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The high computational burden posed by

Abstract -
modern control algorithms precludes its industrial
application using present day microcomputers. In this

paper we evaluate the calculation load of different
logical and arithmetic operations and the capabilities
of several computer systems. This analysis reveals that
some limitations can be alleviated through the adoption
of techniques associated with the data representation.
Such techniques achieve not only a more efficient
management of the computational resources but also
provide a deeper insight on developments towards future
control architectures.

1 INTRODUCTION

In the last decades robot manipulator control has been
an area of active research. These mechanical devices
have complex dynamic phenomena which make difficult the
development of efficient controllers. Although linear
PID controllers are still used in industrial robots
they are inappropriate for high performances. In fact,
PID systems lead to limited path tracking accuracy and
may exhibit vibrations at high speeds. The low effi-
ciency of these systems motivated the appearance of
controllers based on different concepts [1,2]. However,
the high computational burden posed by many of these
algorithms precludes its industrial application using
present day microcomputers. While powerful monoproces-—
sor controllers may be rather expensive, the alterna-
tive of a multiprocessor architecture {3.4] is still in
a research stage and the total computational efficiency
is probably far from desirable. This situation can be
overcome through the development of control strategies
wore adapted to the computer structure. In fact, the
greater the controller complexity the greater the
computational requirements. Therefore, we may question
about the feasibility of a given algorithm and which
are the most adequate techniques to do the job. This
article evaluates several Computer Control Systems
(CCS's) and introduces techniques capable of render
more efficient practical implementations. In this line
of thought it is organized as follows. In section two
we compare the computational load with respect to
different logical and arithmetic operations of differ-
aent C(S's. Section three presents general techniques
amenable to control implementations and, finally, in
section four conclusions are drawn.

2 ON THE EVALUATION OF OCS's

The evaluation of the computational load required by an
algorithm and the capabilities of a given computer are
essential steps in any preliminary study regarding its
future implementation. Many of the algorithms suggested
in the literature neglect these points, and no assess-
ment 1s made about computational requirements. Some
studies take into account the computational load based
oun the required number of sums and multiplications,
while others only mention the maximum sampling frequen-
cies achieved after the algorithm has been installed in
a given system. Obviously such approaches are far from
satisfactory, because they do not take into account all
the "factors" involved. The difficulty of the problem
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lies precisely in the large number of factors involved,
such as the type of processor, clock frequency, type
and version of the programming language, type and
accuracy of the operations, etc. The data displayed in
Tables 1 and 2 clarifies these issues [6]. The tables
show the range of variation of the caloulation time for
different operations running on several computers.
Among the large number of possibilities we have chosen
those combinations more relevant in controller imple-
mentation. Inspecting the results several conclusions
can be drawn:

* Trigonometric operations are the most time consuming
while logical and integer arithmetic operations are the
fastest.

* The arithmetic coprocessor is essential to speed-up
floating point operations (f.p.o.’'s) but has no
influence upon the computational time required by
logical and integer arithmetic operatioms.

* For a given hardware, large variations of computing
time may occur depending on the compiler being used.

* Reduced Instruction Set Computer (RISC) architec-
tures appear to be far more efficient than conventional
Complex Instruction Set Computers (CISC).

In order to provide a better perspective of these
properties, we have decided to measure the frequency of
calculation for an adequate benchmark. Because extrapo—
lation from generic benchmerks are questionable [6,7],
we selected a benchmark capable of reflecting the
requirements associated with robot control. In this
line of thought, Fig. 1 shows the frequencies of
calculation of the inverse dynamics for the six degrees
of freedom PUMA 560 manipulator and for the systems
mentioned in Tables 1 and 2. The inverse dynamics
equations already include the simplifications presented
in [8]. Some improvements introduced by the authors
have reduced the number of required operations to 5
sines, 6 cosines, 89 sums and 151 multiplications
(Table 3). In this chart the vertical coordinate f
represents the "absolute” computing frequency, while
the horizontal coordinate f/fcrocx (fcrecs: clock fre-
quency of the processor) corresponds to a “normalized”
calculation rate. The results reveal that computation
speed-up through the acceleration of fcsocx ~ which is,
essentially, technological dependent - is less signifi-
cant than the improvement attained by the optimization
of the processor architecture ("measured” by the hor-
izontal coordinate). Moreover, the order of magnitude
of f show that, by the time the whole control algorithm
is implemented, which contains several sub-algorithms
such as kinematics, dynamics, control and trajectory
planning, the computational load can easily reach
levels incompatible with the use of high sampling
frequencies. The development of techniques for the
implementation of these algorithms is the subject of
the next section.

