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ABSTRACT 

We p r e s e n t  an  i m p l e m e n t a t i o n  of t h e  Ca t ego r i ca l  A b s t r a c t  Mach ine  
(CAM) ( [CouCurMa85])  l e ad ing  to  e f f i c ien t  i m p l e m e n t a t i o n s  of f u n c -  
t i o n a l  l a n g u a g e s .  We def ine  e a g e r  a n d  lazy s e m a n t i c s  fo r  a f u n c t i o n a l  
p r o g r a m m i n g  l a n g u a g e  a n d  give for  e a c h  s e m a n t i c s  a c o m p i l a t i o n  to  
CAM code .  Seve ra l  s i gn i f i can t  op t i rn i za t i ons  of CAM c o d e  a r e  d e s c r i b e d .  
This  a p p r o a c h  h a s  b e e n  u s e d  to  i m p l e m e n t  t h e  ML Language .  

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

A f o r m a l  a p p r o a c h  to  t h e  c o m p i l a t i o n  of t y p e d  X-ca lcu lus  led ( [CouCurMa85])  to  
a n  a b s t r a c t  m a c h i n e  ca l l ed  C a t e g o r i c a l  A b s t r a c t  Mach ine  (CAM for  s h o r t ) .  

The  ML l a n g u a g e  ([GorMilWa79]) is t y p e c h e c k e d  a n d  s t a t i c a l l y  s o a p e d .  As r e m a r k e d  
by  Milner  ([Milner78]) ,  i t s  c o d e  is f r ee  of t y p e  t e s t s .  Hence ,  CAM c o d e  a p p e a r s  to  be  a 
g o o d  t a r g e t  l a n g u a g e  for  c o m p i l i n g  ML p r o g r a m s .  

Two i m l ~ l e m e n t a t i o n s  of t h e  ML l a n g u a g e  a r e  d e v e l o p e d  a t  INRIA. An i m p l e m e n -  
r a t i o n  of  a s t r i c t  ML h a s  b e e n  r ea l i zed  by t h e  s e c o n d  a u t h o r .  T h a t  i m p l e m e n t a t i o n  
h a s  b e e n  u s e d  to i m p l e m e n t  a lazy v a r i a n t  of ML by t h e  f i rs t  a u t h o r .  A r e m a r k a b l e  
p o i n t  is a b o u t  t h e s e  two i m p l e m e n t a t i o n s  is t h a t  e a c h  of t h e m  u s e s  f e a t u r e s  of t h e  
o t h e r  one .  
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We desc r ibe  the  i m p l e m e n t a t i o n  of the  k e r n e l  of the  ML l a n g u a g e  t h r o u g h  the  
CAM. Sec t ion  2 p r e s e n t s  its syn t ax  and  gives two d i f fe ren t  s e m a n t i c s  to it:  ca l l -by-  
value  (or  s t r i c t  eva lua t ion)  and  lazy eva lua t ion .  We reca l l  t he  def in i t ion  of the  CAM in 
s e c t i o n  3 and  give in s ec t ions  4 a n d  5 t he  compi la t ion  of t he  l a n g u a g e s  ob ta ined .  
Some op t imiza t ions  a r e  t h e n  desc r ibed .  Sec t ion  6 d e s c r i b e s  t h e  expans ion  p h a s e  
f rom CAM code  to m a c h i n e  code .  

2. The  l a n g u a g e  

We d e s c r i b e  t he  k e r n e l  of a func t iona l  l anguage  for which  we will give the  compi-  
l a t ions  in t he  following sec t ions .  This ke rne l  is e s sen t i a l ly  c o m p o s e d  of a typed  ~,- 
c a l c u l u s  with c o n s t a n t s  and  a f ix-point  ope ra to r .  Ident i f ie rs  of th is  l a n g u a g e  a r e  
s t a t i ca l ly  scoped .  

The l a n g u a g e  c a n  be seen  as t he  func t iona l  k e r n e l  of the  ML language .  The d i f fe ren t  
s e m a n t i c s  p r e s e n t e d  h e r e  and  t h e i r  compi la t ion  have been  effect ively e x t e n d e d  to a 
c o m p l e t e  ve r s ion  of ML ( [Suarez86]) .  

We f irs t  give a def in i t ion  of t he  syn tax  of t he  l anguage ,  and  t h e n  two s e m a n t i c s :  s t r i c t  
eva lu a t i o n  and  lazy eva lua t ion .  S e m a n t i c s  a re  given by i n f e r e n c e  sy s t ems  following 
P lo tk in ' s  fo rma l i sm ([Plotkin81 ]). 

2.1. S y n t a x  

Its def in i t ion  is given in a BNF style.  We a s s u m e  we have  a se t  Vat of var iab le  
n a m e s ,  a n d  a se t  C of c o n s t a n t s ,  be ing  the  dis joint  un ion  of se t s  B of basic  c o n s t a n t s  
( c o n t a i n i n g  a t  least" t h e  boo l ean  va lues  true and  f a l s e )  and  F of f unc t i ona l  con-  
s t an t s .  

