 was able to send 37 images before contact failure
[9]. Another Russian mission was intended in continuity of
the Phobos program. Called Phobos-Grunt, the spacecraft was
launched on the 8th of November 2011 and would have
returned a soil sample from Phobos. However, it failed to leave
its Earth parking orbit and reentered in January 2012 due to
residual drag [10].

B. Scientific Payload

MMX will carry several instruments to perform observations
and measurements from its orbit [11]:
• a LIDAR to determine the range between MMX and

Phobos surface together with albedo measurements
• an Optical Radiometer composed of Chromatic Imagers

(OROCHI) to observe in visible light the topography
of Phobos and identify hydrated materials and organic
matter

• a Telescopic Nadir Imager for Geomorphology (TEN-
GOO) to obtain detailed images of the surface with a
resolution around 40 cm

• a Mass Spectrum Analyzer (MSA) to analyse the ion
environment of Phobos and detect the presence of ice
inside the moon

• a Circum-Martian Dust Monitor (CMDM) to analyse the
dust environment of Phobos

• a Gamma Ray and Neutron Spectrometer (MEGANE) to
detect gamma rays and neutrons that are produced by the
striking of energetic particles onto Phobos

• a Near-Infrared Spectrometer (MacrOmega) to observe
Phobos in near-infrared wavelengths so as to determine
the chemical composition of the surface

This current report focuses on MacrOmega, whose expertise
is held by CNES. Acquisitions are performed with a square
matrix of size N ×N where N = 256 is the number of pixels
on each of its sides. The instrument Field of View (FoV) is
as large as 2θ = 6◦ in two perpendicular directions. It is
also possible to rotate the platform on which MacrOmega is
mounted so as to change the viewing direction. The different
frames are described in Paragraph III-B. Here are the different
constraints that apply on the pictures taken by MacrOmega:
• reach the smallest resolution possible
• have the smallest incidence angle with respect to the local

normal direction
• solar incidence must be within the range [10◦, 60◦] with

respect to the local normal direction
Since the instrument covers a wide range of wavelengths, from
0.9 µm to 3.6 µm, each acquisition lasts supposedly during 6
minutes and MacrOmega shall be able to target a fixed point
on Phobos all along the acquisition.

C. QSO Definition

Because of the low gravity of Phobos, it is impossible to truly
orbit around it. However, mission analysts came up with a
family of stable orbits around Mars which allows the satellite
to follow Phobos and to stay in its vicinity. In the frame which
is fixed to Phobos and rotates at the same speed, the PRF, it is
as if the satellite was orbiting Phobos. These orbits are called
Quasi Satellite Orbits (QSO). Figure 1 below gives an insight
of what a QSO looks like in the inertial frame:
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Figure 1: Exaggerated sketch of MMX orbit around Mars
in ICRF centered on Mars.

Phobos’s orbit is nearly circular whereas MMX’s orbit is more
eccentric, leading to an elliptic orbit. Both of them have Mars
at one focus and they have the same semi-major axis a. As a
consequence, they have the same orbital period and it permits
MMX to stay in the vicinity of Phobos. This result is given by
this simplified version of Kepler’s Third Law (1) [12], given
that Phobos’s mass can be neglected compared to Mars’s mass:

T 2

a3
≈ 4π2

µ♂
(1)

where a is the semi-major axis, T is the orbital period and
µ♂ is the standard gravitational parameter of Mars.

In the ICRF, MMX trajectory looks like the blue curve in
Figures 2 and 3 taken from the visualisation software VTS
used at CNES:
There are different types of QSOs depending on the altitude
of MMX around Phobos and the inclination of its orbit plane.
MMX can either orbit in Phobos’s equator plane or have
its orbit tilted in order to facilitate the access to Phobos’s
poles. In descending order of altitude, the following QSOs
exist: QSO-H, QSO-M, QSO-L, QSO-LL and QSO-LLL. An
equatorial QSO is said to be 2D, otherwise the QSO is 3D.
The QSO reprensented in Figure 2 above is notably contained
in Phobos’s equatorial plane which is defined by the green and
red axes. Figure 3 rather shows a 3D QSO. Table II describes
the characteristics of these QSOs depending on their altitude:

Figure 2: QSO-L2D viewed for 240h
in the ICRF centered on Phobos.

Figure 3: QSO-L3D viewed for 240h
in the ICRF centered on Phobos.

Table II: QSO characteristics

QSO type H M L LL LLL
Altitude min [km] 87 37 17 12 5.3
Altitude max [km] 189 85 38 27 17.3
Min sub-satellite speed [m/s] 1.3 1.4 2.0 2.4 3.2
Max sub-satellite speed [m/s] 6.1 6.3 6.9 7.4 8.1
Smallest resolution
at min altitude [m] 35.6 15.1 7.0 4.9 2.2
Phobos viewing angle
at min altitude [◦] 6.5 13.1 21.7 25.8 34.2

For each QSO, a typical time observation horizon about one
month is considered. This paper will focus on the 3D QSO-L
category.

D. Mission Guideline

Results depend a lot on altitude, that is to say on the QSO
type. For instance, as seen from Table II, the sub-satellite speed
on Phobos surface increases when the satellite gets closer to
it. Combined with relief irregularities, some areas are then
harder to target fixedly during the 6 minutes of acquisition of
MacrOmega. As a result, each QSO plays its own role, and
their results are complementary. High-altitude-QSOs are able
to get images from zones that are difficult to get with low-
altitude ones, due to too high speeds. Moreover, high-altitude-
QSOs are also a good starting point in order to decide where
the lander will get its sample from because it provides a more
global view of the martian moon. However, resolution is way
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better with low-altitude-QSOs, as it is proved in subsection
III-A.

So as to have the most complete mapping of Phobos,
missions analysts came up with a list of periods during
which Phobos can be observed. Table III shows the selected
QSOs in chronological order, as stated by CNES internal
documentation:

Table III: Mission scenario and planned QSOs

Mission period QSO type Comments
10/2025 QSO-H Global mapping
11/2025 QSO-M Global mapping + Mars observation
12/2025 / Downselection from 50 to 20 landing sites
02/2026 QSO-H&-M Mars observation during descent
03/2026 QSO-L Downselection from 20 to 10 landing sites
04/2026 QSO-LL Close-up observation of the 10 sites
06/2026 QSO-LLL Close-up observation for 5 sites
08/2026 QSO-M 3D Get spectral data from polar regions
08/2026 / Downselection from 10 to 5 landing sites

III. METHOD

A. Resolution of MacrOmega

During simulations, MacrOmega’s resolution was calculated
through basic geometry and algebra. The viewing incident
angle i is defined with respect to the local normal vector on
Phobos surface at the target point, d is the distance between
the focus point of MMX and this target point and Θ is
MacrOmega’s opening semi-angle. Figure 4 gives a schematic
of this nomenclature without the N × N matrix, and Annex
A details the instrument matrix part.
According to the nomenclature of Figure 4, resolution can be
calculated as follows:

R =
2l1
N

(2)

l1 is equivalent to half the swath, and the latter is equal to the
sum of the resolution of each one of the N pixels. (2) uses
the assumption that the resolution of each pixel is the same,
which is in reality not the case, and gives the mean value of
all the resolutions of the matrix. At this step of the project, it
is assumed that R is homogeneous within the matrix.

Equation (3) comes from the Thales theorem and Equation
(4) gives another basic geometric relation based on Figure 4:

d tan Θ

l1 cos i
=

d/ cos Θ

d/ cos Θ + l2
(3)

l2 cos Θ = l1 sin i (4)

Simplifying the numerator and denominator at the right side
of Equation (3) by cos(Θ) and injecting (4) in (3) yields to:

d tan Θ

l1 cos i
=

d

d+ l2 cos Θ
(5)

The reorganisation of Equation (5) to get l1 leads to (6).
Equation (6) then leads to (7) by multiplying the numerator
and denominator by cos(Θ):

Figure 4: Schematic of the nomenclature used for resolution
calculations.

l1 =
d tan Θ

cos i− sin i tan Θ
(6)

l1 =
d sin Θ

cos i cos Θ− sin i sin Θ
(7)

A trigonometry simplification of (7) and the injection of (7)
into (2) gives the final result for R:

R =
2d sin Θ

N cos(Θ + i)
(8)

Equation (8) was used in the model each time a resolution
needed to be calculated. Only d and i vary in correspondence
with the positions of Phobos and MMX. It is clear from
Equation (8) that i has a ceiling value equal to 90◦−Θ = 87◦.
This value is exploited in subsection IV-C as a requirement
for geometric visibilities and it makes a link with the two first
constraints given at the end of paragraph II-B. So as to get
pictures with the lowest resolution possible, i has to be as
small as possible. The ideal case corresponds to i = 0, that is
to say when MMX is right above the target, at nadir.

