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1 INTRODUCTION
Winged insects are able to navigate swiftly in unfamiliar environments by relying heavily

on the optic flow (OF) [11] that is generated by their own motion [12]. For example, bees rely
on OF to avoid obstacles [20, 22], to control their speed [15, 1] and height [2, 9], to cruise and
land [24, 9, 23]. Recently, we developed the OCTAVE autopilot (see figure 1) based on a single
ventral OF regulator for a miniature (100g) rotorcraft (see figure 2) [18]. The Octave autopilot
was shown to enable this rotorcraft to carry out complex tasks such as ground avoidance and
terrain following, to control risky maneuvers such as automatic take off and automatic landing
(see figure 4) [17]. This OCTAVE autopilot was solely based on a single OF sensor 3[19]

Figure 1: OCTAVE autopilot block diagram. Block diagram of the information flow giving the causal and
dynamic relationships between sensory and motor variables. The upper (open loop) pathway describes how an
increase in pitch angle Θ of the mean flight-force vector results in a proportional increase in forward thrust,
and thus in ground speed Vx via the surge dynamics. The bottom (red) pathway shows how the ventral OF is
measured (ωmeas) and compared with an OF set-point (ωset). The error signal (ε = ωmeas − ωset) delivered
by the comparator drives a controller adjusting the vertical lift L, and thus the ground height h via the heave
dynamics, so as to maintain a constant OF ω (equal to ωset), whatever the ground speed. The right part of this
functional diagram depicts the system dynamics, defines the ventral OF as ω = Vx/h, and shows the points at
which two disturbances impinge on the system: the relief altitude subtracted from the flight altitude gives the
ground height; and the wind speed subtracted from (by headwind) or added to (by tailwind) the airspeed gives
the ground speed. Because ω is by definition an inverse function of the controlled variable h, the feedback loop is
nonlinear (the non linearity is symbolized by the two nested rectangles). The controller includes proportional and
derivative (PD) functions, which ensure closed-loop stability in the ground speed range of 0− 3m.s−1.Adapted
from[9].
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Figure 2: Tethered miniature rotorcraft equipped with OCTAVE autopilot. The 100g miniature rotorcraft is
tethered to the tip of a light panthographic arm (radius 1.9m) that is free to rotate frictionlessly about a central
pole. The miniature rotorcraft provides its own lift and is free to circle around with an unhindered, unlimited
course over a flat surface (average track length per lap 12m).[18]

Figure 3: An example of OF sensor based on the Franceschini’s scheme. Adapted from [19]

The autopilot described here extends the OCTAVE autopilot principle to a Lunar lander.
In this work, our goal was to make a lander landing safely i.e. by reaching the low gate (i.e.,
approximately 10 meters high with respect of the moon ground) at low speed (about 10m/s).
The OF regulator adjusts the engine thrust so as to keep the OF equal to a set point. The
outcome is that the lander ground speed and vertical speed will decrease during the landing
phase. The autopilot enables the lander to perform safely lunar landing by measuring neither
speed nor altitude. Our novel OF-based autopilot robustly regulates the ventral OF despite:

• the natural instability of the lander,

• the large parameter variations in altitude and speed due to the large working domain,

• the presence of many non-linearities in the Lander.

In section 2, we describe the dynamical model of the simulated lander. In section 3, the simu-
lation set-up used to test the autopilot is described. Section 4 describe the autopilot in details.
Section 5 shows the results of computer-simulated experiments carried out on the simulated
lander which is able to land in various initial condition under various lighting condition and to
react to a local absence of OF measurement during a few seconds. In the section 6, we compare
Moon and Mars landing conditions, in section 7 we discuss about the effect of wind gust on
Mars and then, in section 8 we talk about a way to estimate the Lander pitch using the Wide
Field Integration.
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Figure 4: Trajectory of the miniature rotorcraft controlled by the OCTAVE autopilot. Vertical trajectory in
the longitudinal plane. On the left, the operator simply pitched the miniature rotorcraft forward rampwise by
an angle ∆Θ = +10◦ (between arrowheads 1 and 2). The ensuing increase in ground speed (up to 3m.s−1)
automatically triggered a proportional increase in ground height: the miniature rotorcraft climbed and flewlevel
at a ground height of approximately 1 m, as dictated by the OF set-point (ωset = 3rad.s−1, i.e., 172◦.s−1). After
flying 42 m, the miniature rotorcraft was simply pitched backward rampwise by an opposite angle ∆Θ = −10◦

(between arrowheads 3 and 4), and the ensuing deceleration automatically initiated a proportional decrease in
ground height until landing occurred. During the final approach, which started when the miniature rotorcraft had
regained its completely upright position (arrowhead 4), the robot can be seen to have flown at a constant descent
angle, as also observed in bees’ landing performances [23]. Because the landing gear maintains the robot’s eye
0.3 m above ground (dotted horizontal line), touchdown occurs shortly before the ground speed vx has reached
zero, and the miniature rotorcraft ends its journey with a short ground run. Adapted from[9].

2 DYNAMICAL MODEL OF THE LANDER
Here, we described the dynamical model of the lander where :
- the main thruster command leads to altitude change along the heave axis
- the main thruster command leads through a pitch rotation to a change of the forward

thrust along the surge axis. We consider that the attitudes (pitch, roll and yaw) are controlled
by an other system. In addition, we do not consider any changes in yaw and roll: we rather
considered that roll and yaw are maintained constant around an equilibrium value (adequate
set point). In addition, we considered that the lander move in the (−→x ,−→z ) plane. The simulated
lander is not subject to any friction, wind or drag force due to an absence of atmosphere on the
Moon.

