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AbstràCI 

Abstract 

<1 

This thesls describes work that was performed ln rmplementmg a real-tlme robot contro~ 

research envlfonment at the McGl1I Umverslty Computer VIsion and Robotlcs laboratory 

(CVaRL), based on prevlous work whlch was done at Purdue Unrverslty rn 1983 The 

envlronmen~. conslsts of two layer~ the lowest layer. ealled Rel (Robot Control Interface), 

IS a software taC/lit y that provldes a programmer ~wlth an easy way to create real-tlme robot 

control procedures ln the language C under the operatrng system UNIX Burlt on top of 

this IS the upper layer. called RCCL (Robot Control C L,lbrary). which IS a collection of C 

pnmltlVes and data structures thôt provldes robot mo~on control ln Carteslan coordlnates 
\ 

Work done 10 ImpiementlOg thl5 system conslsted of, ~) rewriting the low level (RCI) to 

" provide error handlrng." a slmuiator. a compIlation rnterface, Increased access to the robot 

devices. and removal of some system resource restrictions: (2) proposmg a methodology for 
" 

porting thls RCI envlronment to a multlprocessor. multl-robot confIguration. (3) denvlOg 

the kmematlC and Inverse kinematlc models for both CVaRl robots as requlred for the 

RCel,._ trajectory generôtor. (4) developing a method to accurately measure the gravIt y 

loading and frrctlonal parameters for one of the CVaRl robots as reqUlred for statle force 

" control. (5) l';stalhng the RCCL software and determrnrng the modifIcations necessary to " 

make ItÎJsable m a multr-robot system 
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Rés,umé 

La, p'résente thèse décnt le travail accompli pout mettre en œuvre u.envlronflement 

de recherche en commande temp-réel de robot manipulateurs dans le cadre du Laboratoire 

- de' VIsÎonlque et de Robotique (Computer VIsion and Robotlcs l:aboratory . CVaRL) au 

Département de Génie Electrique de McGl1i University Cet 'enVIronnement 9t basé sur un 

travail effectué à Purdue University en 1983 Il s agit d un 9utillogiclel,à deu~couches Le 

n"ieau inferieur nommé RCI (Robot Control Interface), procure au programmeur la pos" 

SIblllté de créer des procédures temps-réel de commande d~ robot. en language '(' et 

sOus le systeme d'exploitation UniX, Sur ce niveau mféneuT est bât,ë la couche supérieure 

nommée ReCl (RObot Control C Llbrary) C'est une collection de'fonctlons prlf'ntt',ves et . , " 

de structures de donnée éCrites en "C" qUI permettent la commande ~u robot au nlveÎlU ef . , 

fecteur dans l'espace cartésien Les différentes étapes pour la mise en œuv,re de ce système 

furent (1) la reéc1'lture de la couche de bas niveau pour permettre ,la gestion de erreurs 

pour fournu' un simulateur hors-ligne et un Interface de compilation. pour offrIT un meilleur 

accès aLÎx dispositifs robotiques et sup~nmer certaines H!S~~lttlOns quant au," ressources du 

systè~e (2) ré~abllss.ement d'une méthodologie pour étendre le système Rel a~. ca'5 ~U1tI­

proc;sseur, mu/tl-robot. (3) le c~kul des modèles géometnQues el cmématlQtléS 'dIrects et 
Inverses des deulI: r6bots du laboratOire Ceci pour leur tntégratlo~ dans le système ReCl 

(4) le dé\lefopement d"une méthode de mes~re des charges de graVIté ét des coefflClents'de 

fnctlon dont la connalssan~e est nécessaire à la c()mm~nde 'en force. (.5) I"mstallatlon, du 

logICiel RCeL et la détermination des modifications propres à en faire un système 1'llUIt,-
1 t 1 If 
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INTRODUCTION 

, 
, 4 

hwestlgàtors mterested ln robotlcs. resêarch may choose tram a wlde and multld,scl' 

Iq ~ pltnary range of tOplCS wlth the de~elopment of robot systems mcorporatmg element5 of 

'Y , ' matertal sCience mechan.cs électroOlCs. control theory. computer architecture com~u-
\ 

mcat.ons, software englneerl~g. art.f".al Intelligence. and systems des.gn SUC;" Inherent 

complex.ty makes stroog demands 'on any en~"onment in wh.ch useful research IS to be , ' 
/ 

'performed Not Ooly 15 a certain mmimum amount of eqUipment and hardware requlre6-' 
l, 

,(s~h as a fomputer. the robot itself. sensory penpherals. and various workspace abjects) 
, . 

but tools müst be prov.ded Yih.eh allow the vanous parts of the system ta be tnterconnected 

ard cootrolled ln a vartety of 'IIays. The set of these too.I5 whlch are'man.fested ln software 

can b~ ca lied the robot programmmg envlfonme"t • 
.' '" \ . 

Cqmmerclally ~va.lable robots u5ually come ~qulpped wtth a prog~a~mln'g env.ronment ' 
l "'~ 

'. -

~upphed by the manufacturer, generally JO ,the .form oHa. robot programming language ':, 

-' " Good èxamples oi th~se are Un/matlon s VAL Il IShll;,~no et al ~41 ~~d Automat.x ~' " 

: 
• , ~ \ \ 9' - t-\ 

RAil (Automatl,X 82~. Unfortunately. these languages tend. to be geared fowaro (;ommet-
__ r .. 1 

- bal applications and may not alway. possess enough g~t;lerallty o~ flexlbllity to satlsfy the 

needs of "~'Tesearch group For instance .• f rese~rch IS being ,done pn algo~lth~s fo~ -~e(ler. 

.. atlng robot traJectories. an êxisting language will:not be ~f mu~h use. unless a "hook'" IS 
, . .\ 

·prov.ded by which a programmer may replace the default tra)eGtory generator of the lan-
• 1 

guage wlth one of hls/her own. In response to thls. !esearch tnstltutlQns uften' develop thelr 
• \ ~ J 

,., own programmmg e~v"onments. tallored ~ t~elf own rieedsr a!\ e"emplified by Stanford 

, ' " 

'. . , 
" 

' .. . 
, ' 

'-. 

-.' 

" 

'. 
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UniversIty S AL IFmkel edl 75 Goldman 82] whlCh ms deslgn~ tû offer all,,~he feàture5 

, ,1. ~ 1 

of.a (onventlOnal programmlng langùage ln addition to manlpulator control construcl~ 

A simllar degree of programmabliity IS found ln IBM s AML ITaylor et al 821 These. ',_ 

systems however still do not makI;! I~ conveOle~~to ellperlrnènt ~~.slly wlth d;fferent le..els 

of the Implernèntatlon '" ~' 

Another approach was Intr~dueed at Purdue Urîi~erslty tn 1983 IHayward a1i<l.Paul 83\ 
.., ., 

.,Thls Involved ereatlng a two lever tabot software"envlronment embedded m tj'le J"~~ Sevel 

language C The lower level was. called the Real· rime Control 1 RT C) layer ana provlded - , 
the programmer wlth prlmltlvés by whlch he/she cO!lld ,wrlte Simple control procedures to 

operale the IOdlvldual JOints of< a robot It served .. as a substrate for the hlgher level known 

.~ '\ 

as the Robot Control C Llbrary (RCCL) whlch wâs a~package of routmes for speClfymg the .j,; 

trilJectory of a robot ln Carteslan coordln~lte~ 'This l~yerlng structure IS rem~l;èent of two .... 

weil known ex amples the ISO protocol for open system-comml~lIccltlons IZ"'1mermann 80]. 

and t_he U'NIX' operatl.hg system IKernlghan and P,ke 841 ln fact the system developed-àt" 

Purdue University was Implemented under a UNIX system runOlng on a VAX mlOlComputer 

At MeGl1i UniverSity the RTe layer- has been œdesigned by the a.uth6t and IS known as 

, RCI (Robot Contro/lnterface) It al_so,~erves as a host for a version of ReCL A somewhat 

styllzed vlew of the arrangement IS shown 10 Figure 1 1 

1.1 Description of the W()rk .. 
Thlithesls IS based on the work that Was ~one ln implementmg both levels of the 

- - j 

Purdue envlronment at the MeGill Untverslty Computer Vision and Robotles Laboratory 
, 

(CVaRL) ThiS IOvolved adaptmg Il to the needs of the research facihty. and laylOg the . ~ 
groondwork fOf, future extensions to the system The work Itself ranged (fom deHvlng . . ' 

.t ~~. 

manlpulator kmerrya,ttes to ereatmg extenSIons to the UNIX op,eratmg system At the 

tlme of Implementation, the laboratory owned two robots. a Un\mirtlon PUMA 260, and a 
.1 , t .. ~ 

MlCrobo MR-Q3 EwreUlI" The host computer system w~s s.mllar to the Purdue system -, " 
~. , 

con<;l:!>tmg Qf.a DIgItal VAX 11-750 runnmg UNIX Most of.the work descnbed here was 
, - . 

done 1 wtth tl)~ -PUMA 260, because of tlme constralnts and I~,tlal d.ffleultles IOterfacinr. 
:::;: ... '\ - ... -'- -~': . . , 

, UNIX 15 a traaèmark of Bell labs 

*- The labm-atory llas s'lflee ilcqulred a third robot an IBM 1565 
- ~ I~~ < ~~ ~ 
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",,' wlth the MlCrobo 
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.. 

The flrst Job Involved taklng the Purdue low level control layer (RTe) and rewriting It ln 

a more general and usable' form Ta Improve ItS usablltty, some prImitives were added ta the 

UNIX kernel wtilCh Jllowed .t to properly handle the real-lime software The new versIon 

was renamed RCI (Robot Control Interface) Once operatlOnal thls tool was used ln several 

dlfTerent applICations, tncludtng developlOg programs to measure the dynamlc parameters 

assoclated wtth the robot (Chapter 4 and IAboussouan 851) and Implementtng the Purdue 

hlgh level control layer (RCel) A present limItatIon of RelIS the eomputatlOnalload that 

.t places on a Single procE!ssor ThIS led to the conslderatton of ways to employ multiple 

'processors, wh.le retatnlng the char,actenstlcs of the RCI programmmg envlronment whlch 

had proven to be useful A corollary of thls goal IS to expand the Interface to multIple 

robots Work IS presently under way al CVaRl to elttend RCI to the M,crobo IKossman 

851 
, .' 

Brlnglng up the ReCl software requlfed some additIOn al tasks Smce ReCl works ln .. .' 

• Ca,rteslan coordlnates ItS internai software must know the ktnematlcs for each manlpulator 

It con trois The ktne~atlc models were obtatned for both the PUMA and ~he Mlcr~bo' 
The force control features of RCCl also reqUlred the measurtng of certain robot speclfte 

parary,eters ln the absence of dlfect force sensC\rs the force control was accomphshed 

(bath al CVaRl and at Purduef by measurlng and controlllg,& JOInt currents ThiS IS 

possible because of the "near relJtloo!>hlp between torque and motor curr~nts 10 De servo 

motors A technique was developed to use thls current - torque relatlonshlp to measure the 

necessary force contro1rp~rameters (e g. JOlOt fflctlon and gravIt y loading coeffIcIents) The 
.. -1 ( ~ 

m~asurement programs were partlcularly easy to Implement uSlOg ·the RCI software and 
• ~~ 1 r 

Ylelded good, results .~easu'ements Vfere made for the PUMA oo-'y. ~tnce the mechanlcal 

~ear,"g on ,the M,crobo's pnsmatlc jOints make force control and measurement uStng JOlOt 
.. " ,"r 

torques Impra~t~:aL 

The last task was the actual tnstall~tlon of the RCel system. After thls had béen done. 

and RCCl had been subjected to a certain amount of usage, It became obvlous that some 

.mprovements would be necessary to augment the usefulness of the s~stem, partlcularly '" 

any forthcomtn& multl-robot version Research IS now belOg done al the laboratory uSlOg 

_____ J.~ __ 

" - 1 
• As stated earller Reel has to date only been Installed on, the PUMA 

( , . , 

\.. •. 3" ,,----

" ' 

. ; 
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.' l 

1: ("I~llIll 01 Ih,,- PH ~rl)tatlOl' 

~ -~ 
t;...kbf';RCCL system prlm.tll/es 'as bUIlding blocks for hlghet layets of ,obot (bnttol IGauthler 

,,7 

~- \ \. 

,,' 

et al 851 

- 1 
" , 

1.2 Out lin, of the Presentation 

The general objectIves of th.s ttle~l~ are to 

,\ 1 Provlde a deswpt.on of the RCI/Reel pro~~~,rnmJng envlfonment as currently 

Implemented 

2 Co~sl~er ways ln wh.ch thls envlfonment may be Improved and extended. 

3 P-resent the rcbot kmematlc and ~tat.c force models and -desc~lbe how they were 
, - -

. 'f" obtamed 

~I r The thesls' ldi d.y.ded mto four 'main chapters 

Chapter 2 d.scusses the Rel programmmg mterface begmntfJg wlth a desmpt/On of" 

the~present CVaRl .mplementatlon. and a summary of the dlfferences between Rel and 

the ~'rlg,"al Purdue RTC system A pr~sentat.on IS then madé -of thé Issues Involved ln 

g~nerahz,"g thls system to handle multiple robots on a mult,proc;essor conhgura~lon 
" . 

Chapter 3 presents the def/vatlon of the kmemat.cs and 'cllfTerentlal kmematlCs for the 

PUMA 260 and the Mlcrobo Ecureuil Although the r'na~"lIpulator Jacoblan has tr,ad.tlonally 

been regarded as a rather complex obJeet. Il was possIble to reduce Il to a form thal, was 

computatlonally qu.te effiCient 

Chapter 4 defmes the statle force control of a man.pulator, d.swsses the robot param­

elers that must be" determmed ln order to perform thls control. and tntroduces a simple 

method to measure these parameters The result's are presented for the PUMA 260 

Chapter 5 provldes a brtef descrrption of the RCCL system Itself and sug~ests exten­

SIons nece~sary to make It useful ln a m,ultl-robot envlronment 

The rematnder of thls chapter contaIOs background materr;tl on robot hlerarchlcal con­

trol systems. the CVaRl laboratory envlronment. notatton conventions, and ~?me '!!~the­

matIes 
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1.3 General Background 
, , 

1.3.1 Hierarchical Robot Contra' Syrte!ms , , 

'. 

.. / 

" . ' 

~ ~ . ~ 

· ' 

· " · /, 

Hlerardllcal system; are a popular me.ans cri partltlonmg the robot control problem and '" 
- \ r ' 0 

there are man y dlscusslon~ of thls tOplC 10 the lîrerature (/Albus et al 8"1 ShlO and Malin 
~. ,t. 1 • 

85 S,tephanou and Sandls 76j) We are"lnterested lri them he te b~cause the Rel/Reel 
...... - '. ' ~ ~ 

system IS also h,er,archlcal ln concept 
, 

The generai premlsi'~f sud1- systems';5 Ilwstrafed m Figure t 2 Tasks e)(ecutlOg al 
" 

dlffere'nt .levels commuOlcate' wlth thélr ' respective supervlsor and subordmate, tasks ;T he 

nodes at the, bottom iepiesent the. system actuators ~nd sensory mput dev,c'es Sensory 
J' r • • , ! 

data 15 gather~'d ât the lowest {evel. à~d .(hen pcopagates'up through'tlle struçture ~elOg 
'r J. j , ~ ~ 

successlvely mterpfeted, al dlJTerent Ie'vels to Yleld progressÎvely hlgher level informatIOn 
, J, ' •• 

C.Qlftmands origlOate at thE,' top of the h.erar-chy, 10 terms of a h.gh level reque~t and 
, • t' 

propagate down,war~ ,resultmg' 10 su~ces5ively lower Level requests "The sensory data: 
1 / ' ,.. , , 

,<,'-" avallable at each leV'el may be used to e.ltecute t~e commands md.genous to that level 

y'''' 

• 

, This descr~ptlon .s exhemely general and makes ve~y few assumpt'Qns about the par-
, ~ ~ " ' ~ ~ l) , -

tlcular system unttèr consideration ln' terms of to'"mputat.on.'the lower le,,~ls are usually 

" .assumed to periorin 'slmpler. more rapld computatIOns whlle the ~.gher tevéls perform more 

. 'c'orrple~, ~,~wer computat.o·n~ IAlbus. et al 'Sl) Th.s pn~Clple .s rath.er v(Vldly exe'mplt­

fled by rese.arch whlch IS presently bemg done on develop"ig walkmg robots 15crwan et 

"al 851 ln "'that "pa~tlCular e.ltamplè. contrai 15 effected by a hierarchy ,of tasks rUf)Jl'f1t;" at 

dlfferent/ates. Includmg a human tnterface (~ H,z)., a body mot'~~'plan[ler (20 ~'z), a' ieg 
1.. ~ • ,.' ' f ' 

mot.on planner (50 Hz). and a leg servo (100 Hz) A ra;her rougit way of distlOgu,s~jng the 
, , 

lower levels from the h.gher levels .s ta say that the ·Jower lev~ls tend to process numencal 
t " ", JO 

" 

't 

" . 
'e' 

information, whtfe {'he higher"levels are more symboltcally oriented'IHarmoh' 8~J, , 
y t. • If' 

,', 

, . Ta a certain e.lttent. the hlerarch"al paradlgfl'l"s already s~~odard prad}c; JO robot te 
'r, 

s~tems . .wbere each robot Joint- Or a~.,s .s of~en controlled by an IOdjv.dlial ,task ~,..nntng 

on a dedlCatéd processor under the command of some superY,s~)f tas~, ,as IS 'the case w.th 

the vendo'r supphed ~ont~pl,systems for both robots al ,ÇVaRl (F,gurè 1 3) tt:Je'm~,vldual 
1 • (, 

processors control/.ng the jOints def,"~ ~he Joint levelof tWe hl~rarchy !he, decompositlon 
'" . \. ' " \ ~ . "" 

of t,he control at thls level cornes naturaOY. slnce ~nt:e ~ ~et' of destlOat;on Jomt angles 
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1] General ,Background 

• has 'been seleeted,' each jOlO,t cati mOlfe to the. appropnate Ideation wlth a ,ml.nlmum of 
, " 

interactIOn wlth th.e other joints· The JOint controllers accept very low lelfel commands 

d,rectltlg them ta move to and hold speclflc positions Posltlonal IOformatlon. pro\ltded 

by such devices as optlcal encoders. IS returned From the robot to complete a closed-Ioop 
, . 

cont,rol CirCUit 10 each jOlOt controller. and can also be passe~ up to the hlgher control 

levels. wh,ch may need to know'the position of the robot for ca"YIOg out computations 

such as cofhslQI1 avoidance The JOint é{)ntrol level tYl>ically operates at very hlgh rates 

(e g. 1000 Hz) 
\ . .~' ~ ~; 

The next level up ln tne hleral'chy {the "supervisor" ln Figure 1 3) IS often called the 

robot levet. It q)rresponds to the control levèl of the RCI syste'm presel'lted '" Chapter 

2 ln this laye~ the manlpulator 1S treated as an Integrated whole [Shln and Mah~ 851. It 

IS here that a traJectory specification 15 mapped lOto the reqUired sets of Joint positions 

ln the cas~ ot' a single manipùlator m ~n un'~est~lcted workspace. weil deflOed methods 

exist for planning, and executing motion traJectones ([Paul 81. Lee 821) However. the 

situation becomes far more complex when It is destred to take Into account. at run tlme. the 
• 1 ~" , , 

eiustence of obstacles ln the workspace. or perform a task ln close cooperation wlth a"other 

manipulator. or Integrate some r~rm of hlgher leve! feedback (e g" visual mformatlon) ,'nto 

the traJectory control pro,cess" These are open problems. Aiso. work IS still being do ne 

with single manipula tors to improve traJectory computatlo~ methods and Investlgate ways 

• of performlng force control A tYPlcal computation performèd at the robot level IS the so 

called inverse kinematlc (unction. whlch m'aps Cartesian coordlnates Into the jOint space of 

the robot " The computation rat~s'tend to lie ln the r~nge of 1010 100 Hz . , , 

At levels farther up. the computations performed. and the objects these comp~tatlons 

are performed on. become increasingly complex and diverse. The control rate ;s 10 general 

lower and less regular At these levels, the robot· . )tion IS frequently con51dered as a set 

of destination positions ln sorne "wQrld" coordlnate system. whlch it 15 the responslb,lity 

of the lower levels to position the robot at. 10 accordance wlth a set of path control 

parameters (as exemplified by ReCL. described in Chapter 5) Models of .the work5pace 

" 1 

• This assumes that the 10lOt control does not model the arm dynamics Sorne recent research has been 
directed at designtng speCIal jOlOt level architectures to enable run tlme computatIon of the robot dynam­
ics (a, highly cou pied and computatlonally exp~nslve problem) and yield a correspondil1g Improvement ln 
robot performance pnncipally Olt hlgh speeds [Nlgam and Lee 85J) 
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çan.be mtroduced here along$lde computer VI$IOn functlon$ whlch return the locations 
-

of obJect$ 10 the workspace One may also canslder al thls level (and posslbly hlgher 

ones) each robot or group of robots as a separate workcell and devise par.adlgms for the 

integration of such workcells IOta a c:;oheslve automated plant (/ Faro and MeSSina 83, Baird 

et al 84)) These hlgher levels fit lOto what the RCI system addresses as the plannmg 

level 

1.3.2 Description Of the laboratory Environment 

At the tlme of thls wntlOg the eq!-Jlpment at CVaRL consists of two Digital VAX 

750's, runnlng UNIX 4 2hsd, and one VAX 780 runnlOg VMS 'connected together by 

an Ethernet Llnk IFlgure 1 4) The two 750 sare dedlcated chlefly to robotlcs praJect$ 

One IS dtrected towards robot VISlan research and ta thls machine are attached cameras 

frame grabblng equlpment. and a dlsplay mOnitor The other 750 IS used chlefly for robot 

control applications. and is connected ta the two robots A sessIon layer communICatIon 

protocol has been developed that al,laws these two VAXs ta commUOIcate over the Ethernet 

for appl~catlons mvolvmg 'bath vision -a~d robotlcs IGauthler, et al 85) The robots are 

connected to the., VAX bath wlth senal hnes and hlgh speed parallel links 

Research objectIves ln the lab have focussed on uSlng me robots far inspectIOn art<;i 

repalr applications," the electronlCs Industry Bath robots are smalt. and they are arranged 

ln an overlappmg common workspace 

t .3.3 Description of the Robots 

Each robot IS a slxlink senal manlpulator Ali JOints on the PUMA are revolute. arranged 

ln an anthropomorphlC configuratIon (Figure 1 5), It IS essentlally a scaled down version 

of the larger (afrd more dlscussed) PUMA 560/600 rabots The actuators are perrr\9l1ent 

magnet OC servo motors - The Mlcrobo IS a cyJmdncaJ hlgh preCISion manipulatar of about , --

the same size. wlth Joints 2 and 3 pflsmatlC (FIgure 16). ando/s also drlven by OC servo 

motors 

The basIC control mechantsm for each robot cons/sts of a mlcrocontroller for each 

JOint. under the cammand of a sup~rvisor Untt (Figure 1.3) The controllers themselves are 

m/croproceSSQIS whlCh use optlcal encoder pOSition feedback wlth a PlO control algortthm - , 
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"~';~. ':.J'~ ~..,~J ~ . 
to determ,ne th~ current to send ta the lOlllt rbt,llors PosItIon control tram t~è' supervlsar . 

, 1 j.' " " ~ 

lever IS hence esseq,tlally open.loop The JOlOt angle'!. th~t"correspm"rd: to ~ .g1~~1) Carte~;~n ~ 
./ ': 

< " 

.' 

r' 
.. " ... ~ 

pOSItIOn are calculated by the supervlsor and dt'spatched to th~h JPI~t "c~~~roll~rs. ~t 't r~!e. 
tn the VIClnlty of 10 to 100 Hz·, ln the case of the PUMA the default rate IS ·36 Hz'~ 

.... ~f' 

JOint çantroller ~ops operate at ',ates close to 1'000 Hz... . , 
« , " '~ , J, 

1 (, '" '( c , ' ~, 
lb,. ~ ~ ~ ,~ • ,'" ~~I... ....;- 1 1" 

1.3.4 Notali~ ... -.,..1.9;,/ .\~ ',,' " " ~> ;', ., - •• :' :'" ;. • ,,~.' t ,. 
't "" ~ ..f ~. t .N ~ 1'~ .. " 

ChaPteL!!~and 5, make numerous' re~erences t~ pro&ramml~g, ~on~~;uéi:':·-'·~~~·~~!.ual ~ , .. ,. 
names of functlons. varrables. and data types are writte,; in typéwritflr font. In addItIon. ,. -
fUl~çtlon names are followed by a patr of parént~eses, .. ~s in func~ion1 () ... y 

." "' ',.. Sorne use Will be made of mathematical vector and matri~ tlbtatlon. for whlch,'!le shall ' 
! - .. ' ~.... -J' ~ ~~-

,·use the followmg conventIons. Vectors are represented by' a bold face. lower case lèliet' aS"'" . _, 
, .. "" ~, ,~ ~ -., 

10 V and J( The only eJlceptlon to thls is the JOint varrable yedôr e By ~fault a vector 

Imph~s a column vector: a row \/ector IS' tndlcated as the tia'nspose of a côtumn' vèctor. as 
'". • , .. ' .,,f 

ln X T Matrices ;r(e mdlc31éd bY a boldface upper-case lett~~~ as 10 A and X " ." 
~-'" ~I~. ""'.~ ,~:' 

It I~ sô~etlmes US~f41 to mdlcate the cooldIÎ1at~.frame wlth respeét lb whrch a ve~tor" 
, t 

or matnx IS defrnecf ~"The notation used for thts consists of postlrlg ~he .cOord'Aate frame 
"'1.> • • ~ - ~ • " 

as' ~ prec~ding superscrtpt For example the vector v defmed wlth respecf w coordl"Oate 
-1:" -' +, • • • 

, frame A IS ind,cated as ,Av 
• - - # " ~ 

., ,~~ set 01 Jomt (v~_"abl~s' for a r~bot ar~ rnd,c~t~d.br ~,:,the',etemelJts, o( wh~c~ nl~t, , , 
répiesent elther distance values for prismatic'Joi~~~ ~r .an,.uléJr.~ues f~~ rotary ones. Slm,- -,' " 

ilarly, the, vector. II IS used to descrrbe the JOI",t levef forces. and l~m'elltJ5 may bè either ,G' 

linear forces or torques. " , 
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1.4 M~thematical Background 

. ' 
-

1.4.1 Representation of Coordinate Frames and Positions 
• ' il> .. 

The, poslt.on of a ngld body ln spaee may b-e deswbed by assoclating It wlth a flxed 

'orthonormàl codrqmafê frame The position of thls frame. taken ~Ith respect to"some 

other refereoee frame, then defmes the position of the body 
," 

ln general If we eonslder two frames, 0 and .4, t~èn the location of -t wlth respect 

to Ô may be deserlbed ln terms 'of a translation vector p an? a 3 . 3 rotation matm'R 

wtl/ch are apphed to the base Unit vectors of 0 We defme the el~ments of p and R as 

aI) a
lJ 

1 

a;: 

(1 1) . 

'Now eonslder that a pOlOt ln spaee may be represented by elther the vectar (Ir or 

.4,: dep~nding on whether it is observed 10 frame 0 o~ frame A Ustng.the relatlonshlps . 

between the two frames deswbed above. we may form the equatlon 

0, ~ R Ar + p (1.2) 

If. IOstead of representlng a point Jn space by the usual three vector (rI' r\J' rdT w_e 

represent Il by an extended four lIector (rI' r\J' rz.1)T then equatKln (1 2) may be rewrltten 

as 

o 0 

PI) 
P!I 4r 
Pz _ 
1 

(1.3) 

ThiS matnx IS known as a homogeneous transform, and has aehleved greal popul~rlty ln 

. both roboties and computer graphies as a' means of deseribIOg the relatlonshlp between 
, -

orthogonal toordmate frames' The elements of the matnx 10 (1 3) are often represented 

hy the, four column vectors n, o. a, and p 

Nurherous other metho'ds eXlst to descnbe the rotation characterazed by_ R These , 

,lncl~de yaw, pltch, and roll angles. Euler angles (Paul 8tJ. and quaternions IShoemake '85) 

y Yaw. pltch. and roll angles are defined as an ordered sequence of rotations about the I. y , 
, .. .. ~ 

aad ;; a~es. respectlvely, of the onginal eoordmate frame. These angles ~re mdlcated here 
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oy the lolk>wrng Greek letters yaw (vi pitch (p), and ~ofllol..- Weil deftned mapplngs eXlst· 

betwe~n the vanous representatlons of orlentatlo,n IPaul81 Shoemake 851 Il will be no't'ed 

that the n 0 and a vectors contain nlne numbers whlch IS a redundant charactérlzatlon 

gty'en thal three. .dlmenslOnal rotations 'lnvrnve only three degrees of freedolll 

C:ompound transformatlOn.5 may be descnbed by multlplymg the approprrate matnces , 
together For Instance ,f A descrlbes the transformat~on from frame 0 to frame 4 and 

8 descrlbe~ the transformation from frame A, ,to frame B, the~1 the tr ,msformatlon from 

fram~ 0 to frame B'rnay be computed as A B . ' 
) 

'It is mo~t usuaf to èfesCrlbe a .transf<5rrhatlon A {rom frame 0 io frame A wlth respect 

to the frame 0 "t.e, A := () A Hdwever. It should be n~ted that ~t:IS possible to represent 

a tran'sformatton between two frames wlth respect to a thlrd coordlnate frame .\ UStng 

the slmilanty transform 

-. . (1.4) 

where /' X descrt~es the_' transforma't;lon from frame 0 to !he obsèrvation frilme.X We (' an 

rearrange 114) "as 

" '115) 

From thl~ may be deduc~d the follo,wlOg rule for transformation matnx multipltcation If X 

descnbes a transfo;mation fr~m ÇJ to X. wÎth respect. to'o. thên post~ultlplymg X by a 

matnx A deswbes a transformation on X wlth respect to frame X. whlle premultlplytng 

: X by A describès a transformatIon wlth respect to the original frame 0 

Descpbtng locatIons' usmg transformatIons 15 qUite I,JsefuL sl,hce there 15 no longer dny 

need to us~ a flxed eoordmate fra~e to descrrbe ail pOints Locations may Instead be 

deftned wlth respect to any conveOlent frame for whlch the tr~nsformatlons, "nklng the two 

are known 

" 

1.4.2 . Differèntial C~or~inate Changes 
, ' 1 

,~ , 

- 'It 15 frequentfy, nece5sary to conslder mfinltèslmat changes in Carteslan.loqHIQn These 
, , \., ~ ,1 , \ 

correspond to Inflntteslmal changes in the approp,rlate coor,~I~.ate tran,sforn;lat~on and may 

be described uSIOg elther matrices Or 'vectors. 
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A vector representatlon for dlffer.elitlal changes IS possible slnce dlfferentlaJ rota+lOn5 

, 0 

commute We can d~ftne a dlfferentlal change vector de wheré 

• 7" 
de = (dI.dy.d:.dv,dp do) 

, . 
(' , 

If! whlch the tlrst three elements denote an mhOitesimal translation. and the las1 three 

elements. denote an Inflnlt~slmal yaw-pltch-,ôll about the ;r\ y and z a.Jtes 

;' ,the matnx notation IS now descrl.bed For a coordlnate.transformatlon defmed by C . .a 
, , < 

dlfferentlal ch'ange ln the values of thls matnx may be repre,sented by t~e syr:nbol de This 

drfTerentlal change can be decomposéd mto the pfoduct of two matn~es 

de, = Cil . (1.7) 

, , 
where ~ IS defmed as the dllTerential matrlx. Glven the above defmitlon of the componerits 
~ . . ~ ~ . 
of the differentlal change vector. de. It can be shown that 

(0' -drp dp 

Il ~. do 0 dtl) 

-dp dl.' 0 
, ,-

0 0 0 

(1.,8) 

. _ Cons~der now'-a dl~r~~tial çhange ode ~bserved 'in frame O. To describe.this cnange 
,"- .' 

. " ' 

wlth respect to another-frame X. from equatlon (14') we havè . -... 

(1 9) , 

- . 
from which may be ?btaln.ed 

{1.10) 

<' ' 

Given that 

" 

equatlon (1 10) Ylelds 
~ 1 •• 

- x A == ÙX -1 ? Il 0x (1.121 

SI~llarly, 'm. veétor notation: we m~y also wish to observe ~ ddferéhtial çhange vpctor 

"de ln different coordlnate fra~es ThiS r,elat!ons~lp IS a linear mapplng, and ~e denole It 

with the matnx Do,X whlch transfor_lns Ode IntQ -"de. If n. 0, a: and,p are the'component' 
, 'l _J 

, '. -, .. ' - \, ~ .. 
, 

• 

t;,' 

-,1\ 

" " ' 

- ,.' , .' 
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. \ 

v~~tors of the matt.x °x whlch transforms trom frame () ta frame X then (112) can be . 
used together w.th the corfespondence ~elweèn t~e elëments of de and 6. 10 show that 

thls mappl~g has theJorm deswbed ln IPaul 811 

nI n,! n: (p . n)I ' (p nl v (p . n)z 
VJ .(J~ , 0;- (p ',O)I ' (p o)v (p ... 0)= 

Do,x 
QI av il;- (p . a)l (p . ah (p • aL: 

(1.B)"" 
0 0 0 nI nlJ n z , 
0' 0 0 

-, 
aI .Ov Oz 

- (). '. 0 -0 > 
, , 'Ur· al{ a;: 

... 
;) ;: 

'. 1 

1.4.3 !ra,ns.formation of Generalized Forces Between Coordinate Systems 

We now d.SCUS5 forces, heginnmg w.th a fund,am~ntal result relatmg the observe'~; forces ,., 
\ , 

acting on a mechanlCàt system' as seen ln d.fTerent (oordmale systems . This treatment 15 

vahd for any coardmale system, not, only the orthonormal coordlliate frames whlCh have 

been dlscussed above The formulation 15 based on matenal ln IGolçjstem 501, Chapter 1 
,1 1 \ 

Cons.det a ~e~hanicat system t9 be réptesented by a set of 'coordinates ~1 and corre· . 
sponding forces Ql' Now assume that the same system may be ~~sctlbed by a second set 

of coordtnates'P2 and forces <12' where Pl and P2 are related by a d,fTerentlable.functlOn f 
• ' ~, 1 

Pl = f(Pt) 
, .' 

(1.14) 

If ~e now consjd~r an tnflni,tes,mal dlsplacement in the tirst coordinate system, acting 

against the forces Ql. th,ls will pro'duce, by dëfinitlon: an mfinitesimal amount of work dU 

Llkewlse, an infrnitesIlTlal d,~ptacement ln the second coordinate system must prodüë'e the 

sanl~ amoun,~ of work, since the :i;:me mechanlcal system IS being described T'tus glves 

us 

C1.15) 
~. r ~ 1, .. 

OJfferentlating (1 14) yields 
'-

(1.16). 

" 
wl'Ilch can be wntten as 

" , , 
/, \ \ 

(1.i7) 
, 1 

, " 
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wbere J j IS the JaN~btan of the functton J Substt~,lJttng mto (115) yteld~ 

7' T 
ql dPI = q2 JI dPt t 1.18) 

from whlch we obtatn .r" 

qt:= JJ q2 .. ' (1.19) 
" ' 

It ~hould be remembered that J f /S. 10 general. a funchon of Pl 
.. 

This result can be used 10 speclfymg the torque transformation matnx for a inechantcally 
'1 ' 

coupled system. such as the drive tram for a robot. and also Justifies uSlOg the mantpulator 

Jacobtan to transform between JOlOt torques and Cartes;an forces acting on the robot 

1.4.4 Forces in Cartesian Space 

The stallc forces actmg on a body may tr.eated wlth a notation simllar to that for . " 
dlfferentlal motions We deflOe a' force vector q. where 

q = (Jx, Ill' f~l TI' Ty,T,z)T (fW) 

wlth the flrst three elements mdlcatmg translatlonal force. and the last three elements .. ' 

mdlcattng the torques about the. x. y. and z axes ,', 

. Wlthm a r(g/d body. It mify be deslred to observe these forces JO dlfTerent Cartes/an 

frames Because the body is rigid. dlfferentlal motIOns of the bodi:as seen ln fra~es'.o 
and X are'related by the transformatlen Do.x ln (1.13). whlch may assume the rolê bf J! 

in.(l17) Equation (119) then yields "",., 

X q Dq~I 0q (1.21) 

which deftnes a hnear mappmg Fo.X between the dlfferent force observations 
.!{' 

Fax == O-lT . D,X (t.22l 

Given the c90rdmate. transformation X from 0 to X. with columns n, o. a. and p, thls 

r, m~y be solve~ to o~tatn: ()o 

< , 

Fo.X == 
a, ay a z 

(p ). n)x (p ~ n)y (p x n)z 
\' ' (p ). oh (p ~ o)y (p" O)z 

0 
0 
0 
nx 

Oz 

0 0 
0 0 
0 0 

ny riz 

0" Oz 

, l, 
(p x a)x (p' ah, (p" a)~ ax 4y az 

(1.23) 

It should be noted that in the case of translatlonal forces f only. this transformatIon 

reduces tb;the matflx XT. if f ;~' represented by a homogeneous four vector {fx. fv. fz. OIT 

,1' • 

, - , 

. '. 

, . 

i" ' 

, 
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"y .. r.,. 
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Petr, nets are a form of graph wh,ch may be used to study thè' flow ot eventS' ln t',m~, . , 

They WIll be us'ed brtefly ln th.s work ta model svnchron'l~tlOn prGtocols between ~lfTerent 
, 1,. -a" 

pro cesses ~n excellent mtrodu,cl.on ta p.etrl nets .s glven, "' I~terson 811. a very cursory 
, ( 

deSCription w.1I be g.yen here , 

A Petn net conslsts of a set of places, a set o( lrans/t/ons, and a set of dlfeGtéd. arc!"> 

connectlng places wlth translt.ons and trans.t.ons w.th places' 'Places (rom which arcs '.' 
, ~ 

, \:,i 
are directed to a trans.t,on are calted mput places. whlle places wh.ch recelye arcs from a 

transrUon ~re called output places 

,. " 

Places may contam zero or more tokens When ail of the places connected tq a transItion"'..,. 
, .... 

fI i 

.. " 

, ' .' 

conta'";~t least one token. that transitIOn IS, sa.d ta be enabled. and may fj,~, Flrmg a ~"(-.. 
, . r. -. 

translt.on conslsts of taking one token from each of that transItion s rnput places and . ' " 
putt,"g one token ,In each o(that tran!">ltlon's output places (FIgure 1 7) The f\rlng occurs 

rnstantaneously ln a net where several transitIons are enabled, the decls.on as ta whlch 

one will f!re next IS nondetermm.stlc 

The d.strlbut.on of tokens among the places of a net 15 kn0vtn as Its markmg whlCh 

for a net wlth n places can be represented by an n-tuple M TransItIon t.rrngs red.strlbute 

. ·tokens. and result. .n general. In a dlfferent markm& G.ven a PetrI net and an InitIaI 

markmg, .t .5 possible to descrrbe ail th~ ,tiçss.ble ~irrng sequences that may subsequently 

follow as a tree. the nodes of which are the varrous rntermed.ate markrngs of the net ThIs 

tree .s known as the reachab,IIty tree for the net The set of ail possible markmgs IS known 

as the reachab/lity set 

, ln modehng systems. the marklOgs of the net are generally used to rnd,cate dlHerent 

states of the system The system state .s changed by the finng of transitions An exam· 

rnâtlon of tbe reachablhty tree assoCiated w.th a g.ven m.tial markmg. or state w.1I g.ve 

k;Îowledge a,bout ail the poss.ble states w,hlch may'subsequently OCCUf Srnce the net makes 

no assumpt.ons about when enabled tranSItions flre. t.me .s rnvolved '" the analysls only 

to the exterit ot determ.ning the order m which possible sequences of states may occur 

This can be useful ln studylng asynchronous systems where Il may be dlfflcult or unw.se 

to make assumptlons about the tlme delays assoCiated wlth the stale translt.ons 
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Chapter 2· , 

, , 

2.1 ,Overview 

'. 