3 TECHNIQUES TO IMPROVE THE PERFORMANCES OF CCS's

Modern robot control algorithms pose very stringent
computational requirements. Technological Progress
makes available systems with ever increasing perforsan-
ces but, the truth is that their use as robot control-
lers may not be economically feasible. Therefore, in



TABLE 1. Computation times for several systems

Computer |IBM PS/2 IBM PS/2 IBM PS/2 IBM PS/2 IBM PS/2 IBM PS/2 IBM PS/2 INMOS
8530-021 8560-061 8570-A21 8530-021 8560-061 8570-A21 486/25 P. TB00~20
os MSDOS 3.3 MSDOS 3.3 MSDOS 3.3 MSDOS 3.3 MSDOS 3.3 MSDOS 3.3 MSDOS 3.3
Clock 8 MHz 10 Mtz 25 MHz 8 MHz 10 MHz 25 MHz 25 MHz 20 MHx
Proc./ 8086 80286 80386 8086/ 80286/ 80386/ 80486 IMs
/Coproc. /8087 /80287 /80387 T800-20
Language TC V2.0 TC V2.0 TC V2.0 TCV2.0 TCV2.0 TCV2.0 TC V2.0 Occem 2
Operation Computation Time (usec)
ADD fp 540-660 223-251 83-93 52-565 46-50 9-11 1.7-3.7 1.8~-2.0
MULT fp 870-940 293-299 110-114 57-63 51-53 9-11 1.7-3.7 2.5~2.6
SIN fp 3500-4300 939-1175 335-418 300-360 236-269 27-39 11-22 38.8-40.7
ADD int 8.3 4.3 1.2 8.3 4.3 1.2 0.5 0.686
MULT int 22.5 5.2 1.5 22.5 5.2 1.5 1.1 2.54
IF 9.1 4.5 1.1 9.1 4.5 1.1 0.47 0.922
TABLE 2. Computation times for several systems
Computer |DECSTATION Apollo SUN 3-60 SUN 4-110 SUN 4-60 AViiON IBM $/6000
3100 3500 SPARC St.1 AVX 300 Pow.St.530
oS Ultrix 3.1 BSD4.2 IX Unix 4.2 Unix 4.3.2 SUN 4.0.3 DG/UX 4.2 AIX V3.1
Clock 16.7 MHz 25 MHz 20 MHz 14.3 MHz 20 MHz 16.7 MHz 25 MHx
Proc./ |MIPS 2000/ 68030/ 68020/ SPARC SPARC 88100 IBM Power
/Coproc. /2010 /68882 /68881 Syst/6000
Language | System C System C System C GNU V1.25 System C System C System C System C
Operation Computation Time (usec)
ADD fp 0.16-0.33 7.3-7.5 18-19 11-13 3-4 1.9-2.1  2.2-2.5 0.13-0.15
MULT fp 0.16-0.33 7.3-7.5 15-16 11-12 3-4 2.1-2.2 2.3-2.8 0.13-0.14
SIN fp 5.0-8.3 23-25 17-20 20-25 5-7 4.0-4.3 22-25 2.3-3.2
ADD int 0.024 0.4 1.2 0.5 0.9 0.63 2.7 0.013
MULT int 0.024 0.6 3.3 0.5 2.8 1.7 2.7 0.013
IF 0.055 1.3 1.6 1.6 1.2 6.2 0.67 0.034

: Turbo C. Precision of the floating point (fp) operations: 8 bytes, Integer (int) operations: 4 bytes
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Figure 1: Chart of the "absolute" computing frequencies f for PUMA 560 dynamic equations versus the "normalized”

index f/fcrocs for the computers considered in Tables 1 and 2.
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TABLE 3. Dynamic equations of the PUMA 560 robot manipulator

