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IntroductlOn

The a u t h o r  1s deeply  c o n v i n c e d  t h a t  p r o g r a m m i n g  problems are
d e c i s i v e
sys tems,

l n  t h e  o v e r a l l  design a n d  utill~atlon  o f  p a r a l l e l  computhg
O f  c o u r s e ,  t h e  engineer using his lmaglnation can f a i r l y

r a p i d l y  bropose o n e  o r  art&her design f o r  s u c h  a  c o m p u t i n g  s y s t e m  a n d
e v e n b r i n g It tnts being; h e does this t h r o u g h anal?gY  or,
c o n v e r s e l y , thtough t h e method of s e l e c t i n g  a  contrastIng design,
T h f s  amroach,  h o w e v e r ,  n e c e s s a r i l y  l e a d s  t o  a Situation In w h i c h
programrrlng PrOblemS become s e c o n d a r y , a n d  t h e  d e g r e e  o f  f r e e d o m
avallable  l n  solvjng t h e m  IS automatlcally  l i m i t e d  b y  a p r e s c r i b e d
s t r u c t u r e  t h a t  i s  f r e q u e n t l y  n o t resDonslve  t o  e s s e n t i a l  pojnts,

* T h e PrOb lem o f p r o g r a m m i n g Is 01’ essential  l y seoondary
imoortance  w h e n  o n e  s p e a k s  of a  p a r t i c u l a r  t a s k  t h a t  m u s t  b e s o l v e d
on a given maohlne, H o w e v e r , t h e p r o b l e m of OrOgrammlng  iS Of
Primary I m p o r t a n c e  !n any t h o u g h t f u l  aoproach  t o t h e design of a
c9mputlng s y s t e m , i n t h e s e n s e t h a t t h e d e v e l o p e r m u s t  b y  t h e
s t r e n g t h  o f  h i s  o w n penetration i n t o t h e  e s s e n c e  o f t h e  m a t t e r
menta I ly i n c l u d e jn t h e desfgn the c o m p l e t e  s e t  o f  a l l  p o s s i b l e
p r o g r a m s  a n d  algorithms, O n t h e basis of an analysis o f t h e  1 r
i n t e r n a l p r o p e r t i e s , s t r u c t u r e s , and e x t e r n a l  characteristics,  h e
forfru)ates design Dr)ncHes t o t We computing system, The88
ortntlples m u s t  b e adequate f o r t h e e x a m i n e d properties  of t h e
p r o g r a m s , a n d - - m o s t  I m p o r t a n t - must b e  a p p r o p r i a t e  f o r reducin$ t h e
ProgrammIng  t a s k  t o  a f o r m a l  p r o c e d u r e  a n d  f o r  a u t o m a t i n g  It,

Automation  o f  brogrammlng for P a r a l l e l  computing s y s t e m s  fs a
basic  necesstty  f o r  a number  o f  r e a s o n s ,

First, the descrlptlon  o f  a parat lel p r o g r a m iS not
characteristic  o f  t h e  n a t u r e  o f  m a n ' s  algorithm10 t h o u g h t  ~rocBSSes,
I n  f a c t , t h l s  I s  t r u e  only t o  t h e  e x t e n t  t h a t  w e  a r e  consfdering t h e
Imolementatlon on a comput 1 ng system of a task speclfled  I n
algodthmlo form, Today this I s  t h e  m o s t c o m m o n  w a y  oi stating a
probleml h o w e v e r , In t h e  f u t u r e  this c o u l d  c h a n g e ,  since oarallelfsm
fn a  p r o b l e m  Is f r e q u e n t l y  impllcit In I t s  injtlal formulatfng  a n d  1s
artifiolally  driven o u t  b y  algorlthmltat~on,  This will b e  d i soussed
in m o r e  detail b e l o w ,

S e c o n d , I n d e p e n d e n t o f  w h e t h e r  m a n  t h i n k s  'Vsequent1a11y9V  o r
" 1 n Pa r-8 I I e I 8 ‘* h e  t e n d s  t o  t h i n k  l a c o n i c a l l y - t o  s e e k  c o m p a c t n e s s  In
p r o b l e m formulation,  A t t h e Sam9 the, studies o n  t h e  d e s i g n  o f
p a r a l l e l  p r o g r a m s  i n d i c a t e  t h a t  In m a n y c a s e s c o m p l e t e para!leiism
oan be achieved only u n d e r conditions o f POtentlally u n l i m i t e d
"multiP( lcatlon~’ o f  some jnltial p r o g r a m constructtons, where t h e
multiPlloatlon i s associated with s y s t e m a t i c modiffoation of t h e
constructlons,  T h u s , s o m e  p o r t i o n  o f  the ProgrammIng  p r o c e s s becomes
an o r g a n i c p a r t  of t h e o o m p u t a t l o n a l process  a n d  t h e r e f o r e  m u s t
n-ecessarlly  b e  transferred t o  t h e  machlns,



In thfS work 87 a t t e m p t  WflI be made to d e m o n s t r a t e t h e
bre-emin4nae  o f pf0grammlng O.VW h a r d w a r e d e s i g n .  o f a computh
s y s t e m , T h e  c o n c e p t s  o f paral lel ~rogrammlng establtshed  a t t h e
DfeSent time w i l l  b e  eNamIne& a n d  o n  t h i s  bash a n  e v a l u a t i o n  whl
b e  m a d e  of.several  aoproaches  t o  t h e  s t r u c t u r e  of computfng 3yStemS.
OUe t o  t h e  g e n e r a l  l a o k  o f  develoPmsnt  o f  t h e  problem,  this a n a l y s i s
w i l l  b e  superficial a n d  In p l a c e s  even s p e c u l a t i v e , H o w e v e r ,  t h e  fog
t h a t o b s c u r e s o u r  lrlttmate g o a l  c a n  be d i s s i p a t e d  o n l y  If w e  b o l d l y
step o u t  I n t o  I t , on t h e  o t h e r  h a n d , a n  a t t e m p t  w i l l  be m a d e  to DUt
f o r t h some r e c o m m e n d a t i o n s f r o m a realistto  bMtion, ta#iW I n t o
tonslderatlon cwtemparary  -technical caPab\lltle!h h\storically
establIshed f r a m e w o r k s , a n d  o t h e r  c u r r e n t  IimitatlOns, *Fin IVY, t h e
paoer fs lfmlted i n  t h e  s e n s e  t h a t  i t  1s n o t  a b a l a n c e d , B nolusive
surveYt b u t only r e f l e c t s t h e  p e r s o n a l viewpolnt o f  t h e  a u t h o r ,
n u r t u r e d  h o w e v e r  o v e r  a  l o n g  perfod Of tfme,

Bask C o n c e p t s  O f  ParaClel PrOgramning

In any theory of p a r a l l e l p r o g r a m m i n g asplrlng t o
ComtleteneSS, t h e r e  a r e  t h r e e  c o m p o n e n t s  t h a t  must be Present:

-a way o f descrlbfns  a paral 181 p r o g r a m baral l e t
p r o g r a m m i n g  facilftfesU

--a way of derlVinQ  a Parallel program f r o m ordinary
a l g o r i t h m i c  notatjon (deseouencing  o f  sequentlaj  a l g o r i t h m s ) ;

--a w a y  o f  e x e c u t i n g  a  p a r a l l e l  p r o g r a m  (specif!tation  o f  t h e
computing  s y s t e m , assjgnment  o f  p r o c e s s o r s  t o  j o b s , c o n t r o l  o f t h e
barallel  comoutatianal  p r o c e s s ) ,

The recommended s t r u c t u r e for a computing  s y s t e m  m u s t  b e
d e r i v e d  f r o m  b a s i c  br!nclples  reflecting  t h e  m o s t e s s e n t i a l 4sPects
o f  e a c h  o f  t h e s e  comoonents,

T h r e e  a p p r o a c h e s  t o  p a r a l l e l  p r o g r a m m i n g  c a n  be sxamlnsdr  a n d
w i l l  be condittonally  d e s i g n a t e d  a s  f o l l o w s :

