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Ne l l  D.  Jones  1 '2  

D a v i d  A .  S c h m i d t  2 ' 3  

A b s t r a c t  

A m e t h o d o l o g y  , i s , desc r i bed  f o r  g e n e r a t i n g  p r o v a b l y  c o r r e c t  c o m p i l e r s  

f r o m  d e n o t a t i o n a l  d e f i n i t i o n s  of  p r o g r a m m i n 9  l anguages .  A n  a p p l i c a t i o n  is 

g i ven  to p r o d u c e  c o m p i l e r s  in to  S T M  code (an S T M  o r  s ta te  t r a n s i t i o n  ma-  

ch ine  is a f l o w - c h a r t - l i k e  p r o g r a m ,  l o w - l e v e l  enough to be t r a n s l a t e d  in to  

e f f i c i e n t  code  on c o n v e n t i o n a l  c o m p u t e r s ) .  F i r s t ,  a c o m p i l e r  (p: L A M C  -* S T M  

f r o m  a lambda c a l c u l u s  d i a l e c t  is de f i ned .  A n y  d e n o t a t i o n a l  d e f i n i t i o n  A 

of  l anguage  L de f i nes  a map ~ : L *  LAMC~ s o ~ ( p  c o m p i l e s  L in to  S T M  

code.  C o r r e c t n e s s  f o l l o w s  f r o m  the c o r r e c t n e s s  of(D. 

The a t 9 e b r a i c  f r a m e w o r k  of  M o r r i s ,  A D J ,  e tc .  is used.  The  se t  of 

S T M s  is g i v e n  an a l g e b r a i c  s t r u c t u r e  so any  ~0(D may be s p e c i f i e d  by 

g i v i n g  a d e r i v e d  o p e r a t o r  on STM f o r  each s y n t a x  r u l e  of L .  

Th i s  a p p r o a c h  y i e l d s  qu i te  r e d u n d a n t  o b j e c t  p r o g r a m s ~  so  the p a p e r  

ends by d e s c r i b i n g  two f l ow  a n a l y t i c  o p t i m i z a t i o n  methods ,  The f i r s t  a n a l y z e s  

an a l r e a d y - p r o d u c e d  STM to ob ta in  i n f o r m a t i o n  abou t  i ts  r u n t i m e  b e h a v i o u r  

w h i c h  is used to o p t i m i z e  the S T M .  The  second  a n a l y z e s  the g e n e r a t e d  c o m -  

p i l i n g  scheme to d e t e r m i n e  r u n t i m e  p r o p e r t i e s  of  ob j ec t  p r o g r a m s  in g e n e r a l  

wh i ch  a c o m p i l e r  can use to p r o d u c e  less r e d u n d a n t  S T M s .  

2,. 

3. 

U n i v e r s i t y  of K a n s a s ,  L a w r e n c e , K a n s a s ~  U S A  

U n i v e r s i t y  of  A a r h u s ,  A a r h u s  D e n m a r k  

Kansas  S t a t e  U n i v e r s i t y ~  M a n h a t t a n ,  K a n s a s ,  U S A  

Th i s  p u b l i c a t i o n  c o n t a i n s  m a t e r i a l  wh i ch  may be used in th is  
a u t h o r l s  f o r t h c o m i n g  d o c t o r a l  d i s s e r t a t i o n .  

S t e v e n  S .  M u c h n i c k  was a l s o  i n v o l v e d  in the e a r l i e r  s tages of 
th is  r e s e a r c h .  



71 

I N T R O D U C T I O N  

Recen t  a d v a n c e s  in the f o r m a l  d e f i n i t i o n  of  p r o g r a m m i n g  languages  

[STO77~  and the v e r i f i c a t i o n  of  t r a n s l a t o r s  c o n s t r u c t e d  to f o r m a l  s p e -  

c i f i c a t i o n s  ( [ M O R 7 3 ] ,  [ M I S 7 6 ] ,  [ A D J 7 9 ] )  have  m o t i v a t e d  a t t emp ts  to 

g e n e r a t e  p r o v a b l y  c o r r e c t  t r a n s l a t o r s  a u t o m a t i c a l l y  f r om  language  

s p e c i f i c a t i o n s  { [ G A N 7 9 ~ ,  [MOS79~ ,  [ R A S 7 9 ~ ) .  Th i s  p a p e r  d e s c r i b e s  

one s o l u t i o n  to th i s  p r o b l e m :  a method w h i c h ,  when  g i v e n  a l anguage  

d e f i n i t i o n  in the s t y l e  of  d e n o t a t i o n a t  seman t i c s  ( [ S T O 7 7 3 ,  [GOR79~) ,  

w i l l  p r o d u c e  a c o r r e c t  t r a n s l a t o r  in to  a s p e c i f i c  t a r g e t  l anguage .  

In p e r t  1, we e s t a b l i s h  the e x i s t e n c e  of  u n i v e r s a l  c o m p i l e r s  and c o m p i l e r  

g e n e r a t o r s .  F i r s t ,  some d e f i n i t i o n s  ape g i v e n  c o n c e r n i n g  t e r m i n o l o g y  

and the n a t u r e  of  c o m p i l a t i o n .  The  t a r g e t  l anguage  (a f l o w c h a r t - l i k e  

language  c a l l e d  S t a t e  T r a n s ; t i o n  M a c h i n e s ,  o r  S T M s )  is d e s c r i b e d ,  

f o l l o w e d  by d e s c r i p t i o n s  of  the c o m p i l i n g  and c o m p i l e r  g e n e r a t i o n  

methods .  Th i s  leads to the d e f i n i t i o n  of a c o m p i l i n g  scheme:  a f o r m a l i s m  

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

r e s p o n d i n g  o b j e c t  p r o g r a m .  N e x t ,  a s p e c i f i c  scheme is p r e s e n t e d  

w h i c h  t r a n s l a t e s  l a m b d a - e x p r e s s i o n s  in to  S T M  f o r m .  The e x i s t e n c e  of  

the l a t t e r  scheme a l l o w s  us to show that  f o r  e v e r y  d e n o t a t i o n a t  d e f i n i t i o n  

t h e r e  is a c o r r e s p o n d i n g  scheme  wh i ch  t r a n s l a t e s  s o u r c e  p r o g r a m s  in to  

STM code.  

S i n c e  the o b j e c t  p r o g r a m s  p r o d u c e d  by th is  method a r e  i ne f f i c ien t~  

p a r t  II b r i e f l y  d e s c r i b e s  o p t i m i z a t i o n  t e c h n i q u e s ,  T h e s e  use the concep ts  

o f  m ixed  c o m p u t a t i o n  ( o r  p a r t i a i  e v a l u a t i o n )  [ E R S 7 8 ]  and a b s t r a c t  

i n t e r p r e t a t i o n  (o r  f l ow  a n a l y s i s )  [ C O U 7 7 7 .  F i r s t ,  a method is g i v e n  to 

o p t i m i z e  a f i x e d  S T M ,  t r a n s f o r m i n g  i t  in to  an S T M  in wh ich  e v e r y  s ta te  

t r a n s i t i o n  p e r f o r m s  an  a c t i o n  w h o s e  e f fec ts  canno t  be p r e d i c t e d  at  c o m -  

p i l e  t ime.  Th i s  method can be a p p l i e d  to the ou tpu t  of  a u n i v e r s a l  c o m p i l e r .  

S e c o n d ,  methods  a r e  d e s c r i b e d  to p e r f o r m  a f l ow  a n a l y s i s  on an STM 

scheme,  d e t e r m i n i n g  a t  c o m p i l e r  g e n e r a t i o n  t ime  those  c o m p u t a t i o n s  

p e r f o r m a b l e  at  c o m p i l e  t ime (e. g . ,  symbo l  t ab le  o r  e n v i r o n m e n t  Iookups)  

and those  e x e c u t a b l e  at  r u n  t ime.  The  e f f ec t  is to s p l i t  the S T M  scheme 

in to  two p a r t s  - a c o m p i l e  t ime e x e c u t a b l e  p o r t i o n  and a p o r t i o n  g e n e r a t i n g  

r u n  t ime t r a n s i t i o n  r u l e s .  Th i s  makes p o s s i b l e  the a u t o m a t i c  g e n e r a t i o n  of  

c o m p i l e r s  w h i c h  p r o d u c e  m o r e  e f f i c i e n t  code .  
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P A R T  I E X I S T E N C E  OF C O M P I L E R  G E N E R A T O R S  

Compilers and Interpreters 

The compiler generation process to be described is concerned entirely 

with semantic issues. The parsing problem is well understood [AhU74]~ 

so we assume that  the sou rce  p r o g r a m  is p r e s e n t e d  in the fo rm of  a 

p a r s e  t r e e  7. The set P a r s e t r e e s  of al l  p a r s e  t r ees  fo r  a s p e c i f i c  p r o -  

gramming language £ w i l l  be s t r u c t u r e d  as an a b s t r a c t  syn tax  a l g e b r a  

