Lecture Notes in

Control and
Information Sciences

Edited by M.Thoma and A.Wyner

139

V. Hayward, O. Khatib (Eds.)

Experimental Robotics |

The First International Symposium
Montreal, June 19-21, 1989

& | Springer-Verlag
£k Berlin Heidelberg New York
London Paris Tokyo Hong Kong




Series Editors
M.Thoma - A.Wyner

Advisory Board
L. D. Davisson - A. G. J. MacFarlane - H. Kwakernaak
J.L.Massey - Ya Z. Tsypkin - A_J. Viterbi

Editors

Prof. Vincent Hayward

Dept. of Electrical Engineering
McGill University

Montreal, Quebec, H3A 2A7
Canada

Prof. Oussama Khatib

Dept. of Computer Science
Stanford University
Stanford, CA 94305

USA

ISBN 3-540-52182-8 Springer-Verlag Berlin Heidelberg New York
ISBN 0-387-52182-8 Springer-Verlag New York Berlin Heidelberg

This work is subject to copyright. All rights are reserved, whether the whole or part of the material

is concerned, specifically the rights of translation, reprinting, re-use of illustrations, recitation,
broadcasting, reproduction on microfilms or in other ways, and storage in data banks. Duplication
of this publication or parts thereof is only permitted under the provisions of the German Copyright
Law of September 9, 1965, in its version of June 24, 1985, and a copyright fee must always be paid.
Violations fall under the prosecution act of the German Copyright Law.

© Springer-Verlag Berlin, Heidelberg 1980
Printed in Germany

The use of registered names, frademarks, 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.

Printing: Mercedes-Druck, Berlin

Binding: B. Helm, Berlin

2161/3020-543210 Printed on acid-free paper.



uojuag ‘W '3 :Audesdoroyy pue udisag

| |
6861 1261 aunf
_.._Vn.-:._..v .—ﬂ..:.:_._w).

$2170qOY [ejUdILIOdX ]

ug :::.mc;:_.mm [BUCTRUIAIU] 350

\



About the Editors

Vincent Hayward rececived the degree of “Docteur-Ingénicur en Informatique” {rom
“Université de Paris x1” at Orsay in 1981.

He held research positions at Purdue University, Indiana, Usa, and at CNRS, Irance,
and is now Assistant Professor with the Department of Electrical Engincering at McGill
University. His research interests include sensor-based robot design, programming and
control, spatial reasoning and perception, and computational architectures.

Oussama Khatib' received the degree of “Docteur-Ingénieur en Automatique et Syste-
mes” in 1980 from “I’Ecole Nationale Supérieure de 'Espace,” Toulouse, Irance.

He is an Associate Professor with the department of Computer Science at Stanford Uni-
versity, California, USA, and leads the Manipulation Project at the Robotics Labora-
tory of this department. His research interests include motion and force control, motion
primitives and sensor-based strategies for real-time collision avoidance and pari-maling
operations, as well as the design of high-performance force-controlled manipulator and
micro-manipulators systems.



Preface

Experimental Robotics 1 — The First International Symposium is the first altempt at
collecting works in Robotics from the point of view of experimental research. The meeting
at which these contributions were presented took place in Montréal in June 1989. Tt is
the first of a series to be organized in a circular fashion around North America, Europe,
and Asia.

The series of events that led to this meeting can be traced back to Spring 1987 in Albany,
New York. Several members of the organizing committee, who were attending a SIAM
conference on Applied Geometry, began to discuss the major trends that would underly
Robotics Research toward the rapidly looming end of this Century. We all agreed that
experiments were called to play a larger role in the very way Robotics Research will be
approached. Of course we did not mean that theoretical developments are not important,
we simply felt that their importance can only be assessed through experimentation, that
is, synthesis.

We proposed that the presentations be centered on theories and principles, as applied
to robotics, that are validated by experiments. One of the conclusions of the meeting
was thus to draw a clear distinction between “demonstrations” and “experiments”. An
increasing amount of researchers in the field of robotics no longer feel satisfied with hy-
pothetical developments. They strive to distinguish what can be done from what could
be done, and are willing to submit their theories to the test of physical implementation.
The content of this collection of contributions reflects a cross-section of the current state
of robotic research from one particular aspect: experimental work, and how it affects the
theoretical basis of subsequent developments.

Of course, the selection of topics: the study of friction, calibration issues, and design of
manipulators, for example, reflects this theme. Some of these problems may have been
considered in the past as secondary ones, but they are now revcaled as being critical,
and we conjecture that progress toward their solution will have a significant impact on
most aspects of robotics research. A cursory examination of the contents of the papers
shows that, in Robotics, once again, practice is sometimes ahead of theory: successes and
failures are rarely fully explained by the theory and investigators are left with conjectures.
This is a further justification for the choice of the experimental theme.

