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O. I n t r o d u c t i o n

0 .0 .  Some re ma rks co n ce rn in g  code o p t im i z a t i o n .

Consider t h e  f o l l o w i n g  p a r t i c u la r -p ro g ra m:

( far  k  t o  max int do

(bool div :=f448eS

f o r  pd from 2 t o  k -1 do d iv :=d iv  v  k +:  p d  =
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I t s  a u t h o r  has a p p a re n t ly  l a i d  t h e  d e fi n i t i o n  o f  a  p r ime  number t o

h e a rt .  A  s o p h is t i c a t e d  co mp i le r  mig h t ,  h o we ve r,  p ro d u ce  code  a s  though

the  s ie v e  o f  Era tosthenes h a d  been imp le me n te d ,  t h u s  g a in in g  much

e f fi c i e n c y .  I t  i s ,  h o p e f u l l y ,  c l e a r  t h a t  a  c o mp i le r  wh ich  wo u ld  go a t

such le n g t h s  i n  o p t im iz in g  t h e  code  p ro d u ce d ,  i s  l i k e l i e r  t o  r a i s e  t h e

co mp le x it y  a n d ,  t h e re b y ,  u n r e l i a b i l i t y ,  t h a n  t h e  o v e r a l l  e f fi c i e n c y .

Th is examp le  goes t o  show c o n v in c in g ly ,  a t  l e a s t  t o  t h e  a u t h o r ,  t h a t

th e re  i s  n o  su ch  t h i n g  as " o p t i ma l  code "  n o t  even  a s a n  u n a t t a in a b le

id e a l  t h a t  i t  i s  wo r t h  s t r i v i n g  a f t e r .

To o u r  min d ,  t h e  a t t i t u d e  to wa rd s code  o p t i m i z a t i o n  sh o u ld  be t h e

f o l lo w in g :  F i r s t ,  t a k e  ca re  t o  fi n d  s o l i d ,  g e n e ra l  s o lu t i o n s  t o  t h e

prob lems o f  ru n  t ime  o rg a n iz a t io n .  I n  d o in g  t h i s ,  s t a t e  c a r e f u l l y  and
c l e a r l y  t h e  s i t u a t i o n s  f o r  wh ich  t h e se  s o lu t i o n s  have  t o  c a t e r  and  t h e

co n d it io n s  wh ich  a  p u rp o rte d  s o l u t i o n  must  s a t i s f y  i n  o rd e r  t h a t  t h e

p rob lem be s o lv e d .  I n  t h i s  co n n e c t io n ,  i t  i s  o f  p a r t i c u l a r  imp o rt a n ce ,
i f  t h e  s o l u t i o n  f o r  p ro b le m A depends o n  some p ro p e r t y  o f  t h a t  f o r  B ,

t h a t  t h i s  p ro p e r t y  be  n o te d  as a  c o n d i t i o n  p e r t a i n i n g  t o  t h e  s o l u t i o n

f o r  B a l s o .  A f t e r  a l l  t h i s  h a s been  a ch ie ve d ,  i t  i s  t i m e  t o  t h i n k

about o p t i m i z a t i o n .  Th e  f o l l o w i n g  p o in t s  have  t o  be  k e p t  i n  min d  t h e n :

( i )  T h e  c l a s s  o f  cases whe re  t h e  o p t im iz a t i o n  sh o u ld  be a p p l i c a b le

must b e  s u b s t a n t i a l  enough t o  be  i n t e r e s t i n g .  E . g . ,  i f  t h e  code

a sso cia te d  w i t h  t h e  o p e ra t o r  4. i s  v e r y  i n e f fi c i e n t ,  i t  mig h t  b e

i n t e re s t i n g  t o  g e n e ra te  f o r  x f 2  t h e  same code a s  f o r  x x x .  On t h e
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o t h e r  h a n d ,  i t  w o u l d  b e  p e r v e r s e  t o  o p t i m i z e  s t i  t o  s ,  a s  t h i s

wo u l d  p r o b a b l y  o c c u r  o n l y  i n  p r o g r a ms  f o r  t e s t i n g  t h i s

o p t i m i z a t i o n .

( i j )  T h e  t e s t  f o r  a p p l i c a b i l i t y  s h o u l d  b e  s i m p l e ,  n o t  o n l y  a s  a n

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

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

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

o p t i m i z a t i o n .  A l l  t o o  o f t e n  p r o g r a mmi n g  e r r o r s  a r e  b r o u g h t  a b o u t

by  a n  u n q u e n c h a b l e  wa n t  f o r  s h o r t c u t s ;  t h e r e  i s  l i t t l e  n e e d  f o r

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

( i i j )  T h e  i n t e n d e d  s i m p l i fi c a t i o n  m u s t  y i e l d  a n  a p p r e c i a b l e  g a i n  i n

e f fi c i e n c y .

