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Se c t i o n 1 Int roduct ion 

1. Introduction 

A d a [8] is a l anguage con ta i n i ng many a d v a n c e d features not ava i lab le prev ious ly in any w ide l y -used 

p rog r amming l anguage . T h e s e features inc lude: da t a abs t rac t i on m e c h a n i s m s (packages , pr ivate 

types, de r i ved types, ove r l oad ing , use r redef in i t ion of operators) , exp l i c i t para l l e l i sm and 

s ynch ron i z a t i on (tasks, entr ies, a c c ep t s tatements) , a r ich sepa ra te comp i l a t i on faci l i ty and a power fu l 

s t rong- typ ing mechan i sm . The use of these fac i l i t ies a l l ows for h igh ly readab le , ef f ic ient and 

ma in ta inab le p rog rams . However , t e c hn i que s and pa rad i gms a cqu i r ed in p rev ious e xpe r i e n c e with 

other p r og r amming l anguages do not necessa r i l y car ry over d i rect ly into g ood A d a p r og r amming 

t e chn iques . Indeed, ou r e xpe r i en ce has been that a c on s i d e r ab l e re- learn ing effort is requ i red to 

p rog ram comfor tab l y in Ada . 

Th i s report is the beg inn ing of an exp lo ra t ion a imed at evo lv ing a ph i l o sophy of p r og ramming in A d a . 

T h e cu lm ina t i on of this effort wil l be a book cove r i ng a large s pe c t r um of t e chn i que s des i r ab l e for 

ef f ic ient p rog ramming in A d a . 

Th i s report is not an in t roduc t ion e i ther to A d a or to p r og r amming . W e have a s s umed a rather h igh 

level of k now l edge of rev ised A d a on the part of the reader . In add i t ion , fami l iar i ty with da t a 

s t ruc tures , s t ruc tu red p r og r amming p rac t i c e s and para l le l i sm is a p re requ i s i te to unde r s t and ing this 

report . 

in c h oo s i n g examp l e s for i nc lus ion , we c on s i d e r ed the fo l lowing cr i ter ia to be essent ia l : 

• The e xamp l e s shou l d be " rea l i s t i c " . The feature p rov ided by an e xamp l e shou l d be of 
more than " a c a d e m i c in te res t " . 1 

• The e xamp l e s must be se l f - con ta ined , c omp l e t e A d a compilations. Po r t i ons or e x ce rp t s 
of p rog rams are not a c cep tab l e . 

• The e xamp l e s must be smal l e n ough to be c omp r ehen s i b l e with a r ea sonab l e amount of 
effort. 

W e d id not c h o o s e the examp le s in an attempt to c o ve r any p rede te rm ined numbe r of l a nguage 

features . The a im of our r e sea r ch is to evo lve approp r i a te me thods of p r og ramming in Ada , and not to 

exp l o re l anguage de s i gn . W e d e c i d ed to a l low the p rog rams themse l ves to d ic tate the l anguage 

features to be d i sp l a yed . 

F ive e xamp l e s have been i n c l uded . The first e x amp l e is of a gene r i c p a c k a g e prov id ing two 

For example, programs like the "sieve of Eratosthenes", for determining prime numbers [10], were ruied out for their lack of 
extra-academic utility. 
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abs t rac t i ons for queue s (FIFO lists). The examp le s h o w s s o m e a spe c t s invb lved in a t tempt ing to 

imp lement a conven ien t , ef f ic ient and t ranspor tab le l ibrary pa c kage . Bo th of the q u e u e types are 

used in later e xamp l e s in th is report. 

A s imp le d i rec ted g raph p a c k age is d i sp l ayed in Chap t e r 3. The pr imary pu rpose of th is gene r i c 

l ibrary p a c k age is the prov i s ion of an iterator faci l i ty. The use of the iterator, and a l ternat ive g r aph 

traversa l capab i l i t i es are d i s c u s s ed . S o m e interest ing trade-offs invo lved in in format ion h id ing ve r sus 

ea se of use and readabi l i ty are a l so d e s c r i b ed . 

The next examp le is h igh ly mach i ne dependen t . It is a c on so l e te letype dr iver for a P D P - 1 1 2 . 

Represen ta t i on spec i f i ca t ions , interrupt hand l ing and mach i ne -dependen t p rog ramming are 

i l lustrated. 

The fourth examp le , c on t a i ned in chap te r 5, is a p a c k age prov id ing a s t r ing table c rea t i on and s e a r c h 

mechan i sm . Interest ing u ses of gene r i c p a c k a g e s and paramete rs are s h o w n . P r ob l ems 

encoun te r ed in p rov id ing a " p r o t e c t e d " mechan i sm are a l so de s c r i b ed . 

Chap t e r 6 con ta i n s the last examp le . A p r o c edu r e is g iven that imp lements the re laxat ion method for 

de te rmin ing the tempera ture d is t r ibut ion on a rec tangu la r plate. The a lgor i thm is imp lemented by a 

user - spec i f i ed numbe r of tasks . Th i s is an interest ing p rob lem in para l le l i sm and s ynch ron i z a t i on . 

Al l of the e xamp l e s have been c h e c k e d for (compi le- t ime) seman t i c c o r r e c t ne s s by a seman t i c 

ana lyzer for rev ised A d a p rov ided to us by Intermetr ics, Inc. [16]. 

W e we l c ome any and all c ommen t s on th is effort. C o m m e n t s and sugges t i on s may be sent by U. S . 

mai l to: 

P ro f e s so r Peter H ibba rd 
Depar tment of Compu t e r S c i e n c e 

Ca rneg i e -Me l l on Univers i ty 
P i t t sburgh, P a . 15213 

or, v ia the A R P A N E T to: 

P E T E R . H I B B A R D @ C M U - 1 0 A 

2 P D P is a registered trademark of the Digital Equipment Corporation. 
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2 . An Implementation of Queues 

2 . 1 D e s c r i p t i o n 

O n e of the most c o m m o n da t a s t ruc tu res in p r og r ams are queues , wh i c h are f requent ly u sed as 

buf fers be tween p r o c e s s i n g e lements . 

The gene r i c p a c k age be l ow prov ides two k inds of queues : a f inite queue for use with sequen t i a l 

p rog rams , and a finite q u e u e for use with mul t i - task ing p rog rams . E a c h instant iat ion of the p a c k a g e 

requ i res a type pa ramete r that spec i f i e s the type of the q ueued e lements . After instant iat ion, any 

number of q u e u e s may be de c l a r ed by us ing the types Queue and B l o c k i n g _ Q u e u e . 

In add i t ion to the p a c k a g e spec i f i ca t i ons , the fo l low ing in format ion app l i e s to the use of the pa c kage : 

o F o r a q u e u e var iab le , Q, the i nvoca t i on I n i t _ _ Q u e u e must be made o n c e . Th i s i nvoca t i on 
must p r o ceed any u se of the A p p e n d , Remove, I s _ F u l 1, I s _ E m p t y or D e s t r o y _ Q u e u e 
s u b p r o g r a m s with q u e u e Q. 

• W h e n any queue var iab le Q is no longer needed , the invoca t ion D e s t r o y _ Q u e u e ( Q ) 
should be made . 

• T h e M a x Q u e u e d E I t s d i s c r im inan t to the q u e u e types rep resen t s a m in imum 
pe r f o rmance spec i f i c a t i on . Al l imp lementa t i ons of Q u e u e _ P a c k a g e wil l gua ran tee that at 
least M a x Q u e u e d E I t s number of i tems c an be he ld in a queue . 

The two types of q u e u e s have di f ferent s eman t i c s for the A p p e n d and Remove opera t i ons . The 

s eman t i c s for type Queue are: 

• If the spec i f i ed q u e u e is empty and a ca l l to Remove is made , the ex cep t i on 
Empty__Queue wil l be ra i sed . 

• If the spec i f i ed q u e u e is full and a ca l l to A p p e n d is made, the e x cep t i on F u l l _ Q u e u e wil l 

be ra i sed . 

The s eman t i c s for type B l o c k i n g _ Q u e u e are: 

• If the spec i f i ed q u e u e is empty and a ca l l to Remove is made , the ca l l i ng task wil l be 
b l o c k e d unti l a c o r r e s p o n d i n g ca l l to A p p e n d is made . 

• If the spec i f i ed queue is full and a ca l l to A p p e n d is made, the ca l l ing task will be b l o c k ed 
unti l a c o r r e s pond i ng ca l l to Remove has been made . 

• Al l ope ra t i ons p rov ided for type B l o c k i ng__Queue are ind iv is ib le . 
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2.2 implementat ion 

T h e t e chn i que u sed for the stat ic queue is a s imp le c i r cu la r array. It is fully ana l y zed e l s ewhe re [9]. 

T h e t e chn i que u sed for the b l o ck i ng queue is the s a m e excep t there is an a c c e p t s ta tement 

su r r ound i ng e a ch opera t ion to prov ide mutua l ex c l u s i on and b l o ck i ng . 

2.3 P r o g r a m Text 

gener ic 
type E l t T y p e is p r ivate ; 

p a c k a g e Queue__Package is 

type Q u e u e ( M a x Q u e u e d E l t s : N a t u r a l ) is l imited pr ivate ; 

p r o c e d u r e A p p e n d ( Q : in out Q u e u e ; E : in E l t T y p e ) ; 
p r o c e d u r e Remove (Q : in out Q u e u e ; E : out E l t T y p e ) ; 
funct ion I s _ E m p t y ( Q : in Queue ) return B o o l e a n ; 
funct ion I s _ F u " N ( Q : in Queue ) return B o o l e a n ; 
p r o c e d u r e I n i t _ Q u e u e ( Q : in out Q u e u e ) ; 
p r o c e d u r e D e s t r o y _ _ Q u e u e ( Q : in out Q u e u e ) ; 

F u l l _ Q u e u e , E m p t y _ Q u e u e : e x c e p t i o n ; 

type B l o c k i n g _ Q u e u e ( M a x Q u e u e d E l t s : N a t u r a l ) is l imited pr ivate ; 

p rocedure A p p e n d ( Q : in out B l o c k i n g _ Q u e u e ; E : in E l t T y p e ) ; 
p r o c e d u r e Remove (Q : in out B l o c k i n g _ Q u e u e ; E : out E l t T y p e ) ; 
funct ion I s _ E m p t y ( Q : in B l o c k i n g _ Q u e u e ) return B o o l e a n ; 
funct ion I s _ F u l l ( Q : in B l o c k i n g _ Q u e u e ) return B o o l e a n ; 
p r o c e d u r e I n i t _ Q u e u e ( Q : in out B l o c k i n g _ Q u e u e ) ; 
p r o c e d u r e D e s t r o y _ Q u e u e ( Q : in out B l o c k i n g _ Q u e u e ) ; 

p r a g m a I n l i n e ( I s _ E m p t y , I s _ F u l 1 , I n i t _ Q u e u e , D e s t r o y _ Q u e u e ) ; 

private 

s u b t y p e N o n _ N e g a t i v e is I n t e g e r range 0 . . I n t e g e r ' L A S T ; 

type Q u e u e ( M a x Q u e u e d E l t s : N a t u r a l ) is 
record 

F i r s t E l t , L a s t E l t : N o n _ N e g a t i v e := 0 ; 
C u r S i z e : Non__Negat i ve := 0; 
E l e m e n t s : a r r a y ( 0 . . M a x Q u e u e d E I t s ) of E l t T y p e ; 

end r e c o r d ; 
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task type B l o c k i n g _ Q u e u e _ T a s k is 
entry P a s s _ D i s c r i m i n a n t s ( Q u e u e _ S i z e : in N a t u r a l ) ; 
entry P u t _ E l e m e n t ( E : in E l t T y p e ) ; 
entry G e t _ E l e m e n t ( E : out E l t T y p e ) ; 
entry Check__Fu l 1 (B : out B o o l e a n ) ; 
entry C h e c k _ E m p t y ( B : out B o o l e a n ) ; 
entry S h u t D o w n ; 

end B l o c k i n g _ Q u e u e _ T a s k ; 

type B l o c k i n g _ Q u e u e ( M a x Q u e u e d E l t s : N a t u r a l ) is 
record 

M o n i t o r : B l o c k i n g _ Q u e u e _ T a s k ; 
end r e c o r d ; 

end Queue__Pa c kage ; 

p a c k a g e body Q u e u e _ P a c k a g e is 

pragma I n l i ne( I s _ E m p t y , I s _ F u l 1 , I n i t _ Q u e u e , D e s t r o y _ Q u e u e ) ; 

p r o c e d u r e A p p e n d ( Q : in out Q u e u e ; E : in E l t T y p e ) is 
begin 

if Q . C u r S i z e = Q . M a x Q u e u e d E I t s then 
raise F u l l__Queue; 

else 
Q . C u r S i z e := Q . C u r S i z e + 1; 
Q . L a s t E l t := ( Q . L a s t E l t + 1) mod Q . M a x Q u e u e d E I t s ; 
Q . E l e m e n t s ( Q . L a s t E l t ) := E; 

end if; 
end A p p e n d ; 

p r o c e d u r e R emove (Q : in out Q u e u e ; E : out E l t T y p e ) is 
begin 

if Q . C u r S i z e = 0 then 
raise E m p t y _ Q u e u e ; 

else 
Q . C u r S i z e := Q . C u r S i z e - 1; 
Q . F i r s t E l t := ( Q . F i r s t E l t + 1) mod Q . M a x Q u e u e d E I t s ; 
E := Q . E l e m e n t s ( Q . F i r s t E l t ) ; 

end if; 
end R emove ; 

funct ion I s _ F u l l ( Q : in Q u e u e ) return B o o l e a n is 
begin 

return Q . C u r S i z e = Q . M a x Q u e u e d E I t s ; 
end I s _ F u l 1 ; 

funct ion I s _ E m p t y ( Q : in Q u e u e ) return B o o l e a n is 
begin 

return Q . C u r S i z e = 0; 
end I s _ E m p t y ; 
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p r o c e d u r e I n i t _ Q u e u e ( Q : in out Q u e u e ) is 

begin 
nu l l ; 

end I n i t _ Q u e u e ; 

p r o c e d u r e D e s t r o y _ Q u e u e ( Q ; in out Q u e u e ) is 
begin 

nu l l ; 
end D e s t r o y _ Q u e u e ; 

task body B l o c k i n g _ Q u e u e _ T a s k is 
M a x S i z e : N a t u r a l ; 

begin 
a c c e p t P a s s _ D i s c r i m i n a n t s ( Q u e u e _ S i z e : in N a t u r a l ) do 

M a x S i z e := Q u e u e _ S i z e ; 
end P a s s _ D i s c r i m i n a n t s ; 

d e c l a r e 
Q u e u e d _ E l e m e n t s : Q u e u e ( M a x S i z e ) ; 

begin 
I n i t _Q 'ueue ( Q u e u e d _ E l e m e n t s ) ; 

Mon i t o r _ O p e r a t i o n s : 
loop 

se lect 
when not I s _ F u l 1 ( Q u e u e d _ E l e m e n t s ) => 

a c c e p t P u t _ E l e m e n t ( E : in E l t T y p e ) do 
A p p e n d ( Q u e u e d _ E l e m e n t s , E ) ; 

end P u t _ E l e m e n t ; 

or 
when not I s _ E m p t y ( Q u e u e d _ E l e m e n t s ) => 

a c c e p t G e t _ E l e m e n t ( E : out E l t T y p e ) do 
R e m o v e ( Q u e u e d _ E l e m e n t s , E ) ; 

end G e t _ E l e m e n t ; 

or 
a c c e p t Check__Fu l 1 (B : out B o o l e a n ) do 

B := I s _ F u l 1 ( Q u e u e d _ E l e m e n t s ) ; 

end C h e c k _ F u l 1 ; 

or 
accept C h e c k _ E m p t y ( B : out B o o l e a n ) do 

B := I s _ E m p t y ( Q u e u e d _ E l e m e n t s ) ; 

end C h e c k _ E m p t y ; 

or 
accept S h u t D o w n ; 
exit M o n i t o r _ O p e r a t i o n s ; 

or 
te rminate ; 

end s e l e c t ; 
end loop M o n i t o r _ O p e r a t i o n s ; 
D e s t r o y _ Q u e u e ( Q u e u e d _ E l e m e n t s ) ; 

e n d ; 
end B l o c k i ng__Queue_Task ; 
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p r o c e d u r e A p p e n d ( Q : in out B l o c k i n g _ Q u e u e ; E : in E l t T y p e ) is 
begin 

Q . M o n i t o r . P u t _ E l e m e n t ( E ) ; 
end A p p e n d ; 

p r o c e d u r e Remove (Q : in out B l o c k i n g _ Q u e u e ; E : out E l t T y p e ) is 
begin 

Q . M o n i t o r . G e t _ E l e m e n t ( E ) ; 
end R emove ; 

funct ion I s _ F u l l ( Q : in B l o c k i ng__Queue) return B o o l e a n is 
Temp : B o o l e a n ; 

begin 
Q . M o n i t o r . C h e c k _ F u l 1 ( T e m p ) ; 
return Temp; 

end I s _ F u l 1 ; 

funct ion I s _ E m p t y ( Q : in B l o c k i n g _ Q u e u e ) return B o o l e a n is 
Temp: B o o l e a n ; 

begin 
Q . M o n i t o r . C h e c k _ E m p t y ( T e m p ) ; 
return Temp; 

end I s _ E m p t y ; 

p r o c e d u r e I n i t _ Q u e u e ( Q : in out B l o c k i ng__Queue) is 
begin 

Q . M o n i t o r . P a s s _ D i s c r i m i n a n t s ( Q . M a x Q u e u e d E I t s ) ; 
end I n i t _ Q u e u e ; 

p r o c e d u r e D e s t r o y _ Q u e u e ( Q : in out B l o c k i n g _ Q u e u e ) is 
begin 

Q . M o n i t o r . S h u t D o w n ; 
end D e s t r o y _ Q u e u e ; 

end Q u e u e _ P a c k a g e ; 

2.4 D i s c u s s i o n 

2 .4 . 1 Use of L imited Pr ivate T y p e s 

The abil i ty to dec l a r e q ueue s is p rov ided via the l imited pr ivate types Queue and B l o c k i n g _ Q u e u e . 

