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D!DICATKD COftPUl'SR SYSl'Eft FOR ROBOI' ftAIIPULATOIS 

J. A. Tenreiro Rachado 1121 , J, L, ftar\lns de camlho 1121, Antonio ft, e. costa li and Jose s. Ratos 1121 

1, lll'RODUCTIOI 

ln lhe last decade, robot drnamic co1pulaliona1 alcorith■s have been steadlly i■prOYN. Lacrancian Ili and lttton-luler (l,3) 

recursm nu■erical alcorltb■s, Horak's mlzed calculatlon 141. Lisp based sy11bolic derinlJon ot lhe robo\ closed for■ equalJons 

[5,61 and recenuy, costu11iud co■pulinc a1ror1th1s 17-91 hne been i1portant staces tonrds ■ore efficient procedares. lemtlltless, 

lhe Slill mstinc hl!h COIPUlalional loads, hm prmnted lhe industrial applicaliOD of such al(OrllhlS, A Dei rol>Ot COIPllaUooal 

syste■ rhicb omcomes lhose limitations is prmnted. Thi! mten ís motivated by lhe follotiDC consldera\loos: 

-Sy1bolic formulae pose a hiCh co1putatiooa1 burden, due to lhe !arre nunber of aritllletic and transcendental C01P1ta\l0Ds, 

-Tlim co1putalions, umlly perfor■ed at a hiCh levei complled computer languace are comp1e1, n11e11, ther are co■plled to a 

larce nunl>er of lhe ■lcroprocmor's 11achine code lnstruc\Jons. 

-These co11putalions ■ust be perfor■ed rith ,ery hiCh preciSion: in order to reduce problems mocia\ed rilh flnlle precislon 

arithletlcs, a larce ,ord lench Is required. 

-Thm are tro sllua\lons, as far as preclS!on IS concerned: lhe COIPU\er Internai represenlalion hnlnr nry hlCh preclSlon 

contml!D! rith lhe co■puter Interface to lhe outslde ,orld, uml11 cons!Stinc of ! to 16 bit precu!on. 

A better •1anace1ent• of lhe eustinc hardfare resourm, sholld mr ln lllnd lhe follOIJnc polnts: 

-The co■putallons should be perforned tl\h anotber al(ebra sllple enoUCh for 101 processor to perfor■. 

-co1pula\lons ln lhls algebra should'nt suffer 1ro1 flnlle preciSlon probleas, consequenl17 reqllrlllc a s■aller nlllller of btu. 

we conclude on lhe necessl\y of a •spectal' algebra thal pmtdes a belter ■anace■ent OI tlle eusunc bal'llnretsott,are 

resourm. or to state, alternallulr, our poslllon: 1t need to flnd a net co1piler tbat renmtes a 1ore emctenl obJecl cede Ili lhe 

11n1pulalor hardnre/sofltare en'1ron■ent. such a COIPller 111 be ealled a dedtcated co■pller, contrullnc tllh ceneral purpose 

co■pilers such as Fortran or e. The Boolean alcebra sa\lsfies such requJre1en\s, The robol tnnrse d7n111cs are connrled to an 

inpul/OllPll Mnarr table, and af\errords lranslaled lo Boolean alcebra, \hroucll llle SllPllficaUon OI lhe correspon41ll( BDoinD lrllb 

tabJe, Unfortunately, upon further m11nallon 1\ larned up lha\ lhis Ideal situallon IS nol feulble in prac\lce, as 1l poses 

crlllcal obstacles lo 1\s co■putalion due to llle necessllJ of i1Ple1ent1nc a hure Boolean lable, lemllleless, 1\ poiD\s to a 

1etllodo1oc1 for a real!uble 111ple■entation lha\, 11th ■odlflca\lons, cao achlm a reaarkable reduc\lon o! lhe on-line co■p1t1nr 

llte. Tllls realluble (subop\1111) i1plmnta\1on 11 dneloped ln llle ml secllon. 

