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A b s t r a c t  

LML is a strongly typed, statically scoped 
functional Language with Lazy evaluation. 
It is compiled trough a number of program 
transformations which makes the code gen- 
eration easier. Code is generated in two 
steps, first code for an abstract graph 
manipulation machine, the G-machine. From 
this code machine code is generated. Some 
benchmark tests are also presented. 

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

The LML compiler project is an attempt to 
produce efficient code for a functional 
language with lazy evaluation for an ordi- 
nary yon Neumann machine. When we started 
we knew of no other attempt to do this, but 
since then some similiar things have 
appeared like EHuda843, and [Fair821. 
There are several compilers for non-lazy 
functional languages, eg. [Card84]. 

The LML compiler is written in LML and 
it produces (as an intermediate step) G- 
code~ code for an abstract graph manipula- 
tion machine, from which machine code gen- 
eration is fairly easy. This makes the LML 
compiler easy to port to other machines. 

The approach used in the compiler is 
to perform many transformation on the pro- 
gram ("source to source" transformations) 
to get a program for which generation of 
efficient code is less complicated. 

The execution of the program is based 
on graph-reduction. The graph represents 
the expression that is evaluated, and it is 
transformed until it is in a printable 
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form. During execution there is also an 
ordinary stack on which computations are 
performed (as in ordinary languages) when 

this can be done without violating the lazy 
evaluation semantics. 

2.  LNL Language D e s c r 4 p t i o n  

Lazy  ML, or  LML f o r  s h o r t ,  i s  a l a z y  and 
c o m p l e t e l y  f u n c t i o n a l  v a r i a n t  o f  ML, 
[Miln84] and [Gord79]. The syntax used 
here is slightly different from Standard 
ML. The main differences between LML and 
ML is that LML has lazy evaluation, there 
are no references type nor assignments and 
no exception-mechanism; strings are lists 
of characters, and there are no explicit 
input/output procedures. 

An LML program is an expression whose 
value is printed when the program is exe- 
cuted. 

Function definitions may use pattern 
matching, which makes programs both easier 
to write and understand. Such a definition 
contains a number of equations for a func- 
tion separated by If, e.g. 

let rec fac 0 = 1 
I I fac n = n * fac(n-1) 

in fac 10 

Pattern matching can also be used to bind 
multiple values like "let (a,b) = f x in'. 
There is also a case expression to do pat- 
tern matching. 

An important concept in LML is local 
definitions. A local definition has the 
for~, "let D in e' where O is a declara- 
tor In a let expression the declarator 
defines the meaning of a number of identif- 
iers that can be used in the expression 
part of the let. 

• Appendix A describes the terminology 
used in the following descriptions. 

• * Declarator syntax is described in 
appendix B. 
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2.1  P a t t e r n  m a t c h i n g  s e m a n t i c s  

ALL pattern matching is translated into 
case e x p r e s s i o n s  (as  described below), so 
this explanation need only concern the 
semantics of case expressions. 

The case expression is evaluated by 
finding the first pattern that matches. 
The patterns are check from top to bottom, 
and each patters is checked from left to 
right. The checking is stopped as soon as 
a subpart fails to match. This rather 
explicit top-down, Left-right o r d e r i n g  is 
perhaps unfortunate, but some ordering must 
be imposed to avoid the necessity of paral- 
Lel e v a l u a t i o n  o f  t h e  s u b p a r t s  o f  the 
expression that is to b9 matched. 

2 . 2  Type d e f i n i t i o n s  

I t  is  p o s s i b l e  to d e f i n e  new types in LML, 
the mechanism f o r  t h i s  is  very  s i m i l a r  to 
the one proposed f o r  Standard ML (SML). 
The type d e f i n i t i o n s  resemble those o f  
Hope, [Burs801. It would be possible to 
have no predefined types (except the func- 
tion type) and instead let the user define 
all types. This would give the same per- 
formance as having them predefined, except 
for the integers which are implemented with 
the machine arithmetic. 

A new type is introduced by 

"let type T in e' 

where T is 
similar to 
can be 

"T 1 and T 2 ' 

"rec T' 

a type declarator, which is 
an ordinary declarator, ie. it 

mutual definition 

recursive definition. 

"i(v 1, ...Vn)=C1(t11 , ... t .)+... C (...)' 
where i is t~ name ~f the 
n~w type and Vl... are type 
variables, CI...C n are the 
new constructors, t k are 
type e x p r e s s i o n  p o s s i b l y  
containing v k- 

Using this the booleans could be defined by 

Let type boot = true + false in 

3-tuples 
let type tuple3(*a, *b, *c) = 

T3(*a, *b, *c) 

and Lists by 

let type rec list(*a) = 
nil ÷ cons(*a, list(*a)) in 

(To make things more readable nullary con- 
structors are written without '()'.) ALL of 
these are predefined are of course prede- 
fined. 

There is  a d i f f e r e n c e  in type d e f i n i -  
t i o n s  between LML and Standard ML. In SML 
all constructors take either zero or one 
argument. To get more arguments a tuple 
must be used instead; so the list defini- 
tion would be 

Let type rec l i s t ( * a )  = 
n i l  + cons(*a  # t i s t ( * a ) )  in 

('#' is used  for cartesian product.) T h i s  
means that a List on cons form may be 
formed by "cons e' where "e' is any expres- 
sion of the right type. We have not 
adopted this for two reasons: 

- i t  r e q u i r e s  t upe l s  to  be p r e d e f i n e d ,  
we can d e f i n e  them in the Language. 

- since we have lazy evaluation the 
domain for eg. Lists would be dif- 
ferent from the intuitive lazy list 
domain. It would be possible to have 
lists of the form "cons ~', ie. a list 
known to be on cons form but neverthe- 
less without head and tail part, since 
there is a difference between ~ and 
(~,~) using our case semantics. 

It is of course still possible to define 

the types as in SML. 

When a type i s  introduced the new con- 
structors, ie. the names introduced on the 
right, may be used to form expressions of 

that type. An expression "Ck(el,...)' is a 
canonical value in the new type. A canoni- 
cal value is something which yields itself 
as value when evaluated. 

The new constructors may also be used 
to form patterns. The pattern matching is 
the only way to take apart an expression of 
the new type. 

