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Abstract. A new robot manipulator inverse dynamics computational algori-

thm is announced.

also

off-line
general rules
equations.
Quine-McCluskey
mented on a

The novel feature resides in the computations
are a blend of ordinary and Boolean algebra.
be interpreted as a dedicated compiler that optimizes the
computing time at expenses of the off-line stage.
requirements are alleviated,
that stem from the structure of
In a practical implementation,

truth table simplification method was used and
2R robot manipulator.

The results

which

may
on-line
the high

As such, this method
Nevertheless,
through the derivation of some
the robot manipulator
a computer program based on a
experi-

show a considerable

computational improvement on a conventional sequential machine. Further-

more,

without scheduling problems,

they clearly point out new computational

and where

parallel architectures,
performance improvement is

proportional to the number of processors. Finally, it is observed that
the proposed algorithm 1is not restricted to robot inverse dynamic
computations, but is also applicable to kinematic and control computa-
tions.

Keywords. Robots; computational methods; Boolean algebra:

computer architecture;

INTRODUCTION

The so called manipulator inverse dynamics

problem, 1i.e. the task of computing the
required joint torques for a desired set
of positions, +velocities and accelera-

tions, has been a major topic of research
end development in the last two decades
(Albus, 1975; Craig, 1986; Hirzinger,
1986; Machado and Carvalho, 1988;: Miller,
1987;: Raibert and Horn, 1978; Stone and
Neuman, 1984; Whitney, 1972). In the pe-

riod since then, effectiveness in the area
of computational aspects of robot manipu-
lator dynamic modelling has achieved high
results, namely in the numerical recursive
methods, i.e. Newton-Fuler (Luh, Walker
and Paul, 1980) and Lagrangian
{Hollerbach, 1980) algorithms in the opti-
mum stages, which were thereafter proved
by Silver (1982) to be equivalent. More
recently, Horak's (1984) development of a
more efficient mixed algorithm may be
considered as a significant step forward
towards present robot manipulator inverse
dynamic computing methods. More recently
still, a further step towards computatio-
nal improvement was attained with the the
automatic generation of the dynamic symbo-
lic formulae, either using a general com-

puter language (Faessler, 1986) or with
LISP-based computer algebra systems
(Koplic and Leu, 1986; Leu and Hematti,
1986) .

Computation through these schemes achieves
better performances than the previous

parallel processing:
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compilers.

ones; moreover, it allows physical insight
into the manipulator dynamics and provides
strategies for +the manipulator design,

that, &as pointed out by Yang and Tzeng
(1986), can reduce the calculation burden.
One may think of today's method as an

"investment” in off-line computational
time so that the on-line calculation time
is abbreviated. The present tradeoff bet-
ween off-line vs. on-line computing time
can be pushed further if we bear in mind
the facts pointed out in the sequel.

About the symbolic formulae computational
implementation we know:

~The symbolic formulae are converted to
the computer internal code through a high
level language compiler like Fortran or C;
-The resulting object code imposes a
complex 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 with high precision in order to
reduce problems associated with finite
precision arithmetic;

-Floating point calculations with high
precision require a large word length.
Clearly, this type of implementation is

far from satisfactory. But further reasons
can be put forward:

-The computer internal numerical repre-



sentation has a much higher accuracy than
the manipulator hardware (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 used in the wmanipulator hardware,
calculation time would decrease;

~-The wuse of 8 to 16 bit computing accu-
racy without finite precision problems
implies that the arithmetic operations, as
well as the transcendental functions, can
not be executed in the ordinary way.

