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P a r t  1: D E S I G N  

T h e  a r t  o f  d e s i g n i n g  p a r a l l e l  p r o g r a m s  is  u n d e r d e v e l o p e d  b e c a u s e  w e  d o  no t  u n -  

d e r s t a n d  p a r a l l e l i s m  c l e a r l y .  T h i s  p a p e r  s u g g e s t s  a p r o g r a m m i n g  m e t h o d o l o g y  and 

i t  g i v e s  a p r e c i s e  d e f i n i t i o n  o f  the  A D A  f o r m  o f  p a r a l l e l i s m .  T h e  m e t h o d o l o g y  is  

b a s e d  on the  i d e a s  o f  M i l n e r  and i t  c a n  be u s e d  w h e n  d e s i g n i n g  p a r a l l e l  p r o g r a m s  

in l a n g u a g e s  o t h e r  t h a n  A D A .  F o r  us a p a r a l l e l  p r o g r a m  c o n s i s t s  o f  o n e  o r  m o r e  

t a s k s  and  s e v e r a l  a r r o w s  f r o m  one  t a s k  to a n o t h e r .  We s h a l l  u s e  the  e x a m p l e  o f  

p r o d u c e r s  and  c o n s u m e r s ~  c o m m u n i c a t i n g  t h r o u g h  a p o s t b o x ~  to i l l u s t r a t e  o u r  d e -  

s i g n  m e t h o d ,  

257 

In a l l  o u r  p i c t u r e s  d i f f e r e n t  a r r o w s  may h a v e  the s a m e  head  bu t  t h e y  a l w a y s  h a v e  

d i f f e r e n t  t a i l s ,  F r o m  o u r  p i c t u r e  f o r  p r o d u c e r s  and  c o n s u m e r s  w e  s e e  t ha t  the  

p o s t b o x  d e c i d e s  w h i c h  c o n s u m e r  to c o m m u n i c a t e  w i t h .  I f  w e  r e v e r s e d  the  a r r o w s  

to  the c o n s u m e r s ~  w e  w o u l d  h a v e  the u s u a l  i n t e r p l a y  b e t w e e n  p r o d u c e r s  and  c o n -  

s u m e r s :  a s h a r e d  b u f f e r .  

T h e  f i r s t  p h a s e  o f  o u r  d e s i g n  me thod  is  to  d r a w  a p i c t u r e  o f  t a s k s  w i t h  n a m e s  

a r r o w s  b e t w e e n  them.  A r r o w s  w i t h  the  s a m e  h e a d  mus t  h a v e  the  s a m e  name.  B e -  

c a u s e  the  A D A  e q u i v a l e n t  o f  a f i r s [  p h a s e  p i c t u r e  is  a l i s t  o f  p a r t i a l l y  d e f i n e d  

t a s k  i n t e r f a c e s  w h o s e  e n t r i e s  c o r r e s p o n d  to the h e a d s  o f  a r r o w s ~  we  s h a l l  h e r e -  

a f t e r  use  the  w o r d  ~ e n t r y  H i n s t e a d  o f  Uname o f  a r r o w  n. 
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F o r  o u r  e x a m p l e  we have  

task  F i r s t  P r o d u c e r  is 

-- c a l l s  entry: a r r i v e  

end ; 

task  S e c o n d  P r o d u c e r  is 

- -  c a l l s  e n t r y ;  a r r i v e  

end;  

t ask  P o s t  B o x  is 

e n t r y  a r r i v e  . . . .  

- -  c a l l s  e n t r i e s : d e p e r t t ~  d e a p r t 2  

end;  

t ask  F i r s t  C o n s u m e r  is t ask  S e c o n d  C o n s u m e r  is 

,entry d e p a r t 1  . . .  ~ d e p a r t g . . . .  

e.nd; end;  

T h e  second  phase  of  o u r  d e s i 9 n  method is to d e s c r i b e  the p r o g r a m s  f o r  each t ask  

to the e x t e n t  of f i x i n g  the p l a c e s  w h e r e  the task  may c o m m u n i c a t e  w i t h  a n o t h e r  

task .  We can  use a c o n v e n t i o n  of  M i l n e r ~ s  ( M i l n e r  (1978))  to i n d i c a t e  "which t ask  

a r r o w s  a r e  r e a d y  to c o m m u n i c a t e  and w h i c h  ape not :  d o t t e d  ha l f  a r r o w s  c o r r e s -  

pond to a r r o w s  tha t  a r e  not  r e a d y  to c o m m u n i c a t e .  