The need for the pr ivate spec i f i ca t i on s hou l d be c lear . The only way the p a c k a g e c a n gua ran tee 

co r r e c t opera t ion of the Remove a n d A p p e n d p r o c edu r e s is to prevent the p a c k a g e user f rom hav ing 

a c c e s s to the internal representa t ion . To a l low the c h a n g i n g of the q u e u e representa t ion , the 

p a c k a g e must a l so gua ran tee that no part of the use r ' s p rog ram d e p e n d s on the cur ren t 

imp lementa t i on . 

T h e need to have the type l imited is a bit more subt le . S u p p o s e a s s i gnmen t were permi t ted be tween 
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two var iab les of type Queue . After a s s i gn i ng o ne q u e u e var iab le to ano the r q u e u e var iab le , we need 

to know whether the two var iab les represent two d i f ferent q ueue s with the s ame e l emen t s be i ng 

q u e u e d and in the s a m e order, or whe the r the a s s i gnmen t means that the two var i ab les deno t e the 

s a m e queue . In the cur rent imp lementa t ion , the fo rmer s eman t i c s wou l d be suppo r t ed by the 

a s s i gnmen t s tatement . If a typ ica l imp lementa t ion us ing d ynam i c s t o rage were p rov ided , the latter 

interpretat ion wou l d p robab ly preva i l . T he r e are two di f ferent " m e a n i n g s " for the a s s i gnmen t 

s tatement . The equa l i ty opera tor wou l d be even more fuzzy. Fo r examp le , what if two di f ferent 

q u e u e s con ta i ned the s a m e e l emen t s but they h a p p e n e d to be in d i f ferent array l o ca t i ons in the 

par t i cu la r imp lementa t ion above? Fo r this ca se , the p rede f ined equa l i ty opera to r wou l d unexpec t ed l y 

return F a l s e . T o avo id hav ing the use r p rog ram depend on one of these interpretat ions, wh i c h c ou l d 

be c h a n g e d easi ly, the v is ib le types are both l imited and pr ivate. 

2.4.2 initial ization and Final izat ion 

In the desc r ip t i on of this pa ckage , it is asse r ted that al l q ueue s must be in i t ia l ized by the I n i t _ Q u e u e 

s ubp r og r am . Exam ina t i on of the p a c k a g e body revea ls that the I n i t _ _ Q u e u e s ubp r og r am d o e s 

noth ing for nonb l o c k i ng queues . It wou l d therefore appea r to be unneces sa r y . However , c on s i d e r 

the c a s e whe re the representa t ion c h a n g e d f rom an array to a pointer, and whe re the imp lementa t ion 

u sed l inked list e l ements with a d u m m y b lock at the front of the q u e u e . 3 Th i s representa t ion requ i res 

s o m e p r ep r o ce s s i ng to in it ia l ize the da t a s t ruc tu re be fo re it c a n be u sed . To en su r e that c h a n g i n g 

representa t ions is poss ib le , al l q ueue p a c k a g e s prov ide I n i t _ Q u e u e in their spec i f i ca t i ons . 

It shou ld be noted that other so lu t i ons ex ist for the in i t ia l izat ion p rob l em. It is poss ib l e to e n c l o s e the 

da t a needed for the abs t rac t ion in a r e co rd a l ong with a boo l e an var iab le that i nd i ca tes if the r e co rd 

has been in i t ia l ized. Defaul t va lues for r e co rd types a l low one to gua ran tee that this boo l e an var iab le 

has the initial va lue F a l s e . Every rout ine in the p a c k a g e wou l d va l idate the da t a s t ruc tu re (by 

c h e c k i n g the boo l ean f ie ld in the record) be fo re us ing it. W e be l ieve that s u c h an a p p r o a c h is 

genera l l y waste fu l . Many of the c l eve r a lgo r i thms for da t a s t ruc ture man ipu la t i on attempt to avo id 

ex t ra tests by spec i a l features, s u c h a s the d u m m y b l o c k s men t i oned above . Requ i r i ng a spec i a l test 

be fo re any use of the var iab le nul l i f ies the added va lue of many of these a lgor i thms. 

F ina l i za t ion is not as easy to dea l with as in i t ia l izat ion. The cur rent imp lementa t ion of n onb l o c k i n g 

queues , as arrays, n eed s no final p r o ce s s s i ng when the s c o p e con ta i n i ng the queue var iab le is ex i ted . 

Ex i t ing f rom b l o c k s and p r o cedu re s rec la ims the s to rage automat ica l l y . But, s u p p o s e the queue ' s 

e l ements were s to red in expl ic i t ly a l l o ca ted s to rage , v ia n e w . W h e n the s c o p e con ta i n i ng the queue 

var iab le is ex i ted, the s to rage for the queue ' s e l emen t s will rema in . By prov id ing a user- leve l 

3 Th i s technique is d iscussed in Wulf, et. al. [19]. 
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mechan i sm , s u c h as the D e s t r o y _ Q u e u e s ubp r og r am , the p a c k a g e a s s u m e s the bu rden of p rov id ing 

a mean s for re leas ing u n n e e d e d ob jec ts . 

2.4.3 P a s s i n g T a s k s a s In O u t P a r a m e t e r s 

It wou ld s e e m that the l imited pr ivate type for B l o c k i n g _ Q u e u e shou l d be a task type and not a 

r e co rd type, if the type had been a task, the on ly pe rm i s s ib l e pa ramete r mode for a B l o c k i n g _ Q u e u e 

paramete r wou l d have been in. Thus , the spec i f i c a t i on of the A p p e n d p r o c edu r e wou l d de c l a r e the 

b l o ck i ng q u e u e pa ramete r as be ing p a s s ed with the in mode . Th i s l ooks very con fu s i ng to a 

p r og r ammer work i ng f rom the p a c k a g e spec i f i c a t i ons . It is usua l ly a s s u m e d that ob jec ts that are 

c h a n g e d by a s u b p r o g r a m are pa s s ed wi th the in o u t mode . The ph i l o sophy of d a t a abs t rac t i on in 

A d a requ i res that s u c h know l edge be h i dden from the user of the p a c k a g e to insure that s u c h 

k now l edge is not exp lo i ted in s o m e way. A r eco rd may be pa s sed with the in o u t mode , even if 

c on t a i n s a task type as a c omponen t . Th i s t e chn i que he lps h ide the ac tua l imp lementa t ion . 

Fu r the rmore , if the l imited pr ivate type for B l o c k i n g _ Q u e u e s were a task, user p rog rams c ou l d not 

write s u b p r o g r a m s that p a s s ed B l o c k i n g _ Q u e u e s as in o u t parameters . Th i s wou l d be a natura l 

way to p r og r am as many s y s t ems wou l d bu i ld s ubp r og r ams whe re a q u e u e wou ld be pa s sed a l ong 

with other da ta . 

The re is a th i rd advan tage of us ing a r e co rd type rather than a task type. Wi th a r e co rd type, the A d a 

spec i f i c a t i on s for b l o ck i ng q u e u e s and nonb l o c k i n g q u e u e s are ident i ca l . The user c ou l d there fore 

sw i t ch f rom one to the other wi thout hav ing to c h a n g e other parts of his p rog ram (except as it might 

rely on o ther parts of the s eman t i c s of the q u e u e package ) . 

2.4.4 P a s s i n g D i s c r i m i n a n t s t o T a s k s 

A s this e x amp l e i l lustrates, it is usefu l to g i ve pa ramete r s to an abs t rac t da t a type, in this c a s e a queue 

s i z e spec i f i c a t i on and an e lement type. T w o me thods c an be u sed to a c c omp l i s h this: a gene r i c 

pa ramete r c an be pa s sed to the p a c k a g e or a d i s c r im inan t c an be p rov ided for the de c l a r ed type. 

Instant iat ing the p a c k a g e o n c e for e a c h q u e u e s i ze c lu t ters the p rog ram text. Fur thermore , it means 

that e a c h instant iat ion gene ra t e s a new q u e u e type. The user wou l d have to dup l i ca te s ubp r og r ams 

to hand le e a c h s i z e . 4 

A l l ow ing the s i ze of an abs t rac t da t a type to be part of a sub type is more conven i en t and fami l iar to a 

p rog rammer . Th i s is d o n e by us ing a d i s c r im inan t cons t ra in t in a reco rd type. Both var ie t ies of 

q ueue s are there fore imp lemented with r e co rd s . 

This is similar to a well known problem in Pascal : arrays with different sizes are different types. This means that one cannot 
easily write a procedure to sort an arbitrary integer array. 
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For the b l o c k i ng queue , there must b e a way to pas s t hese d i s c r im inan t va lues to the task. Th i s is 

d o n e by means of the I n i t _ Q u e u e p r o c edu r e and the P a s s _ D i s c r i m i n a n t s entry. 

2.4.5 T h e E l e m e n t s A r r a y 

A c l o s e read ing of the p rog ram revea l s that the last e l emen t of the E l e m e n t s ar ray is never u s ed . 

Th i s resu l ts f rom an in te rac t ion be tween the rest r i c t ions on d i s c r im inan t s in A d a and the use of m o d 

in the a lgor i thm for ca l cu l a t i ng index va lues . The f o rmu la for ca l cu la t i ng the F i r s t E l t and L a s t E l t 

va lues re l ies on the mod f unc t i on to wrap the index a r ound , f rom M a x Q u e u e d E I t s - 1 to 0. T h i s 

a vo i d s a spec i a l test w h e n a va lue is at its max imum, wh i ch wou l d be ne ce s s a r y if the a lgor i thm u s ed 

array e lements 1 t h rough M a x Q u e u e d E I t s . The ru les for d i s c r im inan t s a l l ow only the d i s c r im inan t to 

appea r as an array b ound in a record , not a e xp re s s i on . S o , M a x Q u e u e d E I t s must be u sed ins tead 

of M a x Q u e u e d E I t s - 1 . 

2.4.6 R e m o v e a s a P r o c e d u r e 

It might s e e m natura l to have spec i f i ed Remove a s a func t i on instead of a p r o cedu re . However , A d a 

restr ic ts the mode s of parameters to func t i ons to in. S i n c e w e made the de c i s i on to pa s s a q u e u e in 

o u t if it is to be mod i f i ed , we were f o r ced to make Remove a p r o cedu re . 
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3. A Simple Graph Package Providing an Iterator 

3.1 D e s c r i p t i o n 

Graphs , of one form or another , a re an important da t a s t ruc ture th roughou t mos t of c ompu te r 

s c i e n c e . Th i s e xamp l e d i sp l ay s an imp lementa t ion of a s imp l e p a c k age prov id ing an abs t rac t i on of 

d i rec ted g raphs . The spec i f i ca t i on i n c l udes s o m e type def in i t ions, cu lm ina t i ng in the Ob j r e co rd type, 

wh i ch se rves to de f ine the s t ruc tu re of d i rec ted g raphs . T h e use r is r e spons i b l e for a l l oca t ion , 

in i t ia l izat ion and man ipu la t ion of the n ode s wh i ch fo rm a g r aph . 

The pr imary func t ion of the p a c k a g e is to p rov ide an " i te rator" . Iterators p rov ide a m e a n s for 

enab l i ng a use r -de f inab le l oop ing abs t rac t i on mechan i sm . Th i s par t i cu la r iterator p rov i des a faci l i ty 

wh i ch may be used to breadth-f i rst t raverse a g r aph . 

O n e might expec t that a " c omp l e t e " l ibrary g raph p a c k a g e wou l d p rov ide a much hea l th ie r r ange of 

funct iona l i ty than our e xamp l e does . In add i t ion, it wou ld s e em adv i sab le to h ide m u c h of the 

cu r ren t l y -exposed deta i l . The p a c k a g e c ou l d p rov ide a un i form, imp lementa t i on - i ndependen t manner 

of c rea t ing , man ipu la t ing and des t roy ing nodes . 

W e avo ided s u c h an imp lementa t ion s o as to a l low the reader an unobs t ruc ted v iew of the i terator. 

The a lgor i thm for the breadth-f i rst t raversa l is a mod i f ied vers ion of that in Horwi tz and Sahn i , page 

264 [7] (see sec t i on 3.4.1 of this paper) . O the r t raversa l me thods , e x p r e s s ed as iterators, c ou l d eas i ly 

be p rov ided . Fo r examp le , a depth- f i rs t t raversa l wou l d be a pr imary cand ida te . 

3.2 S p e c i f i c a t i o n s 

To use the iterator, one must de c l a r e a var iab le of type B r e a d t h _ F i r s t . The i terator is in i t ia l i zed by 

invok ing the p r o cedu r e S t a r t . S t a r t takes th ree parameters : 

B The i terator to in i t ia l ize. 

N The node at wh i ch the breadth-f i rs t t raversa l is to beg in . If N = n u l l , the excep t i on 
N u l 1_Node is ra i sed and in i t ia l izat ion is not c omp l e t ed . 

M a x _ N o d e s The max imum numbe r of n ode s wh i c h might b e r ea ched du r i ng this s e a r c h . A 
rather gene r ou s est imate of th is va lue may be p rov ided with little c o s t in 
unne ce s s a r y ove rhead . If this numbe r p roves to be insuff ic ient, the excep t i on 
T o o _ M a n y _ N o d e s wil l be ra i sed at s o m e po int by the N e x t func t i on (see be low) . 

Due to the a lgor i thm c ho s en , there is an upper limit on the total numbe r of g raph i terat ions wh i ch may 
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be s tar ted (whether u sed to comp le t i on or not). If th is limit is e x c e e d e d , the e x cep t i on 

T o o _ M a n y _ T r a v e r s a l s wil l be ra i sed (see se c t i on 3.4.1). 

O n c e an iterator h a s b een proper l y in i t ia l i zed, th ree rout ines are ava i lab le: 

• The Mo r e func t i on may be ca l l ed to de te rm ine if there are r ea chab l e nodes wh i c h have 

not yet b een gene ra ted . 

• The next n o d e in the s e a r c h i s ob ta ined v ia the N e x t func t ion . Fo r any iterator, B, if 
M o r e ( B ) = F a l s e , then the i nvoca t i on N e x t ( B ) wi l l ra i se the e x cep t i on End_Of__Graph . 

• To inform the iterator of the end of its use fu lness , the S t o p p r o c edu r e is p rov ided . After 

i nvoca t ion , the iterator is ava i lab le for re -use if de s i r ed . 

A n at tempt to i nvoke M o r e , N e x t or S t o p with an un in i t ia l i zed i terator wil l c a u s e the S t a r t _ E r r o r 

e x cep t i on to be ra i sed . At tempt ing to S t a r t an i terator more than once , wi thout i nvok ing S t o p , wil l 

a l so ra ise th is e x cep t i on . In add i t ion , on ly one iterator per p a c k a g e instant iat ion may be ac t i ve at any 

t ime. S t a r t _ E r r o r wil l be ra i sed if th is is v io la ted. 

A c l ient of th is p a c k a g e shou l d not rely on any s eman t i c s wh i c h d e p e n d s on ac t i ons taken if e dge s of 

a g r aph a re mod i f i ed du r i ng a t raversa l . 

