
The Structure of t h e  L i s p  C o m p i l e r  

In t h e  course of m y  work i n  algebcaic symbol manipulation, 1 

have had the p l e a s u r e  t o  i m p l e m e n t  a L i s p  system v i t h  b 

c o m p i l e r  for severa l  S/360 o p e r a t i n g  systems. My 

c o n f e d e r a t e s  i n  this vent-ure were J. Griesmer, J. Barry, a n d  

fi. P i v o v o n s k y .  I n  the course of t h a t  development  1 had t h e  

o p p o r t u n i t y  to s tudy  t h e  h i s t o r y  and  structure of the lisp 

c o m p i l e r .  It is my i n t e n t i o n  to. pass a l o n g  some of t h a t  

information, 

T h e  first L i s p  c o m p i l e r  was written by Robert B r a y t o n  w i t h  
I 

t h e  assistance o f  David Park, i n  SAP for t h e  704, That 

c o m p i l e r  u a s  started i n  1957 and was working i n  1960 by ' 

which time B r a y t o n  left MIT. During t h a t  i n t e r v a l  of time a 

lisp c o m p i l e r  written i n  Lisp was i a p l e m e n t e d  by Klim Maling 

b u t  t h a t  compiler uas apparently dropped. The argument 

advanced vas t h a t ,  B r a y t o n ' s  b e i n g  written i n  assembly 

language,  would obviously b e  £aster. D i f f i c u l t i e s  i n  

maintenance d e v e l o p e d  uhen Brayton l e f t  the p r o  ject. After 

Brapton and M a l i n g ,  Timothy Hart and fl ichael L e v i n  wrote a 

c o m p i l e r  i n  Lisp which uas d i s t r i b u t e d  w i th  t h e  704 L i s p  1 . 5  

s y s t e m .  The c o m p i l e r  t h a t  1 an most f a m i l i a r  w i t h  and will 

d e s c r i b e  t o d a y  is a d e s c e n d a n t  of t h a t  compiler. 

The Lisp compiler has d e v e l o p e d  over the years due to 



PAGE 2 

s e v e r a l  factors:  

1 .  The Lisp l a n g u a g e  h a s  b e e n  r e f i n e d  and t h e  c o m p i l e r  

has  h a d  t o  k e e p  up. 

2. T h e  L i s p  system vas i m p l e m e n t e d  o n  neu c o m p u t e r s  

w i t h  d i f f  erent o r d e r  codes and memory o r g a n i z a t i o n s ,  

therefore the code genera tion had to c h a n g e .  

3. ~ u g s  were i d e n t i f i e d  ana c o r r e c t e d .  

4. Various optimizations of t h e  c o m p i l e r  itself and 

the c o d e  it produces were deemed d e s i r a b l e .  

To d a t e  none of these factors have c o m p l e t e l y  receded into 

t h e  woodwork a n d  theref ore d e v e l o p m e n t  c o n t i n u e s ,  
1 

To c i t e  j u s t  a few of the more s o p h i s t . i c a t e d  and a c t i v e '  

e f f o r t s  which 1 consider lambda c a l c u l u s  m o t i v a t e d :  

G E D A N K E N  by J. Reynolds ;  PAL by A. Evans; CPL - Barron 
et. al.; ECL by B. weghreit. , 

To these should be a d d e d  the many straight Lisp 1 . 5  t y p e  

efforts ,  of w h i c h  t h e  Stanford L i s p  s y s t e m s ,  the B R N - L i s p  o n  

PDP-10 w i t h  the TENEX time shar i n g  system, BALM o n  the CDC f 
6600 by H a r r i s o n ,  e t  a l ,  are j u s t  a feu examples.  S/360 Lisp 

is of this latter  t y p e  and w h i l e  it is l i k e l y  t o  persist for 

some years c o u l d  h a r d l y  be touted a s  a penultinate s y s t e m .  1 

foresee a series  of modest improvements. The o v e r r i d d i n g  

c o n s i d e r a t  ion being improvement  but c o n p a t i b i l i t y  with t h e  
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large body o f  code t h a t  we current ly  have a v a i l a b l e ,  

I t  is w i t h  al1 this i n  mind t h a t  1 l a u n c h  into t h i s  

p r e s e n t a t i c n  of our S I 3 6 0  L i s p  system and t h e  structure of  

its compiler. 