4 ~ .  a t ask  w a i t i n g  f o r  an e n t r y  

~." 4 ,  s. 

a t ask  c a l l i n g  an e n t r y  

, ~ s ~ . ~  a t ask  c a l l i n g  a n o t h e r  e n t r y  

If a t ask  has N a r r o w s ~  then t h e r e  a r e  a t  most  2 N of  t hese  HMi l ne r  symbotsH~ but  

each of them may c o r r e s p o n d  to many p l a c e s  in the t ask  p r o g r a m .  We can  d e -  

s c r i b e  the i n t e r r e l a t i o n  of  the p l a c e s  in a t ask  p r o g r a m  by  g i v i n g  a se t  of  p l a c e  

e q u a t i o n s .  If we d e c i d e  tha t  o u r  P o s t  B o x  t ask  shou ld  a l t e r n a t e  b e t w e e n  the two  

consumers~  the se t  of  p l a c e  e q u a t i o n s  w o u l d  be:  
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P0 = a r r i v e :  P l  ~ - ~  depar t2 : l  ( ~  

P l  = depar t t :~  P2 
P2 = arrive: P3 I arrive: I arrive: 

p3 = d e p a r t 2 ;  p0 p ~  d e p a r t l ~ ; f p ~  

T h e r e  a r e  co l ons  in the f i r s t  and t h i r d  equa t i ons  because  the e n t r y  Ha r r i veH  is i 

the i n t e r f a c e  of  P o s t  B o x ;  t h e r e  a r e  s e m i c o l o n s  in the o t h e r  equa t i ons  because  

the e n t r i e s  d e p a r t 1  and d e p a r t 2  a r e  in the i n t e r f a c e  of  o t h e r  t asks .  The  f o r m a l  

d e f i n i t i o n  of  a p l a c e  e q u a t i o n  is 

- a s e p a r a t o r  is a colon~ s e m i c o l o n  o r  e x c l a m a t i o n  ma rk  

- a g u a r d  is a sequence  of  l e t t e r s  and d i g i t s  f o l l o w e d  by a s e p a r a t o r  

- a c a p a b i l i t y  is a g u a r d  f o l l o w e d  by a s u b s c r i p t e d  l e t t e r  

- the r i g h t  s ide  of  a p l a c e  e q u a t i o n  is the sum of  zero~ one o r  m o r e  

c a p a b i l i t i e s  

- the le f t  s i de  of an e q u a t i o n  is a s u b s c r i p t e d  l e t t e r .  

The  r e a d e r  can t h i n k  of  the s u b s c r i p t e d  l e t t e r s  in p l a c e  equa t i ons  as c r i t i c a l  

p l aces  in the task  p r o g r a m .  The A D A  e q u i v a l e n t  of a se t  of p l a c e  e q u a t i o n s  is a 

p a r t i c a l l y  de f i ned  task  body:  

,task body  P o s t  B o x  i s  

beg in  

loop - -  P0; 

ac,cept a r r i v e  . . .  

d e p a r t 1  ... 

accept arrive ... 

depart2 ... 

end loop 

end P o s t  B o x ;  

- - P l ;  

- -  P2; 

- -  P3; 

F o r  the o t h e r  t asks  in o u r  e×ample~ the second  phase  in o u r  d e s i g n  method migh t  

g i ve  

task  body F i r s t  P r o d u c e r  iS 

beg in  

Ioo[3 - -  q0; 

a r r i v e  . . .  

end Ioop 

end F i r s t  P r o d u c e r ;  

- -  a l s o  Second  P r o d u c e r  

q0 = a r r i v e  ; q0 

~ )  a p r i v e ~  



t ask  body  F i r s t  C o n s u m e r  i s  

beg in  

loop. - -  r 0 ;  

a c c e p t  d e p a r t 1  . . .  

