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1 Motivation

The objective of this thesis is to develop techniques for the autonomous navigation of space robots
in complex environments. This will involve using multi-view visual information to perform simultaneous
localisation and mapping (SLAM).

Indeed there is an important and ever increasing demand for autonomous robots that are capable of exe-
cuting tasks in an autonomous way within varying environments (space, urban, natural, military, industrial)
and for numerous applications (aero-spatial, exploration of remote or dangerous environments, cartography,
transport, agriculture, cleaning, inspection, surveillance, cartography,....). Autonomous navigation has be-
come a key technology for interplanetary exploration. An important development effort has been performed
by the European Space Agency and industrials like Thales Alenia Space to bring new technologies to maturity
for space exploration. Examples of applications are rover navigation, safe landing with hazard avoidance, or
proximity operations around an asteroid. In all cases, the environment is largely unknown and the dynamics
are very uncertain.

A key difficulty of autonomous navigation is the localisation and mapping of the environment. Visual
navigation is particularly well adapted to such exploration tasks. Vision sensors provide relative velocity
information between the terrain and the robot, which is critical for automatic landing [17, 8]. Safe landing
on a planet, like Mars for example, will also rely on the autonomous identification of hazards (strong slopes
or large rocks) and if necessary re-targeting toward a safe site [14]. These operations must be completed in
real-time. Whilst visual sensors are very performant in a wide range of scenarios, certain difficulties must be
overcome including changing illumination conditions or the fact that landmarks are initially unknown.

For missions to asteroids (see Fig 1) or comets with low gravity, the time constraint is much less strin-
gent [13]. These types of missions usually start with the construction of a shape model of the object (a coarse
global map and several refined local maps), using SLAM techniques. This mapping can be performed before
proximity operations or landing actually takes place, so on-line hazard detection and avoidance does not
need to be handled entirely during the landing phase.

The main aim of this project is therefore to study navigation techniques within uncertain, partially known
and restrictive environments without making hard a-priori assumptions about space vessel trajectory or about
the interaction of the robot within dynamic environments. In order to achieve this it will be necessary to
tightly couple multi-view measurements within a closed-loop visual servoing control scheme.

2 Context

In general, the entry, descent and landing (EDL) of spatial robots can be modeled via various complex
physical systems that can be difficult to control without the use of appropriate sensors and models of their
complex interaction between one another. Indeed, the use of visual sensors to control aerial robotic systems
has recently seen a boom in activity for all types of drones (micro, mini, heavy or lighter than air [3]) and in
all possible configurations (fixed wing [5], gyrating [2, 19, 18, 1, 20, 16, 11, 6], vibrating for flapping wings).
In space applications, binocular optical navigation is very common for rover navigation, however, it has never
been used for other space applications [13, 17, 8]. Optical navigation is generally complemented by a ranging
sensor (lidar or radar). It seems therefore pertinent to study this new approach and to demonstrate its
efficiency when compared with existing systems. Clearly, the problem of exploiting the advantages of visual



FiG. 1 — View of an asteroid from the Thales-Alenia Space simulator.

sensors in an optimal manner for localisation and cartography is an essential problem for many different
applications.

In the wider literature, whilst much research has been carried out on monocular visual servoing [7,
4, 16, 11, 6] for different systems, relatively few studies have focused on image-based closed-loop control
using multi-view systems such as [15, 9] or in the context of visual SLAM [10]. Further to this, multi-view
geometrical approaches have remained largely studied in the domain of visual perception [12], however, few
attempts have been made that integrate this information directly within a differential feedback control loop.
Closing this control loop promises not only to improve vehicle autonomy but also it’s real-time perception
and subsequent interaction with the environment. Indeed, closed-loop control exploits both knowledge about
the movement of the robot for better perception and simultaneously uses perceptual information to provide
performant control so as to improve computational efficiency, robustness and precision.

This research proposal integrates perfectly with the scientific research project CNRS-PICS “Visual servo
control of Unmanned Aerial Vehicles”, with the national project ANR SCUAV (Sensory control of unmanned
aerial vehicles) both coordinated by the I3S research laboratory, along with the "Optical Observation and
Science” research unit from Thales Alenia Space.

3 Description

As mentioned, this thesis subject concerns the development of simultaneous localisation and mapping
(SLAM) techniques in real-time for navigation and space exploration with autonomous spacecraft.

The major part of this study concerns the localisation and will involve developing a multi-view visual
servoing system for a space robot. The interest here will be to integrate multi-view differential geometric
theory with closed-loop visual servoing control theory. It will be necessary to develop an analytic relationship
between the movement of an aircraft and the movement perceived in multiple views. This will also include
identifying pertinent control parameters that adhere to a rigorous set of criterion (robustness, stability,
precision, efficiency) along with the choice of technical constraints such as the optimal placement of the
cameras. In particular, it will be of interest to develop a global task function which allows the aircraft
to behave correctly in accordance with the online dynamics (for example, the movement of an asteroid),
changing illumination conditions (according to the luminosity and the visibility), perturbations (such as
varying temperatures) or large differences in perceived scale of the environment.