3.3 P r o g r a m Text 

D i r e c t e d G r a p h P a c k a g e w i t h I t e r a t o r 

gener ic 

type I t e m is l imited pr ivate ; 

p a c k a g e G r a p h _ P a c k a g e is 

type O b j ; 

type Node is a c c e s s O b j ; 

The f o l l o w i n g two type d e f i n i t i o n s a l l o w a node t o h a v e an a r b i t r a r y 

numbe r o f d e s c e n d a n t s . 

type S o n s _ A r r a y is a r r a y ( N a t u r a l range <>) of N o d e ; 
type S o n s is a c c e s s S o n s _ A r r a y ; 

type H i d d e n _ T y p e is l imited pr ivate ; 
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type O b j is 
record 

C o n t e n t s : I t e m ; 
D e s c e n d a n t s : S o n s ; 
H i d d e n : H i d d e n _ T y p e ; — " H i d d e n " f i e l d 

end r e c o r d ; 

The f o l l o w i n g s p e c i f i e s t h e b r e a d t h f i r s t i t e r a t o r 

type B r e a d t h _ F i r s t is l imited pr ivate; 

p r o c e d u r e S t a r t ( B : in B r e a d t h _ F i r s t ; 
N : in N o d e ; 
M a x _ N o d e s : in N a t u r a l ) ; 

funct ion M o r e ( B : in B r e a d t h _ _ F i r s t ) return B o o l e a n ; 
funct ion N e x t ( B : in B r e a d t h _ _ F i r s t ) return N o d e ; 
p r o c e d u r e S t o p ( B : in B r e a d t h _ F i r s t ) ; 

S t a r t _ _ E r r o r , N u l l _ N o d e , End_Of__Graph : e x c e p t i o n ; 
T o o _ M a n y _ _ T r a v e r s a l s , T o o _ M a n y _ N o d e s : e x c e p t i o n ; 

pr ivate 

type H i d d e n _ T y p e is 
record To o b t a i n d e f a u l t i n i t i a l i z a t i o n 

C o u n t e r : I n t e g e r := I n t e g e r ' F I R S T ; 
end r e c o r d ; 

t a s k t y p e B r e a d t h _ F i r s t is 
entry S t a r t ( N : in N o d e ; Max_Nodes : in N a t u r a l ) ; 
entry M o r e ( B : out B o o l e a n ) ; 
entry N e x t ( N : out N o d e ) ; 
entry S t o p ; 

end B r e a d t h _ F i r s t ; 

end G r a p h _ P a c k a g e ; 

with Q u e u e _ P a c k a g e ; F rom C h a p t e r 2 o f t h i s r e p o r t 

p a c k a g e body G r a ph__Pa c k age is 

S t a r t _ F l a g : B o o l e a n := F a l s e ; 

C o u n t e r : I n t e g e r := I n t e g e r ' F I R S T ; 

- - C o u n t e r i s i n c r e m e n t e d by 1 a t t h e s t a r t o f e a c h t r a v e r s a l . E a c h 
n o d e ' s C o u n t e r f i e l d ( w i t h i n H i d d e n ) c o n t a i n s a c o p y o f t h e v a l u e 
o f C o u n t e r t h e l a s t t i m e t h e node was g e n e r a t e d . Upon r e a c h i n g a 
node i t s C o u n t e r f i e l d i s c o m p a r e d w i t h t h e v a r i a b l e C o u n t e r t o 

- - d e t e r m i n e i f* i t h a s a l r e a d y b een s e e n d u r i n g t h i s t r a v e r s a l . 
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p r o c e d u r e S t a r t ( B : in B r e a d t h _ . F i r s t ; 
N : in N o d e ; 
M a x _ N o d e s : in N a t u r a l ) is 

begin 
if S t a r t _ F l a g then raise S t a r t _ E r r o r ; end if; 
if N = null then raise N u l l _ N o d e ; end if; 
B . S t a r t ( N , M a x _ N o d e s ) ; 
S t a r t _ F l a g := T r u e ; 

end S t a r t ; 

funct ion M o r e ( B : in B r e a d t h _ F i r s t ) return B o o l e a n is 
F l a g : B o o l e a n ; 

begin 
if not S t a r t _ F l a g then raise S t a r t _ E r r o r ; end if; 
B . M o r e ( F l a g ) ; 
return F l a g ; 

end M o r e ; 

funct ion N e x t ( B : in B r e a d t h _ . F i r s t ) return Node is 

N : N o d e ; 
begin 

if not S t a r t _ F l a g then raise S t a r t _ E r r o r ; end if; 
B . N e x t ( N ) ; 
return N; 

end N e x t ; 

p r o c e d u r e S t o p ( B : in B r e a d t h _ F i r s t ) is 

begin 

if not S t a r t _ F l a g then raise S t a r t _ E r r o r ; end if; 

B . S t o p ; 
S t a r t _ F l a g := F a l s e ; 

end S t o p ; 

task body B r e a d t h _ F i r s t is 

C u r r e n t : N o d e ; Node t o e x p a n d n e x t 

S i z e : N a t u r a l ; T h i s h o l d s a c o p y o f t h e M a x _ N o d e s 
- - p a r a m e t e r t o t h e S t a r t en t ry . 

I t i s n e c e s s a r y b e c a u s e s c o p e o f 
entry p a r a m e t e r i s l i m i t e d t o 
accept b o d y . 

begin 

accept S t a r t ( N : in N o d e ; M a x _ N o d e s : in N a t u r a l ) do 
if C o u n t e r = I n t e g e r ' L A S T then 

raise T o o _ M a n y _ T r a v e r s a l s ; 

end if; 
C o u n t e r := C o u n t e r + 1; 
C u r r e n t := N; 
N . H i d d e n . C o u n t e r := C o u n t e r ; 
S i z e := M a x _ N o d e s ; 

end S t a r t ; 
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dec la re 
p a c k a g e Q is new Q u e u e _ P a c k a g e ( N o d e ) ; 
Queue : Q . Q u e u e ( S i z e ) ; 
p r o c e d u r e N e x t _ B o d y ( N : out N o d e ) is s e p a r a t e ; 

S e p a r a t e l y c o m p i l e t o a i d r e a d a b i l i t y 
begin 

Q . I n i t _ Q u e u e ( Q u e u e ) ; 

I t e r a t o r _ O p e r a t i o n s : 
loop 

se lect 

a c c e p t M o r e ( B : out B o o l e a n ) do 
B := C u r r e n t /= nu l l ; 

end M o r e ; 

or 
a c c e p t N e x t ( N : out N o d e ) do 

N e x t _ B o d y ( N ) ; 
end N e x t ; 

or 
a c c e p t S t o p do 

Q . D e s t r o y _ Q u e u e ( Q u e u e ) ; 
end S t o p ; 
exit I t e r a t o r _ O p e r a t i o n s ; 

or 
te rminate ; S i m p l y d i e , when s c o p e e x i t e d 

end s e l e c t ; 
end loop I t e r a t o r _ _ O p e r a t i o n s ; 

e n d ; 

end B r e a d t h _ F i r s t ; 

end G r a p h _ P a c k a g e ; 
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- - B ody o f N e x t _ B o d y 

separate ( G r a p h _ P a c k a g e ) 

p r o c e d u r e N e x t J 3 o d y (N : out N o d e ) is 

begin 

if C u r r e n t = null then 
raise E n d _ O f _ G r a p h ; 

end if; 

N := C u r r e n t ; 
if N. D e s c e n d a n t s /= null then 

for I in N. D e s c e n d a n t s . a i r RANGE loop 
d e c l a r e 

D e s c : Node renames N . D e s c e n d a n t s ( I ) ; 

begin 
if D e s c /= null and then D e s c . H i d d e n . C o u n t e r < C o u n t e r then 

T h i s node h a s n o t b e e n s e e n t h i s t r a v e r s a l 
Q . A p p e n d ( Q u e u e , D e s c ) ; 
D e s c . H i d d e n . C o u n t e r := C o u n t e r ; 

e n d if; 
e n d ; 

end loop; 
end if; 

if Q. I s _ E m p t y ( Q u e u e ) then 
C u r r e n t := nu l l ; 

e l se 
Q . R e m o v e ( Q u e u e , C u r r e n t ) ; 

end if; 

except ion 
when Q . F u l l _ Q u e u e => 

S t a r t _ F l a g := T r u e ; 
Q . D e s t r o y _ Q u e u e ( Q u e u e ) ; 
raise T o o _ M a n y _ N o d e s ; 

end Nex t__Body ; 

3.4 D i s c u s s i o n 
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3 . 4 . 1 T h e A l g o r i t h m 

W e c h o s e the par t i cu la r a lgor i thm for g r aph t raversa l b e c a u s e it obv ia ted the need for a " v i s i t ed " f lag 

in e a c h node . Th i s enab l ed us to e l iminate the a s so c i a t ed ove rhead requ i red to mainta in a c c e s s to all 

of the f lags (to c l ea r t hem be fo re e a c h t raversa l ) . 

The a lgor i thm works by ma inta in ing a s ing le g loba l coun te r in e a ch iterator and a local c oun t e r in 

e a ch node . The g loba l c oun t e r is i n c remen ted by one at the beg inn i ng of e a ch t raversa l ( init iated by a 

ca l l to S t a r t ) . The loca l coun te r in a node i nd i ca tes the va lue con t a i ned in the g l oba l c oun t e r the 

last t ime the node was r e a ched . Dur ing a t raversa l , the loca l c oun t e r of a node may be c ompa r ed with 

the g loba l coun te r to de te rm ine if the node was a l ready r e a ched (dur ing th is t raversa l) . Th i s node was 

seen ear l ier if and only if the l oca l coun te r is equa l to the g l oba l counte r . 

To mainta in co r rec tness , when the g loba l c oun te r over f lows, we must d i sa l l ow further t raversa ls . 

(Only t raversa ls for the par t i cu la r p a c k a g e instant iat ion are fo rb idden , s i n c e the g loba l c oun t e r is 

a l l oca ted on a per- instant ia t ion basis.) Th i s c ou l d be c on s i d e r ed a se r i ous rest r i c t ion on the 

use fu lness of this faci l i ty for s o m e comp i l e r imp lementa t ions . Cons ide r , that on a P D P - 1 1 , s tandard 

integers are only 16 bits. Th is a l l ows only abou t 64,000 t raversa ls . 

A r ea sonab l e m a c h a n i s m for a l lev iat ing th is p rob l em wou l d be to a d d a s e c o n d gene r i c pa ramete r to 

G r a p h _ P a c k a g e : 

g e n e r i c 
t y p e I t e m i s p r i v a t e ; 
t y p e C o u n t e r _ _ T y p e i s r a n g e <>; 

The user wou ld supp ly any I n t e g e r type as C o u n t e r _ T y p e . The type wou l d be u sed to d e c l a r e the 

g loba l and loca l coun te r s . Th i s wou ld a l l ow use r s of imp lementa t i ons wh i ch suppo r t larger I n t e g e r 

types, s u c h as L o n g _ I n t e g e r or L o n g _ L o n g _ I n t e g e r , to effect an e n o r m o u s uppe r l imit on the 

number of t r ave r sa l s . 5 

3 . 4 . 2 Information Hiding 

Frequent ly , when des i gn i ng a p a c k a g e to prov ide an abs t rac t type, one des i r e s to p rov ide the type 

with two k inds of s t ructure: a part wh i c h is v is ib le to (and, usual ly, m a n i p u l a t e by) the c l ient, a nd , a 

part wh i c h is h i dden f rom h im. Th i s h idden part genera l l y c on t a i n s d a t a wh i ch is spec i f i c to the 

par t i cu lar imp lementa t ion . G o o d p r og r amm ing p rac t i c e d ic tates that the use r be protec ted from 

himself, by not a l lowing h im a c c e s s to this in format ion . The r e s e e m s to be no p resc r i bed manne r for 

imp lement ing th is in A d a . However , there are severa l c h o i c e s ava i lab le . 

A 36 bit I n t e g e r type, as on the PDP-10, would allow for approximately 64 billion traversals. If traversals were initiated at 
the average rate of ICO/second, it would take 20 years to exhaust the capacity of an iterator. 
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T h e obv i ou s me thod is to h ide all of the in format ion f rom the cus tomer . Th i s is eas i ly a c c o m p l i s h e d " 

by spec i f y ing a ( l i m i t e d ) p r i v a t e type def in i t ion for the abs t rac t type. The d i s advan tage of th is 

a p p r o a c h is that the p a c k a g e must p rov ide a mean s for a c c e s s i n g and mod i fy ing the " v i s i b l e " parts of 

the type s t ruc ture . Th i s is most eas i ly d o n e by spec i f y i ng p r o c edu r e s (and, poss ib ly , func t ions) wh i c h 

per fo rm the ac t i ons wi th in the body of the p a c kage . Ou r l imited e xpe r i en ce ind i ca tes that th is a d d s a 

s ign i f i cant amoun t of comp lex i t y to the spec i f i c a t i on and use of the abs t rac t i on . 

Fo r examp le , the s ta tement 

X . C o n t e n t s . F 1 a g := T r u e ; 

might need to be e xp r e s s ed as 

T e m p _ C o n t e n t s := G e t _ C o n t e n t s ( X ) ; 
T e m p _ C o n t e n t s . F T a g := T r u e ; 
S e t _ C o n t e n t s ( X , T e m p _ C o n t e n t s ) ; 

Th i s me thod does , however , a l low a f ine deg r ee of con t ro l over the abs t rac t i on s i n c e all a c c e s s to the 

ob jec ts is str ict ly con t ro l l ed . 

W e be l i eve the s c h e m e we have c h o s e n p rov ides less con t ro l but a greater d eg r ee of readabi l i ty than 

the fo rmer s c h e m e . 

The i dea is to f o r ce a form of h id ing by p l a c i ng the des i r ed parts with in the pub l i c type, but c on t a i ned 

with in a f ie ld who se type is l i m i t e d p r i v a t e . Th i s p revents the user f rom do i ng anyth ing " s i gn i f i can t " 

with the da ta . Unfor tunate ly , the use r c a n sti l l se lec t the h i dden f ie ld, as wel l as de c l a r e var iab les , 

r e co rd f ie lds and forma l pa ramete rs of th is type. Ult imately, however , no th ing may be " d o n e " with 

these ob jec ts . 

A more se r i ous p rob l em is that the use r is not ab le to per form as s i gnmen t be tween ob jec t s of the 

abs t rac t type. Th i s is b e c a u s e it c on t a i n s a l i m i t e d p r i v a t e f ield, in cont ras t , equa l i ty for the type 

may be p rov ided by the p a c k age expl ic i t ly , if de s i r ed . 

Admit ted ly , the so lu t ion is imperfect , yet, it p rov ides a form of in format ion h id ing in te rmed ia te 

be tween the p rev ious method and no h id ing at a l l . 

3 . 4 . 3 In/In O u t P a r a m e t e r s 

In sec t i on 2.4.6, the point was made that pa ramete r s that wil l be mod i f ied shou l d p robab l y be pa s sed 

in ou t . In this spec i f i ca t i on of S t a r t , N e x t and S t o p we have not fo l l owed th is po l icy . W e felt that in 

th is c a se , the readabi l i ty ga i ned by a l low ing N e x t to be a funct ion , ou twe ighed the other 

cons i de ra t i ons . (Reca i i that func t i ons are not a l l owed to have in o u t parameters . ) 
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3 . 4 . 4 Us ing the Iterator 

W e demons t r a te a use of the iterator faci l i ty in the fo l low ing examp le . 

funct ion R e a c h ( F r o m , To : in N o d e ) return B o o l e a n is 

D e t e r m i n e i f node To i s r e a c h a b l e f r o m node F rom 

B : B r e a d t h _ F i r s t ; 

begin 

S t a r t ( B , F r o m , S i z e ) ; S i z e i s a g l o b a l 
while M o r e ( B ) loop 

if N e x t ( B ) = To then 
S t o p ( B ) ; 
return T r u e ; 

end if; 
end loop; 
S t o p ( B ) ; 
return F a l s e ; 

end R e a c h ; 

Us i ng an a l ternat ive l oop terminat ion t e chn ique , we might r ep l ace the body of R e a c h by 

S t a r t ( B , F r o m , S i z e ) ; S i z e i s a g l o b a l 
loop 

begin 
if N e x t ( B ) = To then 

S t o p ( B ) ; 
return T r u e ; 

end if; 

except ion 
when E n d _ O f _ G r a p h => 

S t o p ( B ) ; 
return F a l s e ; 

e n d ; 

end loop; 

3 . 4 . 5 I t e r a t o r s V e r s u s G e n e r i c P r o c e d u r e s 

Ou r dec i s i on to p rov ide an iterator is b a s ed upon our bel ief that i terators p rov ide a natura l and fami l iar 

me chan i sm for l oop ing . The A d a f o r l oop is a s imp le form of iterator. Seve ra l l anguages , notab ly IPL-

V [14], C L U [12] and A lpha rd [6, 15], have i n c l uded user -de f inab le iterator fac i l i t ies d i rect ly in the 

l anguage def in i t ions. 
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A n a l ternat ive to an iterator is to de f i ne a gene r i c p r o c edu r e to enab l e g r aph t raversa l . C on s i d e r the 

spec i f i ca t i on 

g e n e r i c 

w i t h p r o c e d u r e V i s i t ( N : i n N o d e ; C o n t i n u e : o u t B o o l e a n ) ; 

p r o c e d u r e B r e a d t h _ F i r s t ( N : in N o d e ; M a x _ N o d e s : i n N a t u r a l ) ; 

T o use th is facil ity, the c l ient instant iates B r e a d t h _ F i r s t with a p r o c edu r e that pe r fo rms the des i r ed 

ac t i ons on its Node parameter . The C o n t i n u e pa ramete r is u sed to in form the B r e a d t h _ _ F i r s t 

p r o cedu r e of when to s top . B r e a d t h _ F i r s t wou ld ope ra te by invok ing V i s i t (in reality, the ac tua l 

p r o c edu r e parameter instant iated for V i s i t ) o n c e for e a ch node r ea ched . B r e a d t h _ F i r s t 

te rminates its ac t i ons when C o n t i n u e b e c o m e s F a l s e . 