end Ioop_ 

end F i r s t  C o n s u m e r ;  

t ask  body  S e c o n d  C o n s u m e r  is 

b e g i n  - -  t o 

a c c e p t  d e p a r t 2  . . ,  

- - - - t c o  

end S e c o n d  C o n s u m e r  
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r 0 = d e p a r t l  ~ r 0 

d e p a r t  1; 

t o = d e p a r t 2 :  too 

t0~ = 

@ d e p a r t 2 : ~  

A s  one of the p l a c e  e q u a t i o n s  f o r  S e c o n d  C o n s u m e r  has an empty  r i g h t  s i d e ,  t h i s  

t ask  can d i e .  I f  we do no t  wan t  t h i s  to c a u s e  the dea th  of  the o t h e r  t a s k s  'we c o u l d  

r e w r i t e  the p l a c e  e q u a t i o n s  of  P o s t  B o x  
a r r i v e :  

p01 = a r r i v e :  p l  ~ 

p l  I = d e p a r t l ;  po 1 + d e p a r t 2 ;  po I d e p a r t 2 ;  

O u r  p l a c e  e q u a t i o n s  a r e  c l o s e l y  r e l a t e d  to pa th  e x p r e s s i o n s  ( C a m p b e l l ,  Haberman~ 

(1974))  and f l o w  e x p r e s s i o n s  ( S h a w  (1978)) ,  o u r  two  se ts  of e q u a t i o n s  f o r  P o s t  

B o x  h a v e  the f l o w  e x p r e s s i o n  s o l u t i o n s :  

(arrive: departl; arrive: depart2;)* 

(arrive: (depart I ~ U depar t2:~ ))* 

P a t h  e x p r e s s i o n s  and f l o w  e x p r e s s i o n s  a r e  one w a y  of  s o l v i n g  p l a c e  e q u a t i o n s  

but  t h e r e  a r e  o t h e r s ,  

L e t  us r e t u r n  to o u r  d e s i g n  method .  I f  we  f i n i s h e d  the s e c o n d  p h a s e  w i t h  p a r t i a l l y  

d e f i n e d  A D A  task  b o d i e s ,  then the t h i r d  phase  c o n s i s t s  of p r o g r a m m i n g  the t ask  

i n i t i a l i s a t i o n ,  and the l as t  phase  c o n s i s t s  of c o m p l e t i n 9  the d e f i n i t i o n  of the task  

b o d i e s  by  i n s e r t i n g  s t a t e m e n t s ,  i n t r o d u c i n g  v a r i a b l e s  and p r o c e d u r e s  e t c .  F o r  

r e a s o n s  of space  we s h a l l  no t  d i s c u s s  these  two  p h a s e s  e x c e p t  to say  tha t  p l a c e  

e q u a t i o n s  may be a c o n v e n i e n t  way  of  d o c u m e n t i n g  the f i n a l  p r o g r a m ,  S u p p o s e  we 

f i n i s h  w i t h  
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t a s k  b o d y  F i r s t  C o n s u m e r  i s  

p r o c e d u r e  P r i n t  M e s s a g e  i s  

beg in 

,be 9 i n 

lo9p 

S I ;  

e x i t  w h e n  B ;  

$ 2 ;  

end  Iopp ;  

$ 3 ;  

end P r i n t  M e s s a g e ;  

I oop  

a c c e p t  d e p a r  t 1; 

P r i n t  M e s s a g e ;  

end 19op; 

end F i r s t  C o n s u m e r ;  

- - r  2 

- - r  3 

- -  r 4 

- -  r 0 

- - r  1 

T h i s  c a n  be  d o c u m e n t e d  by  e i t h e r  

o r  

r 0 = d e p a r t l  : r 1 

r t = P r i n t  M e s s a g e ;  r 0 

r 0 = d e p a r t 1  : r I 

r I : [ s l ] ;  ~z 

r 2 = [no__t B ] ;  r 3 

r 3 = FS2,q" r 
L J~ 1 

% = I s 3 ] ;  r o 

+ IBm; % 

P r i n t  M e s s a g e ;  

s31 ; 

In t h e s e  p l a c e  e q u a t i o n s  w e  s e e  a new  k i n d  o f  g u a r d :  H I " ,  t hen  a s e q u e n t i a l  A D A  

c o n s t r u c t ,  t hen  " ] ; " .  We c a n  a s s u m e  t h a t  the p r e c i s e  m e a n i n g  o f  s u c h  g u a r d s  w i l  

be g i v e n  by  the  f o r m a l  s e m a n t i c s  o f  A D A  w h e n  i t  a p p e a r s .  



