The Calibration of a Robotic Workstation

A

@ Woon Kong Thong. B Eng (McGill University) -

Ty

March 1986 .

lComputer,Vnsuon and Roboucs Laboratory
Department of Electrical Engineering
McGill Umiversity

Montréal Québec Canada '

o 4

s e

»
»
BN

L

A thesis submitted to the Faculty of Graduate Studies and Research
in partial fulfillment of the requirements
for the degree of
MasteAr of Engineering .

Postal Address 3480 -University Street Montreal Québec Canada H3A 2A7



7

=,
Ll

o~
¢

Abstract

:
‘

This thesis addresses the subject of calibrating a robotic workstation to allow a robotic
manipulator a greater degree of adaptability in carrying out its tasks The specific task being
carned clut at the Computer Viston and Robotics Laboratory ts the visual inspection and repair
of hybnd Integrated Circuits An ECUREUIL Microbo robot and a Unimation PUMA 260 are
used but the procedures developed here can readily be adapted to other applications The
procedures involve external tactile and visual feedback to awd in the positioning of the tools
carried by the arm The nature of the tactile sensing involves electrical contact. while visyal
feedback 1s derived from multiple Charge Coupled Device (CCD) cameras and a microscope
with motorized zoom and focus These calibration techniques are programmed to automati-
cally measure the tool calibration transformations associated with a varnety of interchangeable
tools used in the execution of its repair tasks The underlying philosophy in this procedure of
calibration of the workstation 1s one of adaptability in which any minor re-positioning of the
penipherals of the workstation such as the microscope. feeder. camera. etc can be efficiently
updated and accommodated by the robot programs with mimimal operator intervention Larger
vanations are handled by interactive graphic displays to assist the operator in setting up the

workstation



Résumé

B e

Cette these aborde le sujet de la cahbration d une station robotique Le but est de
permettre a un manipulateur robot d oeuvrer avec plus d atsance dans | exécution de ses fonc
tions Les principaux sujets de recherches au  Computer Vision and Robotics Laboratory”
sont | inspection wvisuelle et la reparation de circuits hybrides Les meéthodes de calibration
présentees ont éte developpees dans le but d élre utilisees avec un robot Ecureut de Microbo
et un robot PUMA 260 de Unimation Cependant ces methodes peuvent étre faciiement
adaptees a des apphcations nimphquant aucun robot La connaissance des outils par le ma-
nipulateur est obtenue par ! entremise de senseurs tacliles externes et de rétroaction visuelle
Le fonctionnement des senseurs tactiles est basé sur | utilisation de contacts électnques alors
que la rétroaction visuelle est obtenue a | arde d une caméra CCD { " Charge Coupled Device™)
et d un microscope mum de zoom et de focus motorises Ces techniques de calibration ont
eté programmees afin d evaluer automatiquement les equations de transformation pour la
calibration des outils interchangeables disponibles pour | execution des taches de reparation
L avantage de ces techniques de cabbration est qu elles augmentent de facon importante la
flexibtlite d une station robotique Ellgs permettent de minimiser le nombre d'interventions de
| opérateur de la station en cormgeant automatiquement les valeurs mémonsées des positions

des periphernques de la station lorsque ceux-ci subissent de faibles déplacements L utilisation

interactive de graphiques par ordinateur est requise dans le cas de déplacement majeur
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1 Introduction and Robggics Survey

/
1. Introduction and Robotics Survey .

" Since the very dawn of civilization man has attempted every so often to create toals that
would expedite his task Initially those tools were used solely for hunting food for survival
Later. with the advent of further civilization, the concept of survival took on an economic face
The Industrial Revolution brought about tremendous advances 1n the automated methods of
large volume productions The programmable weaving machine was an invention of that period

BRITANNICA81 The quest towards faster and better machines however did not end there

There were a few attempts to create robotic devices in the 17th century but these were
largely ornamental 1n nature and were essentially imited to remotely-controlled mechamsms
which could write and draw and even play musical instruments BRITANNICAB81 Some writers
cite the c/epsyd/a BRITANNICAB] or the water clock as the earliest forerunnerl of industnal

robot devices but the trace 1s barely tangible

Faced with the need to produce advanced awcraft parts which were designed to be ma-
chined rather than riveted, the U'nuted States A1 Force in 1947 funded research for the devel-
opment of a numerically-controlled NC for short milhing machine ROSEN72 It called for the
implementation of sophisticated feedback techniques using digrtal technology which had just
arrived on the scene The result of that effort was a machine that produced a workpiece which
wasocut according to the instructions punched out on a paper tape It was first demonstrated
at the Radiation Laboratory of the Massachusetts Institute of Technology in 1953 PAUL81

Later refinements fed to the Automatically Programmed Tool (APT) allowing the machine to

be prograrmmed n a more natural language BROWN63 R0OSS59

Extrapolating the discoveries made in the construction of the NC rulling machine and
the teleoperator George Devol in 1960, produced Unimate's first imdustral robot ENGEL-
BERGERBO The robot first incorporated a feature now commonly found in today s robots

A
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1 7 Introduction and Robotics Survey

it could be taught a simple task by leading 1t by the hand. hiterally. moving it through the
sequence of task positions UNIMATIONS3 A year later. in 1961, at MIT's Lincoln s .Lab
oratory a teleoperator wutf; touch sensing was’ developed ERNST61 It incorporated touch
sensors which were connected to the cgmputer controlhing the arm. This aliowed the arm to
be guided through the performance of its task by touch sensing. rather than by its absolute

e

position Its task then was defined as a series of touch states ’ERNST61 N

The word robot was first used in 1920 PFISTERS2 in the play 'Rossum 's Universal Robots
written by the Czechoslovak dramatist Karel Capek. who had derived it from the Czech word
robota meaning forced labour BRITANNICA81 Unavoidably. the word automaton surfaces
when the topic 1s discussed and 1s taken generally, to mean "a machine or control mechanism
designed to follow automatically a predetermined sequence of operations or, respond\o encoded

o

instructions’” WEBSTER73 The word however, has fallen into’disuse and been gradually
superseded by the word robot An android. on the other hand. 1s used to describe a répot
that has taken on a human-like appearance WEBSTERT3. and is often the subject. of many

science fiction movies STAR79 EMPIRES8] RETURNS3, BLADES2

One very obvious motivation for the advancement of robo‘tlcs 1s definitely economics
With human workers there 1s always the question of safety involved, and this often incurs a
considerable expense for its provision ACHMATOWICZ82 Then. there are the fringe benefits
the medical benefits the unemployment benefits, the retirement benefits, and the st goes on
There are also the usual breaks that a human worker needs Very véry few industries can lay

S
claim to a totally tranquil labour-management relationship Disputes often lead to millions of
lost man-hours of labour: lost earmings and lost customers But with robots, this does not
havetobe so They are able to work tirelessly performing the same monotonous task over and

over again with every piece handled exactly as the very first one LEVINTHAL82 The recent

2



1 Introduction and Robotics Survey

line of "J" cars by General Motors s painted and welded by robots ACHMATOWICZ82 In the

consumer industries, there is very often a need to bring out a ney product hne every so often

¥
\

to satisfy new customer trends and demands RAUSA82 With older production technologes

this is often a very expensive occurrence. for it nvolves re-tooling. and retraining of workers
The latter is often very time-consuming Robots, on the other hand. can be re-programmed
with a new sequence of maneuvers in next to no time LEV}NTHAL82 Besides, robots are ‘;
very attractive option in filing the gap between "Iabonous hand assembly for prototypes. and

hard automation for large production runs STEWARTS2. BORTZ84

Serious development. however, did not take place until the second world war when R
C Goertz developed the teleoperator to haridle radioactive m;aterials. when it was discovered l
that radioactivity was hazardous to human life GEORTZ63. R. Paul described it as thus. "An
operator was separated from a radioac’tive task by a concrete wall with onesor more viewmg“ {
ports tiwough which the task could be observed The teleoperator was to substitute for thew
operator’s hands. it consisted of a pair of tangs on the inside {the slave). and two handles on
the outside (the master) Both tongs and handles were connected together by ‘six( degree of
freedom mechanisms to provide for the arbitrary ﬁosi£ioning anfl orienting of the master and
slave The mechanism was provided to c(oﬁtrqlitl'_re slave in-order to replicate the motion of

the master” PAULS1 .

[y
o

!

Industry was quick to realize the importance of robots. It sought greater precision and
speed iri the control of motion to economically justify the use of robots. At the same time,

digital computer technology had arrived on the scene With it. Cincinnati Milacron HOHN76

developed the world's first computer-controlled robot

Ve
\

i
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1 Introduction and Robotics Survey

1.1 Robot Vision . L

1

Significant in-roads were mad; into robot vision when L G Roberts demonstrated in 1963
the feasibility of obtaiming a mathematical descnptoc;n of block-like objects which comprised
a scene from a digitized half-tone image of the scene ROBERT563 He further showed that
he could represent thélr location and onenta\:;on by homogeneous coordinate transformations

ROBERTS65

Recently. numerous attempts have been made to incorporate vision into robots, and there
have been varying degrees of success Vision i1s the most complex, and yet. most powerful
of our senses LEVINE85. KAK76 Nature has developed it to an extent that, just by looking
at a scene. we are able to mferv so many things about 1t Rese’archers have implemented into
computational algorithms some of the ways they think we are extracting our information from
the scene LEVINESS KAK76 These algorithms are often computatidnally very expensive

&
PAULS81. and by no means anywhere near what we achieve with our own eyes Nonetheless,

- by 1970 vision-controlled robots reached a stage of development when the “insanity puzzie” - a

puzzle in which 4 cubes with coloured faces must be stacked so that nodentical colours appear
on z;ny one side - was solved at Stanford FELDMANB2 The solution of the “missing” vision
feedback link had one valuable attendant benefit Today's robots are often very repeatable
but not accurate . for example. a robot 1s made to traverse a certain distance. it can replicate
that distance moved very nearly exactly However, that distance moved as determuned by the
robot. i1s a poor representation of the actual distance FOULLOY84 With vision feedback
it 1s possible to guide the robot to the desired position in space to within its repeatability
FOULLOY84 This 1s very much in accordance with how humans solve trajectory problems
Humans do not perform any trigonometric calculations to obtain the position of their hand
PAOL81 Rather they do it by a sernies of corrections supported by visual. information of the
< .

4



1 Introduction and Robotics Survey

scene obtained by their eyes. and finally when the object 1s sufficiently close. by their touch

Despite the short-comings of current techniques. there are a number of commercial ma-

1

chine vision systems CARLISLES81 available on the market all of them using some variation
of the algonthm developed by G J Agin which extracts features from binary imagés AGIN79
A more modern approach 1s taken by CONTEXTVISION. based on grey-scale. color and

contextual information of the pixels CONTEXTVISIONSS

1.2 Force Sensing ‘

Force feedback 1s often overshadowed when it 1s Juxtaposed_wnh robot vision. but nonethe-
less it 1s a very important building block in the solution c;f the r(;bot puzzle Vision can guide
a robot to the proximity of a target However any closer approaches to the target can only
be made with the provision of force sensing to enable tactile explor:t»on with specifiable pres-
sure of contact RAIBERT82 This i1s particularly important in assembly where parts have
to be brought together and fitted WHITNEY76 In the early seventies. Stanford University
developed a system in which the joints of a manipulator arm were force-servoed, rather than
position-servoed with the degree of comphiance specified in an nstruction Further work there
gave birth to a robot control command language called WAVE, which for the first time ever,

brought force touch and vision together in a single comprehensive system PAUL77. The

assembly of a water pump was demonstrated using this approach BOLLES73.

Under the same title of force sensing. one could probably incl/ude tactile sensing Tactile
sensing can provide information regarding the texture of the object touched. and also. to a
certain extent, force sensing too While some researchers have been expenmeqting with pres-
sure conductive plastics BEJCZY78. SYNDERT78. some have adopted a more novel approach
with the sensor fabricated on a VLS! RAIBERT82 This implementation has the advantage

S
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that the transduced information 1s already processed by the VLS| before being communicated

N

RAIBERT82
1.3 Artificial Intelligence !

. Research into the area of artificial intelligence too has been going on for some time now,
ever since the advent of computers NILSSON80, WINSTONB2 The rapid development of
robotics however has given a tremendous impetus to further its advancement Artificial
inteligence s the formulation of computer algonthms for the process of abstract thought ,
WINSTONS82 and this augurs well with robots as they are computer controlied With few

s © exceptions much that has gone on in the field of artifictal intelligence 1s done 1n a piece-meal

ad-hoc fashion Part of the problem hes in that 1t 1s difficult for man to articulate every
‘variable considered in reaching his decision and also that man does not reach his decision by
.the brute consideration of all the alternatives - though he may do so for a small fraction of
them - butﬁ rather by a heuristic approach in which man draws upon his experience to narrow
the decision considerably NILSSONB82 From there on an exhaustive search may then tlake
over However there has not been a comprehensive expansion of the work 1n this area that
“would take it a quantum leap forwa‘rd Nevertheless under some unambiguous controlled
situations JORDANB82 these systems can be made to think, sense and effect a course of
action NILSSONB82 In a narrow sharply-defined area of expertise - thereby earning the name
h\ "expert systems” JORDAN82 systems such as MYCIN and PROSPECTOR. in the areas of

medicine and prospecting for minerals respectively have achieved a considerable measure of

s

success NILSSONSO \

The process from which one goeé from not knowing to knowing 1s learning  Artificial

20 ot

Intelligence researchers have been trying to incorporate this learming process into some of

o
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1 Introduction and Robotics Survey

their expert systems and some foresee the next generation of robots being able to learn from

expenience and using accrued expenence to formulate plans KEMPF82, BALZERBS

1.4 Collision Avoidance

The problem of path/trajectory planning and its attendant velocity planning GUPTAB4,
SCHWARTZ83, has been the focus of researchers in order to lay the ground work for sem-
autonomous and autonomous robots LEVINTHAL82 LEIGHTY82 This is necessary for
increased autonomy so that the robot itself CROWLEY84 BROWNBS2 can determine the path
and veloaity with which 1t has to take to avord static and dynamic obstacles GUPTA84 This
requires the robot to have a dynamic madel of the world CROWLEY84, SHNEIER84 Some
researchers are concentrating solely on the path planning problem GUPTA84 SCHWARTZ83,
while others are examining methods for gathering the trajectory information of the objects
to be avoided UDUPA77 Often the solution cannot be computed in p‘blynomlal ume*!, but
simphfications can be made that will allow a more reasonable time response SCHWARTZ83,

HOPCROFT83

1.5 Locomotion

Ever since the advent of robots, there have been attempts to make them more mobile
Wheels proved té be the easiest to implement, but « restricted movement only to places on
which the wheels could travel HARMONS2 This ruled out any travel over soft and irregular
terrains DEKKERGY The development of a more versatide mode of carniage. in the form of a
multr-legged robot HARMONS82 MOSHERG69 had to want for the arnival of digital technology.
n particular. it had to wait for the development of microprocessors CHAO79 This was so -

1y a problem can be solved 1n polynomial time it means that the ime to reach the solution 15 a polynomial
function of the variabies of the problem