, " , 

-
-",t 

• 1 

" . " 
, 'Ret: A qEVÉtO~MENr TOOL 

for REAL':TIME 

ROBOT CONTROL SOFTWARE 

'" This chapter d.scusses a software system that allows a user to develop and expenment 

with real-tlme robot control programs The system IS designed to prC?,vlde a useful medium 

for, the creatton of control procedures that enteract wlth a robot at rates '11 the VlClOlty of 

10 to 100 Hz The "uset" of 5uch a system 15 a programmer mterested ln Investlgatlng or 

bUilding low level robot control st>ftware that operates at these (tequencies 

Programs wntten useng thls system execute as two tasks runnlOg ln parallel a cbntrol 

, task. whlCh executes a robot control algorlthm at a penodlc sample rate, and a planning 

" t~sk whlch' provides h.gh level directives to ,'the control level. These tasks are arranged 

~s a two level hlerarchy. The control level executes at hlgh pnonty 10 a non-mterruptable 

context. whtle the planning lever executes ln a ,conver'ltional tlmeshanng context The 

control ~ask communtcates dlrectly wlth the JOlOt mlcrocontrollers. taktng the place of the 

SJ.Ipervisor controller in Figure 1 3 

, " A versIon of thl~ sy~~ftm. called RCI (Robot Control Interface), has been Implemented at 

CVaRl on a VAXNNIX host Il 15 avallable to the user as a hbrary of command prlm.tlves 

and data structures ln the programmtng language C IKermghan and Ritchle 78J Relis 

,an outgrowth of a preVIOU5 system. ca lied RTe (Real Tlme Control). developed at Purooe, 

Unlver~jty ,'" 1983 IHaywar? and P~ul 83. Hayward 83AI At present. the CVaRL v!!rslon 
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provldes an mterface to one robot and operates 10 a unlprocessor configuration Research 

15 10 progress 10 extend the system to multiple robots and processors 

This chapter IS organlzed as follows We f,rst present a descriptIon of the version of 

RCI whlch 15 turrently m o,peratlon al CVaRL. followed by a synopsIs of Ils adv<l"lages, 

dlsadvantages. and the dlfTerences between It and the original Purdue system The last part 

. .?f the chapter IS devoted to a dlSc~sslon of the Issues IOvolved ln extElndrng the services 

ofTered by RCI to a muillprocessor multl-robot system 

2.2 The Present Rel System 
< 

A more detalled description of the vaflous RCI pnmltlVes and constructs IS gl\'Ien m 
1 

Append,x A 

2.2.1 Structure 

RCI applicatIons are wntten hke conventional C I>rograms The plannrn8'léiel corre­

sponds 10 the mal~ part of the program: it mteracts wlth the operator, performs 1/0 wlth 

the hie system and other dei/ices. does high level computatIons. and communlcates wlth the 

cOI1trollevel The controllevel drives a patr of user-wntten C functlons • wh.ch Irnpfement 

the deslfed control algortthm these functions are '"bound" to the control task uSlllg specIal 

Rel prlmltlves_ When ln operatIon. they are called repeatedly, ln patallel wlth the rest of 

the program. at the sample rate the system IS set for' The plat:'!,lIng and control levels 

èommumcate thro'ugh gla"bal variables (i,e, shared memory) Both lel/els communtcate 

wlth the robot through predehned data structures. A data structure.called how contatns 

mform,atlon descflbmg the state of the arm, while a,structure called chg is us.ed ,to control 

the arm. ' 

The basIc structu're of a program wfltten uSlng RCI,ls ,lIustrated ln fIgure 21 The 

planning task, whlch iuns ln the usual timeshanng context. has access to ail of the ::;tandard 

re50urces 5uth as files, devlces. and system ca Ils The control ta~k, in orqer tQ_ meet the 

• The reason for havlR& tVl/O control functton~ Is, expl"IOed laler 

• The sample rates presently availaple for the system are 9 18, 36, an~ 72 Hz 

l The somewhat cry pue names of these two ~a"able5 are due to hlslon~al reaSOItS . .' 
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constralOts Imposed by~}ts sam pie r~le executes at very hlgh priant y Hi sy~tem modt: 
r. • /1 ' .. 

and consequently doe~' not .~ave actèss to ihe usua! system {aHs or 1/0 fatllitles Smcé the 

control functlOns are Invoked asynchronously by'the Rel system. they'.are called wlth no 
• ,! , 

arguments, ail communICation w.th the rest of the program 15 done ~hrough global variables 1 

The control task operatés al the robot I~vel (sectlon'l 3' lI. It 15 rêsponslble for pro­

ductng commands whlch are .sent dlrectly to th~ mlCropr?cessors controllmg the axes "Of 

-"e robot The user-defmed control functlons compute these commands 'Of.)' the ,basls ol 

information contarned ln the boit' data structure ~sùéh as Jç!lnt posl~lons and observed motor 

current values). anq send them to the roboCcontrolier by' wntlOg irrto the appropriate helds 

of the chg structure Commands are avallable,'thr9ugh tOIS str,ucture to do the followmg, 
, ~ - '., 

k~nds of operatIons (see A'Ppe!ldl~ 'Al, 

Set il jomt positIOn ,~~r~o the speÇJfled JOInt to -the'mdicated'angle durmg the next 

,sample '"t~rv~1. 

, -Set ~ Jbjnt c~rrent. set the motol" current' for th~ speclfted Joint ~o. a c~rtam value (1 n .. ," - ' ..., - ~ 

. . . lieù. of p.o~itJon servolOg) 

.;, ' , , 
, ,The Rel system éxammèS the chg sttuct,ure once every samplè ·peflod, and re~<tys the 

. r~<I,uested cort;lmands to the robot Low I~:"el s~ns~ry',"pu(ls thus provlded by the ~tructule . 
·holl' whlle chg provldes the aciuator outP4t. " 

_ We now'discuss- the operation of the controllevel ln greater detalllFlgure 2 2i The user 

dehnes two control funçtions. and binds them to the cOr}trol tàsk at run tlme wlth a special . , 

Ret ~flmÎtive ca lied from, the main ptogram (planning level) The control task then beglOs 

runnlng Once every sampl~ peflod. a buff~r of feedback information IS transmltted from the 

jOint m1crocontroll~rs (Ioéated ln the robot control unit) to thé control task throllgh a hlgh 

speed hnk-, ThiS informatIon ,conta.ins such It~ms as the observed JoÎnt posItions. the JOint 

motor currents, and the robot's status Sorne mternal check,"g is flrst performed on !he 

incomtng data. to make sure that the rob'ot system 15 an "good healto" The information 

is then mapped into the how data str~cture and' cOl)trol IS glven to the flrst of the user s 

. functlons, Arter this functlon return5 the chg structur,e 15 ell,ammed. the IOdlcated JOint 

level cominands are sent out to the robot. and the us~r's second cont;ol functlon IS called 

When. thls functlon returns. the control task- waltS' for the next sample penod. and the 
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cycle beglns anew The two control functlons prov.de the abillty to both respond qUickly 
.. ~: 

{functlon 11 and perform computations at the same tlme the robot controlle, '5 executrng 
f 

Its commands (function 2) A full sequence of exchangmg data wlth the 'robot controller 

• ".1' '~nd calling the user's functlons defln~s one control cycle Contr~1 cycles are. executed at 

, 
, . 

: 

. ' 
'oC'the sample rate assoclated wlth the control level ThiS rate may be set by the user s 

program to any of the ava,lable values, the rate of 36 Hz IS commonly use'd ln the present 

Implementation 

The control task IS set up and managed. at run tUne, by the user's m.am program, usrng 

a set of RG primitIVes The directive Rel open () Inttlalizes the control task and puts It 

anto ",die", waittng for the control cycles to start Another fun~tlon cali. RClcontrol (). 

I~ used to setect the two control functlons and begtn the control cycles. while these are 

exec.utmg. we say that a controlls ln progress A control will be released elther by a cali 

ta RCIreleaseO. or upon the occurrence of a error condilton. m both,cases. (ontrolls 

released. the robot IS notified. and the control task goes back lOto Idle. w~ltmg~or another 

control to be Inltlated. Fmally. the control task may be shut down permanently wlth a cali 

ta RCIc 10se (). If the user" S program eXlts w.thout first c/osmg the control task. the task 

IS dosed automatlcally. 

2.2.2 An Example 

An eltample fS now ~iven of a control program wntten us lOg ~CI The purpose of t~s 

prqgram 15 to put the robot /Oto a "zero gravity" mode. where the current on each jOtnt 15 
" ? 

malfltained at a level Just >sufflclent ta counteract the> gravIt y loadmg presently acting on 
<, . 

that JO!.ot. This means that the mantpulator can be moved about freelY. but will not fall 

down und~'r ItS own welght Ta do this. the joints are operated in "current mode" mstead 

of positIon servo mode. 

. A requitement of the present Implementation 15 that control functions and thelf data 

strùètures be defmed in modJi~s separate .trom the main program 

mjin program definÎtion file (plan,!mg I~vel) 
, '- ~ 

l '~pcl.!lde ,<s'tdio.b> 
2 'include <,robotlrci .oh> 
3 

.... 

..... "', 
~ « 

, , 

'- .' , 

/:r Rel definitions *-/ 

. , 
~;-, 



, M., J ,. -_-;: -:-:--:.(,-,. :'-:> :~'-".' J.: ~.:':': ~ ~:~---
- ... J~.~\:;",,,,_, .. r'~~ t,~ 

, --~ ~ ...... 

..." . ; .. .,.., 

- .,..~ " - , ' .. 
T ne" PnSlM 'R(I'~V$lrfl' ... <. ' J'. ' 

>. . 1 ." _'. ~ l ," } 

;;" , . 
. " . / "t'iJe ç1>ntro.l l'ou-tiMs' , 01_ " Il 

, 'c'f.', 'f 
r • 
) 

,., ' , 
" ,.., ~ 1 

,' ..... 

, ,-

l' 'lnitial'~z'e ,Rel' s~"5tem ~ '.j.' 
/~ S~art control 'u~ing' r!=h~~ .. / ",' 
/- . two tunctl ons '" . ",:l' " 

.,.- .. \ 

-. ";'t 1 

;~ -." 

/1' t:urn on' the arm pewer 
, -' 

.' , 
• 

, . 
, '. - '.' " .. :.;- .Rélea~e· con~'roi task ... ". "'/" " 

/~. alld ~1fut, oÙ 'Rel, ~ys\1il~m, -l:/,' 

.... .a'.. ..., 
. ~ ...... ~ ; -:". ~ .. '- : -.. :. :~ ....... '. . -.. .. '" 

, ': .. ". .' 
, .. 

, , . . ~." ' " .~' ' .. : .: ..... ','~~6t~ci i~utjne défi;".ri~n 'fiie " (c~;'t,(}1 iev~/) 
- ., -~"'-y ; .. , ... :_ ........ 1-,: :-... _: ,.0 .. ~"'''''.I :., \ •• -.~ •• - -; ... - ..... - 1 --,' 

. , 

1 ~ ~ '. 

" . 
" 0 

. , 
" 

" 
:-.•. 1' I-include' <robot/.r0 .b.> ' ',' 

_. ~.. # ~ • ," .. r .... .. 

, " '2 <'" ,'. .' 

,- -, ... ' 
", 

-
~ d,U/IIlJIY'o', 

·4 '{ ': ,-' 

• • ~ J 

." /* A dWlUlly' f~ct.lc.ui "lIIh'~~b" " 1/ 

. ,:. ~ .P )..: :.: .... , ~;. 
/* âoes noihiiJg , -; 
, ", .. 

:-' ... ~ . 
. 6 ~. ' . ~! : - • ~ 

;'" 7 'W~i8htlesS'o" ; , '.' _ ._ • r 

8,:f' .- -'; . < • ~,> -

.,...... ,~., r 

10 dbuble 'angles[6}; 
'11 douille gtol1àtsr;, 
12" : • sltbrt' ~urrent_settin8 [~1 ; 

(: ... "1. 13 lnt 1; '.. ~ 

(* Robqt J0,i.nt angles.·, 
1* àravity lo~dlng t;orqu(i's 
/~ Dutpu~ éurrent values 

./ ' 

f/: -

w/ 

14 
15 
16 
17 
18 
19 
20 

4J 
'2-2. 

/'" Compute tbe' joint 'an8l~$. from the optic.!Il' ~ncqde.r c,ounts:. "l, 
/"" ,hich are available in t!Je, "~ow" ,6t;,ruct~re. Use tbese lJ1lgle.s ~I 
IT to 'compute the gravit y '1oading torques. Then calculate the \/ 
/. requlred joint current setÙngs frOID the torque values. l/ 

enctoang (angles. bow,pos). 
compute_gravity_~çadings (gload. angles);' 
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23 
2-i 

25 
26 ' 
27 .-

, .' 

" -1 

" - (~ 

"1 .. '" J ~ 1 ." 
, ' " ' 

" 
, ' 

" 1 , 
, , 1 l" 1 /If Ptt _( JI' k( 1 S':Slllll 

, " 

, " 

/ Flnall.". output a' jOùlt:le,,;l comma'nd that séts tlie current' .l­
I, 'of -each j01~t to, t~e r~quiréd' lever " / 

, ,. 
, ",',' 28 for (1=0, '.f<6, '1++) 

, " 

-,~9 eUR, 
.' l ' 

, '30·, 

'31 , 

{ chg .mot+on'LIJ ,COD! = 
chg,mo~lbnfi) ,value 

} 
= çurren.t_~'et~~ng(i].' " 

'e' ' 
,.' , 

:32 :> 
4 

• 'il ' 1 

, _ br, ,;:- 1 ~ ~ ,.-

'Th~ main program flle starts by mcludmg a set of RC~ parameter <Jnd' val"lable ded4'-, 

,'fatIO~!5 tram the file <robot/rc l, h> (!!ne 2')'. The progr~md';egUls-by IOltlallzmg the RO 
, L J J 0 ~ , • 

: sys'tem a~d startlOg a'control task ~hlCh uses the functlons d~~y() (Il JS not d~r;ed,m,' 
, . ~ , 

,thls èase to make use of the f,rst contr91 fun,ctlon), and wel'gh.t1es's () (Imes ~ - 9) The 

, sl'(1lpie rate for tl-IiS task 15 the default rate of 36 Hz Once the control has, been started. the, 
L. _ L C 

arm power .is switched on by wripng the necessary commafld mto the chg strùctJf~ thne 
, , , 

12) Then' the ,planning level ?Imply walts fOf· the person runnlng tlle progiarp tb req'IJest 
, .. 

an eXit by"typmg a carriage return When"that IS don~. control IS released and the' R.(j 
, ' ~ .. l , 

system. is closed down (fmes 19 - 20). ' 
t..- '~.. J , " , r ,~ .. ' 
d 

w~ now look, at the, flle defining the control functions The flrst control 'ful1ctlon. 

dummy (). does nothl'ng, The second functlon performs the actuaf computalton. ~he gravi: . 

tatlonal loadlng!; on the, JOlOt6 of the robot are,a function of the jOlOt positrons a~d,certam 
~ ') -.. \ ~ , v 

flxed robot .pé'lrameters The functÎon beglOs wlth a functlon éall,to determme thé J~JO·t 
, <' (), 

an~les from the optlçal encoder values contamed JO the p'os fIeld of the holt' structure '(itn~ 
20~ -A s'econd funetlon caU determines the gr;JVlty loadlllg torque, and a ~t fu~ttiOll c~m . 
putes the mot or cUHen~s,-necessary to counteract .lhls load (Imes 21 - 23) A corhmand 15 

~ J ~,'" '. 

then issued to each ~Qml. \l1~ the cllg stru,~ture. instru~tlOg It to exer! thls reqUired clIrrent' 
" , 

(llnes 28' - 31) WhiJe ~his ~ontrol IS 10" progress. the 'JOlOts of tbe arm Will b~ 'tree and 

, "welghtless·. and a~ operator ,may put the manlpulator 10 any desJred pOSition . 
Il 1 " '~... <l ! 

~. 

, / 
() 1 • 

.2.2.'3, 'Other. Aspects of the Sylnern. 
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somèwhat ted,oU5 an Interface (,ommand called rcc wa~ d~veloped by 'the author w~lCh ) 

h,des the detatls From the user Thl5> command IS e,ssentlilllly ,dent'cal tC), the ( compll~r 
\ 

command (cc under UNIX) e'lcept that Il .nsures that the contr?1 funcllon,s ~He complled 

a~d loaded ln a willy compatible w,th the RCI system, and also 'refe~ences by, default', the 

RCI and math hbranes The ree command IS deswbed ln shghtly greater det~11 ln App~~dlx 

A. sectIon A.6 
. ",,-

"....,. 

Bec~use of the t:,eal-tlme r-equlrements wnlcl;(tlre cont.rol·funct.on~ must satlsfy they 

are subJect to certaIn restrrc~lo.ns tney must complete execut,on -wlthrn the sample tlme 

Interl/al. and they may not per~orm any UNIX system calls T~ere IS also a s~all p.OSSlbllity 

tnat â memory referen'ce bug 111 ,thé functlons wlliresuit ln a system cr~sh, These lim.tatlons 

are summamed ln Appe~d})t A. sectIon A 2 

Rel perfornls a certal.n amount of nw·tlme checktng (FIgure 2 2) for such errOTS a~ a 
, , . 

JOint movtng out of bounds. or,travellng at too great il speed. If such prob1ems are observed. 

, an error condItion will occur' Errois mày also be reported by the robot controller or caused 

by a'loss of communtcatlon ln each case. the global varl~ble RCItermlnate (whose nor~al 
,< 

vàlue IS O).IS set tl) a code describmg the nature of the error conditIOn. an Imphclt re/ease 

, ~s perfo~med. and a signa" 's sent to the pla!)nmg task The arm p.ower may 0; may nol 

. oe turned ofT. dependrng on. the seveflty of the error By default. the 51gnal IS caught by 
- . 

. Rel.software whlch pru~ts a diagnostic message and cau~es the progra~ to elut 

It IS possible for the programmer ta sJJeèlfy hls/her own error handler whlCh calçhes 

the error signal and performs recovery opératIOns. wlthoùt causlng the program to ex~t The 

'handle, can examine RCItermln'a te to determlfle what occurred and what corrective actIOn 

~u.ld bè ta.ken Slnce the error causes an Imphclt control rele~se. any furt~er control of the 

marilpulator. reqUlres that control be retnitulted through a calHo lic l contT~l() Although 

thts may be done from wlthm the, mterrupt handler. It 15 generally unWI5e to do 50 slOce 

the Ret'stgnal mechanlsm 15 not 'recurslve (, e If another error occurs wh Ile the ptogram , -
IS e)tecutl~g mSlde an error handler. furtt)er errar SJgnals Will be blocked and the program' 

Will "hang") 'In'Steàd. It is r~commended that control be redlfected to another p~rt of 
1 , 

the mam program and the recovery act,oOs be performed there HIIS can be done qUlte 
• I! " \ 

• Th~,e .è/leç:k~ car bt turned on or off by' thf' programme, 

,+ A UNIX software .nterrupt 

" 
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" easlly. through, the use of t!:te'1ongjlJlP taclilty avallable. \lnder. UNIX D,etalls about thE' ~rtor 
, \ . 

han<tltng mechamsm and lo'ng)'I1Ip ar~/ dls~'dssed rn ~ppen.d1X A sectl,on A 5 

D~buggmg r,eal·tlllle ~~ograms can be t,edlous" sJOce when the control task 't's, ex~c'uting 

al elevated 'prtO~lty It IS often noi,pos!.lble to perform dIagnostic ~utPul or run ln an 
" . 

mt,.eractl~e'debùgglng mode ·1here are two ways itround tITIs prolSlem 

" ' Wrtte appropnate dIagnostic 'nformatIon loto a ~ufFe~ at rûn' lime an.d then later 

, du":,p thls bufTér out fQr' examlnatlon 

Provlde â simulator on wfiich to run the software ln a non·r~~t·tlme énvlronment 

The flrst approach tends to be requued when problems anse that' are hlghly dependent . .. .., 

on real wo'rld condllions 'that are complex "{Id not possible to simulate On the othe.r 
, 

hand, major soflware err.ors may nof even permIt the system to run at ail ,In real-tlme 
\ 

or otherwlse., and lri' these clfcumstances a s.mulator / debugger can be extrerriely usefut 
" . 

It has beén thls author's~ experie';ce that simulatIOn IS very con ventent for performmg the 

100tiai "checkouC of' a plece of <;o,de,. whJle the mOre obscure programmmg defects tend to 
, - 'O. \ 

surface'on1y und~r real-tlme cond.tlons, and must be ferreted out wlth information dumps' 

An IOfo~matlon bufTer IS easy for a user to Implement 10 Rc'1. Il can be deflOed simply 

as a global data structuré 'accessIble by both the control and planning tasks lOto whlCh 

mformatlon IS wntten at control tlme, and later examlOed by the plannlOg leI/el whlCh can 

then prtnt the relevant information on the screen or wnte It lOto a flle 
" 

A slmulator lilClhty was wntten by the author whlch makes il possIble for a robot 
" -

control program to attach to and mteract wlth a slmulator program mstead of wlth the 

robot (Figure 23) Ali of the user's software and most of the RCI software, remams 

unchang~d. only thE: commUnication hnk whlCh nommally runs ta the robot CG_ltroller IS 

altered The programmer uses the slmulator by hnkmg the control program wlth a d.fJerent 

RCI hbrary. The simulator program IS started and run mdependently' of the Rel program 

When the user s program .s run, the Rel software estabhshes a hnk wlth the sUTlUlator 

progJam, and commu~,catlon proceeds 10 a manner Identtcal ta the real-tlme versIon 

- the simulator Interrupts the control program (usmg a UNIX sIgnai) 

• and lots of coff~e 

~ ". li 
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- the (ontrol program reads state mformatlon from the simulator Invokes the u!tudl 

control level functlons~ and wntes command information back 

- the simulator digests thé, çommands and modifies ItS internai state açcordmgly 

Smce the slmulated control program IS eJlecutmg completely ln a normal lJNIX tlmeshaflng 

context. the programmer IS' free to rnake use of standard 1;0 routmes and othé; UNIX 

system faclhtles from wlthm the control functlons More detalh> on the slmulator program 

are found m Appendlll A. section A 7 

It should benoted that the only assumptlons RCI makes about the simulator pro-

gram concern the commUOIcatl6n hnk between It and the control ptogram He"ce dlfTerent 

s,mul~c~ors may be developed and mterchanged for d,fTerent appllcathlOs. mduding graphlC 

aOlmation The sUTlulator Itself may be qUlte simple or very complex It turos out that It 

IS rather stralghtforward to model the free space behavlor of a smgle arm. provldmg the 

deslred JOint velocltles are not too g,eat This IS because the dynamlc terms of the mamp­

ulator equatlon have. at low velocltles. smalt values compared to the fflctlon and gravit y 

loading terms. and hence may be Ignored (see Chapter 4 section 43) The present slmu· 

lator available for Rel makes thls assumptlon. whlch classifies It as a kmematlc s,mulator 

More complu dynamlc simulators pn be useful for mvestl&attng the detalled behavlor of , 

an arm and testtng the valililty of the control algoTlthms themselves the development of 

these slmulators has been the subJect of recent research (Goldenberg 821. A couple of such 

simulators are available at CVaRl. although they have not yet been Înterfaced to the Rel 

system Another aspect of the slmulatÎon problem mvolves the modehng of the externat 

envlronment around the robot le g. obstacles ln the workspace). and the ,"ter action of 

the robot wlth that environ ment /Wesley. et al 80. lozano-Perez an'd Wesley 791. lhls IS 

central to the off-hne programmm& problem The d.fflculties Involved are a functlon of the 

complexlty of the robot envlronment to be simulated Such a simulator 15 presently not 

avajl~le at CVaRL 

2.2.4 1 mplementation 

ThiS section describes the Implementation of RCI under UNIX 4,2bsd on a VAX 750 

More detacled Information about the VAX architecture may be found IR IDlgité!1 82Aj. mo~ 

detalled information about UNIX" 2bsd ~ay be obtained trom IBerkeley 831 
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VAX 750 

Rel Control 
Program 

High speed p~ralle' 
li"k for qlOtrol 
communication " 

, " 

Communication 
Monitor 

JOINT (ONTROLlE,RS 

To robot 

[ . 

zcz paz 

- r, 

SeriaI line for loading 
communication monitor 

into s'ùpervisot processor 

.' 

Figute 2.4 °hyslcàl'implementation ôf the RO system 

'. 

'. ' 
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Figure 2 4 illustrates the physlCal arrangement T he robot contraller and Ih;' VAX' ilte 

.. , connected by a f:lIgh spe~d parallel hnk, whl<.h ,~ mterf~t;,ed to the UNIX 'System thraugh 

, a speCial purpose ",evlce driver The superm.or control program {figure 1 3), ln thE' rQbo~' 
\ ,,\ 1 • " • 

contraller IS rèplaced by a simple communication momtor thl' functlon ,of the supervisar 
\ " 

IS assumed by the Rel con1(ol ta'sk ellecutmg on the VAX Each control cycle IS I~iiialed. 

by th~ mon;to~, whlCh aher gatti~rlng feeoback tnfor~itt~n from the 10lnt mlcrQcontroller~ 
and other penpheral devlCes: sends àn I,nterrupt ta the VAX ~ver the parallelltnk The VAX 

then ellecutes the control cycle (FIgure 2 2) US mg the para"eÎ Imk to tiansfer eommand-' 

,and feedback information to and from the robot cC?ntroller 

" i 0 obtalO real-t,me response. the c-orttrol task IS eKecuted at elevated hardwa~e. pn~rlty 
, , ' 

ThIS 15' accomph!ihed as follows 'The RClcontrc)J () routine p~s~es·to the devlce dllver the"', . 

addresses of the two user-speclfl~d contr~l functtons ~hen an' rnterrupl IS recelved tram 
" ~. 

t,he robot: ,the driver ,nterrupt foutÎner whlch 15 executmg ln kernel mode", takes control and 

blacks out ail ?ther ha;d'ware .1~terruPts (FIgure 2 S), It th~ri qU1ckly restores the méhl?ry 

~~nte~t of the 'robot cont.f'ol program, performs 1/0 wlth the robot and calls the neces?~ry 
, , 

Rel Interface routmes and user control funct-Ions assoClated ~It~ the control cycle Memorx 

conte"t I~ then restored, and the mterrupt roûttne re(urns, allowmg ~he system t<? .Continue 

Yllt'h ItS other l;uslO,ess Uhtll the next Înterrupt Needless to say. If the contr<?1 lunetlons 

consume too much tlme, there Will be msufflCïent tlme avallable}~r the te~t of the UNIX 

nste'm ta fu~ctlon pro perl y, or even for .the control cycle to f/rt/sh Because the user 5 
, 

control functlons are Invoked by the devlce driver, they are eJ\ecuted 10' kernel mode 'and 

consequently are not separated from the system Jtself by the conventlOnal "flrewall' ThIS 

approach'ls,necessary on the VAX slOèe, by deflnltlon, anly code eIl~utmg in kernel mode 

'may black hardware IOterrupts: and It IS necessary'to block ail mterrupts.to mak~ sure that 
. ' ' 

the control level functlons WIlL execute on time 

'The VAX IS a vtrtual memory machi~e. meil~lIng tha,t the memory ass/gned to a program 

~ay be elther present .n physlcal memory, or paged avt onto secondary storage (I e , dlsk). 

to bt' 6r'Dught lOto physlcal memory when needed Smce the control level IS executed ln 

kernel mode at elevated priorlty, ail the code and data whlCh It references must be resldent 

10 physlcal tnemory. smce there IS tnsufftc/ent tlme to retneve pages from the dlsk ThIS was 

" The maximum pnvllege hardware mode on a VAX 
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____ ..... ____ , __ ~ __ --'--1-__ ... __ _ . ' 

1 < 
1 

Irtterrllpt -'front 
robot,tontrolltr 

1 

Normal task and 
pro<.ess eltecutlon 

Driver Inteffupt handl,er 
'takis control 

j' 

al hlgh pri()lity 

Interrupt 
handltr returns 

Switch to control 
pr«;)gral'rl me~o,y context 

EXECUTE Rel CONTROL CYCLE. 

Reàd data from robot controller 
CalJ'RCI check routines and 

~ser co~trt)1 functlon 1 
Wtite comrnand~ to robot controller. 

Cali user control functlon 2 

(see Figure 2 2) 

Re5to~e memory context 

Normal task and 
pro~ ess execution 

, " 

, 1 

1 

,1 

, , 
1 

I ______ ---'--_____________ ~.......;'.~--_J 

" 
Filure 2.5 Interna! VAX execution sequence for a control cycle 
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,·made possIble by Insertmg lOto UNIX a memory 10cklOg mechanlsm whlCh allows a user to 

request that a certam sectIon of data ln hls/her program be locked lOto physlcal memory 

RCI takes care of thls lockmg automatlC.ally when RClcontrol () 15 ca lied It determrnes 

whlch reglons to lock by examrnIOg the location of specIal symbols whlch surroun'd' the 

"tontrol level code and data f(l!~~OnS These symbols are mserted automatlcally al load tlme 

by the rce command, thel' eXistence IS the reason why RCI programs must be complled 

and loaded ln a special way 

The system calls wh.ch have been addèd to provlde the lock mechanlsm are defmed as 

follows 

status = memlock (address, sIze) 
Int status, Slze, 

'char • address , 

status = memunlock (addr&ss, slze) 
int status, Slze; 
char .address, 

f 

The cali memlock () takes a reglon of prQgram memory begtnntng at address and 

extendIOg for s lze bytes and locks It lOto physlcal memory lIlemunlock () unlocks the 

reglon The reglon address must be page ahgned. size must be a multIple of the system 

page slze. the reglon must be readable by the users program and completely wlthtn the 

elther the text or data segment. and no more than MAX_LOCKED_PAGES (presently 512) 

may be locked al once by any program When a pt()cess eXlts. ail pages whlCh Il still has 

locked are Implicltly unlocked. 

A partlcular probtem associated wlth runntng functlons ln kernel mode on VAX systems 

15 that run~tlme hardware-detected errors WIll result ln a system crash, thls IS because Il 

IS asstlmed that the operatlng system IS by and large bug free and any errors that do 

occu~should result ln a system crash The e"ecutlon of user-deflned functlons ln kernel 

mode vlolates thls pnnciple A modification was made 50 that wh/le the user functlons 

are exeçuting, a flag IS set whlCh tndlcates thelf presence to the ~mel Hardware errors 

occurnng al thls tlme are hence recogOlzed as belongmg to the control prbgram. and Instead 

, of causmg a crash, result ln a UNIX error signal belOg sent to the control program. whlch 
< , 

IS the usual procedure fOf' exceptions at the user level 
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The present (default) sample rate for the Rel system IS '28 mlillsecond~ Many wntrol 

progra"ms of mterest work weil al thls speed. although.1n the case of sorne more complex 

ones. such as ReCl applicatIOns thls can consume up to two-thHds of the avallable CPU 

tlme, and' serlously restrlct the number of other processes whlch can comfortably execute • 
at the same tlme Other avallable sample rates are 14 56. and 112 mllhseconds 

2.3 System Synopsis 

2.3.1 OifTerence~ trom the Original Implementation , " 

, 1 

The followmg IS a summary df the features whlch have b.een tncorporated lOto the •. " 

present RCI system that were not present ln the original Purdue system. 

<, Under the Purdue Implementation. the robot control program ~as "restncted" ln 

the sense that .It could not cali on any system routine wh!.ch altered the memory 

context of t"'at program whlle a control was ln effect ln partICular. thls' dlsallowed 
1 

allocatmg new memory and opening files ThiS restnctlon was due to the way ln 

which the controllevel code and data were locked 10 physlcal memory. and has been 

removed by the I,{stallatlon of the special kernel primitive memloeJ<O (de'swbed 

above) w!-lIch selectlvely locks portions of a process' s memory space 

The slmulator program and Interface 

The error handhng and recovery features 

, The ree command 

{. The commUOIcatlon prôtocol between the robot and the VAX was redeslgned. and 

the user Interface was encapsulated lOtO the four Rel tontrol routInes 

, •. Increased control over the system and the robot itself. IOcludtng the IOterfacmg of 

external devlces attached to the PUMA. the teach pendant. arm power (ontrol 

parameters 10 the JOint mlcropro~essors and the ablltty to control checktng done 

on pOSitIons 'and velocltles 
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j ,1 2.3.2. System Advantages 

, ' 

,.~ 't 

" . " 
The Rel VAX/UNIX system offers thé fdllowlOg features 

. ' 
,.~ . ' ' 

,The ab,h~y to wflte. a robot control program, partloned m~o ~ planrlOg and il co'ntrol 

levet eastly QUickly. 10 one language. aryd as one,~xecutable module, Also the entlre 
~ , , 

. /U NIX envlronment IS avallable for program development', whlch has proven to be 

extternely lJseful 

'r The shared memory Glffers qUlck and con,vement communIcatIon between the: two 

control tasks 

::" ' 1 
" 'The ent,!e computtng power of Il mm,computer; /0 thls case a VAX, ',s avallable for 

performmg expenslve control level caleu/Mlons. such as the Inverse kil'lemaut6 ~r' 
Jacob,an of the manipulator 

, ' 

2.3.3 System ,RestrlçtiO;f1s 

.' The principal restr!ctlOns' of RCI are'. 
1 

./', S,"c~ th~ ~onücllevel executes at a pflOflty hlg~er than 30y other process on the' 

syste~. th,s c~n ca~~e a senoUli loa'd ,n cases ~he,e the computer IS runnmga 

. , 
-

multiuser 'envirol'\menl' 

<) The user has.- to be wary of errors m the control Jevel routines. SlOce they may bt!: 

capable of dlsruptIOg the system 

Ther~ IS only one ~CI control task' whlch may contr~1 only one' robot, 

'l) 

RèsolvlOg the firs~ and last of tliese restrIctIons IS the subJect of the j~st part of thls 

chapter 
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2.4' Extending the Rel System to M,ultiple Robot~ and Processors 

, " 

G/ven thecpresent trend towards reseacch w/th systems mvolvmg both m'ult/ple robots 

and greater computatlonal compleluty. ft, makes ~ense ta cons/der expandlng Rel ta handle 

Imu1t,ple control tasks lt also ma~es sense ta cOnslder off-Ioadlng these computatrol}all; 

expens/vt': tasks onto ded/c<Jted processors 

2.4.1 Multiple Con,trol TaJks 

The ~ort of place where a '·mult.tasklng··- RCI ~~ul~ be' useful IS ln a ~ysten, where 

several actuator and senso~y d~vlCes operat~ 10 close cooperation ~eparate Rel ~ontrol 

tasks could 'be used ta ru'n each 'mampulator proeess sensor'y mputs or serve as . waten- . 

"dogs to morutor the actlvlt/es of other parts. of the syste~ The t'na,lIl charactenstlc of' 

these tasks 15 that they 'are drlven by an exp!,clt external event. such as a timer or devlce . 
, , 

interrupt and must perform thel' 'computation wlthm the tline tnterval allowed ~y t":"at 

lnterrupt Rel may then be defmed as a tQoI' that allpws the creatIon 01 a set of mterrupt 

ir;ggered controllaSKs We can add generality to thtS defmi~n Iby allowmg the e~,s'teiice of 
1 _ L \ .... 

software Interrupts. although we will-not conslder this exphcltly 10 t~e followlOg diSCUSSion 
, ' 

Defiom& such a mechamsm. of cou~se'. IS aktn to cre~~lOg a slr:np~e :mult'taskmg oper-

8!lOg system where the burden, of sc:heduhng has bE:E!n placed onto the tll'omg tiiHd~are. ' 

the occurrence of an inteirupt causes the functlon(s) assoclated wlth the correspondmg 

, task' ~o ~~ ~xecuted. ThIS. coupled wlth t~~ fact' that~énterruPt usually oc~urs 
1 0\' _ ..... ~ 

repeàtedly. r~moves the need to exphqtly put a task.to sleep and walce It up a task c~n 

be made to walt' for a c~ndltlon 51mply b~ havi~ (;heck for 'the condltlot'! at every. IOVO­

cation Tasks can be glven prtorttles to handle cases\Where tntèrrupts are supertmposed. -
" ~ - ~ b 

,these pnoritles can be enforced ~Ither by the hardware or the prtmary mterrupt handler' 

Th~ response ttme of eath control task /s determined by ItS Interrupt rate 

Wha~ IS galOed INlth thls approach 'is slmphcity and ease of Imple~e1!tat~n Obv,ou~ly. 
there 'lre "mlts to Ils-appltcabtllty' we are mainly interested 10 computatlonally mtens'ive ' , . 

tasks whlch run at rates of several Hz or more If It ~ere to be found that th,s'lOterrupt ' 
'" .., j 

d!lven t.ask paradlgm IS not adeQuate for a partlcular' problem. ,the nelt step woultf be' _ . , 

'ta try usmg a more general real-tlme operatlOg system. several pf w~lch arè,ava~lable', 
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. " .. _ -_ cd~,mercl~lIy (Int~~,S IRMX86 system, /Intel 84;BJ) or dlstrlbu_r~d by resêarch organlzatlons 
~ , 

.:: (Harmony lGe~leman 8511 

~~sumtng that It IS ;de$lred, to Imp~efnënt a m~ltlt~skmg RCI enVlfonment, attention 

!nust be glven 'to the"follo~mg pOints " ." 
-

ComtT/Unication How shaH the dlfferent tasks- be connected, both ln terms of 

hardware and software? 

Hdrdware ArchÎtecture What sort of physical configuration 15 requlred? 
.... ...... ........_-

Software Arch,tècture How should (~e system functlonahty' be defmed Imple-' 

men~ed. and ~prégented ~o tpe user? 
• • .... .,... - 11"'.....' ~ ~ ~ ... 

: '/ DevelopmenkEn'virorunenl."= Wnat sort of programmmg environment and, tool set 
• ....... 't'<- • "- • 

,. ~;-.4 "'.>,'" .... ..... ~ -

, -',,' ,', .', .' ' i6 net'essary J9Nh~~d~v~lôPJ11è~t '~f app"c~tio,,:software~ _,. . 
!...- • ~ ~ y '.l. ",,,, .... 

:: . ,..:' . ',~ -:: ,':; ,', -., These are no~ ~onsld.eied ln ri'l.Q'it d~têiil " ' ~ , 
"'i. • ... ~... ~ ',_ .... .!_ ..... .. - ~ 

'. 
\. 

" ,', 

: 

, ; 

.', 

',' 

" . 
" ~1 ~-. ~ 

"" ". lU. ~ ..." Il 

,,' -,', ' -~'i:~:~ "'i:ommu~j~~~'9J!s"u~~: ~ w'~ : ~ ,~. " 'c.,.~' " 
........ ~ ~ .. ~ p~ " '...... ,. ~~ - ~;. _ ~ i 

'" y;; r- ........ .. , ~... ... _; !.... ... .. I..-""J ~ Ji. I:~ . ~ ..... " , ~ 1- '" ; ... ...,' 

.:Befpn!, d,sctlss'Og hardware ,and, 50ftw~r~'archltecture. we examine s_o,Ole generallssues 
.... ".JJs... \~ -• ...--;:~ ~"' ~ "" .", ~~....... " ... ~ .. 

'iefated'lo commu'nicatioo--: -,." .' , -'J-- ... ~~ , . " 

2.4.2.i 8eq~iremend' ~,;'" "," 
.. " ~ :)r -, + 

~ ~ \ .... .r. y '.,t, .z,.. ~ _ •• ~ ... 

.. . ' ' " the intér-tâ'Sk ctmlttUJnlc~tlPn:faèlhty fIlU}>t provide (0 the'programmer the requlred, 

• # .. ' 
: t~;es .of'" comm~~ltatr.en af"tflt n~cessary' D~~dwldth' , DIJJèrËm(~lass,fica.tlo~s· have bee~' 
'<~ade t()'d~cribe .the.,s&rÙ(~f c~nimumcatlon reqolred 'In;" rea'l-tlme co~trol system At 

.... t'.. ft -.1 '.Jt :~ ~ ~ '>- .. r" ,,; \- • 1 ~. 
'-, C.:V~RL. c&mm".!mlcatlon bet!'~rt"ttJ.e plannmg and- con-trol levels ha~ been obs~rved to fall' 

, • '", _ 'toto th~ followilJi'èa~ègo;ies '-:., , . . ' " ',"' 
... -. - f..aoI. ..... ....,." ~~ - ~"': ~ 0& 

. . : .' . ct- D/tettlves '-tom thé~Qlannif1g level Conimands and as.soclated par.ameters are sent 
(.. "'1 "",,- <- '" ~... .. ,- \- • 

;. ,. ,.'. . to' thE:'contt:bUe.vtL from th~ plannmg'Jevel. through eï~her. global vartabll'!s or a 

'~, - -- 'me~sa~e ,!~èu~.: ~.~: .', . :.~>:.' ,,-,"" '~. ~ ': ~ ~' " ,-', 
.. ~. "'" - ..-

c2 Fee.dbqck trom the control k!vel-~.sifo~ma·tlo.ri com'"puted by .the control level IS placed 
• .. -... ..... lot '\. ..... -: 0.," '--., - ... 

into a global data -area:wherè~lt mây D'e- sarlH>led at the discretlon of the planning 
.. ..... .... ~-~. 7" -

ïe\ll!l . " ," 

: 
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14 Ellt(ndll'~ !h( RU 5VStUll le fl.hlt,pl( Robot, allo PI()(~~SO"" •• " 

A charactenzatton 01 the types 'of s,er,vlCes ne~ded ta ~erform thls communicatIOn has 

been descnbè(fby the designers o(a h,er~rchtCal 'c~nt~rol seyste~ for legged veh,cles lSch,wan. 

et al 851. who have grouped theu ~emmunlcatlon needs lOto three types 

11 Asynchronous commUnication with datajoss ThiS 15 typtcally used at low level5 ln 

the control hierarchy Different tasks const~ntly feed lriforl'Jlatlon packets ta eaeh . . ' , 

" other ',P..ackets,are not buffered. a oew packet will o'lerwrlte an old one, ~héthef 
~ './' ~.. . - ' .. 
it has been "e'ad;by the recèlver or not SlOce the m·formatlon bemg ellchang~9 

- . '_ 

generally deswbes the value of system variables whlch change slowly relative to 

thé (;ôqtmumcàtlon rate (such asjomt angÎes). the occasl~nal IOS5 of a packet ln 

• '" ~ t 

thls way will not adversely efTeet the system performance 
• + - ç 

" 12 Synchronoüs communication WJthout d.ata 1055 Different tasks exchange packets 

of lnformation, and -walt' for them if n~cessary, The lndlvldual packets comprise 
~ .. r '" ,r 

tommands ~and respqnses, and, conseQuently, the 105'5 of data would rntèrfere ,wlth . ' 

. " system perfotmancè. '. 

