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Abstract 

Scam tracking is currcntly accomplisllcd by special fcaturcs of tllc robot and n priori knowlcdgc of scam 

gcomctry. I n  this pnpcr wc dcmonstratc the fcasibility of tracking a scam in  rcal-tiinc. A gcncral-purpose 

scam tracking ;tlgorithm is dcLcloped for iinplcincntation on a robot with six dcgrces-of-frccdoin. ‘fie 
algorithm is inotivatcd by a physical intcrpretation of thc ‘IT6 and dr6  matriccs, and thc assumption that 3-1) 

scam data arc availablc. I n  the past, tlic dl, matrix and invcrse Jacobian solutions havc bccn uscd to 

computc the diffcrcntial changcs in tlic joint angles. 13y using the invcrsc Jacobian, an itcrativc algorithm is 

introduccd to computc both largc and small changcs in the joint variablcs. Thc vcrsatilc scam tracking 

algorithm can bc applicd to a multitude of robotic seam tracking actibities such as gluing, surface grinding 

and flainc cutting. 





Aiitoi i i i i t iot i  o f  the welding process can bc divitlcd into t w o  distinct components : 

e Sciiiii d;ita ircqriisitioii iind iiilci.prcLation by ;I sciisor system : atid 
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typical im;igcs is ;icqiiiiui in i t  tcachitig opcrntion prior to \z,clding and s!orcd in the nicinory o f  the pi'occssor. 

/ \s real-time images arc ;iccluircd, a sciircli is conducted (tliroiigh the set of  triiiiicd iningcs) iintil ;I IIiiitch is 

foiind. I)ui.iiig the matching pt~occss. the positional displacctncnt bctwccii the t w o  itnagcs is cornpiitcd and 

iiscd to c o i w c t  tlic positioti o f  the torcli. 'l'lic cystcni has been designed spccilically for tlic ship building 

iiidiistr), and Iicnce opci';itcs o n l y  on fillet joitits. 'l'hc systctii docs iiot utilize part f i t - ~ i p  iiifoi.iiiation for stun 

t riic k i ng . 

An cu;iiiiplc ol'wcltiiiig-l)y-teaching is tlic systcin dcscril)cd b y  Masaki, CI 111. [Mas,iki X 1 I wliicli has ;I \,isuiil 

sc;ini trxking ciipaliility. 'l'hc robot is taiiglit tlic rcl'crcncc path for the cnd-cl'fcctor iiricl the icfcrcncc iiiiiigc 

for thc ittiage processor. I n  tlic tcacli niodc, two passes arc rcqiiircd h r  c x l i  w o r k  piece, oiic for sciisiiig and 

one f i ~  welding. 'l'lic path for the welding operatioil is gencvatccl fi.om the scnsing pnss iiiIi)i~inatioii. 

'I'lic cibjcctivc o f  tliis p;ipcr is to iritroducc ii versatile sc;iin tracing ,ilgoritlini that  clctiionstratcs the 

fcasihilily ol' tracking ;I scxn in rcal-timc. 'l'hc general piirposc scxn trxitig ;rlgorirliiri can bc 

itiiplctii~~iit;it~lcd on ; iny  robot wi th  six dcgrccs-of-fr'cccloiii. 'l'hc algoritliiri is moti\;itctl b y  tlic p1iysic:al 

iiixiyrctii[iori o f  tlic tiwwiird solution, o r  matrix [l'aiil 811 and the inverse Jacobian. '1'0 I.acilitatc 

irri~~lcniciit;itioti o f  the inverse Jacobian soliitions, iin itcr'ativc algorithm is dc\clopcd to computc tlic 

differential changes in the joint v;iri;iblcs from tlic drb matrix. '1'0 reduce signiliciiiitly tlic on-linc 

cc)iripiit;itioi:,il rcqiiircincnts, tlic concept o f  it tnoclificd tl'l', in. 'I t I I X  .' is also intro~liiccd. ' 1 ' 0  c\,aluiitc tlic 

pcrfoi-nr,iiicc o f  the sc;iiii tracing olgoritliin, ii fiiiiclional siniiil;ition p;ickagc ( f o r  rlic Cyro' robo t  in o u r  

1~ i I~o t~ ; i to r ;~ )  Iiiis bccn iiiiplcnicntcd. 'I'lic oatpiits o f  Llic siiiiiiliition ai'c thc joitit pci.-ifion and belocity :;et- 

points foi. rtic robot  control system. 