F i r s t l y ,  t h e  L i s p  system s h o u l d  b e  understood a s  
t 

1. A language 

2. A da  ta-mode1 including storage organization and  

management 

3,  A supervisor  

4 ,  A large set of b u i l t  in p r i m i t i v e s  

5. Two e v a l u a t i o n  mechanisms,  t h e  interpreter and t h e  

compi  ler I 

6 .  A de£ i n i t i o n  schemata 

A 1 1  these facets are of course i n t e r e s t i n g  and  vital. B u t  

t o d a y  1 am concerned o n l y  w i t h  t h e  compiler and  will t o  some 

e x t e n t ,  assume t h a t  y o u  are familiat w i t h  t h e  other facets 

of t h e  L i s p  system. Moreover t h a t  you are here m a i n l y  to 

l e a r n  about  t h e  organization of the c o m p i l e r  and are 

u n c o n c e r n e d  about other topics which 1 would be otherwise 

happy  to d i s c u s s ,  

The L i s p  compi ler  is a run time f u n c t i o n  w h i c h  creates named 

code b o d i e s .  The effect is that new primitive operators are 

i n t r o d u c e d  into the system. Such operators may h a v e  access 

to g l o b a l  var iab le s  and are  free t o  have g l o b a l  
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side-effects .  The c o m p i l e r  is written i n  L i s p .  It is rather 

well understood a n d  indeed c o r r e c t n e s s  proofs of s e v e r a l  

subset compilers h a v e  been p u b l i s h e d  i n  1971 by B. London. 

As we are concerned u i t h  an extremely simple language with 

t y p e l e s s  d a t a  o h j e c t s ,  t h e  compiler is not o v e r l y  complex. 

The compiler is p r i m a r i l y  concerned w i t h  variable b i n d i n g  

and variable e v a l u a t i o n ,  and  to t h a t  end it uses more 

e f f i c i e n t  environment models than the a - l i s t  of t h e  

interpreter. T h e s e  environment models are in order of 

efficiency: stack v a r i a b l e s ,  SPECIAL v a r i a b l e s  and COMMON 

v a r i a b l e s .  

It is a goal of t h e  d e f i n i t i o n  schema i n  this l i s p  systam 

t h a t  functions may each be d e f  i n e d  i n  any . order. This is a 

real boon to the i n t e r a c t i v e  definition process, but could 
1 

l e a d  to a class of errors or else r e s u l t  i n  inefficient 

code. The errors t h a t  1 have in mind corne when the nnmber o f '  

arguments or t h e i r  e v a l u a t i o n  or  transmission modes is 

changed i n  a r e d e f i n i t i o n .  

n f a c t  t h a t  is ./ j u s t  w h a t  h a p p e n s  and furtéermore is 
CC 

considered t o l e r a b l e .  For reasons of efficiency t h e  compiler 1 al u 

prefers to t h i n k  t h a t  al1 bound variables are p u r e l y  local 

( u n l e s s  o t h e r u i s e  i n f o r m e d )  f o r  w h i c h  i t  has  an efficient p.,'( $ 
s t a c k  model. As you can see t h i s  is an i n c o r r e c t  assumption 9 ,  I 

-_- -- 
which a l l o w s  for  more efficient code but  makes the? / ' 

