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Abstract 

This thesls addresses the subJect of caltbratmg a robot le workstation to allow a robotlC 

manlpulator a greater degree of adaptablllty ln carrylng out Its tasks The speclflc task belOg 

célmed out a! the Computer VIsion and Robatlcs' laboratory IS the vlsual inspection and repalr 

of hyblld Integrated Clrculls An ECUREUIL Mlcrobo robot and a Untmatlon PUMA 260 are 

used but the proceaures developed here can readlly be adapled to other applications The 

procedures Involve external tactile and visuai feedback to ald ln the posltlontng of the tools 

camed by the arm The nature of the tactile sensmg mvolves electflcal contact. whlle visuai 

1; feedback IS derlved .rom multiple Charge Coupled DeViee ((CD) cameras and a microscope 

wlth motortzed zoom and foeus These caliOratlon techniques are programmed ta autornatl-

cally measure the tool calibratIOn transformations assoClated wlth a vartety of Interchangeable 

lools used ln the executlan of Its repa" tasks The underlytng phllosophy ln thls procedure of 

calibration of thfl workstatlon 15 one of adaptablilty ln whlch any mlnOr re-posltlonmg of the 

perlpheral5 of the workstatlon such as the mICroscope, feeder, camera, etc can be effrclently 

updated and accommodated by the robot programs wlth mlntmal operator intervention larger 

varlat;on5 are handled by interactive graphlc dlsplays to asslst the operator ln settmg up the 

workstatlon 



Résumé 

• 
Cette tnese aborde le sUjet de la calibration dune station robotique Le but est de 

permettre à un manipulateur robot d oeuvrer avec plus d aisance dans 1 exécutIon de ses fone 

tlons Les prlnClpaull. SUjets de recherches au C amputer VISion and Robatlcs Laboratory" 

sont 1 inspection w;uelle et la repdratlOn de WCUlts hybndps Les méthodes de calibration 

présentees ont é\r dt'veloppee., dans le bul d être utilisee., avec un robot EcureUil de Mlcrobo 

et un robot PUMA 2[)() de Unlmatlon Cependant ces methodes peuvent être facilement 

adaptees a de'> applr( allOns n'Irnpllqu,lnt aucun robot La connaissance des outils par le ma· 

nrpulateur pst obtenu" par 1 entremise de senseurs tactiles externes et de rétroaction VIsuelle 

o Le fonctIOnnement des sen"eur~ tactiles est bdsé sur 1 utilisation de contacts électrlqu~s alors 

que la rétroaction Visuelle est obtenue à 1 aide cl une caméra (CD ('ChargeCoupled DeVIee") 

et d un microscope muni de zoom et de foc us motorISe" Ces techniques de calibration ont 

eté programmees afm J evaluer dutomatlquement le ... equatlons dE' transformation pour la 

calibratIOn des outlb rnterch,Jngeable<, disponibles pour 1 executlOn des tâches de reparatlOl: 

L avantage de (es technlque~ de c.alrbratlon est qu elle., dugmentent dE' façon Importante la 

flexlbliite d une ~tatlon robotique EII~s permettent de nllnrnHSer le nombre d'rnterventlons de 

1 opérateur de Id stdtlOn en corngeant automatiquement le., valeurs mémOrisées des pOSItions 

des perrphetlques de la statIon lorsque ceux-cI subissent de faIbles déplacements L'utilisation 

mteractlve de gr aphlques par ordmateur est reqUise dans le cas de déplacement majeur 
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IntroductIOn and RobçUlo Sur\ej 

( 

Introduction and Robotics Survey 

. Slnce the very dawn of clvllizatlon man has attempted every so often to create tools that 

would expedlte hls task Inltlally those tools were used solely for hunttng food for sUfVlval 

Later. wlth the advent of further clvllizatlOn. the concept of survlval took on an economlc face 

The Industrlal Revolution brought about tremendous advances ln the automated methods of , 

large volume productIOns The programmable weavmg machme was an invention of that perlod 

BRITANNICA81 The Quest towards faster and beller machines however dld not end there 

There were a few attempts to create robotK devlces 10 the 17th century but these were 

largely ornamental ln nature and were essentlally IImlted to remotely-controtled mechanlsms 

whlch could vmte and draw and even play muslcalmstruments BRITANN 1 CA81 Sorne wlfters 

cite the clepsydfd BRITANNICA81 or the water c10ck as the earllest forerunner of Industrlal 

robot devICe5 but the trace 15 barely tanglhle 

Faced wlth the need to produce advanced aHcraft parts whlCh were deslgned to be ma-

chmed rather than flveted. the Untted States Ai(Force ln 1947 funded research for the devel-

opmen! of a numeflcally·controlled Ne for short m,IlIng machlOe ROSEN72 It called fOr the 

ImplementatIOn of sophlstlcated feedback techOlQues usmg digItal technology whlch had Just 

arrlved on the scene The result of that efTort wa5 a machine that produced a workplece whrch 
• 

was cut accordlng to the Instruçtlons punched out on a paper tape Il was flfst demonstrated 

at the Radiation Laboratory of the Massachusetts Instltute of Technology m 1953 PAUL81 

Later refmements led to the Automatrcally Programmed Tooi (APT) allowlng the machine to 

be programmed ln a more naturallanguage BROWN63 ROSS59 

Extrapolatmg the disco venes made ln the constructIOn of the NC m,lImg machme and 

the teleoperator George Devol ln 1960. produced Unlmale's flfst mdustnal robot ENGEl-

BERGER80 The robot f"st mcorporated a feature now commonly found ln today s robots 

1 
,. 

/" 
( 
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l . Introduction and Robolles Surve" 

lt could be taught a sImple task by ieadmg It by the hand. hterally. movrng "If through the ~ 

sequence of task posItIons UNIMATJON83 A year later. In 1961. at MITs Lincoln s Lab 

oratory a teleoperator wlth touch sensmg was' developed ERNS,T~l It incorl?orated touch 

sensors whlch were connected to the cqiplputer controllrng'the arm. This allowed the arm to 

. 
be gUided through the performance of l,tS task by touch sensrng. rather than by its absolu te 

posItion Its task then was deflned as' ~ series of touch states ERNST61.' 

The word robot was flrst used ln 1920 PFISTER82 in the play Rossum's Umversal Robots 

wrrtten by the Czechoslovak dramat~st Karel ~apek. who had derrved It from the Czech word . 

robota meanlng (orced labour BRITANNtCA81 Unavoidably. the word automaton surfaces 

when the tOplC IS dlscussed and IS taken general/y. to mean "a machine or control mechanlsm 

deslgned to follow automatlcally a predetermtned sequence of operations Q,t respon~o encoded 

instructions' WEBSTER73 The word ho~ever. has fallen Into'use and been gradually 

superseded by the word robot An androld, on the other hand. 15 used to desmbe a rÔ,bot 

that has ta ken on a human-Itke appearance WEBSTER73. anq 15 often the subJect,,of ~any 

sCience fICtIOn movles STAR79 EMPIRE81 RETURN83', BLADE82 

One very obvlous motivatIOn for the advancement of robottes IS defmltely economlcs 

Wlth human workers there 15 always the question of safety Involved. and thls often meurs ~ 

considerable expense for Ils provIsion ACHMATOWICZ82 Then. there are the frtnge beneflts 

the medlcal benef,ts the unemployment beneflt5. the retIrement benehts. and the IIst goes on 

There are also the usual breaks that a human worker needs Very very few industries can lay 

daIm to a totally tranqutllabour-management relationshlp Disputes often lead to millIOns of 

lost man-hours of labour' lost earnmgs and lost customers But wlth robots. thls does not 

have to be 50 They are able to work ttrelessly performmg the same monotonous task over and 

over agatn wlth every p,ece handle~ exactly as the very flrst one LEVINTHAL82 The recent 

2 
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1 Introduction and Robotlcs Survc;, 

line of "J" cars by General Motors IS pamted and welded by robots ACHMATOWICZ82 ln the 

consumer industries. there IS very often a need to bnng out a n~ product hne every 50 often 

to satlsfy new customer trends and demands RAUSA82 Wit:h older production technologies 

this is often a very expenslve oé~urrence. for it lovolves re-tooling. and retraming of workers 

The latter is often very tlme-consuming Robots. on the other hand. can be re-programmed 
., 

with a new sequence of maneuvers ln ne'xt to no lime lEVINTHAL82 Besldes. robots are a 

very attractIve option ln fllhng the gap between labotlous hand assembly for prototypes. and 

hard automation for large production runs STEWART82. BORTZ84 

\ 
" 

Serious development. however. did not take place until, the 'seco~d world war wh en R . 

C Goertz developed the teleoperatof lo handle radioactive maté~ials. when Il was dlscovered 

. that radioactivlty was hazardous to human lif~ GE~RTZ63. R. Paul descri~ed it ~s thus "An' 

operator was separated from a radioélctive task by a concrete wall with oneçor more viewmg , 

ports through whlCh the task coufd be observed The teleoperator was to substltute for the 

operator's hands. It consisted of a pair of tongs on the inside fthe s!.ave). and two hand,'es on 

the outslde lthe master) Both tongs an~ handles were co~nected together by six degree of 

freedom mechanlsms to provide for th~ arbltrary positioning an9 orientinf, of the master and 

slave The mechanism was provided to c~~trQI t~e siav'e in,order to replicate the motion of 

tli'e master" PAULSl 
,1 

'tldustry was qUick to realize the importance of robots. It sought greater precision and 

speed irt the control of motion to economically justify the use of 'robots. At the sa me time. 

digital computer technology had arrived on 'the stene Wit~ it. ,Cincinnati Milacron HOHN76 

developed the world' 5 flrst computer-controlled robot 
o 

3 
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Introduttton and Robottts Survey 

1.1 Robot Vision ' 

Slgniflcant In-roads were made tntp robot VISion when L G Roberts demonstrated ln 1963 

the feaslbihty of obtammg a mathemàtlcal deScriptIon of block-Ilke objects which c,ompflsed 

a scene trom a dlgltlzed half-tone Image of the scene, ROBERTS63 He further showed that 
\" 

he could represent th~tr loca,tlon and Oflentatlon by homogeneous coordmate transformations 

ROBERTS65 

Recently, numerous attempts have been made to mcorporate vIsion IOta robots. and there 

have been varymg degrees of success VIsIon IS the most complex. and yet, mast powerful 

of our senses LEVINE85: KAK76 Nature has developed It to an extent that. just by lookmg 

at a scene. we are able ta Infer sa many thtngs about It Researchers have Implemented mto 

computatlOnal algorithms sorne of the ways they thmk we are extractlng our mformatlon from 

the scene LEVIN E85 KAK 76 These algonthms are often computatlc:fnally very expenslve 
k 

PAUL8l. and by no means anywhere near what we achleve wlth our own eyes Nonetheless . 

. by 1970 vision-controlled robots reached a stage of development when the "tnsanlty puzzle" - a 

puzzle ln whlCh 4 cubes wlth coloured faces must be stacked 50 that no Identleal colours appear 

an any one side - W3S solved at Stanford FELDMAN82 The solution of the' mlsslng" visIOn 

feedback Itnk had one valuable attendant benef,t Today's robots are often very repeatable 

but not accurate If. for example. a robot IS made ta traverse a certam dIstance. It can replteate 

that distance moved very nearly exactly However. that distance moved as determlned by the 

robot. IS a poor representatlon of the actual distance FOULLOY84 W.th vision feedback 

Il IS possible to gUide the robot to the deslred position ln space to wlthin Its repeatablhty 

FOULLOY84 This IS very muet. In accordance Witt. how humans solve trajectory problems 

Humans do nol perform any tngonometrlc calculatlOns to obtatn the pOSitIon of thelr hand 

PAUL8l Rather they do Il by a sertes of corrections supported by vlsuat information of the ... 

): 
, 

'. 
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IntroductIon and Robotles Survcy 

scene obtatned by thetr eyes. and ftnally when the obJect 15 sufflclently close. by thetr toueh 

Desplte the short-commgs of cunent techmque~. there are a number of commercial ma, 

ch me VISIon systems CARlISl E81 available on the market ail of them usrng some varIatIon 

" 
of the algonthm developed by G J AgIO whlch extracts features from bmary imag~s AGIN79 

A more modern approach IS taken by CONTEXTVISION. based on grey-scale. color and 

cOn'textual mformatlon of the pIxels CONTEXTVISION8S 

1.2 Force Sens1ng 

Force feedback IS often overshadowed when it IS Juxtaposed wlth ~obot vision. but nonethe-

less' It IS "a very Important bUlldtng block m the solution of the rosot puzzle VIsIOn can gUide 
.~ 

a robot to the prmumlty of a target However any closer approaches to the target can only 

be made wlth the prOVISIOn of force sens mg to enable tactIle exploratIon w.th speclflable pres-
4 

sure of contact RAIBERT82 This IS partlCularly Important m assembly where parts have 

to be brought together and fltted WHITNEY76 ln the early sevent.es. Stanford UnIversity 

developed a system tn whlCh the Jomts of a mampulator arm were force-servoed. rather than 

posltlon-servoed wlth the degree of comphance speclfled 10 an Instruct,lon Further work ~here 

gave barth to a robot control command language called WAVE. whlch for the flrst tlme ever. 

brought force touch and vIsion together 10 a smgle comprehensive system PAUL77. The 

assembly of a ,water pump was demonstrated usmg tn.s approach BOLLES73. 

Under the same tltle of force senstng. one could probably include ta.ctile sensing Tactile 

sensing can provlde mformatlon regardmg the texture of the object touched. and also. to a '. 

certain extent. force sensmg too While sorne researchers have been expenmenting with pres-

sure conduct.ve plastICs BEJCZY78. SYNDER78. sorne have adopted a more novel approach 

w.th the sensor fabflcated on a VlSI RAIBERT82 This Implementation has the advantage 

s 
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that the transduced information IS already processed by the VLSI before berng communlcated 

RAIB~RT82 

'1.3 Ar~ificial Intelligence 

Research lOto the area of artlflclal mtelilgence too has been going on for sorne tlme now. 

ever smce the advent of computers NllSSON80. WINSTON82 The raprd development of 

robotlcs however has glven a tremendous Impetus to further Its advancement ArtlflClal 

intelligence IS the formulation of computer algorrthms for the process of abstract thought 

WINSTON82 and th,s augurs weil wlth robols as they are computer controlled Wlth few 

exceptions much that has gone on ln the field of artlflClal intelligence 15 done ln a plece-meal 

ad-'hoc fashlOn Part ()f the problem lies rn that .t 15 dlfflcult for man to artlCulate every 

'variable consldered ln reachlng hls decision and also that man does not reach hls declslon by 

,the brute conSideration of ail the alternatives - though he may do so for a small fractIOn of 

them - but rather by a heurlstlc approach rn whlCh man draws upon hls experrence to narrow 

the decision conslderably NILSSON82 From there on an exhaustive search may then take 

over However there has not been a comprehensive expansion of the work ln th,s area that 

would take It a quantum leap forward Nevertheless under sorne unamblguous controlled 

situations JORDAN82 these systems can be made to thrnk. sense and effect a course of 

action NILSSON82 ln a narrow sharply-deflr~d a,rea of expertise - thereby earnrng the name 

. expert' systems" JORDANB2 systems such as MYCIN and PROSPECTOR. rn the areas of 

medlclne and prospectrng for minerais respectlvely have achleve~ a considerable measure ot' 

success NILSSON80 

The process from whlCh one goes from not knowmg to knowing IS learn,mg ArtlflCial 
';/0 vr 

Intelligence researchers have been trylOg to IOcorporate this learnmg proces~ lOto sorne of 

6 
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the" expert systems and some foresee the next generatlon of robots belng able to learn from 

expertence and usmg accrued expertence to formulate plans KEMPF82, BALZER85 

1.4 Collision Avoidance 

The problem of path/traJectory plannmg and Ils attendant veloclty planning GUPTA84, 

SCHWART Z83, has been the focus of researchers 10 order to lay the ground work for seml-

autonomous and autonomous robots LEVINTHAL82 lEIGHTY82 This IS necessary for 

mcreased autonomy 50 that the robot It5elf CROWlEY84 BROWN82 can determme the path 

and veloclty wlth wh,ch Il has 10 take to avold stallc and dynamlc obstacles GUPTA84 This 

reqwes the robot to have a dynamlC model of the world CROWLEY84, SHNEIER84 Some 

researchers are concentratmg solely on the path plannmg problem GUPTA84 SCHWARTZ83, 

whlle others are examlnlng methods for gathermg the traJectory informatIOn of the obJects 

to be avolded UDUPA77 Often the solutIOn cannot be computed ln p'~lynomlal tlme"l, but 

Simplifications can be made that Will allow a more reasonable tlme response SCHWARTZ83, 

HOPCROFTB3 

1.5 Locomotion 

Ever slnce the advent of robots, there have been attempts to make them more mobile 

p. 
Wheels proved ta be the eaSlest to Implement, but Il restrlcted movement only to places on 

whlCh the wheels could travel HARMON82 ThiS ruled out any travel over soft and irregular 

terrains DEKKER69 The development of a more versatile mode of carrtage, ln the form of a 

mult.-Iegged robot HARMON82 MOSHER69 had to Wë\lt for the arrtval of digital technology, 

ln partlcular. Il had to wall for the development of mlcroprocessors CHA079 Thts wa5 so 

If a problem can b( solv{d ln polynomial tlme It means thatthe tlme to reach the solution 15 a polynomial 
funCllon of the varlablrs of the problem 

7 
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1 Introduction ~nd Robotlcs 5urvey 

because of the tremendous complellity Involved ln the Independent control of a number of 

these legs each agaln wlth a number of degrees of freedom SUN74 5 R Harrhon terms 

thls,:s artlculated locomotIOn Much work has been done on an experlmental hexapod 

vehlde at the Ohio State University by R B McGhee ln 1977 McGHEE77 C A Klein and 

Maney ln 1979 KLEIN83 ln the same year C S Chao Introduced real-tlme mlCroproc.essor 

control to the vehlCle CHA079 ln 1976. D E Ortn researched interactive control ORIN76 and 

Implemented supervisory control JO 1982 ORIN82 wh Ile Klein Oison. and Pugh used attitude 

and force sensors to maneuver through trregular terrain KLEIN83 

1.6 Robot languages 

Much research IS currently betng camed out to deSign rob~sqntrol command languages 