(e .g .  [McC633)~ so each p r o d u c t i o n  is v i ewed  as a t r e e - c o n s t r u c t i o n  

o p e r a t o r .  Assuming  that each p r o g r a m  fl' denotes a func t ion  f rom a set of  

Inputs to a set of  Outputs~ a semant ics  maps each p r o g r a m  into i ts  denoted 

Input -Output  func t ion .  An i n t e r p r e t e r  r e a l i z e s  th is  func t ion  d i rec t l y~  

wh i l e  a c o m p i l e r  p r o d u c e s  an ob jec t  p r o g r a m  whose deno ta t ion  is the same 

as the deno ta t ion  of ft. 

semant ics :  P a r s e t r e e s  -~ ( inputs  4 Outputs)  

i n t e r p r e t e r ;  P a r s e t r e e s  X Inputs -~ Outputs  

compi ler."  P a r s e t r e e s  4 T a r g e t p r o g r a m s  

ta rge t  semant ics ;  T a r g e t p r o g r a m s  4 ( Inputs 4 Outputs)  

We w i l l  use an 

machine codes~ 

fo r  sho r t .  

ob jec t  language wh ich  is f i r s t - o r d e r  and c l o s e r  to 

namely  the set of  s ta te  t r a n s i t i o n  mach[nes~ o r  S T M s  

In a sense one cou ld  de f ine  a c o m p i l e r  f rom an i n t e r p r e t e r ;  

compiler( l" t)  =X  i E Inputs.  i n t e r p r e t e r ( ~ t , i )  

by f r e e z i n g  the f i r s t  a rgument  of the i n t e r p r e t e r .  Th i s  approach  r e q u i r e s  

the e n t i r e  language imp lementa t ion  mach ine ry  to be p r e s e n t  in the ob jec t  

p r o g r a m ,  inc lud ing  pa r t s  f o r  c o n s t r u c t i o n s  wh ich  may not be p r e s e n t  in 

the program11". Fu r the r~  the ob jec t  p r o g r a m  compi le r ( f t )  is not 
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s p e c i a l i z e d  to 17" - f o r  e x a m p l e  a i l  w h i l e  loops in # wou ld  be p r o c e s s e d  

by the same p a r t  of H i n t e r p r e t e r ~ ,  Th i s  c o n t r a s t s  s h a r p l y  w i t h  c o n v e n t i o n a l  

c o m p i l e d  code~ in w h i c h  d i s t i n c t  p a r t s  of  the p a r s e  t r e e  g i v e  r i s e  to 

d i s t i n c t  p a r t s  of  the o b j e c t  p r o g r a m .  The  c o m p i l e r s  w h i c h  we g e n e r a t e  w i l l  

g e n e r a t e  code w h i c h  is s p e c i a l i z e d  in t h i s  sense.  

O u r  g o a l s  n a t u r a l l y  lead to c o n s i d e r a t i o n  of  the Iangua9e d e f i n i t i o n  i t s e l f  

as a p a r a m e t e r ,  A d e n o t a t i o n a l  seman t i c s  of a l anguage  £ a s s o c i a t e s  w i t h  

each s y n t a c t i c  f o r m  A -~ A 1. .  , A  n and each r e l a t e d  s e m a n t i c  f u n c t i o n  C 

C : A - t r e e s  ~ deno ta t i ons~  a c o r r e s p o n d i n g  d e f i n i t i o n  c l ause  

A - e A I . . . A  n : C E A  ~ = o ° .  C[[ A I ~ . . .  C [  A n ~ . . .  

Th i s  d e f i n e s  C ~ t A ~  f o r  a t r e e  ffA of  s o r t  A in t e rms  of  the d e n o t a t i o n s  of 

i ts  s u b t r e e s ,  The  r i g h t  s i de  of  th is  e q u a t i o n  is an e x p r e s s i o n ~  u s u a l l y  in 

some e x t e n s i o n  of the l a m b d a - c a i c u l u s ,  We w i l l  use the t e rm  L A M C  to 

d e s c r i b e  a s u i t a b l e  e x t e n s i o n  of  the l a m b d a - c a l c u l u s .  

Now let  DDs be the se t  of  d e n o t a t i o n a l  d e f i n i t i o n s  of  p r o g r a m m i n g  languages  

in t e rms  of  L A M C ,  The  c o m p i l e r - i n t e r p r e t e r  d i s t i n c t i o n s  a b o v e  n a t u r a l l y  

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

u n i v e r s a l  i n t e r p r e t e r :  Ui  = DDs x P a r s e t r e e s  X inpu ts  -* Ou tpu ts  

u n i v e r s a l  c o m p i l e r  : U C = D D s x P a r s e t r e e s  --~ T a r g e t p r o g r a m s  

c o m p i l e r  g e n e r a t o r  : C G =  DDs -~ C o m p i l e r s  

c o m p i l e r  seman t i cs  : C o m p i l e r s  -* ( P a r s e t r e e s  4 T a r g e t p r o g r a m s )  

Note :  The  t e rm  n u n i v e r s a l n  r e f e r s  to the fac t  that  the d e n o t a t i o n a l  d e f i n i t i o n  

is n e a r l y  a r b i t r a r y ~  the on l y  r e s t r i c t i o n s  be ing  e x p r e s s i b i l i t y  in LAMC~ 

and that  inpu ts  and Outputs be f i r s t - o r d e r  o b j e c t s  ( th i s  r e s t r i c t i o n  comes 

f r o m  the f ac t  that  o u r  o b j e c t  p r o g r a m  language  of  S T M s  i n v o l v e s  on l y  

f i r s t - o r d e r  da ta  se ts ) .  

A d e n o t a t i o n a l  d e f i n i t i o n C ~  ~] may be v i e w e d  as a s i n g l e  l a m b d a - e x p r e s s i o n  

A wh i ch  deno tes  a f unc t i on ;  P a r s e t r e e s  -~ ( Inpu ts  -* Ou tpu t s ) ,  F o p  any  p a r s e  

t ree r r~  the l a m b d a - e x p r e s s i o n  A(~') (Z~ a p p l i e d  t o r t )  deno tes  the mean ing  of  ~ 
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th is  meaning may be app l i ed  compu ta t i ona l l y  to an input  i by f o r m i n g  

(A(~t))i and /3 - reduc ing  the e x p r e s s i o n  as f a r  as p o s s i b l e .  A c t u a l l y ,  

many of these r e d u c t i o n s  w i l l  be independent  of i. The semant ics  i m p l e -  

menta t ion  sys tem SIS  of [MOS75~ con ta ins  a set of r u l es  wh ich  ~ - r e d u c e  

A(~r) to no rma l  f o r m  in the absence of i .  The resu t t i n9  reduced  )L -exp ress ioJ  

may be c o n s i d e r e d  as an ob jec t  p r o g r a m  fop fr~ so S IS  may be r e g a r d e d  

as a u n i v e r s a l  c o m p i l e r .  

F r o m  a p r a c t i c a l  v iew  th is  app roach  has two d r a w b a c k s :  f i r s t ,  the ob jec t  

p r o g r a m s  ape in the h - c a l c u l u s  (a l though some r e s e a r c h e r s  f a v o r  h i g h e r -  

o r d e r  machine lan9uages,  e. 9. [BER76~ and [BAC78~ ) ;  and second,  the 

c o m p i l e r  may en te r  an i n f i n i t e  loop i f  the semant i cs  is bad ly  de f ined .  

Compil ing Scheme_s 

We p ropose  the f o l l o w i n g  so lu t i on  f o r  the above r e s t r i c t i o n s .  L e t  £1' £2 

be sou rce  and t a rge t  languages.  F o l l o w i n g  [MOR73 ]  and [ADJ79~ a 

c o m p i l e r  corn: £I 4 £2 may be d e s c r i b e d  by pu t t ing  a p p r o p r i a t e  a l g e b r a i c  

s t r u c t u r e s  on £I and £2. ( t y p i c a l l y  £1 becomes a f ree  " s y n t a x "  a l g e b r a )  so 

that  a c o m p i l e r  Hcom H becomes a homomorph ism.  A syn tax  a l g e b r a  £I 

is f i n i t e l y  generated~ so corn may be f i n i t e l y  spec i f i ed  by a comp i l i ng  

scheme wh ich  assoc ia tes  w i t h  each a b s t r a c t  syntax  p r o d u c t i o n  

p: A - *  A I . . .  A n a c o r r e s p o n d i n g  o p e r a t o r  ~ in the t a rge t  language a lgeb ra .  

F o r  g e n e r a l i t y  we want  to use the same t a r g e t  language f o r  many sou rce  

languages.  T h i s  is eas i l y  dome by r e p r e s e n t i n g  ~ as a d.er ived o p e r a t o r  , 

d e s c r i b e d  by an e x p r e s s i o n  i nvo l v i ng  the na tu ra l  o p e r a t o r s  of  £2" 

As an example~ any denotational definition Amay be viewed as a compiling 

scheme ~: £ -'~ LAMC. To do this we put an algebraic structure on LAMC 

wi th  so r t  " Iambda  e x p r e s s i o n  H and o p e r a t o r s  ~JapplyH~ Habs t rac t i on "  e tc .  