( i v )  T h e  c a s e  f o r  o p t i m i z a t i o n  i s  e s p e c i a l l y  s t r o n g  when  t h e

e f fi c i e n c y  o f  t h e  g e n e r a l  s o l u t i o n  i s  we i g h e d  down b y  s ome

f e a t u r e  t h a t  t h e  " s i m p l e - m i n d e d "  p r o g r a mme r  w o u l d  n o t  ( d a r e )  u s e

o r  s ome s i t u a t i o n  t h a t  t h e  h o n e s t  o n e  w o u l d  s h u n .  ( c f .  B a u e r ' s

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

(pe rhaps  e v e n  u n wa n t e d )  f e a t u r e s .  We d o  n o t  a d h e r e  c a t e g o r i c a l l y

t o  t h i s  c r i t e r i o n :  t h e  ALGOL-60 -p rog rammer ,  e . g . ,  wh o  d o e s  n o t

use r e a l  n u mb e r s ,  s h o u l d  n e v e r t h e l e s s  a c c e p t  t h a t  p r o c e d u r e s

t r e a t  t h e i r  " a r i t h m e t i c "  p a r a me t e r s  a s  p o t e n t i a l l y  r e a l . )

I n  t h e  f o l l o w i n g ,  we  s h a l l  p a y  a t t e n t i o n  i n  p a r t i c u l a r  t o  t h o s e

o p t i m i z a t i o n s ,  wh o s e  l e g i t i m a c y  f o l l o w s  f r o m  t h e  s e ma n t i c s  o f  ALGOL 6 8

a l o n e ,  a n d  wh i c h ,  b y  v i r t u e  t h e r e o f ,  c a n  b e  a p p l i e d  ma c h i n e -  ( a n d  e v e n

i mp l e me n t a t i o n - )  i n d e p e n d e n t l y .



0 .1 .  S t a t i c  scope  ch e ck in g .
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Acco rd ing  t o  t h e  se ma n t ics o f  ALGOL 68  ( 8 . 3 . 1 . 2 . c  S te p  1 o f  t h e

Re p o rt ),  t h e  f u r t h e r  e la b o ra t io n  i s  u n d e fin e d ,  when a  va lu e  i s

assigned t o  a  name whose scope  i s  l a r g e r  t h e n  t h a t  o f  t h e  v a lu e .  Th e

reason b e h in d  t h i s  r e s t r i c t i o n  i s  t h e  f o l l o w i n g :  Th e  d e s ig n e rs  o f

ALGOL 68  have  ha d  i n  min d  a  p r a c t i c a l  memory o rg a n iz a t io n ,  t o  w i t  a

s t a ck ,  co rre sp o n d in g  t o  t h e  (d yn a mica l )  n e s t i n g  o f  t h e  e la b o ra t io n  o f

ranges. Th u s ,  e la b o ra t io n  o f  a  range  may be  co n s id e re d  p u t t i n g  a  c e l l ,

o r  a  number o f  c e l l s ,  o n  t o p  o f  t h e  s t a c k ,  a l l  o f  wh ich  w i l l  be

removed wh e n  t h e  e la b o ra t io n  o f  t h a t  ra n g e  i s  co mp le te d  o r  t e rmin a t e d .

I n  t h i s  scheme, some va lu e s  a re  me a n in g f u l  o n l y  a s l o n g  a s a  c e r t a i n

number o f  t h e se  c e l l s  s t i l l  re ma in  o n  t h e  s t a c k .  Examples o f  t h i s  a re

p resen ted  b y  t h e  names possessed  b y  l o c a l
-
g e n e r a t o r s ,  w h i c h  
m a y  
b e

re p rese n ted  b y  t h e  a d d re ss o f  a  c e l l  i n  t h e  p e r t  o f  t h e  s t a c k
co rrespond ing  t o  t h e  ra n g e  i n  wh ich  t h e y  a re  co n t a in e d .  O t h e r

examples a r e  ro u t i n e s ,  wh ich  may g i v e  r i s e  t o  t h e  e la b o ra t io n  o f

m o d e
-
i d e n
t i fi e r
s  
o
r  
o p
e r
a t
o r
s  
w
h
o
s
e  
v
a
l
u
e  
i
s  
t
o  
b
e  
f
o
u
n
d  
i
n  
t
h
e  
s
t
a
c
k
.

The r e a c h a b i l i t y  o f  such  va lu e s  o u t s id e  t h e i r  domain  o f  mean ing fu lness

has t o  b e  p re ve n te d  e f f e c t i v e l y  (o t h e rw is e  t h e  f u r t h e r  e la b o ra t io n

migh t  b e  u n d e fin e d  in d e e d ).  Th e re f o re ,  c a re  h a s been t a ke n  t h a t  su ch

va lues ce a se  t o  e x i s t  a s  soon  a s  one  o f  t h e  p a r t s  o f  t h e  s t a c k  o n

wh ich  t h e i r  mean ing fu lness depends i s  removed. T h i s  i s  a ch ie ve d  b y

e n su rin g  t h a t  su ch  va lu e s  w i l l  appea r o n l y  i n  p a r t s  o f  t h e  s t a c k  wh ich ,

by t h e  v e r y  n a t u re  o f  a  s t a c k ,  mu st  o f  n e c e s s i t y  have been removed
then a l s o .

Now t h e  scope  o f  a  va lu e  i s  t h e  l a r g e s t  ra n g e  d u r in g  whose e la b o ra t io n

the  va lu e  i s  me a n in g fu l .  Th e  r e s t r i c t i o n  t h a t  t h e  scope  o f  t h e  name b e

not l a r g e r  t h a n  t h a t  o f  t h e  va lu e  i s  t h e re f o re  tan tamoun t  t o  sa y in g

t h a t  t h e  v a lu e  may n o t  b e  re p re se n t e d  i n  a  c e l l  o t h e r  t h a n  i n  t h e  p a r t

o f  t h e  s t a c k  wh ich  has come t o  e x is t e n ce  d u r in g  t h e  e la b o ra t io n  o f  t h e

range wh ich  i s  t h e  domain  o f  mean ing fu lness o f  t h a t  v a lu e .  (Th e

imp lemen to r i s ,  o f  co u rse ,  f r e e  t o  d e p a rt  f r o m t h i s  scheme when he  ca n

guarantee o t h e rwise  t h a t  su ch  mean ing less va lu e s  w i l l  become
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u n re a ch a b le . ) Fro m th e se  co n s id e ra t io n s  i t  f o l l o w s ,  b y  t h e  wa y,  t h a t

a scope may w e l l  be  re p re se n te d  b y  t h e  v a lu e  o f  t h e  p o i n t e r  t o  t h e

to p  o f  t h e  s t a c k  a t  t h e  i n i t i a t i o n  o f  t h e  e la b o ra t io n  o f  t h e  ra n g e

wh ich  i s  t h a t  sco p e .

