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Chapter 1
Second generation robotics and
robot vision

Professor Alan Pugh

1. Introduction

During the early years of their existence, Industrial Robots represented a solution
in search of a problem. At the first International Symposium on Industrial Robots
held in Chicago in 1970 the delegates were treated to a brief catalogue of robot
applications in industries which were invariably hot, smelly and involved jobs
requiring a great deal of muscle power. This was the era when the industrial robot
was a mere curiosity and its existence was known only to a relatively few informed
industrialists. It was the combination of the industrial robot with the problem of
spot welding automobile bodies which allowed the versatility of the industrial robot
to be properly exploited. This single application transformed the industrial robot
scene overnight which resulted in an escalation of the number of robots employed
in industry coupled with a liberal coverage in the media which in turn stimulated
interest to extend the application of industrial robots to other industrial tasks.

Despite the increasing use of robots in industries having a hostile environment —
for example dyecasting and forging — the greater success in application has hitherto
been in areas where precise contact with the work place has not been an essential
ingredient of the application.? In addition to spot welding which falls into this
category, paint spraying has bee? a popular and successful application and con-
siderable success in recent years has been established with seam welding. While the
industrial robot was originally conceived with a point-to-point mode of operation,
it has been the continuous path mode of operation which has dominated most
industrial robot applications. The situation existing now is that robots have become
a natural and essential feature for the establishment of a manufacturing process
particularly if this is being assembled on a green-field factory site. No longer do
potential users need to wait for some adventurous industrialist to experiment with
applications for the first time; most of this has been done and applications in the
non-sensory handling and processing areas are well catalogued. Further, develop-
ments in robot structures and mechanisms now give the user a superb range of
devices/products from which to choose as any visit to an exhibition of robots will
demonstrate.
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2. Where is ‘generation 2°?

From the very beginning of industrial robot technology, the prospect of intelligent
control coupled to environmental sensors has been just around the corner’. That
‘corner’ is now over ten years old and still no really satisfactory realisation of the
‘second generation’ has been forthcoming. The impressive and promising demon-
strations of ‘artificial intelligence’ at the First International Symposium® gave way
to more relevant realisations of sensory interaction during the 1970’s and a few
commercial vision systems are now available.3**® These however, represent the
product of research of about a decade ago and demand a high contrast image for
reliable operation.

Cost too plays its part as a deterrent in the sluggish approach of the ‘second
generation’. We see again the natural reluctance of industrial users not wishing to
be first in the field. Acknowledging that substantial developments might exist
behind the ‘closed doors’ of industrial confidentiality, only a few brave experi-
ments towards the ‘second generation’ have appeared in the technical press.
Incentive plays its part in the use of sensory control for certain applications and the
microelectronic industry has provided a need for such radical thinking. Examples
of this work have been published for some time.®” The need for vision in this
industry is associated with the high degree of visual feedback required during the
act of device fabrication and assembly and the substantial geometric content of inte-
grated circuit pellets has encouraged the application of machine vision to the
problem of automatic alignment and wire bonding. The important aspect of this
application which has demonstrated reliable operation must be the relative ease
of control of the workplace and the illumination of the assembly area.

Can this success in the use of sensory control be regarded as a realisation of the
‘generation 2’ robot? Some would argue that it does but most would not accept
the specialist mechanised handling as representative of versatile ‘programmable
automation’. Published attempts of sensory control of robots for shop-floor appli-
cation are difficult to find. Single experimental applications of both visual and
tactile feedback have been implemented although we have an example in the
United Kingdom of a company marketing as a standard feature a vision controller
for paint spraying® which is supported by several years of operating experience.

The application areas for the first generation robots are rarely associated with
automated assembly excepting the applications of non-programmable placement
devices (or robots). The breakthrough required to extend the application of
programmable robots into automated assembly which will open the door to flexible
manufacturing systems can only be realised with sensory control to support the
assembly process. Despite recent developments in robot architecture,’ no
programmable robot offers the kind of positioning precision to permit reliable
assembly to take place without innovations of sensory control of the simplicity of
the ‘remote centre compliance’.’® Automated programmable assembly coupled
with sensory interactive handling represents the goal which best defines ‘generation
2’ robotics. The manufacturing areas which involve small to medium sized batches
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dominate in the industrial scene and those are the areas which are starved of auto-
mated solutions. To achieve success in sector, a great deal of work is still required
before the flexibility offered by highly expensive ‘generation 2’ devices can be
justified.