't3. ~Sy~onotfs' or iJ!iynchronou; c~mmuni,~tl~" wl,th pO~5lble 105s of data Ih~s 15,' " 
.' ..,.' ~ " 

a hybrid of types Jl and t2. 'The data pa'ckets exchanged between processes- are 
• p • 

placed I~ a butTer- of (Ixed çapacity:" ~)tceedj~g the capaclty of the bu~~r results' 

elther'~ th'e ,Ioss of the oldest packet (asynch"~nous case) of ln the blocklrig of the" 

s(>ndlng process (5yn~hronous case} 
'l 

"~ " 
What Is>.;),teresting ab.put thls claSSifICation i=- the dlstmctlo!,! between numencal Gehtrol 

data (tl) ~ar1d '~ymboiti data (t2) if numenc lontrol dat~ IS commun,cated at a rate 
r • .. \ 

SU~ICtèntly f~t cOll"!pared to the speed at WhlCh the data varies. "t may be -posstble to 

tolerate data loss 
" 
:he reqUlred communIcation bandwldths are dlfficutt to- specif'y exactly. Observat.ons . ; . 

have' been made 'of the commUnicatIon rates reQulred for dlfferent Rel appllcatlo~s ~t 

:evàRl. the bulk of which are Reel programs-(Chaptt:,r 5) , RCÇL: is a oo1Jection of sub= 

routines which-cèmtrol a robot ln Carteslap coo;dlnates. wlth built-In faClhtles'10 h.-ndle 

force compltance and adaptlve ttaJectones The RCI control levells used to host -the R-éél 
w < 

traJeclory generator. to whlch individu al 'motÎon requests, are passed from the plahrllng • 
, '. 

I~vel' The ttlaJectory generato~ C'OmmuOlcates to the planning level by' settrng event flags -, 

whfn motion requests are' completed ànd SUPpIYI~g jn1or~tron s.uêt,' as :t~ '';05;tlon of ~~ '-. (~~ " ~ , . _ ' .' , ' , 
--' 

) '. 
..: 

, , 
1,_ f , <# 
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·R(Cl con veyer tr~é:kln~ prOJ1.ram 

RCCl pick an place pro~ram ' 
, ' 

RCCl guarded m 10ro program 

RCCL\ compilant e ge detectlon program 

,GravIt y loadlng measuremenl program 

~ M,anualteach mode prQgnm 

• 

Dal,l r,lIt 

lKbvIlS Sf:L 1 

~2 

, 40 

23 

16 

14 

03 

'Number of Hltl,,,,[iJ,1 

rtleSSd~es pu ':tC1l10 

19: 

2 1 
'1 

11-
'. 

10' ' 

11 

1 3 

., 

Table 2,1 Ç>peratl~n - control lev.e! ban(JWldth requlremen'ts for vanous applicatIons 

. ',",., 

.' 

" 

aim' The mter-task commUnicatIon rates for four dlfferent ReCL programs, ~;e g!ven ln. 
1 

Table 2 1'. These programs Jnclude applIcations' where the' robot ~racks a tonveyor belt . '" 
performs a set of plck and place operatIons, does -a "guarded motIon" to detect a surf açe 

and use~ cOI!'phance to lOfer th~ posltl.~n of th,e edge of a tray ,Tw~ other Rer 'programs 

unrelated lo RCel are also proflled, these tnclude a pro&ram whlch measures manlpulator 
~JI ' :--

force control parameters,(used, to obtam the r,esults of Chapter 4) and a . tE!a<;h~ 'program 

where the operator moves the r,obot a!ound USJng co~mands entered from the tèrmll;,al or 

from a teach pendant Thè overallltansfer rates are on the arder of 1 Kbyte/~er second 
\ 

Because the present ImplementatIon' supports ~nly one control task. no dIrect eApe 

flence has yet been had wlth comfTl.uOIcatlon between d.tfëren~ control tasks ln s~me 

,"stances, trery httle commuOicatlon may be neèèssary. thls would be 10 keepang wlth the 

para~igm of a Stllct h.erarchy. where the· act/6ns of s;bhng tasks 'are correlated ollly at 'thJ 
- , 1 l -

level of the p ... rent Dnl!! the other hand. thls w/II (101 always be the, case If two robots- are 

.. , operat/ng ~n Jhe sa me workspace: for ,"s'tan~e, -CollisIon avoldance software imght requlre 
-' , 

the constant ellchangf:! of JQmt angle informatIon between the cOl1trol tasks d,rrvmg each 
, , 

robot If two robots are worklOg 10 tight cooperatIon to hold and assemble a workplece 
o \ 

(tAlford êlnd Belyeu 84)), the exchanged- data m~y IOciude the pOSlt.on êlnd forces' acting 
~. \. 1 , ~ , 

, ,on ~ .!Obot ,~-vièU as 'coordma!lOg 'rformatlon 'Some rough estlmates of the reqUlréd 
, " ~~; "t"" 1 j, ... ~ ... • ! J 

..., _ ... :, ., .. ~ \ 

~, 

-----._- -~- > • 

, " t '" ~. , 

, ,'. The Ictllal communICatIon took place through shired memory The .data rates glve", are equl~alenr to 
.: thOSt,wh,ch would be requlI~ ,'"the rnformation were instead t .... nsf~rred ov~r ~ channel 

",' 
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bandwld,th may be made- as 'follows .AssumE Iha! j)n InIOrrn~tlon packet for cach robot 

conslsts ,01 the Jomt angles. thelr assoclated sine) and COSlOes and jOlOt forté) A!>sumlOg 

4 byte floatmg pOint numbers, a 6 JOint robot and a 40 Hz sampfe rate then the re<lUlr~d 

. bandwldth allo",mg for information transler ln both directIOns IS 1 7 Kbytes p~r second 
'. \ 

1 • 

2.4.2.2 Communication mechanisms 

These may be classlfled lOto two gelieral ty~e~ data chann~ls and shar~d data 1 Bowen 

and ·Buhr 80 Allworth 811. each of WhlCh has an mterpretatlon m both hardware and 

software 

Communication through data channels 

. Data channel c.ommu~,catlon lIivolves the eXistence of a data stream between two 

pro~e~~s. through whlch messages m'ay be sent Data packets are wntten lOto the stream 
\ 

at one end by. a sendmg ptocess and- r~ad out at the other end by a recelVlng process 

Packets may be bufTered Inslde the chan'nel '( Figure 2 6( a) 1 

ln hardware, channel~ mamfest themselves as communICation Imes and FlFOs' ln 

softwafe (where they are often ca lied message passmg mechanrsms), they are EXemphllE~d by 

the pipes and streams of UNI,X I,Kermghan and Plke 841 the mallboxes of VAXjVMS IOlgltal 

82BL.and m~ny of the software devlces assoclated wlth computer networks ITanenbdum 

. 81) Processes read from the channel uSlng some form of recelve primitIve and wrrte to 

. thè ch~nnel ,usmg sorne form of send primitive The deSIgn of such primItives for robot les 

and other apphcatlQns has been the subJect of reeen, research 15h10 and Epstem 85) The 

'comll:lunlcat.on mpdes descnbed en the work of ISchwan. et al 85) were ail lmplemented 

usmg a channel-based mallbox fac,hty 

Channel communÎcation characteflzes loosely coupled systems. and IS assoClated ln 

general. wlth the followlRg propertte's" 

< May be implemented, on any éommufll~atlon medium mcludlOg seriai I/Oes' The 

communtcatlon speed is dependent on the hardware 

Portab.ltty. g.ven the wlde range of supportmg med,ums 

'. Flrst 10 flrst out memory' . -
1 Data 'channeis are sometlmes known as tfilR'Wlre connections 
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Message paeket~ must be explrutly handled by both the sendmg and reCetl/lOg 

proeesse~ By arrangmg for proces.,es 10 black unltl certain packet., are reeelved 

mterprocess synchronlzatlon may bl' achleved ' 

There may be a slgmflcant software overhead m preparmg and mterpretmg the data 

packets 

Communication through shared data 
~ );1' 

" A second method of process communication ml/olves allowtng dlfferent processes to 

access a shared data area (Figure 26(b)) ln hardware thls takes the form of'càmmon or 

multlport memory ln software. thls IS exempltfled by global vartables and comm(ln~ data 

r~g;ons such a,s the tnlerprocess sectIOns of VAXjVMS IDlg'tal 82BI Proeesses access , . 
the shared reglon elther by dlrectly referencmg shared variables, or by calhng mtermedlate 

routmes whteh surround the shared data base The version of Rel ln use at CVaRl tS based 

,l'on shared memory. whlCh tS easy ta Implement glven~he single processor Implementatton 

:" - \ 

\ 
\ 

Shared data charactenzes tlghtly coupled systems, and lS assoClated wlth the f{,)lIowmg • 

propertles 

High speed 

.. Hardware dependent Implementation usually requtres sorne sort of hlgh speed 

parallel bus Although 10 theory It IS possible to Implement shared daflmechanlsms 

across any sort of commUnication medium (glvell lime delays) thls may be very 

tedlous to élceomphsh It should be noted, however that shared data hardware 

may be used to Implement elther data channel or shared data software 

Processes may access the sha!ed data areas at the" lelsJ,lre Synçhronlzatlon may 

be achleved through the use of common event flags 

The software overhead assoÇlated wlth commUnication IS greatly redutèd 

Acce .. collisions and shared data 

A partlcular problem assoclated wlth shared data IS acceS5 Collision. whlch oecurs when 

one task accesses the data whlle another IS ln the process of wrlttng Il. poss.bly leadlng to 

undeslrable results The usual away around thls problem IS to poltce access to the shared 

data. elther exphcltly UStng semaphores, or Imphcltly by encapsulatlng the access lOS Ide a 
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routlll~ called a momtor General purpose semaphores are stralghtforward to Implement 

usmg a nondlvlstble tes/·and-set primitive. or somewhat less stralghtforward to Implement 

US mg only nondlvlslble data transfers IHoit et al 781 

Test-and-set prlmlt.ves and nondlvlslbJe data transfers across processers reqUire coop· 

eratlOn between the IOvolved tasks and the communicatIOn medIum Hardware support for 

thls IS avallable on sorne parallel bus deSIgns ln the {orm of a bus Iode 

ln OUf use of shared memorl wlth Rel. the only reqUirement has been the ablhty to 

transfer sever al bytes of data nond,vlslbly, the test·and-set primItive has not been needed 

ThiS stems from the fact, that Rel type tasks perform specl~hzed computatIons. wlth 
, 1 

informatIOn ortgtnatlOg .n one producer task and belOg read by a consumer ta~k (note 

commUnicatIon types cl and c2. above) It may not be necessary to worry about colliSions 

at ail Conslder a process P whlch computes JOlOt angles and stores them ln an array for . , 

c.onsumption by a process.C Glven that each JOlOt angle can be wntten nondl\/lsibly ,and 

P and C both run at a fast rate compared to the speed at whlch the angles change then 

any errors caused by falllOg to keep ail the JOlOt angle Information entlfely consistent WIll 

be small ThIS 15 an .nstance of commUnication mode tl. deswbed earll,.er 

If some access control .s necessary. then a simple token passlOg protocol may. ~urflce 

processes may access the reglon only when they possess a token. whlCh IS alternately 
J 

passed back and forth between the producer and consumer ThiS protocol .s mo~eled. for 
, 

two tasks. by the Petn Net of Figure 2 7. for whlCh .t IS easy to examine the reacl1ablhty 

set and show thal thf data will neller be accessed by both tasks.at the.,same tlme . A­

s.milar protocol works for the maintenance of queues. pr<. v,(]IOgthat only one task adds to 

the queue and one' task deleles from.l Wlth the addition 01 mQ(e tokens. the Petn net of 

Figure 2 7 also deswbes a queue protocol (Figure 28) depelldlng on the place they are 

ln, the tokens represent elther the number of Items ln the queue, or the number of empty 

spaces avallable Agam. It IS possible to show that confhcts whlch corrupt th«: queue are 

not possible It should be noted that such a queue IS equlvalent lo a software channel 

mechaOlsm 

2.4.3 Hardware Architecture 

Hardware des.gn Issues assoclated with a muluprocessor Rel include' 
<t 
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'1 The hast computer 

Loc~l characterlstlcs of thf!' control proces<,ors 

Interconnectlon of the control processors 

A general purpose computf'r -',5 needed ta host the mdlvldual control processors Relis 

a development system, and consequently a user needs access to an extensive and versatile 

programmmg and development emmonment wlth a large selectIOn of software and a good 

flte system, as weil as peflpheral devlceS' such as graphlcs terminais and prmters T~e host 

IS used to run the plannmg level task, and 15 Intèrfaced to the vaflous control processors 

wJw;h run the control tasks The VAX/UNIX system currenttYI ln use at CVaRL has ail of 

the features of a large hast computer, 

The next Issue concern5 the processor5 themselves For 'the sorts of computatlon~ RCI 

15 dlrected at. board level conhguratlon~ of 16 or 32 bit mlcroprocessors are suggested 

preferably wÎth floatlOg pomt suppôrt T wo Important reqUlrements are that (1) the dlfler· 
" 

ent processoTs be the same "or from the same processor famlly and (2) eac.h processor or 

pJocessor board contalns local mernory The flrst reqUirement IS based on a very pra<.llC.cll 

reason' the overhead assoc.ated w.th "tamsng" any'glven processor IS generally qurte large 
l 

and ln a development envlfonment. partlcularly an ~cademlc one thtS burden IS often not 

"tolerable The seçond requlrement .5 also a practlCal one ln that the use of local memory 

greatly reduces th~ amount of mterprocessor commun!catton For the same rea!>on the 

proces50r boards should. when pOSSIble. be Interfaced di~ectly to the sensory and 3ctuator 

devle'es they are controlltng., Although ln some cases thts may requlre prtvate connectIons 

\0 separate 1/0 'boards. It .is Impoctant to localtze th,s I?w level data flow 

'. The last Issu~he physical tnterconnectlon of the control processors The cholle 15 

driven by the f~Wtng reqUlrements 

>' "\, '1 Genera/~ Glven the usage of the system as a research tool. one cannot know 

tn advance which processors (1 e , control tasks) Will have to IntercommUOlcate, so 

a general and umform topology IS requireq,' , ' 
~ , , 

2 Extenslbl/ity It should be ea.sy to add processors as reqUlfed 

3. AII(liJabil,ty The reqUlfed hardware should ue commonly avallable 

Thrèe well known interconnectton topologIes support the generallty requlfel'nent stars ' " 

. , busses, '"nd rings Of these. a bus confIguration IS recommended,on the grounds of avall· 
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ab ,lit y 1 T<he te!m "bus' I~ used here stnctly ln the topologlCal sense th~ Issue of whether 

h.gh spef;!d physlCally paraliel busses cHe to be preferred over more loosely cou pied network 

$tyje busses IS coosldered neJlt ) 

It should be noted that a bus IS endorsed wlth regard to a research envlronment 

Once a' partlcular task communtcatlon structure has been demonstrat'èd as useful speClflc 

implementatlpns may make use of specIal purpose interconnectlon arrangements 

A' questIon remalOs as to what type of bus should be used. and how the host should be 

attactied Ther .. are essenhally three cholces (FIgure 29) The flfst IS the least expenslve 

It calls for everythrng to be mterconnected on sorne sort of thm-Wlre Iloosely coupled) bus 

The second allernatlve calls for IOterçonnectlng everythlhg on a parallel bus to whlCh the 

host IS also attached u!>lng a bus adapter If an approprtate bus adapter IS dlfflcult to obtatn 

then the host may remam atlached through a seriai bus. whtle the control processors are 

'connected on. a parallel bus (the last approach) 

The mam factors ln choosmg il bus arrangement are cost: bandwldth. and geographlC 

proxlmlty of the attached protessors Seriai busses are presently avallable whlch can provlde 

data transfer rates of up to 200 Kbytesfsecond (Intel BITBUS IMacWîlhams. et al 841). 

and Ethernet hardware runs at over 1 Mbyte/second However. commUnicatIon overheads 

on suc.h seriai networks may reduce the effective transmiSSion rate by as much as an 

, order of magnttude or more Paralle~ busses are slgnlflcantly. faster (transfer speeds of 

3r0und 40,Mbytesfsec are avallable ln both the VMEbus and Multlbus 11 IMamn 85 Intel 

84AJ). and provlde the cholce of Implementjng elther shared memory or channel oTlented 

communlc~tlon software ThiS feature IS notably explOlted 10 Harmony [Gentleman 851. 

whlCh 15 a dlstnbuted operat,"g system whlch uses a parallel bus slmply to provlde a 

very fast message passmg mechaOlsm between processors wlth local memory Parallel 

busses do requHe that the attached processors are located close together (suçh as WlthlO a 

sIngle enclosure). but smce Re 1 IS Intended for use with devlces whK:h are closely sltuated 

physlcally (WlthlO a robotlCs workcell. for Instance). thls IS not a serious constramt 

From thls diSCUSSion. and the bandwldth reqUirements presented 10 section 24 2 1. we 

note Ihat -a thm-wtre Ihterconnectlon scheme should be sufflclent If (1) shared memory IS 

not deslred, and (2) n'lost commUOIcatlon IS between the planOlng and control levels only 

Otherwise. a parallel bus IS recommended. whlch provldes (1) greatly .,l'creased speed. and 
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(c) Tightly coupled with a loose host connection 
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(2) a ficher envlronment for mterprocess communtcatlon 

2.4.4 Software Architecture 

The software con,lderatlons ln a dJstnbuted RCI mc/ude 

" 

Task DIstribution - How shall dlfferent tasks be atrang~d on the 1r10US processors 7 

Task Characteflstlcs - What propertles will the contra' tasks have? 

Tas/( (ontfo/- How will the tasks be started and stopped? 

CommunicatIOn - What software JOter-task communtcatlon mechantsms should be 

pfovlded 7 

Implementation - What system software 15 necessary to Implement ttlls functlon-

~.4;4·.1 TBlk Description and Control 

With the hardware arrangement descnbed above. the planning task would run on the 

host computer. In the contell.t of a normal program, and mvoke control tasks whlch would 
, .... 

execute on the other processors There cou'd be sever al plannmg tosks wnnmg on the 

host. each attachable ta control processes (Figure 2 la), 

Program development can be done on the host. wlth the appropnate eXe<;utable Image 

fOf each processor .b.elng Imk!!d there and then downloaded. The mapplng of tasks ta 

processor5 would be'done at ioad tlme by the programmer. wh/ch IS reasonable slnce (1) 

most tasks will be bound to speciftc processors anywa.y (processor 1 is connected to robot 

·2. processor 2 IS connected to the frame grabber. etc ). and (2) only the programmer will 

know best how ta dJstnbute the computationaJ resources SJOce these factors will not 

change much 'at run tlme. there IS no need ta conslder comple" Issues such as the dynamlc 

relocation of tasks, 

Each control task will consist of one user-defined control functlon· A predefmed set 

_ of tlmer and devlce"'mterrupls can be provlded for each processor·. each aSsoctated w.th 

'propertles, such ",S sample rate and pnonty. whlch can be modlfied at run time Each 

• The present Rel task level provldes two functions for both fast response and parallehsm However 'II 

was observed tha! functlon 1 was never used and only served 10 confuse"lhlngs 
+ ' As mentloned earher we do not speclflCally conslder software Inlerrupts here 
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.. ', ::.' ~~ , l~térruPt may: be ,d~f1.t,i,ed D-~" a 'pTo~eS,SQr specifie ~ve~t /D, ,sorne even't 1 Ds ~,ay have 
... '. ~ "- ~. ..- ~ 

,Jnt~rQal.,pr,e- an4 post-ptoc-essing ful1ct~ons tp perf?rrn èheckmg. ac'tuator and sensory 

~-' -"" ' -ae~rc; Î/Q, ~lOd. bookkeepmg fas wlth. ihe-presen~ Rel control'ta$k. figure, 2 2) 
...... ~ 

...... 1 .. .. - • 

,~ , ". 'The executable I~ages for e?ch proèessbr tnay ~e loaded frbm the host uSlng a pru!"tivè 

. "' .. ':~, ... ,~' :'of Ùl~ form ' . '., . /. 

. 
: RCIlo4d (image. proc-es,~or_id7 j . - '\ 

- ". \ 
which could ,effectlvely take the place of' the eXlstln'g, RCI?peJ? () primitive, Once în place. " 

.ta~k~ ~uld be controUed uSlng -the fitfllihar .control and rele~se primitives' . 
l' , • ." ,1 + , ' 

-
- RClcontro-l (event_id. funçtioD_namè): 

.. 
/" ~ \. 

" ' ) _ RClrelease(e\tent_id); 

' ... 

" 

"'The argument "6v~nt.:.id would ~peclfy J:>oth the processo; and l~e interrupt Ah er;orwould 
, , 

be returned If the Indlcaled functlon we1e not ,available ln the currently !oaded processor 
... ~ .. .. ~ ,.. . 

'-mage To slmpllfy the Implementation, these' prlmltlv~s would be Issued by the planmng 

level only. although error handh~g ~~Imitlvès would 'b~ ~rovlded by which the control ta~ks, 
could shut down elther thems~lves or the wh~le: contr;1 level. If nècessary 

- . 
~.4.4.2 COf}lmunic~~jon Softwâre -

,The O1o~t ~asic:way ?f!"~wlng th~.djfiere~e~asks to è-o~unl.qte IS t~ prQvlde ttlem 

wltn-shared- memor.y. whlch IS p,0sslble assùmmg a :J'.arallel bus lnterconnect~(>n as desc~lbed 
. , above' Il. hàs been the ~uthor' S experiel'lce- that ~har~ ";"emo~y can be ve~y useful and . ". , 

, sometlmes netessary.' partlcularly dùnng :system' development: and thls vlew has < bee'n 

.' "echoed 'br other: authors ISteusl~f1' 841.' T,he Im.pl~men~atlon, ~f fared memory acro~s 
P{ocessors reqUires, a single 'address space and ~ umfled linkl~ht.~ . 

Shjred memo,ry places ttie burden of protocal management on the .program,r:ner This' 
'" - .. 

-_ may not always be fait" i~ 'IS reasonable (0 also provlde a mQ,re message orlented corn-
1 •• 1 ~ , 

municatlon facihty. particularly for pacl;<agmg, code lIito weil deflned, modules whlch are to 

be used by "ot~er peopJé" Also. 10 the _ absen.ce 6f parallèl bus hardware. channel based 
. " ~ -

communtçatlon pliinittves WOl,lld prov,id~ the only means.of,communication A rudlmentary 

. set of these could look like this' 

-/- ,~ , 
" , 
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.. ,.. 

.. 
," 

send'.(rece'i,l·er_ld. buffer. ·sue). , . 
" " 

~:i ~< 11 'Ir' "".... ~. 
nUII(read = rece.ive (sender_id. buffer:' 'sue), ' ... 

'7 - ~ - 1 .... ..- ~ .. 
- /- The flrst prtmltlve--5~nds a packet of mfQrmatlOn desc;lbed by 'buïfe~ and.siz~ tO'ftfle task 

denoted 1i,I recel ve( id Conversely, the r.Ç.~i ve () Prlmiti~~ :reads",:n~ an; ~essages 
",., t, ~ ~ ... ~... l 0 ~ .. 

WhlCh have arnved from sènd~ .. id. plac~S;, them m the mdlcated, buffer. ëtôd.leturns., the 

actual slze of the message If the value of sender_ld 15 'set to 0, then r.eceJ.ye() Will read ',' . ' '. , 
whatever packet IS the most outstandmg, and flll m sender ~ j d. wlth the senaer' s nâme 

These utlhtles would encompass b?th plannmg and contr~1 tasks. " 

nus descnptlon 15 pre11mmary, among the parti~lIlar problems that would have 'to 
" , .. ~ . 

. ,. ~be conslder,ed m mOle dèta,1 would be (1) the we"-know;l',~e of how to' 'guara.{1tee to d 
. .... , ~ 

sender that the destmatlon task 15 10 fa<;t -active and' recelve6 the mès~age, and ,(2) Uw 

• "deslred blocklOg behavl~r,.of the primitives Sinœ th,e contr~1 tas~ operate under f .. xed . 
~. J ot._ 

.'" . kime con,ttraints, the pnmitl~es d~scribed abo~e are assumed to be non.bl~ckmg . This alsO" 
').,. ,... . \ -

~) ~ltows rece~" () to,be used JO ,conjunctlon, wlth Its return value 'as 'a testmg primItive If 

~ ~ implement~a;tlon of th~ "primitives .s QUlck enough-~ however, 'b'I~cklOg may be aCt;.ept~ble 
r ~ ... ~. ! . " 

(the'Jurnaround tlme for a send·receive-reply cycle ln Harmony 15 prè~enHy about r;ns 
, ., ~ • l • " 

(G~ntleman 8S!) ~essage pa5slOg mechatlisms are discus~d ln detall in IGentleman S1T' 
~ ~ '" ' 

and 15h10 and Maim 851' ;. '. • \ 
Summarmng the pOSition on shared mernory vs. message (channel) onented' comm,u, 

• • ~ Jo .. 

nÎcatlon. in the context of Rel, we state that _ 

/ The abi"ty to use sha,ed memg,y shou~~ de(imfe1i be present 

Me~ge oriented communicatIon IS p~e~é"ed ~he;', it:'~ d~t i~conre.~jenr 
" ... , .",' " 

ln addition to thls message passlng scheme It mlght also. be deslrable to .pravlde a"_ . ~ .. 
.. me~ns for co~trol tasks t.o !fiS~ signais to the., pare;" pla,nmng tasks: .sm~e 10 genjra~ 

the plànning tasks' do not run at a partl(.l,Jlar sample rate. and' hence do' not halte as much 
; "\ .. ~ . .".. ~ 

opportunjty to poli for events #. - , • .. .. .. ...~.. . . ~ , ~ 

We should al~o ment,~n commu~ic~tlon -wlth the extèrnai robot' ~l1d 's~nsor, devic~s' 
whlch the Rel ~y.stem IS controlhng This cou Id be don~ ~It!ler e~plit:l.tty b~ ·t~e' ~ontrQI. 

'- -

.. Rel t~sks are aS5u~ed to ruo.ln the kernel mode aSSOCIa\ed wlth the l3t'get p,to~es~or avmdlng' memoty ': 
.. l 9 - # ~ '"' '", • • • 
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} 4 ~ "lt'tlClI'I_ 11,( R< 1 ~,q'l'l li 1,1,,1:,pl' k,,(J, .. •• 1I •• ~ l'or"," J' . ~ 

pre- and post'plocessmg !unctlons a~ 15 ddne presently rn lOrlJuncllon wlth tlw ho" <Ind' 
.' 

eh~_struc.tures Alternatlvely If Il proved. nece~s~ry we coura eXlend. t,~è mes~agt' pa5srng . 
- . 

prtl"(1ltlves dè~wbed above and blJlld 1/0 devlce abstractions mto Rel , . 
1-

2.4 .•. 3 t.mplementation " '. 
An ImplementatIon of a multlptoèessor RCI could be structured as follqws 'A small 

" 
fun-lime kernel wauld, be loaded lOto .the exeç,utab'le Image for ~ch processor This kernel 

, 1 ... ',.. ~ " ~ 

would contarn (1l a prntlary IIlterrupt ~an-dter and dlspatch table that wauld a~~ume thè role '. ~ 

~. of, scheduler. (2) a' background mOnitor ~hat ftelded control and release 'requests' from the 

hast computer and adJusted the mterrüpt handler accordtngly. and (3) code to unplement 

any bUilt. In s~stem services such as message passlng If !he message passmg was not 

baséd on shared memory. theh these prtmltlves would also requtre the eXIstence of 1/0 

, -'., drt\(efs and handlerli . ' 

.2..4.5 'The Oevelop";"~nt Environment 

Wrthng an~ ~CI program cunder thè versIon presently -Implemented IS slmllar to wntmg 

: ~ any C,appbcation program where the programmer creates a main functlon and a'èollectlan 

of ~ub-functlons The s~urce code can be kept conventently ln one set oJ htes. and'ma,In" 

tained by a single set of de~~lopment tools (ree edltor. etc) Il IS Important to Pfeserve 

tt:IIS ease of use ln cases where the hardware IS extended to mélude multtple processor5 

The only s~mple way'to do' thls .5 to contlllUe to do the software development on a stngle 

rnadune {the ~ost~ and ~ave the executable code generated for the md,vldual processors 

. wh~n needed. by cros~ development -programs The alternative IS to mamtatn separate 

,fII~ systems .,n'CI éevèlopment. tools on each proèèssor. ,not only IS thls unwleldy tn the 
, , 

apphcatlons we are consldermg. Il 15 unnecessary 
, ' 

Presumably It would bé ~dvarÏtageous to develop sorne spec,altzed 10015 to al~ ln main-
- , / 1 

talnin'g softwàre auOfts dlfferent targets Toois based on or slmllar tOl the UN1X.faetitty . 

, ~ake could b-e useful \0 thls regard " If the syst(!!l" were to make use of shared memory. then 

sorne loader taols would have to tie provi'ded to enable the m1lPPIng of dlff~rént data reglons 

ln thE' code for e~ch protessor onto the appropnate physlcal memory area A slmutalor . 
at;.tèss dlfhtùltles 
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enVHonnient simlldf 'I~On(epl ~o the' 5>lmulator de'!>wbed 10 sectIOn 2 2 3 whl<J, allowed cl 

, 5~t of control t~5,k5' to be e,,~culed ln <1-,1100 real tlytte context on the ho~t would probably 

" also he qUite 'useful \., ' 

.,' 

2.5 
, ' 

We' have presented a programmtng ,~teif~ce' for real-tlme robot control applications ' 

whlCh allows a programmer ta eas,iy ereate a 'perlOdlC" control task runOing ln parallel wlth 
" " -

the malrtprogram or 'planntng lask CommuOicatlon wlth the robot IS presented ta the user 
• • - - G ' 

through a pair a global data struttures ~hlch re,8'1ove the U5er hom 5peClflc. communication 

detàlls 

," The user wrltes thls tWIn level'prog-r.lr'n,1n ct manner simllar ta imy other dpphc.atlOn 

program uSlOg- Rel system prlmlttves to ~1art the "control level task and bmd It ta the 
:.' -, 

deslied control hmcttons Error conditions whlCh occur at the control level or on the rot5ot 

;tself are' re'p~rted to the plannt~g level b(me~f'!s -Of a signai whlch may then handle the 

sltllatlOn apprOprt~lely A sltl)ple Slnlulator\.i5 avatlable by wtllch the U5ef may make dry 

runs of hls/her program before actually oper~tll\g the robot A speCial progrclm called ree 

IS avallable ta' s,IIJlpl;fy the compllmg a~~r l;nklO& of the user 5 program 

. An eJl.tenSlOn of th/s system to multtple robots and processors .s consldered along the 
. , 

. fol/ow.ng Itnes J~ùltlple control tasks are used ta operate dlfferent robots, process sensory 

data and do' re.àted Jobs The planning 1evel runs on a general purpose comput~ whlCh 
, ' -

serves as a host t.) a set of ether pwcessers whlCh run the control tasks Each control , 

task /s defméd by a ~sei-speè,fted conlrolfuncllon drlVen by an Interrupt The Image for 

each processor contatnlllg the code for the tasks that are to be executed on Il IS comp,led 

and hnked on the host and then downloaded A sel of ,"terrupts wh/ch are available for 

drrvlng control tasks IS deflhed by Rel10r each processor, these are, knGwn a5 event Ids 

The mappmg ~t tasks onto dlfTerent processors IS done by the user at l!Ok lime 

Two prinCIpal mter-ta!'ok communication mecba1sms are dlscussed data channels 

l.slower, hardware IOdepèndent more software over'}kadJ and shared data (faster, hard· 
1 

ware dependent Jess software overhead) lower ba~~wldth serrai hé!~dware connectlon5 aIe 

feaslble for communication between the control and planning tasks bul parallel hardware 

Îs preferred ln gerleral as IS provldes grealer tlexlbll/ty. as weil as the speed reqUired f~r 

S8 
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/ 

wntrol appllLat.ons At the software level .t IS argued.that (1) the ab.llly 10 U~~ ~hdred 
10" ~.' 

data should he' present. but that (2) .t IS deaner ta use message str~ured communIe allon 

when It .5 riat Inconven.ent 

The hardware desIgn IOciudes a set of board level mlcroproeessors. eaeh wlth lo~l 
.... .;. l' 

memary (and pflvate sensory and robot ~evlce 1(0 If poss.ble), .rnerfaced ta the hast 

computer and cannected to each other usmg a bus topology Control IclSks elre 'ntt.ated 
~ 

and relcased at run tlme trom the planntng levél' OStng control and reJeilSe primItives simllar ( 

to those ln the current version Creatmg ail software on the hos~ usmg cross development 

faClhtle~ would glve the user a sImple and umform enVHonment ln whlCh ta work and allow 

dccess ta sopnlsllCated t~~ls 5uch as 51mulators 

" 

S9 

1 



(' 
\'i 

f-

'J 

, <. 

j ~I" , , 

~ , 
,0 • ,,1 

T 

... 

Chapter 3 MANIPUlATOR KINEMATICS 
.. ~, .... 

'. , 

3.1 O~.ervi~w 

ln thls chapter we deuve the métfl.ipulator klOematlCs for the UOimatlon PUMA 260 ~nd 

Mlcrobo Ec'ure,,!,1 robots. deswbed ln section 1 3 3 

The kmematic problem mvolves deflOlOg a rnappmg from the coordlOate spau' deflOed 1 J 

the' JOint variables of t'he robot lOto sorne more conveOlent coordmate space Speclhcil/ly 

we are mterested 10 transformmg JOlOt variables lOto 3 Carteslan coordlOate syst~m- d 

task known as the (orward Icmemiltlcs problem. and determlOmg the jOlOt variables tnat 

correspond ta a glven Carteslan posltton Ithe mverse Icmematlcs problem) 

The dt/rerentlill kmematlCs of a manlpulator are also of great utlhty 10 control applica­

tions. they represent-the relatlonshlp between a dlfTerentlal change ln jOlnt coordlOates de 

and a correspond lOg dlfTerentlal change 10 Carteslan coordmates expressed by the vecto; 

de The maOlpulator Jacoblan J'IS a 6 • I\' matrlx. 1\' bemg the number of manlpulator 

jOlOts. deflOed such that 

dc = J de (3 1) -If the Carteslan forces are denoted by q. and the JOlOt torques/forces by tJ then equatlon 

(1.19) can be u~ed to relate these two usmg the transpose of the Jacoblan 

(32) 
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3 1 T h( Robot ( (jordlfl.lt( Svstt Il 

HIIS chapter 15> organlzed as follows a formahsm for deswbmg lh'e positIOn of a robot 15 

revlewed and a coordlnale system IS deftned for bath mantpulalors From thl~ the forward 

ktnemallCs may be obtalned dlfectly Wè then denve the Inverse ktnematlcs A procedure 

IS dlscussed for obtatnlOg. th,e manlpulator Jacoblan, whose form IS r:.eatly slmpltfled by 

expressmg It relative to .t'he Carteslan frame located ln Ilnk 4 of the mantpulator. tnstead 

?f 1tr1~ 6 IRenaud 8~ 1 The result ÎS SImple enough to allow symbohc IOverSlon Lastly. we 

obtaln an effICient form for the Jacoblan computations (3 1). (3 2). and thetr tnv~rses. by 

expandlng and then collapslng them. maktng use of recurrences ln the solution 

A general IOtroductlon te thls matertal IS glven 10 1 Paul 811 Klnematlc calculatlons for 

the PUMA 600 robot are glven tn IPaul. et al S1AI and IBazerghl. et dl 841 Differentiai 

kmematlCs are spenflCally treated 10 IRenaud 81) and IPaul. et al 81B) 

Sortie of the denvallons presented 10 thls chapter were obtatned or vepfled wlth the 

use of MACSYMA a computer algebra program dlslrtbuted by Symboltcs, Ine , Cambrtdge. 

Mass 

3.2 The Robot Coordinate System 

The eoordtn,ate system for a robot IS usually based on the conventIons estàbllshed by 
, ,~ 

Denavlt and Hartenberg for sertal "nk maOlpulators IDenavlt and Hartenberg 551. tn whlch 

an orthonormal rtght-handed coordlnate frame IS asso~.ated with the base of the mamp­

ulator, and then wlth each of the tndllllduai J0tnts The transformatIon between frames 

IS provlded by a homogeneous transform known as an A Olatrlx There IS One of these 

matrICes deflned for each Itnk of the manlpulator the first matnx deftnes a transformation 

trom the base coordtnàte frame to the frame tn hnk 1, the second matnx deftne~ ïJ trans­

formatIon lrom link 1 to hnk 2. and 50 on Each A matrlx IS a functlon of 4 parameters of 

, whlth 3 are flxed and the other 15 the JOtnt vartable 
-,' ~ ~ \ 

3.2.1 Link Coordinate Frame. 

An algoflthm for estabhshtng the coordlnale frames," each hnk of an ,'\i Itnk robot arll1' 

accordtng to the Denavlt-Hartenberg nomenclatu~e IS gillen ln ILee 821 For complete~ess" 

we quote the algortlhm here Il should be noted that the coordlnale system oblatned' by 

" 
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-' .l i 1 hl RûlJOI (o0,dJ'ldl( System 

" 
thl~ method I..,·'.nol unique The untt vedms along the I,. y, ànd,': a1.es are denoted by 

,\ ' 

~ y, and l, respectlvely 
,. 

Establish the base coo,dinate system' . Estabhsh a nght-banded orthonormal . ~ { 

coordtnate system (xo. Yo. =0) al the supportlng base wlth: the =0 aXIs Iymg along 
~ - f 

the altlS of JOint 1 

2 Initialize and loop For each ,. 1 = 1. ,\' perform st~ps 3 to 6 

3 Establi.h the join,' ui. Ahgn z, wlth the aXIs of motion (rotary or pnsmatlc) of 

JOlOt 1 + 1 

'-
4 E.tabli.h the ori,in of the coordinate .ystem locate the o"gln of the I-th' 

1 

coordtnate system at the tntersechon of the z, 3nd =1 1 axes or at an Intersection' 
, ' -. ' 

of the common normal(s) between the z, and z, _ 1, axes and the =1 aXIs ' 
" ' 

5 Ettablish the X axil. Asslg'1 X, = ::: (z, -1 x z.);,!' (z, 1" l,) oplong a common 

. normal betwe,'n the z" 1 and z, alles Iwhen they are parallel 

6 E.tabli.h the V'."i. Assign y, = z, . X, to complete the nghÎ-hand cOQfdlnate 

system 

7 Find the joint and link parametera For each l, 1 = 1. .\ , perform steps 8 to 

11 T • 

8 Find d, ThiS IS the distance from the ongln of the (1 - II-th coordtnate. frame 

to the intersection of the t, -1 aXIs and XI' measùred along 21 ,1 It IS the Joinf 

variable 10 the case ot pnsmatlC JOints 

9 Find a, }he distance trom the intersectIon of th~ %1-1 aXIs and Il to the ongt[l 
cr ':!... . .. 
of th~ ,-th coordlnate system. m~asured along the x, altlS 

10 Find 8, The angle ot rotat.op trom the xl-l aXIs to XI' measured counterclockwlse 

about ZI _ 1 It IS the JOlOt variable for rotary jOints 

Il Find 01 The angle of rotatIon trom the z, 1 aXIs to Zl measured counterclockwlse 

about Iz 

ThIS algortthm 15 qUite general and apphes to any sertal "nk mantpulator F.gure 3 1 

Illustrates Ils apphcatlon to two links wlth rotary JOints 
, , 
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Filure 3.1 A oénavtt tiutenbérg represenfiltion for two Imks wlth tot~ry JOints , 1 . . 
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filure 3.2 Coordlnate system for the PUMA 260 ' 
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," n lill Robot loordlll~t. ~\ qtJl' , .. 

.. ,~; ... 
\ 

, l 

" 

: 

.,' 

JOint 1 d_
o 

fJ, ' (1 a 

rI'..,. - ~ , " 
, , 

" 
, 

1 0 °1 90 0' 

2 0 82 " 0 20320: .38 ... 