VANDERBRUG81 HAYWARD83. LOZAN077. BONNER82 To desc,lbe each and e.very 

move down to the last vartable ln the command primitives. can be a tlme consummg and 

burdensome task for all\ but the slmplest of maneuvers KEMPF82 It seems obvlous that 

some form of hlerarchlcal command structure has to be developed JO whlch the user would 

descrtbe hls objective prefably ln a natural language and thls hlerarchlCal structuré of com-

mand interpretation should then be able to parse Il mto a conCIse and unique set of primitive 

directIves L OlAN083 ThIS structure too. apart from recelvmg direction from the top. must 

also be able to accept Information from levels further down the hlerarchy TAYlOR82 Force 
, 

feedback mformat Ion !rom the vartpus JOints and fmgers and vlsual information trom any 

numbèr of perspectives. for example are mputs whlch must be accepted at some level VAN-

DERBRUG81 Robot languages are. to a certain extent a funcllon of the intelligence of the 

mach me If the robot mcorporated a sufllclently large amounl of intelligence. It would be able 

to understan~okf 1 language. deflne the task. and also execute it HARMON82 The US 

8 
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Defense Advanced Research ProJects Agency (DARPA) IS heavtly Involved ln the research and 

fundlng of the development of such robots HARMON82 ln the mean tlme. however there 15 

an urgent need for the development of powerful and comprehensive robot simulators that Will 

allow for an accur ,He deplCtlon of the robot movements under program control Wlth such 

slmulators It would then be possible to develop programs off-Itne wlth a shorter down-tlme 

and wlth much less chance of damaglng the ro~t tn the process This would be especlally 

useful ln the testtng of multl-robot programs SOROKA83 

1.7 Impact of Automation on Society 

Much has been wrltten about the Impact of automation on society THOMAS 78 BRO-

NOWSKI78 HAYES84 Phtlosophers. thlnkers and sOCIOIOgISIS. have at one tlme tlme or 

another dlscussed the ramIfications of Increased automation ln society They pondered upon 
\ _~ /Ï 

the effects on the average factory worker and '1'hat he wou/d be dOlrig If he were dlsplaced by 

advances ln automation The 5ame probably happened when the world headed for Ils tndustrtal 

revolutlon Il 15 true that people gal dlsplaced from occupatIOns dtrectly related ta agriculture. 

but somehow. other forms of oc.cupatlon came along 10 flll those lost HAY ES84 . Probably. 

one of the more Interesttng vlews ln th,s matter com«:s trom the author of "The Medusa and 

the Snatl· . Dr LeWIS Thomas. who "kens the relatlonshlp between man and computers. and 

• by extensIon robots. to the medusa and the snall These two hfe-forms carry on a symbiotlc 

relatlonshlp ln whlCh one specles IS dependent on the other for survlval THOMAS74 ln the 

same way tao. computers and robots should not be looked upon as man' s nemesis. but rather 

as an entlty - the use of the word "entlty"' here may be dlsputed - that would complement and 

ennch man·s eXistence, Man can look after the needs of the machmes by supplylOg It wlth 

parts. power. and maintenance. and ln return the machines can ,reheve us of the drudgery 

9 
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of more mundane tasks and" better look afler the çomplell. soclo-economlC structwe of our 

socIety ln rellevlng us of the more mundane of tasks. we are free ta better seek out our 

creatIve and artlstlc tendenCles HAY ES84 

. " 
1.8 Future Direction 

There has been some enthuslasm lately 'about holding an international robotlcs compelitlon' ' 

to come up wlth an Integrated robotlc system that will allow a pair of, robots ta engage 

themselves ln a game of plng pong LOEWENSTEIN84 At'present. thls task presents a very 

demandlng set of specificatIOns for the Ima~e processlng, optlCal or otherwlse. and t(aJ~ctory' 

calculallons whlch have 10 be performed at mtlltsecond speeds LOEWENSTEIN84' T~,s ~s " 

still very much beyond the capablltt.es of today's hardw~re lEVINE85. OUDA72. AMBlER73' 

and software PIPITONE83 

The US Department of Defense IS spearhead,"~ sorne of the state-of-art de'velopments ln 

robotlcs and robotlCs intelligence (artiflclal intelligence as applted to robots) lEVINTHAl82. 

l EIGHTY82 HARMON82 ln the future. the army hopes ta have auto~omous and seml- l, 

N , 

autonomous vehlcles - planes. drones. tanks. etc - ta flght wars lEVINTHAl82 ln the near 

term future they envisage automated mUnitIOns loaders. automatlc ware-housing. teleoperated 

.. devlces. and fllght d.splay and warnrng systems LEIGHTY82 The arflJY hopes that ln th~ 

long-term future. they Will be able ta develop flghtlng machines "ke one-man heltcopters, 

two-man tanks. and one-man arhllery pleces LE~GTH Y82 

J.9 Robot Calibration Techniques 

Robots "ke mos\ Instruments of precision. have ta be calibrated. and much more fre

quently than others because of the.r artlculated linkage construction Calibration IS required 

10 
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ln each of the domalns ln WhlCh senslng 15 performed to efTect the robot/( task Calibration IS' 

of partlCular Importance ln robotlC enVHonments because the robot actually uses these mputs 

to coordtnate Itself For- unattended operations. these become the only alds ta ItS operatIOn 

Fallure or more often Incorrect interpretation of these stimuli could weil lead to an entlfe 

batch of Incorrectly assembled-parts 

- 1.10 Tâctile Sensi"g 

1 

Besldes our VISIon. In our dally solution of the "pick-and-place" problem. we depend 

heav.ly on our touch to subconsCiously gain Inslght to the nature of the abject we are plCktng 

up SANDERSON83 So.l.s no accIdent that wlth the advent of more Intelligent robots 

we oflen mcorpor ate sorne form of tactile sensmg, and thereby el(plor allon to lend 1\ some 

m,easure of adaptabrllty SANDERSON83 Furthermore as mentloned ear/ler VISion alone 

. cannot complete the task of assembly force ftorque senstng IS prereQulslte when parts have 

to be fltted together WI-lITNE Y76 BOL~ES73 There are Instances too. when force/torqu~ 

sensu ~ I~ ncccssilry whell the fmgers of the robot - the e~d efTectors - obscure Ils vls.on 

system NIT ZAN81 The fnost fundamental of the applICation of force sensmg IS .ts use ln 

tact.le senslng Inltlally most of these methods are electrlCal ln nature havlng only a blOary 

condltlon wh,ch IS essentlally hmlted to descrlbmg whether there IS mdeed a contact or not 

MALOWAN V85 ln more Cfltlcal applications however. thls response .s madequate because ~ 

contact cap elther mean that t he robot .5 touchlOg the target or tnat .t has smashed ,"to It 

Sorne researchers have attempted ta remedy th,s through the use of multiple contacts. wlth 
r" 

d~s.gns somewhat resembltng cat' s whlskers Th.s st.1I remamed Inadequate. and has led sorne 

researchers to explore inductIve proxlmlty sensors sensors 'whose Inductance IS a functlOn of 

Ils proxlITlity to the target NITZf'.N81 SANDERSON83 Anotller for~ of prox.mlty sensmg IS 

[:
r 

1 

11 



• 

.. 

IntroductIOn and RoboliCS Survey 

to u~e photodiode detectors to sense th~ reflectlons off a targel from Light Emltttng Diodes 

(LED s) This method of prOlClmlty senslng. however. IS dependent upon the reflectance of 

the target NITZAN81. but can be acco,!,modated by calibration . 

To completely descrtbe ail the force~. and or torques elCerted al a partlcular locatIOn. a 

force/torque sensor must measure SIX components ln ail three components of force. anllhree 

components of torque PAULSl. As apphed to robots. thls sensor measures these components 

between the la st Ilnk of the robot and ItS end effec.tor. whlch can be thought of as the 

wrl~t GOT072 WATSON7~ The stralns generated here through contact between the end-

efTector and the work piete are transduced by straln gauge~ lOto electncal signais wh"h are 

analyzed fOI the direction and magnitude cf these stresses NITZAN81 
, 

The stralO gauges 

used take on a vanety of forms. but those whlch are currently preferred are the semlconductor 

varlet y NITZAN81 They are robust - able to wlth5tand sudden Jarnng motions and harsh 

envltonmental conditions - and generate a large output.for the same amount of stress when 

compared to a wJre straln gauge NITZANSl Some researchers. however. are expenmentmg 

wlth the u~e of mylar films wlth inetallization on both sldes as force sensors Contact wlth 

any obJect will compress the mylar film. and thereby mcrease ilS capaCitance. the harder the 

contact. the greater WIll be the Increase ln capacitance Other researchers are concentratlng 

the" effort~ on plezoelectrtc force sensors BARDEL1I83. and also on ansiotroptc conducttng 

matertals SVNDER78 

An attendant of force sensing 15 active compliance With actIve cor""'1ltance. it is pOSSible to 

servo the arm untll a certain force IS reached PAUL 76 ThIS has proven to be espectally useful ln 

the assembly of parts wlthout the use of chamfers SANP,ERSON83. and.also ln manufacturlng 

processes whlCh requlres followmg the contour of the workp.ece such as grinding. deburring. 

and seam-trackmg SANDERSON83. SEL TZER82 

12 



1 IntroductIon and Robotles Survey 

1.11 Scanning laser Interferometer 

• There eXlsts a c1ass optleal measurement methods that come under the genene term of 

tlme-of-fhght rangmg Whlle tactile exploration may solve some of 'the problems assoclated 

wlth robotlCs. It IS still primitive. and often Inflexible beeause the dlscovery path has to be 
,? 

known to some extent before It can be traversed in order to gather the needed information 

As wlth man. vIsion IS turnmg out to be the most powerful. as weil as the most eomplex, 

tool ln robotle applications ln robotlc applications, the term VISion IS not excluslvely used 

for the senSlng of ln1ormatlon ln the visible reglon of the eleetromagnetlc spectrum. but also 

ln the Infrared and ultraviolet regtOns Coherent Itght. especially laser IIght. IS often used 

for vIsible reglon senslng because It afTords a greater depth of field PARTHASARATHV82, 

RIOUX84 T Ime-of-Mlght methods usually make on the configuration shown ln figure 1 A 

pulsed laser beam IS dlrected at the target ln question. and the reflected beam is collected by 

a fast recelver. usually a photomultlplter Wlth the elapsed tlme between the emlsslon of the 

pulse. and ils return. and the knowledge of the speed of hght. the range information can be 

c.omputed Tlme-of-fhght methods are not wlthout prcblems. however. especlally when very 

short distances are Involved Light takes only about 7 plcoseconds to traverse 1 mllhmeter 

This reqUires extremely fast circuits to measure thls duratlon. and repeated averaginS IS often 

necessary to reduce the statlstlCal scaUermg PARTHASARATHY82 Aiso. this scheme tends 

to be slow if the target IS dark Oark targets requlte repeated averaging to improve the upon 

. Î\ 
the low reflected signai amldst nOise This may be solved by mcreaslng, the power of the 

laser. but ln domg so the power -of the laser may be ralsed to a hazardous level NITZAN81 

The main disadvanta&e of suc" a system is the severe speed-accuracy trade-ofT PIPITONE83, 

RIOUX84 
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(NuI nItfHII'G/,lNlSI) 

._-------- --- -----------

Figure 1 T.me of fltght ranglOg 

The use of lasers ln range determtnatlon IS not Itmlted to time-of-fhght methods Range 

determlnatlon by triangulation 15 another well-researched rrlethod CONNAH82. NIMROD82. 

PARTHASARATHY82 ln triangulation Isee fIgure 2). the range of the target IS determmed 

by bounclOg a laser beam ofT a mmor to reflect ofT the target and then bnngmg the reflected· 

beam to focus on a detector array D IS the basehne distance. the distance between the z-axls 

of the laser and the prmclpal aXIS of the lens The laser rangefinder IS flfst calibrated by 

dlfeclmg the laser at a known pomt. say (q.l). and observing the location of the beam on 

the sensor array_ The angle that the beam makes when feflected ofT the mlrror with the x-axis 

IS (j Once the rangeflnder IS cahbrated. any sùbsequent pOint such as (x, z) can be readlly . _. 

determmed CONNAH82. PIPITONE83. RIOUX84 The name tnangulatlon cornes from the 

fact that the dlr~ctlons of the incident and reflected b'eams - the angles of two sides of a 

triangle - togethE'r' wlth the lengtn of the baseline have to be known to determme the thlrd 
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Laser Interferometry IS another dlfferent yet related method of tlme-of-fhght rang mg AN-

DERSON82 Interferometry has been '" use for the last few decades now The technique 

was used ln X-ray crystallography ln whlCh X-rays of a known wavelength are bounced off a 

sample of the crystal to be examtned Smce the phase IS a Imear functlon of round-trip tlme. It 

becomes also a I,"ear functlon of range PIPITONE83 large dlsplacements are generally more 

difflcult to perform. but thls technique IS excellent for small dlsplacements wlth precIsIons of 

up to 003 mICrons ANDERSON82 

1.12 Ultrasonic Sensing 

There have been recent attempts to develop ultrasonl~ sensing techniques for use 10 
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calibration Very much hke the way a bat sees Ils way m the dark. these methods are essent,ally 

t,me-of-'fhght methods. whereby a source of ultrasonic vIbration of a known frequency IS • 

. emltted. and the tlme between ItS emlSSlon and ItS returnmg echo is measured NITZAN81 

Knowledge of the group veloclty of the, vibratIon at that particular air pressure. denslty. and 

temperature Will allow the distance tn the target to be measured. For the position of the 

targel 10 unlquely known ln 3-D space. measurements from at least two different locations are 

reqUired There are two main variables here that dlrectly affect the accuracy of this method It 
'- ". 

can shown mathematlCally that the rJunimum distance that can be resolved by illuminating a 

target Wlt h any emlSSlon. can al best be'equal to half the wavelength of that emitting radiatIOn 

This means tha~. for example. if the wavelength of the radiation IS 1.0mm. its posItion cannot 

be resolved to better than 0 5mm On the face of it. the solution would be to use a VIbration 

of a sufflClently hlgh fre9uency - thereby affordmg a correspondmgly shorter wavelength - but 

It turns out that materials readlly absorb hlgh frequency Vibrations NITZAN81. Ànother major 

source of error comes from the fact that ultrasohlc senslng systems are ~ery prone to nOise 

This can be remedled to a large extent by repeatmg the mea5uremenl a large number of tlmes . 

and then performlng a stal/st/cal analys/s on the resultant data as ta locate the volume with 

the hlghest probabillty of contalntng the targel 

/ 

1.13 Monocular, Binocular, Polycular Vision 

VISion has long fasclOat'ed and rntngued researchers Early resear.chers concentrated on-the 

elements of vIsion. and on how low-Ievel VISion 15 performed The advent of digital computers 

gave nse to the study of computer visIon LEVINE85. KAK76 There have been numerous 

attempts to I1lcorporate VISion lOto robots AGIN79 This. m large part. IS due to the flelublhty 

afTorded by V!Slon However. there still remam many unans~ered questions leavtng only a 
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poor reahzation of what 'could be One reason for thls is ttlat man IS the only creature that 

can° artlculate the sensation of seelng lEVINE85. Coupled to this IS the dlfJiculty of à,vorcmg 
, , 

the physics of seemg from the perc~ptlon of seetng KAK76 This has sornewhat hampefed 

the research in,th~,}leld of computer vision 

/ ; 
fi' " .. ;~ 

\' {), 

MQIilQ~I~1!~. as the term imphes. is vision b~se,d on the v:ew Qbtained 'from only' 

" ~ 

one point of view Often. the 3-D Information. or the "depth map". is invariably lost because' 
, ) 

it cannat be mferred from the scene ,nus can be macre up to a certam extent through the, 

use of structured hght sources. in which the "ght sources are col"ma,ted. and theu angle~' of 

incidence known Wlth the knowledge of resultant shadows generated'by occludmg structures. 

the depth map can be partialty fi!'ed OKADA82 III sorne methods. the structl,Jred IIght sources 

are proJected as a shi onto the target. and from.the resultant Ilne traced out by the light source. 

the depth map of the target can be computed PORTERa2 Hovaneslan and Hung_ on the other' 
, , J 

hand. used mOIre "ght patterns on the targets These are concentnc'Iight and dark baRds of' 

illumination whlch are proJected onto the target HOVANESIAN82 The partlcular distortion 

of thes~ patterns on the target 15 indicative of the c.ontour of the ,arget HOVAN ESIAN82. 

, . 
BlOoculat vIsion IS best known ln man The two dlfJerent vlews obtamed ln each eye are 

integratéd sn the braln to generate a 3-D model of the world There are occasions. however. 
, ' 

when the target IS sufflclently far way that the information 15 no longer 3-D. but compressed 
i' Q 

mto 2-D ThiS happens when the distance to the .targ~t IS; con!iid~rably ~reàter than t!'e 

,tdlstance between the two eyes. also known as the base-hne Howev!r. this pr~blem can be 

alleviated to an extent by rncteasmg thls baselme. by physlcally moving ro a:different vlewlOg 
, 

location. or by havlng multiple vlewmg positions as in the case of polycularvislon The w~ys m' 
o J 

which the 3- D information IS inferred from t~e 2- D images are many. but 'It I~ gEmerally accepted .. 
, 
" . 

that the proce5S ln man make~ use of tokens ln the target. whose dlmensl.ons ~re known.'" or :" 
j ,'b ~ 

" , , 

.. , 

" " " 

. , 
• 
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at 4east estimated. whlch when '1.ewed 'from dlfferent perspectives. pr~sents dlfTerent. yet 

related. views from whlch the distance to target can be inferred LOEWENSTEIN84, What 

the algorrthm does basically. IS to fmd a correspond en ce between the two (or many) v.ews 

LOEWEN STEIN84 Imp'iementations of this algonthm. however. are particularly difficuft and 

computatlonally very expenslve DU DA73, MU DGE82 and have yet ta fill the need for a fast and 

reliable method of detectlon A possible way of cutting clown the.computational complexity 

wou Id be to use "partial token matching" .,matchmg only part of the Image LOEWENSTEIN84 

There are some attempts to categorize vision lOto either those utilizing amblent IlIum,"a~ 

tlon. and those' utlllzmg actIve - eg proJected Irght planes - IIlummatlon NITZAN81 This 

dIstinction tends to be rather weak rn that. for example. there IS no such thing as amblent Wu-

mmatron in the laboratory fIIumlOation there is always active Rather. the distinction should 

be made dlfferently Although Illumination in the laboratory is always active. sorne technrques 

use a structured form, whlle others do not. Structured Iight sources refer to sources where 

sorne geometncal or plallar attnbutes are at,tached to the illumination 

Today VISion senslng IS aC~leved by soltd state Itnear. or area photo-sensitive arrays ln 

ItS early days. the se arrays were ,Iîmlted to.128 X 128 eJements FAIRCHILD82. but recently 

arrays of 2Q48 X 2048 ha~~ bèen fabncated. and reportedly used ln spy satellites by the United 

States light falhng on each elem~nt of these arrays Îs converted into an electrrcal sIgnaI. 

either charge or voltage By scanning these arrays ln a predetermmed fash,on, a serrai stream 

of signaIs correspol)dmg to the image' as generated and can then be transmitted to a computer 

fot processl~g ,As' with 'air ~hd-state de\llces. they also boast of a more robust nature, able 
• < ' 

to wall withstand thè tlgors, of the ~nvlTohment and also of usage NITZANBl They also offer 

a much larger dynamic r;lnge to mput Illumination and have a much quicker response lime 
\ • ~ , ' l, ' 

NljzANB.1 I~'addjtlon. thec;e devices are sertsitive to a larg,~r portion of the electromagnetlC 
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spectrum but can al50 be tailored to have a response very close to the photoplc. sensltlvlty of 

the human eye NITZAN81 Because these devlCes are solid state. they are ofter v('ry compact 

and hght-welght. thereby earnmg thelr places ln spacecraft payloads. satellites. robctlCs. and 

many other applications where space and welght are premlum 

Recent research ln VLSI l'las produced speCIal functlon chips wh/ch embody Image pro

cess lOg algorlthms ln hardware that a/low for the executlon of these algorlthms at hardware 

speeds Hughes and the University of Southern (alafornla have developed sud'" chips that 

fun al 10MHz MIlGRAM78 Sorne c.ommon Image processtng functlons that have been hard

wlfed thrs !"JY are edge detectlOn. correlation maskmg and convolution BOUDREAUL T85 

Because some of these functlon5 operate on .., '\elmforrnatlon mder-endent of Ils nelghbours. 