- n a t u r a l  P a r a l l e l i s m ,
- c o n c u r r e n t  commutations  I n  algorithmfc  Ianwages,
- a s y n c h r o n o u s  p r o g r a m m i n g - ,

Natura  I p a r a l l e l i s m  1s f a r f r o m w h a t m i g h t  b e  s o m e h o w
c o n s i d e r e d a comprehenslve  t h e o r y . H o w e v e r ,  s o m e  o f  its ?Undamental
conslderatfons  a r e  q u i t e  c l e a r  a n d  i n  m a n y  r e s p e c t s  h i g h l y  attraotive
and distinctive, giving U s t h e rfgh.t  t o regard tt as 4 basic
apbroach, T h i s  theory d o e s  n o t  h a v e  a  soeciffc a d v o c a t e ,  a l t h o u g h  i t
fs c a r r i e d  o n  t h e  w:nd a n d  a p p e a r s  tacitly I n  m a n y  w o r k s ,  Therefore,
i t  i s  difficult  t o  c l e a r l y  saeclfy s o u r c e s  f o r  i t ,

T h e  basic thesis o f  thfs t h e o r y  i s  t h a t  i n  n a t u r e everyth’fng
tn f a c t t a k e s  place I n  P a r a l l e l , a n d  t h e  m o r e  literally some  a c t u a l
DrOC@Ss i s  dascrfbed, t h e  closer s u c h  a  descrlptlon  1s t o  a Dar41 lel
orbgram, The g e n e r a l p r o b l e m  1s t h a t  o n e must be abh to
successfu)ly  a n d  SlmPly c a p t u r e  this n a t u r a l  p a r a l l e l i s m  a n d  desertbe



i t In 3ome UntVerSal  S y s t e m  o f  oonceptsr b a s e d  o n  s u c h  otincioles a 3
s i m u l t a n e i t y  o f  many  e v e n t s , oroxtmlty  o f actions~ etc,--llett  a
s y s t e m  o f c o n c e p t s  i n  which a  p h e n o m e n o n  i s  r e p r e s e n t e d  a s  a  S e t  o f
m a n y  e l e m e n t a r y  prOcess83  occurtIne  i n  a SOace s i m u l t a n e o u s l y and
interaatine  o n i y  w i t h  n e i g h b o r i n g  Drocesses, T h e  orlnclple o f
d e t e r m i n i s m  ( I n d e e d  u n d e r s t o o d  ln a  b r o a d  sense)  is t h e  ba3lS of t h i s
aporoaohi I t  s a y 3 i n’ the g i v e n  c a s e  t h a t  i f  a p h e n o m e n o n  a t  Some
m o m e n t  Is d e s c r i b e d  a s  a  s e t  o f i n i t i a l s t a t e s and m e c h a n i s m 3  O f
fntsraatIon,- t h e n  the entIt8 s u b s e q u e n t  hIstory i s  predetermineddiz;
oan b e  observed, m e a s u r e d ,  a n d  Commuted, T h e  space  r e f e r r e d  t o
n o t necessarIl2 have to be Pbvsical and c o n t i n u o u s - i t c a n  b e
discret8,  finite, etc,; i t  i s  o n l y  i m p o r t a n t  t h a t  t h e  c o n c e p t  o f t h e
lmmedIate  neIghborhood b e  determIned.

This principle i s  oulte well k n o w n  a n d  I n  f a c t  w8 aptly i t  I n
many s i t u a t i o n s  ( i n  Garticular, a i l  m e t h o d s  o f d e s c r i b i n g Dhenomena
i n  d i f f e r e n t i a l  f o r m  a r e  based o n  I t ) ,  T h e  r e a l  a n d  f a r  f r o m  t r i v i a l
p r o b l e m  i s  t o  oonstructiveiy  formulate-thfs  Principle  fn a unlveraal
forfr r e p r e s e n t i n g a l  1 t h e es3entials that must be smbodied i n
p a r a l l e l  p r o g r a m s , fn view o f  t h e  diverse computational unfversea I n
which lnformationai m o d e l s  o f phenomena o f  i n t e r e s t  t o  u s  m a y  b e
embedded,

O n  t h e  Whole, orogrammlng  u n d e r  s u c h  a n a p p r o a c h disaPPears
as a s e p a r a t e  task a n d  b e c o m e s  a n  inseparabie  c o n s t i t u e n t  a n d  m a y b e
e v e n  t h e  whole o f  t h e  P r o b l e m  of ciescrlbing t h e  Initial situat!on for
t h e  given  ohenomenon,

U n d e r  a Pure formuiatlon o f  t h i s  q u e s t i o n ,  t h e  p r o b l e m  o f
transiatIng “ o r d i n a r y ” n o t a t i o n  i n t o  a  P a r a l l e l one a I30 does not
arts@, since natural ~aralleilsm i s  primary a n d  t h e  concept  o f
“ord i narV notation loses I t s  meaning, H o w e v e r ,  a p u r e formuiatt0n
o f t h e questlon is n o t oossibler since  t h e  e n t i r e  Oomputational
aspect  c o n c e r n e d  w i t h  t h e  design o f t h e  a r i t h m e t i c m o d e l  o f t h e
oh8nomenon b e a r s imprints  o f  t h e  i n h e r e n t l y  seouentiai  proOe8ses o f
l o g i c a l r e a s o n i n g which a r e t h e f o u n d a t i o n  o f any a l g o r i t h m ,
T h e r e f o r e , any s y s t e m a t i c  a t t e m p t  t o  c o n s t r u c t  a  d i r e c t  b r i d g e  f r o m
n a t u r a l  P a r a l l e l i s m  t o Its I m p i e m e n t a t f o n In a c o m p u t i n g SYStem
reauit83 a n essenttal rev-Islon o f a l l  n u m e r i c a l  a n a l y s i s  a n d  t h e
a p p a r a t u s  o f  m a t h e m a t i c a l  physic3,-  An addItional a n d  n o l e s s Vast
p r o b l e m IS the desjgn  of such a s y s t e m  o f  c o n c e p t s  i n  w h i c h  a n y
!nteractIon  occurrjng I n  n a t u r e  i s  d e s c r i b e d  a s  a  oroce33  o f
informatlon exchange,  a n d  i n  w h i c h  t h e  InteractIng  e l e m e n t  o f  a  s p a c e
Is r e p r e s e n t e d  a s  a  m i n i a t u r e , univer3ai  c o m p u t e r  wfth m a n y  input a n d
o u t p u t  lIn8s d o i n g  t h e  r e q u i r e d  i n f o r m a t i o n  P r o c e s s i n g ,

I f  w e  t u r n  t o  t h e  t h i r d  c o m p o n e n t  o f  n a t u r a l oaralleiism,
then It Is Immediately n e c e s s a r y t o make a hypothssls  a b o u t  a n
aparopriate  c0mPUtlng  s y s t e m , I t  i s  p e r f e c t l y  o b v i o u s  t h a t  a  c o m p u t e r
environment@ Cl3 fS t h e f i r s t cand i date f o r such R system, A
consideration  o f  s u c h  a n  envfronment  ptooerly  is d e f e r r e d u~tll t h e
conclU3Ion of this PaD8r t b u t  It should  b e  m e n t i o n e d  h e r e  t h a t  i f
there  1s e n o u g h  computing Dower, We c a n  aS3OCiat8  a separate  u n i t  Of
the environment 41th each e l e m e n t  o f t h e  spacer a l l  c o n t r o l  a n d



.

imol8mentatlon  o f t h e comoutatlonal p r o c e s s r e d u c e s  t o t h e

constfuctlOn and Start-W of t h e envlronmant, The e n v i r o n m e n t
reproduces the described phenomenon almost "one-for-one",  a n d  thereby
f r e e s  U S  o f  c o n c e r n s  a b o u t  o r g a n l r l n g  t h e  c o m p u t a t i o n a l  p r o c e s s ,