3. Vision research

It is perhaps vision more than the senses of touch and hearing which has attracted
the greatest research effort. However, robot vision is frequently confused with
vision applied to automated inspection and even the artificial intelligence aspects
of scene analysis. If an uninformed comparison is made between the technology of
picture processing and the requirements of robot vision it is not possible to reconcile
the apparent divide which exists between the two.

The essential requirements for success in robot vision might be summarised as
follows:

low cost

reliable operation
fundamental simplicity
fast image processing
ease of scene illumination

These requirements are often diametrically opposed to the results of research
effort published by research organisations. The processing of grey-scale images at
high resolution often provides impressive results but inevitably this is achieved at
the expense of processor architecture and processing time. Dedicated image pro-
cessing systems!! will attack the problem of processing speed in a most impressive
way but there is often a desire on the part of many researchers to identify an area
of technological challenge in image processing to satisfy their own research
motivation rather than attempt a simplification of the imaging problems.

Probably the single aspect which causes difficulty but often overlooked is the
control of illumination of the work area. This problem has been attacked by some
researchers using ‘planes of light’'*!® which might be regarded as a primitive
application of structured lighting i.e. super-imposing on the work area a geometric
pattern of light which is distorted by the work pieces. The success of this approach
is manifested in the simplicity of binary image processing and a reduction in the
magnitude of visual data to be analysed.!* Developments of early demonstrations
of robot vision using back lighting of the work area have reached a stage of restricted
industrial application.!> However, a feature of sensory techniques which have
industrial potential, is that they are often application specific and cannot be applied
generally.

The experiments linking image processing of televised images with robot appli-
cations'® (for example) are in their infancy at present; the cost is high and the
reliability of image processing is unlikely to be satisfactory for some time to come.
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4. Image resolution

Sensing for robot applications is not dependent on a relentless pursuit for devices
with higher and higher resolution. The fundamental consideration must be in the
selection of optimum resolution for the task to be executed. There is a tendency
to assume that the higher the resolution then the greater is the application range for
the system. At this point in our evolution, we are not exploiting the ‘state of the
art’ as much as we should. Considerable success has been achieved using a resolution
as low as 50 x 50.% With serial processing architectures, this resolution will generate
quite sufficient grey-scale data to test the ingenuity of image processing algorithms!
Should processing time approach about 0.5 seconds, this will be noticeable in a
robot associated with handling. However, for welding applications, the image
processing time must be even faster.

High resolution systems are required in applications involving automated
inspection and picture data retrieval where speed is sometimes not such an import-
ant criterion. This must not be confused with the needs of sensory robot systems.

5. The sensor crisis

Perhaps the key issue in the production of the sensory robot is the availability of
suitable sensors. The following represents a summary of sensing requirements for
robot applications:

presence

range

single axis measurement (or displacement)
2-dimensional location/position
3-dimensional location/position

thermal

force

for which the following sensing devices or methods are available.

Vision Acoustic
Photo-detector Ultrasonic detectors/emitters
Linear array Ultrasonic arrays
Area array Microphones (voice control)
T.V. cam.era . Tactile
Laser (triangulation)
; : Probe

Laser (time of flight) .
Ovtical fib Strain gauge

ptical tibre Piezoelectric
Other Carbon materials
Infra red Discrete arrays
Radar Integrated arrays

Magnetic proximity
Ionising radiation
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The only satisfactory location for sensors is on the robot manipulator itself at or
near the end effector.!*!7 Locating an image sensor above the work area of a robot
suffers from the disadvantage that the robot manipulator will obscure its own work
area and the metric displacement of the end effector from its destination must be
measured in an absolute rather than a relative way. Siting the sensor on the end
effector allows relative measurements to be taken reducing considerably the need
for calibration of mechanical position and the need for imaging linearity. Sensory
feedback in this situation can be reduced to the simplicity of range finding in some
applications.

What is missing from the sensor market are devices specifically tailored to be
integrated close to the gripper jaws. The promise of solid-state arrays for this
particular application has not materialised which is primarily due to the commercial
incentives associated with the television industry. It might be accurate to predict
that over the next decade imaging devices manufactured primarily for the television
market will be both small and cheap enough to be useful in robot applications.
However, at present, area array cameras are extremely expensive and, while smaller
than most thermionic tube cameras, are far too large to be installed in the region
of a gripper. Most of the early prototype arrays of modest resolution have been
abandoned.