C l e a r l y  a semant ic  r u l e  C~A]]  = . . .  C~-AI~ . . .  C•An]] . . .  assoc ia tes  

w i t h  each syn tax  o p e r a t o r  ( i .  e. p r o d u c t i o n ) p :  A ~ A 1 . . .  A n of  £ ~ a 

c o r r e s p o n d i n g  LAMC d e r i v e d  o p e r a t o r  ~(a l ~ . . . ~ a  n ) =  . . .  a 1 . . .  a n . . . .  

G iven a p a r s e  t r e e  ft~ the L A M C  e x p r e s s i o n  ~(?r) may be computed by a 

s y n t a x - d i r e c t e d  t r a n s d u c t i o n  i n v o l v i n g  on ly  s y n t a c t i c  subs t i t u t i on .  
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Compi l  e r  G e n e r a t  !on 

G iven  a c o m p i l e r  93; L A M C  -* STM~ w h e r e  L A M C  and S T M  a r e  the s o u r c e  

and t a r g e t  a lgebras~  930 A de f i nes  a c o m p i l e r  f r o m  £ to S T M  - a p a r s e  

t r e e  'it is c o m p i l e d  by f i r s t  c o n s t r u c t i n g  the L A M C  e x p r e s s i o n  ~ f t  and 

then a p p l y i n g  93 to the  r e s u l t .  The  ac t i on  of  compu t i ng  93(~ft) c o n s t i t u t e s  

u n i v e r s a l  c o m p i l a t i o n .  F u r t h e r  2 the  f u n c t i o n  c9 w h i c h  t a k e s  a d e n o t a t i o n a t  

d e f i n i t i o n  ~ i n t o  c g ( ~ ) =  930 ~ is a n a t u r a l  c o m p i l e r  g e n e r a t o r ~  as the r e s u l t  

has f u n c t i o n a l i t y  £ - P a r s e t r e e s  -~ STM.  

F o r m a l l y ~  s i n c e ~ :  £ -~ L A M C  is a h o m o m o r p h i s m  in to  the d e r i v e d  t h e o r y  

of  LAMC~ and f13: L A M C  -~ S T M  is a l so  a h o m o m o r p h i c  map~ the S T M  a l 9 e b r a  

can be e x t e n d e d  to an £ - a l 9 e b r a ~  and 93 may a l so  be ex tended .  In t h i s  

f a s h i o n  930 A : £ .., S T M  becomes an £ - h o m o m o r p h i s m  and thus an £ - c o m p i l e r .  

P r a g m a t i c a l l y ~  a c o m p i l i n g  scheme w h i c h  maps £ - t e r m s  d i r e c t l y  i n to  

S T M - t e r m s  is c o n s t r u c t e d  by t r e a t i n g  b o t h ~  and 93 as s y n t a x  d i r e c t e d  

t r a n s d u c t i o n s .  G iven  p r o d u c t i o n  p: A - ~ A | . . . A  n of  £ and i ts  c o r r e s p o n d i n g  

d e r i v e d  o p e r a t o r  ~(a  I j . . .  ~ a n) e x p r e s s e d  in LAMC~ a p p l y  (D d i r e c t l y  to 

~ e x p a n d i n g  the L A M C - t e r m  in to an S T M - t e P m  w i t h  f r e e  v a r i a b l e s  

a I ~ . . .  ~ an. The  r e s u l t  is a d e r i v e d  o p e r a t o r  fop 93~ /k w h i c h  can be used 

f o r  a d i r e c t  t r a n s l a t i o n  f r o m  £ to  STM~ and w h i c h  is e a s i l y  r e a l i z e d  as a 

s y n t a x - d i r e c t e d  t r a n s d u c t  ion.  

S t a t e  T r a n s i t i o n  Mach ines  

We now de f i ne  the t a r g e t  l anguage  p r e v i o u s l y  men t i oned .  The  set  o f  S T M s  

p r o v i d e s  a use fu l  t a r g e t  l anguage  because  an S T M  at the  same t ime  is c l o s e  

to c o n v e n t i o n a l  f l o w  c h a r t s  and has a seman t i c s  c l o s e l y  r e l a t e d  to the 

k - c a l  cul us. 

An S T M  is a sys tem of  e q u a t i o n s  w h i c h  de f i nes  a f u n c t i o n  f r om  one f i r s t  

o r d e r  da ta  set  to  a n o t h e r .  (A  da ta  set  is f i r s t  o r d e r  i f  i t  can be d e f i n e d  

by a f i n i t e  set  o f  p o s s i b l y  r e c u r s i v e  set  e q u a t i o n s  i n v o l v i n g  p r e d e f i n e d  

base sets~ +~ and Xj e . g .  ATOM = N + T~ L I S T  = A T O M  + L I S T  X L I S T ) .  
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An  S T M  p o s s e s s e s  a f i n i t e  n u m b e r  o f  c o n t r o l  s t a t e s  s; w i t h  each  is 

a s s o c i a t e d  a l oca l  m e m o r y  s ta t  e x~ r a n g i n g  o v e r  some f i r s t  o r d e r  da ta  

se t .  E a c h  e q u a t i o n  d e f i n e s  a r u l e  fop  t r a n s i t i o n  f r o m  one s t a t e  to a n o t h e r  

(o r  to a f i na l  a n s w e r ) .  A n  S T M  has a s t r o n g  r e s e m b l a n c e  to  an au toma ton  

o r  a f l o w  char t~  one d i f f e r e n c e  f r o m  the  l a t t e r  be in9  tha t  the  m e m o r y  

s t a t e  is no t  91obal but  is  a t t a c h e d  to  each  c o n t r o l  s t a t e .  A n o t h e r  is  t ha t  

c o n t r o l  s t a t e  names can be t r e a t e d  as data~ a l l o w i n g  s i m u l a t i o n  o f  

Ucomputed 9o tos  u and f u n c t i o n  c a l l / r e t u r n  l i n k a g e s .  

l n t u i t i v e l y ~  a p p l i c a t i o n  of  an S T M  to a da ta  v a l u e  p r o c e e d s  by a s e r i e s  o f  

s t a te  t r a n s i t i o n s  s v  ~ s l y  t e sUv u - ~ . . . ~  w h e r e  each  t r a n s i t i o n  i n v o l v e s  

o n l y  a p p l i c a t i o n  o f  base  f u n c t i o n s  and t e s t i n g  o f  c o n d i t i o n s .  A n  S T M  is 

e a s i l y  t r a n s l a t e d  i n to  e f f i c i e n t  code  on c o n v e n t i o n a l  a r c h i t e c t u r e s ~  s i n c e  

a l l  memory~ da ta  b i n d i n g  and cont r 'o l  f l o w  a c t i v i t i e s  ape e x p l i c i t l y  s p e -  

c i f i e d  (see [ K I T S 0 ]  ). 

D e f i n i t i o n  An  S T M  ~ is a s e q u e n c e  o f  t r a n s i t i o n  r u l e s  s0x  = s e x 0 , . . .  

SnX = s e x  n w h e r e  x is a v a r i a b l e  name r s 0 ~ . . .  ~ s n ape d i s t i n c t  c o n t r o l  

s t a te  names (s o is  the  e n t r y  state)~ and each  s e x  i has one o f  the  f o r m s  

i )  e x  

i i )  t e x  

i i i )  e×-~ se×l~ s e x  u 

iv)  [ e x l ~ e x 2 ,  a pop t r a n s i t i o n .  

In t h i s  each  e x  is  an e x p r e s s i o n  b u i l t  f r o m  x and p r i m i t i v e  o p e r a t o r s  

such as u + u  u = u  < ° . . > ~  $i ( t u p l i n g  and s u b s c r i p t i n g ) .  

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

an e x p l i c i t  t r a n s i t i o n  to c o n t r o l  s t a t e  t ;  
(net  n e c e s s a r i l y  one of s 0 ~ . . .  ~Sn); 

a c o n d i t i o n a l  t r a n s i t i o n ; j  o r  

[ ]  

A s i d e  f r o m  the pop  t r a n s i t i o n s ~  an S T M  is m e r e l y  a f l o w  c h a r t  r e p r e s e n t e d  

in the  f o r m  o f  a s y s t e m  o f  e q u a t i o n s .  An  S T M  to compu te  n[ i t e r a t i v e l y  

m igh t  have  t r a n s i t i o n  r u l e s  

SoX = s l < x  ~ t > 

S lX  = (×~1 = x~2-~  1, s 1 < x ~ 1 - 1 ,  x ~ l  * x ~ 2 > )  
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T h e  s e c o n d  Pu le  can be s y n t a c t i c a l l y  s u g a r e d :  

s l < n  ~ a c c >  = (n=0 -~ a c c ,  s 2 < n - 1 ~  n .  a c c >  ) 

An  o p e r a t i o n a l  s e m a n t i c s  fop  an S T M  ~ is now d e s c r i b e d .  F o r  each  i n i t i a l  

da ta  o b j e c t  a~ t11 w i l l  have  a c o m p u t a t i o n  h i s t o r y  s0a  = t l a l ~  t2a2,  . . .  

w h e r e  the t . t s  and a , l s  a r e  c o n t r o l  s t a t e s  and m e m o r y  s t a t e s .  T h e  h i s t o r y  
I I 

is b u i l t  in t h i s  m a n n e r :  F o r  any  i ~ 1~ s u p p o s e  ~ has the  t r a n s i t i o n  Pule 

t.xt = sex. . i  T h e n  t i +  I a i+  I = n e x t ( s e x i ,  a i )  w h e r e  the  " n e x t  ~l f u n c t i o n  is  

d e f i n e d  as f o l l o w s .  

