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ilBSTRA-CF - 
I n  the p a s t ,  neu c o m p u t e r  des iqns  w h i c h  p r o v i d e d  lasqe - i n c r e a s e s  

i n  s p e e d  have been based larq-on f a s t e r - i t r y .  A s  t h e  

f u t u r e  g a i n s  t o  be made on  th2s basis a p p e a r  t o  be smaller a n d  

more diff i c a l t  t o  a c h i e v e ,  more a t t e n t i ' o n  i s  b e i n q  p a i d  t o  

n n l t i  p l e  p r o c e s s o r  c o n  f i q u r a t i o n s  f o r  i n c r e a s e s  in c a p a c i t y .  

Some e a r l y  i h p e d i n e n t l s  t o L @ a r a l l e l  systems were l a ck  of suitabze 

software a n d  t h e  cost of p r o c e s s o r s  t h e m s e l v e s .  R-ost proqramminq 

tool.yS"\' d e s i q n e d  - f o r  p r o b l e m s  which ---- are - serial  - i n  n a t u r e ,  and * - 
- - - 

many peo#le a e s i q n  a l g o r i t h m s  i n  a s e r i a l  way. T h e  cost of even 

small p r  cessors r a n g e d  from t h i r t y  - t h o u s a n d  t o  s e v e r a l  hundred  h 
thousand dol lars .  

/ . P r e s p n t l y ,  t h e  cos t  o f  some , p r o q e s s o r s  h a s  d r o p p e d  t o  t h e  

l e v e l  of a few hundred d o l l a r s .  I t  is  now e c o n o m i c a l l p  feasible 

t o  consider development of m u l t i p l e  p r o c e s s o r  systeas, e v e n  i n  

spite of t h e  a v a i l a b i l i t y  of f a s t e r  machines .  S o f t w a r e  for  3 

para l le l  p r o c e s s i n g  is still  n o t  w e l l  d e f i n e d ,  nor are m u l t i p l e  

p r o c e s s o r s  i n  vide s p r e a d  u s e .  S e v e r a l  b a s i c  c o n f i q u r a t i c n s  a r e  

described i n  the L i t e r a t u r e .  
I 

One method of p a r a l l e l  o p e r a t i o n  on s o - c a l l e d  ser ia l  

problems i s  t o  b r e a k  t h e  p rob lem i n t o  n t a s k s  a n d  h a v e  a series 
' . 

of n p r o c e s s o r s  each assigned t o  a task. Such a n  a p p r o a c h  i s  
- - -- - -- - - - - - - - - - - - - - -  - - - - I - -  

, 
used on a, s i c r o s ~ o p i c  scale i n  p i p e l i n e d  c o m p u t e r s  where 

A '  

i n s t r u c t i o n s  are b r o k e n  i n t o  s e v e r a l  smaller s t e p s .  This t h e s i s  



- - 
*a- t .  

* -. 8 
-- 

- b e s i n s  by examining -- so& of t h e  'classical m u l t i p l e  p r o c e s s o r  

c o n f i g u r a t i o n s ,  a n d  i l l u s t r a t e s  how " t r a d i t i o n a l "  r a l l e l  , 

a r c h i t e c t u r e  may b e  e x t e n d e d *  t o  sobtasks  of l a r q e r  p r o b l e m s ,  as 

opposed  to  p a r a l l e l i s n ~  a t  t h e  l e v e l  of s i n g l e  i n s t r u c t i o n s .  I 

d u a l  processor system was implemea$ed i n  a n  a p p l i c a t i o n  t h a t  had  - 

b e e n  served by a single p r o c e s s o r ,  

The  a p j l i c a t i o n  studied was a d a t a  a c q u i s i t i o n  a n d  
- - - - -  - 

monitor inq problem a t  the T B I U H P  n u c l e a r  r e s e a r c h  facility, T h e  

m a j o r  t a s k s  i n c l u d e  a c g u i s i t i o n  of m u l t i p l e  a n a l o q u e  s i q n a l s ,  
I 

BaW %eqq&q,-+k&*-t i*q, qfaphka3 ais-ftrw tpnerati-on, m d  - 

\ 

u s e r  i n t e r f a c i n q .  A f l o w  d i a g r a m  d e p i c t i n q  t h e  t a s k s  a n d  t h e  
i- 

d a t a  flow be tween  them p r o v i d e s  a basis f o r  d e t e r m i n i n q  the 

number of pracessors t h a t  c o u l d  be  used ,  a n d  a possible t a s k  

d i s t r i b u t i o n .  I n  this a p p l i c a t i o n ,  an  e x i s t i a q  m i n i c o m p u t e r  uas 

e n h a n c e d  b y  t h e  addition of a micro-processor t o  perform some oB 

t h e  major tasks, T h e  tuo processors cooperate i n  a B a n n e r  

similar t o  t h a t  of a p i p e l i n e d  -single-processor system, 

Performance e v a l u a t i o n s  on t h e  a c t u a l  s y s t e m  v h i c h  uas b u i l t  

c o n f i r m  t h e  d e s i g n  c a l c u y a t i o n s  a n d  t h e  f e a s i b i l i t y  of this 

architecture, 



.*. F Q ~  although in a certain sense and for l ight-minded persons 

n u n - e x i s t e n t  t h i n i s ,  can be more e a s f l y  and i r r e s p o n s i b l y  

r e p r e s e n t e d  i n  words than existinq things, for the serious and . 

conscientious historian it  is just the reverse. Nothinq is 

harder. yet nothinq is more necessary, than  to dpeak of certain 

. I I 
- e r i s t i n p  things brings them a s t e p  cfoser t o  exidtence and t o  

- - - - -- -- 
7 -  , 1 -  - 

r- - -  - _i 

the possibility of being b&. 
I 
I 

Herman H a sse, 
$7 

i 
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a oompata; performs Zn&Yr~g$&ons haw 
Y 

I '-6 _L .-.-, " 
i commun measures of its 'power. II more7 

neaninqf u 1 measure, and -one of ultimate d q n i f i c a n q e  to' a 
-- . -- - 

P .  

computer u er, is the t i m e '  required to solve a q i v e n  pro.blea. : 
' 4  

- " ------ $ --- - - -  - - 2 -  - - - -  --- A uLu - r - -  L L  

This time / P s ' 5 m p o r t q t  both p r a c t i c a l l y  a s  well a s  - Z 

. p s y c h o l o q i c a ~ l p .  Some p r o b l e a ~  require a s o l u t i o n  within a . * 

i - J .  

--- _ 111.-iased3~Ql=exaa&&+t -iLi-*tim khaL_a rea- 4 -  I -- - 5)- 
I 

- -- - - - - 
-- - pH&i&ion 'prbblo. be soltad before t h e  actual svent.k-i*- 

I 

1 a p p l i C a t i o i s  inrolring direct communictatian vi t b  t h a  user. a .. 
w .  

.., 1 I primary q o a l  -is t o  respond to t h e  *sed's request w i t h i n  a 'time 

/ t h a t  the uier vperoeivas t o  be reasonably ~eipxired -to solre .his + 

, 

I 
r o ~  ; siren s r t  bf instructi&s which will soare a pivan 

! problem, it. is  obvious  that the computer which prdcesses t h e s e  
I . , - .- w 

I I i n s t r u c t i o n s  a t  a h igher  sate rill solve t h e  problem i n  lesp 
I 

7' 4' tiad tban.,a slower compotar, T B ~  goeotioh can be .asked: IS 
1 C - 

- 4 0 

i , processor *speed i h e  on ly  Mctar to be a m s i d e r e 8  in tLe solut ion 
I .  
\ of t i m e l i m i t e d  problems? 0i a l l  t h r  a d ~ a n c e s  made i n  computer 
i 
1 

 design^ the d a v a l ~ p m e ~ t s  ' in  bas ic  cdpponent desig.  have had the 

, - 
, rate of i n s t r u c t i o n  process ipq  'has ihcreased  roughly by a factor 



k- - 
of m e  n i l l i o n .  Other advances i n  a r c h i t e c t u r e  or a l q o r i t h a s ,  ' +-- 

-yit h few exceptions,  h a d  broviaeb only a for orders of _ -  
-?A 

L 

mac&tude impro,vement.  his is n o t  s o r p r i s i n q ,  a s  there b a s  .been . 

little i n c e n t i r e  t o  e x p l o r e  other p o s s i b i l i t i e s  for q e n e r a l  - 
application-s  g i v e n  the i mpressire advances 02 tecbmloq y, 

The ratq at h i c h  new component t e c h n o l o g i e s  are a p p e a r i n q ,  
- - -  A L- uL 

- - - - - - 
and t &Xr-ZmL$kct onL pracessing speeds, is c n r r e i t l y  - h e c r e a s i n q  

as resekxrchers  deal w i t h  such f u n d a m e n t a l  barrieh as  t h e  speed 

of light and problems as mundane as d i s p o s f n q  of the vast 
- - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - -p - - - - J o n n t s  

of h e a t  q e n e r a k e d  *by fast A r c u i t r y .  Such d a r e l o p n e n t s  
. . 

as t h e  J o s e p h s o n  j u n c t i o n [  3 1  may be s i g n i f i c a n t  hardware L 

- 

\ 
e 

b r e a k t b r o u q h s ,  ot t h e i r  i m p l e w n t a t i o n  is a t  least. several . 

e a r s  off. lore a t t e n t i o e i s  now being p a i d  to  computer 
* - 

architecture and a1 got i thms r e d u c k  problem solving tine, The 
- 

few oxdeps of magni tuae speed improvement' that :they can provide  
!#l*;" 

%hare become a mador cont&bt l t ion  t o  new conp* te r  s y s t e m s .  

One act ive  a d  architecture is 
that of or more 

of s o l v i p q ,  i n  
v 

parallel, the s u b p r o b l e k .  t h a t  make hp so- larq4r p r o b l e a .  The ), 
'$ 

p a r a l l e l i s m  i n  t h e  hardware. may de w i t h i n  i n s t m d i o n s ,  "it hin \ 
the data.  - or between - L - - s u b - t a s k s .  T h i s  h a s  l e d  to-theadeveropment 

- 
- -7 -- 

- - - - - - - - - - - - -  - - 

\\ 

of mpipelinedw processors, v e c t o r  processors, and 
-- - . t- -7 

pp 

I I *  

a u l t i - p r t x e ~ s o r s ,  r e s p e c t  r e l y .  T h e  d i f f e r e n t  f oras 02 

. $%&alleli$m require d i f f e r e n t  treatment 8 almost  a i l  aspects of 
A - 

@ 



s y s t e m s  d e s i q n .  
I 

Often, these new a r c h i t e c t u r e s  are d i f f i i c u l t  t o  use as 
i 

. . 
g e n e r a l  p u r p o s e  machiaes[31. Software must be d e v e l o p e d  with t h e  

p a r t i c u l a r  a r c h i t e c t u r e  i n  mind. T o  e x a m i n e  t h e  imp.licat$.ons o f  

this on 'a  t y p i c a l  . p r o b l e a ,  a n  * = i s t i n p  d p p l i c ; t i o n  was s o u g h t  

f& s t u d y .  One o f  t h e  experiment -qroups at the TRIUBP nuclear 

t o  monitor and c o n t r o l  t h e i r  e x p e r i m e n t s ,  and a t  t h e  same time, 

r e s o u r c e s - ,  these two o b j e c t i v e s  a r e  general1 y nut u d i j  

excl&ve.-  since t%g both n a k e  d e ~ a $ r  on t h e  same resource 

(process& t i i e t r  This particular a p p l i c a t i o n  seemed to be 

corn posed of ' s e v e r a l  sub-problems,  many of which were i n d e p e n d e n t  

of each othe; and  therefore c a n d i d a t e s  f o r  pasal lel  p r o c a s s i n q .  

Previously, i t  was t h e  c o s t  of p'rocessors, which h i n a e r e d  

t h e  deve lopement  of parallel systems. Wow, w i t h  p r m e s s o r s  

costinq o f  the order of t e n  t o  one hundred do l l a r s  each, other 

aspects of t h e  problem are more .p rominen t ,  One of these new ' 

a s p e c t s  is t h a t  of  c o u p l i n q ,  or commancica t ion ,  between the 

processors i n  a m u l t i p l e  processor c o n f i q a r a t i o n .  The techniques 

of proqramming p a r a l l e l  systems are s u f f i d i e n t l y  new a n d  complex 

A e n e r a l  cam put inq .  

One a s p e c t  of c o n v e r t i q q  a ser ia l  problem t o  a p a r a l l e l  o n e  

is t o  l o c a t e  the sources of p a r a l l e l i s m ,  ~ o l l o u i n d  this, a 



-, 

b a l a h i i u s t  be f o u n d  so t h a t  t h e  p a r a l l e l  t a s k s  are d i s t r i b u t e d  

b 
-A as erealy as p o s s l b l e  between t h e  p r o c e s q o r s .  The  o b j e c t i v e s  of 

t h i s  work were t o  i m p l e m e n t  a n  e x i s t i n g  s e r i a l  problem on  a 

\ 

f' 
m ~ l t i p l e p r o c e s e o r  sys tem.  The  i n t e n t  is t o  show t h a t  p i ~ a l i n i n q  

t 

is not o d i j  &&ui u i t h i a  i n s t r u c t i o n s .  a s  it is c l a s s i c a l l p  
C 

i r p l e a e n t e d ,  f ) t b  may a'lso b e  a p p l i e d  to p r o b l e m s  c o n s i s t i n q  of 

..larqe s u b t a s k s  and a firell ntlrber of p r o c e s s o r s .  A method-of  

determinq t h e  p a r a l l e l  a s p e c t s  of a problem is souqbt, so ghat 

they m y  be i a p l e m e n t e d  on i n d i v i d u a l  p r o c e s s o r s .  Fo r  t h e  case 
- - - - -- 

- 
- 

where t h e r e  are  more p a r a l l e l  s n b t a s k s  t h a n  processors, the 

problem of b a l a n c i n q  the lqad on each p r o c e s s o r  i s  examined .  

T h i s  work d e m o n s t r a t e s ,  b y  way o f  a f u n c t i o n i n g  s y s t e m ,  

that m u l t i - p r o c e s s o r  s y s t e m s  c& be i m p l e m e n t e d  e v e n  for small 

a p p l i c a t i o n s  where some p a r a l l e l i s m  exists i n  the problem.  I n  

t h e  s e c o n d  chapter, t h e  various c o n f i g u r a t i o n s  of g r o c e s s o r s  a r e  

r e v i e w e d  i n  terms of the r e l a t i o n s h i p s  b o t h  b e t v e e n  t h e  

p r o c e s s o r s  a n d  be tween  t h e  p r o c e s s o r s  and$he d a t a  upon which 

they o p e r a t e .  Those a s p e c t s  o f  software a n d  c o m m u n i c a t i o n  which ' 

r e l a t e  t o  m u l t i p l e  processor s y s t e m s  w i l l  be d i s c u s s e d  i n  the 

third c h a p t e r .  C h a p t e r  f o u r  f o c u s e s  o n  a problem which was 

p a r t i c u l a r l y  amenable to p a r a l l e l  p r o c e s s i n q .  The e n v i r o n m e n t ,  

i n p u t  a n d  o u t p u t ,  p r o c e s s i n g  r e q u i r e a e n t s ,  a n d  s o u r c e s  of 
- - - - - - - - - - - -- - -- - 

p a r a l l e l i s m  a r e  d e f i n e d  here. The f i f t h  c h a p t e r  d e s c r i b e s  t h e  
-- - - - -- - - 

- - - 

d e c i s i o n s  f a c e d  i n  t h e  d e s i q n  of a s y s t e n  t o  s a t i s f y  the prob lem 

d e f i n i t i o n  g i v e  i n  chapter f o u r .  Chapter s i x  d e a l s  w i t h  t h e  
- 



responses to the design decis ions ,  It describes the actual 

system which was built, and why' certain decis ions  uew made, In 

conclusion,  the  s y s t e m  @ s_ performance is discussed both f sea the. 

d e s i g n i n q  such a system, and from the opera t ion  p o i n t  of view of 
9 

of the system. 