SlOgle-lnstructlon-Multlple-Datà (SI MD) LOWRY82 architectures have been implemented 10 

silicon to do the task Hardware Implementation of the5e algorlthms IS necessary because 

of the tremendous throughput mvolved ln the procec;smg of .magee; The delegatlOn of low

level processlng to dedlcated processors 15 a necesslty to malntam sorne semblance real-t.me 

response NITZAN81 

1.14 Thesis Overview 

T~lIs t hesis addresses the subject of cahbrattng a robotlC workstatlon Here ln the Electrical 

Engmeerlng department al McGrll University we are ln the process of developlng a robotic 

work/repalr station for the InspectIOn and r~pa,r of hybnd Integrated (trCUIts (ICs) We have 

a production model of the Unlmatlon PUMA 260. a recently acqUired ECUREUIL MlCrobo. 

and a brand new IBM 7565 robot Chapter 1 surveys the current fObotlcs hterature. the state

of-the-art developments and provldes an mSlght to future dilectIOn Chapter 2 looks at some 

of the problems that have to be solved ln order to accomphsh the workstatlOn calibration. 
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inspectIOn and repalr task Il will also examme sorne of the cahbration techniques currently 

used thelr appllCablltty and thelr IimÎtatlons Chapter 3 develops the mathematlcs used to 

control the robot arm and to der Ive the calibratIon results obtalned ln lh,s thesls Chapter 

4 presents the el(pertment:t~ults obtalned from a produ~tlOn model 0: Unlmatlon's PUMA 

260 Chapter 5 conc\udes by sJnmlng up the sallent pOtnts researched ln this thesls 

, -
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2 The Hybnd le InspectlonjRepalJ Task 

2. The Hybrid le Inspectiofl/~epair Task 

2.1 Hybrid Integrated Circuits 

The term "hybnd" ICs cornes trom the fact that the CIrcuit 15 ~5tructed usmg a hybrid of 

components It Incorporates both active and passive cornponents JON ES82 Il IS fabrtcated 

on an InsulatlOg substrate togethN wtth sorne thin- or thlck-fllm components. rnonohthte 

5ernlconductor devlCes. and dlscrete components JONES82 The substrate 15 usually alumina 

or ceramlc JONES82 Metalhe mterconnect and passIve components. Ilke flred reslstors. 

capaCltors dlelectrlc and solder pads are then transferred to the substrate Unhke conventtonal 

prtnted CIrCUIt boards ln whlCh the conductor pattern IS formed by removal of conductor 

matertal. the conductors are fabflcated on to the substrate \ Also unhke the conventtonal 

printed WCUlt board whfch uses drtlled and plated through mountmg holes. the use of solder 

pads greatly Increases CIrCU)t tntegrtty and rehabtllty'as weil as ehmlnating the cost IOvolved JO 

the production of the rnountmg ho les MARCOUX84 Components are attached to the CircUit 

board wlth epoxy adheslve and then soldered to the solder pads Strong demand for hlgher 

CIrCUit densltles and functlOnal ~artetles JONES82, MARKSTEIN84 has prompted nearly every 

major semlConducto, manufacturer to ofTer then current tine of products ln mtnlaturtzed chlP 

camers BROWfI;S.1 Referred to tn the tndustry as "small outllOe" (50) packages. thl5 has 

led to elec.troOic assembltes whlCh are up to 60% smaller. and up to a thlfd less c;ostly than 

, comparable pes's MARCOUX84 

. Because hybrld ICs boards have ail their componenl.s mc.unted on the surface of the 

,substrate. they ale also ca lied Surface Mount Assemblres (SMA) MARCOUX84" 5MA's 

have the attractive 'advantage betng easily assembled by f0bols or special automation as it IS 

essentlally ,a Plck·and- place task with none of the problems assoclated w,th the insertion of 
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components and leads Into specllre hales JONES82 MARKS T EIN8~ (urrenl SMA aulomatlt t 
a~sembly devlces however ,HP ratner simple and rely heilVlly upon the precise regl<;tratlon ~~ 
the substrJte MARKS T El N84 Any problems wlth the reglstrdllon 01 the sub<;( r.lle LOuld result 

lf1 the mlslJl.l((~Ill('nt 01 (omponent<., for an entlle batch Barrmg any mlsahgnment<; however 

these hard autolll.!tlOll machines wlth multl-placement heads rcaeh remarkable speeds of up 

to 140 000 wmponents per hour 1 

Figure 3 A Hybnd mtegraled clrcUlI 

2.2 The Inspection/Re"pair Task 

The Computer V,s,on and Robotlcs Laboratory of the Department of Electrical Engineering 

here at McGdl University 15 currently mvolved 10 J program lo Inspeci for manufactunng defeets 

ln hybnd I~tegrated CHCUlts (ICs) uSlng computer vision. and ~ots to physlcally perform 

the repalr if the fepalr can be effected FIgure 3 shows a typlCal hybnd le that Will be mspected 

by sueh a system The penny next to Il gilles an indICatIOn of Ils sile F Igule 4 shows the 

• 
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c.onllguratlon cf the robotK workstatlon The robot seen on the rtght IS the PUMA 260 and 

that ln the center 1<; the MIe ROBO 

There are a number 01 problems speCifie. to the repalr of manufactunng defects ln hybnd 

le s (This I~ not la b<> LOllfLJ~ed wlth any problems wlth the electflcal performance of the 

CirCUit) l EVINE82 The defec.ts are phY"lLal ln nature and are a duet! result of an aberratIon 

ln th<> manufatlurtng process The followtng IS a IIst. though not exhaustIve. of the possIble 

defetts that (an be c.urrently accommodated by the InSpectlOn!repalf system -

1) mlSSf/lg compon(·nt<. 

Il) bfldgedjopen condullor~ 

III) solder delects ex.ce<,~(tnsullt(lenl 

IV) n1lsallgnedftnverted wlllponents 

Figure 4 The mspectionfrepalr workstatlon 

The obvlous prereqUlslte of the repalf task 15 the inspection task The a pfloriknowledge of 
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, .. 
the scene. In th.s case the hybtld le. allows grey-scale processtng of the Image to be sufflclent 

The number of grey-scales needed .s dependent upon the task to be performed Generally 

anywhere between 64 (26 ) and 256 (2B) levels are the most often used (ommerclallyavallable 

vlsual inspections systems have ail .mplemenled JO one form or another algonthms that have 

been developed by Agm and Gleason for Automat.x AGIN79 AgIO and Gleason used hlgh 

contrast .mages - a target agalnst a Itghted background - to obtam a bmary .mage of the Item 

to be tnspected The bmary Images are then converted to edges and approxlmated by stralght 

Imes or curves as the ease may be PAVLI 01582 Once the polygonal approxlmat.on has been 

made. the shape and Orientation of the object can then be deduced. and a declslon mad~ as 

to whether It has a defect. 01 if Il IS mdeed of the nght dimenSIOns -PAVlIDISB2 

For more complex scenes wlthout the ald of back-hghting. however. a deflOittve binary 

Image cannot be easlly obtatned Resort has to be made to more complex image protessu'\g 

algorlthms ln the low-Ievel processmg of the raw Image. edge operators have proven them-

selves to be very useful On a background of nOise or clutter _ an edge operator has the efTeet • 

of enhanclOg the edges. and al the same tll;ne lowering ~he noi~e content Thresholdmg can 

then be efTectlvely used to Ploduce a cleaner btnary Imagf:: 

Another algonthm that IS often used after the generatlon of a sUltable bmary image IS 

hOllZontal and vertical proflhng ln hOllzontal and verttcal profihng, a signature is obtamed 

of the hortZontal and vertical profiles of the sub-.mage under study ThiS signature is then 

compared wlth that of a reference ReJectlon or acceptance 15 often a function of ItS deviatlon 

from the reference Paul' Mernll. one of our former researchers. has used this method qUite 

efTectively in hrs method to rnspect solder jOints visually MERRILL84 ln his program. one 
o 

JOint at a tlme 15 presented to the VISion system. and ItS hOrtZontal and vertical signatures 

compared to a reference Whtle it does not represent a perfect veuflcation of the Joint. It 15 
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successful about 75% of the tlme MERRILL84 P J Besl et al. used features of the IOtensity 

surface of tL~ solder JOint to carry out thelr inspection BESl85 

Although a 100% rellable solder JOint inspectIOn te,cholque does not yet eXlst. there are 

two other methods whos€ performance borders on that When a solld IS subJected to a 

pOint source of heat. and then removed from Il the resulttng heat distribution IS very much 

dependent upon Ils thermal coefficient denslty and poroslty Thus the thermal dlstnbutlon 

of a blow-noie solder JOint (a hole through the body of the solder. whlch IS il solder defect). IS 

dlffetent trom a good solder JOint It 15 thls information that will allow for the veflf.catlOI1 of 

a solder JOint Thermal Imagtng devlCes have been on the market for a number of years now. 

but âre only now seelng use ln computer VISIon HUGHES85 

The other method that provldes a satlsfilCtory solutIon to the problem 15 acoustlc ml-

c 

croscopy ThIS method USeS a very hlgh freQuency. sub-mlcron wavelength sound wave to 

penetrale .lOtO the body of the matenal to explore It. wlthout subJectmg It to damage or de-

s(ruction MEULLER82 Very hlgh resolutlOn acoustlc wa\les can be used to provlde planar 

reconstructIOn of the nature of the matertal Inside the specimen MEULL ER82 Thus. if a 

bubble occurs wlthll1 the body of the solder il can be detected by such a method Il would 

show up because It IS of a d,fferent acoustlc denslty than the surroundtng materlal At the 

tlme of wrltmg. acoustlC mlcroscopy IS still very much betng researched. and probably Will 

not be 3v311abJe commerCIally for a few years The above methods however. can be afgued. 

probably succes~fulty. as not belOg VISIon 

2.3 Bare Board Inspection 

BaSIC ln each hybrid le 15. the substrate itself. with ail the condudors. and sn some 

cases reslstors ftred ln place When fuUy assembled. a board can have gamed considerably 
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~ 
ln value. and can represent a substantlal IOS5 If It has to be :flscarded Problems can and 

do appear on the boards in 'the form of bndged or open conductors THIBADEAU85 ln 

state-of-the-art manufactuilng now. the complexlty and fme deflnltlon of the conductors ha5 , 

made It too strenuous to be vlsua"y Inspected by humans for any length of time" A growing 

number of these boards are now Inspected by commerclally avatlable computer vision systems 

THIBADEAU85. JARVIS80 Computer VISion inspection systems fall lOto two categortes 

referenc.ng and non-referenclOg 5 TERLlNG79 These systems use bmary Image processtn& 

algonthm5 FU82 ln referencmg systems the Image of the board obtamed under inspection IS 

compared Wilh t he Image of what 15 conslderecj a "good" bOàrd 'BOLHO USE85 Any slgnlftcant 

devlatlOn f.om the reference would then bE' considered to be an unacceptable aberration. and 

the board ln question 15 reJected The mam dlsadvantage wuh the referenclng scheme and 

Il IS a setlous one IS the generat Ion of the reference The reference has to be as perfect as 

possible t-ecause ail subsequent refercnces are made to Il LEONARD85 The inspection of the' 

,reference IS done by a human operator. and a reference has to be produced for each dlfferent 

board to be tnspected Production of the reference can be a very pamstaking and laboflous' 

task , 

On the other hand. the .non-referencmg method. 15 somewhat like an "expert system" in 

·that It has a set of stored rules of. for example. how a good conductor should look hke. what 

sort of blemlshes are acceptable, and what Jomed conductors should look like F ~82 Different 

scahng optIons can be selected to accommodate dlfTerent magOlflcatlons and conductor wldths 

" 
The non-referencmg method .s extremely .versatile because vlrtually any board can .be inspected 

wlthout flfst generattng the refert>nce, but It tends to be slow especlally when it has a large 

number of rules to apply A compromise between these two methods would represeAt the best 

of both worlds THIBADEAU85 Such a system would mcorporate an expert system to flrst 
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generate the reference. Subsequent boards would then be compared to thls refere'nce, whlch 

IS a mueh more rapld operation than the purely rule-based one 

1 

Once a board hqs been determrned to be defectlve, an assessment has to be made to 

declde If the board can be repalred If there IS bridging of the traces, for e~ample, a decislon 

'has to be made as to whether the board can be saved. There IS nothmg thal can be done about J 

open conductors or cracked boards because they are ftred. but elltcess. bndged tonductors can 

often be worked upon Such aberrations can be removed by grrndmg wlth a hlgh-speed tool 

Grindmg 15 a contour-followmg operation. and. as such. reqUires the provision of force-sensmg 

Force and torque sens mg ln our envlronment IS provlded by a force sensor manufactured by 

Regeltechnik ThiS also reqUlres accurate knowledge of the dImensIOns of the tools used 

because the pornt of contact wlth the workplece IS offset from the pOlOt of sensmg Thus 

the torque measured at the sensor has to be transformed to the pOint of contact to correctly 

determme the actual forces IOvolved 

2.4 Automated Visual Compone"t Inspection , . 

; The generally c1uUered surface of the hybrid IC predudes the use of just bmary vision ... 

to inspect the surface mounted components Straight bmary vision. on the other hand. can 

be lIsed to determÎne the orientation of ~he board placed when it 15 placed agamst a hghted 

baCk/,ound GONZAlEZ82 Wlth the onentation of the board known. a datab~se can be 

{:on7ulted so as 10 hmlt the s~ar~h ta a 5mall portIon of the image This synthetlc limitatiQ.n 

of the search area IS crttlcal lo tntrease the chances for a successful search Once the sedrch 

area IS determtned. a number of mspectlon tasks can be carried out Search 15 flrst performed 

to venfy that there 15 tndeed some component tnere Upon successful verifICatIon of th~t 

fact. and that the component whÎch is tnere IS of slmllar dimensions ta the component that 
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IS supposed to be there, the orientatIon of the component can be determlOed For surface 

mounted capacitors, for the most part. they are non-polarlzed and can be mounted elther way 

The capacltor has only to be /Ospected to determme If the solder Jomts holding It ln place are 

weil formed If however, there is no com ponent where there should be one, a component WIll 

be placed accordtngly 

Inspection of éI chlp on the other hand. 15 considerably more difflcult For example. the chip 

can be longlludtnally !,ymmetrical. and the only polar/zat/on mark /s a notch at one end of the 

chlp Ftndtng the notch conslstently may prove to be dlfflcult because some manufacturers do 

not have the notch ail the way through the thlckness the ChlP, wh Ile others use a dot mslead l 

The most consistent - still not perfeet though - indICatIons of Orientation are the marklOgs 

on the chlp Optlcal Character RecognitIon (OCR) can be used to read the marktngs. to 

\ 

determtne the OrientatIOn of the chlP. and also to venfy that the chlP IS mdeed what It 5hould 

be BERGER8S As for now component manu(acturer5 shlP out thelf devlces and components 

in tape form or ln tubes 50 that they can ail be handled correctly. wlthout amblgulty 

The area surroundtng the capacltor or chlP 15 often cluttered wlth conductor traces. resls-

tors. and other components The algonthm has ta locate the chlP or capacltor rehably desplte 

these The success of the search has, already been lncreased by IImltmg the search to an area 

where it IS most hkely to be found Under these condItIons. the Sobel operator LEVINES5. 

