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INTRODUCTION

In the last two decades robot manipulator
inverse dynamics, that is, the task of
computing the required joint torques for a
desired set of positions, velocities and
accelesrations, has been a topic of
research and development. In the period
since then, the area of coaputational
aspects of robot manipulator dynamic
modelling has achieved high resulits,
namely in the numerical recursive methods,
using either Neuwton-Euler (Luh, Walker and

Paul, 1980) or Lagrangian (Hollerbach,
1980) algorithmsi some improvement over
thess purely numerical procedures uas

achieved by Horak (1884) which developed a
mixed algorithm, having both numerical aad
symbolic computation. More recently, a
further step towards computational iapro-
vement was attained with the the automatic
generation of the dynamic symbolic foramu-
lae, using LISP~based computer algebra
systeas (Leu and Hemati, 1986:% Koplic and
Leu, 1986). Computation through these
schemes achieves better performances than
the previous ones; moreover, it allous
physical insight into the manipulator dy-
namics and provides strategies for the
manipulator design, that, as pointed out
by Yang and Tzeng ({988}, can reduce the
calculation burden. More recently still,
Neuman and Murray (1987a, 19870, 1987c)
developed the concept of customized compu-
tational robot dynamics, shouwing conside-
rable performance improvement over the
previous methods.

One may think of these last methods as an

"investment” in the off~line computational
time So that the on-line calculation time
is abbreviated. The present tradeoff be-
tueen off~line vs. on-line computing time
can be pushed further if we bear in aind
the following considerations:

~-Both the numerical recursive and syabolic
algorithms arse coanverted to the coaputer
internal code through a high level lan-
guage compiler like Fortran or C.

-The resulting object code imposes a coms-
plex burden, as far as a microprocessor is
concerned, due to the high number of
arithmetic and transcendental floating
point calculations.

-The floating point calculations corres-
pond to a large number of microprocessor's
machine code instructions.

-~The floating point calculations must be
performed uwith high precision in order to

reduce problems associated wuwith (finite
precision arithmetic.
~Floating point calculations with  high

precision require a large word length.
Clearly, this type of implementatiaon is
far from satisfactory. But further reasons
can be put forward:

-The computer internal numerical represen-
tation has a much higher accuracy than the
manipulator harduare (A/D, D/A, etc.),
usually with only 8 to 16 bit precision.
-If computations could be performed with a
precision of the same magnitude as the one
uged in the manipulator harduware, calcula-
tion time would decreasse.

-The use of 8 to 16 bit computing accuracy
without finite precision probleas implies
that the arithmetic operations, as well as
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the transcendental functions, can not be
executed in the ordinary way.

An alternative method must be simple
enough for any microprocessor to perform,
i.e. it should be well adapted to the

BiCTrOprocessor's machine code
set.

instruction

To conclude, we observe that there is a
need for a “special® algebra that provides
a better management of the 3xisting hard-
Ware/software resources. By other words,
we need to find a new compiler that
generates a more efficient object code in
the manipulator hardware/softuware senvi-
ronment. Such coapiler may be callad a
dedicated compiler, contrasting with gene-—
ral purpose coampilers such as Fortran or
C. Boolean algebra satisfies all the above
requirements; nevertheless, we are now
faced with the problem of translating the
ordinary arithametic and transcendental
formulae to Boolean algebra. Although for-
mally independent, thére i3 a way of doing
it. The robot manipulator inverse dynamic
algorithas correapond to nultivariable
functions, and, as such,. can bs tabulated.
[# both input and output variables are
quantified and converted to a suitable
binary code, then the resulting table may
be viswed as a truth table where one can
use standard Boolean function-simplifying
techniques, having as input variables the

bits of the quantified binary coded
(position + velocity + accelgration> ve-
ctor, and output Boolean functions the

bits of the quantified binary codsd requi~
red torques. Unfortunately, upon further

examination this ideal gituation is not
feasible in practice as it poses critical
obstacles to it3 computation dus to the
nacessity of a huge Boolean table. Naver-

theless, it points to a msethodology for a
realizable implementation that, with modi-
fications, can achiesve a remarkable reduc-
tion of the on~line computing time. This
realizable iaplemantation is developed in
the next section.

