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Preface 

T h e a u t h o r s a n d t h e i r c o l l e a g u e s h a v e b e e n exper iment ing w i t h a c o l l e c t i o n o f i d e a s a b o u t 
p r o g r a m m i n g l a n g u a g e s f o r s e v e r a l y e a r s . Our goals inc luded determining t h e e x t e n t t o w h i c h l a n g u a g e 
c o u l d s u p p o r t c o n t e m p o r a r y programming methodology , could aid in t h e c o n s t r u c t i o n o f v e r i f i a b l e 
p r o g r a m s , a n d , a t t h e s a m e t ime, cou ld b e a complete ly p rac t i ca l programming t o o l . 

i n t h e c o n t e x t o f t h a t e x p l o r a t o r y spir i t it s e e m e d inappropr iate to r ig id ly b ind d e c i s i o n s a b o u t t h e 
d e t a i l s o f t h e l a n g u a g e . H e n c e , a l though our exp lorat ions w e r e c a r r i e d ou t in a r e l a t i v e l y u n i f o r m 
n o t a t i o n a n d p u b l i s h e d u n d e r t h e name "A lphard" , t h e r e real ly n e v e r w a s an A l p h a r d l a n g u a g e . T h e 
a s t u t e r e a d e r o f o u r p r e v i o u s publ icat ions will h a v e n o t e d , and p robab ly wil l h a v e b e e n f r u s t r a t e d b y , 
t h e f a c t t h a t w e f e l t c o m p l e t e l y f r e e to c h a n g e the notat ion from p a p e r t o p a p e r a s t h e n e e d s o f o u r 
e x p l o r a t i o n s e e m e d t o w a r r a n t . 

W i t h t h i s d o c u m e n t w e a r e breaking wi th our prev ious s t r a t e g y . W e a re n o w d e f i n i n g a s p e c i f i c 
l a n g u a g e w h i c h w e e x p e c t t o s e r v e as the basis of our fu r ther r e s e a r c h . In t h e f u t u r e w e d o n o t 
i n t e n d t o a l t e r th i s l a n g u a g e in t h e same f r e e manner as w e h a v e in t h e p a s t . T h e r e a r e t w o r e a s o n s 
f o r t h i s s h i f t in s t r a t e g y : F i r s t , a l though w e didn't admit it , much of t h e l a n g u a g e w a s f r o z e n in o u r 
h e a d s , a n d t h e minor d i f f e r e n c e s t h a t a p p e a r e d in publ ished e x a m p l e s on ly s e r v e d t o c o n f u s e o u r 
r e a d e r s . S e c o n d , a n d f a r more important ly , w e b e l i e v e tha t t h e p remises on w h i c h al l t h e " d a t a 
a b s t r a c t i o n " l a n g u a g e s a r e b a s e d are u n t e s t e d in p r a c t i c e . W e f e e l t h e n e e d t o g a i n e x p e r i e n c e 
b e f o r e w e c a n p r o c e e d w i t h a n y c o n f i d e n c e to tack le the n e x t s e t of e x p l o r a t o r y q u e s t i o n s . T o g a i n 
t h a t e x p e r i e n c e w e n e e d t o f r e e z e , and to implement, at l eas t some port ion o f t h e l a n g u a g e — a n d t h a t 
i s w h a t w e a r e n o w do ing . 

S i n c e w e e x p e c t t o w o r k in t h e c o n t e x t of the language d e f i n e d h e r e fo r some t ime t o c o m e , t h e 
l a n g u a g e is e x t r e m e l y c o n s e r v a t i v e . Our p a s t e x p e r i e n c e has b e e n t h a t s i m u l t a n e o u s l y a c h i e v i n g 
v e r i f i a b i l i t y a n d e f f i c i e n c y is p o s s i b l e — but de l i ca te . H e n c e w e h a v e c h o s e n t o i n c l u d e only f e a t u r e s 
w h o s e i m p l i c a t i o n s w e fu l l y u n d e r s t a n d . For example , w e h a v e omi t ted f e a t u r e s d e a l i n g w i t h 
c o n c u r r e n c y , e x c e p t i o n a l - c o n d i t i o n handling, and s o on. W e ful ly a p p r e c i a t e t h a t t h e s e f e a t u r e s w i l l b e 
n e e d e d in a " p r o d u c t i o n 1 ' v e r s i o n o f A lphard ; t h e y are omitted he re b e c a u s e t h e y a r e s t i l l t h e s u b j e c t 
o f o u r r e s e a r c h . 

T h e p r e s e n t v e r s i o n o f th is r e p o r t ca r r ies the w o r d "Prel iminary" in i ts t i t l e ; w e h o p e t o p r o m p t l y 
c i r c u l a t e a s e c o n d v e r s i o n o f t h e repor t from which this w o r d has b e e n e l i d e d . O u r p u r p o s e in 
c i r c u l a t i n g t h i s f i r s t v e r s i o n is t o so l ic i t comment. W e will d e e p l y a p p r e c i a t e a n y a n d ail c r i t i q u e s o f 
b o t h t h o • l a n g u a g e a n d i ts p r e s e n t a t i o n . Such comments shou ld b e s e n t t o Bill W u i f , 
C o m p u t e r S c i e n c e D e p a r t m e n t , C a r n e g i e - M e l l o n Un ive rs i t y , P i t t sburgh , Pa . 1 5 2 1 3 . 
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Chapter 1 
Introduction 

T h e A l p h a r d l a n g u a g e h a s b e e n d e s i g n e d t o meet s e v e r a l o b j e c t i v e s s i m u l t a n e o u s l y : 

T o s u p p o r t c o n t e m p o r a r y programming methodology, and to e n c o u r a g e t h e d e v e l o p m e n t o f 
u n d e r s t a n d a b l e a n d modif iable programs. Spec i f i ca l l y , w e w i s h t o make t h e a b s t r a c t i o n s 

u s e d d u r i n g t h e c o n s t r u c t i o n o f a program exp l i c i t in the resul t ing program t e x t . 

T o p e r m i t f o r m a l s p e c i f i c a t i o n o f p roper t ies o f a program, and t o permit practical v e r i f i c a t i o n 

( p r o o f ) t h a t t h e p rogram s a t i s f i e s t h e s e s p e c i f i c a t i o n s . 

T o p e r m i t t h e p r o g r a m m e r t o cont ro l c e r t a i n dec is ions t h a t h a v e t rad i t ional ly b e e n p r e e m p t e d b y 
t h e l a n g u a g e implementat ion ( e . g . , t h e r e p r e s e n t a t i o n o f d a t a s t r u c t u r e s a n d m e t h o d o f 
s t o r a g e a l l o c a t i o n ) . 

T o p e r m i t t h e A l p h a r d compi ler to g e n e r a t e compact , e f f i c i e n t c o d e . W i t h t h e a i d o f a n 

o p t i m i z i n g compi le r , w e e x p e c t to p roduce b e t t e r c o d e t h a n is t y p i c a l l y p r o d u c e d b y 

a s s e m b l y l a n g u a g e programmers . 

I n s e t t i n g t h e s e o b j e c t i v e s , our pr inc ipal c o n c e r n is wi th high qual i ty , real p rograms — t h o s e w h i c h a r e 

u s e d e x t e n s i v e l y a n d a r e o f s ign i f i cant s i z e and complex i t y . M a n y o f t h e s e p r o g r a m s a r i s e in t h e a r e a 

w h i c h h a s b e e n c a l l e d " s y s t e m s " : compi lers , operat ing s y s t e m s , and t h e l ike ; s u c h a p p l i c a t i o n s a r e 

r e p r e s e n t a t i v e o f o u r c o n c e r n s a l though t h e y are not our e x c l u s i v e f o c u s . O u r i n t e n d e d u s e r 

c o m m u n i t y c o n s i s t s o f r e l a t i v e l y e x p e r i e n c e d profess iona ls r a t h e r than c a s u a l o r s t u d e n t p r o g r a m m e r s . 

T h e d e s i g n e r s o f a programming language genera l l y make a number o f ph i losoph ica l d e c i s i o n s that 

h a v e m a n i f o l d e f f e c t s o n t h e p r o d u c t o f thei r e f f o r t . W e , for e x a m p l e , b e l i e v e t h a t " p o w e r " o r 

"expressiveness" i s b e s t a c h i e v e d through mechanisms wh ich permit t h e p rogrammer t o s y n t h e s i z e 

m o r e c o m p l e x f a c i l i t i e s o u t o f r e l a t i v e l y simpler o n e s . T h u s t h e composition, o r structuring 

m e c h a n i s m s p l a y the c e n t r a l ro le in A lphard ; b y c o n t r a s t , for e x a m p l e , t h e c o l l e c t i o n o f p r i m i t i v e d a t a 

t y p e s i s smal l . T h e ph i losoph ica l j us t i f i ca t ions for this dec is ion a r e : ( 1 ) all of t h e famil iar d a t a t y p e s 

c a n b e b u i l t f rom A l p h a r d . s pr imi t i ves , ( 2 ) the bas ic language is much simpler w i t h o u t a l a r g e c o l l e c t i o n 

o f d a t a t y p e s , a n d ( 3 ) in making t h e composit ion mechanism s t rong enough t o d e f i n e t h e familiar d a t a 

t y p e s , w e h a v e a l s o m a d e it s t r o n g enough to def ine many more p r o b l e m - s p e c i f i c o n e s . 

P e r h a p s n o w h e r e a r e t h e l a n g u a g e d e s i g n e r s ' phi losophies more e v i d e n t t h a n in t h o s e d e c i s i o n s 

r e l a t i n g t o t h e t r a d e o f f s b e t w e e n expressiveness, s a f e t y , and e f f i c i e n c y . A l p h a r d , l ike ail l a n g u a g e s , 

strives for a b a l a n c e b e t w e e n t h e s e , but our notion of ba lance is c o i o r e d b y t h e i n t e n d e d a p p l i c a t i o n 

a r e a ( s ) a n d u s e r p r o f i l e s . For t h e s e appl icat ions the long term c o s t s o f maintaining a n d r u n n i n g 

p r o g r a m s f a r o u t w e i g h t h e i r initial d e v e l o p m e n t c o s t s . Thus w e h a v e t i l t ed t h e b a l e n c e in f a v o r o f 

t h o s e l a n g u a g e a t t r i b u t e s w h i c h con t r ibu te to e f f i c i e n c y and maintainabil i ty , p o s s i b l y a t t h e e x p e n s e o f 

t h o s e w h i c h f a c i l i t a t e rapid program cons t ruc t ion . 

W e h a v e , f o r exampie^ not e m p h a s i z e d " e x p r e s s i v e n e s s " in t h e s e n s e o f a l a r g e c o l l e c t i o n o f 
c o n s t r u c t s — e a c h o f w h i c h is " j u s t r ight " for a part icular s i tuat ion . W e b e l i e v e t h a t w e h a v e , 
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h o w e v e r , s u p p o r t e d e x p r e s s i v e n e s s in a larger s e n s e b y encourag ing p rogram o r g a n i z a t i o n s w h i c h 

c o n v e y i m p o r t a n t , a b s t r a c t information about t h e w a y tha t t h e program w o r k s . 

S i m i l a r l y , w e h a v e e m p h a s i z e d s a f e t y and e f f i c i e n c y , sometimes a t t h e e x p e n s e o f b r e v i t y o r 

c o n v e n i e n c e . T h i s h a s l e d us to r e s t r i c t some tradit ional c o n s t r u c t s ( e . g . , s c o p e a n d p a r a m e t e r r u l e s ) 

a n d r e f r a i n f r o m making s o m e tempt ing genera l i zat ions . W e a r e a w a r e o f many a r e a s in w h i c h t h e 

p r e s e n t d e s i g n c o u l d b e g e n e r a l i z e d in r a t h e r obv ious w a y s ; w e h a v e c h o s e n n o t t o d o s o , h o w e v e r , 

w h e n w e m i g h t c o m p r o m i s e t h e programmer's c o n f i d e n c e in both t h e c o r r e c t n e s s a n d p e r f o r m a n c e o f 

h i s p r o g r a m ^ 

1 . 1 . U n u s u a l A s p e c t s o f t h e L a n g u a g e 

M a n y a s p e c t s o f programming l a n g u a g e s h a v e become fai r ly s t a n d a r d in t h e p a s t d e c a d e . A l p h a r d 

c o n s t r u c t s a r e i n t e n t i o n a l l y similar in s t y l e and meaning to t h e analogous c o n s t r u c t s in o t h e r l a n g u a g e s . 

I n p a r t i c u l a r , w e h a v e l e a n e d h e a v i l y on t h e A lgo l -Pasca l cu l tu re ; t h e s y n t a x o f e x p r e s s i o n s , v a r i a b l e 

d e c l a r a t i o n s , p r o c e d u r e s , and s o o n , are all d e r i v e d from this cu l tu re . T h e fo l low ing , f o r e x a m p l e , is a 

f r a g m e n t o f a v a l i d A l p h a r d program and is obv ious l y similar to P a s c a l : 

b e g i n 

v a r x , y , z : i n t ; 

if x £ y t h e n z:*z+1 f j ; 

e n d ; 

W e e x p e c t t h a t t h e s imi lar i ty b e t w e e n t h e Alphard c o n s t r u c t s and t h e a n a l o g o u s o n e s in o t h e r 

l a n g u a g e s w i l l a id b o t h t h e r e a d e r o f this repor t and the programmers w h o u s e t h e l a n g u a g e . 

T h e r e a r e , h o w e v e r , a number o f a s p e c t s o f the language w h i c h d i f f e r s i g n i f i c a n t l y f r o m m a n y 

t r a d i t i o n a l l a n g u a g e s . T h i s s e c t i o n p r o v i d e s br ief no tes on t h e s e a s p e c t s o f A l p h a r d . I t i s , In e f f e c t , a 

l i s t o f p o i n t s a t w h i c h t h e r e a d e r shou ld b e a w a r e that things may not b e as e x p e c t e d . 

1. Type Definitions: T h e programmer may def ine a n e w t y p e th rough a c o n s t r u c t c a l l e d a f o r m . 
T h e f o r m p e r m i t s b o t h t h e s p e c i f i c a t i o n of t h e a b s t r a c t p r o p e r t i e s o f ( o b j e c t s o f ) t h e n e w 
t y p e a n d t h e implementat ion of t h a t t y p e in terms of p r e - e x i s t i n g t y p e s . T y p e d e f i n i t i o n s 
( f o r m s ) m a y b e p a r a m e t e r i z e d ; in part icular t h e y may a c c e p t o t h e r form n a m e s a s 
p a r a m e t e r s . S u c h forms are ca l led " g e n e r i c " and def ine a c l a s s o f t y p e s ( e . g . , a r r a y ( T ) , 
w h e r e T is a t y p e , d e f i n e s a r r a y - o f - i n t e g e r , a r r a y - o f - r e a l , a r r a y - o f - s e t - o f - i n t e g e r , e t c . ) . 

2 . Primitive types: I n t e g e r , r e a l , complex , e t c . are not primitive t y p e s in A l p h a r d ; s i m i l a r l y , 

s t r u c t u r e s s u c h as a r r a y s , r e c o r d s , and r e f e r e n c e s ( p o i n t e r s ) are not p r imi t i ve . All o f t h e s e 

fami l ia r n o t i o n s a r e ava i lab le , h o w e v e r . E i ther t h e y are p r o v i d e d as " s y n t a c t i c s u g a r " 

t h r o u g h s o m e s t a n d a r d a b b r e v i a t i o n s , or e lse t h e y are made ava i lab le t o t h e p r o g r a m m e r a s a 

p a r t o f a " s t a n d a r d p r e l u d e " — a s e t o f s t a n d a r d def in i t ions w h i c h ( c o n c e p t u a l l y ) p r e f a c e s 

e v e r y p r o g r a m . S p e c i f i c a t i o n s fo r t h e s t a n d a r d p re lude a r e i n c l u d e d a s a p p e n d i x 

B t o t h i s r e p o r t . 

1 W e are conv inced that deciding what not to include In a language design is much harder than inventing c l e v e r 
n e w th ings to include. 



4 An Informal Definition of Alphard 

T h e r e a r e ( o n l y ) t w o d i s t ingu ished t y p e s in Alphard; t h e y a re d i s t i n g u i s h e d in t h e s e n s e t h a t 
t h e y m u s t b e c o n s i d e r e d as par t o f the language and not as p a r t o f t h e s t a n d a r d p r e l u d e . 
T h e y a r e " r a w s t o r a g e " and " b o o l e a n " . Spec i f i ca t ions o f t h e s e t y p e s a n d t h e i r a s s o c i a t e d 
o p e r a t i o n s may b e f o u n d in a p p e n d i x B; informally, h o w e v e r : 

a . T y p e " r a w s t o r a g e " : Th i s t y p e c o r r e s p o n d s t o a v e c t o r o f c o n t i g u o u s , a d d r e s s a b l e , 
u n t y p e d memory " c e i l s " o f convent iona l computers ( w e shal l r e f e r in formal ly t o a 
r a w s t o r a g e unit o f length one as a " c e i l " or a " w o r d " b u t w e make n o a 
commit tment t o t h e number o f bits in e a c h s u c h ce i l ) ; b i t - w i s e log ica l , s h i f t i n g , a n d 
i n t e g e r o p e r a t i o n s a re de f ined on ce i ls . All o t h e r t y p e s a r e ( u l t i m a t e l y ) 
r e p r e s e n t e d in terms of o b j e c t s of t y p e r a w s t o r a g e , and t h e def in i t ion o f t h i s t y p e 
c o n t a i n s t h e b a s i c mechanism for assoc iat ing a "h igher l e v e l " t y p e w i t h a n a r e a o f 
s t o r a g e . T y p e r a w s t o r a g e is d is t inguished ( o n l y ) b e c a u s e i ts i m p l e m e n t a t i o n 
C a n n o t b e e x p r e s s e d in t h e language. 

b. T y p e " b o o l e a n " : O b j e c t s o f t y p e boolean are primitive ( u n s t r u c t u r e d ) , a n d possess 
v a l u e s f rom a s e t d e s i g n a t e d { t r u e , f a l s e } . T y p e boolean is d i s t i n g u i s h e d in t h e 
s e n s e t h a t , a l though it c a n b e def ined in terms of t y p e r a w s t o r a g e , it is n e e d e d 
f o r t h e def in i t ion o f o t h e r language c o n s t r u c t s — e.g., t h e cond i t iona l s t a t e m e n t . 
T h e c u s t o m a r y o p e r a t i o n s are p r o v i d e d . 

3 . Type Checking: M o s t modern programming languages conta in some n o t i o n o f t h e 
" e q u i v a l e n c e " o f t y p e s and requ i re that the t y p e s of ac tua l p a r a m e t e r s t o p r o c e d u r e s b e 
e q u i v a l e n t ' t o t h o s e s p e c i f i e d b y the cor responding formal p a r a m e t e r d e f i n i t i o n s . T h e 
p r e s e n c e o f p a r a m e t e r i z e d and g e n e r i c t y p e def init ions in Alphard makes i t a d v a n t a g e o u s t o 
r e p l a c e t h e not ion o f e q u i v a l e n c e b y a more l iberal notion of " m a t c h i n g " . Formal p a r a m e t e r 
d e f i n i t i o n s s p e c i f y a co l lec t ion of p roper t ies w h i c h the c o r r es p ond ing a c t u a l p a r a m e t e r m u s t 
possess, s p e c i f y a c o l l e c t i o n o f p roper t ies wh ich are i r re levant , and p r o v i d e a l imited f a c i l i t y 
f o r r e l a t i n g p r o p e r t i e s o f d i s t inc t parameters . T o g e t h e r t h e s e d e f i n e a c l a s s o f v a l i d a c t u a l 
p a r a m e t e r t y p e s , a n d p r o v i d e w h a t is genera l l y ca l led " s t r o n g t y p i n g " ; in p a r t i c u l a r , t h e 
p a r a m e t e r s p e c i f i c a t i o n and matching is su f f i c ient l y s t rong to e n s u r e v e r i f i a b i l i t y . 

4 . S c o p e Rules: A i p h a r d ' s b lock s t r u c t u r e is similar to tha t of Algol 6 0 : d e c l a r a t i o n s a p p e a r a t 
t h e h e a d o f a b l o c k , t h e meaning of an ident i f ier is determined from i ts n e a r e s t e n c l o s i n g 
d e c l a r a t i o n , a n d s o o n . Unlike Algol , h o w e v e r , in Alphard the bod ies o f p r o c e d u r e s a n d f o r m s 
d o n o t i nhe r i t t h e names o f v a r i a b l e s avai lable in enclos ing b locks . T h e i n t e n t o f t h e s e s c o p e 
r e s t r i c t i o n s 2 is t o e n s u r e t h a t ail e f f e c t s of an act ion c a n b e d e t e r m i n e d b y e x a m i n i n g t h e 
t e x t i m m e d i a t e l y sur round ing t h e act ion i tse l f . An addit ional b e n e f i t is t h a t A l p h a r d c a n b e 
i m p l e m e n t e d ( v e r y e f f i c i e n t l y ) using a s t a c k , but wi thout the n e e d for a d i s p l a y . 

5 . Operator Overloading: T h e meaning o f the usual inf ix o p e r a t o r s ( e . g . , "•" , "*" , e t c . ) m a y b e 
e x t e n d e d to p r o g r a m m e r - d e f i n e d data t y p e s . T h e symbols for , t h e a s s o c i a t i v i t y o f , a n d t h e 
p r e c e d e n c e o f t h e s e o p e r a t o r s are f i x e d b y the language ( s e e a p p e n d i x C ) . 

^ A part icu lar consequence of the scope restrictions — together with companion restrictions on over lapping actual 
p a r a m e t e r s and selectors — is to prevent unintended "aliasing". That is, they ensure that within a g i v e n s c o p e 
t h e r e is at most one name for a given storage ceil. 
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6 . Selectors: T h e programmer may d e f i n e the r e p r e s e n t a t i o n o f a d a t a s t r u c t u r e b y m e a n s o f a 

s e l e c t o r . I n t u i t i v e l y , a s e l e c t o r d e f i n e s an algorithm for naming d a t a , j u s t a s a p r o c e d u r e o r 

f u n c t i o n d e f i n e s an algorithm for computing v a l u e s . A s e l e c t o r may b e t h o u g h t o f a s a 

p r o c e d u r e t h a t r e t u r n s a po in te r ( r e f e r e n c e , a d d r e s s ) to an e lement o f a d a t a s t r u c t u r e ; t h e 

s y n t a x f o r d e f i n i n g s e l e c t o r s is t h e r e f o r e similar to that of p r o c e d u r e s . " P o i n t e r " is n o t , 

h o w e v e r , a t y p e in A l p h a r d ; no v a r i a b l e s of this t y p e c a n b e d e c l a r e d , and h e n c e t h e " v a l u e " 

r e t u r n e d b y a s e l e c t o r c a n n o t b e s t o r e d . T h e e f f e c t o f this ( c o u p l e d w i t h s o m e v e r i f i c a t i o n 

r e q u i r e m e n t s ) is t h a t s e l e c t o r s a re " s a f e " ; most o f t h e ( u s e f u l ) f l e x i b i l i t y o f g e n e r a l a d d r e s s 

a r i t h m e t i c is r e t a i n e d w i t h o u t introducing its cor respond ing d a n g e r s . In p a r t i c u l a r , i t i s 

p o s s i b l e t o d e f i n e a r e s t r i c t e d s t y l e o f " r e f e r e n c e " var iab le c o m p l e t e l y w i t h i n t h e l a n g u a g e 

a n d t o e n s u r e t h a t th is t y p e is a t l e a s t as s a f e as a r ray ind ices in o t h e r l a n g u a g e s . 

7 . Assertions: A s s e r t i o n s a r e permi t ted almost e v e r y w h e r e and s p e c i a l s y n t a x e n c o u r a g e s 

t h e i r u s e in a p p r o p r i a t e p l a c e s . T h e language in w h i c h t h e a s s e r t i o n s a r e w r i t t e n , h o w e v e r , 

is n o t d e f i n e d b y A lphard . T h e cho ice o f that language is , w e b e l i e v e , a p r i v a t e m a t t e r 

b e t w e e n t h e p rogrammer a n d v e r i f i e r . 