T h i s  c h a p t e r  p r o v i d e s  a brief o v e r v i e v  of  p a r a l l e l i s m  i n  

co~pu ' t er  a r c h i t e c t u r e .  ~t is important to be a w a r e  of the 

s o u r c e s  of parallelism of t h e  v a r i o u s  a r c h i t e c t u r e s  i n  o r d e r  t o  - 
c h o o s e  the most appropriate o n e  for a gqven problem. This w i l l  

a l s o  give the r e a d e r  a p e r s p e c t i v e  from which to view the s y s t e m  

, which was implemented a s  p a r t  of  t h i s  work, I n  1966, P l y n n f 4 1  

d e f -  f-eur-c-&asses--of ceapater ar-ekktect-trre, am3 cusp&rs 

fall into a t  l e a s t  one of these, His classes were d e l i n e a t e d  by 

whe the r  or not there was m u l t i p l i c i t y  i n  t h e  i n s t r u c t i o n  or d a t a  

streams; They are t e r m e d  a s i n q l e - i n s t r u c t i o n ,  s i n q l e - d a t a w ,  

n s i n q l e - i n s t r u c t i o n ,  m u l t i p l e - d a t a " ,  f l a u l t i p l e - i n s t r u c t i o n ,  

s5nq le -da ta" ,  and n m n l t i p l e - i n s t r u c t i o n ,  m u l t i p l e - d a t a w ,  
- 

Before e x a l i n i n g  t h e s e  classes, the meaninq of t h e  terms 

 inst traction*, ndatumm, and m c y c l e n  as they are used h e r e  s h o u l d  

be stat&, I n  a 16 b i t  machine, for example,  we c o n s i d e r  o n e  

word to be a s i n g l e  datum, but i n  fact. 16 bi& are  o p e r a t e d  on 

i n  p a r i l l e l .  I dl1 c o n s i i e r  t-his still t o  be a  s i n q l e - d a t u m  

- o p e r a t i o n  b e c a u s e  it is a n  o p e r a t i o n  on t h e  s m a l l e s t  a d d r e s s a b l e  
\ 

. 
V 

* u n i t  of d a t a ,  r,e,. 16 b i t s  aust be o p e r a t e d  on, whether  they 

canln-.a&-t +h v ' d s  -ope* -- 

p r o c e s s o r s  o p e r a t i n g  i n  p a r a l l e l ,  e s p e c i a l l y  wi th  respect t o  



boolean operations, 

were, a n d  many still are, 

s i n q l e  d a t a  (SISD) , accorainq to  the Plynn  
K-- 

c a t e q o r $ a t i b n s .  - - An SISD machine - executes o n e  i n s t r u c t i o n  A p e t  , -  - 

cycle, which o p e r a t e s  on one datum per c y c l e .  T h e r e  ate  tuo --' 

clear phases i n  t h i s  type of computer: the ( i n s t r u c t i o n )  FETCH 

is executed after t h e  fetch is  c o m p l e t e ,  Uhen the e r e c u t e  phase 

corpletes, the fetch p h a s e  b q i n s  aqain.. A program is t h e n  a 

series of s e q u e n t i a l  f e t c h  a n d  e x e c u t e  phases, a s  depicted i n  
L 

f i g u r e  1, Mote t h a t  v h i l e  o n e  phase  i s  a c t i v e ,  t h e  o t h e r  is 

d o i n g  no useful uork.  Also s y n c h r o n i z a t i o n  is  r e q u i r e d  b e t r e e n  
0 

e v e r y  p h a s e  change. T h e  hardware  p r o v i d e s  this, b y  e i t h e r  a 

regular c l o c k ,  o r  some p u l s e  i n d i c a t i n g  c o r p l e t i a n  of t h e  - 

p r e v i o u s  phase. Chen(5j  gives t h r e e  p recedence  r u l e s  for  an SISD 

f e t c h - e x e c u t e  cycle. Let. P i  be the i-th i n s t r u c t i o n  f e t c b ,  and 

Bi be t h e  i-th i n s t r u c t i o n  e x e c u t i o n .  For  a l l  m e a n i n q f u l  i, 
fi 

1. P i  p r e c e d e s  Ei 

2. Fi precedes Fi+f 

time i: it is s i s p l y  the l o c a t i o n  i u a e d i a t e l y  f o l l o w i n q  
i 

i n s t r u c t i o n  i, 'Fhus, since &he fetch hardware  i s  i d l e  when t h e  



P i q u r e  I .  SISD non-ove r l apped  f e t c h  a n d  e x e c u t e  c y c l e  

/ 

e x e c u t e  h a r d w a r e  i s  o p e r a t i n q ,  it s h o u l d  be p o s s i b l e  t o  wlook 

ahead",  o r  p r e - f e t c h  t h e  nex t  i n s t r u c t i o n  d u r i n g  t h e  e x e c u t e  

p h a s e ,  t h e r e b y %  o v e r l a p p i n q  t h e  phase F i + l  w i t h  ~i (figure 2 ) .  

The  p r e c e d e n c e  r u l e s  a r e  m o d i f i e d  so t h a t  (3) becomes 

3) E i  p r e c e d e s  P i + 2  

- W e  m u s t  now e x a m i n e  t h e  a s s u m p t i o n s  made t o  allow t h e  

c o n c u r r e n t  o p e r a t i o n  of t h e  f e t c h  a n d  e x e c u t e  p h a s e s .  ~ i r s t ,  i t  ' 

was assumed t h a t  t h e  l o c a t i o n  of i n s t r u c t i o n  i + l  is known. ~ h l i  

is  n o t  t r u e  on a b r a n c h ,  whose pur-pose o f  course is t o  a l t e r  t h e  

s e q u e n t i a l  f e t c h i n g  o f  i n s t r u c t i o n s .  W h i l e  t h e  p r e - f e t a h  

mechanism has fetched t h e  n e x t  l o c a t i o n  i n  t h e  p h y s i c a l -  
- - - - - - 

--  - - - -- - 

s e q u e n c e ,  t h e  e x e c u t i o n  of a b r a n c h  mus t  p r e v e n t  t h a t  

i n s t r u c t i o n  from r e a c h i n g  t h e  e x e c u t e  phase, d i r e c t  t h e  f e t c h  

I h a r d w a r e  t o  o b t a i n  a d i f f e r e n t  i n s t r u c t i o n ,  a n d  t h e n  i t  must  

s k i p  one e x e c u t e  cycle w h i l e  t h e  f e t c h  is p e r f o r m e d  ( f i g u r e  3 ) .  



EXECUTE 
& Im \ 

F i g u r e  2. S I S D  o v e r l a p p e d  f e t c h  and e x e c u t e  crrle. 

I 

c * r ClCT I V E  

Fiqure 3 .  Effect of a branch on o v e r l a p p e d  f e t c h - e x e c u t e  c y c l e  

w FICTIVE 

The o t h e r  as sumpt ion  t h a t  was i m p l i c t i t l y  ~ a d e  i s  t h a t  t h e  

W R I T I N G  
EXECUTE ' 

FETCH 

- - - - - - - - - -- -- 

execute phase does n o t  i n t e r f e r e  w i t %  t h e  o p e r a t i o n  of  t h e  f e t c h  

.' 

B 

-- 

p l s a s e . I n t e r f e r e n c e  coald-urn- ways. F irs t ,  t h e  memory 

BRAW:H ' .  W f l I T I N G  

may not be able to  be a c c e s s e d  by both t h e  f e t c h  and e x e c u t e  
\ 

units s i m u l t a n e o u s l y .  If t h i s  -a the case, one onit would have  



t o  - - wait -- f o r  t h e  o t h e r t  y i e l d i n q  effectively t o  m n  - ovcrlarr &- 

o p e r a t i o n .  A t  least t , u o  s o l u t i o n s  t o  t h i s  p roblem e x i s t .  The 

,#idth of t h e  p a t h  ftom memory may be i n c r e q s e d ,  a l l o u i n q  two or 
' "  

more i n s t r u c t i o b s  o r  d a t a  words  t o  be r e t r i e v e d  f o r  t h e  same 

%cost i n  tire. I n o t h e r  s o l u t i o n  w i d e l y  employed  is t o  use 
?a+. 

Z 
, . 

i n t e r l e a $  .emor). u n i t s .  1 n  two-way i n t e r l e a v i n q ,  e v e r y  s e c o n d  %# 
word is c o n t r o l l e d  by a d i f f e r e n t  mmory u n i t ,  so t h e  chances of 

a - - - -- - 

i n t e r f e r e n c e  are cut r o u q h i y  i n  h a l f .  

The s e c o n d  way i n  which i n t e r f e r e n c e  occurs i s  i f  t h e  

erect,** phase Ei waif iet the location s p e c i - f i o d - i n  fi- 1. Tpis - 

effect is  n o t  as s e r i o u s  a s  t h e  first effect b e c a u s e  it would b e  \ 

a r a r e  i n  mos t  p roqrams,  a n d  c a n  be min imized  by proqramminq. 
Q 

s o l u t i o n s  to tq$s p r o b l e m  r a n q e  from m e r e l y  d o c u n e n t i n q  t h e  

r e s t r i c t i o n  t o  h a v i n g  n i n t e l l i q e n t m  b u f f e r i n q  u n i t s  w h i c h  a re  

a b l e  t o  d e t e c t  chanqes t o  t h e  l o c a t i o n s  which t h e y  are  c u r r e n t l v , +  . I *  

ref l e c t i n q  a n d  ubon d e t e c t i o n ,  l o a d  t h e  new con ten t ' s .  

B e l o w ,  t h e  c o n d i t i o n s  where o v e r l a p  s a n  e f f e c t i v e  means 
J 

d< i n c r e a s i n q  t h e  s p e e d  of a p r o c e s s o r  are  examined.,  I•’ T ( F i )  

a n d  T ( E i )  a r e  t b e  times r e q u i r e d  t o  f e t c h  a n d  e x e c u t e ,  

r e s p e c t i v e l ; ;  t h e  i-th i n s t r u c t i o n .  The t o t a l  time T r e q u i r e d  t o  

p r o c e s s  a series of n  i n s t r a c t i o n s  o n  a n o n - o v e r l a p p e d  mach ine  ' E 
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saved Tv by a n  o v e r l a p p e d  machine  i s  q i v e n  b y  
-ppppp--- -- -- A 

n- 1 

T = m i ( ( i +  + T ( E i ) )  2.3 
I 
I 

- - 
- -- - - 

i s 1  1 
- I 

I 
When f e t c h  a e x e c u t e  times a r e  a p p r o x i m a t e l y  e q u a l ,  the s p e e d  

P % increase is c se t o  a fac tor  of t t o ,  b u t  as t h e  r a t i o  of f e t c h  
> - - - - - - - - -L - - - - - - 

a n d ' e x e c u t e  t i a e s  d i v e r q e  from one, the s a v i h q s  d i m i n i s h  

r a p i d l y ,  I n  g e n e r a l ,  t h e s e  times are c o m p a t i b l e ,  Also, most 
- -- - - 

- p r o q r a u - d o  a c t e o n  &st of a - ~ 6 - 8 ~  b ~ x m c k e s ,  - - - - - - - - 

The c o n c e p t  of o v e r l a p p e d  o p e r a t i o n s  i s  n o t  in a n y  uay 

r e s t r i c t e d  t o  t h e  overlap of f e t c h  a n d  e x e c u t e  phases .  Both o f  

t h e m  p h a s e s  i n  t h e m s e l v e s  h a v e  s e v e r a l  m i c r o - o p e r a t i o n s  w h i c h  

3 t h e y  p e r f o r a  s e r i a l l y ,  A f e t c h  n a p  i n v o l v e  a p h a s e  t o  access 

memory for the i n s t r u c t i o n ,  and a p h a s e -  t o  decode the 

i n s t r u c t i o n  b e f o r e  i t  is passed t o  t h e  e x e c u t e  p h a s e ,  T h e  

' e x e c u t e  p h a s e  ma9 b e  d i v i d e d  i n t o  a p h a s e  for  o p e r a n d  f e t c h  a n d  
I 

a p h a s e  for  t h e  a c t u a l  o p e r a t i o n  t o  be c a r r i e d  o u t .  A l l  t h e s e  

p h a s e s  ma? o c c u r  i n  pa ra l l e l  u n d e r  t h e  same scheme d e s c r i b e d  

p r e v i o u s l y ,  is more phase s  arb s p l i t  i n t o  smaller 

m i c r o - o p e r a t i o n s ,  a n d  t h e i r  p a r k s  o v e r l a p p e d ,  t h e  t i n e  o f  o n e  

m i c r o - o p e r a t i o n  becomes v e r y  s h o r t .  While t h e  time f o r  one 

com plete cfcb E E ~  fat& t+-%be +BQ &- exeeu+i;oit tern& s-the- - - - -- - 

ra te  as  t h e  m i c r o - o p s r a t i o n s  are c o m p l e t e d ,  Ex t r eme  cases o f  



overlapped o p e r a t i o n  are knoun. as p i p e l i n e d  o p e r a t h .  
"7r, * \ 

Under appropriate c i r c a a g t a n c e s ,  p i p e l i n i n q  is a v e r y  

effectire means of increasinq t h e  speed crf p r o c e s s i n g ,  f t  has, 

of coarse, the sane set of probieas as simple fetcVexecute 
h,, 

o v e r l a p ,  but their effects c a n  be aore s e v e r e ,  F o r  example, i t  
.I ( 

t,ak_es m c p + c l e s  to f i l l  a p i p e l i n e  i n v o l v i n g  r steps, so the cast 

C r L  

*-%$L. i 

adoan-apes of p i p e l i n i n q  over o t h e r  forms e?'! p a r a l l e l  operation 

' required i n  o r d e r  to realke t h e  benefits. - + 
L 

, < 
' Z  - 

.- 2,u?ssms?sp 
I n  t h e  p i p e l i n e d  a p p r o a c h  to c o ~ p a t e r  d e s i q n  a d v a n t a q e  was 

pa 
taken of t h e  fact t h a t  some units of t h e  h a r d w a r e  were i d l e '  

dnr-q succeeahg portions of an instruct ion c y c l e ,  Six- t h a  , ' -  

results af the sacceedinq u n i t s  i n  qeneral would no t  i n f l u e n c e  
- 

4 
the, operatian of preceding u n i t s ,  t .he  pipeline coula  ' s t a r t  a 

f 

new o p e r a t i o n  as soon a s  the first u n i t  had passed c o n t r o l  t o  

t h e  next uit, If we now e x a r i n e  which blocks o f  l o g i c a l l y  

c o n t i g a o a s  i b s t r a c t i o n a  i n  a proqras are i d l e ,  a s  opposed t o  

which h a r d w a r e  u n i t s  a r e  idle, ue may d e t e r u n e , t h a t  some blocks 

b l o c k s  Bay b e  executed i n  parallel by s e v e r a l  p r o c e s s o r s  

o p e r a t i n g  f n paral lel ,  



a c c o r d i n g  t o  t h e  type 6f concurrency i n  t h e  c o ~ p u t e r ~ s  
, 

o p e r a t i o n .  Pbese are: t h e  s i n q l e - i n s t r u c t i o n ,  multi-data ISXIID) , 
t h e  m u l t i - i n s t r u c t i o n ,  s i n g l e - d a t a  (IIISD) , and t h e  

. 

m u l t i - i n s t r u c t i o n ,  m u l t i - d a t a  ( a I B D ) .  These machines  perform 

p a r a l l e l  o p e r a t i o n s  on e l t h e r  m u l t i p l e  data streams, m a l t i p l %  

- - 
-- - --- -- - ------ - -- -- - > -- 7 

m S ~ R D  computer  consists of a s i n q l e  c o n t r o l  p r o c e s s o r  

s imilar  i n  many rlgys to a serial computer ,  a h d  f o r  example, a 

v e c t o r  of a r i t h m e t i c  p r o c e s s o r s  a l l  connected t o  t h e  central , 

p r o c e s s o r ,  as i n  the -1lliac I V [ 6  1, Each arithmetic processor has 
. ,  

some local memory, and a sat of reqisters for i n d e x i n q  and , 
/- 

computa t ion .  I n s t r u c t i o n s  are divfded i n t o  e i t h e r  c o n t r o l  - - 

i n s t r u c t i o n s  o r  vector i n s t r u c t i o n s .  Control i n s t r k t i o n s ;  s u c h  a 

branches ,  are e x e c u t e d  o n l y  by t h e  c o n t r o l  processor, fo r  t h e  
% 1 

3 

4 

same p u r p o s e s  as i n  a sgr ia l  coapoter. vector i n s t r u c t i o a ~  are T 

@ 

f e t c h e d  b y  the c o n t r o l  p r o c e s s o r ,  t h e n  b r o a d c a s t  t o  a l l  t h e  

a r i t h m e t i c  l j t o c e s s o r s  for"  e x e c u t i o n ,  ' f y p i c q y  base o p e r a n d  
1 

- 5 

a d d r e s s  is broadcast a l o n q  with each i n s t r u c t i o n .  Each 4 4 5 

a r i t h m e t i c  p r o c e s s o r ,  w i t h  i t s  un ique .  index register, can access 

its i n d e r  register. 



entering t h e  p ' i h l i n e  af te; t h e  branch h a s a  been fe tched may h a r e  

to be discarded. I n  an- S I H D  computer, a branch is. e x k o t e d  oily 

by the cpstrol processor, t h u s  a l l  the arithhtic processors s i t  
<- 

i d . l e  during t h i s  cycEe. If there are m arithmtic p r o c e s e o r i ,  -.- 

u L  

- "  - - -  - 
SfEG31WFf . oZSf ib?%-ar~- - ;~ f  he- -on& braoch - (or- anl' 

I +  

*-b 

contr  1 o p e r a t i o n )  . f h i s  is on* t h e  same order as  t h e  time t . . 

cycle i n  i p a i d l l e l  computer is likely t o  be s h o r t e r  t h a n  t h e  . 
l e n g t h  of m micro-cycles in a p i p e l i n e  a a c h i n e ,  t h e r e f o r e  the . % 

C 

p a z a l h l  computer w i l l  be able t o  *recovern f row t h e  d i s r u p t i o n  C, 

. -. 
more b i c k l y  than a p i p e l i n e d  machine.  3. 

h 

It is i n t e r e s t i n g  -to note how a c o n d i t i o n a l  branch is 

hanilled by  a parall e l  machFne, - S i n c e  eakh - a r f t h k e t i c  p r o c e s s o r  

4 ' is o p e r a t i n g  on d i f f e r e n t  data .  the c o n d i t i o n  codes  i n  each. 

p r o c e s s o r  are a o t  likely to be t h e  me. Some p r o c e s s o r s  s h o b l d  
1 

be isgubd with one set of instructions followi c o n d i t b a a l  - 
1 

. . . . 

bradch, wh i l e  t h e  others should ba issued with t ie a l t e r n a t e  
6 3. 

3 set. The s o l u t i o n  osed'in the I l l i a c  I V [ 6 1  is to s e l e c t i v e l y  set* 

t a mask to disable prodessars w h i l e  one path of the conditional 
i 

5 J f  branch is taken,  then the mask i s  c o a p l e s e n t e d  for t h e  durat ion 
- 

- - - -- - - -- - - - - - - -- --- - -- - - - -- 

rl 

of t h e  a l t e r n a t e  path. The c o q t r o l  p r o c e s s o r  execuws b o t h  L 
- i 

altaraatires of t h e  c%nditional branch. 



\ 

t h e  t &IS of A l g o r i t h m s  s u i t a h l e  f o r  Garallel c o a  putati;oa. Some 
, 

areas have been e x p l o r e d ,  however, Winograd [ 7 1, for example,.  

