





DEDICATED COMPUTER SYSTEM FOR ROBOT MANIPULATORS
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1, INTRODUCTION

In the iast decade, robot dynamic computational algorithms have been steadily improved. [agrangian {1 and Newion-Buler (23]
recursive numerical algorithms, Horak's mized calcuiation (4], Lisp based symbolic derivation of the robot closed form equations
156] and recently, costumized compuling algorithms I7-9] have been important stages towards more efficient procedures. Neverihdless,
the stili existing high computational loads, have prevented the indusirial application of such algorithms. A nev robot compatational
system which overcomes thoge limitations is presented. This system {5 motivated by the follewing considerations:

-S1mboiic formulde pose a high computational burden, due to the large number of arithmetic and iranscendental competations.

-These computations, usually performed at a high level compiled computer language are compler, namely, they are compiled t¢ 2
large number of the microprocessor’s machine code instructions.

-These computations must be performed with very high precision; in order to reduce problems associated with finite precision
aritheetics, a large word lengh is required

-There are ivo situatlons, as far as precision Is concerzied: the computer internal representation having very high precision
coptrasting with the computer interface to the outside worid, usually consisting of 8 to 16 bil precision.

A Detler menagement® of the eristing hardware resources, should bear in mind ihe following points:

-The computilions should be performed with anether algebra simpie evough for any processor o perform

-Computations in this algebra shonid’t suffer from finite precision problems, consequentiy requiring a smaller number of bits.

¥e conclude on ihe necessily of 2 “special' algebra that provides 3 Detler mapagement of ihe existing bardwaressofiware
resources. Or to state, aliernatively, our position; we peed to find 2 new compiler that generates a more efficient objecl code in the
wanipulator bhardware/seftvare environment. Such a compiler may be called 3 dedicated compiler, contrasting with geperal purpose
compilers such as Foriran or C. The Booleap algebra satisfies such requirements. The robot inverse dypamics are cobveried to ap
input/ogtput binary table, and afterwords ranslated lo Boolead algebra, through the simplification of the corresponding Bocieas truth
table. Unforimnzlely, upon furiber ezaminatfon It turned uwp that this ideal situation fs nol feasible in practice, as it poses
critical obstacies to ils computation due 1o the necessity of implementing a huge Boolean table. HEevepiheless, it points to¢ a
methodology for & realizable implementation that, with modifications, can achieve 3 remarkable reductied of the on-line computing
{ime. This Pealizable (suboptimal} implesentation is developed in the pext section,

2 A HVBRID CONPUTAYIORAL ALGORITHE FOR ROBOT NMIIPULATOR DYHANICS

foting that the dypamic egmations, for a manipaiator with o degrees of freddom, are of the form {130}
T = J(Q)F + Clq, 9) + G(q) (1)
3 natural vay of achleving & reslizable impiementation it o spill each lipk tsrque in its ierms. Theo each lerm c20 e calenlated Dy
Booiean algebra, and the finsl resuit, i.e the Itok torque, bY ap ordipary arithmeiic sum of these terms. Hote that for the {ruth
tables required oo each Boolean-Dased term computation, we have the following meximma of inpui word variabies {Lwyv}
{n(position }+f (neceleraiion) | for the nerLis] L2rms {n(psition) + 1 {veiccity ) | for Lhe contripetal terms
{n{vosition) + Avelociiies] for the Coriolis terns niposition) for the gravitziiona] terms
vhere Lv.v. Beaps the appropridie bimary-coded Tepresentation of each tmput variable. Therefore, ihe Beolean computstion Décomes
dlleviated 28 we Dive 3 mapimum of D#2 LAY, conirasiing with tbe requirement of 30 Lw.v. for the fully Doclean-Desed computatien.
Ope resiriciion lmposed by the coepistence of two differenl algedras, Is that arithmeilc summation degrades Lhe overall
precision, hence resmiting 1o the oeed for m estea Dits, (iven Dy
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m=intflogz(p+1)], p=total number of terms (2)
in each term in order to achieve the desired accuracy, Heveribeless, this effect is of small influence since m Increases much more
slowly than p.

In conclusion, ve BAY say ihat the off-line *compilation® (Le. truth table simplification) Pequirements, either in computing
time or in computer Bemory space, are considerably alleviated, as we pass from one huge Boolean tade with 3o Lwv. io several Lroth
tabies, each having 3 much smaller pwmber of iwv, and this vithout altering significantly the on-line computing time,

1 THE EEY CONPUTATIONAL ALGORITHN INPLEWENTATION O 4 2R ROBOT NARIPULATOR

To illustrate the implementation of owr aigorithm, we consider a 2B robot mamipwlator with the following dymamic model:
Tyz{(my+ma)r Z+mara2+2riromaCe+J1d +(mara84riromaCalda-
~rirpmada2-2ryrpmpSpd1d4mygr Cy+mpag(ryC +rCyp)
To=(Mara2+r rompCold +(mparpf+dp)dp+r rompSyq 2+4mpgraCys  (3)