‘ 1 Introduction and Robotics Survey
because of the tremendous complexity involved in the independent control of a number of
these legs each agan with a number of degrees of freedom SUN74 S R Harfhon terms
this e¢s articulated locomotion  Much work has been done on an experimental hexapod
vehicle at th’e Ohic State University by R B McGhee 1in 1977 McGHEE77 C A Kiein and
Maney in 1979 KLEIN83 In the same year C S Chao introduced real-time microprocessor
control to the vehicle CHAO79 In 1976, D E Onin researched interactive control ORIN76 and

implemented supervisory control in 1982 ORIN82 while Kiein Olson, and Pugh used attitude

and force sensors to maneuver through irregular terrain KLEIN83

1.6 Robot Languages

Much research 1s currently being carned out to design robot_control command languages
VANDERBRUG81 HAYWARDS83 LOZANOT77. BONNER82 To desc\nbe each and every
move down to the last varniable in the command primitives. can be a time consuming and
burdensome task for allibut the simplest of maneuvers KEMPFB2 It seems obvious that
some form of hierarchical command structure has to be developed in which the user would
describe his objective prefably in a natural language and this hierarchical structure of com-
mand interpretation should then be able to parse it into a concise and unique set of primitive
directives LOZANOB83 This structure too, apart from recewing direction from the top. must
also be able to accept information from levels further down the hierarchy TAYLOR82 Force
fejedback information from the varnpus joints and fingers and visual information from any
number of perspectives. for example are inputs which must be accepted at some level VAN-
DERBRUGS81 Robot languages are. to a certain extent a function of the intelligence of the
machine If the robot incorporated a sufhiciently large amount of intethigence, it would be able
to understand/sloko 1 language. define the task. and also execute it HARMONB82 The US

8



1 Introduction and Robotics Survey

Defense Advanced Research Projects Agency (DARPA) is heavily involved in the research and
funding of the development of such rébots HARMONS82 In the mean time. however there s
an urgent need for the development of powerfu! and comprehensive robot simulators that will
allow for anlaccurdle deptction of the robot movements under program control  With such
simulators 1t would then be possible to develop programs off-line with a shorter down-time
and with much less chance of damaging the robpt in the process This would be especially

useful in the testing of multi-robot programs SOROKAB3

1.7 Impact of Automation on Society

Much has been wntten about the impact of automation on soctety THOMAS78 BRO-
NOWSKI78 HAYESB4 Philosophers. thinkers and sociologists. have at one time time or

another discussed the ramifications of increased automation in society They pondered upon
e

the effects on the average factory worker and what he would be .douég if he were displaced by
advances 1n automation The same probably hz;ppened when the world headed for its industrial
revolution It s true that people got displaced from occupations directly related to agriculture,
but somehow. other forms of occupation came along to fill those lost HAYES84 Probably.
one of the more interesting views in this matter comes from the author of "The Medusa and
the Snail’ . Dr Lews Thomas, who hikens the relationship between man and Pc\omputers. and
b; extension robots. to the medusa and the snail These two life-forms carry on a symbiotic
relationship i which one species 1s dependent on the other for survival THOMAS74 In the
same way too. computers and robots should not be looked upon as man’s nemests, but rather
as an entity - the use of the word “entity” here may be disputed - that would complement and
enrich man’s existence. Man can look after the needs of the machines by supplying it with

parts. power. and maintenance, and in return the machines can relieve us of the drudgery

?
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of more mundane tasks and, better look after the complex socro-economic structure of our
society In relieving us of the more mundane of tasks. we are free to better seek out our

creative and artistic lendencies HAYESS84 .

@

1.8 Future Direction

1

'

There has been some enthu‘slasm lately about holding ar{ international robotics competitiorn .
to come up with an integrated robotic system that will allow a pair of -robots to engage
themselves in a game of ping pong LOEWENSTEIN84 At present. this task presents a very‘ ‘
demanding set of specifications for the |mage processing, optical 6r otherwise, and t(ajectory:
calculations which have to be performed at millisecond speeds LOEWENSTEIN84" This us |
still very much beyond the capabilities of today’'s hardware LEVINE8SS, DUDA72. AMBLER73:

and software PIPITONES3

-

The US Department of Defense 1s spearheading some of the state-of-art developments in
robotics and robotics intelligence (artificial inteligence as apphed to robots) LEVINTHALS82,
LEIGHTY82 HARMONS2 in the future, the army hopes to have autonomous and sermu- °*
autonomous vehicles - plane‘sf drones. tanks. etc - to fight wars LEVINTHALB2 In the near
term future they envisage automated munitions loaders. automatic ware-housing. teleoperated
devices. and fhght display and warning systems LEIGHTY82 The armyﬂ hopes that in the
long-term future. they will be able to develop fighting machines hke one-mlan he!lcoptérs,

a

two-man tanks. and one-man artillery pieces LEIGTHY82

1.9 Robot Calibration Techniques .

Robots like most instruments of precision, have to be calibrated. and much more fre-

\

quently than others because of their articulated linkage construction Calibration 1s required

10



1 Introduction and Robotics Survey

in each of the domains in which sensing 1s performed to effect the robotic task Calibration 15’
of particutar importance in robotic environments because the robot actually uses these inputs
to coordinate itself For unattended operations, these become the only aids to its operation

Failure or more often incorrect interpretation of these stimuli could well lead to an entire

batch of incorrectly assembled-parts

1.10 Tactile Sensing

. "
Besides our wision. in our daily solution of the “pick-and-place” problem. we depend

heavily on our touch to subconsciously gain insight to the nature of the object we are picking
up SANDERSONS3 So it 1s no accident that with the advent of more ntelligent robots
we often incorporate some form of tactile sensing, and thereby exploration to lend it some

measure of adaptability SANDERSON83  Furthermore as mentioned earlier wvision alone

"cannot complete the task of assembly force/torque sensing is prerequisite when parts have

to be fitted together WHITNEY76 BOLLES73 There are instances too. when force/torque

sensit . 15 necessary when the fingers of the robot - the end effectors - obscure its vision

system NITZAN81 The most fundamental of the application of force s’e'n;rng 1S 1ts use 1n
tactile sensing Intiatly most of these methods are electrical in nature having only a binary
condmony which i1s essentially hmited to describing whether there 1s indeed a contact or not
MALOWANY85 In more cntical apphcations however. this response 1s inadequate because a
contact car either mean that the robot 1s touching the target or that it has smashed into 1t

Some researchers have attempted to remedy this through the u;e of muitiple contacts. with
designs somewhat resembling cat’s wt:skers Thus still remained inadequate, and has led some
researchers to explore inductive proximity sensors sensors whose inductance 1s a function of
its proximity to the target NITZAN8! SANDERSONB3 Another form of proximity sensing s

>
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to use photodiode detectors to sense the reflections off a target from Light Emitting Diodes
(LED s) This method of proximity sensing. however. 1s dependent upon the reflectance of

the target NITZANB8I. but can be accommodated by calibration °

To completely describe all the forces. and or torques exerted at a particular location. a
force/torque sensor must measure six components tn all three components of force. and three
components of torque PAULB1, As applied to robots. this sensor measures these components
between the last hink of the robot and its end effector, which can be thought of as the
wnst GOTO72 WATSON7S The strains generated here through contact between the end-
effector and the work piece are transduced by strain gauges into electrical signals which are
analyzed for the direction and magnitude of these stresses NITZAN81 The strain gafges
used taI:e on a vanety of forms. but those which are currently preferred are the semiconductor
variety NITZAN81 They are robust - able to withstand sudden jarring motions and harsh
environmental conditions - and generate a large output for the same amount of stress when
compared to a wire strain gauge NITZAN8]1 Some researchers, however. are éxpenmentmg
with the use of mylar films with metallization on both sides as force sensors Contact with

v

any object will compress the mylar film. and thereby increase its capacitance. the harder the
contact, the greater will be the increase in capacitance Other researchers are concentrating
their efforts on piezoelectric force sensors BARDELLI83, and also on ansiotropic conducting

matenals SYNDER78

An attendant of force sensing is active compliance With active comnliance. it is possible to
servo the arm until a certain force 1s reached PAUL76 This has provento be especially useful in
the assembly of parts without the use of chamfers SANDERSONS3. and-also in manufacturing
processes which requires following the contour of the workpiece such as grinding. deburring.

and seam-tracking SANDERSON83, SELTZERS82
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1.11  Scanning Laser Interferometer

There exists a class optical measurement methods that come under the generic term‘of
time-of-flight ranging  While tactile exploration may solve some of the problems associated
with robotics, 1t 1s still primitive, and often inflexible because the discovery path has to be
known to some extent before it can be traversed in order to gather the neeéed information
As with man, wision 1s turning out to be the most powerful. as well as the most complex,
tool 1n robotic applications In robotic applications. the term wision 1s not exclusively used
{for the sensing of information in the wisible region of the electromagnetic spectrum, but also
in the infrared and ultraviolet regions Coherent hight. especially laser light, 1s often used
for visible region sensing because it affords a greater depth of field PARTHASARATHYS82,
RIOUX84 Time-of-Hight methods usually make on the configuration shown in figure 1 A
pulsed laser beam s directed at the target in question. and the reflected beam is collected by
a fast recerver. usually a photomultiplier With the elapsed time between the emission of the
pulse, and its return, and the knowledge of the speed of light. the range information can be
computed Time-of-flight methods afe not without problems. however. especially when very
short distances are involved Light takes only about 7 picoseconds to traverse 1 millimeter
This requires extremely fast circuits to measure this duration. and repeated averaging 1s often
necessary to reduce the statistical scattenng PARTHASARATHY®82 Also, this scheme tends
to be slow if the target 1s dark Dark targets require repeated averaging to improve the upon
the low r)eflected signal amidst noise This may be solved by lncreasi‘n'g}\the power of the
laser. but in doing so the power of the laser may be raised to a hazardous level NITZAN81
The main disadvantage of such a system is the severe speed-accuracy trade-off PIPITONES3,

RIOUX84

13
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. SCANNW G
TRANSAITTER . ovry -—
- (ARSED LASIR RECEIVER
Aapiredror) \ -—
REFERENCE SI6MAL
(ALEE 72MNG /AHASE )

Figure 1 Time of fight ranging

AW
The use of lasers in range determination 1s not limited to time-of-flight methods Range

determination by tniangulation is another well-researched method CONNAH82. NIMRODS82.
PARTHASARATHY82 In triangulation (see figure 2). the range of the target 1s determined
by bouncing a laser beam off a mirror to reflect off the target and then bringing the reflected
beam to focus,on a detector array D 1s the basehine dtstance. the distance between the z-axis
of the laser and the principal axis of the lens The laser rangefinder 1s first calibrated by
directing the faser at a known point, say (g.l). and observing the location of the beam on
the sensor array. The angle that the beam makes when reflected off the mirror with the z-axis
1s § Once the rangefinder 1s calibrated. any subsequent point such as (z,2) can be readily
determined CONNAMHS2. PIPITONE83. RIOUXB4 The name triangulation comes from the
fact that the directions of the incident and reflected beams - the angis':s of two sides of a
triangle - together with the length of the baseline have to be known to determine the third.

14
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point
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Figure 2 Ranging by triangulation

Laser interferometry 1s another different yet related method of time-of-flight ranging AN-
DERSONB82 Interferometry has been in use for the last few decades now The technique
was used in X-ray crystallography in which X-rays of a known wavelength are bounced ofl a
sample of the crystal to be examined Since the phase 1s a linear function of round-trip time, it
becomes also a linear function of range PIPITONES83 Large displacements are generally more
difficult to perform. but this technique 1s excellent for small displacements with precisions of

up to 0 03 microns ANDERSONB8?2

1.12 Ultrasonic Sensing

There have been recent attempts to develop ultrasonic sensing techniques for use in

15



cahbration Very much like the way a bat sees 1ts way in the dark, these methods are essentially

time-of-flight methods. whereby a source of ultrasonic vibration of a known frequency 1s

" emitted. and the time between 1ts emission and its returming echo is measured NITZAN81
Knowledge of the group velocity of the vibration at that particular air pressure. density. and
temperature will allow the distance to the target to be measured. For the position of the
target to uniquely known in 3-D space. measurement; from at least two different locations are

required There are two main vanables here that directly affect the accuracy of this method It

H

can shown :nathematacally that the minimum distance that can be resolved by illuminating a
target with any emission, can at best be‘equal to half the wavelength of that emitting radiation
This means that. for example, if the wavelength of the radiation 1s 1.0mm., its position cannot
be resolv;d to better than 0 5mm On the face of it, the solution w'ould be to use a vibration
of a sufficiently high freguency - thereby affording a correspondingly shorter wavelength - but

It turns out that materials readily absorb high frequency vibrations NITZAN81. Another major

source of error comes from the fact that ultrasonic sensing systems are very prone to noise

This can be remedied to a large extent by repeating the measurement a large number of times ¢

and then performing a statistical analysis on the resultant data as to locate the volume with

the highest probability of containing the target

/

v

1.13 Monocular, Binocular, Polycular Vision

Vision has long fascinated and intrigued researchers Early researchers concentrated on the
elements of vision. and on how low-level vision is performed¢ The advent of digital computers
gave rise to the study of computer vision LEVINE85., KAK76 There have been numerous
attempts to incorporate vision into robots AGIN79 This, in large part. 1s due to the flexibility

,aﬂorded by wision However. there still remain many unan;wered questions leaving only a

16
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poor reahization of what could be One reason for this is that man s the only creature that .
can articulate the sensation of seeing LEVINESS. Coupled to this is the difficulty of dworcing
the physics of seeing from the perception of seeng KAK76 This has somewhat hampered

the research in_the field of computer vision

L4 ‘ 8
Mmgglh_@gﬁﬁ as the term implies, is vision based on the view obtained from only = .

i

one point of view Often, the 3-D iriformation. or the “depth map". is invariably lost because:

it cannot be inferred from the scene This can be made up to a certain extent through the

T

use of structured light sources, in which the light sources are collimated. and their angles of

incidence known With the knowledge of resultant shadows generated‘by occluding structures.,
. .

the depth map can be partially filled OKADA82 Insome methods. the structured hght sou“;ces'

are projected as a shit onto the target. and from.the resultant line traced out by the Iighi source,

3
&

the depth map of the target can be computed PORTER82 Hovanesian and Hung. on the other

hand. used moire hght patterns on the targets These are concéntnc‘light and dark bands of

’

illummnation which are projected onto the target HOVANESIANS82 The barbcular distortion

of these patterns on the target 1s indicative of the contour of the target HOVANESIANS2.