So, f o r  reasons o f  s e c u r i t y ,  e a ch  t ime  a  va lu e  i s  a ss ig n e d  t o  a  name,

a scope ch e ck has t o  be  p e rfo rme d .  Now t h e re  i s  a n  i n t e r e s t i n g  c la s s

o f  cases whe re  i t  ca n  be  d e t e c t e d  " s t a t i c a l l y " ,  i . e . ,  a t  c o mp i l e - t ime ,

t h a t  scope  ch e ck in g  i s  su p e rflu o u s ,  a s  ca n  be  seen  when one r e a l i z e s

t h a t  nowhere i n  t h e  imp le me n ta t io n  o f  a l l  o f  ALGOL 60 t h e  need  f o r

scope ch e ck in g  a r i s e s .

The i d e a  on  wh ich  o u r  suggested  o p t im i z a t i o n ,  v i z ,  t h e  o miss io n  o f  a

check on  t h e  sco p e s,  h in g e s ,  i s  t h e  a s s o c ia t io n  o f  an  " i n n e r "  and

" o u t e r"  scope  t o  some e x t e rn a l  o b je c t s .

Let .
1 )  
b
e  
t
h
e  
d
e
s
t i
n
a
t i
o
n  
a
n
d  
S  
t
h
e  
s
o
u
r
c
e  
o
f  
a
n  
a
s
s
i
g
n
a
t
i
o
n
.  
I
f  
w
e

have d e t e rmin e d  an  o u t e r  scope  a  f o r  D and  an  i n n e r  scope  T  f o r  S ,

i . e . ,  scopes a  a n d  T su ch  t h a t

' s c o p e  ( V )  a  a n d  T  _  4
C O P e  ( S )

can b e  gua ran teed  b o th  t o  h o ld ,  a n d  i t  t u r n s  o u t  t h a t  a  T ,  t h e n  we

know t h a t  t h e  t e s t  % co p e  (V )  4 c o p e  ( S ) "  ca n n o t  p o s s i b l y  f a i l  and

i s ,  t h e re f o re ,  su p e rflu o u s .

Before  we e la b o ra t e  f u r t h e r  on  t h i s ,  we  mu st  fi r s t  o b t a i n  some

in s i g h t  i n t o  t h e  re l a t i o n s h i p  between su ch  ran ges a s  ca n  b e

d is c r imin a t e d  s t a t i c a l l y ,  a n d  t h e  ra n g e s a n d  scopes t h a t  may a r i s e

d yn a mica l ly .  T h a t  t h e  numer o f  ranges ca n  h a rd l y  be  bounded

s t a t i c a l l y ,  i s  shown b y  t h e  example

(proc r  = ( i n t  n ) : f
L
f  n  >  
0  
t h e n  
i n t  
i : = n
;  r
( i - :
= 1 )
f j

r (begin i n t  n ;  r ead  6 0 ;  n  end) )



1. A n a l y s i s

1.0. Te rmin o lo g y .
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I n  o rd e r  t o  f a c i l i t a t e  t h e  se q u e l  o f  t h i s  d i s c u s s io n ,  we  s h a l l  fi r s t

develop some t e rmin o lo g y .

a) A  " p re s c r i p t i o n  mode l"  i s  a  ro u t in e -d e n o t a t io n ,  a  p ro ce d u re d -

coercend, a  p ro ce d u re -ju mp  o r  a  f o rma t -d e n o t a t io n .

(Th is  t e rmin o lo g y  stems f r o m  th e  f a c t  t h a t  p r e s c r i p t i o n  mode ls
serve a s  a  mode l f o r  p re s c r i p t i o n s ,  i . e . ,  ro u t i n e s  o r  f o rma t s . )

b ) A n  " in vo ca b le  o b je c t "  i s  a  p re s c r i p t i o n  mode l o r  a n  a c t u a l
-
d e c l a r e r

wh ich  i s  t h e  a c t u a l
-
d e c l a r e r  
o f  
s o m e  
m o d e
-
d e c l a r a t i
o n .

c) Th e  " c o n t a in in g "  ra n g e  o f  an  e x t e rn a l  o b je c t  i s  t h e  s ma l l e s t  ra n g e

i n  wh ich  t h a t  o b je c t  i s  co n t a in e d .

d) A n  " a p p l i c a t i o n "  i s  a n  i d e n t i fi e r  ( i n d i c a t i o n ,  o p e ra t o r )  wh ic h  i s

an a p p l ie d  ( i n d i c a t i o n -a p p l i e d ,  o p e ra t o r-a p p l ie d )  o ccu rre n ce .