However I the P r o b l e m b e c o m e s  substantlaliy  m o r e  comDiex if
t h e  paraJle( process  consists O f Just one element more than the
ava l  lab18 n u m b e r  of units of t h e  envtronment, V e r y  cOmPl8x p r o b l e m s
o f  acOountlng f o r  b o u n d a r y  e f f e c t s  a n d  o f  r e a r r a n g i n g  t h e  e n v i r o n m e n t
during implamentatlOn o f  t h e  comOutatfOnal  P r o c e s s  t h e n  arfsa,

C o n c l u d i n g  thfs conslderatlon  O f  n a t u r a l  Paralleilsmr w e  not8
t h a t  we b e g a n  with a s t a t e m e n t  a s  t0 t h e  attractiveness  o f t h e
aporoaah a n d then t u r n e d a t t e n t i o n t o  t h e  f a c t  t h a t  wTth 'ft home
p r o b l e m s  dlsamear,  Howgverr t h e entlre remalnlng d i s c u s s i o n was
directed t o w a r d s  dfsOred/tlng  t h e  aoproach, The dlscreditatiOn  1’18s
fn t h e  f'act t h a t  for d e v e l o p m e n t  o f  t h e  oompUt~tl0nal  enVhnm8nt a s
a universal  ac?PrOach  It la t o o  revoiutlonaryr  brsaklng with m a n y  paat
OoncePts a n d  leading t o many p r o b l e m s  o n t h e l e v e l  o f 1 antasy;
therefOr@, I t  c a n n o t  b e  r e c o m m e n d e d  a s  a  g u i d e  f o r  immediate  aotlon,

At t h e same tfme, t h e  a u t h o r  h o p e s  t h a t  this dlscredltatfon
do8S  not re3Ult fn a n y  w e a k e n i n g  O f  th8 s e a r c h  for a general-PurPoae
schefre for lntroducfng n a t u r a l p a r a l l e l i s m I n t o  PrOgramming,  I n
bartlcularr this must n o t o c c u r b e c a u s e successful synthesis  o f
natural Parall8liSm and a comOutat/Onal e n v l r o n m e n t  in afficlently
operating technIcal devices w o u l d  h a v e  a d e c i s i v e  r e s u l t  o n r e s e a r c h
i n t o  t h e s t r u c t u r e a n d  operatlng  meohanlsms  o f  t h e  b r a i n - - t h e  m o s t
psrfect ComPutatlOnal  environment  c r e a t e d  b y  n a t u r e ,

C o n c u r r e n t c o m p u t a t i o n s  In aigorlthmlc l a n g u a g e s ,  i n
eomParlson t o  t h e  abproaoh J u s t  e x a m i n e d ,  l o w e r  U S  f r o m  t h e  skies to
t h e  e a r t h , This  aporoaoh  repr838nts  a somewhat mlnlma( attempt to
i n t r o d u c e p a r a l l e l i s m I n t o  algorlthmlc  ianguages,  fully t a k i n g  1;:;
a c c o u n t  existing technologyr  c o n t e m p o r a r y  machfnes  archlteoturer
the organlzatlon  o f  O p e r a t i n g  9yStems,
ouestlOns  O f  parallel  Programmlnk  b u t

T h e  aOproach  p u t s  asld;sma;;
ln r e t u r n lt Perm?tS

u s e , even If only p a r t i a l l y , t h o s e caPabIlIties t h a t  t o d a y ’ s
technology  r e p r e s e n t s ,  .

T h e  descriptive  facllttiea  f o r denoting parall8lTsm~ a b o u t
which w e  s p e a k  In thfs sectlonr a r e  f o u n d  i n  s u c h  l a n g u a g e s  a s  t h o s e
for s i m u l a t i o n  (SIMSCRIPT C23,  S I M U L A  C33) a n d  t h e "new generatlon~~
o f algorithmic I anguages --PL/l C43, A L G O L - 6 8  [SJ, T h e  exi steno8  o f
t h e s e  Da-Pa  1 I8 I I o r  c o n c u r  r e n t , computational b r a n c h e s afe ci8ariy
exollcated In a n a l g o r i t h m , B r a n c h e s  p a r a l l e l t o  o n e  a n o t h e r
u s u a l l y  haV8 a common beginnlng  a n d  end, E a c h  b r a n c h ,  i n turn, can
conslSt o f  s u b - b r a n c h e s ,  Thus, a i l  p r o g r a m  Paralieilsm  Is e x p l i c i t l y
stated)  a n d  the  bointa o f  branching rend joinlng can b e  datermlned

*Translator’s note: Qnv I ranment” IS u s e d  aa a t r a n s l a t i o n  o f  t h e
R u s s i a n  wotd Qredalt ,hfch IS evidently  u s e d  a s  a t e c h n i c a l t e r m  I n
th$ Daber r e f e r r e d  t o ,



Wntactical  IYI Branches can Use common variables  a n d  can Include
mean3 for interruptjon o r  s u s p e n s i o n  o f branches d e p e n d i n g  o n t h e
va I ue o f  t h e  v a r i a b l e  quantity, Thus, synchronftation  of concurrent
computations  i s  accomplkhed, t h e  caxplicit  p r o g r a m m i n g  of whfch is a
t a s k  f o r  p r o g r a m m e r s ,

T h e  d e s c r i b e d  approaoh Still d o e s  n o t  o f f e r  In i t s  g e n e r a l
notation any way o f dlvidlng t h e  Program I n t o  parai lel b r a n c h e s ,
since U s e  Of t h e descriptive facilitlos o f oarallelness IS not
f o r m a l i z e d  a n d  I s  c o m p l e t e l y  U P  t o  t h e  p r o g r a m m e r ,

I n t h e maJ0rttY  O f cases, t h e i n t r o d u c t i o n o f  p a r a l l e l
branch03 p e r m i t s  parallel execution  b u t  d o e s  n o t prescr/be it, I n
t h e  e a s e  o f  a  d e v i a t i o n  f r o m  f u i l  para!lelbb a well-wrItten  program
Dewits t h e  b r a n c h e s  t o  b e  e x e c u t e d  fn arbitrary  order, which ea3es
the ,work of t h e  OOerating  s y s t e m , H o w e v e r , I n  t r u t h  t h e  e x i s t i n g
l a n g u a g e s  d o  n o t  give formal rules for deffning  a fq~e( I -formed"
program1

The o r g a n i z a t i o n  o f  comPutatf0ns  f o r  a  p r o g r a m  with P a r a l l e l
b r a n c h e s  t a k e s  p l a c e  according t o  t h e  P r i n c i p l e s  o f  mu(tjprogramming,
where t h e p r o g r a m  f o r  solving a  l a r g e  p r o b l e m  1s r e p r e s e n t e d  to t h e
(1 8 y 6 s l1 o f  t h e  operatfng s y s t e m  sUpervIsor  as a s t r e a m  o f r e l a t e d
s m a l l  J o b s , O n e  p a r a l l e l  b r a n c h  is r e p r e s e n t e d  a s  O n e  J o b , A k’fnd
o f  Dessport  IS s e t  u p  f o r  t h i s J o b ,  a n d  s t o r e d In t h e  operating
systsm, When t h e contU3l reaches t h e b r a n c h i n g Pofnt,  a Cal I
( e s t a b l i s h e d  t h e r e  b y  t h e  t r a n s l a t o r )  t o  t h e  supervfsor  1s e x e c u t e d ,
whjch activates  t h e  oassports o f  t h e  b r a n c h e s  beginnIng a t  t h a t  no!nt
a n d  rrakes t h e m  candfdates f o r  brocesJtng,
some Planning a t t h e asslgnmant

T h e  s u p e r v i s o r  cartlea ;;I
o f  b r a n c h e s  f o r  processing,

p u r p o s e  i s  t o  maximaliy  l o a d  unfts (or p r o c e s s o r s )  t h a t  a r e abie t o
o p e r a t e t o g e t h e r , and i t  a t t e m p t s  t o  a c h i e v e  completjon of a l l
p a r a l l e l  b r a n c h e s  a s  r a p i d l y  a s  aosslbie, since only Q c o n c u r r e n t
o u t p u t  a t t h e c o n v e r g e n c e  point  WI I I permit  a n  a d v a n c e  t o  t h e  n e x t
oojnt In t h e  program,