'i h a s  r e p o r t e d  on a r i t h m e t i c  e x p r e s s i o n  e r a l a t i e d a d  iterat-re 

methods a s ,  t h e y  relate to parallel p r o c e s s i n q ,  He showed t h a t  
* 

theqspeed qained i n  a n  & r i t h m e t i c  e v a l u a t i o n ,  s u c h  a s  the sum o f  

-a s e r i e s ; - i s - s l i g h t l y  l e s s - t h a n  l inear  uftb t h e  ntmb;er-&fL A - 
B 

proc&ssors ,  w h i l e  i t e r a t i v e  methods were enhanced by a  factor 

t h a t  grew loq of t h e  number of p r o c e s s o r s ,  I t  would 
- - - - - - -- - - - - -  - -- 

be d l l r e a l i k i c  t o  expect order-of-maqnit.de gains as a f u n c t i o n  

s e  number of processors. -, 
d 

u t e r  h a s  m u l t i p l e  d a t a  s t r e a m s  o p e r a t e d  on b y  
s 

s t r e a m  a s  a m a n s  of i n c r e a s i a q  * 

c o m p u t a t i o n a l  power. One c a n  a f t e r n a t  i v e l y  concekve  o f  a u l t i p l e  

i n s t r u c t i o n  streams o p e r a t i g q .  on a s i n g l e  &ata stdam (an  H I S D  
1 

c o m p u t e r ) ,  T h e m  are no t r u e  H I S D  c o m p u t e r s  i n  e x i s t e n c  , due i n  , d - 
no small way t o  t h e  d i f f i c u l t y  i n  defininq a problem i n  t e r n s  of 

u 

o p e r a t i o n s  o c c n r i n q  s i m u l t a n e o u s l y  on a s i n g l e  piece of 

d a t a .  C l e a r l ~ ,  t h e  d a t a  ~ t rgam of an HISD c o a p u t e k  c o u l d  o n l y  b e  ' 

a source, n o t  a dest- t ion,  of d a t a .  One c a n  i m a q i n e  some 
- - - - - -  -- -- -- -- L - - - 

specific u s e s ,  where t h e  d a t a  is used t o  spawn s e v e r a l  & e l a t e d  

process3s, s p c h  as i n  a p a y r o X l  system where the d a t a  is  the 
a 

q r o s s , p a y ,  and f o u r ~ s p e c i a l , p r o c e s 9 o r s  c a l c u l a t e  t h e  t a x ,  

hP 



is n o t  clear tha t  more than a small number of parallel 

&ex be usef al OE aanaqab+e,  a s  Q n s t r a c t i o n  streams wou T- 

C 

B 
B d  

opposed to the SIHD machine where l a r g e  m u l t i p l i c i t y  in the d a t a  

U U l e  the HISD coat puter was not real is t ical ly  f unc t i o a a l  
- 

b e c a u s e  of its stream, if each processor i s  p r o v i d e d  
- - - - - - - 

with a d a t a  rise to the a d t i - i n s t r u c t i o n ,  

multi-data c o m p u t e r  {IIIRD) , practical a p p l i c a t i o n s  - 
c o n s i d e r e d .  

HIBD colpoters are g e n e r a l l y  c o n s i d e r e d  to be 

aqain c a o  be 

c o u p l e d  n e t  works  of two or more p r o c e s s o r s .  There is  no 

s q u i r e r e n t  that the processors be similar, a l t h o u g h  t h e  

i n t e r c h a n q a b i l i t l  o f  software is one advantaqe i f  they are. 

U n l i k e  SIBD compute r s ,  t h e *  i n s p r o c t i o n  set i s  not c o n f i n e d  t o  

rector i n s t r u c t i o n s ,  n o r  does it n e c e s g a r i l y  i n c l u d e  them. There 

' a re  m s e p a r a t e ,  i n s t r o c t i o n  streams o p e r a t i n g  i n d e p e n d e n t l y  on  8 

d i f f e r e n t  da,ta streams (when rn d i f f e r e n t  processors are 

c o a p l e d )  . The task i n  i ~ p l e r e o t i d g  prograas for HIHD macb ines  

t o ' d e f i n e  the blocks i n  a program k h i c h  are i n d e p e n d e n t  and thus 
- - --- - - - - - - - - - 

are a b l e  toi  be erecoted i n  parallel. under' program c o n t r o l ,  the 

s t a t e m e n t s  POBK and JOI10,  proposed by Conuayl8 f a l l o w  f o r  t h e  

s p a m i n g  a n d  e v e n t u a l  s y n c h r o n i z a t i o n  of p a r a l l e l  t a s k s .  



.. 

~ t ~ ~ ~ ~ ~ s ~ ~ & r a t i o n  of bloc=~ m a ~ Q $ ~ s s i b l e  n s i n q  techniques 

siailitr to those used i n  code reorder ing  in optimizinq 
'--I. 

corn p i l e r s ,  #IHD software considerat ions w i l l  be d i s c u s s e d  more 

f u l l y  i n  t h e  chapter on "Software and Communicationsm. 

In addition t o  blocks 'of code executed in parallel,  many 

iqst tuct ions ,  particularly 110 instructions, require so much 

t i m e  to execate it is -desimbZe -to use independent 

processors to complete t is i n i t i a t e d  by a 

c e n t r a l  processor. T h e  u s in t h e  IBH 360 
- r S T i  

I' 
series is an example, as  

prpcessors i n  device con 



1x1, Software and Commaication 

T h i s  c h a p t e r  deals w i t h  t h o s e  aspects of c o r m u n i c a t i o p  and  ' 

software which are peculiar t o  multiple p r o c e s s o r  sys tems.  

Cornmusication. c o v e r s  the a r e a  of sharing data streams o r  

, instktions streams between processors. I f  s h a r i n q  is 
- 

3 n o n - e x i s t e n t ,  i t  is u n r e a l i s t i c  t o  c l a s s i f y  the c o n f i q u r a t i o n  as 

a multiprocessor sys tem,  The normal  i n p u t  and on  u t  o p e r a t i o n s  6P 
24 brices such as printers and mass storaqe tfxdts a s s o c i a t e d  

s, 

\ 
w i t h  most proqrams are q-sidered h e r e  t o  be o f  the 

i 

samd area of codmunica t ion .  ~ h h e  those f u n c t i o n s  do general ly  
r 

t a k e  place i n  p a r a l l e l  w i t h  other p r o c e s s i n q ,  t h e i r  p u r p o s e  i s  

not in support of p a r a l l e l i s m  between p r o c e s s o r s .  ~ h e j  are 

t h e r e f o r e  of interest only as examples  of p a r a l l e l i s m  i n  current 

computers ,  

So•’ t ware and i n t e r -  processor communicat ion  o v e r h e a d  reduces 
- 

t h e  effectiveness of m u 1  ti-processor s y s t e m s .  Vinoqradt  7 1 

u n d e r s c o r e s  t h e  d i f f e r e n c e  between the t h e o r e t i c a l  

m u l t i - p r o c e s s o r  s y s t e m  and c u r r e n t  reality: 

", , ,maximizing t h e  number of n u m e r i c a l  o p e r a t i o n s  done  
c o n c u r r e n t l y  a s s u m i n q  t h a t  t h e  data is a v a i l a b l e  when 

- needed. Y e  mke this a s s u m p t i o n  knowing f u l l  well t h a t  
i n  many a c t u a l  s i t u a t i o n s  it is n o t  v a l i d ,  a n d  that d a t a  
.movement and s e q u e r r c i n ~  restricti o m  t a y  s3ow e x e c u t i o n  - 

down. " 

Methods of d a t a  movement and t a s k  s e q u e n c i n g  w i l l  be examined,  



T h e  c o m m i n i c a t i o n s  medium i s  used by software as a means t o  

share r e s o u r c e s ,  t o  d i s t r i b u t e  t a s k s  among processors, and t o  

s y n c h r o n i z e  c o o p e r a t i n g  Q s k s ,  The two areas of software and 

communicat ion are t r e a t e d  t o q e t h e r  b e c a u s e  of t h e  s p e c i a l  n a t u r e  

and p u r p o s e  of i n t e r p r o c e s s o r  c o a q n n i c a t i o n s ,  l h e r e a s  most 

'featares of machine architecture are invoked a u t o m a t i c a l l y  
-- 

(e, g, , p i p e l i n i n g )  , or are forced upon t h e  proqrammer ( a s  i n  t h e  

case of a r r a y  processors), communicat ion  is invoked b y  a 
- 

c o n s l i o n s  effort from t h e  proqrammer, A d d i t i o n a l l y ,  it i s  more 

q l o b a l  i n  its  effect. Communication is n o t  one i n s t r u c t i o n ,  but 

v i r t u a l l y ,  subsys tem u i t h i n  t h e  t o t a l  s y s t e m .  The  s o f t w a r e  

d e f i n e s  both t h e  means a n d  the s c o p e  o f  t h e  
A 

T e r m s  such as " p a r a l l e l  processingw or f l m u l t i p r o c e s s i n q m  

imply that several distinct p r o c e s s o r s  ( b u t  n o t  n e c e s s a r i l y  

i n d i v i d u a l l #  c o m p l e t e  computer  systems) a r e  o p e r a t i n g  toqet her 

t o  produce a r e s u l t  which i s  d e p e n d e n t  upon t h e  results of a l l  

, t h e  ir@+,vidual p r o c e s s o r s .  These i n d i v i d u a l  p r o c e s ~ o r s  p e r f  arm 

segneatial o p e r a t i o n s  on t h e  data, possibly different Erum t h o s e  

o p e r a t i o n s  on  t h e  o t h e r  p r o c e s s o r s .  a t  some p o i n t ,  however,  t h e  
- -  - - --- - - 

results fro. e a c h  p r o c e s s o r  are collated o r  marqed t o  produce a 

and the - u l t i m a t e  merging of t h e  r e s u l t s  of  t h e s e  p r o c e s s o r s  to 



referred t o  as cooperh t  i n q  sequential p roces se s ,  

Ollorrgrenj 9 ) d i s c  usms c o o p e r a t i n q  s e q u e n t i a l  p r o c e s s e s  

fro. the -point o f  view o f  l anguage  s p e c i f i c a t i o n .  R e f e r r i n q  t o  a 

t h e o r e t i c a S  machine deve loped  i n  h i s  art icle,  he  cited tbree 

conditions to whicb t h e  processors were s u b j e c t :  

1, The-set of states -of the i & i v i d u a l  processozs a r e  atutual'iy - 

d i s j o i n t  

2 ,  The  sets ~f p o i n t e r  s t a c k s  of t h e  p r o c e s s o r s  are mutually 

d f s  j o i n t  . 
3. lot hll sets Lf memory elements o f  t h e  p r o c e s s o r s  are 

mutually d i s j o i n t  

The f i r s t  tuo  c o n d i t i o n s  dictate that t h e  p r o c e s s o r s  be i n  f a c t  

d i s t i n c t ,  The t h i r d  c o n d i t i o n  p r o v i d e s  fo r  t h e  coaaunica tioh 

bet wen the p r o c e s s o r s ,  without  which c o o p e r a t i o n  uould be 

imposs ib le .  Ca 

He makes t h e  remark: "As a result of  c o n d i t i o n  (31 we are 

f a c e d  w i t h  the problem o f  c o o p e r a t i o n  between the s e ' q n e n t i a l  

processorsm. It is i n t e r e s t i n g  t h a t  he  views c o o p e r a t i o n  as  a 

p-lem, and t h a t  it i s  p r e c i p i t a t e d  by shared memory. It i s  o f  

equal i n t e r e s t  to i n v e s t i g a t e  t h e  methods by which .(3) can be 
, 

ikplementel, n o t  just t h r o u q h  shared memory, bat throuqh other' 
- - - - - - - - - -- - - - 7 -  - - 

means of cummanicat ion as well. The  problem is n o t  s o  much t h a t  
---- 

cooperation is  r e q u i r e d ,  but,  more p o s i t i v e l y ,  how t o  achieve 

cooperation havinq de t e rmined  t h a t  c o o p e r a t i o n  is d e s i r a b l e .  



c o o p e r a t i n q  t a s k s ,  a n d  t h e  s h a r i n q  of i n f o r m a t i o n  b e t u e e n  t h e  

t a s k s .  

The ease of  sy -nchron ia ing  t a s k s  i s  related i n  p a r t  t o  t h e  

deqree t o  which the processors are autonomous. I f ,  for  example,  

two cooperating p r o c e s s o r s  are e a c h  e x e c u t i n g  t h e i r  own 
0 

- - independent instruction -streams, then t h e y  are h i q h l y  

aotcmomons. ~ y n c h r ~ n i z a t ' i o n  is  a c c o m p l i s h e d  b y  each p r o c e s s o r  

s i q n a l l i n g  t h e  c o ~ p l e t i o n  of its t a s k  t o  t h e  o t h e r ,  e a c h  v a i t i n q  
- 

on the o t h e r  p r o c e s s o r  b e f o r e  p r o c e e d i n g  p a s t  a p re -de te rmined  

s y n c h r o n i z a t i o n  p o i n t .  T h 5 s  s i q n a l l i n g  s e q u e n c e  is q e n e r a l l y  

ter  l e d  a semaphore. D i  j k s t r a t  10 1 deve loped  some p r i a i t i  v e  

o p e r a t o r s  fo r  such p u r p o s e s :  the P- a n d  T- o p e r a t o r s ,  w h i c h  i 

s i q n a l  completion and w a i t  fo r  c o r p l e t i ~ n ,  respectively, This 

s i q n a l l i n q  o c c u r s  g e n e r a l l y  a t  t h e  c o m p l e t i o n  of whole t a s k s ,  

and i s  therefore r e l a t i v e l y  i n f r e q u e n t  c o a p a r e d  t o  t h e  r a t e  o f  

e x e c u t i o n  of i n s t r u c t i o n s .  

Ohher s y s t e m s ,  s u c h  a s  array p r o c e s s o r s ,  c o n t a i n  sets of 

usually i d e n t i c a l  processors e x e c u t i n g  an  i n s t r u c t i o n  s t r e a m  

b r o a d c a s t  b y  a c e n t r a l  u n i t .  The o n l y  autonomy they have  is t h a t  
4 

t h e y  can choose t o  e x e c u t e  o r  n o t  e x e c u t e  t h e  b r o a d c a s t  

i n s t r a  i o n  based upon some c o n d i t i o n  code q e n e r a t e d  b y  the 
- 9" - - - - - 

- - -- - 
- a 

4 
- 

p r e v i o u s  i n s t r u c t i o n s .  They c a n n o t  o t h e r w i s e  d e t e r n i n e  t h e i r  own 

i n s t r u c t i o n  stream. T h e  need for s y n c h r o n i z a t i o n  a r i s e s  from t h e  

fac t  that d i f f e r e n t  e l e m e n t s  o f  t h e  a r r a y  being p r o c e s s e d  may 
A- 



- - - -- - - - -- - - -- -2 --- -- 

r&juire d i f  fereat p r o c e s s i n q .  Some aay s a t i s f y  a c o n d i t i o n a l  

s t a t e m e n t ,  others n o t ,  T h e  c e n t r a l  u n i t  must t h e n  b r o a d c a s t  both  

a l t e r n a t i v e s  o f  a c o n d i t i o n a l  s t a t e r e n t , * a n d  the i n d i v i d u a l  

p r o c e s s o r s  m u s t  e x e c u t e  o n l y  t h o s e  s t a t e m e n t s  of t h e  appropriate 

alternative. T h e  process becomes c o n p l e x  i f  t h e  a l t e r n a t i v e s  

c o n t a i n  still more c o n d i t i o n a l  s t a t e m e n t s ,  where p r o v i s i o n  must 

b e  made- to  s t a d  (save) the machine  states 'so t h a t  a re-turn t o  
4 

the p r e v i o u s  l e v e l  df c o n d i t i o n s  i s  p o s s i b l e  ( i , e . ,  so t h a t  

t h o s e  p r o c e s s o r s  which were a c t i v e  before t h e  c o n d i t i o n a l  

stateaent a r e  r e a c t i v a t e d )  . Wettsteinf 1 1 J e x p a n d s  upon 

Dijicstrags work by examin inq  s y n c h r o n i z a t i o n  p r i m i t i v e s  i n  

v a r i o u s  enr i r?Sn&nt  s. 

The cormunicat ion of shared i n f o r m a t i o n  between t a s k s  is 

what a l l o w s  tasks t o  b e  called #coopera t inqw.  C o n s i d e r a b l e  

a t t e n k i o n  is pa id  t o  h t h  the f o q i c a l  ( p r o t o c o l 1  and p h y s i c a l  
- 

l i n k s  between t h e  p r o c e s s o r s .  These two items c o n t r o l  t h e  power. 

and e f f e c t i v e n e s s  of i n t e r p r o c e q s o r  c o a 8 u n i c a t i o n .  P r o t o c o l s  are 

s o u q h t  which w i l l  r e q u i r e  a ~ i n i m u m  of tiae t o  communicate 
f 

between t a s k s ,  and a l s o  require a  minimum of c o m p l e x i t y  i n  t h e  

d e s i q n  of t h e  p h y s i c a l  l i n k .  These  l i n k s  a;e 

coup1 inq between processors, oftenQqualif i e d  

or t i q h t  c o u p l i n g ,  depen'dinq upon t h e  

c o 8 m e n i c a t i o n  a l lowed .  
- - -  - - 

- -  L 
-- -- - 

* 



T h e  n a t u r e  a n d  r u l t i p  l ici t  y of t ,he c o u p l i n g  be tween  I *. 
processors d e t e r n i n e s  the f e a t u r e s  o f  m n l t i p r o c e s s i n q  t h a t  may 

be s u p p o r t e d ,  the r e l i a b i l i t y  of t h e  system, a n d  t h e  cos t  o f  t h e  

system. The number of p r o c e s s o r s  i n v o l r e d  also  i n f l u e n c e s  what 

t h e  c o a p l i n q  R a g  be, F o r  e x a a p l e ,  i f  t h e r e  are o n l y  two 
+. 

processors, all modes of i n t e r c o n n e c t i o n  are d e q e n e r a t e ;  o n l y  
- 

redundancy may be added ,  Some o t h e r  i n t e r c o n n e c t i o n  s c h e m e s  grow 

complex,  and  c o s t l y ,  as t h e  s q u a r e  of the number of p r o c e s s o r s ,  

vhic6 I'imits the practical size o f  t%e c o n f i g u r a t i o n  t o  a smal l  

number of processors, on the o r d e r  of p e r h a p s  t e n  to o n e  

hundred.  S t i l l  o t h e r s  q r o v  l i n e a r l y  i n  c o n p l e x i t y  a n d  cost, a t  
, 

t h e  expense of sped, A few of t h e  classic c o n f i q u r a t i o n s  a re  

examined below. The list of  con•’ i q u r a  t i o n s  i s  n o t  e x h a u s t i v e ,  

b u t  s e r v e s  to  i l l u s t r a t e  t h e  r a n q e  of p o s s i b l e  schemes.  