)
9

Binocular vision 1s best known in man The two different views obtamed in each eye are
integratéd in the brain to generate a 3-D model of the world There are occasions. however.

when the target 1s sufficiently far way that the information 1s no longer 3-D. but compressed

il Q *

into 2-D This happens when the distance to the iarggt 1s: considerably greater than the

0 2

Qdistance between the two eyes. also known as the base-line However. this problem can be

alleviated to an extent by increasing this baseline. by physically moving to a different viewing

A
3

location. or by having multiple viewing positions as in the case of polycularvision The ways in

which the 3-D information is inferred from the 2-D images are many, butrn is generally accepated e

A

~ - ¢ ‘
that the process in man makes use of tokens in the target. whose dimensions are known. or *
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at least estimated. which w.hen‘-newed from different perspectives, presents different. yet
related, views from which the distance to target can be inferred LOEWENSTEINS84., What

the algorithm does basically. 1s to find a correspondence between the two (or many) views

LOEWENSTEIN84 implementations of this algonthm. however. are particularly difficult and
computationally very expensive DUDAT3, MUDGES2 and have yet tofill the need for afast and
reliable method of detection A possible way of cutting down the.computational complexity

would be to use “partial token matching”, matching only part of the image LOEWENSTEIN84

There are some .attempts to categorize vision into éither those utilizing ambient illumina-
tion. and those utilizing active - eg  projected light planes - ilummation NITZAN81 This
distinction tends to be rather weak in that, for example, there 1s no such thing as ambnen‘t illu-
mination in the laboratory [liumination there is always active Rather, the distinction should
be made differently Although illumination in the laboratory is always active. some techniques
use a structured form, while others do not. Structured light sources refer to sources where

some geometrical or planar attrnibutes are attached to the illumination

Today wvision sensing is achieved by solid state inear. or area \photo—sensmve arrays In
its early days. these arrays were limited to 128 X 128 elements FAIRCHILDS82, but recently

arrays of 2048 X 2048 havé been fabricated, and reportedly used in spy satellites by the United

States Light falling on each element of these arrays is converted into an electrical signal,

(Y

either charge or voltage By scanning these arrays in a predeterrmined fashion. a serial stream

" of signals corresponding to the image is genérated and can then be transmitted to a computer

for processing ‘As withall solid-state devices. they also boast of a more robust nature. able

to well withstand the ngors of the environment and also of usage NITZAN81 They also offer

" a much larger dynamic range to mput llumination and have a much quicker response time

, Nl,;l'Z'ANB,l In‘addition. these devices are sensitive to a larger portion of the electromagnetic

18
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spectrum but can also be tailored to have a response very close to the photopic sensitivity of
the humaneye NI TZANB1 Because these devices are sohd state. they are ofter very compact
and hight-weight. thereby earning thew places in spacecraft payloads, satellites, robotics. and

many other applications where space and weight are premwum

Recent research n VLS| has produced special function chips which embody image pro-
cessing algonthms 1n hardware that allow for the execution of these algonthm; at hardware
speeds Hughes and the Unwersity of Southern C;?hforma have developed such chips that
run at 1OMHz MILGRAMT78 Some common tmage processing functions that have been hard-

_wired this say are edge detection, correlation masking and —conv;lution BOUD REAULT85
Because some of these functions operate on . tel mformation indegendent of its neighbours. .
Single-Instruction-Multiple- Data (SIMD) LOWRY82 architectures have been implemented 1n
silicon to do the task Hardware implementation of these algonthms 1s necessary because
of the tremendous throughput involved in the processing of images The delegation of low-
level processing to dedicated processors is a necessity to maintain some semblance real-time

[

response NITZANS81

-

1.14  Thesis Overview

This thesis addresses the subject of calibrating arobotic workstation Herein the Electrical
Engineering department at McGill University we are 1n the process of developing a robotic
work/repair station for the inspection and repawr of hybrid Integrated Cwcunts {IC's)  We have
a production model of the Unimation PUMA 260, a recently acquired ECUREUIL Microbo.
and a brand new IBM 7565 robot Chapter 1 surveys the current robotics hiterature, the state-
of-the-art developments and provides an insight to future direction Chapter 2 looks at some
of the problems that have to be solved in order to accomphsh the workstation cahbration.
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inspection aﬂhd repair task It will also examine some of the calibration techniques currently
used theirr applicability and their limitations Chapter 3 develops the mathematics used to
control the robot arm and to denive the calibration results obtained in this thess ;Zhapter
4 presents the expenmentakesults obtained from a production model of Unimation’s PUMA

260 Chapter 5 concludes by summing up the sahent pomt‘s researched in this thesis



2 The Hybnd 1C Inspection /Repan Task

2. The Hybrid IC Inspection/Repair Task

2.1 Hybrid Integrated Circuits

The term "hybrid” IC's comes from the fact that the circuit 1s cq\r;structed using a hybrid of
components it incorporates both active and passive components )ON ES82 It 1s fabncated
on an insulating substrate together with some thin- or thick-film components. monalithic
semiconductor devices. and discrete components JONES82 The substrate is usually alumina
or ceramic JONES82 Metalhc interconnect and passive components, hke fired resistors.
capacitors dielectric and solder pads are then transferred to the substrate Unlike conventional
printed circuit boards in which the conductor pattern s formed by removal of conductor
matenial. the conductors are fabricated on to the substrate ; Also unhke the conventional
printed circuit board which uses drilled and plated through mounting holes. the use of solder
pads greatly increases cucuit integnty and reliability’as well as ehminating the cost involved in
the production of the mounting holes MARCOUX84 Components are attached to the cucuit
board with epoxy adhesive and then soldered to the solder pads Strong demand for higher
circunt densities and functional varieties JONES82, MARKSTEIN84 has prompted nearly every
mayor semiconductor manufacturer to offer their current line of products 1n mimaturized chip
carriers BROWNS4  Referred to in the ‘mdustry as "small outl;ne" (SO) packages. this has
led to electronic assembhies which are up to 60% smaller. and up to a third less costly than
comparable PCB's MARCOUX84

- Because hybnd 1C's boards have all their componen'.s mounted on the surface of the
_substrate. they are also called Surface Mount Assemblies (SMA) MARCOUX84 = SMA's
have the attractive advantage being easily assembled by rubots or special automation as it is
essentially a pick-and-place task with none of the problems associated with the insertion of
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2 The Hybnd 1C Inspection/Repar Task
components and leads into specific holes JONES82 MARKSTEIN84 Current SMA automatie ;
assembly devices however are rather simple and rely heavily upon the precise registration of\{
the substrate MARKSTEIN84 Any problems with the registration of the substrate could result
in the nusplacement of components for an entire batch Barring any misahignments however
these hard automation machines with multi-placement heads reach remarkable speeds of up

to 140 000 components per hour!

Figure 3 A Hybnd ntegrated circunt

[

"

2.2 The Inspection/Repair Task

The Computer Vision and Robotics Laboratory of the Department of Electrical Engineering
here at McGill Unmiversity is currently involved in a program to mspect for manufactuning defects
in hybnd I;uegvated Circuns (1C's) using computer vision, and bots to physically perform
the repair if the reparr can be eflected Figure 3 shows a typical hybrid IC that will be inspected
by such a system The penny next to it gives an indication of its size Figure 4 shows the
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configuration ¢f the robotic workstation The robot seen on the right 1s the PUMA 260 and

that in the center 1s the MICROBO

There are a number of problems specific to the reparr of manufacturing defects in hybnd
IC s {This is not 1o be confused with any problems with the electrical performance of the
circurt] LEVINES2 The defects are physical in nature and are a duec! resull of an aberration
in the manufgctunng process The following 1s a list, though not exhaustive, of the possible

defects that can be currently accommodated by the inspection/repair system -

1) mussing components
1t) bridged/open conductors
i) solder defects excess/insufficient

v} nusaligned/inverted components

Figure 4 The inspectionfrepair workstation

The obvious prerequisite of the repair task is the inspection task The a priori knowledge of
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the scene, in this case the hybnd |C. allows grey-scale processing of the image to be sufficient
The number of grey-scales needed 1s dependent upon the task to be performed Generally
anywhere betwkeen 64 (2°) and 256 (28) levels are the most often used Commercially available
visual inspections systems have all implemented 1n one form or another algorithms that have
been developed by Agin and Gleason for Automatix AGIN79 Agin and Gleason used high
contrast images - a target against a hghted background - to obtain a binary image of the item
to be inspected The binary images are then converted to edges and approximated by straight
lines or curves as the case may be PAVLIDIS82 Once the polygonal approximation has been

made. the shape and onientation of the object can then be deduced, and a decision made as

to whether it has a defect. ot if 1t 1s indeed of the right dimensions PAVLIDIS82

For more complex scenes without the aid of back-lighting, however, 2; definitive binary
image cannot be easily obtaned Resort has to be made to more complex image pro€essifig
algonithms In the low-level processing of the raw 1image. edge operators have proven them-
selves to be very useful On a background of noise or clutter. an edge operator has the effect ®
of enhancing the edges. and at the same time lowering the noise content Thresholding can

then be effectively used to produce a cleaner binary image

Another algornthm that 1s often used after the generation of a suitable binary image 1s
honzontal and vertical profiling In honizontal and vertical profiling. a signature is obtained
of the horizontal and vertical profiles of the sub-image under study This signature is then
compared with that of a reference Rejection or acceptance 1s often a function of its deviation
from the reference Paul Memill. one of our former researchers. has used this method quite
effectively in his method to inspect solder joints visually MERRILL84 In his program. one

o
joint at a time 1s presented to the vision system. and ul§ honzontal and vertical signatures

compared to a reference  While it does not represent a perfect verification of the joint. it 1s

y1]
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successful about 75% of the time MERRILL84 P J Besl et al, used features of the intensity -

surface of th.e solder joint to carry out their inspection BES1.85
-~

Although a 100% rehable solder joint inspection technique does not yet exist, there are
two other methods whose performance borders on that  When a solid 1s subjected to a
point source of heat, and then removed from it the resulting heat distnbution is very much
dependent upon its thermal coefficent density and porosity Thus the thermal distnibution
of a blow-hole solder joint {a hole through the body of the solder, which s a solder defect). is
different from a good solder joint It 1s this information that will allow for the venfication of
a solder joint  Thermal imaging devices have been on the market for a number of years now.

but are only now seeing use in computer vision HUGHES85

The other method that provides a satisfactory solution to the problem 1s acoustic mi-
croscopy This method uses a very high frequency, sub-micron wavelength sound wave to
penetrate.anto the body of the matenal to explore it, without subjecting it to damage or de-
struction MEULLER82 Very high resolution acoustic waves can be used to provide planar
reconstruction of the nature of the matenal inside the specimen MEULLERS82 Thus, if a
bubble occurs wnthu)n the body of the solder it can be detected by such a method It wouldr
show up because 1t 15 of a different acoustic density than the surrounding material At the
time of writing. acoustic microscopy is still very much being researched, and probably will
not be available commetcnall); for a few years The above methods however. can be argued.

probably successfully. as not being vision

2.3 Bare Board Inspection

Basic 1in each hybrid IC 1s_the substrate itself. with all the conductors. and n some
cases resistors fired in place When fully assembled. a board can have gained considerably

25
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in value, and can represent a substantial lass if 1t has to be dnscard‘ed Problems can and
do appear on the boards in'the form of bridged or open conductors THIBADEAU8S In
state-of-the-art manufacturing now. the ;:omplexuty and fine definition qf the conductors has
made 1t too strenuous to be visually inspected by humans for any length of time- A growing
number of these boards are now inspected by commercially available computer vision systems '
leBADEAUBS. JARVlSBd Computer vision inspection systems fall into two categones
referencing and non-referencing STERLING79 These systems use binary image processing
algorithms FUB2 In referencing systems thenlmage of the board obtarned under inspection 1s
compared with the image of what 1s considered a “good” board:BOLHOUSEBS Any significant
deviation from the reference would then be considered to be an unacceptable aberration. and
the board in question i1s rejected  The main dtsadvz;ntage with the referencing scheme and
W 1s a serious one 1s the generation of the reference The reference has to be as perfect as
possible because all subsequent references are made to it LEONARDSS The inspection of the
reference 1s done by a human operator, and a reference has to be produced for each different

board to be inspected Production of the reference can be a very painstaking and laborious:

task

On the other(hand. the non-referencing method. 1s somewhat like an “expert system” in
that 1t has a set of stored rules of, for example, how a good conductor should look like. what
sort of blemishes are acceptable. and what joined conductors should look like FU82 Different
scaling options can be selected to accommodate different magnifications and conductor widths
The non-referencing method 1s extremely versatile because vutual‘ly any board can be inspected
without first generating the reference, but it tends to be slow especially when it has a large
number of rules to apply A compromise between these two methods would represent the best

of both worlds THIBADEAUS5 Such a system would incorporate an expert system to first
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2 The Hybnd IC Inspection/Repair Task
generate the reference. Subsequent boards would then be compared to this reference. which

1s a much more rapid operation than the purely rule-based one

]
Once a board has been determined to be defective. an assessment has to be made to

decide if the board can be repaired |f there i1s bridging of the traces. for example. a decision

‘has to be made as to whether the board can be saved. There s nothing that can be done about -

open conductors or cracked boards because they are fired, but excess. bndged conductors can
often be worked upon Such aberrations can be removed by grinding with a high-speed tool
Grinding 1s a contour-following operation. and. as such. requires the provision of force-sensing
Force and torque sensing in our environment 1s provided by a force sensor manufactured by
Regeltechnik  This also requires accurate knowledge of the dimensions of the tools used
because the point of contact with the workpiece 1s offset from the point of sensing Thus
the torque measured at the sensor has to be transformed to the point of contact to correctly

determine the actual forces involved

2.4 Automated Visual Component Inspection

¢+ The generally cluttered surface of the hybrid IC precludes the use of just binary vision

to inspect the surface mounted components Straight binary vision, on the other hand, can
be used to determine the orientation of the board placed when it 1s placed against a lighted
background GONZALEZ82 With the orentation of the board known. a database can be
cons/thed so as to imit the sqaréh to a small portion of the image This synthetic limitation
of tiwe search area 1s cnitical to increase the chances for a successful search  Once the search
area s determined. a number of inspection tasks can be carried out Search 1s first performed
to verdy that there 1s indeed some component there Upon successful verification of that
fact, and that the component which is there 1s of similar dimensions to the component that
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1s supposed to be there. the orientaion of the component can be determined For surface
mounted capacitors. for the most part. they are non-polarized and can be mounted either way
The capacitor has only to be inspected to determine)f the solder joints holding it in place are
well formed I however. there is no component where there should be one. a component will

be placed accordingly

Inspection of a chip on the other hand. ts considerably more difficult For example. the chip
can be longitudinally symmetrical. an;i the only polanzation mark 1s a notch at one end of the
chip  Finding the notch consistently may prove to be difficult because some manufacturers do
not have the notch all the way through the thickness the chip. while otﬁers use a dot instead!
The most consistent - still not perfect though - indications of ornentation are the markings
on‘the chip  Optical Character Recognition (OCR) can be used to read the markings, to
determine the orientation of the chip. and also to venfy that the chip s indeed what it should
be BERGERSS As\ for now component manufacturers ship out their devices and components

in tape form or n tubes so that they can all be handled correctly. without ambiguity

The area surrounding the capacitor or chip is often cluttered with conductor traces, resis-
tors. and other components The algorithm has 1o locate the chip or capacitor reliably despite
these The success of the search has already been increased by limiting the search to an area
where it 15 most likely to be found Under these conditions, the Sobel operator LEVINESS.
JARVIS82 provides the necessary fust level of processing The dimension of the Sobel oper-
ator. whether itis a 3 X3 or a5 X 5 GONZALEZ82 s dependent upon tradeoff between
the amount of fitering necessary and the computation nmelthat can be afforded Its as-
surmed here that a database containing containing the physical dimensions of the components
and their relative iocations has already been set up and can be accessed by the inspection

program as needs be Together with the magnification with which the scene is viewed, the
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associated scaling factors can be computed From the data derived by the Sobel operator.
straight ine segments are fitted to as many points thought to be forming a line From these
line segments. a trans}ormataon 1s made to the Hough domain LEVINESS The Hough domain
pl'ots the frequency of the ine segments with a particular orientation A high frequency at a
particular orientation is indicative of an edge For a rectangular object, there are two distinct

peaks at 90 apart for the only two possible orientation of the edges “Note that the Hough

transform does not distinguish between paralle! lines

3
.1

With the onentation of the rectangle-now known, a number of well-known techniques ln
image pfocessm:g such as hine-finding. connectivity, neighbourhood-operations P;C\VLID|582
can be used to detect the exact loc%t»on of the rectanéular object sought. The above opera-
tions. in part. achieve ther goal by minimizing the effects of spurious data introduced into the
image For any spurious points still remaining 1in the image, an exhaustive process will have
to be employed to eliminate them It can be seen from the above description that analysis
'of other than binary images requires tremendous computatno‘nal power Given the size of the

average image to be analyzed to be 242 X 256. there are nearly 64 300 pixels involved so that

every operation that has to be performed on one pixel has to be repeated 64 000 times