e) Th e  " d e fi n i t i o n "  ra n g e  o f  an  a p p l i c a t i o n  i s  t h e  c o n t a in in g  range  o f
the  d e fi n i n g  ( i n d i c a t i o n - d e fi n i n g ,  o p e ra t o r -d e fi n i n g )  o ccu rre n ce

i d e n t i fi e d  b y  t h a t  a p p l i c a t i o n .  -

f )  Th e  scope  o f  a  p re s c r i p t i o n  mode l P  i s  t h e  s ma l l e s t  ra n g e ,  i f  a n y ,

i n  wh ich  P  i s  co n t a in e d  and wh ich  i s  t h e  d e fi n i t i o n  ra n g e  o f  some

a p p l ic a t io n  co n ta in e d  i n  P ,  a n d ,  o t h e rw is e ,  t h e  p ro g ra m.
(No t ice  t h a t  t h e  d i f f e re n c e  w i t h  2 . 2 . 4 . 2 . b  o f  t h e  Re p o rt  l i e s  i n

the f a c t  t h a t  h e re  t h e  t e rm " sco p e "  i s  n o t  d e fi n e d  f o r  a  va lu e ,  b u t

f o r  a n  e x t e rn a l  o b j e c t ,  t h e  i d e a  b e in g  t h a t  t h i s  sco p e  i s  t h e  scope

o f  t h e  v a lu e  t h e  e x t e rn a l  o b je c t  w i l l  possess upon e la b o ra t i o n . )

g) Th e  " i n v o c a t i o n "  scope  o f  an  in vo ca b le  o b je c t  wh ich  i s  a

p re s c r i p t i o n  mode l (a n  a c t u a l
-
d e c l a r e r )  i s  
i t s  
s c o p e  
( i t s

co n ta in in g  ra n g e ).

h ) A n  in vo ca b le  o b je c t  wh ich  i s  a  ro u t in e -d e n o t a t io n ,  p ro ce d u re d -

coercend o r  p ro ce d u re -ju mp  ( a  f o rma t -d e n o t a t io n ,  a n  a c t u a l -d e c la re r )

i s  " in v o k e d "  b y  e la b o ra t in g  a  c l o s e d
-
c l a u s e  ( t h e  
c o n s t i t u e n t

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

d e rive d  f ro m i t ,  a l b e i t  a f t e r  some ma n ip u la t io n  a s d e sc r ib e d  i n

se ct io n s 5 . 4 . 2 ,  6 . 0 . 2 . d ,  7 . 1 . 2 . b ,  c ,  d  S tep  1 ,  8 . 2 . 2 . 2 ,  8 . 2 . 3 . 2 ,

P . 2 . 7 . 2 . b ,  8 . 4 . 2  and  8 . 6 . 2 . 2  o f  t h e  Re p o rt .



1.1. Th e  re l a t i o n s h i p  between s t a t i c  a n d  dynamic sco p e s.

F i r s t  c o n s id e r  t h e  ca se  w i t h o u t  in vo ca b le  o b je c t s .  A s  a n  examp le ,
ta ke

62 :(b :(c:(d :(e :r ) ) ; ( p ( g : r ) ;  0 1 : ( 1 : ( j m ) ;
( k : q
,
) ) ) )
) ;  
M
-
4
;  
(
w
l
,
)
)
)

We s h a l l  d e s ig n a te  each  ra n g e  b y  a  ma rk b e a r in g  resemblance  t o  t h e

re p re se n t a t io n  o f  i t s  c o n s t i t u e n t  l e t t e r - t o k e n .  We ca n  now d ra w t h e

f o l l o w in g  d ia g ra m

where each  ra n g e  i s  connected  a t  i t s  r i g h t  t o  i t s  c o n s t i t u e n t  ra n g e s ,

i f  a n y.  A t  t h e  i n i t i a t i o n  o f  t h e  e la b o ra t io n  o f  range  h ,  s a y ,  t h e

ranges wh ich  a re  " a c t i v e " ,  i . e . ,  b e in g  e la b o ra t e d ,  a re  a ,  b ,  c ,  6  a n d

h: t h e  p a t h  f ro m a  t o  I t  i n  t h e  d ia g ra m.  T h i s  w i l l  be  r e fl e c t e d  b y  t h e
s t a t e  o f  t h e  s t a c k  a t  t h a t  t i m e .

Now suppose t h a t  we have  a  p rog ram co n t a in in g  an  in vo ca b le  o b j e c t ,

where t h e  d ia g ra m o f  t h e  p ro g ra m,  a p a r t  f r o m t h a t  in vo ca b le  o b j e c t ,  i s

•

The ra n g e -n e s t in g  s t ru c t u re  o f  t h e  in vo ca b le  o b je c t  i t s e l f  may a l s o

be d e p ic t e d  t h i s  wa y,  e . g . :

6



Suppose t h a t  t h e  i n v o c a t i o n  s c o p e  o f  t h e  i n v o c a b l e  o b j e c t  i s  C .  We

s h a l l  i n d i c a t e  t h i s  i n  t h e  d i a g r a m as  f o l l o w s :

No t i c e  t h a t  t h e  c o n t a i n i n g  rang. e o f  t h e  i n v o c a b l e  o b j e c t  may  w e l l  b e  e ,

s ay .

Now t h e  i n v o c a b l e  o b j e c t  may  b e  i n v o k e d  i n  c ,  a n d  i n  a n y  r a n g e

c o n t a i n e d  i n  c .  A  d i a g r a m,  s h o w i n g  p o t e n t i a l l y  r e a l i z a b l e  r a n g e - n e s t i n g

t h r o u g h  a  r r o p e r  u s e  o f  i n v o k i n g ,  i s

No t i c e  t h a t  t h i s  d i a g r a m  p r e s e n t s  a n  e x a mp l e  o f  " r e c u r s i o n " :  w h i l e

one i n v o c a t i o n  ( a t  e )  i s  s t i l l  a c t i v e ,  t h e  s ame i n v o c a b l e  o b j e c t  i s

i n v o k e d  a g a i n  ( a t  t ' )  a n d  onc e  a g a i n  ( a t  S
u
) .  I t  s h o u l d  
b e  
s t r e s s e d



once mo re ,  t h a t  a t  a n y t ime  o n l y  su ch  ranges w i l l  be  c o n c u r re n t l y

a c t ive  a s  ca n  be  f o u n d  on  a  p a th  i n  t h e  d ia g ra m f ro m a  t o  some ra n g e .

