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Abstract. A new robot manipulator inversa dyna■ ics computational algor­
ithm is announced. The novel feature resides in tha computations whieh 
are a bland of ordinary and Boolean algebra. As such, this method ■ay 
also. ba intarpreted as a dedicated compilar that optimizes the on-line 
computing time at expensas of the off-line stage. Navertheless, the high 
off-lina requiraments ara allaviated, through the darivation of some 
general rules that stem fro ■ the structure of the robot ■anipulator 
equations. Horeover, tha on-line co■puting time is !urthar op~i ■ izad 
through tha use of B1nary Dac1s1on Diagra■s. The results show a 
considarable co ■putational i ■provemant on a conventional sequential 
machina. Further■ore, they claarly point out new computational parallel 
architectures, without scheduling problems, and whare performance i ■pro­
vement is proportional to tha numbar of processors. Finally, it is 
obsarvad that the proposad algorithm is not restrictad to robot inversa 
dynamic computations, but is also applicabla to many other real-time 
computing structures. 

Kaywords. Computational methods; Boolean algabra; computar architecture; 
parallal procassing; robots; compilers. 

IMTRODUCTION 

In tha !ast two decades robot manipulator 
1nvarse dyna■ ics, that is, the task of 
computing the required joint torques for a 
desired set of positions, velocities and 
accelerations, has been a topic of 
research and davelop■ent. In the per1od 
since then, the araa of computational 
aspects of robot manipulator dynamic 
modelling has achieved high results, 
namely in the numarical recursiva methods, 
using eithar Newton-Euler CLuh, Walkar and 
Paul, 19801 or Lagrangian CHollerbach, 
19801 algorithms; some improvement over 
these puraly nu ■erical procedures was 
achiavad by Horak (1984) which daveloped a 
m1xed algorith ■, havíng both nu■erical and 
sy■ bolic co■putation. More recantly, a 
further step towards co ■putational impro­
vement was attainad with the the automatic 
generation of the dynam1c sy■bolic formu­
las, using LISP-based computar algebra 
syste ■s e Leu and He ■a ti, 1986; Kopl ic and 
Leu, 19861. Computation through these 
schames achiaves battar performances than 
the previous ones; ■oreover, it al lows 
physical insight into the ■anipulator dy­
namics and providas strategies for tha 
■anipulator design, that, as pointad out 
by Yang and Tzeng C 19861, can raduce the 
calculation burdan. More recently still, 
Meuman and Murray e 1987a, 198"1'b, 1987c l 
developed the coneapt of custo ■ ized compu­
tational robot dynamics, showing consida­
rable performance i ■ provement over tha 
pravious methods. 

One may think of these last ■ ethods as an 

"investmant• in the off-line co■putational 
time so that the on-line calculation time 
is abbreviated. The present tradaoff be­
tween o!f-line vs. on-line co■puting ti ■• 
can be pushed further if we bear in mind 
the following considarations: 
-Both the nu■erical recursiva and sy■ bolic 
algorithms ara converted to tha co■puter 

internai coda through a h igh !evel lan­
guage co■piler lika Fortran or C. 
-The resulting object code i ■ poses a co■-
plex burden, as !ar as a microprocessor iS 
concernad, due to the high nuabar of 
arithmetie and transcendental !loating 
point calculations. 
-The floating point ealculations eorres­
pond to a larga number of ■ icroprocessor's 

machine code instruetions. 
-Tha floating point caleulations must be 
performed with high precision in order to 
raduee problams associated with !inite 
precision arithmetic. 
-Floating point calculations with high 
precision requira a larga word length. 
Clearly, this typa of i ■ plemantation is 
far from satisfactory. But further reasons 
can ba put forward: 
-Tha computar internai nu■erical rapresan­
tation has a much higher accuracy than the 
11.an ipulator hardware < A/D, D/A, etc.>. 
usually With only 8 to 16 bit pracision. 
-If co■putat1ons could be perfor■ed with a 
precision of tha same magnitude as the ona 
used in the manipulator hardware, calcula­
tion time would decrease. 
-The use of 8 to 16 bit co ■ puting accuracy 
Withou~ finita precision problems i ■ plias 
that tha arith ■etic operations, as well as 
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the transcendental tunctions, can not be 
executed in the ordinary way. 
An alternativa method aust be simple 
enough tor any a1croprocessor to pertorm, 
1.e. it should be well adapted to the 
aicroprocessor•s aachine code 1nstr11ction 
set. 