Eg. 
Let type rec tree = 

leaf(int) + node(tree, tree) in 
Let rec sumleafs (leaf(n)) = n 

Jl sumleafs (node(tl, t2)) = 
sumleafs(tl) + sumleafs(t2) 

in ... 

5.  C o m p i l a t i o n  

This section describes the different passes 
of the compiler. 

3 .1  P a r s i n g  

The pa rs ing  is  done wi th .a o r d i n a r y  r e c u r -  
s i ve  descent pa rse r  which b u i l d s  an 
a b s t r a c t  syntax t r e e .  This r e p r e s e n t a t i o n  
is  then used in the compi le r  u n t i l  the code 
generation. 

3 .Z  Scope a n a l y s i s  

The scope a n a l y s i s  (or  renaming) ass ign 
unique names to a l l  i d e n t i f i e r s  in the 
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p r o g r a m  and c h e c k s  t h a t  t h e e  s c o p e  r u l e s  
a r e  o b e y e d .  G i v i n g  u n i q u e  names t o  t h e  
i d e n t i f i e r s  s i m p l i f i e s  s u b s e q u e n t  t r a n s f o r -  
m a t i o n s  o f  t h e  p r o g r a m  s i n c e  p a r t s  o f  t h e  
p r o g r a m  can now be moved  a r o u n d  w i t h o u t  t h e  
r i s k  f o r  name c l a s h e s .  

Some r e w r i t i n g  o f  t h e  s y n t a x  t r e e  a r e  
a l s o  made•  b e c a u s e  some s y n t a c t i c  c o n s t r u c -  
t i o n s  a r e  a m b i g o u s  w i t h o u t  f u r t h e r  i n f o r m a -  
t i o n  a b o u t  t h e  s y m b o l s  i n v o l v e d .  They  can 
o n l y  be r e s o l v e d  when t h e  m e a n i n g  o f  t h e  
i d e n t i f i e r s  a r e  k n o w n ,  e g .  " l e t  s = e 1 !n  
e'  I f  " s '  i s  d e f i n e d  as a c o n s t r u c t o r  i n  
t h i s  s c o p e  t h e n  " s '  i s  a p a t t e r n  o t h e r w i s e  
t h i s  i s  a n o r m a l  v a r i a b l e  b i n d i n g .  

The s c o p e  a n a l y s i s  t r a v e r s e s  t h e  t r e e  
and k e e p s  a s y m b o l  t a b l e  o f  t h e  i d e n t i f i e r s  
i n  t h e  c u r r e n t  s c o p e ,  t h e  t r e e  i s  r e b u i l t  
w h e r e  n e c e s s a r y .  

3.3 T y p e  c h e c k i n g  

The t y p e  c h e c k i n g  i s  t h e  b a s e d  on t h e  a l g o -  
r i t h m  d e s c r i b e d  in  [ M i l n 7 8 ] ,  b u t  e x t e n d e d  
t o  h a n d l e  t h e  p a t t e r n  m a t c h i n g .  The 
t y p e c h e c k e r  ( o r  t y p e d e d u c e r )  d e d u c e s  t h e  
mos t  g e n e r a l  t y p e  o f  each  s u b e x p r e s s i o n  and 
c h e c k s  t h a t  t h e y  a r e  used  c o n s i s t e n t l y .  
The d e d u c e d  t y p e s  a r e  a l s o  used  l a t e r  on i n  
t h e  code  g e n e r a t i o n .  

The type checking eliminates the need 
to do runtime type checking, since at that 
run time we know that the program is type 
correct. 

3.4 P a t t e r n  m a t c h i n g  t r a n s f o r m a t i o n  

The p u r p o s e  o f  t h e  t r a n s f o r m a t i o n s  
d e s c r i b e d  h e r e  i s  t o  r e d u c e  a l l  p a t t e r n  
m a t c h i n g  t o  c a s e  e x p r e s s i o n s  c o n t a i n i n g  
o n l y  s i m p l e  p a t t e r s .  A s i m p l e  p a t t e r n  has 
t h e  f o r m  " C ( i  . . .  i n ) '  ( w h e r e  i k 
variables) it'~'called s i m p l e  because t~ re • is 
is the basic pattern form and it's also 
easy to generate code for. 

ALL c o n s t a n t s  i n  t h e  p r e d e f l n e d  t y p e s  
( s u c h  as t r u e  and 5)  a r e  t r e a t e d  as c o n -  
s t r u c t o r s  i n  t h e i r  c o r r e s p o n d i n g  t y p e s  and 
t h e y  a r e  now w r i t t e n  w i t h  p a r e n t h e s i s  t o  
i n d i c a t e  t h e i r  s p e c i a l  s t a t u s  ( n o t  t o  c o n -  
f u s e  them w i t h  v a r i a b l e s ) .  T h i s  means t h a t  
a p a t t e r n  i s  b u i l t  up o n l y  f r o m  c o n s t r u c -  
t o r s  and variables. 

There are three different kind of pat- 
tern matching beside the case expression 
and they are all transformed into case. 
First, the declarator for function defini- 
tions is transformed from 

f Pll "'" Pln= el 

II f Pml "*" Pmn = em 

t o  

f 11 . . .  I = case tupte_(I~ I n ) i n  
tuBlen(P11 . . . .  ~ l n J ' : ' ; ;  

t u p l e n ( P m l ,  . . .  Pmn ) : e m 
end  

w h e r e  t u p l e  i s  t h e  n - t u p L e  c o n s t r u c t o r .  
n 

I n  t h e  t h e  s e c o n d  k i n d  o f  m a t c h i n g •  
t h e  v a l u e  b i n d i n g •  t h e r e  i s  a d e c l a r a t o r  
"p  = e ' .  T h i s  d e c l a r a t o r  i s  r e p l a c e d  by  

L o c a l  I = e i n  ( 
i 1 = case  I i n  

p : i I 
end 

and i 2 = c a s e  I i n  
p : i 2 

end 

; ~ ;  i = c a s e  I i n  
n 

p : i n 
end) 

w h e r e  i l ,  . . .  and i n a r e  t h e  v a r i a b l e s  i n  
t h e  p a t t e r n  p .  