T h r e e  of t h e  most c o a a o n  modes o f  i n t e r c o n n e c t i o n  are 

d i f f e r e n t i a t e d  by  t h e  number of o t h e r  p r o c e s s o r s  t o  which  e a c h  

p r o c e s s o r  is d i r e c t l y  c o n n e c t e d ,  'The s i m p l e s t  is a form of a 

m a s t e r / s l a v e  c o n f i q u r a t i o n ,  v i t h  one p r o c e s s o r  c o n n e c t e d  t o  

n s l a v e s  ( F i q u r e  4 ) .  All communica t ion  is t h r o u q h  t h e  master 

p r o c e s s o r ,  Each p a i r  o f  noaes is separated by a t  ~ o s t  t w o  links. 

. r e m a i n d e r  c o u l d  c o n t i n u e  t o  o p e r a t e ,  The  cost of a d d i n q  slaves 
K. 



the master, a d i s a d v a n t a g e  arises i n  large s y s t e m s ,  where the 

master may become a b o t t l e - n e c k  to  c o m a o n i c a t i o n ,  B l S o ,  i f  t h e  

master fails, t h e  e n t i r e  s y s t e m  c o l l a p s e s ,  

A n o t h e r  basic c o n f  i g n r a t i o n  h a s  t h e  processors a r r a n q e d  i n  

a r i n q  s t r u c t u r e .  T h e r e  i s  no master; each processors is  

c o n n e c t e d  to  its tuo n e i q h b o u r s ,  Communicat ion t o  o t h e r  - - - .  

ppocessors i s  passed a l o n g  t h e  r i n q  b y  each p r o c e s s o r  u n t i l  i t  

r e a c h e s  its d e s t i n a t i o n .  U n l i k e  t h e  first c o n f i q u r a t i o n ,  there 

cam b e 7 r o  paths  avaf labfe from each processor t o  a n y  o t h e r  cannecte 

processor, thereby i n c r e a s i n g  t he  r e l i a b i l t  t h e  s y s t e m .  Two 

p a t h s  r e q u i r e ,  however ,  t h a t  the l i n k s  be b ct ional .  (It 

c o u l d  b e  t h e  case t h a t  the l i n k s .  are c t i o n a l ,  c l o c k w i s e  

for e x a m p l e ,  y i e l d i n q  o n l y  o n e  p a t h  e a c h  processor, and one 

fre. each p r o c e s s o r ) .  I n  c o n f i g u r d i o n s  w i t h  u p  t o  f i r e  
i 

i 

p r o c e s s o r s ,  the s p e e d  of t h e  s y s t e s  i s  a t  least a s  good as i n  

t h e  master/slave c o n f  i q u r a t i o n ,  w h i l e  t h e  r e l i a b i l i t y  i s  

qreater. T h e r e  is a aaximum of two links between  a n y  two 

processors i n  a five p r o c e s s o r  s y s t e m ,  b u t  for larqe r i n q s ,  t h e  

maximum number  of intervening links i s  rore t h a n  two, t h u s  d 

communica t ion  is slower t h a n  the a a s t e r / s l a v e  c o n f i q n r a t i o n .  

A t h i r d  scheme has e a c h  p r o c e s s o r  d i r e c t l y  connected to a l l  

prows more t h a n  l i n e a r l y  w i t h  t h e  nqabar of p r o c d s s o r s .  



P i q u r e  4, Star ( n a s t e r / s l a v e )  p r o c e s s o r  i n t e r c o n n e c t i o n  

B e l i a b i l i , t p  of such a s y s t e m  is e x c e l l e n t ,  because n- 1 l i n k s  

must be broken before an7 processor is i n a c c e s s a b l e .  



T h e r e  is a scheme whJch c o m b i n e s  some of the a d v a n t a g e  of 

c o m p l e t J  i n t e r c o n n e c t i o n ,  w i t h  t h e  low c o s t  of t h e  m a s t e r / s l a v e  
-\ 

scheme. It is a  common-bus, o r  p a r t y - l i n e  app roach .  A l l  

p r o c e s s o r s ,  communica te  o n  t h e  same bus ,  but must of  c o u r s e  wait 
'. 

u n t i l  t h e  b u s  i s  free t o  d o h .  The  d a l a ,  i n  r a i t i n q  fo r  t h e  b u s  

is a d i s a d v q n t a q e  i n  l a r g e  s y s t e m s ,  as is the 

I f  the bus f a i l s ,  t h e  e n t i r e  s y s t e m  is 
.\ 

s y s t e m  b u s s e s ,  s u c h  a s  the PDP-11+UIBOS L. ( D i g i t a l  , .  Equipment 

C o r p o r a t i o n )  , u s e  t h i s  s ySitem f o r  t h e i r  p r o c e s s o r -  p e r i p h e r a  1 

i n t e r c o n n e c t i o n s ,  b e c a u s e  of its d e s i g n  s i m p l i c i t y .  

The purpose of i n t e r c o n n e c t i n q  p r o c e s s a r s  is q e n e r a l l y  t o  

t a k e  a d v a n t a q e  of e i t h e r  

1, P a ~ a l l e l i s m  in a psoblem - - - -- - -- - - - -  - -  - - - - - - - - - 

---- . 2. S p e c i a l i z e d  f a c i l i t i e s  on one or n o r e  p r o c e s s o r s  

~f t h e r e  is p a r a l l e l i s m  of a loca l  n a t u r e ,  s u c h  a s  a v e c t o r  
' 



o p e r a t i o n ,  c o m m u n i c a t i o n  p a t h s  w i t h  s p e e d s  on  t h e  o r d e r  o f  

i n s t r u c t i o n  times a re  d e s i r a b l e .  When makinq use of s p e c i a l i z e d  

r e s o u r c e s ,  p o s s i b l y  s e v e r a l  o f  them i n  p a r a l l e l ,  s l o w e r  p a t h s  

m a T d c e ,  as t h e s e  r e s o u r c e s  t y p i c a l l y  operate on a larqeq 

irrs t tuct ion  o r  d a t a  stream. Normal t e c h n i q u e s  of b u f f e r i n q  a n d  

block 1/0 c o m p e n s a t e  f o r  some p o r t i o n  of a slower communica t ion  

path. I h a v e  s o r e v h a t  l o o s l y  t e r m e d  these t w o  cateqories _ 

u c t i o n  c o m m u n i c a t i o n n  a n d  Ada ta  c o m m u n i c a t i o n u ,  

lwmlE3ian ~ i r n h  
Some systems are so  t i g h t l y  c o u p l e d  t h a t  t h e  processors 

i n t e r a c t  a t  t h e  i n s t r u c t i o n  l e v e l ,  By t h i s  i t  is meant  t h a t  
- - - - - - - - - - -- -- - - - - 

i n d i v i d u a l  i n s t r u ' c t i o n s  t o  be e x e c u t e d  are communica ted  on 

demand, as well as d a t a  t o  be o p e r a t e d  upon. T h e  I l l i a c  IV is a n  

e x a m p l e  of t h i s  t y p e  of c o u p l i n q .  I n s t r u c t i o n s  are  b r o a d c a s t  t o  



I 

-- 

s i x t p f a z ~  ptocessors Ly me central pgocessor. Tbe p r o c e k o r  
i 

l i n k s  nuat be at l e a s t  as fast a s  t h e  s&est processor .  + 

L 
otherwise processing poser is deqraded. PAS handl inp-  

instruction communication are u s u a l l y  h i g h l y  p a r a l l e l ,  and 

l o g i c a l l y  transparent to  t h e  programmer, The u s e  of network8, %, 
such as; r i n q s ,  h instruction colrnueicatioh is ppperal ly  not 

tasks  between pr&essors, A wai$ing t a s k  i s  dispatched t o  any 

avadable processor, rbicb may or nay n o t  be t h e  psocessot which 

The  a b i f i t y  to do this over a larqe number 
A 

of+ pmcesgors requires rather s o p h i s t i c a t e d  hardware- and 

sof tuare  for =onanicat~on& T h i s  use  of ikstruction 

communication is very similar to  Chat of data co~munica t i o n .  and 

i n  fact c o u l d  e a s i l y  b e  j u s t i f i e d  a s  sach due to  its 

block-s truc tured  nature,  
I 

Data can u s u a l l y  be aggregated i n t o  a block c o n s i d e r a b l y  

longer-than me i n s t r e i a a *  S i ~ S l a r l p ,  en-- procedures  may be - 
Q 

considered as a block of *data.* for t h e  purpose of. dypamfcally 

d i s t r i b u t i n  q tasks among processors .  Delays encountered - --- i n  - 

passing data through many nodes  (as i n  a rinq structure) are 



t o l h b l e  as long as t h e y  are kept, t o  a small  f r a c t i o n  of the 
Y 

- time required to t r a n s m i t  t h e  sessaqe, Host networks are 

. d e s i q n e d  t o  h a n d l e  data communicat ion 'as apposed to i n s t r u c t i o n  - 

.P 
6 - 

k 

Data t h a t  is a m  operan4 ,of a n  i n s t r u c t i o n  i@ bast treated 1 * 
as an instruct-Mi. 1 t- i.s of shoft length, and r e q u i r e d ,  

\ 

i m s e d i a t e l y  by an instruction. Delays are less a c c e p t a b l e  here 

than  for blocks of data, f o r  t h e  same r e a s o n s  as  for i n s t r u c t i o n  

S h a r e d  memory is a physical feature of some s n l t i p r o c e s s o r  

s y s t e n s ,  In some instances, only a small block of aemory (on the 
i 

order of a few thousand words) will hare n o t  one b u t  two or mare 

access paths. Each  p r o c e s s o r  sharinq t h i s  memory w i l l  be 

c o n n e c t e d  t o  one of these paths ,  ?he shared mesory is q e n e r a l l y  

C used as a communica t ions  area, ~ h e r e k r g e  amounts  of m e m o r y  are 

shared,  instructions or o p e r a n d s  may be f e t c h e d  d t  random by any 

processor - t h e  memory is used a s  i f  it were p a r t  of each 

p r o c e s s o r s  main remorfi _ I n  n e a r l y  a l l  cases, e a c h  process also _ 
has a. certain amount .af p r i v a t e  storage,. 

s o u r c e  or destination of most operands, t r a n s a c t i o n s  t a k e  place 

w i t . o u t  t h e  overhead of setting up communica t ions  devices, 
- 

\ 



r a t h e ;  t h a n  ac tua l  moverent  of d a t a ,  F u c t i o a  s treans  which 
I 

afe r e e n t r a n t  may be e x e c u t e d  b? more than one processor 
i 

J i t h o u t  c o p y i n q  the stream. These  featores ' e n c o u s a q e  t h e  

frequent exchanqe  of i n f o r m a t i o n  i n  v o l n n e s  which miqh t  cause 

e x c e s s i s e  o v e r h e a d  or d e l a y s  i n  o t h e r ,  less d i r e c t ,  aedia.  B 

pwc%ssors #i&e eFtensive -use of shared merorj! f o r  c o a c n r r e n t  A A 

- - 
- -- - -- p r o & s s i n g  of m u l t i p l e  d a t a  e l ements .  d g 

i 
V h i l e  s h a r e d  memory d o e s  have merit, i t  i s  n o t  w i t h o u t  s o a e  

- - - - -  - - - - + - 

s e r i o u s  l i m i t a t i o n s ,  H u l t i p l e  kcess b y  more than a few 
/' * B 

,I 

processors i s  nbt e a s i l y  attained. a meaory r e q u e s t  r i l l  l o c k  a 
i 

b l a b  of memory, n o t  j u s t  t h e  word requested, f b i l e  there exist - 

mechanisms t o  r e d u c e  these f f c o l l i s i o n s ~ [ 1 2 ~ ,  most n o t a b l y  , 
s 

i p t e r l e a v e d  iemory and t o  a lesser extent cachd meaory, it is 
h 

nnlikel~ that two processozs whose memories a r e  t o t a l l y  common - 

v i l l  operate a t  f u l l  speed, F o r  this reason, u s n a l l p  o n l y  a 

smau p o r t i o n  of memory is a c t u a l l y  shared between p r o c e s s o r s ,  

. t w h i l e  t a s k s  are executed o u t  of pri-vate - a w e ,  

S h a r e d  memory is most su i tab l e  i n  c o n f i g u r a t i o n s  where o n l y  

t h r e e  p r o c e s s o r s  would be c o n t e n d i n g  fo r  access: a node and its 
1 

* % 

two n e i g h b o n r s ,  I n  c o n f i g u r a t i o n s  where a p r o c e s s o r  is linked i 
.I 

/ v i a b l e  6~ ass iqn inq  n b l o c k s  of meaory i n  e a c h  processor t o  be 3 

shared- with each of t h e  n o t h e r  processors, I n  this uay, t h e r e  

can o n l y  be two c o n t e n d e r s  within e a c h  block, Another  3 
-! 
4 



c o n s i d e r a t i o n  concerns t h e  p r o x i m i t y  of t h e  processors. A11 

p r o c e s s o r s  s h a r i n g  t h e  same a e m r y  must be p h y s i c a l l y  close to - ---^ 

conform t o  the t i m i n g  c o n s t r a i n t s  i n h e r e n t  i n  a n y  

- 

D k e c t  j4ccess 
* .  

Direct memory access ( M A )  between processors p r o v i d e s  a n  

efficisnt link between t h e  p r i v a t e  memories of ea-ch p r o c e s s o r ,  

k n p a w o e p u t  cmaamfs, bbczks of m s o r y ,  rather than 

indvidnal  words, are t r g n s f e r r e d  between processors. The 

transferred contents, p e r h a p s  c o n t a i n i n q  b o t h  d a t a  and  

i n s t r u c t i o n s ,  w i l l -  be o p e r a t e d  upon a t  the  d e s t i n a t i o n .  It  is 

thus n o t  a  d i r e c t  s h a r i a q  of memory, s i n c e  t h e r e  i s  no p r o v i s i o n  

t o  o p e r a t e  w i t h i n  a n o t h e r  processors memory. 

The  key f e a t u r e  of DHA over other f o r a s  of i n t e r p r o c e s s o r  

I/O is t h a t  e i t h e r  prodessor may c o n t r o l  t h e  t r a n s m i s s i o n ,  

rather  than requiring one p r o c e s s o r  t o  b e  t h e  master at a l l  

times, DNA is  i n  effect an e x t e n s i o n  of t h e  main p r o c e s s o r  bus. 

Unlike a memory p o r t ,  many p r o c e s s o r s  can be accommodated 

c o n c n r = e n t l y ,  T h e  address apace available t o  t h e  p r o c e s s o r s  i s  

generally larger t h a n  for shared memory, o f t e n  c o m p r i s i n q  a l l  of 
I 

aerrurgr, The ififfererice betueen mZk am-shirred-meearg 5s t3at - -  

- a ~ * ~ r o ~ o ~ P ~  I t k k l - w  - 

memory it w i s h e s  to share, and t h e n  o b t a i n  a copy b e f o r e  any 



S i n c e  t h e  DMA bas acts l i k e  a prkessor bus  [and i n  

practice o f t e n  is t h e  processor bus also), i t  is a lso  limited to 

processors i n  close proxilit7 to each other. 'TO overcome t h i s  

limitation, d e v i c e s  are attached t o  the bus  which u i l l  b u f f e r  

the DBA-trans fers  w h i l e  d r i v i n g  a data line over a loaqer 

distance. as the d i s t a n c e  iacceases, the tra-nsniss ion  rate --st- - 

be lowered to  maintain s i q n a l  i n t e q r i t y .  These u n i d i r e c t i o n a l  

d r i v e r s  also allow only one p r o c e s s o r  t o  c o n t r o l  the mmory 
- - 

addresses, The lore remote processor does not share t h e  memory 

on the same basis a s  the processor, with the true DMA interface .  



II. Problea D e f i n i t i o n  

This c h a p t e r  f o a u s e s  on  a s p e c i f i c '  a p p l i c a t i o n  selected 

for  study. It was chosen b e c a u s e  it was apparently amenable  t o  a 

multiple-processor c o n f i g u r a t i o n .  Xn order t o  convert t h i s  

i d e n t i f i e d ,  $his is t h e  p r i m a r y  i n t e n t  of t h i s  c h a p t e r ,  T h e  

a p p l i c a t i o n  is similar t o  a p roces s -con t ro l  p r o b l e n ,  an6 
d - - 

therefore a brief g e n e r a l  c o a n e n t  i s  made r e l a t i n q  t o  t h e  r o l e  

of c o D p o t e r s  i n  such a n  env i ronment ,    hereafter, t h e  problem i s  
\ 

introduced f r o a  t h e  p o i n t  of view of the u s e r .  ' A  framework is , 

b e i n q  b u i l t  i n  o r d e r  t o  discuss t h e  design d e c i s i o n s - t h a t  were 

faced, a n d  wh ich  are d i s c u s s e d  i n  t h e  chapter f o l l o w i n q .  T o  t h i s  

ens, an o v e r v i e w  of the r e s e a r c h  for which t h e  s y s t e m  was 

deve loped  i s  T h e  a c t u a l  p r o c e s s  b a i n g  monitored is 

described, t h e  sources of i n p u t  are i n t r o d u c e d ,  a n d  t h e  

p r o c e s s i n g  tasks are d e f i n e d .  