It is not an exaggeration to suggest that no imaging sensors exist which are
ideally suited for robot applications. The use of dynamic RAM devices for image
purposes!” has proved to be a minor breakthrough and gives an indication of the
rugged approach which is needed to achieve success. Some researchers have attacked
the problem of size reduction by using coherent fibre optic to retrieve an image
from the gripper area!® which imposes a cost penalty on the total system. This
approach can, however, exploit a fundamental property of optical fibre in that a
bundle of coherent fibres can be subdivided to allow a single high-resolution imaging
device to be used to retrieve and combine a number of lower resolution images
from various parts of the work area including the gripper — with each subdivided
bundle associated with its own optical arrangements.'8-1°

Linear arrays have been used in situations involving parts moving on a conveyor
in such a way that mechanical motion is used to generate one axis of a 2-dimen-
sional image.'*!® There is no reason why the same technique should not be associ-
ated with a robot manipulated by using the motion of the end effector to generate
a 2-dimensional image. Also implied here is the possibility of using circular scanning
of the work area or even taking a stationary image from a linear array.

Tactile sensing is required in situations involving placement. Both active and
passive compliant sensors?®:!® have not only been successfully demonstrated but
have experienced a period of development and application in the field. The
situation surrounding tactile array sensors is quite different. Because the tactile
arrays are essentially discrete in design, they are inevitably clumsy and are associ-
ated with very low resolution. Interesting experiments have been reported?! 22224
and an exciting development for a VLSI tactile sensors is to be published.?

Experiments with range sensing have been liberally researched and some success
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has been achieved with acoustic sensors and optical sensors (including lasers). The
whisker probe? can now be replaced by a laser alternative with obvious advantages.
Laser range finding is well developed but under-used in robot applications although
the use of laser probes sited on the end effector of an industrial robot makes a
natural automated dimensional inspection system.

It is clear from this brief catalogue of sensing methods that a great deal of
chaos surrounds the sensor world. What we must work towards is some element of
modularity in sensor design to allow for the optimum sensing method to be
incorporated into a given application. No single sensor can provide the solution to
all problems and bigger does not always mean better. However, the recent exciting
developments in ‘smart sensors’ which incorporate primitive image processing
(front-end processing) will be most welcome. A comprehensive survey and assess-
ment of robotic sensors has been published by Nitzan.?

6. Languages and software

The involvement of the stored-program computer in the present generation of
robots does no more than to provide an alternative to a hard-wired controller
excepting that the computer provides an integrated memory facility to retain
individual ‘programs’.

Software and languages became a reality for most users with the introduction of
VAL?" which incorporates the capability to interpolate linear motion between two
points and provides for co-ordinate transformation of axes. Further, VAL allows
for transformation between vision and machine co-ordinates.?® Machine training or
learning using VAL can be achieved ‘off-line’ rather than the ‘teach by showing’
which is the method used by the majority of present generation robots.

Work is now under way on languages for assembly?®:3® which will give to the
sensory robot system autonomy of action within the requirements of the assembly
task. Further, a common assembly language will permit the same instructions to be
repeated on different robot hardware in the same way that computer programs
written in a common language can be executed on different machines. The lesson to
be learned here is that we must discipline ourselves to a common assembly language
before a proliferation of languages creates a situation disorder. It is still early days
to consider an assembly task being executed by an ‘off line’ assembly language as
part of a CAD/CAM operation. One of the stepping stones required in this revol-
utionary process is the establishment of some ‘bench marks’ to compare and test
the relative merits of assembly languages.

7. Concluding remarks

The ingredients which comprise the second generation robot are:

mechanisms with speed and precision
cheap and reliable sensors
elegant and rugged software
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In all of these areas there exists a significant deficiency of development and perhaps
a need for an innovative breakthrough. We have seen previously the shortfall in
sensor requirements and the need for good supporting software has only been
admitted in recent times. With the exception of mechanisms specifically designed
for dedicated tasks, no existing robot device alone can really provide the precision
necessary for assembly operations. A promising way to proceed is to use a
programmable high speed manipulator for coarse positioning, coupled with a
‘floating’ table which incorporates features for fine positioning.>!

When it is remembered that research demonstrations of ‘generation 2’ robots
have been available over the past decade3?-3%:34:35:36.37 jt j5 salutory to recognise
that predictions for the future made over this period have not been realised. A
survey of the current situation in robot vision has been published recently.3® It
would be a brave person who now predicted where and when the ‘generation 2’
robot would take its place in industry. With the wisdom of hindsight we know that
there is still a vast amount of research and development required coupled with an
industrial need for a ‘generation 2’ robot. Perhaps this need will first appear in the
textile, pottery or confectionery industries®® to provide the ‘shot in the arm’ for
‘generation 2’ just as spot welding did for ‘generation 1’ a decade ago.

