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PREFACE

As robots improve in efficiency and intelligence, there is a growing need to
develop more efficient, accurate and powerful sensors in accordance with the
tasks to be robotized. This has led to a great increase in the study and
development of different kinds of sensor devices and perception systems over
the last ten years. Applications that differ from the industrial ones are’often more
demanding in sensorics since the environment is not usually so well structured.
Spatial and agricultural applications are examples of situations where the
‘environment is unknown or variable. Therefore, the work to be done by a robot
cannot be strictly programmed and there must be an interactive communication
with the environment. It cannot be denied that evolution and development in
robotics are closely related to the advances made in sensorics.

The first vision and force sensors utilizing discrete components resulted in a very
low resolution and poor accuracy. However, progress in VLSI, imaging devices
and other technologies have led to the development of more efficient sensor and
perception systems which are able to supply the necessary data to robots.

This book is a collection of papers presented at the NATO Advanced Research
Workshop (ARW) "Sensor Devices and Systems for Robotics” held in October
1987 at the Costa Brava, Catalonia, Spain. About 40 researchers from the
academic community and from industry from all over the world were invited and
22 of these presented papers. Many of the participants are well-known
researchers in the field of Robotics and Sensorics.

The workshop was divided into sessions dealing with the different kinds of
sensors and related systems for data interpretation with special emphasis on
their application to Robotics. The sessions were in the form of lectures and panel
discussions. In addition to the discussion panels the debates that arose from the
lectures contributed greatly to the success of the workshop.

Robotics and Sensorics are subjects of considerable interest today and the
participants recognized the need to promote contacts among researchers in
order to encourage further development and progress. In this connection, the
question of whether to include the teaching of Robotics in Electrical and
Electronic studies or in Mechanical Engineering studies was discussed.
However, the field is so wide that it would not be feasible to restrict Robotics to
one or other of these fields. Nevertheless, agreement was reached on the need
to set up new centers.

This book includes lectures concerning the sensors, their use in perception
systems and their applications. It is divided into parts dealing with the different
kinds of parameters to be measured in accordance with each application.
Different aspects of force and torque sensors, which are of special interest in
assembly tasks, are treated: making models of the interaction between the robot
and its env, ™enant so as not to damage the manipulated objects and obtaining
information nwwks are bot for calibration. A number of punctual force sensors
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may be used to build a tactile surface. Tactile sensors are analyzed in two ways:
using sensitive materials (carbon and piezoelectric film) and evaluating their own
geometry and influence on the sensor performance.

Although acoustic sensors have a poorer resolution than vision sensors, acoustic
sensors can measure distances more easily than vision systems. Acoustic
sensors are used in robotics to provide feedback for robot motion control.
Acoustic signals are used in range finder systems to control a robot task.
Acoustic sensors can also be used to obtain a 3D map of the robot environment.

Optical sensors and vision systems are treated in different papers. The first group
of papers concerns the analysis of the optical sensors and imaging devices. The
second group deals with the use of these devices to build vision systems, a
combined laser/camera vision system for calibration. The last two papers are
devoted to parameter estimation in digital signal processing and object shape
estimation from partial information. The last section on sensors ends with
communications on other kinds of sensors such as dynamic weighing, position
deviation and multisensorial fusion.

Finally, some applications arising form the use of force or vision sensors are
described.

This book is, in short, an overview of the current state of robot sensors and their
application.

ACKNOWLEDGEMENTS

The editor would like to acknowledge the support and encouragement provided
by the vision group of the Computer's Technology Department, especially that of
J. Amat and V. Liario.

The helpful suggestions of 'P. Dario and H. van Brussel are greatly appreciated.
The editor is also indebted to Mr. Blackbourn of the U.S. Navy for his interest in
the workshop and to Mr. L.V. DaCunha and Mr. G.A. Venturi, Program Directors,
for their support in'the organization of the workshop.

The grant received from the CIRIT (Research Agency of the Catalan Government)
is gratefully appreciated.