Sa=SIN(pa)
C2=00S(ps)
S»=SIN(ps)
Ce=00S(ps)
S«=SIN(ps)
Ce=00S(pa)
Se=SIN(ps)
Cs=00S(ps )
Pss=patps
Sna:SIN(paa)
C122=00S(pas)
C239=00S(patpss)

S5S33=S128S12s
SC23=Ss33Cas
C3S13=Ca#Sas
CaC13=Ca3Css
S4Se=54%5s
CeSs=C43Ss
S4Cs=S«3¥Cs
CaCs=C4*Cs
C23CaCs=C323CaCs

m1=~8.4%Sss

ma=—0,134%Cas

me=-0.0025%Ss

me=[0.00164+0.00038(1-28S543S4) ]$S3s-0.0025%Cs +3C4Ss
ms=-(0.0025%Cs+0.000642)%C2 285,
me=0.635C2-0.02138(1-28SSas)

a12=0.69%S:+m1+0.0238%C,
ai13=ms~-0.003978S1s
a33=0.333+0.372355-0.011%C»
as4=-0.001258S4Ss
a35=0.001252C4Cs

b112=-2.768S38C3+0.744%C223+me

b113=0.744%C2C23+0.022%C2Saa+me

b1142-0.002585C1233S486+0.000863C+Ss—0.002488CaCs2%S4Ss

b118=-0.0025%(SS233S55-SC223CaCs)
—~0.00248%C33(S238S5-C2sCeCs )+0.000868S.Cs

ba14=me+0.002483S:3C4Ss

bz s=ms+0.00248352%¥S4Cs

ba33=0.022%S:+0.744%C,s

ba242-0,00248%C»354Ss

bz2se=ms+0.00248%(Cs8C4Cs~S28Ss)

ba15=-0,.000642%S338Ca

b425=0.000642%S.

c31=-0.5%b11a

viviTvidvy
vivasvi$vs
vivszvidvs
vivazvaivs
V1VesVi1¥Ve
vavizva$vs
Vavasva$vs
Vivesvatva
vavesva¥vs
Vvavssve#vs
vavazve¥vae
Vavesvadvs

vavavave=vavat+0.58%vavs
VaVaVaVaSVivatveve
VaVSVIVESVaVEtVavs

Ti=(2.5741.388Cs3Cs+0.38SSas+0.7443CaSs s ) Sws
tai1adwatars¥ws
+bi1s8vivatbi1s8vivetbiie8Svivetbare®vaivs
+(0.2678S22-0.007588Cs3 ) $vavevsvs
4+(0.698C240.1348535-0.02388S1 ) 8vavs

Taza1s3wa+{6.79+0.744%Ss ) swatazsdws
tbai1evivetbss158vivetbass8vavavevs
+tbasedvavevavetbasstvavevave
-0.58%biiadviva
-37.28%Ca+mi+1.023Ss

TrzaisswitassSwatl. 168wrtassSwetassbws
Hmesvivatms$viveimadvavsveve—0.002588.CsSvaitvs
4C213vivi-0,5%basssvsvs~0.001258C.Se#({vadvatvesvs)
+m1+0.258Css

Tezas«Sws+0.28%we
tbasatvivi~-bsi1e8vivetbarsSvivetbaas$vavevevs
~-0.58(b11e#vivitbsae$vava)
+0.0283S23854Ss

Tezass$wa+0.18%ws
-ba1s3viva~be1s¥vivi-ber1s¥viva-med$vsvavevs
~bssstvavavavs
-0.58(bsissvivitbasssvava)
~0.028%(C1sSs+5228C4Cs)

Tez=0.198%we

the sequel we present a set of techniques to improve
the performances of CCS's, which are, to a large extent
"hardware independent” [9]. We group these techniques
into six categories:

Programming in assembly language.

Calculation with low precision.

Use of memory.

Multirate sampling.

Preview techniques.

Dedicated compilers.

These techniques are discussed in the next subsections.