B. Frames

This section presents different frames used to perform calcu-
lations during simulations.

One of the main frames used for guidance is called Local
Orbital Frame (LOF). It is centered on MMX at every moment
and is defined by:
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• ~zLOF = unit axis pointing towards Phobos centre of
gravity

• ~yLOF = ~zLOF×(~vMMX)PRF
‖~zLOF×(~vMMX)PRF‖

• ~xLOF = ~yLOF × ~zLOF

Figure 5 displays what is called Satellite Frame (SF). It is used
by JAXA to design MMX and locate the different sub-systems.
Unlike the LOF, the SF is therefore fixed to the satellite.

Figure 5: Satellite frame SF.

Mission programming teams however prefer to use a different
frame called Mission Frame (MF). It is built from the SF by
using the following correspondence:
• ~xMF = ~xSF
• ~yMF = −~ySF
• ~zMF = −~zSF

This frame points towards Phobos in its z direction. It corre-
sponds to the same direction than the viewing direction, which
makes it preferable for mission programming. Moreover, the
SF is likely to be changed in the future by the design engineers.
So that the MF remains right-handed, the y-axis is also
reversed. Given this correspondence with the SF, the MF then
is fixed to the satellite as well.

The guidance is such that the MF and LOF are equal,
which means that MMX is always oriented towards Phobos’s
centre of gravity. Two degrees of freedom are provided to
MacrOmega thanks to rotations allowed by a platform on
which the instrument is mounted. This is what is shown in
Figure 6. The Viewing Frame (VF) is a frame fixed to this
platform and its z-axis corresponds to the viewing direction
of MacrOmega. There are two ways to go from the MF to the
VF: either by using a (1-2-3) sequence of Euler angles, which
corresponds to (roll, pitch, yaw), or the ψX and ψY angles
shown in Figure 6.

Based on Figure 6 and since ‖~zMF‖ = 1, these angles are
calculated geometrically as follows:

tan ΨX = −~zVF · ~yMF

tan ΨY = ~zVF · ~xMF
(9)

From these two relations comes Equation (10) to calculate the
VF’s z-axis in the MF:

(~zVF)MF =
1√

1 + tan2 ΨX + tan2 ΨY

 tan ΨY

− tan ΨX

1

 (10)

Figure 6: Correspondence between the mission frame MF
and the viewing frame VF.

This vector can also be calculated thanks to Euler angles and
rotation matrices for a (φ, θ, ψ) set of rotations. (~zVF)MF then
becomes:

(~zVF)MF = CVF
MF × (~zVF)VF (11)

where CVF
MF =

 cθcψ −cθsψ sθ
sψcφ+ cψsθsφ cψcφ− sψsθsφ −cθsφ
sψsφ− cψsθcφ cψsφ+ sψsθcφ cθcφ


corresponds to the rotation matrix from VF to MF. For
readability reasons of the matrix, ”cos” and ”sin” are replaced
respectively by ”c” and ”s”.
Since (~zVF)VF =

[
0 0 1

]T
, Equation (11) leads to this

second expression for (~zVF)MF:

(~zVF)MF =

 sin θ
− cos θ sinφ
cos θ cosφ

 (12)

It is then possible to equalize the two expressions for (~zVF)MF
given by (10) and (12). By forcing the value of the third
coordinate of both vectors to be equal to 1, the following equa-

tion is obtained:

 tan ΨY

− tan ΨX

1

 =

 tan θ
cosφ

− tanφ
1

 which ultimately

leads to:
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ΨX = φ

ΨY = arctan (
tan θ

cosφ
)

(13)

It is not surprising to find out that ΨX and φ are equal since
φ is the first rotation in the sequence (1-2-3). Then cross-track
and roll can be inverted. However there must be no confusion
between ΨY and θ since they are not equal. For typical values
of φ and θ, |ΨY − θ| ≤ 0.32◦ where ΨX and θ do not exceed
20◦and 5◦, respectively. This represents a 6% difference at
most. The difference comes from the definition of ΨY which,
unlike θ, does not take the roll at the beginning of the sequence
into account.

During simulations, Euler angles were used in calculations.
Based on these angles, the long-track and cross-track were
then recalculated and used as constraints for the instrument
visibility, as explained later in subsection IV-D.

While the latter frames were mostly used to calculate the at-
titude of MMX, some information had to be recalculated with
respect to Phobos, for instance the location on Phobos surface
which was targeted by MarcrOmega. As a consequence, a
Phobos fixed frame was introduced: the Phobos Reference
Frame (PRF).

The PRF is centered on Phobos’s centre of gravity, and
rotates with Phobos. Its x-axis is at latitude zero and is fixed
to the sub-Mars meridian. The axis hence always points to near
Mars’s centre of gravity, with small oscillations, since Phobos
is tidally locked. Figure 7 shows the y- and z-axes in green and
blue respectively. The plane formed by ~xPRF and ~yPRF contains
Phobos’s equator and is then the reference for latitude zero.
In the same way, the perpendicular plane formed by ~xPRF and
~zPRF contains longitude zero on Mars side. Longitude is then
counted positive counter-clockwise with a value of 180◦ on
the opposite side of Phobos, in anti-Mars.

Figure 7: Phobos reference frame PRF.

What is represented with a yellow circle in Figure 7 corre-
sponds to the terminator. It is the separation between day and
night on the body at a given moment.

IV. ACCESS PERIODS GENERATION

The simulation was split up into two parts. The first one, which
was already implemented, built the different bodies involved
and their position over time. It defined a grid on Phobos, and
calculated which areas that were acquirable at every moment

and the resolution that one could expect. This part of the
simulation and its different steps are detailed in this section.
One only needs to run it once for a given grid and QSO, and
its outputs serve as a basis to the second part. The second
part of the simulation retrieved all the results from part one
and optimised the guiding following either a chronological
methodology or a greedy one, which means important areas
of Phobos were prioritised regardless of the timeline. These
two methodologies are developed in paragraph V.

A. Step A: Satellite, Sun and Mars Positions over Time

Step A calculates the position and velocity of MMX, the Sun
and Mars with respect to Phobos’s center of gravity. Ephemeris
files provided by JPL [13] are used as inputs for calculations,
and the results are expressed in the PRF, minute by minute.
The LOF is also calculated for each date of the ephemeris, as
well as the Euler angles to go from the PRF to the LOF.

This step also retrieves the body shape of each celestial
body cited above. Phobos shape model is taken from NASA’s
Planetary Data System [14]. The model phobos ver64q.tab
which was used defines a triangular mesh from which a grid
will be created in Step B IV-B.

B. Step B: Phobosian Grid

One of the key concepts of the simulation is the one of grid.
A grid is a discretisation of Phobos surface into square-like
elements, also called cells from now on. These cells are built
from the triangular elements retrieved during Step A IV-A.
Each grid is characterised by its precision step ρ which is the
angle formed between two opposite sides of one cell from the
centre of gravity of Phobos. As such, cells are square-like areas
whose sides correspond to the arcs formed on the surface of
Phobos by this angle ρ both in latitude and longitude. Hence
the number of cells is fixed by fixing ρ. Since latitude goes
from −90◦ to +90◦ and the longitude from 0◦ to +360◦, a
9◦ grid for instance results in 20 cells in latitude and 40 cells
in longitude, for a total number of cells equal to 800. Each
cell is defined by the coordinates of its four corners, as well
as its center coordinates and the zenith direction at its center,
all of them expressed in the PRF.

Because of the definition of our cells, they do not have the
same area. The area of a cell at zero latitude is greater than
the area of one cell at one pole of Phobos, which is the case
even for nearly spherical bodies. In the case of Phobos, which
is oblate, it is enhanced since the radius at the poles is smaller.
The ratio between the biggest and the smallest cells is equal to
38.5 for a 9◦ grid. Figure 8 below shows an example of grid
displayed on Phobos. Its main crater Stickney is identifiable,
and the difference in area between the cells is directly visible.

Informatically, this grid is manipulated like a matrix whose
elements correspond to cells defined by their latitude and
longitude indexes, ilat and jlon respectively. The following
relations apply to go from indexes to the latitude and longitude
of the bottom left corner of a cell:

latitude = ilat × ρ− 90

longitude = jlon × ρ
(14)
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Figure 8: Phobos grid with a ρ = 9◦ step.