The p r o cedu r e R e a c h , s h o w n prev ious ly , might be wr i t ten 

f u n c t i o n R e a c h ( F r o m , To : in N o d e ) r e t u r n B o o l e a n i s 
R e s u l t : B o o l e a n := F a l s e ; 

p r o c e d u r e V i s i t ( N : in N o d e ; C o n t i n u e : o u t B o o l e a n ) i s 

b e g i n 
if N = To t h e n 

R e s u l t := T r u e ; 
C o n t i n u e := F a l s e ; 

e l s e 
C o n t i n u e := T r u e ; 

e n d i f ; 
e n d V i s i t ; 

p r o c e d u r e W a l k i s n e w B r e a d t h _ F i r s t ( V i s i t ) ; 

b e g i n 

W a l k ( F r o m , S i z e ) ; S i z e i s a g l o b a l v a r i a b l e 

r e t u r n R e s u l t ; 

e n d R e a c h ; 

O u r pr imary a rgument aga ins t the gene r i c p r o c edu r e is that its use o b s c u r e s the fact that l oop ing is 

be ing pe r fo rmed . O n the other hand , the iterator p rov ides a faci l i ty who se u se d i sp lays the l oop ing . 
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4. A Console Driver for a PDP-11 

4.1 D e s c r i p t i o n 

A typ ica l func t ion in e m b e d d e d sy s t ems is pe r fo rmed by a dev i c e dr iver wh i c h p rov ides a conven i en t 

in ter face be tween a sys tem and the par t i cu la r ha rdware requ i rements of an i npu t /ou tpu t dev i ce . 

S o m e of the func t i ons pe r fo rmed by th is p rog ram are buf fer ing of reques t s for the dev i ce , ensu r i ng 

the integrity and val idity of these requests , and f ie ld ing interrupts f rom the ha rdware . 

Th i s e xamp l e i l lustrates the gene ra l o rgan i za t i on wh i ch may be used , with s o m e spec i f i c deta i l s for a 

PDP-11 c o n s o l e termina l [5, 4] . 

T h e de v i c e dr iver p rog ram make s the fo l l ow ing a s sump t i on s abou t the under l y ing run-t ime sys tem 

and imp lementa t i on : 

• T h e type that d e s c r i b e s the ava i lab le ha rdware for the L o w _ L e v e l _ I O p a c k a g e i n c l udes 
the cons tan t s C o n s o l e _ _ K e y b o a r d _ C o n t r o l , C o n s o l e _ K e y b o a r d _ D a t a , 
C o n s o l e _ P r i n t e r _ _ _ C o n t r o l , and C o n s o l e _ P r i n t e r _ D a t a . It is a s s umed that the 
sys tem wil l treat ca l l s of S e n d _ C o n t r o l and R e c e i v e _ C o n t r o l as read and wri te 
ope ra t i ons with the co r r e c t s i ze and at the co r r e c t l oca t ion (e.g., ope ra t i ons on c o n s o l e 
d e v i c e s are mapped into read ing and wr i t ing l o ca t i ons 777560-777566 octa l) . 

• Spec i f y i ng a l oca t i on for an entry m e a n s that in terrupts wh i c h use that l oca t ion wi l l be 

t rans la ted into a ca l l on the entry. 

• No da t a are exp l i c i t ly p a s s ed by an interrupt. There fore , al l ent r ies that have 
representa t ion spec i f i c a t i on s must have no parameters . 

In add i t ion to the task spec i f i ca t i ons , the fo l low ing in format ion is ne ce s sa r y to use this p a c kage : 

• T h e p a c k a g e makes no gua r an t ee s abou t se rv i c i ng all interrupts. If the under l y ing run
t ime sys tem c an gua ran t ee that all in terrupts wi l l be t rans la ted into entry ca l l s , then the 
p a c k a g e wil l not lose any interrupts . Th i s s ay s noth ing about the p rope r se r v i c i ng of 
t ho se interrupts. O n the P D P - 1 1 , the da tum ind i ca ted by an interrupt is lost if the d a t a 
reg is ter of a dev i c e is not read be fo re the next interrupt is p r o c e s s ed . 

• If r eques t s for a d ev i c e o c c u r faster than the d e v i c e c a n p r o c e s s them, the dr iver wil l 
c a u s e the reques t ing p r o c e s s to b l o ck unti l the reques t c an be p r o c e s s e d proper ly . 

• A one-ha l f s e c o n d de l ay wh i l e wa i t ing for the output dev i c e is suf f i c ient t ime to a l l ow 
comp le t i on of a request . If the output dev i ce d o e s not r e spond with in one-ha l f s e c o n d , 
the p rog ram will init iate the t r ansm i s s i on of the next charac te r . Re t r ansm i s s i on of 
c ha r a c t e r s is not a t tempted . 

9 264 cha r a c t e r s of da t a buf fer ing are p rov ided . The cha r a c t e r s pa s sed to the 
Wr i te__Char a c t e r p r o c edu r e wi l l be output w i thout mod i f i ca t i on . 
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• The S h u t D o w n entry is used as a way to te rminate the dev i c e dr iver c lean ly . W h e n a ca l l 
to S h u t D o w n is made, the cur rent ly buf fered da ta will be des t royed . No further 
p r o ce s s i ng of these da ta or se rv i c i ng of ou t s tand ing in ter rupts wil l be d one by the dev i c e 
dr iver. 

• The R e s e t entry is funct iona l ly equ iva lent to a S hu tDown entry ca l l fo l lowed by a re-
e labora t ion of the task dec la ra t i on . The R e s e t p r o cedu r e will a l so try to s end the 
nece s sa r y cont ro l s i gna l s to reset the ha rdware dev i ce . 

K n o w l e d g e of the fo l low ing is a lso ne ce s s a r y to unde r s t and the funct ion ing of this p rog ram: 

• The dev i ce interrupt vec to rs start at 60 oc ta l for the input dev i ce , 64 oc ta l for the output 

dev i ce . 

• Dev i ce interrupts are enab l ed by s end i ng the va lue 100 oc ta l to the dev i c e ' s con t ro l 
register . 

4.2 Implementat ion 

A cent ra l p rob lem in this e xamp le is imp lement ing a s y n c h r o n o u s p r o c e s s e s with the s y n c h r o n o u s 

mechan i sm of r endezvous p rov ided by A d a . Th i s is done us ing three expl ic i t tasks that moni tor 

r eques t s f rom the p rog ram, interrupts f rom the input dev i ce , a nd interrupts f rom the output dev i ce . AH 

three tasks c o m m u n i c a t e v ia sha red queue s . A s long as queue s a l low fast a c ce s s , no part of the 

sy s tem will b e b l o c ked whi le wait ing for ano the r task to c omp l e t e a r endezvous . Howeve r , if the 

p r og r am p roduce s requests faster than the dev i c e c a n p r o c e s s them, a queue c a n b e c o m e full and 

the reques t i ng task will b e b l o c ked . 

4.3 P r o g r a m Text 

p a c k a g e T e r m i n a 1 _ D r i v e r _ P a c k a g e is 

task T e r m i n a l _ D r i v e r is 
entry R e a d _ C h a r a c t e r ( C : out C h a r a c t e r ) ; 
entry W r i t e _ C h a r a c t e r ( C : in C h a r a c t e r ) ; 
entry R e s e t ; 
entry S h u t D o w n ; 

end T e r m i n a " l _ D r i v e r ; 

end T e r m i n a l _ D r i v e r _ P a c k a g e ; 
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with Q u e u e _ P a c k a g e , L o w _ _ L e v e l _ I O ; 
use L o w _ L e v e l _ I O ; 

p a c k a g e body T e r m i n a l _ D r i v e r _ P a c k a g e is 

task body T e r m i n a l _ D r i v e r is 

- - G r o u p a l l o f t h e m a c h i n e d e p e n d e n t c o n s t a n t s t o g e t h e r 

C o n s o l e _ I n p u t _ _ V e c t o r : constant := 8^60^; 
C o n s o l e _ 0 u t p u t _ V e c t o r : constant := 8#64#; 
E n a b l e _ I n t e r r u p t s : I n t e g e r := 8#100# ; 
Wr i t e _T ime__0u t : constant D u r a t i o n := 0 . 5 ; 
N u m b e r _ O f _ L i n e s : constant := 2 ; 
L i n e L e n g t h : constant := 1 3 2 ; 

task type D e v i c e _ R e a d e r is 
entry I n t e r r u p t ; 
entry S t a r t U p D o n e ; 
for I n t e r r u p t use at C o n s o l e _ I n p u t _ V e c t o r ; 

end D e v i c e _ R e a d e r ; 

task type D e v i c e _ W r i t e r is 
entry I n t e r r u p t ; 
entry S t a r t U p D o n e ; 
for I n t e r r u p t use at C o n s o l e _ _ 0 u t p u t _ V e c t o r ; 

end D e v i c e _ W r i t e r ; 

p a c k a g e C h a r _ Q u e u e _ P a c k a g e is new Q u e u e _ P a c k a g e ( C h a r a c t e r ) ; 
use C h a r _ Q u e u e _ P a c k a g e ; 

type D r i v e r S t a t e B l o c k is 
record 

I n p u t C h a r B u f f e r , O u t p u t C h a r B u f f e r : 
B l o c k i n g _ Q u e u e ( N u m b e r _ 0 f _ l i n e s * L i n e L e n g t h ) ; 

C u r R e a d e r : D e v i c e _ R e a d e r ; 
C u r W r i t e r : D e v i c e _ W r i t e r ; 

end r e c o r d ; 

type R e f T o B l o c k is a c c e s s D r i v e r S t a t e B l o c k ; 
C u r S t a t e : R e f T o B l o c k ; 

task body D e v i c e _ R e a d e r is 
T e m p l n p u t : C h a r a c t e r ; 

begin 
accept S t a r t U p D o n e ; 
S e n d _ C o n t r o l ( C o n s o l e _ K e y b o a r d _ C o n t r o l , E n a b l e _ I n t e r r u p t s ) ; 
loop 

accept I n t e r r u p t do 
R e c e i v e _ _ C o n t r o l ( C o n s o l e _ K e y b o a r d _ D a t a , T e m p l n p u t ) ; 

end I n t e r r u p t ; 
A p p e n d ( C u r S t a t e . I n p u t C h a r B u f f e r , T e m p l n p u t ) ; 

end loop; 
end D e v i c e _ R e a d e r ; 
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task body D e v i c e _ W r i t e r is 
T e m p O u t p u t : C h a r a c t e r ; 

begin 
a c c e p t S t a r t U p D o n e ; 
S e n d _ C o n t r o l ( C o n s o l e _ P r i n t e r _ C o n t r o l , E n a b l e _ I n t e r r u p t s ) ; 
a c c e p t I n t e r r u p t ; s p u r i o u s i n t e r r u p t c a u s e d by S e n d _ C o n t r o l 
loop 

R e m o v e ( C u r S t a t e . O u t p u t C h a r B u f f e r , T e m p O u t p u t ) ; 
S e n d _ _ C o n t r o l ( C o n s o l e _ P r i n t e r _ D a t a , T e m p O u t p u t ) ; 
select 

accept I n t e r r u p t ; 
or 

delay W r i t e _ J i m e _ O u t ; 
end se lec t ; 

end loop; 
end D e v i c e _ W r i t e r ; 

p r o c e d u r e S h u t D o w n O l d is 
begin 

raise C u r S t a t e . C u r R e a d e r ' F A I L U R E ; 
raise C'urS t a t e . Cu rWr i t e r ' F A I L U R E ; 
Destroy___Queue( C u r S t a t e . I n p u t C h a r B u f f e r ) ; 
D e s t r o y _ Q u e u e ( C u r S t a t e . O u t p u t C h a r B u f f e r ) ; 

end S h u t D o w n O l d ; 

p r o c e d u r e S t a r t u p is 
begin 

C u r S t a t e := new D r i v e r S t a t e B l o c k ; 
I n i t _ Q u e u e { C u r S t a t e . I n p u t C h a r B u f f e r ) ; 
I n i t _ Q u e u e ( C u r S t a t e . O u t p u t C h a r B u f f e r ) ; 
C u r S t a t e . C u r R e a d e r . S t a r t U p D o n e ; 
C u r S t a t e . C u r W r i t e r . S t a r t U p D o n e ; 

end S t a r t u p ; 
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begin 
S t a r t u p ; 

C o n s o l e _ 0 p e r a t i o n s : 
loop 

se lect 
a c c e p t R e a d _ C h a r a c t e r ( C : out C h a r a c t e r ) do 

R e m o v e ( C u r S t a t e . I n p u t C h a r B u f f e r , C ) ; 
end R e a d _ C h a r a c t e r ; 

or 
a c c e p t W r i t e _ C h a r a c t e r ( C : in C h a r a c t e r ) do 

A p p e n d ( C u r S t a t e . O u t p u t C h a r B u f f e r , C ) ; 
end W r i t e _ _ C h a r a c t e r ; 

or 
a c c e p t R e s e t do 

S h u t D o w n O l d ; 
S t a r t u p ; 

end R e s e t ; 
or 

a c c e p t S h u t D o w n ; 
S h u t D o w n O l d ; 
exit C o n s o l e _ O p e r a t i o n s ; 

or 
terminate ; 

end s e l e c t ; 
end loop C o n s o l e _ O p e r a t i o n s ; 

except ion 
when T e r m i n a l J D r i v e r 1 F A I L U R E => 

S h u t D o w n O l d ; 

end T e r m i n a l _ D r i v e r ; 

end T e r m i n a l _ D r i v e r e p a c k a g e ; 

4.4 D i s c u s s i o n 

4.4.1 U s e o f a P a c k a g e to S u r r o u n d t h e T a s k 

A d a d o e s not a l low tasks to be in a l ibrary. To a l l ow the i nc lus i on of the T e r m i n a l J D r i v e r task into 

a l ibrary, we have e l ec ted to e n c l o s e it in a p a c kage . 

4.4.2 D i s t i n c t i o n B e t w e e n T a s k T y p e s a n d T a s k s 

Un l i ke most e xamp l e s of tasks in th is report, this task d o e s not expl ic t ly de f ine a type. Task types are 

usua l l y used when many objects of a par t i cu la r c l a s s are des i r ed . It is p robab le that only one dr iver 

per phys i ca l d e v i c e is n eeded . A l t hough it c an be a rgued that a type wou l d a l low the use of the s a m e 

task type for di f ferent te rmina l s (or even dev i ces ) , the res t r i c t ions on add re s s spec i f i c a t i ons weaken s 

th is a rgument . The dev i c e add r e s s e s must be stat ic exp res s i ons . They canno t be pa s sed as 
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d i s c r im inan t s to a type (or v ia an in i t ia l iz ing entry cal l) . The only r ea sonab l e way to pa s s these 

pa ramete rs at c omp i l e t ime wou ld be to use gene r i c pa ramete r s to the pa c kage . The object 

instant iated wou ld stil l be a task, not a task type. 

Th i s p a c k a g e is not gene r i c b e c a u s e of the numbe r of pa ramete r s wh i c h wou l d be neces sa r y : four 

dev i c e names, buf fer ing s i zes , and t ime-out va lues . The use of the dev i c e in format ion is a l so t ightly 

w i red into the task. Fo r example , it is k nown that immediate ly after enab l i ng interrupts on the output 

dev i ce , a spu r i ous interrupt wil l be gene ra ted that p rov ides no da ta . Th i s pecu l ia r i ty may not be t rue 

of all dev i ces . Dec l a r i ng a task type might tempt use rs to u se this dr iver improper ly . 

The user may w ish to c rea te s ome h igher level ope ra t i ons and cap tu re the dev i c e dr iver as part of the 

representat ion for the abs t rac t ion , Unfortunate ly , the de c i s i o n to dec l a r e a task ins tead of a task type 

has p rec l uded this poss ib i l i ty . 

4.4.3 R e s e t t i n g a n d T e r m i n a t i n g t h e T e r m i n a l D r i v e r 

Unfortunate ly , d ev i c e s ma l func t ion . A dev i c e dr iver must b e ab le to dea l ef fect ive ly with this p rob l em. 

The A d a l anguage in tended the F A I L U R E excep t i on and a b o r t s ta tement to be used for these 

pu rposes , but use of these t e chn i que s c a u s e s an i r revers ib le exit f rom the s c o p e of the dev i c e dr iver. 

By prov id ing the user with add i t iona l ent r ies to man ipu la te the opera t ion of the dr iver, as wel l as the 

opera t i ons within the dr iver, the dr iver task c i r cumven t s this rest r i c t ion. 

4.4.4 I n t e r f a c i n g to D e v i c e s 

The examp le s h o w s one poss ib le in ter face be tween the ha rdware and the run-t ime sys tem for A d a . 

Two important d e c i s i o n s c o n c e r n the lack of pa ramete rs to entr ies that are mapped to interrupts, and 

the use of the L o w _ L e v e l _ I O p r o cedu r e s to a c c e s s dev i c e reg isters rather than the d i rec t read ing or 

writ ing of the (virtual memory) dev i ce reg is ters . 