Recent expenments have shown that there remains some longitudinal uncertainty when
/
determmor(g the position of the capacitor becauce of the specular reflections caused by the
\
solder joints at the ends This amount of uncertainty can be accommodated by the tweezer

tool. Alternatively. a vacuum pickup too! with a sufficiently large end face would suffice

2.5  World Modeling

»

Inspecting and performing the repair task in a structured and efficient manner requires the

dessign and implementation of a comprehensive and flexible database This database contains



L,

information describing the components of the hybnd 1C. their locations relative to calibration

points and relative to the edges of the board. the locations of the solder joints. profiles of

good solder joints. and acceptable tolerances. It also serves 'to contain the locations of all

task peripherals that are accessible by the two robots. The locations are described relative to

'

calibration p&?wts to facilitate updating the database shouid any peripheral be moved around.
This database 1s referenced by the inspection programs. by the repair programs. and by the

trajectory and path generation programs of the robots

A

The term path.generation refers to the generation of a path through a set of static obsta-
cles. obstacles that remain stationary throughout the time needed to negotiate the obstacles
GILBE}QTBS Trajectory generation on the other hand. requires the generation of a collision-

P [}
free path between moving obstacles It includes both path and velocity generation. In moving
the robot from one position to another. a trajectory has to be formulated such that its path will
avoid any obstacles. moving or stationary. between those positions To xhisind. in trajectory
generatu;n. the database will be consulted for the locations and trajectones (if known) of the

obstacles |f the trajéttonies of the obstacles are not known. the database will be consulted

repeatedly to ensure that the obstacles are not in the way while movement of the robot arm

1s 1 progress (note that the database is constantly updated) The complexity of the collision

avoidance trajectory formulation 1s both a function of the number of obstacles to be avorded
and the proximity with which the obstacles cah be approached GILBERT85 The closer the

L]
a
]

allowed approach. the more computations will have to be performed

The need to move both robots simultaneously requires a comprehensive collision avoidance

- stfategy One collision avoidance strategy for two moving robots presents one robot as a

mioving obstacle to the other MICHAUDS85 Thus. not only path generation s needed. but also
trajectory generation so that the moving robots will not collide into each other BROOKS83.
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2 The Hybrid 1C Inspection/Repar Task

The inspection and repair task requirement here i1s best met using a hierarchical structure
¥V .

of command directives To describe every movement in their primitives is a very tédious task.
and utterly inefficient Faulty components, and solder joints are first located. and a decision
made as to whether they can be repaired or not Those that cannot will be rejected, but those

that can. will have to be evaluated to determine how it can best be performed. At the top level,

the reparr task of_éach faulty component is described by “verbs” LEVINE82. SANDERSON83

These verbs are then parsed into movement primitives, and with the appropriate parameters,

¢ e

transmitted to the robot controllers There is need for a supervisory program too. that ensures
that the movement primitives so generated accurately reflect the verb at the fop level. and

that the moveraents are of a reasonable nature If this is not so. the supervisory prograﬁfcan

stop the execution, initiate the error recovery. and inform the user as to the extent and source -

of the error - Lfl

2.6 Multi-Robot Operation .

The environment in which the inspection and repair is carried out is unique in that it
involves not one. but two r;t:ots Conventional ideas applicable to one robot envuonﬁeﬁt wymll
have to be modified, or revamped entirely for the operation of two or more robots It requureso
proviston for multi-branch control, and efficient communication not only between the host and
the robots, but also between the robots Valetz described the use‘of a production system
in multi-robot control VALETZ82 7 he particular environment here will use some form of a
production system because of its inherent capability to perform: symbohc processing. Symbolic
processing as opposed to numerical computation, refers to mam‘pulauon of symbols. character
strings in this case Elements, or variables in a program are treated as symbols rather than

numbers Using symbolic processing the task at hand can be very compactly described by a
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2 The Hybnd IC Inspection/Repan Task

-

The requirement that the two robots do not collide into each other 1s only a small facet
of multi-robot operation At same point, the many robots arms will have to be working at a
single task in collaboration with e;ch other Humans perform such operations routinely. hke
clapping. or washing of hands. with complete ease Such a dextrous use of hands requires an
understanding as to how such dexterity s achswe/vgd,"“é’nd how a machine can be instructed to

perform with the same dexterity

2.7 Network Environment

-
' 4

" In the environment in which the inspection and tepair task is to be performed. we have three

Dignal Eqbiﬁment Corporation VAX s ovne VAX-11/780 and two VAX-11/750's networked

e

;ﬁ the manner depicted shown in higure 5 GAUTHIER85, FREEDMANSS The interconnect ‘

,',system 1s ETHERNET The VAX-11/780 runs VMS. the operating system supplied by the
m’é‘!“nufacturer while the VAX-11/750's run BSD UNIX version 4 2, supplied by the University
t;f éal;fbrnla at Berkely Under VMS a UNIX emulator called EUNICE can be run  The current
‘ass;xgnment of roles for the computers may be vaned. but. at the moment the VAX-11/780 will
handle the overall supervision of the inspection and repair task It will be the so-called “repair
clonsultant“ LEVINES2 It will contain a database describing the world - a world model - which
will be consulted by the repan consultant itsell. and also by the two VAX-11/750's In the
sub-division of tasks one of the VAX-11/750's is assigned the task of the robot wision It will
have tr‘1e function of gathenng visual information vna_CCD {Charged-Coupled Device) cameras
and will interpret this information The CCD cameras are connected to two MATROX RGB
GRAPH and one VAF512 boards which contain a frame grabber and video memory These are
tlgocated‘ i an ‘INTEL system 310 unit provided with an 80286 CPU and runming the INTEL

RMX operating system An interesting feature of the Matrox boards 1s that while resolutions
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' 2 The Hybnd IC Inspection/Repair Task

of up to 512 X 512 pixels can be handled. it can be programmed to sample only 128 X

128 pixels Thus. when only low resolution inspection 1s needed. the sampling ratés can be

adjusted so that the throughput rates are acceptable for real-time responsés One of the
four video inputs 1s selectable by software Varnous cameras are available for example. the
tun); Sony XC-37. which weighs just 250 grams, or a Fauchild CCD-3000 camera weighing
over 600 grams The Fauchild camera 1s connected to a viewing port of a Wild Leitz 6-50X
microscope from which fune inspection of the hybrnid 1C can be ’carned out The microscope
1s fitted with a3 motorized zoom and a vertical motorized stage for focusing Both can be
controlled by software The algorithms for auto-focusing are many. but the focusing c\ould be
carried ;)ul by analog means to increase focusing speed Currently. the algorithm used is the

squared-gradient operator LIGTHART82 It ooks for ithe maxnmum;m the squared-gradient

operation, and the location at which that occurred 1s the point of optimal focus

The other VAX-11/750 is assigned the task of performing trajectory. calculations for the
two robots Imphcit in its task too. is the problem of collision-avoidance By consulting the
c;atabase. %nd with the knowledge of the positions of the two robot arms. a trajectory will.be
calculated to avoid all obstacles. and also each other The part of the database containing
the positions of the robots will be constantly updated whenever a motion is performed to
ensure that the information in the database 1s current. Movement of various motorized stages

is treated in the same way

2.8 Robot Control ‘'C’ Library _

The Urimation PUMA 260 1s supplied with a proprietary language called VAL. for Versatile

[y

Assembly Language The controller 1s configured in a master-slave configuration. 1n which an
LSI-11 1s the master and six Signetics 6502°s for the slave processors. one for each joint
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2 The Hybrid IC Inspection/Repar Task

Currently. pz;ntrol qf the PUMA 260 from the VAX-11/780 is achieved by using a command
interpreter to form the VAL sirmg and then port 1t over to the PUMA controller via an RS-232
hine at 9600 baud In eﬂe’ct the PUMA appears to the VAX-11/780 as a terminal and vice
versa This procedure is sufficient for simple motions, but for more complicated motions,
more sophisticated control of the robot arm s necessary Resort is being made to another

language to provide enhan.ed capabilities needed for sensor-based robotic control

A robot language called RCCL (for Robot Control ‘'C’ Library) developed at Putdue'Um-‘
versity for the PUMA 560 running on a VAX-11/780 HAYWARDB3. HAYWARDB4, is currently
undergoing tests and modification to run a PUMA 260 using a VAX-11/750 RCCL offers the
basic functions afforded by VAL, but with a some very important additions Because 1t com-
municates directly with the LSI-11 instead of hrs‘t being processed by the VAL kernel, it allows
for very sophisticated control of the PUMA arm The user 1s not hampered by the mitations
of VAL If the robot geometry and specifications can support a particular motion, RCCL can
carry out the motion Intrinsic in RCCL s a facility to measure the currents controlling the
joints HAYWARDBS The current of a particular joint motor is related to the torque exerted

-

Monitoring this current*provides a measure of the torque. and hence the force. exerted

The complexity of the trajectory calculations, in particular that of the inverse kinematics
for motion, may prevent the VAX-11/750 from providing adebuate control for the two robots
Besides computing the trajectory the motion has to be sufficiently sampled 10 ensure that it
is adequately smooth for interpolated or extrapolated motion Experimentation is currently
underway to move the trajectory computations for the MICROBO from the VAX-11/750 to
a MULTIBUS based INTEL 80286 processor with an INTEL 80287 math co-processor Cur-
rently 1t 1s linked by a RS-232 line but future plans are to link it using a parallel port and
eventually with the Etherr:aet In distnbuted processing of information. the segmentation of

3
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2 The Hybnd 1C Inspection/Repair Task

-

task 1s of particular importance to reduce the need for inter-processor communications In-

efficient segmentation will resalt in needless communication that will significantly reduce the

cémputatlonal power available

The proprietary YIanguag'é of the MICROBO robot is called IRL. for Intuitive Robot Lan-
guage Users of both IRL and‘ VAL have pomted to numerous deficiencies in IRL. This is not
to say that VAL 1s perfect but it 1s closer to be’mg task-oriented than fRL is. To alleviate
these inadequacies. IRL, as with VAL. s being replaced by a version RCCL that 1s compatible
with it - Major changes are involved becal;se of the different geometries of the robots, and
also because the MICROBO uses the INTEL 8085 for all its processors. including theﬂmasto'

With the different geometries too, come different control 'algonthms

2.9 Repair Tools , ; .

The particular na)ture of the repairs, and the manner in which' they are ’to be eﬂecl;d
precludes the use of conventional tools The PUMA 260 and the MICROBO are being fitted
with special end-effectors to enable them to carry out the repair task McCONNEYBG The
standard gripper supplied with the PUMA 269 has been modtﬂed‘ to realize a set of pneumat-
ically operated jaws with a special built-in coupling for supplying‘ a feed of cof’npr'essed air

to the various pneumatic tools that will be picked up by the robot An electrically operated

proportional gnipper s also under development

In the event that a soldered component nas to be re-oriented. or be removed entirely.
conventional d'esoldenng techniques are not applicable to hybrnd IC's Conventional desoldering
techniques work well only with through holes. or traditional types of components For hybrid
IC’s. because of ther mimaturization and surface mounted nature, heat has to be apphed
evenly to all the solder joints, and the component lifted off when the solder has liquefied
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While it 1s possible to design a specially shaped soldering iron, the problem of assuring good
thermal contact remains One solution 1s to use a stream of superheated gas The flow
nature of a gas will ensure even heating of the joints At the same time the joints are being
heated. a vacuum pickup tool 1s placed over the component to be removed After a sufficiently
long interval - to be determined experimentally - the vacuum is activated. and a lift operation
attempted A micro-switch built into the tip of the vacuum tool. indicates of the pickup
operation was successful The advantage of this method of removal 1s that compliance s
automatically achieved If the component is' still soldered to the board. the vacuum pickup
will fail If the same operation were to be carned out by a gripper 1t may end up nipping the
component out of the board It 1s much harder to implement compliance with the grnipper than

with the vacuum tool

F

. Once the misahgned (or wrong) combonen! has been removed. a vacuum-assisted desol-
dering too! will be passed over all the solder pads to remove the excess solder The source
of heat for this operation could come from the guper-heated stream of gas. or from the des-
oldering tool itself The desoldering tool in this case is a soldering wron with a bore in the
soldening Lip that 1s connected to a vacuum Solder paste with built-in flux will then be apphed

to the solder pads with a syrninge that will be maneuvered by one of the sobots The correct

component ts placed with its pins aligned with the solder pads Following this, the solder pads

are agan re-heated to melt the solder and bond the component in place

2.10 The Calibration Task

To perform the inspection and repair task adequately, it becomes necessary to operate

the robot arm with known precision ancd repeatability STAUFFER85 When a tool 1s picked
i

up its end point has to be known and also compensated for in the event of tool wear. from
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2 The Hybnd IC Inspection/Repair Task

perturbations in the robot geometry that come from misuse, or from the need to move some

of the robot workstation peripherals

, Tactile calibration 1s one technique to achieve the discovery of the end point It has the
attraction of being economical and can be engineered to be sufficiently rugged to withstand the
harsh conditions of an industnal environment Tactile calibration can be extended to tactlie
sensing. in which the robot arm can be made to handle an object with a certain force The
need for force sensing in certain circumstances 1s indispensable Contour-following operations
are examples In tactile sensing, calibration too has to be performed to conelatg the currents

s

sent 1o the joint motors and the tactile transducer signals

The use of vision in the calibration task 1s very attractive for 1t affords a flexibility.and
adaptability unmatched hy other methods ofksensmg There are numerous occasions in which
it 15 not possible. or desirable to perform tactile calibration The object that s being carned.
for example. could be fragile and susceptible to surface contamination In such circumstances,
the use of vision in calibration 1s unsurpassed for its simphaty and unobtrusive nature STAUF-
FERB85 Before vision can be used as an aid in any task. it has first to be calibrated to obtain
correct dimension and depth perception The need to use different optics on occasions (dif-

ferent lenses) and changes in the viewing positions {different camera positions) also require

recalibration for correct perception. and hand-eye coordination TREPAGNIERS5

With the successful apphcation and evolution of the above-described techniques, a com-
prehensive hybnd {C inspection and repair program could develop and render needless much
of the inspection carnied out today by humans The philosophy common to the developed
programs 1s that the programs will not be apphed ngidly Rather. they will be adaptive.
adapting to small perturbations in its setup and environment. and perhaps even learning to
perIO(m the task better each time Such a development would have significant contribution
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for inspection and repair programs because it involves’subordinating a higher |ntelllgénce to

& »
4

production machines than ever before .

In this chapter we have outhned the general direction of the Computer Vision and Robotics

S
e

Laboratory. and explained the current application involving the hybrid circuit board inspection

and repair  The calibration requirements for these robot tasks were also outlined . L

o+
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3  Robot Arm Kinematics and Dynamics

3. Robot Arm Kinematics and Dynamics

This chapter presents the robot arm kinematics formulations and equations required in

the calculations associated with the calibration study

3.1 Robot Geometries

Current industnal robats are general-purpose manipulators that consist of a number of

ngid bodies, called links. connected together in a series fashion by revolute apd for prismatic
3 < '
joints  They are generally six-jointed. therefore affording six degrees of freedom. with three

of degrees of freedom controlling the arm sub-assembly. and the other three forming the wnist

. sub assembly All of the general purpose manipulators now available fall into 4 categories

depending on how motion is performed,

Cartesian (three linear axes).