'I'hc paper is orgatiiml as follows. ' the ixmntics of the Cyro robot (iiiclucling the li)rw;ird iind ~~cvcrsc 

solutiolis , and tlic Jacobiati and invcrsc Jxobinn) ;iIc dc \~ lo ; )cd  in Scctioli 2. 'I'hc li)un<l;itions foi. tlic SC;IITI 

tracking algoritliin arc laic1 i n  Section 3 .  1:ocus is o n  tlic specification of thc 'I1(, niiitriccs :it the s,itiiplc points 
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aloiig tlic sc;iiii arid plaiiiiiiig tlic i n d o n  of tlic torch. '1'0 rcducc t l ic '  comi,iitatioii~il rcquii~cnicnts o f  tlic 

algoritliiii 1i)r rc~il-tiiiic npplicatioiis, tlic coiiccpt ofthc modified d'l'6 niatrix is introduced i i i  Scctioii 4, ; i n d  an 

iterative algoritlini to conipiitc both Iiirgc and small cliangcs i n  [lie joint coordinates is then developed. 'I'hc 

coiiipiit;ition~il rzqiiircinciits ;ire cnumcratcd to indicatc tlic potential f'or tlic rea-tiinc irnplcniciit;itioii o f  the 

algoritliiii. 'I'hc siilicnt fcntnrcs o f  the siniiilntor, which Ixis bccn implcnicntcd to c\;;iluatc rhc pcrf'oriiiancc o f  

the sciiin t rx i i ig  :ilgoi.itlini, :ire prcscntcd i n  Section 5.  Siinulation cx~icrii~icnts fiw rcpiwcntiitivc tcst c;~ses 

;ire t l i o i i  liiglili$i[cd i n  Section 6. I * ~ i n n l l y ,  i n  Scctioii 7, conclusioiis ;ire drw i i  I'r.oni tlic siiriillation 

c'x p c  1. i in c I I t s. %I ii  c I I li c 1); I p c I_ is st I ni n i a I-i zcd. 

2. Kinematics of t h e  Cyro Robot 
'l'lic forwi i id soliitioii (or 'I.(, i i i i i t r ix)  o f  the i.ohot, froni thc b m  frnmc to tlic torch (or cnd-cfli.ctor.) fr~rnic, is 

de\ clol)cd ii4iiig hoiiiogciicc\us tr;insforni;itioiis [I'aiil S 11. '1.11~ hoinogcncous transforinatioiis, relating two 

sti(:ccssivc cooidin;itc fr;inics. ai-c o n l y  ii fiiiict ion of tlic six joint cooi'dinatcs. 'l'liiis, knowledge ol'all o f  [lie six 

joint coordinates leads to the triinsfr)riiiation (or  forward sollition) f ium tlic basc fixinc to tlic torch fraiiic. 

'1.0 tlc\,cl:)p tlic honiogciicoiis traiisfi)nslation o r  (2 matrices, ;I coordiii;ttc franic is ciiilicddcd i n  cach of lhc 

six links ol' :he i.oliot, using tI;c I;cnab it-l fartciibcrg co i i vc i i t ion  [ I k n m i t  551. 'I'hc uoordinatc fraincs arc 

+own i n  l,.igtii.c I .  .loints I ,  2 iliid 6 ar:1 rcvolutc, ant l  joiiits 3. 4 and 5 ai..' prisiiiiitic. ~l 'hc oioidiiiiitcs 01 '  tli< 

i.cvoliitc joiiith ;ire 8, .  8, t i l i d  0,: iind Ltic ~OOl'dl~~iltcs of !lie prisriiatic joints arc x3. zj ;rnd y5. 'I'iic subscripts 

OII the cooi-diiiaic:, indicate tlic joint numhcr; the basc is l i n k  ;cero. 'I'lic lxizc coordinate Vixinc is lixcd at  tlic 

cciitcr of :he t;ihIc o f  tlic robot and coincide:; with ihc lirst coordiiiatc Iiainc. Wlicn 011 (if 111: t;ix joiiit 

coordinatcs arc ~ r o ,  the ;1xC:i for joint 1 (table) arid joint 6 (torch) arc p;irnllcl antl tlic rc;hot 1)ccoriics singular. 