This method ;'S oractical  o n l y  w h e n  p o i n t s  o f  branthIng a n d
c o n v e r g e n c e  o c c u r  relatjvely  i n f r e q u e n t l y ,  T h i s  a t once fmposes a
set iOUs llmltatlon on the d e g r e e  o f  parallelism  and  on  t h e  n u m b e r  o f
perrriseible b r a n c h e s , A n o t h e r I  I m i t a t i o n is that the oaral iel
s t r u c t u r e  o f t h e  p r o g r a m  i s  static a n d  in f a c t  d o e s  n o t  permjtr f o r
exa~de, expansion  O f  IooWb

A s y n c h r o n o u s  programmingr f r o m  t h e a u t h o r ’ s vlewbotnt, has
the mos-t right t o b e  called a t h e o r y  o f  P a r a l l e l  programmingr a n d
t h e r e f o r e  will b e  c o n s i d e r e d  m o r e  t h o r o u g h l y , T h e  f i r s t r e s u l t s  O f
t h e s i x - y e a r w o r k  o f t h e  y o u n g  mathematlcfans  V,E, K o t o v  a n d  A,S,
Narin'yani  f o r m  t h e  fundamentats  o f  t h i s  t h e o r y  [6=9J, The w o r k  o f
the American mathematfciane  Karp a n d  Miller [%0J ls r e l a t e d  t o  this
directIon, A s y n c h r o n o u s  Orogrammlng from t h e v e r y begInning has
d e v e l o p e d  a s  a  mathemattcal  t h e o r y ,  b a s e d  o n  c e r t a i n  axlomatk, And
In t h i s  IIes Its m e r i t  a n d  i t s  I m p e r f e c t i o n s , N o  computing systems
ha38 yet been deslgned o r t r a n s l a t o r s  c r e a t e d  a c c o r d i n g  t o  t h e
br%tDles  o f a s y n c h r o n o u s programmln9, B u t the theory of



asynchronous  D?Ogrammlng  prOql9e9 to:

-0provide  a PV3CIS8 concebt  o f a  p a r a l l e l  ( a s y n c h r o n o u s )
ivograml

- - d e s c r i b e  a  class of comPut/ng system91
-rigorously  define p r o g r a m  eaulvalencel
- - f o r m u l a t e crfterla  o f  t h e  c o r r e c t n e s s  o f  oara!lel programs

f o r  a  given  s y s t e m ;
--define  d e g r e e s  o f  Darallellsm  a n d  m a x i m u m  Parallslkm~
--eonstructjvely  p r o v e  t h e  Pos9lbllity o f  f o r m a l tran3latlOn

of an ordfnary Drogram I n t o  a  p a r a l l e l  p r o g r a m  pos9essTng  m a x i m u m
baraWWsml

-study certajn i n t e r n a l  p r o b l e m s  o f  p a r a l l e l  programming,

An addlthal characterlstlc  o f  a s y n o h r o n o u s  programming 1s
t h a t  ln Its theoretfcal  a s p e c t  I t  I s  llnked w i t h  t h e al ready r a t h e r
w e l l - d e v e l o p e d t h e o r y o f  sequential P r o g r a m s - - P r o g r a m  8cheme9  C113,
t h i s  aesoclation fs still n o t  f u l l y  develoPed,  b u t  t h e ProsDeot9  of
doing  30 a r e  c l e a r ,

we shal I examine t h e f u n d a m e n t a l  c o n c e p t 9  of a s y n c h r o n o u s
orogramfrlng, T h e  lnitfal c o n c e p t  IS t h a t  of a quasfarogram, which 1s
reDreSented  as an arbitrary set of statemsnts operating on a m e m o r y
which aonslsts  o f  varlabi8S, A s t a t e m e n t  !a a m u l t i - p o l e  “black bO%"
which a9slgnS o u t p u t  values  t o  I t s  OUtDUt l i n e 9  a s  functions O f  i t s
bouts, AQBOcfated  with each Statement  lnPUt a n d o u t p u t Pole a r e
varlable9, T h e  input varlableb  supp!y t h e  s t a t e m e n t  w i t h  v a l u e s  f r o m
memory8  a n d  t h e  o u t p u t  v a r i a b l e s  accept  t h e  o u t p u t s  o f  t h e  s t a t e m e n t ,
Each s t a t e m e n t can be I n o n e  o f  t h r e e  s t a t e s :  d o r m a n t ,  r e a d y ,  o r
functlonlng,

A quasiprogram  1s e x e c u t e d In a computing  system In t h e
following m a n n e r , A t  t h e  m o m e n t  o f  s t a r t - u p ,  t h e  initial state  o f
memory is asslwwd, A l l  s t a t e m e n t s  a r e  d o r m a n t , The operation o f
the sys tern consists o f  a  s u c c e s s i o n  O f  c h a n g e s  In t h e  states of t h e
computation  a t  seParate, discrete  m o m e n t 9  o f time, A t each such
moment@ t h e CDmDUtlng 9ySt0m can t r a n s f e r  S t a t e m e n t s  from o n e  s t a t e
to another, w i t h  only a ,eady  statement a b l e  t o  beoome a fUnctionhe
one,

If a s t a t e m e n t  b e c o m e s  fUnCtlOning, i t
moment from memory vah8S  O f arguments, I f  a  s t a t e m e n t
functlonlng, It transmits to m e m o r y at that moment the v a l u e s  o f
computed r e s u l t s ,

T h e  p r o g r e s s  o f  t h e  c o m p u t a t i o n s  c a n  b e  d e p i c t e d g r a p h i c a l l y
fn the form of a cOmPutatIOnal prOC0S3~ r e p r e s e n t e d  a s  a  t!rna d i a g r a m
o f  t h e  s w i t c h i n g  S t a t e m e n t s  o n  a n d  o f f ,  w h e r e b y oOn"  ts u n d e r s t o o d
t r a n s f e r  to t h e functlodng  state,  a n d  b y  @'off" I s  u n d e r s t o o d  exit
from the functlonlng state, A n  I n t e r v a l  o f  t h e  t i m e  diagram  s p a n n i n g
moment9 o f  o n  a n d  O f f  sdtchings r e f l e c t s  o n e  s t a t e m e n t  actlon (Fig,
1) m-

From this comwtatlonal process it I s poss!b!e  t o

7



unarrbiguou9ly1 ~ormatlon log;;o;ra~;s I m p o r t a n t  characteristics-to  construot  a n
This o r i e n t e d  g r a p h  fs w i t h o u t  cycles~

1:s vertIc8;  a r e  t h e  s&ment a&Ions (Fig, 21,
and

F r o m  v e r t e x  A  t h e r e
fs an arc to vertex 8 If at actlon 8 dome of I t s  argumrants  tecelve
I n f o r m a t i o n assIgned  by some result of action A, or if a c t i o n  A in a
direct w a y  h a s  a n  e f f e c t  o n  actfon  B, The c o n c e p t  o f  a direct e f f e c t
o f one s t a t e m e n t o n  a n o t h e r  1s aulte comolexly  determIned,  b u t  t h e
exan,Pb  of Fig, 3 gfves 9om8 lmprasBlon  o f tts n a t u r e , H e r e ,
statament S&l dfrectly a f f e c t s  s t a t e m e n t  512, whereas  S&l h a s  n o
e f f e c t  o n  543, S t a t e m e n t  SU affect9  S42 o n l y  indIrectly,  a n d  S*l a n d
S&3 d i r e c t l y , ;. .