Cylindnical (two linear. one rotary),

Spherical or polar (one hnear. two rotary). and

Revolute or articulated (three rotary)

.<

Figure 6 shows the different categories The Ummation PUMA 260 s a six-degree-of-
freedom revolute robot arm, while the ECUREUIL Microbo is a six-degree-of-freedom cyhin-

drical robot arm

Much of the mathematics now used to cg’mpactly describe the kinematics of articulated
serial-hnkages robots were formalized as far back as 1955 by Denavit and Hartenberg 1n a
landmark paper itled "A Kinematic Notation for Lower-Pair Mechanisms Based on Matrices”
‘DENAVITS5 It has been brought to the current level of refinement by R P Paul in two
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¢
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Figure 6 Different robot geometries

papers PAUL78. PAUL81 and a book PAUL81 In the first paper. Paul gives a comptehensive

_introduction. while the book presents a very thorough treatment of the formulations

3.2 Setting up the Denavit-i—-lartenberg coordinate system

Denavit and Hartenberg proposed a convention to uniquely and consistently describe each
link of a senially-linked arm. and their associated coordinate frames The rules for setting up

the coordinate systems are as follows

1 An n-hnk manipulator will require n coordinate systems. one for each hnk

2. The motion of a given joint 1 will produce a motion of link 1 with res;ect to hnk 1 - 1 (or
the base if 1 = 0) The 1-th coordinate system is fixed in link 1 and hence moves with it

3 The z, | axis hes along the axis of motion of the 1-th joint

4 The r, ; axis s normal to the z,_y axis Its direction 1s away from the (1 - 1)th origin
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5 y, 1s chosen to form a nght-handed coordinate system with respect to z, and 1,

With the hink-mampulator coordinate system now set up. the following parameters are
used describe each link. and relate one coordinate system to another
= the joint angle from the r,_; axis to the r, axis about the z,_y axis
= the distance from the ongin of the (1 - 1)th coordinate frame to the intersection of the

_2,_1 axis with the 7, axis along the =, _{ axis .

£
-~

= the offset from the intersectinn of the z,. y axis with the r, axis to the origin of the i-th
frame along the 1, axis (or the shortest distance between the z, 1 and 2, axes)

= the offset angle frofh the -, _4 to the z, axis about the r, axis {using the night-hand rule)
With the above parameters and cootdinate system, the equations telating one coordinate
system to the one before i1t, the (1 - 1)th, or the one after it. the (1 + 1)th. or one belonging -

to any one of the hnks, can be derived PAULS1

e e e e ——————————— i e e nw ————— e e

USSR ORI OO O ——

Figure 7 The Denavit-Hartenbetg coordinate system
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Descenbmg the links 1n the above way. ‘the Denavit-Hartenberg system then assigns an
[ \ .

@

. orthogonal coordinate frame to each link Figure 7 shows how the coordinate system is set up

¢

and the relevant parameters The coordinate frame of one link 1s related to the frame of the

previous link by a-homogeneous 4 X 4 transform. except for the fust link which is described

o

relative to the base coordinates

°

Usmg the above terms a point P; in the 1-th coordinate system. can be simply described
in terms of a pmﬁt“Pi 1 in the (1 - 1)th system using a general transformation A; 1 The

relation 1s given by

c 1 -1 . ’
P, = [al ey (3.1)
[
where
. cosf, ~cosa,sinf, sina,sinfd, cosb,
i - 6
Al C sinf, cosa, cosb, sina,cosf  sind, (3.2)
! 0 sina, cos a, d,

1

0 0 0 "1
* Thus for a six degree-of-freedom robot. the transformation matnx. 9T, descuba;ug the

posttion and orientation of the end-effector 1s given by

O = AD(6;)A1(6,)...42(06) (3.3)
. of )
ny O; Qa7 Pz
Ore = [T % % P (3.4)
n. oO0: a; Pp:
0 0 0 1
where

n 1s the normal vector parallel to the hand For a parallel-jaw hand. this 1s orthogonal to the
jaws (see figure 8)
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o 1s the shding vector of the jaws. and is in the direction of the jaw motion

3

* L -
@ 15 the approach vector of the hand. and is normal to the tool mounting plate of the arm

3

Robot Arm Kinematics and Dynamics

'3

It 1s akin to the normal direction of the palm of the hand.

p s the position vector of the hand relative to the origin of the base coordinate system.

«

|
|
|

o amy e ———

Note that the homogeneous matrix of equation 3.2"can be decomposed into the basic

Figure 8 n, o, a, p vectors of a robot arm

-

homogeneous translation matrix and three basic homogeneous rotational matrices LEES2

The translational matrix 1s given by

-

}

7}70?1

OO0 O =

QO = O

O = OO

o a.
ON@H

(3.5)
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Figure 8 Ornentation of a 3-D object in 3-D space

3 .
and the three basic rotational matrices are given by

T:o =

Tzﬁ

T

1 0 0 0
0 cosa —sina 0
‘0 . sma cosa O

0
0
0
1

0 o 0 1
Coso  sing 0
-0 1 0
- $ino 0 cosd |
0 0 0
cosfd -smné 0 0
sn® cos@ O O
0 0 10

0. 0 01

(3.8)

where a. ¢ and-f represents rotations about the z,y and 2 axés respectively (see figure 9)

and the translation

’

\ dr? + dy? + d2?

W
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Robot arm kinematics "dee;ls with'the geometry of robot arm motuon’wnh respect to a
fixed reference coordinate frame without regard to the forces/moments l;\at cause the motion”
LEES?2 1t deals with how the joint vanables aflect the position and orientation of the a‘rm n
space There are two sub-problems in the kinematics problem that in the forward durei‘:nor;.
the direct problem. and the other :;1 the reverse. the inverse problem The direct proi:lem‘
involves finding the position and orientation of the end of the arm givén the joint angle
vector § = (6,.6,.603.6y 05.05) of the robot arm Converselhyl given a particular position and

S

orientation of the end of the arm, the inverse kinematics problem would be to determine the

joint angles needed to attain' it Robot arm dynamics on the other hand, deals with the

mathematical formulations of the path, velocity and acceleration equations of the arm motion

3.3 Link Coordinate Assignmept

Given an n-degree-of-freedom robot arm this algorithm assigns an orthonormal coordinaté
system to each link of the robot arm The relations among adjacent links %n be r’epresented
by a 4 X+4 homogeneous transformation matrx of the form shown in equation 32 This
labeling of the coordinate systems begins from the supporting base to the end-effector of the

arm Note that the assignment of a coordinate system 1S not uniqué

The link coordinate assignment used in derving the results of this study will now be

presented G C S Lee LEES2 gives the following procedure for formulating the coordinate
system -
D1 { Establish the base coordinate system } Establish a nght-hand orthonormal coordinate

.system (1., y...z,) at ‘the supporting base with the z, axis lying along the axis of motion

oy
=

of joint 1~

D2 { Initialize and lodp'} Foreach 1.1 = 1. .n, perform the steps D3to D6

o
N

4 ’ . - . 46\_ .
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‘

P3 { Establish )o)nt’ a;ils } Align the z, with the ans of motion (rotary or sliding) of joint
1+ 1 | l |
D4 { Establish tl;e origin of the 1-th coordinate system } Locate the origin of the 1-th coor-
dinate system at the intersection of the z, and z,_; axes or at the common intersection
© of commén normals between the z; and 2z, _y axis
D5 { Est.;bl:shz, axis } Establishz, = (2,1 » z,)/l2,.1 * 2| or along the common normal
between the z, _; and the 2, axes when they are parallel. . |
D6 { Establish y, axis } Establsh y, = (z, = 1,)/|2, > 7,/ to complete the right hand
coordinate system (Extend the z, and the r, axes if necessary for steps D8 to D1l)
D7 { Find the jont and hnk parameters } For each1,1 = 1,  n, perform the steps D8 to
D11
‘D8 { Find d,  } d, 1s the distance fiom the ongin of the (1 - 1)th coordinate system to the
intersection of the 2,y axis and the 7, axis to the origin of the :-th coordinate system
along the z, axis |
D9 { Find a, } a,1s the distance from the intersection of the z,_; axis and the z, axis to the
ongin of the :-th coordinate system along the z, axis.
D10 { Find 8, } 6, 1s the angle of rotation fulm the z,_1 axis to the 1, axis about the z,_,

axis It is the joint vaniable if joint 1 1s rotary.

. D11 { Find o, }\o,//;& the angle of rotation from the z,_; axis to thelz, axis about the z, axis.

This assignment establishes the coordinate system shown in figure 10 and 1s use€d both

for the forward and inverse kinematics calculations

3.4 A-matrices for the PUMA 260

1

With the above formulation for the assignment of the coordinate frames for the vanous

l
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links of the PUMA 260, we arrive at the following A-matrices.

Cy 0 § O
o _ IS 0 —¢ o
4 = lo1 o0 o

0 0 0 1
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| C; -5 0 a3+ Cy
: Al S C 0 a5
' “h2 0 0 1 0

0 0 0 1

i

5
W

Ce -Se¢ 0 0
5 Se C, 00 \
4 = Lo o 1o (3:10)
0 0 0 u

where
C, =cosb,
S, = siné,

o

Recall that the A-matrices {equation 3.10) and equations 3.3 and 3.4 are used to give the
forward kinematics solution of equation 3 1 which expresses the position and orentation of
the end effector of the robot in terms of its joint angles 8,. Multiplying the A-matrices in the

manner described by equation 3 3. we have the entries of equation 3.4 given by
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nr = CfC3(CaCsC ~ 5,56) - 52355Ce] - $1[S)CeCe + C4Se)

ny = 53]C(CyCsCy - 8,5) - 52355C¢} + 01§84 CsCy + CySe)

e = = SplCaCsCo - S4Sg) - C385C,

»

(3.11)
AR
0z = Col-Coa(CyCSg + S4Ce) + 53355 5] - 511~ S$4Cy S5 + €, Cg)
O = S1l=Co3tCyCsSs + S4Cq) + 5235586} - Cy[~ 53Cy S + CaCel
0: = 523(C4C5 85 + 54Ce) + 093855
(3.12)
2z = C1{Cp3CySs + Sp3C5) - 515485
8y = 51(Ci3CySs + 553C5) + C't 54 S
a; = ~S;3C4S§ + 6‘2305
. (3.13)
Pz = Cildg{Cp3Cy S5 + Sp3C4) + 52394 + 030y} - Sy(dgS, S5 + dy;
Py =5 (d6(C23C4S5 + 53Cs5) + Sy3dy + a,Cy) + Cy (d6S4 S5 + dy)
Pz = dg{C3Cs — 5530, 8¢) + Cpzdy - 035,
(3.14)

where
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= cos(f, +6,)

S,, = sin{6, + 46,)

3.5 lnverse kinematics in tI;e PUMA 260

The problem in inverse lnematics is to find a joint angle vector § = (04,6;,03,04,05,6¢)
so that the desired position of the arm and orientation wrist assembly as given by n.o.ap
1s attained

—Usmg Paul’s notations PAULS1, the .joi'nt angles relate 1o the geometry and orientation of

*  the robot éccordmg to the equations shown below LLOY D84,

J

22 +p? _ g2 -
1 ipy\/pz"'Py dp Ly 2

' fy = tan” [
:tpz\/p_?t+p§ - d§+d2py

(3.15)

*ﬂfﬂlsﬂ

4 = tan-} {-p:(az + d4S3) +(dsC3)(21/p2 + 9] - )}
) = tan
P2(d4C3) — (a2 + dyS3)(x pg_ + pg.._ d% + dap,

~1<0<nx

(3.16)

p?,+p§+pg—d§-ag+d§
2
i\ﬁdzag— (P2 +pL+ pl-d} - ad + d2)

65 = tan” ! [ (3.17)
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" B4 = tan (3.18)

C1Ca3az + 51 Cp3ay — Sp3a;

(C1C23Cy ~ Sy Sa)ar + (51C33C4 +C1S4)ay - C4523az]

3.19
C1C'23a, + 51523ay +C;3az ( )

~r LB <

e

-1 [(-51C4 ~ CyCr38i)ns + (C1Cy + 51C35))ny - (34523)"2]
(-51Cq - C1C235))ox + (C1Cyq + 51C2354) 0y~ (SaS23)02

-1< @<

, (3.20)
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3.6 Geometric constants of the PUMA 260

Figure 10 shows the PUMA 260 as labelled with the Denavit-Hartenberg convention. As
it 1s a six-jointed robot arm, the highest number reached in the subschpts is 6 The linear
dimensions of the PUMA 260 are shown in table 1 The circular measures (in degrees) refer to
the hardware rotation hmits of :he various joints. These dimensions are supplied by Unimation

in their engineering drawings of the PUMA 260. To prevent damage to the arm. the software

hardware himits. with the result that the robot

¢

rotation himits are set shghtly less than t

cannot be maneuvered under program control biyond the software himits

9

Rotational Linear Link & Lower Upper
Joint 4 Offset Offset Length l Hardware Hardware

a, a, (mm) d, (mm) Limat Lot

1 90° 0 0 —4° +304°

2 | o [ 20320-038 0 —67° +247°

3 - 90°¢ 0 126.24 + 0.5 -236° +56°

4 A 90° 0 203.20 £ 0.64 - 223° +355°

5 | -oo 0 0 —127° +122°

6 o | o 0 - 227° +312°

©

_ Table 1. Dimensions of the PUMA 260

3.7 Trajectory control using VAL

The position and onientation of a 3-dimensional object in 3-D space is determined uniquely
by specifying all its six degrees-of-freedom - three for translation (x, y. z) and three for rotation
" (8,0,8) (see figure 9) FOLEYB3. Therefgre. in an attempt to orient a tool that is held by a
robot arm. one has to specify all these si;‘( parameters and a;;ply a correction to the current
oriematmf; The ottentation of the PUMA arm is specified by VAL in two ways (see figures 10
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and 11) - The first is that the position of the arm 1s specified in cartesian coordinates by the
© linear posmone\)l parameters 1,y.z, {in milhimeters) and the rotational orientation parameters
are described by O. A, T (in degrees) O s the yaw angle. A the pitch angle. and T the rofl
" angle (see figure 11) Note here that the roll. pitch. and yaw angles of figure 11 cannot be

used interchangeably with the 0¢,05,06‘angles of figure 10

The other way in which VAL'descnbles the onientation of the arm is by the jomnt angles.
i+ degrees. of'each jont  The le\nt angles are obtained from the shaft encoders which are
conne'cted by gears to the axis of motion The Gray codes of the shaft encoders provide a
16-bit number to describe the position of the ’shah Thus 1s the most accurate way in VAL
for specifying the onentation of the arm A particular onentation of the arm described n
th’ese parameters 1s called a prec:'SI;)n point UNIMATIONS2 When instructed to attain that
particular orientation, the joints are servoed until those joint angles are obtained However,
in this raw form. 1t does not lend itself easily-to use Inverse kinematic transformations (see
‘section 3 4) have to be applied to the joint angle readings lo obtain the cartesian parametets
of the arm The master précessorcof the PUMA 260 controller is‘a DIGITAL EQUIPMENT
CORPORATION (DEC) LSI-11 (Thus is the VLS| implementation of DEC's PDP-11,) The
LSI-1t1s a 16-bit processor and in evaluating the inverse transformation. there 1s some loss
of accuracy Each of the six 6502 slave processors expects an instruction from the LSI-11
master every 26 milliseconds This figure was arnved at by determining how fast the joint
angles can be sampled. the inverse kinematic transformatior;s performed on them. and the
interpolation/extrapolation calculations between the pointshlo. be travelled Sl:Ch that a suffi-
ciently smooth motion can be obtained The result of having the motion insufficiently sampled
1s a jerky motion of the arm This LSI-11 processor 1s dedicated to the VAL calculations of

the cartesian motions and the inverse kinematic computations must be carried out externally
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Figure 11 Orientation of the wrist assembly

on the VAX-11/780 computer

In VAL, the onentation of the arm can be found by interrogating the robot controller with
the mnstruction WHERE The instruction will return with the current location of the robot in
cartesian world coordinates and joint angle settings Below is an example of the returned

string

x/JT1  y/3T2  2/IJT3  OJIT4  A/STS T/IT6

341560 -152010 -78.140 -0.994 1225 -89.984

{
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JT1 JT12 JT3 JT4 JTS JT6
-175139 -160 263 24.505 95050 93.200 45980 .