A HYBEID COMPUTATIONAL ALGDRITHM

the full
impractical,

Since it has been found that
Boolean~based computation is
there 13 the necessity of a compromisa
betueen realizability apd computational
improveaent. Such comapromisas may be achie-
ved through the use of a hybrid computa-
tion, having both ordinary arithmetic sums
and Boolaan algebra.

The mnanipulator dynamic equations are of
the fora

T = J(qiq + Clq, q) + G(g) (1)
where J(q) is the n x n inertial
Clq,q} is the n dimentional Corio-
lis/centripetal vector, G(q) is the n
dimentional gravitational vector and q, g
and § are the n dimentional vactors of
link positions, velocities and accelsra-
tions, respectively.

matrix,

A natural way of achieving our purpose is
to 3plit each link torque in its terms.
Then each tera can be calculated by
Boolean algebra, and the final result,
i.e. the link torque, by an ordinary
arithmetic sSum of these ternms. In <this
cage, for each joint torque there are
Several truth tables, requiring a maximum

L ¥ L

of

[n(position) + l{accelsration)]
i.w.v., for the inertial terms

[n(position) + 2(valocities]
i.v.v. for the Coriolis terms

[n(position}) + t(velocity)]
i.w.v. for the centripetal terns

n(poxition)
i.4.v. for the gravitational terms
where input word variable (i.w.v.)] means
the appropriated binary—-coded representa-
tion of sach input variable. The Boolean
computation becomes alleviated a3 we have
a maximum of (n+2? input word variables,
contrasting Wwith the requirement of 3n
input word variables for the fully Boo-
lean~baged coaputation.

One of the more serious restrictions
sed by the coexistence of tuwo different
algebras, i3 that arithmetic suamation
degrades the overall precision, hence
resulting ino the need for m extra bits,
given by

impo~

m=intlloga(prl}l (2)

p=total oumber of teras

in order to achieve the
nevertheless, this pro-
influence since m increa-

in each t2ra
desired accuracy:
blem is of minor

sa3 nmuch mere slouly than p. Therefore,

for a desired output resolution of r bdbits

We muUsSt have a term accuracy of
VinmiTsar=T+n (31

bits.

ln conclusion, we may =ay that the off«

line "compilation” {(i.e. truth table sim~
plification}) requirements, either in com-
PUting time Or iN CORMPUTSEr memory space,
are considerably alleviated, a3 we pass
from one huge Boolean table with 3n input
word variables, to several truth tables
which have a much smaller number of input
uord variables, and this without altering
gsignificantly the on~line computing time.

IMPLEMENTATION OF THE NEW
COMPUTATIONAL ALGORITHHM

fo illustrate the implementationr of our
algorithm, ue consider a 2R (Fig. 1) robot
manipulator describad by tha follouwing
dynami¢ equations (Paul, 1980: Brady and
others, 1982)
J1Ix(-'l"'-l)riiq'l:rla"'zr11’:!.0.*.}‘ (4a)
j1a=jm1T0ala+r . Talala (4b}
jza=BRara®+Ja . (4c)
Ciaa®=TiTaRxSaqa®, {4d)
c:;-:*Zrlr.l.S.ixq- (4@)
c:11=n-r|r.5-§;’ (4f)
81=0.:8r:C1+mag(r,C,+ral.a) (4g?
Ba~Bagral.x (4h)
with C.=cos(q.) and S.=s3in(q.). In thisg
paper «e& use data similar to other 3sudies
(Young, 1978, Morgan and Ozguner, 1985,
Machado and Carvalho, 1988), namelly:
;0.5 Kg s na=6.25 Kg i r1=1 m § rax0.8 n
J,25 Kgn ; Ja=5 Kgm (8)



and assume the amplitude of weach link
variable within <the following ranges
{(izl,2)
-n rad £ q. £ n rad (8a)
-1 rads/s £ q. £ |l radrss (Eh)
~1 radss¥ $ 4. § 1 rad/s® t6c)
For these rangeas and for the payload
referred in (S5) ue have
~151,5 Nm £ T, £ 152.5 Nm (T7a)
~-89.1 Nm £ T2 £ 69.1 Nm (7b)
Nevartheless, motivated by the natural
agsumption that the torque computation
shall be a block of a largsr control
structure, the feedback loop may demand
higher torques, and therefore uwe assume
~200 Nm £ T, £ 200 Nm (Ba)
~100 Nm £ Ty £ 100 Nm (8b)
From these considerations it results that
esquations (6) and (8) give the quantiza~
tion ranges for the input and output (4T,

and §Tx) uword variables, respsctively.