The Informatton-logtc  graph, on the one hand, retains s o m e
n e c e s s a r y mlntmum  o f i n f o r m a t i o n that makes it poaslble t o
re-establish t h e way o f ptooesslng th8 i n p u t  d a t a  o f t h e
computatl.onal p r o c e s s  Into t h e  f i n a l  r e s u l t s ,  On  the other h a n d ,  it
i g n o r e s  l e s s essential details  of the progress  of the c o m p u t a t i o n a l
p r o c e s s ,

T h e  f u n d a m e n t a l  characterlstfc  o f  a s y n c h r o n o u s  p r o g r a m m i n g  19
t h e a9sumptIon o f n o n - u n i q u e n e s s  o f  t h e  e x e c u t i o n  o f  t h e  computing
s y s t e m  t o  a  buaslorogram, Genera/ ly sDeaklng,  it i s  aSSumed t h a t  t h e
s y s t e m has s o m e  Parameters  o r  degree9  o f  f r e e d o m  t h a t  a r e  n o t  fiiced
b y  t h e  ouaBfprogram, This m e a n s  t h a t  f o r  a given a u a s t p r o g r a m for
some lnltlal memory s t a t e , the system o a n  I m p l e m e n t  Some  s e t ,
p o s s i b l y  lnflnfte, of computational  processe9,

A quasbrogram 1s called a iwxvam for a QiVan computfng
s y s t e m  lf f o r any a s s i g n e d  I n i t i a l  m e m o r y  s t a t e  a l l  oomputatlonal
bfOC~SS89 I m p l e m e n t e d  f o r it by the system h a v e t h e Same
hformation-logic  graoh, T h u s ,  a n Information-log\c  g r a p h  Is
fnvarlant, Quaranteelng acouracy  o f  InformatIon prooesslng  u n d e r any
b e h a v i o r  o f  t h e  computjng  systsm  exeoutlng t h e  given  p r o g r a m ,

The computing system's g r e a t e r  d e g r e e  o f  f r e e d o m  1s d u e  t o
t h e  foltowtns. It fs assumed t h a t  e a c h  s t a t e m e n t In a program ts
equkoed with a p r e d i c a t e t h a t h a 9  s o m e  I n p u t s  f r o m  memory1  this
orediCat0  fs c a l l e d  a tr igwr functton, The stat8msnt a n d  Its
trigger function are called a black, I n  e x e c u t i n g  t h e  p r o g r a m ,  t h e
s y s t e m  cont(nuou9ly  c o m p u t e s  t h e  values  o f  all t r i g g e r f u n c t i o n s  o f
t h e p r o g r a m b t o t k s , B l o c k 9  w i t h  t r i g g e r  functions eaual t o  1 a r e
oonsldered  t o  b e  ready, while t h e  o t h e r s  a r e  d o r m a n t , iet any moment
in t i m e , t h e Bystem can swttoh  a n y  r e a d y  b l o c k s  o n  o r  switch  a n y
functioning ones o f f , C o m p u t i n g  s y s t e m s  o f t h i s t y p e a r e called .
a s y n c h r o n o u s  s y s t e m s ,

T h u s , w e  s88 t h a t  a s y n c h r o n o u s  p r o g r a m 9  h a v e  a v e r y  I m p o r t a n t
aual ItYt Drotection  f r o m  arbttrarlness  t h a t  t h e  s y s t e m may e x h i b i t
with resoect t o  t h e  m o m e n t s  o f  s w i t c h i n g  o f  r e a d y  operators  on, t h e
time o f  their 8xecutfonfi  o r t h e a m o u n t  Of comput I ng facllltles
avai lablo f o r a p p o i n t m e n t  o f  t h e  r e a d y  o p e r a t o r s  f o r  operation,  A n
a s y n c h r o n o u s  p r o g r a m  doe9 n o t  Impose a n y SP8CfflC requlrsments f o r
t h e computing  system  regardlns I t s  time charaoterlstks  o r  comoutkw
Dower ( n u m b e r  o f  p r o c e s s o r s ) . Moreovert  s y s t e m characterlstios can



.

be a l t e r e d  dynamIca/ IYf w i t h o u t  a n y  loss of p r o g r a m  run  validitYa

The concePts  o f  t h e  d e g r e e  o f  paral jejness, o r  t h e  d e g r e e  o f
asynchrOnoust7eSs, a r e  fntroduced in a s y n c h r o n o u s programmlng in an
fntereStin9 m a n n e r , Quantitative measures of  aSynchronousnesS  a r e
n o t  used; h o w e v e r , it ts oossibje t o  d e t e r m i n e  t h a t one Drogram  Is
m0r8 a s y n c h r o n o u s t h a n another8 and a l s o  t o d8teVtjne  t h e  most
a s y n c h r o n o u s  p rog ram a m o n g  a set of p r o g r a m s being compared for
a s y n c h r o n o u s n e s s ,

.

w8 shr; ; consfder t w o  programsr  P&l a n d  P&2, equfval'ent  i n
t h e  s e n s e  t h a t  tot fdsntlcaj Initial memory s t a t e s t h e y g e n e r a t e
eomputatjonal  p r o c e s s e s  w i t h  I d e n t i c a l  jnformatlon-logic  g r a p h s , F o r
e a c h  informatlon- iogfc g r a p h  Ij. t h e r e  arep correspondingjy,  s e t s  M&l
and M&2 of the computatlonai p r o c e s s e s  oossesSed  b y  s u c h  g r a p h  IL,
T h u s ,  I! for any IL, MA1 3 M&2, t h e n P&l pos38ss8s g r e a t e r
asynchronousness, I n  t h i s  Way, th8 P r o g r a m  that a l  IOWS t h e  0OmPUtfng
s y s t e m  g r e a t e r  fl8xfb;jfty  j n  t h e  r a n g e  o f c o m p u t a t j o n a j Rroc8ss83
r e s u l t i n g I n  the gjV8n I n f o r m a t i o n - g r a p h  I s  re0ognired  a s  being  more
a s y n c h r o n o u s , There are n o  8xPjiclt s t a t e m e n t s  a b o u t m o r e  o r I es9
parallelism  8 a n d  thts /S correct since t h e  d e g r e e  o f  ParalleltleSS  O f
a orogram  IS a c t u a l l y  determIned  n o t  only inh8r8ntly,  b u t  a l s o  b y  t h e
eababflitles O f  t h e  s y s t e m , HoW8Verr  tf Drogram  P&l cap b e  e x e c u t e d
b y  a l l  t h e  s a m e  ways a3 c a n  P&2, a n d  In a d d l t l o n  b y  still o t h e r  w a y s ,
t h e n there i s  some c h a n c e  t h a t It h a s  g r e a t e r  Parallslness~  a n d
anyhay n o t  jess,

T h e  d e g r e e  o f  asyqchronousnsss  a l s o  h a s  a mOf8f constrUct1Ve
torn:  of determination, Tne degree  o f  diversit i n  e,ecutlng programs
in t h e  f i n a l  a n a l y s i s  r e s t s  o n  t h e  set o f  bynary re(at\ons among
brogram s t a t e m e n t s  for d e t e r m i n i n g  whether O r  n o t  rest&&on8  exist
o n  t h e  telatlve  Order o f  s t a t e m e n t  exeuution, t h e sets o f these
binary r e l a t i o n s forms a dep8nden0e g r a p h , T h e  f8W8r e d g e s  t h e
d e p e n d e n c e  g r a p h  has8 t h e  m o r e  a s y n c h r o n o u s  j s  t h e  p r o g r a m , If the
P r o g r a m h a s  a  d8p8nd8nc8  g r a p h  s u c h  t h a t  r e m o v a l  o f  a n y  e d g e  from j t
0learlY d8StrOyS th8 tnformatlon-joglc  c o n n e c t i o n s  o f  some sxecut~on
o f  t h e  programr t h e n  s u c h  a  p rog ram has  m a x i m u m  a s y n c h r o n o u s n e s s ,

AS a l r e a d y  mentIoned,
offers a constructive method

the-t;;;;:  o f  a s y n c h r o n o u s  orogrammtng
f o r transfer from sequentfaj

orograms, c o n s i d e r e d  tn t h e  f o r m  o f  program  s c h e m a t a ,  t o  a s y n c h r o n o u s
p r o g r a m s  o f  maxjmum  ParajlejneSS, T h i s  t r a n s f e r  t a k e s  p l a c e In two
s t a g e s , I n  t h e  first  stage, s e v e r a l  e q u i v a l e n t  transformations  o f
t h e  s c h e m e  j t s e j f  o c c u r ,  a n d  t h e n  a single t r a n s f o r m a t i o n  o f t h e
scherre l n t o  a n  a s y n c h r o n o u s  p r o g r a m  IS P8rfOrmedl t h e  !attsr canslsts
o f  QpllttIrW  t h e  s c h e m e I n t o  t h e Individual s t a t e m e n t s and of
a s s i g n i n g  f o r  e a c h  s t a t e m e n t  its trfgger f u n c t i o n ,