262 

P a r t  2: M E A N I N G  

We wan t  to g i v e  a mean ing  to a n e t w o r k  of  tasks  w i t h  named a r r o w s  b e t w e e n  them~ 

when  we have  a se t  of  p l a c e  equa t i ons  f o r  each task  in the n e t w o r k .  We do th is  

c o n v e r t i n g  the p l a c e  equa t i ons  in to  n e t w o r k  equat ions~ then s o l v i n g  the n e t w o r k  

equa t i ons .  L e t  us beg in  by d e s c r i b i n g  how the p l a c e  equa t i ons  f o r  two  tasks  ape 

c o n v e r t e d  in to n e t w o r k  e q u a t i o n s .  S u p p o s e  the task  F i r s t  P r o d u c e r  has one p l a c e  

e q u a t i o n  and one M i l n e r  symbo l  

qo = e r r ' l y e ;  qo ( ~  

Suppose  the task  P o s t  B o x  has four" p l a c e  equa t i ons  and thPee M i l n e r  symbo ls  
,Ik J. 

PO = a r r i v e  : p l  

p i  = d e p a r t 1 ;  P2 
4 ,  /~ "  / .  ~ ~ . ,  

P2 = a r r i v e  : P3 

Each  c h o i c e  of  a M i l n e r  symbo l  f r o m  the two  tasks  g i v e s  a ne twoPk  symbo l  

The fu l l  a r r o w  in the f i r s t  symbo l  shows  the p o s s i b i l i t y  of commun ica t ion~  but 

c o m m u n i c a t i o n  may not  a c t u a l l y  happen  because  thePe is an undo t ted  h a l f - a r r o w .  

We must e x p l a i n  the s i g n i f i c a n c e  of the labe ls  in ou r  s y m b o l s ;  each labe l  in a 

task  symbo l  deno tes  a p l a c e  in the task  pr 'ogram~ each way  of choos ing  a labe l  in 

a ne twoPk  symbo l  deno tes  a con f i gu r -a t i on  of  the n e t w o r k .  In o u r  e x a m p l e  we have ;  

con f igu r `a t i ons  q01p 0 and q 0 ] P 2  f r o m  the f i r s t  symbo l  

c o n f i g u r a t i o n s  q0! p l  and q01P3 f r o m  the other` s ymbo l s .  

The n e t w o r k  e q u a t i o n s  fop q01P l  and q01 P3 ape no p r o b l e m  but  the n e t w o r k  e q u a -  

t ions  f o r  q01P0 and q0 IP2  must r e f l e c t  the p o s s i b i l i t y  of c o m m u n i c a t i o n  t h r o u g h  

the e n t r y  I l a rP iveH,  they must  have  a c a p a b i l i t y  fop the r e n d e z v o u s  g u a r d  

n a r r i v e  ! n  The  n e t w o r k  equa t i ons  must  be 
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(qoi %) 
(qOlPl) 

(qo I P2) 

(qOlP 3) 

= a r r i v e .  1 ( q o l P l )  + a r r i v e :  ( q O I p l )  

= d e p a r t 1 ;  (qoiD2,)  

= arrive: (qol P3 ) + arrive : (qol P3 ) 

= d e p a r t 2 ;  ( q 0 ! P 0 )  

T h e s e  e q u a t i o n s  r e f l e c t  the  a s y m m e t r y  of  ADAms r e n d e z v o u s  c o n c e p t  - the g u a r d  

~ t a r r i v e  :H is in t h e s e  e q u a t i o n s ,  but  the  g u a r d  H a r r i v e  ; H is no t .  N o t e  a l s o  tha t  

the g u a r d s  H d e p a r t l ; H  and H d e p a r t 2 ; H  r e m a i n  in the n e t w o r k  e q u a t i o n  b e c a u s e  

they  c o r r e s p o n d  to  c a l l s  on e n t r i e s  tha t  a r e  no t  in t he  i n t e r f a c e s  o f  F i r s t  P r o -  

d u c e r  and P o s t  B o x .  