S . Iteration: F o u r i t e r a t i o n s t a t e m e n t s are p r o v i d e d , t h r e e o f w h i c h a r e s o m e w h a t d i f f e r e n t 

f r o m w h a t o n e might e x p e c t . 

a . T h e d o s t a t e m e n t r e p e a t s i ts b o d y until t h e b o d y i n v o k e s an e x p l i c i t e x i t . 

b . T h e f o r s t a t e m e n t s e r v e s a funct ion similar to the f o r - s t e p - u n t l l c o n s t r u c t o f A l g o l 

6 0 , b u t d o e s s o in a manner t h a t permits t h e programmer t o d e f i n e t h e t y p e o f t h e 

c o n t r o l v a r i a b l e , t h e w a y it is init ial ized and i n c r e m e n t e d , and t h e n a t u r e o f t h e 

t e s t f o r comple t ion o f t h e loop. T h e s e a s p e c t s of loop cont ro l a r e ail d e f i n e d In a 

fo rm ( u s u a l l y a s p e c i a l i z e d form ca l led a g e n e r a t o r ) . 

c . T h e f i r s t s t a t e m e n t p r o v i d e s a s p e c i a l s y n t a x for t h o s e common loops t h a t s e a r c h 

a d a t a s t r u c t u r e and per form one o f t w o act ions depend ing upon w h e t h e r o r n o t a n 

e l e m e n t w i t h a s p e c i f i e d p r o p e r t y is found. 

T h e f o u r t h i t e r a t i o n c o n s t r u c t is the familiar whi le s t a t e m e n t . 

9 . Sugaring: A number o f familiar notions s u c h as r e c o r d s and e n u m e r a t e d t y p e s a r e n o t 

p r i m i t i v e n o t i o n s in A lphard . T h e y are p r o v i d e d , h o w e v e r , as a b b r e v i a t i o n s f o r t h e m o r e b a s i c 

n o t i o n s f rom w h i c h t h e y a r e formed** 

1.2. S t y l e and Conventions of the Report 

T h i s r e p o r t is a p r e c i s e b u t informal def init ion o f A lphard ; i t is n e i t h e r a primer n o r a c o m p l e t e l y 
r i g o r o u s f o r m a l d e f i n i t i o n , i t is i n t e n d e d , h o w e v e r , to be the r e f e r e n c e fo r u s e r s , i m p l e m e n t o r s , a n d 
v e r i f i e r s . T o t h a t e n d w e h a v e a t t e m p t e d to b e as p r e c i s e as our human l imitations a n d t h e v a g a r i e s o f 
E n g l i s h p e r m i t . W e h a v e c o n s c i o u s l y a d o p t e d the s t y l e and tone o f t h e Algol 6 0 r e p o r t , w h i c h w e 
b e l i e v e r e m a i n s t h e e x e m p l a r l a n g u a g e def ini t ion. 

T h e s y n t a c t i c d e f i n i t i o n o f t h e language u s e s convent iona l BNF w i th t h e fo l lowing a d d i t i o n s a n d 

c o n v e n t i o n s : 

Pun in tended! 
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1. K e y w o r d s ( r e s e r v e d w o r d s ) a r e d e n o t e d b y underl ining. 

2 . M e t a s y m b o l s a r e d e n o t e d b y l o w e r - c a s e l e t t e r s e n c l o s e d in angular b r a c k e t s , e .g . , " < s t m t > " . 

3 . T h e s y m b o l s { a n d } a re m e t a - b r a c k e t s and are u s e d t o group c o n s t r u c t s in t h e m e t a -
n o t a t i o n . 

4 . T h r e e s u p e r s c r i p t c h a r a c t e r s , poss ib l y in combination w i t h a s u b s c r i p t c h a r a c t e r , a r e u s e d t o 

d e n o t e t h e r e p e t i t i o n o f a c o n s t r u c t (or a group of c o n s t r u c t s e n c l o s e d in { } ) . in p a r t i c u l a r : 
" * M d e n o t e s " z e r o o r more repet i t ions o f " 
" + " d e n o t e s " o n e or more repet i t ions o f " 
"#'• d e n o t e s " p r e c i s e l y z e r o or one ins tance o f " . 

S i n c e i t is o f t e n c o n v e n i e n t to d e n o t e l ists o f th ings t h a t a re s e p a r a t e d b y s o m e s i n g l e 
p u n c t u a t i o n mark, w e d e n o t e this b y placing t h e punctuat ion mark d i r e c t l y b e l o w t h e 
r e p e t i t i o n c h a r a c t e r . T h u s , 

< v v v > <a> { <b> | <c> } 

defines a < v w > to be an <a> followed by either a <b> or a <c>. 
< x x x > <a> 

< y y y > <a> <b>f 

< z z z > : : » {<a> j <b>}? 

defines an <xxx> to be a sequence of zero or more a's. 

defines a <yyy> to be an <a> followed by zero or more <b>s separated b y 
commas. 

defines a <zzz> to be a sequence of one or more things separated b y 
semicolons — where the "things" may be either <a>s or <b>s. 

defines <uuu> to be either " < a x b > " or simpiy "<b>" 

T h e s e m a n t i c s o f t h e l a n g u a g e a re d e s c r i b e d in Engl ish. Proof ru les fo r some c o n s t r u c t s a r e p r o v i d e d 
in a p p e n d i x E. 

C e r t a i n p o r t i o n s o f th is r e p o r t d e s c r i b e p r o c e s s e s in terms o f e x t r a v a r i a b l e c r e a t i o n s , t e x t 
r e p l a c e m e n t s ( c o p y i n g ) , o r o t h e r ac t ions . T h e s e are informal e x p o s i t i o n s and a t ail t i m e s t h e l a n g u a g e 
( c o m p i l e r ) is r e q u i r e d t o o n l y p r o d u c e t h e same n e t semant ic e f f e c t S u c h e x p o s i t i o n s s h o u l d b e 
i n t e r p r e t e d in t h e i r i n t e n d e d , he lpfu l s e n s e . O b s c u r e c o n s e q u e n c e s o f t h e p a r t i c u l a r p r o c e s s e s w i l l n o t 
b e s u p p o r t e d . 
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Chapter 2 
Fundamental Concepts 

T h e f o l l o w i n g c h a p t e r s d e f i n e t h e s y n t a x and semant ics o f A lphard ; in th is c h a p t e r w e d e s c r i b e 

c e r t a i n p e r v a s i v e n o t i o n s t h a t a r e u s e d in t h e def in i t ion. 

A c o m p l e t e A l p h a r d p rogram c o n s i s t s o f a co l lect ion o f dec la ra t ions a n d s t a t e m e n t s w h i c h a r e 
e l a b o r a t e d 4 t o p r o d u c e s o m e d e s i r e d e f f e c t . Dec larat ions def ine forms ( w h i c h , in t u r n , d e f i n e c l a s s e s 
o f types), r o u t i n e s 5 ( w h i c h may b e invoked to e v o k e fur ther e laborat ion ) , v a r i a b l e s , a n d a n u m b e r o f 
o t h e r e n t i t i e s o f l e s s e r immediate importance . S t a t e m e n t s de f ine a c t i o n s t o b e p e r f o r m e d ; t h e y m a y 
s p e c i f y s e l e c t i v e o r i t e r a t i v e e laborat ion of component s t a t e m e n t s and e x p r e s s i o n s . O f p a r t i c u l a r 
i m m e d i a t e i n t e r e s t , b e c a u s e t h e y c o v e r t h e major ideas w e w i s h t o d i s c u s s , a r e t h e n o t i o n s i n v o l v e d in 
t h e e l a b o r a t i o n o f t h e d e c l a r a t i o n o f v a r i a b l e s and in the e laborat ion o f rout ine i n v o c a t i o n s . 

T h e e l a b o r a t i o n o f a v a r i a b l e d e c l a r a t i o n , e.g. 

v a r x : v e c t o r ( i n t , 1 , 1 0 ) 

b e g i n s w i t h e l a b o r a t i o n o f t h e type description ( v e c t o r ( i n t , 1 , 1 0 ) ) , f o l l o w e d b y instantiation o f a n 

object o f t h e type r e s u l t i n g from this e laborat ion ( instant iat ion i n v o l v e s b o t h allocation a n d 

Initialization); f i n a l l y , a binding of t h e name to the instant iat ion is p e r f o r m e d . 

T h e e l a b o r a t i o n o f a r o u t i n e i n v o c a t i o n , e.g. , 

f ( x , y ) 

b e g i n s w i t h t h e e i a b o r a t i o n o f t h e ac tua l parameters ( x and y ) , fo l l owed b y matching o f t h e nominal 

type o f t h e a c t u a l p a r a m e t e r s w i t h t h e type descriptions of t h e pos i t ional iy c o r r e s p o n d i n g f o r m a I s ; i f 

t h i s m a t c h i n g s u c c e e d s a s e t o f bindings is performed** and t h e rout ine b o d y is e l a b o r a t e d . 

T h e w o r d s a n d p h r a s e s in b o l d - f a c e a b o v e , type, object, a re r e p r e s e n t a t i v e o f t h e n o t i o n s w e 

s h a l l d i s c u s s in t h i s c h a p t e r . B e c a u s e of mutual d e p e n d e n c i e s b e t w e e n t h e n o t i o n s , h o w e v e r , w e s h a l l 

n o t d i s c u s s t h e m in p r e c i s e l y t h e o r d e r in w h i c h t h e y a re ment ioned a b o v e . W e h a v e c h o s e n i n s t e a d 

a n o r d e r w h i c h a t t e m p t s t o minimizes t h e f o r w a r d r e f e r e n c e s . 

2.1 . Objects , Addresses, and Values 

I n t u i t i v e l y a n o b y e c f Is a g e n e r a l i z e d ( a n d t y p e d ) s t o r a g e ce l l , or v a r i a b l e ; i t is u s e d t o h o l d t h e 

v a l u e o f s o m e a b s t r a c t d a t a t y p e . 

4 W e use the w o r d "elaboration", in preference to "execution", to connote actions taken at "compile t ime" a s w e l l 
as at " r u n time". Elaboration may be thought of as an idealized, direct execution of the textual v e r s i o n of the 

A l p h a r d p rogram. 

5 T h e w o r d " rout ine" is used systematically to cover the notions of arojj, vfiroc, funs, and sjj. 

6 A t this point a result object may also be instantiated, but this is not essential to the present discussion. 
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A n o b j e c t p o s s e s s e s a un ique (generalized) address, a type, and a value ( o r state). O b j e c t s m a y 
b e d y n a m i c a l l y c r e a t e d a n d d e s t r o y e d . T h e a d d r e s s and t y p e o f - a n o b j e c t a r e f i x e d t h r o u g h o u t i t s 
l i f e t i m e , b u t t h e v a l u e it p o s s e s s e s may b e a l t e r e d . 

A n o b j e c t m a y b e pr imi t i ve , in w h i c h c a s e its v a l u e s ( I .e . , t h e v a l u e s it may p o s s e s s ) a r e m e m b e r s o f 
a n a r b i t r a r y s e t . O t h e r w i s e , t h e o b j e c t is composed o f a s e q u e n c e o f o n e o r more ( p r e v i o u s l y c r e a t e d ) 
o b j e c t s , c a l l e d i t s c o n c r e t e components. T h e va lue of s u c h an o b j e c t may b e t a k e n t o b e t h e 
s e q u e n c e o f v a l u e s o f i ts c o n c r e t e components . For the p u r p o s e o f t h e fo l lowing e x p o s i t i o n , i f x 
d e n o t e s a n o b j e c t , x j d e n o t e s i ts i t n component o b j e c t . 

T w o o b j e c t s m a y overlap; t h a t is , their va lues n e e d not be i n d e p e n d e n t . A common c a s e , t h o u g h n o t 
t h e o n l y o n e , is t h a t o n e o b j e c t whol l y contains the o ther , as a v e c t o r c o n t a i n s i ts e l e m e n t s . T w o 
o b j e c t s t h a t d o n o t o v e r l a p a r e ca l led independent. Any logical d e p e n d e n c y ( i . e . , o v e r l a p ) b e t w e e n 
t h e v a l u e s o f t w o o b j e c t s is f i x e d . A n e w l y c r e a t e d o b j e c t i n d e p e n d e n t o f all p r e v i o u s l y e x i s t i n g 
o b j e c t s is c a l l e d a new object. 

T h e c r e a t i o n o f an o b j e c t is g e n e r a l l y a s s o c i a t e d w i th allocation of s t o r a g e f o r t h e o b j e c t a n d 
initialization of i t s v a l u e . T h e ent i re p r o c e s s is cal led instantiation and t h e r e s u l t i n g o b j e c t is c a l l e d 
a n i n s t a n t i a t i o n o f i ts t y p e . T h e f i r s t s t e p of instantiat ion is the e laborat ion ( e v a l u a t i o n ) o f a t y p e 
d e s c r i p t i o n t o y i e l d a t y p e ( s e e s e c t i o n 5 .6) . N e x t the o b j e c t is c r e a t e d . For p r i m i t i v e o b j e c t s 
t h i s is a d i r e c t o p e r a t i o n ; o t h e r w i s e it is a c h i e v e d b y ( r e c u r s i v e ) i ns tant ia t ion o f i t s c o n c r e t e 
c o m p o n e n t s . ( N o t e t h a t a t t h e moment o f c reat ion the g e n e r a l i z e d a d d r e s s o f t h e o b j e c t i s 
d e t e r m i n e d . ) A f t e r a l l o c a t i o n , t h e initialization p rocedure de f ined w i th t h e b a s e t y p e o f t h e o b j e c t is 
i n v o k e d a s d e s c r i b e d in s e c t i o n 5 .5 . 

O b j e c t s a r e d e s t r o y e d b y f i r s t invoking a finishing p r o c e d u r e d e f i n e d w i t h t h e b a s e t y p e o f t h e 
o b j e c t ( a s d e s c r i b e d in s e c t i o n 5 .5 ) , t h e n de -a l locat ing t h e o b j e c t ( f o r p r imi t i ve o b j e c t s ) o r 
d e s t r o y i n g i t s c o n c r e t e c o m p o n e n t s ( f o r non-pr imit ive o b j e c t s ) . 

2 . 2 . T y p e and T y p e Descriptions 

I n t u i t i v e l y , type is t h a t p r o p e r t y o f an o b j e c t wh ich def ines its poss ib le b e h a v i o r s ^ . M o r e f o r m a l l y , a 
t y p e c h a r a c t e r i z e s t h e p o s s i b l e v a l u e s ( s t a t e s ) of an o b j e c t and t h e s e t o f o p e r a t i o n s t h a t m a y b e 
a p p l i e d t o i t . 

T h e r e a r e t w o e x p l i c i t s y n t a c t i c manifestat ions o f t h e notion o f t y p e in t h e l a n g u a g e : f o r m 
d e c l a r a t i o n s ( w h i c h d e f i n e a c l a s s o f t y p e s ) , and type descriptions ( w h i c h d e s c r i b e a c l a s s o f o b j e c t 
t y p e s t h a t m a y b e b o u n d t o an ident i f ie r in dec larat ions or formal p a r a m e t e r s p e c i f i c a t i o n s ) . 

F o r m d e c l a r a t i o n s a r e d e f i n e d in s e c t i o n 5.9. For our p r e s e n t p u r p o s e s it is s u f f i c i e n t t o 
n o t e t h a t : ( 1 ) e v e r y form has a name, ( 2 ) a form may be p a r a m e t e r i z e d , and ( 3 ) t h e fo rm d e c l a r a t i o n 
m a k e s a v a i l a b l e v a r i o u s o p e r a t i o n s . A s u b s e t o f t h e s e operat ions ( t h e s i d e - e f f e c t p r o d u c i n g o n e s ) is 
c a l l e d t h e update set. 

Note that objects , not values, are typed. Indeed naked values do not exist in Alphard — values on ly ex ist in 
o b j e c t s . T h u s , for example, we may speak informally of the "value produced by a procedure" , but in fact the 
p r o c e d u r e re turns an object that contains the value. 
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T y p e d e s c r i p t i o n s a r e u s e d in t h r e e c o n t e x t s : ( 1 ) in var iab le d e c l a r a t i o n s , w h e r e t h e y d e f i n e t h e 

t y p e o f a n o b j e c t t o b e i n s t a n t i a t e d , ( 2 ) in formal parameter s p e c i f i c a t i o n s , w h e r e t h e y d e f i n e t h e 

c l a s s o f l e g a l a c t u a l p a r a m e t e r s , and ( 3 ) in routine def in i t ions, w h e r e t h e y s p e c i f y t h e t y p e o f t h e 

o b j e c t r e t u r n e d . In a d d i t i o n , in b o t h c o n t e x t s t y p e descr ip t ions de f ine t h e nominal type o f a n y o b j e c t 

b o u n d t o a p a r t i c u l a r i d e n t i f i e r . T h u s , t h e nominal t y p e o f an o b j e c t is t h e in format ion a b o u t i t s t y p e 

t h a t c a n b e i n f e r r e d b y a c c e s s i n g t h e o b j e c t through a part icu lar ident i f ie r . 

T h e d i s t i n c t i o n d r a w n in t h e las t pa ragraph b e t w e e n " t y p e " and "nominal t y p e " is a n i m p o r t a n t , 

t h o u g h p o s s i b l y s u b t l e , o n e . A " t y p e " is a s s o c i a t e d w i th an o b j e c t and d e t e r m i n e s all p o s s i b l e 

b e h a v i o r s o f t h a t o b j e c t . A "nominal t y p e " is a s s o c i a t e d w i th an ident i f ie r w h i c h , in t u r n , is b o u n d t o a n 

o b j e c t . T h e nominal t y p e a s s o c i a t e d w i t h an ident i f ier determines the p o s s i b l e b e h a v i o r s t h a t c a n b e 

c a u s e d t h r o u g h t h a t i d e n t i f i e r . In t h e genera l c a s e a nominal t y p e wil l b e " l e s s s p e c i f i c 1 1 t h a n t h e t y p e 

o f t h e o b j e c t t o w h i c h t h e ident i f i e r is bound. 

in t h e f o l l o w i n g s e c t i o n s w e more formally def ine t h e notions o f t y p e , t y p e d e s c r i p t i o n s , a n d n o m i n a l 

t y p e . 

2 . 2 , 1 T y p e 

A type r e s u l t s f rom t h e e laborat ion of a t y p e descr ip t ion ( s e e s e c t i o n 5 . 6 ) a n d c o n s i s t s o f a 

b a s e type, a ( p o s s i b l y nul l ) s e q u e n c e o f actual type qualifiers, and an update set. 

A base type is a form n a m e ; it uniquely ident i f ies a c lass of t y p e s . For e x a m p l e , t h e b a s e t y p e o f 

" v e c t o r ( r e a l , 1 , 1 0 ) w is " v e c t o r " . In t h e fol lowing, if T is a t y p e , B a s e ( T ) 8 r e p r e s e n t s t h e b a s e t y p e o f 

T . 

A n a c t u a l t y p e qua l i f i e r is in tu i t i ve l y an actua l parameter in a t y p e d e s c r i p t i o n ; h e n c e it c o r r e s p o n d s 

t o a f o r m a l p a r a m e t e r in a form def in i t ion. It may b e an o b j e c t a d d r e s s , an o b j e c t , a r o u t i n e n a m e , a 

t y p e , o r a m a r k e r d e n o t e d u n k 9 . In " v e c t o K r e a l , 1 ,10)" , the ac tua l t y p e qua l i f ie rs a r e " r e a l " , " 1 " , a n d 

" 1 0 " . 

A t y p e n o n e o f w h o s e qua l i f ie rs is unk is ca l led a full type; a t y p e w i t h a t l e a s t o n e unk q u a l i f i e r i s 
c a l l e d a partial type. 

T h e u p d a t e s e t c o n s i s t s o f a s e t o f routine des ignators from among t h o s e d e f i n e d w i t h t h e b a s e 

t y p e ; s p e c i f i c a l l y , t h e u p d a t e s e t c o n s i s t s of t h o s e rout ines w h i c h may h a v e a ( v i s i b l e ) e f f e c t o n a n 

o b j e c t o f t h e t y p e . I f T is a t y p e , U p d a t e ( T ) d e n o t e s its u p d a t e s e t . 

I f T is a t y p e , t h e n Q u a l ( T ) d e n o t e s t h e s e q u e n c e o f ac tua l t y p e qual i f iers o f T a n d Q u a l j ( T ) d e n o t e s 
t h e i t n e l e m e n t o f t h a t s e q u e n c e . 

a He re and in the sequel we shall use functions such as Base(T), Qual(T), Update(k), etc. to explain semantic 
a s p e c t s of the language; these functions are only part of the semantic exposition, not constructs in the language 
i tse l f . 

y T h e marker unk. which is to be read "unknown", denotes situations in which the corresponding form formal is 
not c o n s i d e r e d a part of the nominal type. 
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2.2.2 Type Descriptions 

A type description is a s y n t a c t i c c o n s t r u c t wh ich d e s c r i b e s a c l a s s o f t y p e s a n d m a y d e s i g n a t e 
r e s t r i c t e d a c c e s s t o o b j e c t s o f t h o s e t y p e s . A t y p e desc r ip t ion c o n s i s t s o f a b a s e t y p e , a s e q u e n c e 
o f formal type qualifiers and an update set T h e elaborat ion o f a t y p e d e s c r i p t i o n y i e l d s a t y p e o r a 
n o m i n a l t y p e . 

A b a s e t y p e is ( a s a b o v e ) a form name. 

A f o r m a l t y p e q u a l i f i e r is e i t h e r t h e marker unk or e l se a desc r ip t ion o f an o b j e c t a d d r e s s , a n o b j e c t , 
a r o u t i n e , o r a t y p e . W h e n u s e d t o s p e c i f y a formal parameter , a formal t y p e q u a l i f i e r m a y b e a n 
i d e n t i f i e r p r e c e d e d b y a " ? " s y m b o l ; in s u c h c a s e s an "implicit b ind ing" is impl ied ( s e e s e c t i o n 
2 . 4 ) . 

T h e u p d a t e s e t c o n s i s t s o f a s e t of routine names from among t h o s e d e f i n e d w i t h t h e b a s e t y p e . 

U p d a t e s e t s g i v e r e s t r i c t i o n s on t h e e f f e c t - p r o d u c i n g act ions that may b e app l ied t o a n o b j e c t 1 ^ . I f 0 

i s a t y p e d e s c r i p t i o n , U p d a t e ( D ) d e n o t e s i ts update s e t . 

2 . 2 . 3 N o m i n a l T y p e 

A nominal type, l ike a type, c o n s i s t s o f a base type, a ( p o s s i b l y null) s e q u e n c e o f actual type 
qualifiers, a n d a n update set. T h e s e not ions are de f ined e x a c t l y as in t h e def in i t ion o f type. 

A type i s a l w a y s a s s o c i a t e d w i t h an o b j e c t . A nominal type, on t h e o t h e r h a n d , is a l w a y s a s s o c i a t e d 
w i t h a n i d e n t i f i e r . T h e nominal t y p e o f an ident i f ier may, in the g e n e r a l c a s e , b e l e s s s p e c i f i c t h a n t h e 
t y p e o f t h e o b j e c t t o w h i c h t h a t ident i f ie r is bound; h o w e v e r , t h e t y p e o f an o b j e c t wi l l a l w a y s match 
t h e nomina l t y p e o f t h e ident i f i e r . 

2 . 3 . Binding 

D u r i n g e l a b o r a t i o n , s o m e ident i f ie rs become a s s o c i a t e d w i th — bound t o — e n t i t i e s ; t h e s e e n t i t i e s 
m a y b e o b j e c t s , r o u t i n e s , or t y p e s . T h e binding o f ident i f iers to o b j e c t s is o f p a r t i c u l a r I n t e r e s t a n d 
i n c l u d e s b o t h t h e d e c l a r a t i o n o f v a r i a b l e s ( a n d a s s o c i a t e d instant iat ion o f a n o b j e c t ) a n d p a r a m e t e r 
passing. 