An alternative method must be
enough for any microprocessor to
i.e. it should be well adapted
microprocessor's machine code
set.

simple
perform,
to the
instruction

To conclude, we observe that there is a
need for a “special" algebra that provides
a better management of the existing hard-
ware/software resources. Or to state,
alternatively, our position: we need to
find a new compiler that generates a more
efficient object code in the manipulator
hardware/software environment. Such a com-
piler may be called a dedicated compiler,
contrasting with general purpose compilers
such as Fortran or C. A possible candidate

for the "special" algebra is the Boolean
algebra, as it satisfies all the above
requirements. Nevertheless, we are now

faced with the problem of translating the
ordinary arithmetic and transcendental
formulae to Boolean algebra. Although for-
mally independent, there is a way of doing
it. The symbolic formulae are multivari-
able functions, and, as such, can be
tabulated. If both input and output vari-
ables are quantified and converted to a
suitaeble binary code, then the resulting
table may be viewed as a truth table where
one can wuse standard Boolean function-
simplifying techniques, having as input
variables the bits of the quantified bi-
nary coded <(position + velecity + accele-
ration> vector, and output Boolean fun-
ctions the bits of the quantified binary
coded required torques.

Unfortunately, upon further examination
this ideal situation is not feasible in
practice as it poses critical obstacles to
its computation due to the necessity of
implementing a huge Boolean table. Never-
theless, it points to a methodology for a
realizable implementation that, with modi-
fications, can achieve a remarkable redu-
ction of the on-line computing time. This
realizable (suboptimal) implementation is
developed in the next section.

AN HYBRID COMPUTATIONAL ALGORITHM
FOR ROBOT MANIPULATOR DYNAMICS
Since it has been found that the full
Boolean-based computation is impractical,
the necessity of a compromise between
realizability and computational improve-
ment is implied. If a compromise between
the two (existing) extreme methods for
torque computation, i.e.
a) entirely Boolean-based methods
b) entirely arithmetic-based methods
can be found, then it may benefit from the
virtues of each {(Machado, Costa and Car-

valho, 1987)

Proposed Solution: Hybrid computation by
ordinary arithmetic sums and Boolean
algebra
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Noting that the manipulator dynamic
tions are of the form

equa-

T=J{q)q+Cla.q)+G(a) (1)

matrix,
Corio-

where J{(q) is the n x n inertial
Cla.,a) is the n dimentional

lis/centripetal vector, G(q) is the n
dimentional gravitational vector and q, 4§
and q are the n dimentional vectors of
link positions, velocities and accelera-
tions, respectively. A natural way of
achieving our purpose is to split each
link torque in its terms. Then each term
can be calculated by Boolean algebra, and
the final result, i.e. the link torque, by
an ordinary arithmetic sum of these terms.
In- this case, for each joint torque there

are several truth tables, requiring a
maximum of

ntl i.w.v. for the inertial terms

n+2 i.w.v. for the Coriolis terms

n+l i.w.v., for the centripetal terms

n i.w.v. for the gravitational terms
where input word variable (i.w.v.) means
the appropriated binary-coded representa-
tion of each input variable. The Boolean
computation becomes alleviated as we have
a wmaximum of (n+2) input word variables,
contrasting with the requirement of 3n
input word variables for the fully Boo-

lean-based computation.

One of the more serious restrictions impo-
sed by the coexistence of two different
algebras, is that arithmetic summation
degrades the overall precision, hence
resulting in the need for m extra bits,
given by

m=int[logs(p+l)] (2)
p=total number of terms

in each term in order to achieve the
desired accuracy. Nevertheless, due to
(2), m increases much more slowly than p.
Moreover, as will be explained in section
3, the work involved with the truth table
grows exponentially with the number of
input bits when compared to the relatively
"inexpensive” linear dependence with the
output number of bits.

In conclusion, we may say that the off-
line "compilation" (i.e. truth table sim-
plification) requirements, either in com-
puting time or in computer memory space,
are considerably alleviated, as we pass
from one huge Boolean table to several,
much smaller, truth tables; furthermore,
the on-line computing time does not alter
significantly. In favour of this method we

have smaller Boolean expressions, corres-
ponding to simpler truth tables; against
it, we have the need of m extra bits and

the use of ordinary arithmetic.