T h e  p r e c i s e  r u l e s  f o r  w r i t i n g  d o w n  the  r i g h t  s i d e  o f  the n e t w o r k  e q u a t i o n  f o r  the 

le f t  side ( P l q )  are: 

1) i f  the  r i g h t  s i d e  o f  the e q u a t i o n  f o r  p has  the c a p a b i l i t y 3 / p l  and3/  does  no t  

c o r r e s p o n d  to  the c e l l  o f  an  e n t r y  in  the  q task~ then  ( p l q )  has  the  c a p a -  

b i l i t y  ~ ( P ' I  q) 

2) i f  the r i g h t  s i d e  o f  the  e q u a t i o n  f o r  p has  the  c a p a b i l i t y ' y q  I a n d '  X does  no t  

c o r r e s p o n d  to the c a l l  o f  an  e n t r y  in the  p task~ them ( P l q )  has  the  c a p a -  

bil ity ~'(Pl q') 

3) i f  the r i g h t  s i d e  o f  the  e q u a t i o n  f o r  p has the  c a p a b i l i t y  ~ : p l  and  the  r i g h t  

s i d e  o f  the e q u a t i o n  f o r  q has the  c a p a b i l i t y  l~ ;q  T then  (Pl q) has the  c a p a -  

b i l i t y  e.~ (P~I q~) 

4-) i f  the  r i g h t  s i d e  o f  the  e q u a t i o n  fop  p has  the  c a p a b i l i t y  C~;p ~ and the  r i g h t  

s i d e  of  the e q u a t i o n  fop q has  the c a p a b i l i t y ~ : q ~  then  ( P l q )  has  the  c a p a -  

b i l i t y  0~! (p'lq ~) 

5) the r i g h t  s i d e  o f  the n e t w o r k  e q u a t i o n  f o r  ( P l q )  is  the  sum of  the  c a p a b i l i t i e s  

g i v e n  by  the o t h e r  r u l e s .  

B e c a u s e  t h e s e  r u l e s  a r e  a s s o c i a t i v e  and s y m m e t r i c ~  the  n e t w o r k  e q u a t i o n s  f o r  a 

n e t w o r k  o f  m a n y  t a s k s  d o  no t  d e p e n d  on the  o r d e r  in  w h i c h  the  t a s k s  a r e  c o m b i n e d  

- e x c e p t  f o r  the n a m e s  of  c o n f i g u r a t i o n s  ( ( P t q ! ) l r )  f o r  ( P l ( q t r ) ) ,  ( P l q )  f o r  ( q l p )  

e tc .  

F o r  o u r  p r o d u c e r - c o n s u m e r  exampJe  w e  ge t  the f o l l o w i n g  e q u a t i o n s  f r o m  r u l e s  1) 

to  5) (and  the f a c t  t ha t  t h e r e  a r e  no o t h e r  t a s k s  in the  n e t w o r k  so  c o l o n  c a p a b i l i -  

t i es  can  be d r o p p e d ) :  
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(Pol rol to) = arrive! (p l roI to) 
(PO l ro l t = )  = a r r i v e !  ( p t l r ' o I t = )  

( p 0 1 r l l t 0 )  = a r r i v e ]  ( P l l r l l t 0 )  + P r i n t  Message; (p0}r01t0) 
( P 0 t r l t t = )  = a r r i v e !  ( p l { r l l t = )  + P r i n t  Message;  ( P 0 1 r 0 } t )  

( P l I P 0 t t 0 )  = depar t1 !  ( P 2 J r l l t 0 )  

(pT]r01t=) = depar t1 !  ( p 2 J r l l t = )  

( P l l r l [ t 0 )  = P r i n t  Message; ( P l l r 0 1  to) 

( P l l r l ] t )  = P r i n t  Message; ( P t t r o l t ~ )  

(P2I ro l  to) = arr ive'~ (P31 roI tO) 
(%t % 1 ~ )  = arrive: ( P 3 1 % t t )  

(P2lr l l t  0) = a r r i v e !  (P31rllt 0) + P r i n t  Message; (P2trolt o) 
( P 2 ] r l l t )  = a r r i v e !  ( P 3 l r l t t )  + P r i n t  Message;  ( P 2 t r o I t )  

%lro i t  o) : depart2! (polroi%) 

(p31 ro I  t=) = 

(p31rllt O) = depar t2 !  ( P o l r l l t = )  + P r i n t  Message;  ( p 3 t r o l t o )  