4, I- , + . ,..a/ 

programmer i d e n t i f y  those variables u h i c h  rnay b e  nsed free ) '' 

by some c a l l e d  f n n c t i o n .  L 

i * 
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Anothnr incorrect assumption that this compiler t h r i v e s  on 

is t h a t  a call t o  a c u r r e n t l y  u n d e f i n e d  function is a c a l l  

t o  a function t h a t  e x p e c t s  e x a c t l y  the number of arguments 

g i v e n  and that it e x p e c t s  them e v a l u a t e d .  T h i s  is n o t  so bad 

i n  the c a s e  t h e  function remains u n d e f i n e d  a s  a run time 

error occurs. A l s o  a n y  attempt t o  d e f i n e  i t  a s  other than 

t h e  assumed c l a s s  can g i v e  r i se  to a n  error, 

The  compiler t h u s  assumes t h a t  t h e  user d e c l a r e s  his free 

v a r i a b l e s  correctly a n d  compiles h i s  unusual f u n c t i o n s  

before any c a l l s  to it are c o m p i l e d .  The three modes for 

variables t h a t  t h e  compiler uses are: 

1 ,  stack v a r i a b l e s ,  

2,  S P E C I  AL v a r i a b l e s .  

3 .  COMHON v a r i a b l e s ,  

T h e  i m p l e m e n t a t i o n s  of each of t h e s e  are: 

1, StacX v a r i a b l e  -- A stack ce11 is reserved for e a c h  
, 

hound v a r i a b l e  occuring i n  the l'am bda-expression, thesn 

cel ls  are  f i l l e d  i n  a t  e n t r y  t o  the code body with the Cr 
O i 
U 

arguments of t h e  f u n c t i o n .  A stack ce11 is a l l o c a t e d  - 
(Z- 

for each program variable f o u n d  a s  bound variables in 3 

embedded PROGs, these are i n i t i a l i z e d  t o  NIL a t  g 

f u n c t i o n  entry. Temporary v a r i a b l e s  are created by the 

compiler i t s e l f .  A l 1  of these cells are accessable 

only to the current a c t i v a t i o n  of the code body i n  

q u e s t i o n .  
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Fig, 1 

.a. 

2. SPECIAL v a r i a b l e s  -- T h i s  mode is u s e d  f o r  those 

variahles d e c l a r e d  SPRCIAL a t  compile time. A v a l u e  

Lowmemoiy 

. 

- P D L -  

ce11 is a s s o c i a t e d  with the identifier which denotes a 

teinpl 
œ . 

A iyj: 
A%, 
A rg2 

PDL 
RET 
REL 

v a r i a b l e .  A t  b i n d i n g  time the c o n t e n t s  of the s t a c k  

ce11 a l l o c a t e d  to that bound variable is exchanged w i t h  
l 

the contents o f  t h e  v a l u e  cell. Subsequent references 

and a s s i g n m e n t s  are  t o  t h e  value cel l .  A t  f u n c t i o n  

return time these two c e l l s  are exchanged again,  thus 
I 

, 
restoring t h e  former v a l u e s .  

T h e  implementat ion  o f  SPECIAL v a r i a b l e s  is q u i t e  
3 

efficient b u t  i n a d e q u a t e  i n  t h e  following cases. 
C 
O 

1. The downward F U N A R G :  

A f u n c t i o n a l  argument is pasçed  which uses a 

free v a r i a b l e  which has been bound a g a i n  in the 

envi ronment t h e  f u n c t i o n a l .  v a l u e  is a p p l i e d ,  

2. The upward P U N A R G :  
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A f u n c t i o n a l  v a l u e  is r e t u r n e d  which h a s  a 

free v a r i a b l e  which has a different b ind ing  vhen  

tha t v a l u e  is a p p l i e d .  
CD 
cn 

For these cases the full power of the COMROH v a r i a b l e  

mode is necessary. The fisp interpreter h a s  access t o  

i? SPECIAL v a l u e s  onlp i f  n o  v a r i a b l e  by that name occurs 

on the a - l i s t .  