Over the past two years, the United Kingdom has introduced government
funding to aid and supportindustrial applications as well as providing a co-ordination
programme of research and development in the universities. Surveys of industrial
requirements and research partnerships in the UK. have recently been
published. 4!

8. References

1. First International Symposium on Industrial Robots. Illinois Institute of Technology,
Chicago, April 1970.

2. ENGELBERGER, J. F. ‘Robotics in Practice’ Kogan Page, London, 1980.

3. GLEASON, G. J. and AGIN,G. J. ‘A Modular Vision System for Sensor-controlled Manipu-
lation and Inspection’. 9th International Symposium on Industrial Robots, SME,
Washington, March 1979.

4. HEWKIN, P. F., and PHIL, M. A. D., ‘OMS — Optical Measurement System’ 1st Robot
Vision and Sensory Controls, IFS (Conferences) Ltd, Stratford, England, April 1981.

5. VILLERS, P., ‘Present Industrial Use of Vision Sensors for Robot Guidance’ 12th Industrial
Symposium on Industrial Robots, I’Association Francaise de Robotique Industrielle, Paris,
June 1982.

6. BAIRD, M. L., ‘SIGHT-1: ‘A Computer Vision System for Automated IC Chip Manufac-
ture’ IEEE Trans. Systems, Man and Cybernetics, Vol. 8, No. 2, 1978

7. KAWATO, S. and HIRATA, Y., ‘Automatic IC Wire Bonding System with T.V. Cameras’
SME Technical Paper AD79-880, 1979.

8. JOHNSTON, E., ‘Spray Painting Random Shapes Using CCTV Camera Control’, 1st Robot
Vision and Sensory Controls, IFS (Conferences) Ltd, Stratford, England, April 1981.

9. MAKINO, H., FURUYA, N., SOMA, K., and CHIN, E., ‘Research and Development of the
SCARA robot’, 4th International Conference on Production Engineering, Tokyo, 1980.



10.

11.

12.

13.
14.
15.

16.

17.

18.

19.
20.
21.
22,
23.
24.

25.

26.
2,
28.

29.

30.
5.

32.

Second generation robotics and robot vision

WHITNEY, D. E., and NEVINS, J. L., ‘What is the Remote Centre Compliance (RCC) and
What Can it do?’ 9th International Symposium on Industrial Robots, SME, Washington,
March 1979.

FOUNTAIN, T. J., GEOTCHERIAN, V., ‘CLIP 4 Parallel Processing System’, IEE Proc.,
Vol. 127, Pt. E, No. 5, 1980.

HOLLAND, S. W., ROSSOL, L., and WARD, M. R., ‘Consight-1: A Vision Controlled
Robot System for Transferring Parts from Belt Conveyors’. Computer Vision and Sensor
Based Robots, Dodd, G. G., and Rossol, L., Eds. Plenum Press, New York, 1979.
BOLLES, R. C., ‘Three Dimensional Locating of Industrial Parts’, 8th NSF Grantees
Conference on Production Research and Technology, Stanford Calif., Jan. 1981.

NAGEL, R. N., VENDER-BRUG, G. J., ALBUS, J. S., and LOWENFELD,E., ‘Experiments
in Part acquisition Using Robot Vision’, SME Technical Paper MS79-784 1979.
SARAGA, P., and JONES, B. M., ‘Parallel Projection Optics in Simple Assembly’, 1st
Robot Vision and Sensory Controls’, IFS (Conferences) Ltd, Stratford, England 1981.
MAZAKI, 1., GORMAN, R. R., SHULMAN, B. H., DUNNE, M. J., and TODA, H., ‘Arc
Welding Robot with Vision’, 11th Industrial Symposium on Industrial Robots, JIRA,
Tokyo, October 1981.

TAYLOR, P. M., TAYLOR, G. E., KEMP, D. R., STEIN, J., and PUGH, A., ‘Sensory
Gripping System’: The Software and Hardware Aspects’ Sensor Review, October, 1981.
CRONSHAW, A. J., HEGINBOTHAM, W. B., and PUGH, A., ‘Software Techniques for an
Optically-tooled Bowl Feeder’, IEE Conference ‘Trends in On-line Computer Control
Systems’, Sheffield, England, Vol. 172, March 1979.