In tlic iilgoritlini, h e  iiiiiiiipuliitor is assurncd to bc at  thc zcro position. Without loss of generality, tlic 

constant offsets of  thc robot arc xmrncd  to bc zcro. A coitntcr-clockwise rotation of the rcvolutc joiiits is 

coiisidcrccl to be positivc, antl translation of thc prisiiiatic joints along tlic positivc z-axis is considciui to bc 

p os i ti vc. 

' I  lie l i n k  pLiriiiiictcrs o f  the Cyro robot ;ire listed i n  'I'ablc 1, and  the forwitrd soiiitioii is displnycd in 'I'ablc 2. 

I I ;I \  iiig ol)tirinctl tlic li)rward solution, the valucs of  thc joint coordinatcs that lctl to the rna t r ix  c;in be 

coinpiitcd. 'l'liis I~CLCIX soluiioii [Paul S l ]  is rcqiiircd (by the siiniilntor) to rclatc rhc ' I '  n i a t r i x  to the prcscnt 

valucs of ttic j o i n t  coordinates. 'Hie rcvcrsc solution is listcd in  'I'nble 3. 
b 

'l'lic diffcreiitiiil ch;ingcs i n  tlic cartcsinn coordinatcs o f  the torch arc related to tlic diffciuitid clianpx iii  

tlic joint coo!diii,itcs throiigh tlic iri:inipulator Jiicobi;ii, [Whitncy 72, Paul 811. I'acli colurnii ol' the Ixvliiaii 

matrix J is ;I di1'fi:i.cntiiil translatioii aiid rotation vector. 'I'lic coliimri vectors of 
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JI= 
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vector 0. 'l'lic iioriiiiil vector II is tlicn clioscii to form :I r ig l i t - handed  set of vectors and is co i i i p t i t c t l  ;IS 

'H ie  vectors 11. o anti ;I dcscri I?iug tlic or ie l i t i t t ion o f  the torch and the vector 1) descr ib ing the posi t io i i  C;IH be 

spcciIic*d i i i dcpc i i dcn t l y .  'l'lic control t;isk can thirs lic sp l i t  into two i i i dcpcndc i i t  compoiicnts : 

0 ' l ' i x i i i g  ;I ctirvc iii 3--l) spncc; illid 

R1;iiiit;iiniiig proper or ientat ion oftlic torch w i t h  respect to the surface w h i c h  corit;iins the C ~ I I ~ L ' C  to 
IK tl.accd. 

'l'lic \oluinc to be fillctl w i t h  the \.veld n i i i tc r i i i l  is conta inct l  w i t h i n  two  surf;iccs (ol ' i i ietal) wh ich  ;ire to be 

'l'hc siirf;iccs m a y  bc i i o n - ~ c ~ v c r l ; t ~ ~ ~ ~ i i i g ,  ;IS in the ciisc of ;I 1)titt j o i i i t  (iii Is.igiirc 3). o r  j o i i i c t l  together. 

ovci.l; ippirig ;is in tlic ciisc o1';i lap j o i n t  o r  ;I f i l le t  joint. 

'I'hc posi t ion of' the torch is specif ied b y  thc coord i i ia tcs of the sampk  points. 'f'hc l i ) rcgoing d c x r i p i j o I i  o f  

the pos i t i on  arid thc or ientat ion of  tlic torch completes tlic for in t i la t ion of the ' I T b  mat r i x  ;it tlic saiiiplc poii i ts. 

'l'hc c n w i i i g  section specifics the 'IT6 nint r ix  h r  butt, lap and fillet joints. 

3.1.  Specification of the T, Matrix 

1 l a v i n g  i i i l c i p r c t c d  physical ly t l i r  c lc t i ic i i ts  of  thc ' I '  niat r ix ,  the nex t  step is  I(:  gcncratc r iu incr ica l  valiies of  

thz clcincnts of the niat r ix  in tcrm:; of [lie coord inates of tlic satvplc po in ts  obt; i i t icd front tlic sensor 

system. Si i icc n light str ipe projector and ;I solid statc catxiera arc miinicd to be t iscd ;I$ the sensory tlcvicc, 

the 3-11 coordinntcs of the I w i i i t s  oii the surf;iccs 1:) he j o i t i c d  :IK ni;ippcti i t i t o  pixels i:i tlic c:iiiier;i image. 