T h i s  d e c L a r a t o r  b i n d s  t h e  same v a r i -  
a b l e s  as t h e  o r i g i n a l  o n e •  b u t  u s e s  o n l y  
c a s e - m a t c h i n g .  The r e a s o n  b e h i n d  t h i s  
seemingly complex transformation is to 
preserve all properties of the declarator, 
it may for instance be prefixed by 'rec' to 
make i t  r e c u r s i v e .  T h i s  w o r k s  f o r  t h e  
t r a n s f o r m e d  d e c L a r a t o r  as w e l l .  Eg .  t h e  
e x p r e s s i o n  " l e t  r e c  ( a • b )  = f a i n  b '  w o u l d  
be t r a n s f o r m e d  t o  

Let rec 
Loca l  I = f a in  ( 

a = case I in  
( a , b )  : a 

end 
and  b = case  I i n  

( a . b )  : b 
e n d )  

in  b 

The i n t r o d u c e d  c a s e  e x p r e s s i o n s  can be 
v i e w e d  as s e l e c t o r  f u n c t i o n s  t o  s e l e c t  t h e  
d i f f e r e n t  p a r t s  o f  t h e  e x p r e s s i o n  and t h e  
r e c u r s i o n  i s  s t i l l  p o s s i b l e  s i n c e  b i n d i n g s  
a r e  "Lazy* ' .  

T h i r d •  in  the  case o f  a lambda p a t t e r n  
( i e .  " \ p . e '  where p i s  no t  a v a r i a b l e )  i t  
i s  t r a n s f o r m e d  i n t o  " \ I . l e t  p = I i n  e ' .  

When a l l  t h e s e  t r a n s f o r m a t i o n s  have  
been  a p p l i e d ,  t h e r e  i s  o n l y  c a s e  p a t t e r n  
m a t c h i n g  L e f t .  T h e s e  must  now be c h a n g e d  
i n t o  s i m p l e  p a t t e r n s ,  i e .  i n t o  e x p r e s s i o n s  
o f  t h e  f o r m  

case  e i n  

C 1 ( i l l  • - - -  i l n  1)  : e 1 

C i l m l  " . . .  iron ) : e m 
m 

i : e d 
e n d  
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w h e r e  t h e  L a s t  e n t r y  may be m i s s i n g  i f  a l l  
c o n s t r u c t o r s  a r e  p r e s e n t  i n  t h e  o t h e r  
e n t r i e s .  T h i s  l a s t  e n t r y ,  w i t h  a s i n g l e  
v a r i a b l e  as  t h e  p a t t e r n ,  w i l l  be c a l l e d  t h e  
d e f a u l t  e n t r y .  

The a l g o r i t h m  t o  t r a n s f o r m  c o m p l e x  
p a t t e r n s  i n t o  s i m p l e  p a t t e r n s  i s  as  f o l -  
L o w s :  

a .  S o r t  t h e  p a t t e r n s  b y  t h e  o u t e r m o s t  
c o n s t r u c t o r  and  g r o u p  t h o s e  w i t h  t h e  
same c o n s t r u c t o r  t o g e t h e r .  

b .  Each o f  t h e  g r o u p s  i s  now e x p a n d e d  i f  
i t  i s  n o t  a s i n g l e  s i m p l e  p a t t e r n .  
New v a r i a b l e s  a r e  i n t r o d u c e d  f o r  t h e  
s u b p a r t s  o f  t h e  c o n s t r u c t o r  and  an 
e x p r e s s i o n  w i t h  n e s t e d  c a s i n g  o f  t h o s e  
v a r i a b l e s  ( w i t h  t h e  c o r r e s p o n d i n g  
p a r t s  o f  t h e  o r i g i n a l  p a t t e r n s  as  t h e  
new p a t t e r n s )  i s  u s e d  as t h e  r i g h t  
h a n d  s i d e .  

c .  T h i s  p r o c e s s  i s  now r e p e a t e d  f o r  a l l  
t h e  nee  c a s e  e x p r e s s i o n s  u n t i l  o n l y  
simple patterns are Left. 

T h i s  d e s c r i p t i o n  i s  s i m p l i f i e d  as i t  d o e s  
n o t  s t a t e  how t o  h a n d l e  f a i l u r e s  t o  m a t c h .  
I n  f a c t  e v e r y  new c a s e  e x p r e s s i o n  mus t  a l s o  
h a v e  a d e f a u l t  e n t r y  t o  h a n d l e  t h i s .  To 
make compilation to G-code efficient we 
h a v e  t o  i n t r o d u c e  two new c o n s t r u c t i o n s  
u s e d  i n  e x p r e s s i o n s  ( t h e y  a r e  o n l y  u s e d  
i n t e r n a l l y  b y  t h e  c o m p i l e r ) :  IDEF and  ODEF. 
IDEF s t a n d s  f o r  t h e  same v a l u e  as t h e  
d e f a u l t  e n t r y  o f  t h e  n e a r e s t  e n c l o s i n g  c a s e  
( i t ' s  o n l y  u s e d  i n  n o n - d e f a u l t  e n t r i e s ) ,  
ODEF means t h e  same v a l u e  as  t h e  d e f a u l t  
e n t r y  o f  t h e  s e c o n d  n e a r e s t  e n c l o s i n g  c a s e  
( u s e d  o n l y  i n  d e f a u l t  e n t r i e s ) .  