(3.21)

The first string of numbers are the cartesian world coordinates, while the second are
the joint angle® The command to move the. robot can take one of two forms. It can be
instructed to move to a new point either by actually specifying it. or by instructing it to n;bve
a certan distance from its current position Note that the latter instruction does not require
specification of the end point, only the differences between its current position and that of the
final position This instruction 1s DRAW (dr',{dy)},{dz) dzx,dy, and dz are the distances to
be moved in the directions of the r,y and z axes respectively Aside from the problem of not
‘ being able to change the orientation of the wrist assembly. the DRAW command. ignores any
move request specification less than 0 010 mm When used in loops. this truncation error can

accumulate to generate a large loss of accuracy

The alternative to the DRAW instruction 1s the MOVE instruction The parameters of the
MOVE instruction, as mentioned earlier, can be specified either in world cartesian coordinates,
or In t'er;ns of joint angles All six parameters of onentation including those of the wrist
assembly can be specified Alt.hough a shghtly higher accuracy is afforded. joint angles are
not easily related to by a user ;nd he has to perform the inverse kinematic relationship on the
destination to calculate\the required joint angles These inverse computations are performed
on the VAX-11/780 whnléh 1s a 32-bit machine because the LSI-11 1n its current setting does
not lend itself to computation of an§ equations other than those inherent in the VAL language

stored 1n Read Only Memory (ROM) Thus any additional computations have to be performed
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3 Robot Arm Kinematics and Dynamics
on another machine $ince it is not practical to modify the contents of the RO!}A without the
aid of source listings

Representation of a number i an n-bit binary machine generates uncertainty in the last
bt thereby causing a loss in accuracy of 1 part in 2™ Subsequent operations such as addition.
subtraction., multiplication, or division result in an inaccuracy that vanes with thj range of
numbers involved, and the number of times the operations are executed. ie. the loss in
accuracy 1s cumulative Itis not possible to generally state compactly how the loss in accuracy
accumulates except that the division and multiplication operations accrue inaccuracy much

faster that the operations of addition and subtraction

Robot operations till now have larg\gly been a pick-and-place one, wnthua\human operator
guiding and teaching the robot the various task positions with the ubiquitous hand-held teach
pendant We are breaking away from this archaic method of instruction, and adopting an
“Expert Systems” approach to our task of hyrid IC board inspection and repair in which the
task positions and trajectories are cal’cuih‘[‘s\d\_ti)l the robot programs themselves and incorpo-
rating relevant sensor mputs such as force and vision Such an implementation will make the
programs more “intelligent’ and able to adapt to varying conditions and types of faults Basic
in this need 1s to provide enhanced computational capabilities for the kinematic and trajectory .
control of the robot arm In the preceding paragraphs we have described the coordinate sys-

tem for the PUMA 260 on which the robot kinematics are based. and the calibration results '. ,

-
*

in this thesis derived
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_ time the workstation is started up

4  Accuracy and Repeatability

4. Accuracy and Repeatability

\

In order to measure the accuracy and the repeatability of the robot. we use a pointer tool to

aid in the measurement p;ocess. While .he actual tools that will be used in the repair task will

tool transforms. Thidchapter presents the experimental results of accuracy and repeatability

tests done to evaluate the performance of the tactite and visual calibration techniques studied.

¥ o

4.1 Tool modeling

The problem in onienting a tool comes when the robot arm has to pick up a different

tool to eflect a different phase of repalr/)OLQlle the dimensions of the tool can be defined as

k)

constant and the orientation for puckK:p of the tool forced by the use of a tool rack, any future

movement of the tool rack will necessitate a re-teaching effort requiring operator tntervention.

Since the system incorporates a computer, st 1s logical to add a self-calibrating step with the

attendant advantage that any subsequent tool wear can be measured and accommodated each

Prerequisite to the re-orientation and cahbrating problem is the modeling of the tool.

While each too!l may be different, and thus have a different model. extensions to an algorithm

for the general case will suffice for accurately describing the tool. In this particular instance,

a rectangular model will be used to descnibe the %eneral case of the tool The model will thus

have a linear length. breadth. and height The advantage of having a rectangular model is

that its axes are orthogonal The major distinctions between various tools are characterized

by these three offsets since the tools generally exhibit axial symmetry by design.

N
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- Figure 12 Calibration Contact Block

’

4.2 Measurement techniques . , L ' .

A

This rectangular model will be held in the jaws of the hand to simulate the holding of a

£
tool. To enable simple, automatic and, consistent determination of when the model has made
contact. an electrical contact system was implemented. The model was precisely machined

out of metal. and the contact is a short stub of a flexible metal strip monnted on an insulating
' N

block (see figure 12). The use of an elastic metal strip will give consistent indication of
contact if the elastic hmtt 15 not exceeded. Once the elastic limit is exceeded. the deformation

becomes irreversible. and the response becomes no longer linear. For linear deformation. the
spring equation 1s ’

‘

F = Zkz B %)

— 2. -

A nte
b

" where F s the force applied on the spring. k tb"empriﬁg constant and z: the distance

stretched

-
-
L]
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" To ensute that contact between the model and the spring is non-deformative, the arm’ ‘
is made to move at its slowest possible speed. and the CPU made to respond immediately -
s té «an input to its 1/0 (input/output) module Given that the SIGNALI istruction of VAL

18 interrupt driven. that the clock rate of the LS)-11 1s 8.0 MHz. and that it takes about 30

i
S
B 5

clock cycles to service the interrupt, it would mean that the CPU can acknowledge the signal
in about 3.75 microseconds. Since each of the joints receives an instruction from the LSI-
11 every 26 milliseconds, this milhisecond interval becomes the primary factor in determining

. exactly when the arm siops moving upon receipt of an intgfrupt driven command to stop

. By driving the‘arr‘n si:fhaen(ly slowly. (at 0 01 of the VAL 'mo‘nnor speed of 100 0). the

‘ arm moves at about 10 millimeters per 10 seconds This works out to about 1 milhimeter
per secplﬁd. grpd\l the dl‘sta‘nce travelled in 26 milliseconds 1s about 26 X 10703 mulhineters.

or 26 rr{f‘CTc‘;r\neters (;mcrons) Thus a;ly sprning element that can be extended better than '26
mif:‘roris without rreversibile deformation will suffice for this application. Thus also imphies that

- ; _the r'es‘oluuon offelectncal contact, using this constant velocity scheme cannot be better than
L - Lo ) (2‘6 microns  This is the dead distance before the system can respond .Exploratory techniques
based on poliing could refine this precision even further The encoder has a 16-bit resolution.
and is coupled to the servo with a step-dbwn gear ratio allowing the robot an ultimate angular

resolution 6f 0010 of the arc.

4.3 Choice of programming languages

The use of a particular computer language is dictated in large part by the task at hand. the
‘tlzas‘»e with which it can be used. and very importantly, the support qﬂovdea by the computing
facilities at which the work 1s carried out Here at the Computer Vision and Robotics Lab-
ora!o‘ry. much of the research carried out is very computationally intensive, especially in the
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1

numerical evaluation of mathematical expressions As mczst of DEC's computers are targeted
" for use in scientific environments and that FORTRAN s the most widely used language in
snuch environmients 1t s no accident that they have a version of FORTRAN optimized to run
on their machines As such. much of the code for the trajectory computations i1s written in
‘FORTRA‘N‘ It 1s estimated that any code written with this FORTRAN is only about 3 -5
times slow‘e‘r than code written in assembler Also. FORTRAN lends itself very well to nu-
 mencal computations because of the faet the language was designed specifically to perform
numenical computations For that reason too. there exists considerable s\oftware support mn
FbRTRAN The lntemat'oc:nal Mathematics and Scientific Library (IMSL) routines. for ex-
ample are Qntten n FOéTRAN This represents considerable support software for matnx
‘mampulauons and solutions and also for statistical analysis. a3 number of which wer; used 1n
( 1

this study X ~

While FORTRAN 1s extremely versatile in numerical computations. it is extrerely unwieldy
when 1t comes to character-sting manipulation  To efhiciently handle terminal emulatior;
and character string handling at the VAX-11/780 end. the language € was chosen C 1s
widely acknowledged as a very versatile. and powerful language The language has some very
interesting features especially manipulation at the bit and byte (hence. chacacter level) levels
For this reason alone the authors of the widely-used operating system (OS}. UNIX. have

.chosen to use this Ianéuage to impiemenl most of thg OS Except for a very small part of
UNIX which i1s machine-dependent. all of the code 1s portable This means that when it is
transported to anothet machine all that 1s needed is to re-compile the code that 1s wntten in C
with a € compiler for the new machine. and re-write the small amount of machine-dependent
code The program that handles the serial communication between the Umn"\ate controlier

and the VAX-11/780 ROUTINES C. 1s wnitten in C [t handles the Virtual Machine System
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(VMS. the OS of the VAX-11/780) calls to open the communication channel with the Unimate
controller. and at the same time allows the port communications to be interrupt-dniven Being
interrupt-dniven allows for efficient handling of communications without constant polhing by
the CPU It was onginally wrnitten by P Mernll MERRILL83. and upda.!ed by the author to

allow for the execution of numerous functions of VAL used in carrying out these experiments

All VAL instructions can divided into three distinct classes' those that can be exe;u!ed n
monitor mode those that can be executed in program mode, .nd theose that can be executed
in both modes A monitor mode instruction means that it can be executed at any time, as
opposed to a prograin mode instruction which can only be executed as part of a VAL progr#n‘
The WHERE instruction for example. can only be executed in the momtor mode whereas the
SIGNALI*? instruction can only be executed in program mode The SPEED nstruction can
be executed in both modes Recall that the SIGNALI instruction is used in these expenments
Although the SIGNAL instruction can be used instead. it does not allow for interrupt-driven

detection of the terminating condition

The need to execute program mode instructions means that execution 1s temporanly
transferred to the Unimate Controller To do this, the SIGNALI instruction 1s embedded n
a VAL program Together with its interrupt service routine, the two programs are prepared
under VAL on the floppy disk drive of the Unimate Controller Except for the SIGNALI
instruction. other non-interrupt-driven instructions are executed anectly from the VAX-11/780
Before the execution of any program-mode VAL instruction, the VAL files containing these
instructions are made to load from the floppy disk into the semi-conductor memory of the
Unimate Contsoller Thus when a program mode VAL instruction must be executed. the -
VAL program containing that mstruction 1s run ROUTINES C handles communications (eg

2 The | inthe SIGNALL refers to the interrupt version of the SIGNAL instruction  The CPU 1s intesrupted
immedtately upon receipt of the condition SIGNAL and SIGNAL) are intrinsic VAL instructions
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error handlﬁmg. terminating conditions) between the Unimate Controller and the VAX-11/780
by matching strings generated by the VAL programs For programs that communicate wvia
ROUTINES C with the Unimate Controller, error handhing. terminating and other conditions
are described by error codes These error codes are generated by ROUTINES C from the

character strings sent by the Unimate Controller and are handled during run time

4.4 Accuracy and Precision - -

-

Webster's Dictionary WEBSTERS81 defines accuracy as conforming to the truth or stan-

“dard W D Cooper COOPERT78 defines 1t as the “closeness with which e;n instrument reading

b approaches the true value of the variable being measured © Webster's WEBSTERB1 defines
repeatability as being reproducible In every day usage. there is a tendency to use these two

‘\ words interchangeably. but incorrectly An instrument can be very repeatable andhighly inac-
\ curate This says that when the instrument 1s used to measure a sample a aumber of times.
1t will obtain the same reading nearly all of the time. but this reading is far from what would

be measured compared with the use of a standard Using terminology from statistics. the
measurements from such an instrument are said to have a small dewiation A large deviation.

on the othef hand would imply that the repéatability of the machine is poor. Mathematically,

the mean. X. (or u) and the standard deviation. o. 1s defined as

(4.2)

(43)

: The difference between the mean of the measurements with an instrument and the correct
value 1s indicative of its accuracy Thus, an instrument with a very small difference between
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the mean of its measurements and the correct value, while at the same time having a small

deviation 1s said to be highly accurate and repeatable

The PUMA 260 1s specified to have a positional repeatabiity of + 0.05mm. The manual
does not however, specify a figure for the accuracy of the arm. and also under what conditions
1s the repeatabihity figure measured Initial positioning experiments on the robot reveal that

3

1its positional accuracy 1s about 5-6 times worse than the figure for positional repeatability

Although current generation of robots are more repeatable than accurate. their imst of
accuracy 1s indeed the fower mit of controllable movement This fact i1s exploited in the

calibration procedures

a

4.5 Tactile Domain i

Initiai experiments were performed by having the tip of the robot arm move between two
precision ponts. one of which will be referred to as the starting locatlc;n. and the other the
destination  The two locations were chosen such that there was vanation in only one of
the cartesian axes in this case the 1, and not all three. The Unimate Controller was made
to run in an iterrupt-driven mode in which contact with the electrical contact wnIIJ stop the
motion The robot 1s then interrogated for its position, Motion 1s made between two pomts
5 centimeters apart The robot is made to move at 001 of the VAL momitor speed of 1000
to minimize non-elastic permanent deformation of the electrical contact. and also t(f:e dead
distance travelled before the interrupt can be,‘.fu;rviced., After the motion s stopped. the robot

is made to go back to its starting location, and the experiment s repeated

- )

Figures 13. 14, 15, 16. 17. 18 show the results of the experment performed 50 times

64



4  Accuracy and Repeatabihty

go .
70 1

60 - PO AN

F g : . o
r 4 A :
e 98 Pt T E T
q RS B AR IEE: IR ; i
U 40 oo i,
e Lo
n AN A FE AR F DRSS SO
c 38 - -“.;'..-u -2 s .§ -.. o
y FRUE RO i SRS
- ! .t ! , t . . L
ze YLt ol : PO SO o .
o ’ I S \
o o “ i 53 ;-
| - T L

263,800 203,400 263 £00 254 200 264,600

X (mnd
X .
Figure 13 Vvanation o x readings (7 = 263 738 mm o = 0 068 mm)

. Figure 13 shows the variations in the readings of the z-position of the end effector Figures 14,
15. 16.17. 18. show those belonging to y. 2, O. A and T respectively, Note that x, y, z are

measured in milimeters. while O, A, T are measured in degrees
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The graph of figure 13 shows a mean of T = 263 738 mm, and a deviation of o = 0 068
mm There 1s a dns}&gncl peak at 263 74 mm. but there 1s a spread in the readings on both
sides of the peak The readings do.not occur at all intervals There exists a minimum interval
between the readings The smallest interval in the readings of figure 13 1s 0020 mm The
readings of the y position (see figure 14} show two main peaks ayt y = -178 610 mm. and at

y = -178 650 mm and some scattering beyond this  Mimmum movement 1s 0 020 mm §
is at -‘187 693 mm. with a o of 0100 mm z readings showed a considerable ;pread across
nearly 0 6 mm. with no definitive peak Minimum movement occurred at intervals of 0 020
mm This. and subsequent graphs, indicate that 0 020 mm represents the hmit of the linear
resolution of the PUMA 260 It 1s important to note that the average positions in the base
frame are arbitranly chosen and it 1s the deviation that 1s important since it indicates how
repeatable the motioni1s The results depicted in higures 13, 14, and 15 are all associated with

a test motion along the r-axis of the robot but because of the robot geometry, this demands

a coordinated motion of the jonts to reahze the hinear motion in r
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The results for orientation of the wrist assembly during the r-axis motion tests are shown
in figures 16. 17 and 18 The O readings vared across nearly a full 0.5° with no definitive
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The robot was then made to move in a straight line between two points parallel to the y-
axés of the base frame Figures 19, 20, 21, 22, 23. and 24 shows the results of the experiment
for such a motion Figure 19 showed that while the mean of the r reading was 265 038 m¥.

the deviation was 0020 mm and that the smallest interval between the peaks occurred at

intervals of 0 020 mm from each other There is very little scatter in the readings beyond
the two peaks indicating good repeatability Exarmination of the variation in the y position

readings of figure 20 show remarkable repeatability in the re-positioning of the arm along

7

this axis A deviation of 0 004 mm for the y-position readings refiects this It also shows a,

minimum movement of 0 020 mm

. The 2z readings plotted in figure 21 show a mean. z of - 246 548 mm. and a deviation

'
!

of 0.015 mm _ Again. i1t shows very good repeatability in the z-axis, and that the minimum

<

movement 1s 0 020 mm
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The graph for the readings of the yaw angle. O. (see figure 22) show the readings grouped
very tightly around the peak at —0 335° with httle spread interestingly enough it shows a

minimum angular movement of 0.005° It does occasionally move 0.006° (which may be due

to numerical roundoff). and also 0 011° stemmung from 0.005° + 0.006° movements The.
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The readi;gs of the roll angle (see figure 24) indicate a mean, T". of —88.637°, and a small
deviat:on. 0. of 0.006°. The minimun} angula‘r.mover_nent for this joint is 0.005°; and there is l
just a single main peak. with a little scattering on either side. It is interesting to note that
the orientation angles, O, A.’and T. all exhibit the bsanilel’very tight clustering resulting in a

deviatlo}l of 0.005° of the arc.