The international program committee was composed of the following individuals: V. Hay-
ward, McGill University, Canada; O. Khatib, Stanford University, Usa; J. Angeles, McGill
University, Canada; R. Chatila, LAAS/CNRS, France; J. Craig, Silma, Usa; P. Dario,
University of Pisa, Italy; B. Espiau, IRISA/INRIA, France; G. Hirzinger, DFVLR, FRG;
K. Salisbury, MIT, UsA; and T. Yoshikawa, I{yoto University, Japan. A total of 35 papers
have been included in the program, representing Australia, Belgium, Canada, England,
France, Germany, ltaly, Japan, UsA, and Yugoslavia. A keynote lecture given by Prof.
Lozano-Perez from MIT on the topic “Tasks, Experiments, and Strategies” kicked off the
meeting with the delivery of numerous inspiring ideas. Due to the small size of this meet-
ing and the quality of the attendces, a large amount of interaction took place during the
three days of this meeting.
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The international committee has proposed that the next meeting should take place in
Toulouse, France, in the Spring 1991. The committee has asked Dr. Raja Chatilla from
LAAS-CNRS, Toulouse, France, and Dr. Gerd Hirzinger from from DLR, German Aerospace
Research Establishment, Institute for Flight Systems, to co-chair the next meeting.

The McGill Research Center for Intelligent Machines (McRCIM) hosted this meeting on
the McGill University campus. All the persons involved in this center must be thanked
for helping to make this event possible. In particular, Prof. Martin Levine, director of
MCRCIM, gave a warm welcome address which created an informal, yet productive atmo-
sphere. Dean Bélanger, forefather of McRCIM, then discussed the important connection
between theory and experiments in Robotics. He must be thanked for his contribution
and support. Prof. Lozano-Perez’s keynote lecture alone made the effort of putting this
mecting together worthwhile. The members of the program committee must be gratefully
acknowledged for accepting to shoulder the diflicult task of selecting the papers.

This meeting could not have taken place without the backing of many individuals, institu-
tions and companies: Norman Kaplan from the National Science Foundation, Washington
D.C.; Christine Quérido from “Les Fonds pour la Formation des Chercheurs et I’Aide a la
Recherche (FCAR), Sainte Foy, Québec”; Pierre Girard and René Blais from “L’Institut de
Recherche d’Hydro-Québec (IREQ), Varennes, Québec”; Fred Christie and Pierre Maltais
from The Canadian Space Agency, Ottawa, Ontario; Len Allen and Roy Hoffman from
CAE Electronics Limited, Saint Laurent, Québec; Samad Hayati from the Jet Propulsion
Laboratory, Pasadena, California; Ian Rowe and Ravi Ravindran from SPAR Aecrospace
Limited, Weston, Ontario.

In the end, the credits must go to the authors for the quality of their contributions and
their availability during the conference. The final kudos go to Margaret Dalziel, Manager
of McrRCIM, who skillfully engineered the organization of this meeting and whose talent
was very much appreciated.

Finally, we hope that the video document which accompanies this collection of contribu-
tions will prove to be a useful illustration of the reported research.

Montréal, November 1989

Vincent Hayward (McGill University)
QOussama Khatib (Stanford University)



Introduction

The classification adopted in this collection of contributions proceeds along the lines of a
nearly traditional division of topics in robotics. The reader will notice numerous cross-
correlations between sections. As with most classifications, it is perhaps artificial and
somewhat unsatisfactory.

Section 1 covers the control of flexible limbs, intermittent tasks, the control of cooper-
ating robots, force control, and adaptive control. The second section deals with design
issues: control of friction at low velocities, actuators, joints, and manipulators. Section 3
investigates questions in perception in terms of model construction, task guidance, visual
servoing, and tactile feedback. Section 4 tackles kinematic problems such as inversion and
calibration. Finally, section 5 deals with problems in motion planning.

Most of the papers share three overridding concerns that we might wish to use as guidelines
for future work in Experimental Robotics.

Dealing with uncertainty, is one of these concerns. It is certainly not a new issue in
engineering, but it is treated in various and particular ways by the robotics approach.
Experimental robotics research suggests that there might be dual perspectives to reduc-
ing uncertainty. Conventional wisdom tells us that we need to “see to act” (as in control},
whereas the dialectic reversal of this proposition requires us to “act to see” (as in percep-
tion). Dealing with uncertainty is an attribute of intelligence and autonomy. Whether it
lics in the elfectors, the sensors or elsewhere is still an open question; what is sure is that
robots need a lot of it.