For visibility reasons, the grid is then shifted in longitude
between −180◦ and +180◦. Figure 9 below shows how to
read and interpret a map of results.

Figure 9: Plane grid explanation with a ρ = 9◦ step.

C. Step C: Geometric Visibility Computation and Filtering

Step C aims to determine for each cell if it fills all the
requirements of geometric visibility, minute by minute. What
is meant by geometric visibility is detailed below:
• MMX has direct visibility of each corner of the cell
• the center of the cell is out of eclipse from Mars
• the solar incidence (iSI) is within the range [10◦, 60◦]

with respect to the cell zenith
These conditions ensure that the cell is indeed reachable for
the instrument, and that it is also illuminated enough to give
pictures of acceptable quality. The influence of iSI limits on
the simulation result was studied before, leading to the range
[10◦, 60◦] used during the thesis.

Direct visibility is checked thanks to functions that check
that no obstacle hides the target. Since the cell’s corners
coordinates are known in the PRF, the direction of the corner
with respect to MMX is also known. It is thus possible to
calculate the point which results from the intersection of
Phobos with the line leaving MMX and following the latter

direction. If the cell’s corner and the intersection point are
the same then the corner is visible, otherwise it is hidden by
another part of Phobos. For instance a cell around longitude
zero (Mars side) will not fill this requirement if MMX is in
anti-Mars position: the line would intersect Phobos at a point
which is also in anti-Mars position in the first place.

To check that the target on Phobos is not in eclipse, the
following condition must be filled:

angle(point→Mars, point→Sun) > anglecrit (15)

This critical value is calculated for each QSO from the Sun,
Mars and the cells’ centre positions, and it is equal to 21.61◦

for QSO-08. A similar geometric reasoning using Phobos’s
centre instead of the cells’ centre can be done to approximate
this critical value. Figure 10 shows a simplified configuration
of how to calculate it when Phobos goes from shadow to
light. The bodies are seen from above the ecliptic, and we
assume that Phobos stays in this plane during a revolution.
The notations used here are specific to this explanation.

Figure 10: Critical angle of eclipse for Phobos.

The value of interest is β so as to calculate β −α. The angle
α is the semi-angle of Mars viewed from the Sun, r is the
mean radius of Mars, D is the mean distance Sun-Mars, d
is the mean distance Phobos-Mars assuming that the orbit is
circular, L is the distance Sun-Phobos and l is such that:

l cosα = d cosβ (16)

The Thales theorem and Equation (16) yield:

r

d sinβ
=

D

D + l cosα
(17)

Another expression of l given in Equation (18) can be inserted
in the latter expression, which leads to Equation (19):

l = L− D

cosα
(18)

sinβ =
rL cosα

dD
(19)

A value for L can be approximated given the orders of
magnitude of d and D:

L =
√

(d sinβ)2 + (D + d cosβ)2 ≈ D (20)
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This approximation is motivated by the value of α which is
very small due to the distance of Mars from the Sun. Equation
(19) becomes:

sinβ =
r cosα

d
=
r cos [arctan(r/D)]

d
(21)

With the following values [4][15]: D = 227.9 × 109 m, d =
9.4 × 106 m and r = 3.4 × 106 m, we get β − α ≈ 21.2◦

which is really close to the critical value given before.
Finally, in order to check the last condition of geometric

visibility, iSI is computed by calculating the following dot
product:

cos iSI = ~n · ~vs→� (22)

where ~n is the local zenith of the cell and ~vs→� is the vector
from the cell’s centre to the Sun. Solar incidence is in the
accepted range if cos 60◦ ≤ cos iSI ≤ cos 10◦.

D. Step D: Instrument Visibility Computation

Based on the results of Step C, new calculations are made
minute by minute. For each geometric visibility and assuming
a yaw angle ψ = 0, the rotation from MF, equal to LOF in
our case, to VF so that ~zVF points towards the centre of the
targeted cell is computed. θ and φ are then recalculated from
CMF
V F = (CV F

MF )T , whose expression is given in Equation
(11). The cross-track ΨX and the long-track ΨY are finally
calculated thanks to (13). These angles have to stay below
a critical value: typically ΨX = 20◦ in cross-track and
ΨY = 3◦ or ΨY = 20◦ in long-track. These specific values
are chosen by the user. They come from a balance between
previous studies about their influence on the result of the
simulation, and the performance of the rotation mechanisms
of MacrOmega’s platform. It has been demonstrated that an
increase in the long-track range permits to acquire areas where
MMX orbits with a lower altitude, in Mars and anti-Mars
longitudes. When MMX orbits over these areas, its relative
speed to the surface is higher. If long-track is restricted, MMX
cannot target areas far ahead or far behind its trajectory. It thus
becomes difficult for MacrOmega to focus a cell during the
6 minutes necessary to an acquisition and many cells are not
declared accessible for this reason.

If the geometric visibility fulfills the condition on ΨX and
ΨY , it is then checked that for such angles, the footprint covers
the four corners of the cell.
The targeted cell is represented by the dark grey square-like
shape at the bottom, with dots in the corners and the middle.
The black arrow is the local zenith. The satellite is symbolised
at the top by a cube, and the pyramid is MacrOmega’s FoV,
whose basis in light grey is the footprint on Phobos surface.
The red vector is normal to one FoV side, and the green one
is at one corner of the cell and follows the direction of MMX.

The procedure implemented is a loop over each corner,
with computation of the green vector. Inside this first loop
and thanks to a second loop over each side of the FoV, the
red vectors are computed as well. The corner is inside the
footprint if and only if for each side of the FoV, the dot
product between the green and red vectors is negative. If the

Figure 11: Schematic detailing the procedure to check that
the cell is completely covered by the instrument footprint.

four corners are inside the footprint at the current date, the
cell is then considered visible for MacrOmega.

E. Step E: Instrument Accessibility Computation

As before, this step considers results minute by minute.
Step D does not take guidance restrictions into account.
In our case and during an acquisition, the cross-track ΨX

is constant and discrete. The value of ΨX is in the set
{−20◦,−15◦,−10◦,−5◦, 0◦, 5◦, 10◦, 15◦, 20◦}. However, the
long-track ΨY is variable and continue with values in the range
chosen: the range [-3◦, +3◦] was mainly used for this study,
unless specified different values. The variability of ΨY ensures
the possibility of targeting the center of one cell during the
6 minutes of acquisition, with ΨX constant. The maximum
angular speed of the platform in long-track, Ψ̇Y max, is equal
to 1◦/min. Between two acquisitions, both the satellite and
the platform can rotate at a 0.1◦/s rate.

During this step, for each date, a new value of ΨX is chosen
in the set given above. The value chosen is the one which is
the closest to the value computed during Step D. Moreover, a
new ΨY is also computed in accordance with the new value
of ΨX so that the footprint covers the cell entirely.

If a cell is covered during at least six minutes, that is to say
for seven consecutive dates, the mean angular speed required
in long-track Ψ̇Y is also computed so as to check the condition
Ψ̇Y < Ψ̇Y max. If so, the middle date is considered as an
“access” to the cell.
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For each access, the resolution is computed too. Accesses
can be gathered into access periods if the dates are consecutive.
Within one period, the date with the smallest resolution is
considered as the preferential date of the period. These periods
are the main result of this first algorithm.

However the simulation takes into account neither the
pointing precision which is equal to 0.01◦ nor the stability of
pointing which is equal to 0.1◦ for 10 minutes of acquisition.
Given the values needed in long-track and cross-track, whose
order of magnitude is that of the degree, the pointing precision
is acceptable. Moreover, one acquisition lasts for 6 minutes
with an available angular speed of the platform equal to
1◦/min = 10◦/10 min. The stability of pointing is 100 times
lower than this value, which is acceptable too.

V. HIERARCHIC GREEDY ALGORITHM

The results of the previous algorithm were used as inputs for
this second algorithm, whose aim is to optimise the order
with which pictures of Phobos have to be taken. Before pre-
senting the hierarchic greedy algorithm, which was developed
from scratch during the thesis, subsection V-A introduces an
alternative to this approach and subsection V-B gives basic
theory over simple greedy algorithms. The results of the
greedy algorithm and the alternative approach, a chronological
algorithm, are confronted later in section VI-B.