The se t  Ezp of exp re s s ions  of t he  l anguage  is def ined  by.  

Ezp ::= C 
Vat 
(Ezp ,F_.zp ) [ f s t  (Ezp ) I snd  (Ezp ) coup le s  and  p ro j ec t i ons  
(fuTt t a r  -, Ezp ) a b s t r a c t i o n s  
(Emp Ezp ) app l i ca t ions  
(let Var=F_,zp Ezp ) 
(let  r e c  t a r  =Ezp iz~ Ezp ) 
( i f  Ezp t hen  Ezp else E:rp ) 

One r e c o g n i z e  h e r e  a A-calculus  with expl ic i t  p r o d u c t  and  p ro j ec t i ons  a u g m e n t e d  
with c o n s t a n t s ,  f ix-point  o p e r a t o r  and  condi t iona l .  

The expres s ion  

is e q u i v a l e n t  to 

Moreover ,  we will wr i te  

for  

l e t  z = e  ~ ~ z  e 2 

x e 2) e l  

l e t  f z = e  , i z ,  e e 

le t  f = fu~  z -~ e 1 i n  e 2 
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We will t a k e  c a r e  only  of e x p r e s s m n s  m e m b e r  of t he  subse t  of F,~'p con t a in ing  closed 
a n d  t~Ipable express ions ,  i.e. 

c o n t a i n i n g  no f ree  var iab le  o c c u r r e n c e  ( e a c h  o c c u r r e n c e  of a var iable  z is 
b o u n d  to a jcw~ z in t h e  a b s t r a c t  s y n t a x  t r ee )  

t h e r e  is a t y p e  t h a t  c a n  be ass igned  to (using Milner 's a lgor i thm,  for  example )  

E x a m p l e s  

£et vec f a c t  n = i f  n =0 t h e n  1 
else n "f a c t ( n - t )  ~t  f a c t  

2.2.  S e m a n t i c s  

We give to Ezp e x p r e s s i o n s  two d i f fe ren t  s eman t i c s "  s t r i c t  eva lua t i on  a n d  lazy 
eva lua t ion .  Each  one  is de f ined  by an  i n f e r e n c e  sys tem.  

PI, ' " " ,P~ 
Each system is composed of a set of rules C where P~ and C are instances 

of the scheme e I ) e z (e I and • 2 denote expressions) Which must be read "e I 

reduces to e2". P~ are called prerttisses and C the conclusion. A rule wlthout pi'ernisses 
is called an at/ore. The inference rule above must be r.ead as "~f PI and ... and pn. 

t hen  C". 

We do n o t  reca l l  t he  de f in i tmn  of t h e  subs t i t u t i on  o p e r a t i o n  in t he  A-calculus.  

2.2.1. StriCt evaluation 

Given an apphcatlon (e I ee) to evaluate, Strict evaluation or call-by-value essen- 

tially consists m evaluation of e i, giving an abstraction (j~t z -, e t') (type-checking 

insures that we get either a functional constant or an abstraction), evaluation of e 2 

and then evaluation of e I ° m which the result of evaluation of e 2 has been substi- 

tuted to all free occurrences of the formal parameter z. 

For the formal definition of strict evaluation we introduce a new syntactical category 

Vat s corresponding to the set of strict values of the language (the set of expressions 
in normal form for the inference system below). 

Vat s is de f ined  by: 

Va t  s : : =  C 

I ( Y ~  vat -, F ~ )  
I (Vats, Vats) 

We will use  v ,  ~I,. as va r i ab les  r ang ing  over  e l e m e n t s  of Vat s. 

The ax ioms  a r e :  

f u t  ,>v  i f ~  = f  u l  ( w h e r e f  E F )  exists .  
f s t ( ~ l , ~ Z )  > ~ t  

(j%n. Z -' e )  ~ ) e [ z . - ~ ]  
l e t  z = v i n  e > e [ z . - v  ] 

l e t  r e c  z = v ~ .  • - - >  e [ z . - ( t  - v [ z . - t ] ) ]  

i I t r u e  t h e ~ e t e £ s e e 2  > ej  
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if false then e I else e ~ ---> e 2 

The substitution operatlon realized while applying sixth axiom is in fact the substitu- 
tion of an infinite tree to free occurrences of =. We can see this tree as a cyclic 

graph, the cycle being defined by the recurmve equation contained in the right 
m e m b e r  of t he  axiom. 