The second general theme which stems from these contributions is the extension of the
task repertoire. This certainly indicates a major trend in robotics research. Clearly, no
systematic methodology is proposed; however, biological systems seem to provide the
largest source of inspiration (i.e. running, juggling, etc...). It is of course an exercise in
synthesis, for which the tools are difficult to find, whereas analytical tools are already
abundantly available.

The third general direction suggested by the reading of the papers is redundancy and co-
operation. Advanced robots will undoubtly be endowed with large amount of redundancy
from the viewpoints of action and perception. This redundancy must be orchestrated to
achieve cooperation. This is the running theme of a large amount of current research.
The necessity of multi-sensory perception systems is genecraly agreed upon. Similarly,
multi-actuator action systems are also coming into focus. Cooperative action, for lack
of a better word, should become the center of focus for understanding advanced robotic
systems.

Each of these three themes encompasses the others and it can be observed that most of
the papers incorporate elements of all three.



Section 1
Control

This first set of papers is concerned with feedback control of manipulators. The papers
by Oakley and Cannon and by Sweevers, Adams, De Schutter, Van Brussel, and Thiele-
mans are concerned with the accurate control of manipulators with flexible links. Both
papers insist on the importance of accurate structural modeling to achieve the control of
manipulators with flexible links. Modeling goes hand-in-hand with identification. This
issue is treated in depth by Sweevers and co-workers.

In the past few years, researchers have become increasingly interested in augmenting the
vocabulary of tasks performed by manipulators. The class of “intermittent tasks” should
obviously belong to the vocabulary of advanced manipulators. Useful intermittent tasks
are observed frequently in everyday life; walking, tossing, tapping, and so-on. The papers
by Biihler, Koditschek and Kindlmann and by Thompson and Raibert treat this question
from radically different viewpoints. Biihler and co-workers offer an in depth analysis of
a very simple task: “the vertical juggle,” and propose a non-lincar control approach to
regulate it. Thompson and Raibert consider the inherently complex task of running and
explore the structure of a passive mechanical system to accomplish it without explicit
feedback or supply of energy.

It has been often observed that the cooperation of multiple manipulators could also signif-
icantly augment the class of achievable tasks, for example in grasping and sharing loads.
The paper- by Miyazaki, Sonoyama, Manabe, and Manabe explores the issue of cooper-
ation through a series of examples: antagonist “muscle-like” pneumatic actuators and a
multiple finger hand. A collection of task-dependent control strategies are evaluated for
these examples. An adaptive load-sharing algorithm detailed by Uchiyama and Yamashita
is demonstrated to provide the basis of a remarkable collection of dual-arm cooperative
tasks.

The control of {forces applied by manipulators to their environment has been for a long time
a central problem in robotics. The paper by Yoshikawa and Sudou sets the problem in a
larger framework than that usually encountered in the literature. The constraints dictated
by the manipulator (dynamics) and by the task (shape and surface orientation estimation)
are included in the problem framework. Hannaford and Lee propose a stochastic model
of force histories recorded during the successful execution of tasks performed under tele-
manipulation. This model can be utilized to reliably segment tasks into distinct phases.

The paper by Daneshmend, Hayward and Pelletier reports on an adaptive algorithm
applied to stabilize damping control (a form of force control) in the presence of uncertainty
about the knowledge of environmental stiffness properties. Niemeyer and Slotine apply
adaptive control theory to combine high-speed and high-precision robotic “whole-arm”
manipulation.



Section 2

Design

The underlying properties of manipulator mechanisms have a major impact on the per-
formance of the control strategies that are applied to them. Hence, a greater emphasis
has been recently placed on the design of manipulators.

Papers on the analysis and control of friction have been included in the design section
because the control of friction disturbances has a major impact on the design of manipu-
lators. The paper by Armstrong is concerned with the modeling and control of Stribeck
friction which is at the root of the stick-slip behavior of machines. The paper by Canudas
de Wit tackles a similar problem and proposes an adaptive control algorithm.

The design of actuators is currently undergoing a tremendous evolution as testified by the
two contributions in this area. The first paper by Bobrow and Desai describes a hybrid
actuator design in which an electric source of energy powers a joint via hydraulic velocity
reduction, thereby optimizing a number of design parameters. A second paper by Tsuda,
Higuchi and Nakamura describes the high-speed digital control of a magnetically levitated
robot wrist.