An example: 

c a s e  e i n  
[true; x] : e I 

II Cfalse] : e 2 
I I c l  : e$  
I I  h . t  : e 4 

e n d  

Or w i t h  t h e  u n i f o r m  n o t a t i o n  

c a s e  e in 
,cons(true(), cons(x, nil())) : e I 

JJ cons(false(), nil()) : e 2 
II nil() : e~ 
Jl cons(h,t)-: e G 

end 

Sort, group, introduce new variables, and 
e x p a n d  c a s e s  

c a s e  e i n  
c o n s ( I l l  I ) - 2 " 

c a s e  I .  i n  
t r ~ e ( )  : 

c a s e  12 in 
c o n s ( x ,  n i l ( ) )  : e 

1 
e n d  

f a l s e ( )  : 
c a s e  I~ i n  

n i l ( )  : e 2 
e n d  

h : c a s e  I ~  i n  
t : e 6 

end  
end  

nil() : e 3 
end  

Since  t h e  i n n e r  o f  t h e  i n t r o d u c e d  c a s e s  i s  
n o n e x h a u s t i v e  a d e f a u l t  e n t r y  i s  i n t r o -  
d u c e d .  The d e g e n e r a t e  c a s e  ( o n l y  a d e f a u l t  
e n t r y )  i s  c h a n g e d  t o  e l i m i n a t e  t h e  c a s e .  

c a s e  e i n  
c o n s ( I 1 ,  I ) - 2 " 

c a s e  I .  i n  
t r ~ e ( )  : 

c a s e  12 in 
c o n s ( x ,  n i l ( ) )  : e 1 
13 : ODEF 

end  
f a l s e ( )  : 

case I i n  
ni~() : e 
14 : ODEF 2 

end  
h : e 4 [ I 2 / t ]  

end  
n i l ( )  : e 3 

end  

(e4[121t] means e 4 where each free 
occurence of t has been changed to I2.) 

Repeat with innermost case. 

case e in 
cons(I , I_) - 

I ~ ." 
case I~ in 

tr6e() : 
case 12 in 

cons(l 5, I 6 1  : 
c a s e  I in 

ni~() : e l [ I 5 / x l  
I 7 : ODEF 

end  
13 : ODEF 

end 
f a l s e ( )  : 

c a s e  I~ in 
niL() : e 
I 4 : ODEF 2 

end  
h : e 4 [ I 2 / t ]  

end  
n i l ( )  : e 3 

end  

As i n  t h e  e x a m p l e ,  c o m p l e x  p a t t e r n s  may be 
t r a n s f o r m e d  i n t o  q u i t e  l a r g e  s i m p l e  p a t -  
t e r n s .  T h i s  d o e s  n o t  seem t o  be much o f  a 
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problem in practice, since most patterns 
used in ordinary programs are simple or 
almost simple. Other transformations can 
be used to keep the size down, eg. if large 
constants (ie. patterns with only construc- 
tors) are matched this may be transformed 
into ordinary equality comparison, thus 
saving space (but not execution time). 

3 . 5  Other  t r a n s f o r a a t t o n $  

The transformations described here operates 
on declarators (and makes them simpler). 

All let-expressions are transformed 
into one of two forms 

"let O 1 and D 2 ... and D n in e' 
or 
"let rec D 1 a n d  0 2 . . .  a n d  D n i n  e '  

where each D k has the form "i = e' 

Function definitions are transformed 
from 

"i i I i 2 ... i n = e' 
to 

"i = il.i 2 .... in.e' 

Local declarators can now removed by: 
"let local D I in Dp in e' becomes 
"let D I in l~t Dp ~n e' 
becaus~ of the -renaming which made all 
identifiers unique. Having unique identif- 
iers means that pulling D I out does not 
violate any scope rules (~ny names defined 
in D I are not used in e). 

All let bindings can then be flattened 
out to the form above. 

3.6 Lambda l i f t i n g  

The input to the code generator 
an expression of the form 

should be 

let rec f1=el 
and f2=e2 

in e 

where each e may begin with a number of 
lambdas, bu~ must otherwise contain no 
lambda-expressions. The only free vari- 
ables in each e~ must be the predefined 
functions or one o~ the f. : . Furthermore 
the expression "e' mus~ Shot contain any 
lambdas. The expression may still contain 
"let' and "let rec ~ -expressions. 

The purpose of the lambda lifting is 
to lift out all lambda expression to the 
outermost level, which is the only place 
were thay may occur in the final expres- 
sion. Any lambda expression not containing 
any free variables can simply be moved to 
the global level, so the main work of the 
lambda lifting is to remove free variables. 
This elimination of free variables is 
analogous the the abstraction used with 

combinators in [Turn79] and supercombina- 
tots in [Hugh82] except we do not enforce 
"fully lazyness" (see [Hugh827 for 
details). The elimination is done by pass- 
ing each free variable as an argument, and 
adding the corresponding parameter, to the 
function in which it is used. A simple 
example of lambda lifting is shown below. 

(a) let x : 5 
in let f = \y.x 

in f 3 

(b) let x = 5 
in let f = \y.\x.x 

in f x 3 

(c) 
global definition: f : \y.\x.x 
expression: let x = 5 

in f x 3 

3.7 Code g e n e r a t i o n  

The abstract machine and the code genera- 
tion is described in detail in [John84] and 
will only be briefly outlined here. 

The code generation is performed in 
two steps. First code for an abstract 
machine, the G-machine, is generated and 
then from this code, the G-code, machine 
code for the specific machine (in our case 
the VAX11) is generated. 

Code is generated separately for each 
definition in the global definition list. 
The purpose of the code for a function is 
that when given a graph, corresponding to 
the left hand side of the definition, 
transform this to the canonical value 
corresponding to the right hand side. This 
is in contrast to most other approaches to 
lazy evaluation with graph reduction where 
the returned value may be non-canonical and 
the evaluation must proceed after a func- 
tion has returned (cf. [Turn79]). 

f x y = x + 2*y 

IAPlt I 

IFONI  
=> 

I  NTI lq 

//~ Fig 1. 
the graph has the canonical value 

and //~ the value 5. 

As shown in figure I, the code for f will, 
when given the first graph, transform it 
into the second graph. 
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A program is executed by doing EVAL 
(and printing) of the expression part of 
the program. EVAL always searches down the 
spine of the graph until a function node is 

found, while going down pointers to the 
spine nodes are pushed so that they are 
e a s i l y  a c c e s s i b l e  t o  t h e  f u n c t i o n  ( t h i s  is  
c a t t e d  u n w i n d i n g ) .  The f u n c t i o n  code i s  
t hen  i n v o k e d  and when i t  r e t u r n s  ( t o  t he  
c a l l e r  o f  EVAL) i t  has t r a n s f o r m e d  a p i e c e  
o f  t he  g raph  t o  c a n o n i c a l  f o r m .  