1. A HYBRID COIIPUTATIOIAL ALGORITHK fOR RIOOT ftAIIPUL.AfOR DfUftlCS 

lottnc lbal lhe dyn111c eq11\1ons, for I IIDIPllllOP ,ttb n de(rees of fretdo■, are of lhe for■ {IJOI 

T : J(q)q + C(q, q) + G(q) ( 1 ) 

a natural 117 of acblnlDC I realluble 11Pleltnta\1on IS to spJ11 ach l!Dl \Or1ue 1D lts let'IS. ftell etCb lffl CID te calCIIIIIII ,Y 

Booleao alCebra, and tbe final rtnll, 1.e. llle IIDk toroe, bT an ordlDarJ IPllblttlC su tf llltst tem, lote tbll fOP tlle trllll 

tables req11l'ed on mb Booleao-bastd ler■ COIPllallon, lt bm tbe fOIIOIIDC 11111H of 1DP1l flN nrtaMes u.,.,.~ 
fo (posl\iGll l+lllccelmU.011 for lbe 1Dtl'llll lePls Ili (pos!UOII I t 1 (fflocltJ 11 for Ulecet111'i,etal ter■s 

flllPISi\Jool 1 21Ytlocltlesl for lhe Cor10lls ter■s n(poSlllODI ttr lhe crnltaUooal lePU 

1bere 1.u. ■eans lhe approprtate Mnarr-cOdtd l'tPPffllllatlon of nch lDPll nrtablt. Tlltrefore, tllt IIIOIHn coeP1tatloe Decoles 

alltlilled H 1t lllte a IIIIHI of n+t 1.u., eoolmtlnr lllll lllt rtqllrtuDl of Ili 1.u. for tbe flllr llolND-111111 CGIPtllUoa. 

Olle restrle\100 llJIOffll ))y lhe COH!stenct of t,o dlffertn\ lleffflS, 1, llla\ Ultll■etle SUUllOII defrades llle ,mau 

preclslen, btnce l'tllltiD( !D lbe oeed for I nlPI tlts, ,1,111 bf 

,, Faclldade te IIDCtfllinta da unmrsldldt ú Poru. Dep. IDC, llec\J'OleCD1ea COIPlllârH, •. ffl BU(IS, 4G99 Porte COdel, l'OITU6A1. 
1> IHSC-lostltato de llltelbarla e Slstellas te CIIPltldores, ,. Jose ,a1cao 15, 42, 4000 POl'U, l'OITUGAL. 
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m=1nt.[log2(p+1)1, P=t.ot.al number of t.erms ( 2 ) 

in each tera 1D orcer to ac111ne the destred m11l'acy. lnertheless, uus effect 1S of sull lnfl'aence s1nce ■ IDCreases ■ICII ■ore 

Slof)y Ulan P, 

ln ctDC)UIOD, 1t IIY say tbll tbe off-Une •co■pilltlon• li.e, lflth ll)))e sl1pl1flC1tlODI reutrt■ents, eitber 1D COIPIUDC 

U■e or 1D co■P1ter _,, space, are conslderably aJJeYlated, u 1t pass froa one hue BGoJeaa lll>le lltll ,a Lu. li snen1 tnth 

llbles, nell IIIYiDC I IICh 111JJer nuer Of LI.,. IDd llUS fitbOll 1JterlDC SICDlf!CUUy tbe OD-JiDe COIPIUDC u■e. 

1 TU O, cmffl'ATIWJ. AI.GITD IIPLIIIITATJOI OI J 21 IOIIOI' WIPULJTIII 

To illutrate tbe i■ple■enlltlon Of oar 11corit111, 1t conSlder a 21 robol unipllltor 11th tbe follotiDC dJDl■ic ■odet 

T1 = C<m1+m2>r1 2 +mzr 2 2 +2r 1r 2 m 2 e 2 + J 1 Jéi 1+(m2r22 + r 1 r 2 m 2C 2 )q 2-

-r1r 2 m 2 C12 2 -2 r 1 r 2 m2 s2êi:1 êi:2+ m 111r 1 e 1 + m211 <r 1e 1+r2c 12 > 

T2=<m2r22+ r1r 2 m2 e 2 >êi1 +(m 2r 2 2 +J 2 Jêiz +r1r 2mzS2q1 Z+m211r2C12 (3) 