Now suppose t h a t  t h i s  in vo ca b le  o b je c t  co n t a in s  a  p re s c r i p t i o n  mode l.

Then t h e re  a re  t wo  p o s s i b i l i t i e s :

( i )  T h e  scope  o f  t h e  p re s c r i p t i o n  mode l i s  l a r g e r  t h a n  t h e  in vo ca b le

o b je c t  ( i t s e l f ,  n o t  i t s  s c o p e ! ) .  No t i c e  t h a t  i n  t h i s  ca se  t h e

p re s c r i p t i o n  mode l mig h t  a s  w e l l  have o ccu rre d  o u t s id e  t h e
in vo ca b le  o b j e c t .

( i j )  I t s  scope  i s  n o t  l a r g e r .  I n  t h i s  ca se ,  t h i s  p r e s c r i p t i o n  mode l

may g i v e  r i s e  t o  d i f f e r e n t  ro u t i n e s  o r  f o rma t s ,  whose scopes

depend on  t h e  in v o c a t io n  o f  t h e  e mb ra cin g  in vo ca b le  o b j e c t .  E . g . ,

the  d ia g ra m

I t  4
b

where I t  d e sig n a te s a n  i n v o c a b l e
-
o b j e c t  w i t h  
i n v o c a t i o n  
s c o p e  
b ,

and X  a  p re s c r i p t i o n  mode l w i t h  scope  4 ,  g iv e s  p o t e n t i a l l y  r i s e

t o  t h e  f o l l o w i n g  r e a l i z a t i o n s :

x"'

In  t h i s  e xa mp le ,  f o r  each  o f  t h e  in v o c a t io n s  a t  b ,  c  and  6"

the  v a lu e  possessed  b y t h e  p r e s c r i p t i o n  mode l w i l l  have a

d i f f e re n t  sco p e ,  t o  w i t  4  ,  4 "  a n d  Z
ifi  r e s p .

8

So, i n  g e n e ra l ,  t h e  scope  o f  t h e  va lu e  o f  an  e x t e rn a l  o b je c t  w i l l

depend on  t h e  in v o c a t io n  o f  t h e  in vo ca b le  o b j e c t  i n  wh ich  i t  o c c u rs .
However, t h e re  i s  some co n n e ct io n  between t h i s  scope  a n d  t h e  scope



o f  t h a t  o b j e c t  (wh ic h  has been d e fin e d  above f o r  p re s c r i p t i o n  mo d e ls).

Co n sid e r,  a s  a n  examp le ,  t h e  l a s t  t wo  d ia g ra ms f o r  t h e  ca se  where  we

leave  t h e  scope  o f  X ,  f o r  t h e  moment, u n s p e c ifi e d .  T h i s  sco p e  mig h t
be a n y o f  t h e  ranges a ,  b ,  IL and Z.  We ca n  t h e n  c o n s t ru c t  a  t a b le  o f

th e  scope  o f  t h e  v a lu e ,  depend ing  on  wh ich  in v o c a t io n  i t  i s  d e te rmin e d

i n ,  a n d  on  t h e  scope  o f  t h e  p r e s c r i p t i o n  mode l f ro m wh ich  i t

o r ig in a t e d :

. z•
c a b Jo z"
4" a b .1

.
e
.,

4„,

in vo ca t io n  o f  I t  a t

scope o f  t h e  p r e s c r i p t i o n  mode l X

9

Now t h e  imp o r t a n t  t h i n g  t o  n o t i c e  i s  t h e  f o l l o w i n g :  t h e  " d yn a mic"

scopes h a ve ,  i n  each i n v o c a t i o n ,  re t a i n e d  t h e  o rd e r  o f  t h e  " s t a t i c "

scopes. I t  f o l l o w s  t h a t ,  i n  o rd e r  t o  compare t h e  (d yn a mic ) sco pes o f
the  va lu e s  o f  two  p re s c r i p t i o n  mode ls co n t a in e d  i n  4 ,  i t  s u f fi c e s  t o

compare t h e  ( s t a t i c )  scopes o f  th o se  p r e s c r i p t i o n  mo d e ls.  We c l a i m

t h a t  t h i s  r e s u l t  extends t o  ca se s o f  a r b i t r a r y  c o mp le x i t y ,  a s  ca n  be
shown u s in g  t h e  f o l l o w i n g  a rgument :

I n  o rd e r  t h a t  a  p re s c r i p t i o n  mode l be  e la b o ra t e d ,  t o  y i e l d  a  v a lu e ,

the  in vo ca b le  o b je c t s  i n  wh ich  i t  i s  co n t a in e d  must have  been in vo ke d

one b y  one .  We s h a l l  demonst ra te  t h a t  each  in v o c a t io n  le a ve s  t h e  o rd e r

o f  t h e  d e fi n i t i o n  ra n g e s  o f  t h e  a p p l i c a t i o n s  co n t a in e d  i n  t h e

in vo ca b le  o b j e c t  unchanged. Fro m t h i s ,  t o g e t h e r  w i t h  t h e  d e fi n i t i o n

o f  scope o f  a  p re s c r i p t i o n  mode l and  t h e  d e fi n i t i o n  o f  t h e  scope  o f  a

ro u t in e  o r  f o rma t  g iv e n  i n  2 . 2 . 4 . 2 . b  o f  t h e  Re p o rt ,  o u r  c l a i m  f o l l o w s .