JARVIS82 provldes the necessary flrst levelof processmg The dImenSIon of the Sobeloper-

ator. whether Il is a 3 X 3 or a 5 X 5 GONZAlEZ82 /s dependent upon tradeofT between 

the amount of flltermg necessary and the computiltlon tlme ,that can be afTorded It 15 as-

sumed here that a database contatn,"g contammg the physlcal dimensions of the components 

and thelr relatIve locations has already been set up and can be accessed by the mspectlon 

program as needs be Together wlth the magniflcatlon wlth whlch the scene is I/'Iewed, the 
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assoCiated scallOg factors can be compu,ted From the data derlved by the Sobel operator. 

stralght "ne segments are fltted to as many pomts thought to be formmg a Ime From these 

hne segments. a transformation 15 made to the Hough domaln LEVINESS The Hough domam 

plots the frequency of the Ime segments wlth a partlcular orientation A hlgh frequency at a 

partlcular orIentation IS indICative of an edge For ~ rectangular obJect. there are two distinct 

peaks al 90· apart for the only two possible .orientation of the edges -Note that the Hough 

transform does not dlsttnguish between parallel "nes 

Wlth the orientation of the rectangle·now known, a number of well-known techntques in 

Image processln'g such as Itne-flOdmg. connecttvlty. nelghbourhood-operations PAVLlDIS82 

~ . 
can be used ta detect the exact location of the rectangular object sought. The above opera-

tlons. in part. achleve thelr goal by mlnlmlZing the effects of spun~us data mtroduced into the 

image For any spunous pOlOtS still remaining m the Image. an exhaustive process will have 

to be employed ta ellmmate them It can be seen trom the above desCllption that analysis 

lof other lhan btnary Images reqUires tremendous computatlo'nal power Glven the size of the 

average Image to be analyzed to be 242 X 256. there are nearly 64 000 pixels Involved so that 

every operation that ha" \0 be performed on one pixel has to be repeated 64.000 tlmes 

Recent ~ll.perlments have shown that there rernatns sorne longltudmal uncertamty when 
1 

determtnl~g the poc;ltlon of the capaCitor be<.au!-e of the specular reflectlons caused by the 
\ 

solder JOints at the ends ThIS amount of uncertatnty can be accommodated by the tweezer 

tool. Alternatl\lely, a vacuum plckup tool wlth a sufhclently large end face would sufflce 

2.5 World Modeling 

,. 
Inspectmg and performmg the repalr task 10 a structured and effiCient manner requires the 

deSign and Implementation of a comprehensive ,and fleXible database ThiS databas'e contélins 
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information descrlblng the components of tHe hybnd IC. thel' locations· relative to calibration 

pornts and relative to the edges of the board. the locations of 'he solder jOints. profiles of 

good solder JOints. and acceptable tolerances. It also serves to contam the locations of ail 

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

cahbra~ion p~ts to faclhtate updating the database should any peripheral be moved around. 

This data base IS referenced by the inspection programs. by the repair programs. and by the 

trajectory and path generatlon programs of the robots 
1 

The term palhgeneration refers to the generatlon of a path through a set of static obsta-

cles. obstacles that rematn stationary throughout the tlme needed to negotiate the obst.Kles 

GILBERT85 Trajectory generation on the other hand. reqUlres the generation of a collision-
o 

(ree path between moving obstacles It includes both path and velocity generation. ln moving 

the robot from one position to another. a trajec~ory has to be formulated_such that its path will 

. i 
avold any obstacles. moving or stationary. between those positions To this end. in trajectory 

generatlon. the database will be consulted for the locations and traJectones (If known) of the 

obstacles If the trajelttorles of the obstacles are not known. the database will be consulted 

repeat.edly to ensure that the obstacles are not ln the way whlle movement of the robot arm 

.15 ln progress (note that the database IS constantly updated) The complel(lty of the collision 

avoldance trajectory formulation IS both a functlOn of the number of obstacles to be avolded 

and the promrllty wlth whlch the obstacles can be approached GILBERT85 The closer the 

allowed approach. the more computations Will have to be performed 
" , 

T~e need to move both'robots slmultaneously requlres a comprehensive ColliSion avoldance 

strategy One colliSion avoldance strategy for two moving robots presents one robot as a 

mqvtng o~stacle to the other MICHAUD85 Thus. not only patn generatlon 15 needed. but also 

trajectory generattOn 50 tnat the movmg robots will not colilde lOto each other BROOKS83 . 
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Th~ inspection and repalr task requirement here IS best rret using a hierarc,hlcal structure 
( 

of command directives T 0 describe every movement ln meit primitives is a very tédlous task. 
1 

ànd utterly mefflCient Faulty components. and solder Jomts are flrst located. and a decislon 

made as ta wheth~r they can be repaired or not Those that cannot will be rejected. but those 

that cano will have to be evaluated to determme how It can best be performed. At the top lev~1. 

the repalr task of èach faulty component is described by'''verbs'' lEVINE82. SANDERSON83 

These verbs are then parsed lOto movement primitives. and wlth the appropnate parameters. 

transmitted ta the robot controllers There is need for a supervisory program tQo, tl1at ensures 

that the movement primitives 50 generated accurately reffect the verb at the top le,vel. and 

. , 

-1 ' ..... 

that the mov/~r.1ents are of a reasonable nature' If this is not 50. the supervl§~ry prograntcan 

\ . 

stop the ellecutl0!1. Inltlate the error reéovery. and tnform the user as to the extent and seurce "' , , 

of the error l~ 
,1 

, " o • 

2.6 Multi·Robot Operation 

The environ ment ln ~hlch the inspection and repair is carned ou't is Unique ln that it 

~ 
involves not one. but two rç).>ots Conventlonalldeas applicable to one robot envlronment will 

" ' 
o 

have to be mod,fled, or revamped entlrely for the operation of two or more robots It reqUires 

prOVISion for multl-branch control. and effICient communtcatlon not only bet\',(een the'Most and 

the robots. but also between the robots Valetz described the use of a production system 

in multi-robot control VAL ETZ82 1 he partlcular envlronment here will use some form of a C 

production system because of ItS Inherent capablhty to perform symbohc processing. Symbolic 

processing as opposed to numeucal computatIOn. refers to mampulatlon of 'symbols, charaéter 

strmgs ln th,s case Elements. or variables 10 a program are treated as symbols rather than 

numbers Usmg symbollC processrng the task al hand can be very compactly described by a 
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The requÎrement that the two robots do not colhde lOto each other IS only a 5mall facet 

of multl-robot operation At sorne pOlOt. the many robots arms will have to be workmg at a 

, " 
smg,le task 10 collaboration wlth each other Humans perform such operations routmely. hke 

cfapping. or washtng of hands. wtth complete ease Such a dextrous use of hands requlres an 

understandmg as to how such dexterlty IS achlevf)d',"a"nd how a machine can be instructed to 
/ , 

perfQr~ with the sa me dex.t~rlty 

2.7 Network Environment 

J \ 

ln the envlron~enllO whleh the inspection and repalr task is to be performed. we have three 

D.gltal Equipment Corporation VAX sune VAX-ll /780 and two VAX-l1/750's networked 
1 

;/Ï the ';'lannerdepieted shown in figure 5 GAUTHIER85. FREEDMAN85 The interconnect 

.. syst~m IS ETHERNET The VAX-11j780 tuns VMS. the operatlng system supplled by the 

ma:nufacturer while the VAX-l1j750's run BSD UNIX version 4 2. supplted by the Unillersity 

~f eal;fbrnla at Berk"ly Unâ'er VMS a UNIX emulator called EUNICE can be run The current 

'asslgnment of role5> for the <.Omruters mdy bE' varted. but. al the moment the VAX-11j780 Will 

J'landle the overall su,perVISlon of the Inspection and repalr task It WIll be the so-called "repalr 

consultant" LEVIN E82 It will conlam a database descnbmg the wvrld - a world model- which 

WIll be cDnsulted by the repau consultant Itself. and also by the two VAX-llj750's ln the 

sub-dlllision of tasks one of the VAX-l1/750's IS asslgned the task of the robot VISion It WIll 

hav,e the functlon of gathermg IIlsual information via CCD (Charged-Coupled Deviee) carneras 

and will mterpret thls mformatlon T.he CCD cameras are connected to two MATROX RGB 
o ' 

GRAPH and one VAFS12 boards whH:h contam a frame grabber and Video memory These are 

" ' , 'Iocated. In an INTEL system 310 Unit provided wlth an 80286 CPU and runnlOg the INTEL 
, 

RMX operatmg system An mteresttng feature of the Matrox boards IS that whlle resolutlons 
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of up to 512 'x 512 pllleis can be handled. it can be prograF!1med to sam pte only 128 X 

128 pIxels Thus. when only low resolutlon inspectIon IS needed. the sampllng ratès can be 

adJusted 50 that the throughput rates are acceptable for real-tlme responses One of the 

four vIdeo mputs IS selectable by software Vanous cameras are avallable for ex ample. the 

t' 

tmy Sony XC-37. which welghs Just 250 grams. or a FairchIld ((0-3000 camera welghmg 

over 600 grams The Fairchild camera IS connected to a vlewing port of a Wlld leitz 6-50X 

mIcroscope from whl(:h fine inspectIon of the hybrrd te can be carned out The mICroscope . , 

IS fltted wlth a motorlzed zoom and a vertical motorlzed stage for focusing Both can be 

controlled by software The algorithms for auto-focusmg are many. but the focusing could be 

carried out by analog means to Increase focusmg speed Currently. the algorlthm used is the 

squared-gradlent operalor LlGTHART82 Il looks for i'1e maxlmum\m the squared-gradlent 

operatIon. and t.he locatIOn at whlCh that oeeurred IS the POint of optimal foeus 

The other VAX-l1 /750 is asslgned the task of performing traJectory calculatlons for the 

two robots ImphClt ln ItS task too. IS the problem of collislon-avoidance 8y consulting the 

database. 9nd wlth the kn<,>wledge of the pOSitions of the two robot arms. a traJectory wllI,be 

calculat,ed to avold ail obstacles, and also each other The part of the database contatnmg 

the posItIons of the robots WIll be constantly upda,ted whenever a motion IS performed to 

en5ure that the informatIon ln the database 15 current. Movement of varlous motorized stages 

is treated ln the same way 

2.8 Robot Control 'C' library _ 

The Unlmatlon PUMA 260 15 supphed with a proprietary language,called VAL. for Versatile 

Assembly language The controller IS conflgured ln a master-slave configuratton. In whlch an 

LSI-l1 IS the master and SIX SlgnetlCs 6502'5 flH the slave proce5sors, one for each Joint 

l, 
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2 The Hybrtd IC InspectIOn/Re pair Task 

Currently. ,control of the PUMA 260 from the VAX-llj780 lS athlev~d by uSlng a command 
, , 

Interpreter to form the VAL string and then port It ove, to the PUMA controller via an RS-232 

lme at 9600 baud ln effecl the PUMA appear5 to the VAX-ll/780 as a termmal and vice 

versa This procedure IS sufflClent for simple motions. but for more (ompllcated 'motions. 

more sophlstlcated control ,of the robot arm IS necessary Resort is bemg made ta another 

language to provlde enhan.:ed capabilltles needed for sensor-based robotle control 

A robot language called RlCL (for Robot Control 'C' Library) developed at Purdue'Unl, 
verslty for the PUMA 560 running on a VAX-l1/7aO HÀVWARD83, HAYWARD84. is currently 

undergolng tests and mod;flCatlon to run a PUMA 260 uSlng a VAX-11/750 RCCl offers the 

basIC functlons afforded by VAl, but with a sorne very Important additIons Because It com-

muntcates dtrectly wlth the lSI-l1 mstead of flrst bemg processed by the VAL kernel. it allows 

for very sophlstlcated control of the PUMA arm The user 15 not hampered by the limItations 

of; VAL If the robot geometry and specifICations can support a partlcular motion. RCCl can 

carry out the motion Intnnslc ln RCeL IS a faclhty to measure the currents controlhng the 
1 

jOints HAYWARD83 The current of a partlcular JOint motor is related ta the torque eJ!.erted 

MOnitoring thls current~provldes a measure of the torque. and hence the force. exerted 

The compleJ!.lty of the traJectory calculallons. m partlcular that of the inverse kmematlcs 

for motion, may preverit the VAX-ll /150 from providing adequate control for the two robots 

Besldes computmg the traJectory the motion has to be sufhciently sampled to ensure that It 

Îs adequa'tely smooth for interpolated or extrapolated motion ExperimentatIon is currently 
> 

underway to move the traJectory computations for the MICROBO from the VAX-ll/750 ta 

a MUl TIBUS based INTEL 80286 protessor with an INTEl 80287 math co-processor Cur-

rently It IS Imked by a RS-232 Ime but future plans are to link It us mg a parallel port and 

eventually wfth the Ethernet ln dlstflbuted processing of mformation. the segmentation of 

( 
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task 15 of partlcular Importance to reduce the need. for mter-processor commUnications ln-

efficient segmentatIon wIll resalt ln' needless commumcatlon that WIll slgmflcantly reduce the 

computatlonël power avatlable 

The propnetary .Ianguag~ of t.~e MICROBO robot is called IRl. for Intuitive Robot lan

guage Users of both IRl and VAL have pomted to numerolJs deflcienCles in IRL. This is 'not 

to say that VAL 15 pe;fect but It IS closer to bemg task-oriented than IRl is. To alleviate 

these madequacïes. IRl. as w.th VAl. IS bemg replaced 6y a versi~n RCCl that IS compatIble 

""Ith It 'MaJor changes êI.re tnvolved becêluse of the di~erent :gcometries of the robots. and 

also because the MICROBO uses the INTEL 8085 for ail ItS processors. mcludmg the mash" 

W,th the dlfferent geometnes tao. come d,lfTerent control algortthms 

2.9 Repair Too's 

} 
The partlcular nature of the repairs. and the manner JO whlch' they are to be efTected 

precludes the use of conventlonal 10015 The PUMA 260 and the MICROBO a're, bemg f~tted 

wlth speCial end-efTectors to en able th, m to carry out the repall têlsk McCONNEY86 The 

standard grtpper suppl.ed wlth the PUMA 260 has been modlfied to reallze a set of pneumat-
~ ' . .-~ 

ically operated Jaws wlth a special bUllt-," coupling for supplying· a feed of c.ompressed ,lit 

to the vartous pneumatlc tools that Will be picked up by the robot An electrically operaled 

proportlOnal gripper IS also under development 

ln the event that a soldered component "as to be re-otlented. or be removed entirely. 

• • convenllonal desoldermg techniques are not appltc.able to hybrtd ICs Conventional desolderm& 

techniques work weil only with through holes. or traditlonal types of components For hybrid 

ICs. because of thelr mm,atullzation and surface mounted nature. heat has to be applted 

evenly to ail the solder JOints. and the component lifted off when the solder has hquefled 
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2 The Hybrld te Inspeetlon/Repalr Task 

Whlle Il IS possible to design a speclally shaped soldermg Iron. the problem of assurmg good 

thermal contact remams One solution IS to use a stream of superheated gas The flow 

nature of a gas will ensure even heatmg of the JOints At the same tlme the jOints are bemg 

heated. a vacuum plCkup tool 15 placed over the component to be removed After a sufflclently 

long mterval - to be determmed expertmentally - the vacuum IS actlvated. and a lift operatIOn 

f • 
attempted A mlcro-swltch bUilt IOta the tlp of the vacuum tool. mdlcates If the plCkup 

operation was 5uccessful The advantage of thls method of removal IS that compltance IS 

automatlCally achleved If the component IS/ still soldered to the board. the vacuum plCkup 

will fall If the 5ame operation were to be carrted out by a gripper It may end up rlppmg the 

component out of the board It 15 much harder ta Implement compltance wlth the gripper than 

wlth the vacuum tool 

_ Once the mlsaltgned (or wrong) component has been removed. a vacuum-asslsted desol-

dertng tool Will be passed over ail the solder pads to remove the excess solder The source 

of heat for thls operatIOn could )ome from the ,uper-heated stream of gas. or from the des-

oldermg tool Itself The desoldertng tool ln thls càse 15 a solder mg Iron wlth a bore ln the, i 

soldermg tlp that IS tonnected ta a vacuum Solder paste wlth built-In flux will then be applted 

to the solder pads wlth a syrmge that Will be maneuvered by one of the robots The correct 

component 15 placed wlth ItS pms altgned wlth the solder pads Followmg thls. the solder pads 

are agam re-~eated to melt the solder and bond the component ln place 

..... 2.10 The Calibration Task 
VI 

To perform the inspection and repalr task adequately. it becomes necessary to operate 

the robot arm with known preCISIOn and repeatabliity STAUFFER85 When a toolls 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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perturbations ln the robot geometry that come from mlsuse. or from the need to move some 

of the robot workstatlon perlpherals 

Tactile cahbratlon IS one techmque to achleve the dlscovery of the end pOint It has the 
1 .. 

aUractlon of bemg economlCal êmd can be engineered to be sufflclently rugged ta wlthstand the 

harsh conditions of an Industnal environ ment Tactile calibration can be extended to tactile 
C 

senslng. In whlCh the robot arm can be made ta handle an abject wlth a. certam force The \ 

need for force sens mg ln certam clrcumstances IS mdlspensable Contour· followmg operations 

are examples ln tact de sensmg. calibration too has ta be performed to correlate the currents 
., 

sent to the JOint motors and the tactile transducer Signais 

The use of VISion ln the calibration task IS very attractive for It afTords a flexlblllty.and 
\,. 

adaptabtllt} unmatch"':! ~y other methods of sensmg There are numerous occasions in whlch 

It 15 not possible. (Ir deslrable to perform tactile calibration The obJect that IS betng camed. 

for example. could be fragile and susceptible to surface contammatlOn ln such Cltcumstances. 

the use of vIsion m calibration IS unsurpassed for ItS slmpllClty and unobtruslve nature STAUF-

FER8S Before vIsion can be used as an ald m any task. It has flrst ta be callbrated ta obtam 

correct dimension and depth perception The need ta use dlfferent optlCS on occasions (dlf-

ferent lenses) and changes m the vlewmg pOSitions (dlfTerent camera pOSitIons) also requlre 

recallbratlon for correct perception. and hand-eye coordmation TREPAGNIER85 

Wlth the successful application and evolutlon of the above-desCtlbed techniques. a com-

prehenc;lve hybnd te inspection and repalt program could develop and render needless much 

of the inspection carrred out today by humans The phllosophy common to the developed 

programs IS that the programs Will not be applled ng,dly Rather. they will be adaptlve. 

adaptlng ta small perturbations ln Its setup and envlronment. and perhaps even learmng to 

perform the task better each tlme Such a development would have slgnlflcant contribution 
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for mspect Ion and repalr programs be~~)Use Il IOvol,ves' subordlOating a hlgher ~ntelhg~nce to 
,( 

production machmes than e,ver before , 

ln thls chapter we have outhned the genéral direction of the Comput~r VIsion and Robot'I(;So , , 

, , 

Laboratory. and explamed'the current application lOyolving the hybrid CIrCUIt board Ins'pection 

and repalr The ca!lbratlon reQUIrements for these robot tasks Wère also outlmed 

+. 

, , ' 

, . 

, G 
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3 Robot Arm Kmcmatlcs and Dynamfcs 

,3. Robot Arm KinematÎcs and Dynamics 

This çhapter presents the robot arm kmematlCs formulations and equations reqUired ln 

the calculatlons assoclated wlth the calibration study 

3.1 Robot Geometries 

Current mdustflal robots are general-purpose f!1anlpulators that consist of a number of 

ngld bodies. ca lied Imks. connected togeth~r in a sertes fashlon by revolute a!"dJ.or pnsmatlc 
r t - \ 

JOints They are generally slx-Jomted. therefote affordmg SIX degrees of freedom. wlth three 

of degrees of freedo,m control"ng the arm sub-assembly. and the other tluee formmg the Wflst 

sub aS~f'mbly Ali of the general purpOSf: manlpulators now available fall Into 4 categofles 

èJependmg on how motIon IS ptrformed. 