~

The' editor would also like to thank all the lecturers and participants whose active
participation throughout helped to make the workshop fruitful and enjoyable.

Barcelona, December 1988 Alicia Casals



NATO ASI Series F -

Including Special Programme on Sensory Systems for Ronot}'c Control (ROB) -

Vol. 1: Issues in Acoustic Signal - Image Processing and Recognition. Edited by C. H. Chen.
VIil, 333 pages. 1983.

Vol. 2: Image Sequence Processmg and Dynamic Scene Analysis. Edited by T. S. Huang iX,
749 pages. 1983.

Vol. 3: Electronic Systems Effectiveness and Life Cycle Costlng Edited by J K. Skwirzynski.
XVII, 732 pages 1983. _

Vol. 4: Pictorial Data Analysis. Edited by R. M. Haralick. VIIi, 468 pages. 1983.

Vol. 5 International Calibration Study of Traffic Conffict Techniques. Edited by E. Asmussen.
Vi, 229 pages. 1984.

Vol. 6: Information Technology and the Computer Network. Edited by K. G. Beauchamp. Vill,
271 pages. 1984.

Vol. 7: High-Speed Computation. Edited by J. S. Kowalik. 1X, 441 pages. 1984.

Vol. 8: Program Transformation and Programming Environments. Report on an Workshop
directed by F. L. Bauer and H. Remus. Edited by P. Pepper. XIV, 378 pages. 1984.

Vol. 9: Computer Aided Analysis and Optimization of Mechanical System Dynamics. Edited by
E. J. Haug. XXII, 700 pages. 1984. :

Vol. 10: Simulation and Modei-Based Methodologies: An Integratlve View. Edited by T. 1. Oren,
B. P. Zeigler, M. S. Elzas. Xlll, 651 pages. 1984.

Vol. 11: Robotics and Artificial Intelligence. Edited by M. Brady, L. A. Gerhardt, H. F. Davidson.
XVII, 693 pages. 1984.

Vol. 12: Combinatorial Algorithms on Werds_Edited byA Apostollco Z. Galil. VIli, 361 pages.
1985.

Vol. 13: Logics and Models of Concurrent Systems. Edited by K. R. Apt. VIli, 498 pages. 1985.

Vol. 14; Control Flow and Data Flow: Concepts of Distributed Programming. Edited by M. Broy.
Vili, 525 pages. 1985.

Vol. 15: Computational Mathematical Programming. Edited by K. Schittkowski. Vili, 451 pages.
1985. =

Vol. 16: New Systems and Architectures for Automatic Speech Recognition and Synthesis.
Edited by R. De Mori, C.Y. Suen. XIll, 630 pages. 1985.

Vol. 17: Fundamental Algorithms for Computer Graphics. Edited by R.A. Earnshaw. XVI, 1042
pages. 1985.

Vol. 18: Computer Architectures for Spatially Dlstnbuted Data Edited by H. Freeman and G.G.
Pieroni. Vill, 391 pages. 1985.

Vol. 19: Pictorial Information Systems in Medicine. Edited by K. H. Hohne. XII 525 pages. 1986.

Vol. 20: Disordered Systems and Biological Organization. Edited by E. Bienenstock, F.
Fogelman Soulié, G. Weisbuch. XXI, 405 pages. 1986. -

Vol. 21: Intelligent Decision Support in Process Environments. Edited by E. Hollnagel, G.
Mancini, D.D. Woods. XV, 524 pages. 1986.




| NATO ASI Series F

Vol. 22: Software System Desigr: Methods. The Challenge of Advanced Computing Techno-
’ogy. Edited by J.K. Skwirzynski. XlIl, 747 pages. 1986.

Vol. 23: Designing Computer-Based Learning Materiais. Edited by H. Weinstock and A. Bork.
IX, 285 pages. 1986.

Vol. 24: Database Machines. Modern Trends and Apblications. Edited by A.K. Sood and
A.H. Qureshi. VIIl, 570 pages. 1986.

'f\lol. 25: Pyramidal Systems for CompUter Vision. Edited by V. Cantoni and S. Levialdi. VilI,
'392 pages. 1986. (ROB) .