Now, for the multivariable function (4),
We may find the appropriated numerical
table and the corresponding bynary truth
table. Finaly, from this table the Boolsan
based code can be generated. Neverthelssa,
if some general rules are previously
implemented, we may alleviate the afore-—
mentioned procedure, These rules stem from
congsiderations like (Machado and others,
1987, 1988):

a) The quantization ranges (8)
same for all terms of each equation. AsS
usual, amplitude range of each term only
covers part of the quantf{zation interval,
and the remainder becomes “unused®. If the
term amplitude fits Wwithin a new quanti~
fying amplitude range §Txaw related to the
initial 8TiniTzar ON8 by

pust he the

(9]

FTumw=6Tinrrrar/2%

then, for that term, wWe may drop out the K
most gsignificant bits of each input word
variable.

b) The accuracy compensating extra number
of bits m, as represented in esquation (3),
varies in discrete steps, and much more

slouly than p. This means that situations
may arise where m permits a higher ficti-
tious nuaber of summing terms Priorrricus
(i.8. PrroriTioue=2 oOor 4 or 14 or ...)
then the actual one (i.e. ©p). We may take
advantage of this property, using these
extra Pprrorrrious—P~1 Ppossible suas by
subdividing some sum terms and, therefore,
enabling the use of rule a),

c} Bearing the physical (mathsmatical)
robot manipulator requireaents
(specifications) in mind, it wWwould appear

that the Gray code is the more suitable
and this, indeed, was confirmed by experi-
mentation.

d) For even arithmetic functions of a
single input variable, it Wwas observed
that the most 3significant bit of the
corresponding input word variable could be
droppéd out if the Gray code uwas used.

e¢) On terms which have several input
variables, the required final precision
implies a similar accuracy on sach input
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Wword variable.

The application of these rules to Tz for
the 2R robot manipulator inverss dynamicC
hybrid algorithm gives the chart depicted
in Fig. 2. From these charts the source
caode (i.e. the truth tables) can be built
and the cbject code (i.s. the Baolean
based code) generated. Boolean code can be
further optimized, through the use of
Binary Decision Diagrams {(Matos, 1983;
Matos and 0Qldfield, 18€83)3 with this
methad Boolean functions are computed
using IF_THEN_ELSE structures. For v
(single bit}) input variables, ue need a
maximum of v evaluationg, resulting a auch
more efficisnt code, namely for complex
Boolean formulae. Figure 3 shows a histo-
gram of the required computing time for
the torm Ta<=r.ram=529.2, comparing the
conventional arithmetic method with the
new algorithm. Both codes were uritten in
Turbo Pascal V 4.0, and running on a S086
8 MHz machine, under MSDOS V3.2. Notice
the remarkable improvement achieved with
the new algorithnm.

PARALLEL COMPUTATION

He have shoun that the proposed
computational algorithm for robot
lator inverse dynamics, offers
rible performance improvement ovar purely
arithmetic alternatives, aven in a mono~
processor sequential computing environe-~
ment. In this section we wWill show that
the algorithm also 1lsads naturally to
simpls ©parallel architsctures allowing
unlimited =peed-up in the on~line computa-
tions, without accuracy restrictions.

hybrid
manipu-
conside=

on-line
algoritha

The operations involved in the
computations required by our

allow simple distribution of the computa-
tional load amongst sSeveral proces-
sors. Indeed, this can be achieved without
any of the complex scheduling probleas,
common to arithmatic manipulator inverse
dynamics parallel computing structures

{Luh and Lin, 1982; Nigam and lLee, 1985;
Liu and Chen, 1986 Watanabs and others,
1986). Parallel architectures like the
ones shoun in Fig. 4, are a natural

consequence of the calculation
alloued by our algorithns.

decoupling
Part a) gshous a

parallel 3structure in which a number (k)
of sequential processors can be used. The
result of the off-line computation, i.e.

the object code, is stored in the proces-
30r memories in a way that assures optimum
computational load distribution. Part b)
shous an alternative parallel pipelined
splution.