The design of a passive poly-articulated joint is tackled by Xu, Paul and Corke. They
propose an instrumented six d-o-f compliant wrist assembly to implement a robust hybrid
position/force control law. Vischer and Khatib present the development and testing of a
low-geared torque-controlled joint and describe a new design for an inductive contactless
transducer torque sensor. The performance of this joint, optimized for the ARTISAN
manipulator, is checked against an earlier design implemented on one joint of a PUMA
manipulator.

The section on design concludes with two papers on manipulators. Manipulators mounted
on a compliant base, such as in the cases of vehicle support or outer space, are investigated
by West, Hootsmans, Dubowsky, and Stelman. A “vehicle emulator” has been designed
and built to carry out experiments regarding the control of manipulators placed under such
conditions. Dietrich, Hirzinger, Gombert, and Schott discuss several concepts oriented
towards the development of light-weight manipulators. The use of advanced materials
such as carbon fibers is discussed, as well as issues in sensor integration.



Section 3
Perception

The issue of perception overshadows many advanced robotic application. The paper
by Moutarlier and Chatila deals with combined sensing and motion inaccuracies in the
context of mobile robots. They propose two approaches. The first one is based on the
estimation of the robot state. The second approach relies on actively re-positioning the
robot to reduce uncertainty before fusing sensory information into a global environmental
model. The problems discussed in the paper by Even, Marcé, Morillon and Fournier differ
from those of the previous paper because the presence of a human operator is assumed
and the goal is to provide an accurate synthetic feedback.

The paper by Steer focuses on the issue of autonomously navigating a mobile robot with
multi-sensory feedback given a known environment. Thus, it differs fundamentally from
the two previous papers. The paper by Jjel, Laugier and Troccaz considers the problem of
automatically grasping polyhedral objects, given a partial knowledge of the geometry of
the environment. Their method relies on a local model refinement method combined with
automatic sensor placement, thus combining problems addressed in the three previous
papers.

The ability of to use visual perception at high rates is an exciting prospect for a truly
sensor based robot. Rives, Chaumette, and Espiau suggest the possibility of closing the
loop directly in the sensor frame, thus offering the ability for a manipulator equipped
with a wrist mounted camera to overcome problems in sensor and kinematic calibration.
Robust control theory is then used as a theoretical framework. Corke and Paul discuss
the design of a robot position control loop via visual feedback at video-rate.

Tactile sensing is addressed by Sabatini, Dario, and Bergamasco in the context of tactile
contact with soft material. Once again, their work is carried out with a view to extending
the task repertoire of robots toward advanced applications such as automated palpation
in medicine and other fields, agriculture for example. Eberman and Salisbury address the
problem of minimizing the number of sensors to resolve contact information. They show
under which conditions contact information can be resolved solely from joint torque mea-
surcments., Berger and Khosla discuss the application of tactile sensing to edge tracking,
as part of a dynamic exploratory procedure.



Section 4
Kinematics

The efficient kinematic inversion of manipulators with arbitrary architectures still remains
an open problem. Lenaréi€ and KoSutnik consider in their paper the intriguing idea of
deriving approximate solutions of the inverse kinematic problem, having observed that
in many situations an exact solution is, in fact, not necessary. They propose a collection
of methods to efficiently compute reliable approximate solutions, particularly when the
accuracy of the end-effector orientation is of lesser importance than its position. Charentus
and Renaud discuss the kinematic modeling of a modular redundant manipulator (up to
24 actuators) in view of its control. The control of a manipulator with an architecture
which is both serial and parallel, as well as heavily redundant is thus discussed.

Khalil, Caenen, and Enguehard present a method to identify the Denavit-Hartenberg pa-
rameters of serial manipulators from theodolite measurements. Their method is based on
the identification of differential changes of the geometric parameters. Bennett and Holler-
bach propose to sweep the kinematic null-space of a redundant closed kinematic chain
to sufficiently over-constrain the problem for self-calibration, thus eliminating the necd
for external instrumentation. They apply this method to pairs of fingers of a mechanical
hand. Joannides, Angeles, Flanagan, and Ostry suggest the use of polar-decomposition
filtering to improve the performance of a least-square estimation procedure in the presence
of noisy sensor data.



Section 5
Motion Planning

Mason discusses manipulation strategies arising in the context of sliding blocks along
walls which suggest a possible unification of the methods available for the analysis of fine
motions and those available for synthesis.

Bodduluri, McCarthy and Bobrow investigate motion planning for two manipulators shar-
ing a common load. A general path-planning algorithm developed for multi-dimensional
chains produces collision-free motions for two cooperating arms with astonishing ease.
Finally, Flanagan and Ostry investigate the properties of multi-joint human motions and
propose a model combining staggered joint interpolation and minimum jerk joint trajec-
tories.
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