L e t  e v a l ( e x ,  a) be the  v a l u e  o f  e x p r e s s i o n  rlexl'~ g i v e n  tha t  v a r i a b l e  x is 

bound  to v a l u e  a, 

nex t ( sex~  a) = 

T h e n  

eve i  (ex ,  a) 

t e v a l ( e x ,  a) 

next(sex ~, a) 

i f  

i f  

i f  

nex t  ( s e x l i j  a) i f  

t <c~ d >  i f  

s e x  = ex  

s e x  = t ex  

s e x  = ex  -~ sex l~  s e x  I1 

and e v a l ( e x ,  a) = tr'u,e 

s e x  = e x  4 sex l~ s e x  11 
and eva l (ex~  a) = fa ! se  

s e x  = [ e x  1 ] ex2 ,  

e v a l ( e x l  j a) = <t~ c >  and 

eva l  (ex2~ a) = d 

C l o s u r e s  and po~. t r a n s i t i o n s  a r e  u s e d  to  n a t u r a l l y  model  ca l l  by  name,  

u p w a r d  F U N A R G s  e tc .  A c l o s u r e  is a t u p l e  <s~ v 1 ~ . . .  ~ Vm> w h o s e  f i r s t  

componen t  is  a c o n t r o l  s t a t e  name.  T y p i c a l l y  i t  is used  to r e p r e s e n t  a 

f u n c t i o n  X Xm+ 1 , . .  x n. e x  w i t h  f r e e  v a r i a b l e s ,  w h e r e  s is the e n t r y  s t a t e  

of  an S T M  to c o m p u t e  ~lexH, and V l , . . .  , v  n a r e  the v a l u e s  of the f r e e  

v a r i a b l e s  of  ex .  A pop t r a n s i t i o n  is an e x p r e s s i o n  [ c ]  eXm+ 1 . . , e ×  n in 

a t r a n s i t i o n  r u l e .  C o m p u t a t i o n a l l y  the e f f ec t  is t h i s :  s u p p o s e  the v a l u e  o f  

c is the c l o s u r e  c = < s , v t ~ . . . , V m >  and v i is the  v a l u e  of  e x  i (re+l<::_ i..%< n);  

then c o n t r o l  is t r a n s f e r r e d  to the s t a t e  

s < v l ~  • . . ~Vm~ V m +  1 , • . .  , v n >  

F i g u r e  1 i l l u s t r a t e s  the  ease  w i t h  w h i c h  th i s  m e c h a n i s m  a l l o w s  t r a n s l a t i o n  

of  a r e c u r s i v e  d e f i n i t i o n  in to  S T M  f o r m ,  v i a  c o n t i n u a t i o n  s e m a n t i c s .  
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S T M  R L L E S  

s 0 x  

l oop  ,&, c >  

e x i t  < x ,  c~ y >  

ha l t  y 

= l oop  <x~ < h a l t > >  

= (x = 0 ~ [ c ] 1 ~  l oop  <x-1F < e x i t  x c >>) 

= E c] g(x, y) 
= y 

C O M P U T A T I O N  F O R  x = 2 

So2 = l oop  

= Ioop  

= l oop  

= e x i t  

= h a l  t 

= 9 ( 2 ,  

F i g u r e  

<2, < h a l t > >  

<1F < e x i t ,  2, <halt>>> 

<0, < e x i t ,  1, < e x i t ,  2, <halt>>>> 

<1, <exi t~ < h a l t > > ~ 1 >  

g(2F g(IF 1 )) 
gO,  1 )) 

1~ S T M  fop  f ( x )  = i f x  = 0 then 1 e l s e  9 ( x , f ( x - 1 ) )  

S T M  C o m p i l i n  9 Scheme.s , 

T h e  t e c h n i q u e s  d e s c r i b e d  e a r l i e r  can be a p p l i e d  to S T M s  p r o v i d e d  we g i v e  

them a s u i t a b l e  a l g e b r a i c  s t r u c t u r e .  T h e r e  w i l l  be one c a r r i e r ~  n a m e l y  

the set  S T M  of  a l l  s t a t e  t r a n s i t i o n  m a c h i n e s  and one o p e r a t o r  f o r  each  

n = 0 , | , 2  F . . .  used  to  c o m b i n e  n S T M s  in to  a s i n g l e  S T M .  

To define the combination operator, identify certain control state names 
I 2 

s ,s ,... as !inka~e states. Given STMs I]11 ~''" ~ ~'~j~h we define 

combine ( ~ 1 '  " " " ' ~ n  ) = i~1 ~" " " ~ n '  
( c o n c a t e n a t e d  e q u a t i o n  s e q u e n c e )  

w h e r e  ~I i . . . ~ n  ! ape o b t a i n e d  as f o l l o w s :  

a) r e n a m e  s t a t e s  as n e c e s s a r y  so  no t w o  e q u a t i o n s  have  the  same 

l e f t - h a n d - s i d e  c o n t r o l  s t a te  

1 2 n 
b) i d e n t i f y  l i n k a g e  s t a t e s  s , s  , . . . , s  w i t h  the  e n t r y  s ta tes  

o f h  I , . . . ~ n ~  r e s p e c t i v e l y .  
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A comp i l i ng  scheme £ - ~ S T M  w i l l  assoc ia te  w i t h  each syn tax  o p e r a t o r  

A -~ A 1 , . . A  n of  £ a d e r i v e d  S T M  opera to r -  de f ined  by a t e rm  i n v o l v i n g  

UcombineU. F i g u r e  3 is an examp le  of  a comp i l i ng  scheme (0: S A L  -* STM 

f rom a s imp le  ass ignment  language S A L  in to  S T M  code (a con t i nua t i on  

semant i cs  f o r  the same language is g iven in F i g u r e  2 ) -  note i ts s i m i l a r i t y  

to the con t i nua t i on  seman t i cs .  F o r  example~ F i g u r e  3 s p e c i f i e s  that  

q~ strut I ; stmt2~] = 

combine ( {s o < p , ~ , c >  = s o (s tmt  1 ) < p , ( ~ , < s  1 , (~ ,c>> ,  

s 1 <:p~o-,c> = s o ( s tm t2 )<p~o '~c>  } , 

oFF stm h ] ,  [ stmt=3 

w h e r e  So(Stmt 1) and So(stmt 2} a r e  l i nkage  s ta tes ,  i d e n t i f i e d  w i t h  the 

entry states of  (p~stmt  I~ and ¢p[~stmt2~]. 

Note that  (p may be eas i l y  reaJ i zed  as a s y n t a x - d i r e c t e d  t r a n s d u c t i o n .  
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S Y N T A C T I C  D O M A I N S  

p r o 9  .e s t rut  

s tm t  ~ id := id i new id~ strut  I s tm t  i s t rut  

id -~ i d e n t i f i e r  

S E M A N T I C  F U N C T I O N S  

r u n  : P R O G  e N - ~  N ( i n p u t  and o u t p u t  in v a r i a b l e  X 

at  l o c a t i o n  0) 

exec : S T M T  -~ EN 'V  4 S 4 C  e N 

S E M A N T I C  D O M A I N S  

Ioc : L O C  = N ( l o c a t i o n )  

p : E N V  = N X ( ID -~ L O C )  (an e n v i r o n m e n t  is  a p a i r  

< m a x  loc  a l l o c a t e d ,  a l l o c a t i o n  f u n c t i o n > )  

c : C = S ~ N ( s t a t e m e n t  c o n t i n u a t i o n s )  

B A S E  D O M A I N S  A N D  F U N C T I O N S  ( u n d e f i n e d  h e r e )  

G : S ( s t o r e )  

i n i t s  : N -~ S ( i n i t i a l  s t o r e  - n in Ioc 0, 0 e l s e w h e r e )  

f e t c h  : S X L O C  -~ N ( l o a d  f r o m  s t o r e )  

u p d a t e  : S x L O C  X N ~ S ( s t o r e  i n t o  s t o r e )  

S E M A N T I C  E Q U A T I O N S  

2. 

3. 