W h e n a dev i c e interrupts the PDP - 11 , it usua l ly means that a da tum c an be read f rom the dev i c e ' s 

da t a register. It might s e em natura l to pa s s this da tum to the entry ca l l mapped to the interrupt. Th i s 

c h o i c e was rejected for three reasons . First, it wou l d requ i re an e labora te exp lana t ion of the 

imp lementat ion of entry ca l l s in append i x F of the L a n g u a g e Re f e r en ce Manua l [8]. Entry ca l l s are 

s u p p o s e d to be a mach i ne - i ndependen t part of the l anguage . The p roper p l a ce to de s c r i b e mach i n e 

d ependen c i e s is with in the L o w _ L e v e l _ I O package , wh i c h is in tended to be mach i ne dependen t . 

S e c o n d , a t tach ing these deta i l s to the entry ca l l s eman t i c s makes add i t ion of dev i c e s more diff icult. 

E a c h t ime a new dev i c e is added , the comp i l e r must be c h a n g e d to prov ide a s eman t i c s for it, in 

part icu lar , the new k ind of ca l l i ng s e quen c e . With the interpretat ion used in this examp le , the 

comp i l e r c an translate all entry ca l l s with representa t ion spec i f i c a t i ons into the s ame style of c ode . 
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Th i rd , it wou l d move the buf fe r ing d e c i s i o n s for interrupts f rom the dev i c e dr iver task to the run-t ime 

sys tem. T h e numbe r of pend ing interrupts that have not b een a c c e p t e d by a p rog ram d e p e n d s on the 

amoun t of buf fer ing the run-t ime sys tem prov ides . If input da t a must a l so be s to red , the numbe r of 

pend ing ent ry ca l l s (from interrupts) is mo r e l imited than if no s u c h da t a we re kept. Further , entry ca l l 

b l o c k s c o u l d not be sha red a m o n g di f ferent entr ies. The d e c i s i o n for th is amoun t of s to rage wou l d be 

ent i re ly de te rm ined by the run-t ime s y s t em. If only in ter rupts are hand led , the run-t ime sys tem c a n 

opt imize its s t o rage to ho ld on ly re levant interrupt in fo rmat ion . T h e p rog ram c an then prov ide its own 

buf fer ing for as m u c h or as little da t a as it des i r e s . 

The re are c a se s , s u c h as in radar sys tems, whe re the ex i s t ence of new da t a immediate ly inva l ida tes 

any need to k eep o ld da ta . S u c h requ i r emen t s c ou l d not be a d d e d eas i l y by the use r p r og r ammer to 

the run-t ime sys tem de s i gn . In the c a s e of the c o n s o l e te rmina l dr iver, 264 cha ra c t e r s of d a t a are 

buf fe red. A s long as the run-t ime sys tem wil l pa s s on the interrupts faithful ly, the p a c k age c an make 

c l a ims abou t the amoun t of buf fer ing ava i l ab le . 

PDP-11 d e v i c e reg is ters a re r e f e renced by read ing and wr i t ing into de s i gna t ed memory l oca t i ons . It 

might s e e m reasonab l e to obta in the d a t a in these reg is ters by dec l a r i ng a var iab le with a 

representa t ion spec i f i c a t i on that map s it to the spec i f i ed l oca t i on . T h e de c i s i on to u se the 

L o w _ L e v e l _ I O p a c k a g e is mot ivated by the des i re to keep mach i n e d e p e n d e n c i e s as loca l as 

poss ib le . If d i r e c t l y -mapped va r i ab les we re used , the s eman t i c s of the a s s i gnmen t s ta tement and type 

sy s tem wou l d have to de f i ne expl ic i t ly wha t is meant w h e n a var iab le of a cer ta in type is wri t ten or 

read . It is i nappropr ia te to make these d e c i s i o n s just to p rov ide i npu t /ou tpu t capab i l i t i es . F o r e a c h 

dev i c e that a sys tem suppor t s , it is r e a sonab l e and p rac t i ca l to spec i fy exac t l y the s u b p r o g r a m s of 

L o w _ L e v e l _ I O . Fur the rmore , as l ong as these s eman t i c s c an be gua ran teed a m o n g di f ferent 

imp lementa t i ons of a ma ch i n e ' s a rch i tec tu re , the p rog ram c an be moved f rom mach i n e to mach i ne . 
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5. Table Creation and Table Searching 

5.1 D e s c r i p t i o n 

In this sec t i on we present an e xamp l e that u se s gene r i c p a c k age s to p rov ide rout ines to s e a r c h a 

tab le and to retr ieve the i tems s to red there. T h e table, a nd auxi l iary da ta ob jec ts c rea ted to he lp the 

s ea r ch , are encapsu l a t ed with in a p a c k a g e c rea ted by instant iat ing a gener i c p a c k age . They are not 

a c c e s s i b l e excep t by the rout ines expo r t ed f rom that pa c kage . A p r og r am may have severa l tab les 

wh i ch it c a n s ea r ch ; a p a c k a g e must b e instant iated for e a c h table, a n d the rout ines wh i c h are 

expor ted ac t spec i f i ca l l y upon the tab le with in the c o r r e s pond i ng pa c kage . 

The p a c k a g e has been de s i gned so that the tab le s i ze is f ixed o n c e it ha s been instant iated. Tab l e 

look-up returns al l i tems w h o s e keys " m a t c h " the g iven key. A match o c c u r s if t he g iven key is a 

lead ing subs t r ing of a key a s so c i a t ed with an entry. A faci l i ty s u c h as this might be u sed , for example , 

to s to re the reserved wo r d s for a comp i le r , or the list of c o m m a n d s ava i lab le to a c o m m a n d 

interpreter. 

E a c h entry in the tab le c omp r i s e s two parts: a key, imp lemented as a va lue of type T e x t , p rov i ded by 

the l ibrary p a c k age T e x t _ H a n d l e r ( [8], s e c t i on 7.6), wi th wh i ch the entry wil l be ret r ieved, a n d an 

item w h o s e type is de f i ned by the user . T h e gene r i c p a c k a g e S y m b o l _ T a b l e _ P a c k a g e _ G e n e r a t o r 

is instant iated with the item type and the max imum length of a key as parameters , and it y ie lds, a m o n g 

other th ings, the gene r i c p a c k age S y m b o l _ J a b 1 e. Instant iat ion of this latter gene r i c p a c k age with 

the tab le as a pa ramete r c a u s e s an aux i l ia ry object to be c r ea ted to a l low fast l ook-up in the table, and 

y ie lds func t i ons to s e a r c h and retr ieve entr ies in the table. 

The types wh i ch a re p rov ided are: 

En t r y__Type The type of e a c h entry in the tab le. 

T a b l e _ T y p e The type of the tab le — an array of E n t r y _ T y p e va lues . 

T a b l e _ P o i n t e r Th i s type is pr ivate to the p a c k age . Va l ues of this type are re turned when the tab le 
is s e a r c hed , and they are u sed to retr ieve the entr ies. 

E n t r y _ C o l 1 e c t i o n 
An array of T a b l e _Po i n t e r va lues. 

The func t ions wh i c h are y ie lded are: 

M a k e _ E n t r y Th i s takes a S t r i n g and an I t e m _ T y p e and re turns a reco rd of type 
E n t r y _ T y p e . 
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S e a r c h Th i s takes a S t r i n g as a parameter . It s e a r c h e s the table and returns an 
E n t r y _ C o l 1 e c t i o n w h o s e e l emen t s ind i ca te those entr ies with keys ma tch ing 
the g iven key. If no keys match , the E n t r y _ C o l 1 e c t i o n re turned is a nul l array. 
If severa l keys match , the E n t r y _ C o l 1 e c t i o n va lue has more than one e lement , 
and the T a b l e _Po i n t e r s are so r ted by a s c end i ng key va lues . 

G e t K e y Th i s takes a T a b l e _ P o i n t e r va lue and retr ieves the key of the e lement wh i ch is 
i nd i ca ted . 

G e t l t e m Th i s takes a T a b l e _ P o i n t e r va lue and retr ieves the i tem of the e lement wh i ch is 
i nd i ca ted . 

The ex cep t i on I n v a l i d _ J T a b l e _ P o i n t e r wil l be ra i sed if G e t l t e m or G e t K e y is pa s sed a 

T a b l e _ _ P o i n t e r va lue wh i ch is out of b ound s . Th i s might o c c u r if an un in i t ia l i zed T a b l e _ P o i n t e r 

var iab le we re used as a parameter . The ex cep t i on MaxS i z e _ E r r o r will be ra ised if the s i ze spec i f i ed 

for the keys, v ia the gene r i c parameter M a x S i z e , is too large. 

5.2 Implementat ion 

The tab le of ent r ies p a s s ed in as a pa ramete r is not mod i f i ed by the p rog ram. Instead an aux i l ia ry 

array of po in ters is c r ea ted and this array is so r ted du r i ng the e labora t ion of the pa ckage , by us ing a 

heapso r t [11]. Heapso r t is preferred over qu i ck so r t b e c a u s e it ha s better behav io r if the input tab le is 

near ly so r t ed . 

The E n t r y _ _ C o l 1 e c t i o n for the entr ies with ma t ch ing keys is f ound by the fo l low ing strategy. First a 

b inary s e a r c h is pe r fo rmed us ing rout ine F i n d . Th i s ope ra tes by p rob ing the midpo int of a s egmen t 

of the table, de l im i ted by L and U, in o rde r to f ind a ma t ch . O n e of three cond i t i ons ho ld s after 

re turn ing from the ca l l . If L is greater than U then no e lement ma t ches the g i ven key. If L is equa l to U 

then on ly one e lement matches . If L is less than U then the e lement po in ted to by P matches , but there 

may be other keys be tween L and U wh i c h might a l so ma t ch . To c h e c k this, further p r obe s are 

pe r fo rmed in the lower reg ion de l imi ted by L and P - 1 , and in the upper reg ion de l imi ted by P + l and U, 

us ing repea ted b inary s ea r che s . The s e a r c h e s are repea ted unti l a ca l l on F i n d fai ls to y ie ld a P 

po int ing to a match ing key. The va lue of P y ie lded by the p rev ious ca l l on F i n d is the sma l les t or 

largest entry in the tab le that ma t ches the g iven key. 
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- - G e n e r i c P a c k a g e S p e c i f i c a t i o n s 

with T e x t _ H a n d l e r ; [ 8 ] , s e c t i o n 7 . 6 

gener ic 

type I t e m _ T y p e is l imited private ; 
M a x S i z e : in N a t u r a l ; 

p a c k a g e S y m b o l _ T a b l e _ P a c k a g e _ G e n e r a t o r is 

type E n t r y _ T y p e ( L e n g t h : N a t u r a l ) is pr ivate; 

funct ion M a k e _ E n t r y ( S : in S t r i n g ; 

I : in I t e m _ J y p e ) return E n t r y _ _ T y p e ( M a x S i z e ) ; 

type T a b l e _ T y p e is array ( I n t e g e r range <>) of E n t r y _ J y p e ( M a x S i z e ) ; 

M a x S i z e _ E r r o r : e x c e p t i o n ; 

gener ic 

T a b l e : in T a b l e _ T y p e ; 

p a c k a g e S y m b o l _ T a b l e is 

type T a b l e _ P o i n t e r is pr ivate ; 
type E n t r y _ C o l 1 e c t i o n is array ( N a t u r a l range <>) of T a b l e _ P o i n t e r ; 
funct ion G e t K e y ( I n d e x : in T a b l e _ P o i n t e r ) return S t r i n g ; 
funct ion G e t l t e m ( I n d e x : in T a b l e _ P o i n t e r ) return I t e m _ T y p e ; 
funct ion S e a r c h ( K e y : in S t r i n g ) return E n t r y _ _ C o l l e c t i o n ; 
pragma I n l i n e ( G e t K e y , G e t l t e m ) ; 

I n v a l i d _ T a b l e _ P o i n t e r : except ion ; 

pr ivate 

type T a b l e _ P o i n t e r is new I n t e g e r range T a b l e ' F I R S T . . T a b l e ' L A S T ; 

end S y m b o l _ J a b l e ; 

5.3 P r o g r a m Text 
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private 

type E n t r y _ T y p e ( L e n g t h : N a t u r a l ) is 
record 

Key : T e x t _ H a n d l e r . T e x t ( L e n g t h ) ; 
I t e m : I t e m _ J y p e ; 

end r e c o r d ; 

end S y m b o l _ T a b l e _ P a c k a g e _ G e n e r a t o r ; 

- - P a c k a g e B o d i e s 

with T e x t _ H a n d l e r ; 

p a c k a g e body S y m b o l _ T a b l e _ P a c k a g e _ _ G e n e r a t o r is 

p ragma I n i i n e ( G e t K e y , G e t l t e m ) ; 

funct ion Make__En t r y (S : in S t r i n g ; 
I : in I t e m _ T y p e ) return E n t r y _ T y p e ( M a x S i z e ) is 

begin 
return E n t r y _ T y p e ' ( L e n g t h => M a x S i z e , 

Key => T e x t _ H a n d l e r . T o _ T e x t ( S , M a x S i z e ) , 
I t e m => I ) ; 

end M a k e _ E n t r y ; 

p a c k a g e body S ymbo l__Tab l e is 

P t r : E n t r y _ C o l l e c t i o n ( l . . T a b l e ' L E N G T H ) ; 

L, R, I , J , Reg : T a b l e _ P o i n t e r ; 

funct ion G e t K e y ( I n d e x : in T a b l e _ P o i n t e r ) return S t r i n g is 
R e t u r n s t h e k e y o f an e n t r y 

begin 
return Tex t __Hand l e r . V a l u e ( T a b l e ( I n t e g e r ( I n d e x ) ) . K e y ) ; 

except ion 
when C o n s t r a i n t _ E r r o r => raise I n v a l i d _ T a b l e _ P o i n t e r ; 

e n d ; 

funct ion G e t l t e m ( I n d e x : in T a b l e _ _ P o i n t e r ) return I t e m _ J y p e is 
R e t u r n s t h e i t e m o f an e n t r y 

begin 
return T a b l e ( I n t e g e r ( I n d e x ) ) . I t e m ; 

except ion 
when C o n s t r a i n t _ E r r o r => raise I n v a l i d__Tab l e _ P o i n t e r ; 

end G e t l t e m ; 
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funct ion S e a r c h ( K e y : in S t r i n g ) return E n t r y _ C o l 1 e c t i o n is 

S e a r c h f o r e n t r i e s w i t h m a t c h i n g k e y s 

L, U, P o s n , P, P s a v e , G a r b a g e : I n t e g e r ; 

F ound : B o o l e a n ; 

p r o c e d u r e F i n d ( K e y : in S t r i n g ; 
L o w e r _ B o u n d , U p p e r _ B o u n d : in I n t e g e r ; 
L, U , I : out I n t e g e r ; 
F o u n d : out B o o l e a n ) is s e p a r a t e ; 

begin 

F i r s t p r o b e 

F i n d ( K e y , P t r ' F I R S T , P t r ' L A S T , L, U, P o s n , F o u n d ) ; 

if U > L then - - N o t e x a m i n e d a l l e n t r i e s b e t w e e n L and U 

P := P o s n ; - - P r o b e l o w e r r e g i o n 

loop 
P s a v e := P; 
F i n d ( K e y , L, P - l , L, G a r b a g e , P, F o u n d ) ; 
exit w h e n not F o u n d ; 

end loop; 
L := P s a v e ; 

P := P o s n ; P r o b e u p p e r r e g i o n 

loop 
P s a v e := P; 
F i n d ( K e y , P + l , U , G a r b a g e , U, P, F o u n d ) ; 
exit when not F o u n d ; 

end loop; 
U := P s a v e ; 

end if; 

return P t r ( L . . U ) ; 

end S e a r c h ; 

begin 

I n i t i a l i z e p t r 

for C n t r in P t r ' R A N G E loop 

P t r ( C n t r ) := T a b l e _ P o i n t e r ( T a b 1 e ' F I R S T + C n t r - P t r * F I R S T ) ; 
end loop; 
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H e a p s o r t t h e t a b l e i n d i r e c t l y t h r o u g h P t r 

L := P t r ' L A S T / 2 + 1; 
R := P t r ' L A S T ; 

O u t e r _ L o o p : 
loop 

if L > 1 then 
L := L - 1; 
Reg := P t r ( L ) ; 

else 
Reg := P t r ( R ) ; 
P t r ( R ) := P t r ( l ) ; 
R := R - 1; 
exit O u t e r _ L o o p when R = 1; 

end if; 

J := L; 

I n n e r _ L o o p : 
loop 

I := J ; 
exit I n n e r _ L o o p when J > R / 2 ; 
J : = 2 * J ; 
if J < R a n d t h e n G e t K e y ( P t r ( J ) ) < G e t K e y ( P t r ( J + l ) ) then 

J := J + 1; 
end if; 
exit I n n e r J _ o o p when G e t K e y ( R e g ) >= G e t K e y ( P t r ( J ) ) ; 
P t r ( I ) := P t r ( J ) ; 

end loop I n n e r _ L o o p ; 

P t r ( I ) := R e g ; 

end loop O u t e r _ L o o p ; 

P t r ( l ) := R e g ; 

end S y m b o l _ J a b l e ; 

begin Body o f S y m b o l _ T a b l e _ P a c k a g e _ G e n e r a t o r 

if M a x S i z e not in T e x t _ H a n d l e r . I n d e x then 
raise M a x S i z e _ E r r o r ; 

end if; 

end S y m b o l _ T a b l e _ _ P a c k a g e _ G e n e r a t o r ; 
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Body o f F i n d P r o c e d u r e 

separate ( S y m b o l _ _ T a b l e _ P a c k a g e _ G e n e r a t o r ) 

p r o c e d u r e F i n d ( K e y : in S t r i n g ; 
L o w e r _ B o u n d , U p p e r _ B o u n d : in I n t e g e r ; 
L, U , I : out I n t e g e r ; 
F o u n d : out B o o l e a n ) is 

B i n a r y s e a r c h 
begin 

L := L o w e r _ B o u n d ; 
U := U p p e r _ B o u n d ; 

F i n d _ L o o p : 
while U >= L loop 

I := ( L + U) / 2; 
dec la re 

K e y _ O f _ P r o b e : constant S t r i n g := G e t K e y ( P t r ( I ) ) ; 

begin 
if K e y _ O f _ P r o b e ' LENGTH > Ke y ' LENGTH then 

exit F i n d _ L o o p w h e n 
Key = 
Ke y__O f _P r dbe ( K e y _ 0 f _ P r o b e ' F I R S T . . 