The r e d u c t i o n  r e l a t i on  

ax ioms  and  s u c h  t h a t :  

>~s is the smallest relation containing the above set of 

e -->E=ps e '  e ?-E=ps e° 

/ s t ( e )  --->f=.s l s t (e ' )  ~n~(e) >~ ,~d(e ' )  

el --~E~$ el' e 2  - ' > ~ p $  e2'  

(el,e2) -~f~ (e~',e2) (~l,e2) --~s (vl,e2') 

el "-'>f.z~$ el' e2 "->~'Ps e2 ° 
(el e2) -->f~s (e l' e2) (~l e2) --->~, (vl e2') 

el "->~Ps el' 
let= = e I ~z e 2 -->Srp# let z = el'ia e ~ 

• I -'->E~.ps e l' 

l e t  ~ c  z = e l i n e  2 - -> ~ $ 1 e t  ~ c  x = e l ' ~r~ e 2 

e ' >~:cpse '  

i f  • ther~  • l e l s e  e 2 "-'> ~ s  4J' e ' t h e n  e 1 e l s e  e z 

The r e l a t i on  >F~0s def ines  a pa r t i a l  func t ion .  S t r i c t  eva lua t ion  of an  exp re s s io n  e 

is given by the  u n r e d u c i b l e  expres s ion  (if it exis ts)  end ing  a cha in  of r e d u c t i o n s  of e .  

Axioms i nd i ca t e  how to r e d u c e  an  expres s ion  and  i n f e r e n c e  ru l e s  spec i fy  in which 
c o n t e x t  a r e d u c t i o n  is possible.  Axioms impose some r e d u c t i o n s  being rea l ized  only 
when  some p a r t s  of t he  exp re s s ion  a r e  values.  F u r t h e r m o r e ,  i n f e r e n c e  ru les  spec i fy  
t he  o r d e r  of eva lua t ion  of app l i ca t ions  and  coup les  c o m p o n e n t s .  

2.2.2. Lazy e v a l u a t i o n  

Unlike s t r m t  eva lua t ion ,  lazy eva lua t ion  impose (fl-) r e d u c i n g  an  app l i ca t ion  
wi thou t  having e v a l u a t e d  the  a r g u m e n t  of the  func t ion .  Moreover,  c o m p o n e n t s  of 
s t r u c t u r e s  (couples  he re )  a r e  e v a l u a t e d  only if we a c c e s s  t hem.  So t h e  r e s u l t  of an  
eva lua t i on  is (if it extols) a c o n s t a n t ,  an  a b s t r a c t i o n  or  a coup le  c o m p o s e d  of possibly 
u n e v a l u a t e d  express ions .  This f e a t u r e  m a k e s  possible the  m a n i p u l a t i o n  of inf ini te  
objec ts ,  and  one c a n  ge t  t h e m  as  a r e su l t  in a finite t ime, a s suming  we do no t  t r y  to 
a c c e s s  all t h e i r  c o m p o n e n t s .  

The se t  Val  I. of l a z y  v a l u e s  is def ined  by : 
Vall ,  ::= C 

I ( . ~ n  V a t  -, E z p  ) 

I (E~  ,~-p ) 

269 



We will use ~, vl... as variables ranging over elements of Val L. 

For simplicity's sake. we will consider every primitive function to be strict and its 

domain to be a basic type. we otherwise would need special reduction and inference 
rules to treat correctly each prlmitive. 

The axioms are : 

f b ~ if~ = f  b (wheref cF, b cB) exists, 

fst(e l,e2) > • I 
snd(el.e2) > e 2  

( tu ,  Lz  - e , )  e2 > e l [= ' -e2 ]  
letz =e l {~ te  2 ) ,e2[=.-el]  
letrec= =ellb~te 2 >el[=.-(t -~ e l[= ,-t ]) ] 
if tr~e then e I else e Z --~ • i 

if false then e I e l s e  • z > • 2 

The reduction relation 

axioms and such that: 

--->~, is the smallest relation containing the above set of 

/ • > ~ .  f ' e ;  

e '  • "~E~L • ' ~ L e '  

fst(e) >f~, /st (e ') ~d(e) >~. md(e') 

'(el e2) "->~,, (e, '  ~)  

e > ,~'P L e'  
if e ttte~ • i else e 2 "->r,~, ~f e' thaw • l else • 2 

The relation >~pL defines a partiai function. Lazy evaluation of an expression • is 

given by the unreduclble expression (if it exists) ending a chain of reductions of e. 

In this case, axioms indicate that projections and applications are reducible without 
having reduced neither components of couples nor sub-expressions of applications 
whlch are in argument position. Inference rules give sub-expressions of applications 
that are in function position, arguments of projections and tests of conditional 
expressions as sole available contexts of reduction. 

3. The Categorical Abstract Machine 

The CAM is a virtual machine based on the translation of typed ~,-calculus terms 
into Categorical Cornbinators. It can also be seen as a successor of the $ECD machine 
([Landin6~]) in the sense that it Js a "closure machine". 

A first version of the CAM will be used for the strict language and some extensions will 
be done when compiling the lazy language. 
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The CAM is composed of three regmters: the accumulator, the code and the stack. 
The set his of instructions of the machine is defined by: 

his ::= his r (instructions associated to the primitives in F) 

I Push l swap I cons I c a r  I cdr  l =PP  
I cur(Code) l quote(Val) I branch.(Code . Code) 

where Code denotes lists of elements of fits, and Val is the set of values defined by : 

Pal ::= C constants 

I (Ins list:Env) closures 
I ( Val . Vat ) 

The  s t a t e s  of t h e  m a c h i n e  b e l o n g  to  t h e  s e t :  
IV at # Ins list # (Vat LJ Ins list)list I. 