The improvement in the on~line computing
time i3 proportional to the number of
processors, and it i3 not subject to any
theoretical limit. The importance of this
fact must be emphasized since the other
manipulator inverse dynamics parallel coa-
puting structures achieved a limited
iaprovement, in the sense that the resul-
ting speed-up i3 not proportional to the
number of processors, and, is in face,
restricted to a maximum of n (a condition
that ig achieved only if 3ome errors are
allowed (Binder and Herzog, 1986)).

that <the
instead
general

Finally, it should be noted
Boolean formulae are bit oriented
of uward oriented. Consequently,



purpose microprocessors with 8, 18 or 32
data buses, and large instructions 3etsx
(unused in this algorithm), that raquirs
sevaral clock cycles, ars of little uge in
improving the overall computing perfor-
mance, Much more promising seems to be the
uge of gingle bit, reduced instruction set
and special purvose wmicroprocssscrs. The
design of a dedicated processor based on
Binary Decision Diagrams, is being invesg~
tigated.

DISCUSSION

In the pravious 3ections the
algorithm was developed and
for the dynamic equations of the 2R
manipulator. This strategy has been
by other investigators, due to the
that for many aspects of robot

reasearch, two or threa d.o.f. manipulator
nodels are suficient, a3 long as they
include all the <configuration dependent
inertial, Coriolis/centripetal and gravi-

new hybrid
implemented
robot
used
fact
systen

tational torques that may appear in mani-
pulators with wmore d.o.f.,

At thisg point one should note, that the
neuw wmethod i3 not restricted to the pre-

sent case study. In facet,
touwards this algorithm,

the first step
is thes generation

of a binary coded numerical table corres~
ponding to the system behaviour. Clearly,
this procedure is not confined to the

tabulation of the robot dynamic mquations,
but is also applicable to many other
system descriptions. Horeover,
generation may be obtained from experimsn-
tal data instead of being wmodel basged.
This is of utmost importance, since situa-
tions appear wheres mathematical models are
inaccurate or difficult to derive, There-
fore, our algorithm i3 uell suited for the
computation of a large set of physical
phenomenae, ths only restriction being the
5ize of the binary tables, which as showun,
depend 3solely on the required precision
and the number of input variables.

CONCLUSION

rabot
presen—

A new computational algorithm for
manipulator inverze dynamics was
ted. This algorithm is very efficient
because it takes full advantages of both
harduware and software capabilities of the
robot manipulator system. Another impor-
tant consesquence of the proposed calcula~
tion nethod i3 the natural appearance of
simple, yet pawerful, parallel computing
structures. Finally, it is cbserved that
the dedicated compiler philosophy is not
restricted to roboct manipulator computa-
tions (i.e. kinematic, dynamic or con-
trol), but can be 3uccessfully generalized
to many other computing structures, as
long as we can redefine the management of
the corresponding “environmental resour-
ces”. This may laad to optimization pro-
cadurss, having implications on either
seguential or parallel computing 4gystem
3tructures.
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Fig. 1.
r=8 r=8 , m=2 => WrmiTtran=10 bits
Ta T2:,"=Tz2™ Tz Tae Tan“=Taw™
8 [ 7 ) 8
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0.78 1ot 1474 92 1638 54228
0.34 10 574 36 410 1310
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63.1 4.5 9 9 24.5

ke

The 2R robot amanipulator.

PRECISION

TERM

Urtwar

TOTAL NUNBER OF INPUT BITS
USED STATES
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QUANTIZATION AMPLITUDE RANGE

TERM AMPLITUDE RANGE

Fig. 2. Tax hybrid method source cods chart, after using the relevant rules applicable

for each summing term.

Ta=(Tx ;-sza‘ J+Tay +T:4+ {(Tan™+Taa™)

T21™=Taz*"={4+5C2)4./2; Tz:=9.q.,:§ Taa= 55::11"; Tae*=Tza%=49C 12/2
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Fig. 3. Histaogram of the computational time requirsd by the term Tza=r:Ta@z3:2
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Fig. 4. Possible parallel computer structures,
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a) Sequential/Parallsl processor.
b) Pipaline/Parallel processor.
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suggested by the new hybrid algorithm.