A. Introduction to a Previous Method: the Chronological
Algorithm

The chronological method is the most intuitive. For a given
QSO, the dates of the observation horizon are browsed chrono-
logically. Thanks to the access periods, the cells acquirable at
the current date are automatically listed and ordered by order
of importance. The importance of one cell increases if it has
few insertion opportunities, or if it has never been inserted.
The most important cell is then inserted into the timespan
at this date. Since the acquisition is not instantaneous, the
dates that follow are in temporal conflict and are erased from
all the periods of all the cells. At the end of the acquisition
begins a manoeuvering phase used to target the next cell. This
manoeuvering time is yet constant and equal to six minutes,
which is long enough to be sure that the satellite is ready
for any new acquisition. The simulation stops when the all
the dates have been browsed. This method has the advantage
to be intuitive and natural, but there is poor control over the
importance given to the cells. Some cells with good potential
accesses can be lost due to temporal conflicts caused by cells
inserted previously. Such losses reduce the final coverage of
Phobos, and the resolutions achieved for the inserted cells
are not necessarily the best resolutions achievable. So as
to improve the way cells are inserted, another approach is
employed: optimisation thanks to a greedy algorithm.

B. Introduction to Greedy Algorithms

Greedy algorithms [16] are commonly used for optimisation
problems. Generally speaking, optimisation algorithms try to
find the optimal solution of a problem, or at least to get as close

as possible from it. The particularity of greedy algorithms is
that they select the best local solution and reduce the problem
into sub-problems recursively. An example is given in Figure
12 below:

Figure 12: Example of greedy solution for a simple problem.

In this example, the goal is to browse the binary tree and
achieve the highest score. The score increases at each step of
the value of the chosen bubble. The path followed by a greedy
decisioner is displayed in red. Its final score, equal to 31, is not
equal to the ideal score 34, whose path is displayed in green.
This means local optima are not sufficient to reach the global
optimum. This greedy approach, if not adapted, can sometimes
lead to one of the worst results possible. Improvements can
be done by defining different rules. It is for instance possible
to select the next bubble by looking at the maximum score
increase on two steps. Suppose being on 7, the following
calculations are made: 15+8 = 23, 15+9 = 24, 10+17 = 27,
10 + 2 = 12. The bubble 10 would then be selected because
27 is the best result. Finally, 17 would be chosen since the end
of the tree is reached and it is the best of the two remaining
bubbles. This new solution works in this example, but it
might be necessary to look on three steps or more because
the decision is still taken locally. Furthermore, each decision
defines sub-problems: one at the right and one at the left of
the chosen bubble. The latter is marked by the dashed black
box. It still does not mean that an optimal solution on this
sub-problem ensures the achievement of the optimal solution
of the global problem, as proved by this counter example.
However, it means that decisions are final: a greedy program
never comes back on them. It shows again how crucial it is to
find good decision rules because the simulation result highly
depends on it.

C. Coefficients of Weight

Our optimisation problem concerns the order with which
acquisitions of all the same duration have to be performed.
This order has an influence on the resolution of the pictures,
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and the areas on Phobos that can be mapped. Areas of interest
may have only a few access opportunities, and hence can
be lost if other areas are mapped at the same dates instead.
The difficulty was then to find criteria which ensure the best
decision taking so as to lose as few cells as possible and
have good quality on the inserted cells’ pictures. To do so, we
defined independent coefficients which were used to calculate
the importance of each cell at each step of simulations.
There are four coefficients which are calculated for each cell
depending on its:

• surface,
• best resolution available for an insertion,
• remaining available number of insertions, and
• number of previous insertions

The value of these coefficients is influenced by parameters
chosen at the beginning of the simulation by the user. The
algorithm is then agile: the user can decide about the im-
portance of each coefficient thanks to its parameter(s). The
importance of a cell is called its ”weight”, calculated thanks
to the coefficients. At each step the cell with the highest weight
is inserted.

The real optimisation then concerned the coefficients’ pa-
rameter(s) since they drive all the decisions during simulations.
For this reason, an evaluation system on the result with respect
to the parameters had to be implemented as well. It permits
to be able to compare the influence of the parameterisation on
the result, and ultimately to find the best set of parameters.
Contrary to the coefficients, the simulation grade does not
depend directly on the choice of the parameters value, but only
on the percentage covered of Phobos and the lowest resolution
of insertion achieved of each cell.

The goal was then to maximise the acquired area and
to minimise the resolution. As a consequence, the first two
coefficients naturally depend on these two criteria. A bigger
cell has more importance since its surface contribution to the
evaluation grade is higher, and a cell whose best available
resolution of insertion is lower can be mapped with a better
quality and increases the grade too. However, it is important
to remember that giving importance to big cells discriminates
the small ones at the same time. This can have possible
side effects such as preventing these small cells from being
inserted, conducting to a loss of surface and to a lower grade
in the end.

To enhance the insertion of as much different cells as
possible, the two other coefficients were added. For instance
the cells at high latitudes are not only smaller, but also
difficult to reach since MMX is more often in Phobos’s
equatorial plane. Hence they may not have a lot of access
opportunities. The third coefficient was thus used to give
them priority by increasing their weight. Moreover, as already
mentioned, each insertion creates temporal conflicts which can
remove opportunities for other cells. They may not have many
insertion opportunities left, the coefficient then mitigates the
effect of conflicts.

The last coefficient aims to highly decrease the weight of
already inserted cells, and by so to prioritise the ones which
had never been. This goes in favour of the acquisition of as

many different cells as possible to increase the final coverage
and by so the simulation grade.

These coefficients are detailed in the following subsections.
They are all bijections whose values are in the range [0, 1]
where 1 corresponds to the best value reachable for each of
them.

1) Surface Coefficient SC: The surface coefficient SC aims
to promote cells whose surface is among the biggest ones
because their insertion permits to get a large portion of Phobos
at once. The SC of the biggest cell of the grid is equal to 1.
the coefficient increases as a function of the ratio between
the surface of the cell x and the surface of the biggest cell
of the grid S = max(x)grid: x/S. The ratio gets higher for
bigger cells, and SC increases as well, as shown by (23). The
equation employs S/x rather than x/S:

SC = e(
1−S/x
k ) (23)

The plot of this function is given hereafter in Figure 13.

Figure 13: Surface coefficient behaviour with S
x

and different values of k.

As said in section IV-B, the biggest cell is 38.5 times the
size of the smallest. Figure 13 shows how close to zero SC can
become with a steep slope for small values of the parameter
k, with k ≥ 0. However, for high values of k, SC has nearly
no effect on the weight since it remains close to one, whatever
the ratio x/S.

2) ∆RCglobal and ∆RClocal: There are two different reso-
lution coefficients: one operates over all the grid and is then
said to be global, the other one is said to be local since it only
operates over individual cells. They are noted ∆RCglobal and
∆RClocal respectively. Even if their roles are not the same,
their expressions are alike:

∆RC = e(
−∆R
10α ) (24)

Depending on if ∆RCglobal or ∆RClocal is calculated, ∆R
and α are defined “global” or “local” accordingly. The two
parameters αglobal and αlocal are strictly positive. They can
be equal or not depending on what the user wants. On
the contrary, ∆Rglobal and ∆Rlocal do not refer to the same
difference of resolutions, they are detailed in the following
equations:
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∆Rglobal = min(R)cell −min(R)grid

∆Rlocal = Rcell −min(R)cell
(25)

where min(R)grid is the lowest resolution achievable among all
the access opportunities of the entire grid. This value is then
unique and never changes during the simulation. The value
min(R)cell is the lowest resolution achievable among all the
access opportunities of the cell. There is then one value of
min(R)cell per cell, and it never changes during the simulation.
However, the resolution of insertion of the cell Rcell changes
since it is calculated at each insertion, that is to say at every
step of the simulation. The choice of the two parameters αglobal
and αlocal is motivated by the notion of typical decay: when
∆R reaches 10α then the coefficient is equal to 1/e ≈ 0.37.
The decreasing slope of ∆RC is thus steeper for smaller
values of α, as can be seen in Figure 14.

Figure 14: ∆RC behaviour with ∆R
and different values of α.

According to the definition of ∆Rglobal, it is calculated only
once for all the cells of the grid. This coefficient introduces a
primary ordering between the cells: each cell with at least one
access opportunity has a best value of resolution available for
an insertion min(R)cell. This value is compared to min(R)grid:
the smaller ∆Rglobal, the higher are the coefficient and the
priority of the cell. The best coefficient is equal to one for
the cell which possess the best resolution of the grid in its
primary access period.