I t  appears t h a t  a  b a r r i e r  tn t h e  p a t h  O f  cOnVert!ng  from a
Program scheme t o  a maxfmally  a s y n c h r o n o u s  Drogram lies In t h e f a c t
that t h e I n t e r n a l asynchronousness  o f  a S c h e m e  c a n  be proven to be
actually less than its potential  aWnchronOusness, T h i s difference
reSults in an unsuccessful al locat ion  of m e m o r y ,  imposbtg  artlficlaj
c o n n e c t i o n s  b e t w e e n  s t a t e m e n t s ,  a n d  jn jmoerfect multtplTcatlOn  O f

.
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som8 S t a t e m e n t s Into severa I I n s t a n c e s w h i c h , When 8X8OUt8d

simultaneously~  c a n  e x t e n d  t h e  r a n g 8  o f P r o g r a m
P a i r s  o f

execut  i onj. Two
s t a t e m e n t s , depicted  In F i g ,  4, 38rV8 a s  a n  8Xamnpf8 O f  t h e

djffsrence  between internal and ootentlal a s y n o h r o n o u s n e s s , SitiCe
t h e s a m e  Value y i s  used tn each p a i r  t o  t r a n s f e r  tnforrnation~  t h e s e
t w o  PabS Of O p e r a t o r s  cannot  b8 e x e c u t e d  cOncurr8ntjyr wh i ch wou 1 d
b e  permj!¶Sib!e  !f j n  e a c h  patr !tS Own varlabjes W8r8 U s e d ,

In the work of VA, Kotov,  a m e t h o d o l o g y  1s ofbred  f o r
t r a n s f o r m i n g  a n y P r o g r a m Scheme I n t o  a n equjvalent schame, t h e
i n t e r n a l a3y~-~~nronousness  o f wh I ch reaohes i t s potential
asynahronousness,

In t h e  d8v8jOpm8nt  df a theory O f paral jel PrOgrammjngfi  I t
w a s  u n c l e a r  e a r l  jet whether or n o t , w i t h o u t  sacrjffclne  g e n e r a l i t y  o f
r e s u l t s ,  quantltatlve  I n d i c a t o r s  o f  the p a s s a g e  o f  ‘tjme c o u l d  b e
fncluded; thrsadlng  o n t h e tempera  I a x i s WY th8 f a c t  O f  the
ocourrence  o f  e v e n t s , a n d  n o t  thejr d u r a t i o n , Th8 a s s u m o t f o n t h a t
al I c h a n g e s  I n  s t a t e  o c c u r  instantaneousjy~  I n c l u d i n g  t h e  actions  o f
statements~ Is the extreme expression of thjs abstraction, It has
b88n shown by A& Narjn’yanj that for any Information-logic graph
t h e r e e x j s t s  a n eX8CUtabie computational orocess h which all
s t a t e m e n t s actbate  fnstantan8ously  (the s o - c a l l e d  reduced brocess),
Mo,reaver) i t  h a s  b88n s h o w n  b y h j m  t h a t i f  a  c a u a s i p r o g r a m Is a
Program f o r comout j ng system wfth I n s t a n t a n e o u s
s t a t e m e n t s , thenajt  wfjj a l s o  b e  t h e  p r o g r a m  f o r  a

actlon O f
o o m p u t l n g SYSt8m

w i t h  a n y  pro(onged  actfon o f  s t a t e m e n t s ,

C o n t j n u o u s c o m p u t a t i o n  of t r i g g e r functions occuDl8s  a
signtficant  Place j n  t h e  8X8CUtjOn  o f  a s y n c h r o n o u s  p r o g r a m s , If s u c h
a Or00833 tS to be i m p l e m e n t e d in a r e a l SYSt8f!l, maximum
aimpljfloatjon  a n d  a c c e j e r a t j o n  o f this  computatjon  b8comes v e r y
ImDortant, From this vlewpojntr t h e resuj t obtajned by 2.
ZvfnogrodskjJ* i s  v e r y I n t e r e s t i n g , It shows that ?or any
a s y n c h r o n o u s Program ft i s  poSsjbj8 t o  c o n s t r u c t l v e j y find its
e q u i v a l e n t  p r o g r a m  such that al l  trleger  f u n c t i o n s In t h a t  brogram
have t h e f o r m  o f loojcal functtons o f e l e m e n t a r y c o n d i t i o n s
exoressing o n l y  t h e  faot o f  t h e  actjon o f  t h e  o p e r a t o r , Th\s makes
tt p o s s i b l e W i t h o u t losti o f general!tY t o  attrfbute to the
oomputatlon  o f  trfgger f u n o t j o n s  a 3pecjflc a p p e a r a n c e that Dermh
reall2atlon us I ng fnterrupt  r e g i s t e r s  a n d  o t h e r  h i g h - s p e e d  h a r d w a r e
faclllWWQ

+b Prlvat@.  oommun~catfon

DjscusSton  o f  th8 StruotUre  O f  COmPUtjng SYSt8mS

t h e US8 Of binary swjtchlng  a n d  t h e  reajjzatjon of aOoj8an
functjOn3 rematn for t h e  f o r e s e e a b l e  future t h e f jrm foundation  O f
electrontcs~ baS8d In its most d i r e c t f o r m o n  t h e  prtncjpal  o f
d t Scr8t8 a c t  Ions, H o w e v e r  t t h e “ e m b e d d i n g ”  O f e l e m e n t a r y b i n a r y
s t r u c t u r e s wjthjn l a r g e r s t r u c t u r e s reflecttng a n  a p r i o r i

.
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aigorithmio  b a s i c  o f  p r o g r a m m i n g m u s t  b e one of t h e f u n d a m e n t a l
DfjRCiPl4S f0t achlevjng pre-eminence  of p r o g r a m m i n g  o v e r  *rdware,
T h e  a u t h o r  h a s  a l r e a d y  m e n t i o n e d t h a t t h e  e s t a b l i s h e d algorithmic
bas i Y (arithmetic actions  a n d  relations  o n  n u m b e r s ,  assocratlv8  a n d
addresSed  I n f o r m a t i o n  searah)  h a s  a n  h i s t o r i c a l  n a t u r e  a n d ,  Dossibly,
is SubJect  t o  revislon  f r o m  t h e  t e n e t s  o f  n a t u r a l  paraljellsm,
NBV8rth8leSS, w e  d o  n o t  prasantiy see t h e Possibility o f StePPIng
beyond t h e Ilmfts o f this algorlthmlc  b a s e ,  w h i c h ,  t o  z, point, 1s
t a k e n  f u l l y  into a c c o u n t  i n  c o n t e m p o r a r y algorlthmlc l a n g u a g e s  a n d
t h e  axlomatfcs  o f  t h e  t h e o r y  o f  p r o g r a m m i n g ,

T h e r e f o r e , the a u t h o r sPecIfically does n o t recommend
homogeneous binary OomputatlOnal environments w;th . dynamic
restructuring a s  t h e  primary candidate  f o r  a computational universe,
Because o f  I t s  unlversa(fty, any such complex will lose out in
ProaUctlv.ity  to a cornoUt  I ng s y s t e m in which the structure of the
algorithmic  base ( a c c u m u l a t o r s ,  m u l t i p l i e r s ,  Inlex registers, a d d r e s s
m a t r  Ices, etc.1 IS fntfoduced  a prlorf-at  t h e  momant o f  d e s i g n  a n d  i s
imPlemented  w i t h  t h e  assistance o f  a  rich a r s e n a l  o f  SP8clal devhxs,