K e y _ O f _ P r o b e » F I R S T + K e y ' L E N G T H - 1 ) ; 
e lse 

exit F i n d _ L o o p when Key = K e y _ 0 f _ P r o b e ; 
end if; 
if K e y < K e y _ O f _ P r o b e then 

U := I - 1; 
e lse 

L := I + 1; 
end if; 

end ; 
end loop F i n d _ L o o p ; 
F o u n d := U >= L; 

end F i n d ; 

5.4 D i s c u s s i o n 

5 .4 .1 Use of The P a c k a g e 

Fo l l ow ing is an examp le of this p a c k age u sed a s part of a c o m m a n d s c anne r . 
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- - I n s t a n t i a t i o n o f t h e g e n e r i c p a c k a g e s 

t y p e A c t i o n s i s ( F i n d , D e l e t e , I n s e r t , A l t e r , E x e c u t e , Q u i t ) ; 

p a c k a g e A c t i o n s _ S y m b o l _ T a b l e i s 
n e w S y m b o l _ T a b l e _ P a c k a g e _ G e n e r a t o r ( A c t i o n s , 8 ) ; 

p a c k a g e M y _ S y m b o l _ T a b l e i s 
n e w A c t i o n s _ S y m b o l _ T a b l e . S y m b o l _ T a b l e ( 

( M a k e _ E n t r y ( " f i n d " , F i n d ) , 
M a k e _ E n t r y ( " d e l e t e " , D e l e t e ) t 

M a k e _ E n t r y ( " i n s e r t " , I n s e r t ) , 
M a k e _ E n t r y ( " e n t e r " , I n s e r t ) , 
M a k e _ E n t r y ( " a l t e r " , A l t e r ) , 
M a k e _ E n t r y ( " a m e n d " , A l t e r ) , 
M a k e _ E n t r y ( " e x e c u t e " , E x e c u t e ) , 
M a k e _ E n t r y ( " q u i t " , Q u i t ) , 
M a k e _ E n t r y ( " l e a v e " , Q u i t ) 

) 

5.4.2 U s e of P a c k a g e s 

Th i s e xamp l e i l lustrates severa l fea tures of the use of gene r i c p a c k a g e s to effect da t a encapsu l a t i on . 

• The tab le is pa s sed into the gene r i c p a c k a g e S y m b o l _ J a b l e as an in parameter; 
thereaf ter it c anno t be man ipu la ted or a l tered f rom ou ts ide the p a c kage . Th i s a s su r e s us 
that the s e a r c h funct ion , wh i ch re l ies upon the p rope r o rder ing of the keys as es tab l i shed 
by the init ial sort, c anno t fail no matter how e r r oneous is the c l ient p rog ram us ing the 
p a c kage . 

• The func t ions S e a r c h , G e t l t e m and G e t K e y wh i ch are expor ted f rom a p a c k a g e are 
spec i f i c to the package , and h e n c e to the da t a encapsu l a t ed with in it. Thus , it is not 
ne ce s sa r y to supp l y further pa ramete r s to these func t i ons to ind i ca te wh i ch of severa l 
tab les they are to a c c e s s . In add i t ion , the type of T a b l e _ P o i n t e r is spec i f i c to the 
i n s t ance of the package , and the re fo re it is not pos s i b l e to a c c e s s a tab le in one p a c k a g e 
with the po in ters f rom s o m e other p a c kage . 

5.4.3 T h e T y p e s of t h e E n t r i e s in t h e T a b l e 

In the sor t ing and s ea r ch i ng no use is m a d e of the i tems in e a c h entry, thus they c an be made pr ivate 

to the package ; fur thermore, by sor t ing on an aux i l iary array of pointers, rather than on the array of 

ent r ies itself, the p a c k age d o e s not requ i re to take cop i e s , and the i tems c an be l i m i t e d p r i v a t e . 

Th i s has two advan tages . First, the item type c an be of any s i ze and complex i ty , wi thout s l ow ing d o w n 

the sor t ing , and s e c o n d , the i tems c an be of any type, i n c l ud ing task types. 
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C h o o s f n g an approp r i a te type for the keys c a u s e s s o m e p rob lems . The r e appea r to be three ba s i c 

c ho i c e s , none of them ent i re ly sat i s fac tory . In add i t ion to the c h o i c e i l lustrated in the examp le , we 

have the fo l lowing. 

• W e c an imp lement the key as a S t r i n g. The type of the entry then b e c o m e s : 

t y p e E n t r y _ T y p e ( L e n g t h : N a t u r a l ) i s 
r e c o r d 

Key : S t r i n g ( 1 . . L e n g t h ) ; 
I t e m : I t e m _ T y p e ; 

e n d r e c o r d ; 

and we must prov ide a paramete r in the first gene r i c instant iat ion to spec i fy the max imum 
s i z e of the st r ings, as in the cu r ren t examp le . The agg rega te wh i c h is then p a s s ed as a 
parameter to the s e c o n d gene r i c instant iat ion must con ta in str ing l i terals p added out with 
the appropr ia te numbe r of fill c ha rac t e r s . Th i s is ted ious . 

• W e c ou l d imp lement the key as an a c c e s s S t r i n g . T h e dec l a ra t i on for the E n t r y _ T y p e 

b e c omes : 

t y p e P o i n t e r _ T o _ S t r i n g i s a c c e s s S t r i n g ; 

t y p e E n t r y _ T y p e i s 
r e c o r d 

Key : Po i n t e r _ _ T o _ S t r i ng ; 
I t e m : I t e m _ T y p e ; 

e n d r e c o r d ; 

t y p e T a b l e _ T y p e i s a r r a y ( I n t e g e r r a n g e <>) o f E n t r y _ J y p e ; 

Th i s has the v ir tue that s t r ings of any s i ze may be u sed as keys, and no pa ramete r is 
n e eded to spec i f y the length (thus the outer gene r i c p a c k a g e wil l on ly requ i re the type 
parameter) . Unfortunate ly , there is a se r i ous f law in this imp lementa t i on . S i n c e it is 
poss i b l e for the c l ient to keep an a c c e s s path to the entr ies in the tab le externa l ly to the 
pa c kage , it wil l be poss ib l e to alter the keys. T hu s an e r r oneous c l ient p rog ram cou l d 
alter the behav i ou r of the p a c k age in unp red i c t ab l e ways . 

O n e add i t iona l a spec t of these three ve r s i ons s hou l d be men t i oned . On ly in the c a s e whe re the key is 

a S t r i n g is it po s s i b l e to c rea te the agg rega te at c omp i l e t ime. In the other two c a s e s it wil l be 

ne ce s sa r y to c rea te the agg rega te at run t ime, and thus it is l ikely that two c op i e s of the s t r ings and 

the i tems wil l ex ist in the memory of the compu te r . Th i s c ou l d p re c l ude the use of the T e x t _ H a n d l e r 

and the a c c e s s S t r i n g ve rs ions if the tab le is large. 

5 . 4 . 4 U s e o f a P r i v a t e T y p e f o r t h e P o i n t e r s to t h e T a b l e 

In order to prevent the user of the p a c k a g e f rom per fo rming ope ra t i ons on the po inters into the table, 

and poss ib ly conver t i ng a legal po inter into an i l legal one, T a b l e _ P o i n t e r is made private. The re is 

stil l the poss ib i l i ty that un in i t ia l i zed T a b l e_Po i n t e r va lues will be p a s s ed by the c l ient to the rout ines 

G e t K e y and G e t l t e m . The excep t i on I n v a l i d _ T a b l e _ P o i n t e r is ra i sed if the unde f ined va lue 
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h appen s to v io late the range cons t ra in t s . W e cou l d alter the imp lementa t ion to ensu re that al l 

T a b l e . . . P o i n t e r va lues a re in i t ia l ized, by mak ing the type be a reco rd type, and prov id ing 

in i t ia l izat ion. W e c h o s e not to do it in this examp le , to avo id further complex i ty . 

5.4.5 Nest ing a Gener i c P a c k a g e Within a G e n e r i c P a c k a g e 

If a p a c k a g e is to have the features we des i re , w e need at least two gene r i c parameters : the type of 

the items, and the tab le wh i ch is to be s e a r c h ed . However , the l anguage d oe s not a l l ow us to pa s s 

both these parameters at the s ame t ime to the s ame gene r i c package , s i n ce the type of the tab le must 

be ava i lab le be fore we c an pas s the tab le as a parameter . Thu s it is ne ce s sa r y to have two nested 

gene r i c pa ckages : the outer takes the type parameter , and p r odu ce s a m o n g other th ings the type of 

the tab le and the inner gene r i c p a c kage . The inner p a c k age is then instant iated with the tab le as 

parameter . 

5.4.6 Str ing C o m p a r i s o n s 

Severa l interest ing po ints ar ise as a result of the need to per form str ing c ompa r i s on s within the body 

of F i nd . Severa l ope ra t i ons need to be pe r fo rmed on the key wh i ch is retr ieved f rom the tab le when it 

is be ing p robed . Ra the r than retr ieve the key repeated ly , we have d e c i d e d to take a c op y of it and 

per form the opera t i ons on the copy . S i n c e we d o not k now the s i ze of the st r ing be fore we retr ieve it, 

we must e i ther take a c op y in a new a c c e s s va lue, or in a dec l a ra t i on in an inner b lock . W e c h o o s e 

the latter to avo id the need for g a r bage co l l e c t i on . 

5.4.7 Use of Integers in F ind 

The var iab les L o w e r _ B o u n d , U p p e r _ B o u n d , L, U and I are ail d e c l a r ed a s I n t e g e r , rather than as 

integers cons t r a i ned by the b o u n d s of P t r even though they are used as i ndexe r s for P t r , b e c a u s e 

the a lgor i thm a l lows them to r ange f rom P t r ' F I R S T - 1 to P t r * L A S T + l . Mo r e b o u n d s c h e c k i n g wil l 

o c c u r in the body of F i nd and S e a r c h than is necessa ry , but there is no s imp le way to avo id this. W e 

c on s i d e r ed p l ac ing r ange cons t ra in t s on the pa ramete r s to F i n d (for example , L o w e r _ B o u n d , 

l l p p e r _ B o u n d and P c a n be cons t r a i ned to the range 1. . T a b l e _ l _ e n g t h , and L and U to the r ange 

0 . . T a b l e _ L e n g t h + l ) . Wh i l e this c ou l d he lp loca te e r rors more accura te ly , it might a lso add 

suf f ic ient ly to the comp lex i t y of the s ou r c e that add i t iona l e r ro rs wou l d be i n t roduced by the 

p rogrammer . 
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6. Solution of Laplace's Equation with Several 
Ada Tasks 

6.1 D e s c r i p t i o n 

In th is s e c t i on w e present the so lu t i on of a numer i c a l p rob l em us ing severa l A d a tasks . The so lu t i on is 

d e s i g ned for a mu l t i p r o ce s so r c ompu t e r sy s tem s u c h a s C .mmp [18] or C m * [17] in wh i c h the 

p r o c e s s o r s have a c c e s s to a s ha r ed memory . 

O u r p rob l em invo lves the L a p l a c e part ia l d i f ferent ia l e qua t i o n : 6 

d2U 3 2 U _ 

on a r ec tangu la r reg ion D. W e are g iven a s bounda r y cond i t i on s the va lues of U on the e dge s of D. W e 

are to app rox ima te a so lu t ion to the L a p l a c e equa t i on by f ind ing the va lues of U at e a ch point of a 

mesh of po in ts in the inter ior of D. The mesh is an m-by-n rec tangu la r array of points, (i,j), i = 1,...,m 

a n d j = 1,...,n. 

The L a p l a c e equa t i on c an be app rox ima ted by the d i f f e rence equat ions : 

U. , . + U. . i + U . i . + U . . i - 4 U . . = 0 

The va lue of U at a point (i,j) is the ave rage of the va lues of U at the four ne ighbo r i ng po ints . W e have 

one s u c h equa t i on for e a c h inter ior point (i,j). T a ken together , the equa t i ons g ive us a l inear sys tem 

of s imu l t aneous equa t i ons to so lve . 

Let us numbe r the po ints (i,j) in row major order, wh i ch g i ves the numbe r i ng 1,...,mn. Let the vec to r u 

be: 

" = (u 1 5u 2,..., u m n ) 

O u r l inear s y s t em may then be writ ten as A u = 0. The coef f i c ient matrix, A, is a symmet r i c band 

matr ix with 

• Al l d i agona l e l ements equa l to - 4 ; and 

• Fo r non -d i agona l e lements , a p = 1 if point p is a ne ighbo r of point q, and 0 otherv/ ise. 

T h e method we wil l use to so l ve this s y s tem is a para l le l vers ion of Gau s s - Se i d e i i terat ion with N A d a 

In this presentation, we follow closely the treatment of Dahlquist and Bjorck [3], sections 5.6 and 8.6.3 
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tasks . E a ch task is a s s i gned to work on a port ion of the sys tem. With in e a c h por t ion , the method 

r e du c e s to the normal s i ng l e -p roces s Gau s s - Se i d e l i terat ion. The para l le l G au s s - S e i d e l method wa s 

s tud ied by G . Baudet , w h o imp lemented it o n C .mmp [1, 2]. 

The Gau s s - Se i d e l i terat ion fo rmu la for der i v ing the (n + 1 ) s t app rox ima t i on of U j . f rom the n t h is: 

U . . ( n + 1 ) = (U. <n + 1 ) + U.. <n + 1 ) + U. <n ) + U . < n ) ) / 4 

A mod i f i ca t ion to Gaus s - Se i de l wh i c h a c ce l e r a t e s its c o n v e r g e n c e is the successive overrelaxation 

method . Its i terat ion fo rmu la is: 

u i j ( n + 1 > = U i j ( n ) + O m e g a * ( U j - 1 j

( n + 1 ) + U J M

( n + 1 ) + U j + 1 j

( n ) + u

i ] + i { n ) - 4U . . { n ) ) / 4 

Here, O m e g a is the parameter to the s u c c e s s i v e over re laxa t ion m e t h o d . 8 W h e n O m e g a is equa l to 1, 

the fo rmu la r educe s to the or ig ina l Gau s s - Se i d e l f o rmu la . 

6.2 Implementat ion 

The p r o cedu re w e prov ide, P a r a l 1 e l _ R e l a x a t i o n , t akes the matrix U as a parameter . It is 

a s s u m e d that the outs ide edge of U has b e e n in i t ia l i zed by the ca l le r with the des i r ed va lues . T h e 

p r o cedu re c ompu t e s the va lues of U for the inter ior (i.e., non-edge) po ints . 

In our imp lementat ion , the coef f i c ient matr ix A ' i s not p resen t expl ic i t ly, rather, the coe f f i c i en ts a re 

s imp ly ref lected in the i terat ion fo rmu la for s u c c e s s i v e over re laxa t ion . 

The p r o c edu r e P a r a l 1 e l _ R e l a x a t i o n a l so takes a parameter , Numbe rO f R e g i o n s , wh i c h i nd i ca tes 

the numbe r of A d a tasks to c rea te . 

E a c h A d a task wo rk s on a reg ion of the matr ix U. E a c h reg ion is itself a rec tangu la r matr ix. A 

rec tangu la r gr id of s u c h reg ions is la id out ove r the inter ior of the matrix U. O n e A d a task is d ed i c a t ed 

to e a ch reg ion. 

Tes t i ng for the c o n v e r g e n c e of the sys tem a s a who l e must b e done with ca re . To have c on v e r g en c e , 

e a ch task must be l ieve that its own reg ion has c onve r ged , and fur thermore, all t asks must ho ld th is 

bel ief " s imu l taneous l y " ; that is, they must reach a unan imou s c o n s e n s u s on whether or not they all 

have conve rged . Obse r ve that a task may d e c i d e premature ly that its reg ion has c onve rged , even 

t h ough a c h a n g e may s o o n o c c u r in its reg ion b e c au s e of a c h a n g e in one of its ne ighbors . 