In ai l c o n t e x t s in w h i c h an ident i f ie r may become bound to an o b j e c t ( i . e . , in a v a r i a b l e d e c l a r a t i o n o r 
f o r m a l p a r a m e t e r p o s i t i o n ) t h e r e is an a s s o c i a t e d t y p e d e s c r i p t i o n . In t h e c a s e o f a v a r i a b l e 
d e c l a r a t i o n , t h i s d e s c r i p t i o n dete rmines t h e t y p e of the o b j e c t c r e a t e d . In t h e c a s e o f a f o r m a l 
p a r a m e t e r , t h e t y p e d e s c r i p t i o n d e f i n e s the t y p e s of a l lowed ac tua l p a r a m e t e r s . In b o t h c a s e s , 
h o w e v e r , t h e t y p e d e s c r i p t i o n is e l a b o r a t e d to a nominal type w h i c h d e t e r m i n e s t h e p e r m i t t e d u s e s o f 
t h e o b j e c t i d e n t i f i e d t h r o u g h this ident i f ier . 

1 U In pract ice we ailow more than just the names of effect-producing operations in the update set part of ce r ta in 
t y p e descr ip t ions , notably those which specify generic formal parameters. In such cases we allow n o n - e f f e c t -
p r o d u c i n g attr ibute names as well ; this is merely a shorthand for an "assumes clause" (see sect ion 5.12). 
T h i s abbrev ia t ion is permitted because of its similarity of intent to the update set: it describes a set of a t t r ibutes 
w h i c h the rout ine or form body requires for correct operation. 
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I n b o t h d e c l a r a t i v e a n d formal parameter posi t ions t h e desc r ip t ion o f a b inding may b e p r e c e d e d b y 

e i t h e r v a r o r c o n s t . T h e o n l y d i f f e r e n c e b e t w e e n the t w o is tha t in t h e l a t t e r c a s e ( c o n s t ) t h e u p d a t e 

s e t o f t h e i d e n t i f i e r is s e t t o e m p t y ; in t h e former ( v a r ) c a s e t h e u p d a t e s e t is d e t e r m i n e d f r o m t h e 

a s s o c i a t e d t y p e d e s c r i p t i o n . A par t icu lar c o n s e q u e n c e o f this mechanism is t h a t p a r a m e t e r s in c o n s t 

p o s i t i o n s a r e , i n t u i t i v e l y , p a s s e d " b y r e f e r e n c e " but cannot b e modif ied b y t h e c a l l e d p r o c e d u r e . 

I f k i s a n i d e n t i f i e r b o u n d t o an o b j e c t , t h e n w e r e f e r t o th is o b j e c t as O b j ( k ) a n d t o i t s a s s o c i a t e d 

n o m i n a l t y p e a s T y p e ( k ) . 

2 . 4 . T y p e Matching 

T h e p r o c e s s o f parameter b inding requ i res a notion o f w h a t it means f o r a n a c t u a l p a r a m e t e r t o 

match, or satisfy, a formal p a r a m e t e r s p e c i f i c a t i o n . In tu i t i ve ly this p r o c e s s i n v o l v e s d e t e r m i n i n g t h a t 

t h e n o m i n a l t y p e a s s o c i a t e d w i t h t h e formal parameter " i n c l u d e s " , o r " c o v e r s " , t h e nominal t y p e o f t h e 

a c t u a l — t h a t i s , e n s u r i n g t h a t t h e b e h a v i o r s permissible through t h e formal p a r a m e t e r n a m e a r e a m o n g 

t h o s e p e r m i s s i b l e t h r o u g h t h e a c t u a l parameter name. For s implic i ty w e b r e a k t h i s p r o c e s s i n t o t h r e e 

s u b p r o c e s s e s : subsumption, syntactic satisfaction, and implicit binding. E a c h o f t h e s e is u s e d f o r a 

d i f f e r e n t k i n d o f a c t u a l / f o r m a l matching as s p e c i f i e d b e i o w . 

A l i s t o f a c t u a l parameters 

a - , , . . . , a n 

i s s a i d t o match a l i s t o f formals 
f 1 : t 1 » f 2 ; t 2 f n ; t n 

w h e r e t h e a { a r e o b j e c t s , t y p e s , o r rout ine names, if t h e r e e x i s t s a binding o f o b j e c t s , t y p e s , a n d 

r o u t i n e s t o t h e impl ic i t fo rmals in t h e t| s u c h that if e a c h fj is bound t o a j f t h e n f o r e a c h i, 

1. I f t j i s a d e s c r i p t i o n o f a rout ine ( p r o c , v p r o c , t u n c , or s e l ) , t h e n a { is t h e name o f a " p r o c " , 

o r " s e j " w i t h formal p a r a m e t e r s ident ica l t o t h o s e o f tj a f t e r p o s s i b l e renaming o f f o r m a l 

p a r a m e t e r s . 

2 . I f t j i s " f o r m " ( o r " p f o r m ) , t h e n a { is a t y p e ( i f a } is a part ia l t y p e t j must h a v e b e e n pform) 

a n d t h e a s s u m e d def in i t ion o f f j ( s e e s e c t i o n 5 . 1 2 ) is syntactically satisfied ( s e e 

s e c t i o n 2 . 4 ) b y a } . 

3 . I f ^ is a t y p e d e s c r i p t i o n , t h e n aj must b e an o b j e c t s u c h t h a t w h e n t j i s e l a b o r a t e d , t j 

subsumes T y p e ( a j ) . 

i n a d d i t i o n , al l impl ic i t formals bound to t y p e s must b e bound t o t y p e s s y n t a c t i c a l l y s a t i s f y i n g t h e 

a s s u m e d d e f i n i t i o n o f t h e form ( s e e s e c t i o n 5 .12) . 

T h e n o t i o n s o f s u b s u m p t i o n , s y n t a c t i c s a t i s f a c t i o n , and implicit binding a r e d e f i n e d b e i o w ; w e b e g i n 

w i t h t h e n o t i o n o f s u b s u m p t i o n — t h e kind o f matching u s e d w h e n an o b j e c t p a r a m e t e r i s e x p e c t e d . 



1 2 
An Informal Definition of Alphard 

Definition^ W e s a y t h a t a (nominal) t y p e T f subsumes a (nominal) t y p e T a ( in s y m b o l s . T f » T a ) 

1. B a s e ( T f ) * B a s e ( T a ) . 

2 . l e n g t h ( Q u a l ( T f ) ) S l e n g t h ( Q u a l ( T a ) ) . Note : if l e n g t h ( Q u a l ( T f ) ) < l e n g t h ( Q u a l ( T a ) ) , t h e 
f o r m a l qua l i f ie r s e q u e n c e o f T f is e x t e n d e d on the r ight w i t h a s u f f i c i e n t n u m b e r o f 
u n k ' s . 

3 . F o r e a c h qual i f ie r o f T f , i.e.. Q u a l j ( T f ) : 

a . I f Q u a l j ( T f ) is unk, Q u a l j ( T a ) may b e anyth ing . 

b. I f Q u a l j ( T f ) is a t y p e , Q u a l j ( T a ) is a lso a t y p e and Q u a i j ( T f ) » Q u a l | ( T a ) 

c . I f Q u a < j ( T f ) d e s c r i b e s a rout ine, then Q u a i j ( T a ) is a lso a rout ine a n d Q u a l j ( T a ) 
m a t c h e s Q u a l j ( T f ) . 

d . I f Q u a l j ( T f ) is an o b j e c t o f b a s e t y p e U, Q u a i j ( T a ) is a l so a n o b j e c t o f b a s e 
t y p e U a n d t h e v a l u e o f t h e . resu l t o f apply ing &= f o r U t o Q u a l j ( T f ) a n d 
Q u a l j ( T a ) w o u l d b e t rue . 

4 . U p d a t e ( T f ) c U p d a t e ( T a ) . 

i n s o m e c a s e s c o n d i t i o n 3 d c a n n o t b e c h e c k e d a t compile time. At t h e d i s c r e t i o n o f t h e i m p i e m e n t o r s , 
t h e c o m p i l e r m a y p r o v i d e t h e opt ions o f generat ing warn ings , g e n e r a t i n g c h e c k i n g c o d e , o r r e f u s i n g t o 
c o m p i l e s u c h c a s e s . 

Definition^ T w o t y p e s a r e identical if e a c h subsumes the o ther . 

In A l p h a r d , b o t h r o u t i n e s and forms may b e ••generic". T h a t is , t h e y may r e q u i r e t y p e s a s p a r a m e t e r s 
— o r , e q u i v a i e n t i y , t h e y may h a v e parameters w h o s e t y p e is not s p e c i f i e d in t h e r o u t i n e ( f o r m ) h e a d e r , 
i n s u c h c a s e s t h e r e wi l l b e an " a s s u m e s c l a u s e " wh ich s p e c i f i e s t h e p r o p e r t i e s t h a t t h e r o u t i n e ( f o r m ) 
a s s u m e s a b o u t t h e g e n e r i c p a r a m e t e r ; this c lause g i v e s s u f f i c i e n t information t o c h e c k alt u s e s o f t h e 
p a r a m e t e r l o c a l l y . In o r d e r f o r a g i v e n u s e of the form or routine to make s e n s e , t h e a c t u a l p a r a m e t e r 
m u s t a t l e a s t m e e t t h e s y n t a c t i c assumpt ions made about i t . T h u s t h e not ion o f m a t c h i n g f o r m a l a n d 
a c t u a l p a r a m e t e r s in s u c h c a s e s i n v o l v e s o f determining w h e t h e r t h e a c t u a l p a r a m e t e r syntactically 
satisfies t h e fo rma l p a r a m e t e r assumpt ions 1 1 . 

1 1 M o r e genera l l y , of course, a proof will be required to demonstrate that the actual parameter makes semantic 
s e n s e as wel l . 
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Definitions G i v e n an a s s u m e d dec iarat ion of a gener i c parameter . T : 

fo rm T 

s p e c s 

d e f i n i t i o n s o f f « j . . . f n > 
a n d a c a n d i d a t e a c t u a l t y p e 

Q ( a 1 , a 2 . . . . ) 
w h o s e b a s e t y p e is d e c l a r e d 

fo rm Q ( p 1 t . . . ) 
s p e c s ... 

w e s a y t h a t t h e t y p e Q(a - j , . . . ) syntactically satisfies T if t e x t u a l s u b s t i t u t i o n o f " Q ( a - j , . . . ) " f o r 

" T " u n i f o r m l y t h r o u g h o u t t h e spec i f i ca t ions o f T resu l t s in T ' s s p e c i f i c a t i o n s c o n t a i n i n g 

d e c l a r a t i o n s o f f 1 f . . . f n i dent i ca l t o t h o s e in Q's s p e c i f i c a t i o n s ( ignor ing a s s e r t i o n s a n d 

i m p l e m e n t a t i o n s ) , t h o u g h p o s s i b l y on ly a f t e r su i table renaming o f formal p a r a m e t e r s . 

in t h e p r o c e s s o f de te rmin ing w h e t h e r an actua l parameter o f t y p e T m a t c h e s a fo rmal p a r a m e t e r 

s p e c i f i c a t i o n w e m a y d i s c o v e r t h a t Qualj o f the formal is an ident i f ier p r e c e d e d b y " ? " . S u c h i d e n t i f i e r s 

a r e c a l l e d " Impl i c i t formal p a r a m e t e r s " , and are "implicitly b o u n d " to c o r r e s p o n d i n g ( q u a l i f i e r s o f t h e ) 

a c t u a l p a r a m e t e r s . S u c h b ind ings a re per fo rmed b e f o r e o t h e r matching. 

Definitions L e t T f b e t h e formal t y p e and T a b e the a c t u a l t y p e . I f , In d e t e r m i n i n g w h e t h e r 

T f > > T a , B a s e ( T f ) o r Q u a l j ( T f ) is an ident i f ier p r e c e d e d b y a " ? " , t h e i d e n t i f i e r i s implicitly 

bound t o t h e c o r r e s p o n d i n g B a s e ( T a ) or Q u a l j ( T a ) and b e c o m e s an "Implicit fo rmal p a r a m e t e r " . 

T h e nominal t y p e o f an implicit formal is made ident ical to t h e nominal t y p e o f t h e c o r r e s p o n d i n g 

f o r m f o r m a l . N o t e t h a t on l y o n e binding is e s t a b l i s h e d f o r s u c h i d e n t i f i e r s , s o m u l t i p l e 

o c c u r r e n c e s must b e c o n s i s t e n t . 

In t h e p r o c e d u r e d e c l a r a t i o n 
p r o c P ( x : v e c t o r ( i n t , ? l b , ? u b ) ) is ... 

f o r e x a m p l e , " l b " a n d " u b " a r e s u c h implicit formals. T h e y a r e , r e s p e c t i v e l y , t h e l o w e r a n d u p p e r 
b o u n d s o f a n a c t u a l p a r a m e t e r v e c t o r . T h u s , if some program f ragment c o n t a i n s 

. . . v a r y : v e c t o r ( i n t , 1, 1 0 ) ; ... P ( y ) ... 
t h e n 1 a n d 1 0 , r e s p e c t i v e l y , wil l b e implicitly bound to the formats lb and ub . 

T h e f o l l o w i n g t a b l e a t t e m p t s to r e c a p t h e essent ia l a s p e c t s o f t h e not ion o f a c t u a l / f o r m a l p a r a m e t e r 

m a t c h i n g : 

F o r m a l A c t u a l Matching Rule 

x : f o r m full t y p e s y n t a c t i c s a t i s f a c t i o n 

x : p f o r m t y p e s y n t a c t i c s a t i s f a c t i o n 

x : < r o u t i n e d e s c r i p t i o n > rout ine name point 3 of match rule 

x : ? T o b j e c t T y p e ( o b j e c t ) must s y n t a c t i c a l l y s a t i s f y T 

x : < t y p e d e s c r i p t i o n > o b j e c t subsumption 

o b j e c t o b j e c t equal i ty under for t h e t y p e o f t h e fo rma l 

u n k anyth ing a l w a y s matches 

? T match a f t e r implicit binding 

r o u t i n e n a m e rout ine name same routine 
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An Inform*! Definition of Aiphard 

Chapter 3 
Basic Laxicai Structure 

3 . 1 . Symbols 

<le t te r> 
<dig i t> 
<alphanumeric> 
<specia l symbol> 
<basic symboi> 

< o p e r a t o r > 
< b i n a r y o p e r a t o r > 

< u n a r y o p e r a t o r > 

I a | . . . | A | B | . . . | Z 
0 I 1 | . . . I 9 
<!etter> | <digit> | ' 
<basic symboi> j <operator> 
befiin I end I endof j ; | : | { | ) | I | , | :; | & | 
if | then | ejse. | f[ i case | 
of | esac | fo | with | in j m | first | suchthat | from I do I ocj. | 
for | exitloop j leave | skip | assert | 
var | const j ayx \ as specified j • | init | 
final | ynk | ? | proc j vproc | func | sei | label | 
note | eton | ! J elif | eiof | pform | while j > | < | . | * | 
copy | alias j form J inline | grje | post j rule | 
i l I forward | external j specs | imp! J shared | 
invariant j initially | axiom j reomap | 
record | enumerated | assumes | value | generator 
<binary operator> | <unary operator> 

T | * | / | div J ngm | * | - | < | ^ | - | o | i i > | a r ^ i o r | caiid | sfir | rrna J 
<assign op> 

• I - I 

T y p o g r a p h i c a l f e a t u r e s s u c h a s blanks ( s p a c e s ) , e n d s o f l ines, e t c . , a re g e n e r a l l y n o t s i g n i f i c a n t ( b u t 
s e e s e c t i o n 3 . 4 . 3 ) ; a n implementat ion may u s e them to delimit i dent i f i e rs , n u m b e r s , e t c . O u t s i d e 
s t r i n g s , n o s u c h f e a t u r e s may a p p e a r immediately a f t e r t h e symbol "3«" o r " ? " , o r a r o u n d t h e s y m b o l s 
" . " a n d " $ " w h e n t h e y a r e u s e d as d e s c r i b e d in s e c t i o n s 3 .4 .2 and 4 .3 . 

U p p e r a n d l o w e r c a s e l e t t e r s a r e d is t inc t . Also, note tha t t h e g r a v e s y m b o l is c o n s i d e r e d a 

( s i g n i f i c a n t ) a l p h a n u m e r i c and thus may be u s e d in const ruc t ing ident i f i e rs ; it is i n t e n d e d t h a t t h i s b e 

u s e d t o i m p r o v e p r o g r a m r e a d a b i l i t y b y separat ing mnemonicaily s i g n i f c a n t por t ions o f s u c h i d e n t i f i e r s . 

B a s i c s y m b o l s s u c h a s b e g i n a re c o n c e p t u a l l y s ingle c h a r a c t e r s and a re u n d e r l i n e d in t h i s r e p o r t t o 
e m p h a s i z e t h a t f a c t . An implementat ion, h o w e v e r , must r e s e r v e (ai l u p p e r / l o w e r c a s e s p e l l i n g s o f ) t h e 
c o r r e s p o n d i n g i d e n t i f i e r s to d e n o t e t h e s e symbols . Thus " B E G I N " , " b e g i n " , " B e g i n " , e t c . a r e a l l 
i n t e r p r e t e d a s t h e b a s i c s y m b o l b e g i n ; w e s t rong ly e n c o u r a g e , h o w e v e r , c o n s i s t e n t u s e o f o n e s p e l l i n g 
in a g i v e n p r o g r a m . 

3 . 2 . Comments 

T h e f o l l o w i n g t w o comment ing c o n s t r u c t s a re lex ica l l y equ i va len t t o a s p a c e ( b l a n k ) c h a r a c t e r w h e n 
t h e y a p p e a r o u t s i d e o f s t r i n g s . 

n o t e < a n y s e q u e n c e not contain ing the lexeme " e t o n " > e ton 

! < a n y s e q u e n c e up to e n d o f line> 

T h e f i r s t c o m m e n t i n g c o n s t r u c t e n c o u n t e r e d in a line t a k e s p r e c e d e n c e o v e r a n y c o n t a i n e d w i t h i n i t . 
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3 . 3 . Identifiers 

3 . 3 . 1 S y n t a x 

< ident i f ie r> 
<speciai i d e n t i f i e d 
i d e n t i f i e r iist> 

<letter> {<alphanumeric>}* 
&start | ^finish | &next | &done | &vaiue | Asubscrtpt | &<operator> 

<identifier>, 

3 . 3 . 2 E x a m p l e s 
A 
a 3 
T h e O o g T h e C a t C h a s e d 
T h e ' D o g ' T h e ' C a f C h a s e d 
t h e ' d o g ' t h e ' c a t ' c h a s e d 

s t a r t 
& s t a r t 

Ai l t h e a b o v e i d e n t i f i e r s a r e d i s t i n c t . 

3 . 3 . 3 S e m a n t i c s 

I d e n t i f i e r s h a v e n o i n h e r e n t meanings . T h e y ident i f y o b j e c t s , forms, t y p e s , p r o c e d u r e s , s e l e c t o r s , 

s t a t e m e n t s , a n d p a r a m e t e r s . Dec la ra t ions es tab l i sh the meanings o f i d e n t i f i e r s w i t h i n p a r t i c u l a r 

s c o p e s . 

T w o i d e n t i f i e r s a r e d e f i n e d t o b e similar i f t h e y d i f fe r a t most in t h e t y p o g r a p h i c a l c a s e u s e d t o 

s p e l l t h e m ; t h u s " A B C " , " A b e " , " a B e " , e t c . a re all similar. E x c e p t w h e n u s e d a s r o u t i n e n a m e s , s i m i l a r 

i d e n t i f i e r s m a y n o t b e d e c l a r e d in t h e same s c o p e ^ . 

S p e c i a l i d e n t i f i e r s d e n o t e e n t i t i e s of spec ia l s ign i f i cance in the l a n g u a g e . T h e y may b e d e f i n e d b u t 

n e v e r d i r e c t l y r e f e r e n c e d ; t h e y a re i n v o k e d as the c o n s e q u e n c e of using some o t h e r c o n s t r u c t d e f i n e d 

b y t h e l a n g u a g e . A s imple e x a m p l e of the u s e of s u c h symbols a p p e a r s in s e c t i o n 3 . 4 . 1 , w h e r e 

t h e l a n g u a g e - d e f i n e d not ion o f " + * invokes t h e u s e r - d e f i n a b l e funct ion named "8c+"; more I n t e r e s t i n g 

e x a m p l e s m a y b e f o u n d in s e c t i o n s 4.7 and 4.8. (Requ i rements o n t h e d e f i n i t i o n s o f 

s u c h r o u t i n e s a p p e a r in a p p e n d i x C . ) 

3 . 4 . Special Rewrite Rules 

In o r d e r t o s i m p l i f y t h e l a n g u a g e def in i t ion, a number of familiar and c o n v e n i e n t n o t a t i o n s a r e 

p r o v i d e d i n d i r e c t l y r a t h e r t h a n a s a p a r t of the s y n t a x . T o a c c o m o d a t e t h e s e , w e d e f i n e s e v e r a l 

" r e w r i t e r u l e s " t h a t t r a n s f o r m programs from the more familiar notat ion t o t h a t d e s c r i b e d b y t h e r e p o r t . 

T h e s e t r a n s f o r m a t i o n s c o n v e r t in f i x o p e r a t o r s to funct ion invocat ions , p r o v i d e " q u a l i f i e d n a m e s " , a n d 

i n t r o d u c e s e m i c o l o n s . W e shal l u s e t h e notat ion C-j — > C 2 to d e s c r i b e some o f t h e s e t r a n s f o r m a t i o n s ; 

t h e n o t a t i o n m e a n s t h a t c o n s t r u c t s o f t h e form C-j are t ransformed into c o n s t r u c t s o f t h e f o r m 

1 2 T h i s res t r i c t ion is imposed in order to prevent subtle errors arising from the use of similar identi f iers in 
same s c o p e . Routines are exempted from the restriction in order to permit operator overloading. 
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3 . 4 . 1 Operators 

N e i t h e r t h e s y n t a x nor s e m a n t i c s o f Alphard inc ludes t h e t radit ional not ion o f a r i t h m e t i c o r b o o l e a n 
e x p r e s s i o n s w i t h i n f i x o p e r a t o r s . Rather , the language is d e f i n e d as t h o u g h all o p e r a t i o n s w e r e 
e x p r e s s e d a s f u n c t i o n i n v o c a t i o n s . In o r d e r to permit t h e u s e r to w r i t e p rograms in t h e m o r e f a m i l i a r 
i n f i x - e x p r e s s i o n f o r m a t , h o w e v e r , t w o t ransformations are per fo rmed . F i r s t , t h e i n p u t t e x t i s f u l l y 
p a r e n t h e s i z e d in o r d e r t o o b s e r v e t h e fol lowing p r e c e d e n c e s and a s s o c i a t i v i t i e s : 

1. A s s o c i a t i v i t i e s : T h e o p e r a t o r s o f h ighest and l o w e s t p r e c e d e n c e a r e r ight a s s o c i a t i v e ; t h e 
r e m a i n d e r a r e l e f t a s s o c i a t i v e . 

2 . P r e c e d e n c e : 

t ( h i g h e s t p r e c e d e n c e ) 
* / d l v rem 
• -

n o t 

a n d c a n d 

o r c o r  

imp 

:= + : » - : s * : s e t c . ( l o w e s t p r e c e d e n c e ) 

A f t e r b e i n g p a r e n t h e s i z e d , e x p r e s s i o n s are c o n v e r t e d to funct ional form. I f oL a n d (i d e n o t e a r b i t r a r y 
u n a r y ( m o n a d i c ) a n d b i n a r y ( d i a d i c ) o p e r a t o r s , r e s p e c t i v e l y , t h e n t h e fo l lowing t r a n s f o r m a t i o n s a r e 
p e r f o r m e d : 

< t e r m > ^ (i < t e r m > 2 — > &#(<term><|,<tern .> 2 ) 
o £ < t e r m > — > & « : « t e r m » 

< te rm>-| fix* < t e r m > 2 — > Se:s(<term>«j, &/&« te rm><j ,< te rm> 2 ) ) 
w h e r e t h e < t e r m > s d e n o t e a n y p h r a s e s b a l a n c e d in p a r e n t h e s e s . 