Figure 5: Resolution of the thruster mean Force vector −→F along the surge X-axis giving the forward Thrust −→T
and along the heave Z-axis giving the vertical Lift −→L . Pitching the thruster mean Force vector −→F by an angle
θpitch generates a forward Thrust.
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‌
The lander is equipped with a twin-thruster engine: each thruster provides equally half of

the lander mean Force vector −→F . The pitch angle is supposed to be controlled by an adequate
system. The lander decreases its forward speed by pitching backward at an angle θpitch (between
−60 and −30◦) with respect of the vertical (z axis). The thrusters main Force −→F can be resolved
in forward Thrust T and vertical Lift L (see equation 1). T = F · sin θpitch

L = F · cos θpitch
(1)

2.1 Thruster dynamics
The thruster model from thruster command thrustercmd to the thruster mean Force −→F is a

first order system and its transfer function can be written as follows:

Gthruster(s) =
F (s)

Thrustercmd(s)
=

1/τthruster
1/τthruster + s

=
10

10 + s
(2)

The thruster can give only positive force and its maximum thrust is 100 ·mlander [N ], so we
can write: 0 ≤ F

mlander
≤ 100. Because the angle θpitch can not be considered as a small angle

(30° ≤ |θpitch| ≤ 60°), each component of the thruster mean force can not be linearized as a
function of the pitch angle θpitch along the surge (−→x ) and the heave (−→z .) axes. According to
the equations 1 and 2 we can write : mlander · (athrusterz + τthruster · dathrusterzdt ) = L = F · cos θpitch

mlander · (athrusterx + τthruster · dathrusterxdt ) = T = F · sin θpitch
(3)

where athrusterz and athrusterx are respectively the acceleration given by the thruster along
the X-axis, −→x , and the Z-axis, −→z , and mlander the mass of the lander.

2.2 State-space model of the lander
The following system of equation define the dynamics of the lander at its center of gravity: L−mlander · gmoon = mlander · alanderz

T = mlander · alanderx
(4)

‌where gmoon is the moon gravity constant, gmoon = 1.63m · s−2, and mlander = 1 · 103kg, the
mass of the lander. By substituting the equations 2 and 3 in the equation 4 along the Z-axis
−→z , we can write :

F

mlander
· cos θpitch − gmoon =

d2z

dt2
(5)

So, the transfer function for heave dynamics Gz(s) can be written as follows:

Gz(s) =
Z(s)
F (s)

=
1
s2
·
[(

1/τthruster
1/τthruster + s

· cos θpitch

)
− gmoon

]
(6)

Along the X-axis −→x , we can write :

F

mlander
· sin θpitch =

d2x

dt2
(7)

So, the transfer function for the surge dynamics Gx(s) can be written as follows :

Gx(s) =
X(s)
F (s)

=
1
s2
·
(

1/τthruster
1/τthruster + s

· sin θpitch
)

(8)
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Because of the double integral term in the transfer function,we decided to write the lander’s
model with the state-space approach. State-space representation characterizes a system by a
multivariable equation between the state X, the derived state Ẋ, the input of the system u and
the measured output y that we want to regulate: Ẋ = A ·X +B · u

y = C ·X +D · u
(9)

For the lander model, we choose the following state vector X =

 h
Vz

athrusterz

 and the following

input u =
[

L
mlander

]
. According to the equations 3 and 4, we can write:

˙athrusterz = 10 ·
[

L
mlander

− athrusterz
]

V̇z = athrusterz − gmoon

ḣ = Vz

(10)

We can deduce from the equations 10 , the matrix Ap, Bp and a disturbance element g :


Ẋ = Ap ·X +Bp · u− g ḣ

V̇z
ȧthrusterz

 =

 0 1 0
0 0 1
0 0 −10

 ·
 h

Vz
athrusterz

+

 0
0
10

 · [ Lm]−
 0
gmoon

0

 (11)

Figure 6: Kinematic and dynamical modeling of the Lander

2.3 Lander non-linearities and natural instability
The Lander system is quite delicate to control and to stabilize because of the amount of non-
linearities and its natural instability:

• Thruster main force saturates in the range between 0 and 105N ,

‌

• Coupling between vertical lift and forward thrust by the Lander pitch,

‌

• The permanent disturbance of the moon gravity,

‌

• The heave control that acts upon the inverse of the regulated output (the optic flow),

‌

• The instabilities due to a double integration and a first order low-pass filter between
thruster main force and altitude changes,
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3 SIMULATION SETUP

3.1 Simulated lunar surface
The simulated visual environment consists of lunar surface images generated by PANGU

(Planetary and Asteroid Natural scene Generator Utility) [14] with respect to the altitude, the
position of the lander and the maximum elevation of the sun. The images generated by PANGU
are in 256 gray-scale levels. The image resolution is 256 × 256 pixels and one square pixel
corresponds to 0.1◦ × 0.1◦ in the field of view.

3.2 Optic Flow generated by the motion of the lander

Figure 7: Generated and measured Optic flow.(A) The ventral OF perceived by the Lander flying at ground
speedVx and ground height h is the angular speed ωΦ=90◦ at which a point in the moon surface directly below
seems to move in the opposite direction. The moon ground shown here is an image sample from PANGU. (B) A
simulated minimalistic "OF sensor" used on-board the Lander comprises a micro lens and two photo-receptors
driving as fly-inspired elementary motion detector (EMD). The output ωmeasΦ=90° from the OF sensor will serve
as a feedback signal in the control scheme in figure 11

The lander flies at a ground speed vector −→Vx and a vertical speed vector −→Vz over the lunar
surface images generated by PANGU. The simulated lander is assumed to stabilize its gaze by
compensating for any rotations around the roll and pitch axes. Since any rotation is compen-
sated, the OF sensor will receive a purely translational OF, which is the angular velocity of
lunar surface projected onto ventral OF sensor. The translational OF can be defined simply by
the ground speed / ground height ratio according to the equation 12.

ωΦ=90◦ =
Vx
h

(12)

where Vx is the forward speed of the lander and h is the ground height of the lander (see figure
7) .