I n parttcularr the a u t h o r c o n s i d e r s a d v i s a b l e t h e
pr8Servatlon  o f t h e  8Stabl  ished s e p a r a t i o n  b e t w e e n  t h e  organ!ZatjOn
o f  informatlon  processing In actlye  P r o c e s s o r s  a n d  i t s  S t o r a g e in a
bassbe s t o r e , A large v o l u m e  o f  a c o m m o n  m e m o r y  with r a n d o m  a c c e s s
ts t h e  m o s t  Suitable unit for PrOgrammlng, VfabsorbingqQ a n d  d8coUPllng
al 1 dffflcultfes cOnc8rn8d  with boundedness,  w i t h  t h e  necesdty  for
f a s t  commutation  o f  ProceSsorS  f a r  s o m e  o p e r a t i o n  I n  a s e q u e n c e t h a t
w a s  not PredIctable earlier,

Dlstrlbutfon o f memory among p r o c e s s o r s leads to the
necessity  o f  8Stabltshlng m o r e  rlgld synohronlzatlon, In faotl If
orocessor  A t r a n s f e r s  r8sUltS o f  Its ooeratlon t o  anOthW voce38or
B, t h e n  this m e a n s  t h a t t h e  r e s u l t s  a t  A  c o n s i s t  o f  o n l y  Dart o f  t h a t
f n f o r m a t l o n which \s n e e d e d  f o r  t h e  o p e r a t i o n  O f  B  (if this w e r e  n o t
so, t h e n  A  c o u l d  c o n t i n u e  t h e  operatlon  itself,  WIthout transfarrlno
It to EN, B u t  consistent  receipt of informatfon by processor 8 f r o m
various  p a r t s  o f  the s y s t e m  c a n  l e a d  t o  a confllot  with t h e  d e s i r e  t o
utillz8 a s  f u l l y  as posdble  th8 productivity  o f  th8 p r o c e s s o r  a n d  t o
n o t  c r e a t e  dOWntlm8s, s;nce genera!0 speaking It is possibl8 t o
suarantee such productivity o n  1.y u n d e r %Qu1’acc8Ssib~~~ty~q  Of a n y
aperatIon  t o  a n y  DrOcessorc which contradicts the prlncipls of memory
dlstrlbution, A n o t h a r t h r e a t  t o produotlvity from memory
d i s t r i b u t i o n  i s  t h a t  In o r d e r  t o Provide r e m o t e d a t a transmiSsl0n
connectlonsr t o o  mahy proces9ors  m u s t  o p e r a t e  o n l y  a s  t r a n s i t  points,
Thus, a h-omogeneous  s y s t e m  o f many p r o c e s s o r s with a d i s t r i b u t e d
memory becomes e c o n o m f c a i i y  Justlfl8d, tn t h e  opfnion o f  t h e  a u t h o r ,
only when t h e utjlfzation f a c t o r f o r t h e  p r o c e s s o r s may be
com~aratlvely l o w  a n d  is m e a s u r e d  b y  r o u g h l y  t h e  s a m e  v a l u e s  a s  t h e
utilization f a c t o r  f o r  t h e  c o r e  m e m o r y  locations,  determtnsd by the
number of looatlon a c c e s s e s  r e l a t i v e  t o  t h e  duration  o f  tha s t o r a g e
o f  lhfarmatfon ln t h e  IocatlOn,

-
T h u s , a s  a  prjmary  c a n d l d a t s  f o r  t h e  c o m p u t i n g  s y s t e m  o f t h e

Immediate future, t h e  author a d v o c a t e s  a h o m o g e n e o u s  comrwting  s y s t e m



on a common memory wfth s u f f i c i e n t l y wel I deve I oP8d prOOeSSOfS

gtructupd  on an established algo,ithmlc base a This rea9onin.8,
however,  fs tn n e e d o f  s o m e  olose q+mlnatlon,

F i r s t , tne programming for such a system must be based on the
or!ncioles o f ~synchronousneSsr  sins8 t h e  a r c h i t e c t u r e  o( thb type
o f  s y s t e m  Is m o s t  a d e q u a t e  t o  a n abstract m o d e !  o f th8 c o m p u t i n g
system  uged in a s y n c h r o n o u s  p r o g r a m m i n g  t h e o r y , I n  a d d i t i o n ,  ofogram
a s y n c h r o n o u s n e s s makes v e r y SlmPIO t h e ptoblem o f asstgnfng
broCeS~OPS t0 OWratlonS, fncludlng d y n a m i c  a s s i g n m e n t ,  If only the
probl8m  o f  fast 3oanntng  of t h e  brogram’s  t r i g g e r functions is
SOlV~dc

S e c o n d , t h e s y s t e m  m u s t  ino(ude t h e  prlncble of sepafatlng
s t r i c t l y  c0mDUtatlonal  p r o c e s s e s  bxecutlon o f p r o g r a m s t a t e m e n t s )
fr0rr. u 0 n,t f 0 I p r o c e s s e s (scannlns trigger functions o r e x t e r n a l
htefrupt  signals a n d  assignlns p r o c e s s o r s  to &q opefat!onI,

I t  i s  V e r y  temoting t o  c o n c e n t r a t e  t h e  c o n t r o l  p r o c e s s ln a
wedal pfoo89Sor~ c a l l e d  h e r e  t h e  m o n i t o r , P r o c e s s o r  g e n e r a l
register3 muet b e  a c c e s s i b l e ,  o n  t h e  o n e  h a n d ,  t o  t h e  m o n i t o r , while
on t h e o t h e r hand the monitor mu9t h a v e  In Its o w n  m e m o r y  t h e
tomplOt Wlogtcal  scheme" of any Dfogfam p r e s e n t e d  t o lt In It9
caoaaity  a s  a g e n e r a t o r  o f  a f l o w of ’  requests  for a Job to be
executed, Proc8%&9  t h e s e  r e q u e s t s  b y  t h e  m e t h o d  o f  assigning
DroC8S9Of9  t o Vaf fouS Jobs oonstitutes  t h e  essentfal  aspect  o f
c o n t r o l ,

S u c h  a n  a p p r o a c h  Is o f  i n t e r e s t  a l s o  beoause,  it seems t o  t h e
author8 i t  permfts t h e  union  w i t h i n  t h e  f r a m e w o r k  o f  a single s y s t e m
a r c h i t e c t u r e  of w h a t wou Id abpeaf t o b e  contrastlng t y p e s  o f
operations, such a3 t h e  organitatfon o f multiaacesa u s e  (LO,,
allocatIon o f  t h e  c o m p u t a t i o n a l  resoutaes amona a f l o w  o f weakly
c o n n e c t e d SOfViC8 reaueStS), a n d  parallelr multlDrocessof oPerat?on
We0 concentratio n of the oomputational resources for the SoWiOn
o f  o n e  l a r g e  prob)emI, This unjty 1s a c h i e v e d  b y  t h e  faot t h a t  i f  w e
examhe  the "anatomfcal 3truotureW o f  t h e  p r o c e s s  o f  c o n t r o l  Iing t h e
s o l u t i o n  o f  a large  problem written in the form of an asynchronous
orogram,  t h e n  thts-  s t r u c t u r e - w o u l d  awear aa a l i m i t  c a s e  o f  t h e  flow
o f  r e q u e s t s  f o r  operations i n  a time-sharing s y s t e m ,