I.'igurc 3 shows a typical camera ilxiiigc (at the i-tli s m p l i n g  instant) olitiiiiiccl from 'I butt  joint. 'I'hc break 

poiiits i i i  tlic c;inicr:i iniagcs of the slll LICC ind icate the discoi i i in t i i ty  in :jic x r u i i l  srrrfaccs to be wcltlctl. '1'0 

spcciVy [lie ci:rvc to I)c traced, i t  is csscntinl to cxt ract  3-11 coort1in:itcs of tiic break j lo i l i ts  in tlic images. 'l'lic 

6 
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inforiiiarioii i q a i d i t i y ,  the oriciiriition of  the surfaces, in tlic vicinity o f  tlic break points, caii bc o l m i n c d  by 

cxtrxting the coorclinatcs of one additional point oti cacli surfncc. 'l'hc break points arc cailctl t i 1  i i t i d  v i  for 

tlic butt joint shovv ti in \.'igurc 3. 'I'hc additional points on ciicl; of tlic two surl'iiccs arc callctl pI and qi ,  

rcspccti\,cly. ' l ' l ic siilxript i dciiotcs tlic saiiipling inswit. 'l'hc coortlinntcs o f  the saniplc poitits ;IIY specified 

with respect to rlic 1 x 1 ~  friinic of [lie robot. and 11..  u . ,  Y .  and (1, arc the vcctors froni the o r i g i n  of' [lie base 

frainc to the poitits pi, ui. v i  ;ind (1, rcspcctivcly. 'I'hc cdgcs l i ~ m c d  hy tlic s m p l c  points { pi 1, { q,  1, { t i i  1 
;:lid { \ I  } iirc tlciiotcd h y  1). q, [ I .  ;i i icl  I>, rcspcctivcly. 

I l l  

'1 '0  specify rlic 1) vector o f  Llic 'I.()  i i ia t r ix  requires knowledge oftlic sample poiiils aloiig the mid-scam. I:or ii 

hurt joint .  tlic iultiircnicnt Lliat tlic torch be p1;iccd exactly i n  Llic tiiitidlc ;Icross tlic I I  and 11 cdgcs li)rccs the x ,  

y ;tiit1 z coordiii;ircs of the tiii&sciiiii to be coiiiptitcd as: 

!I;, -t v,i 

2 
, 

/ I  

l..or both 1 ; ip  and fillcl joints. to:.ch stand-off is ;in irnportnnt considci~atioii for obtaining a quality wcltl. I .ct 

tlic dcsit.cd torch si;i rrd-c,f!' tic cliarxtcrizcc! by thc p;iranictcr s. whcrc s r;ingcs from 0 to  1. ' l ' hu  coordi~iatcs 

of rlic niid-scain ;ire tlicn computccl as 

and specify coniplctcly tlic Iiist col:iinri of the T6 matrix. 

f'ractical sc;wis Iiavc cdgcs wi th  slowly-v,irying slopes. Since llic sninplc points nIc assutricd to lic closc to 

each other (typiciilly scp;iratcd by 1 niiii), the cdgcs bctwccn two sample points cmi be ;ipproxini;iccd by  ;I 
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cosiiics of tlic ,ippro,icli vector :I ;ire spccilictl ;is thc ~ ~ c g n l i w  of rlic direction cosiiics of thc iioriiial to the 

1)liiIic. 

'l'hc vector a joining rlic points 111, + h - ,  aiid in,+ along the inid-cdgc is compiitcd ;I$ 



the scgiiictit, tlic riiotioti o f  the torch is planned. 

3.2. Planning the Motion of the Torch 

'l'lic tiiotiori of the t ip  of the torch. ii i  traversing n segment, is coiii1:oscd o f  two parts: 

e Motion alotig tlic scgincnt, and 

1 .ct R1 I)c tlic t o ~ i l  niiinbcr o f  ti~~iiisitioii steps i n  which the tlcsircd cliangc in is to occiir. ' l ' l ic tliIli.rcntial 

changes iii rhc 11, o a n d  :I vectors a t  c;icli traiisilion point arc 

if,, = (tl, + A;)), 
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d' I '(, I 