There are many reasons why computers  are beinq employed d 
for the p u r p o s e s  of process c o n t r o l .  A s u i t a b l e  c o a p u t e r  s y s t e m  

- - - - - - - - -- - 

can h a n d l e  more e v e n t s ,  more r e l i a b l y ,  than a a a n u a l  system, In 
- 

pppppp 

pp 

-ppp- 

some p r o c e s s e s ,  events z o r  tar f regoentl J fo r  s a n u a l  c o n t r o l  

t o  be effective, unless t h e  p r o c e s s  i s  s lowed  when manual 



which may be  cr i t ica l  t o  t h e  p r o c e s s  miqht  b e  i q n o r e d  w i t h  

c a t a s t r o p h i c  r e s u l t s ,  O t h e r  p r o c e s s e s  may be r e l a t i v e l y  slow, 
1 

but require a hiqh degree of - -  a c c u r a c y  o r  repeatability, D i g i t a l  

s y s t e m s  c a n  f u l f i l  t h e s e  r e q u i r e m e n t s  t o  a l m o s t  a n y  e x t e n t ,  

q iven  the'  a p p r o p r i a t e  r e s o u r c e s .  P e r h a p s  t h e  p r o c e s s  is s i a p l y  - 
too b o r i n q  t o  humans; t h i s  too is  a v e r y  v a l i d  r e a s o n  for  

* p r o c e s s  c o n t r o l "  s h o u l d  b e  examined .  f t is similar to a n y  t 
1 

proqram' in  the r e s p e c t  t h a t  i t  h a s  i n p o t ,  c o ~ p n t a t i o n a l ,  and , 

C i o u t p u t  r e q u i r e m e n t s .  However. t h e  s u b s t a n c e  of t h e s e  
i 

r e q u i r e m e n t s  is  where  t h e  d i s t i n c t i o n s  l ie ,  The i n p u t  i s  
P 

i n v a r i a b l y  from m a c h i n e s  r a t h e r  t h a n  human o p e r a t o r s ,  a n d  o f t e n  
I 7 

from a larqe number of s o u r c e s ,  p e r h a p s  o v e r  a hundred .  The r a t e  

of i n p u t  is beyond t h e  c o n t r o l  of t h e  proqram,  The  c o m p u t a t i o n a l  

r e q u i r e m e n t s  u s u a l 1  y c o n s i s t  of v a l i d a t i n q  the i n p u t  from e a c h  
1 

a!' 

s o u r c e ,  s u c h  a s k c h e c k i n g  t h a t  it is w i t h i n  q i v e n  t o l e r a n c e s .  i 
i , 

Hnch of the c o s p u t a t i o n  i s  t h e r e f o r e  t a k e n  up by c o n d i t i o n a l  t 
'6, 

s t a t e m e n t s ,  The  d t p u t  can be of two t y p e s .  One i s  t h e  n o r m a l  I 

f - 
r e p o r t s  t o  a u s e r ,  c o n s i s t i n q  of messages and r e s u l t s ,  Tbe o t h e r  % 

"L 

5 

t a  he q e n e r a t e d .  



I 

PEp.blea9fia  , 
Z 

The T R I U H F  meson f a c i l i t y ,  l o c a t e d  a t  t h e  U n i v e r s i t y  of 

B r i t i s h  Columbia ,  is a c y c l o t r o n  used  f o r  r e s e a r c h  i n t o  many 

areas of n u c l e a r  physics and medic ine ,  One of the e x p e r i m e n t s  

c o n s i s t s  af m n i t o T i n g  the of n u c l e a r  c o l l i s i o n s ,  which 
- 

r e s u l t  f rom a beaa of p r o t o n s  c o l l i d i n g  w i t h  one of s e v e r a l  s 

tarqets , ,  T h e  products a r e  d e t e c t e d  b y  a number of s i l icon 

rel'atiae t o  the beam i s  c o n t r o l l a b l e ,  as are t h e  p o s i t i o n s  of 

the dgtectors  r e l a t i v e  t o  t h e  t a y q e t ,  I n  a d d i t i o n ,  t h e  t a r g e t  - 
may b e  c h a n q e d  t o  one of severa l .  i n s t a l l e d  i n  a sample  changer .  

Each p r o d u c t  t h a t  i s  d e t e c t e d  is c a l l e d  a n ,  ne'vent". One p u r p o s e  

of t h e  e x p e r i m e n t  i s  t o  create a p r o f i l e  of the p r o d n c t s * i n  as 

many parameters a s  p o s s i b l e ,  such as a n g u l a r  d i s t r i b u t i o n ,  " 
;. - 

e n e r q y ,  and mass. O t h e r  e x p e r i m e n t s ,  while d i f f e r i n q  i n  i n t e n t ,  

make use of t h e  same f a c i l i t i e s  a n d  thus p r e s e n t  similar s o u r c e s  

of inpot .  The  n e x t  f e u  sections b r i e f l y  describe khese s o u r c e s  

of i n p u t  from t h e  e x p e r i m e a t a l  equipment, a n d  the s o n i t o r i n q  a n d  - 
control facilities necessary for t h e  optinurn u s e  of .i 

t, 

eqnipaent by t h e  *xperimtats .  +h-e f 3ow-of-inf t h e  - - - - 
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P i q n r e  8. Data Flow and P r o c e s s i n g  Requirements 
V k .  

I " I n f o r ~ a t i o n  from the e x p e r i m e n t  c a n  be l o o s e l y  q r o u p e d  

ree a r e a s :  p r i m a r y  a n a l o q  i n p u t  f r o m  t h e  e v e n t  itself, 
into R 
d i s i t a l  a n d  a n a l o g  e n v i r o n m e n t a l  i n f o r m a t i o n ,  a n d  d i q i  t a l  

c o n t r o l  i n f o r m a t i o n  f r o e  t h e  u s e r .  

The p r i m a r y  a n a l o q  i n p u t  s o u r c e s  a r e  t h e  p a r a m e t e r s  of t h e  , 

e x p e r i m e n t  which d e f i n e  t h e  character is t ic3 of t h e  e v e n t s  

measu red  by t h e  e x p e r i m e n t .  Each  source d e f i n e s  some i n d e p e n d e n t  

p a r a m e t e r  of t h e  e x p e r i m e n t ,  a n d  eiqch may-bx- i tse l f f  ~ompletnI- - 
- 

i 

- 

d e f i n e  a n  e v e n t .  More o f t e n ,  b .orever ,  o le  e v e n t  i s  d e s c r i b e d  by 
- - - - - - - - 

a coincidence of .two or more p a r a m e t e r s :  soae s p e c i f i c  inputs 

m u s t  be s i m u l t a n e o a ~ l y  active, o t h e r w i s e  t h e  e v e n t  is c o n s i d e r e d  



n o t  t o  h a v e  o c c u r r e d .  Each p a r a m e t e r  is d i g i t i z e d  i n t o  a 12 b i t  
x e .  

word, which c a n  be p r e s e n t e d  t o  a cbmpute r  e v e r y  20 m i c r o  

secands, There are up t o  sixteen p o s s i b l e  p r i m a r y  i n p u t s ,  ,, 

r e s u l t i n q  i n  a potential d a t a  rate of o n e  word every 1.25 

micro-seconds,  or 800 kHz. T h e  a c t u a l  events o c c u r  r a n d o r l y  i n  
-- 

t i a e ,  a l t h o u q h t h e  a v e r a q e  rate over time is c o n s t a n t .  T h e  

o c c u r r e n c e  of a n  e v e n t  is n o t  under  t h e  c o n t r o l  o f  t h e  c o n p u t e r .  

This is i m p o r t a n t  when c o n s i d e r i n g  t h e  e f f e c t i v e  d a t a  rate and 

+he wtW +v be s e a  i3 & k s p d ; ~ h ~  t a s k s  +o handle *h i s  input ,  
F 

I n  practice, a v e r a q e  d a t a  ra tes  of f rom lOOHa t o  5000Hz are 

The e n v i r o n m e n t a l  i n f o r m a t i o n  & i q i n a t e s  from a n y  number o f  

measurements t h a t  t h e  e x p e r i m e n t e r  deems p e r t i n e n t  t o  the 

o v e r a l l  e x p e r i m e n t .  T h i s  may i n c l u d e ,  for  example ,  t h e  ti& o f  
__ 1- 

d a y ,  beam c u r r e n t ,  v a r i o u s  c o u n t e r s ,  etc. Its use-is q e n e r a l l y  

f o r  t h e  n o r m a l i z a t i o n  of results of t h e  p r i m a r y  i n p u t .  T h e s e  are 

p a r a m e t e r s  n o t  u s u a l l y  d e t e r m i n e d  b y  t h e  e x p e r i m e n t e r ,  b u t  whose 

b e h a v i o u r  i s  w e l l  known, and  n o t  s u b j e c t  t o  f r e q u e n t  

fluctoaf!'kns o n c $ s t a b l i z e d .  Is s u c h ,  ft dues n o t  need t o  be  

sampled as f r e q u e n t l y  a s  t h e  p r i m a r y  i n p u t .  Sampl inq  r a t e s  of  

Q n c e  e v e r y  second ,  or only upon command, are t y p i c a l .  

c o n t r o l .  T h i s  would i n c l u d e  p o s i t i o n s  of d e t e c t o r s ,  s a m p l e  

positions, and statas of v a r i o u s  o t h e r  systems, This in furmat ion  



chanqes  o n l y  upon cornwand, thus n e e d  n e v e r  be m o n i t o r e d  except 

when a change is r e q u e s t e d .  The  da ta  i n p u t  rate i s  n e q l i q i b l e .  

A n o t h e r  form of c o i a t r o l  i n p u t  is t h a t  from t h e  i n t e r f a c e  w i t h  

the u s e r  himself .  This is c h i e f l y  t h r o u q h  a p a n e l  of sense 

s w i t c h e s  a n d  a l i g h t  pen. T h e s e  i n p n t s  direct which of t h e  

v a r i o u s  f g n c t i ~ n s  are to pe r fo rmed  . hqa ln ,  t h e  , d a t a  rate f s 
- 

n e g l i g i b l e ,  but may o c c u r  a t  any tine, The important aspect of 

this i n p u t  is that is is n o t  m e c h a n i c a l  i n  o r i g i n ,  b u t  

oriqinates f m n  a m r i .  T h e  respesponpe t h e  is & b u s  n ~ e  

critical than for o t h e r  i n p u t s .  

The u l t i m a t e  p u r p o s e  of m o n i t o r i n g  is t h e  v e r i f i c a t i o n  of 

t h e  p r h a r y  inpot-This is data whose b e h a v i o u r  is leas t  
I .  

predictable. S i n c e  it has been c o n d i t i o n e d  b y  a number of 

e l e c t r o n i c  circuits p r i o r  t o  b e i n g  digitized f o r  i n p u t ,  t h e r e  is 

a s i q n i f i c a n t  chance for d i s t o r t i o n  of one  form o r  a n o t h e r  t o  

e n t e r  t h e  s y s t e m .  The exact effect of fine a d j u & m e n t s  of t h e  

process c a n n o t  be d e t e r m i n e d  b e f o r e h a n d .  Hun y of the c o i n c i d e n c e  

r e q u i r e m e n t s  are of a complex n a t u r e ,  o r  r e q u i r e  t b e  c o i n c i d e n c e  

of t u o  or .ore r e l a t i v e l y  rare e v e n t s ,  which p r o d u c e s  a n  e v e n  
1 

lower accurrende of these events. -~~-ttr--Gm 4 h 8 ~  eveaes - - - 

may be o c c u r r i n q  which are ra l idLamL&mld he recorden--- 

w h i h  a w a i t i n g  t h e  v e r i f i c a t i o n  of t h e  p r o p e r  specification of 

rare coincidence r e q u i r e m e n t s .  Changes i n  c o n d i t i o n s  which occur 
* 



B 
beyond the c o n t r o l  of the experimenter ray a d v e r s e l y  affect t h e  . 

nature of t h e  d a t a  being  c o l h c t e d ,  It i s  therefore  i m p e r a t i v e  
t 

that the data, be available for examination a s  i t  is c o l l e c t e d ,  t- 

The considerations for his mode o f  o p e r a t i o n  are s i m i l a r  t o  , 

t h o s e  fo r  t h e  nse  of o n l i n e  services versus b a t c h  fo r  proqram 

b b n q g i n g ,  i n  t h e  sense t h a t  b a t c h  is essentially a n  unmoni tored  
d - - 

o p e r a t i o n ,  

P r e l i m i n a r y  v i s u a l  a n a l y s i s  very  o f t e n  determines t h e  methods 

uhjch one will use i n  the detailed a n a l y s i s .  For processes ubich  
I 

i n v o l v e  e x t r e m e l y  l a r q e  volumes of d a t a ,  it is o f t e n  the o n l y  

way to r e p r e s e n t  t h e  d a t a  i n  c o m p r e h e n s i b l e  form. The eye c a n  
3 

perform many relatively c o n p l i c a  ted a n a l y s e s  much more quickly 
3 

t h a n  mst c o a p u t e r  analysis can be done ,  and p e r h a p s  more 

i r p o r t a n t l y ,  decide which analysis is more r e l e v a n t  t o  t h e  data 
ec 

presented, For  these r e a s o n s ,  a w e l l - s u  p p o r t e d  qraphics hystem 

is c o n s i d e r e d  an e s s e n t i a l  aspect of the problem." 

Large g r a p h i c  d i s p l a y s  present a significant l o a d  t o  'any 

p r o c e s s o r .  To prepare a histogram for  d i s p l a y  requires a certain'  - Ir 

4 
3 * 

amount of p r o c e s s i n g ,  This i n c l u d e s  s c a l i n g  the histogram t o  f i t  $ 

a 

--- + 
$2 
C 

and loqari th~ic  s. A c a t h o d e  ray d i s p l a y  mast be 5 
9 
3% 

,refreshed a t  second to  e l i a i n a t e  v i s u a l  - a 

i 3 



f l i c k e r .  The mini.nm a c c e p t a b l e  number of p o i n t s  d i s p l a y e d  is 

256, so t h e r e  are 195 micro-seconds a v a i l a b l e  t o  p r o c e s s  each 

p o i n t ,  The rate a t  which d a t q  c a n  be s u p p l i e d  d e p e n d s  on  t h e  

amount of p r e p r o c e s s i n q  required, and to  a lesser e x t e n t ,  t h e  

speed  of t h e  hemorg i f  DNA is used. The p r e p r o c e s s i n q  may 

i n v o l v e  soch operations as r i n d o v i n q ,  r o t a t i n g ,  non-lineqr 
-+ -- - 

scafirtg; -or fetchi;ng- data fro# a h o s t  f o r  p r o c e s s i i q .  T o r  same 
4 

4 2 

f of t h e  more time' consuminq o p e r a t i o n s ,  such a s  loq scalinq, i t  
d 

is expected t h a t  more t h a n  t95uS per p o i n t  will be r e q u i r e d ,  It 
- 

-- - - -- - - - - - - - - -- - - - - - - - - - - - - ---- 

B 

- 
I 

7 

was evident t h a t ' t g e  g r a p h i c s  problem a l o n e  could requite the 
+ 

c a a p l e t e  r e s o u r c e s  of o n e  p r o c e s s o r .  A scheme t o  reduce t h e  I b 
5 

ef fectiw time t o  t h i s  v a l u e  must be d e v i s e d ,  

B 
The- user i n t e ~ f a c e  c o n s i s t s  p r i m a r i l ~  of t h e  graphical - 

- -T 

. . ij 
display and t h e  a s s o c i a t e d  c o n t r o l s  n e c e s s a r y  t o  select t h e  t y p e  q 

t 

1 9 of d i s p l a y  desired, This would i n c l u d e  s p  c i f y i n g  which 
' , a  

? 

h i s t o g r a m  t o  display, s c a l i n q ,  and v indor inq .  Also n e c e s s a r y  is i: 

/@ some method of c o n t r o l l i n q  the p r o c e s s  of data collection, s u c h  

as s t a r t i n q ,  s t o p p i n g ,  and t iminq .  A p a n e l  of of b u t t o n s ,  d i a l s ,  $ 
3 5 

and l a m p s  has been found s u i t a b l e  i n  p r e v i o u s  s i t u a t i o a s .  T h e s e  i 
a 

t o  t h e  user. It is expected t h a t  p o l l i n p  a t  t h e  same rate a s  the 2 
'Fi 

3 
d i s p l a y  i s  r e f r e s h e d  m i l l  be a p p r o p r i a t e .  Lx 

\ 
!I '* 24 
4% 

1 . , .. 



The i n t e n t  of t h e  experiments i s  to  d e t e r m i n e  

f r e q u e n c y  of o c c u r r e n c e  ' o f  the various e v e n t s  t a k i n  
I 

These is, t h e r e f o r e ,  no  prescribed data rate, as a n y  p o r t i o n  2,. 
t h e  a v a i l a b l e  data s h o u l d  yield r e s u l t s  similar t o  a n y  other /j 
portios, One nay indicate a rate at which data is a v a i l a b l e  t o  

- A 
- -  - - - - - - - - -" - - - - 

be however. T h i s  would c o r r e s p o n d ,  for example,  t o  t h e  

p o p u l a t i o n  of a torn where a s u r v e y  is b e i n g  conduc ted .  The d a t q  

r a t e  would c o r r e s p o a d  to the. numbor af pessoas~stoppd- 
- ---- - -  - - 

- 

respond t o  t h e  s u r r e y .  

