Springer Tracts in Advanced Robotics
Volume 10

Editors: Bruno Siciliano - Oussama Khatib - Frans Groen



Springer

Berlin
Heidelberg
New York
Hong Kong
London
Milan
Paris

Tokyo

EngineeringD[

springeronline.com

ONLINE LIBRARY



B. Siciliano + A. De Luca - C. Melchiorri + G. Casalino (Eds.)

Advances in Control
of Articulated
and Mobile Robots

With 124 Figures and 15 Tables

© Springer



Professor Bruno Siciliano, Dipartimento di Informatica e Sistemistica, Universita degli Studi di Napoli
Federico II, Via Claudio 21, 80125 Napoli, Italy, email: siciliano@unina.it

Professor Oussama Khatib, Robotics Laboratory, Department of Computer Science, Stanford University,
Stanford, CA 94305-9010, USA, email: khatib@cs.stanford.edu

Professor Frans Groen, Department of Computer Science, Universiteit van Amsterdam, Kruislaan 403,
1098 SJ Amsterdam, The Netherlands, email: groen @science.uva.nl

STAR (Springer Tracts in Advanced Robotics) has been promoted under the auspices of EURON (European
Robotics Research Network)

Editors

Prof. Bruno Siciliano Prof. Alessandro De Luca

Dip. di Informatica e Sistemistica Dip. di Informatica e Sistemistica
Universita di Napoli Federico II Universita di Roma “La Sapienza”
Via Claudio 21 Via Eudossiana 18

80125 Napoli, Italy 00184 Roma, Italy
siciliano@unina.it deluca@dis.uniromal.it
Prof. Claudio Melchiorri Prof. Giuseppe Casalino

Dip. di Elettronica, Informatica Dip. di Informatica, Sistemistica
e Sistemistica e Telematica

Universita di Bologna Universita di Genova

Via Risorgimento 2 Via all’Opera Pia 13

40136 Bologna, Italy 16145 Genova, Italy
cmelchiorri@deis.unibo.it pino@dist.unige.it

ISSN 1610-7438

ISBN 3-540-20783-X  Springer-Verlag Berlin Heidelberg New York

Cataloging-in-Publication Data applied for

A catalog record for this book is available from the Library of Congress.

Bibliographic information published by Die Deutsche Bibliothek

Die Deutsche Bibliothek lists this publication in the Deutsche Nationalbibliografie; detailed biblio-
graphic data is available in the Internet at <http://dnb.ddb.de>.

This work is subject to copyright. All rights are reserved, whether the whole or part of the mate-
rial is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilm or in other ways, and storage in data banks. Duplication
of this publication or parts thereof is permitted only under the provisions of the German Copyright
Law of September 9, 1965, in its current version, and permission for use must always be obtained
from Springer-Verlag. Violations are liable for prosecution under German Copyright Law.

Springer-Verlag is a part of Springer Science+Business Media
springeronline.com

© Springer-Verlag Berlin Heidelberg 2004
Printed in Germany

The use of general descriptive names, registered names, trademarks, etc. in this publication does
not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

Typesetting: Digital data supplied by author.

Data-conversion and production: PTP-Berlin Protago-TeX-Production GmbH, Berlin
Cover-Design: design & production GmbH, Heidelberg

Printed on acid-free paper 62/3020Yu-543210



Editorial Advisory Board

EUROPE

Herman Bruyninckx, KU Leuven, Belgium

Raja Chatila, LAAS, France

Henrik Christensen, KTH, Sweden

Paolo Dario, Scuola Superiore Sant’ Anna Pisa, Italy
Ridiger Dillmann, Universitat Karlsruhe, Germany

AMERICA

Ken Goldberg, UC Berkeley, USA

John Hollerbach, University of Utah, USA

Lydia Kavraki, Rice University, USA

Tim Salcudean, University of British Columbia, Canada
Sebastian Thrun, Carnegie Mellon University, USA

ASIA/OCEANIA

Peter Corke, CSIRO, Australia

Makoto Kaneko, Hiroshima University, Japan

Sukhan Lee, Sungkyunkwan University, Korea
Yangsheng Xu, Chinese University of Hong Kong, PRC
Shin’ichi Yuta, Tsukuba University, Japan



Foreword

At the dawn of the new millennium, robotics is undergoing a major transformation
in scope and dimension. From a largely dominant industrial focus, robotics is rapidly
expanding into the challenges of unstructured environments. Interacting with, as-
sisting, serving, and exploring with humans, the emerging robots will increasingly
touch people and their lives.