A f t e r b e i n g p l a c e d in func t iona l form, t h r e e o f the relat ional o p e r a t o r s a r e r e w r i t t e n a s t h e b o o l e a n 
n e g a t i o n o f o n e o f t h e remaining t h r e e : 

& ^ ( t v t 2 ) — > & n o t ( & « ( t 1 t t 9 ) ) 
« ( t v t 2 ) — > & n o t ( & > ( t 1 , t ? ) ) 

& £ ( t 1 f t 2 ) - > & n o t ( & < ( t 1 t t g ) ) 

I n a d d i t i o n , t w o o f t h e b o o l e a n o p e r a t o r s a re r e w r i t t e n as condit ional e x p r e s s i o n s : 

*1 c a n d *2 !1 *1 * n e n t 2 e i s e fa l se f l 
t 1 SSL *2 It *1 t n e n t r u e e l s e t 2 f i 

T h i s r e w r i t e i s r e q u i r e d t o a v o i d t h e poss ib i l i ty o f undef ined argument v a l u e s in i n v o c a t i o n s . 

N o t e t h a t , a s s t a t e d ear l ie r , symbols of the form &<operator> may b e d e f i n e d b y t h e u s e r . T h u s , b y 
g i v i n g a d e f i n i t i o n t o t h e programmer g i v e s a definit ion to t h e o p e r a t o r " • " ; th i s d o e s n o t a l l o w 
r e d e f i n i t i o n o f e x i s t i n g o p e r a t o r s , but d o e s allow t h e s e o p e r a t o r s t o b e e x t e n d e d t o n e w t y p e s . 

3 . 4 . 2 N a m e Q u a l i f i c a t i o n a n d S u b s c r i p t i n g 

I t is o f t e n c o n v e n i e n t t o r e f e r to the ( v i s ib le ) components o f an o b j e c t b y s y m b o l i c n a m e s ; f o r 
e x a m p l e , t h e c o m p o n e n t s o f a r e c o r d h a v e tradit ionally b e e n named In th is w a y . T h e c o n v e n t i o n a l 
s y n t a x a l l o w s ••X.y" t o d e n o t e t h e y component o f X . 
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T h e s y n t a x o f A i p h a r d d o e s not s u p p o r t s u c h " d o t t e d name" qual i f icat ion d i r e c t l y , b u t i n s t e a d u s e s 
t h e f u n c t i o n a l fo rm, y ( X ) . T o permit the d o t t e d - n a m e notat ion and u s e r - d e f i n e d s u b s c r i p t i n g , q u a l i f i e d 
n a m e s a r e t r a n s f o r m e d in t w o s t e p s . F i rs t , d o t t e d names are el iminated in f a v o r o f a f u n c t i o n a l f o r m : 

< q u a ) n a m e > . < i d e n t i f i e r > — > <ident i f ier>(<quainame>) 
w h e r e < q u a l n a m e > is a n y s e q u e n c e o f ident i f iers ( including s p e c i a l i d e n t i f i e r s ) , ' . ' s , ' $ ' s , a n d 
s e q u e n c e s o f l e x e m e s b a l a n c e d and e n c l o s e d in p a r e n t h e s e s or s q u a r e b r a c k e t s . T h e r u l e is a p p l i e d 
r i g h t - t o - l e f t ; t h u s , f o r e x a m p l e 

A . y — > y ( A ) 
Q . g [ s . t ] . f - - > f ( g ( Q ) [ t ( s ) ] ) 

A f t e r ai l d o t s h a v e b e e n r e m o v e d , s q u a r e b r a c k e t s are r e m o v e d : 

< t e r m > [ < e x p r e s s i o n l i s t > ] — > & s u b s c r i p t ( < t e r m > , < e x p r e s s i o n l i s t » 
T h u s , t h e e x a m p l e a b o v e b e c o m e s 

Q . g [ s . t ] . f — > f ( g ( Q ) [ t ( s ) ] ) — > f ( & s u b s c r i p t ( g ( Q ) , t ( s ) ) ) 
N o t e t h a t t h e u s e r m a y d e f i n e t h e s e l e c t o r ^ s u b s c r i p t and h e n c e may s p e c i f y t h e a c c e s s a l g o r i t h m f o r 
a t y p e . 

3 . 4 . 3 A u t o m a t i c I n t r o d u c t i o n o f S e m i c o l o n s 

T h e e f f e c t o f t h e fo l low ing t ransformat ion is to eliminate t h e n e e d for e x p l i c i t s e m i c o l o n s t o s e p a r a t e 
d e c l a r a t i o n s o r s t a t e m e n t s w h e n t h o s e semicolons would fail a t t h e e n d o f a t e x t l ine . A c c o r d i n g t o t h e 
s y n t a x in t h i s r e p o r t , c e r t a i n p h r a s e s are s e p a r a t e d from e a c h o t h e r b y s e m i c o l o n s , in t h o s e c a s e s 
w h e r e t h e f i n a l l e x e m e on a l ine cou ld e n d s u c h a p h r a s e , e.g. , 

e n d , ) , f i , e s a c , f o , n i , o d , e x i t l o o p 

a n d t h e n e x t l e x e m e ( i . e . , e x c l u d i n g comments) could beg in s u c h a p h r a s e , e .g . , 
b e g i n , ( , i f , c a s e , w i t h , f i r s t , do , for 

t h e c o m p i l e r a u t o m a t i c a l l y i n s e r t s a semicolon b e t w e e n the t w o u n l e s s , on t h e b a s i s o f p r e c e d i n g 
s y m b o l s i t is p o s s i b l e t o d e t e r m i n e t h a t doing s o would r e n d e r an o t h e r w i s e s y n t a c t i c a l l y v a l i d p r o g r a m 
i n t o a n i n v a l i d o n e . 

3 . 5 . Special literals 

C e r t a i n w e l l - e s t a b l i s h e d l i tera l denota t ions e x i s t for some t y p e s (e .g . , i n t e g e r , r e a l , b o o l e a n ) . 

3 . 5 . 1 S y n t a x 

<specia i l i teral> 
< u n s i g n e d integer> 
< u n s i g n e d real> 
< u n s i g n e d rational> 
< s c a l e - f a c t o r > 
<s t r ing> 
<boo lean> 
<rad ix> 

<unsigned integer> | <unsigned reai> j <string> | <boolean> | <radix> 
{<digit>}+ 
<unsigned rational>{E<scale-factor>}* | <unsigned integer>E<scale-factor> 
^unsigned integer>.<unsigned integer> 
{•|-}*<unsigned «nteger> 
"<any sequence of characters with ail quotes doubied>" 
true { false 
{<aiphanumeric>}*#<aiphanumeric> 

3 . 5 . 2 E x a m p l e s 
3 
1 4 7 . 5 E - 3 
3 2 # 8 
t r u e 
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" A B c d E F " 
" H e s a i d , " " H a ! M H " 

3 . 5 . 3 S e m a n t i c s 

< r a d i x > l i t e r a l s a r e 'o f t y p e r a w s t o r a g e . T h e <aiphanumeric> fol lowing t h e " # " c h a r a c t e r s p e c i f i e s 

t h e r e p r e s e n t a t i o n b a s e . T h e v a l u e s o f t h e alphanumeric* a re i n t e r p r e t e d a s f o l l o w s : 0 - 9 d e n o t e 0 - 9 , 

A - Z d e n o t e 1 0 - 3 5 , a - z d e n o t e 3 6 - 6 1 . Note tha t 0, 1 and * ( z e r o , o n e a n d g r a v e ) a r e n o t l e g a l b a s e 

d e n o t a t i o n s . 
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Chapter 4 

Program Structure, Expressions and Statements 

4 . 1 . Program Structure, Blocks 

A c o m p i l a t i o n un i t may b e e i t h e r a block or a s e t of dec la ra t ions . If it is a b lock , i t is a " p r o g r a m " in 
t h e t r a d i t i o n a l s e n s e — a s t a n d - a l o n e computat ion. If it is a s e t o f d e c l a r a t i o n s , t h e s c o p e o f t h e 
d e c l a r a t i o n s is s y s t e m - d e p e n d e n t . 

4 . 1 . 1 S y n t a x 

c o m p i l a t i o n unit> 
<biock> 
< e x e c dec! Iist> 
< e x e c deci> 

begin <biock> end j <exec dec! Iist> 
{<exec dec! l ist*}* {<stmt>};+ {;}* 
{ <exec deci> }; 

<vardec l> | <const deci> | <proc decl> | <form decl> | <label deci> 

4 . 1 . 2 S e m a n t i c s 

A b l o c k s p e c i f i e s a c o m p u t a t i o n w h o s e e f f e c t is as though t h e fo l lowing o r d e r o f e x e c u t i o n w e r e 
o b s e r v e d : 

1. E l a b o r a t e t h e d e c l a r a t i o n s in t h e o r d e r g i v e n ( s e e 2.2 and 5 .5 ) . 

2 . E l a b o r a t e t h e s t a t e m e n t s « s t m t > s ) in s e q u e n c e ( a s i d e from e x i t s ; s e e 4 . 9 ) . 

3 . O e s t r o y t h e o b j e c t s c r e a t e d in 1 in the r e v e r s e o r d e r o f d e c l a r a t i o n . 

T h e s c o p e o f all d e c l a r a t i o n s in a block is the t e x t of t h e b lock , w h e r e n o t s u p e r s e d e d b y n e s t e d 
d e c l a r a t i o n s . 

4 . 2 . Expressions and Statements 

E x p r e s s i o n s a n d s t a t e m e n t s d e s i g n a t e act ions to be per formed. T h e i r e labora t ion r e s u l t s in c h a n g e s 
in t h e e x e c u t i o n s t a t e o f t h e program. E x p r e s s i o n s d i f fe r from s t a t e m e n t s on l y in t h a t t h e i r e l a b o r a t i o n 
m a y " p r o d u c e v a l u e s " a s w e l l a s performing o t h e r ac t ions ; s t a t e m e n t s o n l y p e r f o r m a c t i o n s . F o r 
d e f i n i t i o n a l b r e v i t y a n d c o n v e n i e n c e , e v e r y e x p r e s s i o n is c o n s i d e r e d t o b e a s t a t e m e n t , b u t n o t 
c o n v e r s e l y . W h e n a n e x p r e s s i o n is u s e d in a c o n t e x t requir ing a s t a t e m e n t , i ts " v a l u e " is d i s c a r d e d . 

S o m e w h a t m o r e p r e c i s e l y , t h e " v a l u e p r o d u c e d b y an e x p r e s s i o n " is a n o b j e c t r e s u l t i n g f r o m i t s 
e l a b o r a t i o n ; t h e t y p e o f th is o b j e c t is uniquely determined b y t h e ru les s t a t e d in t h e r e m a i n d e r o f t h i s 
c h a p t e r . T h i s r e s u l t i n g ( u n n a m e d ) o b j e c t e x i s t s until a n y immediately e n c l o s i n g e x p r e s s i o n o r 
s t a t e m e n t t h a t u s e s i t h a s f i n i s h e d e x e c u t i o n . 
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4 . 2 . 1 S y n t a x 

< e x p r e s s i o n > 

<stmt> 

< labe led stmt> 

<invocation> | condit ional expression> | <valu8 expression> 
<with expression> | <first expression> 
<expression> | <loop stmt> | <exit stmt> | <null stmt> | 
<inner biock> | labe led stmt> | <assert stmt> 
<identifier> : <stmt> 

4 . 2 . 2 S e m a n t i c s 

S t a t e m e n t l a b e l s a r e u s e d b y e x i t s t a t e m e n t s ( s e c t i o n 4 . 9 ) . T h e e f f e c t o f a n e x i t 

s t a t e m e n t is t o f o r c e c o n t r o l to t h e point immediately fol lowing t h e labe led s t a t e m e n t w h o s e l a b e l I s 

u s e d in t h e e x i t . L a b e l s must b e d e c l a r e d ( s e e s e c t i o n 5 .4 ) and may b e u s e d t o l a b e l o n l y 

o n e s t a t e m e n t w i t h i n t h e s c o p e o f the i r dec larat ion . 

4 . 3 . Invocations 

4 . 3 . 1 S y n t a x 

< invocat ion> <special literal> | <simple invocation>{<actuals>}* | (<invocation>) 

<actua»s> ({<actual>}*) 
<actual> <expression> | <type descr ip t ion 
<simple invocat ion> {<identifier>$ }* <identifier> | <speciai ident i f ied 

I n f i x a n d p r e f i x o p e r a t o r s fal l under this s y n t a x b y the r e w r i t e s o f s e c t i o n 3 . 4 . 1 . S u b s c r i p t i n g , 

d e n o t e d b y M [ . . . ] n , f a i l s u n d e r th is s y n t a x b y the r e w r i t e s o f s e c t i o n 3 . 4 . 2 . N o t e : < s p e c i a l i d e n t i f i e r s 

m a y n o t a p p e a r in s o u r c e p r o g r a m s ; t h e y resu l t on ly from t h e s e r e w r i t e s . 

4 . 3 . 2 E x a m p l e s 

T h e m o s t o b v i o u s < l n v o c a t i o n > s a re t h o s e denot ing rout ine " c a l l s " , e .g . : 

s i n ( x ) 
i n t e g r a t e ( F , a , b , e p s ) 

I n a d d i t i o n , h o w e v e r , < i n v o c a t i o n s > resu l t from t h e r e w r i t e ru les fo r in f i x o p e r a t o r s a n d s u b s c r i p t i n g , 

e . g . : 

& : * ( a , & * ( b , c ) ) 
& : » ( x , & s u b s c r i p t ( V , i ) ) 

F i n a l l y , < i n v o c a t i o n > s o c c u r a s p a r t o f t y p e desc r ip t ions : 
v e c t o r ( i n t , 1 ,unk) 

4 . 3 . 3 S e m a n t i c s 

A s i m p l e i n v o c a t i o n may d e s i g n a t e a t y p e , an o b j e c t , or a rout ine ( a p r o c e d u r e o r s e l e c t o r ) a s 

i n d i c a t e d in c h a p t e r 5. Ident i f i e rs may des ignate multiple en t i t i es in a n y g i v e n c o n t e x t 

( o p e r a t o r o v e r l o a d i n g ) , s o s o m e means o f reso lv ing the conf l i c t is n e c e s s a r y . An i d e n t i f i e r m a y b e 

q u a l i f i e d o n t h e l e f t b y t h e name of the form containing its def in i t ion; s u c h qua l i f ie rs a r e s e p a r a t e d b y 

" $ " . A l t e r n a t i v e l y , t h e proper def in i t ion may be determined b y examining t h e t y p e s o f t h e a c t u a l s — 

t h a t i s , b y c h o o s i n g t h a t def in i t ion for w h i c h t y p e checking ( s e c t i o n 2 .4) s u c c e e d s . I t is a n e r r o r i f t h e 

c o m p i l e r c a n n o t d i s a m b i g u a t e s t a t i c a l l y ( i .e . , a t compi ie - t ime) . 

A s s u m i n g t h a t t h e e n t i t y d e s i g n a t e d b y G is uniqueiy determined , an i n v o c a t i o n s u c h a s : 

G ( e 1 , e 2 . . . . , e n ) 
d e n o t e s a n e l a b o r a t i o n a n d p o s s i b i y a resul t ing va lue as fo l lows : 
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1. T h e a c t u a l p a r a m e t e r s , e ; t a r e e l a b o r a t e d in an undef ined o r d e r . An e } d e s i g n a t i n g a r o u t i n e 
w i t h o u t a n a r g u m e n t l is t d e s i g n a t e s that rout ine, r a t h e r than t h e v a l u e r e s u l t i n g f r o m i t s 
e x e c u t i o n . T h e r e s u l t s o f th is e laborat ion are o b j e c t s , t y p e s , a n d r o u t i n e s ( s e e s e c t i o n 
5 . 6 f o r t h e e v a l u a t i o n o f par t ia l t y p e s ) . 

2 . T h e n u m b e r o f fo rmal p a r a m e t e r s o f G must b e n ( n £ 0 ) . T h e a c t u a l s must match t h e f o r m a l s 
o f G ( s e e s e c t i o n 2 . 4 ) ; i t is an er ror if t h e y do not . 

3 . E a c h f o r m a l p a r a m e t e r o f G w h i c h d e s i g n a t e s a rout ine ( a s in " f : p r o c ( . . . ) M ) , a t y p e ( a s in 
" T : f o r m " ) , o r a r e f e r e n c e parameter ( a s in " v a r x : . . . " or " c o n s t x : . . . " ) is b o u n d t o t h e 
c o r r e s p o n d i n g e } ( a l s o s e e s e c t i o n 5 .7) . 

4 . E a c h o b j e c t formal ( s e e 5 .7 ) w i th an empty <binding> is t r e a t e d a s i f i t w e r e 
s p e c i f i e d c o n s t ( s e e b e i o w ) . 

5 . F o r e a c h formal i den t i f i e r , k, d e s i g n a t e d t o b e a c o n s t p a r a m e t e r ( s e e s e c t i o n 5 . 7 ) , 
U p d a t e ( k ) is m a d e e m p t y . For ail o t h e r k bound t o o b j e c t s , U p d a t e ( k ) is d e r i v e d f r o m t h e 
t y p e d e s c r i p t i o n o f t h e formal parameter . 

6 * v a r a n d c o n s t p a r a m e t e r s a re c h e c k e d for poss ib le o v e r l a p ( s e e s e c t i o n 2 . T ) . In o r d e r f o r 
t h e < i n v o c a t i o n > t o b e lega l i t is n e c e s s a r y t h a t e i ther 

t h e r e is no o v e r l a p b e t w e e n an a c t u a l parameter t h a t s t a n d s in a v a r p o s i t i o n a n d a n y 
o t h e r a c t u a l in e i t h e r a v a r or c o n s t posi t ion. 

or 

ai l o v e r l a p p i n g pos i t ions a r e d e s i g n a t e d alias in t h e formal p a r a m e t e r s p e c i f i c a t i o n s . 

7 . F o r e a c h fo rmal i d e n t i f i e r , k, d e s i g n a t e d to be a c o p i e d parameter , a n e w o b j e c t o f t h e s a m e 
t y p e is i n s t a n t i a t e d . T h e v a l u e s o f t h e ac tua l p a r a met e r s ( s e e s e c t i o n s 5 . 6 a n d 
5 . 7 ) a r e c o p i e d into t h e s e v a r i a b l e s from t h e co r respond ing e } u s i n g t h e " & : » H 

p r o c e d u r e d e f i n e d f o r t h a t t y p e ; it is an error if t h e " & : » " p r o c e d u r e is n o t d e f i n e d f o r t h e 
t y p e . 

8 . I f G is a r o u t i n e a n d r e t u r n s a va lue , or if it is a s e l e c t o r ( s e e s e c t i o n 5 . 8 ) , i t s 
d e f i n i t i o n c o n t a i n s a t y p e d e s c r i p t i o n w h i c h s p e c i f i e s the t y p e o f I ts r e s u l t . T h i s d e s c r i p t i o n 
i s e l a b o r a t e d . I f G is a v p r o c or f u n c , an o b j e c t o f the t y p e is i n s t a n t i a t e d t o r e c e i v e t h e 
" v a l u e " t h a t wi l l b e r e t u r n e d . I f G is a s e l e c t o r no o b j e c t is i n s t a n t i a t e d ; t h e t y p e 
d e s c r i p t i o n d e f i n e s t h e t y p e o f t h e o b j e c t w h o s e ( g e n e r a l i z e d ) a d d r e s s is r e t u r n e d . N o t e 
t h a t a v p r o c o r f u n c must s p e c i f y a full t y p e for t h e resu l t ; a s e i n e e d o n l y s p e c i f y a p a r t i a l 
t y p e . 

9 . i f G is a r o u t i n e i ts b o d y is e labora ted w i t h the e s t a b l i s h e d b ind ings . I f G is a t y p e 
d e s c r i p t i o n e i t h e r an ins tant ia t ion or a matching is pe r fo rmed , d e p e n d i n g o n t h e c o n t e x t . 

1 0 . A n y a u x i l i a r y o b j e c t s ( i .e . , c o p i e d parameters or ac tua la w h i c h a r e t h e m s e l v e s r e s u l t 
o b j e c t s o f p r o c e d u r e s ) a r e d e a l l o c a t e d . 

I t s h o u l d b e n o t e d t h a t , b y t h e ru les a b o v e , t h e invocat ion o f a p a r a m e t e r l e s s p r o c e d u r e , P, i s 
n e c e s s a r i l y w r i t t e n " P Q " . 
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4 . 4 . Conditional Expressions 

4 . 4 . 1 S y n t a x 

c o n d i t i o n a l express ion> : : - <if expression> | <casa expression> x . 
<if e x p r e s s i o n > : : « if <expression> \±§n <biocK> { eHf <expression> thgn <biocK> } {else. <block>} fl. 
<case e x p r e s s i o n > : : « case <expression> of. <case> { ejof <case> }* { ejse. <blocK> }* §sac_ 
<case> » m {<expression>}, :: <biock> 

4 . 4 . 2 E x a m p l e s 
i f a [ i ] > m a x t h e n m a x p :* i; m a x : « a [ i ] f l 

y i f x > z t h e n x e l s e z fl 

i f a < b t h e n t :* 1 e l i f a < c t h e n t : « 2 e l se t :* 3 f i 

c a s e IC o f 

A D O : : M B : » C [ E A ] ; R :* R+MB eiof 

S U B : : M B :* C C E A ] ; R :* R -MB eiof 

M U L : : M B :* C [ E A ] ; R R*MB e l s e 

E R R O R 

e s a c 
T : » c a s e n o f 1 : : M A L E e io f 2 : :FEMALE e l s e NEUTER e s a c 

4 . 4 . 3 S e m a n t i c s 

C o n d i t i o n a l e x p r e s s i o n s d e n o t e e x p r e s s i o n s and s t a t e m e n t s to b e e v a l u a t e d c o n d i t i o n a i l y . S u c h a n 

e x p r e s s i o n h a s a v a l u e i f 

a . Al l < b i o c k > s in it a r e s ing le e x p r e s s i o n s , 

b . Al l t h e s e e x p r e s s i o n s a r e o f ident ica l t y p e ( th is t y p e b e c o m e s t h e t y p e o f t h e e x p r e s s i o n ) , 

a n d 

c . A n e l s e c l a u s e is p r e s e n t . 

T h e e x p r e s s i o n 

If B«| t h e n S-j e i i f B 2 t h e n S 2 •» elif B n then S n e l se S n + 1 fl 

i s e q u i v a l e n t t o 

i f B-j t h e n S-j e l s e 
i f B 2 t h e n S 2 e l s e 

if B n t h e n S n e l s e S n + 1 f l 

f i 

f i 

I n t h e e x p r e s s i o n 
i f B t h e n S-j e l s e S 2 f i 

B m u s t h a v e a r e s u l t o f t y p e b o o l e a n , and the elaboration of B must not h a v e o b s e r v a b l e e f f e c t s . I f 

t h e v a l u e o f B is t r u e , S-j is e v a l u a t e d , o t h e r w i s e S 2 is e v a l u a t e d . I f t h e if e x p r e s s i o n o c c u r s in a 

c o n t e x t r e q u i r i n g a v a l u e , t h e v a l u e is that o f the e x p r e s s i o n c h o s e n ( b y t h e r u l e s a b o v e , S«j a n d S 2 

m u s t b e s i m p l e e x p r e s s i o n s o f t h e same t y p e ) . In the a b s e n c e of an e l s e c l a u s e , S 2 is t a k e n t o b e 

s k i p ( s e e s e c t i o n 4 . 1 0 ) . 



In t h e e x p r e s s i o n 
c a s e E 0 o f 

E 1 V - E i n i - S 1 e jo f 
e 2 1 ' - ^ 2 n 2 S p e lo f 

F ' - E m n m S m e l s e 
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S m + 1 
e s a c 

E q , E-j - j , E m n m u s t all b e e x p r e s s i o n s o f t h e same t y p e . E q is e v a l u a t e d . T h e E j j a r e e v a l u a t e d ( i n 

u n s p e c i f i e d o r d e r ) a n d t h e r e s u l t s a re compared w i t h E q using t h e & » o p e r a t o r f o r T y p e ( E q ) . I t a n 

e r r o r i f t h e r e i s n o s u c h o p e r a t o r . T h e eva luat ion of E q and t h e E j j ' s must n o t h a v e o b s e r v a b l e e f f e c t s . 

A s s o o n a s a m a t c h y i e l d s t r u e ( s a y w i t h E j j ) , Sj is e v a l u a t e d . If ail m a t c h e s fa i l , S m + < j is e v a l u a t e d . 

