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Abstract

To collect samples and handle tools, planetary exploration rovers commonly employ
light-weight robotic manipulators. These can suffer from undesirable positioning im-
precision due to erroneous end-effector pose estimates obtained by the manipulators
kinematics, leading to the failure of the manipulation task.

This thesis presents a vision-based end-effector pose correction pipeline to improve
the positioning precision of the end-effector during manipulation tasks. Our approach
corrects the end-effector pose by fusing the estimates obtained by the manipulator’s
kinematics with information obtained from monocular vision data.

We propose a gradient based method to track a set of active markers within the image
stream, which provides us with additional information on the covariance of the retrieved
image points. In order to recover the 3D pose estimate of the end-effector, we make use
of the maximum likelihood perspective-n-point algorithm, allowing us to propagate
the image point uncertainties to their 3D pose covariances. Based on evaluations using
recorded ground-truth data, we show that our tracking method leads to a reduction of
the kinematic position error by up to 77%.

To operate outdoors and under changing illumination conditions, the robustness of the
tracking approach is paramount. Based on the propagated covariance information, we
employ an Error-State Kalman filter for the rejection of pose outliers and the reduction of
pose jitter. Its smoothing capabilities are confirmed in simulation. We further show the
application of the vision-based correction pipeline as part of a visual servoing scheme
designed for the collection of payload boxes by the manipulator of the Lightweight
Rover Unit 2, developed at the Institute for Robotics and Mechatronics of the German
Aerospace Center.

We propose a switching control scheme that applies a position-based visual servo
(PBVS) for movements of the end-effector in free space and switches to a PBVS based
hybrid impedance visual servoing scheme for movements in close proximity or in direct
contact with the coupling partner, to ensure the safe interaction between the manipulator
and the payload.

The implemented PBVS approach is lastly evaluated in simulation. We show its success-
ful execution and stability in the vicinity of singularities as well as the avoidance of joint
position and velocity limits.
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Kurzfassung

Fiir das Sammeln von Proben und die Handhabung von Werkzeugen nutzen Planetare
Explorationsrover in der Regel Manipulatoren in Leichtbauweise. Diese kénnen auf-
grund fehlerhafter Schitzungen der auf Grundlage der KinematiK des Manipulators
berechneten Endeffektorpose unter Positionierungsungenauigkeiten leiden.

Die vorliegende Arbeit prasentiert eine Computervision basierte Pipeline fiir die Korrek-
tur der Endeffektorpose der Lightweight Rover Unit 2, zur Nutzung fiir das Einsammeln
von Probencontainern. Der vorgeschlagene Ansatz korrigiert die Ungenauigkeit in
der Endeffektorpose durch fusionierung der von Informationen aus Kinematik und
monokularen Kameradaten.

Wir stellen eine gradientenbasierte Methode fiir das visuelle Tracking eines aktiven
Markerarrays vor, welche uns zusitzlich Informationen zur Kovarianz der punkte in
der Bildebene liefert. Durch die anschliefende Nutzung des maximum likelihood
perspective-n-point Algorithmus zur Berechnung der 3D-Endeffektorpose, nutzen wir
diese Informationen zur Ermittlung der Kovarianz der 3D-Pose. Basierend auf Ground-
Truth-Daten zeigen wir, dass die vorgeschlagene Trackingmethode zu einer Reduzierung
des kinematischen Positionsfehlers um bis zu 77% fiihrt.

Fiir den Betrieb im Freien und unter wechselnden Beleuchtungsbedingungen ist die
Robustheit des Tracking-Ansatzes von grofiter Bedeutung. Unter Verwendung der
Informationen tiber die covarianz der Bildprojektionen verwenden wir einen Error-State
Kalman Filter zur Unterdriickung von Ausreiflern und zur Reduzierung des Rauschens
in den ermittelten Endeffektorposen, und bewerten dessen Leistung auf Grundlage
simulierter Daten.

Im Anschluss nutzen wir die korrigierte Endeffektorpose als Ausgangspunkt fiir den
Entwurf einer Visual Servoing Strategie zur Prizisionssteigerung wahrend des Andock-
prozesses zwischen Endeffektor und Probencontainern. Wahrend der Bewegungen
des Endeffektors im freien Raum wird ein Positions-basierter Visual Servoing (PBVS)
genutzt. Fiir Bewegungen in unmittelbarer Ndhe und bei Kontakt mit dem passiven
Kopplungspartner wird ein PBVS-basierter Hybridimpedanzregelungsansatz vorgestellt.

Der implementierte PBVS-Ansatz wird schlieillich in Simulation getestet. Wir zei-
gen dessen erfolgreiche Ausfithrung und Stabilitdt in der Ndhe von Singularitdten sowie
die erfolgreiche Vermeidung von Gelenkpositions- und Geschwindigkeitsbegrenzungen.
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1. Introduction

Space has always been a source of fascination and wonder for humankind. While its
exploration has been limited to its passive observation for millennia, the technological
advances of the last century made it possible to expand space research to active explo-
ration and probing of planetary surfaces and other celestial bodies.

The use of planetary exploration devices, such as mobile vehicles, also referred to
as rovers, allows the investigation of regions so far inaccessible to humans. By supplying
images of the planetary terrain and collecting rock and soil samples to be analyzed by
scientist back on Earth, such rovers play an important role in the acquisition of new
insights that are essential to broaden our understanding about the universe around us.

For use in planetary exploration scenarios, a rover needs to ful ll several require-
ments. To begin with, it needs to exhibit a lightweight structure to ensure economic
transportation to the extraterrestrial operation site. Further, as long distances to potential
exploration sites on other celestial bodies such as moon or Mars introduce considerable
communication delays, it is desirable that such a rover holds a high degree of autonomy;,
to ensure its ef cient operation [1].

The Lightweight Rover Unit 2 (LRUZ2), developed at the Institute for Robotics and
Mechatronics of the German Aerospace Center (DLR) is a terrestrial prototype of a
lightweight rover designed for autonomous planetary exploration, see Fig. 1.1. It is
equipped with a six degree of freedom robotic arm, which is used for the collection of
soil and rock samples as well as the handling and transportation of payload boxes [1].
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