Vol. 26: Modelling and Analysis in Arms Control. Edited by R. Avenhaus, R.K. Huber and
J.D. Kettelle. VIil, 488 pages. 1986. '

Vol. 27: Computer Aided Optimal Design: Structural and Mechanical Systems. Edited by
C.A. Mota Soares. XIll, 1029 pages. 1987. '

Vol. 28: Distributed Operating Systems. Theory und Practice. Edited by Y. Paker, J.-P. Banatre
and M. Bozyigit. X, 379 pages. 1987.

Vol. 29: Languages for Sensor-Based Control in Robotics. Edited by U. Rembold and
K. Hérmann. 1X, 625 pages. 1987. (ROB)

Vol. 30: Pattern Recognition Theory and Applications. Edited by P.A. Devijver and J. Kittler. XI,
543 pages. 1987.

Vol. 31: Decision Support Systems: Theory and Application. Edited by C.W. Holsapple and
A.B. Whinston. X, 500 pages. 1987. -

Vol. 32: Information Systems: Failure Analysis. Edited by J.A. Wise and A. Debons. XV, 338
pages. 1987. .

Vol. 33: Machine Intelligence and Knowledge Engineering for Robotic Applications. Edited by
A.K.C. Wong and A. Pugh. XIV, 486 pages. 1987. (ROB)

Vol. 34: Modelling, Robustness and Sensitivity Reduction in Control Systems. Edited by
R.F. Curtain. IX, 492 pages. 1987.

Vol. 35: Expert Judgment and Expert Systems. Edited by J. L. Mumpower, L. D. Phillips, O. Renn
and V.R.R. Uppuluri. VIll, 361 pages. 1987.

Vol. 36: Logic of Programming and Calculi of Discrete Design. Edited by M. Broy. VII, 415
pages. 1987. '

Vol. 37: Dynamics of Infinite Dimensional Systems. Edited by S.-N. Chow and J.K. Hale. 1X, 514
pages. 1987. »

Vol. 38: Flow Control of Congested Networks. Edited by A.R. Odoni, L. Bianco and G. Szegé.
Xli, 355 pages. 1987.

Vol. 39: Mathematics and Computer Science in Medical Imaging. Edited by M. A. Viergever and
A. Todd-Pokropek. VIIl, 546 pages. 1988.

Vol. 40: Theoretical Foundations of Compute.r Graphics and CAD. Edited by R.A. Earnshaw.
XX, 1246 pages. 1988.

Vol. 41: Neural Computers. Edited by R. Eckmiller and Ch. v. d. Malsburg. Xlll, 566 pages.
1988.




NATO ASI Series F

Vol. 42: Real-Time Object Measurement and Classification. Edited by A. K. Jain. Vill, 407 pages
1988. (ROB)

Vol. 43: Sensors and Sensory Systems for Advanced Robots. Edited by P. Dario. Xi, 597 pages.
1988. (ROB)

Vol. 44: Si%nal Processing and Paticrn Recognition in Nondestructive Evaluation of Materials.
Edited by C.H. Chen. Vill, 344 pages. 1988. (ROB)

Vol. 45: Syntactic and Structural Pattern Recognition. -Edited by G. Ferraté, T. Pavlidis,
A. Sanfeliu, H. Bunke. XVI, 467 pages. 1988. (ROB)

Vol. 46: Recent Advances in Speech Understanding and Dialog Systems. Ediied by
H. Niemann, M. Lang, G. Sagerer. X, 521 pages. 1988. :

Vol. 47: Advanced Computing Concepts and Techniques in Control Engineering. Edited by
M.J. Denham, A.J. Laub. XI, 518 pages. 1988. :

Vol. 48: Mathematical Models for Decision Support. Edited by Gautam Mitra. 1X, 762 pages.
1988.

Vol. 49: Computer Integrated Manufacturing. Edited by I. Burhan Turksen. Vili, 568 pages.
1988.