-
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> 28?.999 250 400 280 00 281.200 28} 600
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Figure 25 Variation in x readings (Z = 280 685 mm o = 0 043 mm)

<

Figures 25. 26-27. 28, 29. 30 show thegexperimental. results to move the PUMA 260

?
between 2 points 5 centimeters apart. along a line parallel to the z-axis of the base frame.

[3
In this set of expenmenyts. the readings of the z-position (see figure 25) shows a single main

peak with little scatter The readings averaged at T = 280.685 mm. with a deviation of 0.043

mm. Minimum movement is 0 020 mm Figure 26 shows the readings for the y-position. The

A

existence of two mam peaks{at=184-440-mm-and-0-030-mm-away-at -184 470 mm) and some

scatter at the higher end. resulted in a deviation of 0.057 mm.

.
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2 " The graph for the readings of the z-position (see figure 26) show a single main peak. The

. average z is at -273.684 mm. a;d small resulting deviation of 0.023 mm
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The behgior of the wrst as‘sembly 1s very much the same as 1n the two earher parts of
the expernment O and A show the presence of a single peak with a small amount of scatter
on either side of the peak O averaged at 0.0§4°. while A averaged at 0.043° 00 is 0.010°

and 0 A 1w0.012  The readings for T exhibited two main peaks nearly 0.010° apart The

74
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averageis at 91303 and deviation is 0.006° The results of these tests with 2,y and : axis

motions suggest that the maximum precision (minmum o) results along the test axis motion

<
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-
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T (deg

Figure 30 Variation in T readings (T = 91303, 0 = 0006°)

4.6 Tool Orientation

1 ——————,

e

T ..

To evaluate the enhanced control capabuhti; of the PUMA 260. we have to determine
how well the robot can reach a commanded position and onentation For the purposes of
formulating an experiment we will attempt to orient the tool frame such thatit wil! be parallel
with the base frame This orentation of the tool model 1s performed by fust discovering a
pomnt of contact, P1(ry,y1). in the z diection (see hgure\31) Another pont, P2(r),y;).
.further down the r-axis 1s then determined Note that although the DRAW command is used
to perform the move. the actual orientation of the arm 15 determmned by interrogating the
controller with the command WHERE, and not through the use of dead reckoning*® This

3 Dead reckoning 1s the term of the navigational technique in which one s position is not determined absolutely

\ | | "
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is necéssary to avoid the significant roundoff errors introduced by the DRAW algonthm for
o+ .)

~ !
/

g movement

!

!
1

Face B

Figure 31 Discovenng the O carection of the model ,

The angle made by the face A of the edge (see figure 32) with the z-axis of the base

-

frame 1s glv;en by

- 60, = wn ! (Y | (.4)
N & y 1 ‘.

The robot 1s maneuvered to round the corner of the mode! to operate on face B. The

procedure 1s repeated for the g.,/.axts with the determination of two more points, P3 and P4

Let 60, be the angle made by face B with the z-axis If face A of the model is orthogonal to

' each time but rather only at the imtial starting posiuon  Subsequent positions are determined by measunng
how far and along which direction one has travelled Adding thus information to the imual position the

current posttion is obtaned
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Figure 32 Discovering the wast rotation angle

face B. then the angle 60, 1s equal to the angle 60, Thus 1o align the P1-P2 edge with this

2

the x-axis of the base frame. the correction angle 60, has to be apphed to the wrist rotation

angle O -,

w

Next the equation of the bottom face has to be found To do this. the robot is mar@uvered

to have the model positioned directly over the electrical contact. It 1s then made to move down
J R .
slowly until a contact 1s made Motion is stopped 1o interrogate the robot for its position The

model 1s then raised and made to follow a tnangular course to discover to two further ponts
(see figure 32) Now given three points Py, P, P3 in space it is desired to find the equation
of a plane that contains all these three points Since the three points are not co-linear, the
‘g R /—\._4 .
three points are sufftient to defme a plane Let their position vectors be denoted byrq,ry.r3

Also let r be the position vector of any pomnt F n the plane, then

| 7
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—— ——
|
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-
Figure 33 Discovering the wrist bend angle
PP - (PgPy X PyP3) = 0 (4.5)
and \\
- - ) T
(r-rg) (rp-vrg)X{r3-vg) = 0

U ‘ = 0 (4.6)

(r-1) Lo =

Therefore
Zicot = (m - ry) X (13 - rq) (4.7)

The angle made by this 2, and the z-axis of the base frame (see figure 33) 1s the
angle 6 A This is-the wrist bend correction angle, the angle that when applied to the current
orientation of the wnist, would cause the vector perpéndlcular, to its plane to line up with the

¢ 78
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Figure 34 Discovering the flange rotation angle

¢

z-axis of the base frame The correction angle. 6 A. 1s obtained from the equation

Zbase Ztool = , Zbase ' Ziool COSOA (4.8)
Manipulating 1t we have .
[ . b
b4 = cos 1 [_.f_l!!.!f_ ;Tzl°0| _ ] (4.9)
|Zpase i 2100t | .

‘The correction angle. 4T, that 1s to be applied to the current flange rotation angle. 1s the

angle formed between the vector 2y 0 and the’y axis of the base frame (see figure 34) 6T

1s obta.ned from
"

a

6T = cos- 1] Jbase ;l-—7-"°°' ] : (4.10)
' : | Ybase :%ool |

19
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Figure 35 Discovering the inear corrections

4 '

4.7 Corrections for linear displacements o
its :m;;ovlant to note here li;at the above procedure only performs corrections on the
orientation of the wristh This operation rg—oruents the wrist bend angle O. the wrist rotation
angle 4. and the flange rotation angle T of the wnst assembly There remains the hnear
corrections of ér. by and bz to be measured and applied to the final positional correction to
be performed on the model For this, 1t necessary to first define a sutably fixed benchmark

on-the arm (or wrist 1tself) from which the corrections can be calculated A pomt on the back

80
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face (see figure 35) of the standard gnpper was chosen to provide this constant This pont
1s ngid. and in any apphcation, will be placed a short distance away from the tip of the tool
it 1s important to keep this distance short because of the problems of numerical instabibity

involved in taking the nverse Jacobian when the arm is moved to its extreme positions

Yo this end the linear displacements (éz. éy. and éz) from the reference (a corner on
the back-face of the standatd gnpper) to the corner of the model are obte;ined The hnear
distances obtained in th(as manner are then stored in a calbratrion file that will be referenced
later On subsequent recahbrations and performances of this motion the readings of the
position of the corner on the l;‘:ack face of the standard gnpper 1s compared with that in the

cahbration file Any discrepancies are then translated i1nto linear corrections (br by and 62)

to be applied to any final p ssitions

Correction was fust performed to re-orient the (O, A, and 7" angles of the wrist assembly
After this correction the coordinate axes of the model become aligned with the coordinate
axes of the base of the rtobot This allows the hnear correction factors to be apphed to the

transformation of the final point Thus the final correction matrix 1s given by

100 o
: o1 0 & g
7'?‘(]71 - 0 0 1 62 (411)
000 I

If the tool 1s similar to the model in that it can be modeled as a cuboid. then a corner
can be thought of as the intersection of the planes forming that corner This holds even if the
planes are not orthogonal to each other The orthogonal case 1s a special case of the general
'one A numencal advantage of modeling it as an intersection of planes s that 1t i1s a linear
equation i 1, y and : Because it 1s a set of hnear equations, 1t can be solved very efficiently

through the use of matnces
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A note has to bew made here about method for the re-onentation of the model of the
tool None of the positions of the robot used in these expersments are critical  Only the
approxmate starting location of the search need be known Even this position does not have
to be known to any accuracy All that i1s required are the precise onentations of the robot
arm when electrical contact occurs Programmung a new starting location can be performed
very easily through the use of the interactive facilities provo'ded by the program and the teach
pendant  The use of the above techmiques allow tremendous flexibility when it comes to re
positioming the penpherals of the workstation There 1s absolutely no need to re-program all
points of the robot task These can all be corrected from a few key reference points Only

»

the starting location of the search for each peripheral 1s needed

4.8 An Independent Measurement

To test out the above procedure of aligning the tool frame with that of the base frame.
the repeatability of the corrected positioning of the PUMA arm was checked with a Baty dial
g;uge micrometer that has a resolution of 0010 mm The procedure consisted of carrying out
the searches to evaluate corrections to the tool frame angles and translations and venfying
the resulting tool axes alhgnment with the dial gauge The repeatability of this scquence was
verthed along each of the tool axes Since the ongin of the robot coordinate system les

somewhete 1n the solid mass of metal forming the base of the robot we describe the results

as a measure of its repeatabihity

The micrometer was used to measure the repeatability of the robot in ahgning its tool z-
axis and y-axis with the r- and y-axis of the base frame respectively as explained for figure 31
The results for the alignment of the r-axis of the tool frame with that of the base frame are
shown, in figure 36 The total spread in the readings 1s 0 020 mm with a dewviation of 0 014
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mm Alignment of the y-axis {see figure 37). on the other hand. showed a deviation of 0.037

mm
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Figure 36 Vanation in x readings (o = 0014 mm)
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Becaus= of uie shape of the experimental tool, the z-axis response was treated d;ﬂerently<
Here the flat face of the model was measured using three non-collinear ponts in the r — y
plane (on the bottom side of the model.'see figure 32) The posttion of the micrometer dial
gauge is fixed and the lower flat side of the model 1s brought into contac’l with it This 1s
repeated for two more pomnts chosen to he in the plane of contact which should mantain a
constant z value The differences between the first point ‘P1 and the secqnd point, P2 are
shown in figure 38, that of P2 and P3 in figure 39. and that of P3 and P1 1in figure 4(
Figure 38 shows a tight clustenng around the mam peak and a secondary peak beyond The
P1 - P2 readings have a deviation of 0010 mm P2 - P3 readings shown in figare 39 are
somewhat more spread out with a deviation of 0015 mm The scatter of P3  P1 readings
(see figure 40) has a devuatlor; of 0 020 mm These small deviations serve to show that the

tool plane 1s very well ahgned to within the speched repeatability of the robot

49 1
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Figure 38 variationin P1 - P2 readings (o = 0010 mm) “
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Figure 40 variationin P3 - P1 readings (o = 0020 mm)

4.9 Warped Tool

.

. .

\

The re-origntation process is next tested out on its ability to re-orient a purposely distorted

mode! of a tool (see hgure' 41) The model is fashioned to have a sharp. definitive bend. Note
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that the plane to be corrected for is the shaded portion lying entifely beyond the bend. The
P
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T AR

rest of it is held in the grippers of the PUMA arm. The robot is ‘lthen»manéuvered to align

- s

~ the tgol frame of the shaded part with that of the base frame. P1 and P2 areifigsfz measured

-

‘to obtain the alignment of the i-axis of the tool frame. The alignment of the y-axis of the
- tool frame with that of the base frame is next found by measuririg the differences in position

. * between poiiits P3 and P4.

Figure 41 Warped Tool ' Ol
|92 \ o ' ‘ ) | . “

< ¢ ¢

J N *
Figure 42 shows the variation in the micrometer dial gauge readings of P1 and P'Z,'obtained
in the experiment to ’determi‘ng the alignment of the z-axis of the tool frame with that of the
base frame The existence of two main peaks at -0.025 mm and at 0.040 mm with most of
the readings falling in between therr; resulted 1n a'deviation of 0.011 mm. The ahgnment of

. ) 1 b )
the y-axis resulted in the readings shown in figure 43 There are a number of closely clstered
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CAIANESATT™

-9.160 -0 040 0 020 0 0EO 0. 140

Figure.42 Vanation in x readings (¢ = 0 011 mm)

CNIACEIATT

* Y

Figure 43 Variation in y readings (o = 0 038 mm)

peaks The deviation of the readings of the differences between points P3 and P4 is 0.038

!
mm

The experimental procedure to measure the alignment of the bottom face of the tool with
respect to the base frame 1s now performed for the warped tool using three points P5, P6,
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and P7 shown in figure 41. Based on these measurements. the tool frame axes are realigned
with the base frame The success of this realignment is verified by moving the warped tool
to a micrometer and measuring the points P5, P6, and P7. Figures 44, 45 and 46 show the
readings of the micrometer dial gauge in verifying the alignment. Figure 44 shows two main
peaks with some scatter in the P5 - P6 readings resulting in a deviation of 0.017 mm. P6
- P7 (see figure 45) shows a single main peak The deviation is 0.011 mm. The P7 - P5
readings (see figure 46) show a Scatter very similar to that of the P6 - P7 readings and have

a deviation of 0 024 mm

chA3INegRI™N
~

-B.108 -0.060 -0 020 0 020 0.060
PS - P6

Figure 44 Vvariationin P5 - P6 readings (0 = 0017 mm)

4.10 Calibration of a Pneumatic Grinder

v

While the above experiments were carried out with a model representing a tool, it is
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CNnanecaoQReIM
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Figure 45 Vanation in P6 - P7 readings (o = 0011 mm)
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.3
-]
'

-06.08%0 -0.010 0 03 0.070 0.110
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Figure 46 Vari;lion in PT . P5 readings (o = 0024 mm)
necessary to determine how the automatic calibration procedures perform with a real tool.
one which will be used in the course of the repair task The geometries of other tools will no
doubt be somewhat different. but if their geometries can be accurately modelled. the necessary

modifications to the calibration procedures will be few
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== )"