Jll, do, da, dp, 
dIls do, d i I s  dp, 
1111, do, &I/ dp, 
0 0 0 0  



10 

point. Wlieii [lie torcli rcxlics the next timsition point. the proccss of pl:rtitiiiig tlic niotioii of tlic to id i ,  

,ilong thc scgiiicirt 'iiid during tlic transition, is i.cpcatcd to plan rlic niotion for tlic nex t  segment. 

k(0) =- ,?( 11-A) : 
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X ( h )  = -(ACA -AI))Ii'  t 2 ( A C &  -All)li3 + 2 ( A I \ ) h  + A  
1 I 

X ( h )  -= -4(ACA -A13)li3 +6(AC& -Al<)h7 +2(Al3)  
I I 

4. The Fdqiodificd dT, Mat r ix  
'l'hc ~ 1 ' 1 ' ~ )  i i i ' i t i  is spccilics ; i n  iiicrciiIcntal chaiigc i i i  tlic ot'icnt;ilioii and positioii ol' tl i;  to ic l i  i i i c l w x l  by 

incrcnicnt;il ch,ingcs in thc jo in t  coordinates. Scam tracing rcquii-cs iiici-ciricnt;il cliiiiigcs ( i  ti r l ic Iiasc 

cooi'diiiatcs) iii I > o t l i  tlic position and orientation o f  the torch. Sincc tlic changcs i i i  tlic base aiitl tlic joiiit 

coordi i iatcs ;ire rcl'itcd tliiuiigh the licjnlincilr iri\,ci.sc Jacohian coort1in;itc traIisfol'riiilticili. ;I !:ilia11 chaiigc in 

the positioii and oi-iciitation of the torch in the base coordiniitcs may rcqiiirc ii largc cliaiigc i i i  tlic joint 

variahlcs. 'l'liis i u l i / a t i o n  Iiniiipcrs ;ipplication of tlic inverse Jacobian to co~irpiitc llic dill'crcntial cliaiigcs i n  

tlic joint coorclinntcs fi.om tlic dT6 matrix. 

'i'lic goal o f  this scctioii is to iiitrotlucc the concept of n niodilicd L ! ' I ' ~ ~  matrix iiiid a i l  itcr;iti\;c iilgoritlirti 

which docs no t  restrict [lie i1:itiii.c of c.li;ingcs i n  the joiiit vnriiiblcs tha t  lcd to tl!c spccificcl tl'l'o niatrix [Kliosla 

1i.I). I f  rlic chiriigcs arc iiicrcmcnt:il (:IS awiincd for the tlcriviition of the inverse .Iiicobim), tlicii rhc ;ilgoi'itlini 

c o i i ~  crges iii thc first itcixtion. In d i e  cnsc of largc clinngcs, the iilgoritliiii convcrgcs r;tpitlly ( i n  11 picirlly 2-3 

itcriitioiis for  the cxaiiiplcs liiglilightctl i;i Section 6) to tlic appropriatc d i'ciitial cli;iiigcs i n  tlic joint 

coortlinirtcs. 'I'lic ' I , ( )  in:itris at the nest point is coinpiitcd hy adding tlic p i w m  ' I T O  nia t r ix  to the Iiiotlificd 

d'I'() i m t r i x .  'l'liis iil~l?l.oacli rcdiices coiiiputatioii time bccaiisc coinputin:, tlic iicst ' lq0  inatrix docs n o t  iu1iiii.c 

tlic li)i.wartl solirtion. 



!.et ilic poxiiioii and tlic oriciitiition of the to id i  nt points l i  and S bc specified by 'l'(i,c aiid 'l'(,s9 rcsl)cctivcly. 

I .et bc w d i  tliat tlic cliangc CI'I'~~ i n  leads to 'I'lius, 

I - ( , , ~  = r,, + nr, 
(2.0 

through ;I transfol'lriatioli c' ( i n  the base coordinates) which coiisists It is also possil)lc to r c x l i  

 of;^ tixnslntioti along tlic x ,  y and  L axes l i~llowct b y  ;I rotation 6' along ;in axis k.  'l'lius, 

f i o i r i  

w lie rc 

I.'igiirc 6 dcpicts thc total  desired cliimgi. i n  cncli of  the n, o ;ind ;I vcctoi's, while travci'c;ing fr.oii i  point 11 to 

poiiit I )  (in 1,'igurc 5) in AI steps. 'I'lic coiiipuiicnts An,  A o  arid Aa, conipiitcc! froin (30)-(32), arc shown in 