• çartesJan (three Ilnear a;ltes). 

• Cylindrlcal (two IIJl~ar, one rotary). 
.' 

• SpherKal or polar (one Imear. two rotary). and 

• Revùlute or artlculated (three rotary) 

F .gure 6 show .. the dlHerent categories The Ummatlon PUMA 260 IS a six-degree-of-

freedom revofute robot arm. whlle the ECUREUIL M,crobo is a six-degree-of-freedom cy"n-

drlcal robot arm' 

Much of the mathematics now used to c~'mpactly describe the kmematlcs of artlCulated 

senal-IInkage- robots were formallzed as hr back as 1955 by Den'avlt and Hartenberg ln a 

: . 
landmark paper tltled "A Kmematlc Notation for lower'-Palr Mechantsms Based on Matnces" 

'ûENAVIT55 ft has been brought. to the current level of tefmement by R P Paul ln twc) 
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3 Robot Arm KrnematlCs and Dynatlllcs 

Figure 6 D,~etent robot geometnes 

pa pers PAUL78. PAUL8l and a book PAULSl ln the flrst paper. Paul glves a comprehensive 

, mtroductlon. whlle the book presents a very thorough treatmen,t of the formulations 

3.2 Setting up the Denavit-Hartenberg coordinate system 

Denavlt and Ha.tenberg proposed a conventton to umquely and conslstently describe each 

"nk of a serlal'y-Imked arm. and the" assoclated coordlnate frames The rules for setting up 

the coo,dmate systems are as follows 

1 An 'I-hnk manipulator will requl,e n coo,dmate systems. one for each Imk 

2_ The motion of a glven JOint 1 WIll produce a motion of link 1 Wlth respect to hr'k r - 1 (or 

the base If 1 = 0) The t-th coo,dmate system IS fllted ln "nk 1 and hence moves with it 

3 The::, 1 a)(IS "es along the a)(IS of motIOn of the l-th Jornt 

aXIs IS normal to t~e ::/--1 a)(,s Its directIon IS away 'rom the (1 - 1 )th origm 

, 
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5 Y, 15 chosen to form a nght-handed coordlnate system with respect to ::, and Il 

Wlth the hnk-mampulator coordmale system now set up, the followmg parameters are 

u~ed descrlbe eaeh l\Ok. and relate one coordtnate system to anotner 

(J, the JOIO! angle from the I l - 1 aXIs to the Il aXIs about the z, _] aXIs 

dl the distance from the ongln of the (1 - 1 )th coordlnate frame to the intersectIon of th~ 

_ =, _ 1 aXIs wlth the T, aXIs along the ::/-1 aXIs 

Q, = the offset from the mtersectl'ln of the ::/_ l aXIs wlth the I, aXIs to the origin of the ,-th 

frame along the XI aXIs '(or the shortest distance between the Zl _ land Zl axes) 

0) the offset angle from the '::,-1 to the ::, aXIs about the I, aXIs (us mg the Flght-hand rule) 

Wltn the above parameters and coordlnate system. theequatlons lelatlOg one coordmate 

system ta the one before It. the (1 - 1 )th. or the one after It. the (, + 1 )th. or one belongIOg 

ta any one of the links, can be denved PAUL8l 

Figurt 7 The Denaliit-Hartcnbctg coordrnate system 
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3 Robot A;m KlOematlCs and Dynamlcs 

. " 
Destnblng .the ,1lOks ln the above w~y.: the Denavlt- Hartenberg system then asslgns an 

" ~ ~ 1 \ , 

1 • 

orthogo,:!al (oardlnale frame to each ,hnk Figure 7 shows how the coordlnate system IS set up . ' 
, , 

and'th~' relevant parameters The coordrnate. frame of one Ilnk IS related to the frame of the , 

pr~:v,ous hnk ~Y,a:homogeneolJs 4 'X 4 transform, except for the flfst "nk whlCh IS described 

relative to the base;.coordtna,tes 

Ûsmg the above terms a pOint Pi ln the l-th coordmate system. can be simply descnbed 

ln terms of a pOlnt'Pj 1 ln the (1 - l)th system usmg. a general transformation Ai 1 The 

rèlatlon 15 g;ven by 

p. 
1 = IA:-1,-lpj 1 (3.1 ) 

't 

where 

(COS 9, - cos Qj sm 01 sin QI Sin 01 cos 9, ) 

A! l Sin 8, cos 01 cos 81 - sm 0, cos 01 Sin 01 

1 0 sm 0, cos 01 dl 
0 0 0 . l 

(3.2) 

Thus for a SIX degree-of-freedom robot. the transformation matrlx. °T6. desctlbl~g the 

position and orientatldn of the end-efTector IS glven by 

°T6 A?(Ol) A~ (82)" .A~(06l (3.3) -

or 

C' 
QI aI 

p, ) 
°T6 

ny 0 11 a y P!J c= 
n: 0;:. a z Pz 
0 0 0 1 

(3.4 ) 

where 

n 15 the normal vector parallel to the hand For a parallel-Jaw hand. thi5 15 ort~ogonal to the 

Jaws (see figure 8) 
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.1(. 

o IS the slrdmg vector of the jaws. and is in the direction of the J3W motion 

• 
'8 IS the approach \f~ctor of the hand. and is normal to the toot mounting plate of the arm 

~ 
It IS akin to the normal direction of the palm of the hand. 

P 15 the posItIon vectar of the hand relative to the origm of the base coordinate system. 

• 

.. 
1 

,. 

1.......-..- _______ _ 

Flgure 8 n. o. a. p veel ors of a robot arm \, 

Note that the homageneous matnJl of equation 3.2~can be decomposed into the basic 

homogeneous translation matfllc and three basic homogefJeous rotatiofJal matrices lEE82 

The translatlona~ matrlx IS given by 

(~ 
0 0 dI) 

1tTl)t( 

1 0 dy 
(3.5) 

0 1 dz 
0 0 a 

•• 
• 
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Figure 9 Orientation of a 3-D obJect ln 3-D space 

and the three basfC rotatlonat matrices are glven by 

Tr .o = : (~ ~~~: ~;;noo ~.) , 

1 ' 

( 

~o~ 0 si;9 

- sOm,? 00 cos CI 
0'-

~)" ,0 
1 

o 
o 

( 
~: ~:inoo ~ ~.) 

0, 0 0 1 

, . 

, " 
, ' , 

(3.8) 

, , , 
Whère Q. ct> aod-O represents rotattons about the x, y and , ax~s respectively (see figure 9) 

and the translation 

i 

d '::: \' dI'} -+ dy?- 4- dz2 " ", ,(3.9) 
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'Robot arm kinematÎcs "deals wlth" the geomelfy of robot arm motion wilh respect to a 

flxed refE'rpnce coordlnale frame wlthout regard 10 the forces/moments that cause the mO(lon" 

LEE8t It deals wlth how the JOint variables afleci the positIon and onenlatlon of the arm m 

space There are two sub-problems rn the kmematlcs problem thal ln the forward directIOn, 

the direct problèm. and the other ln the reverse. the Inverse problem The direct problem' 

mvolvè~, fmdmg the posItIOn and orienlatlon of the end of the arm glven the JOint angle 

vector 0 = (OJ. 0].03.04 05.06) of t~e robot arm ConversE'ly' glven a partlcular .Posltlon and 

orientatIOn of the end of the arm. the Inverse klnematlcs problem would be la determlne the 

JOint. angles needed to attaln'II Robot arm dynr1m/C5 on the other hand, deals wlth the 

\ 

mathematlcal formulations of the path. veloclty and acceleratlon equatlons of the arm motIon 

3.3 link (oordinale Assignmefll 

G,ven an n-degree·of-freedom robot arm thls algortthm asslgns an orthonormal coordmate 

system to each Imk of the robat Mm The relations among adjacent Itnks ~n be r'epresented 

by a 4 X ... 4 homogeneous transformation mé;ltme of the form shown /0 equallon 32 ThIS 

labeltng of the coordmate syc;tems begms from the supportlng base to the end,efTector of the 

a'rm Note that the assIgnment of a coordlnate system IS not uOlqu~ 

The Ilnk coordtnale asslgnment used m deflvtng the results of thls study Will now be 

presented G C S Lee L EE82 ~Ives the followmg procedure for formulatmg the coordmate 

system -

01 Estabhsh che base coordmate system} Eslabhsh cl rlght-hand orthonormal coordmate 

,system (1"" y, .. z,,). at -t~e supporttng base with the z" aXIs Iymg along the aXIs of motion 
, , 

of jomt ,1 

02 { ImCIi1'lle and lodp} For each ,. 1 = 1. . n. perform the steps 03 to 06 
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3 Robot Arm Ktnemallcs and Dynamlcs 

Dl { Establlsh Jomt aXIs} Align the z~ wlth the aJtlS of motIon (rotary or shdtng} of JOlOt 

1 + l 

04 {, Establish the origm of the ,-th co<?rdinate system } Locale the origin of the t-th coor-

dinate system at the intersectIon of the ;:1 and ZI-l axes or at the common intersection 

, of common normals between ,the z; and 'ZI-1 am 

05 {Establishx l aXIs} Estabhsh XI = (21 -1, > ZI)/IIZI ,_1 x zll: or along thecommon norma,1 

between the 21 , 1 and the Zl alles when they are parafleL 

06 { Establlsh YI aXIs} Estabhsh YI = (ZI • Il)il Z, »! xII to complete the right hand 

coordlnate system (Extend the ZI and the X t axes if necessary (or steps 08 to DJ1) 

07 { Find the jomt and hnk parameters } For each 1, " = 1. ,n, perform the steps 08 to 

011 

,08 { Fmd dl' } dl IS the dIstance from the orlgin of the (1 - l)th coordlnate system to the 

mtersectlon of the 2 1 -1 aXIs and the Il axis to the ongln of the ,-th coordlnate system 

along the Xl alllS 

09 { Fmd al } al 15 th€ d,stance from the intersection of the zl-l aXIs and the XI aXIs to the 

ongm of the ,-th coordlnate system along the XI altls. 

\ 
. 010 { Fmd (JI } 81 15 the angle of rotatIOn trom _the 1 1 _ J aXIS to the XI axis about the 4:1-1 

aXIs It 15 the JOint vai,abl.: ,f JOint t IS rotary . 

. 011 {Fmd a t } Ql)J the angle of rotatIon from the zl-l aXIs to the'z\ aXIs about the 21 axis_ 
'- ~/ 

Th,s asslgnment estabhshes the coordl/late system shown ln figure 10 and IS ustfd both 

for the forward and Inverse krnematlcs calculatlons 

3.4 A·matrices for the PUMA 260 

1 
1 

Wlth the above formulation for the assignment of the coordinate frames for the vanous / 

.; 
1 

1 
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WAIST (JO"" 1) 

:z.. JI 

0(,\ 

", la, l' .. ,'t. 
WRIST ROTATION 

(JOINT 4) 

Figure 10 Onen!atton 'of the PUMA 260 robot arm 

------------- ---

links of the PUMA 260. we arrive al the followmg A-matflces. 
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C' 
-52 0 .,. C, ) 

" 52 C2 0 a2' S2 1 .A 2 ::: 
0 a 1 0 

0 0 0 1 

C' 
a -53 

~] ) 53 a C3 
0 -1 0 
0' 0 0 

C' 
0 S4 

n 54 0 -C4 
0 1 0 
0 0 , 
c 

0 -55 

D 
.' 

A4 5S 0 C 
= " 5 ,1~~,* 

5 0 -1 0 
0 0 0 

.y • 

C· 
-56 0 

~) AS 56 CG 0 
6 0 0 l 

0 0 0 

(3.10) 

'" 
where 

Cl := cos Dt 

St E sin 81 
~., 

Recalt that the A-matrices (equatlon 3,10) and equat/Ons 3.3 and 3.4 are used to ,ive the 

forward kmematlcs solution of equation 3 l which expresses the position and orientation of 

the end efTector of the robot in terms ~f ils Joint angles 8\, Multiplying the .~-matrices in the 

manner described by equation 3 3. we have the entries of equatlon 3.4 given by 
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nI :::: C 1IC23 {c"C5C6 - S~S6) - $23$sC61- SI (S"C5C
6 

+ C .. S
6

J 

ny::: Sl!Cn {C .. CSC6 - S"S6) - S23SSC6J + C11S .. c5c6 + C .. $61 

nz ::: - S23/C .. C 5C6 - S .. 561- è 135SC6 

QI = C 11-C23 (C"C556 + 54C6) + 52)5!)S(iJ - S11- S"CSS
6 

+ C .. C
6
1 

Oy ::: SI I-C23 fC4 Cs 56 + S4 Cô} + 523 SSS6J - C11-5"c
5
5

6 
+ C"C6] 

DT = Cl (C23C .. S5 + S13CS) - 5r S .. 5S 

Dy == 51 (C23C4S5 + 523 CS) + C. S .. 55 

az :::: - SnC .. Ss + C2)CS 

/ 

PI ~ Ct (d6(C23 C4S5 + 523CS) + S23d .. + azC]) - Sl(~5455 +dÎj 

Py ::: 51 (d6 (C13C .. SS + SneS) + S2)d .. + a2C2) + C
J
(d

6
5 .. S

s 
+ d

2
) 

Pz == dd C2)C5 - S23 C"S5) + Cnd .. - °2 52 

where 

(3.11 ) 

(3.12} 

(3.13) 

(3,t4) 
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CI] =- cos(81 + 0)) 

Sl~ ~ 5in(61 + 6)) 

3.5 Inverse kinemalÎu in the PUMA 260 

50 that the deslred position of the arm and orientatÎon wrist assembly as given by n, o. a. p 
v 

IS attamed 

USlng Paul's notatIons PAUlS1, the Joint angles relaie to the geometry and orientatÎon of 

the robot acc;ordmg to the eQuations shown below LLO Y Dst 

j 

(3.15) 

tan 
-1 [ {-pz(a2 + d .. S3) + (d4C))(i /p~ + P~ - d~)} 'J' 

P2(~C3) - (02 + d4S3)(:1Jp~ + ~,- d~ + d2Py 
(3.16) 

(3.17) 
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(3.18) 

(3.20) 
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3.6 Geometrie conltantl of the PUMA 260 

Figure 10 shows the PUMA 260 as labelled wlth the Denavlt-Hartenberg convention, As 

Il IS a slx-jolnted robot arm. the hlghest number reached ln the subsdlPts is 6 The hnear 

dimensIOns of the PUMA 260 are shown ln table 1 The circular measures (in degrees) refer to 

" the hardware rotation Ilmlts of the vanous jomts. These dimensions are supplied by Unimatlon 
1 

in their engineering drawmgs of the PUMA 260. Ta prevent damage ta the arm. the software 

rotation hmlts are set shghtly les!> than t hardware 11~"'ts. with the result that the robot 

tannot be maneuvered under program control t) ond the software "mlts 

Rotatlonal Lmear lmk 0 
1 

Lower Upper 

JOlOt 1 Offset Offset length 
1 

Hardware Hardware 

" 
0 1 1 al (mm) dl (mm) Limlt llmlt 

1 90" 1 0 0 _4° +304° 
- - -- - ---- --- --

2 D' 203.20:::: 0.38 0 -6]0 +24r 

3 --90' 0 126.24 ± 0.5 -236° +560 f-- --
4 90' 0 203.20 ± 0.64 -223° +355° 

--- -' -- ----- ---_.-

5 -90' 0 0 -122° +122° -----_____ -L _ _ __ ~ ___ 

6 " O~ 0 0 -222° +312° 

" 
Table 1. DimenSions of the PUMA 260 

3.7 Trajectory contro' uling VAL 

The position and Orientation of a 3-dimenslonal abject in 3-D space IS determined uniquely 

by speclfymg ail ItS SIX degrees-of-freedom - three for translation (x. y. z) and three for rotation 

(8,0.4» (see figur~ 9) FOLEY83. Theref~e. in an attempt ta orient a tool that is held by a 

robot arm. one has to speclfy ail these six parameters and apply a correction 'to the current 

orientation The orlentatton of the PUMA arm is specifled by VAL in two ways (see figures 10 

. , 



3 Robot Arm KlnematlCs and Dynam,c§ 

3t;1d 11} - The flrst IS tl1at the position of the arm '5 speCifled 10 cartes,an coordtnates by the 

linear pOSltlOnal parametets x, y. z. (m milhmeters) and the rotatlonal orientation patameters 
\ 

are descrîbed by O. A. T (In degrees) 0 IS the yaw angle. A the pltch angl~. and T the loll 

angle (see figure 11) Note here that the roll. pltch. and yaw angles of f.gure Il cannot be 

used inlerchangeably wlth the 84, lJ~, 86 t angles of figure 10 

The othet way ln Y(hlch VAL' descnbes the OrientatIOn of the atm is by the jomt angles. 

m'degrees. of each JOint .The jQmt angles are obtatned from the shaft encoders whlch are 

connected by gear~ to the aXIs of motion The Gray codes of the shaft eneoders prov,de a 

16-bit numbet 10 describe the posItion of the shaft ThiS 15 the most accurate way m VAL 

for speclfymg the onentatlon of the arm A partlCular Orientation of the arm deswbed ln 

these parameters IS ca lied a precision pomt UN/MATION82 When mstructed to attain that 

partlCular orrentatlOn. the Joints are servoed until those jomt angles are obtamed However. 

m thls raw form. It does not lend Itself easlly. to use Inverse kmematlc transformations (see 
. 