3.3 OF sensor on-board the simulated lander
The OF sensor is mounted vertically downward with respect to the simulated lander sym-

metry axis. The OF sensor is composed of only two photo-receptors (two pixel) driving an
Elementary Motion Detector (EMD). The visual axes of the two photoreceptors are separated
by an inter-receptor angle ∆φ = 2◦. Each photoreceptor angular sensitivity is a 2D Gaussian
function with an acceptance angle (angular width at half height) ∆ρ = 2◦ (see figure 8). Ac-
cording to [21], we choose the same angle for the inter receptor angle and the acceptance angle.
Each photoreceptor covers a field of view of 5◦ × 5◦. The photoreceptor output is computed at
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Figure 8: Gaussian sensitivity and inter-receptor angle between photo-receptors

each time step (1msec) by convolving the lunar surface image from PANGU with a 2D Gaussian
filter that mimics the photoreceptor Gaussian sensitivity.

Figure 9: Fanceschini et Al’s elementary motion detector scheme [10]

In order to measure the OF on the moon, we have to calibrate the time constant τDEM of the
decreasing exponential of the EMD to make the OF sensor measuring the OF range generated
by the Lander. According to the range of speed and altitude of the lander during the landing,
the range of OF is between 10 and 30° · s−1. According to the inter-receptor angle, we set the
time constant of the final low pass filter (see figure 9) to τEMD = 0.1s. With these parameters,
the characteristic of the OF sensor is given by the figure 10. The OF sensor responds as a
monotonic function of the angular velocity within an OF range from 4.5◦ · s−1 to 45° · s−1.
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Figure 10: EMD Input/Output characteristics stimulated by Moon image velocities generated by PANGU.
Analog EMD output (in Volts) (red lines) versus angular velocity. This figure shows the EMD response to
several motion stimuli at various angular speed. These data were collected using the images producing by
PANGU. The EMD circuit’s response (red plot) is monotonic with respect of the angular velocity. In order to
obtain this input/output characteristics on moon, we applied to the lander a ground speed variation in ramp at
different altitude.

The EMD principle [7, 3, 4] is inspired by the results of experiments on the fly that com-
bined electrophysiological recordings and light micro stimulation of the retina [6, 8]. The EMD
principle consists in the following six steps (see figure 9):

Step1: Spatial low-pass filtering is achieved here by placing the photo-receptors between
the focal plane and the lens (defocusing) . Unlike insects in which spatial low-pass
filtering automatically results from diffraction, the cut-off spatial frequency depends
on the amount of defocusing.

Step2: High-pass temporal filtering (cut-off frequency: 20Hz) of the signals in each channel
to cancel the dc component and discriminate between ON and OFF transitions.

Step3: Low-pass temporal filtering (cut-off frequency: 30Hz) to reduce noise and interfer-
ence.

Step4: Thresholding and pulse generation are performed on the signals in each channel for
contrast detection.

Step5: Long time decreasing exponential (time constant τEMD, several milliseconds) gener-
ation on channel 1, determining the range of the delay ∆t considered, and thus the
range of measures of the EMD.

Step6: Sampling of the exponential of the channel 1 by the pulse of the channel 2 in order
to approximate the Optic Flow. The output of the EMD can be written as follows :

ωmeas = k · e
−∆φ

ω·τEMD (13)

9



4 THE AUTOPILOT
In this section, we will treat about the design of the autopilot. The autopilot relies on a single

OF measurement (ventral OF) and it consists of a visuomotor feedback loop which is driven
the thruster main force. The aim of the autopilot is to keep the OF measured equal to the
setting value. The loop operates on the heave and the surge axis due to the coupling between
the vertical lift and the forward thrust. The pitch angle θpitch is controlled by an external
system. The lander will pitch backward from −60◦ to −30◦ during the landing. The control
loop consists in a precompensation gain, a non linear states observer and a states feedback gain.
The non linear states observer estimates the state of the lander by using the measured output
of the system, i.e., ventral OF ωmeas and the lander acceleration alanderz (see figure 11).

4.1 Control law based on full State feedback
In order to keep the ventral OF of the simulated lander at the ωset value, the product between

the state feedback gain Lsf and the estimated states X̂ (see equation 18) is compared to the
input of the autopilot. Before computing the control law, which is defined by the gain Lsf ,
we must check if the system is controllable by computing the rank of its controllability matrix
Cmd. The system is controllable if and only if the rank of the matrix equals the number of
states. The Cmd matrix is given by the following equation:

Cmd =
[
Bp (Ap ·Bp) (A2

p ·Bp)
]

=

 0 0 10
0 10 −100
10 −100 1000

 (14)

The rank the Cmd matrix equals the number of states (i.e., three), so we can compute the
state feedback gain with respect of the classical lqr method [5] where:

ˆ +∞

0

((
XT ·Qc ·X + uT ·Rc · u

)
· dt
)

(15)

is the criterion to minimize using the following matrix: Asf = Ap, Bsf = Bp and Csf =[
Klin 0 0

]
and the pondering matrixQc =

 7.8 · 10−4 0 0
0 0 0
0 0 0

 andRc = [1]. To compute

the Csf matrix, we choose to linearize the OF expression near a set point, here the set point
is hlin = 200m , Vxlin = 50m · s−1 and ω = 14.3◦ · s−1. The non linear OF definition in 1

h is
approximated by its tangent’s slope and thus by the following gain:

Klin = Vxlin ·
d

dh

(
1
h

)
h=hlin

=
−Vxlin
h2
lin

(16)

4.2 Precompensation gain
To have a output equals to the set point ωset [5], we compute a precompensation gain kr in

order to have unitary static gain. the expression of the precompensation gain is given by:

kr =
1

Csf · (−Asf +Bsf · Lsf )−1 ·Bsf
(17)

4.3 Non linear states observer
A state observer is defined by the following equation :

̂̇X = Ao · X̂ +Bo · u+Ko · (y − ŷ)

ŷ = Co · X̂ +Do · u
(18)
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Figure 12: Block diagram of the non-linear observer that provides the estimated states to the feedback control
scheme. The observer is nonlinear because ω is by definition an inverse function of the controlled variable h. The
estimation of the OF in rad · s−1 is computed by the ratio between a constant (ground speed at a working point)
and the estimated height of the lander ĥ. The optic flow is then obtained via a look-up table. The measured
acceleration of the lander ameas

landerz
serves for an improved estimation of the states. The estimated acceleration

âlanderz results from subtracting the approximated gravity on the Moon gmoon, from the estimated acceleration
produced by the thruster âthrusterz .

where Ao = Asf , Bo = Bsf , Co =
[

Csf
0 0 1

]
, Do = [0] and Ko (Observer gain) are

computed by applying the lqr method as well. The X̂ and the ̂̇X are respectively the estimated
state and the estimated derivated state. ŷ is the estimated output of the system.