The  t r a n s i t i o n s  of  t h e  m a c h i n e  a r e  g iven  b y  : 

Is , i n s l : : C ,  S I  >cAu {t , C ,S] w h e r e  ins  I is t h e  i n s t r u c t i o n  a s s o c i a t e d  
to  t h e  p r i m i t i v e  f E F,  s is t h e  r e p r e s e n t a t i o n  of an  e x p e c t e d  va lue  ( s ay  
v 1) fo r  th i s  p r i m i t i v e  a n d  t is t h e  r e p r e s e n t a t i o n  of v = f v 1. 
Is  , p u s h : : C  , S I  >CAM ~s , C , s : : S I  
I t  , s w a p  .:C , s .:SJ >c~u 

It  , cons  : :C ,  s ::S( >CAU 
[(s.t) , car::C , SI > C A U  

I(s,t), cdr::C, Si "->CAU 
~s , cur(Cl)::C , S{ " >CAU 

Is , C,  t : : S I  
i(s, t)  , c, s( 
Is ,  c ,  s l  
I t ,  c ,  sI 
I ( C v s )  , c ,  s t  

The  f inal  

l ( ( C l : s ) , t  ) , a p p : : C  , S]  "-->CAU } ( s , t )  , C t , C . :S (  
Is , q u o t e ( t ) : : C , S I  >CAU It , C , S ]  
l t r u e  , b r a n c h ( C l , C ~ ) : : C ,  s : . S J  "->cAu ~s , C 1 , C::SI 
~false , b r a n c h ( C 1 , C e ) : : C  , S::S I "-'~CAM I s , C2 , C::SI 
I s , [ ] , c : : s I  > c ~  l s  , c , s I  

s t a t e  of  t h e  m a c h i n e  is is , [] , []J and  t h e  r e s u l t  of  t h e  e v a l u a t i o n  is s .  

4. Compilat ion of t h e  s t r i c t  l a n g u a g e  

We d e f i n e  a f i r s t  v e r s i o n  of  t h e  c o m p i l e r  f o r  t h e  s t r i c t  l a n g u a g e ,  it t a k e s  a s  a r g u -  
m e n t s  an  e x p r e s m o n  and  a f o r m a l  e n v i r o n m e n t  p a n d  p r o d u c e s  CAM c o d e .  The  f o r m a l  
e n v i r o n m e n t  is u s e d  to  c o m p i l e  a c c e s s e s  to  loca l  v a l u e s  in t h e  e n v i r o n m e n t .  The  
m a i n  d i f f e r e n c e  b e t w e e n  thin corr~pdat ion a n d  t h e  o r ig ina l  o n e  ( p r e s e n t e d  m 
[ C o u C u r M a 8 5 ] )  is t h e  t r e a t m e n t  of r e c u r m o n .  

Fo l lowing  A-ca lcu lus ,  we c a n  d e f i n e  r e c u r s i o n  us ing  t h e  f i x - p o i n t  c o m b i n a t o r  Y 
d e f i n e d  a s  YM = M(YM). Using th i s  c o m b i n a t o r  we 
d e c l a r a t i o n .  

i n to  

l e t r e c f  z = e o / ~ t e  

c a n  r e p h r a s e  e v e r y  r e c u r s i v e  

L e t f  --- r ( f U r t  f -~ ( f u n  Z -* cO) ) ~ e  

(°) 

(.°) 

As s h o w n  in t h e  s e m a n t i c  d e s c r i p t i o n  of t h e  l a n g u a g e s .  It is u s e f u l  to  r e p r e s e n t  t e r m s  
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with (eventually cyclic) graphs to allow sharing when using the fix-point equation 
seen a~ a re~vriting rule. When reducing the expression to which 3' is bound in (**), 
one then may use only once the fix-point rule, bindin~ f to (fur ~ -, ~0) in Which 
free occurrences of f are bound to this expression itself. The fix-point cornbinator 
Y produces a cycle in the environment to allow, from inside an expression, the access 
to the expression itself. A technique inspired by the fix-point cornbinator is used in 
the lazy language to compile recursive non functional values. 

In the categorical framework, environments and code may be distinguished, and 
loops in the enviror~nments may be transported in the code. We use here this tech- 
nique: instead of having cyclic en~ronmeRts, we have cl/c//c programs. Local func- 
tion calls are compiled appending the code of the function after the code of the 
argument. The code of local functions is stored in the formal environment as a~t~tota- 
tions. In the case of recursive functions, the compiler uses a recursive data Structui~e 
as environment, and the generated code is represented by a cyclic graph. 

The formal environments have the following structure. 