3 ,  COMHON v a r i a b l e s  -- T h i s  is the most correct 

v a r i a b l e  mode1 u s e d  because  it uses the a - l i s t  in a 

manner isomorphic t o  t h e  use by  E V A t ,  The embodiment 

is to h a v e  a stack ce11 p o i n t  t o  the name-value p a i r  o n  

the a-list, E v a l u a t i o n  of such a v a r i a b l e  i s  a L O A D  and 
. - 

. . - " .  

a C D B .  A s s i g n n e n t  is a LOAD and  a R P L A C D ~ W ~ ~ ~  COHMON 

variables a r e  bound ( a c t i v a t e d ) ,  t h e  a - l i s t  is 

augmented by a p p e n d i n g  t h a t  name-value r e l a t i o n s h i p  

cell. A t  d e a c t i v a t i o n  time the a-list is r e s t o r e d  t o  
I 

its former v a l u e .  I n  those f u n c t i o n s  which use a 

COMRON v a r i a b l e  free ,  or for that matter any  u n d e c l a r e d  

operand  free v a r i a b l e ,  the a - l i s t  is searched at 
I 

binding ( a c t i v a t i o n )  time and a s tack ce11 is made to 

p o i n t  to  the appropiate name-value cell. 



1 -- 1 -- 

l : * 
PAGE 8 

The C O f l N O N  v a r i a b l e  mechan i sms  of t h e  c o m p i l e d  c o d e  are 

more efficient than t h o s e  of the i n t e r p r e t e r  except  

t h a t  free v a r i a b l e s  which are mentioned but not u s e d  d o  

g e t  e x t r a  a t t e n t i o n ,  T h e  COMHON mechanisn is less 

efficient than the stack or S P E C I A L  v a r i a b l e  

mechan i sms ,  It is more correct h o w e v e r ,  

T h e  compiler t r e a t s  o r d i n a r y  o p e r a t o r  aames like free 

v a r i a b l e s  and compiles the code to: 

1. Evaluatinq the a r g u m e n t s ,  

2 .  Transmit t h e  arguments.  
1 

3.  D o  a s u b r o u t i n e  Jump i n d i r e c t l y  through t h e  SPECIAL 
* 

v a l u e  ceIl  o f  t h a t  i d e n t i f i e r ,  

It is the users responsibility t o  see t h a t  any o p e r a t o r  that 

d e v i a t e s  from the ordinary  c l a s s  r e c e i v e  properties v h i c h  

t h e  compiler i a y  knov b e f o r e  a n y  f unction which c a l l s  it is 

cornpl l ed .  , 

u 
0) 
U 

- 
Cu 

Many of these d e f a u l t s  and  responsibilities were p u t  i n  a s  3 
C 

a i d s  t o  t h e  i n t e r a c t i v e  program d e v e l o p m e n t ,  but are in f a c t  P 

t h e  sources o f  some errors, 

It is i n t e r e s t i n g  to note that i n  B r a y t o n ' s  e a r l y  compiler, 

the f l t c o n p i l e  b e f o r e  or a l o n g  w i t h n  c o n v e n t i o n s  were rigidly 

. e n f o r c e a .  A function n o t  satisf yang those r e q u i r e m e n t s  
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d i d n e  t c o m ~ i l e .  

D e s p i t e  m y  ear l i er  promise that 1 w.ould concentrate s t r i c t l y  

on the structure of t h e  compiler X s h o u l d  l i k e  to d e s c r i b e  

t h e  Lisp language.  M y  argument is that e v e n  t h o s e  of you 

who are  e x p e r t  a t  L i s p  n e e d  to know precisely what Lisp I am 

concerned wit h . 

To t h a t  end 1 p r e s e n t  a s y n t a x  d e s c r i p t i o n  of .Lisp as I see 

it. 

