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Abstract: The high computational burden posed by modern
control algorithms preclude its industrial application
using present day microcomputers. In this paper we
evaluate the computational load of different logical
and arithmetic operations and the capabilities of
several computing systems (software & hardware). This
study reveals that real-time limitations can be alle-
viated through the adoption of general techniques
associated with the data representation. Such techni-
ques achieve not only a more efficient management of
the computational resources but also provide a deeper
insight on developments towards future real-time con-
trol architectures.

Introduction

Since the advent of robotic technology manipulator
control has been an area of active research. These
mechanical devices composed of several links connected
through revolute or prismatic joints, have complex
dynamic phenomena which make difficult the development
of efficient controllers. Although linear PID control-
lers are still used in present day 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 [1-5]. 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 non-economical, the alternative
of a multi-microprocessor architecture [6-10] is still
in a research stage and the total computational effi-
ciency is probably far from desirable. This situation
can be overcome through the development of control
strategies more adapted to microcomputer-based structu-
res. In fact, the greater the controller complexity the
greater the computational requirements. It is then
appropriate to question to what extent is it feasible
to implement a given algorithm and which are the most
adequate techniques to do the job. Furthermore, the
technical literature is scarce on the evaluation of the
computational load posed by each algorithm and its
dependence on the software & hardware structure.

This paper compares the real-time capabilities of
several computer systems and introduces techniques
capable of render more efficient practical implementa-
tions. In order to develop this study the article is
organized as follows. In section two we evaluate the
computational load with respect to different logical
and arithmetic operations of several computing systems
(software & hardware). Section three presents general
techniques amenable to real-time implementations. Fin-
ally, in section four conclusions are drawn.

Evaluation of Computational Load and
Software & Hardware Capabilities

The evaluation of the computational load required by
an algorithm and the capabilities of a given computa-
tional system, are essential steps in any preliminary
study regarding its future implementation.

Many of the algorithms suggested in the
neglect these points,

literature
and no assessment is made about
computational requirements. Some studies take into
account the computational load based on the required
number of sums and multiplications, while others only
mention the maximum sampling frequencies achieved after
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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 lies precisely
in the large number of factors involved, sych as the
type of microprocessor, clock frequency, memory wait
states, type and version of the compiler, type and
accuracy of the operations, etc.

Although not considering all possible combinations of
operations/compiler/processor/co~ processor, the data
displayed in Tables 1 to 4 attempts to clarify these
issues [11]. They show the range of variation of the
computational time required by each arithmetic or
logical operation for a given system (software &
hardware). Among the large number of possibilities we
have chosen those combinations more relevant in con-
troller implementation. Inspecting the data several
conclusions can be drawn:

» Trigonometric operations are the most time
ming

consu-
Logical and integer arithmetic operations are the
fastest.

» The arithmetic coprocessor is essential to speed-up
floating point operations.
Logical and integer arithmetic operations are
affected by the presence or absence of coprocessors.

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

» Theoretically, the speed of calculations increases
linearly with the clock frequency. However, for large

not

frequencies wait states may occur when accessing
memory. In this case the way memory is organized is the
determining factor in the full use of that velocity
[12].

« 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 ext ipo-
lation from generic benchmarks are questionable (12~
14], we have decided to select a benchmark capable of
reflecting the requirements normally associated with
robot control. Thus, we show in Fig. 1 the fr-~quencies
of calculation of the inverse dynamics for the six
degrees of freedom PUMA 560 manipulator and for the
systems mentioned in Tables 1 to 4. The inverse
dynamics equations already include the simplifications
presented in [15]. Some improvements introauced by the
authors have reduced the number of required operations
to 5 sines, 6 cosines, 89 sums and 151 multiplications.
The results in Fig. 1 show that, by the time the whole
control algorithm is implemented, which contains seve-
ral sub-algorithms such as kinematics, dynamics., con-
trol and trajectory planning, the computational load
can easily reach levels incompatible with the use of
high sampling frequencies. The development of techni-
ques for the real~time implementation of these algori-
thms is the matter of the next section.

Techniques to Improve the Real-Time
Performances of Computer Control Systems

Modern robot control algorithms pose very stringent
computational requirements. Although technological
progress makes available systems with ever increasing
performances, the truth is that their use as robot
controllers may not be economically feasible. In the

sequel  we present a set of techniques to improve the
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Fig. 1 Chart of the computing frequencies (f) for PUMA

560 dynamic equations versus the index f/fcrocx
using several computing systems considered in
Tables 1 to 4. For the systems tested with two
alternative compilers, it is depicted only the
result of the fastest code. Floating point
operations are evaluated using the standard
precision of: & 8 bytes, ¢ 4 bytes.

real-time performances of the control system, which
are, to a large extent "hardware independent” [11]. We
group these techniques into six categories:

« Assembly language programming.

*» Low precision arithmetic calculations.

* Use of memory.

* Multirate schemes.

* Preview techniques.