4. 

p r o g  -~ s tmt  

r u n [ [ p r o g ~ n  = e x e c E s t m t ~ p  i n i t s ( n )  (Xcr. f e t ch (o ' ,O ) )  

w h e r e p  = < 0 , X  id.  id : X 4 0 , J -  > 

s t r u t " *  s t m t ] ;  s t rut  2 

e x e c ~ s t m t T j  p 0" c = e x e c ~ s t m t  1~ p C/(X 0". e x e c ~ s t m t 2 ~  p 0" c) 

s tm t  4 new  id ;  s t ru t  1 

e x e c E s t m t ~ D  c r c = e x e c [ [ s t m t 1 ~ / 0 '  0- c 

w h e r e  O I = < D i l + l , p ; 2  + [ i d l l e l 0 $ 1  + 1 ]>  

s t ru t  ~ id := id ~ 

e × e c E s t m t ~ p  Cr c = c ( u p d a t e ( 0 ' , ( p ~ 2 ) i d I , f e t c h ( 0 - , ( p $ 2 ) i d ) ) )  

F i g u r e  2. C o n t i n u a t i o n  S e m a n t i c s  o f  S i m p l e  A s s i g n m e n t  L a n g u a g e  
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p r o g  e s tm t  

1. S O n 

2. s 1 id  c 

3. s2 q 

= s0 (s tm t )  < 0 , < s l > >  Tni ts(n)  < s 2 >  

= ( id = X - e  [ c ] 0 ,  l ) { i n i t i a l  e n v i r o n m e n t }  

= fe tch (c r ,0 )  { f i n a l  a n s w e r  in loc  0} 

s tmt -~  s t m t l ~  strut2, 

4. S o P  Crc = 

5 S l p  c(~ = 

s 0 ( s t m t t ) O  0 < s 1 p c >  {do strut 1 } 

s 0 ( s t m t 2 ) o  0 c { then  do stm~;2} 

strut ~ new id~ s tmt  1 

6. s o p c r c  = 

?. s 1 D i d  c = 

strut -* id := id r 

So(Strut1) < p ;  1+! ,  < s l P > >  G c 

(id = id ' -+  [ c ]  p$1+1 ,  [ p ; 2 ]  id c) 

{ do s t m t l }  

{ new env  lookup  
func t i on }  

8. s o p o c  = 

9. s I /3 G c Ioc = 

t0 .  s 2 loc0-  c toc ~ = 

FO~2_~ id '  < s  1 p o ' c >  { f i n d  id l o c }  

[D~2] id < s 2  loc0"  c >  { f i n d  id '  I oc }  

[ c ]  upda te  (o', I o c ' , f e t c h ( o ' ,  loc) )  { d o  a s s i g n m e n t  

F i g u r e  3, C o m p i l i n g  S c h e m e  f o r  S i m p l e  A s s i g n m e n t  L a n g u a g e  

No te :  T u p l e  b r a c k e t s  on s ta te  a r g u m e n t s  have  been omi t ted~ e . g .  

the f u n c t i o n a l i t y  of  s o in l i ne  4 is s0: P - a v  X S X C ~ N. For '  conven ience~  

in i ts~ fetch~ and upda te  a r e  t aken  as p r i m i t i v e  o p e r a t o r s  upon the m e m o r y  

s ta te  or. 
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A = prog 

t 
B = s t r u t  

I 

n e,w Y;  Y := X 

1. s0(A) n = s 0 ( B ) < 0 ~ < s  I(A)>> in i ts(n)  < s2(A)> 

2. s l ( A )  id c = (id = X  -~ [c] 0 , - L )  

3. sg(A) G = fetch(G, 0) 

4. s0 (B )p  ~ c = s 0 ( c ) < 0 5 1 + 1 ~  < S l ( B ) p > o -  c 

5. S l (B)  p id c = i d =  Y - ~ p $ 1 + l ,  [ p$2 ]  id c 

6. s0 (C)p  ~ c = [p.~2~ X < s l ( C ) 0  ~ c> 

7. S l ( C ) o  0 c Ioc= [p~,2] Y <s2(C)  Ioc0" c> 

8. s2(C) loc cr c toc' = 

[c~ update(G, I oc I, fetch(G, I oc)) 

F i g u r e  4. Example  of a Compi led  P r o g r a m  

A Comp! l in9 Scheme f rom LAMC to STM. 

F i g u r e  6 conta ins a scheme fo r  t r a n s l a t i o n  of  LAMC terms to STM programs.  

The scheme was deve loped by app ly ing  methods in [ R E Y ? 2 ]  to f i g u r e  5 

and pe r f o rm ing  ad-hoc op t im iza t ion .  The convent ions and techniques used 

w i th  f i gu re  ;3 can a lso  be app l ied  here  to g ive  a comp i le r .  
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S Y N T A C T I C  D O M A I N S  

p r o g  ~ e× 

ex  ~ con  I var I 0× I 

S E M A N T I C  D O M A I N S  

C = V A L 4 A  

T H U N K  = C ~ A 

VAL = CON + [THUNK -~ THUNK] 

ENV = VAR -~ THUNK 

ex2  i / t - v a r ' e x  1 I base  function ! fi_.~x.X, v a r .  ex  1 I * ' "  

c o n t i n u a t i o n s  

mean ings  of c a l l - b y  name o p e r a n d s  

S E M A N T I C  F U N C T I O N S  

r u n  : C O N  ~ C O N  

ev : E X P  -~ E N V  -~ T H U N K  

S E M A N T  IC E Q U A T I O N S  

run  ~ p r o g ~  v = 

ev~con} p C = 

ev~var] p c = 

e v ~ e × l e x 2 ~  p C = 

evEXx, exi~ p c = 

ev~ bese f~  p c = 

ev~ppog~( )L  XC. /L)(X f,  f(~, C. CV)(~.vl .  v ' ) )  

c( valueE con]] ) 
p ~'Jar~ c 
e v E e x l ~  ] p (X  f . f ( e v ~ e × 2 ~ P ) C )  

c(X t, e v ~ [ e × l ~ (  p + [ × ~  t~)) 
c(X t c  f. t(~. v.  v E CON -e c l (base fcn (v ) )~  e r r o r ) )  

e v l [ e x  1 -* ex2 ,  e x 3 ]  ] p  c = ev E e x  1"~p (Xb. b E CON -* 

(b ~ e v [ [ e x 2 ~ P  c,  e v ~ e x 3 ]  ] p  c) ,  

e r r o r )  

e v E f i x  X f.  ex ] ]  p c = ev  E ex] ]  p' c 

w h e r e / 0  ! -- ~. x c. (x = f "~ e v [ e x l ] ]  p l  c, p ~ x ] ]  c) 

F i ~ u r ' e  5. Con tTnua t i on  S e m a n t i c s  o f  L A M C  
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p r o  9 -~ ex 

s o v 

s I c 

ex  4 con  

s o ~p~ c >  

= So(eX) < < > ~  <<oE , <s1>> , f i n i s h > >  

= [ c ~  1] < v ,  c ~ 2 >  

= [C$ 1] < v a l u e ~ c o n ~  c$2>  

ex-~ x 

So,CP,c> = ( x = p ~ 1 ) - ~  [pJ, 2] c, sO<P¢3, c> 

ex -~ (ex lex2)  

So < p , c >  

ex 4 Xx  . ex I 

s o < p ~  C >  

= So (eX l )<p ,  ,C<op, <So(eX2) ,p>> , c > >  

= ( cJ , ]~ l  = op) -~  S o ( e X l ) < < x  , cJ, 1~2 , p > ,  c~,2>, 

e r r  

ex  4 base f  e× 1 

So<P,C> 

s 1 ~:i~ c >  

= So(eX 1) <j0~ < < s l > ,  c > >  

: [cJ, 17 < b a s e f c n ( i ) ,  c $ 2 >  

ex  -',, e x .  I 4 ex2~ ex  3 

S o < P , C >  = S o ( e X l ) < p ,  < ~ s l ~ P >  , c > >  

s 1 ,Cp, i , o > =  i - ' So(eX2) < p , c > ,  SO(ex 3) ~ p , c >  

ex-~  f i x~ .  x , e ×  1 

s 0 < p , c >  = s 0 ( e x l ) < < x , < s 0 , , p >  , p > ,  c >  

F i g u r e  6. L A M C  to S T M  C o m p i l i n g  S c h e m e  
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C o n s t r u c t i o n  and C o r r e c t n e s s  of  S T M - S c h e m e s  

E a r l i e r  w e  c o n s t r u c t e d  a c o m p i t e r  by  c o m p o s i n g  t w o  s y n t a x  d i r e c t e d  

t r a n s l a t i o n  s c h e m e s :  one ,  the d e n o t a t i o n a l  d e f i n i t i o n  &: L 4 L A M C ~  

the o t h e r  s a m a p ( 0 :  L A M C  -~ S T M .  N o w  w e  s h o w  tha t  the  c o n s t r u c t i o n  

m e t h o d  is  u n i v e r s a l  s and  c o m p u t a t i o n s  u s i n g  the  t r a n s l a t e d  p r o g r a m s  

a r e  c o r r e c t .  T h e  k e y  s tep  in  s h o w i n g  c o r r e c t n e s s  is  in  d e s c r i b i n g  a 

c l o s e  c o r r e s p o n d e n c e  b e t w e e n  c o m p u t a t i o n  in  S T M s  v e r s u s  l e f t m o s t  

/ ~ - r e d u c t i o n  in L A M C .  Now~ g i v e n  a ~  such  as  the  one  in  f i g u r e  6~ i f  

i t  can  be s h o w n  tha t  c o m p u t a t i o n  by  a t r a n s l a t e d  L A M C  e x p r e s s i o n  f a i t h f u l l y  

s i m u l a t e s  ~ - r e d u c t i o n  ~ then  £3 can  be c o n s i d e r e d  I l c o r r e c t l l .  T h i s  t h e o r e m  

is p r o v e d  in  [ S c h 8 0 ~  f o r  one  such  (0:~ i t  is  s h o w n  t h e r e  t ha t  the  S T M  c o m -  

p u t a t i o n  s i m u l a t e s  t e f t m o s t / 3 - r e d u c t i o n  u p o n  head  r e d e x e s  [ C U F 5 8 ~ .  