7 Bes i d e s the treatment of Gauss-Seide! iteration in Dahlquist and Bjorck [3] and other texts on numerical methods, the 
reader may w.sh to refer to McCracken [13], who gives a single-processor treatment of our problem as part of Case Study 11B. 

8 Choos i ng an appropriate value for Omega is d iscussed in Dahlquist and Bjorck [3], sections 5.6 and 8.6.3. 



Sec t i on 6.2 So lu t i on of L a p l a c e ' s Equa t i on with Seve ra l A d a T a s k s 41 

Fo r e a ch reg ion task, there is a coo rd i na to r task wh i c h is u sed to ass i s t In the c ommun i c a t i o n 

be tween the reg ion tasks . T h e c ommun i c a t i o n cons i s t s of one reg ion task, A, adv i s i ng a ne i ghbo r i ng 

reg ion task, B, that A has not yet c on ve r g ed with in its own reg ion . S i n c e A has not yet c onve rged , its 

ne i ghbo r B c ou l d not yet have real ly c o n v e r g e d either, in sp i te of wha t B might be l i eve local ly . Thus , 

we c an think of this mes s age f rom A to B as a c o m m a n d to B to keep on go ing . T o avo id dead l o ck 

and con ten t i on p rob l ems wh i ch wou ld result if the reg ion tasks did entry ca l l s on e a c h other direct ly, 

the mes s age is ac tua l ly sen t by hav ing A d o an entry ca l l on B's coo rd i na to r task. 

The c o n s e n s u s a m o n g the reg ion tasks is a ch i eved by pass ing m e s s a g e s to e a c h other ' s 

coo rd ina to r s , and by hav ing a g loba l coun te r of the numbe r of un f i n i shed reg ion tasks . W h e n a 

reg ion task be l i eves that it is done , it d e c r emen t s the counte r . W h e n a coo rd i na to r task rece i ves a 

mes s age that its reg ion c ou l d not real ly be done , it i n c rements the coun te r . W h e n the coun te r 

r e a che s zero , we know that all reg ion tasks thought they were f in i shed . 

E a c h reg ion task repeated ly e x e cu t e s the fo l lowing ac t i ons . First, it c ompu t e s one c omp l e t e new set 

of va lues for the po ints in its reg ion . If the reg ion has not yet c onve r ged local ly, the task adv i se s its 

ne ighbors ' c oo rd i na to r s to k eep on go ing . If the reg ion has c o n v e r g e d local ly , then the task 

d e c r emen t s the g loba l c oun t e r of un f in i shed tasks . If the c oun t e r is zero , we a re done ; the task must 

c l e an up the sys tem of tasks (desc r i bed be low), and we may then return from the 

P a r a l l e l _ _ R e l a x a t i o n p rocedu re . If the coun te r is non-zero , the reg ion task puts itself to s l eep by 

ca l l i ng an entry of its coo rd ina to r , Wa i t . The coo rd i na to r will wa ke it up by a c c ep t i ng the Wa i t entry 

ca l l when a keep -on -go ing mes s age is rece i ved ; if s u c h a mes sage had a l ready been rece i ved , the 

coo rd ina to r a c c ep t s the Wa i t entry ca l l immediate ly . The coo rd i na to r merges mul t ip le keep -on -go ing 

me s s age s that have been rece i ved s i n c e the last Wai t entry ca l l into one mes sage . Mu l t ip le keep -on 

go i ng mes s age s wil l thus c a u s e only one a c c e p t a n c e of the Wa i t entry. 

W h e n a reg ion task d i s c ove r s in the test a bove that the c oun t e r of un f in i shed reg ion tasks is ze ro , it 

must a r range to wake any other reg ion tasks that are s l eep ing on the Wai t entr ies of their respec t i ve 

coo rd ina to r s . Th i s must be d o n e b e c a u s e ail tasks wh i c h are loca l to a b l o ck in A d a must terminate 

be fore we may exit the b lock . Th i s wak i ng up is hand led by hav ing ano the r entry into the coo rd i na to r 

tasks, the F i n i s h entry. After a F i n i s h entry ca l l is rece ived , a coo rd i na to r wi l l immedia te ly a c c ep t 

any W a i t entry ca l l s . After a reg ion task returns f rom the W a i t entry ca l l , it l ooks aga in to see if the 

g loba l coun te r has g one to ze ro . If it has, the reg ion task c o n c l u d e s that w e are d o n e and ex i ts . 

Final ly, s o m e sys tems of equa t i ons wi l l not c onve rge . As a p rac t i ca l matter, it is important to prov ide 

an upper bound on the number of i terat ions. We do this by hav ing ano the r pa ramete r to 

P a r a l 1 e l _ R e l a x a t i o n , named M a x l t e r a t i o n s . If this max imum is e x c e eded , then we set 

ano ther parameter , D i d N o t C o n v e r g e , to T r u e and return. 
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6.3 P r o g r a m Text 

6 . 3 . 1 A P r o t e c t e d C o u n t e r T a s k T y p e 

Here we present a task type that p rov ides a p ro tec ted coun te r with ope ra t i ons for i nc rement ing and 

de c r emen t i ng . It is p ro tec ted in that the i n c rement and de c r emen t ope ra t i ons are ind iv is ib le . Th i s 

indiv is ib i l i ty is a che i v ed by per fo rming the ope ra t i ons with in a c c ep t bod ies . 

W e su r r ound the task with a package , so that it may be separa te l y c omp i l ed and p l a ced in a l ibrary. 

p a c k a g e P r o t e c t e d _ C o u n t e r _ P a c k a g e i s 

t a s k t y p e P r o t e c t e d _ C o u n t e r i s 
e n t r y I n i t i a l i z e ( Z : in I n t e g e r ) ; 
e n t r y I n c r ( Z 
e n t r y D e c r ( Z 
e n t r y R e a d ( Z 

in I n t e g e r := 1 ) ; 
in I n t e g e r := 1) 
o u t I n t e g e r ) ; 

e n d P r o t e c t e . d _ C o u n t e r ; 

e n d P r o t e c t e d _ C o u n t e r _ P a c k a g e ; 

p a c k a g e b o d y P r o t e c t e d _ C o u n t e r _ P a c k a g e i s 

t a s k b o d y P r o t e c t e d _ C o u n t e r i s 
C o u n t e r : I n t e g e r ; 

b e g i n 
a c c e p t I n i t i a l i z e ( Z : i n I n t e g e r ) d o 

C o u n t e r := Z; 
e n d ; 

l o o p 
s e l e c t 

a c c e p t I n c r ( Z : i n I n t e g e r := 1) d o 
C o u n t e r := C o u n t e r + Z; 

e n d ; 
o r 

a c c e p t D e c r ( Z : in I n t e g e r := 1) d o 
C o u n t e r := C o u n t e r - Z ; 

e n d ; 
o r 

a c c e p t R e a d ( Z : o u t I n t e g e r ) d o 
Z := C o u n t e r ; 

e n d ; 
o r 

t e r m i n a t e ; 
e n d s e l e c t ; 

e n d l o o p ; 
e n d P r o t e c t e d _ C o u n t e r ; 

e n d P r o t e c t e d _ C o u n t e r _ P a c k a g e ; 
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6.3.2 Paral le l .Relaxat ion P r o c e d u r e 

gener ic 
type R e a l is digits <>; 
type R e a l M a t r i x is array ( I n t e g e r range <>, I n t e g e r range <>) 

of R e a l ; 

p r o c e d u r e P a r a l 1 e l _ R e l a x a t i o n ( U : in out R e a l M a t r i x ; 
M a x E r r : in R e a l ; 
M a x I t e r a t i o n s : in N a t u r a l ; 
N u m b e r O f R e g i o n s : in N a t u r a l ; 
D i d N o t C o n v e r g e : out B o o l e a n ; 
Omega : in R e a l := 1 . 0 ) ; 

with P r o t e c t e d _ C o u n t e r _ P a c k a g e , M a t h _ L i b, I n t e g e r _ M a x M i n _ L i b; 
use I n t e g e r _ _ M a x M i n _ L i b ; 

p r o c e d u r e P a r a l l e l _ R e l a x a t i o n ( U : in out R e a l M a t r i x ; 
M a x E r r : in R e a l ; 
M a x l t e r a t i o n s : in N a t u r a l ; 
N u m b e r O f R e g i o n s : in N a t u r a l ; 
D i d N o t C o n v e r g e : out B o o l e a n ; 
Omega : in R e a l := 1.0) is 

M a x E r r d e t e r m i n e s when we h a v e c o n v e r g e d ( i . e . , we h a v e c o n v e r g e d 
when t h e c h a n g e i n t h e v a l u e o f a l l p o i n t s i s <= M a x E r r ) . 

M a x l t e r a t i o n s i s a l i m i t on how many i t e r a t i o n s t o p e r f o r m . I f 
we p e r f o r m t h i s many i t e r a t i o n s w i t h o u t c o n v e r g i n g , t h e n we s e t 
D i d N o t C o n v e r g e t o T r u e and r e t u r n . 

N u m b e r O f R e g i o n s i s t h e max imum number o f A d a t a s k s t o u s e . 
- - Omega i s t h e a c c e l e r a t i o n p a r a m e t e r t o t h e s u c c e s s i v e o v e r r e l a x a t i o n 

f o r m u l a . 

R o w R e g i o n s , C o l R e g i o n s : I n t e g e r ; 
N u m R e g i o n s : I n t e g e r ; 
R o w s P e r R e g i o n , C o l s P e r R e g i o n : I n t e g e r ; 
RowLo : constant I n t e g e r := U , F I R S T ( 1 ) ; 
RowHi : constant I n t e g e r := I T L A S T ( l ) ; 
C o l L o : constant I n t e g e r := U f F I R S T ( 2 ) ; 
C o l H i : constant I n t e g e r : = U ' L A S T ( 2 ) ; 
s u b t y p e I n t e r i o r R o w s is I n t e g e r range R o w L o + 1 . . R o w H i - 1 ; 
s u b t y p e I n t e r i o r C o l s is I n t e g e r range C o l L o + 1 . . C o l H i - 1 ; 
L e n l n t e r i o r R o w s : constant I n t e g e r := ( I n t e r i o r R o w s * LAST -

I n t e r i o r R o w s ' F I R S T ) + 1; 

T h e r e i s no ' L ENGTH a t t r i b u t e f o r d i s c r e t e s u b t y p e s . 

L e n l n t e r i o r C o l s : constant I n t e g e r := ( I n t e r i o r C o l s ' L A S T -

I n t e r i o r C o l s ' F I R S T ) + 1; 

p a c k a g e R e a l _ M a t h _ L i b is new M a t h _ L i b ( R e a l ) ; 
use R e a l _ M a t h _ L i b ; 
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begin 

I n i t i a l l y , a s s ume t h a t t h e s y s t e m w i l l c o n v e r g e : 

D i d N o t C o n v e r g e := F a l s e ; 

S e e i f t h e m a t r i x U h a s any i n t e r i o r p o i n t s . I f n o t , r e t u r n : 

if I T L E N G T H ( l ) <= 2 or U ' L E N G T H ( 2 ) <= 2 then 

return; 
end if; 

We z e r o t h e i n t e r i o r p o i n t s i n i t i a l l y : * 

for I in I n t e r i o r R o w s loop 
for J in I n t e r i o r C o l s loop 

U ( I , J ) := 0 . 0 ; 
end loop; 

end loop; 

D e t e r m i n e t h e l a y o u t o f t h e r e g i o n s on t h e m a t r i x . 
E a c h r e g i o n i s i t s e l f a r e c t a n g u l a r s u b - m a t r i x . We l a y down a 
r e c t a n g u l a r a r r a y o f r e g i o n s on t o p o f t h e m a t r i x . The 
a r r a y i s R o w R e g i o n s by C o l R e g i o n s : 

R o w R e g i o n s 
C o l R e g i o n s 
N u m R e g i o n s 

F l o o r ( S q f t ( R e a l ( N u m b e r O f R e g i o n s ) ) ) ; 
N u m b e r O f R e g i o n s / R o w R e g i o n s ; 
R o w R e g i o n s * C o l R e g i o n s ; 

E . g . , f o r N u m b e r O f R e g i o n s = 3 3 , we g e t 5 , 6 , and 3 0 . 
O n l y t h e 30 r e g i o n s a r e a c t u a l l y u s e d . 

E a c h r e g i o n i s a r e c t a n g l e o f R o w s P e r R e g i o n r ows by 
C o l s P e r R e g i o n c o l u m n s . The r e g i o n s a t t h e r i g h t e dge 
and t h e b o t t o m may be s m a l l e r h o w e v e r : 

R o w s P e r R e g i o n := ( L e n l n t e r i o r R o w s + ( R o w R e g i o n s - 1 ) ) / R o w R e g i o n s ; 
C o l s P e r R e g i o n := ( L e n i n t e r i o r C o l s + ( C o l R e g i o n s - 1 ) ) / C o l R e g i o n s ; 

Now t h a t we know how many t a s k s we a c t u a l l y w a n t , e n t e r 

an i n n e r b l o c k t o d e c l a r e t h e m : 

P a r Re 1 a x _ _ I n n e r _ B l o c k : 
dec lare 

task type R e g i o n _ J a s k is 
entry S e t P a r a m e t e r ( S e t M y R o w r e g i o n , 

S e t M y C o l R e g i o n : in I n t e g e r ) ; 

end R e g i o n _ T a s k ; 

task type C o o r d i n a t o r _ T a s k is 
entry W a i t ; 
entry K e e p O n G o i n g ; 
entry F i n i s h ; 

end C o o r d i n a t o r _ J T a s k ; 
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R e g i o n s : a r r a y ( 1 R o w R e g i o n s , 1 . . C o l R e g i o n s ) of R e g i o n _ T a s k ; 
C o o r d i n a t o r s : a r r a y ( 1 . . R o w R e g i o n s , 1 . . C o l R e g i o n s ) of . 

C o o r d i n a t o r _ T a s k ; 
U n f i n i s h e d _ C o u n t e r : P r o t e c t e d _ C o u n t e r _ P a c k a g e . P r o t e c t e d _ C o u n t e r ; 

task body C o o r d i n a t o r _ T a s k is 
H a d J < e e p O n G o i n g : B o o l e a n := F a l s e ; 
H a d _ F i n i s h : B o o l e a n := F a l s e ; 

begin 
loop 

select 
a c c e p t K e e p O n G o i n g do 

if not Had__KeepOnGo ing then 
U n f i n i s h e d _ C o u n t e r . I n c r ; 
H a d _ K e e p O n G o i n g := T r u e ; 

end if; 
end K e e p O n G o i n g ; 

or 
when h ad__KeepOnGo i ng or H a d _ F i n i s h => 

a c c e p t W a i t do H a d _ K e e p O n G o i n g := F a l s e ; end W a i t ; 
or 

a c c e p t F i n i s h do H a d _ F i n i s h := T r u e ; end F i n i s h ; 
or 

te rminate ; 
end s e l e c t ; 

end loop; 
end C o o r d i n a t o r _ T a s k ; 

p r o c e d u r e A l l _ _ F i n i s h is s e p a r a t e ; 

task body R e g i o n _ B o d y is s e p a r a t e ; 

begin The s t a t e m e n t s o f P a r R e l a x _ _ I n n e r _ B l o c k 

The c o u n t o f u n f i n i s h e d t a s k s i s i n i t i a l l y a l l o f t h e 
r e g i o n t a s k s : 

U n f i n i s h e d _ C o u n t e r . I n i t i a l i z e ( N u m R e g i o n s ) ; 

S e t t h e p a r a m e t e r s o f t h e r e g i o n s t a s k s : 

for I in R e g i o n s ' RANGE( 1) loop 
for J in R e g i o n s ' RANGE( 2 ) loop 

R e g i o n s ( I , J ) . S e t P a r a m e t e r ( I , J ) ; 
end loop; 

end loop; 

- - We now s i m p l y w a i t a t t h e end o f t h e 

d e c l a r i n g b l o c k f o r t h e t a s k s t o t e r m i n a t e . 

end P a r R e l a x _ I n n e r _ _ B l o c k ; 

e n d P a r a l l e l _ R e l a x a t i o n ; 
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- - Body o f A l l _ F i n i s h P r o c e d u r e 

separate ( P a r a l l e l _ R e l a x a t i o n ) 

p r o c e d u r e A l l _ F i n i s h is 
C a l l s t h e F i n i s h e n t r i e s o f a l l t h e c o o r d i n a t o r s . 

begin 
for R r e g in C o o r d i n a t o r s ' RANGE( 1) loop 

for C r e g in C o o r d i n a t o r s ' RANGE( 2) loop 
C o o r d i n a t o r s ( R r e g , C r e g ) . F i n i s h ; 

end loop; 
end loop; 

end A l l _ F i n i s h ; 

- - B ody o f R e g i o n _ T a s k 

separate ( P a r a l 1 e l _ R e l e x a t i o n ) 

task body R e g i o n _ T a s k is 
M y R o w R e g i o n , M y C o l R e g i o n : I n t e g e r ; 

begin 

T a s k s t a r t s by f i n d i n g o u t w h a t r e g i o n i t h a s b e en 

a s s i g n e d : 
a c c e p t S e t P a r a m e t e r ( S e t M y R o w R e g i o n , S e t M y C o l R e g i o n : in I n t e g e r ) do 