Separating c o n t r o l  o u t  a s  a n  individual  process1  servbd b y
t h e  rronltor, h a s  ttg o w n  Heaknesses, One o f  t h e s e  i s t h a t c r i t i c a l
reauirerrants a r e  lmoosed o n  t h e  s p e e d  o f  scann/nQ  trigger f u n c t i o n s ,
assignIng p r o c e s s o r s  t o  a n  operation8  a n d  ioadfne p r o c e s s o r r e g i s t e r
s t o r e s , A n o t h e r factof i s  t h a t  oentrallzation  o f  c o n t r o l  reduces
s y s t e m  reliability, A  d i f f e r e n t scenario Is one In whfch e a c h
Df0C8S90f Itself searches  o u t  Its o w n  new j o b  a s  s o o n  a s  It f!n/shes
t t s  axistin Operat:ons, This requires the c r e a t i o n i n  the common
memory of a SP8Ch

f
"labor exchange% a c c e s s  t o  whtth  fs o p e n  t o

e v e r y  processof~ Th 9 e x c h a n g e can be d u p l i c a t e d  OF can h a v e
"branches" In segments of the store , p r e f e r a b l y  t h o s e  assoofated wjth
given pfOcessors,
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Acknowledging  t h a t  i t  Is p r e m a t u r e  t o  m a k e  final J u d g m e n t s  o n
t h e US8 Of c e n t r a l  lzed o r dtstrlbuted COntrOlr the a u t h o r
n e v e r t h e l e s s  considers t h a t  it ts n8CesSarY  t o  fully c a r r y o u t t h e
d8v8loorent o f methods f o r  08ntrallt8d  c o n t r o l ,  A constderatlon  O f
c o n t r o l  a s  a Self-contained function, sultablo also f o r SPWhl
haraware  Implementatjon, h a s  particular  signifkance in any obJsctrve
solutjon  o f  t h e  Problem o f  t h e  relatIonshIP b e t w e e n Programnlng and
hardhare faclllttas f o r  sxrrcfslng  oontrol  o v e r  a  computing  s y s t e m ,
O p e r a t i o n a l  e x p e r i e n c e  wfth well-deve(oped operating s y s t e m s  f o r  b a t h
b a t c h  twocsasho a n d  mu(tfaccess  use h a s  indfcated t h a t  t h e  uontrol
p r o c e s s e s  h a v e %eir own algorlthmlo  b a s e , t h e  s t r u c t u r e  03 which oan
and m u s t  b e embedded In sodal h a r d w a r e , This d o e s  n o t  euolude,
h o w e v e r , t h e  f a c t  t h a t  this aurrently speclflc  base WI I I e v e n t u a l l y
m e r g e &th t h e “general algorlthmlc”  b a s e , HokJever,  this s h o u l d  n o t
b e  t a k e n  f o r  g r a n t e d ;  I t  w o u l d  have t o  c o m e  a b o u t  a s t h e  result O f
s o l v i n g  a c l e a r l y  S t a t e d  p r o b l e m ,

C o n c l u s l a n

Whatr f r o m t h e vlewpotnt  o f t h e  a u t h o r , m u s t  b e t h e
f u n d a m e n t a l dlrectjons f o r w o r k  I n the a r e a o f  Drogrammlng  for
p a r a l l e l  camputlng  s y s t e m s ?

Ftrst,  It Is n e c e s s a r y  t o i m p l e m e n t  I n c o n t e m p o r a r y
algorlthmlc I anguages such paral Is! p r o g r a m m i n g fad lltl8s a s
oarallel b r a n c h e s  of c o n c u r r e n t  computations.

O n  t h e  b a s l s  o f  t h e  m e t h o d o l o g y  o f  a s y n c h r o n o u s p r o g r a m m i n g ,
I t  s e e m s  t h a t  o n e  c o u l d  supp(ement  “manual”  m e t h o d s  b y  faollftles  f o r
automatic  determlnatlon  o f  Paral !el b r a n c h e s for reduction o f t h e
n u m b e r  of Paral  lal b r a n c h e s ,  making remalnlng  o n e s  l o n g e r ,  a n d  t h e
checking  of  a P a r a l l e l  p r o g r a m ’ s  a s y n c h r o n o u s n e s s , T h e s e  teohnlques,
by t h e mid-seventIes, oould  b e  f u l l y  I m p l e m e n t e d  o n  e v e n  operat/ng
s y s t e m s  f o r  third-generation  multlorocessor c o m p u t e r conf?gurationS,
Some f u n d a m e n t a l s f o r such techniques c a n  b8 f o u n d  a l r e a d y  I n  o u r
exfstlng  oDeratIng  s y s t e m s  (123,

T h e  s e c o n d  dIrectton, which t h e  autnOr  believes can Rrovide
the richest r e s u l t s  by t h e en-d  o f t h e  seventIes,  m u s t  b e  f o r  a
oomprehenslve  design o f a s y n c h r o n o u s p r o g r a m m l n g  a s  a camp I eted
t h e o r y , l i n k e d  w i t h  t h e  f o r m a l  t h e o r y  o f  secluential p r o g r a m s  In t h a t
it b~:auJo b e c o m e  a  w o r k i n g  hVi!trument  o f  P a r a l l e l  Programming,

E f f o r t s  m u s t  b e c o n c e n t r a t e d  o n SOlWon of t h e
f o l l o w i n g  P r o b l e m s :

--the mechanfsm  f o r  computfng trigger  functions;
--derlvat\on of t h e  “logical scheme” o f  a paral lel p r o g r a m

dur lhg t h e translatfon p r o c e s s and I t s  dynamic augmentation  Or
a l t e r a t i o n  during p r o g r a m  r u n n i n g ;

--algorfthms f o r  dynamfc a n d  static a s s i g n m e n t  o f  p r o c e s s o r s
to- a n  operatloni

- - m e t h o d o l o g i e s  f o r  fast cornmutatIon  o f  orocessors  durjng t h e
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exoanslon  o f  sequ8ntlal  cyclic comPutatIonsi
-0rganizatjon  o f buffering  a n d  dynamia l o a d i n g  o f  a  f a s t e r

s t o r e  f r o m  a  s l o w e r  o n e ;
- s t u d y  O f th8 capabflitfes  o f  dfstrlb&ed  a n d  centrallred

controlal
--findIng

In comlsutMg syst8mL
spedal  aigorithmlc  b a s e  f o r  c o n t r o l  ~rocessofs

Successfui  progreS3 I n tb838 d i r e c t i o n s , In the a u t h o r ’ s
oplnfon, WI I I t:8lP US by the end of t h e  Sev8ntl8b o b t a i n
fourtlVgeneratf0n c o m p u t i n g  s y s t e m s  w l t h  productlvlty  ratings g r e a t e r
t h a n  /flB-mllllon  oPerat’fons  Der s e c o n d ,

As t h e t h i r d  d i r e c t i o n ,  It Is n e c e s s a r y  towWJoort  r e s e a r c h
o n  a  b r o a d  f r o n t  fnto computational env i ronments f u n d a m e n t a l
studY.of t h e  foilowfng  qu8stIons:

- - t h e  Search f o r  t h e  m o s t  apPrOPtiat8  untversai  oomputational
cell a n d  d8terminat:on  o f  t h e  d8gr88  o f I t s  oonnectivlty  with t h e
envlronfrenti

- - s t u d y  o f b o u n d a r y  e f f e c t s  I n  b o u n d e d  e n v i r o n m e n t s  a n d  t h e
P r o b l e m  o f  dynamtc restruoturing  o f  t h e  environment;

- - r e s e a r c h  f n t o  t h e  capabillt~es  a n d  fsaslbility  o f buildlna
“muJtiP)e”,.mutuai)y  penstratlng  environments  w i t h  v a r l o u s  funOtional
putPoSes (for examDIe, contra  I a n d operatingr comwtlne and
transPortin  8nvlrOnments;

-d8v8iOPm8nt  o f c o n c r e t e 23PeclaPa~pllcation devic8S for
Brob/ems  w h o s e  Structure  ts fn ttS8if sufflclent f o r t h e se l ected
environment  StrUctUrei

- - d e v e l o p m e n t  o f t h e  princiPl8s  o f  n a t u r a l  Parall8l~sm a n d
t h e n  o n  t h a t  b a s i s  a  reOonsideration  o f  o u r  algorithmic  b a s e ,

In the ODinjon  o f  t h e  authorr  i n  t h e  e i g h t i e s  comDutatlOnal
envlronnents WI I I become  a cOmo8tftOr  for COnQU8rfng  t h e  oroblem o f
fncreasing t h e  ce[Ijng 0n t h e  P o w e r  O f  comPutationa facllfties and
t h e  c r e a t i o n  o f  a n  artlflcfal  lnt8lllg8nt8,

A0knowledgem8nt
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