P ::= 0 the empty environment 
i Far a v a r i a b l e  n a m e  
] ( P ,  Var) environment constructor 
] P ~ Far = I n s  l ist  ~ f u n c t i o n  annot&t . ions  

The empty environment is used only to denote meaningless environments, as the ini- 
tial environment of the compilation. An environment can also be a variable, but this 
c~Ise is not. used in this version of the compiler. The environment is ~tugmented with 
a new variable using the environment constructor. Iri P11 = el, the annotation ~f = CI 
of the formal environment p associates the name f to the code C. The compilation of 
an expression e, given by [e]o. is recursively defined on the StPucture of expres- 
sions : 

[ l i p  = cur(cdr ins l )  where f c F 
[ b J p  = quote(b) where b c B 
[ ( f  e)]p = [e ]o ins l  where f c F 
['~ L ~, - cl = c 
[ x  ]ply = c~ = [x  ],, if x ,, 
[=  ]to,,) = cdr 
[=]O,.v) = ca-" [ z i p  if = ~ y 
[ ( e l  . *2)]p = ~ h  [ e  i ] ,  s ~ o p  [e~]p  c o ~  

[ . fst  ( , )1 , ,  = l e  l,, ca," 
[sn~(e)L = [e 1, c~r  
((.ru.,x = -.. e ) l , ,  = c u , . ( [ e  ](,,..,~) 
[ ( e ,  ez) lp = ( ( e , ,  e z ) ] ,  a ~  
[ l e t  ! = = e, ~ ezlp = [ e z L ,  where p' = p ~! = [ ( ~ m  = - e , ) lp l  
[let~'ec jr z = e I ~ e 2 L  = [ e 2 ]  o, where p' = p } f  = [ O ' u n  = -, e l ) I #  j 
[ l e t  = =e I ' ~  ez],~ = p u s h  [ e  1],, co, .s  [e2](p.,~) 
[ ~ ' e  U,,, , .  e ,  , ~ , ,  e2]o : p u s h  [ e l , ,  b , ' ~ , ~ c h ( [ e , ] , , . ( e 2 L )  
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In the compilation of the "let ~c" construct of the language, we use a cyclic formal 
environment : p' = plf =[ " " " ]¢~. For the implementatlon of its compiler, the strict 
language lacks for recursive data structures. In the real implementation of the ML 
language, we have extended the strict language to deal wlth cyclic data structures. 
The implementation uses some kind of local laziness inspired by the compiler of the 
lazy language described in section 5 of this paper. 

An Optimizing Compi le r  

In t he  compi la t ion  p r e s e n t e d  in t he  last  sec t ion ,  t h e r e  is an  op t imiza t ion  based  
on c a t e g o r i c a l  e q u a t i o n s  (cf. [CouCurMa85]).  The exp res s ion  (let z = e l / ~ t  e2) c a n  be 
s e e n  as  an abb rev ia t ion  for  ( f u n  z -, e~) e t- Knowing t h a t  the  a b s t r a c t i o n  is immedi-  
a t e ly  appl ied  to an express ion ,  a ~ - r e d u c t i o n  is done  a t  compi le  t ime  We save t h e  
c o n s t r u c t i o n  of t he  c losu re  and  t h e  coup le  n e e d e d  by the  B- reduc t ion  r ea l i zed  when  
e x e c u t i n g  t h e  Qpp i n s t ruc t i on .  

A n o t h e r  op t imiza t ion  is based  on t h e  r ecogn i t i on  of c losed  exp re s s ions :  e a c h  t ime an  
e x p r e s s i o n  is compi led ,  t he  code  of e a c h  sub -exp re s s ions  is s u r r o u n d e d  by some  
e n v i r o n m e n t  s a v i n g / r e s t o r i n g  in s t ruc t ions .  These  i n s t r u c t i o n s  a r e  usefu l  only when  
t h e  las t  s u b - e x p r e s s i o n  (to be eva lua t ed )  has  f ree  var iables ,  o the rwi se  t h e y  can  be 
s u p p r e s s e d  as t he  e x e c u t i o n  e n v i r o n m e n t  will no t  be used  dur ing  the  e x e c u t i o n  of 
t he  las t  sub -expres s ion .  Some c losed  express ions  a r e  for  example  : 

1+2 l s t z = l  / n z + l  ~ z  - , z * z  
Closed a b s t r a c t i o n s  or  c o m b i n a t o r s  play a c ruc ia l  ro le  in s o m e  op t imiza t ions  pro-  
posed  l a t e r  in this  sec t ion .  

The c o m p i l e r  can  be improved  to r ecogn ize  c losed sub -exp re s s ions  and  to p r o d u c e  a 
b e t t e r  code  in t h e s e  spec ia l  cases .  

[ x h  = [ l  
[ ( e l , e z )  L = if e 2 is c losed  

then [e  l]pp~sh [e2] 0 cons 
else p u s h  [e  l ip sl~ctp [ e2 ]  p cons 

[(J~gn x -* e)|p = if (funz -* e) ts a combinator 
then cur(cdr |e ]z) 
else c~zr([e ]~o.z)) 

[(e I ez)]p = if • z is closed 
t h e n  [ e l ] p p u s h  gez]  0 cons ~pp 
else  p u s h  [e  l ip  su~ap [ez]p  cons app 

[ le t  z = e  I i n  ez]  p = if ( f u n  z -~ ez) is a c o m b i n a t o r  
t h e n  [ e l i  p [ e z ]  z 
else p u s h  ~e I]o cons ~e2](p.z ) 

Each  of t h e s e  ru les  r e p l a c e s  its c o r r e s p o n d i n g  ru le  in the  p rev ious  def in i t ion  of [ _ ] .  
O the r  r u l e s  s t ay  u n c h a n g e d .  