3.1 Programming in Assembly Language

Programming in assembly language is a well known
technique and constitutes a natural starting point to
improve the performances of any COCS. In fact, this
method allows a considerable optimization of the object
code. However, modern control algorithms are very
complex and that makes their programming in assembly
very time consuming. This is the reason why only a few
researchers have adopted this strategy [10.11] as an
alternative to the programming in high level languages
such as FORTRAN or C.

3.2 Calculation with Low Precision

The calculation with low precision has been one of the

main alternatives to the programming in assembly lan-
The most common technique consists in giving up

guage .
f.p.o.'s in favour of fixed point arithmetic calcula-
tions [12,13). At a first sight it would seem more

practical to reduce only the accuracy of the f.p.o.'s.
However, this is somewhat deceptive because many of the
high level languages implement low accuracy f.p.o.’'s on
the basis of operations with stendard accuracy. There-
fore, and contrary to our expectations, there is no
improvement of the computation times. Clearly, if the
high level language has distinct arithmetic libraries
for different accuracies then computation can be spee-
ded up (7] (Fig. 1).

3.3 Use of Memory

This technique transfers the calculation load to memory
evaluations. A common procedure consists of replacing
trigonometric f.p.o.'s by memory look-up tables
{10,13]. The use of memory evaluations can be generali-
zed to a greater portion of the algorithm however, the
application of this technique to CCS's has not received
much attention to date with the exception of a few
controllers based on learning strategies [14,15]). Ther-
efore, a large field of research remains open.
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3.4 Multirate Sampli

The effects of the finite sampling frequency upon the
performances of a OCS are very important. In a control
system, made of several feedback and feedforward paths,
it is natural to expect different bandwidths along
thein. Therefore, it is reasonable to allocate different
sampling (and computing) rates to such paths. This
strategy forms the basis of multirate sampling [16,17].
In this way the computing power is assigned to each
loop in accordance to its real needs, allowing there-
fore a more rational management of the computer resour-
ces.

3.5 Preview Techniques

Because microprocessors have limited computational
capabilities the maximum allowable sampling frequency
of the controller is bounded above. At the same time
this gives rise to a time delay between the instant
sensors are read and the control command is
issued. Preview techniques attempt to minimize this
detrimental effect. Their application to the CCS's for
robot manipulators has shown promising results [18]
yvet, it is still in a research stage.

3.6 Dedicated Compilers

The implementation of a control algorithm assumes the
representation of system variables through real num-
bers. To these real numbers corresponds a computer
internal representation by means of floating point
structures. This representation, requiring several
bytes, 1is in sharp contrast with the 8 to 16 bit
accuracy of standard A/D and D/A  converters. The
authors developed a method for implementing control
algorithms [19,20) that eliminates this discrepancy, by
optimizing the chain:

Data Collection -> Processing -> Control Action

method adopts an uniform accuracy for all
both for the computer internal and
external variables. Once the admissible range of a
variable is known, quantization levels can be defined
as a function of the accuracy of the A/D and D/A
converters. To each of these levels, an integer binary
code is assigned and the algorithm can be processed by

This
variebles that is,

Boolean operations upon the bits representing the
variables. Furthermore, the Boolean operations are
optimized by means of Binary Decision Diagrams, that
are very efficient, once converted to IF_THEN_ELSE

structures as shown by Tables 1 and 2.

This method is still in a research stage however, it
has already suggested interesting extensions to RISC
computational structures and parallel architectures. In
the first case the extension is motivated by the fact
that processing by means of BDD's only requires micro-
processors with a reduced number of instructions; in
the second case the advantage stems from the simplicity
of task scheduling to the processors in parallel.

4 OONCLUSIONS

The high computational burden posed by modern cobntx"ol
algorithms precludes its industrial application using
present day microcomputers. This situation can _be
overcome through the development of control stratez}es
more adapted to CCS's. The analysis of the computatio-
nal requirements and the evaluation of the com‘:uter
capabilities reveals that limitations are alleviated
through the adoption of techniques associated with the
data representation. Furthermore, the use of these
techniques achieves not only a more efficient manage-
ment of the computational resources but also provides a
deeper insight on developments towards future CCS's.
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