In our study we use the same data as Young [ii], Russel et al [i2] and Tenreiro et al {13} opamely:

my=0.5 Kg; mp=6.25 Kg; ry=t m; rp=0.8 m; Jy=5 Kgm; Jp=5 Kgm (4)
and assume the amplitude of each Link variable within the ranges:

~-tradigjiinrad; -irad/siqjitrad/s; -1rad/sasﬁ1£1rad/sa; 11,2 (5)

For tbese ranges ané fer the load (m,J;) referred 1o {3} we have: -1525 Om ! Ty ¢ 1525 dm and -69.4 Hm ¢ T, ¢ 641 IN;
peveriheless, motivated by the patural assumpiion that the torque tomputation shall be a block of a larger conirol stpucture, the
feedback loop Bay demand higher forques, and therefore we assume

-200 Nm { T4 ¢ 200 Km; -100 Nm £ T ¢ 100 Nm (&)

From these considerations it resuits thal equations {5) and (6} give the quantization ranges for the input and ocutput word
vriables respeciively.

The irath table simplification may be aileviated by ihe use of some general rules. These rules stem from considerations like

3) The quanptization ranges {6) must be the same for all terms of each equation. As wseal, ampiitwde range of each term only
covers part of the quantization intervai, and the remainder becomes “unused”,

b} The accuracy compensating extra number of bits mw, as represented in equation {2), varies in discrete steps, and much Bmore
slowly than p.

¢) Dearing the physical (mathematical) robet manipulator requirements (specifications) in mind [18], it wowld appear that the
Gray code is the more suitable and this, indeed, was confirmed by experimentation.

d) For even arithmetic functions of a single input variable, 1t was observed that the most significant DIt of the corresponding
input word variable could be dropped cut if the Gray code wis Esed

¢ On terms which have several input wariables, the required final precision implies a similar accaracy on each fopet word
Tarisbie

The application of these rules to T, gives the resulis depicled 1o Fig L The on-line computing time can be further oplimized by
the use of Binary Decision Diagrams (B.D.D) {i516). Figure 2 shows ap histogram of the required computaticpal time for the term
'rg,:r,rznzsei,?, comparing the conventional arithmetic method with the nev algorithm, Both codes were writlen in Turdo Pascal V4.0,
and rubning oo a 0086 & HHI machine wnder KSDOS V32, Nolice ihe femarkabie Improvement achieved with the pew algoritha

4. PARALLEL CONPUTATION

¥e have shown that the proposed hydeid computational algorithm offers consideradle performance improvement over purely
arithaetic alternatives, eved 1n 2 monoprocessor sequential computing epvironement, In this section we show that the algorithm also

168



leads patarally {0 simple parallel archilectures allowing unlimited speed-up of ibe oo-line computallons, withost accuracy
restriclions. In fact, ihe operailons involved in the ob-line computailons required by our algerithm, allov simple distriboticn ¢f the
computationa) load amopgst several processors. Indeed, this can be achieved withowt any of the complex scheduling problems, common Lo
srithmeiic manipulator inverse dynamics parallel computing siructares (11-19) Parallel architectures like the one depicted in Fig. 3,
are 2 pataral consequence of the calculation decoupling allowed by our algorithm. The lmprovement (o the on-line compuiing lime I3
proportions] to the number of processors, and it i3 ot subject to any theoretical Limit. The importance of this fact must De
eaphasized since the other manipulator Lpverse dynamics parillel compuiing structares achieved a limited improvement, 1p the semse
that the resuiiing speed-up is pot proportional io the nwmder of processors, and, is (o fact, pestricied to 2 mazimam of 0 @
condillop that is achieved only if some errors are alioved (20]. Pinally, it should be ooted that the B.D.D. algorithms are bit
oriented instead of word oriented. Consequently, feberal purpose Microprocessors with 8, 16 or 32 data buses, and large Ipstructions
sels {enused in this algorithm), that Pequire several clock cycles for each of the machine code Instraciions, are of little use in
improving the overall computing performance. Much more promising is the use of single bit, reduced instruction set and special purpose
Ricroprocessors, The design of a dedicated processor based on BD.D., Is Dbeing Investigated

5. CORCLUSIOR5

A pev computational algorithm for robot manipulator inverse dypamics was presented, This algorithm is very efficient Decamse it
{akes full advantage of both hardware and seftware capabilities of the robot manipulalor system Another important cobsequence of the
proposed calculation method is the patural ippearance of simple, yet powerful, paralle]l compating stractures.
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r:8 8, B2 O Vygpep 10 dits PRECISION
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100 6.2 5,25 2.5 5,25 2% 2% QUAFTIZATION ANPLITUDE RANGE
5.1 L5 55 9 9 2.5 .5 AMPLITUDE RAEGE OF RACH TERY
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Fig. 3 4 possidie {Secowpled) sequential/paralie] compmier straciure, suggesied Dy the new aigoritha
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