1;igii.c 6. 'I'Iic :ire of thc t i i i i t  circle rcpi'cscnts the loci of  tlic 11, o ;ind :I wctors cluiing rlic trailsition. 1 .ct 

(~i,()~,, 
a n c l  bc the uiiiioriTi:tliml vcctors whose tips lie oi! the point I{ / oir tlic wiiiglit line joiiiing 

poiiits (1 and I). 'l'hc !,iilisci.ipt LI iiiciiciilcs tha t  tlic i)cctors ;ire unnormalizctl. 'l'lic vcctors ii,l, oK iiiid ai( arc 

o1it;iiricd b y  iioriri:ili,:iiig [lie iiiirgnitudc o f  the corrcspoliditig vectors to uni t .  leligth. 
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~l'lic unnoimiili/cd \~cctors o f  the tiiatrix arc computed as 

I laving obt;iinctl tlic dit. (lo ;tiid (la vectors of' t i ic ~ 1 ' 1 ' ~  matrix in (15). it  rcniains to cotnpiitc [tic (11) vector to 

s l m i f y  coiiiplctcly tlic mati'ix. 'l'hc: vector tlp is cotnpiitcd as 

4.1. A n  Iterative Algorithm to Compute the Differential Clianges 

I n  iippliciitions, such as sc;ini tracing (in wliicli the saniplc points lic at incrcincntal distanccs along tlic 

sciitii), tlic rccliiiiul cli;iiigcs i n  tlic joint. var-iahlcs rnay not be iticrcnicntal. A priicticd cx;iiiiplc involvcs 

t i x i t i g  ;I sc;ini which h i !>  I~rigc :rlo!:c v,iiiitions. 'l'hc $ I T 6  mirtris is rclurcd io  the cl-tii~~gcs in rlic joint v;ir.inbles 

tlirokigli tlic invcrsc Jacobian 'A hicii, i n  turn,  is derived iindcr the ;issur1iption of' siii;ill changes in tlic joint 

viiriiiblcs. hlany of tlic sciiins cicci!l'rit;g in praclicc have slo\vly \liirpitig  slop^^ atid application o f  tlic invcrsc 

J,icol)ian to makc [tic incrcincntiil niotions is comput;itionnlly :iclv;intagcous. I t i  practice, tlic s c m  rnny  

cs1iil)it lai.p,e slopc ch,iiigcs at  i1 fc\b points, and the solation obt;\inccl ( fo r  Llic diffcrcnti;il chniigcs i n  tlic joint 

cooidiriiitcs to i c i c l i  [lie r icxt p i n t )  from the i n \  crsc Jacobian iriay exh ib i t  signilicint errors. 'l'lic torch is 

thiis pl~icctl at thc iiicorrcct point oil the s c m ,  and n kirgc error (in tlic posi:ion m c l  oriciitntion o f  the torch) 

i:; i tit rod wxi. '1'0 o \uco i? i c  this 1) rohlcm, ;i ti itci'a t i vc iilgori t h i n  is i n  trod ttccd. A block -diagr;ii 11 o f  tlic 
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'l'lic ;iIgoritliin iinpleiiiciitccl at the i-th iteration is : 

( 3 6 )  

(3'7) 

and Iicncc, 

'I'lic algorithm conwrgcs ( i n  tlicory) wlien till of tlic components o f  the d'l'()l m i t r i x  iii ilic 1~loc.k-tliagruii ( i n  

I.'igur.c 7) itrc ~ r o .  I n  priicticc. the ;iIgoritliiii is ;i:;suinccl to converge when c x h  ol'tlic clcniciits of tl'l' . is lcss 

than n prc.sct ~olcraiicc. 'I'lic coinpiitcci vector yi contains rtic desired set-points ( in  the joiiit v;ii.i;ihIcs) to 

reach tlic iicxt position. Wlicti Llic dcsircd ch;iiigcs i n  tlic joint variables ;ire s i i i n l l ,  i l ic  ;ilgori~Iiiii convcrgcs iri 

one itci';ition a n t 1  rcdiiccs to obtaining rhc iiiLcrsc diffcrcnri;il solutions froiii the iii1;mc JxoI) i : i r i  (in '['iil~lc 5) .  