T h i s  a l l o w s  us to  s t a t e :  

T h e o r e m  : F o r  each  l a n g u a g e  £ w h o s e  s e m a n t i c s  is d e s c r i b e d  by  a d e n o t a -  

t i o n a l  d e f i n i t i o n C ~  t h e r e  e x i s t s  a c o m p i l i n g  s c h e m e  f r o m  £ i n t o  S T M  code  

w h i c h  p r o d u c e s  p r o g r a m s  c o r r e c t  w i t h  r e s p e c t  to  C. 

P r o o f  B y  the above~  (A 0 (p)fl' is  an  S T M  e q u i v a l e n t  to fr~ f o r  a n y  p r o -  

g r a m  £ in ff. F u r t h e r  s ~ 0  ~pmay be d e s c r i b e d  as a c o m p i l i n  9 s c h e m e  as 

f o l l o w s :  F o r  a n y  p r o d u c t i o n A  4 A 1 . . . A  n and s e m a n t i c  r u l e  

C[~A~ = , . .  C ~ A 1 ~  . . .  C ~ A n -  ~ . , . ,  a p p l y  the L A M C - S T M  c o m p i l i n g  

s c h e m e  t o . . .  C [ ~ A I ~  . . .  C ~ A n ~  , . . ,  and r e p l a c e  e a c h C [ ~ A i ~  in  the r e -  

s u l t  by  s 0 ( A i ) .  T h i s  d e r i v e d  o p e r a t o r  on S T M  a s s o c i a t e s  w i t h  each  p r o -  

d u c t i o n  and s e m a n t i c  r u l e  a f i n i t e  s e t  o f  S T M  t r a n s i t i o n  r u l e s ~  and so  

d e f i n e s  the r e q u i r e d  c o m p i l i n g  s c h e m e .  

R e m a r k  T h i s  c o n s t r u c t i o n  a s s o c i a t e s  w i t h  each  p r o d u c t i o n  a d e r i v e d  

o p e r a t o r  on the S T M  a l g e b r a ~  s p e c i f i e d  as  a t e r m  i n v o l v i n g  ~ lcombine ' , .  

T h e s e  t e r m s  m a y  be ' r f la t tenedf~  u s i n g  p r o p e r t i e s  o f  I~combineH to y i e l d  

a s p e c i f i c a t i o n  in  the  s t y l e  o f  e x a m p l e  3 o r  6.  F o r  e x a m p l e  i f  C O and  C t 

a r e  c o n s t a n t  S T M s  then  

c o m b i n e ( C 0 ~  c o m b i n e ( C 1  ~X) )  = c o m b i n e ( C 0 ~  C1 ' ~ x )  

w h e r e  C0~ and C1~ a r e  o b t a i n e d  f r o m  C O and C 1 by  r e n a m i n g  c o n t r o l  s t a t e s .  
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T h i s  e s t a b l i s h e s  the e x i s t e n c e  of  c o m p i l e r  g e n e r a t o r s  f r o m  ( n e a r l y )  

a r b i t r a r y  d e n o t a t i o n a l  d e f i n i t i o n s  in to  S T M  code.  C l e a r l y  the same ideas  

cou ld  be used to t r a n s l a t e  ;n to  o t h e r  o b j e c t  languages~ o r  f u r t h e r  t r a n s -  

l a t i on  cou ld  be a p p l i e d  to the S T M  ob jec t  p r o g r a m s  (one such e x a m p l e  

is found in [ K I T 8 0 7 ) .  

A l t h o u g h  the f undamen ta l  task  has been ach ieved~ a number  o f  p r a g m a t i c  

issues need r e s o l u t i o n .  F o r e m o s t  is the i m p r o v e m e n t  of the S T M s  p r o d u c e d  

for- p r o g r a m s  in ~ .  T h e s e  tend to c o n t a i n  many c o m p i l e - t i m e  e v a t u a b l e  

ope ra t i ons~  such as symbo l  tab le  Iookups d e r i v e d  f r o m  £~s seman t i c s  and 

t r i v i a l  i n t e r f a c e  t r a n s i t i o n s  used to j o i n  t o g e t h e r  S T M s  c o r r e s p o n d i n g  to 

s u b t r e e s  of  a s o u r c e  p r o g r a m  (both may be seen in f i g u r e  3). P a r t  11 

d e s c r i b e s  the use of f l o w  a n a l y s i s  and m ixed  c o m p u t a t i o n  to p r o d u c e  m o r e  

economica  I S T M s ,  
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P A R T  I1 O P T I M I Z A T I O N  O F  T H E  O B J E C T  C O D E  ( O v e r v i e w }  

A s s u m e  we  ape  g i v e n  a s t a t e  t r a n s i t i o n  m a c h i n e  M w h i c h  c o m p u t e s  a 

f u n c t i o n  f :  IN--~ O U T .  F o r  a g i v e n  c o n t r o l  s t a t e  s d e f i n e  i t s  a r g u m e n t  

to be  d y n a m ! c  ( o r  r u n t i m e )  i f  i t  d e p e n d s  f u n c t i o n a l l y  on 

the i n p u t  to  M~ and s t a t i c  o t h e r w i s e ,  T h i s  n o t i o n  is a l s o  g e n e r a l i z e d  

to p a r t s  o f  a d a t a  i t em s e , 9 .  a c o m p o n e n t  o f  a t u p l e .  A t r a n s i t i o n  r u l e  

is  s a i d  to  be  d y n a m i c  i f  i t  c a n n o t  be  c a r r i e d  ou t  w i t h o u t  k n o w l e d g e  o f  the 

i n p u t  v a l u e  7 i . e .  7 i f  a d y n a m i c  o b j e c t  is i n v o l v e d  in an  e s s e n t i a l  w a y  s 

s u c h  as  in  a test~ as  o p e r a n d  o f  a b a s e  f u n c t i o n  s o r  as  o p e r a n d  o f  a pop 

t r a n s i t i o n .  

N o t e  tha t  in  the e x a m p l e  o f  f i g u r e  3 t r a n s i t i o n  r u l e s  17 3 7 8 and 10 

a r e  d y n a m i c ,  R u l e s  4 s 6 s and  9 a r e  used  to p a s s  c o n t r o l  to o t h e r  r u l e s  

a s s o c i a t e d  w i t h  o t h e r  n o d e s  o f  the  i npu t  p a r s e  t r e e ;  t h e s e  r u l e s  a r e  s t a t i c .  

O t h e r  e x a m p l e s  o f  s t a t i c  c o m p u t a t i o n s  a p e  the a c c e s s  and  u p d a t e  o f  e n v i r o n ,  

men ts  ( s y m b o l  tab les )~  e , g .  r u l e s  2 7 6 7 and  7. 

O p t i m i z a t i o n  a f t e r  S T  M C r e a t i o n  

A g e n e r a l  a n a l y s i s  and  o p t i m i z a t i o n  o f  an  a r b i t r a r y  S T M  M can be a c h i e v e d  

in the  f o l l o w i n g  s t a g e s  

i) a n a l y z e  M to  d e t e r m i n e  w h i c h  s t a t e  a r g u m e n t s  o r  p a r t s  t h e r e o f  

ape  s t a t i c  and  w h i c h  a r e  d y n a m i c .  C o m p u t e  the v a l u e s  o f  the 

s t a t i c  a rguments ;~  

i i )  m a r k  t h o s e  t r a n s i t i o n  r u l e s  w h i c h  a r e  s t a t i c ;  

i i i )  c o m b i n e  e a c h  s t a t i c  t r a n s i t i o n  r u l e  w i t h  i t s  s u c c e s s o r  

( w h i c h  is  u n i q u e  s i n c e  the  t r a n s i t i o n  is s t a t i c ) .  T h i s  is  

k n o w n  a s  c h a i n  c o l l a p s i n g .  

iv)  r e m o v e  t h o s e  s t a t i c  a r g u m e n t s  w h o s e  v a l u e s  w e r e  c o m p u t e d  in 

i) a s  t h e y  no l o n g e r  a f f e c t  the  c o m p u t a t i o n ,  T h i s  is  k n o w n  a s  

a P~,ument s i m p l  i f i c a t i o n ,  
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These  s teps c r e a t e  an S T M  in wh i ch  each t r a n s i t i o n  and da ta  i tem depends  

upon the input  a r g u m e n t s .  The o p t i m i z a t i o n  r e s e m b l e s  E rshov~s  mixed 

c o m p u t a t i o n  [ E R S ? 8 ~  in tha t ,  to c o m p i l e ,  one e x e c u t e s  the p r o g r a m  as 

c o m p l e t e l y  as p o s s i b l e  in the absence  of input  data~ and ou tpu ts  as the 

ob jec t  p r o g r a m  those r e s i d u a l  p r o g r a m  p a r t s  not  e x e c u t a b l e  at  c o m p i l e  

t ime,  

A s t r a i g h t f o r w a r d  s y m b o l i c  e x e c u t i o n  is no t  adequa te ,  due to s ta tes  wh i ch  

may be r e p e a t e d l y  e n t e r e d  d u r i n g  e x e c u t i o n .  The s o l u t i o n  is to do a f l ow  

a n a l y s i s ,  o r  a b s t r a c t  i n t e r p r e t a t i o n  in the sense  o f C o u s o t  FCOUT?~ 

( c e r t a i n  e x t e n s i o n s  a r e  needed to hand le  pop t r a n s i t i o n s ) .  B r i e f l y ,  the 

idea is as f o l l o w s .  