« Dedicated compilers.
which are discussed in the sequel.

Assembly Language Programming

This is a well known technique and constitutes a
natural starting point to improve the real-time perfor-
mances of any controller. In fact direct programming in
assembly language allows considerable optimization of
the generated 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 [16-
18] as an alternative to high level languages such as
FORTRAN or C.

Low Precision Arithmetic Calculations

This option has been one of the principal alternati-
ves to the assembly language. The most common technique
consists in giving up floating point calculations in
favour of fixed point arithmetic [19-20].

At a first sight it would seem more practical to
reduce only the accuracy of the floating point calcula-
tions. However, this is somewhat deceptive because many
of the high level languages implement low accuracy
floating point operations on the basis of operations
with standard accuracy. Therefore, and contrary to our
expectations, there is no improvement of the computa-
tion times. Clearly, if the high level language has

distinct implementations for different accuracies then
computation can be speeded up. This is shown in Fig. 2
for several floating point arithmetic operations, on

the IMS T800-20 transputer, programmed in Occam 2.

Use of Memory

This method transfers, in part or entirely, the load
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Fig. 2 Chart of the computing time (t) for several

floating point operations in transputer
T800-20 using:

® 8 bytes precision, ¢ 4 bytes precision

(source code programmed in Occam 2).

of on-line calculations to memory-based evaluations. A
common procedure consists of replacing the floating
point calculations of trigonometric functions by memory
tables [17,20]. Although this method can be generalized
to a greater portion of the algorithm, the application
of this technique to control algorithms has not recei-
ved much attention to date with the exception of
controllers based on learning strategies [21-26]. Ther-
efore, a large field of research remains open.

Multirate Schemes

The effects upon the

are very

of the sampling frequency
performances of a digital robot controller
important. In a control system, made of several feed-
back and feedforward paths, it is natural to expect
different speeds of response along them. Therefore, it
is reasonable to allocate different sampling (and
computing) rates to such paths: this forms the basis of
multirate schemes [27-30]. In this way the computing
power is assigned to each loop in accordance to 1its
needs, allowing therefore a more rational management of
the system resources.

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 detrimen-
tal effect. Their application to the control of robot
ma?ipulators has shown to be simple and efficient [31-
33].

Dedicated Compilers

The implementation of a control algorithm
assumes

implicitly
the representation of process variables by
means of real numbers. To these real numbers corres-

ponds a computer internal representation by means of
floating point structures. This representation, requir-

ing several bytes, is in sharp contrast with the 8 to
16 bit accuracy of standard A/D and D/A converters.

The authors have developed a method for implementing
real-time control algorithms [34-35] that eliminate



this discrepancy, by optimizing the chain:
Data collection -> Proccessing -> Control action

In their method, an "uniform” representation for the
variables is adopted, that is, real world and computer
internal variables have identical accuracies. 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. Then the control
algorithm can be processed by Boolean Algebra opera-
tions upon the bits representing the variables. The
Boolean Algebra 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 to 4.

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 allocation to parallel processors.

Conclusions

A large number of algorithms for robot control has
been proposed so far. However, the validation of these
algorithms through practical implementations is still
confined to a few examples. Moreover, the high computa-
tional burden posed by many of these algorithms preclu-
des its industrial application using present day micro-

computers. This situation can be overcome through the
development of control strategies more adapted to
microcomputer-based structures. The analysis of both

the computational requirements and microcomputer capa-
bilities reveals that limitations are alleviated
through the adoption of general techniques associated

with the data representation. Furthermore, the use of
these techniques achieves not only a more efficient
management of the computational resources but also

provides a deeper insight on developments towards
future real-time control architectures.
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TABLE 1. Computation times for several systems