STREETER, J. H., ‘Viewpoint — Vision for Programmed Automatic Assembly’, Sensor
Review, July 1981.

GOTO, T., et al., ‘Precise Insert Operation by Tactile Controlled Robot’, The Industrial
Robot, Vol. 1,No. 5, Sept. 1974.

LARCOMBE, M. H. E., ‘Carbon Fibre Tactile Sensors’, 1st Robot Vision and Sensory
Controls, IFS (Conferences) Ltd., Stratford, England, April 1981.

PURBRICK, J. A., ‘A Force Transducer Employing Conductive Silicon Rubber’ Ibid.
SATO, N., HEGINBOTHAM, W. B., and PUGH, A., ‘A method for three-dimensional
Robot Identification by Tactile Transducer’, 7th International Symposium on Industrial
Robots, JIRA, Tokyo, October, 1977.

WANG, S. S. M.,and WILL, P. M., ‘Sensors for Computer Controlled Mechanical Assembly’,
The Industrial Robot, March 1978.

TANNER, J. E., and RAIBERT, M. H., ‘A VLSI Tactile Array Sensor’, The 12th Inter-
national Symposium on Industrial Robots, 1’Association Francaise De Robotique
Industrielle, Paris, June 1982.

NITZAN, D., ‘Assessment of Robotic Sensors’, 1st Robot Vision and Sensory Controls,
IFS (Conferences) Ltd., Stratford, England, April 1981.

‘Users Guide to VAL — Robot Programming and Control System’, Unimation Inc.,
Danbury, Conn.

CARLISLE, B., ‘The PUMA/VS-100 Robot Vision System’, 1st Robot Vision and Sensory
Controls, IFS (Conferences) Ltd., Stratford, England, April 1981.

LEIBERMAN, L. I, and NELSEY, M. A., ‘AUTOPASS — An Automatic Programming
System for Computer Controlled Mechanical Assembly’, IBM Journal of Research and
Development, Vol. 21, No. 4, 1977.

POPPLESTONE, R. J, et al ‘RAPT: A language for Describing Assemblies’, University of
Edinburgh, U.K., Sept. 1978.

HOLLINGUM, J., ‘Robotics Institute Teams Development in University and Industry’,
The Industrial Robot, December 1981.

HEGINBOTHAM, W. B., GATEHOUSE, D. W., PUGH, A., KITCHIN, P. W., and PAGE,
C. J., ‘The Nottingham SIRCH Assembly Robot’, 1st Conference on Industrial Robot
Technology IFS Ltd., Nottingham, England, March 1973.



33.

34.

35.

36.

37.

38.

39.

40.
41.

Second generation robotics and robot vision 9

TOSUBOI, Y., and INOUE, T., ‘Robot Assembly System Using TV Camera’ 6th Inter-
national Symposium on Industrial Robots’ IFS Ltd., Nottingham, England, March 1976.
ROSEN, C., et al ‘Exploratory Research in Advanced Automation’, Stanford Research
Institute NSF Report, August 1974.

SARAGA, P, and SKOYLES, D. R., ‘An Experimental Visually Controlled Pick and Place
Machine for Industry’, 3rd International Conference on Pattern Recognition, IEEE
Computer Society, Coronado, Calif., Nov. 1976.

ZAMBUTO, D. A., and CHANEY, J. E., ‘An Industrial Robot with Mini-Computer
Control’, 6th International Symposium on Industrial Robots, IFS (Conferences) Ltd.,
Nottingham, England, March 1976.

BIRK, J.R.,KELLEY, R. B.,and MARTINS, H. A. S, ‘An Orientating Robot for Feeding
Workpieces Stored in Bins’, JEEE Trans. Systems Man and Cybernetics, Vol. 11, No. 2,
1981.

KRUGER, R. P., and THOMPSON, W. B., ‘A Technical and Economic Assessment of
Computer Vision for Industrial Inspection and Robotic Assembly’ Proc. IEEE, Vol 69,
No. 12, 1981.

CRONSHAW, A. J., ‘Automatic Chocolate Decoration by Robot Vision’, 12th International
Symposium on Industrial Robots, 1’Association Francaise de Robotique Industrielle,
Paris, June 1982.

KING and LAU ‘Robotics in the U.K.’, The Industrial Robot, March 1981.

DAVEY, P. G., ‘U.K. Research and Development in Industrial Robots’ 2nd International
Conference on ‘Manufacturing Matters’ The Institution of Production Engineers, London,
England, March 1982.