A b s t r a c t  i n t e r p r e t a t i o n  is done by a s s o c i a t i n g  w i t h  each c o n t r o l  s ta te  s 

an a r g u m e n t  d e s c r i p t i o n ~ ( s ) .  The v a l u e s  o f~ . (s )  a r e  e l e m e n t s  of  a d e s c r i p t i o n  

l a t t i c e  a p p r o p r i a t e  to the a r g u m e n t  doma in  of  s. I n i t i a l l y ,  each ~(s)  equa ls  

.L ( i n d i c a t i n g  that  no th ing  is known  abou t  the a r g u m e n t  of  s) e x c e p t  that  the 

e n t r y  s ta te  s |  is d e s c r i b e d  by ~(s 1) = idep ( i n d i c a t i n g  that  i ts a r g u m e n t  is 

input  dependen t ) .  The p r o g r a m  is now a b s t r a c t l y  execu ted  in p a r a l l e l ,  

upda t ing  each s t a t e  d e s c r i p t o r  ~(s)  as soon as new i n f o r m a t i o n  is o b t a i n e d  

about  the a r g u m e n t  o f  s. 

Thus  an a tom ic  a r g u m e n t  may have  one of  4 d e s c r i p t i o n s :  .L (no in fo rmat ion ) ; ,  

a s p e c i f i c  v a t u e ,  e . g .  17; ~., i n d i c a t i n g  that  the v a l u e  is not  input  d e p e n -  

den t  but is not  known  at  c o m p i l e  t ime;  and idep ~ input  dependen t .  

We no te  that  the p r i n c i p a l  doma in  t ypes  of STM s ta tes  a r e  p r i m i t i v e  d o m a i n s  

and doma in  p r o d u c t s .  These  and a t h i r d  type ,  the set  of  c l o s u r e s ,  ape 

ass i gned  d e s c r i p t o r s .  N o t i n g  tha t  the se t  o f  c l o s u r e s  is a se t  of  tup ted 

o b j e c t s ,  one of  whose  members  is a c o n t r o l  s ta te  name, the d e s c r i p t i o n  

l a t t i ces  ape as f o l l o w s .  
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A r g u m e n t  t ype  T 

P r i m i t i v e  d o m a i n  N 

P r o d u c t  d o m a i n D 1 x . . . x D  n 

C l o s u r e  d o m a i n  D t X. . . x D  n 

w h e r e  D 1 is a d o m a i n  

o f  c o n t r o l  s t a t e  n a m e s  

Description Lattice -~ 

NU {ide.p..} where ~×E N, x~idep 
A /~. 
D I x . • • xD n 

2, D I  ~ a p o w e r s e t  l a t t i c e  

In the  f i r s t  c a s e  the l a t t i c e  is  o f  the  f o r m  

idep 

I 

v 1 v2, • .  -,q/) 
J. 

T h e  s p e c i a l  t r e a t m e n t  g i v e n  to c l o s u r e  d o m a i n s  s t e m s  f r o m  t h e i r  e l e m e n t s  ~ 

use  in  pop  t r a n s i t i o n s  - i t  is a c o n t r o l  d o m a i n .  H e n c e  a n a l y s i s  o f  c l o s u r e  

o b j e c t s  a n a l y z e s  c o n t r o l ~  v i z .  the se t  o f  p o s s i b l e  s u c c e s s o r  s t a t e s  o f  a 

g i v e n  p r o g r a m  s t a t e .  T h e  a b s t r a c t  i n t e r p r e t a t i o n  n e e d s  to d e t e r m i n e  a se t  

o f  p o s s i b l e  s u c c e s s o r s ~  and  s o  the  p o w e r s e t  l a t t i c e  f o r m  is  r e q u i r e d .  T o  

m a i n t a i n  the f i n i t e  c h a i n  p r o p e r t y  we  o n l y  r e c o r d  the  s t a t e ;  the o t h e r  

c o m p o n e n t s  may  be r e c o v e r e d  f r o m  the a r g u m e n t  d e s c r i p t i o n  a t  the p l a c e  

w h e r e  the  c l o s u r e  w a s  c r e a t e d .  

T h e  S T M  i s  v i e w e d  as  d e f i n i n g  a c o n t i n u o u s  f u c n t i o n  G: A D  -* A D ,  w h e r e  

AJ::) is the  d o m a i n  o f  f u n c t i o n s  ~. s . ~ ( s ) .  T h e  m i n i m a l  f i x p o i n t  fi_~xG is  the  

d e s i r e d  a n a l y s i s .  F i g u r e  7 c o n t a i n s  the  r e s u l t  o f  a b s t r a c t  i n t e r p r e t a t i o n  on 

the p r o g r a m  o f  f i g u r e  4. 

G i v e n  t h i s  i n f o r m a t i o n  9 c h a i n  c o l l a p s i n g  and a r g u m e n t  s i m p l i f i c a t i o n  a r e  

s t r a i g h t f o r w a r d .  D r a w b a c k s  to t h i s  m e t h o d  a p e :  
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I ,  A b s t r a c t  i n t e r p r e t a t i o n  is e x p e n s i v e  in 

t ime  : G mus t  be i t e r a t e d  u n t i l  e a c h e z s  has  c o n v e r g e d .  

s p a c e  : R e t e n t i o n  of  the m e m o r y  s t a t e  d e s c r i p t i o n s  is n e c e s s a r y ,  

2, P r o p e r t i e s  i n v a r i a n t  w i t h  r e s p e c t  to the l a n g u a g e  d e f i n i t i o n  a r e  

r e d i s c o v e r e d  each  t ime  a p r o g r a m  is  c o m p i l e d ,  

3, T h e  a l g o r i t h m  is a p o s t  p r o c e s s o r  r a t h e r  t han  a c o m p i l e r  

generator. 

s 0 ( A )  = idep  

~ s t (A )  = < x ,  { s l ( c ) } >  

s 2 ( A )  = idep  

s0(B) 
s I (B )  

so(C) = 
s 1(C) = 
s2(C) = 

= < <o ,  s l ( A ) }  >,id._~__e.,{ s2(A) t  > 

= < < 0 ,  s l ( A ) t > ,  ? ,  { S l (C)  , s2 (C) }>  

< < 1, S l ( B ) } > , i d e p , , { s 2 ( A ) t >  

< < l ,  s l ( B ) t > , i d e p , { s 2 ( A ) } ,  0 >  

< 0 ,  T,{ s 2 ( A ) }  , 1 > 

F i g u r e ,  7. R e s u l t  o f  A b s t r a c t  I n t e r p r e t a t i o n  o f  F i g u r e  4. 

S c h e m e  A n a l y s i s  and C o m P i l e r  G e n e r a t i o n  

C u r r e n t  r e s e a r c h  c e n t e r s  on  the  d e v e l o p m e n t  o f  m e t h o d s  s u i t e d  f o r  f l o w  

a n a l y s i s  o f  the  c o m p i l i n g  s c h e m e s  t h e m s e l v e s ,  A p p l i c a t i o n  of  such  a l g o r i t h m s  

to  the s c h e m e s  w o u l d  d e t e r m i n e  w h i c h  e l e m e n t s  o f  the d e f i n i t i o n  a r e  s t a t i c  

r e g a r d l e s s  o f  the i npu t  p r o g r a m  b e i n g  c o m p i l e d ~  and h e n c e  can  be 

e v a l u a t e d  a t  c o m p i l e  t ime ,  F o r  examp le~  c o n s i d e r  the l a n g u a g e  r u l e  

I l s tmt  -e ne w id ;  s t m t l H  f r o m  the  s c h e m e  o f  f i g u r e  3, T h e  a s s o c i a t e d  S T M  

r u l e s  h a v e  t w o  g e n e r i c  s t a t e s  - an  e n t r y  s t a t e  s 0 ( s t m t )  p 0" c~ and an  

e n v i r o n m e n t  a p p l i c a t i o n  s t a t e  s | ( s t r u t ) p  id c.  A n a l y s i s  o f  the  l a n g u a g e  

s c h e m e  w o u l d  r e v e a l  tha t  p and c a r e  s t a t i c  in s 0 ( s t m t )  ~ b u t 0 '  is  d y n a m i c .  