3 12624: .50 63 -90 0 

4 20320: 64 64 .90' 0 

5 0 '0, -90 0 

6 0 °6 0 a 

Tr.ble 3.1 Coordrnate parameters for the Puma 260 IDlstances are ln mm) 

JOint l d. °1 (t'. al 
'f- ------ - -----_.- _._--~- - ------ ---, 

1 0 f, • 61 0 0 

2 d2 90( 90' 0 
1 -, 

} - 3 d3 0 a 0 
1. 

> .' 4 a °4 90' 0 
J~ 1 

S O' 65 90' ",0 
1 

6 0 66 0 0 
, -- - ,- ~- ~ -- -- . --- - , -- --- - ----

r 

',' Table 3.2 (oordlnale pa[amelers for the Mltrobo 

ApplYlng thls algonthm to the PUMA 260 (Figure 1 5). we obtalned the coordlnate 

~ystem shown m Figure 3,2 AppJytng t~algonthm to the Mlc~o~bo IFlgure 16) Ylelded 

the coordlnate system shown m'FIgure 33 'the "nk parameters are glven fOI the PUMA 
. " 

ln Table 3 l and for the M.crobo ln Tahle 3,2 Il ) 

, . 
3.2'.2 The A M'.trices 

The matrices AI descnbe the transforma~lOn from the frame ln JOint 1 - 1 to,the frame' 

10 }omt 1 These ~atnces may be obtalOed an a stralghtfor.!'a~1'na~,ner from the general 
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relatlonsh,p 

(

. cos li 

A _ sm (). 
, 1 - 0 

• , 0 

Sin 8 cos Il 
cos 81 COs (l, 

, SIO a, 

o 

3') 1 hl Robot Loordlnal( SvstCl11 

,', sm 8, Sin (I, 

.. 

, èOS,O. SIO 0, 

c~o, 
,\ 0 

(33) 

where d" a" 8, and al are the Joi,nt parametets 

. ': • Subst~tuttng the appr9prlat~ values from Tables 3 1 and 3,2, we arrive al the followmg 

;.-

,;ti', 

\ 
~ets of A 'matnces for the PUMA 260 and MlCrobo (A notatIOn 15 used throughout the 

rest of tht~ chapter where,,s, =:= 510 81 , C.\ = cos 81, 51 J = sm 8, '+ 510 0]' and C,) :::: 

cos (J, + cos e] ) 

A matrice~ (ot the:PUMA 260 

,~ .. 
~> 

., 

" 



,# 

" 
',' 

'\ 

\ \ 
1 

" 

'. 

: \ 

::' :' 1 

, ' , 

l ' 
, 1 

, 
.. .,~ 

A matrices for t"e Microbo 

, l' .. 

,3.3 

, 
~\ 

" 

v, 
• 1 

H J,)-
o..() 1 r 

(

1 0 () 
. 0 1 0 

A3 == 0, -0 1 

.0 0 0 

(

Cs 0 
"A ._' 55 .0 

. 5 \- 0 1 

o 0 

'~), 
0, . 
1 . 

.. " 

~ < ....... ... 
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Forward Kinematic-s 
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(~.1.1, 

{3.12) 

" 

, l3.1'4) 

. (3.15) 

" 

'j -, ','0' 

, ~ ~ ( . "....." 
If we mu/t'ply together the A,m'atriçes. we obt~în the'tran~fotm' T~'!hat°.telates the 

\ ~ " . .. 
base of the mao,pulator to the ppsit,pn of the end :'înk, ' - < 
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3 ~ Forw,Vd KIIlUI1,lt,(, 

-' ,ThIs allo~s Os to' dètermtne the Posltlo.nrorrehtatl,on of the end' of the robot glven the 
.. ~.. - .. .... (.;. . 

-vâl~e~ -of the JOIO:t varlablé~ '!"-~ :an. now ,~'tlply. th,e A matnces together to determme. 

T'6 for both robots .. us1ng tbe, nOtation for h.om~~eneous transforms described 1ft equatlon . 

. 11.3) " 

Fo~w-.,d Jdnem_tics for 'the PUMA 260 .... ~ ...,. ~ ~ . '... ..... .... .. 
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\ .,' o~"=' C)[($~S5' ; C~3C4è5)S6 - C23C6S 4J + SllC~S4S6 -' C.C6) 
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" b n _- = CîC6'SS -""d''''4 Si,)'+ ('4C~C:6) 

" 

. , 

',nV ==, Cl(.54S6'~ C4 CV:,'6) - C,68155 

,n" :=;:- CSC654 C42'6 

, ' 

", 
" 

Oz = - 5tfC654 - C4CSS6 ) ~ ,Cl 55 S6 , 

Oy'= CJ{C654 - C.Cs56) - 515556 

,. \ .... , 

- 0 

, . 
• 1 -" " 
, , 

, , 

Oz = - ,cs5456 - C4(:b 
1 

'~a:r =-: '-, C4S15~ - ctes 

il." = C1C4-?S - C5-?1~ 

d': = S4SS 
j ,. " 

\ . 
, p; '=, CId) 

, ' 

-. 
t .... .. ~, 

' ..... 
, ,11v = d)Sl .', 

... ... , ~ 

•. >p. = d2 -," 
,.. 4 1 

" . 

1 .,'- t 

" , . 

, " 

-' , 

',' 

,,4 .... -

" 

. ' 

, , . , 
...~ .. , 

----- When actually ~~rlorming the~e ~alculat,onS,'lt 511oul<l be remembered that the \~fo[-
matlon contalJled ln n, 0, and a IS redundant Smce théy defme a right·handed orthogonal. , ,- , 

matn,." each of these vectors IS equ~1 to the cross produEt of the other two ThiS can 

be used to 'smw1ify .the computations by explicltly computmg only two of,.)he, veçtors and 

from them determmtng the th ,'rd 1 
- 1 

3.4 Inverse Kinematics 
~~ , 

, It IS desluid to fmd the solution 9f (317) and (318): that 15 to ask. glVen a certain 

\ransformatlon matrlx definmg the deslred position of the ~nd effector. what are the corre~ 
sponding JOint varlables1 The solutions obtamed here are ba~ed on solutions dlscussed 10 

IPa,ul 81) :-nd IPaul. et al. ~lA] 

Equatmg tbe mdlvldual matnx elements in equatlon (316) glves a set of 12 slmulta-
o ~ 

neous 'équations whlch can be used ln obtaining a solution Not ail of these equatlOns 

howeve(, "are ln a Simple enough form to be very hetpful We can obtam more simuitane­

OUS equatlons by successlvèly post multlptylng (3 16) by the matnces 'At l th;ough A ~\,I l' 
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'Wh~'~ ,s th: noûnbeo?; m.",~~!.~~; Joont'· 'T~" ".Ids ;se" .. of \. 

" 'l1\1cr~( K I/ltlll.HIC' 

1 matnx equdtlons 

, of ,thl> form ' ' 

, A -1- {i IT, ~ U,. (319) ' .. , 
" 1 .' 

wht!re .,' . 
U, 
. 
= A A6, " , ) . S 

For .\' = 6 thls &Ives 60 addltlonal equat.ons Elements on 1f1~ flght of (3 191 will 

be functlons ôf ~he, variables oi JO,mls 1 to 6 Elemehts on the left hand side will be ln 

'terms of T 6 and the variables of JOints 1 thro~gh 1 - 1 We shqll proceed by examrnlOg 
, " . ~, . 

equatlons w~th successlvely hlgher values of 1. solvmg for each Jomt vaflable ln terms of 

flxed parameters and prev/ously solved JOint variables 

!nverse kinematics for the PUMA 260 

, , 
TJ)e PUMA IS d~flnltely the more dlfflcult manlpulator ln terms of solvrng the kmemat-

les ln dOlOg 50, we shall make use of the atan2 'otm of the Inverse tangent funetlon 
. ( 

ThiS takes Iwo argu,ments. a y and an l value, wh/ch are proportlonaJ to Sin 0 and cos 0 

respectlvely and returns f) ln the r,~nge - 180' <: 0:- +180 Th!' only tlme thts functlon . 
• IS uhdefmed IS wh en both i,trguments are zero. In partlCular. th.s functlOn can be used to 

solve equat.o,ns of the form 

(320) 

for whlch there 15 the general solution ((Paul:et al 81AIl 

.. f~-----

0, = - cltan2(b. al + atan2(c, ::: \t a2 + b2 - c2) (321 ) 

Wè begin by cons.denng equatlon 13 19) wlth 1 = 2., 

(3.22) 

Expanding, and ~quat,"g the fourth eolumn on each side Ylelds 

(3,23' 

~ , 
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The solut.on fOI (JI' cornes trom ellamtnlOg the botto", row Us,ng (321) Wf:! gel 

k3 241 

The: ln front of the square root corresponds to whethei the robot .5 ln a rtght-handedor 

left-handed conflgurat,on (Figure 34(.1)) 

Equat!on (323) .1150 y,elds\ a "solutIon for 6) Squarrng ,and summt~g the top two ~ows 

glves 

,(3,251 

where 

, 
ThIs .5 also equlvalent ,n form to (320) in the case where b = 0 Substltut.ng lOto (3 21) 

.tnd maklOg use of the ,dentlty 

li 
atan2(a, b) = 2 - atan2(b. a) (3261 

glVes 

(3.27) 

where 
f = 2a 1 d ... 

d = dr~-;3 ~ir"'i--."p:"'-
The ::. JO front of the square root corresponds to whether the robot 15 ln an elbow-up or 

elbow-down conftgurat.on (Figure 34'(b)) 

The next angle solved for IS (J'l + O~ ThIS 15 obtamed by cons.dering (3 19j wlth 1 = 4 

A 1 AL t AIT == U. 
3 2 t 6 ~ 

Equatrng the fourth column on each side glves 

( 

S23Pz + C23(SlP" + CtPI) a 2C3) 
CtPy - StPx + d3 

- S23(StP1i + C1Px) + C23P, + a2 S3 

o " 

(3.28 ) 

(3.29) _ 
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(a) Right-handed / Left·handed 

(b) Elbow-up / Elbow-down 

(c) Wrist-flip / Wrist nofltp 

Figu .. e 3.4 Redundancles on the PUMA 260 
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The top and bottom rows Olay be solved slOlultaneously to yleld 

8] ~ 03 = atan2(11.-" 1 J, ri] lI~IJ'] + J,u'!) (339) 

where 
U'! = a7('3 ' 

w] = d4 a]-"3 

If we'next equate the thlrd columns of (328) we have 
v 

(331) 

The flrst and sec.ond rows Olay be substttuted lOto the atan2 functlon dlrectly. yleldlOg 

a solution for 84 Il must be noted that the Ss term does nol stnctly div Ide out 1 e 

atan2(a, b) = 1f + atan2( a. b) Hence If Ss IS negattve thts WIll result 10 a 180 phase 

shlft 10 the solutIon ThIS means there are two possible solutIons one wlth Ss negatlve 

and one wlth -':;5 pOSlttve correspondlng to whether the robot 15 10 a wflst·'hp or WflSt 

nofhp confIguratIon (FIgure 34(c)) The solutIon shall also become undeftned when botn 

arguments to atan2 approach zero' ThIS WIll occur If S5 = O. whlCh happem,:; when 

8~ = -: Tl1f. TI = 0.1. When thls occurs. jOlOts 4 and 6 are JO allgnment and the 

robot IS at a sJOgularlty The physlCal range of JOint 5 reduces the number of slO~ularttles 

to one. al 65 = 0 

ln s~lvtng for jOlOt 5. we continue to examine the equatlons deftned by (3,19) for 

successive 1 we oôtatn a good pair of equattons wlth 1 = 5 

Lookmg at.t<he thtrd column of each slde. and leumg 

we get 

(

fa! S4 + C4(a z S]3 + f.1]C]3) ) 

fa]S2] + u Z C2J 

(a zS2J + :1I7(~23)S4 C4ful 

( 

(332) , 

= (J 33) 
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Substltutlng the f,rst and second rows lOto the alan2 functlon ylelds a solution !pI fJt, 

lastly. we look for a solution for JOint 6 to do th,s we conslder (3 19) wlth 1 ::.: 6 

Lettlng 

1.,1 = oVC ) OIS), 

1 ... ; = Oy81 + oIC I 

and equatlOg the second column on each slde. we fmd 

( 

SS( 1,:}8n + o.z('n) +,C5I1o•1";4 + C4 (Oz 8
23 + / .. 1('23))) ('~o 1 

C4f..l 54(oz52)'+ 1,,2C 23) _. (6 

('s( 1..2 S ]3 + 0.('23) 851/ .. 1·"14 + ('4(0;823 + 1,,2('23)1 .- O. 

o 0 

whlCh also ylelds a solution for 06 by direct substitution IOto·atan2 

(334) 

(335) 

We now present the complete Inverse klOematlc solution for the PUMA 260 ~, 

~ 

Os = atan2(py, Px} + atan2( d3, 1 \ r2 d~) Wlth (336) 

r
2 =, p~ + p~ 

7r 
83 = -

2 
atan2( : \t /2 d2, d) . W~ "- (337) 

1 = 2a2d4. ",..~ 

d 2 2 = d4 + a2 
2 1,. p~ 

l" =: CtPI + StPv 

82 = atan2(pz wl J,. Ul2· pz w2 + fJ, wl ) 83 . wlth . (J.38) 
1· 

Uit = a2 e3 • 

Ui'} = d4 - a,5) 

64 = atan2(Jal, 5 23 0 z + C 231(2) + n. n ,0", ·0 P 39 (Il 

64 ~ atan2(Jal' SnQz + Cn fil1)' -1\' • 85 • O. (3 ~9.b) 
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(340j' 

(J6 = atan2(Ss(fo2·S'23 o:C23) CSI!,'1 8 4 + C4(()l Sn + 1.2('23))' 

C4/.1 S4(oz S23 + /,,2('23) } . wlth . (3.41), 

/[,1 = DI/Cl . oI S l . 

f. 2 = DI/St + oICI 

The three dlscr~te redundanCies (IIghtjleft-handed, elbow-upjdown. wIIst-fllpjnolltp) 

must be speCIfled 10 deflne a untque solution 

ç Inverse kinematics for the Microbo 

. 
, 

. ,. , 
The solutIOn for the flrst three M,crobo JOint variables IS very simple: stnce the robot 

,r -

IS a cylindrtcal type. these variables deftne a cyhndrlCal coordmate system Exammlng, the 

rlghtmost column of equatlon (3 18). we obtam the followmg 

i' 

Px = CId] 

py = Sl d3 (3.42)\ 

~ 
From the flfst and second equations we get 

1 

(JI = atan2 (py. p.r) '" " (343) 

The third jOint variable IS obtamed by squartng and addtng the flrst two equallons 

(344) 

Although thls ln prtnclple ylelds both a poslttve and negatlve solution for d 3. there 15 no 

practlcal way on this robot for d3 to assume a negatlve value (thls ln efJect predudes the 

M,crobo from havmg both left-handed and IIght-handed solutions) 

76 

\ 

'-, 



, ' 

. , 

'l' 

. "; 

! -

'. 
"'. 

T he second JOint variable IS se<!n 10 be .equal to /1: 

The solution method of the lasJ- three JOint angles 15 exactly anaJogous to the solution 

method of the last three angles for the PUM,A consldermg the equatlon defmed by (328) 

and exammlOg the thlrd column on e/ther s,de, ylelds 

(345) 

The sec~nd and th/rd rows may be substltuted lOto the atan2 functlon to Yle1d 8". with a 

180 phase shlft when .";s 15 negatlve and no solution when S5 = 0 Due to the physlCal~ -' l' 
., 

range. of Jomt 5. there Is.only one slOgulanly. located at 85 = rr . 

by (3 32) 

(3461 

l Fmally for JOint 6 we look al the second c~lumn on each s,de of the equatlon defmed 

by (334) 

whlch "ves an alon2 relatlonshlp for .fJ'6 
... 

We now summarlze the Inverse kmematlcs tar the M,crobo 

d2 = Pz 

d3 ::: Vp~ + P~ 

:"" 

(347) 

(348) 

(349) 

(3.50) 
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j', T lit J.I( (.1>,.111 

04 ::: atan2!(J~ a~('t (lrSt). r. (3 ~1 Il) 
, 

=atan2(u.: u~(l {1'''I)T;;, r (351 Il) 

, (352) 

(353) 

There .s one (j'SCJete redundancy (w"st-fllp/noflipj' wh.ch must be speClf.ed to allow,a 

un.que solut.on 
J' , 

3.5 The Jacobian 

r, The man.pulator Jacob.an relates d.fJerentlal ch~nges 10 JOlOt coordlnate~ to dlfJere~f;al 
chang~es ln the' Carleslah frame located ln the last ~mk (, e . Itnk 6) of the rObo~e f~rm of 

thf Jacoblao may ~e cons.dèrably s.mphfied If th.s relat.onsh.p .5 represented wlth respect 

tcl a coordmate frame located ln cl more central robot Itnk IRenaud 81J ln partKular. we 

,~hoose Itnk 4. s.tu~led at the begmmng of the wrrst If the Jacoblan tS de!>cnbed wlth 

frespect tQ "nk 4 (tndlCated by 4J), we then can use the transformations d,scu:;~ed 10 

_1 sections 1 4 2 and 1 44 to map the results lOto l!Ok 6 For .clarrty thE: meanrng of k J .5 

1 ·re.tè':ated k J relates a difJerent.al change ;n JOint coordtnates 10 a d.fTerent.al ch.lng~ ln 

the (arteslan frame locat~d tn the ~st "nk ("nk 6) of the ;obot wlth thls relatlonshlp 

belng deswbed wlth respect to th~ frame ln "nk k Using the mappmg Do r th.s can be 

'expressed as 
" (354) 

To determme the Jacob.an k J wlth respect to l!Ok k. we begln by notlng that a dlne/entlal, 

change 'Il Ca,rtestan coordlnates 15 due to contrtbur.ons trom .111 the d,fTerent.al changes 

Incurred at e~ch JOint 1 Ttùs can be ex~ressed by the equatlon ' 

S 

k J de = L k da
l 

' (3.55) 

where k da l IS a vector representlOg the dlfTerential change (sect,on 1 42) due to JOint ,. as 

observed ln "nk k 
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da, will be an mflOlteslmal mOlloh elther along or about 'the: aXIs of the precedlOg 
~ '" 

hnk 1 l' dependmg on whether the Jomt IS prlsmatlc or revolute The value 01 da a~ . ' 

observed ln the coordmate frame of hnk 1 1 hence takes the form 

/ /3 56) 

where the d.fferent.al change has been factored IOta a vector c, denotmg a umt çhange 

along or about the:: aXIs of hnk 1 1. and a ~.flerent.al change dO, 10 the JOint' vartable 

c. IS "ven by c, = (O. O. 0, O. 0.1) T for a revolute JOInt. and C, = (O. O. 1. 0, O. 0) T for a 

pmmatlC Jomt 

We can now combme (3 55)' clJ1d (3 56) 10 conJunctlan wlth the transformation' D, 1 k 

whlch maps the observed value of a cltfTerentlal change vector from the (rame ln hnk 1 1. 

to the frame ln IlOk If 

, 

f\' 

A J de :;:: L 0, 1.k ( CI dU,) 
,=1 

(3.57) 

Th.s can be braken up lOto a set of equatlons deflnmg each column kj, of the Jacabian 

(3.58) 

and the dB, may then be factored hom each side to Yleld 

'(3.59) 

If we substltute the values of c, appropriate for elther a revolute or prismallC JOlOt IOta 

equatlon (1 13). aild the coordmate transformatIOn from hnk, 'ta hnk k-I.s ,.ven by the 

matrlx X, w.th compont>nt columns", 0 , al and P" then the followmg expressions for 
') 

• . ' 

r 

the Jacob,an 'Columns are obtamed .. :: 
" , 

(PI " n,). 
(PI " 0,). 

k· (Pt )< a,). 
(rotary JOlOt) (3.60) JI 

nz.1 

Oz, 

G ZI 

• The aXIs (\f motion for a Iink IS the z axis of the precedlRg hnk from the algpnthm IR section 3 2 1 step 
3 

19 

( 



, ) 

'. 

", 

/1 _ ' 

u;: . 

Il:: 1 

o 
o 
0, 

1 

'; 

(pnsmatlC JOlOt) 

:, ln.' J.,(ol>,.11I 
,', 

, 
-(3.61) 

These'match' the expressIons presented ln lPaul 81) The X, ciul be determmed 1,y 

multlplymg the approprtate A matrices. or the" Inverses 

PUMA 260 Jacobien 

fn addItIon to defl'YIO'g the Jacoblan of the PUMA Wllh respect to "nk 4, we may obtam 

an addltlonal simplifICation by comb}OIng rows 2 and 3 We thus defln~ a, m~dlfled .(acoblan 

ln hnk 4, 4 J', such that J. 
dx dOt -
dy dfJ2 ," 

d:: = ~l d02 + dO) 
dt., . dfJ4 

(362) 

dp 'dl!S 

dtJ> dfJ6 
., , 

ThiS IS equlvalent to saymg that 

4J = 4J' V 13·63) 

where , " , 
l' 0 0 0 ~i . 
o 1 1 0 0 , , 

y = 0 1 1 0 
0 0 0 1 

, , 

" 

" 

\ 

We can determme (he cOfi~spondtng force transformation equatlon from (119)' 

V IT t 
~ J 

from which we get 
Tl fx 

12 - T3 f" 
T3 = 4JfT fo: 

T4 Tx 

's ," 
'6 Tz 

, ' 

13 64) 

(3,65) 

(366) 

~' 
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< , Applymg equat,on !3 60). 3~d combtr.mg the second and thlrd row~ ylelds the mamp 

ulator Jacobian 

,(C2a] S23d4}S~ + Cn C 4d] 3]C4·9) - C4d4 0 0 0 

d3 S 23 3]e3 0 0 0 0 

4JI = C 2id3·'1'4 -' C4(C]32 - S23d4r 3]83 5• - d4 S4 0 0 O. 

C48 23 0 :>4 0 0 Ss 

Cn ,,0 0 1 '0 Cs 

8235 .. 0 C4 ·0, 0 
\ 

The inverse Jacoblan May then be determltted. wlth the ald of MAC5VMA 

s (' 4 0 ,,4 0 0 0 T, 
" 

~~ 1 (' d S 

a2( 3 aï'<3 --aW. 0 0 0 

~~4f-~'iÀ~ .;; ,CJh_~?~ . ('~~- 0 0 0 
.. J/-l = ' 3 4 

J ~:"1~ /1) (' 

-~ ~~ 0 
3d4~S b s "5 

J ' 
--~ -~j~~ ~ 0 0 

._~ 'SS 
~ 1 6 -Ws' '~ 0 

, S , ' -
where we h3ve 

h = C232 - S23d .. ,<, 

k = C3d4h 
• 2' ' 

'J41 := C23C3d .. S4SS - C2 C5d3Si + a2C2C3C4C5S4 
. '} , ' -/43 = C23C3 C .. d .. S5 - 32 C]C3l?5 S4 - C2C•CSd3S• + C3 C 5d"S23. 

J51 = C2C4d3S .. + C)d"S23 ' a2c'}c)clil 

J5) = a2C,}C)C"s. t-c]cld) 

J61 = c2d3s1 - 32C]C3 C4S4 

J~3 = 32C'}C)si + C2C4 d )S4 C3d4S2] 

(367) 

(3,68) 
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la~~blail ComputJtlo~~ : 

" ' 

... J • .; 

Microbo Jacobien 
1 .......... 

'h, '~ .. , 

T,he Microbo Jac~lan IS mueR slfnpler and lTIay b~' deJl~ed and symhohç;~lIy mverted >,.> 

y.'lt~ relatlv~ e~se 

.C4 d 3 84 
. , 0 0 

" 
4 J :=: d3 S .. - C4 

54 0 
0 0' 