( P 3 ] r l t t )  = P r i n t  Message; (P31roI t ) 

These equat ions have the f l ow  exp ress i on  so lu t i on  

a r r i v e .  1 ( (depart1!  a r r i v e !  depar t2 .  I a r r i v e ! ) C )  P r i n t  Message ; )  

( a r r i v e !  C) P r i n t  Message; ) 

where  C) is the shu f f le  ope ra to r  of formal  language theory  (G insburg  (1977)). The 

reader~ who recogn i zes  that the c o n c u r r e n c y  cons t r a i n t s  in our  example can be 

captured by the s imple  path exp ress ion  

path a r r i v e ;  d e p a r t l ;  arr ive~, depar t  2 end 

- -  imp l i c i t  i terat ion~ and semico lons fo r  sequen t i a l i t y  

may we l l  ask why we have g iven  compl ica ted r u l es  fo r  f o rm in  9 ne twork  equat ions 

f rom p lace equat ions.  The answer  is that th is  enables us to ind ica te  a semant ics 

fo r  A D A  p a r a l l e l i s m .  

Le t  us begin w i t h  an opera t iona l  semant ics  f o r  ne twork  equat ions.  We a l l ow  fo r  

equat ions w i th  more than one capab i l i t y  by using a H I S T O R Y  f i l e  to r eso l ve  non-  

de te rm in i sm.  We assume that a s tate is g iven  by the va lues of v a r i a b l e s  

HISTORY~ C o n f i g u r a t i o n  and S to re :  
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Configuration: ~~[ 
n e t w o r k  

equa t i ons  

S t o r e :  
values of 
program 
variables 

HISTORY: > guard 'sequen:e-~-~ 

We say  that  a s t a t e  is jammed if H I S T O R Y  is empty  o r  the f i r s~  g u a r d  of 

H I S T O R Y  does  no t  o c c u r  on the r i g h t  s i de  of  the n e t w o r k  e q u a t i o n  g i v e n  by C o n  

f i g u r a t i o n .  I f  a s t a te  is not  jammed~ the nex t  s t a te  is d e f i n e d  by: 

I) the f i r s t  9 u a r d y  in H I S T O R Y  g i v e s  a c a p a b i l i t y  in the n e t w o r k  e q u a t i o n  

2) 

3) 
#) 

g i v e n  by C o n f i g u r a t i o n ;  

the new v a l u e  of C o n f i g u r a t i o n  is g i v e n  by th is  c a p a b i l i t y ;  

the v a l u e s  of  S t o r e  is changed  as d i r e c t e d  b y ' y ;  

the f i r s t  g u a r d  in H I S T O R Y  is d e l e t e d .  

E x a m p l e  C o n s i d e r  the s ta te  w h e r e  C o n f i g u r a t i o n  g i v e s  the n e t w o r k  equa t i on  

(p2 I r l l t  o ) = a r r i ve~.  (P31 r l t t 0 )  + P r i n t  Message ;  ( P g ! P o I t 0 )  

If the f i r s t  g u a r d  in H I S T O R Y  is ~ f a r r i v e ! " ~  then ( P 3 1 r l l t 0 )  is the nex t  v a l u e  of  

C o n f i g u r a t i o n ;  i f  the f i r s t  g u a r d  in H I S T O R Y  is " P r i n t  Message;U~ then 

(P21 r01 to) is the new v a l u e  of  C o n f i g u r a t i o n ;  o t h e r w i s e  the s t a t e  is j ammed.  

In the d r a f t  f o r m a l  d e f i n i t i o n  of  A D A  d e n o t a t i o n a l  seman t i c s  a r e  used to g i v e  a 

p r e c i s e  mean ing  to the s e q u e n t i a l  p a r t  of the language .  In e s s e n c e  th i s  f o r m a l  

d e f i n i t i o n  g i v e s  a f u n c t i o n  £E'y~ f o r  e v e r y  g u a r d  3/ in the n e t w o r k  e q u a t i o n s  f o r  

an A D A  p r o g r a m .  B e c a u s e  e x c e p t i o n s  and o t h e r  l anguage  c o n s t r u c t s  that  a f f ec t  

the r u n - t i m e  b e h a v i o u r  o f  a p r o g r a m  must  be def ined~ the f u n c t i o n  ~ 3 / ~  maps 

c o n t i n u a t i o n s  in to  con t i nua t i ons~  not  s t o r e s  in to  s t o r e s :  