THE NEW ALGORITHM IMPLEMENTATION
ON A 2R ROBOT MANIPULATOR

To illustrate the implementation of our

algorithm, we consider a 2R robot manipu-

lator described by the following dynamic

equations {Brady and others, 1982; Paul,

1981):
(mitmz)ri24mara? marz22+riramaCse

+2riramaCa24J,
J{a)=

marz?+riramaCa meras®+Ja



“rirmmsS:1q22-2rirem2S29q1qs
C(a.q)=
mariraSzqa?

gimiriCitma{raCitrsCia)]

Gla)= (3)
gmarsCas
where
Ci=cos{q1), Cz=cos(qa) (a)
Cia=cos(qi+qz), Sa:=sin{qa)
In our study we use the same data as Young
(1978) and Morgan and Ozguner (1985),
namely:
m:1=0.5 Kg; ma=6.25 Kg (5)
ri=z]l m; rs=0.8 m; J1=5 Kgm; J:=5 Kgm
and assume the amplitude of each 1link
variable within the following ranges
(i=1,2)
-x rad £ qi £ © rad (6a)
-1 rad/s £ 4« £ 1 rad/s (6b)
-1 rad/s®* < g; <1 rad/s? (6¢c)
For these ranges and for the load (m:,Jz)
referred in (5) we have
-151.5 Nm £ T« £ 152.5 Nm (7a)
~69.1 Nm < T: < 69.1 Nm (7b)
Nevertheless, motivated by the natural
assumption that the torque computation
shall be a block of & 1larger control
structure, the feedback loop may demand

higher torques, and therefore we assume
-200 Nm £ T: £ 200 Nm (8a)
-100 Nm £ T2 £ 100 Nm (8b)

From these considerations it results that

equations (6) and (8) give the quantiza-
tion ranges for the input and output word
variables respectively.

Concerning the truth table simplification,
a Quine-McCluskey method (McCluskey, 1956;
Quine, 1952;: Rhyne, 1973) including some
heuristics, was implemented on a microVAX
with a program source code written in VAX-
11 Pascal and running under the DEC VAX-
VMS 4.5 operating system. This multiple
output minimization program, simplifies
each truth table considering simultaneou-
sly all the outputs, so that there is an
optimization of the global Boolean expres-

sions, 1i.e. through the sharing of some
Boolean subexpressions between several
output functions, and has the following

requirements:

input data memory space: O(wtlog:3%#3")
output data memory space: O(v$3-)
gsimplification computing time: O(vsk~)

(10)

truth
number of

where k6, w is the number of the
table input bits and v is the
the truth teble output bits. As previously
referred to in section 2, the exponential
nature of the Boolean simplification pro-
blem when relating to w, contrasting with
its linear relationship with v, should be
noted. Nevertheless, the implementation of
some general rules may somewhat alleviate
this problem. These rules stem from consi-
derations like:

a) The quantization ranges (8)

must be
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the same for all terms of each equation.

As wusual, amplitude range of each term
only covers part of the quantization
interval, and the remainder becomes
“unused”.

b) The accuracy compensating extra number
of bits m, as represented in equation (2),
varies in discrete steps, and much more
slowly than p.

¢) Bearing the physical (mathematical)
robot menipulator requirements (specifica-
tions) in mind (Machado, Costa and Carva-
lho, 1987), it would 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, it was observed
that the most significant bit of the
corresponding input word variable could be
dropped out if the Gray code was used.

e) On terms which have several input
variables, the required final precision
implies a similar accuracy on each input

word variable.

The application of these rules to the 2R
robot manipulator inverse dynamic hybrid
algorithm gives the results depicted in
Fig. 1.