Syntax of LlSP . 
e Ir t 1 ld} a constant or varlable name 

LAMBDA (GLAMBDA) ((iz)) b o q  I where body ir an e 

( LABEL id e l  
(SFTQ id el 
(COND (p qIs' 1 where p, q are e 
(PRO(; (id" ss' ) @ 

where s 1s 
(GO id l 
(RETURN el 

e . , 

'y;.. .... -.. 
1 

where rator, rand are e. 
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A L i s p  express ion is: 

c a c o n s t a n t ,  - 
i d  a v a r i a b l e  name or i d e n t i f i e r .  -- 
( lam b k g p  & body) a lambda-expression o r  procedure 

u h e r e  l g m b d a - 9  is LANBDA or PLAMBDA, and 

bv  t h e  bound v a r i a b l e s  is either ~JJ or ( i d * ) ,  and 
--D 

body is an 2 .  - 
(LABEL 2) a l a b e l - e x p r e s s i o n ,  

( S E T Q  J i  2)  assignment . 
( C O N D  (E 9) *) a c o n d i t i o n a l - e x p r e s s i o n  

where the p r e d i c a t e  p is an 2 ,  and 

t h e  c o n s e q u e n t  q is an e, 

(PROG px ç*) a program-expression 

where eu t h e  program-variable part  is (Li*), and 

each statements  3 is a: 

l a b e l  which is an &il, or ---- 
( G O  ifl) a go-s tatement ,  or 

an 3, or 

( C O N D  (E S )  *) a c o n d i t i o n a l - s t a t e m e n t .  

(FUNCTION 2) 

(QUOTE s - express ion)  a  quoted s-expression, 

(rator  xand*) a combination , 

where the operator r a t o r  is an g ,  and 

each operand rand is an 

It should be noted t h a t  e x c e p t  for constants  and var iab l e s  
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e v e r y  Lisp expression is a c o m b i n a t i o n ,  Some of these 

combinations are d i ç t i n g u i s h e ~ l  for s e m a n t i c  reasons. 

Semantics in L i s p  is n s u a l l y  g i v e n  by d e s c r i b i n g  an 

interpreter (EVAL 2 2) where e. has been dnscr ibed  and 2 is 

an e n v i r o n m e n t  v h i c h  g i v e s  meaning t o  free variables. The 

environment is an ordered s e t  of naie-value relationships 

which is most g e n e r a l l y  represented as an a-list. 

As an aside X s h o u l d  l i k e  to mention my own b i a s  t h a t  an 

interpreter described as a S. E,C,  D transf orm is e v e n  more 

illuminating. Such  transforms were described by P. Landin  in 

1964. (see a p p e n d i x  A for such a semantics p r e s e n t a t i o n )  

i C\ It is wall  known t h a t  L i s p  requires a m i n i m a l  set  of d a t a  

primitives for its own s e l f - d e s c r i p t i o n .  To d e f i n e  E V R I  in 

Lisp we require o n l y  t h e  following a d d i t i o n a l  p r i m i t i v e s :  
I 

(EQ x y) i d e n t i t y .  

(ATOM x) t h e  atom p r e d i c a t e ,  

( I D X N ' I P  x )  the identifier p r e d i c a  te. 

(CAR x) and (CDR x) t h e  selectors. . 

(RPLACD x y)  and (RPLACA x y) t h e  s t o r i n g  f unct ions .  

a n d  an a l l o c a t i o n  function l i k e  CONS. 

The fact that v e r y  l i t t l e  is required to u n d e r s t a n d  L i s p  a n d  

t h e  f a c t  that it is self described and self  i m p l e m e n t e d  has  

allowed the users to  p l a y  w i t h  its semantics. L i s p  has not 

been v e r y  self protective.  Some examples of such i n t r o d u c e d  

semantics a r e  aacro-express i~ons  and . c o d e - e x p r e s s i o n s .  
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A macro-expression m-e is s i m p l y  a combination vhose rator 1 

C is u n d e r s t o o d  to be the name of a macro def i n i t i o n  f u n c t i o n  

mdef. T h e  v a l u e  of a macro-expression ,is given by: ( E V A L  --- 
[ m d e f  m-e ) a) . f 

/.CC-- 

y- A code-express ion  is a combinat ion  of t h e  f orm: Rr 
/.,. ,+<@" 

(CODE instr*) where t h e  i n s t r  are LAP instructionse 

B o t h  macro and  code expressions are i n t e n d e d  as compilat ion 
1 I 

tricks but EVAL c o u l d  h a n d l e  them. In practice f V A L  h a n d l e s  

macroqs b u t  not code-expressions.  