(>I 



k'or tlic sc;inis tcstcd w i t h  the sitiiitl:itor, tlic algorithin always converged i n  a iii;ixitnwn of three iterations 

(\%lien the prcsct tolcixicc was set equal to 7~1.0). 'l'hc computntior1~i1 rcqiiircinci-its o f  tlic semi trxiiig 

algoi.ithtn arc oiitliiicd iii the next section. 

5. Computational Requirements 
'Hie coinpiit;itioiis ixxliiircd to  follow the scnni from the present sntnplc point to the next ~ t . c  outlined in 

' I ' i  I I)  I c 0. ' I 'h  c I 1 I I I I i I. c r of i t  c t'n t i () ti s rcq i I i red for tli c t i';i I i s i 1 io I i p() i ii t coin p t i  tn t i o I i i !  11 d i tc t.;i t i L c :I lg() 1. i I Ii in 

( 3 3 )  ( 3 7 )  ; i i ~  cictiotcd b y  N, and N,, respectively. (I;or thc semis iracccl b y  ~I ic  sittiulatoi., typical v:ilrics tire 

found  to be N I  = 2 ;iiid N, = I . )  t 'xeci i t ion times of the 8087 1i;irtlwai.c itistructions [Ititel 831 iirc listed i n  

'I'a1)lc 7.  'l'hcsc Iloating l i o i i i t  opcratioii times (including the tinics tqi!ircd to ioiid ant1 store tlic opci.aiid) :ire 

used to cstiiii:itc [lie time required to iiiovc tlic torcli Trorn one sample point to lhc next. '1'yi)ic;il tiiiics ( s l i own  

iii 'l':il)lc 0 )  ixtisr fi.oni 24 to 29 tiiilliscconds. which correspond to sniiipliiig Iatcs of 35-40 I I/. I:or niost 

wcltlin!; applic;itions, ;I sanipling ftqiiciicy of 10 1 I /  appcars to be adcquatc. 

I 

6 .  Siniuiation 

'1.0 c\<t!ttii[c il;c ~il~;oi~itl;iti, ii *;oftw;ii.c sirnulatot' has 1)ccn dcvclopctl ( in  the c' pr'ograinniiti~ Iatigtiiigc 0 1 1  a 

V A X  I I /7YO) for tlic six tlcgrcc-ol-flccdoni Cyro robot in o u r  lahoratory.  'l'hc sininlation is iniriiiliicd by 

retrieving sc;im ciat; i  (as coordinates ofsntnplc points) from a data lilc. 'I'hc first two siiinplcd cross-sections of 

the scaiii :ii'e used to compute the desired 'I*(, t i i i i t r ix  of thc robot at the first point on the mid-scani aiid to  

conipittc the ;oint positiori :ind vclocity set-points to reach tlic desired dcstinntion. LJpoii rcacliiiig the lirst 

poiiit 0 1 1  the i i i i c ! v . . i t i i .  the iilgoriIlitI1 compiitcs Lhc coordinates of the transition point 011 tliis ;(. t :nicll[  (for 

tlic ratio T/'!' xliicli  is ciitciul 17). the cngiiiccr at the start o f  the siinulation) and t l i ~  total tirnc ' I '  rcquircd to 

tra~ci'sc the ticst scgiictit. 'I'hc inntrices at  thc present and next sninplc poin!s arc iiscd to gciicratc the 

joitit j)o!,itioii :iiid \clo;ity set poiiiIs h y  thc aIgorit!im in (33)-(37). 'I'hc trajectory froin tlic bcginiiiiig to cntl 

of the traiisitioii is coiiilxrtcd froin ( 2  I ) ,  and the joint position and velocity set-points are cotnputctl to li)llow 

the itiicrpolatccl ctii~vc. Upon rcxiiii:g the end of the transition, tlic process is iq)e;itctl ( f o r  each tr;iiisi[ion 

Ixint), i i i i t i l  tlic 1:iht sample point is reached. 'l'lic siniulation is then tcrniin,itcd aut1 tlic spi'ciliccl ciii'vc is 

tr;lccd. 