Contrary to ∆Rglobal, ∆Rlocal is calculated as many times as
necessary at each step of the simulation with the appropriate
value of Rcell. Only Rcell changes, min(R)cell is calculated
once at the beginning of the simulation so that the resolution
is always compared to the initial best value of resolution of
the cell.

By putting small values of α, the user can discriminate the
cells for which ∆R is high. Therefore, a constraint on the
quality of insertion is created: insertions are likely to occur at
the optimal date of the first access period indicated for each
cell. Periods are indeed sorted by increasing order of optimal
resolution, as will be explained later in section V-D. The first
access period of a cell is then its best one.

3) nbAC: The nbA coefficient nbAC is used to promote
cells with only a few access opportunities left. An nbA equal
to 1 corresponds to a timespan of one minute available for
an insertion. As explained previously in section IV-E, access
opportunities are calculated during Step E and gathered into
periods. What is important here is not the number of periods,
but their duration in minutes. For a given cell, a period lasting
three minutes contributes by adding 3 to the cell’s nbA.

This coefficient has two parameters: a real number γ > 1
and an integer nbAcrit ≥ 1. nbAC acts like a low pass filter
with nbAcrit as critical value of nbA before the weight of the
cell collapses. As both parameters are chosen by the user, there
is total control over the way this coefficient acts. The formula
of nbAC is the following:

nbAC =
π − 2 arctan[γ(nbA− nbAcrit)]

π − 2 arctan[γ(1− nbAcrit)]
(26)

The plot of this function is given in Figure 15, for different
values of γ and for nbAcrit = 6. Even if nbA is an integer, solid
lines are displayed and link the dots so as to easily distinguish
the data series.

Figure 15: nbAC behaviour with nbA, nbAcrit = 6
and different values of γ.

nbAC is an exception to the other parameters since its
value is superior to 1 in 0. nbA can be equal to 0 if a
period only contains one date, then the period has a zero
duration. The results that are presented in section VI use this
parameterisation. However, in order to be consistent with the
other parameters, it may be better to put a 0 instead of the 1
in the arctan function of Equation (26) so that nbAC never
exceeds 1. There is actually no problem in using it as it is now
because the cell’s total weight can never exceed 1 anyway, as
detailed later in section V-D.

4) nbIC: The nbI coefficient nbIC is designed to highly
discriminate the cells which have been inserted at a previous
step of the simulation. When inserted, the target cell’s nbI is
incremented, and nbIC is recalculated. Its formula and plot
are given below:

nbIC = e−β×nbI (27)
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Figure 16: nbIC behaviour with nbI
and different values of β.

For readability reasons, the dots are linked by solid lines
even if nbI is an integer so as to be able to distinguish the
different data sets. Since nbIC is calculated with a decreasing
exponential, it indeed has a steep slope as soon as an insertion
occurs. In that case, nbI = 1 and nbIC = 1/eβ . The value
of the real parameter β ≥ 1 then determines how steep the
slope is. A greater value of β is more discriminant. However,
as seen in Figure 16, it is not useful to select a too high value
of β since its effect on nbIC is limited above β ≥ 5.

This coefficient helps to improve the coverage since the cells
which have never been inserted get prioritised, their nbIC is
equal to 1. This effect reinforces the effect of nbAC if the
cell has a low nbA: inserting this cell becomes an absolute
priority in order not to risk to lose it.

D. Structure

The structure of the algorithm is made of two parts: an
initialisation and a loop over the steps of the simulation. Steps
represent the number of the current insertion since there is
one insertion per step. A detailed overview of the structure
is given in Appendix B, and the next two sections V-D1 and
V-D2 develop these two parts. Figure 17 below gives a basic
idea of how the algorithm is built:

Figure 17: Simplified structure of the algorithm.

1) Initialisation: The initialisation is of high importance. It
retrieves all the ephemeris files and body shape models. New
grids are created, including a grid which contains the area of
every cell, the ratios of surface with respect to the biggest
cell and the total surface of Phobos. Another grid contains
information about the resolutions, such as the best resolution
achievable which is useful for the calculation of ∆Rglobal.
For instance, the best resolution achievable in the grid is
min(R)grid = 8.9 m and the best resolution achievable of a cell
is min(R)cell = 12.5 m. Then: ∆Rglobal = 12.5 − 8.9 = 3.6
m. A third grid contains Java objects representative for the
cells. These objects possess variables for the weight and the
coordinates of each cell. These three grids are bi-dimensional
arrays or matrices.

The algorithm also retrieves all the outputs calculated pre-
viously until Step E, and loads them into Java collections,
called TreeMaps, so as to be able to have a quick access to
any information concerning any cell of interest and its access
periods. The notion of speed of the algorithm is crucial even
for a 9◦ grid which only possesses 800 cells. Such a simulation
lasts for around a quarter of an hour. A 3◦ grid with 7200
cells has an execution time about 45 times higher, that is to
say around 12 hours. Since it is planned to create grids with
even thinner cells in the near future, time complexity plays an
important role.

There are also several TreeMaps and each one plays its
own role. One contains all the cells which possess geometric
visibilities. This tree is useful to detect what is called a
“connex cell”. A connex cell is a cell which is not targeted
during an acquisition, but which is close enough to the targeted
cell to be acquired at the same time, even if it does not possess
access opportunities. The geometric visibility condition is
sufficient, the access condition is a more strict condition
essential to targets but not necessary for connex cells. This
hierarchy is summed up in Figure 18. However, in addition to
the geometric visibility, a check that MacrOmega’s footprint
covers the four corners of the connex cell is necessary. This is
done thanks to the method described in section IV-D. A new
schematic is given in Appendix C, where the brown cell is
connex to the targeted dark grey cell.

Figure 18: Schematic of the hierarchy between geometric
visibilities and access opportunities.

Another TreeMap contains the access periods for each cell.
This TreeMap shrinks during the simulation because the
periods are removed as soon as they become unavailable. This
TreeMap helps in the choice of the next cell to be inserted
because access periods are sorted by order of increasing
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optimal resolution. The possible best resolution of insertion of
each cell is then available directly because the corresponding
access period is the first one loaded on the cell. It is used
to calculate ∆Rlocal, as explained more in detail in the next
section V-D2.

There is also a TreeMap with all the accessible cells, but
none is removed. However, if a cell is not accessible but still
geometrically visible and if this is acquired as connex, it is
then added to the Map. Instead of shrinking, this TreeMap
potentially grows. Its only goal is to list the cells which are
acquirable during the simulation.

From all these elements, a first weight is calculated for
each cell. Not accessible cells are automatically granted a
weight equal to 0, which means they can never be targeted
and inserted directly. Otherwise, their weight W is calculated
as follows:

W = SC ×∆RCglobal × nbAC (28)

The cell with the highest W is the highest priority, and is
targeted for the first acquisition. As mentioned in section
V-C3, it happens that nbAC is higher than 1. However, all
the weights of the grid are divided by the best weight, which
ranges W between 0 and 1.

2) Grid Actualisation: The mesh actualisation permits to
recalculate the weight of each cell, so that a new one is
designated as a priority for the next acquisition.

As soon as initialisation has ended and the main part of
the algorithm is reached with the first insertion, equation (28)
grows to take more information into account, as shown by
equation (29):

W = SC ×∆RCglobal ×∆RClocal × nbAC × nbIC (29)

The weight now takes the local ∆R coefficient into account,
as well as nbIC since insertions are being performed at
each step. SC and ∆RCglobal are always the same since only
constant values determined at the initialisation are part of their
expression. However, nbAC changes dynamically at each step
and for each cell.