L o c a l  C o n t i n u a t i o n  = S t o r e  * A n s w e r  

£ [ [ y ~  : L o c a l  C o n t i n u a t i o n  + L o c a l  C o n t i n u a t i o n  

We cou ld  d e f i n e  p a r a l l e l i s m  in A D A  by i n t r o d u c i n g  the doma ins  

S t a t e  = H i s t o r y  x C o n f i g u r a t i o n  x S t o r e  

G l o b a l  C o n t i n u a t i o n  = S t a t e  ~ A n s w e r  

and d e f i n i n g  a f u n c t i o n  ~ f r o m  G loba l  C o n t i n u a t i o n s  to g l oba l  c o n t i n u a t i o n s  fop 

each se t  o f  n e t w o r k  e q u a t i o n s .  
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For" each guard  3/ we can extend £ ~ / ~  to: 

Q~,~  : G loba l  Con t i nua t i on  -* Globa l  Con t i nua t i on  

Q[~3/~ ( ¢ ) [ h , c , s ]  = £~ / ] ]  (0 ) [ : s ]  where@[s ' [ l  = ¢ ) [ h , c , s ' ]  

FoP each set of ne twork  equat ions we def ine  

- the p red i ca te  Jammed [h, c'j as; 

h is not empty and i ts f i r s t  guard  g ives a capab i l i t y  in the 

ne twork  equat ion g iven by c; 

- the func t ion  Next  Con f i gu ra t i on :  Guard  x C o n f i g u r a t i o n  4, C o n f i g u r a t i o n ;  

- the func t ion  ~: Globa l  Con t i nua t i on  4, Global  Con t i nua t i on  as: 

r t l (¢)[h, c, s~ = i f  Jammed[h,  c[} the__.Qn f E h ,  c, s~ 

e ls  e P~(~/~ (¢) [ h ' , N e x t  Conf igur 'a t ion(~/ ,c) ,s~ 

where  h = (~',h I) 

Exampie ctd. Cons ide r  the state s whe re  C o n f i g u r a t i o n  g ives  the ne twork  

equat ion 

(Pgl r l l t 0 )  = a r r i ve ' l  (P31 r l { t 0 )  + P r i n t  Message; (p21 r0t  t 0) 

and the f i r s t  guard in H I S T O R Y  is l l a r r i v e .  ~ I1 Our  d e f i n i t i o n  g ives;  

h = ( a r r i v e .  I , h l) 

Jammed[h,  (p2 l r l t t 0 )  ~ is F A L S E  

Next  C o n f i g u r a t i o n [ a r r i v e ! ,  (p2 l r l l t0)_~ = (P3 I r l l t 0 )  

m(C)[h, ( p 2 1 r l l t 0 ) , s ~  = O~a r r i ve !~ ( l ~ i ) [ h  1, ( P 3 1 r l i t 0 ) , s 7  

= £~ a r r i v e  I. ~] 0 s whe re  •[s ' i ]  = ¢) [h ' ,  (P3t r l l  t0) '  s~  

Now we have def ined the funct ion l ] l  f o r  a set of ne twork  equations~ we can exp la i l  

how it g ives the UmeaningH of a p a r a l l e l  ADA p rogram.  F o r  any g loba l  con t inua-  

t ion ¢0  the sequence 

¢0, ¢~ =~(#0 ), ¢2 =~(¢~ ) " ' "  

has a least  upper  bound ¢o~ that so lves the ne twork  equat ions.  Suppose we take 

the t ru th values as the domain A n s w e r  and we de f ine  ~0(h,  c~ s) as the p red ica te :  

the ne twork  fo r  c has empty r i gh t  s ide ~ h is empty 

& s sa t i s f i es  some p red i ca te  F I N A L .  