As s a i d  above p u r p o s e  o f  t h e  code f o r  
t he  f u n c t i o n  i s  t o  p r o d u c e  t h e  c a n o n i c a l  
v a l u e  o f  t he  r i g h t  hand s i d e ,  and so t h e r e  
must be a code g e n e r a t i o n  scheme to  p r o d u c e  
code wh ich  computes  the  v a l u e .  But o f t e n  
t h e  u n e v a l u a t e d  e x p r e s s i o n  must be u s e d ,  
eg. when passing parameters or as arguments 
to constructors, so there must also be a 
code generation scheme that will produce 
the graph for an expression. These schemes 
are called E and C respectively. The com- 
pilation is rule based, there are rules for 
how to compile the different variants of 
the syntax tree for each of the code gen- 
eration schemes, see figure 2 for some 
(simplified) rules. 

CEil = PUSHINT i 
C[x] = PUSH n 
CEcons(x,y)] = CEy]; CExl; CONS 
CEx y] = CEy~; C[x]; MKAP 

E[x] = PUSH n; EVAL 
E[mul x yl = E[x]; GET; Ely!; GET; 

MUL; MKINT 
E[hd x] = E[x]; HD; EVAL 
EEx yl : C[x y!; EVAL 
EEif x then y else z] = 

E[x]; GET; JFALSE L1; 
EEy]; JUMP L2; Ll: E[z]; L2: 

Figure 2 

@y propagating the E scheme in the right 
way a lot of the produced code is for com- 
puting a value and not building a graph. 
The if expression, for instance, for which 
the value is wanted generates code that 
first evaluates the condition and then 
jumps to the code for the "then t or "else' 
branch. The code there will produce the 
value of the corresponding expressions. 

An example: 

fac n = if n = 0 then 1 
else n*fac(n-1) 

would give the code 

fac:PUSH 1; EVAL; PUSHINT O; GET; EQ; 
JFALSE L1; PUSHINT I; JUMP L2; 

Ll: PUSH 1; EVAL; GET; 
PUSHINT I; PUSH 2; PUSHFUN sub; MKAP; 
MKAP; PUSHFUN fac; MKAP; EVAL; 
GET; MUL; MKINT; JUMP L3; 

LZ: UPDATE 2; nET I; 

The PUSH instruction pushes a value from 

the pointer stack on top of the pointer 
stack, the number indicates the offset from 
the current stack pointer. EVAL causes the 
graph pointed to by the pointer stack top 
to be evaluated. PUSHBASIC pushes a con- 
stant of  t he  v a l u e  s t a c k .  PUSHINT pushes  a 
r e f e r e n c e  t o  a c o n s t a n t  on the  p o i n t e r  
s t a c k .  GET t r a n s f e r s  t h e  v a l u e  p o i n t e d  o u t  
by t h e  p o i n t e r  s t a c k  t o p  t o  t he  v a l u e  
s t a c k .  NKAP pushes  a r e f e r e n c e  t o  a p p l i c a -  
t i o n  node c o n t a i n i n g  two e n t r i e s  f rom t h e  
p o i n t e r  s t a c k .  EQ, NUL e t c .  o p e r a t e  on t h e  
v a l u e  s t a c k .  UPDATE u p d a t e s  a node i n  t h e  
g r a p h .  

3 . 8  Improvements  

There are a number of thing that can are 
done to improve the code. Many of these 
imprivements are made by instroducing 
several different code generation schemes 
used in different contexts leg. for return 
value computation, compataion of values on 
the value stack). 

- ay keeping track of what variables 
have already been evaluated in a cer- 
tain context unnecessary EVAL instruc- 
tions are avoided thereby saving time. 

- When all arguments to an integer 
operation, for which a graph building 
code should be produced, are already 
evaluated the operation is performed 
in line instead. This is safe except 
for overflow and division by zero, but 
we do not handle those anyway. 

By using the type information some 
calculations can be simplified, eg. if 
two integers are compared the code for 
this can be emitted in line instead of 
calling a general value comparator. 

- "Tail-call" elimination, ie. when the 
last thing in the code for a function 
is a call to another function this is 
done by rearranging the stack and 
doing a jump. This achieves tail- 
recursion elimination as a special 
case. 

- When the value of an application is 
needed the graph corresponding to this 
is not built, instead the function is 
called the stack set up as if it would 
have looked if called with EVAL. 

The code f o r  the  e l s e  p a r t  o f  t he  f a c t o r i a l  
f u n c t i o n  i n  t he  examp le  above becomes:  

PUSH 1; GET; PUSH 1; GET; PUSHBASIC 1; SUB; 
MKINT; CALLFUN f a c ;  MUL; 

i n s t e a d  o f  t he  p r e v i o u s  l o n g e r  and s l o w e r  
c o d e .  

3 . 9  R a c h i n e  code g e n e r a t i o n  

Mach ine  code g e n e r a t i o n  f rom the  G-code i s  
r a t h e r  s t r a i g h t f o r w a r d  s i n c e  the  G-code i s  
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w e l l  s u i t e d  f o r  e x e c u t i o n  on a v o n  Neumann 
m a c h i n e .  A s i m p l e  code g e n e r a t o r  w o u l d  
j u s t  do = . a c r o - e x p a n s i o n "  o f  t h e  G - c o d e ;  
each G - i n s t r u c t i o n  i s  r e p l a c e d  by a f i x e d  
p i e c e  o f  mach ine  c o d e .  We use a more e l a -  
b o r a t e  code g e n e r a t o r  wh ich  t r i e s  t o  a v o i d  
s t a c k  r e f e r e n c e s  and t h e r e b y  memory r e f e r -  
e n c e s .  