The Co matrix has a additional term compare to the Csf matrix because the lander acceler-
ation alanderz is measured in order to help the observer to have a better estimation of the states
but the acceleration is not controlled by the loop. In order to build a states observer, we must
check if the system is observable. A system is observable if and only if the rank of its matrix
equals the number of states. The observability matrix of the simulated lander is given by the
following equation:

O =

 Co
Co ·Ao
Co ·A2

o

 =


Klin 0 0

0 0 1
0 Klin 0
0 0 −10
0 0 Klin

0 0 100

 (19)

The rank of the observability matrix is equal to the number of states, so we can observe the
states of the simulated lander with an observer. In order to implement an integral control [5],
we modeled a constant prediction (ḋ = 0) and thus we defined an augmented (integral) state

vector X̂e =
[
X̂
d

]
. Because of this new state, the new state matrix can be written as follows:
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

Aoe =

 Ao Bo

0 0 0 0


Boe =

[
Bo
0

]

Coe =
[
Co

0
0

]
(20)

and the new states feedback gain Lsfe is equal to:

Lsfe =
[
Lsf 1

]
(21)

The observer gain for the augmented states is compute with the same method but using the
new states matrix (Aoe and Coe) [5] thanks to the fact that the system still observable. Because
of the range of ground speed during the landing, we can not use the Coe matrix to compute the
estimated OF (ω̂meas) and the estimated acceleration of the lander (âlanderz ). So the observer
is non linear, to have an estimation of the OF in rad · s−1, the ratio between a constant (ground
speed at a working point Vxlin) and the estimated height of the lander ĥ is computed. Then, the
estimated OF (ω̂meas) in Volt is obtained via a look-up table. The estimation of the acceleration
of the lander (âlanderz ) is obtained by subtracting the moon gravity acceleration (gmoon ) to the
estimated acceleration given by the thruster (âlanderz ) (see figure12) .
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5 SIMULATION RESULTS

5.1 Automatic landing

Figure 13: Automated landing using a bio-mimetic OF sensor and a bio-inspired strategy. The automatic
landing lasts 58.4s, starting from an initial height of 500m, with an initial ground speed of 150m · s−1 and an
initial vertical speed of 50m · s−1. (A) Vertical trajectory in the longitudinal plane. At L− 58.4s (58.4s before
landing), the pitch angle θpitch equals −60◦ and decrease to −30◦ at L − 10s. The ensuing decrease of ground
speed (150m · s−1 to less than 10m · s−1 at L− 10s) automatically decreases the ground height and the vertical
speed in order to keep the measured OF close to the set-point. (B) Moon surface seen as presented to the
simulated lander during the entire landing phase. (C) Ground speed Vx was monitored throughout the landing.
(D) Output ωmeas of the OF sensor was monitored during the landing and shows that the OF remains relatively
constant during the landing, ωset = 1V (0.3rad · s−1 = 17.2◦ · s−1). (E) Vertical speed Vh was monitored during
the landing.

In figure 13, the lander reaches automatically the low gate (approximately 10 meters high) at
low speed. The Lunar surface seen by the lander is gray-scale images generated by PANGU. The
simulated lander starts its automatic landing at an initial altitude Zo = 500m, an initial ground
speed Vx0 = 150m · s−1 and an initial vertical speed Vh0 = −50m · s−1. Figure 13A shows the
trajectory in the vertical plane (x,z) and the position of the lander when it reaches the low gate
and every 20seconds before. During the landing, the lunar surface seen by the lander is shown
in Figure 13B. The initial pitch angle θpitch decreases exponentially from −60deg to −30deg
(see figure 14), by consequence reducing exponentially its forward speed (see figure13C). Its
vertical speed then reduces also exponentially (see figure13F) because its integral -h- is reduced
exponentially to keep the ratio vx/h -the OF measured ωmeas- constant near the set point value
ωset (see figure13D).

The theoretical OF ωth is plotted during the automated landing (see figure13E) and we can

14



Figure 14: Pitch variation during the landing phase with respect of the time. (A) Vertical trajectory in the
longitudinal plane. At L− 58.4s (58.4s before landing), the pitch angle θpitch equals −60° and decrease to −30°
atL− 10s. The ensuing decrease of ground speed (150m · s−1 to less than 10m · s−1 at L− 10s) automatically
decrease the ground height and the vertical speed in order to keep constant the OF. (B) Pitch angle θpitch

variation during the landing duration.

see that the theoretical OF ωth and the measured OF ωmeas are quite similar. We noticed an
exception that occurs while the altitude of the lander is low: in fact, we can’t compute accurately
the theoretical OF because the height over the moon is not accurately known. The true height
over the moon is quite different compared to the altitude given as parameter for the PANGU
image generation because of the terrain of the moon (i.e. for an altitude given as parameter
the ground height is different). The landing duration is 58.4s and the lander reach the low gate
with a final ground speed VxL = 5m · s−1 and a final vertical speed VhL = −4m · s−1 and the
distance traveled by the lander during the landing is 2660meters.

5.2 Effect of various pitch law
The pitch law determines the plant’s pitching reaction on the EMDs output signal. It

has significant influence on the spacecraft’s behavior. We investigate the landing performance
according to different laws controlling pitch in open loop. The tested pitch law are defined, as
follows:

• Exponential decreasing law with different time constants (τ = 15s, τ = 20s and τ = 25s)
from −60◦ to −30◦ (see figure 16),

‌

• Linear decreasing law from −60◦ with different slope (1, 0.5, 0.25, 0.125 ◦ · s−1)(see figure
17),

‌

• Constant pitch of −60◦(see figure 17).