In this case ~0(h~c~s) w i l l  be the p red ica te :  

if we s ta r t  wi th  s to re  s in con f i gu ra t i on  c, we w i l l  use a l l  of 

H I S T O R Y  h and f i n i sh  in a no capab i l i t y  equat ion w i th  a s t o re  

sa t i s f y ing  F I N A L .  
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T h ; s  p r e d i c a t e  ( ~  is the mean ing  of  the p a r a l l e l  A D A  p r o g r a m  c o r r e s p o n d i n g  to 

the n e t w o r k  e q u a t i o n s .  T h e r e  is a c l o s e  c o n n e c t i o n  b e t w e e n  o u r  ~ - s o l u t i o n  of  

the n e t w o r k  e q u a t i o n s  and the f l o w  e x p r e s s i o n  s o l u t i o n  we  9ave  e a r l i e r ;  

i f  ~c0(h~c,s)  is s a t i s f i e d ~  then h s a t i s f i e s  the f l o w  e x p r e s s i o n  

s o l u t i o n  fop  C. 

The converse of this need not hold because some histories given by the flow ex- 

pression solution may fail for some values of s. 

In the e x p a n d e d  v e r s i o n  of  th i s  p a p e r  (Mayoh  (1979))  we  i n d i c a t e  

- how some h i s t o r i e s  ape  f o r b i d d e n  by such  A D A  r e s t r i c t i o n s  as  

f i r s t - i n - f i r s t - o u t  queues  on e n t r i e s ;  

- how i n i t i a t i o n  and t e r m i n a t i o n  of t asks  can  be e x p r e s s e d  us ing  

n e t w o r k  e q u a t i o n s ;  

- how s c o p e ,  v i s i b i l i t y  and p a r a m e t e r s  c a n  be i n c o r p o r a t e d ;  

- a P e t r i  net  j u s t i f i c a t i o n  of  o u r  a s s u m p t i o n  that  the t r u e  p a r a l l e l i s m  of 

A D A  can  be c a p t u r e d  by o u r  n o n - d e t e r m i n i s t i c  n e t w o r k  e q u a t i o n s .  

T h e r e  seems to be no good  r e a s o n  why  a c o m p l e t e  f o r m a l  s e m a n t i c s  of  A D A  can  

no t  be based  on the a p p r o a c h  in t h i s  p a p e r "  s e p a r a t i n g  the q u e s t i o n  of  wha t  c o m -  

p u t a t i o n  h i s t o r i e s  a r e  p o s s i b l e  f r o m  the q u e s t i o n  o f  d e f i n i n g  the r e s u l t  of  a c o m p u -  

t a t i o n  f o r  a g i v e n  h i s t o r y .  

In the f o r m a l  s e m a n t i c s  of  C S P  ( F r a n c e z ~  Hoa re~  L e h m a n n ,  De  R o e v e r ( 1 9 7 9 ) )  we 

f i nd  the same a p p r o a c h ,  but  t h e r e  ape  i m p o r t a n t  d i f f e r e n c e s .  In t h e i r  t e r m i n o t o g y  

we a d v o c a t e  (1) u s i n g  c o n t i n u a t i o n s  not  p o w e r  d o m a i n s  - r e p l a c i n g  

. . . . . .  -e A n s w e r ,  (2) P E _ M ( ( S  I x x S m) U (_L~ f a i l ,  d e a d l o c k ) )  by S 1 X X S m 

a t t a c h i n g  c o m m u n i c a t i o n  h i s t o r i e s  to a se t  of c o n c u r r e n t  p r o c e s s e s  as a whole~ 

no t  to each  c o n c u r r e n t  p r o c e s s  in the se t .  A n o t h e r  p a p e r  w i t h  an a p p r o a c h  l i k e  

o u r s  is ( H o a r e  (1979)) ;  i t  c o n t a i n s  a d e t a i l e d  i n v e s t i g a t i o n  of h i s t o r i e s  f o r  c o m -  

m u n i c a t i n g  p r o c e s s e s ,  o u r  p l a c e  and n e t w o r k  e q u a t i o n  se ts  a r e  s p e c i a l  c a s e s  of  

i ts  p r o c e s s e s ,  

R e f e r e n c e s  

A D A  (1979a)  P r e l i m i n a r y  A D A  r e f e r e n c e  manua l .  S I G P L A N  N o t i c e s  14 no.  6, 

p a r t  A .  

A D A  (1979b)  R a t i o n a l  f o r  the d e s i g n  of  the A D A  p r o g r a m m i n g  l anguage .  

S I G P L A N  N o t i c e s  14 no. 6~ p a r t  B .  
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