3 . 9 . 1  N o d e  l a y o u t  

In  t he  c u r r e n t  i m p l e m e n t a t i o n  each node has 
a t a g  f i e l d  o f  one word f o l l o w e d  by O, 1,  
o r  2 more w o r d s .  The t a g  s e r v e s  two p u r -  
p o s e s ,  f i r s t  i t  i n d i c a t e s  i f  t he  node has 
c a n o n i c a l  fo rm o r  no t  and second  i t  t e l l s  
t h e  g a r b a g e  c o l l e c t o r  how to  t r e a t  t h e  r e s t  
o f  t he  n o d e .  The t a g  p a r t  i s  no t  j u s t  a 
s m a l l  number as i s  o f t e n  the  case i n  o t h e r  
i m p l e m e n t a t i o n s ,  b u t  i n s t e a d  i t s  an a d d r e s s  
i n t o  t he  mach ine  c o d e .  By j u m p i n g  t o  t h i s  
a d d r e s s  w i t h  d i f f e r e n t  o f f s e t s  d i f f e r e n t  
t h i n g s  can be done w i t h  t he  n o d e ,  such as 
e v a l u a t i o n ,  g a r b a g e  c o l l e c t i o n  and p r i n t -  
i n g .  The e v a l u a t i o n  o f  a node i s  accom- 
p l i s h e d  by mak ing  a s u b r o u t i n e  c a l l  t o  a 
c e r t a i n  o f f s e t  f rom the  t a g ,  i f  t he  node i s  
a l r e a d y  on c a n o n i c a l  fo rm t h i s  a d d r e s s  w i l l  
c o n t a i n  a r e t u r n  i n s t r u c t i o n  wh i ch  t hen  
i m m e d i a t e l y  r e t u r n s ,  o t h e r w i s e  i t  w i l l  con -  
t a i n  code t o  i n i t i a t e  t h e  u n w i n d i n g .  

3 . 9 . 2  Memory a l l o c a t i o n  

Memory f o r  t he  g raph  i s  a l l o c a t e d  on a 
h e a p .  Garbage  c o l l e c t i o n  i s  p e r f o r m e d  by 
c o p y i n g  the  used p a r t  o f  t h e  heap i n t o  
a n o t h e r  e q u a l l y  s i z e d  a r e a .  

D u r i n g  e x e c u t i o n  one mach ine  r e g i s t e r  
a l w a y s  p o i n t s  at  t he  n e x t  f r e e  heap Loca-  
t i o n ,  a l l o c a t i o n  o f  a c e l l  i s  done by s i m -  
p l y  a d d i n g  the  c e l l  s i z e  t o  t he  r e g i s t e r .  
Heap o v e r f l o w  need no t  be t e s t e d  b e f o r e  
every  a l l o c a t i o n ,  i n s t e a d  i t ' s  t e s t e d  once 
b e f o r e  a number o f  c o n s e c u t i v e  a l l o c a t i o n s =  
T h i s  b r i n g s  down t h e  a l l o c a t i o n  o v e r h e a d .  
A no rma l  ( w h a t e v e r  t h a t  i s )  p r o g r a m  a l l o -  
c a t e s  abou t  303 k b y t e s / s e c .  

The c o p y i n g  g a r b a g e  c o l l e c t i o n  used 
has some a d v a n t a g e s :  

- c e l l s  o f  v a r y i n g  s i z e s  a r e  e a s i l y  han-  
d l e d .  

- s t o r a g e  g e t s  compac ted  a t  g a r b a g e  c o l -  
l e c t i o n ,  wh ich  i s  i m p o r t a n t  when u s i n g  
v i r t u a l  memory.  

- the  t i m e  s p e n t  i n  g . c .  i s  p r o p o r t i o n a l  
t o  t h e  s i z e  o f  t h e  used p a r t  o f  t he  
h e a p ,  no t  t he  s i z e  o f  t h e  heap as w i t h  
m a r k - s c a n .  T h i s  i s  i m p o r t a n t  s i n c e  
the  memory a l l o c a t i o n  i s  v e r y  l a r g e  
compared  t o  t he  s i z e  o f  t h e  used 
memory. 

4 .  C u r r e n t  s t a t e  o f  t h e  ¢ o e p i t e r  

The c o m p i l e r  as d e s c r i b e d  he re  i s  n o t  f u l l y  
i m p l e m e n t e d  a t  t h e  moment.  We have an 
o l d e r  v e r s i o n  o f  t h e  c o m p i l e r  wh ich  does 
no t  do t h e  case t r a n s f o r m a t i o n s  d e s c r i b e d ,  
bu t  i s  o t h e r w i s e  v e r y  s i m i l a r .  

A f t e r  c o m p l e t i n g  t h e  c o m p i l e r  we w o u l d  
l i k e  t o  t e s t  some o t h e r  p o s s i b l e  i m p r o v e -  
men ts :  

- A g l o b a l  a n a l y s i s  t o  d e t e c t  when 
c a l l - b y - v a l u e  c o u l d  be used i n s t e a d  o f  
c a l l - b y - n e e d  has been p r o p o s e d  in 
[ M y c r 8 0 ] .  T h i s  c o u l d  b r i n g  down t h e  
amount o f  g r a p h  c o n s t r u c t i o n  f u r t h e r .  

- V e c t o r  n o d e s ,  i e .  nodes w i t h  many 
p a r t s  o f  t h e  same k i n d ,  c o u l d  be used  
t o  s t o r e  t u p t e s  in  an e f f i c i e n t  way.  

5 .  P e r f o r m a n c e  

ALL benchmarks  b e l o w ,  and t h e  code shown i n  
t h e  a p p e n d i c i e s  a re  p r o d u c e d  w i t h  t h e  o l d e r  
v e r s i o n  o f  t h e  c o m p i l e r  ( see  a b o v e ) .  

I t  i s  d i f f i c u l t  t o  do f a i r  c o m p a r i s o n s  
be tween  d i f f e r e n t  L a n g u a g e s ,  bu t  we have 
t r i e d  some benchmark  p r o g r a m s  w i t h  d i f -  
f e r e n t  c o m p i l e r s  and i n t e r p r e t e r s .  I f  no t  
s t a t e d  o t h e r w i s e  t h e  same a t g o r i t h  has been 
used f o r  a l l  l a n g u a g e s ,  t h i s  means t h a t  
even the  C and P a s c a l  p r o g r a m s  use L i s t s  i f  
t he  f u n c t i o n a l  p r o g r a m  d o e s .  Of c o u r s e  
t h i s  i s  no t  " f a i r "  s i n c e  one wou ld  no t  
w r i t e  t he  an i m p e r a t i v e  p r o g r a m  t h i s  way ,  
bu t  i f  one s t a r t s  u s i n g  d i f f e r e n t  v e r s i o n s  
f o r  d i f f e r e n t  l a n g u a g e s  t h i s  makes t h e  com- 
p a r i s o n  even more d i f f i c u l t .  N e v e r t h e l e s s ,  
i n  two e x a m p l e s ,  8queen and k w i c ,  t h e  p r o -  
grams in  P a s c a l  and C have been w r i t t e n  i n  
an i m p e r a t i v e  s t y l e .  