4
Figure 47 The pneumatic grinder -

To carry out the experiment. a pneumnatic grinder-was chosen as the tool. As the tactile
calibration 1s electrical 1n nature. it is necessary to have an electrically conducting tool, a tool
' that 1s conducting right to its very tip of tooling The pneumatic grinder 1s such a tool (see

figure ~7)

For the purpose of measuring the tip) of the tool to verify the caiibration procedures, i
the wrist angles of O, A and T will be fixed orthogonal to each other, and aligned with’ the
base coordinate frame of the robot With these constraints, the many of the ‘trigonometnc
terms of the inverse kinematic equations of the wrist assembly (see equations 3 15 to 3 20)

will simplfy to O or =1

The calibration study was carried out with a special pointer tool shown in figure 48. Any
subsequent tool. in this case the pneumatic grinder, will be calibrated against this special
pointer tool The differences in geometry between this tool and the pointer with their appro-
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Figure 48 Calibration Pointer Tool

priate signs, is then inserted into the appropriate locations of the homogeneous transform of

equation 4.11 to successfully adapt the robot program to its new tool.

i

1

World =
or y axes

origin

alibration slot

»

Figure 49 Determining the tool dimensions with the use of a calibration siot

I3
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. The calibration procedure was carried out as follbws The tool coordinate system was
first aligned with the wozld coordinate system by intertogating the robot controller system and
applying the necessary corrections By maneuvering the pointer tool to the obtan electrical
contact with the left and right edges of a calibration slot (see figure 49} . the mean too! position,
Prean. Was obtained and stored For this test, the robot motion was selected to travel along
one of the base coordinate axes and the calibration slot was positioned accordingly. The
process was repeated using the grinder tool and 1ts mean position. Gpean. Was obtained
This difference. Prmean — Gmean cOnstitutes the tool calibration offset along one of the tpol
axes By rotating the tool by 90° about it\s 2 axis and repeating thi§ procedure, both the

grinder tool z and y offsets were obtained. Because of the tool shape, a simple electrical

contact along the tool z axis 1s sufficient to determine its z dimension.
=

CNhIacaaT™

-0.£00 -0.428 0.000 0.408 .80

x (MM

Figure 50 Vanation in x readings (¢ = 0 242 mm)
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Figure 51 Vanationiny readings (o0 = 0237 mm)

The test program positions the special pointer tool against a micrometer Using successive
90° tool rotations, the test program positions the special pointer against a single micrometer
to obtain a set of r,y and z reference values which were selected to be zero for convenience.
Then the pointer tool was exchanged for the grinder tool, and the previous motions repeated
using the grinder tool offsets previously obtained. The micrometer readings were collected

and the experiment repeated twenty times

Figures 50. 51, 52. show the performance of the calibration process in the z,y and 2 |
dimensions of the tool They show the differences between the measured dimensions of the
grinder and that calculated by the calibration procedure The diffe.rences in readings of the z
dimension of the tool have a deviation of 0 242 mm In the y dimension, the differences have
a deviation of 0 237 mm The differences in the z dimension of the tool have a deviation of
0136 mm, The results sho;fv that the tool when calibrated. can be placed to better 0.25 mm
of its targeted position. :I'his variation is con'siderably‘ larger than the 0.02 mm to 0.03 mm

y a3
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repeatabilities obtained in the previous sections. It could be due in part to the flutes of the
grinding tip. Another possibility 1s the magnification resulting from the cantilever pivoting due
to the considerable size of the grninder tool itself. This overall precision 1s acceptable for the

gnnding tasks

1

411 Caiibrating the vision system

The vision system accompanying any robotic task has to be calibrated to coordinate what
is being viewed by the camera (or cameras} and the actual movements of the robot arm It
allows the robot to see its surroundings and interpret it with the right perspective Consider
a camera viewing a robotic workstation as shown in figure 53 It can see both the cube (or
any object grasped) at the end of the robot arm and the origin of base frame, labelled z;,,..
Vbase- and 2p5., 10 figure 53. Let the homogenec;us transformation describing the coordinate

system established at the center of the cube in relation with the camera to be T4 I now

94
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Figure 53 Coordinating eye-hand movements in the PUMA 260

.T2 is the homogeneous transformation of the origin of the base coordinate system as seen by

the camera, then the position of the center of the cube with respect to the base coordinate
system is given by

These = (12717 (412)

Solution of the above equation requires knowledge the entries of the matrices A number
of methods can be employed to do this With ;he use of just one camera, the robot 1s used
to move the cube through a known course to cause a change in the position of the cube
in the image seen by the camera from which the inverse transformation can be computed
BALLARD82 The use f’f two or more cameras in this method lends it greater versatility and

also a larger field of view

Although a wide-angle (of view) lens may be desirable. there exists an accuracy trade-off

. inits use This loss of resolving power is an.inverse function of the focal length of the lens on
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Resolution . '

Angle of View o

. Figure 54 Angle of view and resolution trade-off

[

the camera Figure 54 illustrates this loss of resolving power The center-to-center distance
between the sensing elements of the CCD array is fixed in the manufacturing process of the
CCD array The result of this is that an image whose length is smaller than this distance
cannot be resolved Because it will cause an output on only one element the length of the

object cannot be computed The equation describing this i1s given by

[

1
+ 7 (4.13)

L
[~

1

where f is the focal length of the lens used on the camera. d, the distance from the lens
to the image plane. and-d,. the distance to the object plane. The equation relating the height

of the object. h,. to the height of the image A, s given by
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= (4 14)

L
and the hmiting condition under which determination of the length ts no longer possible

1s defined by -

h center  to  center distance of sensing elernents (4 15)

If ry 1s the resolution of a lens with focal length fq. and rj 1s the resolution with focal

length f, with the same resolution CCD array. the equation relating these 1s given by

r f -

o/ 416

n oo , (h )
Fy

Of the cameras that are in the laboratory, the Fairchild CCD 3000 "camera has a resolution
of 488 pels,vertically and 380 péls honizontally The vertical center-to-center distance between
sensing elements 1s 18 microns, and that for the horizontal 1s 30 microns The Hitachi KP-
120U CCD camera has a resolution c;f 320 pels honzontally and 244 pels vertically This
corresponds to a center-to-center distance between sensing elements of 206 microns and
36 microns respectively The recently acqued Sony XC-37 cameras, which weighs just .*5
grams, has 280 pels horizontally and ;50 pels vertically, with corresponding distances between
sensing elements of 23 microns and 13 4 microns

A compromise can be reached in the trade-off between the angle of view and the resolution
through the use of multiple cameras with different angies of view A wide-angle lens can be
used to view the general scene This view, in turn, 1s over-lapped in crucial areas by several
telep{oto lenses Correlation between the multiple views is easily achieved by examining a

point common in the wide-angle and narrow-angle views To determine the repeatabiity in
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the discovery of a point in the view of a camera. the image 1s displayed on ‘a monitor. and
the point 1s tracked by a user While the position of the point will be tracked by a computer
program in future, 1t s sufficiently indicative of the repeatability to use a human user to track
the point Computer algonthms used to perfform this tracking function are stil’l inferior to

humans performing the same task

4.12 Visual Domain
- ) L~

The graphs for the visual tracking experiments are shown in figures 55 and 56 The
experiment determines how 'closely a human user can track a high contrast pattern of a3 cm
cross draw n ink <;n white paper and seen by the Fairchild CCD3000 camera through a Wild
Leitz microscope at 6 time: magn;flcatic;n and displayed in grey scale on 2 CONRAC monitor.
The results are shown in higure 55. There is a.100% probability of tracking to within one
pixel ‘In fact, the probability of tracking to the target pixel itself 1s better than 70%. The
deviation in the number of pixels along the z-axis is just 0.4: better than half a pixel Figure
56 shows the result of tracking the y-coordinate of the target point. It also has a deviation

< e

of 0.4 pixels

The resolution of the combined optical and electronic imaging system is dependent upon
both the focal length of the optics and the center-to-center distance. d.... between the
sensing elements of the CCD array. Thus for a particular focal length. f. and d._. the

A

angular resolution. 6, 1s given by
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For a lens of 18 mm focal length and a d.— of 36 X 10~% mm (the worst case for the

Hitachi KP-120U). this corresponds to an angular resolution of 0.95°. With a target at 30 cm

*
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away (a common distance given the current laboratory set-up) the resulting hinear resolution

s 500 microns, or 0.5 mm

The problem of tracking a target point vn§ually in 3-D space can be reduced to a number
of sub-prablems of tracking 1n 2-D space: For an optimally placed set of ;iews. (in this case.
this would be an orthogonal placement of camera positions) the limit of volumetric resolution\
would be a cube ‘of 500 micron sides. This figure can be improved upon by increasing the
focal length of the lens used with the camera. but the result of this choice 1s a smaller angle

of view.

The optical system together with the CCD sensing array was tested for any barreling or
pin-cushion distortion. A machined and ;;olished edge with two scribed marks a known small
distance apart, was viewed through the microscope and electronic imaging system It was first
. placed at the lower edge of the screen and the displacement in the number of pixels noted.
It was then moved to the center of the screen. and the experiment repeated Finally it was

{
moved to the top of the screen. Any distortion would result in a change in the number of

pixels. However, the resuits showed no evidence of distortion at any magmﬁcat‘ion.

The overéllcamera calibration can be evaluated experimentally by viewing a calibrated scale
and calculating the overall scaling coefficients in the z and y dwwections These measurements
resulted in scaling factors of 580 microns and 450 microns per image pixel in the z and y

ldirections respectively for a target placed 320 mm away from the focal plane. In terms of

viewing angles, this works out to a field of view of 20.3° vertically and 24.7° horizontally

Aside from the standard 18 mm focal length lens. the camera can be attached to one of
the viewing ports of the Wild Leitz binocular microscope The microscope has a a 6-50 times

magnification capability. With a camera whose sensing elements have a 36 micron center-

t
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¢

to-center distance. its resolution was measured at 67 microns under 6 times magnification
and 8 microns at 50 times magnification. The image under high magnifications becomes less

well-defined

o

With the above techmiques. we have a choice whether to calibrate a tool in the visual

domain or in the ! .c'ile domain. This choice lends considerable latitude to the calibration

procedure While a tool with a relatively simple geometry such as the pneumatic grinder
was used to test out the calibration procedures, there were some tools with a complexity in
geometry that would preclude the use of tactile sensing for its cahibration In such instances.
the availabiity of camera sensing serves to overcome the imitations of calibration in the tacu’le
dpmam By viewing the tool from a number of different positions, its geometry can accurately
be c_haractenzed Besides use in the visual calibration of tools, camera vision can also be
use;i to gauge distances or dimensions of comp;ments that do not lend themselves easily
J

to tactile sensing These visual sensing techniques MALOWANY85 have been successfully

applied to printed cucuit board assembly MANSOURI85 and electronic assembly by robots

MICHAUD85

4.13 Evaluations and Future Extensions

This was primanly a study to characterize the sources and magnitudes of the various errors
in positioning the PUMA 260 robot arm. The above methods for the measurements and tool
char'actenzatnons are satisfactory since the program execution speed is not a limiting factor
Rather, it is the nature of the slow robot motions that is required However, improvements
can be made in communication between the host computer and the Unimate controller. The
implementation through the VAL termi;wal mode gives rise to some very clumsy constructs
which could be simplified with a more powerful robot language such as RCCL Communica-

~
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- o

tion 1s also enhanced because RCCL -allows for direct interrupt servicing capabihty Future

extensions of the calibration programs will include utilities to calibrate new tools. a database

e

with vanous tool transforms and the locations of the vanous task positions.

‘ﬁ
»
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5. Conclusion

3

The Computer Vision and Robotics Labo?atory 1s currently involved in the application
of automated visual inspection and repair of hybrid integrated circuit boards The task is
to develop an “intelligent” worksl'atljn. based on the expert-systems approach. so that the
repair process with relevant inputs from the visual and tactile domains. can decide and effect

a course of action in-the inspection and repair process.

In this context of development. it is necessary to depart from the traditional method of
teaching the robot all its task positions Rather, these positions are to be calculated by the
robot programs themselves. according to the task requirements and tools required To this

end. the calibration procedures were formulated based on electrical contact and camera vision

The repeatability of the robot’s motion was measured using electrical contact under a
variety of conditions of motion The positioning experiments here have shown that the PUMA
260 is indeed capable of the 50 micron repeatability as described in the manufacturer's specifi-
cations Nearly all apphications can be tailored so as to depend on the positional repeatability
of a rqbqt arm. rather than its positional accuracy The positional accuracy of the robot
cannot be specified very precisely without taking the geometry of the robot into account. If

the robot suffered a collision in which a hnk becomes slightly distorted, the robot will still

(.1t is able to operate) be able to maintain the same repeatability, but will no longer be as

accurate as before the collision

The repeatability has been shown to be better than 0.040 mm. "The f;\inim;m linear
movement resolution 1s 0.020 mm The experiments also show xh?t a tool can be positioned
at a targeted location. when calibrated. to within 0.3 mm The wrist assembl; is found to
have a positional resolution of 0.005° with the deviation generally around 0.006°. With a 5

Y . .
cm tool length, for example. this werks out to an arc length of less than 5 microns
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The implementation of the coordinate system for the PUMA 260 allows the kinematics
equations of the robot to be solved. not on the robot controller. but on a VAX-11/780 com-
puter in conjunction with the application programs The numerical evaluation of the kinematic
equations for the motions were performed on the VAX-11/780 with the resulting joint angles
transmitted to the Unimate contrrller for the execution of the motion. These programs are
available for general use in calbrating other tools as necessary. This enhanced kinematic
computational capability 1s further advanced with the use of self-calibrating procedures Dif-
ferent tool geometries can readily be accommodated into the kinematic equations so that the
working pomg of the tool can be located at the same position despite a‘change of tools These

techniques were experimentally verified by demonstrating the ability to exchange pointer and

grinder tools in a robot “test” program
N

The visual tracking experiments were carried out with the use of the Hitachi CCD camera
whose vertical center-to-center distance between active sensing elements is 36 X 10~ mm.
showed an extremely high probabiity of tracking to within one pixel of the target point. The
actual distance resolved in the world coordinate system is dependent upon the focal length,
and hence the magnification of the lens used For an 18 mm focal length lens (the lens used
in some of the expenments‘)i. the resolution in the world coordinates is 0.05° of the arc At 32
cm from the CCD plane. a distance commonly encountered in the current workstation setting,
this translates to a resolution 500 microns. or 0.50 mm In actual measurements. the camera
was able to resolve 580 microns and 450 microns per image pixel in the z and y directions

respectively This corresponds to a viewing angle of 20.3° vertically and 24.7° horizontally.

A camera having a 36 micron center-to-center distance between sensing elements was
used in conjunction with the Wild Leitz microscope which has a 6-50X zoom capability. At
the lowest magnification of 6 times. the resolution that can be obtained 1s 67 microns. At
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5 Conclusion
the highest magnification of 50 times. an 8 micron resolution was achieved Under high
magnifications. however. the image becomes less well defined and tracking becomes difficult

“Smooth” surfaces no longer appear smooth under such high magnifications.

To track in 3-D space. multiple views. from a mobile camera or multiple fixed cameras,

L
are proposed Using an 18 mm focal length lens. the volumetric resolution of a point 320 mm
away corresponds to a cube of 500 microns. or 0.50 mm per side. Higher linear resolutions

can be achieved through the use of lenses with longer focal lengths if the smaller angle of

view 1s acceptable
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