To conclude, we observe that there is a 
need tora •special" algebra that providas 
a better manageaent ot the existtng hard­
ware/software resources. By other words, 
we need to tind a new compilar that 
generates a more efticient object code 1n 
the aanipulator hardware/sottware envi­
ronaent. Such coapiler may be called a 
dedicated compilar, contrasting With gene­
ral purpose compilers such as Fortran or 
C. Boolean algebra satisfies all the above 
requirements; nevertheless, we are now 
faced With the problem of translating the 
ordtnary arithmetic and transcendental 
tormulae to Boolean algebra. Although for­
mally independent, there is a way of doing 
it. The robot man1pulator tnverse dynaaic 
algorithas correspond to multivartable 
tunctions, and, as such, can be tabulated. 
If both input and output variables are 
quantified and converted to a suitable 
binary code, then the resulting table aay 
be v1ewed as a truth table where one can 
use standard Boolean tunction-siaplify1ng 
techniques, having as input variables the 
bits ot the quantified binary coded 
<positton + velocity + accele~ation> ve­
ctor, and output Boolean functtons the 
bits of the quantified binary coded requ1-
red torques. Unfortunately, upon further 
exastnatton ~his ideal situation is not 
feasible tn practice as it poses critica! 
obstacles to its co ■putation due to the 
necesstty of a huge Boolean table. Mever­
theless, it poínts to a 11ethodology for a 
realizable tspleaentation that, with aod1-
f1cations, can achieve a reaarkable reduc­
tion of the on-line coaputing tiae. This 
realizable iaplesentation iS developed in 
the next sectton. 

A HYBRID COMPUTATIONAL ALGORITHM 

Since it has been found that the full 
Boolean-based coaputatton is tapractical, 
there is the necessity of a compromise 
between realizability and coaputational 
1sprovesent. Such co ■prosise aay be achie­
ved through the use of a hybrid computa­
tion, havtng both ordinary artthaetic sums 
and Boolean algebra. 

The san1pulator dynamtc equations are of 
the for• 

T: J(qlq + C!q, ql + G(ql (1) 

where J(ql is the n x n inertial aatrix, 
C<q,ql is the n dimentional Corio-
1 iS/centripetal vector, G(ql is the n 
diaentional grav1tational vector and q, q 
and q are the n disentional vectors of 
link positions, velocities and accelera­
tions, respectively. 

A natural way of achteving our purpose is 
to split each link torque 1n its teras. 
Then each tera can be calculated by 
Boolean algebra, and the final result, 
í.e. the link torque, by an ordinary 
arithaetic sua of these teras. ln this 
case, for each joint torque there are 
several truth tables, requiring a aaxisus 

of 

Cn(positionl + t<accelerationJJ 
i.w.v. for the inertial teras 

Cn<positionl + 2<veloc1t1esJ 
1.w.v. for the Coriolts teras 

CnCpositionl + t(velocitylJ 
i.w.v. for the centrípeta! teras 

n(pO.SitiODJ 
1.w.v. for the gravitatíonal teras 

where input word var1able !i.w.v. l means 
the appropriated binary-coded representa­
tion of each input var1able. The Boolean 
coaputation becoaes alleviated as we have 
a aaximu• ot <n+2) input word variables, 
contrasting with the requireaent of 3n 
input word variables for the tully Boo­
lean-based computation. 

One of the aore sertous restrictions impo­
sed by the coexistence of two different 
algebras, is that arithaettc suaaation 
degrades tbe overall preciston, hence 
resulting 1n the need for• extra bits, 
given by 

•=int e log .. < p+ l l l 
p:total nuaber o! teras 

(2) 

in each ter• 1n order to achieve the 
desired accuracy; nevertbeless. this pro­
ble■ is of ninor 1nfluence since • increa­
se:s auch ■ore slowly tha.n p. Th-erefore, 
for a desired output resolution of r bits 
we aust have a ter• accuracy of 

w.,..TIA.it.=r+• ( 3 l 

bits. 

ln conclus1on, we may say that the off­
line •coapilation• (1.e. truth table s1a­
plificationl requiresents, e1ther in cos­
puting ttse or in coaputer •••ory space, 
are considerably alleviated, as we pass 
troa one huge Boolean table w1th 3n input 
word variables, to severa! truth tables 
which have a auch smaller nuaber of input 
word variables, and this without altertng 
signiticantly the on-line coaputing tiae. 