S k i p p i n g  a n y  f urther d i s c u s s i o n  of semantics I b e l i e v e  ve 

should be in a p o s i t i o n  to fol low a s t r u c t u r a l  d e s c r i p t i o n  

of t h e  compiler, 

Each named procedure is c o m p i l e d  b y . a  L i s p  f u n c t i o n  COHlX 

v h i c h  has the f o l lowing  structure: 
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I COM1X c a l l s  MDEF w h i c h  e x p a n d s  a i l  the Lisp macros, COMlX is 

recursivel y ca l l e d  f o r  certain proced ure-valued expressions. 

Tn which case a separate  f u n c t i o n  is created and then 

referenced by t h e  " c o n t a i n i n g l t  function. 

I " COfl2 controls  the compi la t ion  of a . properly  macro-expanded 

1; named l a n  bda-expression. There are three parts to t h i s  

compi la t ion  namely,  PASSONE, PRASEZ, and LAP360. 

PASSONE performs such Lisp to Lisp transformations as: 

2. Free variable i d e n t i f  i c ~ a i o n  
& 

3.  Introduction of  b i n d i n g  mechanisms 

4. Elimination of  i n d e f  inite number of arguments 

5 .  E l i m i n a t i o n  of FLAMBDA operators 

6. Remove operand procedure-valued express ions  ' 

7. Introduce interpreter calls 

e v a l u a t i o n  conditions 

d e l a y e d  



PAGE 1 4  

Fig (see a p p e n d i x  0 for  greater  d e t a i l  on PASSONE.) 

PHASE2 recJ@ves a much s i m p l i f i e d  lambda-express ion from 

' P A S S O N E .  It p r o d u c e s  a list of LAP (List Assembly Program) 

i n s t r u c t i o n s  which  is meant t o  be the execution equivalent 

of the lambda-expression. PHASE2 creates the code. , It Knows 

what to  d o  for: 

(QUOTE s-expression) 

( S P E C I A L  i d )  

(SETQ i d  e) 

(CO ND (P g')  *) 

(PROG p v  s * )  

( R E T U R N  e )  

(GO id) 

( A N D  e*) 

(OR e * )  

(*CODE i n s t r * )  

( (LAMBDA ( i d * )  e) e) 

( i d  e* )  
, 

c o n s t a n t s  

assignment 

c o n d i t i o n a l s  

program blocks 

program returns 

go- t o s  

code-expressions 

lambda-exp operator 
. 

c a l l s  

PHASE2 a l s o  g e n e r a t e s  the code for v a r i a b l e  b i n d i n g  

prologues and v a r i a b l e  r e s t o t e s  on value return e p i l o g u e s .  
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(see a p p e n d i x  C for greater d e t a i l  on PHASES) 

LAP360 is a v e r y  s i m p l e  m i n d e d  2 - p a s s  assembler, The o n l y  , 

i n t e r e ç t i n g  facbt worth inentioning is t h a t  it f i n a l l y  

resolves spec ia l  v a r i a b l e s ,  guotes a n d  f u n c t i o n  calls. 
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A P P E N D I X  B. PASSONE transformations --- 
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, 

l I P  i terative form rccu rsion removal .. - 

t- \ 

(LAMBDA (idl. .. id,] 
CD 
01 ( ~ 3 1  ( (pi ( x a  il... ai,)) ,m ~~ U Q I  b e-, id 1.- L.? %. a1 

' _  
,a r 4 AL-=? d g ~ c g - - I .  
i = trlam 1 (LABEL x (LAMBDA (idl . . . id,) f l  

(P& cgi ... gn) - ( CO O f~ va ) -!---J--;,-J(/~ 2 Yz-z~r-L- 2 - r ; r .  
\ l 

g, (CON0 Ip (RETURN q) l \ (pi (GO gi)l 1' r 
t igi (SETQ 9, ail)  .. (SETQ 9, ai,) (CO gt) 

' 
gt ISETQ id1 gl) ... (Sap idn g,,) (GO g,) 1 1 ) :  h 

"0. *).w &U a+ $- 
. . = ( s e ~ c i ~ c  r u )  

- 
t r ~ a m r  (LABEL x (LAMBDA a 

(LABEL x (LAMBDA bv # 

(PROG pv *Y u 

alist-save 

comrnon-va r-bind 
, 

f ree-var-bind . 

special-va r-bind . . 