1D ou st1dy 1t ue tbe Slle data as Jounc IIIL iusel et ai, IIZl IDd Tenreiro et IL (IJL Dl■ely: 

m1:o,5 J::g; m2 =6,25 :i::11: r 1=1 m; r 2 :0,8 m; J 1=5 J::gm; J 2:5 J::gm (4) 

and usue lhe IIPl1lude Of each liDl nrilble fltbiD tbe rances: 

-11ra<1!q 1!11ra<1; -1ra<1/s!q 1 !1ra<1/s; -1ra<11s2 !li 1 !1ra<11s2 ; 1:1,2 (5) 

For these rances and for tbe Joad (12,J21 referred 1D 141 1t hne: -152.5 b ! r1 ! 152.5 11 and -69.1 11 ! r2 ! 69.1 11; 

nenrtheless, ■otlnted by tbe natural un1ptlon tb1t lhe torC(le Co■Plllllon 111111 lle I bloel Of a Jarcer control structure, lhe 

feeotel IOOP IIJ dmncl IIICller tol'C(leS, aDd tberefore lt assu■e 

-200 Hm ! T1 ! 200 Hm; -100 Hm ! T2 ! 100 Hm ( 6 ) 

Fro■ tbese eonslderations lt renlts tbat eq11t1ons (5) and 161 ctn tbe qtant!Jatlon rances for lhe input and output word 

nr!Oles respecUnlJ. 

flle tr1th llble s11pl1ftcat1on ■aJ lle alletlated bJ the use Of so■e cenerll rlles. fbese rules ste1 fro■ CODSideraUons llke: 

a) ne C(lantizatton rances ltil ■ust " the sa■e for ali teras Of each eqt1Uon. As u11~ 11pl1t1de rance Of each tera only 

conrs part Of tbe C(llntiutton lntmll, and tbe reaa!Dder NCO■eS 'IDISed', 

b) flle ICCUICJ coapensattnc eztra n11ber of bits 1, IS represented ln eqtlliOD (Z~ nries iD d!Serete steps, IDd HCh aore 

Slof)JllllD P, 

cl ltelriDc the PhJstcaJ 111the11t1ca11 robot ■anlpuJator requtre■ents 1spec1f1cat1ons1 ln lind 1141, it 1011d 1ppnr th1t the 

GraJ cote 1S tbe aore nillble and this, lndeed, ,as confirltd by esperlleDtaUOD. 

d) For HeD aritllletic fUnctions of a SID()e Input nriable, lt ,as obsened lhll tbe IOSl SICDiflcant bit of Ule correspoDdlD( 

inptt word nrlable co111d be dropped out lf tbe Gray code ns used. 

e) on teras fblch hne mmt 1np1t nrlables, the required flDII prec1Slon 11pl1es a s1111ar accaracy on each 1Dp1t word 

nrJa.Dle. 

flle 1ppUeat1on of these rlles to , 2 cnes lhe re111ts depicted ln Fie. 1. The on-liDe co■PIUDc Ule can be futller opUliJed bJ 

tbe ue of BiDlfJ Dec!SIOD lll(rllS IB,D.D.l (15,l6~ Fipre 2 shows 1D histocra■ of lhe reqtired COIPllltlODII U■e for llle ter■ 

Tz4=r1r2~12, COIPlriDc tbe ctllfeDUODII arlth■etlc ■etllOd fllh tlle Dei IICOrtllll. Botll cotes nre tritten 1D Turbo Pascal Y4.0. 

IDd fUDDiDC 0D I IOl6 1 IBl IIChiDe Uder IISD06 V3.2. rouee tlle rmrkable llpronaent ICIUeYed 11th Ule Dtf ll(Orlt.11■. 