The second part will involve developing algorithms for mapping the environment in an off-line learning
phase that will allow to reduce the computational complexity of the online problem by performing the bulk
of the computational effort off-line. This will involve creation of a navigational framework that allows the
creation of image-based stereo maps within which a robot is to execute a global task. Given a set of training



measurements, task planning consists in constructing optimal representations of these maps in such a way
that localisation and control of the aircraft may be perform precisely whilst remaining invariant to dynamic
changes in the environment.

4 Required Competences

The implementation of the work will be integrated, tested and validated on robotic platforms available
at the I3S laboratory and partner laboratories. Thales Alenia Space has a realistic simulator (see Figure 1)
that will available for testing the developed algorithms.

For this position, candidates must be enrolled in a Masters stream with a focus on computer vision, visual
servoing, and/or automatic control. The candidate should have also good abilities for software development
and report writing.

Références

[1] E. Altug, J. Ostrowski, and R. Mahony. Control of a quadrotor helicopter using visual feedback. In
IEEE International Conference on Robotics and Automation, pages 72—77, Washington, DC, May 2002.

[2] O. Amidi, T. Kanade, and R. Miller. Robust Vision for Vision-Based Control of Motion : Vision-based
autonomous helicopter research at Carnegie Mellon Robotics Institute (1991-1998). New York : IEEE
Press/SPIE, 1999.

[3] J.R. Azinheira, P. Rives, and J.R.H Carvalho. Visual servo control for the hovering of an outdoor robotic
airship. In IEEFE International Conference on Robotics and Automation, pages 2787-2792, Washington,
DC, May 2002.

[4] S.Benhimane and E. Malis. Homography-based 2d visual tracking and servoing. International Journal of
Robotic Research (Special Issue on Vision and Robotics joint with the International Journal of Computer
Vision, 26 :661-676, 2007.

[5] O. Bourquardez and F. Chaumette. Visual servoing of an airplane for auto-landing. In IEEE/RSJ Int.
Conf. on Intelligent Robots and Systems, IROS’07, pages 1314-1319, San Diego, CA, October 2007.

[6] O. Bourquardez, R. Mahony, N. Guenard, F. Chaumette, T. Hamel, and L. Eck. Image-based visual
servo control of the translation kinematics of a quadrotor aerial vehicle. IEEE Trans. on Robotics, 2009.

[7] F. Chaumette and S. Hutchinson. Visual servo control, part i : Basic approaches and part ii : Advanced
approaches. IEEE Robotics and Automation Magazine, 14(1) :109-118, March 2007.

[8] Y. Cheng, A. Johnson, and L. Matthies. Mer-dimes : a planetary landing application of computer
vision. In IEEE conference on Computer Vision and Pattern Recognition, volume 1, pages 806 — 813,
San Diego, CA, USA, 20-25 June 2005.

[9] A.I. Comport, E. Malis, and P. Rives. Accurate quadri-focal tracking for robust 3d visual odometry. In
IEEE Int. Conf. on Robotics and Automation, ICRA’07, Rome, Italy, April 2007.

[10] A. J. Davison and D. W. Murray. Simultaneous localisation and map-building using active vision. IEEE
Transactions on Pattern Analysis and Machine Intelligence, July 2002.

[11] T. Hamel and R. Mahony. Image based visual servo-control for a class of aerial robotic systems.
Automatica, 2006.

[12] R. Hartley and A. Zisserman. Multiple View Geometry in computer vision. Cambridge University Press,
2001. Book.

[13] A. Johnson and L. Matthies. Precise image-based motion estimation for autonomous small body ex-
ploration. In 5th Intl Symp. On Artificial Intelligence, Robotics and Automation in Space, ESTEC,
Netherlands, 1-3 June 1999.



[14]
[15]
[16]

[17]

[18]

[19]

[20]

A. Johnson, J. Montgomery, and L. Matthies. Vision guided landing of an autonomous helicopter in
hazardous terrain. In IEEE conf on Robotics and Automation, Barcelona, Spain, April 18-22 2005.

T. Lemaire, Cyrille Berger, I-K. Jung, and S. Lacroix. Vision-based SLAM : stereo and monocular
approaches. International Journal on Computer Vision, 74(3) :343-364, 2007.

R. Mahony and T. Hamel. Image based visual servo control of aerial robotics systems using linear image
features. IEEE Transactions on Robotics and Automation, 40(2), 2005.

B. Polle, B. Frapard, G. Flandin, P. Bernard, C. Vétel, X. Sembely, and S. Mancuso. Navigation for
planetary approach and landing. In 5th Int. ESA Conference on Guidance and Navigation Control
Systems, Frascati, Italy, 22-25 October 2002.

S. Saripalli, J.F. Montgomery, and G.S. Sukhatme. Vision-based autonomous landing of an unmanned
aerial vehicle. In International Conference on Robotics and Automation, pages 2799-2804, Washington,
DC, 2002.

O. Shakernia, Y. Ma, T.J. Koo, and S. Sastry. Landing an unmanned air vehicle : Vision-based motion
estimation and nonlinear control. Asian Journal on Control, 1(3) :128-146, 1999.

H. Zhang and J.P. Ostrowski. Visual servoing with dynamics : Control of an unmanned blimp. IEEE
Transactions on Robotics and Automation, 18 :199-208, April 2002.