Vol. 50: CAD Based Programming for Sensory Robots. Edited by B. Ravani. IX, 565 pages.
1988. (ROB)

Vol. 51: Algorithms and Model Formulations in Mathematical Programming. Edited by Stein W.
Wallace. IX, 190 pages. 1989.

Vol. 52: Sensor Devices and Systems for Robotics. Edited by Alicia Casals. 1X, 362 pages.
1989. (ROB)

Vol. 53: Advanced Information Technologies for Industrial Material Flow Systems. Edited by
S.Y. Nof and C.L. Moodie. IX, 710 pages. 1989.

Vol. 54: Reappraisal of the Efficiency of Financial Markets. Edited by R.M.C. Guimaraes,
B.G. Kingsman and S.J. Taylor. X, 804 pages. 1989.




TABLE OF CONTENTS

I. Force and torque sensors

Joint force sensing for unified motor learning -

A MUKBIIBO ..ottt sttt sssnss s s ssesb s bbb snsstesensessaesenne
Modelling the interaction between robot and environment

Pneumatic sensors: Their use and performance in force, tactile and position

sensing and in shape recognition
A ROMIL oottt sttt et enesees s st ss s s st s s sesese setesee e sesenaes

Il. Tactlle sensors
Carbon fibre sensors

ULB.C. DAVIBS ......ccoveuviitieireririnecsieieeesssseseseseeseesesessesssseesssnsssssossesssssesesses reteeenrrasaneeees

Tactile geometry for images and normals ‘
A. Cameron, R. Daniel, H. DUTant-Whyt@ .............ccccoeeuruereiesererecereeceeesesesnesensnenns

A video speed tactile camera
P.W. Verbeek, P.T.A. KIaasg, A. TheIl ...........corueereerueeererenerneencessessioreeenseseesesasens

PANEL: Present and future of tactile sensors
P.W. Verbeek ........... eeteeetetssesee et e s e r e e R R RS e b e SR Aa st e m st ne st eean e reerasseen

lil. Acoustic sensors

Acoustic range sensing for robotic control
J. SCROBNWAI ...ttt ss s st es s e s essessssenessessesseen

SONAIR ultrasonic range finders
S. MONCHAUG ...t rissssse e ssabessssssssssssssesessssssnesmensstnne

Ultrasonic imaging for industrial scene analysis

Ho UMM .o esrnnnesssssesssesssssen e s 1

Adaptive ultrasonic range finder for robotics
J.M. Martin, R. Ceres, J. No and L. Caldoron ............cceecreeveereveseereeserreresesneennns



IV. Optical sensors

T. H. 7864 area array Charge-Coupled Device (CCD) image .sensor with
built-in antiblooming device
D. Herault, G. BOUCRAMNAL ..........ocooieeeeeeeeerrereseese e riessesses e rassesnsassssusesssseessesnssonenes 159

Real time holes locatign. A step forward in bin picking tasks
V. LIari0, AB. MAMINGZ ........ocvverreirecteerirt s cen st st eesesseesese s et s e smsensonr e st s s bessons 167

Combined 2-D and 3-D robot vision system
P. Levi, L. Vafta .....cceveeenee ettt asesrestbe et a ettt ane bR st esaee s st ensesensesaalranrans 187

The calibration problem for stereoscopic vision
O.D. Faugueras, G. TOSCANI ......ccocevcireneirinmernssnnsrssesissnsnssssnionsensses eereerereranaenees 195

Non heuristic estimation of object shapes from partial information
J.D. BoisSONat, O. MONQA ....c.ccorvuereeeeciiiienetsscscis s seses st s s ssssssssnsnasessssssas s 215

Parameter estimation in signal processing :

J.Aguilar ... s srsnsrnienanassenasesnas 231
V. Other kinds of sensors

Dynamic weighing in a pick-and-place environment

D.G. Whitehead, I.M. Bell, D.J. Mulvaney, A. Pugh and P. Sweeting ................. 243

Sensor fusion in certainty grids for mobile robots ‘
HUP. MOTAVEC ooooriceeeeemiassenmiaenecesssssssrms s s e b 253