Local Functions and Combinators 

The next step is the optimization of locally defined functions (as no global 
environment is proposed for this mira-language all functions are in this case). The 
annotations of the formal environment give all the information to realize the #- 
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r e d u c t i o n  of the  app l i ca t ion  of a var iable  ( a n n o t a t e d  as a func t ion )  to an  express ion .  
For  example ,  if we have  a fo rmal  env l ron rnen t .  

p = (..(p' I .f =cuT(c)( ,=~-!)  . . . .  =o) 
t he  compi l a t ion  of the express ion :f • gives: 

I f  e ]D = p u s h  c a t  i cuT(C) s u ~ p  [e L cons app 

It is ea sy  to see  in t he  c a t e g o r i c a l  fo rmal i sm t h a t  th is  p r o g r a m  s c h e m e  is equ iva len t  
to : 

[ f  • ]p = p u s h  ccu "~ s ~ a p  | e  L '  cons C 

In t h e  c a s e  of r e c u r s i v e  f u n c t i o n s  t h e  cyc le  in t he  fo rma l  e n v i r o n m e n t  p r o d u c e s  
cyc l ic  g r a p h s  as p r o g r a m s  as will be shown in t he  example  a t  the  end  of th is  sec t ion .  

When a local  f u n c t i o n  is a c o m b i n a t o r ,  i ts a n n o t a t i o n  is of t he  f o r m  I f  =cuT(cdT C')J, 
which  m e a n s  t h a t  t h e  a c c e s s  to t he  e n v i r o n m e n t  and  also t h e  coup le  c o n s t r u c t i o n  
m a d e  jus t  be fo re  the  code  C a re  u n n e c e s s a r y  and  the  following spec ia l  c a s e  c a n  also 
be i n c l u d e d  : 

[ / e l ,  = l e L  c '  if p = ( . . ( p ' l / = c u T ( c ~ T  C ' ) I . = , )  .... =0) 

E x a m p l e  

[ let  ~ c  zero = = / , f  = =0 t hen  0 else zero (prod z )  ~ t  zeTO 100000]0 
= quote (100000) C 
w h e r e  C = p u s h  [2  =0]= brQnch (quote (0) . prod  C) 

Othe r  op t imiza t i ons  no t  d i s cus sed  in th is  p a p e r  inc lude  : 

- Local Var iables :  th is  optirrf ization works  o n c e  aga in  with the  " / s t  .. ~ t  .." con-  
s t r u c t  of t h e  language .  Each  t ime  a local  var iab le  is d e c l a r e d  the  fo rma l  env i ron-  
m e n t  is a u g m e n t e d  a n d  a c c e s s e s  to all o t h e r  local va r i ab les  is a f fec ted .  If we 
p lace  the  whole e n v i r o n m e n t  in a fiat s t r u c t u r e  ( i n s t ead  of a list as  in o u r  
m a c h i n e ) ,  we ob ta in  c o n s t a n t  a c c e s s  t ime for  local  values,  bu t  we lose sha r ing  of 
t h e  e x e c u t i o n  e n v i r o n m e n t s  b e t w e e n  local  f u n c t i o n a l  va lues  (see  [Cardell i  84]). 
When compil ing "let z = • z / n  ez". building a new e n v i r o n m e n t  with t h e  local  
value of = can  be saved if t h e r e  is no f ree  o c c u r r e n c e  of = in a n y  a b s t r a c t i o n  
s u b - e x p r e s s i o n  of e 2- In th is  case .  t he  value of z c a n  be p u s h e d  on  t h e  s tack ,  giv- 
ing c o n s t a n t  a c c e s s  t ime to  t h a t  value  du r ing  the  e x e c u t i o n  of [ e2 ] .  If = a p p e a r s  
f r ee  in an  a b s t r a c t i o n  inside e2. it m u s t  be possible  to build a c l o s u r e  c o n t a i n i n g  
its value in the  e n v i r o n m e n t  pa r t .  h e n c e  t h a t  value m u s t  be p r e s e n t  in t he  exe-  
c u t i o n  e n v i r o n m e n t  of [ e2 ] .  