‌
The laws were applied to the setup described above and automatic landing had to be per-

formed on the following initial conditions: h0 = 500m, vh0 = 50m.s−1, vh0 = 150m.s−1. In any
case, the upper thruster saturation of 100.mlander was never reached. To assess the quality of
the landing test, we compared in Tab. 1 the following final parameters of the Lander:

• the landing duration,

15



‌

• the final vertical speed at the low gate,

‌

• the final horizontal speed at the low gate,

‌

• a fuel-consumption criterion, which is the integral of the thrust (see equation 22),

‌

• the final pitch of each trial.

Consumption =
ˆ Tlanding

0

Thrustercmd(t) ·mlanderdt (22)

A slow linear decrease of the pitch (0.25 or 0.125 ◦ · s−1) allows a faster landing and an
accurate decrease in vertical and horizontal speeds that reach a few meter per second at the low
gate.

Pitch Law Exponential Linear Constant

Parameter τ = 25s τ = 20s τ = 15s 1deg · s−1 0.5deg · s−1 0.25deg · s−1 0.125deg · s−1 —–
Landing duration [s] 55.2 58.4 74.7 63.3 38.8 30.3 25.4 21.4

Final Vxl [m.s−1] 4.07 7.25 4.8 5.91 4.01 2.12 3.98 10.87
Final Vhl [m.s−1] -3.72 -3.69 -6,43 -5.27 -4.52 -3.75 -2.69 -4.68

Consumption/mlander 201.4 200 222.7 210 182.2 176 170.9 160.7
Pitch at touch down [◦] -33.3 -31.6 -30.2 -30 -40.8 -52.4 -56.4 -60

Comment Typical Typical Overshoot Slow Nice Nice Very short Too fast

Table 1: Comparison between different landing with respect to the consumption and the final
pitch

16



Figure 15: Comparison between “true” states (blue line) and estimated states (red line). (A) Vertical trajectory
in the longitudinal plane. At L− 58.4s (58.4s before landing), the pitch angle θpitch equals −60° and decrease to
−30° at L−10s. The ensuing decrease of ground speed (150m·s−1 to less than 10m·s−1 at L−10s) automatically
decrease the ground height and the vertical speed in order to keep constant the OF. (B) Moon surface seen by
the lander during the landing duration. (C) Comparison between “true” height (blue plot) and the estimated
height (red plot). The estimated height is nearly constant in the second half of the landing phase because we
use a non linear observer who estimates the OF measured ω̂meas defined by the ration between a constant and
the estimated height. (D)Comparison between the “true” vertical speed (blue plot) and the estimated vertical
speed (red plot), the estimation is quite good because we measure the acceleration of the lander which is helping
the observer to estimate the state. (E) Comparison between the acceleration given by the thruster athrusterz

(blue plot) and the estimated one âthrusterz (red plot). (F) Extended state during the landing, in order to have
integral regulation.
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5.3 Effect of various initial conditions
5.3.1 Different initial height

The figure 18 shows the influence of various initial altitude on the landing with an initial
ground speed Vx0 = 150m · s−1and an initial vertical speed Vh0 = −50m · s−1. The figure shows
the lander trajectory in the vertical plane (x,z) and the lander when it reaches the low gate
and every 20 seconds before, for a starting altitude of 750m, 500m and 250m. As the pitch
reduces the forward speed, the lander automatically adjusts the thrusters’ main force to keep
its ventral OF near the set point through the landing. With a starting altitude of 500m and
750m the lander reaches successfully the low gate with an acceptable ground speed and vertical
speed. But in the case of a very low starting altitude (here 250m), the ventral OF increase too
fast and the autopilot can not stabilize the ventral OF and thus the lander reaches the low gate
with a high ground speed Vxl = 77.4m · s−1 and a high vertical speed Vhl = −12.7m · s−1: the
lander will probably crash. To summary, the earlier the optic flow regulation is used, the safer
the landing phase.

5.3.2 Different initial ground speed

The figure 19 shows the influence of various initial ground speed on the landing with an initial
altitude Z0 = 500m and an initial vertical speed Vh0 = −50m · s−1. The figure shows the lander
trajectory in the vertical plane (x,z) and the lander when it reach the low gate and every 20
seconds before, for an initial ground speed of 200m ·s−1, 150m ·s−1 and 100m ·s−1. As the pitch
reduces the forward speed, the lander automatically adjusts the thruster main force in order to
keep its ventral OF near the set point through the landing. The lander reaches successfully the
low gate with an acceptable ground speed and vertical speed for each different initial ground
speed (i.e. 200m · s−1, 150m · s−1 and 100m · s−1). Larger is the initial ground speed, farther
is the distance traveled by the Lander before reaching the low gate (thus, increasing the time
taken by the Lander to land on Moon).

5.3.3 Different initial vertical speed

The figure 20 shows the influence of various initial vertical speed on the landing with an
initial altitude Z0 = 500m and an initial ground speed Vx0 = 150m · s−1. The figure shows the
lander trajectory in the vertical plane (x,z) and the lander when it reaches the low gate and
every 20 seconds before, for an initial vertical speed of −100m ·s−1, −50m ·s−1 and −25m ·s−1.
As the pitch reduces the forward speed, the lander automatically adjusts the thruster main force
in order to keep its ventral OF near the set point through the landing. With a starting vertical
speed of −50m · s−1 and −25m · s−1 the lander reaches the low gate with acceptable ground
speed and vertical speed. In the case of the large initial vertical speed (here −100m · s−1), the
autopilot can not stabilize the ventral OF and thus the lander reaches the low gate with a very
high ground speed Vxl = 47.5m · s−1 and a high vertical speed Vhl = −41.5m · s−1: the lander
will probably crash.
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5.4 OF measurement quality under regular and south pole lighting
condition

In the figure 21 the lander reaches the low gate under regular and south pole lighting condition
at low speed. In each cases, the simulated lander starts its automatic landing at an initial
altitude Zo = 500m, an initial ground speed Vx0 = 150m · s−1 and an initial vertical speed
Vh0 = −50m · s−1. Figures 21A and 21B show the trajectory of the lander in the vertical plane
(x, z) ans the position of the lander when it reaches the low gate and every 20 seconds before.
The lunar surface seen by the simulated lander under regular lighting conditions is shown in
figure21C and the lunar surface under south pole lighting condition is shown in figure 21D. In
order to obtain the south pole lighting condition, we had to modify the following line in the
“PANGU.ini” file:

. . .
sun . p o s i t i o n 14 .9 e10 55 15
. . .

which is corresponding to the regular lighting condition by the following line:

. . .
sun . p o s i t i o n 14 .9 e10 55 1 .5
. . .