The goal of the new series of Springer Tracts in Advanced Robotics (STAR) is to
bring, in a timely fashion, the latest advances and developments in robotics on the
basis of their significance and quality. It is our hope that the greater dissemination of
research developments will stimulate more exchanges and collaborations among the
research community and contribute to further advancement of this rapidly growing
field.

Advances in Control of Articulated and Mobile Robots edited by Bruno Siciliano,
Alessandro De Luca, Claudio Melchiorri, and Giuseppe Casalino provides a unique
collection of a sizable segment of the robotics research in Italy. It reports on contri-
butions from ten academic institutions brought together within MISTRAL, an Italian
project on robotics research.

This ten-chapter volume covers important research areas ranging from planning,
control, and actuation of articulated mechanisms to sensing, perception, navigation,
and real-time control architectures of mobile robots. The focus is on fundamental
issues related to robots subjected to nonholonomic constraints, time delays, actuator
saturation, or joint friction. The work also addresses other key issues concerned
with the localization and mapping in unknown or partially known environments,
the presence of moving objects, the use of multiple sensors, and the integration of
mobility and manipulation.

The thorough discussion, rigorous treatment, and wide span of the work unfold-
ing in these areas reveal the significant advances in the theoretical foundation and
technology basis of the robotics field. MISTRAL culminates with this important
reference to the world robotics community on the current developments and new
directions undertaken by this project’s Italian robotics team!

Stanford, California Oussama Khatib
November 2003 STAR Editor



Preface

Since the development of robotics for industrial and manufacturing applications in
structured environments, research in the field has been gradually seeking at providing
robotic systems with enhanced autonomy for operation in unstructured environments.
Significant examples include cooperating and assisting robots, haptic interfaces for
virtual reality and remote operation in hostile environments, mobile robots and au-
tonomous agent teams. The challenge presented by such themes demands advanced
control techniques and architectures to perform robotic tasks such as manipulation,
interaction, teleoperation, locomotion and cooperation.

This monograph stems from the research project MISTRAL (Methodologies and
Integration of Subsystems and Technologies for Anthropic Robotics and Locomo-
tion), funded in 2001-2002 by the Italian Ministry for Education, University and
Research (MIUR), involving a significant portion of the national academic robot con-
trol community; namely, the research groups at: University of Bologna, University
of Genoa, Polytechnical University of Marche, Polytechnic of Milan, University of
Naples, University of Pisa, University of Rome “La Sapienza”, University of Rome
“Tor Vergata”, Third University of Rome, Polytechnic of Turin. A complete descrip-
tion of the project is available at the web site http.//www-lar.deis.unibo.it/mistral.

The aim of this monograph is to provide an updated source of information on
the state of the art in advanced control of articulated and mobile robots, along with
a taste of significance and impact of new research in the field. A number of relevant
problems have been selected dealing with enhanced actuation, motion planning
and control functions for articulated robots, as well as of sensory and autonomous
decision capabilities for mobile robots.

The material has been organized as follows. The first two chapters are devoted to
tutorial/survey presentations on two critical issues when controlling a robotic system:
planning motion in the presence of differential constraints, and copying with time
delay in remote operation, respectively. The remaining contents have been ordered
in a progressive way; the next four chapters deal with control of articulated robots,
whereas the final four chapters are focused on planning, localization and servoing
of mobile robots. A reading track along the various contributions of the ten chapters
of the volume is outlined in the following.