Now, c o n s id e r  a n  in vo ca b le  o b je c t  Q
. w i t h  i n v o c a t i o n  
s c o p e  
a ,  
t w o

a p p l ica t io n s  co n t a in e d  i n  Q,  a n d  an  in v o c a t io n  o f  Q. a t  some ra n g e  T .

We h a ve ,  o b v i o u s l y ,  T  5- a .  Now we ca n  d i s t i n g u i s h  t h re e  ca se s:

( i )  T h e  d e fi n i t i o n  ra n g e s  o f  b o th  a p p l i c a t i o n s  a re  l a r g e r  t h a n  a .

From t h e  se ma n t ics o f  " p ro t e c t i n g " ,  i t  f o l l o w s  t h a t  t h e i r
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d e fi n i t i o n  ra n g e s a re  n o t  a l t e r e d  b y  t h e  in v o c a t io n  ( * ) .

( i j )  T h e  d e fi n i t i o n  ra n g e  o f  one a p p l i c a t i o n  i s  l a r g e r  t h a n  a  a n d

the  o t h e r  a p p l i c a t i o n  has a  d e fi n i t i o n  ra n g e  t h a t  i s  a t  mo st

equa l t o  a .  Now,  t h e  in v o c a t io n  le a ve s  t h e  l a r g e r  d e fi n i t i o n

range u n a l t e re d ,  w h i l s t  t h e  o t h e r  one becomes T  a t  mo s t ,  wh ich
i n  t u r n  i s  a t  mo st  a .

( l i j )  The  d e fi n i t i o n  ra n g e s o f  b o th  a p p l i c a t io n s  a re  a  o r  a re  s ma l l e r .

Due t o  t h e  sys t e ma t ic  c h a ra c t e r  o f  p o ss ib le  re p la ce me n ts o f

i d e n t i fi e r s  a n d  i n d i c a t i o n s ,  p ro t e c t i o n  w i l l  a l t e r  t h e  o rd e r

o f  t h e  d e fi n i t i o n  ra n g e s  n o  more  t h a n  t h e  f a c t  t h a t  t h e  mo d ifi e d

copy o f  Q. i s  i n s e r t e d  i n  t h e  ra n g e  T .

( * )  T h i s  i s  n o t  w h o l l y  t r u e ,  because o f  a  snag i n  s e c t i o n  6 . 0 . 2 . d

step  14 o f  t h e  Re p o rt .  We s h a l l ,  h o we ve r,  d i s re g a rd  t h i s .



1.2. I n n e r  and  o u t e r  scope .

11

I t  may be  n o t i c e d  t h a t  t h e  ranges o f  a  p ro g ra m c o n s t i t u t e  a  l a t t i c e ,
p ro v id e d  t h a t  we in t ro d u ce  a  " n u l l  scope "  e  wh ich  i s  e mp t y ,  u n d e r t h e

two o p e ra t io n s

a n  T  =  t h e  s ma l l e r  range  o f  a  a n d  T i f  one o f  th e se  i s ,  o r  i s

con ta ined  i n ,  t h e  o t h e r ,  a n d ,  o t h e rw is e ,  E

and a  u  r  =  t h e  s ma l le s t  ra n g e  wh ich  i s ,  o r  c o n t a in s ,  b o t h  a  a n d  T

(where ,  b y  co n ve n t io n ,  e a ch  ra n g e  o t h e r  t h a n  e

con ta ins e ,  whereas c  c o n t a in s  n o  ra n g e ).

I n  t h i s  t e rmin o lo g y ,  t h e  i n n e r  and  o u t e r  scope  o f  an  e x t e rn a l  o b je c t
are  a  lo we r  an d  uppe r bound o f  t h e  scopes o f  t h e  f u t u r e  va lu e s  t h e

e x t e rn a l  o b j e c t  w i l l  come t o  possess.  We s h a l l  denote  th e m a s a

"scope i n t e r v a l " [ a .  o u t e A ] .t x net '
The scope  wh ich  i s  t h e  p ro g ra m w i l l  be  deno ted  b y  " I I "  a n d  t h e

co n ta in in g  ra n g e  o f  t h e  e x t e rn a l  o b je c t  u n d e r c o n s id e ra t io n  w i l l  be

denoted b y  " P " .

Fu rth e rmo re ,  we d e fi n e  t h e  t e rm " p resco pe  i n t e r v a l "  a s  f o l l o w s :

i f  an  e x t e rn a l  o b je c t  P  and an  e x t e rn a l  o b je c t  Q  a re  one  same sequence

o f  symb o ls,  a n d  t h e  o r i g i n a l  o f  Q i s  a  d i r e c t  descendant o f  t h a t  o f  P ,

then t h e  p re sco p e  i n t e r v a l  o f  P  i s  t h e  scope  i n t e r v a l  o f  Q.