. section 3 4) have to be applled ,to the Joint angle readmgs lo obtam the carteslan parametefs 

of the arm The master processor of the PUMA 260 control/er IS a DIGITAL EQUIPMENT 
G , 

CORPORATION (DEC) lSI-11 (ThiS is the VLSllmplementatlon of DEC's PDP-I1.) The 

L 51-11- 15 a 16- bit processor and ln evaluatlng the Inverse transformation. there IS sorne 1055 

of accuracy Each of the SIX 6502 slave processors expects an instructio.n from the LSI-l1 

mas te,' every 26 ml"r.seconds ThiS f'gure was amved al by determtnlng how fast the JOInt 

angles can be sampled. the Inverse klOematic transformations performed on them, and the 

interpolatIOn/extrapolation calculatlOns betweeh the points to be travelled s~ch that a suffl-

Cletltly smooth mollon can be obtamed The result of havlOg the motion insuffle/ently sampled 

IS a Jerky motion of the arm ThiS lSI-l1 processor IS dedlcated to the VAL calculatlons of 

the carteslan motions and the Inverse kmemat.c computatIons must be carried out externally 

c 
,1'"'
'. 
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" 

1 

~j 
Figure Il Ort(ntatlOn of tlle wrist assembly 

on the VAX·Il/780 computer 

ln VAL. the onentation of the arm can be found by il1terrogating the robot controller with 

the instruction WHERE The instruction will relurn wlth the current locatton of the ro~ot in 

cartes",n world coordmates and Joint angle settings Below is an example of the returned 

string 

I(/JTl y/JT2 z/JT3 O/JT4 A/JT5 TIJT6 

341 560 -152910 -78.140 -0.994 ,1225 -89.984 

ss 
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,,'" 

JT1 JT2 JT3 JT4 JT5 JT6 

-175139 -160 26~ 24.505 95050 93.200 45.980 

(3.21 ) 

The tlrst string of numbers are the cartesian world coordmates. white the second are 

the Joint ang'e~ The c:ommand to move the' robot ca~ take one of two forms. ·'t can be 

Instructed to move to a new pOlOt elther by actually speClfymg It. or by mstructmg It to maye 

a certalO d.stance (,om ItS current positIon Notoé that the latter mst".uct,on does not reqUire 

specifIcatIOn of the end pOint. only the diflerenc8s between .ts current pOSItIon and that of the 

hnal position ThIs instructIOn .5 DRAW (dI", (dy), {dz) dI, dy, and dz are the d,stances to 

be moved 10 the directions of tlle :r, y and z axes respectlvely ASlde from the problem of not 

betng able to change the o'lE'ntatlÇ)n of the Wrlst assembly. the DRAW commaod Ignores any 

move request speCifIcation Jess th an 0 010 mm When used in loops. this truncatlon error can 

accumulate ta generate a large loss of accuracy 

The alternative to the DRAW instruction IS the MOVE instruction The parameters of the 

MOVE instruction. as mentloned earher. can be spec.fled either ln world cartesian coordmates. , 

or ln terms of JOint angles Ali s.x parameters of Oflentatlon IncludlOg those of the wrist 

assembly can be speclf.ed Although a sllghtly hlgher accuracy is afforded. JOint angles are 
, 

not easily related to by a user and he has to perform the inverse kinematic relationship on the 

destination ta calcula te the reqUired JOJOt angles These inverse computations are performed 

on the VAX-1l /780 whlth IS a 32-blt machme because the lSI-ll ln ilS current setting does 

not"end Itself to computatIOn of any equatlons other than those mhere~t ln the VAL language 

stored m Read Only Memory (ROM) Thus any addltlonal c~mputations have to be performed 
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on another machine smce ft is not practical to modify the contents of tne ROM w.thout the 
f 

ald of source listings 

Representation of a number ln an n-blt bmary machine generates uncertainty ln the last 

bIt thereby caustng a 1055 ln accuracy of 1 part ln 2 11 Subséquent operations such as addItion. 

subtractlon. multlpltcatlOp. or diVIsion result ln an maccuracy that varies with th) range of 

numbers Involved. and the number of tlmes the operations are executed. le. the 1055 in 

accuracy IS cumulatIve Il IS not possible to generally state compactly how the 1055 in accuracy 

accumulates except that the division and mul~lpl.catlon operations accrue inaccuracy much 

faster that the operatIOns of addition and subtraction 

Robot operations tlll now have lürgely been a plck-and-place one. wlth a human operator 
17 0 

gùidlng and teachmg the robot the various task posItions wlth the UblqUltous hand-held teach 

pendant We are breakmg away from thls archaic method of instruction. and adopting an 

"Expert Systems" approach to our task of hyrid le board inspectIOn and repair ln whlch the 

lask posItIons and traJectories are caltula~ the robot programs themselves and mcorpo

rating relevant sensor mputs 5uch as force and VISion 5uch an Implementation WIll m,ake the 

programs more "lOtelllgent' and able to adapt to varytng condItIOns and types of faults BasIC 

in thls need IS to provlde enhanced computation al capablhtles for the klllematic and traJectory , 

control of the robot arm ln the precedmg paragraphs we have deswbed the coordmate sys-

tem for the PUMA 260 on whlch the robot ktnematlcs are based. and the calibration r~~ults 
.' 

in th.s thesls derived 
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4. Accuràcy and Repeatability 

ln order to measure the accuracy and the repeatabilityof the robot. we use a pointer tool to 

a.d ln the measurement p;ocess. WhilE .he actual toots that witl be used in the repair task will 

be di the pointer tool. the differences can be easily and accurately reflected in the • 

tool transforms. Thi chapter presents the experimental results of accuracy and repeatability 

tests done to ellaluate the performance of the tactilt and visual calibration techniques stud.ed. 

4.1 Tool modeling 

The problem in oflenttng 'a tool comes when the robot arm has ta p.ck up a d.fIerent 

tool to effect a dlfierent phase of, repa'~lle the dimensions of the tool can be defmed as 

constant and the orientation for Plcklup of the tool forced by the use of a tool ;ack, any'future 

movement of the tool rack will necess.tate a re-teadung effort reqUlring operator rntervention. 

Smce the system Incorporate!> a computer, Il IS logical to add a self-caltbratlOg step w,~h the 

attendant advantage that any subsequent tool wear can be measured and accommodatedeach. 

t.me the workstatlon 15 started up 

Prerequls.te to the re-orlentatlOll and cahbrating problem is the modeling of the tool. 

While each tool may be d.fferent. and thus have a d.fIerent mode!. extensions to an algorithm 

for the general case will sufflce for accurately describtng the tool. In thls partlcular IOstanGe, 

à rectangular model will be used to de5crlbe the ~eneral case of the tool The model will thus 

have a hnear length. breadth. and helght The âdvantage of havmg a rectangular model is 

thàt Ils axes are orthogonal The major distinctions between varlous tools are characterized 

by these three ofTsets slOce the tools generally exhlbit axial symmetry by deSIgn. 

S8 

" 

.. 

. . 

'L " 

, 



.. 

Figure 12 Calibration COfItatt Siock . ' 
4.2 Meesurement tethniques 

4 Atturaty and Repeal-jl,billty, 

, ' ' 
-,II 

.... .......,. , 

This rectangular mod~1 will be,'held in the jaws of the hand ta simulate the holding of a 
À ' 

tool. Ta enable simple. automatic and. consistent determination of when the model has made 

c~ntact. an electncal contact syste~ was implemented. The model wa:; preèisely machined 

out of metal. and the contact is a short stub of a flexible metal s!rip mO~lOted on an, ,"sulating 

bl6ck (see figure 12). The use of an elastic metal strjp will giv~ consistent indication of 

contact if the elastic hmlt IS not eJl.ceeded. Oncé the elastic hmit i5 eJl.ceeded. the deformation 

becomes irreverslble. and the re5ponse becomes no longer' linear. For 'inear deformation. the 
" . 

5pring equation 15 

F :;;: ,":'kx " ( • .1~ 
--"-. . . 

. where F is the force applied on the spring. k t~r5pri~g con~tant imd x' the distance 

stretched 
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'.. Accuratv and Rtpeatab.lJty 

Tp ensute that contact between the model and the spnng is non-deformatlve, the arm' 

is ~ade la move at Its slowest possible speed. and the (PU ~ade to respond 'rmedliltely , 

t~"an illpu.t to Its 1/0 (mput/output) module GlVen that the SIGNAlI instruction of VAL 

is interrupt dri~en. that the dock rate of the lSI-ll 15 8.0 MHz. and that il takes about 30 

dock cydes to service the mterrupt. il would mean tha~ the (PU can acknowledge the signai 

in about 3.75 microseconds .. Since each of the joints receives an instruction froln the 1.51,-

1 t every 26 mllllseconds. this rnilhsecond enterva/J,ecomes the pnmary factor ln determlOlng 

e"actly when thé arm ~tôps, moving upon rece'pt of an int~rrupt drlven command ta stop 

. By drivlflg the, atm sufflclently slowly. (al 001 of the VAL monitor speec{ of 100 0), the 

arm moves at :about 10 millimeters per 10 seconds This works out to about 1 mllhmeter 

per sec~~d. ~t~d' the dl.stance travelled m 26 milhseconds .5 about '26 X 10-03 m,lInneters. 
,\ '>, 

or 26 tntCfOmeters (mICrons) Thus any spnng element that can be extended bett~r than 26 

microns w.thout Irreversible deformatlon Will suffi ce for thls application, This also Imphes that 

. thè resolutlon oh/ectrIC!)1 contact, usmg thls constant veJoclty seheme cannot be better tnan . " 
'. 

;' 
26 microns This IS the dead d,stance betore the system can respond ,Exploratory technIques 

based on pollmg cou/d retme th.s preCISIon even further The encoder has a 16-blt resolullon. 

and IS coupled to the servo wlth a step-down gear ratio allowmg the robot an ultl,mate angular 

resolutlon of 0 010 of the arc. 

'.3 Choice of p~ogramming languagel 

The use of CI partlcular computer language IS dictated in Jalle part by the ta5k at hand. the 

'ea~e with whlch It can be used. and very importantly. the support afforded by the computlOg 

facihtles at whlCh the work 15 carried out Here al the Compllter ViSIon and Robotles lab-

oratory. much of the research camed out is very computatlonally IntensIve . .esptclally '10 the 
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numertcal evalu~tlon of mathematlcal upresslons As most of DEC's computers are targeted 

for use ln sClen~lfl( envlronments and that FORTRAN IS the most wldely used language ln 

such env,lronments It IS no accident that they have a version of FORTRAN optlmlzed to run 

on thelr machines 'As such. much Qf the code for the traJecto,y computations IS wntten ln 

FORTRAN, It IS e';~Imated that any code wntten wlth thls FORTRAN 15 only about 3 - S 

ttmes slower than code wntten ln assembler Aiso. FORTRAN lends Itself very weil to nu-

, mencal computatlo,ns because of the fad the language was deslgned speciflcally to perform 

numencal computatIons For that reaso" too. there ellists consIderable software support ln 
> , 

, 0 

FORTRAN The Inttmatlonal Mat~ematrcs and SClentlflc llbrary (IMSl) routmes, for ell-

amp,le are wntten 10 FORT RAN This represents considerable support software for matnll 

manipulations and solutions and als\for st'Ulsttc~1 analysls. a number of whlch were used 10 

thls study " 

Whlle FORTRAN IS edremely versatile ln numertcal computations. It 15 el(tremely unwlefdy 

when It com~s to character-st.tmg mantpulatlon T 0 efflclently handle termlOal emulation 

and character strmg handltng at the VAX-tl/780 end. the language C was chosen C 15 

wfdèly acknowledged as a very versatile. and powerfullanguage The language has some very 

tnterestmg features especlally manipulatIOn at the bIt ;.nd byte (hence. chaœcter level) levels 

For lhls reason al~ne the authors of the wldefy-used operat,"g system (OS). UNIX. have 

. chosen to use ttllS language to implement mosl of th~ OS Except for a very smalt part of 

U~IX which IS ma'chlne-dependent. ail of the code IS portable ThiS means that when it 15 

transported to another machine ail that 15 needed IS to re-compile the code that tS wntten ln C 

wlth a C compiler ,for the new madllne. and re-wnte the smalt amount of machtne-dependent 

• 
code The program that handles the senal commUnicatIon between die Untmate controller 

and the VAX-llj780 ROUTINES C. 15 wrltter ln C It handles th~ V"tuaJ Machine' System 
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, 
(VMS. the OS of the VAX-llj780) calls \0 open the communication channel wlth the Ummate 

controller. and at the same tlme allows the port communications to be IOterrupt-dflven Bemg 

tnterrupt-duven allows for effICient handlmg of communICatIons wlthout constant polhng by 

the CPU It was ongtnally wntten by P Merrlll MERRlll83. and updated by the author to 

allow for the exec.utlon of numerous functlOns of VAL used 10 carrymg out these ellpenments 

Ali VAllOstructions can dlvlded lOto three dlstmct classes' those that can be elecuted ln 

J monitor mode those that can be ellecuted 10 progriJm mode. ,,'Id thr.se that can be executed 

in bath modes A monitor mode instructIon means that it can be executed at any tlme. as 

opposed to a progrdln mode instructIon whlCh can only be execuled as part of a VAL p'Ogf~n4 

The WH ERE IOstructlon for example. can only be executed 10 the momtor mode whereas the 

SIGNALI'~2 Instructton can only be executed ln progr~m mode The SPEED instruction can 

be execuled ln both modes Recall thal the SIGNALI instruction IS used 10 these ~llpenments 

Although the SIGNAL IOstructlon can be used IOstead. it does not allow for mterrupt-driven 

detectlon of the termmatmg condItIon 

The need to execute program mode instructIons means that executlon IS temporarlly 

transferred to the Unlmate Controller Ta do Hus. the SIGNAlf instructIon IS embedded ln 

a VAL program T ogether wlth Ils IOterrupt servIce routine. the two programs are prepared 

under VAL on the floppy dlSK drive of the UOimate Controller Except for the SIGNAl! 

instructIon. other non-mterrupt-drtven InstructIons are executed duectly from the VAX-ll/78D 

Befote the el{ecutlOn of any program-mode VAL instruction. the VAL files contalnln& these 

instructions are made to load from the fl?ppy dlsk Into the seml-conductor me mot y of the 

UOimate Controllel Thus when a program mode VAL instruction must be executed. the' 

VAL program contalnlng that instruction IS run ROUTINES C handles communtcatlons (eg 

2 The 1 ln the 51GNAlI refers to the Jnterrupt versIOn of the SIGNAL instructIon The (PU IS IRttrrupted 
Immedl3tely upon recElpt of the conditIon SIGNAL ~nd SIGNAl! ne mtrmslc VAL instructIOns 
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error handlmg, termmating conditIOns) between the UOimate (ontroller and the VAX-ll /780 

by matchmg strings generated by the VAL programs For programs that commumcate via 

ROUTIN ES C wlth the UOImate (ontroller. error handhng, termlnatlOg and other conditions 

are descnbed by error codes These error codes are generated by ROUTINES ( from the 

character strings sent by the Unlmate Controller and are handled during run Ume 

4." Accuracy and Precision 

Webster's DlCtlonary WEBSTER81 defines accuracy as conformlOg to the truth or stan-

dard W D Cooper COOPER78 defmes It as the' closeness wlth whlCh an Instrument readlng 

approaches the true value of the vartable belng measured" Webster's WEBSTER81 defanes 

repeatablhty as bemg reproduclble ln every day usage. there IS a tendency to use these two 

words Interchangeably, but Incorrectly An Instrument can be very repeatable and~lghly Inac-

curate ThiS says that when the Instrument 15 used to measure a ~ample a &\umber of tlmes, 

It Will obta," the same readlng nearly ail of the tlme, but thls readmg IS far trom what would 

be measured compared wlth the use of a standard USlng terminology trom statlstlcs, the 

measurements trom such an Instrument are sald to have a small devlatlOn A large devlatlon. 

on the other hand would Imply that the repéatablhty of the machme 1$ poor, Matnemattcally. 

the mean .• \:. (or Ji) and the standard devlatlon. o. IS deftned as 

x· 

o 

l~lXI 
N 

X2 
, -~ - X2 

\1 L- N"~
~\=1 

(4.2) 

(4.3) 

The dlfference between the mean of the measurements wlth an Instrument and the correct 

value IS indIcative of ItS accuracy Thus. an Instrument wlth ". very small dlfTerence between 
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the mean of Its measutements and the correct value. while at the same tlme havmg a 5mall 

devlation IS said ta be hlghly accu ra te and repeatable 

The PUMA 260 IS speclfled to have a posltlonal fepealabl/Jtyof ± 0.05mm. The manual 

does not however. speclfy a figure for the accufacyof the arm. and also un der what conditions 

Î5 the repeatablhty figure measured Initial pOSltlonmg ellperiments on the robot reveal that 

Ils posltlonal accutacy 15 about 5-6 tlmes worse than the figure for posltional repeatabilîty 

Although current generat,on of robots are more repeatable than accurate. thelr hm.t of 

accuracy IS mdeed the lower hmlt of controllable movement ThiS fact 15 exploited ln the 

cahbratlon procedures 

~.S Tactile Domain 

Initial expertments were performed by havmg the tlp of the robot ar'll move between two 

preCIsIOn pomts. one of which will be referrëd to as the startmg locatIon. and the other the 

destinatIOn The two IDeations were chosen 5uth that there was vartatlOn m'only one of 

the carteslan axes ln thls case the I. and not al/ three, The Unlmate Control/er was made 

ta run m an rnterrupt-dnven mode ln whlch contact wlth the eJectntal contact will stop the 

motion The robot IS then Interrogaled for Ils pOSitIon, Motion 15 rrlêtde between two palOts 

5 centlmeters aparl The robot ;s made to move at 0 Olof the VAL mOnitor speed of 100 0 

(/ 

to mmlml2e non-elasUc permanent deformatlon of the electrical contact. and also the de ad 

distance tra\lelled before the mterrupt can be ,sen/Îced .. After the motion IS stopped. the robot , , 

;5 made ta go back to Its starttng 'location. and the eAperiment IS repeated 

~igures 13. 14. 15. 16. 17. 18 ,show the results of the expenment performed SO tlmes 
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Figure 13 Variation '" li readlngs (i;;:: 263 738 mm (J =:: 0068 mm) 

Figure 13 shows the variations ln the .eadlngs of the X-positIOn of the end efJèCtor Figures 14. 