The volume starts with a comprehensive tutorial by De Luca et al. on mo-
tion planning for a class of robotic systems subject to nonholonomic differential
constraints. Of special concern is the problem of planning point-to-point motion
for systems subject to non-integrable first and second-order differential constraints.
The solutions outlined for both non-flat nonholonomic kinematic systems and flat
underactuated dynamic systems demonstrate the generality of the approach.

Teleoperation has historically been one of the pioneering areas in robotics.
The key problem from a control viewpoint has been to cope with time delay. The
chapter by Arcara and Melchiorri presents an extensive survey of the most adopted
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techniques for telemanipulation. Control schemes are critically compared in terms
of suitable criteria, and one type of passive controller is analyzed in detail for
performance enhancement purposes.

As outlined above, the issue of performance plays a crucial role in robot control.
The chapter by Morabito et al. concentrates on a specific phenomenon which may
deteriorate performance in a robot manipulator undergoing actuator torque satura-
tion. An effective anti-windup control law is proposed which is remarkably based
on simple and intuitive parameter tuning.

The following two chapters are devoted to the problem of modelling and com-
pensation of nonlinear friction in robot joint actuators, yet another effect which
must be properly taken into account when designing advanced control systems. The
chapter by Ferretti, Magnani and Rocco demonstrates how the use of high-resolution
encoders allows an accurate analysis of the dynamic behavior of friction forces in
the so-called presliding regime, and especially in the presence of hysteresis loops.

On the other hand, the treatment of nonlinear friction in the chapter by Bona,
Indri and Smaldone is framed into the context of rapid prototyping of model-based
robot controllers. General issues related to both hardware and software architectures
are critically surveyed with the goal of achieving fast and systematic interaction
between the algorithmic design phase and the experimental testing.

The use of visual sensors is argued to have high impact for operation in un-
structured environments, especially if the robot is visually servoed in a closed-loop
control fashion. The problem of visual tracking of 3D objects is treated in the chap-
ter by Caccavale et al., where a combined Extended Kalman Filter/Binary Space
Partition tree technique is developed to achieve real-time estimation of the position
and orientation of moving objects of known geometry using a fixed stereo camera
system.

The remaining four chapters deal with issues concerning mobile robots. The de-
velopment of a real-time control architecture for a prototype of differentially-driven
wheeled mobile robot is discussed in the chapter by Bellini et al.. The solution resorts
to RTLinux operating system which seems to gain increasing popularity within the
research community; the software architecture includes low level motor feedback,
high level trajectory loops, and communication protocols through an Ethernet radio
link.

The chapter by Casalino and Turetta addresses the problem of coordinating
the manoeuvring of a nonholonomic vehicle with the motion of a supported ma-
nipulation system, composed either by a single arm or by two arms. Kinematic
redundancy is suitable exploited to optimize a number of constraints according to
a systematic approach which ensures modularity and scalability within the overall
vehicle-manipulator robotic system.

Sensory data fusion is covered in the chapter by Bonci et al., where different
methods and algorithms are introduced for the accurate localization of mobile robots
on a given map, by integration of odometric, gyroscope, sonar and video camera mea-
sures using a Kalman filtering approach. On the other hand, different probabilistic
methods are employed for the exploration of unknown environments.
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The volume ends with the chapter by Bicchi et al. which considers three main
problems arising in the navigation of autonomous vehicles in partially or totally
unknown environments; namely, map building, localization, and motion servoing.
The result is a generalization of SLAM, which allows the localization and mapping
problems to be cast in a unified framework with the control problem.

The monograph is addressed to postgraduate students, researchers, scientists and
scholars who wish to broaden and strengthen their knowledge in control of robotic
systems.

Besides thanking all the Authors for their valuable contributions to this mono-
graph, we wish to extend our appreciation to all the participants to the MISTRAL
project who have produced significant research results during the latest two years.
Warmest thanks are also for Thomas Ditzinger at Springer-Verlag in Heidelberg. A
final word of thanks goes to Costanzo Manes for the pictorial illustration below.

Ttaly Bruno Siciliano
October 2003 Alessandro De Luca
Claudio Melchiorri

Giuseppe Casalino
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