IMPLEMENTATION OF THE NEW 
COMPUTATIONAL ALGORITHM 

·ro illustrate the 1apleaentat1on of our 
algoritha, we considera 2R (Fig. ll robot 
manipulator described by the follo111ng 
dynasic equattons (Paul, 1980; Brady and 
others, 1982 l 

J••=<a,+salr,ª+•araª+2r,ra■aCa+J, 
j1a=ja1=mara•+r,r .... c. 
jaa=aara•+Ja 
c,aa=-r,rasaSaqa• 
c,,.=-2r,r ••• s.q.qa 
Ca 1 1 =•-r ,raSaq 1 z 
g,=a,gr,C,+aag<r,C1+raC,al 
8•=•-gr.c,. 

(4al 
(4bl 
14c l 
!4dl 
14el 
(4f l 
14g) 
C4hl 

111th C.=cos<q,l and S,:s1n1q,l. In this 
papar we use data Similar to other sud1es 
<Young, 1978, Morgan and Ozguner, 1985, 
Machado and Carvalho, 19881, naselly: 

a,:0.5 Kg r a=O. 8 11 

(5) 



a.nd a.ssuae the aaplitude of ea.ch link 
va.r1able within the follow1ng ranges 
C i:::l, 21 

-n rad 1 q. 1 1t ra.d (6a.) 

-1 rad/s 1 
. 
q. i rad/s C6bl 

-1 rad/s" 1 q. i 1 rad/sª (6cl 

For these ranges and for the payload 
referred in (5) we have 

-151.5 N.a 1 r. 1 152.5 Na ( 7a J 

-69. 1 Na i T-:o i 88. l Ma (7bl 

Nevertheless, aotivated by the natural 
assuaption that the torqu• coaputation 
_shal l be a bloci: of a larger control 
structure, the feedback loop aay deaand 
htgher torques, and therefore we a_ssuae 

-200 Na i r. 1 200 Na (8al 

-100 N■ i T:ar i 100 Na <Sbl 

Fro11 these cons1derat1ons it resulta that 
equa.tions <Sl and (81 g1ve the quantiza­
tíon ranges for the input and output <BT, 
and 6Tal word var1ables, respect1vely. 

Mow, for the ault1var1able funct1on (4J, 
we ma.y find the approprtated nuaerical 
table a.nd the correspondíng bynary truth 
table. Fina.ly, fro■ this table the Boolean 
ba.sed code can be generated. Nevertheless, 
íf soae general rules are prev1ously 
imple■ented, we aa.y alleviate the af'ore­
mentioned procedure. These rules atea froa 
cons1dera.t1ons like <Machado a.nd others, 
1887, 1988): 
a.l The qua.ntiza.tíon ranges <BJ must be the 
sa.ae for all teras of ea.ch equa.tion. As 
usual, a.aplitude range of each ter ■ only 
covers pa.rt of the qua.nt1za.t1on interval, 
a.nd the re■ainder beco■es •unused•. If the 
tera a.aplitude fits Within a. new qua.nti­
fying aaplitude range 6TNsw rela.ted to the 
initial &T,MrT••~ one by 

( 8) 

then, for tha.t ter■, we 11ay drop out the K 
11ost significant bits of ea.ch input word 
varta.ble. 
bl The accura.cy co■pensating extra. nu■ ber 
of bits•• as represented 1n equation (31, 
varies 1n discrete steps, a.nd ■uch more 
slowly tha.n p. This aea.ns tha.t sttuations 
aay a.risa where • peraits a higher ficti­
tious nuaber of su■a1ng teras P•10T1Ttou• 
(i.e. P•10T1Txou•=2 or 4 or 14 or ... l 
then the a.ctual one Ci.e. pl. We aay take 
a.dva.nta.ge of this property, us1ng these 
extra. P•xoTzT10u•-p-1 possible suas by 
subdividing soae sua teras a.nd, therefore, 
ena.bling the use of rule a.l. 
cl Bearing the phys1ca.l <aa.theaaticall 
robot ■anipulator requtreaents 
(spectficationsl in aind, it would appear 
that the Gray code 13 the aore suitable 
a.nd this, 1ndeed, wa.s conf1raed by experi­
aenta.t 10n. 
dl For even a.r1thaet1c functíons of a. 
single input varta.ble, it wa.s observed 
tha.t the aost stgnificant bit of the 
corresponding input word variable could be 
dropped out if' the Gra.y code was used. 
el On teras which ha.ve severa! input 
varia.bles, the requ1red final prec1s1on 
i ■plies a. si ■ ilar a.ccura.cy on ea.ch input 

word varia.ble. 