We ca n  now g iv e  a  number o f  r u l e s  t o  d e te rmin e  a  scope i n t e r v a l  f o r

an e x t e rn a l  o b je c t  P .  Th a t  t h e  i n t e r v a l  g iv e n  y i e l d s  in d e e d  sa f e

bounds f o r  t h e  scope  o f  t h e  va lu e  o f  P f o l l o w s  each  t i me  f ro m 2 . 2 . 4 . 2

o f  t h e  Re p o rt ,  t h e  se ma n t ics o f  t h e  Re p o rt  p e r t a i n i n g  t o  t h e

e la b o ra t io n  o f  P  and  t h e  o b se rva t io n  o f  t h e  scope  r e s t r i c t i o n s

fo rmu la te d  i n  6 . 1 . 2 . e  an d  8 . 3 . 1 . 2 . c  s t e p  1  o f  t h e  Re p o rt ,  t o g e t h e r

w i t h  t h e  co n s id e ra t io n s  g iv e n  above. Th e  v e r i fi c a t i o n  o f  t h i s  i s  l e f t
t o  t h e  re a d e r  a s a n  e x e rc is e .

As t h e  r u l e s  a re  l i s t e d  be low i n  o rd e r  o f  t h e i r  " s t re n g t h "  (wh e re  a

sma l le r  scope  i n t e r v a l  i s  s t ro n g e r  t h a n  a  l a r g e r  o n e ),  t h e  fi r s t  r u l e

a p p l ica b le  sh o u ld  be chosen .
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( i )  I f  t h e  mode enve loped  b y  t h e  o r i g i n a l  o f  p  i s  a  t e rm i n a l

p ro d u ct io n  o f  t h e  me ta n o t io n  'MODE' a f t e r  r u l e  1 . 2 . 1 . c

"TYPE: PLAIN; for mat ;  PROCEDURE; referenc e t o  MODE."
has been  re p la ce d  b y  t h e  r u l e

"TYPE: PLAIN."
then t h e  scope  i n t e r v a l  o f  p  i s  [11,11] ( o r ,  i n  wo rd s ,  t h e  scope

o f  any va lu e  possessed  b y P  i s  bound t o  be  t h e  p ro g ra m).

( i j )  T h e  scope in t e r v a l  o f  a  g l o b a l
-
g e n e r a t o r  ( b a s e
-
v a c u u m ,  
s k i p ,

n i h i l )  i s  [ RO I ] .  ( I f  s k i p s  and  n i h i l s  y i e l d s  a  va lu e  t o  wh ich
assignment i s  imp o s s ib le ,  a n d  i f  a t  r u n  t ime  a  t e s t  i s

pe rfo rmed  t o  d e t e c t  t h i s  c a s e ,  t h e n  t h e  scope  i n t e r v a l  may be

a p se u d o -sco p e -in t e rva l ;  se e  ca se  x i . )

( l i j )  Th e  scope  i n t e r v a l  o f  a  l o c a l
-
g e n e r a t o r  i s  
[ p , p ] .

v ) T h e  scope  i n t e r v a l  o f  a  p re s c r i p t i o n  mode l i s  [ cy, c ] ,  wh e re  a

stands f o r  i t s  sco p e .

( )  T h e  scope  i n t e r v a l  o f  a  mo d e - i d e n t i fi e r  ( a n  o p e ra t o r)  wh ich
i d e n t i fi e s  t h e  m o d e
-
i d e n t i fi e r  
o f  
a n  
i d e n t i t y -
d e c l a r a t
i o n  
( t
h e

o p e ra t o r o f  a  ca p t io n  o f  an  o p e ra t io n -d e c la ra t io n )  i s  t h a t  o f

the  a c t u a l -p a ra me t e r o f  t h a t  d e c la ra t i o n .

(N i )  T h e  scope  i n t e r v a l  o f  a  d e re f e re n ce d
- ( d e p r o c e d u r e d
-
)  c o e r c e n d

i s  Ea,111, whe re  a  s ta n d s f o r  t h e  i n n e r  scope o f  i t s  p re sco p e
in te r v a l .  ( I f  a  d e r e f e r e n c e d
-
c o e r c e n d  I )  i s  
a n  
a s s i g n a t i o n

wh ich  i s  a  c o n s t i t u e n t  o f  I ),  t h e n  a s t h e  scope  i n t e r v a l  o f

may be  t a ke n  t h e  scope  i n t e r v a l  o f  i t s  c o n s t i t u e n t  s o u rc e . )

) Th e  scope  i n t e r v a l  o f  a  c a l l  ( f o rmu la )  i s  [ a
5
1 1 ] ,  w h e r e  c T

stands f o r  t h e  g re a t e s t  l o w e r  bound o f  t h e  i n n e r  scopes o f  i t s

p r ima ry  (o p e ra t o r )  a n d  o f  th o se  o f  i t s  c o n s t i t u e n t  a c t u a 1
-parameters ( i t s  operands) whic h ar e no t  l o c a l
-
g P n e r a t o r s .

( v i i j )  When t h e  va lu e  o f  an  e x t e rn a l  o b je c t  i s  s a i d  t o  b e  t h a t  o f
ano ther e x t e rn a l  o b j e c t ,  e i t h e r  e x p l i c i t l y  (s e e ,  e . g . ,

8 . 3 . 1 . 2 . d  s t e p  3  o f  t h e  Re p o r t ) ,  o r  i m p l i c i t l y  t h ro u g h  1 . 1 . 6 . i ,

then  i t s  scope  i n t e r v a l  i s  t h a t  o f  t h e  o t h e r  e x t e rn a l  o b je c t

(wh ich ,  i f  1 . 1 . 6 , i  a p p l i e s ,  i s  i t s  p re sco p e  i n t e r v a l ) .