Depending upon t h e  e x p e r i m e n t ,  e v e n t s  may occur e x t r e ~ e l y  

r a r e l y ,  for example at less than 1 a, or m a p  a p p e a r  t o  be 
0 

c ~ n t i n u o h s ,  which e f f e c t i v e l y  is a 'nyth inq over 400 kHz. As t h e  

events occur randomly,  s a ~ p l i n g  the i n p u t  randomly,  as opposed 

t o  c a p t a r i n  g every  e v e n t ,  is p e r m i s s i b l e .  T h e  a c c u r a c y  o f  the 
,' 

results is. horever ,  improved by  a l a r g e r  sample. T h i s  may b e  

obtained by e i t h e r  s a m p l i n p  faster or sampl inq  o v e r  a fonqer 

p e r i o d  of time. It is more u s e f u l  t o  be c a p a b l e  of a h i p h e r  

sampling rate, due t o  the cost  of r u n n i n g  t h e  c ~ c l o t s o n  and of 

p e o p l e s 8  time. Any i n p r o v e m e n t s  i n  t h e  t h r o u g h p u t  of the 'system *. a 
is t h e r e f o r e  u s e f u l .  4 

3 ,  
J 

- --- - - - - - - - - -- - - - - - -  ---- 

- - 

Y 
- -  - - -  - -  - 

- 
-2 

4 
3 
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*_r 



A flow diaqram i s  a u s e f u l  aid. In l o c a t i n q  p a r a l l e l  t a s k s ,  
P 

Such a d i a q r a i  fur this appl icat%n is  s h o q  i n  f i q a r e  8 ,  One -3 
2 

-- - -- 
\ may be temptea  t o  conc lude  t h o t  t h e  problem is serial i n  n a t u r e ,  ? 

t h e  o n l ~  major  fork a e logqinq ol d a t a  to 

sought i s  among the t a s k s  wh&ch c a n  4 i 
.+- 

n dkffer;eati sets 02- data .  ParaIlel ish A A A - u-"--- 1 
ta streaa because the data  i s  o n l y  

a v a i l a b l e  as  a serial stream fro. a s o u r c e  independent  of either 
- 

- - - - - 
- - - -- - - -- --- - - -- --- 

proces so r ,  T h i s  aspect of the problem dictates t h e  o r g a n i z a t i o n  

of t h e  processors i n  t h e  c a t e g o r i e s  o u t l i n e d  by Flynn, nIED 
4 

sys tems  allow several d i s t i n c t  tasks t o  e a c h  p r o c e s s  distinct 3 !j 

d a t a  items s i u d l t a n e o u s l y .  SIHD systems allow o n l y  t h e  sase 3 
- 3  

operation t o - b e  -performed c o n c u r r e n t 1  y on s imilar  data items, 7 - f 
G& t w k s  have bee& i d e n t i  d t h a t  can -be perfarmed t n  

d .  # 
f" i 3 A\% 3 

p a r a l l e l .  These are data acquidition, sorting, recording, Y 
2 .  

d i s p l a y ,  and t h e  u s e r  intefface, The criteria used t o  deteraiae 4 
t h e s e  d i v i s i o n s  were based on the precedence reqa ixements  of t h e  

1 
i 

- a i  
i n p u t  to each task. (The d i v i s i o n  of the tasks across t h e  2 

C I ;i ? 
resourc&s is dirroessedc in t h e  next chapter.) Data that has been  - 

t 
B 

collected mast be passed t o  several tasks for process inq .  Many 4 
*_ 

of t he& tasks do sot pass results  t o  other tasks, or o t h e r w i s e  
- - - - - - - -- - - - - -- - - - -- - - -  - ---- -- -+ 

2 
modify- original da ta .  It is itherefore p o s s i b l e  to carry oa 3 9 

some of t h e s e  tasks, s i m a l t a d e o u s l y ,  g i v e n  a p p r o p r i a t e  s y s t e m  



Pot example. it h a s  l o n q  been realized tha t  slow I/O 

devices could be e f f e c t i v e l y  speede  up by the t e c h n i q u e  of $ 
buffering. T h i s  s i m p l y  i n r o a v e s  i n i t i a t i n q  i n p u t  o p e r a t i o n s  for 

the n e x t  record as soon a s  the d e v i c e  is ready, r a t h e t ' t t t a n  

a w a i t i n g  a praqraw request. On outpyt, control  is r e t u r n e d  t o  

t h e  proqram sis soan as t h e  xecord to be written has been moved 
2L - - -  

ta mother are; of memaxp 4th; buffer) , while the actual 
o p e r a t i o n  is  c o m p l e t e d  a t  a l a t e r  tiu+ I n  t h e  system that u a s  

- - d e ~ & P d ,  $he%! s i ~ ~ l e  concepts- haye  b-esn used n o t  -- o n l g  i n  t h e  - - -  - - 

I /O  portions of -this s y s t e m ,  b u t  hare a l so  been extended to 

, o t h e r  tasks u h i c h  . c o u l d  e x e d u t e  on o t h e r  p r o c e s s o r s  while 1 
1 

operating on t h e  same aa ta. 

I n  p r i n c i p l e ,  any of t h e  fivg tasks n o t e d  p r e v i o u s l y  could 
C- i 

be rtta i n  parallel with any o t h e r ,  but  some c o m b i n a t i o n s  are i 

- 

more optimal t h a n  o t h e r s ,  X t  is desirable to have a s  

c o r ~ n n i ~ % i o n  between tasks r e s i d i n q  on d i f f e r e n t  processors to , 

make more time available for useful uork,  It is also d e s ' i r a b l e  

t o  have  a balanced work load between the processors, t o  reduce 
P 

t h e  -likelihood that one processor must wait for a n o t h e r .  Tasks 
- 

which r e g r f i r e  fregaent s y n c h r o n i z a t i o n  also c o n t r i b u t e  t o  high 

waiting times, and are n o t  qood- c a n a i d a t &  for parallel 

operation.. _ -  

-- 
In order .  -- to  det&rmine just which tasks s h o u l d  be q rouped  

toqether on o n e  p r o c e s s o r ,  a data flow diagram, s u c h  a s  that 

shown i n  f i g u r e  8, is employed, Pro. such  a d i a q r a r ,  the data 



rates and task dependencies are clearly r i s i b l e .  One c o u l w  
9 
? 
f 

labe l  each path with synchronization regnirerents, and each task 
* 

load: running cost, to aid balancinq t h e  





d i s t r i b o t i  on, one  m i 4 h t  reduce t h e  cost o f  i n t e r p r o c e s s o r  # 

communicat ion.  

Stone discusses how t o  o p t i m i g e  t h e  e x e c u t i o n  o f  a q i v e n  

set bf d i s t r i b u t e d  nodules by a i n i a i z i n q  the sum of 

cornmanication and r u n n i n g  costs.  T h i s  n a y  n o t  p r o d u c e  the 

optimum s o l u t i o n  o f  t h e  problem a s  a  whole i f  the instruction 
- A 

m i x i s  s u c h  t h a t  n o  p r o c e s s o r  has a c l e a r  a d v a n t a q e  i n  ..,. 

p r o c e s s i n g  a  g i v e n  module. I f ,  on t h e  o t h e r  hand, each module is 

1 o p t i m i z e d  in such a way t h a t  most instmctioas i n  it-ar* b e s t  

s u i t e d  t o  one p r o c e s s o r ,  t h e n  a f u r t h e r  improvement  c a n  be  rade 

i n  S t o n e 8  s opti mom c o n f i g u r a t i o n .  I n  t h e  p e n e r a l  case, however, 
- 

l ittle distinction may be made between t h e  two p r o c e s s o r s 8  

c a p a b i l i t i e s .  C o a a u n i c a t i o n  abd p r o c e s s i n g  costs t h e n  become the 

dominant f a c t o r s  i n  d e t e r m i n i n g  o p t i a u n  a s  

Stone h a s  n o t e d ,  It is t h i s  qeneral case 
, 

concerned.  The task  d e f i n i t i o n s  v e r y  near ly  fall out*of  the 

problem d e f i n i t i o n  of c h a p t e r  four .  T h e  d e c i s i o n  f o r  the most 

-- p a r t  c o n c e r n s  t h e  task d i s t r i b u t i o n .  

The means of 'communication betweerr m n l t i  7 t a s k s ,  and its 

ned,, compar ing  t h e  c o n v e n t i o n a l  flow 

i n  a  single-processor s y s t e m  

d u a l  -- -- processor system. 

A s  s t a t e d  earlier, the p r i m a r y  q o a l  "of t h i s  a p p l i c a t i o n  is 

to t r a n s f e r  a c o n t i n u o u s ,  randomly presented stream of data from 4 
'I" 



vhe 

t i p l e t  i n p u t  s o u r c e s ,  i n  a real-time e n v i r o n m e n t ,  t o  a f i l e  -- 
re it c a n  b 6  a n a l y z e d  w i t h o u t  time c o n s t r a i n t s .  P e r i p h e r a l  t o  

t h i s  we would l i k e  the ability t o  p a s s  the data t h r o a q h  a series 
Ll 

of arbitrary processes. I n  a c o n v e n t i o n a l  system, t h e  d a t a  vonld  

be passed sequentially f row o n e  process t o  t h e  next, u n t i l  t h e  

l a s t  process uas, f i n i s h e d .  A new q s o u p  of data c o u l d  t h e n  be 
- -  

acquired and the p r o c e d u r e  repeated. O n l y  one p r o c e s s  a t  a time 

would be a c t i v e .  I n  a dual processor s y s t e m ,  o n e  can i d e n t i f y  

r e s u l t s  of any o t h e r  tasks in t h e  same set, The tasks w i t h i n  

s u c h  a set may be run c o n c n r r e n t l y  on i n d e p e n d e n t  p r o c e s s o r s .  

J!usissoTs 
here a r e  many a t t r i b u t e s  v h i c h  are c o n s i d e r e d  when 

2 a p r 9 s s o r  for a u n i p r o c e s s o r  s y s t e a ,  s u c h  a s  - 
i n s t r u c t i o n  set, speed, and cost. These are still considerations 

when d e s i g n i n g  a n n l t i q r o c e s s o r  system, but p e r h a p s  w i t h  

d i f f e r e n t  e m p h a s i s .  The o t h e r  c o n s i d e r a t i o n s  which are specific 

t o  m u l t i p r o c e s s o r  s y s t e m  include t h e  p u r p o s e  a n d  c o n f i q n r a t i o n  

o f ,  the m u l t i p r o c e s s o r s ,  and i n  l i q h t  of t h a t ,  the need f o r  

i n s t r u c t i o n  set c o m p a t i b i l i t y ,  n a l t i p r o c e s s i n q  i n t r n c t i o n s ,  a n d  

communication +paon& - -  - -  - -  - 

- - - -  - - 

fall i n t o  o n e  of thP! P l y n a  categories described i n  c h a p t e r  I. 

O n l y  two of t h e s e  c a t e q o r i e s ,  s i n o l e - i i s t r u c t i o n  mult iple-data ,  

48 Y 



a n d  m u l t i p l e - i n s t r n c t i o  multiple-data are t r o l  y p r a c t i c a l  
4 p' 
f 

c a t e g o r i e s  fo r  a mult i -$rocessor  s y s t e m .  The  case of a 

s i n q l e - i n s t r u c t i o n  s i n g l e d a t a  s y s t e m  b e i n q  composed of two or 

more r e d u n d a n t  p r o c e s s o r s ,  w h i l e  i n t e r e s t i n g ,  is not  c o n s i d e r e d  

he re .  

f n a  s i n g l e - i n s t r u c t i o n  conf  i g a r a t i o n ,  it is likely t h a t  

a l l  processors are t o  i n t q p r e t  t h e  i n s t r u c t i o n s  i n  a s i a i l a r  

manner. A l l  processors s h o u l d  t h e r e f o r e  i n t e r p r e t  i n s t r u c t i o n s  

i n  d e n t i c a l 1  y . The c once@ of b i f f e r h i q  5rfhzrprs.t;a tias-foz: - - 

i 

I I 

s i n p l e  - instruction would almost c e r t a i n l y  l e a d  o n e  t o  c l a s s $ f r  
* 

the c o n f i q u r a t i o n  a s  m u l t i p l e - i n s t r u c t i o n .  

A m u l t i p l e - i n s t r u c t i o n  c o n f  i g u r a t i o n  a l l o w s  d i f f e r e n t  

i n s t r u c t i o n  sets b y  use of  multiple i n s t r u c t i o n  s t r e a n s .  Once 
4 

t h e  a p p r o p r i a t e  streams have been q e n e r a t e d ,  they  need not be 

c o m p a t i b l e  v i t b  o t h e r  p r o c e s s o r s .  T h i s  is p a r t i c u l a r l y  t r u e  * 

where specia l  p u r p o s e  processors n a y  be s e l e c t e d  t o  perform 
i: 

specific tasks. T h e r e  is l i t t l e  d e s i r e  t o  have  m o b i l i t y  of these - 

modales  between p r o c e s s o r s ,  I t  is  more q e n e r a l ,  houever ,  t o  h a v e  

i d e n t i c a l  p r o c e s s o r s .  S y s t e m  r e l i a b i l i t y  i s  i n c r e a s e d  t h r o u q h  
.+ 

redundancy,  as well as . r e d n c i n g  t h e  u s u a l  encumbranc d such as 
- 

c o m p i l e r s  and o t h e r  s y s t e m  utilities. These i t e m s  would r 

otf!eE%ise be d u p l i f i t e i l  "I €lie-other instrrrc - - n seisur *-in P 

i n s t r u c t f  on ' set. 



s i t b  r e s p e c t  t o  i n s t r u c t i o n s  spe& kc t a  m u l t i p r o c e s s i n q ,  

t h e s e  i s  one pri.8ry i n s t r u c t i o n  v h i c  i s  u s e f u l .  T h e  use of i t  r) 
is g e n e r a l l y  for  t h e  p r o t e c t i o n  t h e  &called n ~ h t i ~ a l  reqions* ' 

of a program, where e x e c ' u t i o n  by more t h a n  o n e  t a s k  

v o a l d  c o r r u p t  t h e  state  of some data  o r  s t a t u s  f i e l d s ,  -The 

o p e r a t i o n  is c h a r a c t e r i z e d  b y  the s e t t i n g  of a s t a t u s  b i t  
i 

- - - a A - - 

accordinq t o  t h e  s ta te  of a word, and i n  t h e  same c y c l e ,  w r i t i n g  
- -4 

k 

a p r e d e f i n e d  v a l u e  i n t o  the word, This is  commonly referred t o  
- 

a s  a t e s t - a n ' d - s e t  f nstrwLion, #-o inkerferenee caa OGCU- M_h~een 
- - - 

- 

nodules b e c a u s e  both t h e  test and t h e  set occur w i t h i n  oae 
, 

i n d i v i s i b l e  o p e r a t i o n .  @etts$in[ 11 1 points o.ut t h a t  w h i l e  

a l q o r i t h s s  e x i s t  t o  assur same effect w i t h o u t  t h i s  

i n s t r u c t i o n ,  n o  s o l u t i o n  un which is i n d e p e n d e n t  o f  t h e  

number of processes i n v o  r e d ,  i . - -  
I 

QmsxI 
I!le.org must be  c o n s i d e r e d  r a the r  t h a n  

a private, i n s t a n t l $  accessible 

communicat ion medins between t 

a f i n i t e  t i m e  t o  c o m p l e t e  a read or a r r i ta  c y c l e .  When twb or\ 1 

--d 
is  c o n t e n t i o n  for aemory -- c y c l e s  just as t h e r e  is  c o n t e n t i o n  f o r  --- 

-- 

I / 
other shareable e lements .  S i n c e  memory is  the  most u s e d  e l e n e a t  

, '2 
i n  a n y  s y s t e m  l i t  is the- s o u r c e  of a l l  i n s t r u c t i o n &  and  rost -3 *I -.: 

.&' VZ 
4 -a 



-- - pp - -- -- --ppp-- - - - - - - - -- - 
z&%a), t h e  c o n t e n t i o n  prob lea  i q  o n e  which merits close 

/ 

c o n s i d e r a t i o n ,  

The c o n t e n t i o n  problem arises o u t  of t h e  l a r q e  block 

s t r u c t u r e s  of east memories. Ihen'  oee word is a c c e s s e d ,  t h e  

entire block i s  c o n s i d e r e d  busy, Thus, i f  t h e r e  a r e  two o r  more 
- 

- 

processors c o n c u r r e n t l y  r e q u i r i n q  aenory ,  one  must  wait for t h e  

other.- •÷!be problem has h e n -  rednc&d somewhat by creati-nq =re 

b l o c k s  of memory, which are  e i t h e r  i n t e r l e a v e d  e v e r y  a - t h  word 

(n-ray i h t e r l e a v i n g )  , or  s imp1 y i n d e p e n d e n t  a d j a c e n t  b l o c k s .  
- - - - - - -  - - -  

I n t e r l e a v i n q  is  u s e f u l  i n  any p r o c e s s o r  when t h e  i n s t r u c F i o n  

c y c l e  times are faster t h a n  memory c y c l e  times, I f  t h e  

instract ign sequence i s  s u c h  t h a t  c o n s e c u t i v e  aemory w o r d s  a r e  

accessed, o n e  memory b lock .  c a n  settle w h i l e  t h e  next  i n s t r u c t i o n  

is f e t c h e d  f r o n  an  other block, 
4 

Altbouqh c o s c a r r e n t  precersses v o a l d  occupy d i f f e r e n t  areas - 

i n  .e.ory, b e c a u s e  i n t e r l e a v i n g  i s  e v e n l y  d i s t r i b u t e d  t h r o u q h o o t  

& memory space t h e r e  is a l/n chance of a b l o c k  b e i n g  b u s y  i n  

n-way interleaving. Adjacent b l o c k s  are n o r e  a t t r a c t i v e  I n  t h i s  

two processes  

case, s i n c e  t h e r e  i s  not l i k e l y  t o  be a n y  i n , t e r f e r e n c e  between 

&copying e l e c t r o n i c a l l y - ,  d i s t i n c t  blacks, . i 



I n  s p i t e  o f  the fact that t h e r e  a re  o n l y  two processors i n  

t h e  ne twork ,  many decisions must  s t i l l  be made r e q a r d i n q  the 

n a t u r e  of their physical ( e l e c t r o n i c )  l i n k ,  These d e c i s i o n s  

a f f e c t  t h e  coapleri ty  o f  the. i n t e r f a c e  c i r c u i t r y ,  and t h e  

software of both s y s t e m s .  A s i m p l e  h a r d w a r e  d e s i q n  usually 

shifts some of t h e  burden o f  d a t a  transfer t o  t h e  s o f t w a r e .  A 
-- - 

complex desiqn c a n  be e f f i c i e n t  i v  terns of lower r e q u i r e d  

p r o c e s s o r  i n t e r v e n t i o n .  - X t  may also Tempt  o n e  t o  . c o n t r o l  t h e  

i n t e r f a c e  w i t h  a n o t h e r  p r o c e s s o r .  