PARALLEL COMPUTATION

We have shown that the proposed hybrid
computational algorithm for robot manipu-
lator inverse dynamics, offers considera-
ble performance improvement over purely
arithmetic alternatives, even in a mono-
processor sequential computing environ-
ment . In this section we will show that
the algorithm also leads naturally to
simple parallel architectures allowing
unlimited speed-up in the on-line computa-

tions, without accuracy restrictions. In
fact, the operations involved in the on-
line computations required by our algor-
ithm (AND, OR and arithmetic sums) are

both comutative and associative,
simple .distribution of the
load amongst several processors. Indeed,
this can be achieved without any of the
complex scheduling problems, common to
arithmetic manipulator inverse dynamics
parallel computing structures (Liu and
Chen, 1986; Lub and Lin, 1982; Nigam and
Lee, 1985; Wanatabe and others, 1988).

allowing
computational

Parallel architectures like the ones shown
in Fig. 2, are a natural consequence of
the calculation decoupling allowed by our
algorithm. Part a) shows a parallel stru-
cture 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 processor memories
in a way that assures optimum computatio-
nal load distribution. Part b) shows an
alternative parallel pipelined solution.
The improvement in the on-line computing
time is proportional to the number of
processors, and it is not subject to any
theoretical limit. The importance of this
fact must be emphasized since the other
manipulator inverse dynamics parallel com-
puting structures achieved a limited
improvement, in the sense that the resul-
ting speed-up is not proportional to the
number of processors, and, is in fact,
restricted to a maximum of n (a condition

that 1is achieved only if some errors are
allowed (Binder and Herzog, 1986)).
Finally, it should be noted that the



Boolean formulae are bit oriented instead
of word oriented. Consequently, general
pPUrpose microprocessors with 8, 16 or 32

data buses, and large instructions sets
{unused in this algorithm), that require
several clock cycles for AND, OR and

arithmetic sum calculations, are of little
use in improving the overall computing
performance. Much more promising seems to
be the use of single bit, reduced instru-
ction set and special purpose mic¢roproces-
sors. The design of a dedicated processor
based on Binary Decision Diagrams (Matos
and Oldfield, 1983) is being investigated.

SUMMARY AND CONCLUSIONS

robot
presen-

A new computational algorithm for
manipulator inverse dynamics was

ted. This algorithm 1is very efficient
because it takes full advantage of both
hardware and software capabilities of the
robot manipulator system. Another impor-
tant consequence of the proposed calcula-
tion method is the natural appearance of
simple, yet powerful, parallel computing
structures. Finally, it is observed that
the dedicated compiler philosophy is not
restricted to robot manipulator inverse
dynamic computations, but can be success-

fully generalized to other computing
structures, 1like kinematics and control,
as long as we can redefine the management

of the corresponding "environmental
resources”., This may lead to optimization
procedures, having implications on either
sequential or parallel computing system

structures.
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8 10 (w=2) PRECISION (B11S)
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b)

Fig. 1. 2R robot manipulator hybrid method source code chart, after
using the relevant rules appliceble for each summing term,

a) T12T2a4T1a4T134T1e4(T1s*+T1e*)
Tll=(15.7?+}0c1)al + T12=(445Ca)4s , T13=-5S:qa?
T14=-10S2q1qs , T1s*=66.15C, v T19°=249C1s

b) T.=(T|x‘+T:n')+Tas6T:c+(T:('*T:o‘)

T:l':Tnf'=0.5(4+5C|)a| , Tas=08q.
T24=582q1% , T2s*=T2e*=24.5C1s
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Memory CENTRAL COMPUTER Sensors
INPUT DATA BUS
Sequential Processor Sequential Processor
Memory Processor 1 Memory 1 Processor K Memory K
OUTPUT DATA BUS
a)
Memory CENTRAL COMPUTER Sensors
INPUT DATA BUS
Data code — Gray
Memory Conversion
GRAY CODED DATA BUS
Boolean
Memory Processor(s)
GRAY CODED SUMMING TERMS DATA BUS
Gray —Binary Conversion
Memory & Binary Sum
OUTPUT DATA BUS
b}

Fig. 2. Possible parallel computer structures, suggested by the new
hybrid algorithm. The central computer sends information to
the parallel processor so that, for each robot manipulator
load mass a corresponding object code is selected; the code
selection is made by each individual processor in its own
code library memory.

a) Sequential/Parallel processor.
b) Pipeline/Parallel processor.
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