E x a c t l y o n e b l o c k Sj is e v a l u a t e d f o r e a c h c o r r e c t eva luat ion o f t h e c a s e e x p r e s s i o n . T h e v a l u e o f t h e 

c a s e e x p r e s s i o n is t h a t o f t h e Sj e v a l u a t e d (aga in , e a c h Sj must b e a s ing le e x p r e s s i o n ) . 

4 . 5 . V a l u e E x p r e s s i o n 

4 . 5 . 1 S y n t a x 

<va lue e x p r e s s i o n > : : » value <identifier>{r<obj type>}* of <biock> fo_ 

4 . 5 . 2 E x a m p l e s 

S : » v a l u e y : i n t o f y : = 0 ; f o r x . i n v e c ( A ) d o y : * y * x o d f o 
v a l u e A o f M u n g e ( A , 4 3 ) f o 

4 . 5 . 3 S e m a n t i c s 

A v a l u e e x p r e s s i o n is u s e d t o c o n v e r t a <block>, and h e n c e a s e q u e n c e o f d e c l a r a t i o n s a n d 
s t a t e m e n t s , i n t o a ( v a l u e - y i e l d i n g ) e x p r e s s i o n . In the e x p r e s s i o n 

v a l u e x : T o f S f o 

t h e v a r i a b l e x ( w h o s e s c o p e is S ) is i ns tan t ia ted and S is e x e c u t e d . If " : < o b j t y p e > H is o m i t t e d , a s in 
v a l u e x o f S f o 

t h e e x i s t i n g i n s t a n t i a t i o n o f x is u s e d . In bo th c a s e s , the resu l t o f t h e v a l u e e x p r e s s i o n is t h e o b j e c t O b j ( x ) . 

4 . 6 . W i t h E x p r e s s i o n s 

4 . 6 . 1 S y n t a x 

<w i th e x p r e s s i o n > - w u n e x p r e s s i o n > : : - with <with list> in <b1ock> ni 
< w i t h l ist> { <identifier>r<invocatron> }7 

4 . 6 . 2 E x a m p l e s 

w i t h Z : A [ i ] . s o n [ k ] in Z . a g e : » 0 ; Z .number : « k ni 

w i t h R . x . y . z , Q r x . y . w in v a r s : T ; s := Q ; Q : « R; R :* s ni 
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4 . 6 . 3 S e m a n t i c s 

A w i t h e x p r e s s i o n p r o v i d e s a local shor thand for compl icated i n v o c a t i o n s . T h e p h r a s e 

w i t h x : R in S ni 

c a u s e s e l a b o r a t i o n o f R, binding o f x to R, and elaborat ion of S w i t h t h a t b inding. If t h e < b l o c k > is a 

s i n g l e e x p r e s s i o n , t h e w i t h e x p r e s s i o n y ie lds a va lue ( t h e v a l u e o f t h e < b l o c k » . 

4 . 7 . F i rst Expression 

4 . 7 . 1 S y n t a x 

<f i rs t e x p r e s s i o n > : : - first<tempiate> suchthat <expression> {then<block>}* {else. <block>}* f± 
<template> : : - <identifier> from {<identifier>:}*<type description> | <identifier> from <invocatfon> 

4 . 7 . 2 E x a m p l e s 
f i r s t i f rom u p t o ( 1 ,n) s u c h t h a t A [ i ]>max then max : » A [ i ] ; j m a x :* i f l 

y : » f i r s t x f rom i n v e c ( A ) s u c h t h a t x > m a x then x e l se 0 f l 

4 . 7 . 3 S e m a n t i c s 

T h e f i r s t e x p r e s s i o n i n v o k e s t h e g e n e r a t o r s p e c i f i e d in i ts templa te ( s e e s e c t i o n 5 . 1 1 ) t o 

p r o d u c e a s e q u e n c e o f v a l u e s . T h e s e v a l u e s are t e s t e d in turn b y t h e s u c h t h a t c l a u s e , w h i c h m u s t b e 

a b o o l e a n e x p r e s s i o n and w h i c h may not h a v e o b s e r v a b l e s i d e e f f e c t s , i f t h e f i r s t e x p r e s s i o n 

f i r s t x f r o m g : Q s u c h t h a t B t h e n S-j e l se S 2 f i 

o c c u r s in a c o n t e x t w h e r e a v a l u e is not requ i red , i ts semant ics a r e p r e c i s e l y t h o s e o f t h e s t a t e m e n t 

L 1 : b e g i n 

L 2 : b e g i n 

v a r g : Q ; & s t a r t ( g ) ; 

d o 
if & d o n e ( g ) t h e n & f i n i s h ( g ) ; l e a v e L2 f i 
w i t h x : . & v a l u e ( g ) In if B then S 1 ; .5.finish(g); l e a v e L1 fi nl 

& n e x t ( g ) 

e n d L 2 

S 2 

e n d L1 

w h e r e & s t a r t , & d o n e , e t c a r e p r o v i d e d b y the form (or g e n e r a t o r ) Q ( s e e a l s o s e c t i o n s 4 . 8 

a n d 4 . 9 ) . I f e i t h e r t h e t h e n or t h e e l se c lause is a b s e n t , it d e f a u l t s t o s k i p ( s e e s e c t i o n 

4 . 1 0 ) . I f " g : " is a b s e n t , an e l s e w h e r e unused Ident i f ier is s u b s t i t u t e d b y t h e c o m p i l e r . I f t h e 

f u l l t y p e in t h e t e m p l a t e is a b s e n t , t h e dec larat ion ( v a r g :Q ) is omi t ted ; in s u c h c a s e s a n e x i s t i n g 

i n s t a n t i a t i o n ( n a m e l y " g " ) is u s e d . 

N o t e t h a t t h e s t a t e m e n t S 2 in t h e e x p a n s i o n a b o v e is outs ide t h e s c o p e o f t h e d e c l a r a t i o n s o f g a n d 

x ; n e i t h e r o f t h e s e may b e r e f e r e n c e d in S 2 « 

I f t h e f i r s t e x p r e s s i o n o c c u r s in a c o n t e x t requiring a va lue , S<j and S 2 must b o t h b e p r e s e n t a n d b e 

s i n g l e e x p r e s s i o n s o f i d e n t i c a l t y p e ( s a y T ) . in t h e s e c o n t e x t s , the s e m a n t i c s a r e p r e c i s e l y t h o s e o f 

v a l u e t : T o f f i r s t x from g : Q s u c h t h a t B then t : » S-j e l se t : » S 2 f l f o 
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4 . 8 . 1 S y n t a x 

< loop stmt> 
<simple loop> 
<whi le stmt> 
<for stmr> 

<simple loop> | <while stmt> | < f 0 r stmt> 
29. "^bloc^ od 
ifl±il£ <«xpression> <simpJe loop> 
for <template> <simple loop> 

4 . 8 . 2 E x a m p l e s 
d o 

i f x = y t h e n e x i t l o o p ff 

i ! x > y t h e n x := x - y e l s e y : » y - x fj 
o d 

w h i l e x * n i l do P ( c a r ( x ) ) ; x : . c d r ( x ) od 

f o r x f rom i n v e c ( a ) d o x : » 0 od 

4 . 8 . 3 S e m a n t i c s 

T h e s i m p l e l o o p ; " d o S o d M *>vo^, ,+« - * 

s e c t i o n 4 . 8 ) * execuTed. T h e J ^ A S E S * T 0n,y » " «* « — <-~ 
52 !l ! ! o t ( B ) then ex i t loop "¥ l od ~ ~ ~ ' s e m a n t i c a « y equivalent to 

T h e ftg*op. . & x ^ g ; Q fi 8 e n i a n t ) M ( ) y ^ 

v a r g : Q ; & s t a r t ( g ) 
d o 

i f & d o n e ( g ) t h e n e x i t l o o p f i 
w i t h x : & v a i u e ( g ) in S ni 
3 * n e x t ( g ) 

o d 

& f i n i s h ( g ) 
e n d 

A s in t h e f i r s t e x p r e s s i o n ( s e c t i o n 4 7) if « „ . « ^ . 

b y t h e c o m p i l e r . , f t h e full t y p e in t h e t e m p * t ^ , d e n t i f i e ' * s u b s t i t u t e d 
e x i s t i n g i n s t a n t i a t i o n is u s e d . b * e n t * t h ° d e c ^ « t i o n ( v a r g : Q ) j s o m i t t e d a n d a n 

4 . 9 . E x i t S t a t e m e n t s 

4 . 9 . 1 S y n t a x 

<exi t stmt> 
^• X J t ) 0 °R i laave, <identifier> 

4 . 9 . 2 E x a m p l e s 

l e a v e L 
e x i t l o o p 

S e e a l s o s e c t i o n s 4 .8 a n d 4 . 7 . 
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4 . 9 . 3 S e m a n t i c s 

T h e s t a t e m e n t " l e a v e I " o c c u r i n g with in a s t a t e m e n t labe led " L " (o r a rout ine n a m e d " L " ) c a u s e s 

e v a l u a t i o n o f t h e I n n e r m o s t s u c h s t a t e m e n t ( rout ine) to te rminate ; e x e c u t i o n r e s u m e s a t t h e p o i n t i t 

w o u l d h a v e i f t h e s t a t e m e n t ( r o u t i n e ) had terminated normally. ( N o t e : i f t h e r e l a t i v e n e s t i n g o f t h e 

l a b e l e d s t a t e m e n t is s u c h t h a t , had t h e l e a v e not b e e n e x e c u t e d , o b j e c t s w o u l d h a v e b e e n 

d e a l l o c a t e d a n d f ina l c l a u s e s e x e c u t e d , t h e s e same deal locat ion a c t i o n s a n d f i n a l i z a t i o n s a r e 

p e r f o r m e d in t h e s a m e o r d e r as p a r t o f t h e l e a v e . ) 

A n e x i t l o o p c a u s e s terminat ion o f t h e innermost loop s t a t e m e n t ( d o , w h i l e , o r f o r , s e c t i o n 4 , 8 ) 

c o n t a i n i n g t h e e x i t l o o p . 

4 . 1 0 . N u l l S t a t e m e n t 

4 . 1 0 . 1 S y n t a x 

<null stmt> : : - skip. 

4 . 1 0 . 2 S e m a n t i c s 

T h e nu l l s t a t e m e n t d o e s noth ing . 

4 . 1 1 . I n n e r b l o c k 

4 . 1 1 . 1 S y n t a x 

< inner block> 
<biock> en£ | begin <block> endof {<identifier>}* 

4 . 1 1 . 2 S e m a n t i c s 

t h e i n n e r b l o c k . 

4 . 1 2 . A s s e r t S t a t e m e n t 

4 . 1 2 . 1 S y n t a x 

<asser t stmt> » - ^ISLi < «se r t ion> 

4 . 1 2 . 2 E x a m p l e s 
d o a s s e r t { G C D ( x , y ) = G C O ( s O , y O ) } ; 

i f x = y t h e n e x i t l o o p 
if x > y t h e n x y e l s e y x fi 

o d 
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4 . 1 2 . 3 S e m a n t i c s 

s t a t e m e n t .,1 ' " " * * * B M " t " * t r u e w h « " c ° " ™ ****** t h r o u g h t h e Lth ?K I " ° S e m a n t ' C e f f e C t T h e s y n t a * o f < « « r t i o n > 13 n o t s p e c i f i e d b y t h e 3uaae 
( o t h e r t h a n t h a t t h e a s s e r t i o n t e x t must b e e n c l o s e d in, and b a l a n c e d in b r a c k e t , - 7 W «"S t i l 
p r o v m c e o f a v e r i f i e r o r v e r i f y i n g compi ler only . o r a c K e t s , { . . . } ) . | t l a t h e 
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Chapter 5 
Declarations 

D e c l a r a t i o n s d e f i n e r o u t i n e s ( p r o c , v p r o c , func , and s e j d e c l a r a t i o n s ) a n d c l a s s e s o f t y p e s ( f o r m 

d e c l a r a t i o n s ) , s p e c i f y t h e ins tant ia t ion o f o b j e c t s ( v a r , c o n s t ) , and bind i d e n t i f i e r s t o t h e s e e n t i t i e s . 

5 . 1 . Scope of Deciarations 

T h e s c o p e o f a d e c l a r a t i o n — t h e program t e x t in w h i c h t h e binding it e s t a b l i s h e s is v a l i d — d e p e n d s 

o n t h e k i n d o f d e c l a r a t i o n a n d t h e p l a c e it a p p e a r s . In t h e s e q u e l , normal Algol scope m e a n s t h e 

i n n e r m o s t b l o c k c o n t a i n i n g t h e dec la ra t ion , including ail b locks it e n c l o s e s t h a t d o n o t r e d e f i n e t h e 

i d e n t i f i e r . Restricted Algol scope is t h e same as normal Algol s c o p e , b u t e x c l u d e s t h e t e x t o f r o u t i n e 

a n d f o r m d e c i a r a t i o n s . 

G e n e r a l l y i d e n t i f i e r s naming rout ines and forms o b e y Algol s c o p e r u l e s ; i d e n t i f i e r s naming o b j e c t s 

( i . e . , v a r i a b l e n a m e s ) o b e y r e s t r i c t e d Algol s c o p e . T h u s , no f r e e va r iab le names a p p e a r in r o u t i n e o r 

f o r m b o d i e s ; ail v a r i a b l e s a r e e i t h e r local ly d e c l a r e d or p a s s e d in th rough t h e p a r a m e t e r l i s t . A f e w 

a d d i t i o n a l s c o p e r e s t r i c t i o n s a r e d i s c u s s e d later . 

5 . 2 . Aux i l ia ry Deciarations 

A n y d e c l a r a t i o n m a y b e p r e c e d e d b y t h e k e y w o r d a u x . Ident i f ie rs d e f i n e d in s u c h d e c l a r a t i o n s m a y 

n o t b e u s e d ( e x c e p t w i t h i n t h e a s s e r t i o n language) . Aux i l iary dec ia ra t ions s e r v e a s mode l ing t o o l s in 

t h e s p e c i f i c a t i o n s ; t h e e n t i t i e s d e s c r i b e d b y s u c h dec la ra t ions may or may n o t e x i s t in t h e 

i m p l e m e n t a t i o n . I f s u c h e n t i t i e s do e x i s t , t h e y may be implemented in a manner d i f f e r e n t f r o m t h a t 

d e s c r i b e d in t h e a u x d e c l a r a t i o n . ( N o t e , h o w e v e r , tha t the c l a u s e as s p e c i f i e d m a y b e u s e d in a n 

i m p l e m e n t a t i o n t o f o r c e p r e c i s e l y t h e r e p r e s e n t a t i o n appear ing in an a u x def in i t ion o f a n e n t i t y ) . 

A n a u x i l i a r y d e c l a r a t i o n o f a b o o l e a n - v a l u e d funct ion , for e x a m p l e , might b e c o n v e n i e n t l y u s e d t o 

express a c o n d i t i o n t h a t is u s e f u l f o r ve r i f i ca t ion or spec i f i ca t ion p u r p o s e s . No o b l i g a t i o n t o a c t u a l l y 

i m p l e m e n t t h i s f u n c t i o n ( w h o s e implementation might be undes i rab le o r I m p r a c t i c a l in s o m e 

e n v i r o n m e n t s ) is impl ied b y t h e a u x dec la ra t ion . Cons ider , fo r e x a m p l e , t h e fo rm: 

f o r m D i r e c t e d G r a p h ( s i z e : i n t ) js 

s p e c s 

a u x f u n c i s T r e e ( g : O i r e c t e d G r a p h ) : b o o l e a n 

p o s t { r e t u r n s t r u e i f f g is a t r e e } ; 

T h i s * . glTEEE-. — — " -?"» r , ™ " " " 
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1. f o r w a r d : i t m a y b e n e c e s s a r y to mention an e n t i t y b e f o r e is d e f i n e d ; th i s is l o g i c a i l y 
n e c e s s a r y in mutual l y r e c u r s i v e rout ine and form def in i t ions . A f o r w a r d i n d i c a t e s t h a t t h e 
r e q u i r e d d e f i n i t i o n a p p e a r s la te r in t h e c u r r e n t program t e x t . 

2* s p e c i f i e d : In t h e implementat ion o f a form it may b e des i rab le to d e f i n e a n i m p l e m e n t a t i o n 
o f a n e n t i t y t o b e i d e n t i c a l t o its s p e c i f i c a t i o n ; s u c h def in i t ions a r e d e n o t e d a s s p e c i f i e d . 
S o m e w h a t s imi lar ly , a form implementation may mention an ( o b j e c t ) p a r a m e t e r o f t h e f o r m , 
d e s c r i b i n g i t a s s p e c i f i e d , t o d e n o t e t h a t a run- t ime r e p r e s e n t a t i o n o f t h e p a r a m e t e r i s t o 
e x i s t . 

3 . e x t e r n a i ( < s y s t e m s p e c s > ) : T h e definit ion o f some ent i t ies may b e d e f i n e d e x t e r n a l t o t h e 
present p r o g r a m t e x t , e .g. , on a " f i l e " or a " l ib ra ry" s u p p o r t e d b y t h e h o s t s y s t e m . In s u c h 
c a s e s t h e e n t i t y m a y b e d e f i n e d as e x t e r n a l . T h e < s y s t e m s p e c s > is a s y s t e m - d e p e n d e n t 
n o t i o n ( a n d s y n t a x ) t h a t d e s c r i b e s t h e p lace w h e r e t h e def in i t ion is t o b e f o u n d ( e . g . , in a 
p a r t i c u l a r " f i l e " ) . 

5 . 4 . Label Declarations 

5 . 4 . 1 Syntax 

< l a b e i d e c l > : : . fabei ident i f i e r list> 

5 . 4 . 2 E x a m p l e s 

l a b e l L 1 , E X I T , R e t h i n k ; 

5 . 4 . 3 S e m a n t i c s 

5 . 5 . Object Declarations 

5 , 5 , 1 S y n t a x 

< v a r dec!> 
<const deci> 
<aux> 
<obj deci g r o u p > 
<ob j t y p e > 
<mit f in ciause> 
<const assign> 

<SUX> { < 0 b j d 9 c , j w { < j n j t f j n c j 3 1 j s c > ) V 

S S * ^ { < o b j d e c l g r o u p > { < i n i t f j n c i 9 u ^ m 

i d e n t i f i e r list> : <obj type> 
<type description> | f£ s^e^fied 
- <expression> | {init<stmt>}* {final <stmt>}* 
i d e n t i f i e r list> • <expression> 

<const assign>}* 
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5 . 5 . 2 E x a m p l e s 
v a r a , b , c : i n t , g : r e a ! 
a u x c o n s t a : in t » 5 
v a r I N P : f i i e ( v e c t o r ( m u m b l e , 1 ,unk) ) init open( INF ) 
v a r q , x , r : a s s p e c i f i e d 
v a r Q . q u e u e ( i n t ) init n e w ( Q ) f inal d e s t r o y ( Q ) 
c o n s t A D 0 = 0 , S U 8 = 1 , M U L T * 2 

5 . 5 . 3 S e m a n t i c s 

O b j e c t d e c l a r a t i o n s m a y o c c u r ins ide form dec larat ions or in b l o c k s ; the i r m e a n i n g s in t h e t w o 

c o n t e x t s d i f f e r . S e e s 'ect ion 5.9 fo r a d iscuss ion o f the i r meanings in form d e c l a r a t i o n s . 

I n b l o c k s , o b j e c t d e c l a r a t i o n s h a v e r e s t r i c t e d Algol s c o p e ( s e e s e c t i o n 5 . 1 ) . S e m a n t i c a l l y , c o n s t a n t 

d e c i a r a t i o n s ( < c o n s t d e c l > s ) d i f f e r from var iab le dec iarat ions ( < v a r d e c i > s ) o n l y in t h a t , o u t s i d e t h e 

i n i t i a l i z a t i o n a n d f ina i i za t ion c l a u s e s , U p d a t e ( c ) is empty for c a c o n s t a n t ; f o r v a r i a b l e s t h e u p d a t e s e t 

i s d e t e r m i n e d f r o m t h e < t y p e d e s c r i p t l o n X 

T h e < o b j d e c l g r o u p > s wi th in an o b j e c t dec larat ion are p r o c e s s e d In u n s p e c i f i e d o r d e r ( n o t e , 

h o w e v e r , t h a t d e c i a r a t i o n s a r e p r o c e s s e d in l e f t - t o - r i g h t o r d e r ; thus t h e programmer m a y i m p o s e a n 

o r d e r i n g i f t h a t is a p p r o p r i a t e ) . For e a c h group, t h e full t y p e is e v a l u a t e d , a n d f o r e a c h i d e n t i f i e r , a 

n e w o b j e c t o f t h a t t y p e is i n s t a n t i a t e d and bound to the ident i f ier , i f an init c l a u s e is p r e s e n t , i t i s 

e x e c u t e d . T h e d e c l a r a t i o n 

. . . x , y , Z : T = E 

i s e q u i v a l e n t t o 
. . , x , y , z : T init x : a y : « z : * E 

I f " : T " i s a b s e n t ( f r o m a c o n s t a n t dec la ra t ion ) , as in " c o n s t a*5" , t h e t y p e is t h a t o f t h e e x p r e s s i o n t o 

t h e r i g h t o f t h e e q u a l s i g n . 

A f i n a l c l a u s e , if p r e s e n t , is e x e c u t e d j u s t b e f o r e deal locat ion o f t h e v a r i a b l e s o r c o n s t a n t s w i t h 

w h i c h i t is a s s o c i a t e d . Dea l locat ion is a l w a y s in r e v e r s e o f t h e ( p o s s i b l y u n s p e c i f i e d ) o r d e r o f 

c r e a t i o n . 

O b j e c t s m a y b e d e s i g n a t e d " a s s p e c i f i e d " only in form implementat ions ( s e c t i o n 5 . 9 ) . T h i s 

i n d i c a t e s t h a t t h e < t y p e d e s c r i p t i o n > is t o b e c o p i e d from t h e form s p e c i f i c a t i o n s . 

A n < in i t f i n c l a u s e > in a c o n s t a n t dec la ra t ion can b e omitted only in t h e s p e c i f i c a t i o n s p a r t o f a f o r m 

( s e e s e c t i o n 5 . 9 ) . 

5 . 6 . E v a l u a t i o n o f T y p e D e s c r i p t i o n s 

< t y p e d e s c r i p t i o n s a r e s y n t a c t i c ent i t ies wh ich a p p e a r in o b j e c t d e c i a r a t i o n s a n d fo rmal p a r a m e t e r 

s p e c i f i c a t i o n s . 
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5 . 6 . 1 S y n t a x 

+ * 4ft 
< t y p e descr ip t ion> <simple invocation> { ( {<formal quai>}, ) } {<update set>} | 

?<identifier>{<update set>}* 
<formal qual> : : « <expression> | ?<ldentifier>{<update set>}* | {<identifier>:}* <type descr ip t ion> | 

unk + 

< u p d a t e set> < { <identifier> | <special identif ied }, > 

N o t e t h a t t h e o u t e r O ' s in t h e def in i t ion o f <update s e t > are p a r t o f t h e l a n g u a g e , n o t m e t a b r a c k e t s 
( s e e e x a m p l e s b e i o w ) . 

5 . 6 . 2 E x a m p l e s 

i n t e g e r 

v e c t o r ( r e a l , 1 , 1 0 ) 

s t a c k ( T : f o r m < & : * > , 2 2 ) 

c o l l e c t i o n ( u n k ) 

q u e u e ( p r o c e s s , ? l e n g t h ) 

5 . 6 . 3 S e m a n t i c s 

T h e < s i m p l e i n v o c a t i o n > ( s e e 4 . 3 ) must d e s i g n a t e a unique form ( " $ " qua l i f i ca t ion a l l o w s d u p l i c a t e 
n e s t e d f o r m d e f i n i t i o n s ) . D isambiguat ion on the bas is o f argument t y p e s is n o t p e r f o r m e d . 