The s i m p l e s t  h a r d w a r e  d e s i q n  is one commonly t e r m e d  

"proqramsed I / O n .  It is found i n  wtelety p e w -  l i k e  i n t e t f  aces, 
I 

where t r a n s f e r  rates are $low, and  t h e r e  are n o  c r i t i c a l  t i m i n q  
P 

constraints .  Its s i m p l i c i t y  arises out of t h e  f a c t  t h a t  a  

p r e d e t e r m j n e d  amount o f  d a t a  is always passed t h r o u q h  a f i x e d  
- 

l o c a t i o n  i n  the c o m p u t e r  (an accumt r l a to r  o r  a reqister, f o r  

example) ,  a n d  t h e  o n l y  p r o t o c o l  necessary i n  t h e  interface is a 
x 

f laq i n d i c a t i n g  H r e a d g "  o r  mdonen. The p r o q r a a  must d e a l  w i t h  C 2 

d e t e r m i n i n q  t h e  next d a t a  item t o  be sent, a n d  kesp inq  t r a c k  of *; 
t h e  number of items sent t o  d e t e r m i n e  t h e  end  of t h e  r e c o r d .  

There i s  also  c o n s i d e r a b l e  o v e r h e a d  i n  servicing t h e  i n t e r u p t  

I n  contrast, a d i r e c t  memory access (DMA) i n t e r f a c e  
- - -- -- -- -- - - 

r 
-- 

performs most of the bookkeep ing  functions o f  t h e  I/O i t s e l f .  

T h e  proqram i d e n t i f i e s  a s t a r t i n q  memory a d d r e s s  and  a count of 



t h e  number of items to be s e n t  from t h i s  area. a DCIA intesface 

t r a n s m i t s  the data w i t h o u t  i n t e r f e r i n q  

the specified nnaber of items h a s  been 

r a k e  use of ricro- p r o c e s s o r s  to h a n d l e  

p r o t o c o l ,  i 

w i t h  t h e  proqran u n t i l  

s e n t .  Many D H A  i n t e r f a c e s  - 3 

5 . 

t h e  W k k e e p i n q  and  

The  c h o i c e  is e s s e n t i a l l y ,  between 

high speed interface a n d  a software i n t e n s i v e ,  l o v e r  speefl 

* 

a hardware i n t e n s i v e ,  
- a -- . - 

\- 
i n t e r f a c e ,  The e l e c t r o n i c  protocol may also be c o n s i d e r e d ,  'i 

- 

f 

- - 
- 

p.~esen+bq ssver?3 e p t f a n s  uhfc-tr ccs-mt *&use two main - 

- - -  
f hree q e n e r a l  p ~ o t o c o l s  are conmon. T h e y  are direct bus t o  

i 

bus adapters, n-bi t  p a r a l l e l  i n t e r f a c e s ,  and  b i t -  serial 

i n t e r f a c e s ,  T h e  l a t t e r  two o f t e n  are a v a i l a b l e  o f f - t h e - s h e l f ,  
?I im 

which is a c o n s i d e r a b l e  a q i r a n t a q e  for small s y s t e r s .  Direct bus 
2 - 3 

@ i n t e r c o n n e c t i o n s  are more complex  t o  des ign .  but offer sliq h t l y  f 
% 
P 

better t r a n s f e r  rates a n d  aorq f l e x i b i l i t y  a n d  c o n t r o l  t h a n  
F 

either p a r a l l e l  or &rial i n t e r f a c e s .  T h i s  i s  P c a u s e  b o t h  

=Dory address and  d a t a  in format ion  arb available d i r e c t l y  on . 

the bus while o n l y  d a t a  is p r e s e n t  i n  the o t h e r s ,  A direct bus - - - - 

c o n n e c t i o n  also accomoda tes more than  two processors, because i 
h 

s o m e  d e v i c e  addressimq i n f o r m a t i o n  is a l s o  p r e s e n t e d .  Ser ia l  - 
i 

X - - 

i n t e r f a c e s  are-typica1f;l- ' om-or t wu -m&ersof -raqnitaZi s3owGt 
- - - 

i 
7 
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* i s s E k & s  m!ws P 5 1.' 

Two ..ah a t t r i b u t e s  8ost be c o n s i d e r d a  i n  the graphics 

area: t h e  s p e e d  of the d i s p l a y  (number of p o i n t s  d i ~ p l a y a b l e  

'I 
without flicker) , "and the r e s o l u t i o n  of t h e  display, .These - 

\ 
a t t r i b u t e s  are not independent  of each o t h e r ,  nor  are t h e y  

independent of o t h e r  s y s t e n  attrxbutes.  
- - - - 

The number of d i s p l a y a b l e  p o i n t s  i s  of c o u r s e  lhitd by 
- 

t h e  r e s o l u t i o n  of the p h y s i c a l  'display device, b a t  t h i s  is n o t  

-- n e c e s s a r i l y  the a_eper - - - l i m i t  - - - - - of - - t h e  - - sys t em,  - - S e v e r a l  - - - - - - other -- - f a c t o r s  -- -- 

- -  - 

c o n p e t e  t o  lower t h e  number of d i s p l a y a b l e  p o i n t s .  A minimal 

q r a p h i c s  system req'tlires a source of data, a  d i g i t a l  t o  analoque . 

converter, and a d i s p l a y  d e v i c e  s u c h  a s  a c a t h o d e  ray tube,  Each 

h a s  a limit of its gun which may'be t h e  veak iink i n  t h e  path to. 

There are a number of c a n s i d e f a t i o n s  regarding the 

. . p o s i t i o n  of t h e  computer r e l a t e d  equipment (e. g , ,  processors, 

mass s t o r a q e ,  t e r m i n a l s )  with  respect to the user and to  t h e  

d a t a  s o u r c e s ,  O f t e n ,  the d a t a  s o u r c e s  a r e  i n  a h o s t i l e  

environment, . such a s  a m i l l ,  or an a s & b l Y  l i n e .  In t h i d  s t u d y ,  

s e ~ i c o n d u c t o r s ,  --- Host  computer equipment w 2 n o t  f u n c t i o n  

r e l i a b l y  u n d q  t h e s e  c o n d i t i o n s ,  b u t  musf' be  aoved to  a more. 

remote p o s i t i o n .  



-- 

j 
\ % 

!a Computers t h e m s e l v e s  ca produce a n  e n v i r o n m e n t  t h a t  is - S 

rither hostile t o  its the mst o f f e n s i v e  &ise I 

is  produced by fans and  o t h e r  c o o l i n g  e q u i p m n ' t .  The n o i s e  ldel 
J 

is often h i q h  enough t o  be &pond recommended Usits fort 
L -.-- ' i  

. prevention of hearing l o s s ,  We would thus l i k e  to e n s u r e  
* .  

s e p a r a t i o n  af t h e  u s e r  a n d  t h e  equipment .  ~ d d i t i o n a l l y .  t h e  user 1 

- 2 2  - -  - -- r 

s h o u l d  im able t o  p o s i t i o n  t h e  c o n t r o l s  he r e q u i r e s ,  whe the r  i 
1 

they be keyboards or  b u t t o n s  o r  o t h e r  devices, a t  any place felt i 

some method of remotely c o n n e c t i n q  u s e r  controls is n e c e s s a r y .  . 
I 

For  a small number of b i t s  i n r o l v e d  i n  d e v i c e  o o n t r o l ,  o n e  ! 

is tempted to run a cable w i t h  a wire for each b i t ,  As tbe i' 1 
- 

j 
number of d e v i c e s  i n c r e a s e s ,  the c a b l e  n e c e s s a r i l y  ' becoaes 

i larqer, and soaa becomes unmanaqab9e. One o p t i o n  i s  a n  e x t e n a e d  1 

v e r s i o n  of t h e  c o a m u n i c a t i o n  mode used fo r  t s r m t n a l - l i k e  

devices, a serializer for a large n n r b e r  of b i t s ,  Two-wire  

c o n n e c t i o n s  would t h e n  b e  p o s s i b l e  for any number of c o - l o c a t e d  

d e v i c e s ,  

The packaqinq of any electroaic hardware  is a n o n - t r i v i a l  

s t a b i l i t y ,  and o u t r i g h t  n a l f u n c t i ~ a i n g ~  of the  circuits i n v o l v e d .  

The s o u r c e  o f  these problems can be traced t o  o n 0  or. more of the ,/ * 



1 <-t--- 
following faotbzk-3prarheating. structural stress p r i n t a d  

circult boards or components, t i b r a t i  an, ,and inadagdaf e power 

d i s t r i b u t i o n .  In e x a a i y t i o n  of t h i s  aspect of l i c r e  processors 

is beyond t h e  scope og this t h e s i s .  (and ar8poters in oenetal) 



S i n c e  the central pracksar = a i r a a l p  in use in 'the ' 

a ' p p ~ a t i o n  is a YOVL 3/12 aini-computer, t h e r e  is a good . 
I 

. *g 

?ationale for using another l O V A  for the second proeeesbr.. The 4 

I .  

7 . < r 

obvioas s .- advantage -- would - - -  + be - L A  the - --- c c m p a t i b i l i t p ,  o f .  t h ~ L ~ - g t t ~ ~ ~ t , i o 6 - L : - ~ -  __ - + ' 

much lower cost. This work was- initiated in p a t  to determine 4 

I T  + & 

;4 
' 1 

u r n  cby.Wribation nieu, OW-cast micro-pmcessors could make to 4 
li 

, - 

the field of moltipzocsssing, in additibn to how mltiprocessinq .. A 

, I 

i n  qeneral could  be nsei? in a relatively normaf application. We i 

i 

were thtm quided By the f i n a n c i a l  as e l l  a s  academic interests i 
- - - - - - 7  

4 
i n  chw&ng, t9 nsd a micreprocessos, I. 

A 

1 

I 

- She f i n a l  c o n i % ~ t i o n - f i t s  loosely i n t o  t h e  F L p n  4 
< 

category . o f . t h s  multiple-instruction, my1tipl.e-data proCessor. 
' 2  

1 

Two processors, a f6-bit BQVA 3/12 'minicomputer and an 8-bit a 

Ci 

aatofola lC6.800 ware Xinked usinq a direct memory a y a s  path in 
2 
3 

- - - - - --- - --- - --- -4 
' ~ h .  %n 1976-when t h i s  docision was aade, the LIC68Od was 3 

C- < 
t + p & c l l  of those avai lable .  There araCBrzemtly many more ; 

5 
des igns  to chose f r a ,  which are both faster an6 more complex in $ 



a r c h i t e c t u r e .  Hany are also 16-bit processor+ 
P 

S i n c e  the tuo processors doTnot share s i a i l a r  i n s t r n c t i o n  I 

sets, it is noh p o s s i b l e  to have dynamic s e l e c t i o n  of tasks and 
+ 

processors ,  s u c h  as  S t  onef 13 3 describes, Given the d i s t r i b u t i o n  
\ 

of unshared per iphera l  i n t e r f a  s between the tuo p r o c e s s o r s ,  '9 
tke loss.of instruction stream s h a r i n g  is not considered a aajor 

concerned  with collection or 
-- - - 

'iv data were assigned 

/and casual user in 

peripherals ,  t h e n ,  

to the I O V A ,  Those concerped w i t h  a o h i t o r i n q  

teraction uere as s igned  to t h e  6800. T h e  N O V A  

consisted of a n  analogue t o  digital 

converter r, rtstqnetic tape u n i t ,  a s p t e w  dqsk, a-ad a t e l e t y p e .  

The 6 8 0 d c o a t r o l l e d  the g r a p h i c  d i s p l a y  and l i g h t  pen, and t h e  

'button box; - an array of buttons,  dials and lights for user i 

hteraation. The 6800 h a s  8 K  bytes of local aeaoTp, w h i l e  t h e  
t 7  

BOVA shares 48K voras  of memory u i t h ,  t h e  6800. 

\ 

Ilask&&- 
1 

1 f 'Bin- 
- -  - 

I n  an effort to  allow the tightest p o s s i b l e  c o u p l i n q  for 
- --  - - - - - - - - -- - - - - --- - -- - - -- -- --- - -- - - - - - -- 

the least amount of effort, t h e  lOVA I/O bus uas extended i n t o  

the 6800; which then acted l i k e  a device controller to the NOVA. 

T h i s  alloued t h e  bi-directional t r a n s f e r  of data  asinq tbe MOVA 

' \  - 
- 

- - - 

5 8  



memory a s  a communica t ions  a r e a ,  These  t . r a n s f e r + u s e d  t h e  DfYA 

f e a t u r e  of t h e  N O V A ,  which min imizes  t h e  impact o f  comaunica+,ion 

on t h e  N O V A ,  The 6800 c o n t r o l l e d  t h e  bus usinq proqs'ammed I / O ,  

which used  a c o n s i d e r a b l e  p o r t i o n  o f  t h e  6 8 0 0 ' s  t i m e .  T h i s  is 

c o n s i s t e n t  wi th  t h e  i n t e n t  t o  r e d u c e  t h e  l o a d  on t h e  p r o c e s s o r  

which is c o l l e c t i n c r  data,  a l t h o u g h  it was n o t  a n  o p t i a a l  

solution wi th  r e s p e c t  t o  t h e  6800, DHA on the 6800 was n o t ,  

hguever ,  a simple a d d i t i o n  t o  the hardware  at t h e  tile of 

des iq'n. 

I n  & h i s  c o n f i p o r a t i o n ,  t h e  6800 ,v=4 d e s i q n a t e d  t o  be t h e  
I " 

- -  - -  - -  - L - - - - - -- - -- - - - - - -- 

l o q i c a l  .aster of the bus. While t b e   OVA n e c e s s a r i l y  r e t a i n e d "  

e l e c t r o n i c  c o n t r o l ,  a l l t r a n s a c t i o n s  were ' i n i t i a t e d  by tbe 6800. 
I - 

T h e  I O V A 8 s  c o n t r i b u t i o n  t o  t h e  c o m p u n i c a t i o n s  p r o t o c o l  c o n s i s t e d  = - 



of s e t t i n g  up a t a b l e  of  p o i n t e r s  t o  t h e  items to  be exchanqed, 

with the 6800. These itks, consisted n o s t l y  of h i g t o q r a y s  for 
. P 

g r a p h i c a l  d i s p l a y ,  and two b i t - v e c t o r s  to c o n t a i n  t h e  s t a t u s  of ' 

lamps and s u i t c h e s .  The tab le  of pointers - was c a l l e d  t h e  

"display l i s t n  (Nqure 10). The 6800 s e l e c t e d  a p a r t i c u l a r  item 

for processing according to s w i t c h e s  set by the  u s e r .  ..-w 
, - & 

A s i n q l e ,  fixed l o c a t i o n  in NOVA memory u a s  aqreed upon, i n  

advance of compi l ing  software for either a a c h i n e ,  to be a  
7$ n 

pointer to t h e  disp lay  list, Each i t e ~  of the list h a s  v a r i o u s  + 

parameters ,  such a s  the l e n g t h  and address  of - a d i s p l a y .  I t  i s  

t h e s e  parameter tables t o  which the d i s p l a y  l ist p o i n t s .  

Once the table& have  been set up, the only communication 
* 

t a s k s  which must e x e c u t e  on t h e  NOVA are one t o  upda-te t b e  

display d a t a ,  and one to take actioa when swi t ch  settinqs are 

chanqed by t h e  user, Ne i ther  of these functions requires access 

beyond shared NOVA memory. The di&& bus c o n n e c t i o n  a l l o w s  t h e  

6800 to chain throuqb t h e  tables a t  w i l l .  Yo s y n c h r o n i z a t i o n  is 

n e c e s s a r y  between the process* for these tasks, al though 

nothinq i n  the d e s i g n  of t h e  machine c a n p l i n q  p r e v e n t s  this, 

. should  it  ever b e  required. 



OISPLRY LENGTH 

LOC 43. POINTER 

F i g u r e  10, P o i n t e r  C h a i n  u s e d  t o  locaie  areas for i n f o r m a t i o n - -  
- - 

e x c h a n g e .  All p o i n t e r s  a n d  t a b l e s  are i n  N O V A  merory  

Task 

In t h e  p r o j e c t  u n d e r  s t u d y ,  two q r o u p s  of t a s k s  can:be 

i d e n t i f i e d :  $0 
i 

c o n s i s t i n q  of t a s k s  -which are  cr i t ical  t o  t h e  i n t e n t  

of t h e  e x p e r i m e n t  i tself ,  p r i n c i p a l 1  y t h e  a c q u i s i t i o n  and 

l o q q i n q  of d a t a ,  a n d  

*9 a q r o u p  c o n s i s t i n g  of t a s k s  i n v o l v e d  i n  t h e  i n t e r a c t i o n  w i t h  

t h e  u s e r .  