The a.ppl1ca.t1on of these rules to Ta for 
the 2R robot ■a.nipulator inversa dyna■ ic 
hybrid algor1tha gives the chart dep1cted 
in Fig. 2. Fro■ these charts the source 
code (1.e. the truth tablesl can be built 
and the object code li.e. the :&oolea.n 
based codel generated. Boolean code ca.n be 
further opti ■ ized, through the use of 
B1na.ry Deciston Dia.graas <Katos, 1983; 
Ma.tos a.nd Oldfield, 19831; With this 
■ethod Boolean functions are co ■puted 
Ulling IF_THEN_ELS! structures. For V 

<s1ngle bitl input va.ria.bles, we need a. 
■a.xt ■u■ of v evalua.tions, resulting a •uch 
aore eff1c1ent code, na.■ely for coaplex 
Boolean foraulae. Figure 3 shows a. histo­
graa of the requ1red co■puttng ti ■e for 
the tera Ta.=r,raaaSzq,•, coapar1ng the 
coovent10na.l ar1th■et1c aethod wtth the 
nev algor1tha. Both codes vere wrttten in 
Turbo Pascal V 4.0, a.nd runn1ng on a 8086 
B MHz machine, under MSDOS va.2. Notice 
the re■a.rkable 1aprove■ent a.chteved with 
the new a.lgorith■• 

PARALLEL COKPUTATION 

We have shown that the proposed hybr1d 
coaputattonal a.lgorith■ for robot aa.nipu­
la.tor 1nverse dyna.aics, offers conside­
râble performance taprove■ent over purely 
a.rithaet1c alterna.tives, even 1n a. ■ono­
processor sequenttal coaput1ng environe­
■ent. In this sect10n we wtll show that 
the algorttha a.lso lea.ds natura.lly to 
s1aple pa.ra.llel a.rchitectures allow1ng 
unl1a1ted speed-up in the on-line coaputa­
tions, Without accuracy restrtcttons. 

The opera.tions involved 1n the on-line 
coaputa.tions required by our a.lgor1tha 
allow si ■ple d1str1but1on of the co■puta.­
tional load a.aongst severa.! proces­
sors. rndeed, th1s can be a.ch1eved without 
any of the co■plex schedultng probleas, 
coaaon to a.rithaettc ■a.nipulator 1nverse 
dyna.aics pa.rallel coaput1ng structures 
<Luh a.nd Lin, 1982; Miga.a and Lee, 1985; 
Liu a.nd Chen, 1886; Watana.be and others, 
1986). Pa.rallel a.rchttectures like the 
ones shown in Ftg. 4, are a. natural 
consequence of the ca.lcula.tion decoupling 
a.llowed by our a.lgoritha. Part al shows a. 
para.llel structure in which a. nuaber <kl 
of sequentta.l processors ca.n be used. The 
result of the off-l1ne coaputatton, 1.e. 
the object code, is stored iD the proces­
sor ■eaortes 1n a. wa.y tha.t assures opti ■u■ 
coaputa.ttona.l load distr1but10n. Part bl 
shows a.n alternattve parallel pipelined 
solution. 

The 1aproveaent in the on-line coaputing 
ti ■e is proporttonal to the nuaber of 
processors, a.nd it ili not subJect to a.ny 
theorettcal ltait. The 1aporta.nce of th1s 
fact aust be e■phasized s1nce the other 
aanipula.tor inverse dynaaics pa.rallel co■-
puttng structures achteved a. liaited 
i ■proveaent, 1n the sense tha.t the resul­
ting speed-up ili !l!ll. proportional to the 
nuaber of processors, a.nd, is in fa.ct, 
restr1cted to a aax111u■ of n <a condition 
that is a.chteved only if soae errors are 
a.llowed <Binder and Herzog, 198611. 