· .. C4 0 
.', 

'. 
~~ 0 
d3 

54 0 
0 1 

4 J' 1 0 

0 

0 

3.6 Jacobian'Computations 

0 0 0, 0 
1 0 0 0 
0 0 0 ('J 

0 0 O. : 5, ~ 
0 l' 0 -Cs 
0 0 1 0 

~~~ 0 0 0 
3 

-C4 0 f) 0 
0 0 0' '0 

C S2 

~ 5 .. .1 0 -d3 SS 5 

~P, 0 0 
3 

_52 , J 

d3~ SS 0 .0 

. .. 

,w -

(3.70) 

The Jacoblan IS typiea/ly used in equations (3.1). (3,2). and their Inverses.' These 

complJtations may generally be slmphfled by expanding the entrre expression and then 

~ollapsing the result. oiten makmg use of recurrences ln the solution As a useful Illustration 

of thls. the vanous Jacoblan computatl!>ns (relative to "nk 4) are presented for the two 
1 • 

robots 

The vector de IS defmed by de = (dOt :d02,dfJ3. d81"dOS, d06)T for the PUMA 260. 

and de = (d91.,dd2.dd3.d04.dO"dIJ6)f for·the M,erobo Thejomt forc.es-'are gl~en by 

lJ:::; (Tl' Tt,T3. T4,TS,T6)T for the PUMA. and tJ =,(Tt,h,h,T4. T5,76)T for the Mlcrobo 

PUMA 260 Jacobian computation; 
, 
1 The forward Jacobian calculatlon. ~dc = 4 J de· . \ 

. 
dI = hS4dfJ1 + C4kc 
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3" JacoblJII (OOlplltJllon~ 

dy :;: -d3S 23d81 + a1C'3d1J1 
-" 
"i:t 

• ~.: =11:- C4hdO l + S4 k c-

dt., = C .. 523 dO l - 54 (dO'] + d0 3 ) - S5dfJ6 

dp = C23dOl + dU4 + CSd86 

do = SnS.dfh + C.( d02 ..... d03) +dU5 

where " 

l , • 

11 = h($4fx - C4fz) + C23(d3 k t t 1,,) + S23(C4t I -,d3!!! + 54tz ) 

16 = - TI S5 + eST" 

whére 

The inverse Jacoblan, de = 4J-I "de. 

dOl = dIS~~C'4dz 
h 

dv + dOl d3S23 d02 = 
. a2 C3 

) 

d023 ~ 
- S4 dz - C4dI + a2dfJ2S3 + d9t C23d 3 . -

d03 = d023 - dfh 
d .. 

d04 = dp - d06CS'- dfJ I e23 . 

d6~ = diP - dOl 523$4 - dOnC .. 

d 
-du' - d023S. -+' dOlC .. Si3 °6 = , 

. $5 

.. 

. , 

(3.71) . 

(3.72) 

• J 

1 

• 

(3,J3) 

'" The Inverse force transformation. 4q = ~,,-IT tJ:' .... 
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3,6 Jacoblan Computatîons 

" 

, 0 

T2 - T3 + 8251k '2 f, - '. 
y - a2e3 1 

fz = -S.Ic/2 - C.kft 

T6 - CST. 

55 

where 

,', \. 

,,' ) 

5235• 15 + C23'T4_,- rl - C23d3k/2 + (C.Tt -'d1/y)S23 
le Jl ::: h c ' 

----.., , 
Microbo Jacobian computatIOns , . 

The forward Jacobian calcuJatiQn. ·de :::.tJ de: 
\ "\1 

' .. ", 

1 

., dx = 5. dd2 + Ç4d~81 

.' 

( 

dll = dd3 -, 

~z = d3S4d81 - C4 dd2 

dtjJ = S5d.66 -+ S4d8t 

dp = d84 - CS~6' 

lÜP = d9s' - C.dfi~ 

1'S = r, 

1"6 = T%55 - CSTy 
• .. ' 

, 
" , ", 

The inverse Jacobian calculation, de = 4J-t 

dzS. +C.dz dit = ----'--"':"-

"de: 

, . 

, \ 

\ ' ,. 

d3 

, 

, ' 
" 1 

~.:. > .. ' 

, ~ f • 

l'"; .J!" / 
.~ 

:' 1 
, ,y 

", 

~: ' 

., 

" 

,'" " 
.0: 

..- t"~ 1 

, .",\.\.-

' ....... \,\ r .. ~ _ .:" 1:-' .. 
I}· r' 

84 
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3 <: Summarv ., 
1 

~RlPulator. reduce to a reasonably sittlple farm The Jacoblan computations May be 

p-erformed IR "nk 4 of the mampulator and transformed to hnk 6 by usmg the equatlon~ 

in sect10~ 3,6 ln conjunction wlth the transformatIons ln (3 79) A summary of the tota~;', 

expense involved 10 these computations. excludmg tngonometnc functlon calls. is given ln 

Table 33 (Each transform ln (379) may be optlmlzed 50 that It reqUires a total of 8 

multIples and 4 additions) 

A bf/ef mentIon should be made of errois ln the kmematics. In practice. the A matrices 

.~ for a robot are neveT known exactly We may associate writh each matrix,A1 an enor matrix 

dAt The true value of T 6 m~y then be computed from the equation , 
l,,)' 

r ,~I 

r' 
" . ~ ..... 

6 
~', r 

II (A, + dA~l 
1=1 

I~ 1\ ,{ 
, . 

:' :.:" '. Expand~Dg th,s and negleeting differential ter ms ,r~ater than first order all~s us"ldseparate 

,~.~" ,:' ' .. ,- the computation of T 6 into an ideal cl>mponent and a correction component:f., 

; 
.1 , ! 

t 'i' 

1 , 
t ., 
l. Uo. ; ~.-J: 

;' / )~' ~:. 
1 " 

> , .' 
.. 1'" 

, .. 

\ J -, 

.. , 

. 

.. 

... ' \. 1 \ \ 

,', ,-,' 
'., 

,If' ' ~v 
0, ' , 

- < 

• ,":'i' 

, . 
1 

i- , l, 
,~ 

, " . " 

6 , , 

" 
II AI + M e/ 
1=1 

" :.here M is a position dependent correction matrix. whlCh ma}' be found ,analytlcally. and '" 

e 'is a constant vecto': of error para met ers 

oetern'iÎne e and find any error terms whlCh 

Measurements may '~ prinçiple be made ta 

are large enough ta )ustlfy ~etng used În the 

( run~'time 'kirlematH; cakulations. , A very c~prehenslve treatment of t'his subJect IS "ven: , , , 
in (Wû 85), 
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MEASUREMENT 

TI ,1 

" of STATIC FORCE' , 
, - .. ' 
~. . ,"'" 
; , 

, l ~ 

: 

·,CONTROL PARAMETERS 

. , 
" )" 

" 

:' '. , 

J, 

4.1 Ove..view 

:tt is often useful to control a robot /nanipulator sa as· to en able il ta elert a specified set 

of static: forc:es on ,its en'lironment (i e .. forces not InvolvlOg acceleration of the manlpulator 

or the abjects the maOlpulator IS acting on). This process IS known as "statlC force control", 

land is assoclated wlth a special case of the manipulator dynamics equatlon, dlscussed ln 

section 4 3. The control itself reqUires knowlOg the parameters assoC:lated wlth the gravit y 

loading and friction models of the arm 

The measurement of these parameters for the PUMA ~ Is,the subJect of this c:hapter 

The procedure discussed was not applied to th,e Mlcrobo because the, geartng mechamsms 

on that robot's prlsmatlC jOints make It unsUitable for the forte control techniques Chat· 

were used, 

The chapter is organized as follows, We begin wlth a discussion of the prÎnc,p1es un·" , , 

.' dérlying, the measurerhent techntque Nell. the dynamics equation is ,revlf,!wed, statl~ force 

contrOils preclsely defmed. and the equatlons which model the gravit y Icadlng and fnctlon 

.. are dlscussed The individual measurement t~hn.ques and the., results are then ,presented 

"', ' .. lastly. we desdibe transformmg joint level force control into Cartesian c.oord;nates in the' 

, " 

robot' s last link 

An encompassing survey of the prQble~s related ta stttic force cootrol IS given in 

,(Wh,tn~y 851. 
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4.'2 "Basis of the Measurement Tèchn;que " \..'.-.-, 
'~ ,-~ l' .' r .)-J " 

1 .} , ' j (, \ t"":; ',4' , ~ -" '- ' 

the: measurement method IS ba$ed on'the abihty to det~rmme the work do~~ by,~ jOi~, " " ,:;" 

motor by' mOnltonng Its current. ThIS follows trom the model of a'Pe-rmatlent 111~~~'of·· ,~ ,;" 
\ ( • \1 ~,.." ... , 

motor [Slem<!" and Straughen 81 J, ' " .' """, ,'~' :" ':- -, 
,;c", , • f :' ~ ~!:;:::.~ 

, " , . 

" " 

f. r T/oad '+ TJ.rtcbO~ 

where 

.. ' ,--

-f '/ ~' ,l, 1 ~ ... ~' l' \ ~ 

.' ,', /.. ,'(41" ,> ~ • 
, ",' .-'~ 1 ~ >- .. f ,,-

• ," " 'i· 

: " 

," 

'i" • 

,. . 
" ' 

J. rI',. ~, , \ 

l ,,' .~.. 1 

•.• ! J 

", 

, ,r 

,i 

f .' 
1 

, ) 

. , 

" , 
" 

" 

fi> = magnetlc flux 
", 

:.1(1 :::; ar~ature Cljrrent 

, , 
'/!~ l'· .. 

1 l '~ 

'T!nchon ::;:: mechamcal a~d e.e<:troitlagne~ic tossages':" 

, , , 

'Sincé Ie'fi> is 'constant for the se motors. the reiatiooship simphfies 10 
.' 

, ' 

" , 

" 
" 

, il. ~ ," " "'" \ .~' 
, . 

-~, ,--; .... 
• ,,,l 'Î"~ f ~~ 

, ,. 

, ' 

\ ..... -'. 
1 where 0 is th~ tOrque sensitivity. ~(or the motor, 

" 

, , 

" 

'. 

Now iet" the angular posittoo of the motor shift be giveri by ~he variàble (J~ 
work done by t~ 5er~o m,Qt<>!' as Il '~oYes the joint from 8 .11' ~(;, 882 is ' " '" 

,) 

',' 

" , 

, r 

The total 

(4.4) 

Il r' 

A finite approximation to this tan be tomputed by monitori,.., la and 6~ at'à suffiç.êntly' 

Hieh sam pIe rate. If we th en e~plicitly separate the work d~ t~ lO~d '~nd ~~e ~o;k due t.o ,', _. 
1 \ r "'! . 

loss~s. we get: 
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; "'~~:: ':', ,~ ~<:,;:,:~~ , ",::>Xt:~<~~:,1 ';:,.>·;':~.'::/1 ,,',':,,' tj(;) ; Jomt torques/forces e.xerted by the mo~o;s ,-. 'J' ,<;":: >.: />::,;'0:: 
, /f.~·;.'~~.:'· ': ',- ; ,,~:.! ';'<'~"""«::;:,{?'1~~~~O': c. àod ,tg terms are ftJnc~ions' of e, and é and f :aré fUrtt~ioo~ p( ,th~. ~&irît '\ <", 

:.\', 'i , ; .,' .. :., ':,' '.;vèlôcitie~.é, The friction, f. Îs in fact h~rd to charactente precisely. more will be S!ll(/,~ " '1<', 
--,\, :, '·,.':'1':::,':~~'.:" -:.,., : ',.' ,"~bp,ut this la ter on ln general. eqùatlon (4.6) can expand to gl~at <:omplexlty Howe~er, 'in:': ;:,", 

~:,,,:,:,r' ~~:'~:' :~:~~:,;~rt :~' ~>' :: J'. ':'. ':" ' ~:isès ~~ef~ the 'required velocltfes and acceleratlons of the manipuJator are 5n;tall ènough" ' ,,:~ :'" 
.. :"" ': ,.';:~/'::::, :~~" -': '"it'is pôssible to ;g~ore D and (; entirely, whlch reduces the problem to one mvolvl~g oi!ly' " '-", ' 

y '': .:-', . Jhe gravIt y Joadings: frièttonal c.haràcterîstics. and ext~rnal forces: c .' .' -

~ ~i - \ ",- ~ ) i' -" ... 1 - 1 \ 1 \ " • \' \; ~ , 

tg(9) + f(è) + ta{t) =: t;(t) ,14.?,) ·l ',.',,:: 
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. : This ,deflnes' the dom~in of the statle forCe c,cntrol problem , ' 
, , 

_ ',r!\ ~~ 1 

~ '/-, 

,." The chpracteri:lation of ,the terms of -equation 
~ J , , 

sûbjeCt of the rest of mis' chapter , . , 

- " \ .. ' ,\"., 
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(4.7) for the PUMA, 260' robot is tM, 
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(4.8) 

," 
, ,) 

, " 1::::',' acceleratlon of gravit y ve<:tor. measuréd in thebas"é coor.dinate frame· 
, . , 

T k ::::. 4 ; 4 transfotmatlon matnx from the b1ise frame to I~r.k k 
\' , 

81 ::::., joint variable' f~r.jornt 1 

',' k~k == c~nter of mass fo'r Irnk k. measured ln that link's coordinate frame 

,T k. is given by the product of the A rr~trl~es fo~ eac~ joint up to k ~ 
" 

(4.9) 

T~ë partiàl deri,~t~ve .term in (4.8) ma~ be handled using the, matrill ,repreSenta'tlon for 

differ~':ltial ,coord;~ate changes (section 1.42) .. Consider first Ci differential change ln Tir: 

'; due to a vanatiordn joint 1. as observed in link k, 

-..." 1 l'.If 
-1 
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. , 

'J 
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r , 

l " 

, ~ 1. 
J , 

(4.10} 

) .. '~ j 

Sin,ce t~e force Qf gtavity is. purely translalional. it can be represented as ~ hontOleneo'us 4-veftor ,with 
,the '~ou,rth ele."e~t equal to 0 ' , 
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4 4 Parameter Models 

.. 
Th~. most corivenient coordlnate frame 10 whlch to express a dlfferentlal change due to a 

Joint variable (J, IS the frame attached to the precedlOg "nk 1 - 1 ln that frame the change 

is simply an mfmitesimal motion along or about the;; aXIS, dependmg on whethe(the JOlOt . 
IS prism3tlc or re'lolutè AssumlOg that dT k IS observed ln frame k, (1 4) and (410) may 

be combmed to get 1 
\ 

(4'11 ) dTk = Tk U;11-1At Uk , 
, '. 

. whe;e U k is the coordinate traosform~tlon from frame t - 1 tG frame k. and I,S glven by 

Uk = AI '" AJc' 

'Given that 1-,1 A, is iepresented tn. the fram~ attached to hok " - L, the different/ai JOlOt 

variatiô'n dit can be factored out to obtain 

wh~e 

"r 

Q~ = (~ 
-1 
a 
a 
o. 

.' 
0 

0 
0 
0 
0 

0 

~) (rotary Joint') 
~ 

'-

, , 

-~"" 
'~ (~ n 0 0 

0 0 
(prisrnatlc joint) 

0 0 

We can,now w~jte (4.11) as 

from whkh,the partial. derivative may be obtaloed' 

éJTk '~1 ao = T k Uk Q, Uk 
t 

Substituting thi~ into equation (48) ylelds 

N 

T'ï = L (-mk gT T k Uk' QI Uk k'k) 
k=1 ' " 
N ' " 

r " 

= l: (-mkgT AJ ",' AlrA;1 ',", A;l Q; Ukk'AJ,. 
"k=t 
, 11 • 
= l:- (-'-mk ,T AJ .. : A.-l QI Uk t'k'l 

k=~ , 
r ' 

, -. , ,1 

~ . 
",', 

\ . 
, Q 

(4.15) 
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(4.16-) 
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: :~ ,:. ,~ ~" '. , . '.' 

, ! 

This rearra,nges toO 'form ~. , , .. , 
, -"',"',,'. ~ 

, '.~' ""'lf .! I\~ 1 

~~ = ~~:Ir T:"l ~, t' f~{Uk!i0 
,.. . - ~ -

:~: ,;'. '" ~ .r
f

" (' ~ '; h , " .... ,' .. 1 ~:' k;::I~\ v __ ' _. t-, 

The fi~st term- in fr0Qt 'oi t~ sum Ca~· b~ furUler ~1IT~'P:lif,ed~, ' . 
, _ 1: ..... ' ~ - - • 1 r 

'ï'-~:'it-'~,Qt ,,~'::"(&T~:-"l ',To'_l' 'gT~,~~':' é~~t-tl 'QI' 
~" l ' . ,) , 

where nl-l- ol-l-'~I."i:.'~nd Pl'''':'l.are the ~olumns of, ~~-1',. ~~king-- use of (4.13) a~d 
:' '{",l4}. we'(;an;expre$~ the final sot~tio" a~, ' , . " ,,' '. "., 

\ , ...... l " 
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" t, ,\. \ 

\'-, , 

) ,~-~ " 

J< ' 

,\ f4.19J '1'" 

l' ':" ." IV ,:,,' ,;'. , . , 
, .. 

',\ \ 

'~&a"'= ~"It'(~k ~k~·k~)' "-., ,~"" " 
,. ',k=J, : ".~ , 

:,' (4·~9) .--' 
," . , 

'1., " r'. '1 

,r" ' T 
h; ;:: (& 01-1 

: . 
0' 0) 

tf1=(O o 0 

. ' " 2ft:= (~2' 0 

'J ' 
" . 

, 1 

'- . , . 
;-

- ~ , 1 

(rotary Joint) , 

(prismattc JOint) 
, i 

,. 
)1. 

l , .' \l) • 

; 

.. " ;"­, , , 

" 

.' i 
.',,. 

, " , ' ; ~ ,\ 

<~ '~ '1/" $ 

, ,. '-'" l, ' ,,'" ~~ "f ~ ~ 
'. ,', 3,i3 = (0 O· 23 1) . .. , 

'., ", 

, ( , ' 

'1.. ' '~';'.:.': ' ~.,~, ,','~~"~~ ~>' 
-:.. < !.... '.. ",.l.~'" j ~ / 

,C;. ~:' ~, ';',:, . _ ,":'.: :: 
, .' • -> • 6'6 = (0 0 ~ 1) 

, ' 
~ f' 

, ' .' . 
~5 .1) 

.. ,"'" lI! \ ... ~.' -,' ~ \ " f '. t, " 

.. '.: ":~",,,;.~ ~ ",,~:" ~ , . Th ~~~~lete the solutIon. the value 0(, as me~sur~d in the ba~ fram~ must be known: . 

-, 
't " ... , 

, , 

:.. \, 

- 'r' 

. , . 
',' . t'his Will be deiérmi.oed ~y thè' mo,Jntéd. orientation of the robot. Assuming here that the' 

, , 

" '. fobo~ is mou:nt~ upright. we have: : . 
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The Friction Model 
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4 4 Parameter Models 

The joint friction f(9) is modeled as a cC?mbinati~n of static fnction. Coulomb friction. 

and vis~ous friction. ,Coulomb friction is a constànt resistance which is ,in effect while the 

j.,j/'lt is moving. VisQ'ous, fri~ti~,pis ,velocity dep;énd~nt~' and statie friction is the resistance 
,> li - , 

i' • 

t,~at must be overcome to get tHe' joint moving, Slight 'asymmetries in the mechanical 

system usually. make these lrictional 'values slightly different, in the positive and negat'Ive 
r" ,~ 

directions, otmotion, 

For a particular joint~'. t~e friction model is given as follows. where il is the velocity of , 
the joint ~ariable: 

, 
'. ' 

"ljJ6) ~',Fc+::+ Fv+ 6, 
,Q 

1. 
9,:> 0: 

, 

,- , 

" 
:'1(i} - -Fc':' +Fv_ O. Ô < 0: 14.27) 

< ' 

, . 
, 1 

J 
J(OT è \ -F:t \~, < < 'F,,+ =0 

" -r 

(4,28) 
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4 ~ Parameter Models 
• 

If the drive tram for each jOlOt was mdependent. then G would be diagonal. For the,PI)NÎA­

however. the ,Ia5t 3 links are IR fact mecllanically coup~ed so that Gis, 1091er triangt.;lar, 

From the relationship (1.19). it follOwfi that the Jorttt torques tJ,are rela\ed'fo the mo~Or' 
ri ." J • "~ l' 

shaft-torques t s by the equation ~,' 4' " ' 

'~, ~ ~ : :_ '~ 't...~ 

lj = GT ls ""':, (~.29) " 
.A';', \ 

The motor shaft ,positions 1Ire measured using optiéal encoders. "and he~ci ar~ initiant'" ô 

. , . . 

'" ," " , --" ':",.'r 

described oot as the angles es, but as a vector of encotJer CQUnts:' e, which may ,be- refated ,'~ "':', 1 

, directly to the joint angles e by the encor/er "atio ;;'àtrix R ~ " ' " . -." ':. ,': ~ . , , 

. (A.30) , 
,. \ "" .... -' 

,'" .,.,.. 

Motor currenl values are measur-ect as a vector of anal~g-to-digital c~~verter (ADÇ) vailles."" 

vade' which ,describe the, voltage drops acros$" sensing resistors 10 the ~~or current Jetui'n, :-"' ; 

pa th (see App~ndix C).- R~me,"bering that the mot~rs ~n the PU,,", a're.of the ~ype de- /' '~-i-;~,' 
scribed in seCtion •. 2. it can be see~ that ~.t\ese val4~s 'will .~;proportlônal t~ the><;.tnotor ,,..,: :", 

~ 1 .. ~ ... # ... t ~ 

:;;'1 .... 
"rI .. shaft torque (before frictionallosSes). ~n~ wè express this proportionalitj' wit~" a diagonâl 

_ ;/: 't~~ • 

Il'Iatrix Kadç,: 
, i 

ts = Kadc Vade {A,Jl) . 

The di~nal elem.nts kade" of Kadt are gi~~~ by . ~ ! . ,': 
. i ,\ '<' ' 

;'1,.... \ 
, 1 

Tr ~/, 
. Yg , ",~ " 
,"Iadq = D q, .,;. . (4.32) ,'. _ ; """. 

,1. .. ,,:- [ .. '11 ...... , .... ~ ,~/ ";,-r- J: .. ',.,- ..... 

... 1 .." ~ 'l, 1 1" .... 

where Vg is the ADC/~oltage rat~~ Br. is the value of t~e ~ersing resistor. and qf is t~~' <" .'. 
• • ,_, v ... ~ • .J l ~! -< _ R ~.,.. , 

torque sensitivity br the n')Otor. "," , '. ~ 1 - '1 " , ,-.. 

,"" 1 '. r ~ ,~.. , 

ConverselY. motor $haft torques' are spë8fied by sen ding to the p,articular joiot i. digitâl- ,', ,- - .' ~.' 
• 1 ' ... l" ~l 

to-analog'converter (OAC) vatue. A vector of such values'- vdac' is têtated ,to~the mo,~r ", 
" ' , _- .~ , r # .~ 

shaft torques by 

-, ' 

..t • l' 

Equations (4.29). (~.31). a~d (4.33) may be combined ta get 
~ t ~ • 

,1 

. . , 
".;3 ~.', -11" , 

, vdac = ~dac G lj) 

,_-:1. 
.. 1 

-\. .. '. ,1.!-'t 
.' ~ ... 't ' 

',,7' 

," 
, ' 

.' ' 

, '. , ..... " 

'''; .. " .. "", 
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, '1 , 
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"5 Measurements " 
l ' 

, \ 
, .' 

(4.36) ,l' 

.' 
Th~se ~quation~ ~re the ~n~s used in determining the..raw joint torques Il wh en measunng 

... ' ' 4001 \ ' 

, 'J' the fric~ion and g~avity lC?ading pi.lfameters as, discussed below. Once these parameters 
... )... " 

r:. have, been determined. then,the terms of equation (4.7) can be solved for and it .5 possible 

'io .'determine the net torque exerted 'J?n a joint 

• l, 

T '" ta = G Kadt (Vade - fade(9)) - \g(9) (4.37) 
''t 

:. or. con~ersely. the cûrrent signal necessary to yield a particular net torqué la: 

Vdac = Kdac G-;-lT (~a +'tg(~,)) +fcbc{é) (4.38) ',',:','./, 
, . . ~ , ,. , .... 

. :-' whè.ré facj~{è) "and fdac(è) are the appropriate fr~cti?,!al values converted to either,~Q~'~r 
• , 1 • " .' 

DAC values (it was' çomputationaHy more efficient ta handle the fnction at this level). 

'~ ~.5 Measureri1t!nts 
" , 

.' 

The ac:tual parameter measurements are now described.-
.. ~ II'" 

1 ~ , 1 ~ 1 \ 

" \ 
':- 0 

.. 
-".5':1 B.tie Method 

,1 '\ \ ~ .' 

• f " 

, " , \, 

The measurement technique involv~d moving a particular joint' along a path for whlCh , ' 

the total work done could be related to the desired parameter. The Joint was moved 

by 5ending position requests ta the appropnate joint mlc.roprocessor. whose PlO control 

algorithni then dispatched the necessary current to the motor. Smce the present PUMA 

260 controller does not allow communication with the joint PID, level. and also because the 

c!lrrent control.s impreci5e. the joint current' was determmed separately by measurmg the 

voltage drop across a sensing resistor. as mentioned above in section 44.3 

It was discovered that the joint controllers employed an algorithm whlch ISSUed a widely 

varying current signal. with a fluctuation typlCally as high as the ave;age cu~reni value, , " 

Howeller. since the Joint c.ontrollers operate at 1 KHz. more than an order of magnitude 
. . 

faster than rate of observation for the exPtnments described here. it was possible ta filter 

out this effect using an analog drcult mterface (described 'in Appen€tix .C). thus yleldmg an 
. , . 

estimate of the motof current whlCh could then be relate~ to the physical tor~ue on the . 
-=, • \. " 

joint with equation (4,36). 
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" To '~btalO,greàier acCutacy. mu!.tlpl~ =tneas~rem~nts 'were' t~ken and then' averaged. To 

, . ensure·thai kinetic energy did not enter Intd th,e measureme~t~,clhe jOint was moved at a 
< ", "," \ ' , ' 

. ,constan(velocity. and changes in dired:ion were'done ~t points outslde the actual part of 
-' , '" \ -

the path for which the observ~lions w~e"made, ,SinGé the joint-friction tended to exhlblt 
" r • '. 

complex behaVlor. addltional measuretnénts"w~e sqmetirnes needed ta' cancel out the work 

done by friction, these are described be1ow, ,... .,-- .~ 

~, "\ ... \" 

.' 

4.5.2 Torque Se~,ltivitie. '. i~,.;.:,'. ~, - f( 

'" '1 ~ ".y '.".~ .... ,., ~ " ~ ~ l', '" l _' - ~;. ~ 

Althoul" the torque sensitivities for the,mofors.·were;îlvailable from the manufa'cturer,. 

it became obvious. aftel' sorne' eJ(pèrimenta~on: th'al the,'giVèn ~Iues'were in ~r~~tbY as ~ 
, ,-' .. 

much as 25%, It was therèfore necessary to me~~ure the torq~:e ~e~siti.viti~s, direc~ly . 

'1hf' technique used IS quite simple: The joint in question i5 moved back and forth a,t 

~~nstlnt speed through a fixed si.l,e arc (typically 60°). alternately ralsrng and lowering a 

known mass which is attached ta il by means of a pulley (Figure 4.2) The joint currents 
~ , 

and positions are monltored ih both dIrections. and from· thls the work done ln each dIrection 

)5 calçulated. The arc is kept small ta keep the loading on the pulle)' relatlvel)' constant 

If J'V -t. i5,the work done in the positIve direction. an"W _ 15 the work done in th~ negaüve 

direction .. these are equal to 

.', 

(4.40) 
, ' 

where W f+ and Wf_ are the work done by th~ join~ frictioh (in ea,h direCtion), Wfpulley+ 

and W fpulley_ denote the wor~ ~one by the pulley friction. Wj'omt is the work due to any 
. . 

change- ln the potential energy of. the joint.: and W r71a81' is the chanie in potential energy of 

the known mass 

To rem oye the friction te~ms, another'set.,of mea~urel'nents is performed w.thout the. 

tattached mass. y~eld~ng a t;lew set of work values. W~ and W~. whiéh are èqual to ' , 

(4.41) , 

'w,'-w' w - - f- --- JOint 
(4.42) , 

99 ... 

" 1 

" ., 
l, 

, ;,' - \ ~ 

, " 



, .' . 
( 

~. \ 

i 
~ " 

t 
t 

. , 

j' 

" , 
fil 

.' 

.. 

" 
,. 

,-
'-~ 

) 
~~ 

/ 

" 

" 
;... 

,,' 

, '. 

. 

0, 

,; 

" . 

, -, .. 1\ 

'::-,' 

" 

" ''''. 
.' : 

't 
, 0 

'{ 

,~ 

,.' 

" 
, , 

" 

f " 

~ 
.,. 

?, "~ .... . 
" r " 

.: -

'v 

" \~ 
\~ , 

,,' 

j 

'. 
T 

" 

< " 
" 

l 

( 

.> " ' 
" .. 

.... ~ . , 
" 
" 

I~ .. ' '. 

~ 
, 

" 

• 

fi,u',e 4.2 Measurement pl' the torque sei,sitivlly foi' jOint 3, 

.~ 

" . 
1 ..... <# 

.' ,~~ j': 

->~ 

" 
, 

f 

~: . 
" 

.' 

" l 

,. 

\ 

::': 

" 

.. 

" 

;" 

:.A 

100 

" 

, , 

" 

" 
" 

" . . " 

,', 

, " ., 

~ 

" 



J 

-
t 1 . 

1''-
î' ti" 

" '0' 

"l" ," 

f' 
l 
f 
i 
~ 
t 
f-

t , 
1 

• r 

" " '; 

, 

l 

, 

< 

~ 

., 
.' " 

~" 

... 
'. 

~'\'" 

, 
',;'1' 

,;*f 

, 

.' 

)' . 

; 

,.:' ..t ~'~ • 

" 

• 

> 

,J,"" 

. 
c 

" 

" 

), T.,! ' , 
, \~ '" 

';. , 
" \, . . --; ~ ',' " 45 Me>lsurement5 

~, , 'r, c, 1 

" - 1 

" --'-- --,-~-- '<- -- --~--- --~- ' ---, 

" 

,,' , 

JoHn Number Mean Standard - Indepl:,nden( error .. ' ~ 

of triais 
" , estî;na~ . devlàtloA 

,l'~ 1 ... ',' 

", . , .' 
' , 

~" 1 22 .0732 0008 .002 , 
: ~ 2 25 .0751' .0006 ,002 '1 

" 
1 . \ . " ',' , " 

Ji -
J~,}j' 

21 .0786 .0008 .003 
1 

" 
<', 

4 13 .0358 .0008 .0015 1 
1 

" 
\ of ,~ 

5 15 .03.t9 .0006 00'15 
~t 

6 31 .0305 .0006 .0015 'il' 

Table 4.1 ~ Motor torque sensitivity measurements (Newton.meters/ampe,~) 

; 

The joint friction terms "'L and "',+ may be slightly different from;W, _ and J.{f+ be,ca~se 
or the change in load conditio~s: we den ote these differences by ô-Wf _ and c5Wf+ 'Sance 

the load conditions on the pulley ,are c~nstant in either direcfion. W fpulley+ and WfpullclI_ 

are taken' to be equal: Subtracting (4.41) and (4.42) rrom (4 39) and (440). and then 

subtracting again. yields 

(4.43) 

Ali of the quantities on the LHS are directly measurable. and W ma3:t is known. leaving only 
• 

a smalt uncertainity due to the OW f terms. 

For the measurements made at CVaRL. a large number of trials were run with different 

values of mass. arc length. direction. and' joint velocity. The results were then averaged. 

helping to cancel out the OW f variations. The over~n a~~uracy appeared tp be quite good. 

based on the smalt spread in the values for the different trials, The resulting torque 

sensitivities for ail six joints are given in Table 4.1. including the number of triais. the 

average vallMl. the standard deviation of the values. and an independent estimate of the 

error. based on known uncertainities in the system. These values may be contrasted with 

the values declared by the manufacturer. which were .092 (Newto'n-melers/ampere) for 

joints 1 to 3. and .035 f9r joints 4 ~o 6. 
" 

, 
4.5.3 General Observation, about the friction \ ' . 

Some general experimentation with the joint friction showed that it depended on velocity 
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and d,'rectlon. coos,stent w,t~ the model presented.~1n "(4 27) 
" . ~ .. 

However, the' frtctlOn wa~ . 
_ ) ,H ~ .( 

al,$o fOO~d. to a certal~ extent. '.to depe"d on the followlng 

<) load,<Th,s is to beexpflJéted slnce as l'he force between two surfaces changes; so 
t r' -

': If , 

- does the force of frktlon, 

'<, ~osit;on_ This is attributed to trregularitles ln the JOint geanng mechamsm. , , 

(, time. Wh en a JOInt was first moved. after sitting idle for a certain period. the' 
r ~~ ~ 

obser~ed'friction was higher (by as much as 20%) than when':jt had been ln mo~.on 
fqr ',a 'while No precise explanatlon has been made for ,this. except that jOint actlvity '. 

will increase th~ temper~ture of the gearlng mechamsm and pfesumably,alter the 

characteristlcs of the lubncants. It was·found. however. that once. a joint had ' 

"warmed up". successive ~easurements of the work done 'bet~!l two pOlOtS had' 
. . , ' 

',' 
/"" . 
, 
"; , 

" 

a very high repeatability. usually lts5 than 1 %. J. ; l 
.,./ " 

Jsince ,these effects were secondary compared to the model'gjven if' section 4,4.2. no 

~ttempt w~s made to çharacterize them precisely.. . 

4:5"" 'Coulomb and Viscous Friction 
, . 

The Coulomb ànd viscous friction terrfls were determined by moving the joint,in question 

at a constant speed along a path selected 5uch that the potential energy of the arm did 

not change from the beginning to the end of the path The total work done along the path 
,J' 

i' 

," 
" 

. 'was then equar to the work of friction. The value of fnctlon in the negat,ve direction was 

determmed by domg the sa me measurement ln reverse. These measurements ~re then 
" 

* 

d~ne at dlfferent speeds. and the observations were fitted to the first two equations in (4.27) 

using a least square method,' The measurements are plotted ln Appendix B. The resulting 

Coulomb friction values are shown ln Table 4 2. and the viscous friction coefficients are 

shown in Table 4 '3 The errors given for each value were estimated by taklng twite the 

standard deviation associated with the least square fit 

It should be noted that these values represent the average friction over a large range 

of joint trave!. The friction values at a given point turned out to be far less predictable, 

At eac~ point in the measurement path. the observed friction value could be expected to 

deviate from the average value by a percerytage indicated in Table 4.4, This variation in ' ., 
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0.760::: .05 

1.620 ::: .05 

0.850 ±' .03 " 

0.115::: .012 

0.178 :I: .003' 

O.l.40{± .0Q0t 

r F",_ ~f 

---...... ;---- ....,' 

0.640; .05 

'1.620::: .06 

0.150 ± .03 

,9.19~ ~.~ 
0.181::;: .004 

0.159;::: .005 

, 1 J ' 

, Table ~.2 ,Mea~uÎid joint COUiomb friction n'lies INewton-meters). 
" , 

" 
'\ 

( 

'", 

>" J 

.' .- . 

,~ -;,' ,~ f 
'w 

, " 

., 

',. 

, 1 

l, 

JOint 

1 

2 

3 

4 

5 

6 
l' 
.' 

12.03± .90 

8.4l:± 1.50 

4.78 ± .48 

0.50~ .17 

O.70± ,04 
,s " 

0.31 ± .04 

"- ' 

r, 

, " Fv;-,- ( x 1000:) 

12.18::t .91 

7,61 ,'!: 1:70 

4.59 ~ .45. 
" 

0.50:!: .14 
0.69 ~ .05·,' 

·O.n.'::: ,05 

1 

i 
1 

1. 
i 

~f " 
l', , 

v 
1" 

) l' 
1 
1· 
1 

, . 

Table 4.3 Measured joint viscous fri~jon coefficients (Newton·meters-seconds 1 fidian) , ~ 

(, . 

;" 'fact intr.Odu~~'~·:~~nsiderjlble :nrelia~ility i'~to ;nstantaneou~ ~easurements of the externa; 
" .... \ /," ,\ . ',.,.. ,'" 

.. ' tor9ue acting on a JOmt. " 
l' .. .; 

'4.,.5 Stalic hiction ", 'J' 1f .,') ,'. 

-:: " ~ l , ' ,.:... > .... ~ l \ j l' rI, :. ~ 
:J " • , • ' ' r' 4 ~ ,~ J 1 

:i An initial attempt to meas,-,re the stati<: friction of lhe Joints by' measurireg' the work 
.. • ~ 1 01 1 J( , ~. • r 

,d9ne at: very slow speed~ 'did 'no,t appear 10 prodoce mea'ningful result~, ;" 
.. ' , - ~ .6 

,'.... .. Inst~ad: the sta~ic friction was.de~érmlh~ ~sing ~wo other r;nethods, The' tirst was,a 

simple }~ning" app~o'aCh. where t~e joi~t_ in question w~s priented 50 ~~' to bè free fr9m , 

.. ' g~~vity 19ading,. the moto, curr~t value {Of that j~i'nt ~as set to be equal t~ ~he Co~lomb 
.., J \. 
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Table 4.4 'Appro'ximate vari~tion of o~serye!l 'CoUlomb' friction values r1boùt' thé mean'. 
! \ • J r, < 1 

. , 

.", 1 

,1 1" , 

,".' 

, , 

, . 

, '" , " 

• J, ~ •• : 

, " 

" .\ . 

>fnction vaJue for a partlcul~r ditection: and then' thls value ~as 'adJusted unti! the JoÎnt 
, , ' 

l' ' 1 ~. 

could be movèd: by hand. over Its whole range; withc)ul appeartng to ,"stkk", v~ry 'mu~h 
Th~ valués determined in this ~ay give an estim,ate 'of the stat" ,frtctiol'l coefficiel'lt~ ,~nd , ,. ': '; 

. are shown in T~pJe 4 5., : ( '~ -" ,': l'> 
, The s~~d meth~~ measured 'the typkal sta~ic. {hctlon ,'v~luei t>~ movlhg 'the' ro~~~ ", ;' ; 

" < 

.' . -through a set of randomly selected positions.' At' each positlo~. the arm was brQughtto ' , 
, '. , " 1 

: ~ ~ haIt and t~e' ~tatlc friction was comp'uted' u~~ng e<w~tlon (4'.;37). g~~en' thât ,tfle gravit y . 
loadmgs tg were known (from measurements described ln section 4.5.6), and ~a was 0 SlOce' , 

~ " ,,' 1 

the manipulator was unloaded. The me~su,ed values. when obs.er,ved ~\ler, é't large numbe~ , " 
.. , , , '\ i 'l' 

of samples. were tha~Alct~ri~ed by ,a Gausslan distnbution that· ~s roughly, ze,ro meaned 

The results are given in Table 4.6. ' ' 
, , 

.', 

It can be seen from this.. table that i,n practice the typical value, of the, sta~f~ friction is '\ 
.., .. ...: ~,~ " " I~, 

. SQmewllat less than the,estimated coefficient values givell ln Table" 5.1 ,,',' 
" , " '" .,.), <, ci' -': '1 

, . 

4.5.6 Gravit)' 'L~dinc 

, . ,..~ - , 

We begln the discussion by relatiog the loadl~g torque on a joint to the work done 
, i'- 'f '.. .. ,~ 

agairst.gravity' as if tra~ets through 'an angular distance~ If ail of the subsequent joints 
~ , 

are-held fixed. then tho~ lin~s plus the one, un der considerétipn form a single rigid body 
, l , 

Figure 4.3 sh~ws,an arbitrary ngi~ body orieoted ~o that it rotates in a vertical plane. A 

<>enter ,of mass vector i' is deftned from the joint axis to the center of mass of the body" . .. , ~ 
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Table 4:'5 . Static frictÏ$ln coefficients F,. hand ~3Sured (N~to!l.l1Ietersl 

", 

, , l "" 1 

Maximum Minimum Mean SU~da;d 
value value :. deviation . :!I __ ~ _________ -'-__ ~~ __ _ 

.1 1 .. 0.429 

2' 1.312 , 

3 O.89~ 
: ' 
4 " 0.184 

5: 
6 

0.132 

0.158 

-0.316_ 

-1.103 

-0,520 

-0,211 

'-0,167 

-0,185 

0.-050 '0.116 

0.118 0375 

0:074 0265' 
-0.009 0084 

"0.003 0 060 . 

-00-11 ' 0.080 

'. 
, , 

y' " 

"" \" '-..: 
1 ",1 • 

Ttp,taf stalic fnctlon values. based 00,175 samples (Newton·meters) 
, " 1 

< 

This veCtor is' ini~ially ori~nted at ~ome angle !/Jo. :af)d will ro\a"te as the joint Totales. 
, ',1 , 

/ \ ' 

, l'he' joint IS then moved ,tllrough a' distan,ce of 180° (Figure 4 4). The observa~lo'ns 

of this motion art divided .nto two 1 segments. wilh segment 1 defined by the mterval 
~ 1 " J , 1 

,1~0,4>0 -+ 9<t,l). and segment 2 deflned bY.[4>O' +'90c ,Q>o + 180°1. The ~k d~;,e agamst 

gravit y ïs given by W 91 f?r thè first segment and W 92 for the' secon'd segment. If m 15 the 

miss of the 'body. r is' the length of f. and g is the accelet'ation of gravit y" It can be seen 

that 
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Wg1 ;:: mgr (cos 4>0 - sin 11>0) 

Wg2 = -rn gr (C0S'4>0 + sin 11>0) 
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. Th~ differenc~ between th~ gravltatlonal work done ln ~ach ségm'én~:1s ,:,: ".:;' . :,:. - , 
~ .. ' ': r 1 \' 

\/ -
',li pt = - 2m q r (Sin (1)0) 

'.' , 

,/ , 
_1 ~', ( 

,·.1 

',:1 

r , 

" -.: (4.46), <, 

i· , \ 

1 " ~ :: • 

. - 'Now define 1'0 to be the torque loadtng. on the jOint ai' angle '4>ô:)ndt(tG bè the' loading at 
.. 1" \ ) ~ ~ -' 

rr 

, ' . 
J '>th~ 1'nidpoint of the motion (4)0 + 90°,), From TO ~ - mg;' cos 4fO." ~nd 1'1 -': ni g r ~in ~o~ 
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TO = -2 ("'}1 -: W92) 

;1 = ~-2(", 91 + "-'Q-?) 
,'\ 

for a < parti~ular JOJor. " (4'.24) ~ay be used to ffnd sels of joint angles for which 'the-', 
, (' j _ " l ',' c. l '\ 

associated· values of 1 ~n 'the lHS of.(4.47) are simple comb'"~tfons of the "gravity 10a<l1Og 
, , 

coeffiç;ènts The IHo~lem then b~comes one of measunng W g1 and "';g2 The total work' 

co ne along each segment can be measured. and is denoted by W1 ar;ld W 2 ThiS work IS' 

du~' 60th to the gravit y 'oadi~g discusSéd ab ove. all~ the work done agamst fri<;tion~ Wf1 

and W f2' as expressed by \ 

,J, 
./ l, \. 

( . 

' .. , ~ 

, , 

,-
,\ 
~ 

l, 

'; 

'.' ,\ /. 

" . 

" 

, 
l ,'<" ~ 

" l 
,1;'-

! 1 l ',_ _' l , ,.,~ • 
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"vI = Wfl + "-'gl 
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, ' -", _____ ', 1 • ~_ ' l, 

l '- ~ , \, \' -- - t ~'J , 

If th~~ assumptlon is made that J-f'f1 ,= W 12', then these eq~a~ions C~!1 ~.e ~u~,t'ra~t~~. ' ' ' , . ~, : '~~.'~ ':;:;, :.~: 
. "" ',/"'" (""'-'1': ,/,"\,,:,~,::,"';':: \"" 

'"'1 '-;- W~ = Wg1 -"'Wg2 ',:;.') .i'~' ~'~.:;i' .,' >. ,.,~::;::,,: 
J ... " 1 J \ " " ) ~ '.. ," ~ l, '; _ ~ "\ 

which with ,(4 47) yield~ 10 , ' " . ',.' r .' .' -: ~'\, .:':>~ 

ln practic;e. Wfl 'andW!2 a,'e-'not exactly.equal: as was ';'e'htionèiin ~h~ disc~5s10n;', " ':~,::." '~.' 
'above on frl~tj~n. ~ ThiS problem can be 'partly corrected for by' 'e$ti~âti~g: the 'fric~ion: " ~.~ :~ .~'\ 

, .... , ~ , 

w,o~k wlth an 'mdependent me~surement' The same measurem:nts ar~ repeated. onliwÎth .' '" 
• 1 t \ \\ ~ 1 • 

. ,tl1~ system, rep6sItioned 50 1hat the work W: done against gravit y IS the same in ea·~h. 
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- 1 
" 1,.. "-, ~ ~ 

.... ," 1" j,{ /1'\ 1 _ ~~ ~,~t, :.r".: ~' '; "'''';,,,~ 

I
r J'; ~~ i· " ~' ~- ,1; t,-:,,: =:'\ 1\>rJ~')~ r',.. r, \ '1 \~' 1< ~ { .... " '~""... l~''':l~ .. ,) "_~~ 

, ~''- ::~'~..,\ "::' _J.;:~ ~ "'(-',, .... "> ",\' j'j '~-' ~ .:, \ '1 ... \ "" ',.~ ~.l, f ..,.,!: '4: if 

-0 01 .' ,;'<,'> foot'., / .. ' ":::/:<~i/:.j::"~~""/r,r' "\':-" ,,~<>~.: :.",. ",,- ""'>'.':."',., ,,:.;'::, ~:>'. ':', 
:' \. ,/ ,_,:.: '0·~,\.11~.Ô'}',I:: ::.". '0 1 i: 'fi .~: ,:'~ ,),'. >- ~I ' '" :" 'l', ",' " ' l ,J~".~. '1 ", H· Msasu~~~tH~-- ~~" •. ,! 

, ~ • _,:-, ~ ... '1 )~~"..i ~;;' !< • "} r '~I .... ~ r,-....... ., ~}'. ~ ... ~ ," ~~ ~~ lk','" ';(M 

,( l '0 ~l 'YJ; ,,1,~' J: ' " 'r,~" ,,"',' ~s~~è~;,,; (~n~ 'n:!?st sfraightfprward ~ay to ~O. ,thl~ ~ i~ t~ ,re~,~e~t 'thm~s'so th~\ \he. J01~t, ;',:~ 
:'.~ ': t, r.",~ :~ . .''1'' i'I~';:':' ::'~///'Bxi~ Is~-;~~a!lej"tal:'~akmg ~~e woI'~ d~~~gâ:jrlst:gra~tY~Ze~0'~1~~gany part orthe p~t,ttb 0" 

, .. / l, ,:', /, ;.: ;'J, ;':<'), -';"1 :' ~:":, ,'~~~s~rements ln thls new ~osil,lon ,give êJ,·set·~f -n~'~a~~~5 ~!'" ~~p,~ess~cLby 
'~ ... , 1 Jf :'}~',>~"j~I;'( tlJ.;/,'I>'~ ,i ~).j l ,~ ... ~ f.o.:' 

• 1 If,~ JI' (.." t~ f' '.i." .- ' n 1 J ", .1 ., ~ 'j .'. " 

",', , -". :,00", ,j"/' ,', " W:"'"1 +W'" . ." "' ' 
'",~ri~,"~'/I.;"' ,"/f~,~/{'{)~'\ , .. '.' ~. }-.,./1 gl' ~ .. ..-' 

-' "'; ,1/ 'l, " ' 1: "" W) = w' '+'U'Î; ,':' ... ,,' ·'(4.49)..", .0' , ;::--, ~ ~,:'" "<', ' ,1 i',;",:', .'0.. ", ,0 :' <, ,'"' 2, f2:, 9 • .;;.. ,.",' • , 
:" '~'J\!l:' ~' ,,1 '\'l':r~'''' ... 1 1 l, ~., ,1 ~~... Ir! l';' 

~': .. '~/y , ',:/, ','( ,', ,:;,\.~?.':-:-: ,< </::, I~~~JI~.· thf!fw~~k Wf done by fric\ion in the .~i5t~t o,t roe;à~ure~entS 'j~ 'a~ ~~.se a~~'" " ,:',; 
. _ :':J ",1., r, ,::,,;':::'~ '::' ':: ,po~sibï~o t~, t~e: worlc o~f done by frictj~~' in t~~' seçon~' 5~t ?r~éà~tJr~ni'ents. Representfng ,:. ' 

',' '~.~ 'l,"",'" " /:<- ,'," - ~f - Wf"~~'~61:rf" a~d subtrac~!.ng ,(4.48) froo~ (~.49): )'~I~'( .~~< :, ':., 
~~/1~ ;~}.i 'f'I:~I~/~.; l' " .. _~ .. .! .. ) .. f" 

': ~, { .- '. i,' >' J, A,,'. '" "W1' - W1 :;:·,rn'ft',+.',W)' gl',~" '.w, g't: _,:;" ,- ,0 ", .', .-
, ',Il!;: Ill' '., Il',' 1~~ 1 ! ' ,,\: \ \- - . J ,1 -J , , II} i' ,'" '.: 'i, c' .," - l ".' '. ' ... J - "'" ,~., ~" ' , ",'. " ',0 0 , 

,',:\,<, ':" 'J,"';,,', ','," '. ," "f2-W2:;:6Wf2'+W!l'-"~6~',,",."'" " .14,~ ',"',' 
.'.. ~ -. ; / - t (, ',; • i' ; ~J; "1'.. :: _ .. '. ~ 1. '~~ l '. .... _,,, ' ... \ - ,~I _ " ~ 'v \;, '., -" ." ...' ':. 

~ ,~/~l~':r.~: ~,~ ~.<, :',' ,::":-,- ',.'0 ':\:''- Jf.~,. a~sume that',oW!! = c5~ i2; th~n'.(4~50), :~,~:~ ~/ç~~bj~e"~ t~,,~et~ ',. '. ',' < ,:~~;' ::,," 
~t'l!.t~J'· (-::- .... - 'f 1 ),\"" i:'}~~:'J f,,' .'~ 

',.. ,--

" 

'" 

'>l/:"'/' """.;'- ":~: ~o.. " w2~wi:"'wl,+,w1~'wi;-,K;rg?:',: .<" ',c;"'~; '. ,(4:51) ':' 
, ,~ , , '" ,.' , ' , ' 0 , : ,;, " ' , " , '. , • 

. :,:>r~:,'<::;, :, ' J':~ '~"" :. ~ .: ~i.vèn, that t~~ 6W~~" ar~ s~à" to bégÎ~ wit~ ~~i5 a'Pf~~xim~t~~ 'i~'\not ~~()~e~'eore~. ,W~l'-