E l a b o r a t i o n o f a < t y p e d e s c r i p t i o n ^ T (e - j , . . M e n ) < p 1 t . . . , p m > , p r o c e e d s as f o l l o w s 1 3 : 

1. T h e 9j a r e e l a b o r a t e d in an undef ined o rder . T h e resu l t s o f th is e l a b o r a t i o n a r e o b j e c t s , 
r o u t i n e s , a n d t y p e s . T h e fol lowing s p e c i a l c a s e s should b e n o t e d : 

a . T h e e l a b o r a t i o n o f unk is unk. 

b. T h e e l a b o r a t i o n o f ? ident i f i e r s implies an implicit binding; i t is i l legal i f th i s is n o t in 
t h e c o n t e x t o f a formal/actual parameter matching. 

2 . T h e n u m b e r o f formal p a r a m e t e r s o f T must b e n ( r & O ) . T h e a c t u a l s must match t h e f o r m a l s 
o f T ( s e e s e c t i o n 2 . 4 ) . I t is an er ror if t h e y do not . 

3 . E a c h o b j e c t a c t u a l is h a n d l e d a s in s e c t i o n 4 .3 .3 . 

4 . T h e s e q u e n c e o f r o u t i n e s , t y p e s , o b j e c t s , and unk markers p r o d u c e d b y t h e p r e c e d i n g 
b e c o m e s t h e Q u a ! p r o p e r t y o f t h e resu l t t y p e . T is t h e B a s e t y p e ( s e e s e c t i o n 2 . 2 ) . T h e Pj 
b e c o m e t h e u p d a t e s e t . 

T h e < u p d a t e s e t > d e f i n e s t h e u p d a t e s e t o f the t y p e desc r ip t ion ( s e e 2 . 2 ) . T h e l i s t e d i d e n t i f i e r s 
m u s t b e n a m e s o f r o u t i n e s d e c l a r e d w i t h t h e b a s e t y p e . Only t h e s e rout ines a n d r o u t i n e s w i t h n o v i s i b l e 
e f f e c t s m a y b e a p p l i e d t o t h e o b j e c t with in t h e s c o p e c o v e r e d b y t h e d e c l a r a t i o n in w h i c h t h e t y p e 
d e s c r i p t i o n a p p e a r s . In t h e c a s e t h a t t h e u p d a t e s e t Is a t t a c h e d t o a ? i d e n t i f i e r o r a < t y p e f o r m a l > , 
t h e l i s t e d i d e n t i f i e r s must b e f u r t h e r s p e c i f i e d in an "assumes c l a u s e " ( s e e 5 . 1 2 ) unless t h e y 

^^lZJSZ:Mn
 " " • " » " ' " • °< « « . type d e S c r i p . i o n s U « d as formai 
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a r e S p e c i a l i d e n t i f i e r s s u c h as T h e assumptions about <spec ia i i d e n t i f i e r s a r e u n i f o r m a n d 

a r e i n c l u d e d in a p p e n d i x C . If no <update s e t > is g i v e n it Is a s s u m e d t o c o n t a i n t h e f u l l 

u p d a t e s e t o f t h e t y p e ; t h e < u p d a t e s e t > "<>• denote t h e empty s e t . 

5 . 7 . F o r m a l P a r a m e t e r s 

C e r t a i n e n t i t i e s — fo rms and rout ines — c a n b e parameter i zed . Formal parameters s p e c i f y t h e s e 

p a r a m e t e r i z a t i o n s . T h e p r o c e s s o f determining w h e t h e r a g i v e n s e q u e n c e o f a c t u a l s c o n f o r m s t o t h e 

s e q u e n c e o f fo rmal p a r a m e t e r s is known as matching or type checking. T h i s p r o c e s s b i n d s a c t u a l 

p a r a m e t e r s t o t h e c o r r e s p o n d i n g formal parameters , i t may a lso c a u s e c e r t a i n implicit bindings o f 

i d e n t i f i e r s m a r k e d w i t h a ! , ? M l e x e m e in t h e formals; t h e s e ident i f ie rs a re implicit parameters w i t h t h e 

s a m e s c o p e a s o r d i n a r y formats . T h e implicit bindings are in e f f e c t w h e n e v e r t h e e x p l i c i t b i n d i n g s o f 

o r d i n a r y f o r m a l s a r e . 

T h e s c o p e o f a formal p a r a m e t e r to a routine is the t e x t o f t h e p a r a m e t e r i z e d d e c l a r a t i o n , in t h e 

" r e s t r i c t e d A lgo l s c o p e " s e n s e . T h a t is , t h e s c o p e o f a formal d o e s n o t i n c l u d e r o u t i n e o r f o r m 

d e c l a r a t i o n s w i t h i n t h e p a r a m e t e r i z e d rout ine t e x t . 

T h e s c o p e o f a fo rmal p a r a m e t e r to a form is at most t h e t e x t o f t h e p a r a m e t e r i z e d f o r m d e c l a r a t i o n : 

i t i s a l s o s u b j e c t t o " r e s t r i c t e d Algol s c o p e " . In addit ion, un less e x p l i c i t l y r e d e c i a r e d in t h e imp! 

( s p e c i f i c a l l y , r e d e c i a r e d a s s p e c i f i e d ) , t h e s c o p e o f form formals is l imited t o t h e s p e c i f i c a t i o n s a n d 

o b j e c t d e c l a r a t i o n s ( i n c l u d i n g init c i a u s e s ) o f the form o t h e r than s h a r e d o b j e c t s . 

5 . 7 . 1 S y n t a x 

<formals> : : » ( {<routine formal> | <bindingxobj formai> | <type formal>},+ ) 
< rou t ine formal> : : « <formal id list> proc <parms> | <formal id list> (voroc | func | sej}<v parms> 
<binding> : : » { copy | { alias}*f const | var} }* 
<formal id list> : : » i d e n t i f i e r list> : 
<ob j formai> : : « <formal id list> <type description> 
< t y p e formal> : : - <formai id iist> { f o r m | oform }{<gpdate set>}* 

5 . 7 . 2 E x a m p l e s 

( c o n s t x : T 1 , v a r q : ? T 2 , c p p ^ r : v e c t o r ( ? T 2 , 1 , n ) ) 

( T : f o r m , h : p r o c ( x : r e a l ) : i n t ) 

5 . 7 . 3 S e m a n t i c s 

F o r m a l p a r a m e t e r s g i v e t h e s p e c i f i c a t i o n s o f al lowable actua l parameters a n d p r o v i d e l o c a l n a m e s f o r 

t h e s e p a r a m e t e r s . A <rout lne formal> ind icates a parameter posi t ion to b e f i l led w i t h a p r o c e d u r e o r 

s e l e c t o r . A < t y p e formal> i n d i c a t e s a posit ion to b e f i l led b y a t y p e d e s c r i p t i o n . A n < o b j f o r m a l > 

i n d i c a t e s a p o s i t i o n t o b e f i l led b y an o b j e c t . T h e assoc ia t ion o f a c t u a l p a r a m e t e r s t o f o r m a l s i s 

d e t e r m i n e d p o s i t i o n a i i y . 

T h e s p e c i f i c a t i o n o f an o b j e c t parameter may be p r e c e d e d b y a qual i f ier t h a t c o n t r o l s t h e b i n d i n g o f 
a c t u a l t o f o r m a l ; t h e p o s s i b l e qual i f iers are c o p y , c o n s t , v a r , and al ias. T h e q u a l i f i e r s c o n s t a n d v a r 
d e n o t e " b y r e f e r e n c e " p a r a m e t e r s ; in b o t h c a s e s the parameter name is bound t o t h e a c t u a l p a r a m e t e r 
o b j e c t , c o n s t p a r a m e t e r s ( l ike names d e c l a r e d in c o n s t o b j e c t d e c l a r a t i o n s ) , h a v e a n e m p t y u p d a t e 
s e t . A s s p e c i f i e d in s e c t i o n 4 . 3 , t h e qualif ier c o p y ind icates that a local o b j e c t is t o b e i n s t a n t i a t e d 
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T h e n o t a t i o n 
a , b , c : T 

i s s h o r t f o r 

a : T , b : T , c : T 

I d e n t i f i e r s p r e c e d e d b y " ? " a r e implicit formals. One binding is e s t a b l i s h e d f o r t h e i d e n t i f i e r d u r i n g 
m a t c h i n g , n o m a t t e r h o w o f t e n i t a p p e a r s . I t is an error if it is not p o s s i b l e t o e s t a b l i s h s u c h a b i n d i n g . 
Al l i n s t a n c e s o f t h e i d e n t i f i e r ins ide a g i v e n <formais> l ist must b e p r e c e d e d b y " ? " . 

5 . 8 . Routine Declarations 

R o u t i n e s e n c a p s u l a t e c o m p u t a t i o n s . A routine ( p r o c , v p r o c , f u n c ) may or m a y n o t r e t u r n a r e s u l t 
o b j e c t . I f i t d o e s , t h e u p d a t e s e t o f t h e c o m p i l e r - g e n e r a t e d name bound t o t h e r e t u r n e d o b j e c t i s 
a l w a y s n u l l ; t h e r e c a n b e no e f f e c t s on a p r o c e d u r e resu l t . A s e l e c t o r a l w a y s h a s a r e s u l t a n d m u s t 
n o t h a v e e f f e c t s ; u n l e s s e x p l i c i t l y r e s t r i c t e d , the <update s e t > o f a s e l e c t o r r e s u l t is t h e fu l l u p d a t e 
s e t o f t h e b a s e t y p e . E x c e p t wi th in form s p e c i f i c a t i o n s ( s e c t i o n 5 . 9 ) , r o u t i n e d e c l a r a t i o n s 
h a v e n o r m a l A l g o l s c o p e . 

5 . 8 . 1 S y n t a x 

< r o u t i n e deci> 
< v p r o c deci> 

< p r o c decl> 

<vprocdec i> | < p r o c decl> | <$el decl> 

a e c i * : : » <aux> [inline}* proc <routine id> <parms> <pre post> <assumes> {<routine b o d y > } * 
<sel dec l> <aux> {inline.}* sel<routine i d x v parms> <pre post> <assumes> {<routine b o d y > } * 
< rout ine id> : : » <identifier> | <speciai identi f ied 
<parms> : : « {<formals>}* 
<v parms> A ~ {<formais>}*r<type description> 
< p r e > : : « (pre <assertion>;}* 
< p r e p o s t > <pre> [post <assertion>;}* 

< r o u t i n e b o d y > is <stmt> | js as. specified | is forward J is external (<system specs>) 

a n d i n i t i a l i z e d f rom t h e a c t u a i b y c o p y i n g using t h e operat ion d e f i n e d fo r t h e t y p e . T h e u p d a t e s e t 
o f c o p i e d p a r a m e t e r s is s e t t o e m p t y , h e n c e t h e y may b e u s e d on ly f o r input . T h e q u a l i f i e r a l i a s h a s n o 
s e m a n t i c e f f e c t . I t i n d i c a t e s t h a t a r e f e r e n c e parameter may o v e r l a p o t h e r r e f e r e n c e p a r a m e t e r s ; 
u n l e s s t h e a l i a s q u a l i f i e r is p r e s e n t , over lapp ing r e f e r e n c e parameters a re p r o h i b i t e d . 

F o r t y p e f o r m a l s t h e a c t u a l t y p e d e s c r i p t i o n must b e a full t y p e if t h e formal is s p e c i f i e d a s a f o r m , i t 
m a y b e a f u l l o r p a r t i a l t y p e if t h e formal is s p e c i f i e d as a pform. 

I f n o < b i n d i n g > is s p e c i f i e d , c o n s t is assumed. It should b e n o t e d t h a t f o r r o u t i n e p a r a m e t e r s n o t 

q u a l i f i e d b y a l i a s , t h e compi le r a s s u m e s tha t the semant ics o f c o n s t and c o p y a r e i d e n t i c a l 1 4 , — h e n c e 

t h e c o m p i l e r is f r e e t o c o p y c o n s t p a r a m e t e r s if i t s e e m s des i rab le t o d o s o . T h i s s t a t e m e n t i s n o t t r u e 

f o r f o r m s o r in t h e p r e s e n c e o f a l ias , and t h e optimization may not b e p e r f o r m e d in t h o s e c a s e s . 
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5.8.2 Examples 
v p r o c f ( x : i n t ) : r e a i 

p r e { a b s ( x ) < m a x i n t r e a l } ; 
i s f l o a t ( x ) ; 

in l ine s e i t r i a n g ( v a r A : v e c t o r ( ? T , 1 , ? n ) , i , j : int ) :T 

is A [ i * ( i - 1 ) d i v 2 + j ] 
p r o c e m p t y is a s s p e c i f i e d 

5 . 8 . 3 S e m a n t i c s 

S e l e c t o r s ( d e c l a r e d s e l ) name o b j e c t s . P r o c e d u r e s ( d e c l a r e d p r o c ) p r o d u c e e f f e c t s b u t d o n o t 

r e t u r n v a l u e s . V a l u e - r e t u r n i n g p r o c e d u r e s ( d e c l a r e d v p r o c ) , may p r o d u c e e f f e c t s a n d a l s o r e t u r n 

v a l u e s ( a c t u a l l y o b j e c t s ) . F u n c t i o n s ( d e c l a r e d f u n c ) a re semant ica l l y e q u i v a l e n t t o v p r o c * s e x c e p t t h a t 

t h e y a r e d e t e r m i n i s t i c 1 5 a n d do not h a v e o b s e r v a b l e e f f e c t s on the i r p a r a m e t e r s . T h e < s t m t > p o r t i o n 

o f t h e < r o u t i n e b o d y > o f a v p r o c or f u n c must be a s ingle e x p r e s s i o n o f t h e t y p e r e t u r n e d b y t h e 

r o u t i n e . 

T h e q u a l i f i e r inl ine h a s no semant i c e f f e c t . It ind icates that the compiler s h o u l d make t h e d e c l a r e d 

r o u t i n e " o p e n " — i .e. , p r o d u c e a c o p y o f t h e o b j e c t c o d e at e a c h invocat ion s i t e . 

T h e p r e a n d p o s t c l a u s e s h a v e no semant ic e f f e c t , but a re s p e c i f i c a t i o n s o f t h e r o u t i n e ' s b e h a v i o r . 

T h e p r e c l a u s e g i v e s c o n d i t i o n s w h i c h will b e t rue at e n t r y ; p o s t g i v e s cond i t ions a t r o u t i n e e x i t ( t h e 

k e y w o r d r e s u l t is c o n v e n t i o n a l l y u s e d in p o s t condit ions to s p e c i f y t h e v a l u e r e t u r n e d ) . 

T h e r o u t i n e b o d y may b e a b s e n t on ly in form spec i f i ca t ions ( s e e 5 . 9 ) . I t m a y b e g i v e n " a s  

s p e c i f i e d " o n l y in form implementat ions ; this ind icates tha t the b o d y is to b e c a r r i e d d o w n f r o m t h e 

s p e c i f i c a t i o n s . T h e r o u t i n e b o d y may b e s p e c i f i e d as f o r w a r d if i ts d e c l a r a t i o n a p p e a r s l a t e r in t h e 

s a m e < b i o c k > . T h e b o d y may b e s p e c i f i e d as e x t e r n a l if t h e t e x t o f t h e def in i t ion is t o b e f o u n d in t h e 

s y s t e m - d e p e n d e n t e n t i t y s p e c i f i e d b y < s y s t e m s p e c s > . 

T h e f o r m a l p a r a m e t e r l i s t s a n d r e s u l t t y p e s must be omitted in form Implementat ions if t h e s a m e 

r o u t i n e ( n a m e ) is d e c l a r e d in t h e s p e c i f i c a t i o n s o f the form. T h e y a re c o p i e d f rom t h e d e c l a r a t i o n o f 

t h e r o u t i n e in t h e s p e c i f i c a t i o n s . 

T h e a s s u m e s c l a u s e ( s e e s e c t i o n 5 .12) d e c l a r e s g e n e r i c p a r a m e t e r s ( impl ic i t a n d e x p l i c i t ) . 

T h r o u g h o u t t h e t e x t o f t h e rout ine decJarat ion , only t h o s e p r o p e r t i e s d e c l a r e d in t h e a s s u m e s c l a u s e 

a r e u s e d in t e s t i n g s y n t a c t i c and semant ic va l id i ty . 

A s s t a t e d p r e v i o u s l y , i d e n t i f i e r s t h a t name o b j e c t s o b s e r v e r e s t r i c t e d Algol s c o p e . T h u s , t h e b o d y o f 

a r o u t i n e c a n n o t a c c e s s o b j e c t s d e c l a r e d outs ide i tse l f un less t h e y a re p a s s e d t h r o u g h t h e p a r a m e t e r 

l i s t . A l s o , a s s t a t e d p r e v i o u s l y , t h e o b j e c t s named b y d is t inct formal p a r a m e t e r n a m e s c a n n o t o v e r l a p 

u n l e s s t h e y a r e e x p l i c i t l y qua l i f ied w i t h al ias. 

15 T h a t is, invocations with equal inputs yield equal outputs. More precisely, for F to be a f u n * &-<A,B) must 
imply &-<F<A),F(B)) . - If & - is not defined, invocations with identical inputs must have identical outputs. 
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F o n p s d e f i n e c l a s s e s o f t y p e s . T h e r e is one form dec larat ion fo r e a c h b a s e t y p e 
d e c l a r e d in f o r m d e c l a r a t i o n s h a v e normal Algol s c o p e . 

5 . 9 . 1 S y n t a x 

I d e n t i f i e r s 

< form dec l> 
< fo rm b o d y > 

< s p e c s > 
<impl> 
< o t h e r fo rm decls> 
<shared> 
<axiom> 

<aux> form <identifier>{<formals>}* <prexassumes> is <form body> 
{<specs>}*{<impl>}* end {<identifier>}* | <abbrev body> | fo rward | ex te rna l 
(<system specs>) ) as specified + 

specs { <var decl> J <other form decls> }j 
imp! { <shared> <var deci> } <other form decls> }; 
<routine decl> | <form decl> j <axiom>| <shared> <const decl> 
shared* 
invariant <assertion> | initially <assertion> | axiom <assertion> 
<assertion> | ruie <identifier> <assertion> 

repmap 

5 . 9 . 2 E x a m p l e s 

f o r m F ( T : f o r m , x : i n t ) is 
s p e c s 

v a r m: int ; 

v p r o c p ( f : F ) : T p r e { m < x } p o s t { m > x } ; ... 
impl 

c o n s t x : a s s p e c i f i e d  

v a r m:as s p e c i f i e d ; 

v p r o c p Is F .m:=F .x+1 ; . . . 
e n d 

5 . 9 . 3 S e m a n t i c s 

T h e • n a m e s d e f i n e d in t h e s p e c i f i c a t i o n s ( < s p e c s » o f a form a r e a v a i l a b l e o u t s i d e t h e f o r m 
d e c l a r a t i o n . T h e s c o p e o f t h e s e names is t h e same as if t h e y had b e e n d e c l a r e d i m m e d i a t e l y o u t s i d e 
t h e f o r m , e x c e p t t h a t v a r a n d c o n s t dec iarat ions become routine dec ia ra t ions a s d e s c r i b e d b e l o w . T h e 
s c o p e o f t h e n a m e s in t h e s p e c i f i c a t i o n s does not include t h e implementation (< impl>) . N o t e , h o w e v e r , 
t h a t ai l t h e s e n a m e s must b e r e d e c i a r e d in t h e implementation. T h e implementat ion m a y b e o m i t t e d i f 
t h e f o r m d e c l a r a t i o n a p p e a r s as p a r t o f t h e spec i f i ca t ions o f another form. T h e s p e c i f i c a t i o n m a y b e 
o m i t t e d i f t h e d e c l a r a t i o n a p p e a r s in t h e implementation of another form, In w h i c h c a s e i t i s c o p i e d f r o m 
t h e s p e c i f i c a t i o n s o f t h e conta in ing form. 

T h e s c o p e o f o b j e c t names appear ing in the formal parameter l ist o f t h e form is r e s t r i c t e d t o t h e 
s p e c s a n d < v a r d e c l s > o f t h e <form b o d y > un less t h e y are e x p l i c i t l y r e d e c i a r e d ( a s s p e c i f i e d ) in t h e 
i m p l . In t h e l a t t e r c a s e a r u n - t i m e r e p r e s e n t a t i o n of t h e s e o b j e c t s b e c o m e s p a r t o f t h e i m p l e m e n t a t i o n 
o f o b j e c t s i n s t a n t i a t e d from t h e form, in s u c h c a s e s it is a lso poss ib le fo r t h e s e names t o b e m e n t i o n e d 
( a g a i n a s s p e c i f i e d ) in t h e s p e c s , and h e n c e to be e x t e r n a l l y ava i lab le . T h e s e r e d e c l a r a t i o n s in t h e 
imp! a n d s p e c s must b e compat ib le w i t h the <binding> of t h e formal p a r a m e t e r ; t h a t i s , a n i d e n t i f i e r 
r e d e c i a r e d v a r m u s t a l s o h a v e a v a r <binding> (an ident i f ier r e d e c i a r e d c o n s t may h a v e a v a r , c o n s t , o r 
c o p y < b i n d i n g > ) . 

O b j e c t s d e c l a r e d in a form usual l y become the c o n c r e t e components o f t h e o b j e c t s t h a t r e s u l t f r o m 
i n s t a n t i a t i n g t h e f o r m ; t h e r e a r e thus d is t inc t instant iat ions o f t h e s e o b j e c t s f o r d i f f e r e n t i n s t a n t i a t i o n s 
o f t h e f o r m . A n e x c e p t i o n o c c u r s w h e n a dec larat ion is p r e f i x e d b y b y t h e modi f ier s h a r e d ; A s i n g l e 
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i n s t a n t i a t i o n o f a s h a r e d o b j e c t is common to ail instant iat ions o f t h e form, in p a r t i c u l a r , i t m a k e s 

p e r f e c t s e n s e t o d e f i n e a s h a r e d c o n s t of a g i v e n t y p e with in t h e def in i t ion o f t h a t t y p e . S u c h a 

c o n s t a n t f u n c t i o n s a s a n a m e d i i terai of t h e t y p e . 

< A x i o m > s h a v e no s e m a n t i c e f f e c t , but p rov ide fu r ther s p e c i f i c a t i o n s . 

N o n - s h a r e d c o n s t a n t a n d v a r i a b i e dec larat ions within form s p e c i f i c a t i o n s a r e s h o r t h a n d f o r c e r t a i n 

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

f o r m T . . . 

s p e c s . . . 

v a r P : Q 

c o n s t A : R 

i s s h o r t f o r 

f o r m T . . . 
s p e c s . . . 
s e l P ( v a r t : T ) : Q 
f u n c A ( t : T ) : R 

In t h e i m p l e m e n t a t i o n , o b j e c t dec la ra t ions again become s e l e c t o r and p r o c e d u r e d e c l a r a t i o n s a s 

f o l l o w s . W h e n a n o b j e c t o f b a s e t y p e T is ins tant ia ted , the o b j e c t d e c l a r a t i o n s in i t s i m p l e m e n t a t i o n 

a r e e l a b o r a t e d a s u s u a l ( a n d t h e mit c l a u s e s are per fo rmed) . Th is r e s u l t s in a s e t o f n e w l y c r e a t e d 

o b j e c t s w h i c h b e c o m e t h e c o n c r e t e components of the o b j e c t being c r e a t e d . T h e s e c o m p o n e n t s m a y 

b e a c c e s s e d w i t h i n t h e b o d i e s o f t h e rout ines in the implementation b y us ing impl ic i t s e l e c t o r s 

( p r o c e d u r e s ) w i t h t h e s a m e names as t h o s e g i v e n in the o b j e c t d e c l a r a t i o n s . T h u s , w e c a n w r i t e 

f o r m T . . . 

impl 

v a r x : i n t ; 
p r o c f ( Q : T ) is ... Q . x ... 

T h a t i s , i n s i d e f , " x " is t r e a t e d as a s e l e c t o r on o b j e c t s o f t y p e T a n d is a p p l i e d t o t h e f o r m a l 

p a r a m e t e r , Q , t o a c c e s s t h e x - c o m p o n e n t of t h e part icular ac tua l . No te in p a r t i c u l a r t h a t " x " , l i k e a i l 

o b j e c t n a m e s , o b e y s r e s t r i c t e d Algol s c o p e and h e n c e is not inher i ted b y t h e b o d y o f t h e p r o c , f . 