A l l  e x e c u t i o n  t i m e s  g i v e n  i t a b l e  1 
a re  in  seconds  o f  CPU t i m e  ( g a r b a g e  c o l l e c -  
t i o n  i n c l u d e d ) .  

Language p r o c e s s o r s :  

LML The l a z y  RL c o m p i l e r  d e s c r i b e d  i n  
t h i s  p a p e r .  Lazy  e v a l u a t i o n .  

ML The RL/LCF sys tem f rom E d i n b u r g h ,  
t r a n s l a t e s  RL t o  L ISP and i n t e r -  
p r e t s  t h e  L ISP.  S t r i c t  e v a l u a t i o n .  

RL-C The c o m p i l i n g  RL sys tem by Luca 
C a r d e l l i ,  t r a n s l a t e s  to  WAX-code.  
S t r i c t  e v a l u a t i o n .  

SASL T u r n e r s  SASL, t r a n s l a t e s  SASL i n t o  
SECD code and i n t e r p r e t s  i t .  Lazy  
e v a l u a t i o n .  

LISP I n t e r p r e t e d  Franz  L i s p  on UNIX.  
S t r i c t  e v a l u a t i o n .  
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LML ML ML-C 
8 q u e e n  3 . 2  170 9 .U 
f i b 2 0  0 . 8 3  46 0 . 5  
p r i m e s  0 . 5  29 1 . 2  
insort 0.37 15 1.0 
tak 10 309 16 
kwic 39 - - 

allocated 
memory (K) 

f i b 2 0  45 
prime 88 
i n s o r t  59 
8queen  687 

L i s z t  

P a s c a l  

Compiled Franz Lisp 
Strict evaluation. 

P r o g r a m s :  

8queen  

fib20 

primes 

insort 

tak 

kwic 

Table 1. 
SASL 
170 

31 
20 
12 

Table 2. 
max 

used  (K)  
0 . 3  
1 . 7  
4 
6 . 4  

o n  U N I X .  

The VAX/UNIX P a s c a l  compiler pc. 
Strict evaluation. 

S t r i c t  The VAXIUNIX C compiler cc. 
evaluation. 

Counting the number of solutions to 
the 8 queen problem (actually 7 
queens are used to limit the execu- 
tion time). The Pascal and C ver- 
sions of t h i s  program are coded  
d i f f e r e n t l y  ( c o d e d  i n  a n o n -  
f u n c t i o n a l  s t y l e ) .  

Computation o f  the 20th F i b o n a c c i  
n u m b e r .  

The first 300 primes using 
Erathostene's sieve. 

Insertion sort of 100 elements in a 
list (repeated 10 times). 

The tak function with arguments 
18,12,6. 

Keyword in context, all significant 
rotations of a number of sentences 
sorted. The Pascal program was 
written in the usual Pascal style 
w i t h  arrays. 

We have also performed some measurements of 
memory consumption (of the LML programs) 
which are presented in table 2. 

allocated memory: is total amount of memory 
allocated by the program. 

max u s e d :  i s  maximum amount  o f  heap memory 
i n  use a t  any  t i m e ,  i e .  t h e  p a r t  o f  
t h e  heap n o t  c o n t a i n g  g a r b a g e .  

heap s i z e :  i s  t h e  s i z e  o f  t h e  heap ( t w i c e  
t h i s  amount  used  b e c a u s e  o f  t h e  way 
t h e  g a r b a g e  c o l l e c t o r  w o r k s . )  

GC t i m e :  i s  t h e  t i m e  s p e n t  i n  g a r b a g e  c o l -  
L e c t i o n .  

LISP Liszt Pascal C 
48 5.2 1.0 0.4 
21 1.1 0.92 0.46 

7 . 8  1 .1  - - 
6 . 4  0 . 8  

76 3 . 0  2 . 6  1 . 8  
- - 9 . 7  - 

heap GC 
s i z e  (K)  t i m e  (Z )  

20 4 
10 5 
10 15 
50 6 
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Appendix A. Terminology 

Program parts will (almost) always be 
enclosed in '. Certain names inside 
stand for special things: 

i,i k are variables (ie. identifiers 
that are not constructors). 

C,C k are c o n s t r u c t o r s .  

P'Pk 

I,I k 

D,D k 

e,e k are expressions. 

Appendix B. Dectarator  syntax 

Declarators can be built up 
ways: 

"D 1 and D 2' the bindings of D 1 
made simultaneously. 

are patterns (ie. "expressions" 
built up from constructors and 
variables). 

are new unique variables, ie. 
they are compiler generated 
variables distinct from all 
other identifiers in the pro- 
gram. 

are declarators, ie. the defin- 
ition part of a Let expression. 

i n  s e v e r a l  

and D are 
2 

"rec D' makes the b ind ings  in D r e c u r s i v e ,  
i e .  the v a r i a b l e s  bound in O may be used in  
the r i g h t  hand sides of O. 

" l o c a l  D 1 in D 2' makes D I a v a i l a b l e  in D2, 
but not ou t s i de  D 2. 

"p = e '  binds the v a r i a b l e s  in the p a t t e r n  
p to the cor respond ing pa r t s  o f  e. 

i P 1 1 - - . P l n = e l  

I [  iPm1--TPmo=em . 
defines the Tunctlon i by a number of equa- 
tions. 