The OF measured ωmeas is quite the same under regular and south pole lighting condition
(see figure21E and figure21F). So we can deduce that the quality of measured OF does not
depend on the lighting condition. Nevertheless, the OF updating rate depends only on the
occurrence rate of contrast thresholded by the OF sensor : the contrast magnitude can depend
on lighting conditions even for the same terrain.
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5.5 Effect of various initial conditions with south pole lighting condi-
tion

5.5.1 Different initial height

The figure 22 shows the influence of various initial altitude under south pole lighting condi-
tions on the landing with an initial ground speed Vx0 = 150m · s−1and an initial vertical speed
Vh0 = −50m · s−1. The figure shows the lander trajectory in the vertical plane (x,z) and the
lander when it reaches the low gate and every 20 seconds before, for a starting altitude of 750m,
500m and 250m. As the pitch reduces the forward speed, the lander automatically adjusts the
thruster main force in order to keep its ventral OF near the set point through the landing.
With a starting altitude of 500m and 750m the lander reaches successfully the low gate with
an acceptable ground speed and vertical speed. Starting with a low altitude (here 250m), the
ventral OF increase too fast and the autopilot can not stabilize the ventral OF and thus the
lander reaches the low gate with a high ground speed Vxl = 76m · s−1 and a high vertical speed
Vhl = −12.1m · s−1: the lander will probably crash.

5.5.2 Different initial ground speed

The figure 23 shows the influence of various initial ground speed under south pole lighting
conditions on the landing with an initial altitude Z0 = 500m and an initial vertical speed
Vh0 = −50m · s−1. The figure shows the lander trajectory in the vertical plane (x,z) and the
lander when it reaches the low gate and every 20 seconds before, for an initial ground speed
of 200m · s−1, 150m · s−1 and 100m · s−1. As the pitch reduces the forward speed, the lander
automatically adjusts the thruster main force in order to keep its ventral OF near the set point
through the landing. The lander reaches successfully the low gate with an acceptable ground
speed and vertical speed for every initial ground speed (i.e. 200m·s−1, 150m·s−1 and 100m·s−1).
Larger is the initial ground speed, farther is the distance traveled by the Lander before reaching
the low gate (thus, increasing the time taken by the Lander to land on Moon).

5.5.3 Different initial vertical speed

The figure 24 shows the influence of various initial vertical speed under south pole lighting
conditions on the landing with an initial altitude Z0 = 500m and an initial ground speed
Vx0 = 150m · s−1. The figure shows the lander trajectory in the vertical plane (x,z) and the
lander when it reaches the low gate and every 20 seconds before, for an initial vertical speed of
−100m · s−1, −50m · s−1 and −25m · s−1. As the pitch reduces the forward speed, the lander
automatically adjusts the thruster main force in order to keep its ventral OF near the set point
through the landing. In the case of a starting vertical speed of −50m · s−1 and −25m · s−1, the
lander reaches the low gate with acceptable ground speed and vertical speed. Starting with a
high vertical speed (here −100m · s−1), the autopilot can not stabilize the ventral OF and thus
the lander reach the low gate with a high ground speed Vxl = 46m · s−1 and a high vertical
speed Vhl = −40.5m · s−1 : the lander will probably crash.
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5.6 Effect of a failure in the OF measurement
The figure25 shows an automatic landing with an OF sensor failure during the landing.

This sensor failure represents a “no contrast” zone on the lunar surface or a real failure of the
OF sensor during a few seconds. The figure 25A shows the trajectory of the lander in the
vertical plane (x,z) for different OF sensor failure duration (no failure in blue, 3s in black, 6s
in green and 9s in red) with an initial ground speed Vx0 = 150m · s−1, an initial vertical speed
Vz0 = −50m · s−1 and an initial altitude Z0 = 500m under regular lighting conditions. The
lander reaches successfully the low gate despite an OF sensor failure duration of 3s and 6s but for
a failure duration of 9s its ground speed Vxl = 36.2m ·s−1 and vertical speed Vzl = −10.9m ·s−1

are too high and the lander will crash. The figure 25B shows that the autopilot restores the OF
measured ωmeas to the set point value after the failure, the OF measured is approximately the
same in the end of the landing phase for OF sensor failure duration of 3s, 6s and for the landing
without sensor failure. These results show that the autopilot makes the lander to reach the
low gate without being dramatically disturbed by the ventral OF sensor failure for a maximum
duration of 6s.
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6 Comparison between Moon and Mars landing conditions
The moon and the mars problem are very different :

• There is no friction on Moon due to an absence of atmosphere,

‌

• There is some frictions on Mars due to its atmosphere. This atmosphere helps at reducing
the Lander speeds and therefore helps our autopilot to make the Lander landing. These
frictions are modifying the equation of the lander’s motion with which we deal on moon
(See equation 4).