A six degrees of freedom positional deviation sensor for the

teaching of robots _
F. Dessen, J.G. BaIChEN ...t ettt st 277

VL. Applications

Force feedback strategies and their application to assembly
H. VAN BIUSSE! oeeveeeeeeieeireererrecsnesscssesecsesstssssnssaesnnsssssessssestasss ssosas st sness sussansnsssssanisssns 295

Application of laser range finder to robot vision
Y. ShHIAI .ooviveveeecvererenenesetesesessesassasstsesesssessessassaessssasasssrnssssssiassssssessssacsssussaseassssananes 313



IX

Visual inspection system with qualitative analysis capabilities

J.AMAL, A. CaSAIS ...t ' ... 323
Predictive and estimation schemes in sensor-controlied telerobotics

G. Hirzinger .........ccoveervereencnnnee. sereemeuesnrsanetsanasae s st saasasrarae et ersomaee 337
LISLOTSPBAKELS ...ttt s seseeesesses s s e ese e s 359



I. FORCE AND TORQUE SENSORS






JOINT FORCE SENSING FOR
UNIFIED MOTOR LEARNING

A. Mukerjee
Department of Computer Science
Texas A&M University
College Station, Texas 77843-3112 (USA)

ABSTRACT

Motor learning consists of using in-built sensors to learn more
about one’s own motion behavior. In this paper. we present ai. approach
for motor learning based on a perturbed paraméter scheme. A technique
is developed for determining the link inertias based on joint reaction
data, obtained through force sensors. Due to inexactness of the model,
the parameters thus estimated are likely to differ from their true values.
This perturbed parameter set can be thought of as a "learned” model of
the . xecuted motion. Running the dynamics procedure with these altered
parameters results in a more accurate prediction of the control torques
needed for the desired motion.

1. Iniroduction

In the manipulator task execution domain, motions are usually
executed with all degrees of freedom under direct control and without regard
to the high-level representation for the motion. The trajectory is reduced to a
joint motion history and this is implemented through a suitable control
scheme. It is well recognized that there are several interrelated effects which
make the computations inadequate. The dynamics is highly coupled and non-
linear.  Also the model usuaily ignores significant effects like joint
compliance, loading effects and coulomb friction. Finally, there are
uncertainties in the model parameters such as inertias and geometrical terms.
These inaccuracies, as well the computation-intensive nature of the
algorithms have caused many robot controller designs to forego any realistic
consideration of the dynamics.
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An alternative to this approach is motor learning, which can be
understood as a scheme for refining the motion control by executing many
motions, and efficiently storing the execution data for future recall With
such a scheme, the desired motion is compared to known motions which have
been "learned” through prior training, so that all control computations do not
have to be performed during every execution.

In this paper we develop a motor learning scheme which is based on
joint force sensing. The first part looks at motor learning schemes in man,
and compares these with some of the attempts for motor learning in robots.
The second part develops a method for obtaining link inertia estimates from
joint-torques, and the final part shows how this method may be applied to
obtain motor learning.;

2. Motor Learning in Man

Motor learning is an integral part of the human motor system, one of
the most versatile manipulation systems known. Motor learning in man
consists of two phases:

3 } .
a) Skill Zcquisition or motion refinement through repeated trials.
b) An efficient storage and recall mechanism for the learned
motions. '

Acquired skill in motor control is sometimes explained by the theory
of the motor program, whereas organization of learned knowledge at the task
level is explained in terms of the schema. The schema generates flexible
motor programs which are capable of adapting to different parameters within
the same task framework. Another theory, first proposed by Adams, is the
open-loop theory, and is analogoﬁé to the computed-torque control for robot
manipulators. '

2L Motor Program

The motor program theory postulates that most skilled motions are

v)executed from memory without feedback [Lashley 1951] There are two phases

-in the learning phase (mostly during infancy), various motions are attempted

" and slowly improved. Sensory feedback is widely used at this stage.  The

perceptual trace corresponding to successful executions are gradually