The tasks in t h e  s e c o n d  g r o u p  depend  on the first q r o u p  for 

t h e i r  d a t a ,  R h i l e  t h e y  are cr i t ical  t o  the p e a c e  of ;i" Yf thq 

J!. 

a c t i o n s .  The  i r s t  g r o u p  of. tasks. t h e r e f o r e ,  are p i h n  p r i o r i t y  +!!-- 
for r e s o u r c e  o v e r  t h e  s e c o n d  qroup, I n  p r a c t i c a l  .terms, t h i s  I 



-~-t-o-certahr2uu, p r i ~ r i  t y t as- 
-- 

hasrless ly  blrpassed when t h e  cr i t ical  tasks are heavily l o a d e d ,  

-- -- - I n p a r t i t i o n i n g  t h e  t a s k s  between the tuo processors, one  

f u n d h m e n t a l  rule f o l l o w e d  was t h a t  a l l  critical tasks mast be  

e x e c u t e d  on the'saNe p r o c e s s o r .  A d d i t i o n a l l y ,  a l l  paths between 

these tasks most n o t  depend upon t h e  o t h e r  process 9 The e f f e c t  

of thie Fs we-fold. L ~ ~ . u a n i c a t i o n  costs are minimized frrr t h e  - 

crit ikal d a t a ,  and systems r e l i a b i l i t y  is i n c r e a s e d  o v e r  any  

o t h e r  arranqment requ ir inq  fore t h a n  m e  processor. The rate of 

, fa i i sre  of tko p;oocessors ik t r i c e  as high  as the r a t e  oi one; 
I(tnother c o d s i d e r a t i o n  i n  d e t e r r i n i n q  t h e  task d i s t r i b u f i o n  

was d i k d i n q  the tasks a t  a p o i n t  in t h e  d a t a  flow where  t h e  

f l o w  is n e a r  a minimum, I n  t h i s  p a r t i c u l a r  i n s t a n c e ,  f o r  .- 5,. 7 

,- 

example, ?\ d i v i s i o n  might  have been nada between t h e  "ana ldqne  - 
2 

i n p u t H  ahd  N k y r t  e v e n t s n  tasks (refer to  f i g u r e  8 ) ,  but t h e  d a t a  
L rate is c o n s i d e r a b l y  l o v e r  betveen *sort e v e n t s N  and %reate -- 

/' '1 

displays". It is a l s o  bnovn t h a t  there. is  a q r e a t  d e a l  of i- 
synchronization r e q u i r e d  a t  t h e  earlier point, but  v i r t u a l l y  , 

d 

e latter,  It i s  t h e r e f o r e  more advantaqeons t o  d i v i d e  

t t h e  latter p o i n t ,  

The  second processes was a s s i q n e d  t a s k s  wh ich  can be 

descr ibed  a s  terminal tasks, These tas& a r e  ones where t h e  d a t a  
- - - --- - -  - 2  - - 

o p e r a t e d  on w i l l  cross t h e  i n t e r f a c e  between t h e  processors 
-- - 

-- -3 

more than once ,  T h i s  is u s u a l l y  some o u t p u t  f u & t i o n ,  s u c h  a s  + 
the g r a p h i c a l  d i s p l a y ,  o r  a n  input  f u n c t i o n  such as the user's d 

*$ 



c o n t r o l  pane l .  a ta  on these paths i s  a t  this 

t i n e  n o n - c r i t i c a l .  - 
, 

I n  o u r  sys tem,  t h e  sequential flow of data has b e e n  broken 

between t h e  primary and s e c o n d a r y  tasks, The s e c o n d a r y  tasks are 
e 

e s s e n t i a l l y  f rse-running, Tbey are initialized w i t h  p o i n t e r s  t o  
.7 

all the data buffers, p r b c e s s i n q  what is available in parallel 
- - - - - -  * A 

w i t h ' t h e  p r imary  t a s k s t  f i l l i n q  and  emptyinq of the b u f f e r s .  

Because ~f t h e  p r i o r i t y  s t r u c t u r e ,  secondary tasks i n  t h e  first 

requests are s a t i s f i e d .  Th ond processor does n o t  l o a d  t h e  

first o t h e r  t h a n  t h r o a g  o n t e n t i o n  when n s i n q  t h e  'DHA 

T h a n n e l .  I n  normal  t i o n ,  t h e  s e c o n d  p r o c e s s o r  s u p e r v i s e s  
L 

its own 1/0 w i t h  -processor, It 9 h o u l d  be" r e e m p h a s i z e d  . , 

t h a t  there is no enforced s y n c h r o n i z a t i o n  between the two qroups  
d 

of tasks ,  ensarinq t h a t  t h e  p r i m a r y  tasks never wait on a 

s e c o n d a r y  task, 
, 

P=m- &srS 
-7 

One major  concern overhead uonld b 8  

so high t* t h e  n e t  pai s i q n i f i c a n t ,  Three 

test programs were 6f sharing 
0 

data v i t h  anatber' *ulcessor, T~sspecUvrrfanctiloa-of eachsi tn 

be b r i e f l y  stated: 

1, A 6800 program t o  display a 256 word b u f f e r  r e s i d i n q  i n  the - 
6800 memory. Conmanica t ion  is v i a  s u b r o u t i n e  arguments. 



P 

2. A 6800 proqram to d & s p l a y  a 256 word buffer r e s i d i n g  i n  &?A 

~ e m ~ r ~ ~ ~ a m ~ n i c a t i o n  is ria 6800 p r ~ 6 r a & d  110 on  the NOVA 
-. 

- 3. A 80V1 proqram to i n t e r f e r e  w i t h .  (2) by concurrent1 y . 
a c c e s s i n q  of the s a q  b u f f e r ,  < 

Proqran (1) yields the mini mu^ tjllre t o  perform t h e  task (on t h a t -  \ 
- -  L L L - u - u  

- - 
p a r t i c u l a r  p r o c e s s o r ) .  T h i s  gives soie p d z s p e c t i v e  t o  t h e  

comgunicatiun costs. Proqram (2) y i e l d s  ' t h e  extra &ost of 
-- - - - - - 

o b t a i n i n q  t h e  data from shag@ memary fog the sane t a s k  - 
- -- - - - - - - - - - - - - -  

performed b y  program ( 1 ) .  Proqram { 3 )  prov ided  i n f o r m a t i o n  on 

t h e  coat a t t r i b u t a b l e  to t h e  interference of the two machines, 

~ h g t i m e s  were o b t a i n e d  by running the program for a 

s u f f i c i e n t l p  l o  time such that both start-up costs  i n  t h e  % 
3 8 proqram and reaction t i m e  of t h e  obaerwbr were i a s i q n i f i c a n t ,  -l , 

- 

( F i e n g  was measared  s i m p l y  by a s t o p w a t c h , )  These tires r a n q e d  

from 25 seconds  to 91.5 seconds, with e s t i a a t e d  errors of * - 5  , 
. 1 

seconds. I 

e 

T e s t  Program T h e  Coma, I n t e r f e r e n c e  
2 
i 

Bnmber /frame o v e r h e a d  on N O V A  B F, 

1 6.25.S 1.28.S n/a Y 
2 23 DS 6 0 1 4 ~ S  0.0 RS 

4 

3 23 rS 6.14.S ,255 mS 4 
Table I. Comrunica t ion  C o s t s  1 

?was 25 The base t i n e ,  as established by program (I), 
-- 7 

seccsads t o  di'splay 4000 frames o f  256 p o i n t s  each, or 6 . 2 5 ~ s  p e r  1 
1 

frame, T h i s  is u e l l  under the v i s u a l  f l i c k e r  l i m i t  of 50rS p e r  



frame, As t h e  data is located i n  local mmory ,  t h e  a c c e s s  

o p e r a t i o n  v o a l d  typically be a n  i n d e x e d  nload  accnmla tor# 

o p e r a t i o n .  The t h e  for t h i s  i n s t r u c t i o n  is  5.0uSe 

When the 'data was located i n  #OVA memory, e x e c u t i o n  time 

increased from 2 5  s e c o n d s  to 91.5 s e c o n d s  for t h e  same 4000 

frares, An e x a m i n a t i o n  o f  the access o p e r a t i o n  yields t h e  s o u r c e  
- - 

- - -  A 

of t h o  increase. To access one r&d= i n  EOYh memory i e q u i & d  

24nS, nearly a S-fold increase o v e r  that of local access, T h i s  

. fetch and display one f rame,  This is still acceptable i n  

p r e v e n t i n q  flitter. 

The measurements t a k e n  a b o v e  Were d o n e  w i t h  the N O V A  

halted, so that t h e r e  was n o  c o n p e t i t i o n  for t h e  I/O bus or 

memory. Proqran t3) was designed t o  check the effects of 

c o m p e t i t i o n  that miqbt arise when t h e  HOVA uas actiwe, - 

m e a s u r e a b l e  chanqe t h e  6800 had 

channel. T h i s  was t h e  r e s u l t :  

seconds t o  execute  proqram (2) when bogram (3)/competed ritb 

it, T h e  o v e r h e a d  was e n t i  A program, as 
r' 

its a r c h i t e c t u r e  r e q u i r e s  
8 

o p e r a t i  - on - oecnrres, - - -  - -  This 

# t o t a l  91.5 seconcIs of execu 
2 

r- 

from the number of acces 

p o i n t s ) ,  ; ~ d  the c y c l e  t h e  of a DBA operation &f ~ O U S .  It was 



apparent from this f i g u r e  t h a t - r n e - f i n t e r f e r e n c e  c o s t  t o  the NOV A  
- % 

was n o t  g o i n g  to  be s i p n i f i c a n t .  

T h e s e  tests d e m o n s t r a t e d  t h a t  i t  is the protocol, whether  

imposed b y  hardware or  softvare, t h a t  limits the a q m e q a t e  data 
- 

- 

rate, r a t h e r  t h a n  i n t e r f e r e n c e  o r  other hardware delays. The 

a d d i t i o n  of r o m ~ u n i c a t i o n  p r o t o c o l ,  i n  t h e  form of p r o q r a m e d  

is MHz. The ti= r e q u i r e d  fo r  the protocol is of course 

governed p a r t l y  bfr the processor speed. T o  i n c r e a s e  the t r a n s f e r  

rate, one can e i t h e r  refine t h e  p r o t o c o l ,  or use a faster 

processor. However, as figure 11 imdicates, any more t h a n  a 
.. 

f i v e f o l d  increase i n  processor speed would s h i f t  t h e  l i m i t i n g  

factors t o  the t h e  bus speed and t h e  p r o t o c o l .  
d 

I 

L i m i t  

Bus 1BHz 
Processor 200kHz 
P r o t o c o l  40kEz 

P i q n r e  11. L i ~ i t i n q  Factors i n  Bardware 
4 

1 



sQ=- 

There is a l m o s t  27.5 left p e r  frame where u s e f u l  work - 

could  be done, qnd still a v o i d  f l i c k e r  of the d i s p l a y .  After the 

final v e r s i o n  of the display task was completed,  more thin 27.3 

of work had accrued from such t a s k s  a s  logarithmic s c a l i n g  and 

c o n s o l e  r a n i t o r i n g .  The d i s p l a y  proqraa used i n  t h e  t es ts  wad 
- - 

- L L  - -- - A  - - -- 

simply too e lementary.  Rather than  f i n d  a faster processor, or 
D 

resort to obscure proqrammin$ tricks, a l o n q - p e r s i s t e n c e  

phosjsffor--rr-a s-W+* t h  - s c r l c e r w r i - ~ s - a T I ~ ~ - 3 O d m S o T  u ort t i r  - 

be performed for e a c h  frase, rather t h a n  50mS, without any r e a l  

design m o d i f i c a t i o n s .  T h i s  proved to  be enouqb t i r e  t o  prepare  

each  buffer. I t  is u s e f u l  to remember t h a t  n o t  a l l  solutions 

require a new program or p ocessor! f 



Vfrhile qains i n  performance, o f  orders of aaqnitnde ate  

n e i t h e r  p r e d i e e d ,  nor likely, when two p r o c e s s o r s  ate 

P cooperating, t h e  r e l a t i v e L y  low cost af ~icroprocessors makes i t  

actonalir:ally nmli&Ac t o  contemplate arrays of tens or -eveae - - - - -  - - 

thousands  of them cooperat inq to form a s i n q l e  m u l t i p l e  

p r o c e s s o r  system. Such a  systes c o u l d  have a larqe i n c r e a s e  i n  . 
- 

- - - - - - - - -- - - - - - - - - - - - -- - - -- - - --- 

perf  orrance  o v e r  c h.i<;th-speed conpu ters. The problem 

of c o n t r o l l i n g  t p r o c e s s o r s ,  a s s i g n i n g  t a s k s  to  t h e n ,  and 

j u s t  p h y s i c a l l y  l i n k i n q  them, i n  a g e n e r a l i z e d  manner, i s  still 

\ I n  the system d i s c u s s e d ,  tasks were permanently a s s i g n e d  tot  

each p r o c e s s o r .  Biq h-speed - i ~ t e r -  p r o c e s s o r  cammunication was - 

p r o e d e d  t hrouqh shared hemory, The conf f guration o p e r a t e s  as a 
F - 

tuo- s tage  p i p e l i n e d  p r o c e s s o r  operating a t  the tas \i l e v e l .  Each 
* C -  

p r o c e s s o r  was free t o  begin processing neu data once i t s  t a s k  \ 
had passed t h e  r e s u \ t s  on to t h e  next processor .  * This is  a 

multipracessor systems, where either an STMD array t y p e  of C 
c o n f i g u r a t i o n  performs one  machine opekatioh on many s i m i l a r  . 

- 
- - - --- 

- 'i. 
------p---- - - - -  - 

- data, or processors i n  an # ~ f l ~ ' c o n f i g o r a t i a n  are d p a a a i c a l l y  - 
-- 

assigned tasks or p o r t i o n s  of t a s k s  which o p e r a t e  on possibly 
6 -  

nrelated d a t a ,  Both of these configurations have  been ' 7 
r 



n o t c r i o u s X 7  d i f f i c u l t  'to praqram, F m  the S I H D  

nust b s t r u c t u r e d  to f i t  i n t o  t h e  namber of 

array, F o r ,  an BIRD s y s t e m ,  there is a l arge  overhead i n  

s w i t c ~ m q  t a a k s  betreen p r o c e s s o r s ,  and l i t t l e  way of 

a o t o a a t i c a l l y  specifyi-nq parallelis. i n '  t h e  wr i thm,  + 

\ 
The c o n f i g u r a t i o n  chosen f o r  this p r o j e c t  was not p i t h o u t  

- - - - - - - --- - - -T 
Xts o w n  -sof tuare p r o b l e ~ s ,  uas t b e  nearly 3 

i 
c o a p k t e  l u c k  of devslopaen P 

% 

a much as IOU-cost m i c r o - p r o c e s s o r s  are c n d i d a t e s  for larqe P 3 

L 
a r r a y s  of processors, t h e  problem is s i g n i f i c a n t ,  Also, a 

f 
r e l a t e d  encmbrance was t h e  d i f f e r e n c e  i n  i n s t r u c t i o n  sets, Had +-a 

a 

t h e y  been similar, different c o m b i n a t i o n s  o f  t a s k  d i s t r i b u t i o n s  7 3 

, . &  

could  hare been tried with greater ease, A c o m b i n a t i o n  such  as a & 
2 
i 

POP T1/311 a n d  an -LSI- 1 1/2 w o u l d  b e  more suitable a t  t h i s  ti-. 
- 

t 
>J 

The  p i p e l i n e d  task a p p r o a c h  a l l o w s  a problem t o  be 

-. k q ~ n t e d .  into s e v e r a l -  parks. Yhese p a r t s  are proqramaed 

d i f f e r e n t  p r o c e s s o r s  i n  the  p i p e l i n e ,  The proqram-r minimi  z e s  . 

t h e  amount of d a t a  t h a t  m s t  be  e = c h a n g e d  between t h e  processors 

b y  c a r e f u l l y  choos ing  t h e  b o u n d a r i e s  between t h e  tasks. 
/ - 

Addi t i ona l l y ,  t h e  inherent s e q m n t i a l  n a t u r e  of mast peoples* 

$olut. .ons to - -- pr0ble.s - - - -- - - i s  p r e s e r v e d .  --- - Paralleliim :--- * toes i n t o  p l a y  

for r e e t e d  processes on new data, 
a 

There is  no  l i m i t  t o  t h e  n a l b e r  of processors  which c o u l d  It 

be l i n k e d  i q t h i s  fashion. Each one c o u l d  share  a  p o r t i o n  of i t s  , 
- 



ne&ghbo\u*s memory for communication, On 

p i p e l h e d  processors, -problems need o n l y  

parts for kmplemntat ion .  

The coamanicat ion  cost borne by the 

C 

a system k i t h  n 

be segmented 

6800 in this 

into n 3 3 

work 

c l g a r l y  c--Be s i g a i f i c a n t l ~  reduced by u s i n q  DMA to  communicate 

w i t h  t h e  BOVA. If t h e  DUA cogts'sere on the same order  a s  tdose 

for t h e  H O V a ,  1 second per  m i l l i o n  accesses, t h e  overhead would 

be under 5 percent  of t h e  execute cost of t h e  basic d i s p l a y  

toqetkr would be 1.9 ti m s  the sinqle machine rate, The 

i ;plementation of DIA facilities on both p r o c e s s o r s  would 

provide s i g r i f i c a n t  i&provement i; performance of the 68(m. 

Shared memazy made a. v e r y  convenient  n d i a m  for 

communication. It has t h e  f e a t u r e s  of hiqh speed, random access. 

and min iaa l  overhead in hardware,  

The  i n t e n t  of this project was to demonstra te  t h a t  it fs i n  

fact feasible to i n t e r c o n n e c t ,  without much t r o u b l e ,  two 

brace ssors for use i n  .a r e l a t i r l y  normal application, . i f  

certain qroond rules were f o l l o w e d .  Scme of these r u l e s  ma7 

ear to  he bcn c o n t r a d i c t i o n  to t h e  full s p i r i t  b f  F 
those systems have mot been e n t i r e l y  s u c c e s s f u l  i n  their 
-- 

implementation,  



dt 

L T h e s i c  g u i d e l i n e s  found to b-e uifu_l were: 

JOIW) Pbet ween processurs, f ainimiziag costs of 
G C 

waiting for other tasks, 

- eUminate dynar%c. albcaticm of t a s k s  .to P & ~ e s s ~ p s ,  .as t h i S  

is  a- a p u r c e  df cor munication overhead. 

OCCUS. Both directions of tzansdds&on 8hoEjld be exaained, @ 

. considered as well a s  the numbeg of p a r a m t e r s  passed t o  it. 

It may be found t h a t  s o m e  tasks are terminal in this 

evant remrdiag. .) 

" 

The first two g t l f d e l i ~ e s  hare h n  fe l lmmd,  and the -  t h i r d  a t  

least pht . t ia l lp  a a t i e f i e d .  1 I, , , 

is the l a c k  of riabSe softsra~e uith which to eas i l y  implement i 

- b~ the deqiwerr t o  dynamical ly  d i s t z i b o t e  the '1odd.a; or. near 

t h e  i n s t r u c t i o n  ' l e v e l .  While. t h i p  B& be a useful f e a t u r e ,  1 

- hare found tkat  a static d f s t r  u t ion  of bhole taaks to  be -9 
- * 



i a t h s i & n q  to b t e r a i n e  the cumulative overhead in dynar ic  

processors par &te~ +by ' v i r t y  of the l i m i t e d  communication 

the ~tetvork 

reduction. 

as a whole. T P s  scheme correspoads to Jaclrsaa*~ 
6# 

[ I 4  1 of probls. s o l r i n q  -tbad of problem 
# 

>ystem was f ~ 1 1 ~  implemented , and operat) 

I t h e  application described in chapter IB. - 

' It Uad. tlym superceded by a ner c matarcia1 unit ,  which i" 
- 

-6-t  ' 
7 
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