Appendix C, Some benchmark programs 

let n s o l n  nq = 
letrec ok [] = 

{] ok ( x . 1 )  
letrec 

I n  

in 

in 
letrec gen 0 = 

I I  g e n n  - 
in l e n g t h  

true 
m 

safe x d [] - true 
safe x d (q.l~ = x -- q & x --m q+d & 

X -" q-d & safe x (d+l) 1 
safe x I i 

Jill 
coucmap (\\b.(filter ok (map (\\q.q.b) (count I nq)))) (gen (n-l)) 
( g e n  nq)  

nsoln (stol ( h d  argv)) 

C o u n t  t h e  n u m b e r  o f  s o l u t i o n s  o f  t h e  n - q u e e n  p r o b l e m  ( p l a c i n g  n 
q u e e n s  on  a n*n  b o a r d ) .  
Used f u n c t i o n s :  
map - apply a function to all elements of a list. 
concmap - as map but concatenate the instead of cons. 
length - gives the length of a list. 
count - generate a list o f  consecutive numbers between two limits. 
s t o l  - s t r l n g t o  i n t e g e r .  
a r g v  - l l s t  o f  a r g u m e n t s  t o  t h e  p r o g r a m .  
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l e t r e c  f i b  n " 

I f  n < 2 t h e n  1 
e l s e  f t b  ( n  - 1) + f i b  ( n  - 2)  

I n  

f i b  20 

The  2 0 : t h  f t b o n a c c I  n u m b e r .  

letrec 

i n  

t a k  x y z = 

if -(y (X) t h e n  Z 
else tak (tak (x-l) y z~ 

(tak (y-l) z x) 
( t a k  (z-I) x y )  

t a k  18 12 6 

The  t a k  f u n c t i o n .  

l e t  mod x y = x - (x/y'y) in 
l e t  r e c  f i l t e r  p 1 = i f  n u l l  1 t h e n  []  

e l s e  

if mod ( h d  1) p = 0 t h e n  
filter p (tl I) 

e l s e  hd 1 . f i l t e r  p ( t l  1)  
and  c o u n t  a b = I f  a > b t h e n  [ ]  

e l s e  a . c o u n t  ( a + l )  b 
i n  
l e t r e c  s i e v e  1 = i f  n u l l  i t h e n  n i l  

else hd I • sieve (filter ( h d  I) (tll)) 
In 
let prlmesto n = sieve (count 2 n} 
in 
primesto 300 

Generating p r i m e s  up  t o  a l i m i t .  

A p p e n d i x  De 6 - c o d e  and VAX-code 
This iS the essential part of the run time 
machinery of all programs: 

Jmp APPLY. oval t h i s  is were oval 
Jmp .... of an APPLY Jumps 
Jmp . . . .  

APPLY: movl (%ep) .rO get  p o i n t e r  to apply  
movl 8(rO),-(Zep) push argument pa r t  
movl 4(r0)  ,rO get  function pa r t  
movl rO,-(~ep~ and push I t  
jmp *(tO) Jump via UNWIND tag 

APPLY oval: 
movl rO,-(Zep) push node po in t e r  
movl Zep , - ( sp)  save c u r r e n t  ep 
~br APPLY e n t e r  unwind s t a t e  

F u n c t i o n  d e f i n i t i o n :  

fllter p L = 
If null L then 

i' 
else If p (hd L) then 

(hd L) . filter p (tl L) 
else 

fllter p (tl L) 
G - m a c h i n e  c o d e :  

PUSH 3;  EVAL; NULL; JFALSE 105; 
RET_NIL; 

LABEL 105; 

PUSH 3; HD; PUSH 2; MKAP; EVAL; GET; JFALSE 106; 
PUSH 3; TL; PUSH 2; PUSHFUN filter; MKAP; MKAP; 
PUSH 4; HD; CONS; UPDATE 5; RET 4; 

LABEL 106; 

PUSH 3; TL; MOVE 4; JFUN filter. 

Note: Zep is an alias for rlO, use/ 4s stack pointer for the 
po in te r  s t ack .  
~hp iS an alias for r[i, use~ as heap po ln [e r .  

Vax assebler code: 

# Code fo r  func t ion  filter 
.globl C fitter 

C filter: 
C~tlOO: . long FLtlOO,If 
l: .asciz " filter" 
2: movl $~LtlO0,rO 

rsb 
rsb ;  .byte  O,O,O,O.0 
Jmp f u n p r l n t e r r  
J lp  2b 
.g lob l  F f i l t e r  

P f i l t e r :  
FLtl00: 

subl3 %ep , ( sp ) , r0  
cmpl r0,$16 
bgeq If 
Jmp r e t u r n  

I :  
DLtlOO: 

• globl D filter 
D filter: 

movl 12(%ep),rO 
movl (rO),rl 
Jsb e v a l ( r l )  
cmpl $CONS,(rO) 
Jeql  LI05 

movl (sp)+,%ep 
mort (%ep)+.rO 
movl SF_ni l , ( rO)  
rab 

L105: 
cmpl %hp,ehp 
bleq I f  
Jsb GARBMIN 

t :  
movl 12(~ep) , r2  
movl 4(rO),r2 
movl SAPPLY,(%hp)+ 
movl 4(%ep),(Zhp)+ 
movl r2,(Zhp)+ 
moval -12(%hp),rO 
movl ( r O ) , r l  
Jsb eval(rl) 
z s t l  4(rO) 
Jeql LI06 

cmpl Zhp,ehp 
bleq I f  
Jsb GARBMIN 

L: 

LIOb: 

Entry point  for  c a l l  v i a  EVAL 

Entry point for  ° d i r e c t  ° c a l l  

PUSH 3 
EVAL 

NULL; JPALSE L105 

~T NiL 

LABEL LI05 
Enough heap left? 

no: collect garbage 

PUSH 3 
HD 
PUSH 2; tff, AP 

EVAL 

JFALS'~ Ll06 

movl 12(%ep).r2 PUSH 3 
movl 4 ( r 2 ) , r 2  TL 
movl $APPLY,(Zhp)+ PUSH 2; PUSHFUN f i l t e r ;  MKAP 
movl $C filter,(Zhp)+ 
movl 4 (Zep) , (hp)+  
movl $APPLY,(%hp)+ MKAP 
moval -16(~hp) , (~hp)+  
movl r2,(Zhp)+ 
movl 12(Zep%,r2 PUSH 
movl 4(r2~,r2 HI) 

movl (sp)+,rl CONS; UPDATE 5; RET 4 
marl (rl),rO 
movl $CONS,(rO) 
movl r2,4(rO) 
moral -12(hp),8(rO) 
movl rl,%ep 
rsb 

movl 12(Zep) , r2  PUSH 3 
movl 8 ( r2 ) ,X2(Zep)  TL; ~3VE 4 
Jmp O filter JFL%" filter 
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