F o r  S l ( s t m t )  ~ a l l  o f p ~  id~ and c a r e  found  to  be s t a t i c  in b e h a v i o r  but  

r e c e i v e  m u l t i p l e  v a l u e s  d u r i n g  c o m p i l a t i o n  ( i . e .  ~ t h e i r  f l o w  a n a l y t i c  v a l u e s  
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map to 1?~). The c o n c l u s i o n  is that  both  t r a n s i t i o n  r u l e s  a r e  s t a t i c  (no 

c o m p u t a t i o n  w i t h  d y n a m i c  a r g u m e n t s  o c c u r s ) .  S i n c e  s0(s tmt )  has a un ique  

successo r~  i t  can  be c o l l a p s e d  w i t h  i ts  s u c c e s s o r  r u l e .  S l (S tmt  ) has many 

p r e d e c e s s o r s ~  but on l y  a s i n g l e  s u c c e s s o r  f o r  each .  Thus  i t  may be 

e l i m i n a t e d  in f a v o r  o f  a c o m p i l e  t ime c o m p u t a t i o n  w h i c h  p e r f o r m s  the 

r u l e l s  t r a n s i t i o n  each t ime i t  is e n c o u n t e r e d .  

Such  an a n a l y s i s  cou ld  be used to d e t e r m i n e  in a d v a n c e  wh i ch  p a r t s  of  the 

scheme must  a p p e a r  in the o b j e c t  p r o g r a m  and w h i c h  p a r t s  may be e v a l u a t e d  

at  c o m p i l e  t ime,  A n a l y s i s  o f  f i g u r e  3 r e v e a l s  that  a l l  e n v i r o n m e n t  and 

l o c a t i o n  c o m p u t a t i o n s  a r e  p e r f o r m a b l e  at  c o m p i l e  t ime  and that  on l y  rubes 

1, 3, and 10 need a p p e a r  in ob j ec t  p r o g r a m s ,  

F u r t h e r ,  such a n a l y s i s  cou ld  r e v e a l  those  s ta te  a r g u m e n t s  w h i c h  can 

r e c e i v e  o n l y  one v a l u e  d e s c r i p t i o n  d u r i n g  a b s t r a c t  i n t e r p r e t a t i o n .  Us ing  

th is  i n f o r m a t i o n  and that  a b o v e ,  a m o r e  e f f i c i e n t  c o m p i l i n g  a l g o r i t h m  may be 

v i s u a l i z e d  w h i c h  does  not  e × p l i c i t l y  bu i l d  the fu l l  S T M ,  a b s t r a c t l y  i n t e r p r e t  

i t ,  and then r e d u c e  i t  as d e s c r i b e d  a b o v e .  I ns tead ,  the a l g o r } t h m  a c c o m -  

p l i s h e s  a l l  these e f fec t s  s i m u l t a n e o u s l y  by t r a v e r s i n g  the p a r s e  t r e e  in a 

way  c o r r e s p o n d i o g  to the p o s s i b l e  f l o w  of c o n t r o l  in the S T M ,  k e e p i n g  in 

m e m o r y  o n l y  those  d e s c r i p t i o n s  of  S T M  s ta tes  w h i c h  a r e  needed to do the 

a b s t r a c t  i n t e r p r e t a t i o n .  D u r i n g  the t r a v e r s a l ,  c o m p i l e  t ime v a l u e s  a r e  

compu ted  ( e . g .  p ,  loc ) .  W h e n e v e r  a r u n t i m e  t r a n s i t i o n  r u l e  is e n c o u n t e r e d ,  

the n e c e s s a r y  c o m p i l e  t ime  p a r a m e t e r s  a r e  i n s e r t e d  ( e . g ,  Ioc ]n r u l e  10) 

and the r e s i d u a l  r u l e  is added to the ob j ec t  p r o g r a m .  

Th i s  method w o u l d  a p p e a r  to have  both  t ime and space  a d v a n t a g e s  o v e r  

the p r e c e d i n g  one.  



92 

References 

[ADJ79] Thatcher ,  J.W.~ Wagner~ E . G . ,  and Wright ,  J .B .  

More Adv ice  on S t ruc tu r i ng  Compi lers  and Prov ing  Them 

Cor rec t ,  6th Col loquium, Automata, Languages~ and 

Programming,  GPaZ, Aus t r i a ,  1979, Sp r i nge r  Lec tu re  

Notes in Computer Science 71. 

[AhU72] Aho, A . V . ,  and UIIman~ J .D.  The Theory  of Pars ing ,  Translat ion~ 

and Compi l ing,  P ren t i ce -Ha l l ,  Englewood C l i f f s ,  N .J .  19'72,. 

[BAC78]  Backus, J. Can Programming Be L iberated from the yon Neumann 

Sty le?  Comm. ACM 21-8, t978~ 613-641. 

[BER76]  Berk l ing ,  K . J .  Reduct ion Languages for  Reduct ion Machines, 

Rpt. ISF-76-8 ,  Gesel lschaf t  fu r  Mathematik und 

Datenverarbe i tun  9 MbH, Bonn, 1976. 

[cou77] Cousot,  P . ,  and Cousot, R. Abs t rac t  In terpre ta t ion:  A Uni f ied 

La t t i ce  Model for  S ta t ic  Ana lys is  of Pr"ogrems by Con-  

S t ruc t ion  or Approximat. ion of F ixpo in ts ,  4th ACM 

Symposium onPPinciples of Programming Languages 

Los Angeles,  19'77, 234-252. 

[ERS78]  Ershov,  A . P .  On the Essence of Compi lat ion,  in Formal  

Descr ip t ion  of Programming Language Concepts, 

E .J .  Neuhold~ ed.~ Nor th -Ho l land ,  Amsterdam, 19761 391-/-I.200 

leAN791 Ganzinger~ H. Some P r i nc ip l es  for the Development of Compiler" 

Descr ip t ions  from Denotat ional Language Def in i t ions ,  

Tech. Rp t . ,  Technical  Un i ve rs i t y  of Munich, 1979. 

IGOR79] Gordon, M .J .C .  The Denotat ional Descr ip t ion  of Programming 

Languages, S p r i n g e r - V e r l a g ,  B e r l i n ,  1979. 

[K IT80]  Ki tchen,  C. Compi l ing State T rans i t i on  Machines into Machine 

Language, M.S.  Thesis~ Un i ve rs i t y  of Kansas, for thcoming. 



[MOC63] 

[MiS76] 

[MOR73] 

[ MOS 75] 

[MOS79] 

[ FbzkS79] 

[REY72] 

EREY74] 

[SCH80] 

[STO77] 

93 

McCarthy,  J. Towards  a Mathematical Science of Computat ion, 

in IF IP  62, C .M.  Poppelwel l ,  ed. ,  Nor th -Ho l land ,  

Amsterdam, 21-28. 

Mi lne,  R . ,  and St rachey,  C. A Theory  of Programmin 9 Language 

Semantics,  Chapman and Ha l l ,  London, 1976. 

M o r r i s ,  F . L .  Adv ice  on S t r uc tu r i ng  Compi lers  and Prov ing  

Them Cor rec t ,  1st ACM Symposium on P r i nc i p l es  of 

Programming Languages, Boston, 1973, 144-152. 

Mosses, P .D .  Mathematical Semantics and Compi ler  Generat ion,  

Ph .D .  Thes is ,  Un i ve rs i t y  of Oxford,  1975. 

Mosses, P .D .  A Cons t ruc t i ve  Approach toCompi te r  Cor rec tness ,  

DAIMI IR-16,  Un i ve r s i t y  of Aarhus ,  1979. 

Raskovsky, M. ,  and Tu rne r ,  R. Compi ler  Generat ion and 

Oenotat ional Semant ics,  Fundamentals of Computat ion Theory ,  

1979. 

Reynolds, J .C° Def in i t iona l  In te rp re te rs  fop H ighe r -O rde r  

Programming Languages, Proc .  of the SCM Nat ional  Con-  

ference,  Boston, 1972, 717-740. 

Reynolds, J .C .  On the Relat ion Between D i rec t  and Cont inuat ion 

Semant ics,  2nd Col loquium on Automata, Languages , and 

Programming,  Saarbrucken,  S p r i n g e r - V e r t a g ,  Ber t in9 ,  

1974, 141-156. 

Schmidt,  D . A .  Compi ler  Generat ion from Lambda-Calcutus 

Def in i t ions  of Programming Languages, Ph .D .  Thes is ,  

Kansas State Un i ve rs i t y ,  Manhattan, Kansas, for thcoming.  

Stoy,  J .E .  Denotat ionai  Semant ics,  MIT Press ,  Cambridge, 

Mass. ,  1977. 