M y R o w R e g i o n := S e t M y R o w R e g i o n ; 
M y C o l R e g i o n := S e t M y C o l R e g i o n ; 

e n d ; 

R e g i o n _ I n n e r _ B l o c k : 
d e c l a r e 

MyDone : B o o l e a n ; 
N e w _ V a l u e : R e a l ; 
C u r C o u n t : I n t e g e r ; 

C o m p u t e t h e b o u n d a r i e s o f my r e g i o n . T h e s e a r e 
- - t h e p o i n t s t h a t w i l l be c o m p u t e d by me: 

MyRowLo : constant I n t e g e r := ( M y R o w R e g i o n - 1) * 
R o w s P e r R e g i o n + I n t e r i o r R o w s ' F I R S T ; 

M y C o l L o : constant I n t e g e r := ( M y C o l R e g i o n - 1) * 
C o l s P e r R e g i o n + I n t e r i o r C o l s ' F I R S T ; 
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I f w e ' r e a t t h e b o t t o m e d g e , t h e n MyRowHi s h l o u l d 
n o t e x c e e d I n t e r i o r R o w s ' L A S T : 

MyRowHi : constant I n t e g e r := M i n ( I n t e r i o r R o w s 1 L A S T , 
MyRowLo + R o w s P e r R e g i o n - 1 ) ; 

L i k e w i s e , i f w e ' r e a t t h e r i g h t e d g e . . . : 

M y C o l H i : constant I n t e g e r := M i n ( I n t e r i o r C o l s ' L A S T , 
M y C o l L o + C o l s P e r R e g i o n - 1 ) ; 

begin 

I t e r s L o o p : 
for I t e r s in 1 . . M a x l t e r a t i o n s loop 

MyDone := T r u e ; 
C o m p u t e a new v a l u e f o r e a c h p o i n t i n my 

r e g i o n : 
for I in MyRowLo . . MyRowH i loop 

for J in M y C o l L o . . M y C o l H i loop 
N e w _ V a l u e := U ( I , J ) + Omega * 

( U ( I - 1 , J ) + U ( I , J - 1 ) + U ( I + 1 , J ) + U ( I , J + 1 ) - 4 . 0 * U ( I , J ) ) / 4 . 0 ; 
if A b s ( N e w _ V a l u e - U ( I , J ) ) >= M a x E r r 

then MyDone := F a l s e ; 
end if; 
U( i , j ) := N e w _ V a l u e ; 

end loop; o v e r c o l s 
end loop; - - o v e r r ows 

if not MyDone then T e l l my n e i g h b o r s t o k e e p on g o i n g : 
if M y R o w R e g i o n /= 1 then 

C o o r d i n a t o r s ( M y R o w R e g i o n - 1 , 
M y C o l R e g i o n ) . K e e p O n G o i n g ; 

end if; 

if M y R o w R e g i o n /= R o w R e g i o n s then 
C o o r d i n a t o r s ( M y R o w R e g i o n + 1 , 

M y C o l R e g i o n ) . K e e p O n G o i n g ; 
end if; 

if M y C o l R e g i o n /= 1 then 
C o o r d i n a t o r s ( M y R o w R e g i o n , 

M y C o l R e g i o n - 1 ) . K e e p O n G o i n g ; 
end if; 

if M y C o l R e g i o n /= C o l R e g i o n s then 
C o o r d i n a t o r s ( M y R o w R e g i o n , 

M y C o l R e g i o n + 1 ) . K e e p O n G o i n g ; 
end if; 
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e lse 
U n f i n i s h e d _ _ C o u n t e r . D e e r ; 
Un f i n i s h e d _ C o u n t e r . R e a d ( C u r C o u n t ) ; 
if C u r C o u n t = 0 then 

W e ' r e a l l d o n e . Wake up 
- - e v e r y b o d y w h o ' s s l e e p i n g : 
A l l _ F i n i s h ; 
goto E n d O f T a s k ; 

else 
W a i t t o h e a r o f some c h a n g e 

f r o m my n e i g h b o r s , o r 
f o r a l l t a s k s t o f i n i s h : 

C o o r d i n a t o r s ( M y R o w R e g i o n , 
M y C o l R e g i o n ) . W a i t ; 

W e ' v e b e e n woken u p . S e e w h e t h e r 
b e c a u s e e v e r y b o d y ' s f i n i s h e d , 

- - o r b e c a u s e o f a K e e p O n G o i n g 
m e s s a g e : 

U n f i n i s h e d _ _ C o u n t e r . R e a d ( C u r C o u n t ) ; 
if C u r C o u n t = 0 then 

goto E n d O f T a s k ; 
end if; 

end if; 
end if; 

S e e i f some o t h e r t a s k h a s t a k e n t o o many 
" i t e r a t i o n s a l r e a d y and i f so s t o p i t e r a t i n g : 

exit I t e r s L o o p w h e n D i d N o t C o n v e r g e ; 
end loop I t e r s L o o p ; 

H e r e i f f some t a s k ( e i t h e r my t a s k o r some 
- - o t h e r t a s k ) h a s t a k e n t o o many i t e r a t i o n s : 

D i d N o t C o n v e r g e := T r u e ; 
A l l _ F i n i s h ; 

end R e g i o n _ I n n e r _ B l o c k ; 

« E n d O f T a s k » 
nul l ; 

end R e g i o n _ _ T a s k ; 
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6.4 D i s c u s s i o n 

6.4.1 Use of S h a r e d Var iab les 

In our so lu t ion , we have u sed the array U as a sha red var iab le . Ai l the reg ion tasks a c c e s s it d i rec t ly 

w i thout a n y add i t i ona l p ro to co l . The ef fects of s u c h s imu l t aneous a c c e s s to a sha r ed var iab le are not 

spec i f i ed in the A d a l anguage , and wil l vary f rom imp lementa t ion to imp lementa t ion (see [8], sec t i on 

9.11). In s o m e sys tems, a f loat ing point var iab le may o c c u p y severa l bytes of s to rage , and 

s imu l t aneous reads and wr i tes may p r o d u c e an inter leav ing of bytes: the read may rece i ve s o m e bytes 

f rom the va lue of the var iab le be fore the write and s o m e bytes f rom the va lue after the write. Thus , the 

read may rece ive a va lue that is ne i ther the p rev ious va lue of the var iab le nor the new va lue. Fo r ou r 

so lu t i on to be reasonab le , we requ i re that the ope ra t i ons of read ing and wr i t ing the sha r ed var iab les 

be ind iv is ib le with respec t to e a ch other. Note that we d o not requ i re an ind iv is ib le read-modi fy-wr i te 

ope ra t i on . 

6.4.2 Updates of S h a r e d V a r i a b l e s From Registers 

Ano the r potent ia l d i f f iculty with sha red var iab les is the p rob l em of the comp i l e r keep i ng s u c h 

va r i ab les in loca l reg is ters (see [8], sec t i on 9.11). A comp i l e r is requ i red to s tore these back to the 

s ha r ed var iab les on ly at t hose po ints whe re tasks s ynch ron i z e , e.g., v ia r endezvous . Fortunate ly , in 

ou r so lu t ion we have suf f ic ient s ynch ron i za t i on be tween the reg ion and coo rd i na to r tasks for the 

s ha r ed matr ix U to be upda ted when needed . It is thus not ne ce s sa r y for us to emp loy the p rede f ined 

gene r i c p r o c edu r e S h a r e d _ V a r i a b l e _ U p d a t e . 

6.4.3 G e n e r i c s and Gener i c Instantiation 

T h e p r o c edu r e P a r a l 1 e l _ R e l a x a t i o n is a gene r i c p r o c edu r e with two gene r i c formal parameters : 

the f loat ing po int da t a type and a two-d imens iona l array type of th is f loat ing po int type. Th i s a l l ows a 

user to instant iate the p r o cedu r e with any f loat ing point da ta type he has d e c l a r ed . He c an , of cou r se , 

instant iate it severa l t imes, for examp le , o n c e with a f loat ing point type H i s S h o r t wh i c h is digits 6 

and o n c e with a f loat ing po int type H i s L o n g wh i c h is digits 12. 

Wi th in the body of the p ro cedu re , we need s o m e c o m m o n mathemat i ca l func t i ons on the gene r i c 

formal type R e a l (e.g., F l o o r and S q r t ) . S i n c e these are not pre-def ined s ubp r og r ams in the 

p a c k a g e S t a n d a r d , we have to a r r ange for their def in i t ion. W e a s s ume the ex i s t ence of a gene r i c 

l ibrary pa ckage , M a t h _ L i b , wh i c h con ta ins , amongs t o ther faci l i t ies, the func t i ons we need . 

Fur thermore , we a s s u m e that M a t h _ L i b has one gene r i c formal parameter wh i ch is the f loat ing point 

type for wh i c h its fac i l i t ies are to be p rov ided . W e obta in the rout ines we need by instant iat ing 

M a t h _ L i b with ou r gene r i c pa ramete r R e a l . 



50 D i s cu s s i on Se c t i on 6.4.3 

Fo r a s ubp r og r am de f i ned in the p a c k a g e S t a n d a r d as a s ubp r og r am for ttie f loat ing po int types 

(e.g., A b s or M + " ) , the type R e a l wil l au tomat i ca l l y inher i t the s ubp r og r am , v ia the A d a de r i ved type 

mechan i sm . 

6.4.4 S c h e d u l i n g of A d a T a s k s O n t o P r o c e s s o r s 

Ou r p r o cedu re is in tended for use with an imp lementa t ion of A d a on a mu l t i p rocesso r c ompu t e r 

sys tem, wh i ch wil l have s o m e numbe r P of phys i ca l p r o ce s so r s . Ou r N A d a tasks wil l be s c h e d u l e d 

onto these p r o ce s so r s by the under l y ing A d a sys tem a n d / o r by the opera t ing sys tem. Of cou r se , we 

intend that the sys tem wil l devo te more than one p r o ce s so r to our p rog ram. However , there is no way 

of spec i f y ing or gua ran tee ing this with in A d a . S u p p o s e that P is less than N, or that the sys tem 

c h o o s e s to g ive our p rog ram less than N ded i c a t ed p ro ce s so r s , b e cau se , for examp le the sys tem is 

mu l t i -p rogrammed or t ime-shared be tween severa l i ndependen t user p rog rams . Ou r p r o c edu r e wil l 

never the less e xe cu t e cor rec t l y no matter how many p r o c e s so r s are runn ing the A d a tasks and no 

matter their relat ive s peeds . 

Con s i d e r the c a s e of hav ing one p r o c e s s o r execu t i ng our p rog ram. S u p p o s e that init ial ly th is 

p r o ce s so r is runn ing s o m e par t i cu lar reg ion task, A . S i n c e none of th is reg ion ' s ne i ghbo r s a re 

chang i ng , the reg ion wil l eventua l ly c onve r ge local ly . The task A wil l f ind the g loba l var iab le 

Un f i n i s h e d _ C o u n t e r non-ze ro and wil l b l o c k on the ca l l to its coo rd i na to r ' s W a i t entry. S i n c e A is 

therefore no longer e l ig ib le, the p r o ce s so r wil l f ind s o m e other e l ig ib le A d a task to run. A s they b l o c k 

and unb l o ck du r ing rendezvous , our A d a tasks wi l l mult ip lex themse l ves onto the s ing le p ro ces so r . 

Obse r ve that this abi l i ty to e xe cu t e co r rec t l y on a s ing le p r o c e s s o r is a proper ty of our p rog ram, and 

not a genera l proper ty of any A d a p rog ram with mul t ip le A d a tasks . In part icu lar , if a runn ing A d a task 

never e ngage s in any rendezvous , there is no ob l igat ion of the under l y ing A d a sys tem to ever de -

s c hedu l e it and let ano the r A d a task execu te . Res ta t ing , an A d a imp lementa t ion may or may not 

c h o o s e to do t ime-s l i c ing, at the d i s c re t i on of the imp lemento rs . 



Se c t i o n Re f e r en ce s 51 

References 
[1] Ge r a r d M. Baude t . 

A s y n c h r o n o u s Iterative M e t h o d s for Mu l t i p r o ce s so r s . 
Journal of the ACM 25(2):226-244, Apr i l , 1978. 

[2] Ge r a r d M. Baude t . 
The Design and Analysis of Algorithms for Asynchronous Multiprocessors. 
P h D thes is , Dept. of C o m p u t e r S c i e n c e , Ca rneg i e -Me l l on Univers i ty, Apr i l , 1978. 

[3] G e r m u n d Dah lqu i s t and A k e Bjorck . 
Numerical Methods. 
P ren t i c e Ha l l , E n g l e w o o d Cl i f fs, N e w Jersey , 1974. 

[4] Digi ta l Equ i pmen t Co rpo ra t i on . 
PDP-11 Peripherals Handbook. 
Digita l E qu i pmen t Co rpo ra t i on , Mayna rd , Mas sachuse t t s , 1976. 

[5] Digita l Equ i pmen t Co rpo r a t i on . 
PDP-11 04/34/45/.55 Processor Handbook. 
Digita l Equ i pmen t Co rpo ra t i on , Mayna rd , Mas sa chuse t t s , 1976. 

[6] Pau l Hi l f inger, Ga r y Fe l dman , Robe r t F i t zgera ld , Izumi K imura , Ra l ph L L o n d o n , K V S P r a sad , 
VR P r a sad , J ona t han R o s e n b e r g , Mary Shaw, W m . A. Wulf . 
(Preliminary) An Informal Definition of Alphard. 
R e s e a r c h Repo r t C M U - C S - 7 8 - 1 0 5 , Ca rneg i e -Me l l on Univers i ty, C o m p u t e r S c i e n c e 

Depar tment , February , 1978. 

[7] E l l i s Ho row i t z and Sarta j S ahn i . 
Fundamentals of Computer Algorithms. 
C o m p u t e r S c i e n c e P ress , Inc., 1978. 

[8] J .D . Ichb iah, B. K r i eg -B rueckne r , B.A. W i c h m a n n , H.F. L edga rd , J . C . He l ia rd , J .R . Abr ia l , 
J .G . P . Ba rnes , M. VVoodger, O. Roub i ne , P.N. Hi l f inger, R. F ir th. 
Reference Manual for the Ada Programming Language 
The Rev i s ed Re f e r en c e Manua l , Ju l y 1980 ed i t ion, Honeywe l l , Inc., and C i i -Honeywe l l Bu l l , 

1980. 

[9] Dona l d E. Knu t h . 
The Art of Computer Programming. V o l ume 1: Fundamental Algorithms. 
Add i s on -Wes l e y , 1973. 

[10] Dona l d E. Knu t h . 
The Art of Computer Programming. V o l ume 2: Seminumerical Algorithms. 

Add i son -Wes l e y , 1969. 

[11] Dona l d E. Knu t h . 
The Art of Computer Programming. Vo l ume 3: Sorting and Searching. 
Add i son -Wes l e y , 1973. 

[12] B a r ba r a L i skov , A lan Snyder , Russe l l A t k i n son and C ra ig Schaf fer t . 
Abs t r a c t i on M e c h a n i s m s in C L U . 
Communications of the ACM 20(8), Augus t , 1977. 



R e f e r e n c e s 

Dan ie l D. M c C r a c k e n . 
A Guide to Fortran IV Programming, 2nd Edition. 
J ohn Wi ley and S o n s , N ew Yo r k , 1972 . 

A. Newe l l , F. T onge , E. A. F e i g e n b a u m , B. F. G r e e n , J r . and G . H. Mea ly . 
Information Processing Language-VManual. 
P ren t i c e Ha l l , 1964. 

Mary S h a w , W i l l i am A. Wu l f a n d R a l p h L. L o n d o n . 
Abs t rac t i on and Ve r i f i c a t i on in A l p h a r d : De f i n i ng and Spec i f y i ng Iteration a n d Gene r a t o r s . 

Communications of the ACM 20(8), Augus t , 1977. 

M.S. S h e r m a n a n d M. B o r k a n . 
A F lex ib le S e m a n t i c Ana l y z e r for A d a . 
In Symposium on the Ada Programming Language. A C M , Bo s t o n , D e c e m b e r , 1980. 

R J . S w a n , S .H . Fu l ler , D.P. S i ew i o r e k . 
C m * : A Modu la r , M u l t i - M i c r o p r o c e s s o r . 

In Proc. 1977 National Computer Conference. A m e r i c a n Fede ra t i on of In format ion P r o c e s s i 

So c i e t i e s , 1977. 

W.A. Wul f a n d C . G . Be l l . 
C .mmp - A Mul t i M in i P r o c e s s o r . 

In Proc. 1972 Fall Joint Computer Conference. A m e r i c a n Fede ra t i on of In format ion 

P r o c e s s i n g So c i e t i e s , 1972 . 

Wi l l i am A. Wul f , Ma ry S h a w , P a u l N. H i i f inger , a n d Lar ry H o n . 
Fundamental Structures of Computer Science. 
Add i s on -Wes l e y , 1981 . 