( S n Q  g,, ttrform[body: bv: b) 1 
A -Y 5- 

special-restore 

alist-restore , 

r' IRETURN g,,) I I I 



I 

(SUQ id el) 7 where e' t i f o rm [ e ; b] 

t r form[  (COND (p q)'); b] 
b = (COND ( t r f o r m l  p;b] trforrn [ ; ) *  I 

trform[ (GO id : b] ' (GO id) 

t r f o r r n [ ( ~ ~ ~  p * ) : b ]  = (AND t r f ~ r r n [ ~ ; b ] *  1 
C tdorm [ I O R  p6 I: b]; ~ ~ R ' t i f o i r n  l p ;  

t rforrn [ (FUNCTI ON el : = (FUNC (QUOTE comp[e:<il i $ALI STl 
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f' 
t r form [((LABEL id e l  rand' 1 ; b] t i l o r m [  (P-G pv s* )  ; b] 

CD tr-form[ ( t r l a m [ ( L ~ ~ ~ L  id  e l  ; rand*) ; d 
0, 

vi , 
- t r p r o g [ ( p ~ O ~  pv $ 0 1  ; b] 

- trform [ (  ( FUNCTION e l ,  rand* 1 ; b) 
' 

w 

5 t r form [ (PROG (idl . . . id,) s* 1 : b] = t r f o r m l  (e rand f 1 : b] 
g trprog [(PROC (idl , , . id,) ( S U Q  id, (QUOTE N I  L ) ) t r form [( (QUOTE s-exp) rand 1 : b] ... (SBQ id, JQUOTENIL)) s*); b J  = trforrn [(s-exp rand ; b] 
.iI ,* 

t r form [ (\- exp ; - (FUNC (QUOTE cornp[;\-exp 1 4 SALI ST 1 
. .. 

t r form [( ( *CODE i n i t r  ) rand 1 ; b] 

' ( (*CODE i n s t r * )  trform[ rand : b] , 

I t r form [( ( rator rand 1 randb) ; b] 

* ( A P P L X t r f o r m l l r a t o r  rand* 1 ; b] 

(LI ST tr form rand' : b ) 1 

(PROGpv"  
t''' atist-save 

con~mon-var-bind 

f ree-var-bind 

special-va r-bind , 

( S n Q  g, (PROG pv' SI) 

special-resfore 

alist-restore . , 

(RETURN g,) 1 

where pv" - (g, coms* spec* free*)  
. .I' 

- pv' * pv - F m s *  U, spec* U f r e e j  

t r form [( ( LAMBDA (id*) body) rand* 1 ; b] 
C 1 

= ( t r l a m t  (LABEL g (LAMBDI) (id*) body) 1 : bJ 
r 1 

t r f o r r n l  rand:  bJ* 1 .  

t r f o r m r (  (LAMBDA id b-y) rand* ; q' - 
= ( t r l amc  (LABEL' g (LAMBDA (id) body) ) ; . 

(LIST t r form rand ; b 1 

' trforrn [ ( i FLAMBDA (id*) body) rand* ; a 
.. , ' .  = (triam[ (LABEL (LAMBDA (id*) body 1 )  ; 

(QUOTE rand) 1 
cf> 

t r fo rmr  ( ( FLAMBDA id body 1 rand* 1 ; b] Oi 
U' 

, (trlam [(LABEL g (LAMBDA id body) 1 : b] & 
(QUOTE (rand* ) ) 3 



--- 1 
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A P P E N D I X  C. PHASE2 code g e n e r a t i o n s  --- 