Contrary to ∆Rglobal whose calculation is done once and
is quite easy to understand, ∆Rlocal changes dynamically.
Equation (25) is easier to understand thanks to the following
example. A cell has for instance an optimal resolution equal
to 12.5 m. Unfortunately, due to conflicts with other cells
which had priority, the corresponding period is removed. The
second period is now the best, in first position, with an optimal
resolution equal to 17.8 m. In this example min(R)cell = 12.5
m. Before removal of the first period, Rcell = 12.5 m and
∆Rlocal = 12.5 − 12.5 = 0.0 m. After removal, it becomes:
Rcell = 17.8 m and ∆Rlocal = 17.8 − 12.5 = 5.3 m. This
example is illustrated by Figure 19 which shows the stacked
periods of the cell. The optimal resolution of each period is
written, as well as the referring optimal date. As shown, these
dates don’t follow a chronological order.
The coefficient nbIC is simpler: each time a targeted cell
is inserted, its nbI is incremented by 1. The coefficient is
then recalculated thanks to Equation (27). A question arises

Figure 19: Example of deletion of an access period.

concerning connex cells: should their weight follow the same
update as the targets, that is to say an incrementation of their
nbI? Insertions of connex cells are random. Connex cells can
only be geometrically visible: in that case, their insertion is
a complete gain of coverage because the cell would never be
inserted otherwise, their weight is always 0. Connex cells can
be not only geometrically visible, but accessible too: in that
case the resolution can be close to min(R)cell, which means the
cell is inserted with a resolution close to what was available for
this cell, ∆Rlocal ≈ 0. If a large ∆Rlocal exists, the insertion of
the connex cell is not very significant and better acquisitions
are expected from it. This last eventuality explains that nbI
is not incremented for connex cells in this first version of
the algorithm. An increase of nbI would discriminate these
cells which are not acquired with their best resolution, and it
would become difficult to target them if their weight is nearly
0. On the contrary, a cell acquired with a low ∆Rlocal has to
be discriminated since there is no real interest in targeting it,
leading to a picture with nearly the same resolution. It is more
interesting to acquire a new cell instead. In order to balance
these two eventualities, the insertion of a connex multiplies its
weight by a coefficient (1−∆RClocal). If ∆Rlocal is low then
∆RClocal ≈ 1 and the weight of the connex decreases close
to 0, otherwise ∆RClocal ≈ 0 and the weight is multiplied by
a value close to 1 which has no effect on its priority state.

The nbAC coefficient is linked to how many minutes cells
still have to be inserted. For each cell, nbA decreases each
time access opportunities are lost, and nbAC is recalculated
accordingly. The next section V-D3 details how nbAC works.
Its mechanism is more complex and requires deeper explana-
tions.

3) Clipping Mechanism for Access Periods: Access periods
can be represented by the following figure:

Figure 20: Graphic representation of an access period.
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This is a representation of the resolution with time. The
horizontal length of the period corresponds to its duration,
and the resolution is given at each date by the height of the
curve. The optimal resolution and its corresponding date are
represented by the green dot located at the minimum value in
resolution. Each period has a characteristic hollow shape in
resolution as shown by the figure. This property is ensured by
the construction of periods: any local maximum in resolution
in the middle of a period leads to a split of this period at the
corresponding date into two hollow-shaped periods. This pre-
treatment is done during step E and is helpful to the clipping
mechanism detailed below in Figures 21 and 22.

Figure 21: Conflict interval caused by an insertion.

The blue and orange open interval in Figure 21, represented
with black brackets at its ends, corresponds to a complete
insertion. The blue part represents MacrOmega’s acquisition
time, equal to six minutes so that it has enough time to browse
all its wavelengths. The insertion date is arbitrary settled in
the middle of the acquisition and represented by the black
arrow. The acquisition is directly followed by a manoeuvre
time, displayed in orange, fixed to six minutes in our study.
This fixed delay provides enough time to MMX to reach any
cell on Phobos. One insertion is the sum of these acquisition
and manoeuvre times.

The key here is to determine when are the last and next
possibilities for a new insertion around this interval. If a
new insertion is intended just before, it needs at least half
an acquisition time and one full manoeuvre time after the
insertion date to be completed. If the new insertion starts just
after the interval, only half an acquisition delay has to be
provided before the insertion date. By doing so, new insertions
do not collide with the current interval but finish or start
exactly at its ends. All the dates in between the last and
next possibilities are in temporal conflict. On the schematic,
it corresponds to the current interval and the blue and orange
dashed extensions around it. According to these constraints,
the latest insertion date to perform a new insertion corresponds
to the current date of insertion shifted by one insertion duration
in the past. Inversely, the earliest date possible to perform
a new insertion corresponds to the current date of insertion
shifted by one insertion duration in the future. This means that
the conflict lasts during two insertions periods. This conflict
is centered on the insertion date, and it is represented on the
schematic by the two black dashed intervals.

Figure 22: Clipping mechanism for an access period.

In Figure 22, the red dashed box represents the same conflict
previously explained whose duration is equal to two insertions.
The conflict represented in this example is fully contained
in the middle of a period whose optimal date of insertion is
removed. The period is then clipped into two remaining parts,
which form new periods. Since the optimal date of the parent
period is removed, the optimal date of each child period has
to be computed. This task is facilitated thanks to the hollow
shape of the periods since the new optimal date and resolution
are necessarily on the borders of each child period. In the case
where the optimal date of the parent period is not removed,
then it is kept for one of the two children, and the optimal
date of the second child is located at its border. Several other
cases of conflicts are illustrated in Appendix D.

This example also shows that a problem arises when
clipping a period: the new period(s) might not be ordered
by increasing order of resolution anymore. This is why the
mechanism always ends by a new sorting of the periods of
the cell if at least one resolution is recalculated, either because
there are two children periods or because one optimal date has
been removed.

This clipping mechanism is used each time an insertion is
performed. Each period of each cell is tested to determine
whether the conflict intersects it or not. If yes, the conflicted
period is then reduced or removed thanks to this clipping
mechanism. The cell’s nbA decreases by a value equal to the
number of minutes in conflict and the coefficient nbAC is
recalculated accordingly thanks to equation (26). If the last
period of the cell is removed, then the cell is considered as
lost and its weight goes down to zero. When all the cells have
a weight equal to zero, then the simulation ends.
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4) Grade of the Simulation: The research of the optimal
solution of an optimisation problem is possible only if a
method to compare the solutions exists. Furthermore, it is
also necessary to determine how far these solutions are from
the optimal solution. This assumes that the latter is known in
advance and plays the role of target.

In our case, a grading system is implemented. The grade
takes into account both the resolution of insertion and the total
surface acquired which are our two key goals. This grade is
called the “real grade”. It is calculated as follows:

grade =
∑

(x× min(R)cell

min(R)acquisition
)inserted (30)

where min(R)cell is the best resolution achievable for the cell,
as described in equation (25), and min(R)acquisition is the best
resolution of insertion actually achieved during the simulation.
This grade is calculated at each step of the simulation and
then grows dynamically. There are particular cases when the
resolution ratio is undefined, since some of the inserted cells
are connex cells which are only geometrically visible, but not
accessible. For these cells, min(R)cell does not exist since they
have no access periods. In order to work around this problem
when such a case rises, the contribution is the following: +x
if x < 40 m and +x/3 if 40 m ≤ x < 80 m. This is an
arbitrary solution which has been taken temporary. Figure 23
shows how the real grade evolves.

Figure 23: Plot showing the evolution of the grade with the
number of acquisitions

ρ = 9◦, k=1 000, β=10, αg=5, αl=3, γ=5, nbAcrit=6.

The real grade is plotted in red. Two other curves appear in this
plot, and are called “optimal grade” and “maximum optimal
grade”. They are plotted in green and blue respectively. The
three grades are homogeneous to a surface, and are divided by
the total surface of Phobos in order to be more representative.

The optimal grade shows what the grade could be without
degradation due to resolution. The formula is the same as
for the real grade (30) but with a resolution ratio r/R equal

to 1. If all the cells were inserted at their best resolution,
then the real grade would be equal to the optimal grade. A
comparison between the two curves gives an idea of the quality
of insertion.

The maximum optimal grade, in blue, is the target of the
simulation. This grade is calculated thanks to the TreeMap
described at the end of section V-D1 about the initialisation.
The Map contains all the cells which have access opportunities
at the beginning, and connex cells are added during the
simulation if they are not already in the Map, that is to say if
they only are geometrically visible. The area contribution of
each cell contained by the Map is fully added to the maximum
optimal grade. It can be compared to the optimal grade so as
to show what proportion of cells are missing at the end of
the simulation. These cells are lost without having ever been
inserted.

These three grades give precious information to the user
of the algorithm. However, the real grade is the only one that
counts when two simulations are compared, since it is the only
grade which takes both the area covered and the resolution
into account. A common information provided by the real
grade and the optimal grade is that only 400 acquisitions are
needed to reach the final value of the grade, meaning that there
are neither new cells inserted nor resolution improvements
anymore. If revisits are not a priority, simulations can be
shortened.

VI. RESULTS

A. Search for an Optimal Solution

In order to find a set of parameters which maximises the real
grade obtained, many simulations have been carried out and
compared. The optimisation problem detailed in this paper,
thus the simulations carried, focus on a 3D QSO-L. During
this specific QSO, the satellite mainly reaches the equatorial
part and the northern hemisphere of Phobos. It is referred as
“QSO-08” or “season 1”. Simulations built on a different 3D
QSO-L are also performed. A QSO, referred as “QSO-10” or
“season 2”, completes season 1 since MMX acquires data from
the equatorial part and the southern hemisphere. It is supposed
that the best solution found for the QSO-08 also applies to the
QSO-10, and to any QSO.