Computer PS/2-8530-021 PS/2-8560-061 PS/2-8570-A21
oS MSDOS 3.3 MSDOS 3.3 MSDOS 3.3
Clock 8 MHz 10 MHz 25 MHz
Processor 8086 80286 80386
Prog.Lang] TC V2.0 uC V4.0 TC v2.0 uC V4.0 TC V2.0 uC V4.0
Operation Computation Time {usec)
ADD real 540-660 210-280 223-251 88-108 83-93 31-40
MULT real| 870-940 540-610 293-299 157-161 110-114 55-59
SIN 3500-430016600-7450 938-117511939-2241| 335-418 692-807
CcOS 3400-4400[7100-7700 907-118112236-2329| 324-418 802-846
ASIN 6580-9560|7650-10700)1856-2802(2307-3304 664-1016| 840-1231
ACOS 7240-9780]7950~-10450}2131-2906[2428-3213 763—1049 889-1176
ATAN 4600—6700v6300—7450 1241-1813|1917-2284| 434-643 697-835
SQRT 1220-1540| -700-1100 392-432 251-388 148163 93-139
ADD int 8.3 7.5 4.3 4.0 1.2 1.2
MULT int 22.5 24.0 5.2 5.4 1.5 1.3
IF 9.1 12.0 4.5 6.0 1.1 1.5
TABLE 2. Computation times for several systems
Computer PS/2-8530-021 PS/2-8560-061 PS/2-8570-A21 PS/2-486/25 Platf
QS MSDOS 3.3 MSDOS 3.3 MSpPOS 3.3 MSDOS 3.3
Clock 8 MH=z 10 MHz 25 MHz 25 MHz
Proc/Copr 8086/8087 80286/80287 80386/80387 80486
Prog.Lang{ TC V2.0 uC V4.0 TC V2.0 uC vVa.0 TC v2.0 uc v4.0 TC v2.0 uC V4.0
Operation Computation Time (usec)
ADD real 52-55 54-66 46-50 46-50 9-11 9-11 1.7-3.7 1.7-3.7
MULT real 57-63 60-66 51-53 51-53 9-11 9-11 ¥.7-3.7 1.7-3.7
SIN 300-360 440-550 236-269 363~-401 27-39 104-110 11-22 38-50
COS 300-360 430-550 231-269 374-401 27-39 98-110 11-17 38-44
ASIN 220-305 320-390 181-253 247-291 43-66 65-77 21-28 27-33
ACOS 245-330 320-440 192-259 258-303 44—66 65-83 21-28 27-33
ATAN 220-275 220-330 159-198 186-214 39-55 50-61 21-28 21-28
SQRT 76-80 159-165 58-61 104-106 14-17 31-33 5-7 13-15
ADD int 8.3 7.5 4.3 4.0 1.2 1.2 0.5 0.5
MULT int 22.5 24.0 5.2 5.4 1.5 1.3 1.1 1.1
IF 9.1 12.0 4.5 6.0 1.1 1.5 0.47 0.6
TC: Turbo C, uC: Microsoft C
Operation Precision- Real: 8 bytes, Integer: 4 bytes
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TABLE 3.

Computation times

for several systems

Computer VAX 11-750 uVAX-I1I Q3 VAXSTATION DECSTATION .3100
0s VMS 4.7 Ultrix 2.2-1 VMS 5.1 Ultrix V3.1
Clock 16.7 MHz
Proc/Copr| Proprietary* Proprietary Proprietary MIPS 2000/2010
Prog.Lang VAX C v2.4 System C System C System C
Operation Computation Time (uﬁec)
ADD real 9-10 10-11 2.9-3.3 0.16-0.33
MULT real 9-10 10-11 3.0-3.3 0.16-0.33
SIN 64-73 35-40 19-22 5.0-8.3
CoSs 72-90 133;138 19-22 6.7-8.3
ASIN 72-89 37;40 20-23 8.3;}0
ACOS 82-100 70-73 22-25 8.3-10
ATAN 63-80 167-173 17-20 6.7-10
SQRT 57-67 30-33 15-18 1.6-1.7
ADD int 2.0 .5 0.5 0.024
MULT int 1.9 .7 0.5 0.024
IF 5.8 .3 1.1 0.055
TABLE 4. Computation times for several systems
Computer |Apollo 3500 SUN 3-60 SUN 4-110 AViiON AVX 300 INMOS T800-20
0s BSD4.2 DolIX Unix 4.2 Unix 4.3.2 DG/UX 4.2
Clock 25 MHz 20 MHz 14.3 MHz 16.7 MHz 20 MHz
Proc/Copr|68030/68882 68020/68881 Sys4 SPARC 88100 IMS T800-20
Prog.lLang| System C System C |GNU V1.25| System C System C |GNU V1.35( PC V2.0 Occam 2
Operation 7 Computation Time (usec)
ADD real 7.3-7.5 18-19 11-13 3-4 2.2-2.5 1.8-2.5 4-5 1.8-2.0
MULT real 7.3-7.5 15-16 11-12 3-4 2.3-2.8 2.3-2.8 4-5 2.656-2.6
SIN 23-25 17-20 20-25 5-7 22-25 20-25 30-40 38.8-40.7
Ccos 25-27 18-23 22-28 5-8 3.3-5.0 3.3-5.0 10-20 34.8-36.0
ASIN 143-145 22-25 23~27 27-32 42-48 42-48 10-20 30.6-47.3
ACOS 138-140 20-25 23-30 25-33 43-48 42-47 10-20 31.1-46.6
ATAN 25-27 17-20 20-27 3-7 10-15 10-156 10-20 36.8-36.9
SQRT 27-28 15-22 23-27 3-7 3-7 3-7 10-20 13.0-13.8
ADD int 0.4 1.2 0.5 0.9 2.7 2.7 1.75 0.66
MULT int 0.6 3.3 0.5 2.8 2.7 2.7 1.75 2.54
IF 1.3 1.6 1.6 1.2 0.67 0.67 2.08 0.922
PC: 3L Parallel C, *With FPA L00001
Operation Precision- Real: 8 bytes, Integer: 4 bytes
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