15. 16 .. 17, 18. show those belonging to y, z, 0, A and T respectlvely. Note that Il. y. lare 

measured ln mllhmeters, while O. A. Tare measured in degrees 
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Figure IS Variation ln l readlOgs (i:::: - 253648 m11 (1 = 0471 mm) 

The graph of fIgure 13 shows a me an of i = 263 738 mm. and a deviation of 0 = 0068 

mm There IS a dls~tnct peak al 263 74 mm. but there 15 a spread ln the readlngs on both 
• 

sides of the peak The readlngs do,not occur at ail rntervals There eXlsts a minimum Interval 

between the readlngs The smallest mterval ln the readlOgs of figure 13 IS 0 020 mm The 

readings of the y position (see figure 14) show two main peaks at y = -178610 mm. and at 

y == -178 650 mm and some scattermg beyond thls Minimum movement IS 0 020 mm y 

is at -187693 mm. wlth a 0 of 0 100 mm z readmgs showed a conslderablè ~pread ac.ros~ 

nearly 06 mm. wlth no deflnltlve peak MInimum movement occurred al rntervals of 0020 

mm This. and subsequent graph5. Indlcale lhat 0020 mm represents the hmlt of the !rnear 

resolutlon of the PUMA 260 It IS Important to note that the average posItions 10 the base 

frame are arbltrar.ly chosen and It 15 the devlatlon that IS Important srnce Il Indrcates how 

repeatàble the motion 15 The results deplcted ln figures 13, 14. and 15 are ail associated with 

a test mollon along the x-axIs of the robot but because of the robot geometry. thls demands 

a coordrnated motion of the JOlOtS to reahle the hnear motion ln x 
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'. 

The results for orIentatIon of the Wrlst assembly durtng the x-axis motIon tests are shown 

in figures 16. 17 and Hl The 0 readings varled across nearly a full 0.50 with no definltlve 
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peak On the same scale, the A readings were dustered tightly together resultmg m a devlation 

of O,060c The Qflentatlon of T showed a scatterlOg similar to that of 0 with a deviatlon of 
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The robot was then made to move ln a stralght hne between two pOints paraI/el to the y

a~s of the base fr ame Figures 1~. '20, 21. 22. 23. and 24 shows the results of the ex periment 

for such a motion Figure 19 showed that while the mean of the l r,eadlng was 265 O~ 
the déviation was 0020 mm and that th@ smallest ,"terval between the peaks occurred at 

mtervals of 0 020 mm from each other There IS very httle sealter ln the readlngs beyond 

the' two peaks Indlcatmg good repeatabl"ty ExamlOatlOI'l of thè variation ln the y position 

readmgs of figure 20 show remarkable repeatabllity ln the re-posltlon,"g of the arm along 

thls a){IS A devlatlon of 0004 mm for the y-pOSItion readlngs reflects thls It also shows a, 

minimum movement of 0 020 mm 

- The 2 readm&s plotted ln figure 21 show a mean. z of - 246 548 mm. and a devlatlon 

of 0.015 mm _ Agam, It shows very good repeatabihty ln the z-aJUs. and that the minimum 

movement IS 0 020 mm 
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The graph for the readmgs of the yawangle. 0, (see figure 22) show the readlngs grouped 

very tlght Iy around the peak al -0 3350 with "ttle spread Interestlngly enough it shows a 

minImum angular movement of 0.005° It does occaslonally move 0.0060 (which may be due 

to numencal roundofT). and also 0 011 0 stemm,"g from 0.005° + 0.006' movements The, 
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The readings of the roll angle (see figure 24) mdicate a mean. T. of -88.63T. and a small 

deviatlon. o. of O.OO6C
• The minimu~ angular .movement for this joint is 0.005°: and there is 

'" 

just a single main peak. with a liUle scattering on either side. It is mteresting to note that 

, • L 

the orientation angles. O. A. and T. ail exhibit the sa me "very tight clustering resulting in a . 
deviatlon of 0.005° of the arc. 

,< 

2ee.eeo 
~ 

2~0 1·00 no :00 

x (MJi' 

2S1.200 2::1 bOO 

Figure 25 Variation ln x readmgs (.7 = 280 685 mm a = 0043 mm) 

o 

Figures 25. 26: 27. 28. 29. 30 show the experimenta~ results t'o move the PUMA 260 

" between 2 pOints 5 centlmeters apart. al()ng aime parallel to the z-axis of the base frame. 
,. 
" ln this set of experlments. the readmgs of. the X-position (see figure 25) shows a single main 

peak wlth ',ttle scatter The readtngs averaged al i = 280.685 mm. with.a deviation of 0.043 

mm. Minimu~ mQvement is 0 020 mm Figure 26 shows the readmgs for the y-position. The 
--._-' 
1---------:---;---;eInXn;ISnlhce .... "crcte ..... o.f-f-+two lliail. yeaks (at -184 440 mm and 0 030m-m a;iay at 1'84470 mm) and some-

scatter at the hlgher end. resulted ln a devlation of 0.057 mm. 
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The graph for the readings of the z-position (see figure 26) show a single main peak, The 

" average Z 15 ~t -273.684 mm. and small resulting deviation of 0.023 mm 
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Figure 29 Variation ln A readlngs (À =: 0.043",0 = 0013°) 

The behftior of the wnst a~sembly IS very muct! the same as ln the two earl/er parts of 

the expertment 0 and A show the presence of a smgle peak with a smalt amount of scatter 

on either sldp of the peak 0 averaged at 0.084 (,. whlle A averaged at 0.043° 00 is 0.010° 

and 0" A IVO.012 The readmgs for T exhlblled two main peaks nearly 0.010° apart The 
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average lS al 91 303' and devlation is O.OO6t The resulls of these tests wlth I, Y and z axis 

motions suggest (hat the maxImum precisIon (mlOlmum 0) resufts along the test ax.s motion 

., 

F 
r 
I! 
CI 
u 
e 
n 

8e • ;<':-i-:': :';'l':'~:' ~ :';'; ~ !': ~ ::.~ ;-: ~'i r-: ":'~':': :'; 1 :'~ 
:' .0 " 

'! .. .' ! .. !:: 
\ 60 • , 

, ' ":. . '.' ':'.' i . 
j' .•••••. 

se 
•• '1 

. l' 

30 

, . 
10 

91 10il 91 WO 92 200 92 bOO 

l (deS)) 

Figure 30 Variation ln T readlngs (1' = 91 303 e • CT = 0006°) 

4.6 Tooi Orientation 

-_. 
, To evafuate the enhanc~d control capab.l.tï oi l~~ PUMA 260, we have ta determlne 

how weil the robot can reach a commanded poslt.on and ortentatlOn For the purposes of 

formulatang an experlment we Will attempt to ortent the tool frame such that It WIll be parallel 

w.th the base frame Th.s ortentatlon of the tool model 15 performed by flrst dlscovertng a 
, \ 

palOt of contact. Pl(.r1,yd, ln the x direction (see figure 31) Another pomt. P2(T]'Y2)' 

furtner down the ;r- aXIs 15 then determmed Note that although the DRAW command IS used 

to perform the move, the aclual OrientatIon of the arm IS determmed by mterrogatmg the 

controller wlth the command WHERE, and not through the use of dead reckoning+3 This 

3 Dcad reckonlng IS the lerm of the navigationaltec~nlque ln whlch olle 5 position is not defermmed absolutely 
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4 Anuracy- and Repeatabillty of 

is necèssary to aV~ld the signiflcant roundofJ errors tntroduced by the ORAW algonthm for \ 
.) 

movement 

.---------------------------------------~----------------

Face B 

\' 

Pl « 

1 l ____ _ 

Figure 31 DI5covenng the 0 correction of the model 

The ,angle made by the face A of the edge (see figure 32) wlth the x-axIs of the base 

frame 15 glv~en by 

(4.4) 

The robot Il"> maneuvered to round the corner of the model to operate on face B. The 

procedure IS repeated for the y-axIs wlth the determmation of two more points. P3 2nd P4 

Let 60" be the angle made'by face B wlth the x-axIs If face A of the model is orthogonal to 

cath lime bul lalher only at the initiai startmg pOSItion Subsequent pOSItions are determmed by measunng 
how far and along whlch dIrection one has travelled Addmg thls information to the initIai posItIon the 
curren! POS!t Ion Îs obtamed 
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Figu,e 32 Discoverlng the wnst rotation angle 

1 

1 
1 

1 ____ ~ __ I 

face B. then t he angle MJ I IS equal to the angle li 0v T hus to ahgn the P 1- P2 edge wlth thls 

the x-axIs of the base frame. the correction angle bar has to be apphed ta the Wrlst rotation 

angle () 

Next the equallon of the bottom face has ta be found To do thls. the robot is manf'uvered 

to have the model poslt.oned dtrectly over the electrtCcll contact. Il IS then made to move down 
~r r' l 

slowly untd cl contact 15 made MotIon IS stopped ta mlerrogate the robot for Its pOSition The .. 
model.,s then ralsed and made to follow a trlangular COtiJSf: to dlscover ta two further pOlOts 

(see figure 32) Now glven Huee pOints J'l, 1''1, P3 10 space Il.s deslred la ftnd the equallon 

of a plane that contams ail these three palOts Stnce the three pOlOts are not co-linear. the 
1 ~ , 

three pOlnls are suff!clent la defllle cl plane let thetr pOSition vectors be denoted by '._ '2,'3 

Aiso let r be the positIOn vector of anr pOint l'. 10 the plane. then 

.. 

1 

1 
11 
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--~--- ------. - ------. 
• 1 

,~ ~- 1 
-----~-------- ~-

Figure 33 D,scovering the wrisl bend angle 

o 

\" 
(r - ,.). ('2 - 'l)X(r3 - 't) 0 

\ 

(, - '.) . Ztool o 

1 

(4.5) 

(4.6) 

(4.7) 

The angle made by thls ltool and the z-alUS of the base frame (see figure 33) IS the 

angle 6 A This Is-the wnst bend correction angle. the angle that when apphed to the current 

orienlatlOn of the WlIst, would cause the vecto! perp~ndlcula" to ilS plane to hne up wlth the 
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~----_.- ------------------T------------.------~--. --- ------

1 

'~. 

Figure 34 Discovering the flànge rotation angle 

z-axls of the base frame The correction angle. bA. IS obtalOed from the equatlon 

= Cl; 'tool 1 cos hA (4.8) 

MaOlpulatmg It ~e have 

bA cos - l [-, lbas~ ~_ltool -1 
IZbase i i ltool 1 

(4.9) 

Ihe correction angle. /J T. that 15 to be apphed to the current flange rotataon angle. IS the 

, \ ~ 
angle formed between the vector Zt04>I and the,Y axiS of the base frame (see figure 34) éT 

.s obta.ned from 

iii • 

cos - l [_ }base, . ltoO! ] 
. i Ybase _ 1 lloo' 1 

(4.10) 
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, 
1 
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l\ 

\ 

Figure 35 D,scovenng the IlOur corrections 

4.7 Corrections for linear displacements 
, 
\ 

Il lli Important to note here that the above procedure only performs corrections on lh.~ 

orientation of the wr Ist"" HIIs operation re-orients the wrlst bend angle O. the wnsl rotatton 
, , 

angle A. and the tlange lot al Ion angle T of the Wrtst assembly There remams the "near 

corrections of bT. hy and bz to bf' measured and applled to the fmai positlonal correctIon to 

be perfQrmed on the model For thl!>. Il necessary lo flrst defme a sUltably fllted benchmjlrk 

ollbthe arm (or Wflst Itself) trom which the corrections can be calculated A pOint on the back 
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4 Ac(uracy J/ld RcpcJ!ab,lity 

face (set: figure 35) of the standard gnpper was chosen to provlde th,s constant This pOlOt 

15 ngld. and 10 any application. will be placed a short distance aWày trom the tlp of the tool 

It IS Imporlant 10 keep Ihls distance short becau!>e of the problems of numeflcal mslabliity 

mvolved ln taklOg the mverse Jacoblan when the arm IS moved 10 Its extreme positions 

10 thls end the Ilnear dlsplacemenls (ch. by. and oz) from the reference (a corner on 

the back-face of the 5tandard gllpper) to the corner of the mode! are obtained The "near 

distances obtatned ln tlll~ manner are then stored tn a uJhbratton flle that will be relerenced 

la ter On subsequent rccallbratlons and performances of thls molton the readmgs of the 

position of the (orner on the bac.k face of the standard gripper IS compared wlth thdt ln the 

calibration file Any dlscrepancles are then translaled lOto IInear correctIOns (l>r ~v and liz) 

/ 10 be appllcd to any Imal p JSltlons 

(orrecllon was f,rsl performed to re-Orient the 0, A, and T angles of the Wrtst assembly 

After thls correction the (oardtnale axes of the model become allgned wlth the coordlnate 

axes of the b,).,e of the robot ThiS allows the Itnear correction factors to be applled 10 the 

translormatwn of Ihe final POtnt Thus the fmai correctIOn matnx IS glven by 

( ~ ~ ~ :~) 
o 0 1 oz 
o 0 0 l 

(4.11 ) 

If the tool IS slmllar 10 the model ln Ih~t It can be modeled as a cubold. then a corner 

can be thought 01 as the Intersection 01 the planes formmg that corner This holds Even If the 

planes are not orthogonal to each other The orthogonal case IS a speCial case of the general 

. 
one A numertcal advanlage of modehng It as an intersectIon of planes IS that It 15 a Imear 

equatlon ln I. Y and; Because Il IS a set of IlOear equatlOns. it can be solved very efllclently 

through the use of matnces 
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A note has to be made here about method for the re-onentatlon of the model of the 

tool " None of the positIOns of the robot used ln, these experlments are cntlCal Onl)' the 

approXlmate startlng location of the search need be known Even thls positIOn does not have 

to be known to an)' accuracy Ali that IS reqUired are the precIse Orientations of the robot 

arm when electflCal contact occurs Programmlng a new startlng location can be performed 
J 

very easlly through the use of the interactive faclhtles provlded by the program and the teach 

pendant The US!' of the ab ove techmques allow lrl'mendous fleJoblllty when It cornes to re 

posltlonmg the penpherals bf the workstalton Therl' IS absolutely no r1~ed to re-program ail 

pomts of the robot task These can ail be corrected from a few key reference potOts Onl)' 

the startmg location of the search for each perlpheral IS needed 

4.8 An Indepondent Measurement 

To test out the above procedure of all&OIng the tool frame wlth that of the base frame. 

the repeatablhty of the corrected posltlomng of the PUMA arm was checked wlth a Baty dlal 

. 
gauge mloometer that has a resolutlon o~ 0010 mm The proledure conslsted of carryrng out 

the searches to evaluate corrections to the tool frame angles and translations dnd ve"fYlng 

the resultlng tool ,1l\{,S allgnment wlth the dlal gauge The repeatablltty of thls s..:quence was 

verrfled along edeh of the tool axes Smee the ollgm of the robot coordlnate system Ires 

somewhere ln the solld mass of metal forrrllng the base of the robot we describe the results 

as a measure of lb repeatablilty 

The mlCrometer was used to measure the repeatablhty of the robot ln altgnlOg Ils tool x-

axiS and y-axIS wlth the ]'- and y-axIs of the base frame respectlvely as explalOed for figure 31 

The results for the altgnment of the x-aXIS of the tool frame wlth that of the base frame are 

shownjln fIgure 36 The total spread 10 the readmgs IS 0020 mm wlth a devlatlon of 0014 
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Figure 31 VarIation ln y readlngs ((1 = 0037 mm) 

mm Alignment of the y-a}l.ls (se€ figure 31). on the other hand. showed a deviallon 0(0.037 

mm 
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Becaus~ ur d .. : ~hape' of the experlmental tool, the Z-3)t/5 response was treated d,fferently 

Hfre the fiat face of the model was measurèd uSlOg three non-coillnear pOints ln the :r - y 

plane (on the bottom side of the model,'see figure 32) The posItIOn of the mlcrometer dlal 

gauge IS flJ(ed and the lower fiat side of the model IS brought .nto contact w.th it ThIs /5 

repeated for two more pomts chosen to !te ln the plane of contact whlch should mamtalO a 

constant :z value The dlfTeren~es between the flrst pOlOt.'Pt and the second pOIOt. P2 are 

shown ln figure 38, that of P2 and P3 10 figure 39, and that of P3 and Pl ln figure 4~ 
F .gure 38 shows a tlght clustenng around the m~lIn peak and a secon-fary peak beyond The 

Pl - P2 ~eadlngs have a deVIJtlon of 0010 mm P2 - P3 readmgs shown 10 figure 39 are 

somewhat more spread out wlth a devlatlon of 0015 mm The scatter of Pl Pt readlngs 

("see figure '40) hdS a devlatlon of 0 020 mm These small devlàtlOns serve ta show tnat the 

tool plane" 'e'y weil a"gned 10 w"hm ~'tab'I'IY 01 the ,obot 
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Figure 38 Variation ln Pl . P2 readmgs (0' = 0010 mm) 
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, " 

.4.0' Warped Toof 

The re-oriè-ntatlon process IS next tested out on its abillty to re-orient a purposely distorted 
, 

model 'of a tool (see figure 41) The ~'odef is fashloned to have a sharp. def,"itiv~ bend. 'Note , 
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that the plane to be corrected for is the shadèd pOTt ion Iying entiiely beyond the bend. The , 
, , . 

rest o{ it is held in the grippers of the PUMA arm. The robot is 'then·:ma~euvered to align 

.. the tool frame of the shaded part with that of lhe base ftame. Pl and ''P~ are 'firs! rneuured 
1:liI r .. ~ , '\ 

1 • 

'to obtaln the alignment of the .r-axis of the tool frame. The ahgnment 'of thè y-axis of the 
) - ~ ~ . 

, tool frame wlth that of the b.ase frame is next found by me~su'ring the ~.ifferences in position 
, • n '.. ~ • i 

, between points Pl and 'P4. 

~ 

: 

1 
.....j 

1 

l' 
1 

1 
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1 

.1 

Q • 
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fi 

P4 

Figure 41 Warped Tooi , 

.; 
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1 

'r 
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J • 

Flgme 42 shows the variation in the rgicrometer dial gauge readmgs of'Pl and P~btained 
o • 

in the experlment to 'determin~ the alignment of the x-axIs of the tool frame with that of the 

base frame The eXistence of two main peaks at -0.025 mm and al 0.040 mm with ~ost of 

~he readlngs falhng ln, bet"Yeen them resulted ~n a' deviatlOn of D.OU mm. The a/Ignrnent of 
" . , ~ 

the y-axis resulted 10 the readmgs shown 10 figure 43 There are a nurnber of closely chtstered 
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peak5 The devlatlon of the readmgs of the differences between points P3 and P4 is 0.038 

mm 

The experiniental procedure to measure the alignment of the bottom face of the tool with 

respect to the base frame 15 now performed for the warped tool using three pOints PSt P6, 
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and P7 shown ln fIgure 41. 8ased on these measurements. the tool frame axes are realigned 

with the base frame The success of this realignrnent IS verifled by moving the warped tool 

to a mlcrometer and mea~ring the points PS, P6, and P7. FIgures 44. 45. and 46 show the 

readlngs of the mlcrometer di al gauge in verifying the ahgnment. Figure 44 shows two main \ 

" 
peaks wlth sorne scatter in the P5 - P6 readings resulttng in a deviation of 0.017 mm, P6 "' ..... 