A preliminary study is done on a restricted number of
parameters. To begin with, nbAcrit = 6 and γ = 5 are chosen
fixed. Only k, β, αglobal and αlocal vary. They are studied on a
limited set of values. These values are arbitrary defined from
the graphs of section V-C which give clues on how to select
appropriate values. These sets are given below:
• k ∈ {1, 5, 1 000}
• β ∈ {2, 5}
• αglobal and αlocal ∈ {1, 3, 5}

The simulations are performed for a 9◦ grid, and the results
are displayed in Figure 24.

Figure 24 shows six sub-figures, ordered by values of k
and β. Only k varies between the lines, with k = 1 at the
top, k = 5 in the middle and k = 1000 at the bottom. The
columns differ in β with β = 2 at the left and β = 5 at
the right. Inside each sub-figure, the variation is done on both
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Figure 24: Results of the preliminary study.

αglobal and αlocal. The parameter αglobal varies on the x-axis
and αlocal on the y-axis. The colours represent the real grade
of each simulation, from the blue for the lowest grades to
the red for the highest grades. The colorbar is scaled between
the lowest value, equal to 56.5%, and the highest value, equal
to 60.6%. It is clear from this figure that the grade increases
when k increases, when β increases, when αglobal increases
but when αlocal decreases. This result is consistent with the
way the coefficients are designed:

• k influences SC which discriminates the small cells and
promotes the big ones. The higher k, the less SC reduces
the weight of small cells. These cells are the ones at high
latitude, therefore less accessible, and there is no need to
discriminate them even more. From Figure 13, k = 1000
nearly erases the difference between the weight of big
and small cells. Hence the cells at high latitude are more
likely to be inserted.

• β indicates how fast nbIC decreases when nbI increases,
that is to say when a cell is inserted. The insertion of cells
which have never been inserted is then enhanced if β is
higher, here equal to 5. This is the result of a weight
reduction of all the cells already inserted in the plan.

• αglobal controls what importance gives the user to the
achievable resolution distribution among the grid. The
best resolution achievable of each cell is compared to
the best resolution achievable of the grid. ∆RCglobal
decreases in accordance with this resolution difference,
but the decrease is slower for high values of αglobal
according to equation (24). This rise of the real grade with
αglobal means that cells with a poor resolution achievable
compared to the best cell are less discriminated. These
cells are once again located near the poles, and their inser-
tion should be promoted instead of being discriminated.

• αlocal is the only parameter which conducts to better
grades when lower. Contrary to αglobal whose rise pro-
motes cells hardly accessible, a rise of αlocal would make
it less difficult to insert cells with resolutions of lower
quality than their best resolution achievable calculated at

the initialisation. Hence, cells which have already been
inserted on their first period are more likely to be inserted
again on their second period instead of cells which have
never been inserted. The insertion of new cells is hence
facilitated by the reduction of αlocal, as shown by the
results above.

The study of these parameters has been conducted further,
and the best grade achieved on this grid and QSO is equal
to 62.3%. The values of γ and nbAcrit were still equal to 5
and 6 respectively. The plot of the grades for this set is given
previously in Figure 23 of section V-D4. In order to complete
the study on the influence of the different parameters on the
grade, γ and nbAcrit are still to be scrutinised.

The parameter γ turns out not to be of high importance
since its influence is almost zero. For γ = 1 the real grade
is equal to 61.8%, and it becomes equal to 62.3% as soon
as γ ≥ 2. This shows that the steepness of the decrease at
nbAC’s critical value has to be strong enough to constitute a
low-pass filter of good quality.

Conversely, the critical value nbAcrit needs to be chosen
carefully. Figure 25 below demonstrates the importance of
nbAcrit on the real grade of the simulation:

Figure 25: Influence of nbAcrit on the real grade.

Each dot represented corresponds to the result of one simula-
tion. Values of nbAcrit range from 1 up to 50, and the real grade
is displayed on the y-axis. The grade greatly decreases for too
high values of nbAcrit. The maximum value of the grade is
62.3%, obtained with nbAcrit = 6, and its lowest value is equal
to 60.1% obtained for nbAcrit = 34 and nbAcrit = 50. The
grade becomes even lower for further values of nbAcrit: it is
equal to 58.9% for nbAcrit = 100. The explanation comes from
the following idea: a too high value of nbAcrit is inefficient
due to the fact that most of the cells are promoted by nbAC
since they nearly all answer to the condition nbA ≤ nbAcrit.
By promoting many cells, the purpose of nbAC, which is to
give priority to the cells about to be lost, will be in vain. The
analysis can be pushed further to figure out why the grade is
slightly lower than 62.3% for very low values of nbAcrit: since
conflicts last for as long as two insertions, 2×12 minutes in
our case, nbA can decrease by about 24 in one go. It is easy
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to imagine that going below nbAcrit = 2 is for instance very
difficult, the cell is most likely lost without any opportunity
of being prioritised.

The set retained as final and the closest to the optimal solu-
tion is finally: (k=1 000, β=10, αg=5, αl=3, γ=5, nbAcrit=6).
This set can be applied to the second QSO mentionned
previously. The real grade for QSO-10 obtained with this exact
same set is equal to 57.5%. This real grade is 4.8% lower than
the grade of QSO-08 but the reason is that there are less cells
with access opportunities in this QSO. The maximum optimal
grade for this season is equal to 62.7% of Phobos whereas
it is equal to 69.5% for season 1, which constitutes a 6.8%
difference and indeed explains that the real grade is lower as
well.

The same study is done on 3◦ grids, and the following
results are given in Table IV.

Table IV: Results of simulations performed with a 3◦ grid

QSO Maximum optimal grade Real grade
08 - season 1 80.1% 62.0%
10 - season 2 71.8% 56.2%

The two seasons are added so as to determine the global
coverage obtained. If cells are acquired during both seasons,
the lowest value of resolution is kept. Figures 26 to 30 show
the results graphically and highlights the evolution of the
coverage for different steps of resolution. The reading of these
figures was explained in Section B IV-B.

Figure 26: Resulting coverage for two seasons
9◦ grid, R ≤ 40 m, greedy.

Figure 27: Resulting coverage for two seasons
3◦ grid, R ≤ 40 m, greedy.

Figure 28: Resulting coverage for two seasons
3◦ grid, R ≤ 30 m, greedy.

Figure 29: Resulting coverage for two seasons
3◦ grid, R ≤ 20 m, greedy.



18

Figure 30: Resulting coverage for two seasons
3◦ grid, R ≤ 10 m, greedy.

Table V gives the surface coverage of Phobos performed after
the two seasons QSO-08 and QSO-10, for different steps of
maximum resolution. These values do not refer to the real
grade, but rather to the optimal grade since each percentage
comes from the sum of the area of each acquired cell.

Table V: Surface coverage of Phobos for different steps of
resolution

Grid precision ρ [◦] Maximum resolution [m] Surface coverage
9 40 82.2%
9 30 74.6%
9 20 55.3%
9 10 2.2%
3 40 96.1%
3 30 89.6%
3 20 69.7%
3 10 7.2%

It comes up that results are better for 3◦ grids. It is due to
the additional acquisition of cells in the equatorial zone, at
Mars and anti-Mars longitudes. This extra coverage is possible
thanks to an extension of the long-track ΨY range that has
been decided for these ρ = 3◦ simulations, from [−3◦,+3◦]
ordinarily to [−20◦,+20◦]. New simulations with ρ = 3◦ and
ΨY ∈ [−3◦,+3◦] would permit to compare the simulations
between ρ = 9◦ and ρ = 3◦ properly. Moreover, the optimal
set of paramaters found previously for ρ = 9◦ and ΨY ∈
[−3◦,+3◦] may not be optimal for simulations with ΨY ∈
[−20◦,+20◦] since the long track range has a great influence
on the cells that can possibly be targeted at each step. Since
cells at low latitudes are the largest, as highlighted previously,
it explains the huge gap between the results of the two ΨY

ranges.
These zones are of high importance to approach a full

coverage of Phobos: as shown in Table V the surface coverage
at a 40 m resolution is rather close to 100%. This coverage is
still acceptable at 20 m with a value equal to 69.7%, mainly
obtained thanks to equatorial cells as the coverage of the poles
is lacking. The coverage at 10 m decreases dramatically, but it
is not due to the simulator. Both are L-QSOs with an altitude
between 17 km and 38 km, that is to say more than 25 km of
mean altitude. If one supposes orbiting at 25 km altitude and
with acquisitions done at Nadir, that is to say that the viewing
incidence i = 0◦, the resolution calculated thanks to equation

(8) is equal to 10.2 m. Considering that the Nadir hypothesis is
very optimistic, such a low coverage is not surprising. QSO-
LL and QSO-LLL, whose altitude is lower, are the key to
access low resolution levels.