(No t ice  t h a t  r u l e  ( v )  may b e  d e r i v e d  b y  i t e r a t e d  a p p l i c a t i o n
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o f  t h i s  r u l e ) .  T h i s  r u l e  a p p l ie s  t o  c l o s e d
-
c l a u s e s ,  u n i t e d -
coercends, a s s ig n a t io n s ,  c a s t s  a n d  numerous o t h e r  o b je c t s .

The scope  i n t e r v a l  o f  a  s e l e c t i o n  ( s l i c e )  i s  t h a t  o f  i t s

secondary ( p r i m a r y ) .
(x )  T h e  scope  i n t e r v a l  o f  a  r o w e d
-
c o e r c e n d  i s  i t s  
p r e s  
c o p e

i n t e r v a l .

( x i )  A  jump  wh ich  i s  n o t  a  p r o c e d u r e
-
j u m p  h a s  a  
p s e u d o - s c o p e -

i n t e r v a l ,  v i z .  [ 1 1 ,e ] .  (Th e  meaning o f  t h i s  p s e u d o - in t e rv a l  may

be g ra sp e d  b y o b se rv in g  t h a t  su ch  ju mp s ,  when e la b o ra t e d ,  w i l l

t e rmin a te  t h e  e la b o ra t io n  o f  t h e  u n i t a r y
-
c l a u s e  -
w h i c h  t h e y

c o n s t i t u t e ,  s o  t h a t ,  s e ma n t i c a l l y  sp e a k in g ,  n o  scope  v i o l a t i o n

may o ccu r.  A l s o ,  t h e  f o l l o w i n g  r u l e  i s  l i k e l y  t o  sh e d  some

l i g h t  o n  i t s  s i g n i fi c a n c e . )

( x i j )  T h e  scope  i n t e r v a l  o f  a  s e r i a l -  ( c o l l a t e r a l - ,  c o n d i t i o n a l - )

clause  i s  [ a , T ] ,  whe re  a (T )  s t a n d s  f o r  t h e  g re a t e s t  l o w e r

bound o f  t h e  i n n e r  scopes ( t h e  l e a s t  u p p e r bound o f  t h e  o u t e r

scopes) o f  t h e  u n i t s  o f  i t s  c o n s t i t u e n t  c l a u s e
-
t r a i n s  ( i t s
co n s t i t u e n t  u n i t s ,  t h e  t h e n
-
c l a u s e  a n d  
t h e  e l s e
-
c l a u s e  
o f  
i t s

c h o i c e
-
c l a u s e
)  
( T
h i
s  
r
u
l
e  
m
a
y  
b
e  
c
o
n
s i
d
e r
e
d  
"
b
a
l
a
n
c
i
n
g
"  
o
f

scopes.)

( x i i j )  Th e  scope  i n t e r v a l  o f  an  e x t e rn a l  o b je c t  (when  a l l  o t h e r  r u l e s

f a i l )  i s  [P ,11 ] .

The s t a t i c  scope  ch e ck f o r  a  s e r i a l - c l a u s e  now re a d s:  De te rmin e  i t s

in n e r scope .  I f  t h a t  i n n e r  scope i s  l a r g e r  t h a n  t h a t  s e r i a l
-
c l a u s e ,
then  t h e  d yn a mic scope  ch e ck ( 6 . 1 . 2 . e  o f  t h e  Re p o rt ) ma y s a f e l y  be
o mit te d .

The s t a t i c  scope  ch e ck f o r  a n  a ss ig n a t io n  now re a d s:  De te rmin e  t h e

o u te r scope  o f  i t s  d e s t i n a t i o n ,  a n d  t h e  i n n e r  scope o f  i t s  so u rce .

I f  t h a t  o u t e r  scope i s  n o t  l a r g e r  t h a n  t h a t  i n n e r  sco p e ,  t h e n  t h e

dynamic scope  ch e ck (8 . 3 . 1 . 2 . c  S te p  1  o f  t h e  Re p o rt ) may s a f e l y  be
o mit te d .



2. Co n c lu d in g  re ma rks .

From a  number o f  r e l a t i v e l y  s imp le  r u l e s  s t a t i c  scope ch e cks ca n  be

d e rive d ,  wh ich  i n  t h e  l a rg e  m a j o r i t y  o f  cases i n  o rd i n a ry  r u n - o f - t h e -

m i l l  p rog rams w i l l  make dynamic scope  ch e ck in g  su p e rflu o u s .  I t  sh o u ld
be n o t e d ,  h o we ve r,  t h a t  t h e  s e c u r i t y  o f f e re d  b y  t h e  scope  r e s t r i c t i o n s

w i l l  o n l y  t h e n  be  f u l l y  e f f e c t i v e ,  when i t  ca n n o t  b e  i n v a l i d a t e d  b y t h e

r e s u l t  o f  e la b o ra t in g  a  m o d e
-
i d e n t i fi e r  o r  
a  
f o r m u l a  
h a v i n g  
a n  
o p e r a
t o r

whose co rre sp o n d in g  d e c la ra t i o n  has n o t  y e t  been e la b o ra t e d .  Th e re f o re ,

as a  p a r t  o f  t h e  imp le me n t a t io n ,  t h e  i n i t i a t i o n  o f  a  s e r i a l
-
c l a u s e
shou ld  e n t a i l  making  a l l  m o d e
-
i d e n t i fi e r s  a n d  
o p e r a t o r s  
o f  
w h i c h  
i t  
i s

the  d e fi n i t i o n  ra n g e ,  possess a  va lu e  whose scope  i s  i n  accordance  w i t h

the scope  i n t e r v a l  d e te rmin e d  f o r  th o se  m o d e
-
i d e n t i fi e r s  a n d  
o p e r a t o r s .