‌
The equations on Mars can be written as follows: L− ζz · Vz −mlander · gmars = mlander · alanderz

T − ζx · Vx = mlander · alanderx
(23)

where gmars is the moon gravity constant, gmars = 3.7m ·s−2, ζz and ζx are the translational
viscous friction coefficients along X and Z-axis and mlander = 1 · 103kg, the mass of the lander.
The transfer function for heave and surge dynamics Gz(s) and Gx(s) can be written as follows:

Gz(s) = z(s)
F (s) = 1

s·(s+ ζz
mlander

)
·
[(

1/τthruster
1/τthruster+s · cos θpitch

)
− gmars

]
Gx(s) = x(s)

F (s) = 1

s·(s+ ζx
mlander

)
·
(

1/τthruster
1/τthruster+s · sin θpitch

) (24)

These equation of motion on Mars shows that there is a single integral term instead of a
double integral term in the equation on the moon. Such Lander on Mars may be easier to
stabilize than on moon because of the friction which help the lander to reduce both the vertical
speed and the ground speed. Landing on Mars using our strategy should require a much simpler
control scheme thanks to the friction of the atmosphere: the non-linear observer may be not
necessary.

7 Wind gust discussion on Mars
We think that in case of an spontaneous forward or backward acceleration (i.e. due to a

thruster problem), the Lander will safely land. But the lander will land on a different site in
comparison to the site where the Lander will land without any spontaneous acceleration. That’s
why we suggest to add a second feedback loop to show that landing on a precise spot is possible.
This second feedback loop will use another cue/sensor that will give the angular position of
the landing site (as viewed from the Lander). Such second feedback loop will try to reject any
spontaneous forward or backward acceleration (i.e. due to a thruster problem) to land precisely
on the desired landing spot [16].
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8 Wide Field Integration to estimate the Lander pitch
In this report, we assumed that the lander stabilizes its gaze by compensating any plant rotation,
but it is not completely right. So, the OF measured is composed of a translation OF and
rotational OF (see equation 25). We have to subtract the rotational term of the OF measured
ωmeas in order to have only translation OF. To do so, we have to assess the pitch rate θ̇pitch with
a rate gyro or to estimate the pitch by using the WFI (Wide Field Integration [13]) method.
With multiple OF sensors, we can also have an estimation of the pitch angle θpitch.

ωmeas = ωT + θ̇pitch (25)

Figure 26: Generated and measured Optic flow with different pitch angle θpitch.(A) The ventral OF perceived
by the Lander with a pitch angle θpitch = 0 for three different orientations of OF sensor (Φ = 60°, Φ = 90° and
Φ = 120°). The OF measured is maximum for the OF sensor orientation of 90° with respect of the lander. (B)
The ventral OF perceived by the Lander with a pitch angle θpitch = Θ for three OF sensor different orientation
(Φ = 60°, Φ = 90° and Φ = 120°). We show that the maximum of the OF measured is not for a sensor orientation
of 90°, there is a shift of the curve equal to the pitch angle θpitch = Θ. With such a sensor disposition, we can
estimate the pitch of the lander.

8.1 Pitch estimation under pure translational OF
With multiple OF sensor oriented with different angle Φ, we can try to estimate the pitch

θpitch of the lander. A pure translational optic flow can be written as follow:

ωT =
Vx
h
· sin2(Φ + θpitch) (26)

where Φ is the orientation angle of the OF sensor considered, and θpitch the pitch angle of the
lander.

‌
With this kind of OF sensor disposition and the new expression (see equation 26) for the

translational OF, we can estimate the pitch θpitch. The equation 26 can be developed ∀Φ ∈ [0;π]
as follows:
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ωT =
V x

h
· (sin Φ · cos θpitch − cos Φ · sin θpitch)2 (27)

and for an angle Φ = 90◦:

ωΦ=90◦

T =
V x

h
· cos2(θpitch) (28)

Using the equations 27 and 28, we can estimate the pitch angle θpitch with only three OF
sensor, one with an orientation Φ1 = 90◦ and the two other with an orientation Φ2 and Φ3 =
π − Φ2, Φ2,Φ3 ∈ [0;π](e.g. Φ2 = 60◦ and Φ3 = 120◦ in the figure 26). Using the fact that
Φ3 = π − Φ2, and thus sin Φ3 = sin Φ2 and cos Φ3 = − cos Φ2, we can write :

ωΦ3
T − ω

Φ2
T

ωΦ=90◦
T

=
4 · sin Φ2 · cos Φ2 · sin θpitch · cos θpitch

cos2 θpitch
(29)

We can deduce from 29 the expression of the pitch angle θpitch:

θpitch = arctan

(
ωΦ3
T − ω

Φ2
T

4 · sin Φ2 · cos Φ2 · ωΦ=90◦
T

)
(30)

8.2 Pitch rate estimation using WFI method
But, when the lander pitch forward or backward, there is a rotational Optic Flow component

in the OF measured due to the pitch rate of the lander θ̇pitch. So, we need to estimate the lander
pitch rate and subtract it to the OF measured. The Wide Field Integration method [13] can
allow us to estimate the pitch rate of the lander using multiple OF sensors. Considering the
measured OF (sum of the rotation OF and the translational OF), the OF sensor output can be
written as an inner product of the OF ωmeas and a pondering function Fi:

zi(x) =< ωmeasi , Fi >=
1
π

2πˆ

0

ωmeas(Φ, x) · Fi(Φ)dΦ (31)

We can project onto trigonometric Fourier Series and the expression becomes:

ωmeas(Φ, x) =
a0(x)

2
+
∞∑
n=1

an(x) · cosnΦ +
∞∑
n=1

bn(x) · sinnΦ (32)

The expression of the Fourier coefficients can be written as follows:
a0(x) = 1

π ·
´ 2π

0
ωmeas(Φ, x)/

√
2 · dΦ

an(x) = 1
π ·
´ 2π

0
ωmeas(Φ, x) · cos(nΦ) · dΦ

bn(x) = 1
π ·
´ 2π

0
ωmeas(Φ, x) · sin(nΦ) · dΦ

(33)

These expression can be written in discretized form as follows:
a0(x) =

∑k
i=1 ω

meas(Φi, x)/
√

2

an(x) =
∑k
i=1 ω

meas(Φi, x) · cos(nΦi)

bn(x) =
∑k
i=1 ω

meas(Φi, x) · sin(nΦi)

(34)

where k is the number of OF sensor on board. The WFI method allows us to compute the
pitch rate of the lander using the linearized coefficients of the Fourier transform for a planar
surface geometry (table 1, column 3 in [13]):

a0 = −
√

2 · θ̇pitch −
1

2
√

2 · h
Vx (35)
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Figure 27: Pitch angle estimated using three OF sensors (see equation 38). The lander traveled at a constant altitude

z = 150m, a constant ground speed Vx=90m/s and a vertical speed equals to zero. We applied sinusoidal variation

of the pitch angle between 30◦ and −30◦. The OF is measured by five EMD in order to have enough measurement to

estimate the pitch angle of the lander. Each EMD has a different orientation angle Φ (Fig26) (60, 75, 90, 105and120◦).