Pinally, it should be noted that the 
Boolean for■ula.e are bit or1ented 1nstea.d 
of word oriented. Consequently, general 



purpose aicroprocessors with 8, 16 or 32 
data buses, and large instructions sets 
<unused in this algorithal, tbat require 
several clock cycles, are of little use in 
iaprovtng the overall coaputing perfor­
aance. Much more proaising seeas to be the 
use of stngle bit, reduced 1nstruct1on set 
and spectal purpose microprocessors. The 
design of a dedicated processor based on 
Binary Dec1s1on Diagraas, is being inves­
tigated. 

DISCUSSION 

In the prev1ous sections the new hybrid 
algorithm was developed and implemented 
for the dynaaic equations of the 2R robot 
manipulator. This strategy has been used 
by other 1nvesttgators, dueto the fact 
that for many aspects of robot systea 
research, two or three d.o.f. aanipulator 
modela are suficient, as long as they 
include all the configuration dependent 
tnertial, Coriolis/centripetal and grav1-
tat1onal torques that may appear 1n mani­
pulators with aore d.o.f .. 

At this point one should note, that the 
new method is not restricted to the pre­
sent case study. In fact, the first step 
towards this algoritha, is the generation 
of a binary coded nuaertcal table corres­
ponding to the systea behavtour. Clearly, 
this procedure is not confined to the 
tabulation of the robot dynaaic -equations, 
but is also applicable to aany other 
systea descriptions. Moreover, the table 
generation aay be obtained froa experiaen­
tal data tnstead of being aodel based. 
This is of utaost iaportance, stnce situa­
tions appear where aatheaattcal models are 
inaccurate or dtfficult to derive. There­
fore, our algoritha is well suited for the 
coaputation of a large set of phystcal 
phenoaenae, the only restriction being the 
1ize of the btnary tables, whtch as sbown, 
depend solely on the required precision 
and the number of input variables. 

CONCLUSION 

A new coaputational algoritha for robot 
aanipulator tnverse dynaatcs was presen­
ted. This algoritha is very efftctent 
because it takes full advantage of both 
hardware and software capabilities of the 
robot aanipulator system. Another impor­
tant consequence of the proposed calcula­
tion method is the natural appearance of 
stmple, yet powerful, parallel computing 
structures. .Finally, it 1s observed that 
the dedtcated compiler philosophy is not 
restrtcted to robot manipulator computa­
tions Ci.e. kineaatic, dynaaic or con­
troll, but can be successfully generalized 
to many other coaputing structures, as 
longas we can redefine the manageaent of 
the corresponding •envtronaental resour­
ces•. This aay lead to optimization pro­
cedures, having taplications on either 
sequential or parallel coaputing systea 
.structu.res. 

REFERENC!S 

Binder, E.E. and Herzog, J.H. (1986), 
Distributed computer architecture and 
fast parallel algorithas in real-time 
robot control, IEEE Trans. Syst., Man. 

Cybern., 16, 543-549. 
Brady, M., Hollerbach, J.M., Johnson, 

T.L., Lozano-Perez, T. and Mason, M.T. 
C1982J, Robot Motion: Planning and 
Control, MIT Presa, Cambridge. Chap. 
1, pp. 1-50. 

Hollerbach, J. M. ( 19801, A recurstve 
Lagrangian formulation uf manip~lator 
dynaaics anda co11parative stu.dy of 
dynamics for11ulation co•plexity, IEll 
Tra. Syst., Man 1 Cybern., 1º_, 730:-:f:3s. 

Horak, D. T. C 1984), A Si•plified aodeltng 
and co11putational scheae for 
manipulator dynaaics, ASM! J. DYnaaic 
Syst. Meas. Contr., 106, 350-353. 

Leu, M.C. and Heaati, N. (19861, Autoaated 
symbolic derivation of dyna11ic 
equations of motion for robotic 
aanipulators, ASME J. Dyn. Syat. Meas. 
Contr., 1..2§., 172-179. 

Liu, C.-H and Chen, Y.-M C1986l, Ku.lti­
atcroprocessor-based cartestan-space 
control techniques for a mechan1cal 
11anipulator, IEEE J. Robotics and 
Autoaation, 2, 110-115. 

Luh, J.Y.$., Walker, M.W., Paul, R.P. 
C1980l, On-line co11putational scheae 
for ■echanical 11anipulators, ASHE J. 
Dynaatc Syst. 1 Meas. 1 Contr., 102, 
69-76,. 