- P7 (see figure 45) shows a single main peak The devlation is 0.011 mm'. The P7 - P5 

,eadlngs (see fIgure 46) show a ~catter very similar to that of the P6 - P7 readings and have 

a deviation of 0 024 mm 

:: : .i:::i.i1~!:·!:iI;.;!·ii·:::·:·i::·iI!I!I!.:::]Iti·!I!li:! 
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Figure -« Variation in P 5 - P6 readings 10' = 0017 mm) 

4.tO Calibration of a Pneumatic Grinder 

While the above experiments were carried out with a model representing a tool. it is 
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Figure 46 Variation ln P7 . P5 readlngs (a = 0024 mm) 

necessary to determme how the automatlc calibration procedures perform with a real tool. 

one whlch will be used ln the course of the repair task The geometries of other tools will no 

doubt be somewhat dlfTerent. but if their geometries can be accurately modelled. ttte necessary 

modifICatIons to the calibration procedures will be few 
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Figure 47 The pneumatic grinder 

To carry out the experiment. a pneumatlc grinder.was chosen as the tool. As the tactile 

calibration IS electflcal ln nature. it Îs necessary ta have an electrically conducttng ta 01. a tool 

_ -' that IS eonduet,"g right to Its very tlp of toohng The pneumatic grinder IS such a tool (see 

figure ";7) 

For the purpose of measuring the tip of the tool ta verify the caiibration procedures ... !i 

the wrlst angles of O. A and TWill be flxed orthogonal to eaeh other. and aligned with' the 

base coordIOate frame of the robot Wlth these constralnts. the many of the trigonometnc 

terms of the Inverse kanematic equatlons of the Wflst assembly (see equattons 3 15 to 3 20) 

will simphfy ta 0 or ± 1 

The calibration' study was carried out with a special pointer tool shawn in figure 48. Any 

subsequent tool. an thls case the pneumatic grander. will be cahbrated against thls special 

pOinter tool The difTerences ln geometry between this tool and the pointer with their appro-
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Figure 48 Calibration Pointer Tooi 

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. 

Toolleft 

origin 

Toolmean 

World x 
or ~ axes 

Figure 40 Oeterl'ninlng the tool dimensions .Ith the use of a calibration stot 
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The calibration procedure was carried out as follows The tool coordlnale system was 

flrst aligned with the world coordinate system by interrogating the robot controller system and 
• 

applying the necessary corrections By maneuvering t~e pOinter tool to t~e o~tam electncal 

contact wlth the left and right edges of a calibration slot (see figure 49). the mean tool position. 

Pme an • was obtained and stored For thls test. the robot motion was selected to travel along 

one of the base coordinate axes and the calibration slot was posilioned accordingly_ The 

process was repeated using the g,.nder tool and Its mean position. Gmean . was obtained a 

This difference. Pmtan - Gmtan constitutes the tool cidibration offset along one of the \Iloi 

alles By rotating the tool by 90= about i~s 2 aXIs and repeatmg this procedure. both the 

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

contact along the tool z axis IS suffltlent to determine its z dlmenslon_ 
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Figure 51 Vanation in y readtngs (/1 = ,0237 mm) 

The test program posItIons the special pointer tool against a micrometer Using s,uccessive 

90° tool rotations. the test program positions the special pointer against a single micrometer 

to obuin a set of x, y and z reference values which were selected to be zero for convenlence. 
, 

Then the pOInter tool was e'lchanged for the grlnder tool. and the previous motions repeated 

uSlng' the grinder tool ofTsets prevlOusly obtained. The micrometer readlngs were collected
o 

and the uper'iment repeated twenty times 

Figures 50. 51. 52. show the performance of the calibratIon proc:ess in the x, y and z 

dImensions of the tool They show the differences between the measured dimensions of the 

grinder and that calculated by the calibration procedure The ditrerences in readings of the I 
, . 

dImenSIon of the tool have a deviation of 0242 mm ln the JI dimension. the difTerences have 

a devlatlon of 0 237 mm The difTerences in the z dimension of the tool have a deviation of 
. 

0136 mm, The results show that the toot when calibrated. can be placed to better 0.25 mm 

of Its targeted position. This varia\ion is con'siderabl~ larger than the 0.02 mm to 0;03 mm 
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Figure 52 Vanatlon ln l readings (cr = 0136 mm) 

repeatablhties obtalned in the previou5 sections. It could be due ln part to the flutes of the 

gnndmg tip. Another possibllity IS the magmfication resulttng (rom the cantilever pivoting due 

to the considerable size of the grlOder tool Itself. This overall precision 15 acceptable for the 

gnnding tasks 

4.11 Cahbrating the vision system 

The VISion system accompanymg any robotie task has to be ealibrated to coordinate what 

is being vlewed 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 VlewlOg a robotlc workstation as shown ln figure S3 It can see both the cube (or 

any obJect grasped) al the end of the robot arm and the origin of base frame. labelled %ba"t. 

Ybau' and Zba .• ( 10 figure 53. Let the homogeneous transformation describing the eoordinate 

system estabhshed at the center o( the cube ln relation with the camera to be Tl If now 
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Xcamera 

Figure 53 (oord,natlng eye-hind movements in the PUMA 260 

T 2 is the homogeneous transformation of the orig," 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 15 glven by 

Tcube 
base (4.12) 

Solution of the above equation requlres knowledge the entries of the matrices A number 

of methods c.an be employed to do thls Wlth the use of just one camera. ~he robot 15 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 whlch the inverse transformation can be computed 

BALLARD82 The use of two or more cameras in this method lends it greater versatility and 

also a larger field of Vlew 

Although a wide-angle (of view) lens may be desirable. there exists an accur~cy trade-ofT 

in ils use Tpis loss of resolving power is a!1, inverse functlon of the focallength of ,the lens on 
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Resolution 

Angle of View 1· 
1 

1 

, Filure 54 Angle of Vltw and resolution trade-off 

the camera Figure 54 iIIustrates this 1055 of resolving power The centeHo-center distance 

between the senslOg elements of the CCD array is fixed ln the manufacturing process of the 

CCD array The result of thls is that an .mage whose length is smaller than this distance 

cannot tJe resolved Because it will cause an output on only one element the length of the 

object cannot be computed The equat,on descnblOg thls IS glven by 

1 

f 
(4.13) 

where f is the focal length of the lens used on the camera. d, the distance from the lens 

to the Image plane. and·do . the distance to the object plane. The equation relating the height 

of the object. ho-- to the height of the Image hl '5 given by 
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l, 

li 
(4 14) 

(. 

and the "mltlng <ondltlon under whlch determmatlon of the length 15 no longer possible 

IS defmed by 

(4 15) 

If Tl IS the resolutlon of a lens wlth focal length ft. and r2 IS the resolutlan wlth focal 

length h wlth the same resolutton CCD array. the equatlon relatmg these IS glven by 
.r 

h 
Il 

14.16) 

Of the cameras that are ln the laboratory. the Fairchild CC03000 camera has a resolutlon 

of 488 pels, vertlcally and 380 pels honzontally The vertICal center-to-center distance between 

sensmg elements IS 18 microns. and that for the hOrizontal IS 30 microns The Hitachi K P-

120U CCD camera has a resolutlon of 320 pels hOrtzontally and 244 pels vertlCally This 

corresponds .to a center-to-center distance between sens mg elements of 206 microns and 

36 microns respectrvely The recently acqulled Sony XC-37 cameras. whlch werghs Just "- 4 ') 

grams. has 280 pels honzontally and 350 pels vertlcally. wlth correspondlng distances between 
r 

sensrng elel'nents of 23 mICrons and 13 4 microns 

A compromise can be reached ln the trade-off between the angle of vlew and the resolutlon 

through the use of multIple cameras wlth dlfferent angles of vtew A wlde-angle lens can be 

used to vlew the general scene ThiS vlew. In turn. IS over-Iapped ln crucial areas by several 

telephoto lenses Correlation between the multiple vlews is easlly achleved by e.ltammmg a 

\ 
point common rn the wlde-angle and narrow-angle vlews To determrne the repeatabrlity ln 
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the dlscovery of a pOint ln the vlewof a camera. the image IS dlsplayed on 'a mOnitor. and 

the pOint 15 tracked by a user Whlle the position of the point Will be tracked by a computer 

program ln future. It 15 5uff,clently indIcatIve of the repeatability to use a human user ~o track 

the pOint Computer algonthms u5ed to perform thl5 tradmg functlon are still mferidr to 

humans performmg the same task 

4. t 2 Visua' Domain .., 
The graphs for the vlsual track,"g experiments are shown in fIgures 55 and 56 The 

experiment determmes how closely a human user can track a hlgh contrast pattern of a 3 cm 

cross draw tn ink on whIte paper and 5een by the Fairchild CCD3000 camera through a Wild 

leitz mIcroscope at 6 tlme.: magnif,cation and di~played in grey scale on a CONRAC monItor. " 

The results are shown ln figure 55. There is a J.OO% probability of tracking to wlthm one 

pixel ln fa ct the probab,lIty of track,"g to the target pixel ,tself 15 better than 70%. The 

devlatlon in the number of pIxels along the x-axis is Just 0,4: better than half a pixel FIgure • 
56 shows the result of tracktng the y-coordinate of the target point. It also has a deviation 

, . 
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. de-co between the 

sensing elements of the CCD array. Thus for a particular focal length. f. and dc- c the 

angular resolutlon. 8. IS given by 

98 

1 

" 



" Accuracy and Repea,tablhty 

eB 

78 

·60 
F 
r 5B e 
Q 
u 4e 
1 
11 
C le 
Il 

2e 

19 

El 

169.9 299.8 24". e 2ee.e 320.0 

POli ho" 

Figure 55 Variation ln x (pixels) readlngs li = 123 8 CT = 0 4) 

F 
1" 
1 
Q 

u 
1 
11 
C 
Il 

ee 

79 

6e 

S9 

40 

38 

28 

le 
e 

60.9 199. e 14e. e 188.8 228.8 

POlit ion 

Figure 56 Variation in y (pixels) readings (y = 103 2. CT = 0 oC) 

e = tan- 1 (dcïC ) 

\ 

(4.17) 

For a lens of 18 mm focal length and a dc- c of 36 X '10-06 mm (the worst case for the 

Hitachi K P-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 resultmg hnear resolution 

is 500 microns. or 0.5 mm 

The problem of track,"g a target pOint vlsually in 3-D spaee can be redueed to a number 
" o 

of sub-problems of track,"g ln 2-D space:- For an optimally plac.ed set of views. (in this case. 

this would be an orthogonal placement of camera positions) the limit of volumetrie resolution 
\ 

would be a cube' of 500 micron sides .. This figure can be improved upon by increasing the 

focallength of the lens used with the camera. but the result of this choiee 15 a smaller angle 

of view. 

The optlCal syste.m together with the CCD sensing array was tested for any barreling or 

pin-cushion distortIon. A machined and polished edge with two scribed marks a known small 

distance apart. was viewed through the microscope and electronic imaging system It was flrst 

placed at the lower edge of the screen and the displacement in the number of pixels noted. 

It was t~n moved to the center of the screen. and the experim'ent repeated Finally it was 

1 

moved to the top of the sereen. Any distortion wou Id result in a change ln the number of 
, 

pixels. However. the results showed no evidence of distortIon al any magmfication. 

The overallcarnera calibration can be evaluated experimentally by viewing a calibratéd scale 

and calculating the ovetall scahng coeff.cients in the x and !I dIrectIons These measurements 

resulted '" sealing factors of 580 microns and 450 microns per image pixel in the x and y 

directions 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 20.3c vertically and 24.7° horizontally 

Aside from the standard 18 mm focal tength lens. the camera carr be attached to one of 

the viewing ports of the W;ld Leitz binoeular microscope The microscope has a a ~50 t.mes 

magnification eapabiltty. With a camera whose' senslng elements have a 36 mICron center-
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4 Accuracy and Repeatablhty 

to-cenler distance. its resolution was measuréd al 67 microns under 6 tlmes magmflCatlon 

and 8 microns at 50 times magniflcatlon. The Image under hlgh magniflcatlons becomes less 

well-deflOed 

Wlth the above techmques. we have a choice whether to calibrate a tool in the visuai 

domaln or 10 the ~ ,e 'ile domam. ThiS choice lends considerable latitude to the calibration 

procedure Whlle a tool with a relatlvely simple geometry such as the pneumatic grinder 

was used to test out the calibration procedures. there were sorne tools with a complexity ln 

geometry that would preclude the use of tactile senslng for Its cahbratlon ln such Instances. 

the avallablhty of camera sensing serves to overcom'e the limitations of calibration ln the tactile 

domaln By vlewmg the. tool from a number of dlfferent positions, Its geometry can accurately 
1 

" 

be charactenzed Besldes use in the visual calibration of tools. camera vision can also be 

used to gauge distances or dimensions of components that do not lend themselves easily , 
ta tactile senslng Ttiese visual sensmg techniques MALOWANY8S have been successfully 

apphed to prmted CIrCUit board assembty MANSOURI85 and electronlc assembly by robots 

MICHAUD8S 

4.13 Evaluations and Future Extenlions 

This was primanly a study to characterize the sources and magnitudes of the various errors 

ln positionmg the PUMA 260 robot arm. The above methods for the measurements and tool 

charactematlons are satisfactory since the program eltecution 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 

implementatlon through the VAL terminal mode gives rise to sorne very clumsy constructs 

which could be slmplifled wlth a more powerful robot language such as ReCl Communica-

" 
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tion IS also enhanced because RCCl -allows for dlrett IOterrupt servicing capabihty Future 

extensions of the caltbratlon programs will include utilitles to 'calibrate new tools. a database 

with vauous tool transforms and the locations of the va flOUS task positions . 

• i 
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, 

5,. Conclusion 

The Computer VIsion and Robotics Laboratory IS currently involved ln the application 

" of automated visuai Inspection and repa.r of hybnd integrated circuit boards The task IS 

.pl 

'to develop an "mtelhgent" workstatlon. based on the expert-systems approach. so that the 

repalr process wlth relevant mputs from the vlsual and tactile domains. can decide and effect 

a course of action in-the mspectlon and repalr process. 

ln this (ontext of deve/opment. it IS necessary to depart from the traditlonal method of 

o teachmg the robot ail Ils task pos.t.ons Rather. these positions are to be calculated by the 

robot programs themselves. accord mg to the task requlrements and tools reqUlred To thls 

end. the calibration procedures were formulated based on elettrical contact and camera vIsion 

The repeatab.llty of the robot's motion was measured using eleetrical contact under a 

variety of condItIons or motion The positioning expertments here have shown that the PUMA 

2'60 is indeed capable of the SO micron repeatabihty as described in the manufacturer's specifi-

cations Nearly ail applicatIons can be tailQred 50 as to depend on the posltlonal repeatability 

o'r a rqbot arm. rather tha" its positlonal accuraey The posltional accuracy of the robot 

cannot be speclfled very precisely without takmg the geometry of the robot lOto account. If 

the robot sufTered a collision in which a "nk becomes slightly dlstorted. the robot will stIll 
, " 

,(If, It is able fo ~perate) be able to màintain the same repeata~ility. but w~1J no longer be ilS 

accurate as before the collision 

The repeatability has been shown to be better than 0.040 mm. 'The mïnimum linêar 

movement re50lutlon 150.020 mm The experiment5 also show that a tool can be positioned , 
"" 

at a targeted location. when calibrated. to within 0.3 mm The wrist assembly ;5 fpund to 

have a posit.onal resolution of 0.005° with the deviati~n generally around d.OO6"O. Wlth a 5 

\ 
cm tool length. for example. this wNks out to an arc length of t'ess than 5 microns 

-t03 
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5 Conclusion 

The Implementation of the coordlnate system for the PUMA 260 allows the kmematlCs 

equatlons of the robot to be solved. not on the robot c.ontroller. but on a VAX-l1 /780 com-

puter ln conJunctlon wlth the applicatIOn programs The numerlcal evaluatlon of the kmematlC 

equations for the motions were performed on the VAX-ll /780 with the resulting joint angles 

transmltted to the Unimate contrf\ller for the elecution of the motion. These programs are 

available for general' use in callbrating other tools as necessary. This enhanced kinematic 

computational capabliity IS further advanced with the use of self-calibrating procedurës Dif-

ferent tool geometnes can readily be accommodated into the klnematic equations 50 that the 

worklng pOint of the 1001 can be located al the same position despite a change of tools These 

techniques were experlmentally verifled by demonstrating the ablhty to exchange pointer and 

grinder tools ln a robot "test" program 

The visual tracklng experiments were carried out with the use of the Hitachi CCD camera 

whose vertical center-to-center distance between actlvt! sensing element~ is 36 X 10-06 mm. 

showed an extremely high probab"lty of track,"g to withm one pixel of the target pOint. The 

actual distance resolved in the world coordlnate system is dependent upon the focal length, 

and hence the magnaflcation of the lens used For an 18 mm focallength lens (the lens used 

in some of the expenments). the resolutlon in the world coordinates is 0.05° of the arc At 32 
~ 

cm from the CC D plane. a distance commonly encountered in the current workstation setting. 

this translates to a resolution 500 microns. or 0.50 mm ln actual measurements. the camera 

was able to resolve 580 microns and .. 50 microns per image pixel in the x and JI directions 

respectlvely ThiS corresponds to a viewlng angle of 20.3° vertically and 24.7° horizontally. 

A camera havlng a 36 micron center-to-center distance between sensing eleQlents was 

used ln conJunctlon wlth the Wild Leitz microscope which has a ~50X zoom capabihty. At 

the lowest magmflcatlon of 6 times. the resolutlon that can be obtained IS 67 microns. At 
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the h,ghest magmflCat,on of SO tlmes. an 8' micron resolutlOn was ach,eved Under hlgh 

magniflcatlons. however. the image becomes less weil defined and tracking becomes difflcult 

"Smboth" surfaces no longer appear smooth under such high magniflcatlons. 

To track an 3-D space. multiple \"Ïews. from a mobile camera or multiple filed cameras. 
~ 

are proposed Us,", an 18 mm focallength lens. the volumetrie resolutlon of a point 320 mm 

away corresponds to a cube of 500 microns. or 0.50 mm per side. Higher linear resolutions 

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

view 15 acceptable 

c.' 10~ 
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