5 . 1 0 . Abbreviations 

A b b r e v i a t e d fo rm b o d y def in i t ions are p r o v i d e d for t w o commonly o c c u r r i n g k inds o f a b s t r a c t i o n s , 

" r e c o r d s " a n d o r d e r e d " e n u m e r a t e d " t y p e s . 

5 . 1 0 . 1 S y n t a x 

< a b b r e v b o d y > <record type> | Enumerated type> 
< r e c o r d t y p e > : : « record ({<obj decl group>}, ) 
e n u m e r a t e d t ype> ::* enumerated ( ident i f ier list> ) 

5 . 1 0 . 2 E x a m p l e s 
r e c o r d ( r e , i m : r e a l ) 
r e c o r d ( x , y : i n t , l o a d : r e a l , t h e t a : r a d i a n s ) 
e n u m e r a t e d ( r e d , b l u e , g r e e n , purp le , b a r d o t ) 
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5 . 1 0 . 3 S e m a n t i c s 

T h e d e c l a r a t i o n 

f o r m is r e c o r d (d- j ^ . . . . . d ^ ) 
i s s e m a n t i c a l l y e q u i v a l e n t t o 

f o r m Ft..) is 
s p e c s 

v a r d 1 d k J 

impl 

f " n c c o n s ( d 1 f .... d k ) : F ( . . . ) ;  

f u n c &*< lhs , rhs :F ) : b o o l e a n ; 

v p r o c & : « ( v a r l h s , r h s : F ) : F ( . . . ) ; 

v a r d 1 f d k ; 

f u n c c o n s is 

v a l u e v : F ( . . . ) 

o f n o t e a s s i g n t o components o f v e ton fo 
f u n c Sc» is n o t e compare components for equal i ty e t o n  
v p r o c & : » is n o t e a s s i g n rhs to Ihs c o m p o n e n t - b y - c o m p o n e n t e t o n  

e n d F 

I n a d d i t i o n , ai l p a r a m e t e r s o f F a r e c o n v e r t e d to " ? l d e n t i f i e r s M w h e n t h e y a p p e a r in f o r m a l p a r a m e t e r 
l i s t s o f " c o n s " , " S . = w , o r w & : * r 

T h e d e c l a r a t i o n 

f o r m C is e n u m e r a t e d ( i - j , 
i s s e m a n t i c a l l y e q u i v a l e n t t o 

f o r m C is 
s p e c s 

s h a r e d c o n s t H , . 
f u n c . . . ; 
v p r o c & : » . . . ; 
f u n c min . . . ; 
f u n c m a x .. . ; 
f u n c s u c c . . . ; 
f u n c p r e d . . . ; 
f u n c c a r d . . . ; 
f u n c d e c o d e . . . ; 
f u n c c o d e .. . ; 
f u n c s p e l l . . . ; 
f u n c u n s p e l l . . . ; 
g e n e r a t o r g e n .. . ; 

e n d C 

\ d is t inc t c o n s t a n t s ; 
! equal i ty t e s t 
! ass ignment 

! minimum element ( » i « j ) 

! maximum element ( = i n ) 

! s u c c e s s o r (no t d e f i n e d on i n ) 

! p r e d e c e s s o r ( n o t d e f i n e d on i-j) 

! cardinal i ty o f enumerat ion ( s n ) 

! c o n v e r t s e lement to i ts ordinal ( e . g . , d e c o d e ( i 3 ) » 3 ) 

! c o n v e r t s ordinal to e lement ( e . g . , c o d e ( 2 ) * i 2 ) 
! c o n v e r t e lement t o s t r i n g l e t ( i t s p r i n t n a m e ) 
! c o n v e r t s t r ing le t (pr intname) t o e l e m e n t 
! g e n e r a t e s e lements in o r d e r (i-j ... i n ) 

5 . 1 1 . Generators 

c o W ^ ^ Z ^ t T e l T ^ ttfe U S 6 f U ' f ° r ° b J e C t S t h t t t « « b « bound to tne 
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5 . 1 1 . 1 S y n t a x 

< fo rm deci> <aux> generator <identifier> {<formals>}* : <type description> <pre> <assumes> 
is <form body> 

5 . 1 1 . 2 E x a m p l e 
g e n e r a t o r u p t o ( i b , u b : i n t ) : int is 

s p e c s 
p r e { u b ^ m a x i n t - 1 A lb£minint} 
a u x v a r k : in t=ub+1; 
ru le f o r 

{ p r e m i s e £ k < u A l ( [ l . . k - 1 ] ) { S T ( k ) } l ( [ l . . k ] ) 
c o n c l l ( [ ] ) { f o r k from g: upto( l ,u) do S T ( k ) o d } l ( [ l . . u ] ) } 

ru le f i r s t 
{ p r e m i s e P A l<k<u A ( V w ) ( l < w < k 3 - # ( w ) ) A £ ( k ) { S 1 ( k ) > Q 
p r e m i s e P A ( V w ) ( K w < u ^ -\tf(w) { S 2 } Q 
c o n c l P { f i r s t k from g: upto( l .u) s u c h t h a t # ( k ) t h e n S1 ( k ) e l s e S 2 fj} Q } 

imp! 
v a r k: a s s p e c i f i e d ; 
c o n s t l b , u p : as s p e c i f i e d ; 
f u n c & d o n e is g .k>g .ub ; 
s e l l v a l u e is g .k ; 
p r o c & s t a r t is g .k :=g . lb ; 
p r o c & n e x t is g . k * : « 1 ;  

p r o c 3«finish is g .k :=g .ub+1; 
e n d o f u p t o 

N o t e t h a t in th i s e x a m p l e w e h a v e c h o s e n to ignore s t a t e m e n t and p r e d i c a t e p a r a m e t e r s o t h e r t h a n k. 

5 . 1 1 . 3 S e m a n t i c s 

In o r d e r t o g e n e r a t e loop cont ro l v a r i a b l e s , a form must p r o v i d e def in i t ions fo r t h e r o u t i n e s & s t a r t , 

& n e x t , & d o n e a n d & v a i u e . A def in i t ion o f t h e rout ine &finish is opt ional . I f no d e f i n i t i o n is p r o v i d e d f o r 

& f i n i s h , t h e c o m p i l e r wi l l p r o v i d e ( 1 ) an appropr ia te h e a d e r , ( 2 ) the b o d y sk ip in t h e s p e c i f i c a t i o n s , a n d 

( 3 ) t h e b o d y a s s p e c i f i e d in the implementation. Rest r i c t ions on t h e def in i t ions o f & d o n e , & s t a r t , 

& n e x t , ^ f i n i s h , a n d & v a i u e a re p r o v i d e d in a p p e n d i x C . 

A d i s t i n g u i s h e d c l a s s o f forms def in ing o b j e c t s for controll ing loops is d e s i g n a t e d b y t h e r e s e r v e d 

w o r d g e n e r a t o r a n d t h e s y n t a x i n d i c a t e d a b o v e . This c lass is s ign i f i cant b e c a u s e t h e b e h a v i o r o f t h e s e 

o b j e c t s is s u f f i c i e n t l y c o n s t r a i n e d to be s p e c i f i e d b y a proof ru le . N e c e s s a r y p r o p e r t i e s o f t h e 

s p e c i f i c a t i o n s o f t h e g e n e r a t o r rout ines can be d e r i v e d from the proof ru les and t h e c o n s t r a i n t s 1 6 . A s 

a r e s u l t , t h e s e s p e c i f i c a t i o n s a re not w r i t t e n exp l i c i t l y . I n s t e a d , proof ru les f o r f i r s t a n d f o r l o o p s t h a t 

u s e t h e g e n e r a t o r a r e w r i t t e n as s h o w n a b o v e . An instant iat ion o f a g e n e r a t o r may b e u s e d o n l y t o 

c o n t r o l l o o p c o n s t r u c t s f o r w h i c h it p r o v i d e s proof ru les . 

16 S e e - A b s t r a c t i o n and Verification in Alphard: Defining and Specifying Iteration and Generators* by M a r y Shaw, 
Wm. A. Wuif , and Ralph L London, in Communications o/t/w /CM, August 1977, pp. 553-564. 
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A s s u m p t i o n s p r o v i d e " s k e l e t o n " dec ia rat ions fo r g e n e r i c p a r a m e t e r s a n d p r o v i d e s u f f i c i e n t 
i n f o r m a t i o n t o v e r i f y ail u s e s o f t h e s e parameters locai l .y 

5 . 1 2 . 1 S y n t a x 

<assumes> (assumes <form deci>},* 

5 . 1 2 . 2 E x a m p l e s 

a s s u m e s fo rm T is s p e c s f u n c & s ( a , b : T ) : b o o i e a n ... 

5 . 1 2 . 3 S e m a n t i c s 

A s s u m e d f o r m s m a y n o t b e p a r a m e t e r i z e d and may not h a v e implementat ions. I d e n t i f i e r s a p p e a r i n g in 
t h e u p d a t e s e t s o f g e n e r i c p a r a m e t e r s must b e s p e c i f i e d in an a s s u m e s c l a u s e ( s e e 5 . 6 ) . A c t u a l 
p a r a m e t e r s c o r r e s p o n d i n g t o g e n e r i c formals must s y n t a c t i c a l l y s a t i s f y t h e a s s u m p t i o n s a b o u t t h e 
f o r m a l ( s e e 2 . 4 ) . 

T h e f o l l o w i n g r o u t i n e i l l u s t r a t e s t h e u s e o f assumptions and g e n e r i c p a r a m e t e r s : 
f u n c e q u a l f v e c t o r s ( x , y : v e c t o r ( ? T . ? l b , ? u b ) ) : b o o i e a n 

a s s u m e s form T is s p e c s f u n c &=(a ,b :T ) :boo lean e n d 
is f i r s t i f rom u p t o ( l b . u b ) s u c h t h a t x [ i ] ^ y [ i ] t h e n fa l se e l s e t r u e fi 

T h i s r o u t i n e w i l l d e t e r m i n e w h e t h e r t w o v e c t o r s , x and y , are equal s o long a s ( 1 ) t h e t y p e o f t h e 
e l e m e n t s o f t h e v e c t o r s , T , p r o v i d e s an equal i t y opera to r and ( 2 ) t h e t w o v e c t o r s h a v e t h e s a m e u p p e r 
a n d l o w e r b o u n d s . A n a s s u m e s dec la ra t ion b e h a v e s as though it had normal Algol s c o p e ; In p a r t i c u l a r , 
a s s u m p t i o n s a b o u t g e n e r i c p a r a m e t e r s o f a form n e e d not b e r e p e a t e d w i th in r o u t i n e s ( o r o t h e r f o r m s ) 
d e c l a r e d w i t h i n t h e f o r m . 



4 0 An Informal Definition of Alphard 

Appendix A 
Collected Syntax 

<le t te r> 
<digit> 
<alphanumeric> 
<special symbol> 
<basic symbol> 

< o p e r a t o r > 
< b i n a r y o p e r a t o r > 

< u n a r y o p e r a t e d 

i d e n t i f i e d 
<speciai i d e n t i f i e d 
i d e n t i f i e r iist> 

<special i iterai> 
<uns igned i n t e g e d 
<uns igned real> 
<uns igned rational> 
< s c a i e - f a c t o r > 
<s t r ing> 
<boo lean> 
<rad ix> 

c o m p i l a t i o n unit> 
<block> 
<exec decl list> 
<exec decl> 

< e x p r e s s i o n > 

<stmt> 

i a b e t e d stmt> 

< invocat ion> 
<actuals> 
<actual> 
<simpie invocation> 

A | 8 | . . . | Z | a | . . . | 2 
0 | 1 | . . . | 9 
<letter> | <digit> | f 

<basic symboi> j <operator> 
bggjn | end | e n c M I ; I : I < I ) M 
i i I then j else j fi | case | 
of | esac J fo | with j in j ni. | first | suchthat | from 
for | exitloop | leave j skip | assert | 
var | const j ayx 1 as specified j - | inj i | 
final j unk | ? | proc | vproc | func | sej. | label J 
note | eton | ! | ej|f | eJo£ | pform j while | > | < | . 
copy | alias j form | inline | erg. | post | rule | 
IS. I forward | external j specs | imp! J shared | 
invariant | initially | axiom | reomap | 
record | enumerated | assumes J value | generator 
<binary operator> | <unary operator> 
t I * I / | | a a I • I - I < I ^ I - I ° I ^ I > I 2 S i I 2L I cand 
<assign op> 
• I - i not 

do | od 

cor | irm: 

<letter> {<aiphanumeric>}* 

&start | &finish | &next | &done 1 &vaiue | ^subscr ipt | &<operator> 

i d e n t i f i e d , 

<unsigned integer> j <unsigned reai> j <string> J <booiean> | <radix> 

{<digit>}+ 
<unsigned rational>(E<scale-factor>}* | <unstgned integer>£<scale-factor> 
<unsigned integed.<unsigned integer> 
{+|-}* < unsigned in teged 

"<any sequence of characters with ail quotes doubied>" 

true j false 
{<alphanumeric>}'* ,#<aiphanumeric> 

begin <biock> end j <exec deci list> 
{<exec deci list>;}* {<stmt>};* {;}* 
{ <exec decl> }; 
<var decl> | <const deci> | <proc deci> | <form decl> | i a b e l decl> 

<invocation> j <conditionai expression> j <vaiue expression> | 
<with expression> j <first expression> 
<expression> | i o o p stmt> | <exit stmt> | <null stmt> | 
<inner block> | iabe led stmt> | <assert stmt> 
ident i f ie r> : <stmt> 

<special literal> 1 <simple invocation>{<actuals>}* | ( invocat ion>) 

({<actual>},*) 
<expression> | <type description> 
{ i d e n t i f i e d * }* i d e n t i f i e d | <speciai identifier> 



c o n d i t i o n a l express ion> 
<if e x p r e s s i o n > 
<case e x p r e s s i o n > 
<case> 

<va lue exp ress ion> 

< w i t h e x p r e s s i o n > 
< w i t h l ist> -----

< f i r s t e x p r e s s i o n > 
<template> 

< loop stmt> 
<stmple loop> 
<whi ie stmt> 
< f o r stmt> 

<ex i t stmt> 

<null stmt> 

< inner block> 

<asse r t stmt> 

<label decl> 

< v a r dec l> 
<const decl> 
<aux> 
< o b j deci g r o u p > 
<ob j t y p e > 
<init f in c iause> 
<const assign> 

< t y p e descr ip t ion> 

<formal quai> 

<update set> 

<formals> 
< r o u t i n e formal> 
<b ind ing> 
<formai id !ist> 
<ob j formal> 
< t y p e formal> 
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' « f expression> J < Case 6XPRASSION> 

1 <expras S ion> then <biock> { elif <expression> then <block> }* {else <block>}* f| 

41 

value identif ier>{r<obj type>}* of <block> fo 

with <with list> in <block> nt 
{ <identifier>r<invocation> }, 

first<temolate> suchthat <expression> {tj}£n<biock>}* (else <block>}* ft 

<identifier> from {identif ier>:}*<type description> | <identifier> from i n v o c a t i o n * 

<simple !oop> | <whiie stmt> | <for stmt> 
do <block> oj l 
while <expression> <simple loop> 
for <template> <simple loop> 

exitloop j leave ident i f ier* 

skip 

begin <block> engl | begin <block> endof { ident i f ie r*}* 

assert <assertion> 

labei ident i f i e r iist> 

<*ux> var. {<obj deci group>{init fin clause*}*},* 
<aux> const {<obj deci group* { i n i t fin clause*}* | <const assign*},* 

i d e n t i f i e r list> : <obj type> 
<type description> | as specified 
» <expression> | (init<stmt>l* (final <stmt*}* 
<identifier list> • Express ion* 

<simple invocation* { ( {<formai quai*}* ) }* {<update set*}* | 
?identif ier>{<update set>}* 

<expression> | ?identifier>{<update set*}* | { ident i f ie r* : }* <type descr ip t ion* | 
ynk ^ 
< { i d e n t i f i e d | <special identifier> }, > 

( {<routine formal> | <bindingxobj formai> | <type formal*}* ) 
<formal id list> proc <parms> | <formal id list> (vproc | func | sej j<v parms> 
{ cpj2y. | { aiias}*{ const j var} }* 
i d e n t i f i e r list> : 
<formai id list> <type description> 
<formai id list> { form | pform }{<update set*}* 
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< r o u t i n e decl> : : « <vproc deci> J <proc decl> | <sel decl> 
< v p r o c decl> <aux> (inline)* (vproc | func}<routine id> <y parms> <pre post> <assumes> 

{<routine body>}* 
< p r o c deci> <aux> (inline)* proc <routine id> <parms> <pre po$t> <assumes> {<routine b o d y > } # 

<sei decl> <aux> (inline)* seKroutine i d x v parms> <pre post> <assumes> {<routine b o d y > } * 
< r o u t i n e id> <identifier> | <special identif ied 
<parms> {<formals>}* 
<v parms> {<formals>}*.*<type descr ip t ion 
< p r e > (pre <assertion>;}* 
< p r e post> <pre> (post <assertion>;}* 
< r o u t i n e b o d y > is <stmt> | is as, specified } is forward | is external (<system specs>) 

<aux> form identif ied{<formals>}* <pre><assumes> is <form body> 
{<$pecs>}*{impl>}* end { i d e n t i f i e d } * j <abbrev body> | forward | ex terna l 
(<system specs>) | as specified  
specs { <var decl> | <other form decls> }; 
impi { <shared> <var deci> | <other form decis> }; 
<routine decl> | <form deci> j <axiom>| <shared> <const deci> 
shared* 
invariant <assertion> | initially <assertion> j axiom <assertion> j reomap 
<assertion> | rule i d e n t i f i e d <assertion> 

< a b b r e v b o d y > <record type> | Enumerated type> 
< r e c o r d t y p e > record ((<obi deci group>) , ) 
<enumerated t ype> enumerated ( ident i f ie r list> ) 

< f o r m decl> <aux> generator ident i f ier> {<formals>}* : <type description> <pre> <assumes> 
is, <form body> 

<form decl> 
<form b o d y > 

<specs> 
<impl> 
<other form decls> 
<shared> 
<axiom> 

<assumes> (assumes <form decl>}, 
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Appendix B 
Standard Prelude 

T h e c o m p l e t e s p e c i f i c a t i o n s o f t h e t y p e s in t h e s t a n d a r d p re lude wil l a p p e a r in a f u t u r e t e c h n i c a l 
r e p o r t . T h i s a p p e n d i x p r e v i e w s t h a t r e p o r t b y l isting the t y p e s t o b e i n c l u d e d a n d s u m m a r i z i n g t h e i r 
m a i n p r o p e r t i e s . T h i s , t o g e t h e r w i t h t h e r e a d e r ' s e x p e r i e n c e and goodwi l l , s h o u l d s u f f i c e t o u n d e r s t a n d 
t h e l a n g u a g e d e f i n i t i o n . 

T h e t y p e d e f i n i t i o n s l o o s e l y r e f e r r e d to as t h e " s t a n d a r d p r e l u d e " a c t u a l l y c o m p r i s e t h r e e c l a s s e s o f 
d e f i n i t i o n s . T h e primitive prelude d e f i n e s operat ional ly t h e b a s i c not ion o f l inear c o n t i g u o u s s t o r a g e 
a n d ai l o f t h e common mach ine opera t ions . T h e standard prelude p r o p e r i n c l u d e s t y p e s t h a t w e 
e x p e c t t o b e i m p l e m e n t e d f o r ail v e r s i o n s o f t h e language, usual ly a s a p a r t o f t h e c o m p i l e r . T h e 
Implementation prelude i n c l u d e s t y p e s t h a t p rov ide fac i l i t ies o f t h e under l y ing h a r d w a r e , o p e r a t i n g 
s y s t e m , o r s u p p o r t e n v i r o n m e n t o f a par t icu lar implementation. In addi t ion , t y p e s ( s u c h a s r e a l ) w h i c h 
s h o u l d b e d e f i n e d f o r a ta rge c l a s s o f s y s t e m s ( b u t not ail) a re d e f i n e d h e r e . I t is o u r i n t e n t i o n t h a t 
w h e n e v e r a p a r t i c u l a r implementat ion c h o o s e s t o de f ine a t y p e g i v e n h e r e , i t f o l l o w s o u r s p e c i f i c a t i o n s 
t o t h e g r e a t e s t e x t e n t p o s s i b l e . 

B.1. Primitive Preiude 

T h e Raw St or age fo rm s u p p l i e s t h e fundamental a b s t r a c t i o n o f l inear c o n t i g u o u s s t o r a g e a s 
d e s c r i b e d in C h a p t e r 1. F e t c h i n g and s tor ing a re d e f i n e d for RawStorage o b j e c t s o f e q u a l l e n g t h . T h e 
i n t e g e r a n d b i t w i s e b o o l e a n o p e r a t i o n s are p r o v i d e d for RawStorage o b j e c t s o f l e n g t h o n e . In a d d i t i o n 
w e p r o v i d e s u p p o r t h e r e f o r t h e s u b s e q u e n t def init ion o f forms s u c h as c o l l e c t i o n s a n d r e f e r e n c e s , as 
w e l l a s t h e a b i l i t y t o d o s t o r a g e m a n a g e m e n t 

B.2 . Standard Preiude 

T h e s e t y p e s w e r e c h o s e n f o r the i r s implicity and common ut i l i ty . T h e y a r e i n t e n d e d t o p r o v i d e o n l y 
p r i m i t i v e f a c i l i t i e s t h a t may r e a s o n a b l y b e e x p e c t e d to a p p e a r ( a n d b e e f f i c i e n t l y i m p l e m e n t a b i e ) o n a l l 
s y s t e m s . T h e r e a d e r must b e a r in mind t h a t t h e s e spec i f i ca t ions w e r e s e l e c t e d w i t h t h e u n d e r s t a n d i n g 
t h a t t h e y b e c o m e e s s e n t i a l l y required of ail implementations. W h e n In d o u b t , t h e r e f o r e , w e h a v e 
t e n d e d t o e x c l u d e f e a t u r e s r a t h e r than t o inc lude them. 

T h e r e a r e t h r e e major c l a s s e s o f t y p e s in t h e s t a n d a r d p re lude . T h e s e c t i o n s b e l o w sketch the m a j o r p r o p e r t i e s o f e a c h . 

B . 2 . 1 S c a l a r s 

T h e s c a l a r t y p e s o f t h e s t a n d a r d pre lude are Boolean and Integer. L i t e r a l s o f t h e s e t y p e s a r e d e f i n e d in s e c t i o n 3 . 5 . 

Boolean Is t h e o t h e r form r e q u i r e d b y the language definit ion ( C h a p t e r 1 ) . O b j e c t s o f t y p e Boolean 
a r e u n s t r u c t u r e d ; t h e y p o s s e s s v a l u e s from a s e t d e s i g n a t e d { t r u e , f a l s e } . T h e c u s t o m a r y u n a r y a n d 
b i n a r y f u n c t i o n s a r e p r o v i d e d , along w i t h ass ignment . 
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/ n t e a e r s a r e r e s t r i c t e d t o machine prec is ion . T h e s tandard p re iude s u p p o r t s t h e c u s t o m a r y u n a r y 
J d b i n a r , Z ^ c o p e r a t o r s on i n t e r s , the arithmetic re iat ions named 

H e r a n g e o f a p a r t i c u . a r imp.ementat ion, ass ignment , and t r a n s f e r f u n c t i o n s t o a n d f rom String!**. 

B . 2 . 2 L i n e a r S t r u c t u r e s 

T w o l i n e a r , h o m o g e n e o u s , f i x e d - l e n g t h d a t a s t r u c t u r e s a re p r o v i d e d in t h e s t a n d a r d p r e i u d e . 

Vectors m a y h a v e e l e m e n t s o f many t y p e s ; Stringlet* a re minimally s u f f i c i e n t t o s u p p o r t I/O 

o p e r a t i o n s . 