,?' t~\~l" o_~:', ' .':. _'" <" ~g2 can, heoce be estimated directlYlfr()m tbe mea~u~ed work and rei~ted to the inItiaI 

. :,J;:., l~'::"'~' ~ ~ :', ", ',1: ,",o'" ',tqrque'ro by equatlon (4,47). . 

: <: V" -' 5 ',:." :.:~.: . '. ':: ': ': ' . , ' Ihe. measure~ent procedure I~self COf'lsÎsts of finding app;opriilte joints to act as o. 
\ ~ / 1 ,. --," ~ , - ,. ... 

:·i,~':.~~,\"~;':~,.,"~, ,;',' .... ~: .• ," ::j::e:.:;::~:.~ 'oth" JOln. angles S<> th •• '" IS a ,jtnple _bjoatjon of .he g .. vjty 

, , , " O~.,~ :The- start positlons used for performmg the CVaRl inë~~urefl')ents are descrlbed ln 

'L-:,·J,\",<~' : :.' <'~" > :~~ <;:' : Table 4.7, Th~ measurement results, are glven in T ~ble 4 8.' For each measurement. the 

.: :;. ~" ,..":',.. ; .... ,;., ,0 " rpbQt-)vaS put ioto the mdicated start pOSition, the specified joint was moved back by 90c 

'", / ( ~, ,l, t ;";--:- \' .~'. ~ , • , 1 \, 

i <,' .', :, ,:" ,,".-" ~,:., < "~,,", ',\ t():4>o. 'and was thendnven along the inter val ItPo, 1/10 + 180°), The third entry ln the table 
;. ... :. '~_' ;."' ~, ' "-'" r ~ \ • - '-, ~ ,"~ - .... -. ' . -

~. ~ " ,,:: ,,':~ ,. '~::-'" '" .", .-,'.: 0' :is'tf)e ~aluè ofrO at angle 1/10. solved for 10 terms of the loadmg coeffiCients trom equations 

,,5'~·:\·~:' <,\;~:,::~: ,:'.:>-:<.~ .. ::,::'·(~';:2~f', !be,measùr~d, ~àlue. oi W g1 :.. W g2 15 glven. alo!lg with the computed Ch ~alues 
'.~,;,"',: .~: :~'~: ':r'o ':_' ,:' : 0 "'. ·~'It can'be' s~ th~t ail the mea~ured coefficient values are quit~ close, even when the 

'; ',~ ":f' <,.,:,.':',',: ~ ~~ ,:.":,' ':" '.m~su'em~~ts a~~ I11ad~ usmg difrElrent jOints 
_" jw .... \~ 1_;~1 "':~~ .... ' ~ l' _ ,,' \ ',' " ' 

'. , 'f, \ \, ~ , _ ". ,J 

'-, 

,,' 

" ' 

":' .,'-. :,." -*" Il is 'possibl~ tO,arrange the experiment SI) 'that the graviry loadirigs in each ~ëgrrient change Idenucally 
, between the IWO m,easurements: in wbich case tl)e isSumptlOr\ is very good 
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" ~H Mcasurements • 
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45: 

45° 

45C' 

45° 

135° 

• 

,ç 1 
,Robot joint positions USfCn9, meilsuring K,ravity loading~' 

't· ." 

,- , 
'., ... 

,1 

Joint (lb) 

Table 4.~, 

Coefficient 

.' 

;-. .-,,'.f.;-

" .,. 
-'lJfi • 

. ... , .... .:;1.·) .;); ~~ 

5.509 

7.288, ';t 

-1.938 

Gravit y loading measuremen~s 

Value 

- .192::::.005 

-1.762±.04 "-
'. 

5. 5Ot!t:. 15 

Friction error 

.010 

.010 

'J)80 ''r 

i' 1 j"1 ... ~- .. ',' - ~ :~'-~ ,"_ 

",1 ,,< 'l'able 4,Q .FiOal ~esulf$(.for thé;gra~ity IOildi~g coefficients 

\ 

. Result 

ClS- = -.191 

1!15 = -.193 

èl3 = -1.744 

Cl2 = 5.509 

-1.779 

" l ~' .o,' --, '. . .... /:~ ":~:.~" > ;-. ", ! . " 

'1):"\' ,T~e a!.eréfgeq values ,fot thè.l~adiri.~ co~ff!~1e~ are gi~!~~ m .Table 4.9. The uncertalOity 

assékiated ~ith eac~ 'mea.slJretnent.wa5«arriy~ it!.b~ çonside,rng a combination of (1) the 

basic unc~tainitie~ iri ,thé rneasurement~;. ilmi{2) the" dinlre~c~s in, v~lue that w~re found 
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{ r'.:' ,... j. ..":'1 \: _ ... ~, r. , : ~ 
;;;fl ':-~' J}..;I ;·v ~ 

}_ ~~ 1 :l'''''''' ~ ,~,-
L{"i ~)# 1 ~!~ ~ :i.. V .. _1 

,.,.." 1" _ rr" ... '>', ~I'" _ .. '" ~1Jo, ... ~ • ..ii' , .. ~ .."l , 

_./ .:-;. ,'< '1 ,i W:' ,,', .,:", ": '0' , -" " ,:4~, Appltcâtioos' '~, ,'", "', 

""'1' Il -:ç<"JI.' D':;"-;~...JO· .. "(. ~...-l ":"' ..... "","~ J .d:,_ ... ~~ .i~~, .(,.). 

"Wnen tbe same,measuremênts werélepeaw4,.m the 'opposite.dir'ktion::: Ttle' frlction.~rror,~ 
-; - , ...... - 1'" -"', ~ ~ ... .. .- ." 

is the amount that\~brmeasurernent ~hanged by"w~eJT'frwdon"~as,Jtot c9lhpen~ateirQ/,', :-"''-

btlhe independern ~eas~re~ents J:~c~ib.~d ~Y,i4~.g!,: " :, :~,,:, " " ',::,~:::~, '.' ,',. ,,:':,:::'" 
~'" ' •• -..» ~"'.J ." ..... -.l' \ "i". III, .. 

.. .'.. ~~ ,1': (- ~ '"f"~' .. 4 ". '. , ' '!: .. 
" • .J l"" .. f .""r ,~ .... il ;: - .. 

,~ '." '.~6'!' ~ Applications'" .' .• ,;.~ 
" ~: 1 

, , , . 
, /" l~ 

~ ... 1 _' 

J , 

." J:.~tW~mu~~tio~~, de;~~ib,~' ~.!>ov~ can ;be '~se~ t~ < '.- , ,'>..',' :"'.~ . > .:: : ':,~: " :~,~ :. 
.,', ,~, Œ<r;oe~~rmine the net t~tque ac'ti'ng on ijoint (prese~t1y impl~méÎltedlwittl'~uat~n", .::::. '; 

" . 

.,' ",' . -' "~~,/d7)").',I' .< t ";,r ' . • ': '. " " 
l t' ~ t~.J ~~.. 1 • " 1...." ~ , • 

:.r~ r~ ~ H~v~ the j'ôint ex~rt' a desired n~t 'to;que (prése~~I;' i~ple~enté~' ~i,th -'~qtJati~~,~ ".'::.: .' 
J(' ~,"'..., j " '" ... ~ ~r .. " 1.' 

«.3.#)~. ' ".;,"" ", , . ' ... '': 
,,:,v " The uà~ 'of moto;" current~ to ,estimate torque f~sults';in large st~tj~ ,{ricti,o~ -eif~rs" .' .," ~, " .. :: 

"J:+ whêh~vét th~ joint is statio'1ary. the ~~gnitude' àf whi~h are ~ndiçated .;; T abl~, ~J 80th, ,', " 
_ .-:: torq'~~ obse;vati~ns and requests are-also limited 6, the uncerfâinjt~ in the toloo~b :f"iction. 

• l ': ' ... " , '1 . " , • " 

itt à~y given "Instant (Table 4.1). To ~lte~ 'a ~~i'red torque, w~en the jQirt',is s~é\tio~ary:' ,,;. 

a cOtf~t,ion"equal to the maximum static fricti~n (Table 4.5) "m",st be apP"~<t ,to' petrQlt._ . _ ".' , 
.>- .. .. t J ~ ~ J '\ , 

",~,_ torque' transmission. ';': --: " , •. -
,\~' l'r(,_ ... ~ \ J' ) .6 -1 l ,,' -.. .,f ( l '- ..... ..: 'l',~ 

A· ,.-r' Il An RCI pi~gram was writter'l which used these methods to create any,d~ired'~etpint ,', 
t", ri II'" ... .-.... l ' ~ \ • 1 .. J .. v •• )<t._~ , 

," . ~ 

t~r~~~ ~V(~le arr,dbs~~ver'· manuit'ly ·héld ~he arm un~er control·, ,SeUing, ail, the'jolnt, tot~~es ", 'l" :~. :.-, 

' .. r:'J',t< '~.-' "'~l,: 0, ~es~lted' ih \~' "zeto f~ttio~" ,è~ec~: which caused the manipulalor to ,":bounc:é a~~U~d:'; ".:' ,; ,'" ';;;,~;. 
,?P' ... " unle~'$ field in one p'ace. To ùsers of the prograrn, the effect wa'$ c,or:wÎncing,ex,cep~ when ' ',(' ~ .. ,' 

~ / ,. • "1'-' ~ 1 Il ~ ~ • .... t t,~"' t 

,~the joirlts were ~rationary and the static friction c~used sorne stkking. , ' ' " '.' .-" ' " 
,.,;~~' r - , \ " ._~.: 

'~.(;·I' A~~htr applicationwas known as th~ "1Z~ro gravit y" progra~. Wh(!re the gtavity ~oad/:, '" 

,\ lngf~ 'the joints were counteracted to permit a 'user to be able to easily move th~ ''Iitnp'' ' . ~'., ;:~'., ' 
, .,,, 1 • ""'. 

r~b~t into difFerent positions. In this prog~am, ~tatic fricti~~ was useful 'in 'keepÎnJ ~he,,~. "" ',,,, 

joints.~lit'i. and:sow~s not c.ompensated for.,,' , ',' . , ' :, ,\ 
" , 
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"";. ~' \ . ,) \ .. ' " 
.• " - ,l' , J> ..". 

, 1 l, ,. ~ :)' 1.' - _ , 1,.. l', ' " , .. J, ,If , " 
• " ~ .. ,( ~. \ -'"... C "'1,;' b., l:; 1" t J' .' : ,'~~. \, }, If. fI _ , 

" - ~' " J , [', -. , _l:' ,; " " 4,7' ,:o;.<:(\.,(Olllrol'III (artestall Spa(( -,'", . 
,. ... :'" '''Il .. ~ ,: _ ~I/, " ; ',~ ~: )',.'~ -' .. ~ ",,-. t.'.,.', ,~",' '_ • ,', .... ,,'. ,~.',' <i'~'" 

, t " 1" ",:' , ,.' l' " .' ~fces i~,!OI~~ s~ace ~r~ rel~t~d to,forc~s 1h-,C~~teSI~n" spiç~,~~ ~~i,~_ar .. pul~tor Jatob,~'~: __ , _- ,~:. :~:>: 
'. 'l' ;','. /, , . ,', ' J"(~quatlon (3.2)1> -,'.. " " , "_,"_ :, /' :'j.:."., 

.. ,r. - ... " '" 1 ! : ~ ).. _,~ • _ ,\\_ J 

~ ,,' • ,~ ; l ') "ç , '::. .. _ '-:- ,.' .r-
.. , 't -':. 1: , .1 \ \. ",' , , ~~ '~ , ;' l ';" T , 

If \~ 1 \ ' \~ ,1 l 'r " l '" ''''"', 

.', ~'~,". " .... , .:~' "t~";JTq'," " .'.' """ :(4.52)':-·.-':~·;,:·: 
...... J, ", ~ ,,-,\,;,":"'~ ,- ,', .." -::-', _ '.'/', ~'-" ') ; .. ' ~',": ,:, J, t' .'... f - " ~ .. t'_ ~( :,' , 

, .. ,/' ~ ">"'-"" , ." .. ', , ~~ e~ 'a,'.d~rild ftjtce q .~e mlY- c~,lc~t8te'ta using (4.52) .. a~d,~~n:~:a,c;",'~te: t'~~ .,~', ; ;': , 

~ '. <'.. "' •• ' ~ r.eql}ired c~rrenf's;gnàls,usiné:(4.38)'. '., , ' ". ,: .',', "", ' ,-. ,: '. '. 

~ '::(', '- ~ ,< ---- ": t~ '.It' is' ~I~ posSibl~:i~ "i~4d)f ~Plicit 'tartesiari fo~cese~sors. t~inVert t~é, ca'Jç~lat~~ " , /:, ,~. 
._..: -,' r '~, _..,\ ' • ( - v, ' r j .. _, nit \ .. 1 

" - ~, " ,.', and àet:èr~ine t~e forcehrfrQnl the)oi~t.'torqu~: ln .s~me applications:;'(,Oe is"concef(led _ 

", ',' ' ' -, with d~~rmin,ng whéthér or 'n~t 'th~ .ob,servéd forté·Cl e~é~s a ~e~i~ Itmi(-!val,u~·<A:, ,.,. 

> .~ __ ',<,." . '. ~: ":, ·!:"e~~od-fo~ doing,thi~,ha~·ijee~·d~ibed'in'lp~üI811.-éhaPte~'9: "'.".,' ,-,'", :" "",'<" 
.~,'>~'; ,'" Assume that the 'f~~ceJimit can "b'e"deséribed)f à, force ~~to,. ~/. ~~te,rmi~~;Jr~m" "'.",,·f' 

)' . " -- ( •. 52): the torq~es 11 which cor.resP9~d to thls l;mit.·, Then'.for each observed torq~e ~t~r~ ':,\'~r::", " 

,,' : " ': ~. ,," ' ," ':i~. the ,iir:nit'!~ s~id to bê exçeede(fif ~he n~rn:'~Îi~ed 'projection 'of ta ô~to'·tl e~c~~' ~n~:' ': ' >. c":'. 
",J - - 1 " ... -'l (1 A \ t Ir - " \ i " 

.ta li > 1 ' (4.S3} ','" 
1 ( ~~ ,'ta:,2 ~ " "G '( 

: , ,\' - 1 _ ' ~' ,\.. • - .. --- - , ' 'i, t~ ;,' .. >: ,'J ".' ,- '~ ,.: ~ .: This, metllod na5'- ~wo 'd~awbackS .. First..combinjhg thé for~e limilinformation .nt,o'one',. ; 
~, ... - , < -, \.J' " ,,' l' L - -' i .. ~) 1 1 / ~ .. 

• ~"" 't' '" ':'. ,.:/: vector rèdùcesthe generaliw ofthefol'celimit that may,be-specifi~. T'h~ seGond problem " " '>, . 
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'. ~ ,~ 
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, . 

- .. ",< .... , . ~'" " ·is that s;'ncé the,ma~ping fro~ Cart~an'spaé~'t~)~jnt s~ac~ Is:'lot:orth~o'n~I. i,ne,~etho/ .. : <:,},'-'.,-~ 
,e ~'I(~ :;';~.~~'''',_' ,. 1.;'" 

. . .:--. " ,'. ',.'.' ", is only apprOoltim~te ~nd prone to false results. " , , ' 
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. . , . As an exa~ple. consider th~ sÎmple two degree 9Ureedom man1pulat~r Î~ j::igUfé 4;5.' lA 

, .:', ';', ~o ~i~ensional é~rtesÎa(), coordina~e system' is ',defin~ at :the e'n~. ' jf, we as~~~e that 'é~s:h 
C • :'. >'in~ bas a 'en~th of ~ne. then the refatJon~hip between Cartesian' forces and j~mt. for~es" -. . . " 

:, 'in' fhe position shown. is 
- , ,~~' 

, 
, J ~ .. \ #_ , , 

" , 
, ~ -- -' 

" -
, # '1,'~ ~ 

.' , 
'. , , 

((54) ,,~ : ,', ,,' ,;'::,' 
rI,!, ' .-" 

< '.'. 

~~ ... , , 

,- -' -
~ ',~ ~ \ . ..... 

'f. , " . 

: '< 

" , 

'. 'f ... "',,,'/' { , \ 
, , -, , , 

'. > 



, r-. ~ , .1'(:, 

(' (' 

.. ' • 1 ~ , 

';", i 

., ' 

.i -:-: . 

, • 7" 

" 

", 
" 

" 

" 

p , 

,', 

, , 
; . 
, r'· 

J '. ~I __ \ 

" ' 

'. 

" 

\ \ 

" :,. 

" 

, '. " 

:. 

~' 

, 1 

, ' ',. 

" 

{ , " 

~ ,.' , 
; 1 - •• -t.:-
,1'- • 

( , • '> \~ 

, l ",,'\ , , 

.;. ' 

l,' \ f, 

" 

.l 
t -,' { ... ' 

'", ,'" 

' .. 

" 

,\ 

" . 
" 

" , 

f le,,' 

, .' 

:' 

'1 

" 

IL 

, Z. \ 1 

, ~ \ . î. ,~,,1 
\ " 

, , , 

'r 

" , 

It- ' 

'':- '-. 

,', , . 
-: '~ \ ~ 1 

1 J 1 _ ~"', 

" l, ...... 

'. 

' ... ~ 

/ , l' 

, '. 

,1 . 

(, 

-,,\" , 

,. 

.' 

", 

! - \ -. 

, " 

-

'\ 

1 t 

, , 
, 

,r, 

j"'-' 
.' .... ~ " ... 

... -' 
II !, 

, .' . 

,', - , .): ,-' \" 

" c 

", 

, 
l, ; 

, " 
" ' 

", 

" 

'1 

\ " 

... 

,",-

.' .-

.1 

" , 

" 

1 

, 
'" , 1 

)', 

" . 

\ 

'.' 

! 1 

\ " 

.' \ lH ,. 

JII# 

" 

,"l_. 

,', 

, \~, .,'-

" -, ,. 

/ \ ' 
,,\, f 

• ,1 

, ) 

" 

1 ) 



.. - .. 

<, , 

/ 

! 

- \ 

• t 
\ , . , 
i-
l 

" 

i 
, ~ 

" " , 

J. ....'-. 
( i 
( 

,t 
)' 
1 

! -r 
1 .. 

" , 
1 , 

( , ;-

" 

• -
, ' 

, , 

4 g 5ummary 

Now suppose we set a force IImÎt' of f~ _' -F, and' are unconcerned about fi,;. The torque 

vector t, corr'espondrng to thls IS glven by' (Fi. 0) Howeveut 15 possible to tngger condÎtlon 
; , . 

14.53) by exertlng a force greater than FI ln the y d,rection alone 

A more stra'ghtforward way to determine jf a force hmlt is exce,eded is to p'erform a 

direct mverse of (4 52) 

qa = rIT t~ (4.56) 

Th,e observed force values' qa have now .been fecover~d élnd can. be .used. as a basis f~r 
any 50rt of deciSlon Computing (4.-56) can be do ne reasonably efficien~ly .. as was seen rn. 

the previous'chapter. A problem that must be considered. however. Îs that as J approaches 

a slOgularlty. the computation becomes much more sensitive to errors in la. In general. 

if Afa 15 the ertor ln the measurement of ta. and âq is the correspondmg error '" t.h,e 

computed value of q. we have 

(457) 

where cond denotes the conditIon number of a matnx. The minimum condItion number for 

4 J on the PUMA 260. based on a random sampling of posItions. is about 1.8 As the mat,ix 

appr~ache5.3 singularity, of course, the condition number becomès infimte Stnce J -lis 

known analytlcally. il is possible to mlm~TlIle the error amplificatIOn by paylOg attentlOll to 

the indivldual terms of equatlon (4 56). and scaling or dlscarding them If necessary 

It should be noted ln passlOg that the accuracy of the flrst hmlt method (4 53) 15 

'also restncted by the conditIon of the Jacobian. in that thls IS a measure of the degree to 

which a matrix IS non-orthogonal However, the accuracy of the second method (4 56) IS 

proj>o~tlof1al to the precision of the 100tiai torque measurement5. which IS not true for the 

first, method 
. . 

The errors due to frictIon. coupled with the errDr introduced by the Jacoblan. make the 

use of moto~ currents (equatlon (4.37)) inadequate for rellable Carteslan force sensmg, 

4.8 Summary 

, The "static force contror of a mampulator IS defined by the-dynamlcs equation in cases 

'-wh~re the velocitie's a,nd acceletatlons are small enough to justify ignoring the complex 
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:;' 4 é, Summarj 
'f 

,IOertla. centrifUgf. a~~ Coriolis terms Thts leads to a very simple fo:~ulatl$?n IOvol,ng 

only the apphed torques. grayity loadings, and fnctlon terms. 

A simple method of measuring force 5~nt;0' 'parameters for a rob~ has been deswbed 

which is based on uSIOg the joint motor currents to estlmate the wor~e as the Joint is , , 

d~iven along a pa th al a constant velocity The path may be chosen so that the woik done 

is a functlon of the desired parameter. It was sometlmes conyenient to perform two such 

measurements and combine the results in order to rembve the friction terms 

:. .In particular. this method proyed useful 10 measuring the torque senSltlvity. fnction. . 
and gravit y loading coefficients for the PUMA 260 to an accuracy which we estimate to be 

- ,l' 

as good as 1 percent. / , 

Applications of slatic force controllOciude making the manipulator weightless for ease 

of t-eaching positions. having it exert forces and comply with Its environment. and enabhng 

it to deteet forces which are acting on il. Local uncertainties due ta the fnctlon hmlt the 

effectiveness of basing this c~>ntrol on motor currents. Force control may be performed 10 

Cartesian coardinales by using the manipuJatof Jacobian to map between Joint space and 

Cartesian space. although the accuracy of deteeting forces 10 this way is further restncted 

by the condition of the Jacobian. 
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Rcel: CONTROL 

Chapter.5, in CARTESIAN 
~ 

l' 

COORDINATES 
" 

" 
1> 

;,... 

; , 
, \' 

" 
, 5.1 Overview, -:, 

RCCl· 'IS Ci collection of subroutines and data $tructur~s specifica~ly designed for the 

, creation of robot motion control programs. The intended user is sqrpeone familîar wlth 

robotics concepts who, wishes to implement hil'her level or m<?r~ user ori,en~ed system~ , 

with the' aiçJ' of a complete high level language and operating system. , , 

.' ' 

Rolj~t fP1otjo~ requests in RCCl aré specified in a' Cartesia~ cdordirn~te' sy,s~e,m: ln 

whid~' the programmer uses hqmogeneous transforms to indicate positions, ln. this way. ,; 
\ r ~.J \ 

,the system bears sorne resemblance to the, language PAL 'ITa~se. 'et al. '79J. which was 

, an,èarli~1' development at Purdue UniverSity Whlle the use of ~ CartesÎan c~ordiOëlte S'pace' 

t9 sp't}Cify ,positions has become a commonplace feature in ro~ot ,programmi'!1g languages 
, ' . , ~ . 

(ff9nner and S~I,n 82. Lozano-Perez 82). a more distingUishing feature, of ReCl is'that it is 
\ ' 1 , _1 

n6t a language'm itself.' but a p~ckage of hbrary routihes. .' l ,,". l ' 

, ' , , 

~, . "This 'characteristÎc. mak~~ Reel somewhat language IfIdep,endent' the, package can be ", 
, .' " l '.' ( 

hosted br any 'anguag~ whlch supports function calls and the definÎtion of 'dat~ struc~ , 

, ,'"' ture~. U~iAg a compil~d language reslilts in a considerable speed improvernf;lnt:o,ver mQre ~ . 
- :, \ - ~. 1 .J - '1 ~,\- _' , 

f, ' ,commerd~1,ly availabie m,terpreted environments. Ali of the features of the .'host language 

" and op~rating' s~stem are ,available for use. and extensions may b~ added by defl~i,~g' other -
.." - 1 ... _~ 1 1 -

lib~ary roùtines, éVaRl'~ original interést m Reel Vias stlrted by a need to' r~plàce the " 

• Robot Control ( library 
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ïess powerfullanguagès provlded by the manufac~u"re~s' ~f the U~Îmatlon and Mlcrobo rdbot 
,. "J ,; ! • 

~ontrollers' - -. . 

" The present yerslon of RCet is wrÎtt~n for the languag~ E:. ~nd is unplemented. for the 
, ' , ~ _ J 

, PUMA 260'. uSlng the RCI interf~"ce. discussed 10 Chapter 2, Reel apphcatl6ns execute ils 
\ ~ )' 1 

a'n Rel control program (Figures 21 and 2,2) with a huilt~m tr~Jëcto~,y gerierator whlCh run~ 
àt t,he controlleve1 ThiS traJedory generator 15 Împlemented aS' CI predefmed RCI contro'l 

fondlon. and hence runs at a' periodlc sample rate + Re Cl provldes a set of library routmes 
l' _ l 

àt the planning I~vel whlch bUild motion requests and send them to the traJectory generator . 

. , :Most of tbe user's code is wntten at the planning leI/el. !.Ising the5e motion control routines .. ' 

although hefshll may define functions which are executed by the trajectory generator: at 

the control lellel. to monitor or, modl~Y robot motions The RCI controUe~~1 IS refem;d to • 

in this chaptèr as the IraJector! level < , ' 

Th~ objectives of thls chaptel' 'are to " 

~ Describe, sornewhat abstractly: the features ptovided by. ReeL 

<> Glve a brief iIIustratlon'of th~ progran;tmtng)nterfac;e. 

V Describ~ improllements whlch are needed to make the' package' more usefûr. In 
, , 

. particular, a generalization to the motion specification mechanisrn is proposed whlc;h 

. allows for cond,tional execullon of motion segments. and' a proposal is r'r)ade for a, 
, . 

Ilew synchronÎlation mechanlsm. 

!'- d,iscu5slon of the ·trajectDry level implementation of the RCCl features is given 10 

, Appendlx E. _AdditiDnal descriJ)tions .of the philosophy .of the, present system mây be found 

in [Hayward 83BI: and the user interface is described in detail in IHay~ard and Uoyd 851: 

5.2 Des,cription of the Motion Control Mech~nism 
, , 

, , 

ReCL allows a robot's motIon to be specified as a series pf path segm~nts whlch ar~ 
linear in' sorne coordinate space (e;K .. Carte5ian or joint "oor ~inates), Thèse path segm~ts \ 

, are determined by the planning', level task. and theri' presented to the traJeclory .task, for 
l " ' \ r ,,1 

, ,e~~ut,on. Each motion segment Îs speçified by a set of parameters which form_ a motif?n 

' .. • 'An implementation 'ror the Mitrobo is presently j'n progres$IKo$s~an 85) 

~. t The default Rel s'ample rate of 36 Hz is ,most c.ommonly used 

- ~ r l' l 
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!) 2 Description of thl MotlOIl (ontrol Mecllanisill , . 

, J l~, ,: '"' Jeques( p~clcet. thcse packèts are :then 'placed on a motion queue from whlch they are 
• -( /. ,1 1 1 1 1 ~ ~ ) 

l ' 

- " ,l, 

, . 
t., , 

, l\' 

, ' 

,l' 

" 

" 

, " 

l, 

" , 

, " 

'.' 

'" removed and servlced by the t~ajec~ory generator (F Igure 5 1) Ustng a m!>tlon queue has 
"',) t 1 ./ 

" the adya'ntage of aUowing thè planning ;ind çontrol levels to operate ln parallel. wlth the 

'. ,di~a~vantà~e. pf c~~rse. th~~ ex~ltcit ~;~ct~romzatlon mechanisms (sectIon 5 3,3) m~st be 
, \ , 

sup"plied ta' coordinate, the two different I~vefs . '- , 
, , ,,' An' arbitrary path ln 'space ma)', be speclfled as a senes of path segm~nts ln cases 

, " where the manipulator does not stop at the i~ntermedlate pOints .. the trajectory generator 

,) 

" ' 

'j " • 

"prov.des a tranSitIon phase between adJàdmt path segments (Figure 5 2). to avold veloclty 
,l, _ , 

ànd a~ceferatiof.1 d,sconttnUlt,es D,fferent ways' are known for computlng, thls transition~ 

one method mvolves f~rm'tng the entlre trajectory by ~plintng together third and fourth 

o~der pçlynomlals IChand an'd Dot y 83J, though at the expense of stralght line motion: the 

methôd used 10 ReCL IOvolves fitting a quart.~ polynomial transItIOn between' the,adJacent 

lioea, path segments lPaul8!J This pre~ents the mampulator from actually movtng}hrough 

the Îlltermed.ate points. except when it stop~ é,lt one Stopping may be accomplished by 

moving to the' same point twite. as IS done ~ith palOt C ln' FIgure 5.2 

, ,,' When th~ajectory generator IS nearing the end ôr' Its currcmt ,path, ,segment. It grab5 

, 'the nèxt motion segment off the queue and, computes the transition, fo it If t~e ,motIon 

, " queue Is found to be,empty. the previous motion request is simply repeated. which effect'"iely 

causes the, manipulator to hait at the position associated with that mot ,'on 

,>' 

. Eath motion segment request 15 characterized hy theJollowing parameters 
, , ' 

1. A position ln space fo; the robof to move' ta. 
\ [ 1 \ ' " . 

2. A trajectory mode specificatIon. which d~termines the coordinate space ln whl~h the 
, \ . 

tntermediate path is to be computed. In the present implementation. the choICe5 
\ 1 \ , 

are f~r èither straight lines ln Carteslan space. (Cartesian mode). or straight Imes 

i~ joint space '(joint mode) .' 

3. 'A ,,'Ielocit y specification. wh.ch" may be' g~ven exphcltly as a speed. or Impltcltly as 

the length of time the motion is ta take 
- . 

4. A triJnsition time. whlch determtnes the length of the i!lter-segment transition pe- " 

riod. described above. 
< 

5. Adaptl'le control speGifi~ations _ These are the 1'hooks" by which a path segment 
, ' 

'm'a,Y be modified at ru~ time. and v.iill be discussed in 'detail below. 
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/ , 

_ '5.3.1 ~pedfication, of Po.itions. ' 

.' , 
" , 

, , 

, , ' l '-i -. 

The data types. used to determlOe ,locations in spaçe -are coordin~te transforms (type 
, , ' 

~SF) and poslt~~n equations (type POS) TRSF data structures ,describe a homogeneous· 

coordinate t(ansform. and funetlons ,are availabte for creatin~ and maOlpulating them POS 

data structures are defined by an equation qf transforms whlch IOciudes the manlpùlator 

, link,6 transform T 6 (section 3.3) .. As an example. consider: 

, -- - " 

" , 

\~ 1 r , (5-.1) 

• < 

, , 

, . 

, 

, " 
If Z, and B ar~ both known. then T 6 may be' ~Qlved for to ~eteJmil'!e the correspondtng 

robot ,position; , 
, .' . (5.2) 

, By b;eaking position de'fi~ition~ up into a series of transformations. il becdmes possible 
, " , '-'/ 1 

to modify, or redef]ne 'positions simply ,by ,changrng an appropnate 'transform component 

One of the transforms' in: the eq,ua'tion defines the tool frame. dêscribing the location 
.. • j , 

of the' ro~ot ~ool. 'or end efTec-tor . for 'ins,ta'nce'; if there is: a' transfor,m Tl ~escrlblng ~he . , ~ , 

, position of- a tool' refativè to T~: the" this transf~rm also defiheS thé tool frame ln the 
" " 

eq~atlon 

" : (5.3) , 
'. 

Aside trom being useful in generaJ. the tool frame is required by some Reel features' . 

(s~c~ as compliance and force limlt t:hecking. sect'ion 5.4) as a referen~è frame f~~ doj~g 
. computations ln cases where the tool frame 15 the same as the link 6 frame. T 6 15 used ' 

to define the 1001 frame., 

Position~ arè c.reated tlsing the function makeposi ti on ci. il takes a variable length 

argument flst consisting of pointers to TRSFdata types. along with the two "key" arguments 

. EQ and TL. and returns a pomter to a newly alloea!ed' POS data structure makeposi ti on () 

caUs to build positions such as those dèscribed- in (5.1) and .(5.3) would' look liké 

pOllitionl = makeposi tion (z. ,t6. EQ'~ b,' TL. t6) ; 

, -
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, 1 5.3 1 The Programllllng Interface 
, " II 

, ' 

, position~ '=: makeposition (z. t6. tl, EQ, b, TL, tl).-

'where' posi ti onl and POSitl on2 are pomters to POS data structures, and z, tl and b are 
t ~. , 

pointers to prevl~s1y declared TRSF structures The variable t6 IS internai to Reel and 

. represents T 6 The special argument EQ IS used to indlcate the = sign 10 the transform 

equatlon, while TL IS used to-..mark the end of the equatlon The ~rgument whlch follows 

TL 15 the transform used to de~e the tool frame -

5.3.2 Requesting MQtions and Setting their Paramèters 

The primitive move (posi ti on) queues a motion request 'packét whosë destination is, 
, }' 

. speclfled by the POS structure position. " ' 

The parameters assoclated wlth the motion request packet'~r~ set prior to t~e Issuing 
'. -of the m.ove () dlrèctlve. usmg primitives such as 

setvel 

• <! ,/ 

1: l , " j 

" , f .' 

(translat-lonal_spefd. 'l'ot~t$onâl~s~ee~)'; '. \, 
, 1 -, , 

, 
/ .... \ :.,.( 

" "- \ ", 

l, \, 

- ~xplicitly sets the veloclty , \ 

- " 

. -
- ,rmpliç.itly se,ts veloclty by, givlOg the travel)im~ !or thè:whQle motion ... a$ weil' as the 

_ i!lter(segment t(an~,tion time . 
.. ~ ~ ~r 

'. 
" . 

,. ~ l 

, '. , .... ~ 
- , " , . 

) .. - , :._~ - l , 

, ' 

,. 1 r 
, 1 , .-

'-' " 

~ ~ets the traJectory mode (-currently _seiecta~le to either j oint or Ca~tes,ian). 
,". , . 

" . 

Synchronization 

Since motions occùr ~sync~ronously with respect to the main program, some expliclt 

' .• -synchronlzat,on mechanism must ~e provided Reel presently does th.s by usmg an event , 

;, flag attached to the .destinatlon position of a motion request Every tlme the trajectory 
, 1 • 

,generator completes a motion request. it decrements thls event flag ,The plannmg level 

may synchronize It'self with the cQmpietlOn of a partlcular motion request by usmg the 

primitive wai tiorO, wh.ch Increments an el/ent flag and then walts for It to drop to a 
" , 

value Jess than one ThIS ,Is.done in the folloYfmg example: • 

., 
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,," " ~ ..... 
\ " ~..,... , ... , ,L • 

/' ,the"event fla8'is.contained,ln· the ~&ndH' t:i;l'd of, ~be >/ 
. /*.'pos,it.ioÏl data stru~ture ' . ' - _ '_*1 

\' " 1110\7& (position); 
~ , - . 

.- .. '( co~put~tion ') .. :' ~ ,> "1:"0 U~ othèx: 'thlngs *1. . 
~ r , 1 

.", . 
,r 

;' }, ~ , ... 

, : _.wajtfor . (posi~ion->e..nd): __ .. ' ". /*' Wait until lIIove cOlllp~~tes */ 
~ , L _ ' l ' .. 

T '" ' '_.'. 

'. ~. 1 . \ ~ ..,. ~ ~ 

" y , AssociatiD..I 'the-'eyei.t:flag with the -destination p~sitiolJ r~thèr tha~ wi~h th.e ,motion 

rèqu~t it~elf is somewhat unwieldy: a-' .,lore genêia,'synchronization scheme 'is proposed i~ ~." '~. " 
r ~.. • .l-,,, ~'. ,- - .. - , - • ~~ 

,seétion 5,6:3. 

. 5-.3;4: A Prolrem ËXiullPIe -', 
,. 

" 

To iII~strate the use of these primitives. a simple Reel program. eltr~cte.d ftom t~ 
, . ~anua! II-fâyw~i'a and. Uo~.d 85). is explained -hef~:' . '. , • 

. l, 'incllJde <robot/rccl'.b> 
2 
~ main () 
·4 { 

"5' 

6 
7 ' 

TftSf _PTR t, r; 

IOS.PTR pO; 

l '1~. 

, , 

/* RCCL definitions, ; 
, ,. 

1'" transformation po~nters 
/J#.' .position pointer 

8 /* Allocate' and initialize the transforms ançl position ,equation '*1 
9 

t =gentr_trsl ("TH. 250.; 250 .• 328.9); 
r = gentrJot ("B", O .• O., O .. , yunit, 180.); 
po = makeposition ("PO"', t, t6, fQ. r, ri.. ttS); 

l'ccl_open (0,0). 

rccl ... control (1); 

/* -Initialize,RCCL apd· : .. 
/* turn on tbe contr~l. 

"0. 1) , 

"... l'r, '",,- :. 

~. , 

" 

" 
-~ 

." 

.. ..., < r~ 

........ ., ~ -

10 
11 
12 
13 
14 
15 
16 
17 
le 
19 
20 
21 
22 

setvel (100. 100); 
move (pO); 

/* Set tbe velocity ' ... ~ "~*I ~t' ,;. -l~ -

move (park);. 

, 
waitfor (park->end): 
rccLclose (1): 

"., "", 
b ~ ~ ... , ~ ~# , ',::." t' '1 

.. , ~ . 
" . 

/* lIIove to the position .. .,' >t-I ..,' • '. .", 
/* . and return-hOjl/e.' '.*/ ',' ~':: ,-,-

/.* lt'ai t for .IIIotion 
. /*. and theD -exit 

\ " . ' 
~ " ' 
.,Jo l '_., 
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.. l"'l:' ....... ~ _~.-

,{'l . ........ ~.. .Jo ::"'1< 

i>' 

,', . ..., 
'.-!. 

4 'Y'" ':' "- ..... ,i/r ... ~ ~q 
r"'''' ) #$"1> >. 

~ ~ • ,\ , -.'1.' ... ".b .~~.. ',.." *;.,~ ~ 
'.. 23 ~ ... J "'i",~ ''':;.'' {). ~'.~ .;~ -."";.~..,,~::.:p.. ~ .. 

..... _ ...r 0. • ~ .... ~ -J..,,;.: '-..... ~ , 
.; '1 '.__ ) ~ 

5 3 Tlle PrOl-!ra'!,mtn:; lIIterface 

~ & ~ 

" " ~ ';' ~. < ... ,.' :' Thi~ p~~gram, ~oVes . the robot to ~ P1>sirL~n Po ~nd b~à again, Qat; 'types and 

; " ' ,," ~~ 1,"1,. . 'pr~~i~e~'-;a~iabl,es arè-:deèlàJed in th1~le·~fo';~/rc:cl,b>. The pbsi~ion pO is specified 
\.~ .. of"'" ~ > ~ ~jl r 1 , -~.., 1 ;J~; ~1 lt" r1""')l ~ -l';;~ f\, 

! '-_,~. ,'"é:. by, the tran$form êqui.tion - "", ',0.;-:;. 'c>., i;'. '" ,'. __ .~ .... }:~. : ":~ J" " "'; / ~,~ T 16~'~ I(~ . " 
" 

, 
-<, 

~~ ... '.,r "Je ~ 'Ir.. 0' .... ) ,':- >0 1 ...... ~'-I~ - .. ~~ ,':1:< t "!" .. t .,,:;. .;,;. , $ '-~,~,' The ttaR'sfu~5, t a.nef b ,are d~ned, using"the geDtr_ allocation ~!imilives, te represent 

f . " - ",'~ -. '~"~-~ ._,... an x :::: y,- z translation 'of 250., 250 .. and 328]~ mm .. 'àrid a rotation of 1SOc about the ;. ,. i~':,:.,~·. -.~.:~: ,'~,I'. ,', ,<. ":~~''Y,â~'(lines ·l~,':'l~},.'-';Th~~è.~Lopen(~. ~nd'rcc'Lc:ontrol'prirTliti~~s (I;~es 14 -15)" 

" ~',"~ ~ ',-;. ,.: ,:. , ", calf tt'l"e necessa;'y Rel pri~ltives to initialize Reel and start the..trajectory generator, The 

f, -;: ,~ , ',: ~ ,~ ":~;, :veloclty is set:., and, a motion, is r~quested firs! to pO, and then '~ack to ;he predefined home 

'f .' -. :: " -~ ;!," ' location ~a;'k (Iin~s 17,,~ (9), The progra~ tben waits fofthe traj~tory:gene~atoho finish 

;'~ f' > >~, ,:' ;.,' .. ~"~ " ',.1h~:'1'otfons." befgre.sbutting';hings down with recLc:los8 () and exiting. '. . . 

J,"':"~ '" " .' : .. ~),-ç, :rn~" motion"fr~m pO to park is continuous, To make the rof,ot' ~top momentarily at J :' ~ l,! ~ pÔ: tWC!l_~succe5sive motions to that position could be SP~cifi.~~ \, ... ~I" 
l '; ..... -.. ..,..: ":: l" ! 'r- ";.. 

~ '.1 ., i.,~ , ' :" 

~ 'k ~ .. .'~ moye (pO); 
, t....- , , '~ove ·(po): -

J, ~ .. :. -;,' : .'>"': "'''" '"'''0 1Il.ke il stop .t pO- for • èertain lenph of tim~ the .raye! time lor th. secorld J:':. '" '.,: ,.~~ ,,_: -~' -~, "stoppinf motion shauld be exp~icitly set: '. 
~./.. '" ' '~, ' .. 

. t t'.;.~ lIIP"ve (pO); -" , , _ < 

.. 
:' . ;! "", ' 86time ,(tramitioD_tillt., 

.. ',.. '" < :~ ~;., '. _ ~ , -. ';0 't 

cl' 4"' '1IIove (pO); '. -'1"-

, ;., 

.. --4. ''':.~ . ' 
,r 

,,' 
',; 

~ .,. ... ~ -' ~, ~.., .... ~ 1 

, 'This witt ca!,jse the- ro~~t to ha~~ al p.O 'for approximately travel_ time. A\primltÎve 
~ , ",."".' , ' 

, . ,. " ., .,'t< 
• 'r 

,': ~:';':, /":- • f', ,J 
1/' ..... - . 

.' t ....... ~ 

,,: .. , ,,' .., i'> 

," 

... ,/ \, 

, , 
" . 

- -" ~ 

0: , 'ca lied swpO"is available.whlch;'combines tpesé ca Ils with a default transit i OD_ time. 
l .. .. ~-.' 

move (PO); 
stop (Ume); 

5:3,5,' ~ Compilin& .and Linking 
" . - ,-, ""'" 

. " 

" 
'/ 

, .. 
" 

. " 
'r . . ~ .. .." 

-
, Reel' progra~s ife cbmpileo a,ôd -IÎntièd 'if; the samê way a~' any' other RÇI appliçation. " -

l',' 
1 • 

.' , 

.. : ~ 

, ' 

", 

- _~P-.. ( 

.J,_ 'J .. 

.... , ... . ' '. 

" 

-. .. , ..... 1 .i' 

. . 
...... '", '\ q ... ~ .... ",..:.. ... : .... 

' ..... ~ ......... : 4.,.,"' '1! 

. " 

., '" 
" ... 

" 124 .. ~-

", .,.. 
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.. 

',' 
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.:'} -.' 
", 
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.. 

., . 

.,:' ,,~,' ". ~ / ... ~ 1 

, .;" ,', ", ': - ".' , 
'[),~ ",,"" ,). .,~'. "1" ... ' ;'~:. .. •.• ,:~,:~.-/.;" 

Jp _ ~" 1" ::'1 . :-. ~ '" ~ ,,'" 
~ .P: ~.;..:_.,-.: ... , ,~ 4· .. .... 1 i,j,. \ ,~ , Il, 

... ,~,J :.} .. <!1.... -'( ~ .l,J< ~ .. , 4 ( " ~ ~ ~ "'; - 'i / ,.., If .-.,.,J.. .~ ~ .. 

" r, t'" ... ,' ~ 't' ,'5-'4 Adal>twt Pat" .(Qnt1'91 " , """ 
, :éq.·, ,-j~ .' ': ~ • e' :.;t '. ". . " ' '~"\ ': < , " " - " ,l~~ ,_.' , "" ~/ ' .' 

.,;.d. The :r;cc cdmpiling ~mm,and ànâ the ,simulator progra~. ~esc~ib~d .~n -G ... hapt~r 2 'ànd Ap- ," ~ ,:' 

pendu, A. may be used. The ~CCl library 15 a'ut~a\ic;ally~ r~fu'renÇed by r<:c. the mtlude:' }" .~~\ .~' .- ~, 
file <r~b~,~!.rcc~ .b> shoulg .he 'plac~d aÙh.e top of ,Réel: ,~,,~e programs' fo'defipe t~e',:" .: :':,,::', 

," ,larious. data ~~Uct~r~s an~ system·var)ables. " . ~ ,: ,"::1. S;-';.:~'" ,'" ")' 'i' J" ;, '~.:/; 
I~.":: _'"' ';. \,0 1 ': ~ ... "'..... ~ l~p\... l J ".,~r. 

~t . ~ .:~ .. l' ~', j. ... "i 1," ~ l ;; 

5:. AdJptive P~~~~o~~r~I'~ >;:" ~';/" ,~. ,,\; .·.'f ',,_ r, ',"':"'~-';":t ,.";;: ;;. 

" .. ".~.:: •• < " • '" .' I.'~ ~"~ " ' ',:" .," '.': "<." "~.':>::', ":.''''~,''';',:': 
,Much of Re -C l's ,utiJity ,!S ~rive-d from its adapti~~. p~th coohol fe'atufes: Thefe ar~ tQ,ur ,:,-,; ~ '':~.~:.',:',' 

~, - , , ' , , 1 

;':. 'differertf Înechariism.s which permit ,un~time variations jrt''the, patl! segment 'trjljectories., :' ,.' ,,' 
... t. Ji -~~,"" ~. ~ ~t .,;;""... ~ \:' ,... ,'r~".· .... ,'\"1'" ',.,r. ' 

, .,' ,. } ~ ~.1 

," , ~ , :~; '--~I·,~ . .. , 
,'1'-, 

~ ...,r • • 1 \ ,. ',1 ~ 

. 5~4,1 Moti6'ri Termination bn Force or.Piispleœment Limit" . T ";.,'~, ,~. 
r. '_J", _ - " ", • ~.. ~ '''~ 't' .. '~ ~I' ~ 

h ,-..." '~: ,'~,..1.o...ot:: ,~', .... ~'. 1., 'l~' '. \ .. ,·,t 1~_.-1: 

:~:T!!ii~alJses;exe~ution of the p;~sent pâth'~~~\ tcÇb~~borted ~h~,!l'.the éhd:~ff~tor ., :,~ 
,L • e{1~~~~t~rs ~: fo~e 'elÏceeding a cértait.:1hresholâ. 'o~ ,~alidets t~o: fa,'off "the desir~d p~th. ' . ;, r' .; 

.. : : "..... '. : ... 1'·· " ,,~>~ "f' ' • - " '" l #-.-;. -1)\ \' ,'" : ,'" ,l, 

: -, _t,Th~ f!ext r.,~o~> ~~qu~~~, pa.ck~ 'i!, fè,tche9' ~r,~r\, the 'r:notion,.qUe'!e ~drCf! or ~jspi~em""t' ~\;'~~' ~::' ,:, "", 

. lim!~s àr.é"set 'by >t~e- pr.(Îgr.;ltTlmer using thé "pr.imittvé~ ... -:'~ "; . ::-" 

- 1 

~,," ~ '" ~. . ... 
- _~~t":' " ';',:, .".:":,,",,,;,""/' "" " 

. limlt.«"speciftcatiolLstsr.jljg"., V'alue_t. '," {~lu''''::Il>'; 
'. ·f 

.. !" • 'L ~:'t.,.. ~ . ," f" 

,,_ "0': ..iI"'-"/_1 '~""'<f J.. \ t .r t ~ f ~ ~ .... ' • 

:(t Th~ . sp~fi~tion string i~iicates ~ièh for~es. tOrq~;$. :or dilrerential motions, are" te)' be ' 
.. _ 1"~'" ..,) , ~ ~ ~ ~ . 

" ·monitored. ~~d th~, iI~itfug~'VaI~e for each is given ~Y the re~ainin~ arguments', A' limi! 

';speclflcation is vëÏlid. fOf. the néd rit-:'tion onl,. ' '.' ,_.' , ~ '. .~ , 
';;': ~- . ~:" -,' ~~ , ">~. f " :"...,;', ;; ,,' . '. ;-'., < ,< ':,; 

l 5.4.~ Mot~n' .c~1~ti~n. by : ~~~~rtlmer Defiried Monitor ~~~~iJ 
.. J ..' (' , ~ 

.., .. _ 1 ~,~ _ J,.. • ' '-,(".(" I,l 

For each path'ségment, (l funttion may. be ~pedfie4 whlch monitors éve(lts in .reêll-tim. 

and .cart ab~rt the motion if' d'esired,i' . The '~e"i motion request' packet ,'will then 6è (etchJ . 
j.It,'i - ... ~ ..... :t" ., ~ z.: ' 1.It' ~ ~< 

from the motion queue, ,:" ,. ~ . '. \ 

,,\ 
" 

The primitive 
~/ 
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.,' r 

t
,·,- ',,; \, 11~~:J. ~J ... ~-;~ ~"'G., to< '0'" J ,1 

• !~ ~ ~ <"1. .... \ ' •• ,' 

1 ~\ l' >' ,\.~ .~' ,J l ~ A ~'O' 1 \ \' ~ r , 2, l' l' -; ,;' • • ; .,' , ... ~ l f - ~ ,r 

. ,", ,'" ,~'"' /'. ï '.' ":," ",,'" ',' . ' .. , ," ~;" ' . "', , 
',-,'. i ' . ," . , .1. "' l '..:'\',';;> , " ,1 l, 5 4 ,Adaotl~~ Patn GO'llhol '.' " \, ~ • ~ • ~ \~.J ,'~ il .. , l ,r 1 1 ./ ,1 , t, ,\ .f'(> , 1. r,::." ';~;""" ,",.' ';'\," ", : ',;' , ' ',.~,' -:,: " ',:.':; ,;",' :' :',:"" .... " " 

:\t<' 1!, ,~: ,'~:,·r:~J1,,~·,,1 " ,5"~,~,':~:oipplt~,:1:'~~tiO~:.,,,~, .. ".~': /::~, '; ,'1' ", ,,' ',',.,,':, "" ":.;,,' 

,', ' ;' l ',1 .. , l ", 't,ertiim ;~egr~ ',of~ free~om ln th.,~ tÇ!ol f,~me of, the.' mimlpul~t,or' may: be dèstgria't,eq. '" .' ) , ;, 

"~ '.', r ~i '.\: ~:' ; '-', às c;ompli~~t,' meahing' th_~t 'qÎ~ti~~ ':,"' ~h'ese' directions wal ,-9~,',fori~ ,serv~ed :,Ii1~~~ad,:~L »,:' ," ,} 
" ,j,,'" '; :, positidn servo~. Il' is,asspn1ed that there-'Is·a corrèspondlng.r-èa'-world constra'int aga'i,rist ' " :,' 

'.}: ,; C',' ,,' , which ~h~ Gomplian't'for~e 'may ~çt': ot~~~iSc;:t~é ~aniP~I~t~r,~~y, S~ply''':t~ke ~~","i" .. 
} ... j " 

" ,~: '~ ',', ':c' ' ;"the designated comphant directions Compllante en~bles thf! r~bpt to'traék a constrëlining 

, .' ,'\ , 

l, 

• " '~" 'r' ,,' ',! ,"' : sUrf~~~, ind apply a cert~ir:i flmoun't of, 'force ~o' Il. ;a~her:th~n follo~ cr fixed ~raj~tory, " , , , 

·f !~ 1· '1 r -l', 'f- • ~~ ~ 1"' ._/, 'r' ') d r;, el
'
' ' ' \ ~: \ t ,~ 

,;:::: .' ", l ' Compliance may be sp~ifie9 using' t~e primitive' ,,', .. ' _, , ", , 
1:; ~" ~ \ 1 q 

"f ,\ 1 t \ ~ ~ " ~,\ ~' ~ 

r ' ... 
',': : ", \ ':- ~olllPl'y ("specification_s,tring"-.) value_d,.' .. ,' va~ue~n),:, : .. 1", 

" i " ~ :' r, : Î: , '1,;'" :' ... ' .. ",," , \ t " t! ' ~ Il' l " "" • ~ " ~ 
I} , ,,1 {' ~ }:" "t , , , ... 'r' ,- ,~ 1 -'l ~ 

,~',' :(:1 '~' ,: ~', :. ': };:~,>:~:., Th~,spedJlcatl~n string dete~mines which d~~,~~'.D~e-fr~d'~~ are to b~'~~mpt'ia,nc~'~o~< d, l, " J 

.' ~. /~'~~ ':-~. ,_~:.'~ / ~::', ',,'" tr,oÎled: wi~h the corresponding force or ',torque vo'l)ù,e'giv~n. :i~, the ~~'of ,th~ arg~~in~ I~$t: 
',: }" 'f ;~' \ ': • ,;-, ,~ ,/~l«, 'begtees of fr~dom are taken out of cotnpliancè mo~ witll tti~ prim,itj~,' ' 