The OF measured by each sensor contain a translational and a rotational term, to estimate the pitch we need only the

Translational Optic Flow, so we subtract the rotational term by two different methods: inertial pitch rate measurement

and optical pitch rate measurement [13]. The blue plot shows the visually estimated pitch using the inertial pitch rate

measurement. The green plot shows the visually estimated pitch using the optical pitch rate measurement. The visual

estimation using the inertial pitch rate measurement is quite good compared to the real pitch (red plot), but there is

some errors for the visual estimation using the optical pitch rate measurement. These errors are due to the number of

sensors we used, this method require at least four sensors to compute the necessary Fourier coefficients, but the larger

the number of sensors, the better the pitch rate estimation is.

a2 =
1

4h
· Vx

we compute θ̇pitchby combining a0 and a2:

θ̇pitch = f (a0, a2) = −

(√
2

2
· a0 + a2

)
(36)

8.3 Lander’s Pitch estimation with WFI method
Using 25, 36 and 30, we established that the pitch angle θpitch can be written as follows in

the case of OF composed of Translational OF and rotational OF:

ωT = ωmeas − ωR (37)

with ωR = θ̇pitch, so, we can write:

θpitch = arctan


(
ωmeasΦ3

− θ̇pitch
)
−
(
ωmeasΦ2

− θ̇pitch
)

4 · sin Φ2 · cos Φ2 ·
(
ωmeasΦ=90 − θ̇pitch

)
 (38)

Only three OF sensors measurement are necessary to estimate the pitch angle θpitch, but we
need at least five OF sensors to compute the pitch rate, and thus because we have to compute a
2nd order Fourier coefficient. With respect of Shannon-Nyquist theorem, the number of sensors
must be upper or equal to twice the order of the coefficient we want to compute.

Using PANGU software, we have simulated a lander with five OF sensors with different
orientation angle Φ (Φ1 = 90◦, Φ2 = 60◦, Φ3 = 120◦,Φ4 = 75◦ and Φ5 = 105◦) and with a pitch
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Figure 28: Pitch angle estimated using five OF sensors (see equation 39). The lander traveled at a constant altitude

z = 150m, a constant ground speed Vx=90m/s and a vertical speed equals to zero. We applied sinusoidal variation of the

pitch angle between 30◦ and −30◦. The OF is measured by five EMD in order to have enough measurement to estimate

the pitch angle of the lander. Each EMD has a different orientation angle Φ (see figure26) (60, 75, 90, 105and120◦).

The OF measured by each sensor contain a translational and a rotational term, to estimate the pitch we need only the

Translational Optic Flow, so we subtract the rotational term by two different methods: inertial pitch rate measurement

and optical pitch rate measurement [13]. The blue plot shows the visually estimated pitch using the inertial pitch rate

measurement. The green plot shows the visually estimated pitch using the optical pitch rate measurement. The visual

estimation using the inertial pitch rate measurement is quite good compared to the real pitch (red plot), but there is

some errors for the visual estimation using the optical pitch rate measurement. These errors are due to the number of

sensors we used, this method require at least four sensors to compute the necessary Fourier coefficients, but the larger

the number of sensors, the better the pitch rate estimation is.

angle θpitch varying sinusoidally from 30◦ to −30◦ at Fpitch = 47.7e−3Hz, where Fpitchis the
frequency of the pitch oscillation. The result shows in figure27 show that we can have a well
estimation of the lander pitch angle θpitch without any inertial measurement, only with optical
measurement and with only an inertial pitch rate measurement.

We can also estimate the pitch angle θpitchusing the five OF sensors used for the WFI method,
the pitch angle θpitchcan be written as follows:

θpitch = arctan

1
2
·


(
ωΦ3 − θ̇pitch

)
−
(
ωΦ2 − θ̇pitch

)
4 · sin Φ2 · cos Φ2 ·

(
ωΦ=90 − θ̇pitch

) +

(
ωΦ5 − θ̇pitch

)
−
(
ωΦ4 − θ̇pitch

)
4 · sin Φ4 · cos Φ4 ·

(
ωΦ=90 − θ̇pitch

)


(39)
The results are showed in the figure 28, the results are quite similar but the standard devi-

ation seems to be better when we are using five OF sensors to estimate the pitch angle θpitch.
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9 Conclusion
We have presented an OF-based autopilot. Results show that a lander equipped with this

autopilot can land safely under visual control. A safe landing occurs even if the lighting condition
are dark (e.g. south pole lighting conditions), with various initial condition and even if the OF
sensor have a few seconds failure. These feats are all achieved with a really minimalistic visual
system, which consists of only two pixels i.e., two photo-receptors, forming one EMD. Key to the
working of the autopilot is the OF regulator that aim at maintaining the perceived OF constant
by acting upon the Thruster main forces. This OF regulator operates as follows:

The OF regulator adjusts the lander thrust so as to keep the ventral OF measured ωmeas
equals to the OF set point ωset. The outcome is that the lander’s ground speed and vertical
speed decrease all along the landing phase due to the coupling between the heave and surge
dynamics and the lander reach the low gate at low speed.

The great advantage of this visuomotor control system is that it operates without any needs
for explicit knowledge of speed and distance, and hence without any needs for speed and range
sensors. The simulated lander navigates on the basis of one parameter only: the ventral OF.
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