- Curry  Bind: the  code  of t he  app l i ca t ion  of a c u r r y e d  f u n c t i o n  to all tts a rgu-  
m e n t s  c a n  have no o v e r h e a d  c o m p a r e d  to the  app l i ca t ion  of an equ iva len t  non  
c u r r y e d  vers ion of th is  f u n c t m n  with only one  ( s t r u c t u r e d )  a r g u m e n t ,  This can  
be ou t l i ned  with the  following ru le  of compi l a t ion  in which  the  local  f u n c t i o n  has  
n levels of cu r ry f i ca t i on .  (There  is also a s imilar  ru le  for  t he  local c o m b i n a t o r s ) -  

l /  • 1 • " • e,~ ] ,  = p u s h  
p u s h  [ e l ]p c o n s  s w a p  
p u s h  [ s z]# cons s u ~ p  

p u s h  [e,, ] ,  cons C 

if p = ( . ( p ' l / = c u T ( c u r  ( cu t  - . .  ( cu t  C) - ' .  ) ) ( , ~ )  .... =0) 
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5. Compilation of the lazy language 

The CAM can be easily extended to support lazy evaluation ([CouCurMa85], 
[Mauny85]). using the classical technique ([Plotkm75], [HendersonS0]) of building 
new closures to represent unevaluated expressions. These new closures are com- 
posed of the code of the expression and the environment to use when executing this 
code. The new instruction fre C (freeze) builds this frozen object and the instruc- 
tion unf (unfreeze) "thaws" the execution of the frozen code in its own environment. 
The instruction upd (update) allows the sharing of "thawed" values. 
The instruction wind is used to build cyclic data structures as those used by the 
strict compiler (for the formal environments). 

Frozen objects are noted as (C.s) (code C, environment s). We must extend the set of 
v a l u e s  of t h e  m a c h i n e  wi th  f r o z e n  values .  The new def in i t ion  is: 

vat ::= 0 
IC 
I (h~s list. Env ) 
](/ns tist:Env) 
I ( Vat, val ) 

e m p t y  e n v i r o n m e n t  
c o n s t a n t s  
f r o z e n  va lues  
c l o s u r e s  

The  t r a n s i t i o n s  a s s o c i a t e d  with t h e s e  new i n s t r u c t i o n s  a r e  : 
{s , f r e ( C t ) : : C ,  SI  >CAa i ( C l . s )  . C . ,.¢1 
~(Crs), u n / : : C .  S l  "-'>c,~u ~s , Ci , (Cl.s)':C::$~ 
~s,unl::C,S{ >c~ I s , C . S {  
~t . upd::C, (Ct.s)::S{ >CAU ~(C1.s)[(Ct.s),-t. C. S{ 
is. u~nd::C. (t.{))::S{ > c , ~  I s [ ( t . O ) , - ( t . s  )] . c . s {  

The  r u l e s  c o n c e r n i n g  upd a n d  w~nd i n s t r u c t i o n s  a re  i m p l e m e n t e d  us ing  a p h y s i c a l  
m o d i f i c a t i o n  of ob jec t s .  

Fo r  t h e  s t r i c t  p r imi t i ve s  s o m e  CAM c o d e  ( p a r t i c u l a r  to e a c h  p r imi t ive )  is p r e f i xed  to 
p r e p a r e  t h e  a r g u m e n t s .  Those  s e q u e n c e s  of i n s t r u c t i o n s  a r e  n o t e d  lots I . 

The c o m p i l a t i o n  of t h e  lazy l a n g u a g e  is given by t h e  following f u n c t i o n :  
[ f ] p  = c u r ( c d r  u n f  l ins l )  w h e r e  f ~ F 
[b]p = quote(b) where  b ~ B 
[ ( f  e ) ]p  = [ e ] p  l i n s !  w h e r e  f c F 
[.1: ]~,=) = cdr u n f  
[= ](p.v) = ca-- [= L if x ~ 

[ (e  l,e Z)]p = puMt f r e  ([e  l]p upd)  swap / r e  ( f e z ]  p u p d )  cons 
f / s t ( e )  L = [e L car u . /  
[snd (e )]. = [e L cdr u,~f 
[ ( f~n  = -. e) L = cur([e ](,.=)) 
[ (e  t ez)]p = p u s h  [e  l]p swap f r e  ( f e z ]  p u p d )  cons app 
[let f X = • ! i n  e2]  p = [ e 2 ]  ff w h e r e  p' = p i f  = [ ( f u n  z -* e l)]p{ 
[let  rec  f z = e I i n  ez]  p = [ e 2 ]  ¢ where  p' = p {f = [ ( f u n  x -b e 1)]~{ 
[ (let z =e I ~ e 2) ]p = push f r e  ([e I]p upd ) cons [e 2l(p~=) 
[ ( l e t  rec  x =e I /.~t e 2)]p = push  push  (quote ()) cons p u s k  

f r e  ( [e  l](p=) upd)  wind  cons [ezJ(p~) 
[ '~/e t ~ , ~  e I stse e2]p = p u s h  [e ]pbra,~ch([e I L , [ e ~ L )  
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The c o r r e c t n e s s  p roof  of th i s  c o m p i l a t i o n  (w i thou t  s h a r i n g )  c a n  be  f o u n d  in 
[Mauny85] .  All t he  o p t i m i z a t i o n s  p r o p o s e d  for  t h e  s t r i c t  l a n g u a g e  c a n  be a p p l i e d  to  
t h i s  c o m p i l a t i o n .  