Luh, J. Y.S. and Lia, C.S. < 1982), 
Scheduling of parallel co■putattan for 
a coaputer-controlled mechantcal 
aanipulator, IEE! Trans. Syst., Han, 
Cybern., !Z_, 214-234. 

Koplic, J. and Leu, M.C. (1988), Coaputer 
generatton of robot dyna111c equattons 
and the related issues, J. Robotic 
Systeas, ~. 301-319. 

Machado, J.A.T., Costa, A.M.C., Carvalho, 
J.L.ff, e 19871, Robot 11an1pulator 
dynaaics-towards better coaputational 
algorithas, INESC Interna! Report. 

Machado, J.A.T. and Carvalho, J.L.M. 
<19881, A saooth variable structure 
control algoritha for robot 
11an1pulators, IEE Control'88, Oxford, 
UK. 

Machado, J.A.T., Carvalho, J.L.ff, Costa, 
A.M.C., Matos, J.S. (19881, Dedicated 
co11puter systea for robot aanipulators 
IFAC 3r• Int. Syapostum on Syste■s 
Analysis and Siaulation, Berlin, GDR. 

Matos, J.S. ( 1983>, The binary decision 
diagraa: a tool for logic design and 
impleaentatton, PhD Dissertatton, 
Syracuse University, Syracuse, N. Y. 

Matos, J.S. and Old.field, J.V. C1983l, 
Binary decision diagra■s: froa 
abstract representations to physical 
iapleaentations, 20~• IEEE/ACH Design 
Autoaation Conference, Florida, USA. 

Morgan, R.G. and Ozguner, U., (1985), A 
decentralized variable structure 
control algorithm for robotic 
aanipulators, IEEE J. Robottcs and 
Autoaation, l, 57-65. 

Nigaa, R. and Lee, C.S.G. C 1985), A 
aultiprocessor-based controller for 
the control of aechantcal 
11anipulators, IEEE J. Robotics and 
Autoaation, 1, 173-182. 

Paul, R. P. < 19811, Robot manipu.lators: 
matheaatics, progra■aing and control, 
MIT Press, Caabridge. Chap. S, 
pp. 157-195. 

Yang, D.C. and Tzeng s.w. (19861, 
Siaplification and lineartzation of 
11anipulator dynaaics by the design of 
inertia distributton, J. Robotics 
Research, 5, 120-128. 

Young, K.-K <19781, Controller design for 



a aanipulator using theory of variabla 
structure systeas, IEEE Trans. Syst., 
Man, Cybern., ~. 101-109. 

Watanaba, T., Kaaetani, H., Kawata, K. 
and Tatsuya, K. l 1988), Improvaaent in 
tha co11put1ng time of robot 
11antp1•J.ators using a 
aultiaicroprocassor, ~SME J. Dyna111c 
Syst., Meas., Contr., !Qs!, 190-197. 

y 

o 

Fig. l. The 2.2 robot 11an1pulator. 

r=8 r=8 . •=2 => 

Ta Ta1•-=Taa .. Tz,. 

8 8 7 

40 1 1 7 

o.76 10 • 1 1474 92 

0.34 10 • 1 574 38 

100 6.25 12.5 

69. 1 4.5 9 

W11uT1aL=lO 

Ta .. 

8 

11 

!638 

410 

8.25 

9 

bits 

Tas•-=T••• 

8 

16 

64226 

1310 

25 

24.5 

PREC!SlOH 

TERM 

TOTAL NUMB!R OF INPUT BITS 

USED STA!!S 

UNIJSED STATXS 

QUANTIZATION AMPLITUDE RANG! 

TERH AMPLITUDE RANGE 

Pig, 2. Ta hybrid 11ethod sourca coda chart, after us1ng the relevant rules applicable 
for each summing term. Ta:<Ta,•+Taa*l+Ta,.+Ta,.+<Ta•*+Ta••> 
T2,•=Taz•=<4+5Czlq112; T2 3 :94a; Tz•= 5S2q, 2 ; Tas*=Tz•"'=49C,z/2 
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Fig. 4. Po:s:sible parallel coaputer structure:s, suggested by the neu hybrid algoritha. 
al Sequential/Parallel processor. 
bl Pipeline/Parallel proce:ssor. 