•· rm1.1& amvr,m 

Je hne sllon llllt tlle proposed IIJbrid co■p1t1t1on11 a1Cor1t111 offers constderable perforaance 11pronaent onr puelJ 

arllllaetic alternat!Yes, nen 1D a ■onoproemor seuent111 co1put1nc en,1rone1ent. ln this sectton ,e show tllat tbe 1)(orlt111 also 
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Jats 11\IPlllf to l!lp)e ,anilei arcllltectua allOrlDC IDÜIÍlell speeil-1p of Ule OD-111e coapltaUODS, ritllOll 1«111Cf 

ffltrlctills. ID fact, t11t opmUons lDlOIHd 11 tlle OD-llDe COIPIUUODS reqtll'ed bf ov l)Cffltlll, IIIOI sllple dlsll'lblUOD of U1e 

MPIUUODII )OU IIODCSl snenl pncessors, lndeed, Ulls CID be ICIUffed rltllOll .. , of lhe COl)lla sebedll1DC )IN)els, CGBOD to 

l?ltllleUc UD1Pliltor lDHHt dfDlliCI patallel COIPIUDC SlHClves [IM9~ Pmllel IPCIUteclves llle lhe one deplcted 1D FlC, 3, 

are I DllVII CODstqltDCe of lhe calclllllOD dtcOIPl1DC allored bf Otr a)Corlllll. Tlle llproteltDl 1D tlle OD-llne COIPlllDC Ult 1S 

proportlonal to lhe Dllber of processors, IDd ll 1S Dot Slbjecl to Hf llltoretlCII 1111l Tlle llportance Of lhlS fiel IUl be 

tlPIIUlJtd SlDCt lhe otller UDiPllltor lDYerst dfDIIICS parallel COIPlllDC SlHCltrts ICll1Hed 1 1111ted llPHHltDt, 1D llle sense 

lhll lhe fflllUDC S,eed-lP Is DOl proporllonll to lhe Dllber Of processors, IDII, IS 1D flCt, restrlcted to 1 111110 Of D (1 

CODdlUOD tllll IS ICll1Hed ODIJ lf SOie errors are anored [201~ FIDIIIJ, 1t sllolld be Doted tllat lhe B.D.D. IICorllhlS are bit 

orlented lnstead Of rord orlented. Consequenur, cenml purpose llcroprocessors rltll e. 16 or u data bues, and tarce 1nstr1cuons 

sets (IDUed ID lhls IICOrllhl~ lhll reqllre mm! clock CfClts for eacb of lhe 11c111De code lDslHCllODS, are of llttle ue ID 

IIPHYIDC llle onrall COIPlllDC perfor■ance. N1cll ■ore pro■ISIDC IS llle use of SlDC)e bit, reduced lDstructloD set and specUI Pll'IIOst 

llcroprocessors. Tlle destcn Of a dedlcated processor blsed on B.D.D., IS betnc 11,est1(1ted. 

5. COICLUSIOIS 

A ner co1p1t1Uona1 atcorlth■ for roDol ■anlp1l1tor 10nm dynalics ras presenled, Tllls 11eor1t111 Is ,ery efflclenl becaase 1t 

tales full aoantace of Dolh hardrare and softrare capaD1Ut1es of tlle roDot ■ntpgJator systa ADetller 11,ortaat conseqence of tlle 

proposed CIICUllllOD ■elhod IS lhe natural appearance Of Sl■ple, yel porerfl~ parallel COIPlllDC StrlCltrts. 
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FI(, Z HIStocl'II of tlle COIPltltlODII tllt l'tqlll'td bf tlle ter• Tz.=r1rz1zqt2. 
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-1 _j l------------~~~~~~c_n __ ,_R_A:L .... l ... c1..011~rum~~~~~~~~H--s-en_s_or_s_1 _____ _ _ IIPUT DATA BUS 

8 Sequentlal Proceuor . . . . . . . . . . . . . . . . . . . . . . Seq1enlUI Processor I __ Pr_~_.es~so_r_•_1 ___ "*_r_,_•1 ___ ·_·_ .. _ .. _ .. _._ .. _ .. _ .. _._ .. _ .. _ .. ___ ,r_oc~es~s-~_u ___ "_'•_r_,_" __ 

l OUTPUT DATA BUS 

n,. s .& poss11>1t (4ecotPledl seq1eat1al/para11e1 eo1p1ter structure, saaested 1>1 tlle nt1 a1eorltl11. 
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