It  is poss ib le  in t h e  lazy l a n g u a g e  to bui ld  r e c u r s i v e  d a t a  s t r u c t u r e s ;  for  e ~ a m p l e ,  t h e  
in f in i te  l ist  of n a t u r a l  n u m b e r s  c a n  be de f ined  as :  

l e t  rec  Nat  = 0 :: m a p  succ  Nat  
It is a l so  i n t e r e s t i n g  to see  t h a t  t h e  e x p r e s s i o n  : 

l e t  r¢c  z = ! ::z ~n z 
p r o d u c e s  a n  inf in i te  t e r m  with  a f in i te  r e p r e s e n t a t i o n :  /.o 

t 

6. I m p l e m e n t a t i o n  

In a rea l  i m p l e m e n t a t i o n  of t h e  ML l anguage ,  t he  CAM c o d e  c a n  be  s e e n  as  a n  
i n t e r m e d i a t e  l a n g u a g e  which  s h o u l d  be r e w r i t t e n  in to  a h o s t  m a c h i n e  code .  An 
e n v i r o n m e n t  s h o u l d  also be  ava i lab le  for  t h e  p r o b l e m s  of c o m m u n i c a t i o n ,  m e m o r y  
a l l o c a t i o n  / r e t r i e v i n g ,  e tc .  

We have  d e c i d e d  to use  t h e  "~rtual  m a c h i n e  of t h e  LLJ.,IsP s y s t e m  ( [Chai l loux84])  : t h e  
LLMa. The  LLM3 p rov ides  t h e  poss ib i l i ty  to  eas i ly  wr i te  m e m o r y  a l l o c a t o r s / g a r b a g e  
c o l l e c t o r s ,  in - l ine  m a c h i n e  c o d e  e x p a n s i o n  a n d  t he  a d v a n t a g e  of be ing  m a c h i n e -  
i n d e p e n d e n t .  

The  top levv l  of t h e  ML s y s t e m  c o n s i s t s  in e v a l u a t i n g  g loba l  d e c l a r a t i o n s .  Global 
i d e n t i f i e r s  will be t r e a t e d  as  c o n s t a n t s  by  t h e  compi l e r .  The  top leve l  loop  c o n t a i n s  
t h e  fol lowing s t e p s :  

- p a r s i n g  p r o d u c i n g  t h e  sha l low s y n t a x  of t h e  l a n g u a g e ,  

- type-checking the current ML phrase synthetising its most general type (in the 
sense of [Milner78]). During this step, are performed some kind of analysis such 
that combinators detection, etc... 

- compiling the current expression into CAM code, 

- rewriting the CAM code into LLM3 code. At thxs step, some usual optimizations 
are realized. They consist in detecting CAM instructions sequences which are 
known as being rewritten in LLM3 instructions sequences which are more com- 
pact and efhcient than the ones produced by a naive rewriting process, 

- execution of the program, 

- u p d a t i n g  t h e  g loba l  e n v i r o n m e n t .  

The  i m p l e m e n t e d  ve r s i on  of t h e  ML L a n g u a g e  c o n t a i n s  a b s t r a c t / c o n c r e t e  t ypes ,  
call-by-pattern, streams and typed exceptions as in Standard ML ([Milner85]). An 
interface with the Yacc ([Johnson75]) parser generator is also available. 

About e f f ic iency  

We give a r f  e s t i m a t i o n  of t h e  n u m b e r  of f u n c t i o n  cal ls  p e r  s e c o n d  c o m p a r e d  
wh i th  o t h e r s  l a n g u a g e s  a n d  with o t h e r  i m p l e m e n t a t i o n s  of ML ava i l ab le  a t  INRIA. As a 
t a r g e t  m a c h i n e ,  we use  a VAX-780. Fo r  th i s  e s t i m a t i o n ,  we use  in ML t h e  fol lowing 
d e f i n i t i o n :  
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le t  rec  f c p s  = j ~ n  I ~ ! 1 2 - "  t I n  -* t + f c p s ( n - t )  + j fops( i t -2 )  

SYSTEM 
Le_ML (Our version of ML) 
C 
Pascal 
Franz ML (ML V6.2 Compiled in Franz LisP) = 
].,F T.tsp 
Poiy/SML 
Le_LML (Our lazy ML) * 

Function Calls / Second 
94000 
45200 
36600 
tO000 
12500 
12300 
7600 

The estimation for the lazy version of ML is identical to that of the strict versmn 
when the optirnizations are reahzed after strictness analysis. This Is a future 

improvement of the lazy ML. 

7. Conclusion 

Traditionally closure-based implementations of functional languages have been 
considered inefficient because of the environments but with the opt~misation of local 
functlons and local variables, the environments contains only what is absolutely 
necessary. 
In the implementation of ML due to Luca Cardelli ([Cardelli84]), the access time for 
local variables is constant but each construction of a new closure implies allocation 
of space proportional to the number of elements of the environment. 
In our compllatiQn the operation of closure construction takes constant time and 
space (and only when the applied function is not a combinator), so we encourage 
partial application and in particular multiple use of partlally applied functions. 

The theoretical bases of the Categorical Abstract Machine allow a very formal 
approach to the compilation of functional programming languages and to their code 
optlrnization. 
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