16 

'1.0 acliic\.c ;I qii;ility wcld, tlic lag or Icaci atiglc of the trwch mirst bc coiitrollcd acl;iptiicly. In the ciisc o f  

fillet and joints, tiic torch st;rnd-off miist also bc controlled. Since ;it1 adaptiw controller for thcsc 

par'atnctcrs rctii;iins to be dc\clopcd, wc Iiavc includcd ( i n  our siintilator) the fircili[y IO specify tlicsc coi i t l 'ol  

pnriinictcrs a t  Ihc beginning o f  tlic simulation. 



I:iitiirc :icri\,ity will l i)cus on tlic adaptive control of the weld pnranictcrs and tlynnniic t 4 )o t  control. 

Sucwssfitl priictic;il iinp1cincnt;ition will dcpcnd upon tlic auilability of firstcr pi~occscors and thc 

cxpcrimcntnl pcrforiiinncc cvnlu;ilioti 01' the algorithm. 
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Figure 1: Link Coordinate Frames of the CYRO Robot 
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Camera 

Figure 2: Physical Interpretation of the T, Matrix 
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Figure 3: Butt Joint 

Figure 4: Camera Image of a Butt Joint 
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Figure 5: A Transition Segment 
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D 

Note- The generic vector g spmbolizes the 
normal (n), orientation (0) and approach 
(a) VBCtorB. 

Figure 6: Locii of n, o and a Vectors 
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Figure 7: Block Diagram of the Iterative Algorithm 
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Figure 8: Sinusoidal Seam Tracking (30 degrees sampling interval) 

- Actual Curve 
- - Trackadcurve 
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- Actual Curve - - TrackedCurve 

Figure 9: Sinusoidal Seam Tracking (10 degrees samphg interval) 
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Link Variable 9 a a d  
1 e, 91 -90 0 

2 82 e2-9o -90 -H 

3 x3 90 90 0 

4 24 90 90 0 

5 Y5 0 0 0 

6 86 e6 0 0 0  

-R. 

L 

x3 

24 

Y5 

Table 1: 

Definition of the Parameters 

B is the angle of rotation about the raxis 

a is the angle of rotation about the raxis 

a is the length of translation along the raxis 

d is the length of translation along the raxis 

Link Parameters of the CYRO Robot 

Table 2: Forward Solution of the CYRO Robot 
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Joint coordinate I Analytical Expression 1 Conditions 

81 a tun 2 31 
-QX 

atan,[ 

atan 2 [ 51 + 180' 

e2) o 

e,< o 

NOMENCLATURE 

Ci is the Cosine of [he i-th joint angle 

Si is (he Sine of (he i-(h pin( angle 

atan2 is the double argumenf arc tangenl fitncrion 

Table 3: Reverse Kinematic Solution of the CYRO Robot 
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- c2 

-G I 0 

NOMENCLATURE 
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Table 5: Inverse Jacobian of the CYRO Robot 
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S' I ' 1.1' 

Find tlic mid-scam 

Ihi l t  Jo in t  (1) 

1.7 ntl t I';I tis i tion point 

I h i t t  Joint 

I ap/l*.illct Joint 

Normi l  i 7.3 t ion 

I ,ap/l.'i I Ict Joint 

3 

23 

32 

23*N I 

32*N I 

9 

1s 

3 

9 

i0"N 2 

+ -- 

3 

6 

39 

61 

39*N 1 

61*NI 

14 

11 

6 

12 

4 

54*N 
- 

j 0  + 3 Y  *N1 
+ 54*N2 

08+30*N 

+ 54*N? 

3 

1 

1 

N1 

N i  

S 

3 

3 

-- - 

S+N, 

S+NI 

5 

6 

5*N 

O*N I 

1 

1 

3 

10+N, 

IO-i-NI 

SIN/ 
co 

6 Q N  

O*N 2 

'I'lh,ll< i n  
ni  i l l  iscc 

0.3S-t 

0 .-I6 2 

3.6 I 1 

5.25(1 

1.222 

10.5 12 

1.61 I 

1 .o 15 

0.4(,2 

0.570 

1.125 

7.206 

23.872 

'8 .885 
____ 
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Function 

Multiply 
Add 
Divide 
Square Root 
Tangent 
Exponentiation 
Load 
Store 

Time( p s) 

27 
17 
39 
36 
90 
100 
10 
21 

Table 7: Execution Times of the 808618087 Microprocessor(5 MHz Clock) [Intel 83) 