B. Comparison between Greedy and Chronological Algo-
rithms

It is interesting to compare our results to those provided by
the chronological approach. Figures 31 to 34 below provide
comparison maps between the greedy and chronological sim-
ulations, and Appendix E provides the map obtained at a
resolution equal to 40 m with the chronological approach.

Figure 31: Coverage comparison between greedy and
chronological simulators, ρ = 3◦, R ≤ 40 m.

Figure 32: Coverage comparison between greedy and
chronological simulators, ρ = 3◦, R ≤ 30 m.
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Figure 33: Coverage comparison between greedy and
chronological simulators, ρ = 3◦, R ≤ 20 m.

Figure 34: Coverage comparison between greedy and
chronological simulators, ρ = 3◦, R ≤ 10 m.

These figures emphasize the differences between two maps.
Here, for each resolution step, the greedy solution is selected
as the reference, and it is compared to the chronological
solution. The display follows these rules:

• a white cell means that the area is not acquired for both
simulations

• a green diamond corresponds to a cell that is won by the
chronological solution relatively to the greedy solution

• a red cross corresponds to a cell that is lost by the
chronological solution relatively to the greedy solution

• a coloured cell is acquired in both solutions. The in-
tensity and type of the colour indicates whether the
chronological solution is worse or better. Green cells
mean that the chronological algorithm performs better,
whereas grey cells show the opposite. The intensity of
the colour increases when the difference in resolution,
called delta, increases in absolute value. The colorbar at
the right shows the different levels for delta. Pale colours,
corresponding to very low resolutions differences, are to
be considered carefully since they are greatly present
in the diagrams but do not have much sense. Due to
technical difficulties, the colorbar could not be centered

on zero, hence the lack of meaning of the cells with such
a pale colouring.

What can be retained from these maps is that the chronological
algorithm seems to perform slightly better near the poles: these
are the only zones where green diamonds are numerous, as
well as dark green cells. Inversely, many red crosses and dark
grey cells are shown in the equatorial zone. For the 40 m and
30 m comparison maps, there are more green diamonds than
red crosses, which means that more cells are acquired in the
chronological case. However, this observation is reversed for
the 20 m and 10 m comparison maps: more cells are acquired
with the greedy solution at these levels of resolution. This
result shows that the intention to acquire the cells with a good
resolution is fulfilled.

In complement to the previous figures, Table VI gives the
exact number of cells that are won or lost by the chronological
algorithm relatively to the greedy one, as well as the mean
value and standard deviation of delta.

Table VI: Coverage comparison between the greedy and
chronological algorithms for different resolution levels, ρ = 3◦

Resolution [m] Nlost Nwon Mean difference m̄ [m] STD σ [m]
40 24 207 0.0 4.6
30 131 532 +0.7 3.9
20 605 386 +1.0 2.8
10 202 78 +0.1 0.7

As stated before from the figures, it is now clear that the
chronological solution performs more acquisitions for reso-
lutions above 20 m, and inversely below 20 m. However, the
mean value of the difference is close enough to zero to respect
the following inequality: m̄−σ < 0 < m̄+σ. This means that,
on average, one cannot conclude that one algorithm is better
than the other one in terms of resolution, for the cells which
are acquired in both simulations. Resolution differences are
highlighted in a better way by histograms, as those displayed
in Figures 36 and 35.

Figure 35: Resolution distribution for the greedy algorithm.
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Figure 36: Resolution distribution for the chronological
algorithm.

The greedy algorithm here demonstrates its strength: there is
an eminent insertion peak of cells whose resolution of insertion
is between 12 m and 15 m. This peak is not only shifted to
resolutions between 14 m and 17 m in the chronological case,
but there are also less cells in this peak since resolutions are
more distributed among higher values of resolution.

VII. CONCLUSION

Thanks to this study, it has been proven that greedy algorithms
provide good answer to our optimisation problem. By combin-
ing two different QSOs, Phobos is nearly mapped completely.
The addition of the different QSOs which are programmed in
the mission scenario will allow better resolutions and revisits,
in order to choose a site to land the rover and take a sample.
Nonetheless, despite the good results of the greedy algorithm,
there are still ways of improvement:
• the calculation time is really high with no clear explana-

tion. Simulations performed with a 9◦ grid are done in
around 15 minutes, whereas simulations with a 3◦ grid
are completed in about 12 hours. This time complexity is
not acceptable for such levels of precision. As a reminder,
3◦ grids are composed of 7 200 cells. In the future,
simulations are supposed to be run with at least 49
152 elements, which are the triangular elements inherited
from the shape model of Phobos.

• greedy simulations could be shortened: as shown by
Figure 23, the grade does not increase anymore from a
certain step as it reaches a plateau. This is due to the fact
that best resolutions are inserted first. A new insertion is
then necessarily of lower quality, hence the stagnation of
the grade since there is no improvement. However, even if
lower in quality, these insertions play the role of revisits.

• the manoeuvring duration is yet fixed to a value large
enough to ensure that any move of MMX is permitted.

This is however a rough setting which has to be im-
proved. Real guidance laws and manoeuvers are to be
implemented to stick to reality.

• from the simulations performed before, it seems that the
utility of SC is very limited since k is equal to 1 000.
It is thought that this coefficient could be removed, but
a deep verification analysis has to be performed. Some
simulations have been run without SC and the results
seem to be the same, but further analysis is necessary.
However, even if not used, the existence of SC grants
the simulator with some agility to be able to answer the
user’s choices.

• a final decision has to be taken about long-track ranges,
between ΨY ∈ [−3◦,+3◦] and ΨY ∈ [−20◦,+20◦].
Sticking to only one of these ranges when running
simulations with grids of different precision, ρ = 9◦ or
3◦, is crucial to be able to compare them properly.

• a deep change in the simulation decision procedure is
envisaged. The grade is yet dynamic but has no impact
on the decisions taken at each step. Moreover, the weight
of cells is not affected by the existence of other cells
which would be conflicted if the insertion happens, even
if it leads to a loss of interesting access opportunities. In
the future, the grade could become a main decision factor:
at each step, several alternatives of insertions would
be selected as potentially interesting. Grades would be
calculated for each alternative, and the best one would be
selected. It is hoped that this improvement will possibly
push the grade even higher.

• yet only one formula per coefficient has been tested. New
analyses with different coefficients should be considered.

• this study focuses on acquisitions of data regardless data
transmission times and memory saturation. The latest in-
formation is that the satellite is expected to transmit data
8 hours a day. This has to be thought of and implemented.
A future limitation of the number of acquisitions would
be a solution to this need. It would be possible thanks to
a greedy approach, as shown by the plateau reached by
the real grade.
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https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=3&ved=2ahUKEwj387jn6YnjAhXhzIUKHSbdAawQFjACegQIARAC&url=http%3A%2F%2Fweb.cse.ohio-state.edu%2F~crawfis.3%2Fcse680%2FSlides%2FCSE680-12GreedyAlgorithms.pptx&usg=AOvVaw1-QEXalloGoB75Jn7XhjYq
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APPENDIX A
SCHEMATIC OF MACROMEGA’S FOV WITH EMPHASIS ON

THE MATRIX

Figure 37: MacrOmega’s FoV and emphasis on its matrix.
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APPENDIX B
OVERVIEW OF THE GREEDY ALGORITHM

Figure 38: Overview of the greedy algorithm.
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APPENDIX C
FOOTPRINT VERIFICATION FOR CONNEX CELLS

Figure 39: Verification that a connex cell is in MacrOmega’s
footprint.
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APPENDIX D
SEVERAL CASES FOR THE CLIPPING MECHANISM

Figure 40: Representation of several cases for the clipping
algorithm.
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APPENDIX E
COVERAGE MAP OBTAINED WITH THE CHRONOLOGICAL

ALGORITHM

Figure 41: Resulting coverage for two seasons
3◦ grid, R ≤ 40 m, chronological.
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