t. ~"'~""''''! '/~-"", ""'''''.- ~~~-: _",;!.- ~,'l.,~ c 0 \ ". ~ ~ .' , ( l ,(' 

t." ,;::~~ , r ~ \\,: ., ~ 'l' 0 , .: 1 t 0 , .. • 

" ", ,~, .',,' : e, '", r;: '. l,oct ("speiificatiolLstring");" '. 
( !.o ~,"~ ,\'1~" &\"', ,; ,~,.':l :.:-::, ',\,:," o,~ '! l' , ,. " '\ '-j r' J b 
~ "r . "u' ; ':~ I} ,~ / _. j , ',/ l, r 

, 'r .,' ',:,' :', ~,: ' .. ;> ~:' l', d'rie particul,ar problem assoclated with ~ompllant motion, is the pO~S1bihty, of shî>page 
l' 'C ,. , 

: ')~:'~' \ ..... /'. ' ; ,_ ': ~;:' :',:, ,. ,~f •. ,~h~ ~anipulat~r IS tracking a surface that does not p;oVtd~ a st'able cons'tramt. to the 

~ 1 -- •. " '. c~mpliant force, the tool may "slip otT" the surface This can be detècted by specifymg a 
, ..::. , ~ ( 1 f 1 p~ _ , 

:' ~~~' _~;, :' ' ",,~, ~ '::,':,' 'pith' deviatlon limit ln the compilant direction when shppage occurs, thls hml't Will qUlc'kly 
A~~~ ~,~ , 

/ \ .' . ' be~exceeded ,and thé motion will be tern'lInated However. Il may be deslrable to then 
l 'f' \ ~. ~ ':.. ... "1".. ,'" - 0 - .. 

,'l" ... ,~, l'lI .. , 
,l, 

~,.;: D ~ 

, ' 

" " , " 

" \ ' 

, 1 . , • b , , 

'1 " 
,,: .. : 'i ' 

." 

, , , , ~ , 

, ,,"t>. 
" . 

'. , 
,,) , , , 

, , 

" " ~ Tt. ! . ' " ,.. " . 
{, f" .... 

" ~ .... r 
, \ 

\ ' ., . , 

, f 

" 
" . 

, , ' 

èxecûte 'a difJerent motion requ~st other than the next one pres~nt ln the queue ThiS 

~ p~oblem of having the trajectory generator. select dltTelent'n:.ot!on requests based on how 

the prevlOUS, motion terminated requires an extension to RCC Land IS examl~ed ln sèctlon 
l '1 1 L 

5.6.1, ", ' . 

. . 
, \1 ~ f)' ,~ t l ' , 

'5.4,4 : '(feal:.time Modifiea,lion of lh~ Destination Position 
, ~, "n ( 

Jt· ~s possiole to attach functions to the destination position which 'âlter 'it in real­

, ", t;i.me, ë~':Ising ;1' çorrespondmg change ln the t{ajecto~y. Th;s IS done',by bmding' mod)fymg 
, , . 

functlons to the lndividual transforms that deflne the position The binding is accomphshed 
; • l , ' ~ .-

by setting the in field in the TRSF structure to tlle function address Modifymg functlons 
,~~ , 

" ' 
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Sil' AdaplIv( PM~ Control 

• ' " 1 J 
'\ '". - , 1 ..... 

rous,t. be deflOed so as to take one argurT'lent. wh.chds a pOlOter to the TkSF data type. , . 
When in use. the functlon IS calted by the ttajectory gel1erator once every, sample penod. 

using' the trélnsform it is bound ta as an argument. 

As a ~peCific example. con'sider a case ln which the t transform in the example of 

section 5.34 is bound to'a functlon that ma ... it trace a drde The function can be \ '. .' /' 
~eclared like t~~s , / 

~,~atiç time = 0; 

trac8_circle' (t~~$for~) 
TItS" "'-transform; 

'" {--:- \ 

float angle; 
! .. ' 

., . aJ'lI1e'= 2 # 3.~~15P * time; 

, 1 

, 'transform-->p.x = sin (angl.): 
"1:ransform->p.y = cos (angle); 

\ ' time = time ~ J; 

/01" FuDc.tion takes l 'argumept: ,4 *1 
/* point'er to a transi0rD! '*1 

,r 

/* Compute the circle,anglé'and '*/ 
1* set tbe X anp Y parts of *1 
/* the transform'aceor4ingly */ 

/x Inerelllent the time e(>unter ~J 

.' 

, \ The hlnding is done in the program with the stalement 

. '. t->tn = trace_'C.:irele; 

l '/; l' 

'In su'b5eq~ent moves to pO (of which' t is a cOr,rlponent) the x and y transfati~nal com-
l ' 

pônents of 't will trace out a circle at the rate of one degree per traJectofY sample per'iod. 

and a CIrCUI~lf motion will be superimposed on the trajectory (Figure 5.3(a)) If the robot 

is "stopped", 3t pO. then the trajectory will be completely clrcular (Figure 5 3(b)) The 

fùnctlon 'binding may be rernoved by settmg the fn fjeld to the predeclar~d value const, 
o 

The r~al-tlme modification of a transform may also be tied directly\ to sehsory input: 

rn this way. for example. it becomes easy to control the maOlpulator with a device such as 
" , 

a joystlCk 

.' Since transform modifylng functlons are called at the traJectory level. they are subject 
, r-, 

to the restrictions of ail Rel control level functions. de\cribed ln sections 2.2.3 and A.2. 
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!I 5 Ass~ssl1wnt 

5.4.5 General Considerations 

.~ 

It 15 a55umed that any adaptlve changes made to a path segment are smooth enough ' i 

10 accommodate the dynamlcs of th~ maOlpulator. thls is imp'ortant because the traJectory ,'. ,,"\' 

g~nerator has no control ove' the adaptlve changes 

When a transitIon IS made to a new path segment from a path segment which has been 

adaptlVely modlfled. the traJectory generator takes die path modifications into account by 

examimog the present posItIon and velocity of the robot and using thls to fIt the aclual 

path to the one origmally planned (Figure 5.4) 

A dISCUSSIon of the implementatlon of the adaptive trajecto~'y feat~res is given ln Ap­

pendix E 

5.5 Assessment 

At the time of this writing. ReCL has been in consistent use at CVaRL fpr SIK' months 

The overal! framework appears to be good. The primitive set is satlsfactory. and can be 

easily extended when necessary. 

Sorne partlcular restrictions are: 

1. Users must be quite knowledgeable ln programming and robotics c()nc~ts 

2. The force control primitives presently suffer from a lack of adequate force sensmg. 

Force control is do ne using jomt motor currents (as described in Chapter 4 and 

Appendix~E) \ which can result in large errors. mostly due to fnctlon. Most seriously 

affected by thls IS the force hmlt sensIOg, although force feedback would also be 

useful in "hardening" the comphance features and making them more rehable , 

3. Reaction t.me can be slow the plannmg leveLmay not always respond quickly to 

events occurring at the trajectory level This limitation 15 milinly a result of the 

pre~ent singlé ,processor / UNIX implementation. 

4. The existing synchronization mechantsm between the planni,ng aritJ trajeCtory level 

is somewhat awkward. 

The computational resources required to generate RCCl traj~tories are of mterest . 

Table 5.1 lists the CPU time required per traJectory cycle for severa! different trajectory 

modes. A brief descriptIon of how these trajectories are computed is glVen in Appendix E. 
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5 6 'Prpposed j'~lprQiicments 

Trajectory mode 

Joint 

Cartesian 

Cartesian with joystick-driven functional transform . __ 

Cartesian with force limit detection 

\, 

- .. ~ -- --

12.0 

15.5 

18.0 

19.0 

Cartesian comphance with motion limits IInd 2 functional transforms 28.0 

Table 5.1 CPU lime per lrajectory cycle for different trajectory modes. 
on a VAX 750 with floating point accelerator (millisecond~) 

5.6 Proposed Improvements 

Usage of RCCl has underscored the need for several enhancements. which are described 

here-: 

i ~ C~nditional response - ~na.bling different motion segments to be executed depend­

ing on how the execution of the preceding motion segment ,termmated. 

2. Multiple robots - generalizing the motion request mechanism to handle' multiple 
, ' 

mampulators. 

3. Synchroniziltion - improving the synchronization mechanism. 

_ Each of these wil~ be discussed in the following sections. In any robot control envl­

renment, these issues are intimately connected to the way in which the motion request 

mechanism opera tes. RCCl uses asynchronous, non-blocking motion requests. which are 

issued from a smgle thread of execution. lt should be mentioned. however. that there are 

other approaches: for instance. in the language Al (Mujtaba and Goldman 79]. motion 

requests do not retùrn until the motion has completed. Asynchronous activity and simulta­

neous motions are instead made possible since the languag~ i'tself IS concurrent (i.e .. allows 

parallel executlon of statements). This technique is' not possible in RCCl unless its host 

language supports concurrency. To date there has not been eoough experience a_t CVaRL 

using concurrent langué!ges to permit a conclusIon as to whether or not this .appro~h 15 to 

be preferred 

• These extensions are not implemented in the present version 
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Condili~nal Motion Req~esh 
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5 l P.ropofed' Impr:oy't:lnentJ; ~. . , 
'~ , 

, II { 

< " , ; l, 

. ReCL motion segment requesls are queue'd and'then executed ' To be able 'to queuè 
J' • \" l ' 'l ," _ 

at' least one request ln advance Îs useful bec~'use t~è traJectory generator 15 th,en abre to 
immediately perform a smooth transition to the ne~tlmotlon segment (as d'iscuss~d ~arlief) 

\ 

.; without havlng to walt for Instructions trom the planning level. Knowl') as continuous path 

\. 

~ 
\ 

motion. this feature is present in some commercially available robot 'controllan~l/ages (I!.g .. 

VAL Il. (Unimation 83)). 

The terminatlon of eac~' motion segment is ass~ci~ted with' a partlc~lar cOhditlo~: ~uch 
as normal terminatlon. ex.ceeding force or d,;placement lim~ts. 0;, any' l!lrminéJtion (nvoked 

by a programmer definèd 'monitor funct;on Having only a single queu~' of "path s~gm~nts 
does n~t address the fact that it may be desirable to IOvoke different motipns dep~ndlOg 
on the conditions wlth which the previous motion terminated. This can, be done If the 

• • -... 1 \ 

planning level waits for the end of the motIon ln question and then selects, il1e a'pprc;Sprtate 
1 ~ ~ 1) 

motion segm,ent. but the time delay involved in mvoking and waiting for th~: plannmg 'Ieve!. 
, 1 ~.', • 

particulady under UNIX, may allow several control cycles to elapse and' thus prevent a 

smooth transition, 

The problem is rel~ted to the' reflex mèchanism 10 animal motor contrbl' systems Sup·' 

pose a motion segment trajectory is beirlg executed. If the mO~lon ends in one way. we 

- wish to invoke motion retluest A. However. ·i~ the motion terminates in a d,fTerent way. we 
, 

may wish to invoke a different motion request B It may be desirable to ma'ke this deCISlon 

immediately at the trajectory level. without stopping. ilnd wlthout havtng :to consult the 
( ~ (1 ) \ 

planning level. whlch has a slower response time. . .. ' , 
We couW deal with this problem by allowtng the planning level to speclfy. in advance. 

not simply a queue of motions. but a tree of,possib1Iitles'(Flgure 5.5(a)). along whlch the 

trajectory generator steps depe"ding on how the various motIOns terminate UnfortUhately. 

it would be unwieldy to manage such a feature JO the context of RCel's current host 

language-' to ensure unmterrupted motions. it would be necessary for the pla~ning level 

to constant', add motion requests to ail leafs of the tree which ,wer:e still active It is 

also not certain that specifytng an extensive motion request tree in advance 15 necessary 

- Sorne consideration has been given to embedding RC.t~ ,in lilSP, which may proyide a more Raturai' 
environ ment for this sort of specifièation. but that is beyond ~he scope of the' pres~nt "Nork 

~ J, " l ,\ ' ',1 , ' 
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56 Pr'oposed Improvement~ 

or deslrable, 

Sinee the main obJettt~ of advànee motton' planning! IS lb ptovide. In addition to par.. 
, - . , , , ,~ , 

allelism. the eontJnUlty of tTajectories. a simplified "pruned ttee" structu.re (Figure 5.5(b)) 

eould sufficé Motion requests are qlleued as usual Each motion request. however. may be 

followed by condltl~nal m~t;on requests whÎch specify different motion segments ta be ln· 

voked upon different termination conditions If a condftlonal motion is ln fact choseo. the,"! 

ail other motion requests are deleted f~om the queue. and the pl~nntng level will have untll 

the conditional motion completes. to notice the fact and determme the next motIon requesL 

The tree is kept "pruned" since' conditlonal motions may'not have conditiona~ motions 

specifications of the!r own. A prtmltive for requesting conditlonal motions is suggested ln 

section 576 2, 

, Other robot'control ranguages have incorporated features to execute fixed procedures 

when éerta," conditIons are met~ Al allows an arbltrary program statement tQ be exe~bted . , . 
, '1 

whenever a certain condition is s~tisfied during motion execution. ThiS IS declared using' 

the ON clause in the Al motion request statement: 

ON <cond> DO <statement> '. 

The conditioh <cond> will be watched for the duration of the motion; if il occurs. then 

<statement> is executed A~'1 sûbsequently desired motion request may be contained in 

<statement>. . 

An equivale~t to the ON clause i's diff/cult to provÎde LInder the existing Reel system. 

Sinee the plaf'În' and .. trajectory levels operate asynchronously. an <action> wôuld either 

have to be executed ln the form of an interrupt at the planmn~ level (whose response would . , 

probably be too slow under UNIX), or executed b'l the trajectory level. whlch w6uld reqUire 
~ t ' • , 

allowing moti~n fequests to be' made trom this level. wlth the ensuing problem of mformmg 

the plar:tning level of the action taken. It is here. then. that the Reel model be(omes 

1- li';'ited by the operating system am.f language it is based on (such as the somewhat slow 

software interrupt mechanisrns of UNIX and the lacK of concurrency ln C). 

5.'6.2 ~xtendi"1 the System to Multiple Robots 

" 

I,n general. difTerent methodologies can be ~onsidered for the progràmming of multiple \ 
, . / . ' 133 
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, Positio"s, 

. Choite of path depends on' 
conditions wll" which 

prevlous motion teoninatee! 

(a) A completely generaJ motion request tree 
, ~, \ 

, ' 

(b) A "pruned" -condltional n19tion rt;9uesl tree 
, . ~, 
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Fi,ure 5.5 Motion requtst trees. 
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,!I jj f'r.oposed Improverllents 

manipulators: 

1 Usmg multiple programs. one for each' 1ohot. each havlng a single thread of .ex-. ~ 

~cutlOri and commurllcating wlth the other progràm~ uSlOg standafd ,nterprocess 

communication facilities: 

2. U~i~g one program. with a single thread of executio,n. which 'ssués async:hronous 
, ' 

motion requests t~ the different robots. 

3_ Us,"g ~~ê program. with multiple t'hreads of executlon. one, fo(-each robot. writtén 
- . 

}n' a concurrent .language (such as Al). 

The first method is avatlable by defautt-. gi~en a~ 'operat;ng .system suth as UNIX 

. wh,ch rea~ity supports multiple PJocess~s -Meth?d 3 is not·p~.5~ible without basing RCel 

in a concurrent high level la~g~age. whereas method 2 IS rather stra'ghtforwar4 to prav,de­

.... ;and éan" be combmed with method 1 ,f desired. To impleme~t method 2: RCCL' must t)ê 
.... " .. 

modlfied as follQws: 
. - -

<> Enhancement of the /love (') primitive to ~lIow for multiple mampulators ,-

<> Enhancement of the synchrontzatlon primItives to allow for c:oordinated actIon be-
, . 

hyee? several manipulators. 

The first item is discussed in this section. The synchronizatlon pr.oblem IS the toplc'of '. 

section 56.3 

The moYe () primitive can be expanded ta take two extra arguments. one-lo sp~,fy 'the ; 

mantpulatof. and another painting ta a set of motion request parameters. UStng an expliClf 

data 'structure ta store motion parameters would allow different parameter sets ta be kept 

-,:'around for different manipulators and situations: The JIIov.eO primitive would then take 

. the f~l~owmg form: 

-JQove (rob~t.·b position. aotioD_para/ls); 

.'. 

<C, '\ l " \ \< 

,1 - , 

~'I <' . \, 
',"-

~ - ':' 1.''-:';:, 
'- . 

. h:he prj~itlves destribed ,in section 5.3.i which set the motion parameters would rema~ 
.\ . 

:- uncha~ge(f. except for an addltion,al argument spèCifying the parameter black. as ln 
• '\ ", J 

, ~ 1 -, ~ ! 

_. 1-' 
Conditional m~tÎon req~ests (section 5·.~.l) can be specified br a separa te primitive: 

,-
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~(: Propostd Impfovements 

co~d_mo"6 (condition. robot. posltlon. moti on_params): 

where condl tion descnbes elther a bUilt-1n RCCL condItIOn value (such as "force or dls­

placement hnut exc~ded"). or a terrrllnatlon code that can be set by a programmer defmed 

monitor f~.mctlon If IOvoked. the condlteonal motIon will travel ta pOSl tl on wlth the mo­

tion paramelers specifled by motlon-.p~rams The mdlcated condit/Onal motion Will be 

associated wlth the most 'recently speGlfled standard motion For example. conslder the 

sequence' 

MOye (robot_l. positi~nA. motion_params): 
move (robot_l. positionB. motion_params); 

cond_move (condA. robot_l. positionBack~pA. motion_backup_paraMs); 
cond_move (condB. robot_l. positionBackupB. motion_backup_params). 

move (robot_l. positionC. motion~params): 

If,the move to positlonB termmated wlth elther condition condA or condS, then the 

conditlonal motion to elther positionBackupA or pOSl ti on8~ckupB would be mvoked. 

otherwise. the speclfled maye ta posi tionC would occur 

The planning level coulq determlOe how and when each motion had completed by 

examiOlng a status !'ag assoclated ".J.th' the motion request (section 563) 
, ' 

ln deahng wlth multIple robots, It remams convement ta desCrlbe locations usmg the 
, , ' 

transform equatlons dlscussed"in sechon 5 3 1 Ta get two robots to môve ta the sa me loca-

>tion reqUlres thal the pôsitlonitl. relationshlp betw~en the two of them be known Suppose. 

for instance. that we defme a position pl from the equatlon, 

(5.5) 

Assume that thls is used to position o!,e of the robots: A second robot may be moved ta the 

sa me location· by defining aJ\.. equ!valent transfor~ equa'tlon p2 contaming the t!ansfQrm 

• Assumably laler 
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. ',", ' , ' _ - , ,,.- ,_' ,.,', ','.~ ~ • Proposed 'InrprOliehlentS' • ..' -. , 
'''1 • • .... • • 

.... ~ , , 
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> Rl 2>' ,eJatln~_"the. 'baSé coordÎnaie system: of the -ftrst rob<?t to' the. bas:é toôrdm~te' sy~t-èm' . : . 
• , ' " J < t~ ~" " .... ~ " \., • \ , ~. ,." ~ ~ • 

of the s~Qnd robot. ' -' 

8 

, " , " 
p2 ;:t ma'keposîtion (r12, z. t6. EQ., b. TL', t6)'; 

, , 

M~v;ng the seco~d rôbot to p2 will place ils ,end efFectqr at the S!lrit~ location as that .' . 
,j , ........ -

defined fo~ the flrst robot by pl 

lastly. i~ should be noted that a m~ltl-robot versi~n ~f. RCC~ can be_Im~le~ènted o~~ . 
top of a multltaskmg versIon of RO {Chapter 2), wlth the t~ajector-y-gener~tion fo; ~ac;h ~ 

robot bemg performed by a separate Rel control task 

5.6.3 ,A New Sy~chron;zation Mechanism 
: 

The present RCCl synchromzatlon mechanlsf!'l based on event flags. ass~CJated 'wlth 

. '~;sti~atlon positions needs to, be 'replaced ln gelieral. the synchr~ntZatlon of !llultiple 

mantpulators requ-Ires that 
, , 

,.ç. the ,motIons of dlfferent robots may bé started sImultaneously: 

V .the motIons of dlfferent robots may be stopped slmultan.eously. 

<) It is possIble to determlne the present status of a glveri m.otÎoJl r~quest 

" 1'0 àccomplrsh this. ';"e propose removmg the present synctlroni,latlOn mechants~ com-' :' 
'- . 

pletety ln Its place. Cl structure called an event flag triple (EFT) 15 'defir\~d. one o( which 

mar, be assoclated wlth each motIon request Each EF T conslsts- of a ,$tart flag. a stop 

flag. and a s(atus flag The start fJag controls the begrnnlng of the ass()clate~ motion. the 

,stop flag contraIs termlnat,on of the motion. and the status flag Indlcates the -actual state 

of the motIon The start and stop ftags are set by default or by the user program. at either . 

the -plannmg or tra)ectory le,vel: the status flag IS read-only and IS set excluslveJy by the 

trajecto~y level The operatIon of these flags is sultlmarried by the f()lIowmg r~les 

1 The m~tlQn. assoclated wlth the EFT may not begln untll the start'flag IS set tb a " 

start code value Normally. thls will b.e done by default when the move () request _ 
\ ' " " . 

is issued. but an optIOn may postp~)Oe this until sorne later tlme. After the flag has 
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A:. ~~.' important t(5; '~sc~rte4~ .that ~his .. ;r~t~iQ; i;. saf~; ,1. e. " that the 'motion is guaranteed to 
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". -. ::ëorllple~.ind thè statos flag will npt 'bec:;ome ~tuck' at-êither a NULL or 5tart value- . 
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> This is eâ's.y to de!h'~ostrl)!è:' "Ttre-p!dtocol i~ mo~eted with the Pe~ri Net shown IO>Figur~ 
, 1 

~.~' 'fo. " - '5.6. .T'h~ pre~n;e.'of >~ l~'K~ 'in:'the. hrsf lwO pléH!es, 'Pf and p2. denotes the conditions 

~ : . ' 

, . 
'~.' .. 

," ~ .. 
" •• " l 

• >, . , 

. ", 

'n "'. '" :.. 'b. ~:,.e.,. - \~., ~ 'I~ 
,:~ where'tlTè.sb'tt"ànd:·stop fI2lgs.«respeêt-wely. ~ê set to non:NULl values No assumptlOn IS 

.. ' .,. -... ..' ... .. ~ - . 
~, m.ade aijout wh~t ,or~~t the fÎag setting ;;,.;y tlkè'place, it is only assumed only that once 

o • ~et:fI-ags are not re~et' to NUl~L ((ui~ aboI/el Thi!ï~eanS tokens may app~ar m these 
~ . ~ _.. . ~ 

, ~-';,", places. bltt not dlsappear. ~t"iS"-assûmedJ""t flag s.ettings are observed by .the trajectory' 
- .... , ~ '" ... ~ .. ~. .',,"'.. A. ~ ~ 

". ,gen~ra~C!.r in t,he' sarrfe or4er, !hetjhey "'arè' ~t by die çontrolling tasks. and hence there IS 

t ,'- ' no J1e~d t~ exphcitlt moq~1 an;'ti!!,~· dêi~ ~hi~h'-may be involved À token 10 places p3 
• • 'h- Q n,.. .. 

-' through p5 dèp1.cts th~ 'lh'e€~states of the motion itsèlf, pendlOg, active. and completed 
i .. • ~ _. -" ... ,; 

· To~ens in' pl:Jces p6""~md p7 lrldicate,wllèU1er .the status flag l'las been set to CI start or 
'+ • , .. ~ a .. 

.. ~ _ .... ~ - ~ ." ~ -» 'O\H..,..... " .... 
, , stop value. depenqtng on whetfler p6 or »7 w~5"'trarisiti~ned to most recently Agam, It IS 

- ... .,.. ,,1 .dl 

-.' ". àss~med that the status l1ag ietttpgs are received by ~bsérving tas~s in the same arder as . . 
· they. are set b~ the traJe<:tory' generat~ aDd ~o. ~iajn an~ assodated time delay does not _ 

\,.. ~ . . . ' .. have to 'be e~p"cltly consldered. 1=rQtn the"feacha~fi~ tree-for~thls'net (Figure 5 7), It may 
~ 

tre seen by inspection that the t~ô- possi'&J.e:Jinarmj)rki~gs. 'm8 and m9. both correspond 
\ .. .. -< '0 t ~ 

• ' ' tq a oompleted motlon.".with the st~~usJla~~haviBg l4Jst.beei set t~ a' sto~ code . 
.,.". , (l' , ... ~ 01 .. . ' 

-. ~ ~e. _ ...... 
'1 -f __ , ,,:# -

.. 
'A; .... 

. 
. '-

, " 
. 

1. .. ..-~ ... .. . '..;-.'" . - .... { ... .... ... 
~ :. .. . 
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5 (, Proposed hnprovemenH 
( 

, " 
1 l' ,-

We now deflne' the synchroOlzatlon primItIVes themselves , The programmer ,Y/ould 
~ 1 ) _ " , 

." ',.alloc~te an EFT and assoclate It wlth a motion b'y uSlng the dl~ective 

\~ 

.. : ~: 

, , 

'- . 

" 

, 
4-

l ~, \ ~ t 

.... " , 

, , 

G .' , " , ' 

,- , 
\,,_ '.: 1 

"t, ' 

r " , • \' 
/ .' \ 

, " 
, ' 

1 1 >--
ln place of the usual mO'/e () primItive. A pOInter to an EFT would be returned' Aftet -the ,'( 

program~er had fm,shed w,th a part,cular EFT sucn as when the motIon has complet~d, , 
It cou Id be returned to the system wlth the cali 

, . 
wnich would release the nuinber of EFT s jndlcated by copnt: 

, ,! -', .', .~ 
' ..... II.. \" ';.1:-

~~., l ' _ 

Condlt/onal mot/ons would be assoc/ated ~Ith EFTs ifllPlicitlY. by inheriting, ,when' " 
>' " 1 l, 

appropriate the EF T ass,gned to the nominal motion whiç}1 was ·tp folÎow , Consider, for 
- - J " 1 

, \ \ , I( 

\ instance' 

llIove (robot_l. positionA. motion_pllrams); 
eftl = move_ev (~obot_~. -positionB, llIotion"p~rams); l , 

( , 

cond_mOve (condA. robot:...!. positionBackupA. motlon_backup_params); 
,cond_move (condB. robot_l, positionBac~upB. motlon'_backup_params); 

If the second motion segment terminates w/th e,tner cond,tlOn condA or condB. then 

the indicated conditional motIOn would occur ln place of the default move specifled to 

posi tlonC. and the conditional motIOn would be controlled by eft2 

SettÎng the start and stop flags of an EFT may done usmg the followmg functlons. 
\ 

- Set the start flag of the indicated EFT 5 to the value of c.ode 

s_top_ev (code, count. eft_l, ' ... .' eft_n); 

- Set the stop flag of the 'in'dic~ted EFTs to the value of code. 

These primltiyes allow multiple arguments to permIt dlfferent EFTs to be set slmulta-, . 
neously. whlch is necessary when' synthroOlzmg the 5tart or stop of two Q1otions. 

The status of an EFT can be exal1)ined with the primItive 
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5 7 Summarv 

" \ 
, , 

whlch returns ttle status flag value for the indlcaled EFT This function may be combmed 

wlth 10gtGal opera tors and walt primitives to bUild any deslred test or blockmg operation 
\ 

,', " Lastly. for complet~ness. a primitive should be provided which flushes an entlr~ robot 

- . ' 
.'. " , motion queue ànd brings the arm to a hait: 

l, f~. . , 
s,top':abort (rC?bot); 

, , , , .... '. 
~, 

, 
, ' ~ 1 - ff 

, , 

'~J,' I~ "", ~~ 
", , l ' 

1',,- , ;. " ~ 

, ~/ < '. 5.7 'Summary,' 
k .. ' , ' 

. 
, " " '. 

" 

, " 

, ,; 1 

" ( ': ' 1 - ... ' ' l'... 1 l ' " 1 ~ 
Reel is il trajectoty control package implemented usmg the Rel mechaOlsrrr'des'cribed 

\ , ' 

,-
ln Chapter 2. It ~s intended pri~arily as 'a tool for developers and researchers, ~Jth' robot' 

1 

" 

, ~ontrol belOg determi~ed through a set of hbrary routines (currently wntten m the lang'uage ' 

1\' 

\ 
" , 

'J 

, , 

... C)" Robot motions are specÎfled by path segments, each parameterized ln terrns of the;r 

destlOatlon position. veloclty. path mterpolatlOn mode. and path adaptatIOn charactenstlcs 

MotIon requests are bUilt uSlng special pnmltlVes and queu~d for serVlcmg by a trajectory 

generator runnin~ as an RCI control task 

The path adaptation features permit a partlcular path segment tO,be altered dynamlcally 

by a user~speclfled functlon or compllance speCIficatIOn. or termmated when certain hmlt 

conditions are met 

Having used the original system for several months. 10 has been seen that certain 

improvements are necessary It is suggested that the path specifICation be extended to 
" 

allow condltlonal motIOns to be bound to difTerent motIOn terminatlon conditions. sa tnat 

If a path segment 15 termlnate,d, the trajectory generator can immedlatety start the next 

path segment wlthout having to walt for Instructions from the planning level Supplemental 

arguments are sugge5ted for the motion reque5t primItive to allow d,fferent robots and sets 

of motion parameters to be selected It 15 also necessary to Improve the synchronlzatlon 

mechanlsm between the plannmg Jevel and the trajectory generator The recommended 

. way of dOlng th,s calls for aS50clatlng an ellent I/ag triple. consistmg of a start, stop, and 

5t~tUS flag. wlth each motion request for which synchroniza,tion IS required 
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'Chapter 6 

1 

'-
'. 

; \ 

CONCLUSION 

We recapitulate here the results of th~ precediog chapters. and dlscuss some 'areas for 
'\ 

future work. / 

GlVen the a~sistan~e of MACS Y MA. the derivation of the robot kinematJcs and dlfrer-
'i 1 " 

-' "' e"ntial kinematics was 'à fairly straightforwarq procedure. 'It was possible to condense the 
- l ,,\ l ' 

, ' 

" 

" 

" " '; ',: -~olution for the Jacoblan cOfllPutatlons Iryto a form that reqUired. 10 the worst case for 
-!,.. /) ,i. ; .... ,' 1 

"' ' , " the, PUMA 260. ~6 multiphes/dlvlsions and 23 addItIons. e~cludmg tngonometnc. functlon 

J" 

taUs., This has roughly the same cost as, the forward nommaI ktnematlC c.omputatlons 
( ". l ' 

. implemented ln the eXI,stmg versIon of RCCl. whlch reQUlre 41 multiplies/divIsIons and 17 

" . 

'additions, Similar results <can he' sho~n for, the Mlcrobo \ 

For robots of thls complexity. then. the symbohc determlnati'on of the nommai and, 

differentlal kinematlcs yields solutions wblch can easlly be handled by'more advanced ml­

croproces~ors·. wlthout havlOg to resort to spec;ial purpose systems such as those descflbed 

in IOrin. et al 85). MoréOver. the symbohc' formulation m~kes it easlèr to optlmatly handle 

cases where the manlpulator ,is slngular. Since the terms which remail'l well-defmed are , ' 

known ellplacttly and may still be computed 

• Such as the Motorola 6$020 with floating point coprocessor 

1 \ ,~' \ 

~' ',",' 

, . 
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6 2 Force C.ontrol Paramet€rs 

A method for Improvmg the accuracy of the kmematlC model '(las qUickly mentloned 

al t~~ end of Chapter 3 It would be useful to to actually perform the error measurements 

called for by tOIS method. determme ItS practlcahty. and see whether or not It IS possible 

to use mformation from such a model to slgnlflcantly Improve the run-ume accuracy of 

the robot. at an acceptable cost ln computation. KmematlC errors account for the weil 

known difference between robot repeatability and accuracy. whlch is typlCally an order of 

magmtude 

6.2 Force Control Parameters 

A simple method was discussed for determinlng force control paramèters by measunng , 

the work done as the robot was moved along a speclally selected path. This proved ta be a '­

quick and rehable way to obtain the gravit y loading and fnction terms for a robot where the 

JOint friction is not unduly large. The integratlon inherent ln the work measurement reduced 

the' effects of nOise and random variatIOns tn friction This method could be rncorporélted 

lOto a general self-calibration routine fOt manipulators. allowmg the determlOatlOn of both 

the intrinslc grav.ty loadmgs. and the load of any mass whlch IS betng carried 

Using the motor currents to estimate the instantaneous applied torque on each Joint 

was less successful because of local uncertamties in the value of the friction. particularly 

the statie fnctlon Mappmg the observed torques into Carteslan space amplifies thls error 

still further. In the best configuration. the condItion number of the manipulator Jacoblan 

for the PUMA 260 was determmed to be about 1 8 ln this position. a typ'ical statie friction 

error of .s Newton-meters (Table '4.6) will result in an error of abou~ 4 5 Newtons in the 
~ . 

observed translation al force. 

A way around thts problem is to perform the force/torque senslRg at sa me point 10 

the system after the Joint gear train. One method involves placmg torque sensors on the 

output shafts of the joints and determming the torques there. This has been done suc­

cessfully at Purdue University with a Stanford manipulator lPaul. et al. 801 Unfortunately, 

most commercially available robots are not equlpped wlth such sensing devices. and thelr 

installation requires major mechanical work on the robot. A more common method involves 

using a force sensor to measure (~rtesian forces directly at the wrist ISteplen. et al 8S). 

This ylelds very accurate information for Cartesian force control. though at the expense of 
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6 3 The Rel Systen, 

dlr~ct ~nowledge about the JOint torques 

6.3 The Rel System 

The Rel system provldes an easy interface for writing trajectory level robot control 

software ln the programmmg language C. By providing a coople of extensions to UNIX 

4.2bsd. it was possible to creàte a conveOlent real-tlme software envlronment r~nnmg un der 

UNIX Software development tools. mcludmg a Slmulator and compilation-link commando 

have been provided. and the programmer now has complete access to ail devlces and 

~énpherals assoclated with the PUMA robot controller. IOcludmg the teach pendant. 

RCI is essentially an IOterrup.t handhng mechanism that provides the ablllty ta do real­

time control wh Ile the plannmg part of the program executes ln the utllity-nch domaln of 

a large scale operatlOg system. This concept can be extended to permit multiple control 

tasks. where each task IS simply an interrupt drtven procedure. The problem of compu­

tational load can be resolved by dlstributmg the difTerent control tasks among separate 
;"\, 

processors The Issues involved ln dOlng thls have been explored. IOcludlng the nature 

of the inter-task communication mechanisms and suggested hardware and software archi­

tectures It was recommended that the system be deslgned around a set of board lev el 

microcomputers. each with local memory. ail mterconnected usmg a bus topology A hlgh 

speed parallel bus would provide the necessary speed for the control applICations under con­

s·lderation. as weil as the flexlbility to Implement software commUnication based on elther 

shared data or message passlOg. Throughout the discussion. the author was gUided by the 

following paradigm. 10 the development of real-lime systems. muluprocessing can ohen be 

best realized in terms of a set of subordmate processors ,interconnected ln a general way 

and in tum connected to a host Program development IS done on the host ln a consIs­

tent envlronment and executable .mages are loaded mto the processors. This pnnclple IS 

present in Harmony [Gentleman 8S}. It IS also the basts for a distributed computlOg system 

for robot vision applications under development at Bell laboratofles (Selfndge 84/ 

The hmlts of such a system are determmed at one end by the computatlonal power of 

the indivldual processer5 and the bandw.dth of the connectmg bus ln pnnclple. there 15 

no reason why a sufflciently enhanced version of the system could not be used to perform 

Joint level as weil as robot leI/el control (section 1.3.1) The limit in the other direction is. 
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the c()~plexlty of the processes that one would wish to Implement usmg the Rel mode!. 

,if a task 15 very cOf!lplex and operates at il slow ;ate, It IS probable that the hmlted Rel 
" ...... 

control task environ ment would be tao rt:stnC\lve 5uch tasks. ho-wever. can be run al the 

planning level whlch has full access to the hast operatmg system 

One obvlOUS proJect would be to Implemenl the multlproœsslOg Rel which has been 

described and test Its usefulness It is interestlng ta conslder an environment that allows 

rapid creation and prototypmg of. differe'nt control algonthms. and structures. where the top 

level of the progra,m execut!!s as an application program under il' general purpose operatulg 

system. Two particular asp,ects to such a project would require strong attention The 

{t,st concerns the physlcal and logical înterfacing of the multiple control processors to the 
, h 

hosto Rt!tlcularly If shared mem~ry is desired, a common address space would have to be 

Pl0Ylded êKross the-system that d~es not mterfere wlth the host's native opeTatlOg system 

A second aspect of the work wo'uld be establishlOg high level developmeryt tools for the 

easy creation and maintenance of the targe! .mages fOr the' dlfTerent proèessors By th,s 

is implied both run-tlme tools such as slmuJators and debuggers: i)nd compile-t,me tools .. , 
" ~ , ~ 

slmilar ln kind to the 'UNIX make'command- 5uth problems are not trlv,al. given that the 

development of multlP.rocessor ~ulJitasklOg software IS Itself not usually easy 

6.4 RCCl 

Reeloffers a fle,jble approach to robot motion programming. The suggested Improve-
11 ,J •• 

ments regarding the new synchronazation and tond,tional motion primitives are stralght-

forward to impIe ment and ms ta Il. The system may afso be extended to control' multiple 

mampulators, as dlustrated by the prototype multl-robot primItives The ImplementatIon 

of a multl-robot ReeL would requlre a mult,taskmg Rel. 

As a programmmg basls for implementing more sophlstlcated or speclahzed robot pro­

gramming interfaces. Reelis quite useful glven the advantages in flexib,hty Il has over 

" commerclally avallable robot control languages The fact that It IS complled offers- a con­

Siderable improvement ln terms of speed alone The user of ReeL. of course. IS assumed 

to be versed ln robot technology There 15 sorne dlsadvanta~e in that the syntax of Reel' 

is restncted ta function ca Ils in It5 host language, but this IS a cosmetic problem whlch 15 

tolerable for a set of development prtmltlves. 
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" 6 ~ Gener,,1 Conllnenls about (rc~t'"~ if Robotlcs Rescd'rch E nVlronmcnt 
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, ' 

A partlcularly useful aspect of ReeL IS the bUllt 10 force co!"trol (comphance and force 

hmÎt pnmltlves). although ":nproved force sensm~ IS req'ulred. a~ nOl~d ln Chapter 5 and 

the conclUSions above concernmg force control. motor current feedback 15 not ad~quate for 

accurate mstantaneous force/torque detection 

RCC['s principal use 15 to serve as a trajectory gener~tbr, Interface, Work remams to 

be done both at the Implementation level in terms of simplifymg the method by whlch 

these trajectorie~ are gene~ated. and al the user level by gen~rallzlTlg the way ln whlCh 

tr3jettories can be 5pecIHed One éould. for Instante. use velocity constralnts. in addition 
\ ~ 1 .. \ 

to positions. in speClfyiog trajectones Just how an ReeL iryterface would,nave to appear 