\ comval k i d  randi'): stomap: n a m g  for i > 2 

cornval [ id; stomap; name] : 
? = (L AC locate b d ]  [stomapl ( comval [ randl; stomap: gJ ' : 

(ST AC iocate ig&tomap'] 1 : 
where stomap , (  (idj (PDL 4k) (idj.l (PDL 41-iJ 1) ... 1 

comval [ rand2; stomap: : 

(PDL 4k) is the stack address for  the local 

bound varlable Id- e 
J '..- 

, cornval [(QUOTE s-exp): stomap; name] 

(ST AC iocate Eg;j Etornap l] : 

cornval[ randn; stomap; gn] : 

. (ST AC ~ocate [ gn] [stomap 3 : - (L AC (QUOTE s-expl') ' (L AC locate [gl] [stomap') 1 : 

cornval [(s PECI AC id); ' stomap; name] 
(L MQ locate cg2] Etoamp'] 1 : 

(LA PDLO i o ~ a t e ~ ~ ~ ~ ~ t o r n a p )  1 : 

cornval [ ( ILAhlBDA ( idl . .  . id,) body) el . . . en); stomap; name] ' 

. - (comvai [el: stomap; gl] :. 

(ST AC locate [ i d 1 3  L stomap'] : . 
. . '  

comval [ en: stomap; g,] :'" 

(ST AC locate [ id,] [stomap 1 1 : 

comval L body;- stornap'; name] 1 
8 

where stomap = ( (id, (PDL 4k) 1 (idjml (PDL 4 [k-il) . . . ) 
. ,. 

and stomap' 

I (id, lPDL 4 [k +t$) . . . (Idl (POL 4[k+1] 1 1 (Idj (PDL 4k) 1 . .. 1 

! 

; cornval [ (CON0 (pi ei)* 1; stomap; name] 

'I cornval [ pi; ~tomap; g i 1  

(CR AC NIL)  

O (LABEL g i , ~ ) )  : ' (r 

a 
cornval[ei; stornap; namq : 

O 
8 .  

. 
for 1 ' 1 ..a ' a 



- 
l Ca 
7 

comval [ (PROG pv sa); stomap; name] 
-r 

q where stomap ( (idj (PDL 4kf )  (idjml (PDL 4[k-g)) .. . ) 
g = comprog 1 (sa): pv: name] 

d 

4 .  1. (s'.) is created from (se 1 by substitution of gi 

for each labeli in (sol 

II. stomap' is created f rom pv (idl id2 . . . 1 and 

stomap. 

I II. The code for each s' In 1s") is cnatedi. 
,- 

if atom 1 sl] -+ s '  . 
i f  s' =.(GO labeli) +(B O (LABEL gi) l 

if s' - (COND (p SI') -r comcond [ ~ ~ s ) ' ) ;   NI^) 
eise comvai [ s'; ' stomapv; g] ' IV. The label name is placed a l  the end of al1 this code. 

' r' 
(cl : c2 : . . . cn, name) when cl is.2 list of code for si . 
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b 



PAGE 2 5  
< 1 ,  

Low memory , 

STACK [PLAN 

.) - 
5 3 :  

A q 2 ,  
A cg2 
PDL 
Rn 
REL 

((L ~ 1 3  (PDLO 4 ) )  

(AR R14 POL) 

1-1 (STM REL (R14 0) [ PDL 

called function 

'ABS --> 

fehPl 
A ryk" 
. .  . 

(IR REL RE11 

(LR PDL R14) 

hl3:: 
A'%, 

P 2 1  
RE' 

' (S R14 (E PDLMAX) 1 

(CR R14 ABS) 

(BNH O IE STKOUT) 1 



if = O d (  1 - 1 -, (STNIL (POL 4k + 12) 1 
* 2 (STNIL (PDL 4k +.12) H S T  NIL (PD1 4k + ij) 

else 4 (ST NIL (POL 4k,+ 12) 1 
(MVC - (PDL 4k + 12) 4[1-11 (PCL Ls - 16) 1 , 
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