Vectors m a y h a v e e l e m e n t s o f almost a n y t y p e ( t h e t y p e must b e a l l o c a t a b l e w i t h o u t s p e c i a l 

r e s t r i c t i o n s ) . A n y p a r t i c u l a r Vector, of c o u r s e , contains e lements o f on ly o n e t y p e . T h e l e n g t h o f a 

Vector i s f i x e d a t i n s t a n t i a t i o n t ime. A subsc r ip t s e l e c t o r fo r i n t e g e r i n d i c e s a n d a g e n e r a t o r t h a t 

p r o d u c e s t h e e l e m e n t s in o r d e r a r e p r o v i d e d . I f t h e e lement t y p e s u p p o r t s e i t h e r a s s i g n m e n t o r 

e q u a l i t y t e s t , t h a t o p e r a t i o n is e x t e n d e d to the ent i re Vector. T h e r e is a s l i c e r o u t i n e w h i c h r e t u r n s a 

s u b v e c t o r o f t h e o r ig ina l v e c t o r ( w i t h t h e n e w origin f o r c e d to z e r o ) . 

Strlnglets c l o s e l y r e s e m b l e v e c t o r s o f c h a r a c t e r s . T h e same opera t ions a re p r o v i d e d f o r Strlnglets 

a s f o r Vectors. In a d d i t i o n , l i tera ls a re s u p p o r t e d b y t h e s y n t a x o f s e c t i o n 3 . 5 a n d an a s s o r t m e n t o f 

s p e c i a l p r e d i c a t e s on Stringlets o f length 1 is p rov ided ( I s C h a r a c t e r , I s L e t t e r , I sO ig l t , e t c . ) . T r a n s f e r 

f u n c t i o n s t o a n d f rom Integers a re also p r o v i d e d . Note that t y p e " c h a r a c t e r " is n o t i n c l u d e d in t h e 

s t a n d a r d p r e l u d e ; u s e String/ets of l e n g t h 1 ins tead . 

B . 3 . I m p l e m e n t a t i o n P r e l u d e 

C e r t a i n o t h e r t y p e s appear in some fashion in almost e v e r y l anguage . T h e s e t y p e s d o n o t h a v e 

uniform s p e c i f i c a t i o n s a c r o s s implementat ions, but ra ther d e p e n d on t h e h o s t m a c h i n e . S i n c e w e d o n ' t 

w a n t t o r e q u i r e t h e s e f o r ail s y s t e m s , w e cannot include them in t h e s t a n d a r d p r e l u d e . I n s t e a d , s u c h 

t y p e s a r e p r o v i d e d in a n Implementation prelude — a s e g m e n t of t h e def in i t ion o f e a c h i m p l e m e n t a t i o n 

t h a t i s f r a n k l y m a c h i n e - d e p e n d e n t . In addit ion, ce r ta in t y p e s w h i c h m a y n o t e x i s t u n d e r a i l 

i m p l e m e n t a t i o n s , b u t w h i c h must h a v e uniform spec i f i ca t ions for t h o s e s y s t e m s o n w h i c h t h e y d o e x i s t , 

a r e i n c l u d e d h e r e . 

T h e t y p e s d e f i n e d h e r e may p r o v i d e d i r e c t a c c e s s to f e a t u r e s o f t h e u n d e r l y i n g hardware; t h e y m a y 

s u p p o r t s p e c i a l f a c i l i t i e s o f t h e env i ronment or the operat ing s y s t e m ; t h e y may skmpiy b e d a t a t y p e s 

t h a t a r e b e s t s u p p o r t e d d i r e c t l y b y t h e compiler. 

B . 3 . 1 S c a l e r s 

Reals h a v e t h e properties of h a r d w a r e f loat ing -po int v a l u e s . U n a r y and b i n a r y a r i t h m e t i c o p e r a t o r s 

a n d r e l a t i o n s a r e s u p p o r t e d to t h e e x t e n t tha t the under ly ing machine a l lows . C o n s t a n t s d e s c r i b i n g 

f l o a t i n g p o i n t a c c u r a c y , a s s i g n m e n t , and transfer funct ions to and from Integers a n d Strlnglets are 

a l s o p r o v i d e d . T h e r e is NO m i x e d - m o d e ar i thmetic . 
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B . 3 . 2 I n p u t a n d O u t p u t 

T h e i m p l e m e n t a t i o n p r e l u d e r e q u i r e s a minimal s e t o f operat ions on f i les o f c h a r a c t e r s . T h i s , t o g e t h e r 
w i t h t r a n s f e r f u n c t i o n s t o and from Stringlets, is in tended to g u a r a n t e e t h e a v a i l a b i l i t y o f a t l e a s t 
p r i m i t i v e i n p u t / o u t p u t f a c i l i t i e s . I t is i n t e n d e d t h a t e a c h implementation p r e l u d e p r o v i d e s u c h r i c h e r 
s u p p o r t a s i s a p p r o p r i a t e , p r o v i d e d s u c h suppor t is an u p w a r d compat ib le e x t e n s i o n o f t h e f a c i l i t i e s 
d e s c r i b e d h e r e . 

F o r m lOFIle s u p p o r t s s e q u e n t i a l f i les o f c h a r a c t e r s . Files are s e q u e n c e s o f strlnglets o f l e n g t h 
o n e . T h e y a r e c o n s t r u c t e d b y append ing Strlnglets and d e c o m p o s e d into Strlnglets* T h e a v a i l a b l e 
o p e r a t i o n s a r e c o m m a n d s t o o p e n or c l o s e an File for reading or wr i t ing , t o t e s t t h e s t a t u s o f a n File, 
a n d t o r e a d o r w r i t e a Stringlet f rom or t o an File. Note t h a t File is an aux i l l i a r y form d e f i n i t i o n — s u c h 
o b j e c t s c a n n o t b e d e c l a r e d . lOFife, on t h e o t h e r hand, has a null r e p r e s e n t a t i o n . H e n c e i t i s n o t 
m e a n i n g f u l t o d e c l a r e o b j e c t s o f this t y p e . 

B . 3 . 3 M a c h i n e D e p e n d e n t T y p e s 

T h e s e t y p e s m a y p r o v i d e d i r e c t a c c e s s t o f e a t u r e s o f t h e under ly ing h a r d w a r e o r t o s p e c i a l f a c i l i t i e s 
o f t h e e n v i r o n m e n t o r t h e o p e r a t i n g s y s t e m . 
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Appendix C 
Special Identifier Assumptions 

A c e r t a i n n u m b e r o f A lphard rout ines are u s e d for s p e c i a l p u r p o s e s . T h e i r d e f i n i t i o n s a r e t h u s m o r e 
c o n s t r a i n e d t h a n h a s b e e n i n d i c a t e d e l s e w h e r e in this repor t . T h e s e rout ines a r e d i s t i n g u i s h e d in t h a t 
t h e i r n a m e s b e g i n w i t h a m p e r s a n d ( " & " ) ; s y n t a c t i c a l l y , t h e y are <spec ia i i d e n t i f i e r s . T h e r o u t i n e s a r e 
i n v o k e d b y s p e c i f i c l a n g u a g e c o n s t r u c t s ra ther than b y ord inary rout ine i n v o c a t i o n . 

T h e s e r o u t i n e s a r e g r o u p e d into t w o c l a s s e s . Generator routines a re i n v o k e d b y t h e f o r a n d f i r s t 
i t e r a t i o n c o n s t r u c t s in t h e manner d e s c r i b e d in s e c t i o n s 4.7 and 4.8 . Extensible operators a r e 
a f f e c t e d b y t h e i n f i x o p e r a t o r r e w r i t e rules as wel l as b y t h e s u b s c r i p t r e w r i t e ru le ( s e e s e c t i o n 3 . 4 ) . 
E x t e n s i b l e o p e r a t o r s i n c l u d e ail o p e r a t o r s named b y <spec ia i i d e n t i f i e r s o t h e r t h a n g e n e r a t o r r o u t i n e s ; 
t h e y c a n b e o v e r l o a d e d b y u s e r - d e f i n e d forms. 

C. 1. Generator routines 

T h e g e n e r a t o r r o u t i n e s a r e & d o n e , & s t a r t , 4 n e x t , & finish and l v a l u e . 

C . 1 . 1 U s e r e s t r i c t i o n s 

T h e r e s t r i c t i o n s o n t h e i n v o c a t i o n o f g e n e r a t o r rout ines as an o rd inary r o u t i n e s a r e i n t e n d e d t o 

s u p p o r t t w o c o n f l i c t i n g r e q u i r e m e n t s . F i rs t , it is mandatory that a for or f i r s t loop b o d y n o t b e a b l e t o 

u s e t h e s e f u n c t i o n s on t h e o b j e c t genera t ing the loop contro l va r iab le . It i s , in g e n e r a l , d e s i r a b l e t h a t 

t h e y n o t b e i n v o k e d in o t h e r a r b i t r a r y p l a c e s outs ide o f loops e i ther . It Is , h o w e v e r , u s e f u l t o b e a b l e 

t o u s e t h e s e r o u t i n e s in t h e def in i t ions o f o ther g e n e r a t o r s , s p e c i f i c a l l y t h o s e w h i c h s i m u l t a n e o u s l y 

g e n e r a t e e l e m e n t s o f t w o or more d a t a s t r u c t u r e s . 

T h e i n v o c a t i o n r e s t r i c t i o n is thus t h a t : & s t a r t , & n e x t and ^ f i n i s h c a n on ly b e i n v o k e d in t h e d e f i n i t i o n 
o f a n Restar t , & n e x t o r & f in ish rout ine of another genera to r ; &done c a n only b e i n v o k e d in t h e d e f i n i t i o n 
o f a n & s t a r t , & n e x t , & f i n i s h or & d o n e rout ine in another g e n e r a t o r ; l v a l u e c a n o n l y b e i n v o k e d w i t h i n 
a n o t h e r g e n e r a t o r . T h i s w o u l d s e e m to permit use o f the same g e n e r a t o r o b j e c t t o c r e a t e c o n t r o l 
v a r i a b l e s in t w o n e s t e d loops . A n y problems wh ich this might c a u s e fo r t h e g e n e r a t o r o b j e c t w o u l d b e 
d e t e c t e d a s v i o l a t i o n s o f s u f f i c i e n t i n d e p e n d e n c e o f the o b j e c t from t h e b o d y o f t h e o u t e r l o o p . 

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

S u p p o s e a g e n e r a t o r named g e n de f ines a t y p e of o b j e c t that p r o v i d e s a c o n t r o l v a r i a b l e o f t y p e t 
f o r t h e w i d e n t i f i e r > f r o m " c o n s t r u c t . T h e genera to r rout ines must h a v e h e a d e r s p e c i f i c a t i o n s 
s u b s u m i n g : 

f u n c & d o n e ( g : g e n ) : b o o i ; 
s e l & v a l u e ( g : g e n ) : t ; 
p r o c 3 e s t a r t ( g : g e n ) ; 
p r o c & n e x t ( g : g e n ) ; 
p r o c & f i n i s h ( g : g e n ) ; 
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T h e e x t e n s i b l e r o u t i n e s a r e & t , &*, &/, &dlv , &rem, &+(unary and b i n a r y ) , 3c - (unary a n d b i n a r y ) , & < , 
& = , & > , & a n d , & o r , &imp, & n o t , & : « and ^ s u b s c r i p t . 

C . 2 . 1 U s e r e s t r i c t i o n s 

E x t e n s i b l e r o u t i n e s c a n b e i n v o k e d e i ther b y using the inf ix o p e r a t o r r e w r i t e ru le o r b y u s i n g t h e 
s u b s c r i p t r e w r i t e r u l e ( s e e 3 . 4 ) . T h e r e is no ioss o f genera l i t y in prohibit ing the i r i n v o c a t i o n a s o r d i n a r y 
r o u t i n e s . 

C . 2 . 2 D e f i n i t i o n r e s t r i c t i o n s 

W i t h i n f o r m f , s p e c i f i c a t i o n s o f t h e s e o p e r a t o r s must subsume: 

f u n c & t ( l e f t p a r m : f , r i g h t p a r m : t ) : t 1 ; 
f u n c & x ( l e f t p a r m , r i g h t p a r m : f ) : f ; 
f u n c & / ( l e f t p a r m , r i g h t p a r m : f ) : f ; 

f u n c & d i v ( I e f t p a r m , r i g h t p a r m : f ) : t ; 

f u n c & r e m ( l e f t p a r m , r i g h t p a r m : f ) : t ; 

f u n c & + ( l e f t p a r m , r i g h t p a r m : f ) : f ; 
f u n c & + ( p a r m : f ) : f ; 
f u n c & - ( l e f t p a r m , r i g h t p a r m : f ) : f ; 
f u n c & - ( p a r m : f ) : f ; 

f u n c & < ( l e f t p a r m , r i g h t p a r m : f ) : b o o i ; 
f u n c & s ( l e f t p a r m , r i g h t p a r m : f ) : b o o i ; 

f u n c & > ( l e f t p a r m , r i g h t p a r m : f ) : b o o l ; 

v p r o c & : « ( a i i a s v a r le f tparm: f , alias r ightparm: f ) : f ; 

s e l & s u b s c r i p t ( a f t e r d o t : f , p 1 : t 1 , . . , pn : tn ) : t ; 
T h e c o m p i l e r is a b l e t o e n f o r c e only t h e p r e c e d e n c e and s y n t a x o f t h e s e o p e r a t o r s . H o w e v e r , t h e i r 
t r a d i t i o n a l u s e in m a t h e m a t i c s r a i s e s o t h e r e x p e c t a t i o n s about them; most p e o p l e , f o r e x a m p l e , 
p r e s u m e n + " is a t l e a s t a s s o c i a t i v e and poss ib l y commutat ive. W e s t r o n g l y u r g e t h a t t h e p r o g r a m m e r 
o v e r l o a d t h e s e o p e r a t o r s o n l y w i t h operat ions tha t p r e s e r v e t h o s e e x p e c t a t i o n s ; f a i l u r e t o o b s e r v e 
t h i s c o n v e n t i o n m a y b a d l y mis lead t h e r e a d e r . 
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Appendix D 
A Complete Example 

W e n o w p r e s e n t a c o m p l e t e A lphard program. This program d e f i n e s finite sets w i t h a f i x e d m a x i m u m 

s i z e , t h e n u s e s t h e m in a small p rogram. S e v e r a l a s p e c t s o f t h e program d e s e r v e s p e c i a l n o t e . 

F o r m F i n S e t d e f i n e s o n e v a r i e t y o f s e t s . T h e s e s e t s must b e homogeneous ( i . e . , ail e l e m e n t s m u s t b e 

o f t h e s a m e t y p e ) , b u t t h e e lements may be of any t y p e tha t p r o v i d e s a s s i g n m e n t a n d e q u a l i t y 

o p e r a t o r s . T h u s F i n S e t is a generic t y p e def ini t ion. T h e s p e c i f i c a t i o n s o f F i n S e t a r e s t a t e d in t e r m s o f 

o r d i n a r y m a t h e m a t i c a l s e t s ; t h e r e s t r i c t i o n s that apply to s e t s o f t y p e F i n S e t a r e e x p l i c i t . 

W e a s s u m e t h e t y p e s o f t h e s t a n d a r d pre lude , Append ix B. in par t icu lar , w e u s e v e c t o r s , i n t e g e r s , 

a n d t h e g e n e r a t o r u p t o f o r i n t e g e r s . T h e main program def ines an o r d e r e d e n u m e r a t e d t y p e a n d u s e s 

t h e g e n e r a t o r t h a t is au tomat i ca l l y d e f i n e d for s u c h a t y p e . 

T h e n a m e s V a n d m u s e d in t h e implementation o f F inSet a re avai lab le t o t h e b o d i e s o f t h e r o u t i n e s 

d e f i n e d in t h a t f o r m . V and m may b e u s e d as qual if iers on any o b j e c t s o f t y p e F i n S e t t h a t t h o s e 

r o u t i n e s r e c e i v e a s p a r a m e t e r s . T h e names V and m are not ava i lab le o u t s i d e t h e fo rm. 

F i n S e t d e f i n e s r o u t i n e s & + ( u n i o n ) , & * ( i n t e r s e c t ) , & := (ass ign ) , and & = ( e q u a l i t y ) . T h e s e e x t e n d t h e 

d e f i n i t i o n s o f t h e b i n a r y i n f i x o p e r a t o r s +, *, : « , and * to pai rs o f F i n S e t s . T h e F i n S e t i m p l e m e n t a t i o n 

a l s o t a k e s a d v a n t a g e o f t h e r e w r i t e rule for +:* and - : « . 

A s s e r t i o n s a r e i n c l u d e d in t h e s p e c i f i c a t i o n s o f t h e F inSet o p e r a t o r s . ( W e u s e " p r i m e " n o t a t i o n in 

p o s t c o n d i t i o n s : S f is t h e v a l u e t h a t S had on e n t r y to t h e p r o c e d u r e . ) Some h a v e a l s o b e e n i n c l u d e d in 

t h e main p r o g r a m t o e x p l a i n t h e opera t ion o f the program. 

T h r e e k i n d s o f l o o p s a r e u s e d . Rout ines Inser t , Remove, and Has ail u s e f i r s t l oops t o s e a r c h f o r 

e l e m e n t s . I n s e r t d e f a u l t s t h e t h e n p a r t and Remove defau l t s the e l s e p a r t . N o t e t h a t t h e e q u a l i t y t e s t 
m t n e s u c h t h a t c l a u s e s o f t h e s e loops u s e s t h e equal i ty d e f i n e d fo r E l t T y p e . A s a r e s u l t , t h e c o d e f o r 

t h e s e r o u t i n e s m a y d e p e n d on t h e def init ion of the t y p e p a s s e d as an i n s t a n t i a t i o n p a r a m e t e r t o 

F i n S e t . T h e main p r o g r a m d e c l a r e s t h r e e s e t s — one is a s e t o f co lors and t h e o t h e r t w o a r e s e t s o f 

s e t s ( o f c o l o r s ) . T h e p rog ram u s e s for loops w i th the g e n e r a t o r c o l o r $ g e n o n c o l o r s . I t a l s o u s e s a 

c o n v e n t i o n a l w h i l e . 

T h e ' $ ' n a m e q u a l i f i c a t i o n is u s e d fo r names co io r$card and c o l o r $ g e n . T h e s e a r e c o n s t a n t s d e f i n e d 
f o r t h e o r d e r e d e n u m e r a t e d t y p e co lor (number o f e lements and a s t a n d a r d g e n e r a t o r , r e s p e c t i v e l y ) . 
T h e y a r e a s s o c i a t e d w i t h t h e t y p e r a t h e r than w i th any var iab le of t h e t y p e . T h e q u a l i f i c a t i o n Is u s e d 
t o d i s t i n g u i s h o r d a n d g e n from t h e co r respond ing definit ions a s s o c i a t e d w i t h o t h e r e n u m e r a t e d t y p e s . 



A n I n f o r m a l D e f i n i t i o n o f A i p h a r d 

b e g i n 

•form F i n S e t ( E l t T g p e ; f o r m < & : » . & » » > . M a x S i z e ; i n t e g e r ) 
p r e { M a x S i z e 2 3 } 
i s s p e c s 

a u x v a r FS : f1a themat i c a l S e t ( E l t T y p e ) 
i n v a r i a n t i c a r d i n a l i t y ( F S ) S M a x S i z e \ 
i n i t i a I I u ( F S - i ) ) 

P r o c I n a e r t t v a r S . F i n S e t , x : E 1 t T y p e ) p r e ( c a r d i n a l i t y U x ) U S . F S ) S S . M a x S i z e ) 
p o s t { S . F S - S . F S ' U i x l } 

P r o c R e m o v e ( v a r S : F i n S e t . x : E I t T y p e ) p o s t { S . F S - S .FS* - ix) ) 
v p r o c C h o o s e ( S : F i n s e t ) : E l t T y p e pre. { S . F S * { ) ) 

D o s t ( r e s u l t < S . F S ) 

f u n c H a s ( S : F » n S e t , x : E l t T y p e ) : b o o l e a n p o s t { r e s u l t a x c S . F S ) 
f u n c & + ( R , S : F i n S e t ) : F » n s e t pre. { c a r d i n a l i t y ( R . F S U S . F S ) S R . n a x S i z e ) 

p o s t { r e s u l t a R . F S ' U S . F S * } 
f u n c & * ( R , S : F i n S e t ) : F i n S e t p o s t { r e s u l t a R . F S ' n S . F S * ) 
v p r o c £ : « ( v a r R , S : F i n S e t ) : F i n S e t p o s t { r e s u l t - R .FS - S . F S * } 
f u n c & - ( R , S : F i n S e t ) : b o o l e a n p o s t ( r e s u l t a (R .FS* - S . F S ' ) } 
f u n c . E m p t y S e t (E l « t y p e : f o r m . f l a x S i z e : i n t e g e r ) . F i n S e t ( E l t y p e , M a x S i z e ) 

P o s t ( r e s u l t - { } } 

i mp I 

v a r V : v e c t o r ( E l t T y p e , 1, M a x S i z e ) , mi i n t e g e r i n i t m.-f l 
c o n s t M a x S i z e : as. s p e c i f i e d : 
r e p m a o i FS - ( V C i l I l s i s m i } 

i n v a r i a n t { ( 8 < m ^ M a x S i z e ) A ( Y i , j c C I . .ml ( V C i J - V [ j J a i . j ) ) ) 
p r o c I n s e r t 

i s f i r s t p f rom u p t o ( l , S . m ) s u c h t h a t S . Y f p 3 - x 
e l s e S .m + i - 1; S . V [ S . m 3 : - x f± 

p r o c Remove 

! § . f ' r s t p f rom u p t o ( l , S . m ) s u c h t h a t S . Y C p J - x 
t h e n S . V C p ] : « S . Y C S . m J ; S.m - j - 1 f i 

v p r o c C h o o s e I s , S . V f . 1 ] 
f u n c H a s 

i l f i r s t p f rom u p t o ( l , S . m ) s u c h t h a t S . V C p 3 - x 
t h e n t r u e e I s e f a l s e f» 

f u n c & + 

i s v a l u e T : F i n s e t ( R . E l t T y p e , R . M a x S i z e ) p j . 
T . m : » R. m 

f o r j f rom u p t o ( l . R . m ) d o T . Y C j ] : - R . V C j ] g d 
f o r . j f rom u p t o ( 1 , S . m)do_ I n s e r t ( T , S . V C j ] ) p d 
f o 

f u n c &v 

i l v a l u e T : F i n s e t ( R . E l t T y p e , R . M a x S i z e ) of. 
f o r j f rom up t o d , R.m) d a i l Has ( S , R . Y ( j ] ) 
t h e n I n s e r t ( T . R . Y C j J ) . J M , p d , 
l a 

v p r o c <&:» 

i s v a l u e R g± R.m : - S . m ; f o r i from u p t o ( 1 ,S .m) d p , R . V t U : - S . V C H gd fp_ 



5 8 An Informal Definition of Alphard 

f u n c & -
i 3 R . m - S . m and f i r s t i from u p t o ( l , R . m ) a u c h t h a t n o t H a s ( S , R , V t i ] ) 

t h e n f a l s e e I s e t r u e f j . 
f u n c E m p t y S e t 

i 9 v a l u e x o f , s k i p f q 
e n d 

! C o m p u t e p o w e r s e t o f enumerated t y p e 
f o r m c o l o r j_s e n u m e r a t e d ( r e d , o r a n g e , y e I low, g r e e n , b l u e , v i o l e t ) end 
v a r C o I o r S e t ; F i n S e t ( F i n S e t ( c o l o r , c o l o r S c a r d ) , 2 t c o l o r t c a r d ) 
A 9 S E R t { C o l o r S e t - I I I 
I n e e r t ( C o I o r S e t , E m p t y S e t ( F i n S e t ( c o i o r , c o l o r S c a r d ) ) ) 
a s s e r t { C o l o r S e t - ( { } ) } 
f o r c f r o m c o l o r S g e n do 

v a r Temp; F i n S e t ( F i n S e t ( c o l o r , c o l o r I c a r d ) , 2 t c o l o r S c a r d ) 

Temp ; * C o l o r S e t 
w h i I e Temp * E m p t y S e t ( F i n S e t ( c o l o r , c o l o r S c a r d ) ) g& 

v a r C u r r e n t ; F i n S e t ( c o l o r , c o l o r Scard ) 
Remove (Temp, C u r r e n t ; - C h o o s e (Temp)) 
I n s e r t ( C u r r e n t , c ) ; I n s e r t ( C o i o r S e t , Cur r e n t ) 
Sd 

o d 

a s s e r t { C o l o r S e t - ( S I S j ( x l x i s a v a l u e o f t y p e C o l o r S e t ) } } 

e n d 
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