_ ~o a more advanced system whlch mcorporated colliSion plannmg and avoldànce also needs 

. to be consldered It sho,uld be noted that the use of coordlOa~e frJJmes alon~ to descnbe 
c 

robot p~5ltlons ~nd trajectones 15 mamly useful only for 6 d~gree of freedom manlpulators 
? 

when more degrees of freedom are present. the robot IS redundant. a+d extra informatIOn 

(or rufes) must be provided in order to solve the inverse kmematlCs À simple case of thls 

may be observed with six degree of freedom robl:>ts. whlCh can have discrete redundanCies 
, . 

which -defme the robot's configuration RCel curr~ntly allows thls configuration (the extra . , 

inform!ltion) to be set explicitly. otherwise. the kmematlcs are solved assummg the eXlstlng 

configuration (a ru le ). The handlmg of, truly redundant ~antpul~tors will IOvolve much more 

thought 

6.5 General Comments about Creating a Robotics Research 
,Environ ment 

Given that the work described in this thesis has been ,directed towards developing a 

rob~t research environment. some conduding remaFks will b~ made toward thls in general 

The necessary chor~s can he grouped under the followlng headings: 

1: Taming' the robots' Deriving various equati~ns and parameters to obtain models of the 

" "mampulator 

2: Taming Jhe software. Providing a programmlng envlronment ln which the user has 

control over the mampulator at the level of his/her choice . 

. 3. Taming the hardware. Although not greatly emphasized in this thesis. a certain amount 
, ~ 

,of effort was- required to fl'lodify the purchased equipment to support the required 
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6 S General (omment; about (rtaulI:., a Ro\)ot!(s RfSt.ilCh Enl/lronment 

communication ~md data acqulsJtlon capablhtles This has been partlcularly true ln 

working wlth the Mlcrobo robot 
-' 

Predktably. the job took longer than estimated to complete. durmg whlCh tlme several 

pOints were noted Flrst. the requirements of manufacturers to providè turn-key systems 

which IOsulate the user from technical details are contradictory to the requlremenls of 

'research faclhtles to have access and control over those very detalls. Sorne manufacturers 

do nofexpress much interest in helptng to overcome this situation. Second. It was observed 

°that Ir settmg, up a mtegrated robot system. a pnnclpal tenet should be to keep the d/ITerent 

components reasonably uniform. This is simply in response to the facto discussed ln 

Chapter 2. tl1at the 'resources are typically not available. in a laboratory setting. to master 

and interface to éI multit~de of components 
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" 

Appendix A. Rel User's Manual 

'A.l' Synopsis 
", 

The Rel system alJows a programmer to develop robot control software by deflning 

control ,funct/ons, whlch run 10 parallel wi'th t~e malO program al a selectable sample 

rate, These control functlo!'!s defme a hlgh prlonty control tasJc. whlch commuOicates 

through shared variables wlth the main program. or planntng task Because of the real-

r tlme constraints Imposed on the control task, the control funcltons must meet certain 

restrictions (section A.2) A set of primitives IS avallable'at the planning level for Inltialwng 

the control task btndlng the control functlOns to It and actlvatlOg the, control. releaSing, 

the contfOl. and clo!>tng the task (section A 3) Bath the planning and control levels may 

i~ter.act wlth the robot through a pair of speCial data structures (section A 4) The Rel 

system watches for error conditions and acts on them by releaSing any currently active 

control and sendmg a signai to the plannmg level (sectIOn A 5 f Sorne software tools are 

avallable to asslst m developmg Rel applications, these IOGiude a command ta asslst" ln 

c.omplhng and loadmg the program and a Simple robot slmulator under whlch the program 

may be run to help flnd software errors (sections A 6 and A 7) 

ThiS manu al descrlbes the current version of Rel. whlch IOns under VAX/UNIX 4 2bsd . , 

A.2 Function Restrictions 

The Rel functlon restrictions arise tram the tact that ta meet real-tlme reqUirements, 

they must always be resldent ln the VAX's main memory. and must also be executed at 

elevated prionty from wlthm the UNIX kernel The resultmg restrictions are 

1 Ali modules contamlllg code and data whlch .s accessed by the control functlons 

must be compr.led and loadeâ lOto the main program usmg speCial procedure 

This IS ta enable the Rel system to Isolate these code and d 

time and lock them m'main memory A command called rcc. 

provlded to take care of th.s for the programmer automatlCally 

below, IS 

2. The control functions may not IOvoke any UNIX system cali ThIS means that 

file and devlce 1/0. memory allocation. and process m~nagement routmes are not 
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accessible from the control level' 

3'- The control functlOns must complete executlon ln the time mterval deflned by the 

sample rate 

'~4 Care should be taken to keep the functlOns free of bugs Although anthmetlc errors 

and access vIolatIons will most likely b~ caught by the UNIX system. there IS a 

small chance that an IOvahd memory rèferénce lOto the kernel memory space WI" 

cause a system crash Sance the functlOns are non-mterruptable. Infm.te loops are 

understandably undeslrable as they will cause the system to hang 

A.3 ~y.tem Control Primitives 

f 

Each primitive described here returns 0 If It was abJe to execute successfully. and 

-1 otherwise. In whlCh case an error number .s placed ln th~ global variable RClerror 

The error numbers are defined ln the flle <ro})ot/errors. 11> RCI global variables and 

parameters are defined in the file <robot/rci .11> 

RClopenO 

- imtiallzes the Rel control task. 
ulage' 

status = RClopen (); 
int status; 

,~ 

• d •• " eler.pt.on· 

Initlahzes the RCI control task Must be called before à control is started us lOg RCI­

controlO The RCI ,system will remain open untiJ a cali is made to RClc1ose() 

error.: 

" 

R_OPENP - RCI control task aJready open 

ICPAGELOCK - cannot Jock RCI control code 10 memory. 

R_BAD_DPEN - cannot open robot commUnicatIon devlce. 

R_BAD_IOeTL - cannot control robot communication device. 

• This IS not a great 1055 sinee system calls are usually very tlme·consumlng and one would Wlsh to aVOId 
them anyway 
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RClcontrol() 

- act,"ates RC/ control 

U··le: 

status = RClcontrol (functionl, function2) 
int statùs; 
int (*function1) (), (*tunction2)(): 

description 

Rel User s Manual 

Actlvates a control session using the two user supplied control functlons These fun", 

bons will be executed ln a nçn-interruptable context by the Rel system once every 

control cycle To satisfy the real-tlme requirements of the Implementation. the func· 

tions must meet the restrictions detailed m section A 2. The control session will rematn 

active until elther an error condition at the control level forces a terminatlOn. or a cali 

is made to RClrelease O. 

errora. 

R_NOOPEN - Rel control task IS not open 

R_CONTROLP - Rel control already ln pro~ress. 

R_NOFUNCTIDN - Illegal functlon pomters 

R_BAD_ IOCTL - cannot control robot communtcation device 

R_BAD_START - robot commUnicatIon devlCe hung. 

R_ TlMEOUT - control task tlmed out. no response trom robot 

RClreleaseO 

- deacti'lates Rel control. 

uNie: 

RCIrelease(power_off) 
int powtr _ off; 

description: 

Deactivates any Rel control which is currently acti~e: this must be done before any 

new control can be activated with RClcontrol(). If the argument power_off is true 
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(non-zero). the robot arm power will be shut off. otherwise. the arm power will remam 

ln the state It was ln An error condition at the control level will automatlcally cause 
<J 

a release to be performed. shuttmg off the power If the error IS severe enough. 

errora 

R_NDCONTROL - no RCI control 15 ln progress 

. R_BAD_ IDeTL - cannat control robot communication device. 

RClclose() 

- closes down the Rel system. 

usale: 

RCIclose (power_off) 
int power_off; 

description: 

\ 
\-' 

Closes down the Rel task if it is open. If a control is active. then control IS released, 

and the robot arm power IS either turned off. if power_olf is true (non-zero). or leh . 

in the state it was in If pow,!r_off is ~false. If no control is active. the clrgument 

power_off is Ignored. 

errort. 

R_NOOPEN - Rel control task is not open 

A.4 Communication Data Structures 

80th the planmng and control levels may obtain informa!ion about the robot or send it 

commands by accessmg the data structures how and chg. respectlvely. whlch are predefined 

by the Rel library 

The how structure contains state information about the robot and must be treated 

as read-only Command and value fields ln the chg structure are set in arder to specify 
{ 

commands to the robot Bo!h structures are servlced by the Rel control level once every 

sample period. 

Ali of the parameters and structures given here are defined in the. file <robot/rc i . h> 
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how 

- robot state mformatlon data structure 

data structure definition 

Idafine NJ 
Ideline TP8 
Idafine ADe 

fi 
3 

16 

struct how ( 
short 

}: 

wc: 

unsigned short 
status. 
state. 
exio; 
pos CNJ1. 
inportJ. 
outportl. 
pendant [Tf1; 

short 
adcr [AD~1; 

description: 

1* the number of robot Joints *1 
lx no. of bytes sent from 'teacb pendant *1 
1* no. of analog-digi~al converter ch~nnels *1 

lx reserved for internaI system use 

1* robot error status word 
lx robot 'stat~ descriptor 
1* contents of robot ~xternal 110 register 
1* position of e8ch joint (encoder values) 
1* readings from p~raIIel port! 
1* outport sent to parallel port! 
lx data sent from the teach pendant 

I*.analog-to-digital convarter readings 

*1 

~I 
'1 
"'1 
*1 
*1, 
"'I 
"1 

FI 

NJ is the number of joints on the robot (currently 6) 

TP8 is the number of bytes of information that are returned {rom, the tejlch pendant 

to describe which buttons are currently bemg pressed 

ADe IS the number of analog.:to-digltal converter channels available for data inp~t 

The flrst 6 channels are reser,ved for Rel use 

how. status contains a (;ode describmg any error condl~ which is detected on the 
~ . 

robot The nominal ('ilo-error) value of this word is 0 The error codes are deflOed ln the 

flle <robotlcadk.h?, 

how. stat. contains flals which describe the state the robot is currently in The 
1 

flags presently defined (in the file <robot/cmdk. h» are. 

CALIB_OK - the robot is calibrated. 
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TP _ Of: - ~he teach pendant IS communlcatmg properly 

ZJ.1IDEX~()K - the robot calibration procedure was successfut 

1 ': RCI User $ Manuell 

, : how. eii 0 contams mformatlon descrtbmg the externat switch setttngs on the robot 

E:oritroller. as deswbed 10 the flle <robot/ addef s . h> 

',' how. pOS- IS an array contamlOg the optical encoder readings describlOg the position 

, ' 

, 
, , 

\ ' 

of each JOlOt angle. Eac~ optlcal encoder readrn,g is a 16 bit unsigned rnteget The allowed 

r,ange of each optlcal encoder valu~ varies' from joint to Jomt. ~nd ,15 described 10 the file 

,<robot/pumadata,b> 

'how. inportl contatns a 16 bit val"e equal to the Input present on the robot (ontroller 

. pàràllel mput port 1. 
, , 

how o~tport,l c()'1tains the' 16 ,bit ~alue which 15 çurrently .actlve on the robot <:o'n-

troller parallel output port 1. 

. how. pendant IS an a~ray contalOlOg the three ~yte$ la st r~ad bac~ from the teach 

p'endant. These bytes descrrbe whlctl keys. If any, are currently actlvated on the teach . 

pendant The protocolls descrlbed 10 the document "PUMA 260 Teach Pendant Protocol 

in the file /local/doc/robot/teacbPendant. txt 

how. adcr IS an array of readmgs from the analog to digital converter attached to 
'. 

, the 'robot controller Readmgs are returned as 12 bIt, two's complement values The tlfst 

, 6 clements ln the array are reserved to describe the motor current at ·each JOlOt The " 

, remammg elements are for use at the dlscretion of the 'programmer 

chg . 
-, 

, , 
- robot control data structure. 

rdata atructure definitiona: 

, Ali of the paramèters and structures given here are deftned in the file<robot/rc~ .h> , -

typedef struct { 
. ·char èom: 

unsigned short 
} CMDVAL: 

typedef struct { 
~har À COIl ; 

} CMD: 

~.~ ( . , " 

/* 
1* 

value; /* 

1'" 
, 

/* 

~, 

Valued cc_and structure: 
couand code 
corre'sponding value 

Unvalued command structure: 
co_and code 
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struct ~hg { 
CNDVAL motion CNJ]; 
CMDVAL setparam [NJ1; 

CMDVAL setpar~mAL1;' ~ 
CNDVAL adco; 
CNDVAL hand;, 

"CMl)VAL rate; 
CNDVAL checking; 
CMDVAL outportl; 
CNDVAL pendant.: ' 

'CNDVAL zindex: 

RU User 5 Mantlal 

/>, con'trol Joint motlon 
j~'set JOInt control parameters 

/-' set control parameters for al1 joj~t$ ~/ 
/* open ana~og-digital converter channel ~/ 

/* ~ontrol end eftector ~/ 

/* set control cycle rate ~/ 
/ ... set checking options *1 
'1" set panl~el output port 1 "/ 
/~ set teach pendant display - */ 
/~ put joints into calibration mode */ 

eMD 
CMIl ' 

end; 
s,top: 
power_on; 
powe~~,off ; 

,,/* end'control se~sion with robot 
~J. /'" 'stop the robot 

o ' eMD 
CMD 

}; 

, description , , 

/* tum on the a~power 
/* turn otf the ~rm~ower 

" 

The robot may be controlled by writmg âppropnate entrres into thls data structure 

Once every control cycle. the Rel system examines thls structure and sends the appropriate 

commands off to the robot controller . 
Each command e~try ln the data structure contams a com field. and posslbly a value 

" 
field Issumg a command IS done by settlOg the value field. If present. an~ then settlng the ' 

com field to the requested cor.nmand Later. when the RCI system dlspatches thls command 

to the robot. It cJears the cam field -Commarids assoclated wlth a value are descrtbed by 

the a.,DVAL structure: commands not a,Ssoclated with a value are descrtbed by the' CND 

structure. 

chg. moti dn IS an array of CNDVAL struct'utes which thrett the motIOns of the mdl-
J, • " 

vidual jOints of ttH: "rm For ~ach, Joint. the com field may be set to one of t,he following . ' 
commands 

, , ' 

PDS - Instructs the joint to move. dUrlng the next cycle. ta the .encoder count 
.' , 

speclfled in ,the value field. 

CUR - sets the current on t~e joint la the t.o' s complement signed value specified 
, . 
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by the low order 12 bits of the "alue field . 
'/, 

STOP -, stops the 10mt motion The value field rs IgJ)oreél-

-c RCI User ~ Mallua! 

STOPCAL - stops the JOlnt40110n and sets the oP~lcal encoder count tll> tlle valuè 

specif,ed ln the value fJeld - This command IS used ln robot calibration procedures 

For ail of the remamlng chg elements. the-only".relevant settmg for the cQm f,eld IS true 

(non-zero) 

chg sf!.tpa~am IS an ,array of CMDVAL structures whîch are used for settmg varrous 

control gains and parameters ln the mlcrocontroller for each JOint DefInitions for these 

parameters are contalned 'm the flle <robot/addef s . h,> 

chg. setparamALL sets vanous control gains and parameters fdr ail the JOint mrcro­

controllers at once 

chg adco Instructs the robot controller to open the analqg-tQ-d,gltal converter chan­

nei descnbed ln the valu~ field and post the readmgs trom Othis channelm thE:! ho~ struct'ure 
~ 

chg hand controls the robot end effector At present the Instruction IS entered ln 

the value .fIeld. avallable instructions are OPEri and CLOSE 

cbg. rate changes the control cycle ~ate The new rate IS speclfled by an mteger 

entered m the value field. legal values are presently 0 (72 Hz). 1 (36 Hz). 2 (18 Hz). and 

3 (9 Hz) 

chg cheékjng changes the nature of the -robot state checklng done by the RCI sys-

'tem The value field is Interpreted as a bit map descnbtng whlch checkmg features are to , 

be enabled The vartous bit values are deftned in <robot/errors. h> 

chg. outport 1 "Sets the robot cMtrolter parallel output port 1 to thtt contents of t~e 

value field 

cbg pendant sets the dlsplay of the .teach pendant accord mg to the conténts of 

_ the value' field The protocol IS deswbed ln the document "PUMA ZOO Teach Pend~nt 
Protocol". In the f.le /loc111/doc/robot/teachPendant txt 

cbg zlndex turns on calibratIOn mode for those Jomts whose correspondtng bIts are 

set ln the value field ln calibration mode. the JOint moves as requested untlilt reaches a 

reference mârk ln the optlcal encoder. at whlch pOlOt Ît freezes untll a STOPCAL command 

is recelved ThiS IS used ln robot calibratIon procedures. 
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The rematnlOg commands have 'no value assoclated wlth them 

cng, end IOforms the robot controller that the control sesSion has been released ., 
'cng, stop stops ail robot JOints 

A.5 

cng, power_on turns on lhe robot arm power 

c11g power_off turns off the robot arm pawer 

Error Handling and Recovery 
" 

The Rel system watches far varraus run-lime error candltlons 5uch as hardware or 

communication fallure. iIIegal cammand specifications 10 c,ng. and range errors on vanous 

robot varrables 

, Whlle the control tas~ 15 open, any error occumng at the 'control level will cause contrai 

to be released an,d a SlGHUP signai ta be dehvered ta the main program By def,!ult. thls 

signai 15 caught by Rel software. whlch then prlnts a diagnostIC message and causes 
. ~ 

the program ta eXIL ln' Instances where It IS deslred to have the pragram recovJr from 

such errors. Il IS possible for the programmer to speclfy hls/her own handler for SlGHUP 

(section A 5 3) The Rel software also catches any SIGINT (lnterrupt) signai recelved by 

the program. and by defaull causes a message to be prtnted and the program ta eXit ThiS 

was do ne smce SIGINT 15 commonly used ta abort programs from the keyboard ln whtch 

case It IS deslrable to have the Rel system catch the abort and close the control task 

properly 

Under no cltcumstanees shauld the user diree,tly assign handlers for SlGHUP and SlGiNT 

using- UNIX system calls, slnce this would Interfere with internai "baokkeepmg" done by 

the Rtl software -./ 

A.5.l ~ination codes 

When an error is generated by the Rel control level. .t wntes a diagnostic errOr code' 

into the global variable RClterminate Thl~ is a 32 bIt word. 10 which the hlgh two bytes 

conta," some status flags describmg the error conditlan and the low two bytes cont~in a, 

specific error number Error codes are defmed ln the file <robot/errors, 11> 

The robo! range chee king reports the fo"owmg error conditions for any JOint Any of 

these checks may be disabled by uSlOg the chg, cbecking command (described above) 
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, R..:REQCUR -' Reque~ted Gurrent too' g~eat. " 
J~ "f . , 

, R_REQPDS - ,Reqûested p,osition ou~':o~ ~ou':lds, 
( ~. . . ~ \ 

. The ~olio:"mg get'leraJ errors are'also' reported by'!h~ R'~ sortwar~: , 

.' ~ -. 

, , 
' .. 

',/ . , 

" ' 

'A.S.2 User-g~n~rated_ 4;,,,,or, conditions' 
,} 

< • 

" , . 
.. '" • ~' t ~. 

, Under certain clrcumstanç,es, thè progr~mmer may -wish to force an errdr COl:ldltiorf-from' , 
. " ~. . ~ --

..vithln one of the control functions. ~his may be ~one by settmg the RC1ter1/'l~na.te varla.ble ' f, 

ta any nonzero value reserved for use by the progr~ÎTImer (wh'l~h is any code n~t' defin~'d 
• ~ • j 

in <robot'lerrors. h» It.5 recommended that this be doné only for error:; dlscovered at' , ' 

the controllevel. if an error conditIon 15 di5coveted at the plannmg level. ~ is-proba:b1y best. 

too cali RClreleaseO mstead ", 
,-, 

P' 
" , 

A.5.3 Specifying an error handler 

'.J #<; 

The user specifIes his/her own error handler by setting 'thé poiijter ~se-'_han8u~ t~ , -
, ~ ~ , ~ -.. ~ ~ ... ,,~ -

the desired handhng routine Thereafter. upon rec~ipt of a SIaHUP sigoal. the Rel software' 

. . " 

, 
, " 

0' 

"-t-. -"'n 

- , ' 
~ ~. "' /" 

...",., .... -. 
• "f 

1 )"4 
, ri . ,\ 

will tirst release control and then cali th.s toutme The user's handler may be "unsef''- .by """. ~ 1 
r <oc...".... ,,'f 

assigning user _hangup a value of HULL (1 e , ~) 
} ~ .. . ' ~ 

?uTularly, a user mterrupt handler may,be assigned or· dea'ssigned by s,et~;n,g the funét!on' ';: ',:"''-' 

pointer useClnterrupt The ,Rel softw~re does ,lot perform '" auto~à;k releasè upon , •. ::' /" 
, • 4 ", t 1 ~ • ..( 

the recelpt of an IOterrupt signal. 
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Il 
12 
13 
14 } 

'lop8'Jllp (en'v. jw.p_code).; 
~ 

'.15 
16 'mainO 
17 ( 

/20 . 'otber definitions 

,. 

1, .... 1 
" 

" 

d 1 

• RCIopenO: .• 

" '. 

21' 

22 
23. 
24 
25 
26 
27 
28 
2g 
30' 
31 ' 
32" 

user_bangup = error_bandler: /* set up error'banl:11er 

3i '. 

if «jWllJ1_code = setjmp(env» !"" <» . \ 

{ Slf'itch (jump.code) 
{ 

} 

} 

different error recovery act~ons 
~d possible call~ to RCIcontrolO 

RCIcontrorCfl, f2): 

, l 

main program, 
~, 

, , "-. 

" ' 

,r 

, . 
... ,', 11, 

.' . 
," 

~ \.~ ... 
~,. '" ," .l'~ '. , . . . 

, , 

. ,. ' . .d 

... ' " -, 

,,'r 

" 

The cali to setjmpO (fine 25)' performs the initiai context save, al whlch pOint 

setjmpO will ret\Jrn_w.th a value of·Q If an Rel error later.occurs, the handler Will 

,'first be Invoked, an~ then control will be returned. via longjmpO (Ime 13) ta the P~lnt 
Il • 

where setjmpO flrst returned. 'se,t)mpO will then "uiturn" aga.n, though th.s t.me w.th 

'. the value specified by the fast argumeht to longjmp Th.s value (assigned to the variable 
1 

J~ 
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:rh~'ca" .t()"'.RCfco~trQ.r(J i~ m~de' aiter the err9r handler ,s--set. ,to àYoid'possible~fà,~~ '\'. 

. . .. coriditiQ~~. For' detail~ o~ setjmp( i 'an~ ,lC>1J8j~pà. ,ttJ~, ÙSffr :Sho'ul~' co~sult '~e en~r'y 
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A.6 ' The Ree C~":'l'Qnà' 
~ 'i' i , -

" 

Il' ~. r , ~ • , ~ 

,. 'Ret application programs must be tompltèd"and linked accor,ding to a particular format. 

"A, special interface tothe C compiler and linker .. ~afled Tec,' 15 provided to msulatf.' the user , 
from most or. these details 

The t'cc comm~nd 15 used just likè the C compiler cc. with a few changes Programs 

.• ,'" ~ _ .,,·;7: _, ;/, are compiled and loaded according to a çommand hne speclficatlOfl that looks "ke 

. , J l " ~ , l " ~ , • • ~ -. 1

1
' • t..' r .:' ~,,_;,',:,: :.~ .. ~~,::>,'i' , . Tee <plannmglevel args> REAL <controllevel args >, . 

..... ~., , " . '~e t~l'l~rollevel arguments m~lude any obJe~t hie, source file, or 'hbrary wtllch contalns " , . , 

..... , " 
i !, ... " '.: :\\., ,', ,"':'~o~~ :0", dàt~ sir.uc~ufes ,that Will be accessèd at the control lavel The effect of placmg 

~ , tfI~~.fiJés 'to~the rlght,~'f the keyword REAL IS to ensure that they are complled and Imked 
~. 1,. ~ " ' '~. , 

in' s'uitl, a WJJ'j·. thilt·the correspondrng portion of the executable Image may be locked in . .', - . 
'main, mertiory wh~n the,pto~ram IS run', 

" 

:, . Ali the usuaLoptlons'to the C compiler. such as -0: -g' ":c, -o. etc. are .appllcable, 
, , 

" ê!np,may be placed on elther side of the REAL keyword One change from the C compiler is 
" 

that the default output 15 named after the ftrst source or objecthle rn the .comma~d IIst . 

. 'the '''-0 optIon. of course. Will overrlde thJS Â set of libraries is also referenced by default. 
, ,~ ~ ~ '~~ ~ 

includmg the RCllibrary and the math Ijbrary, 50 th~ programmer,does not.need to spectfy 

these 'expltcitly , , 

We now g.ve a 'couple of examples ,~" ' 

'. 
.,' A user' wrÎtes an ordmary (no,",-RCI) p{ogram in the' fllé ,f-~~:~ .. a,Rd :..vls~e~' ~o ~o,m~jle . 

':'1 - l,' \' '-. 

>, 

,', 

. ' 

It. ,t contalns no control code. ' , 

T'CC foo. c REAL 

~ 

will compile and load too. c and place thè output in foo. (This exâmpl~ 'does -not 

specifically reqUire the Tce c~mmand.) 
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, Now we conslder an RCI apph.<=;ation wrltten wlth two hies deflOlOg the plan OIng levelj, 
'r ~ 

'1001. e an~ fo02. 0" aod one· filé contaimng control functlons, called c tr leT 0 comptle 

an~ load ,this. applying the C optimizet. the user may speclfy 
1 J ~ • 

ree foo1.e fo02,0 RE~L etrl.c -0 

',' 

.' . :SOIlbollevel object modules should be complled usmg ree and the ::~c option' 

,':'ree -ç REAL etrl1. e ctr12. e 

will generate obJect modules etrl1. 0 and ctr 12. o. which may be loaded later by 

. placmg them to the nght of REAL ln sorne subsequent cali to ree, 

A.7 The Simulator 

"A simulator 15 avallable on whlch RCI applicatIons may be run ln non-real-tlme and 

without any of the control functlon" restnctlons The prinCipal use of thls IS ln debuggmg 

control level software 

The slmulator IS a process whlch emulates the robot When applicatIOn programs are 

hnked w.th the Rel simulator hbrary IOstead of wlth the usual real-tlme RCI hbrary the RCI 

system will Interface to thls process. mstead of the robot Except for thls the program 

runs normally The s.mulator hbrary may be Invoked by using the keyword SIM ln place of 

REAL ln the ree command (section A 6). as ln 

rce foo C, SIM traek. 0 

The simulator It5elf is a program called simula It i5 necessary to start thls program 

runntng before the Ret program is start~d A typical invocation may look hke 

simula -p k 

, where the k IS the ~hell directive, to set the ptogram runnlng in the background The 

-p option tells ~ibJula that the ",robot" IS 'nltlally ln the ready pOSition and 15 alteady 

cahbrated. Another 'option is -co which starts the program wlth the "rob?t", I~ the nest 

position and calil:)r~ted If these two options are absent. the program Will start wlth the 
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"robot" uncahbratéd. and. as Wlth- the r~al robot. It will be necessary to run a caltbratton 

program before It will do anythmg else Lastly. there IS the -v option (for verbose). whlch 

causes the slmulator to prlnt out JOformatlon ~bout ItS jomt angles once every (simulated) 

second For thl5 apphcatlOn. It IS generally a good Idea to run sImula on a separa te 

tero:'!nal. In the foreground 

A succession of RCI program.~may be -run on the slmulator. which will 51mply remember 

its state from one program ta the next and contmue to emulate the robot untliit is ~XpltCltly 

kitled 

At the moment. the simulator IS a kmematrc one It operates JO a simple way by 

r parrotmg the JOint level commands that the Rel system sends to It If a certam pOSition 

15 requested. then the slmulator "moves" to tha~ position, whlle exhibl~tng the reqUlred 

" 

current. If a èertalll JOint current IS requested, then that JOint current IS "set" and the 

Joint moves accordtngly The model of the manipulator conslders only the gravit y loadlng 

and fnctlon characterlstlCs descnbed ln Chap~r 4 Although Spartan. thls IS adequate to 

meet the testmg needs of many RCI applICations, 
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3 (unell! Senslll~ C!ru/lt 

Appendix C. Current Sensing Circuit 

This IS a description of the jOint current measurement system 

The motor current for each JOint on the PUMA 260 IS controlled by a separa~e micro-, , 

processor. whlch may operate ln clther a position mode. where the cuneot lS regulated $0: 

as ta servo the Jomt ta a destred location. or a current mode, where the current 's sim ply 

set ta some value speclfled by the supervlsor controller (or RCI control task) The pOSltloh 

mode uses a PlO control algonthm whlch results ln hlghly quantlzed output values for 

the JOint currents Smce the current values themselves are used as a measure of the JOlOt 

torques. slIch quantlzatlOn can lead to large errors' ln these values One alternative would 

be ta replace the jomt mlcroprocessor software w.th a control algonthm devetoped to su.t 
, ~ 

our needs This would tlowever. have been qUite costly A slmpler solution was to make 

use of the fact that the JOint controllers run at a- sample rate of 1000 Hz. whereas the JOlOt 

torque estimation operates at a (tYPlcal) rate of 36 Hz. It was therefore possible to put a 

low pass fllter lOto the loop, between the current sensmg resistor and the analog-to-dlgltal 

converter, to provlde averagmg !>f the current measure 

The whole current c,rcuit IS shown 10 FIgure C 1, and the sensmg filter ,tself '5 shown 

m FIgure C 2 The current s'gnal From the JOlllt mlcroprocessor 15 amphfted, 'sent to the 

motor and returns through a low-valued senslng reslstor. whose value IS the Rl tn equatlOn 

(4 32) The voltage drop across, thls resistor can then be measured. and used ta determtne 

the current Because the system has a very low Impedance. noise proved to I:re ar;l Impor,tant 

de.slgn c~n5lderat,on The voltage signal acrOS5 ~ IS measured wlth a dlfferentlal amplifier. 

, and then averaged by an actlve.lowpass filter wlth a tlme constant'of 15 mllltseconds ThÎs 

"3veraged slgnalls then sampled by the analog-to-dlgltal converter The gain of the ftveraglng , 

cirCUIt. In conJunction wlth the gain of the conversIon rati? of the analog-to-digltal converter, 

determmes the \"y in equatton (4.32) . 
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Gear ratio matrix. frOrl} equation (4.2S): ", . , 

~ If \ &. ~ 

~ , . 
" . , . 

G = g3.3 

" - g4,4 
'4f 

gS,4 

g6.4 

where ) 

g11 = - 46.7200. , 

\,.. g2.2 = 69.9733 
\ 

( g3.3 = - 42.9867 

g4,4 = - 43.5111 

gS,5 ::: 39.3846 

g6,6 = 1 31.7692 

,and 

.. 
gS,4 ::: - 9.8462 

g6,4 ::: 1.0000 
, 

'96,5 = - 6,9424 

Encoder, COllot matrix R (encoder counts per radian): 
~ () {& , , a 

"1.1 

.' . , 

.'\. \.\ 1 

\I~., 'h , .'" 

.' 0 

gs,s 
96.5 

, 
~6,6 

-,"!#-

, . 

. 1 
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4 Mls(clianeou~ PUMA 260 (onQ,ll1!< 

where 

TU = - 7435.72 

T2 2 = 11136.60 

T3.3 = - 6841.55 

T 4.4 = 5540.00 

T5.5 = 5014.60 

T6.6 = 4044.98 

and ~ 

T5 .• = - 12S3.~ 
T6.4 = 127.32 

,T6.5 = - 713.01 

AOC to cunent conversion constants. referred to ln equatlon (4 32) 't" 

Vg = .00111 

R1= .301 

R2 = .300 

R3 = .302 

R. = .821 

Rs= .821 

Rij= .816 

K, = 1.333 (for ail 1) 

SOURCE Unlmatlon field semee manuat (for Gand R): direct measurement (for R, 

and Kt). and the known gain of the current sense fllter ln conJunctlon wlth the analog-to­

digital converter configuration (for Vg ) 
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Appendix E. Implementation of Reel trajectory features 

\ 
E.1 Joint and C'artèsian Trajeclories 

\ 

This appendlx deals.wlth the operation of the ReCl trajectory generator For the sakè 
"' of brevlty. the polynomial transltlonmg bet~een path segments will not be dealt, wlth. The 

-
method of traJectory generatlon 15 deswbed ln IPauI81]. and related methods are dlscussed 

in ITaylor 791 

If the traJectory IS to be computed ln JOint mode then the JOlOt posItion e a of the 

manlpulator at the start of the patn segment IS compared wlth the ca\culated JOint positIOn 

Sb at the end of the path segment Lme3rly mterpolatmg the JOint positions between these 

two values ylelds a stralght "ne motion ln JOint space 

(arteslan motions Jre slightly more compleJ\ slOce they requHe a transformation from 

Carteslan to JOlf'jt coordinat es The position of the end of the robot wlth respect to the 

base of the robol coordmate system IS defmed by the TG malflJ\ (section 3 3) Let 0 a and 
'~ (-

Ob denote the values of T 6 at the begmnlng and end of the palh segment respectlvely If 

the motion beglns at tlme la and ends at tlme lb th,s means that 
;j 

T6(t ù } = Da 

T6-ltr) = Db 

(beglnnmg of motion) 

(end of motion) 

(E 1) 

(E 2) 

A special drtve transformation Cdrrve (t) may be defmed wnose value vanes 10 tlme and 

satlsftes the boundary conditIons 

CdnveltLl) = 1 

Cdnve(t,) = Da l Ob 

(begmnlOg of motion) 

(end of motion) 

(E 3) 

(E 4) 

The Intermediate values of the drIve transform are computed so that It trc:lces a stralght 

hne m (arteslan space between Its two end values UPaul 81j Chapter 5) Hence If the 

value of T 6 IS lied to the drive functlon so that 

(E 5) 

then T (") will also trace out a stralght Itne yleldmg the reQUIred stralght Ime Carteslan ' 

motIon The trajectory generator contmuously uses (E 5 r to evaluate T 6 at Its runnmg 
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sample rate and then uses the Inverse manlpulator klnematlcs \sectlon 34) to calculate the 

, assoc.,ated JOint angles 

ThIs method could be generaltzed to produce a traJectory that follows any curve ln 

space for whlch a drtve transform parametematlon can be determlned A traJectory will be 

pro~ced whose exactness IS IImlted by the JOint repeatablilty ~a fundamental \tmltatlOn) 

the ~ccuracy of the mverse kmematlc model and the control sample rate" Computatlonally. 

however the method IS expenslve. reqUlrtng an Inverse kmematlc calculatlon to be performed 

at each sample rnterval 

E.2 Adaptive Trajectory Features 

The "stop on condition' features (sectIOns 541 and 542) are stralghtforward to 

Implement Pa th devlatlOn and force Itmlts are speclfled ln the Carteslan coordtnates of the 

manlpulator tool frame As the motion proceeds. the observed errors 10 the JOint angles may 

be transformed Into Carteslan position errors at the wnst uSlng the mantpulator Jacoblan 

J and equatlon (31) and these may ln turn be transformed Inte Carteslan errors ln the 

tool frame uSlng equatlon (113) Simllarly force measurements may be made ln CaTteslan 

space usmg the methods deswbed at the end of C hapter 4 

The compltance (sectIon 54 3) IS done usmg the Paul and Shlmano algortthm lPaul 

and Shlmano 761 ThIS Involves extendmg the drive equatlon (E 5) to tnc!ude a comply 

transformation Ccomply (t) accord lOg to 

(E.6) 

As the robot moves along Its trajectory observed devlatlons 10 the path alongf about the 

compilant axes are permltted by mcorporatlng them IOta the comply transform. thls ef­

fectlvely allow5 the path to vary freely ln the compilant dIrections At each position the 

JOInt best sUlted ta provlde a force/torque along/about each compIlant aXIs IS selected 

and force/torque servoed mstead of position servoed Computmg the reqUired force/torque 

15 done usmg the methods descrtbed ln sectIOn 4 7 The procedure IS effective when the 

configuratIon of the mampulator IS weil sUlted to the comphance problem of mterest How­

ever the configuratIon can often be such that no one JOtnt 15 partlcularly weil posltlOned to 

• The control sample rate 15 of concern SIOC€ the motions between each sample Interval and the next are 
(necessanly) JOint Interpolated whlCh causes a small amount of npple ln the computed path 
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provlde the necessary complfance USffag more th an one Jomt per compilant dlrec.tlon would 

render the mampulator unable to malOtaln Ils position profile along the non-c.ompilant axe~ 

Several research efforts m the past several years have focussed on thls problem ln an at-
'le 

tempt to resolve It usmg a hybnd control paradlgm where each of the robot s JOlOts IS 

controlled ln a unaflcd way that conslders both the posltlonal and force reqUirements ln 

Carteslan space [Ralbert and CraIg 81 Hong and Paul 851 Ultlmately, the effectlveness of 

the compilant èontrol IS restncted br the conditIon o~ the ~ampulator Jacoblan at pOints 

where the Jacoblan IS smgular. the dImenSIon of the range of the Jacoblan 15 reduced 

and It becom,es Impossible to move or exerl forces along certain Carteslan directions As 

descnbed al the end of Chapter 4 sorne fmprovement ln performance can be achleved by 

usmg external force sensors to close the force controlloop m Carteslan space 
( b 

The last adaptlve feature IS the ablltty of the programmer to tle a funetlon to the 

posItIon assoclated wlth a path segment (sectIon 5 4 4) As dlscussed 10 sectIon 5 3 1. the 

transform descrlblng the path destinatIon posItIon (Db m equatlon (E 1)) may actually be 

composed of several transforms 

(E.7) 

,These transformatIons may be bbund to functlons whlch modlfy them ln real-tlme Each 

modlfYtng functlOn IS called by the traJectory generator. once every sample mterval durrng 

t,he tlme the motIon segment assoClated wlth Db IS bemg executed 

Care 15 needed when usmg functlOnally defmed tranc::forms to ensure that the changes 

do not cause abnormally large' velocltles or acceleratl<.ns m the mantpulator ~,nce the 

a~tual change at any point along the traJectory IS hkely to i..~ "mail. It m~~' oe related to 

the correspond mg change Ir JOlOt coordlOates by the mantpulator Jacoblan 

(&81 

, As long as the manlpulator 15 not too close to a smgulanty. one ma~ ensure. the reqUired 
" 

behavlor by hmltmg the slze of de ta an approprtate value determlned by, the condItIon 

number of the J acoblan 

" " 
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